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Abstract 

Cytotrophoblast regulates lipid esterification and metabolic activity 

of the human term placenta 

Kevin S. Kolahi 

Department of Biomedical Engineering 
School of Medicine 

Oregon Health & Science University 

Thesis Advisor: Kent L. Thornburg, PhD 

The human placenta is the primary life-support organ for the developing 

fetus. It integrates the functions of a multi-organ system but is composed of only 

five major cell types. It is a highly metabolic organ, consuming 40% of total 

oxygen used by the entire conceptus while accounting for only 20% of its total 

mass. This high metabolic activity supports the placenta’s extensive transport 

function, its manufacture of hormones and the biochemical processing of 

nutrients. The precise functions of the cells within the placenta that underlie 

these processes remain poorly defined. This thesis reports that some of the 

metabolic processes that have been traditionally assumed to be restricted to 

other placental cell types are primarily driven by a layer of progenitor trophoblast 

cells, the cytotrophoblast, which have been ignored as significant contributors to 

placental metabolic function.  The cytotrophoblast appears to be the predominant 

determinant of the metabolic rate of the placenta, and serves a previously 

unrecognized role in placental nutrient processing and perhaps, even transport. 

The thesis provides experimental evidence that the current view of the regulation 

of nutrient transport and metabolic function in the human placenta must be 



 xi 

expanded to include the powerful biological actions of the heretofore ignored 

cytotrophoblast.  
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Chapter I: Introduction 
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Relevance of placental studies to human health 

The quality of the process of development sets the resiliency of organs for 

an individual’s life. Embryonic and fetal tissues race to balance form and 

function, or in more biological terms, growth and maturity. Sluggish development 

produces compromised organs with limited reserves and enduring maladapted 

physiological processes.   The growth rate of a fetus is set, to a large degree, by 

the in utero environment. The fetus must be receptive to environmental cues in 

order to prioritize growth and maximize its chances of survival. For example, the 

fetus is extremely sensitive to nutrient levels and will adapt to a temporary 

shortage in nutrient supplies by prioritizing resources for organs that are 

essential for immediate survival (e.g. heart, and brain) at the expense of other 

organs (e.g. skeletal muscle and kidney). The fetus responds to an 

environmental insult by compromising the structure of its organs and by altering 

the epigenetic regulation of growth related genes. While some developing tissues 

can recover from an insult, timing is everything. If the insult occurs within a 

specific time window that affects a particular organ, or if the duration of insult is 

extended, irreversible structural changes take place. Since the resiliency of 

organs is dictated by developmental influences it is not surprising that fetal 

growth is a predictor of longevity and chronic disease risk.   

The developmental origins of disease hypothesis was proposed by David 

JP Barker et al. based on epidemiological studies of birth records that revealed 

an association between ischemic heart disease and weight at birth (Barker and 
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Osmond, 1986; Barker et al., 1989). This conclusion was made possible by 

stringent record keeping in England over decades in which individuals could be 

longitudinally followed from birth to death. These records spanning births from 

1911 to 1970s and stored to the present time, indicated that individuals born with 

the lowest birth weights had the highest death rates, and conversely those with 

the greatest birth weights and the lowest death rates (Barker et al., 1989; Barker, 

1990). Barker’s team found that it was specifically prenatal growth, even more 

than postnatal growth, that correlated best with adult death rates from heart 

disease and proposed that there was something about poor fetal growth in utero 

that led to chronic disease. Since the inception of this hypothesis hundreds of 

studies in humans and in animals have shown that insults experienced during in 

utero development can have lifelong detrimental consequences. These 

consequences remain poorly defined as are the mechanisms that give rise to 

them.  

Nevertheless, a common theme from the studies is that there are critical 

developmental windows of exaggerated sensitivity during which each organ of 

the fetus is susceptible to alterations in its environment. Not all organs are 

equally or simultaneously susceptible and as mentioned previously, timing 

matters. Epidemiological studies of a Dutch cohort exposed to a famine during 

World War II revealed that fetal undernutrition has differing consequences 

depending upon the phase of development (Roseboom et al., 2001). Nutrient 

restriction during late gestation was associated with higher incidence of impaired 

glucose tolerance, but during early gestation was associated with hyperlipidemia 
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and coronary heart disease (Roseboom et al., 2001). The evidence strongly 

supports the conclusion that alterations in nutrient availability for the fetus, either 

through diminished maternal supplies or dysfunctional maternal to fetal transport, 

lead to drastic changes in fetal growth.  It is unknown whether these effects are 

secondary to alterations in the fetal endocrine system or if low nutrient levels 

directly affect fetal tissue growth and maturation. A combination of these effects 

is likely.  

Fetal growth is extremely sensitive to fluctuations in nutrient levels. 

Inadequate or excess nutrient delivery is common in pregnancies around the 

world. Conversely, fetal nutrient overload is also becoming commonplace in 

developed nations where obesity and diabetes are becoming the norm 

(Cnattingius et al., 1998; Heerwagen et al., 2010). If fetal nutrient levels are 

disproportionate to demand, and if the fetus survives, the resulting malnutrition 

usually results in permanent defects in growth and organ maturation.  We are just 

beginning to discover the mechanisms underlying these defects. We now know 

that any deviation from an  optimal birth weight, too large or too small, is 

associated with an increased risk of chronic disease, including hypertension, 

diabetes, and cardiovascular disease (Barker and Thornburg, 2013a; 2013b; 

Thornburg and Marshall, 2015).  There are now numerous papers showing that 

the size and the shape of the placenta are important as risk factors for chronic 

disease in later life(Barker et al., 2011). This suggests that placental growth itself 

influences fetal structure and function.  

The disease link may be related to the fact that fetal tissues that do not 
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receive adequate quantities of the required chemical components are, for 

undiscovered reasons, less resilient. The organ that is responsible for 

transporting all of the nutrients from the mother to the fetus is the placenta, an 

organ that develops from the early embryo. Thus, the placenta is central to fetal 

growth and development and is the center of the chronic disease universe 

(Thornburg and Marshall, 2015). 

 

 The placenta as a complex organ 

The placenta functions as a life-support organ during development, and 

the fetus depends on the transport functions of this organ to obtain the required 

nutrition. Many of the nutrients transported by the placenta will be utilized as 

building blocks by the growing fetus, in addition to being a fuel source to 

generate ATP (Battaglia and Meschia, 1978; Sparks et al., 1980; Vander Heiden 

et al., 2009). The placenta is a relatively small organ compared to the mature 

fetus, but it has an extensive transport capacity which is supported by a high 

metabolic rate. It consumes roughly 40% of the total oxygen and 50% of the total 

glucose used by the entire conceptus, while only accounting for 20% of the total 

mass (Burd et al., 1975; Battaglia and Meschia, 1978; Sparks et al., 1983; Bonds 

et al., 1986; Lurie et al., 1999). The transport and metabolic function of the 

placenta must be attributable to at least one of its five major cell types 

(Benirschke et al., 2012), but the various roles of these cells during fatty acid 

transport and metabolism remain poorly defined (Benirschke et al., 2012).  

The placenta is a specialized tissue barrier that serves as an interface 
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between maternal and fetal blood. It is designed to permit exchange without 

allowing maternal and fetal bloods to come into direct contact (Figure 1.1A). The 

primary tissue barrier is formed from a specialized epithelium derived early in 

development called trophoblast. Two trophoblast layers exist throughout 

pregnancy, but by term the outer maternal facing layer, the syncytiotrophoblast, 

which is derived from the fusion of cytotrophoblast cells found in the layer 

beneath it (Figure 1.1C) becomes the primary transporting layer. After crossing 

the syncytiotrophoblast and the second trophoblastic layer, the cytotrophoblast, 

nutrients must find passage across the third and final cell layer the endothelium 

to enter fetal blood (Figure 1.1C).  
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Figure 1.1. The cell layers 
of the mature human 
placenta.  
(A) The placenta is 
established by the actions of 
a specialized cell type called 
the trophoblast. Trophoblast 
grows into frond-like 
structures called villi that 
serve as conduits for fetal 
blood vessels. A sub-
population of trophoblast 
cells, called extravillous 
trophoblast invade maternal 
tissue and blood vessels to 
facilitate maternal blood flow 
into the placenta. (B) is a  
micrograph of human 
placenta.  The four fetal 
villous regions shown are 
surrounded by maternal 
blood. (C) Electron 
micrograph of human term 
placental barrier. The first 
layer through which maternal 
nutrients must pass is the 
syncytiotrophoblast, the 
primary transporting layer. 
Deep to the 
syncytiotrophoblast is the 
cytotrophoblast layer. The 
latter regenerates adjacent 
syncytiotrophoblast when 
needed. The third and final 
cellular barrier to transport is 
the endothelial cell layer. 
MVM, syncytiotrophoblast 
microvillous membrane; 
BPM, syncytiotrophoblast 
basal plasma membrane. 
(Original electron 
micrographs from 
Thornburg). 
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Over the past century, a large number of biological actions have been 

assigned to the syncytiotrophoblast. Among those are the transport of all 

nutrients and the manufacturing of protein and steroid hormones along with 

hundreds of other molecules important to mother and fetus. This thesis reports 

that several important biochemical processes within the placenta that have been 

traditionally assumed to be restricted to the syncytiotrophoblast are instead 

primarily driven by the deeper cytotrophoblast cells. The cytotrophoblast layer 

has been ignored as a significant contributor to placental transport and metabolic 

function, and this thesis provides experimental evidence suggesting that 

cytotrophoblast plays a previously unrecognized role in placental metabolic 

function. 
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Chapter II: Background 
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The Placenta 

Early in development, the embryo begins to outgrow its capacity to sustain 

itself on maternal endometrial secretions.  A specialized cell layer, the 

trophectoderm, surrounds the inner cell mass that will become the embryo body 

provides nutritional support of the embryo. The trophectoderm was so-named 

because it is composed of the cells that provide the early stage embryo with the 

nourishment and protection required for survival. The word trophectoderm, 

derives from Greek trophē meaning nourishment, and ectoderm deriving from 

Greek ektos, external, and derm, skin. Trophectodermal cells emerge 3 days 

after fertilization in the form of a blastocyst and immediately forms an outer cell 

layer that will nurture the cells that will give rise to the fetus.  In addition to 

protecting and nourishing the fetus, the trophectoderm also orchestrates the 

early invasion of the uterine endometrium which places the embryo adjacent to 

maternal vascular spaces within the uterine stroma. As the embryo grows and 

matures, the trophectoderm differentiates into a separate cell lineages, including 

several lines of trophoblast, which together establish a complex nutrient 

exchange organ, the placenta. The placenta becomes the interface between 

maternal and fetal bloods and serves as the life-support system for the fetus. The 

trophoblast protects the embryo from detrimental actions of the maternal immune 

system which enables uterine engraftment.  The growing metabolic needs of the 

embryo can be met, in part, by gaining access to the mother’s blood, but this is 
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no simple task. Maternal vascular spaces are buried behind a layer of epithelium 

and extracellular matrix. Even after the embryo successfully invades these 

barriers, maternal blood contains immunological defense systems (cells and 

humoral factors) to prevent invasion from foreign organisms, the embryo 

included. Nevertheless, the embryo must gain access to this medium in order to 

survive and continue growing at an exponential pace. 

In fact, to facilitate embryonic growth, maternal systemic adaptations are 

directed by the massive secretions of steroid and protein factors manufactured 

within trophoblast which stimulate large increases in uterine blood flow and blood 

nutrient concentrations. Further increases in the exchange capacity of this 

interface take place at the beginning of the second trimester once fetal blood 

vessels, sourced from the fetal gut, begin to grow into the trophoblastic villi.   

It is crucial that the interface created by the trophoblast remains intact so 

that maternal and fetal bloods avoid direct contact. At term in humans, three cell 

layers separate maternal from fetal blood. Two of these layers are derived from 

the trophoblast lineage, the first, in direct contact with maternal blood is the 

syncytiotrophoblast, and immediately underlying the syncytiotrophoblast is the 

second layer of trophoblast, the cytotrophoblast (See Chapter I). The 

syncytiotrophoblast is a terminally differentiated, syncytial cell monolayer derived 

from the fusion of the underlying cytotrophoblast progenitor cells. Because the 

syncytiotrophoblast is the first cell layer that maternal nutrients must traverse, it 

has been appropriately deemed the gate keeper for all nutrients acquired by the 

fetus.  
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The second layer, the cytotrophoblast, plays a well-known role in repair 

and regeneration of syncytiotrophoblast. The syncytiotrophoblast is incapable of 

proliferation and is continuously shed into the maternal circulation leaving areas 

of the placental villous surface denuded (Johansen et al., 1999). To regenerate 

these areas of denuded syncytium, the cytotrophoblast proliferates and fuses 

with overlying syncytium to expand and repair this layer (Figure 2.1). The rate of 

syncytiotrophoblast turnover in vivo is not known, but the rate syncytiotrophoblast 

fragments are shed into the maternal circulation is massive, as many as 150,000 

large syncytiotrophoblast particles are shed per day (Johansen et al., 1999; 

Tannetta et al., 2013). The cytotrophoblast must therefore continuously  

proliferate to regenerate syncytium that has been lost (Simán et al., 2001).  

Conveniently, since the cytotrophoblast layer is composed of numerous 

and discrete cells, they can be isolated from placentas and cultured  (Kliman et 

al., 1986) (Figure 2.1). Cytotrophoblast recapitulate syncytial formation in 

vitro and form syncytiotrophoblast that secrete known markers of this cell layer in 

vitro (e.g. Human Chorionic Gonadotrophin, Progesterone) (Kliman et al., 1986). 

However, for reasons that are under investigation, cytotrophoblast cells are 

incapable of self-renewal in vitro (Johnstone et al., 2005). Virtually all 

cytotrophoblast will fuse and differentiate to syncytiotrophoblast in vitro by 72 hrs 

(Kliman et al., 1986; Johnstone et al., 2005). Studies are beginning to shed light 

on the pathways that regulate cytotrophoblast to syncytiotrophoblast 

differentiation, and novel methods to manipulate cytotrophoblast differentiation 

and proliferation are now becoming available (Daoud et al., 2005; Johnstone et 
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al., 2005).  

Cytotrophoblast cells have many specialized features compared to other 

placental cell types. They are small and have a high nuclear to cytoplasmic ratio, 

features common to rapidly dividing cells (Gilbert, 2000). In addition to their 

proliferation, they have an inherently high metabolic rate (Bustamante et al., 

2014) for reasons that we investigated in this thesis. Their nuclei contain a 

greater proportion of euchromatic DNA than found in syncytiotrophoblast, 

suggesting that these cells have more a widespread, active transcriptional 

program (Fogarty et al., 2015). Cytotrophoblast cells are fusogenic and as such 

have lipids that facilitate membrane fusion, plasmalogens, also known as ether 

lipids (Roels et al., 1987; Nagan and Zoeller, 2001). Plasmalogens are 

coincidentally enriched in long chain polyunsaturated fatty acids and are likely 

synthesized by specific cytotrophoblast systems (Roels et al., 1987; Nagan and 

Zoeller, 2001). In this thesis we investigate the cytotrophoblast’s further roles in 

placental function.  

The final cell layer that transported nutrients must cross is fetal 

endothelium. The endothelium is entrenched in a stroma composed of resident 

macrophages and fibroblasts, but the contribution of these components to the 

distance over which nutrients must traverse is highly variable and is a function of 

gestational age. As gestation advances, fetal capillaries move to oppose the 

basement membrane of the trophoblast, reducing the thickness of intervening 

stroma that would otherwise impede diffusion.   
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Figure 2.1 Cytotrophoblast fusion and differentiation to 
syncytiotrophoblast. 
The functional unit of the human placenta is a trophoblast derived tissue that 
forms finger-like (~100µm) projections termed villi. Villi contain blood vessels 
(endothelium) and supportive stromal cells (e.g. fibroblasts, macrophages), which 
are also derived from the embryo. Placenta size and villous tissue surface area 
increases throughout pregnancy, but the relative proportions of placental cell 
types vary by gestational age. The cytotrophoblast, a progenitor epithelium which 
regenerates the syncytiotrophoblast continuously, can be isolated and cultured in 
vitro. The cytotrophoblast then recapitulates differentiation to become 
syncytiotrophoblast. (1) Cytotrophoblast are round and contain numerous 
filopodial extensions shortly after initial plating. (2) By 24hrs in vitro 
cytotrophoblast begin to aggregate and form intercellular contacts in preparation 
for fusion. (3) By 72hrs in culture, virtually all isolated cytotrophoblast have fused 
and have formed syncytium.  The regeneration of syncytiotrophoblast from 
cytotrophoblast in cultured placental explants follows a similar time course 
(Simán et al., 2001). 
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As the interface between mother and fetus, the placenta is poised to 

integrate maternal and fetal signals; it balances fetal growth rate requirements 

with maternal needs. Some have gone so far to propose that the placenta is the 

central hub that regulates fetal growth (Haggarty et al., 2002; Jansson et al., 

2006b; Sibley et al., 2010). It is likely that a complex interplay exists between 

fetal and placental growth and this is in turn regulated by the maternal 

environment as well. However, there is no doubt that the fetus cannot grow faster 

than allowed by the placental transfer of nutrients. The concept that the maternal 

environment can alter the course of development leading to life-long 

consequences requires an understanding of placental function including nutrient 

transport and metabolism.   

 

Placental nutrient transport and metabolism 

The combination of recent epidemiological and basic experimental 

evidence suggests that the role of the placenta as a rate limiting organ for fetal 

growth and development has been underappreciated heretofore. It is becoming 

increasingly clear that placental metabolism is linked to nutrient transport, as one 

would expect. Nutrients acquired from the mother must cross several cell layers 

before entrance into fetal capillaries (Figure 1.1). There have been discussions 

regarding the importance of the magnitude of blood flow for the transport of the 

major macronutrients, glucose, amino acids, and fatty acids vs. the role of 

transporter activity (Day et al., 2013a) vs. (Bell et al., 1999; Hay, 2006).  The data 

supporting various views are derived from mathematical models, animal 
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preparations or perfused human placentas.  People have not, for obvious ethical 

reasons, reported the kinetics for these nutrient compounds in vivo under varying 

conditions in human pregnancies. For those nutrients whose diffusional transport 

from mother to fetus is limited by blood flow,  alterations in placental transporter 

expression would have little bearing on overall nutrient flux, but changes in the 

magnitude of the exchange area of the placenta would (Faber and Thornburg, 

1983).  While the transport systems can be mathematically modeled based on in 

vitro experiments, these models have not been adequately tested in vivo.  

Several lines of evidence argue that the placental regulation of nutrient 

fluxes is required for fetal survival, and that this regulation is intimately linked to 

placental metabolism as an intermediate step. Nutrient transporters are 

differentially localized and subject to distinct mechanisms of regulation in 

placental tissue (Lager and Powell, 2012). In particular, transporter expression 

and activity at the syncytiotrophoblast’s fetal facing basal plasma membrane 

(BPM) is more tightly regulated than the maternal facing microvillous pl asma 

membrane (MVM) (Lager and Powell, 2012), but the coordination of transport 

systems at MVM and BPMs has not been adequately studied. Using vesicles 

formed in vitro from purified plasma membrane from syncytiotrophoblast MVM 

and BPMs to study nutrient transport kinetics, it has been proposed that the 

transport of glucose, amino acids, and fatty acids is more powerfully regulated at 

the level of the BPM than the MVM (Kudo and Boyd, 1990; Powell et al., 1999; 

Lafond et al., 2000; Jansson, 2001; Baumann et al., 2002). These findings 

support studies indicating for many transporters of glucose, amino acid, and fatty 
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acids, expression is enriched at BPM and influenced by maternal physiological 

conditions (Gaither et al., 1999; Roos et al., 2007; Lager et al., 2016). 

Experimental evidence suggests that the rate limiting step in the transport 

of amino acids and fatty acids is incorporation into a metabolic pool in the 

placenta (Szabo et al., 1973; Bianco-Miotto et al., 2015; Perazzolo et al., 2015). 

Amino acids taken up by the placenta are rapidly incorporated into cellular 

proteins, and re-released into the fetal circulation; this process represents the 

rate limiting step in placental amino acid transport (Bianco-Miotto et al., 2015). 

Some amino acids are converted to a different amino acids before transport (Wu 

et al., 2015). Similar to amino acids, the rate limiting step in fatty acid transport 

also appears to be incorporation into a metabolic pool (Perazzolo et al., 2015). 

Earlier studies have proposed that incorporation of fatty acids into esterified 

lipids, a step requiring ATP, is an intermediate step in transport (Coleman and 

Haynes, 1987), and the placental uptake of some essential fatty acids is ATP 

dependent (Lafond et al., 2000). Indeed, as will be discussed further, the 

selective incorporation and transport of long-chain polyunsaturated fatty acids 

appears to be proportional to the degree of esterification (Haggarty et al., 1997; 

Larqué et al., 2003). 

It is not known if glucose is regulated in a similar manner. However, the 

placenta consumes some 50-60% of the glucose utilized by the conceptus and 

exports roughly a third of this glucose as lactate, a principle fuel source for fetal 

tissues (Burd et al., 1975; Battaglia and Meschia, 1978). In addition, the mouse 

placenta has specialized glycogen containing cells, spongiotrophoblasts, whose 
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precise roles remain to be defined but are otherwise crucial to mouse 

development (Rossant and Cross, 2001). Glycogen may be an important 

component in human placental development and function, but studies of the 

significance of glycogen in the placenta are limited (Yoshida, 1964). 

Lastly, the alterations in fetal growth rate are associated with major 

changes in transporter expression and activities in placental tissue (Sibley et al., 

2010; Lager and Powell, 2012). If placental metabolism and transport rates are 

linked, it would add complexity to understanding transport systems. In that case, 

nutrient transport would be regulated not only by placental tissue type (i.e. 

trophoblastic vs non-trophoblastic cells), but perhaps at the level of uptake and 

incorporation, utilization via oxidation, and efflux mechanisms. All of these steps 

are poorly defined in placental biology, especially in humans. We will review the 

mechanisms of uptake, metabolism, and efflux for the major macro 

nutrients individually in greater depth.  

The controversy over the relative importance of maternal blood flow 

versus a robust transporter system for each nutrient is unworthy of debate 

because both are needed. A robust flow is needed for flow limited substances, 

including oxygen, to provide for metabolic activity that underlies placental and 

fetal growth.  On the other hand, robust transport systems are required to ensure 

that nutrients pass from the maternal blood to fetal blood in an efficacious 

manner.  Furthermore, the transplacental transport of nutrients could be 

compromised if the blood flow were so low that concentrations of nutrients 

became depleted during a single pass in the placenta. 
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Glucose transport and metabolism 

Glucose is the principal fuel source for the fetus and placenta (Battaglia 

and Meschia, 1978; Sparks et al., 1982; 1983; Hay, 1995) and is essential for 

normal fetal growth (Hay, 2006). Placenta glucose uptake is mediated by plasma 

membrane glucose transporters (GLUT). Multiple members of the GLUT family 

exist but the primary members in placenta are GLUT1 and GLUT3 (Sciullo et al., 

1997; Illsley, 2000), these isoforms are insulin independent, i.e. they do not 

require an insulin stimulus to be functional or to be present on the placenta 

membrane. GLUT transporters work via facilitated diffusion; the extracellular to 

intracellular gradient drives the influx of glucose. GLUT1 is the most highly 

expressed GLUT transporter and is localized to the syncytiotrophoblast MVM and 

even higher levels on the syncytiotrohpoblast BPM (Jansson et al., 1993; 

Ericsson et al., 2005).  

Studies from chronically instrumented sheep and dually perfused human 

placentas have shown that the kinetics of glucose transport is determined by 

maternal to fetal concentration gradients (W Hay and Meznarich, 1989; Hay, 

2006). In particular, maternal glucose concentrations vary dramatically and drive 

glucose across the placenta to the fetus (Hay et al., 1984).  The maternal to fetal 

flux of glucose can additionally be affected by increasing or decreasing the 

surface area available for transport.  

During the second trimester of pregnancy, an insulin resistant state begins 

to emerge in the mother, due to the placental production of diabetogenic 
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hormones, cortisol and human placental lactogen (Barbour et al., 2007). The 

actions of these hormones result in a systemic insulin resistance that leads to 

sustained elevations in maternal blood glucose and facilitates glucose transport. 

The placenta removes more glucose from the mother than is transferred to 

the fetus (Sparks et al., 1982; Hay, 1995).  Roughly 60% of the total glucose 

utilized by the conceptus is metabolized in the placenta (Sparks et al., 1982; Hay, 

1995). A minor portion is stored as placental glycogen, its relevance to overall 

metabolism and transport remains unclear (Yoshida, 1964). However, roughly a 

third of the glucose taken up by the placenta is partially oxidized via glycolysis 

and converted to lactate. The lactate is exported to the fetus, and represents a 

major fuel source for the developing fetus. For some tissues, like the heart, 

lactate is the primary metabolic fuel (Battaglia and Meschia, 1978; Fisher et al., 

1980; Bartelds et al., 1999). The placental production of lactate from glucose is 

influenced by oxygen tension, implying that placental oxygen tensions may 

influence the fuel mixture that the fetus sees (Kay et al., 2007). Glucose that is 

metabolized rapidly by the placenta via glycolysis also drives glucose across the 

MVM by increasing the concentration gradient for glucose.  

 

Amino acid transport and metabolism   

The placental transport systems for amino acids are among the best 

studied.   Amino acids are required precursors to synthesized proteins and can 

be utilized to generate purines and pyrimidine nucleic acids de novo. The daily 

fetal acquisition of amino acids is approximately 4g/kg/day (Lemons et al., 1976). 
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High acquisition rates of amino acids are required to support this fetal need. In 

contrast to glucose the concentration of amino acids is higher in fetal blood than 

in maternal serum (Cetin et al., 1992). In some systems, amino acid transport is 

regulated by active transport processes, expending the electrochemical potential 

of sodium transmembrane gradient to drive amino acids intracellularly (Jansson, 

2001; Lager and Powell, 2012). Efflux of amino acids from syncytiotrophoblast 

occurs via a separate set of exchangers that function in a facilitative diffusion 

manner (Jansson, 2001). 

Twenty amino acid transporters in placenta have thus far been described 

and divided between the two major system families: System A and System L 

(Lager and Powell, 2012). System A transporters are sodium-cotransporters with 

small non-essential neutral amino acids such as alanine, glycine, and serine 

(Mahendran et al., 1994; Desforges et al., 2010). System A is highly polarized to 

the syncytiotrophoblast microvillous (maternal-facing) membrane (Jansson et al., 

2002), and may serve a key role in producing the high intracellular glycine 

concentrations necessary for System L activity (Lager and Powell, 2012). System 

L transports neutral amino acids but is selective for essential amino acids such 

as aromatic (e.g. phenylalanine) or branched chain (e.g. leucine) amino acids 

(Verrey, 2003). The secondary active transport of the system L transporters 

expends the electrochemical potential of glycine (non-essential amino acid) to 

exchange with an essential amino acid.  System L, like System A is localized to 

all plasma membranes in placenta but is highly polarized to the MVM (Okamoto 

et al., 2002; Gaccioli et al., 2015). As described, these amino acid transporter 
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families are composed of multiple isoforms and their relative expression varies 

across gestation and by species.  

A distinguishing feature of amino acids is that they are not stored as 

simply as are glucose or fatty acids. For example, multiple glucose molecules 

can stored as a  polymer, glycogen, and fatty acids can be linked to a glycerol 

backbone to form intracellular oil droplets called lipid droplets. Amino acids do 

not form storage polymers as readily as do sugars and lipids, though they do link 

in chains to form structural proteins in the fetus.  

Maternal skeletal muscle protein turns over and releases amino acids, 

especially when nutrients are in short supply. Thus, they serve as an emergency 

storage for essential amino acids.  This process may underlie the observation 

that liberation of amino acids from skeletal muscle in pregnancy is thought to be 

highly correlated with fetal growth parameters (O'Tierney-Ginn et al., 2014; 

Thame et al., 2015). As expected, the overall transport of individual amino acids 

appears to be a function of its availability in maternal plasma.  

The transplacental transport of amino acids is active, requiring ATP, and 

linked to rates of metabolism which regulate transporter expression and 

ultimately the rate of amino acid transport (Bianco-Miotto et al., 2015).  As with 

skeletal muscle, amino acids in trophoblast are largely incorporated into cellular 

proteins which serve as a temporary storage pools for amino acids before being 

released as needed (Miller, 2007; Lewis et al., 2013). Amino acids can also be 

used as a fuel for oxidative processes, or the nitrogen can be transferred to 

generate nucleic acid precursors; these processes may account for variability in 
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the amino acid maternal to fetal flux (Lewis et al., 2013; Day et al., 2013b). 

Alternatively, as is the case with other nutrients, amino acid uptake by the 

placenta may serve to promote growth of the placenta and increase in the 

surface area available for transport; this can occur along with changes in 

transporter expression. The regulation of amino acid transport correlates roughly 

with fetal growth rates. A reduction in placental amino acid transport leads to 

growth restriction(Jansson et al., 2006a; Avagliano et al., 2012), and although 

less clear, elevations in placenta amino acid transport may support fetal 

overgrowth (Kuruvilla et al., 1994; Lager and Powell, 2012).  These biological 

findings fit with epidemiological data where low muscle mass at birth correlates 

with low muscle mass in later life (Baker et al., 2010). 

 

Fatty acid transport and metabolism 

Human fetuses accumulate more fat as a proportion of body weight by far,  

than any other animal (12-16% for humans vs 2-3% for other animals) (Ulijaszek, 

2002). The rate of fat acquisition during human development begins to increase 

sharply in the mid-second trimester and reaches a maximum rate by term.  

Tissues that utilize fat as a structural component, such as the brain, also grow 

rapidly during this period. During the 25th to 36th week period of gestation, the 

lipid-rich fetal brain volume increases by 230%. Thus, it is essential that the 

placenta transports the appropriate quantities and varieties of fatty acids required 

for normal brain development. A disruption in fatty acid supply, either from 

placental dysfunction or inadequate maternal supply, leads to disproportionate 
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fetal growth and poor cognitive function for life (Ornoy et al., 2001; Innis, 2005; 

2007). 

It has become increasingly clear that each fetal organ requires specific 

nutrients during defined windows of development. In contrast to other mammals, 

the human fetus requires an increase in placental lipid transport to accommodate 

normal brain, membrane and fat depot requirements with advancing gestation 

(Martinez, 1992; Ulijaszek, 2002; Winn et al., 2007; Schaefer-Graf et al., 2008; 

Illsley et al., 2010).  As a result, humans are born with relatively larger brains and 

fat reserves. Among the many organs requiring fatty acids for development, the 

human brain specifically requires ample long-chain polyunsaturated fatty acids 

(LCPUFA) (Clandinin et al., 1980; Farquharson et al., 1992). Since fetal 

production of LCPUFAs is not sufficient to meet these demands, they must be 

obtained from the maternal circulation (Szitanyi et al., 1999; Lapillonne and 

Jensen, 2009). Circulating proportions of LCPUFA are normally higher in cord 

blood than in maternal plasma (Crawford et al., 1976; Friedman et al., 1978; 

Haggarty et al., 1997), suggesting that the placenta has the capacity to 

selectively transfer specific fatty acid species.   

Babies born to mothers with gestational diabetes mellitus (GDM) often 

exhibit delayed brain development due to inadequate placental delivery of 

LCPUFA, despite normal levels in maternal plasma (Pagan et al., 2013). 

Maternal plasma LCPUFA levels in GDM are usually within the normal range 

while neonatal plasma LCPUFA concentrations are depressed (Wijendran et al., 

1999; 2000; Thomas et al., 2004). Lipid metabolism in both placenta and fetus 
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can be detrimentally altered under pathological conditions (Catalano et al., 2003; 

Magnusson et al., 2004; Ortega-Senovilla et al., 2009; Radaelli et al., 2009). 

Maternofetal transfer of docosahexaenoic acid (DHA, a LCPUFA) is 

compromised in pregnancies complicated by gestational diabetes (Pagan et al., 

2013). Low circulating maternal LCPUFA levels are associated with impaired 

postnatal cognitive development in offspring (Strain et al., 2008) and delayed 

brain maturation has similarly been reported in babies born to gestational 

diabetic mothers (Rizzo et al., 1991; Ornoy et al., 2001). In rat models, diabetic 

mothers give rise to offspring with compromised cardiovascular health in 

adulthood (Weisinger et al., 2001). LCPUFA supplementation may have 

implications for at-risk pregnancies as it can increase birth weight and decrease 

the incidence of preterm birth (Szajewska et al., 2006; Horvath et al., 2007). With 

so many fetal organ systems at stake in diabetic pregnancies, it is surprising that 

so little is known about the mechanisms by which placental lipid transport is 

regulated under normal conditions and also in metabolic disease.  

The human placenta employs a unique transport system to recognize fatty 

acids according to specific type. The layer that is responsible for initiating this 

process in the mature human placenta is the syncytiotrophoblast, an 

uninterrupted multinucleated single cell layer across which initial nutrient 

transport is accomplished. This is the layer in direct contact with maternal blood, 

and has specialized maternal-facing microvillus projections, much like those of 

the intestine, that increase the exchange area in contact with blood (Figure 1.1). 

Thus, the placental transfer of LCPUFA begins at the syncytiotrophoblast.  
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The first step of fatty acid absorption is the liberation of free fatty acids 

from triglyceride-rich lipoprotein particles in maternal blood (placenta) with the 

help of lipoprotein lipases (Magnusson et al., 2004). In general, cells contain 

enzymes with specificity to a narrow range in fatty acid chain length; these 

enzymes participate to differing degrees in the uptake and metabolism. Short-

and medium chain fatty acids may diffuse into and out of some cells but they 

have not been well studied in placenta.  LCPUFA are more non-polar and are 

certain to require the aid of transporters for import and export (Karmen et al., 

1963; Cummings et al., 1987; Coburn et al., 2000). While many of the genes 

required for the differential uptake and processing of fatty acids according to 

chain length are expressed in the placenta, their activities have yet to be 

described. It is possible that a system similar to that found in other cells exists in 

the placenta and functions to facilitate selective LCPUFA uptake. 

Several types of fatty acid transport proteins (FATP) and translocases are 

found on the MVM and fetal-facing BPM  of the syncytiotrophoblast (Ibrahimi et 

al., 1996; Campbell et al., 1998). FATP are capable of binding fatty acids and 

transporting these into the cell. They work in concert with long-chain acyl-CoA 

synthetases (ACSL) that esterify entering fatty acids to Coenzyme-A (Figure 

2.3). Esterification of fatty acids evidently drives fatty acid uptake as the FATP 

have an Acyl-CoA synthetase domain, or works in complex with separate Acyl-

CoA synthetases. Fatty acid esterification is energetically expensive, requiring 2-

ATP equivalents per fatty acid molecule, and thus underscoring the importance 

of metabolic support in this process. While there is a clear relationship between 
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fatty acid uptake, esterification, and ATP, there is controversy among experts as 

to whether fatty acid transport is active or merely facilitated. The discovery of 

FATPs brought into question the dogma that transplacental movement of fatty 

acids occurs primarily by passive diffusion alone (Baier et al., 1995). In addition 

to the selective nature of LCPUFA transport by the placenta, there is a net 

unidirectional flux from mother to fetus. This is intriguing because identical FATP 

proteins exist on both MVM and BM, suggesting that fatty acid transport should 

be, in theory, bidirectional (Campbell et al., 1996). However, others have 

suggested these proteins do not work in efflux and a mechanism for fatty acid 

efflux remains to be discovered. Thus, it appears that the directionality of 

LCPUFA fluxes must be regulated, but the mechanisms are not understood.  

After esterification of fatty acids by FATP or ACSL to Acyl-CoA, Fatty-

Acyl-CoA are bound to fatty acid binding proteins (FABP) whose role may 

include intracellular sequestration of fatty acids. FABP are diverse in function and 

localization, and can be selective for the types of fatty acids they bind (Ockner 

and Manning, 1974; Campbell et al., 1998; Levy et al., 2000; Tan et al., 2002; 

Bildirici et al., 2003; Montoudis et al., 2006; Mishima et al., 2011; Scifres et al., 

2011). In other tissues, FABP are required for fatty acid oxidation by 

mitochondria and to carry fatty acids to the endoplasmic reticulum for 

modification and storage in lipid dropets (LD), sites of cholesterol and triglyceride 

storage (Veerkamp et al., 1990; Baier et al., 1995; Hsu and Storch, 1996; Scifres 

et al., 2011). FABP regulation of placental fatty acid transport is sensitive to 

oxygen levels, and to the milieu associated with maternal obesity (Biron-Shental 
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et al., 2007; Scifres et al., 2011). 

A placental fatty acid binding protein (pFABPpm) that is exclusively 

associated with the MVM of the syncytiotrophoblast and selective for LCPUFA 

has been described (Campbell et al., 1998). The presence of pFABPpm could 

explain how LCPUFA are selectively transported into the cell; however, the 

protein is only present on the MVM of syncytiotrophoblast and does not explain 

how LCPUFA are transported to the fetus. One potential explanation is that LDs 

are organelles that participate in the transport of esterified fatty acids across the 

syncytiotrophoblast. 

It is generally believed that fatty acids can be esterified into discrete, LD 

structures within the syncytiotrophoblast, the maternal facing tissue layer of the 

placenta. The role that LDs may play in fatty acid transport is not known. 

Whether intact LDs or perhaps just their contents are transferred to the fetus, or 

whether they are simply storage organelles, is not known. We speculate that the 

LD system provides an important mechanism by which the placenta regulates the 

transport of specific fatty acids to the fetus. Scifres et al showed a paucity of LDs 

in diabetic pregnancies (Scifres et al., 2011). These findings raise the question: is 

suppression of LD formation a factor in LCPUFA deficiency in placentas and 

neonates from diabetic pregnancies? Little is known about this process, but long 

chain acyl-CoA synthetase (ACSL) has been implicated to be an initial and 

possibly rate-limiting step in LD formation; ACSL is downregulated in 

trophoblasts from GDM pregnancies (Araújo et al., 2013).  
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Figure 2.3. Mechanisms of fatty acid esterification and droplet synthesis  
Fatty acids are first esterified to Coenzyme-A by long-chain acyl-CoA synthetase 
(ACSL) or by Fatty Acid Transport Proteins (FATP). At this point, the fatty acyl-
CoA may be oxidized or stored. If it is stored, three fatty-acyl-CoA molecules are 
conjugated to a glycerol backbone in succession to form a triglyceride. These 
triglycerides are formed and stored in close association with the endoplasmic 
reticulum within an intracellular organelle, the lipid droplet. 
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Our laboratory has shown that fatty acid uptake in human placental 

explants at term differs by maternal pre-pregnancy body mass index (BMI) and 

offspring sex (Brass et al., 2013), but the mechanisms underlying these transport 

differences among fatty acid chains are not understood. As LCPUFA are critical 

building blocks for constructing the cardiovascular and nervous systems, this is a 

significant gap in our understanding of a key placental function. 

 

Placental lipid metabolism: role of lipid droplets and lipoprotein 

metabolism comparison to the intestine. 

Although little is known about placenta LDs, their roles may parallel those 

of intestinal LDs. In intestine, LDs are temporary triglyceride pools formed from 

long-chain fatty acids that will be repackaged as lipoprotein particles and 

exported into extracellular space for lymphatic absorption.  

One way the intestine accomplishes unidirectional transport is to 

sequester long-chain fatty acids via esterification and storage in LDs (Redgrave, 

1971; Zhu et al., 2009). Absorbed and esterified fatty acids are bound to FABP, 

delivered to the endoplasmic reticulum, processed into triglycerides and then 

stored as LDs (Murphy, 1998) (Figure 2.3). Once sequestered as LDs, intestinal 

cells can export triglycerides by repackaging them with specialized proteins into 

much smaller droplet-like structures, called apolipoprotein particles, or specific to 

the intestine, chylomicrons (Zhu et al., 2009; Bouchoux et al., 2011). The human 

placenta can also form triglyceride-rich apolipoprotein-like particles from fatty 

acids, but its relevance to placental fatty acid transport is unknown (Madsen et 
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al., 2004). The predominant forms of LCPUFA in third-trimester fetal blood and 

placental tissue following maternal stable isotope administration are triglycerides 

and phospholipids (Innis, 2005; Gil-Sanchez et al., 2010; Pagan et al., 2013). 

While it is thought that these lipid species in blood are produced in the fetal liver 

(Chambaz et al., 1985), an additional possibility is that the placenta contributes 

specific fatty acids in these forms (Dutta-Roy, 2000; Larqué et al., 2003).  

Specific roles for proteins associated with LD membranes have been 

reported for intestine but not placenta.  Although an essential role of intestinal 

LDs in regulating fatty acid absorption and metabolism has been demonstrated, 

the extent to which intestinal LD physiology can be extrapolated to the placenta 

is not clear.   

 

 

Placental oxidative metabolism and oxygen consumption  

All of the transport processes we have described incur an incredible 

metabolic cost. The placenta, accounting for only 20% of the total mass of the 

conceptus, consumes some 40% of the total oxygen and 60% of the total 

glucose utilized by the entire conceptus (Battaglia and Meschia, 1978; Sparks et 

al., 1983; Bonds et al., 1986; Lurie et al., 1999). This incredible metabolic rate is 

required to power the processes to support pregnancy and provide for a fetus 

that is growing at an exponential rate. It is astonishing that the placenta can 

serve so many diverse functions and yet is composed of only five major cell 

types.  
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The placenta operates at such an unparalleled level of efficiency and 

massive scale that it must be exquisitely sensitive to changes in its environment. 

Alterations in placental metabolism can have broad impacts on fetal growth and 

development. However, how the placenta normally transports the specific fats it 

needs, is unknown. It is surprising that so little is known about how the normal 

placenta functions, given the important role this organ plays in governing the 

future health of the baby.  

Among the hundreds of large gaps in our understanding of lipid transport 

in the human placenta, several crucial questions remain to be addressed 

including those addressed in this thesis:  

1. The degree to which each of the cell types is involved in fatty acid uptake 

and esterification.  

2. How fatty acid uptake kinetics and mechanisms differ according to fatty 

acid chain length/species. 

3. The role of various cell types in the metabolic function of the placenta. The 

degree to which the metabolic features of the placenta are related to 

nutrient transport in the placenta is also unknown. 

 

 This thesis offers new insights to our understanding of human placental 

biology.  To that end, I offer three separate manuscripts that have been or will be 

submitted for publication in peer review journals. 

 

 



 

1This manuscript was originally published in the Public Library of Science. 

Kolahi K, Louey S, Varlamov O, Thornburg K. Real-Time Tracking of BODIPY-

C12 Long-Chain Fatty Acid in Human Term Placenta Reveals Unique Lipid 

Dynamics in Cytotrophoblast Cells. PLoS ONE. 2016;11(4):e0153522. PMCID: 
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Chapter III: Real-Time Tracking Of BODIPY-C12 

Long-Chain Fatty Acid In Human Term Placenta 

Reveals Unique Lipid Dynamics In Cytotrophoblast 

Cells1. 
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Abstract 

While the human placenta must provide selected long-chain fatty acids to 

support the developing fetal brain, little is known about the mechanisms 

underlying the transport process. We tracked the movement of the fluorescently 

labeled long-chain fatty acid analogue, BODIPY-C12, across the cell layers of 

living explants of human term placenta. Although all layers took up the fatty acid, 

rapid esterification of long-chain fatty acids and incorporation into lipid droplets 

was exclusive to the inner layer cytotrophoblast cells rather than the expected 

outer syncytiotrophoblast layer. Cytotrophoblast is a progenitor cell layer 

previously relegated to a repair role. As isolated cytotrophoblasts differentiated 

into syncytialized cells in culture, they weakened their lipid processing 

capacity. Syncytializing cells suppress previously active genes that regulate fatty-

acid uptake (SLC27A2/FATP2, FABP4, ACSL5) and lipid metabolism (GPAT3, 

LPCAT3). We speculate that cytotrophoblast performs a previously unrecognized 

role in regulating placental fatty acid uptake and metabolism.   
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Introduction 

The placenta, one of nature’s most important inventions, enables the 

mammalian fetus to acquire maternal nutrients within the confines of the 

protective womb. In humans, the placenta is the tissue barrier that separates 

maternal and fetal bloods and is the gatekeeper for all nutrients acquired by the 

fetus. The placenta consists of a maternal facing layer of fused cells, the 

syncytiotrophoblast, an underlying layer of cytotrophoblast cells, a basal lamina, 

and a fetal capillary endothelium (Figure 3.1A).  

The transport of lipids across the placental barrier is less well understood 

than the transport of glucose (Lager and Powell, 2012) and amino acids 

(Jansson, 2001). While many known lipid transport proteins are expressed in the 

human placenta, their roles are little studied. The once held view that all lipids 

cross the placenta by unregulated diffusion became untenable by reports 

showing that long-chain polyunsaturated fatty acids (LCPUFA) are transported 

preferentially (Haggarty et al., 1997) and fatty acid transporters exist on the 

syncytiotrophoblast MVM (Campbell et al., 1998). It is now recognized that the 

fetal acquisition of maternally derived long-chain fatty acids requires a placental 

transport system (Lafond et al., 2000; Gil-Sánchez et al., 2012). Because of our 

ignorance regarding lipid transport in the placenta and because disruptions in 

fatty acid supply have dire consequences for fetal brain development (Crawford 

et al., 1976; Budowski et al., 1987; Carlson et al., 1993; Crawford et al., 1997) 

there is a need for intense investigation into placental lipid transport 

mechanisms.  
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 Long-chain fatty acid transport begins with the uptake of circulating 

maternal non-esterified fatty acids liberated from triglycerides in circulating 

lipoproteins through syncytiotrophoblast lipase activity (Waterman et al., 1998; 

Lindegaard et al., 2005; Gauster et al., 2007). The fatty acids are translocated 

into the syncytiotrophoblast by transport proteins (FATP) and fatty acid 

translocase (FAT/CD36) (Campbell et al., 1998) and shuttled toward the 

syncytiotrophoblast BPM by fatty acid specific binding proteins (FABP) or 

incorporated within this layer into intracellular compartments.  

A large proportion of long-chain fatty acids taken up by the placenta are 

transformed into esterified glycerolipids (including phospholipids and 

triglycerides) (Klingler et al., 2003; Larqué et al., 2003; Gil-Sanchez et al., 2010). 

This is assumed to occur within the syncytiotrophoblast because it contains lipid 

droplets (LD) and several fatty acid transport proteins in that layer are coupled to 

an acyl-CoA synthetase enzyme or have acyl-CoA synthetase activity (Stahl et 

al., 2001; Duttaroy, 2009; Gil-Sánchez et al., 2012; Hernández-Albaladejo et al., 

2014). The association between long-chain fatty acid uptake and acyl-CoA 

synthesis has led to the suggestion that the transport of long-chain fatty acids 

into the fetus includes an intermediate fatty acid esterification step within the 

syncytium (Coleman and Haynes, 1987; Desoye and Shafrir, 1994). In perfusion 

studies, the maternal-fetal transfer rates of long-chain fatty acids is directly 

proportional to degree of placental long-chain fatty acid accumulation (Haggarty 

et al., 1997). Reduced enrichment of LCPUFA was found in cord blood and 

placental tissue from gestational diabetic pregnancy in vivo (Pagan et al., 2013) . 
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Lower LCPUFA enrichment in cord blood could be due to reduced placental 

LCPUFA accumulation and esterification, or enhanced fetal LCPUFA uptake 

(Pagan et al., 2013). Nevertheless, it remains unclear whether esterification 

within the placenta serves as a necessary processing step for the regulation of 

fatty acid transport to the fetus. While the relevance of esterification to fatty acid 

transport and uptake is debated, it is clear that FATP expression is necessary 

and proportional to the degree of long-chain fatty acid cellular uptake (Sandoval 

et al., 2010; Krammer et al., 2011; Melton et al., 2011). 

Before the availability of fluorescent tags and high resolution confocal 

microscopy, tracking the movement of fatty acids in placental tissue was difficult. 

Fatty acid uptake and transport studies relied on radiolabeled lipid (Schaiff et al., 

2005; Tobin et al., 2009; Brass et al., 2013) or immunohistochemical methods 

which cannot localize in real time. In contrast, new confocal visualization 

techniques reveal that long-chain fatty acids are esterified and sequestered into 

lipid droplets within hepatocytes (Kassan et al., 2013; Varlamov et al., 2013). 

These lipid droplets are the principal storage depots for neutral lipids (e.g. 

triglycerides and cholesterol-esters) in cells (Coleman and Lee, 2004). 

Functionally, LD provides for rapid storage, as well as mobilization, of fatty acids 

(Rambold et al., 2015). However, such studies have not been reported in 

placenta.  

We hypothesized that the uptake, esterification and storage of a 

fluorescent long-chain fatty acid analogue, BODIPY-C12, occur within the 

syncytiotrophoblast layer of the human placenta. BODIPY-C12 has an overall 
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chain-length approximately equivalent to that of an 18-carbon fatty acid, and has 

been used to understand the mechanisms of long-chain fatty acid uptake and 

trafficking in multiple models (Stahl et al., 1999; Wang et al., 2010; Kassan et al., 

2013; Varlamov et al., 2013; Rambold et al., 2015). We used real-time optical 

methods to quantify for the first time, the dynamic processing of BODIPY-C12 

within the major cell layers of freshly acquired human term placental explants 

and in isolated cytotrophoblast before and after syncytialization in culture.  
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Materials and Methods 

All studies were approved by the Oregon Health & Science University 

Institutional Review Board (IRB# 5684). Written, informed consent for tissue 

collection was obtained prior to cesarean section surgery. 

Subject Details  

Women (>37 weeks gestation, Table 3.1) scheduled for cesarean section 

were recruited at Oregon Health & Science University (OHSU) Labor & Delivery. 

Exclusion criteria included multiple gestations, fetuses with chromosomal or 

structural anomalies including cardiac defects, preeclampsia, maternal 

hypertension, and any other significant co-morbidity. Maternal data obtained from 

medical records included age, parity, race, gestational age at delivery, height, 

and weight (1st trimester). Neonatal data included birth weight, crown-heel 

length, and sex. Placenta weight and length and width dimensions were 

measured during tissue collection. 

Table 3.1: Maternal Characteristics 

 Mean±S.D. (n=30) 95% Confidence Interval 

Age (yr) 31±6 [ 29, 33 ] 

Body Mass Index (BMI: 
kg/m2) 

27±6 [ 24, 29 ] 

Parity 2±1 [ 2 , 3 ] 

Gestational Age (weeks) 39±1 [ 38, 39 ] 

Birth Weight (g) 3500±500 [ 3300 , 3700 ] 

Placenta Weight (g) 570±140 [ 500, 630 ] 

 

Tissue overview  
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Thirty placentas were used for different aspects of the study. In brief, 

placentas were collected at the time of delivery, maternal decidua was removed, 

and placenta were processed within 30 min. Placental tissues were used as (i) 

explants for live imaging/trafficking studies, (ii) fixed tissue immunofluorescence 

studies, (iii) dissociated cytotrophoblast cell studies for in vitro live 

imaging/trafficking studies, or (iv) molecular analysis of mRNA expression. A 

subset of fresh placental explants were embedded and frozen in OCT 

cryoprotectant (Cryotek) for immunohistochemistry and LD analyses. 

Placental explant collection  

Explants (<1mm3) were isolated as previously described (Brass et al., 

2013), with some modifications. Placental tissue was isolated from two different 

cotyledons that appeared healthy and placed in M199-HEPES culture media 

(Gibco) at room temperature (<30mins). Two explants from different cotyledons 

were cultured per well in plastic 8-well chamber slides (Lab-Tek II, Nunc) 

containing 0.4mL M199-HEPES and incubated at 37°C in 5% CO2/95% air. All 

explants were assayed within 2-3hrs of delivery, a known window when markers 

of explant health and fatty acid uptake are not compromised (Sooranna et al., 

1999; Brass et al., 2013).  

Primary villous cytotrophoblast isolation and culture 

Cytotrophoblast cells were isolated using trypsin-DNAse I digestion 

followed by Percoll enrichment as previously described (Kliman et al., 1986; 

Morrish et al., 1997). In brief, chorion and maternal decidua were removed, and 

approximately ~50g of villous placenta tissue was finely minced. Villous 
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fragments were subjected to three sequential 30 minute (37°C) digestions in 

0.25% Trypsin (Gibco) and 200 U/mL DNAse I (Roche). Cytotrophoblasts were 

purified by Percoll (GE Healthcare Bio-sciences AB) discontinuous density 

gradient centrifugation at 1200 rcf for 25 minutes (room temperature). Purity of 

trophoblast isolations was assessed by positive immunohistochemical staining of 

cyokeratin-7 (MAI-06315, Thermo Scientific), a marker of trophoblast cells. 

Contamination by stromal cells and syncytial fragments was determined by 

staining for Vimentin (PA5-27231, Thermo Scientific) and BHCG (ab9582, 

Abcam). Our isolations comprised at least >90% pure, viable cytotrophoblasts. 

Cytotrophoblasts were plated at a density of 3.5 × 105 cells cm-2 on 35 mm 

imaging dishes (Ibidi USA) compatible with high resolution live-microscopy. Cells 

were cultured in Iscoves Modified Dulbecco’s Medium (IMDM, Gibco) 

supplemented with 10% FBS (Gibco) and 100U/ml penicillin and 100μg/ml 

streptomycin and incubated in a 5% CO2/95% air incubator at 37°C. Cell viability 

was assessed by Trypan blue exclusion. After four hours in culture, non-adherent 

cells were removed by washing with pre-warmed culture media, and the media 

was subsequently replaced every 24 hours(Morrish et al., 1997). A subset of 

cells was used for live imaging studies, the remainder for qPCR studies. Cells 

were studied at 4 hours (cytotrophoblasts) or 72 hours (maximum) when most 

cytotrophoblasts have fused and differentiated into multinucleated, syncytial giant 

cells(Kliman et al., 1986; Frendo et al., 2003). 

Fluorescent fatty acid tracking and live microscopy (explants, cells).  

 The use of fluorescently labeled fatty acids to study uptake and LD 
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formation has been adapted from adipocytes (Kassan et al., 2013; Varlamov et 

al., 2013)and applied to placental explants and cells. BODIPY-C12 is a long-chain 

fatty acid analogue that is well established as a tool to study fatty acid uptake 

and esterification in multiple models (Stahl et al., 1999; Wang et al., 2010) but 

has not been previously used in the human placenta. BODIPY-C12 is a 12-carbon 

chain length saturated fatty acid linked to the fluorophore BODIPY (4,4-difluoro-

3a,4a- diaza-s-indacene) but the BODIPY-C12 conjugate biologically resembles 

an 18-carbon fatty acid. The BODIPY fluorophore is an intensely fluorescent, 

intrinsically lipophilic molecule, unlike most other long-wavelength dyes. 

Chemists argue that probes incorporating this fluorophore are more likely to 

mimic the properties of natural lipids. BODIPY fatty acids analogues undergo 

native-like transport and metabolism in cells making it effective as a tracer for 

lipid trafficking(Stahl et al., 1999; Wang et al., 2010).  

We prepared 10μM solutions of BODIPY-FL C12 (BODIPY-C12) (Molecular 

Probes) by diluting a 2.5mM methanol stock solution (1:250) in M199-HEPES 

containing 0.1% defatted bovine serum albumin (BSA) (Fisher Scientific); 

solutions were incubated at 37°C for 30mins, protected from light, to allow for 

BSA conjugation. For most experiments, explants and cells were exposed to 

BODIPY-C12 for 30mins. We sought to determine if exogenously applied 

fluorescent lipids would be rapidly incorporated into LD within a 30 minute period 

in human term placenta. The use of the word “rapid” here is not to indicate that 

placental tissues are able to esterify fatty acids more rapidly than other cells, but 

to suggest that there may be esterification processes which take much longer 
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than the 30 minute window we studied.  

Explants 

2μL ethidium homodimer (LIVE/DEAD Viability/Cytotoxicity Kit; Molecular 

Probes) and 1μL of HCS LipidTOX Deep Red (Molecular Probes) was mixed into 

each well containing placental explants. After 30mins, 100μL of 10μM BODIPY-

C12 solution was added to each well and mixed by trituration (total well volume 

500μL, final concentration 2μM BODIPY-C12). To immobilize explants (live or 

fixed) for confocal microscopy, explants were held to the bottom of the imaging 

chamber using 8×8 mm pieces of stainless steel mesh (40 Mesh, 0.25 mm; TWP, 

Inc). For live microscopy, the chamber was also placed into a stage top 37°C 

incubation chamber. Imaging was performed using a Nikon A1R+/Eclipse TiE 

resonant scanning confocal microscope equipped with a 60× High N.A. objective 

(N.A.=1.4; Nikon). All images were acquired using the same acquisition 

configurations with minimum laser intensity (0.5%) and exposure time (900ms). 

Images were acquired every 20 seconds for a total of 30 minutes; there is non-

appreciable photobleaching under these conditions. The pixel spacing for all 

acquisitions was constant and chosen to reflect the Nyquist sampling frequency 

at 488nm for the magnification objective used. To control for the effect of tissue 

light scattering, all images were gathered at a consistent distance range (5-

10μm) from the culture well base.  

Cultured cells  

Live cytotrophoblast imaging proceeded as above, with a few 

modifications. Cytotrophoblasts were pre-incubated with Nile Red (1μg/ml; 
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Molecular Probes) for 30 minutes as a counterstain for neutral lipids, and the 

culture medium replaced with low-fluorescence Dulbecco’s Modified Eagle 

Medium (Fluorobrite DMEM; Gibco) supplemented with 5% FBS. 2μM BODIPY-

C12 was added to each well and cells were imaged using a Nikon Eclipse 

TiE/Yokogawa CSU-W1 spinning disc confocal using a 100× objective 

(N.A.=1.49) with 37°C and 5%CO2/95% air environmental control. We favored 

Nile Red for in vitro LD labeling because its excitation properties permitted 

simultaneous excitation of BODIPY-C12 and Nile Red with a single laser line, 

resulting in less photobleaching. We confirmed no detectable bleed-through of 

neither BODIPY-C12 and Nile Red in either channel during the time window 

studied; the results were similar for LipidTOX. LipidTOX was used in addition to 

Nile Red as a second dye to ensure interpretation of neutral lipid localization. 

Nuclei were identified by Hoechst 33342 (0.5μg/ml; Molecular Probes) labeling; 

multinucleated cells were categorized as syncytiotrophoblast. Cell viability was 

assessed by Trypan blue exclusion. 

Quantification of total BODIPY-C12 uptake in cells  

 Total BODIPY-C12 uptake was determined in cytotrophoblast 

cultures using a plate-reader assay as described previously(Sandoval et al., 

2010). Cytotrophoblast were plated at 3.5 × 105 cells cm-2 in 96-well plates (BD 

Falcon) and cultured as described above. Cells were pre-incubated in 80μL 

serum free Iscove's Modified Dulbecco's Medium (IMDM) for 60 mins (± 

inhibitors). After 60 minutes, 20μL of assay solution (25 μM BODIPY-C12, 25 μM 

defatted-BSA, 10mg/ml Trypan Blue) was added to each well, mixed, and 



 

 45 

incubated for 15 minutes at 37°C with 5% CO2/95% air. Fluorescence (485nm 

excitation, 525nm emission) was measured using a BioTek Synergy H1 hybrid 

plate reader (BioTek). After fluorescence measurement, the assay medium was 

removed and cells were carefully washed with Hank’s Buffer for 10min at 37°C. 

The cells were then lysed using RIPA buffer (EMD Millipore) to measure protein 

using a BCA method (Pierce). 

Inhibition of fatty uptake and esterification (explants, cells) 

BODIPY-C12 uptake and fatty acid esterification are dependent on fatty 

acid transporters (FATP) and long-chain acyl-CoA synthetases (ACSL), 

respectively. Using a pulse-chase model, explants were exposed to 2μM 

BODIPY-C12 for 2 minutes, then washed with M199-HEPES, and incubated for 

another 30 minutes before fixation and immunolabeling. Immunolabeling allowed 

us to localize the fate of the BODIPY-C12 pulse after 30 minutes. To test if uptake 

and fatty acid esterification was sensitive to inhibition of FATPs or ACSLs, 

explants were co-incubated with 200μM phloretin (nonspecific transporter 

inhibitor (Guo et al., 2006); Sigma) during BODIPY-C12 uptake and imaging 

studies, or preincubated for 1hr with 10μM (in DMSO) triacsin C (long-chain acyl-

CoA synthetase inhibitor; Santa Cruz Biotech) or 1hr with specified 

concentrations of CB-2 (FATP2 inhibitor; EMD Millipore) (Sandoval et al., 2010). 

The concentrations and incubation times employed are known to block fatty acid 

uptake and esterification in term explants and cytotrophoblast (Rybakowski et al., 

1995; Greenwood et al., 1996; Weedon-Fekjaer et al., 2010). 

In explants, we inhibited both syncytiotrophoblast and cytotrophoblast fatty 
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acid transporters and ACSL together; thus we could not conclude whether 

reductions in LD production were due to inhibition of uptake or esterification in 

the syncytium, or solely in the cytotrophoblast. To test if the production of 

BODIPY-C12 LD in cytotrophoblast was independent from the syncytiotrophoblast 

we performed complementary in vitro experiments in primary isolated term villous 

cytotrophoblasts. Cells were studied at 4 hours (cytotrophoblasts) and also at 72 

hours after the cells had spontaneously fused and differentiated to form syncytial 

giant cells (Frendo et al., 2003). Co-localization was assessed in cultured cells at 

15 minutes during continuous 2μM BODIPY-C12 incubation with or without 

phloretin or triacsin C. We used live spinning disc confocal microscopy together 

with Nile Red to track LD (Kassan et al., 2013) to determine whether alterations 

in cytotrophoblast LD production are independent of changes of uptake or 

esterification in the syncytium.  

Immunofluorescence (whole mount explants, cells) 

Explants were fixed in 4% paraformaldehyde (pH 7.4) for 20 minutes at 

room temperature before washing 3 times in phosphate buffered saline (PBS, pH 

7.4), and stored in PBS at 4°C for up to 48 hours. Samples were blocked and 

permeabilized in 5% normal goat serum (Life Technologies)/0.1% saponin 

(Sigma) for 1 hour before overnight incubation with primary antibody at 4°C. 

Samples were labeled with antibodies against BHCG (1:100; ab9582, Abcam), E-

cadherin (1:200; ab11512, Abcam), HAI-1 (1:100; 9B10, eBioscience), FATP2 

(1:50; 14048-1-AP, Proteintech), Perilipin-2 (1:100; ab52355, Abcam), and 

Perilipin-3 (1:100, PA5-20272, Thermo Scientific). Following primary antibody 
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incubation, samples were washed 3 times with 0.1% saponin in PBS and labeled 

with secondary antibodies (donkey F(ab’)2 anti-mouse Alexa Fluor 647 (1:1000, 

ab150103), donkey F(ab’)2 anti-rat Alexa Fluor 555 (1:1000, ab150150), donkey 

F(ab’)2 anti-rabbit Alexa Fluor 568 (1:500, ab175694), donkey F(ab’)2 anti-rabbit 

Alexa Fluor 647 (1:1000, ab150103), and donkey anti-rabbit Alexa Fluor 488 

(1:1000, ab150069); all secondary antibodies from Abcam) for 1 hour at room 

temperature. After washing 3 times, the samples were counterstained with 

1μg/ml Hoechst 33342 for 10 minutes and immersed in Slowfade Diamond 

(Molecular Probes) immediately before confocal imaging. Slowfade Diamond did 

not disrupt LD morphology and photobleaching resistance was substantially 

improved over samples imaged in PBS. Imaging was performed using a Nikon 

A1R+/Eclipse TiE resonant scanning confocal microscope equipped with a 60× 

High N.A. objective (N.A.=1.4; Nikon). 

Structured Illumination Microscopy (SIM) Imaging (explants) 

Our initial estimates by confocal fluorescence microscopy of LD diameter 

(~600nm) were near the diffraction resolution limit for light (Airy disc diameter = 

560nm; wavelength =640nm, N.A.= 1.4). Thus, measurements by standard 

optical techniques may overestimate the true size of an LD. Hence we used 

structured illumination microscopy (SIM) which affords, under ideal conditions, a 

2-fold increase in the lateral spatial resolution and is compatible with 

conventional fluorophores such as LipidTOX. Using SIM, our theoretical Airy disc 

diameter is 280nm (wavelength=640nm, N.A.=1.4). Since the volume of a 

spherical LD scales with the cube of its radius, a small increase in lateral 
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resolution can afford a dramatic increase in the minimum detectable volume of 

LDs; SIM under ideal conditions permits more accurate measurement of particles 

8-fold smaller than possible using conventional confocal fluorescence 

microscopy.  

For super-resolution microscopy of LD via SIM, explants were stained with 

LipidTOX Deep Red. Structured illumination microscopy was performed using an 

Elyra PS.1 (Zeiss) microscope equipped with a 63× objective (N.A.=1.4). Thin 

(0.1 μm) z-stacks of 20 high resolution images were collected in five rotations 

and reconstructed using Zen software (Zeiss). All processed images were 

analyzed using Fiji (Schindelin et al., 2012). 

Image Analysis  

All images obtained via confocal and SIM imaging were analyzed using 

Fiji software(Schindelin et al., 2012). LD were automatically segmented using the 

Renyi Entropy method, and quantified using consistent particle analysis 

parameters in Fiji and are expressed as a number (abundance) normalized to the 

acquired 3-D image volume of syncytiotrophoblast or cytotrophoblast. In all 

immunofluorescence explant experiments, replicates represent at least 2 

explants, each with at least 2 independent fields of view. For live imaging of 

explants, 2 separate explants were imaged with one field of view that 

demonstrated exclusion of ethidium homodimer dead stain. On average about 90 

LD were measured per replicate using SIM imaging. In live-cell imaging 

experiments, each time point represents the mean of a maximum-intensity 

projection of 20 z-slices (0.2 μm thick) representing a 3-D volume with 4μm total 
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thickness. With the plating density utilized, about 10 nuclei were present in a 

single 3-D volume on average. Co-localization analyses were performed using 

Imaris (Bitplane AG) and Fiji using the automatic thresholding method of Costes 

et al. (Costes et al., 2004) to obtain a Pearson co-localization coefficient; this 

coefficient indicates the degree to which BODIPY-C12 is being incorporated into 

the LD organelles identified by Nile Red or LipidTOX (Kassan et al., 2013). 

qPCR gene expression 

A subset of primary cytotrophoblasts was used for gene expression 

studies; these cells were not used for imaging studies. Total RNA from 3 × 106 

cells was isolated after 4hr or 72hr of culture using Qiagen RNeasy isolation kit. 

RNA content was assessed by spectroscopy at 260nm/280nm and integrity via 

visualization of ribosomal RNA using gel-electrophoresis. Reverse transcription 

of 750ng of RNA to cDNA was performed using the High Capacity cDNA 

Reverse Transcription kit (Life Technologies). cDNA was stored at -20°C. Gene 

specific primers were designed for fatty acid transporter 2 (SLC27A2), and long-

chain acyl-CoA synthetase 1 (ACSL1), -3 (ACSL3), and -5 (ACSL5), fatty acid 

binding proteins 4 (FABP4), -5 (FABP5), 1-acylglycerol-3-phosphate O-

acyltransferase 9 (GPAT3), lysophosphatidylcholine acyltransferase 3 (LPCAT3), 

and BHCG (CGB) using NCBI primer-BLAST(Ye et al., 2012). Sequences for 

primers for GAPDH, fatty acid transporters 1 (SLC27A1), -4 (SLC27A4) and fatty 

acid translocase (CD36) were obtained from Brass et al. and Mishima et al. 

(Mishima et al., 2011; Brass et al., 2013). Primer sequences and gene 

information are shown in Table 3.2; qPCR was performed as described 
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previously(O'Tierney et al., 2012). PCR amplicons were detected by fluorescence 

of Power SYBR Green (Applied Biosystems) and following manufacturers 

recommendations using the Stratagene Mx3005P Thermocycler (Agilent 

Technologies). Cycling conditions were the same for all primer pairs with 42 

amplification cycles. For each primer pair, a standard curve, no template controls 

and unknowns were run in triplicate. Following cycling, the melt curve of the 

resulting amplicon was analyzed to ensure that a single product was detected for 

every replicate. Efficiency of each primer set was calculated using the slope of 

the respective standard curves with manufacturer’s software (MxPro v4.10; 

Stratagene) and the predicted product size for each primer pair was verified via 

gel-electrophoresis. The cycle threshold (Ct) was calculated for each replicate 

using MxPro software for detecting the amplification-based threshold. No 

replicates were excluded and all replicates were within 0.5 SD of the average Ct. 

Relative expression was quantified using comparative quantification (Pfaffl, 

2001). The same sample was used as the “calibrator” in all assays. Relative 

expression quantities were expressed as a ratio of the gene of interest to the 

reference gene (GAPDH) in each sample; GAPDH expression did not differ at 4 

hours versus 72 hours.  
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Table 3.2: Primer sequences utilized for quantitative PCR 

Gene Function Accession Forward (5’→3’) Reverse (5’→3’) 

ACSL1 Long-chain fatty 

acid acyl-CoA 

synthetase 

NM_001995 GGGCAGGGAG

TGGGCT 

TCTAAGCTGAA

TTCTCCTCCGT

G 

ACSL3 Long-chain fatty 

acid acyl-CoA 

synthetase 

NM_004457 GGCGTAGCGGT

TTTGACAC 

CCAGTCCTTCC

CAACAACG 

ACSL5 Long-chain fatty 

acid acyl-CoA 

synthetase 

NM_016234 CTGAAGCCACC

CTGTCTCTG 

AGGAAATTCAG

ACCCTGCGA 

GAPDH Reference gene NM_002046 AGGTGGTCTCC

TCTGACTTC 

TACTCCTTGGA

GGCCATGTG  

GPAT3 De novo 

glycerolipid 

synthesis 

NM_001256421 GAGGGCCTCCA

GGTGAGT 

AGAGACACTCC

GAAGACCGA 

CD36 Fatty acid 

transporter 

NM_001001548 AAACCTCCTTG

GCCTGATAG 

GAATTGGCCAC

CCAGAAACC 

BHCG (CGB) Marker for 

cytotrophoblast 

syncytialization 

NM_00737 ACCCCAGCATC

CTATCACCT 

CACGCGGGTCA

TGGTG 

CPT1A Fatty acid 

transporter 

located on 

mitochondrial 

outer membrane 

NM_001876 ATTACGTGAGC

GACTGGTGG 

TGTGCTGGATG

GTGTCTGTC 

FABP4 Fatty acid binding 

protein 

NM_001442 AAACTGGTGGT

GGAATGCGT 

GCGAACTTCAG

TCCAGGTCA 

FABP5 Fatty acid binding 

protein 

NM_001444 TGAAGGAGCTA

GGAGTGGGAA 

TCTGCCATCAG

CTGTGGTTT 

LPCAT3 Glycerophospholi

pid synthesis 

NM_005768 TTCCTGGGTTA

CCCCTTTGC 

GCCGGTGGCA

GTGTAATAGT 

SLC27A1 Fatty acid 

transporter 

NM_198580 CCGGAATTGAC

TGTGACCACTT 

CACGCAGTGCA

GGGTTCA 
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SLC27A2 Fatty acid 

transporter 

NM_003645 TGCTGCACTAC

TGATTGGCA 

TTGGTTTCTGT

GGTGAGTTGC 

SLC27A4 Fatty acid 

transporter 

NM_005094 GCTGCCCTGGT

GTACTATGG 

GGAGGCTGAAG

AACTTCTTCC  
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Electron Microscopy  

Electron microscopy of term placental tissue was performed as previously 

described (Thornburg and Faber, 1976). Placental pieces were fixed in 2.5% 

glutaraldehyde/2% formalin in 0.1 M phosphate buffer for 45 minutes. The tissue 

was then sliced into thinner pieces and allowed to fix for an additional 30 

minutes. Lastly, the tissue was cut to embedding size and fixed for 30 minutes 

before being placed in 0.1 M phosphate buffer, pH 7.3, 4°C overnight. The next 

day, the tissue blocks were post fixed for 90min in 2% osmium tetroxide, 

dehydrated in ethanol series and embedded in Epon resin. Electron micrographs 

were made on JEOL electron microscopes.  

Lipid Extraction and Thin Layer Chromatography 

The incorporation of BODIPY-C12 into lipid classes was characterized as 

described previously (Wang et al., 2010). Cells were incubated with 5µM 

BODIPY-C12 in 6-well dishes and were collected and washed with HBSS 

containing 0.1% BSA at specified time points. Lipids were extracted using 

chloroform and the lipid phase was collected and evaporated using a vacuum 

concentrator (SpeedVac). Lipid residues were dissolved in 100µL of chloroform 

and applied onto silica gel 60G TLC plates (EMD Millipore). Neutral lipids were 

separated on TLC plates using heptane/isopropyl ether/acetic acid, 60:40:4, 

vol/vol/vol). Developed plates were visualized under UV light (365nm) using an 

emission filter (515-570nm) and images were captured using a digital camera.  

Statistics  

ANOVA with Bonferroni post-hoc testing was used to test for differences in 
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LD abundance via SIM in LD analyses (one-way) and BODIPY-C12 LD 

accumulation in each cell type (2-way). Total BODIPY-C12 uptake and qPCR 

were analyzed by a paired t-test. A four parameter, nonlinear regression analysis 

was used to calculate IC50 values for CB-2 FATP2 inhibitor. All data were 

analyzed using GraphPad Prism 6 and are presented as mean ± SEM unless 

noted otherwise. P-values <0.05 were considered statistically significant.  

Study Approval  

Studies were approved by the Institutional Review Board (IRB # 5684). 

Written, informed consent for tissue collection was obtained prior to cesarean 

section surgery.  
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Results  

Lipid droplet (LD) analysis in explants  

The existence and localization of LDs in human term placenta was 

confirmed in all 30 placentas using several modalities of microscopy and multiple 

staining methods (Figure 3.1B-E). LDs were visible in the syncytiotrophoblast, 

cytotrophoblast and fetal endothelium. LD volumes in cytotrophoblast 

(0.047±0.006 μm3) were similar to syncytiotrophoblast (0.038 ± 0.003 μm3) 

(Figure 3.1F, N.S.). Likewise, LD abundance was not different between 

cytotrophoblast (3×107 ± 4×106 LD mm-3) and syncytiotrophoblast (3×107 ± 5×106 

LD mm-3). We found no associations between LD volume or abundance with fetal 

sex in syncytiotrophoblast or cytotrophoblast. These data suggest that LD are a 

normal feature of all human term placentas. The presence of LD in normal 

placenta, led us to speculate that the syncytiotrophoblast was capable of free 

fatty acid esterification and that LD in cytotrophoblast originated from those 

manufactured in the syncytium. We also supposed that the transfer of LD from 

syncytial tissue to deeper layers in the placenta could be visualized in real-time 

using microscopic methods.  
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Figure 3.1 The layers of the human placenta at term and resident lipid 
droplets. 
 (A) TEM of human placenta at term. MAT, maternal blood space; MVM, 
microvillous membrane; SCT, syncytiotrophoblast; CTB, cytotrophoblast; END, 
endothelium; FET CAP, fetal capillary; RBC, red blood cell; BL, basal lamina. 
Scale Bar: 1μm. (B-E) Lipid droplets (LD, arrow heads) in the human placenta 
can be detected by multiple staining methodologies. (B) Oil-Red O (C) Nile Red 
(D-E) Structured illumination microscopy (SIM, a super-resolution technique). 
Only the syncytiotrophoblast is imaged in (E). (F) The LD volume distribution in 
freshly delivered placenta is not different (One-way ANOVA) between 
cytotrophoblast (CTB) and syncytiotrophoblast (SCT) layers, as measured by 
SIM. (Data are mean ± SEM, n=7, unpaired t-test). Scale Bar (B-E): 5μm. 
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BODIPY-C12 uptake in live and fixed explants  

We sought to determine whether exogenous fluorescent-labeled BODIPY-

C12, a long-chain fatty acid analogue, would be incorporated into 

syncytiotrophoblast LD of living explants within 30 minutes, a technique and time 

period that has been used in other tissues including white adipose tissue 

(Varlamov et al., 2013). Uptake and distinct localization patterns of BODIPY-

C12became evident within 30 min. BODIPY-C12 appeared both diffusely and as 

punctate structures within the cytoplasm of placental tissue, which we surmised 

to be the syncytium and the cytotrophoblast (Figure 3.2A). LDs are composed of 

endogenous neutral lipids (triglycerides and cholesterol-esters) (Coleman and 

Lee, 2004) that can be visualized by LipidTOX staining (Figure 3.2B). As 

indicated by merged staining, BODIPY-C12 was incorporated into preexisting 

LipidTOX positive LD within 20 minutes, signifying that (Figure 3.2C) it was being 

esterified, a requirement for LD incorporation (Wang et al., 2010). Surprisingly, 

esterification was consistently associated with the cell layer beneath the 

syncytiotrophoblast, which appeared to be cytotrophoblast (Figure 3.2C,D). To 

test this, placental tissues were stained with hepatocyte growth factor inhibitor 

type 1 (HAI-1), a cytotrophoblast-specific marker (Mori et al., 2007). It confirmed 

that the cells containing newly esterified BODIPY-C12 were cytotrophoblasts 

(Figure 3.2E). The cytotrophoblast layer appeared to be rarely interrupted under 

our microscopic conditions and was the layer that rapidly accumulated esterified 

BODIPY-C12 (Figure 3.2G). In separate experiments, explants fixed after 30 min 

also confirmed co-localization of BODIPY-C12 with LipidTOX in LD organelles 
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within the cytotrophoblast, but not within the syncytiotrophoblast (Figure 3.2D-F), 

in which there was little co-localization between the markers even by 60 minutes 

(not shown). In a separate set of experiments, placental tissues were exposed to 

a 2 minute pulse of BODIPY-C12, followed by washout, to determine the fate of 

fatty acids initially absorbed by the syncytiotrophoblast. From previous 

experiments, we determined that incorporation of BODIP-C12 into LD required 30 

minutes. We measured LD production after initial uptake using this time point. 

Thirty minutes after the 2 minute pulse, the abundance of BODIPY-C12 labeled 

LD was higher in cytotrophoblast than syncytiotrophoblast (2×107 ± 3×106 LD 

mm-3 versus 6×104 ± 2×104 LD mm-3; p<0.001, Figure 3.2J). The number of 

BODIPY-C12 LD in cytotrophoblast was dramatically reduced following treatment 

with the nonspecific transporter inhibitor, phloretin, (1×105 ± 8×104 LD mm-3; 

p<0.001, Figure 3.2H,J) and the long-chain acyl-CoA synthetase inhibitor, triacsin 

C (1×106 ± 3×105 LD mm-3; p<0.05, Figure 3.2I,J), implying both FATP and ACSL 

are involved in the rapid production of BODIPY-C12 LD. In contrast, LD 

abundance in the syncytiotrophoblast was not altered by phloretin (5×103 ± 4×103 

LD mm-3) or triacsin C (5×103 ± 5×103 LD mm-3, Figure 3.2J).  
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Figure 3.2 BODIPY-C12 fatty acid uptake in human term placental explants 
(30 min exposure).  
Dashed line represents the syncytiotrophoblast-cytotrophoblast interface. Co-
localized BODIPY-C12 and LipidTOX forms yellow LD, indicating esterified 
BODIPY-C12. (A) BODIPY-C12 (green) is localized to punctate structures (arrow 
heads) and diffuse areas in syncytiotrophoblasts (SCT) and cytotrophoblasts 
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(CTB). Dark “holes” are unstained nuclei. (B) Pre-existing neutral lipids 
(LipidTOX, red) are found in punctate structures which are lipid droplets (LD) 
(arrow head); (C) LipidTOX co-localizes with BODIPY-C12 (double arrowhead) 
predominantly in CTB, providing evidence that BODIPY-C12 is esterified and 
localized within LD. Conversely, in SCT, LD (arrowhead) contains little BODIPY-
C12 (corresponding region 2A open circle). (D-F) images of explants after 
fixation showing BODIPY-C12 (green) and LipidTOX (red). (D) LD are present in 
both SCT and CTB, but BODIPY-C12 seen in (A) has mostly washed out in 
processing but some remain in sequestered organelles. (E) Hoechst (blue) marks 
nuclei and HAI-1 (magenta) marks CTB, (F) BODIPY-C12 (green) is found 
primarily in CTB (magenta) but not in SCT (see double arrow head). (G) 
BODIPY-C12 containing lipid droplets (arrow heads) are found extensively in the 
CTB layer (e-cadherin, red) but are sparse in the SCT layer. (H) phloretin (a 
blocker of protein mediated transport), and (I) triacsin C (a blocker of long-chain 
fatty acyl-CoA synthetases) reduces the population of lipid droplet containing 
BODIPY-C12 in CTB. These experiments suggest that transporters and acyl-CoA 
synthetases are required for production of LD. (J) Quantification of lipid droplets 
synthesized in explants illustrating the effects of chemical inhibitors and shows 
under control conditions BODIPY-C12 LD accumulation is higher in 30 min in the 
CTB vs. SCT; (I): Data are mean ± SEM; n=6 control, n=5 phloretin, and n=4 
triacsin C. 2-way ANOVA, ***= p<0.001 vs CTB vehicle; VS, villous stroma; FET 
CAP, fetal capillary; Scale Bar: 5μm. 
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BODIPY-C12 uptake in live, isolated undifferentiated cytotrophoblast  

Cytotrophoblasts are unique in that they are isolated in their immature 

undifferentiated form but become mature over time in culture to form 

multinucleated syncytialized giant cells, presumably as in vivo. We used the 

differentiation process to determine whether the capacity to esterify fatty acids 

was lost during differentiation and syncytialization. To test if esterification was 

taking place within cytotrophoblast, we analyzed BODIPY- C12 incorporation into 

lipid subclasses via thin-layer chromatography in isolated primary 

cytotrophoblast. We found that BODIPY-labeled neutral lipids were present within 

30 minutes (Figure 3.3A), and that differentiation of cytotrophoblast (4hr) to 

syncytiotrophoblast (72hr) led to a pronounced decrease in esterified BODIPY-

C12 esterification products (Figure 3.3B). This finding is consistent with the 

observation that BODIPY-C12 is esterified during integration into cytotrophoblastic 

LDs and that differentiation results in a switch in lipid metabolic phenotype. 

We measured total uptake of BODIPY-C12, using a plate reader before 

and after cytotrophoblast differentiation/syncytialization. BODIPY-C12 Uptake was 

approximately 2-fold greater in cytotrophoblast at 4hr (1.8×103 ± 37 RFU /µg 

protein) than in syncytial giant cells at 72hr (7×102 ± 74 RFU /µg protein; p<0.01, 

Figure 3.3J). We also tested the degree to which BODIPY- C12 uptake in cultured 

trophoblast was sensitive to CB-2, an inhibitor of FATP2. FATP2 is the most 

highly expressed fatty acid transporter in the placenta (Weedon-Fekjaer et al., 

2010). The similar efficacies and estimates of IC50s of CB-2 indicates 4hr 

cytotrophoblast and 72hr syncytial giant cells are not differentially sensitive to 
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CB-2 (4hr, 13 ± 2.4 µM) vs (72hr, 8 ± 1.6 µM; Figure 3.3K) and thus both of these 

cell types are likely dependent on FATP2 for the uptake of BODIPY-C12 long-

chain fatty acid. 

Primary villous trophoblast accumulates BODIPY-C12 LD at different rates 

depending on the degree of maturation. Cytotrophoblasts (4hrs, Figure 3.3C-E) 

had greater abundance of BODIPY-C12 LD than syncytialized cells (72hrs, Figure 

3.3F-H) (1×106 ± 0.3×106 LD mm-3 vs 4×104 ± 1×105 LD mm-3; p<0.01, Figure 

3.3I). Consistent with our explant experiments, BODIPY-C12 LD abundance was 

reduced by phloretin (5×104 ± 6×104 LD mm-3; p<0.01) and triacsin C (1×104 ± 

3×104 LD mm-3; p<0.01) in cytotrophoblasts (Figure 3.3I) and with minimal effect 

on syncytial giant cells (Figure 3.3G).  
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Figure 3.3 BODIPY-C12 incorporation into lipid droplets in primary 
cytotrophoblasts incubated for 15 or 30 min.  
Cytotrophoblasts (CTB) were in two states of maturation after being in culture for 
4hr(A,C-E) or 72hr which leads to syncytialization (SCT) (B,F-H). (A,B) Analyses 
of BODIPY- C12 incorporation into lipid subclasses via thin-layer chromatography 
in CTB and SCT in vitro (A) Time course of HepG2 cells (positive control) and 
primary cytotrophoblast incubated continuously with BODIPY-C12. BODIPY-C12 is 
incorporated into neutral lipids (NL) and phospholipids (PL) within 30 minutes 
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indicating esterification of this long-chain fatty acid analogue. NEFA, non-
esterified fatty acid. (B) CTB incorporate more BODIPY-C12 into esterified lipid 
subclasses than SCT in vitro within 30 minutes. (D) Cultures (D,E and G,H) were 
stained with Nile Red to visualize neutral lipid droplets (LD). Images (C,F) shows 
that BODIPY-C12 incorporation is greater among CTB than among SCT. (E) In 
CTB, BODIPY-C12 merges with Nile-Red in LD. (H) When CTB have undergone 
syncytialization, they incorporate very little BODIPY-C12 in LD. (I) Quantification 
of lipid droplets shows that cultured (4 hours) cells accumulate more BODIPY-C12 
LD than those that have syncytialized (72hrs). Phloretin and triacsin C 
significantly reduce BODIPY-C12 LD accumulation in cytotrophoblasts but not in 
syncytialized cells. (J) The uptake of BODIPY-C12 using a 96-well plate-reader 
indicates that uptake is higher in cytotrophoblast before syncytialization (K) The 
log-dose response curve of CB-2, a FATP2 inhibitor, supports that both 
cytotrophoblast and syncytialized cells are equally sensitive to inhibition of 
BODIPY-C12 uptake by CB-2. The efficacy of this inhibition of BODIPY-C12 
uptake suggests that FATP2 largely mediates long-chain fatty acid uptake in 
these cells. TLC plates are representative of 3 technical replicates. (C-H): Scale 
Bar: 5μm, LD (arrow heads), co-localization (double arrowhead). Image intensity 
ranges are the same in all panels (I-K): Data are mean ± SEM; (I) n=6 for each 
group. 2-way ANOVA, (J,K) n=4. Paired t-test. *= p<0.05, **=p<0.01 vs CTB 
vehicle.  
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To test if the BODIPY-C12 LD are labeled by LD-associated proteins, we 

fixed and immunolabeled 4hr CTB after 30 minutes of incubation with BODIPY-

C12. We found all BODIPY-C12 LD in CTB contained some degree of LD 

associated Perilipin-2 or Perilipin-3 (Figure 3.4). We detected little BODIPY-C12 

LD synthesis in 72hr syncytialized cells.  

Lipid transporter gene expression in cultured cytotrophoblasts  

After 72hrs, BHCG mRNA expression in cultured cytotrophoblasts was 

>4500% higher (p<0.05), indicating differentiation into syncytial giant cells; 

BHCG is a specific marker of syncytialization. We also looked for the presence of 

desmoplakin, which disappears from intercellular junctions with syncytialization. 

Junctional complexes were absent in syncytial giant cells as indicated by the loss 

of desmoplakin concomitant with cytotrophoblast syncytialization, there was a 

pronounced decrease in SLC27A2 expression, the gene encoding FATP2 (-88%, 

p<0.001). Genes regulating glycerolipid metabolism were downregulated during 

syncytialization: GPAT3 (-75%, p<0.05), ACSL5 (-60%, p=0.002), FABP4 (-38%, 

p<0.05), and LPCAT3 (-66%, p<0.001). In contrast, mRNA levels of SLC27A4 

(FATP4; +133%, p<0.1), CD36/FAT (+349%, p<0.001), and SLC27A1 (FATP1; 

+129%, p<0.01) increased during syncytialization. We did not detect differences 

in of FABP5, ACSL1, ACSL3, or CPT1A expression (data not shown). FATP2 

(SLC27A2) is highly expressed in the placenta and we found it is distinctly 

localized to the cytotrophoblast (Figure 3.5J,K) perhaps within a discrete 

subcellular compartment.  
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Figure 3.4 BODIPY-C12 incorporates into Perilipin-2 and Perilipin-3 labeled 
cytotrophoblast lipid droplets. 
Cytotrophoblast plated for 4hr onto glass coverslips were incubated with 2μM 
BODIPY-C12 for 30 minutes and fixed as described in the methods section. Cells 
were immunolabeled with Perilipin-2 or Perilipin-3. Nuclei are labeled using 
Hoechst dye. All BODIPY-C12 cytotrophoblast lipid droplets contain some degree 
of Perilipin-2 (A-C) or Perilipin-3 (D-F) on the surface. In addition to the presence 
of Perilipin-3 on lipid droplets, Perilipin-3 is also distributed on the plasma 
membrane of cytotrophoblast (E). n=5. Scale Bar: 1μm. 
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Figure 3.5 mRNA 
expression of key lipid 
processing genes before 
and after cytotrophoblast 
syncytialization.  
(A) In 72hr syncytia, the 
expression of BHCG is 
significantly higher 
compared to cytotrophoblast 
at 4hrs, indicating 
differentiation. (B-I) By 72 
hours, there are significant 
changes in expression of 
several fatty acid uptake and 
processing genes. (B) 
SLC27A2 (FATP2, the most 
highly expressed fatty acid 
transport protein in 
placenta). (C) FABP4 (fatty 
acid binding protein). (D) 
GPAT3 (glycerol-3-
phosphate acyltransferase). 
(E) ACSL5 (Acyl-CoA 
synthetase, long-chain). (F) 
LPCAT3 
(lysophosphatidylcholine 
acyl transferase). (G) 
SLC27A4 (FATP4, fatty acid 
transport protein). (H) CD36 
(FAT, fatty acid translocase). 
(I) SLC27A1 (FATP1, fatty 
acid transport protein). Data 
are mean ± SEM, n=6 for all 
groups. Expression is 
relative to GAPDH, which is 
not significantly different 
between groups. Paired t-
test *= p<0.05, **=p<0.01, 
***=p<0.001. (J) 
Immunofluorescence of 
FATP2 (green), nuclei are 

blue (Hoechst). (K) Merged immunofluorescence illustrating cytotrophoblast (E-
cadherin, red), syncytiotrophoblast (BHCG, magenta) with FATP2/SLC27A2 
(green). FATP2 can be found in both cytotrophoblast and syncytiotrophoblast, 
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but appears to be more strongly expressed in cytotrophoblast which fits gene 
expression data in panel (B). Dashed line represents the syncytiotrophoblast-
cytotrophoblast interface. Scale Bar: 5μm. 

  



 

 69 

Discussion 

We tested the hypothesis that BODIPY-C12 would be incorporated into 

esterified lipid pools within syncytiotrophoblast. We chose BODIPY-C12 as a 

tracer because it is well-established tool to investigate long-chain fatty acid 

uptake and esterification in many cell types (Stahl et al., 1999; Wang et al., 

2010). The strength of the method is that fatty acid uptake can be tracked in real-

time within different cell layers and sub-cellular compartments of the placenta.  

Contrary to our hypothesis, the syncytiotrophoblast was not the primary 

site of esterification of this synthetic long-chain fatty acid. Rather, BODIPY-C12 

esterification occurred almost exclusively in the cytotrophoblast. We were 

surprised to find that the syncytiotrophoblast seemed to be incapable of 

esterifying BODIPY-C12. We were forced to conclude that the cytotrophoblast 

plays a previously unsuspected role in placental lipid metabolism. 

It has been previously reported that the cytotrophoblast layer, found 

beneath the syncytial layer becomes increasingly interrupted as gestation 

proceeds (Benirschke et al., 2012). This view contributed to the conclusion that 

cytotrophoblast plays an insignificant role in transport processes as term 

approaches. In contrast, Mori et al. suggested that the cytotrophoblast cell layer 

is nearly continuous over most of the villous placental surface until term (Mori et 

al., 2007). Furthermore, although the layer gets thinner toward term, the total 

number of cytotrophoblast cells increases, by approximately 6 fold, between the 

first and third trimester (Simpson et al., 1992).  

 Lipid droplets have been biochemically detected in placenta and isolated 
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by others (Hernández-Albaladejo et al., 2014). In our study, we were able to 

visualize LD in all term human placentas examined using an array of microscopic 

techniques (Figure 3.1). Because high concentrations of non-esterified fatty acids 

can be cytotoxic, incorporation into LD offers safe storage and a way to regulate 

fatty acid trafficking (Listenberger et al., 2003). We did observe a portion of 

exogenous BODIPY-C12 that was taken up by cytotrophoblast but not 

incorporated into pre-existing LD within the time frame of our experiments. The 

fate of the unincorporated fatty acid fraction is not known. In similar experiments 

performed in hepatocytes, there are pre-existing LDs that immediately 

incorporate BODIPY-C12 akin to our neutral LDs in placenta, but these cells also 

contain a secondary LD population that arises within minutes after being 

incubated with BODIPY-C12 (Kassan et al., 2013). Like the hepatocyte 

experiments, we found new lipid droplets in cytotrophoblast within minutes of 

exposure to BODIPY-C12. Our live imaging studies were limited to 30-60 minute 

windows to ensure that tissues were metabolically stable (Kassan et al., 2013). 

Alternatively these structures may represent sites of phospholipids incorporating 

BODIPY-C12, as we have observed BODIPY-C12 incorporation into CTB 

phospholipid pools during esterification (Figure 3.3). 

BODIPY-C12 may approximate some features of long-chain fatty acids, but 

further tests are warranted to delineate how these results translate to the 

esterification of natural long-chain fatty acids in trophoblast. Primary cultured 

human cytotrophoblast cells are highly active in esterification and lipolysis of 14C 

radiolabeled oleic acid (Coleman and Haynes, 1987) but show a 2-3 fold 
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decrease in fat esterification and glycerolipid synthesis after 72 hours in culture 

(Coleman and Haynes, 1987). Our findings point to a decline in esterification 

occurring concurrently with syncytialization. 

Although LD are present in the syncytium, we did not find evidence that 

the esterification took place within the syncytiotrophoblast. Thus, we speculate 

that the syncytiotrophoblast acquires LD manufactured in the cytotrophoblast. 

The transfer could occur by fusion of cyto- to syncytio-trophoblast under repair 

conditions. It is well known that cytotrophoblasts are incorporated into areas of 

syncytium to replace damaged regions of syncytiotrophoblast (Benirschke et al., 

2012). In addition, the LD could be transported directly from the cytotrophoblast 

to the syncytial layer, an attractive but untested explanation for the large 

numbers of LD in syncytiotrophoblast. 

  SLC27A2 (FATP2) is the most highly expressed fatty acid 

transporter (FATP) in the human term placenta (Weedon-Fekjaer et al., 2010). 

The uptake and processing of BODIPY-C12 correlates more with its expression, 

than with SLC27A4 (FATP4) or ACSL1 (Krammer et al., 2011). FATP2 is found 

within multiple subcellular locations including peroxisomal membranes, cytosolic 

plasma membrane, and endoplasmic reticulum, and serves a variety of roles in 

lipid metabolism including mediating LCPUFA uptake (Melton et al., 2011). In 

culture, SLC27A2 had higher levels of mRNA expression and higher staining 

intensity in cytotrophoblasts at stages than after the cells became syncytialized. 

However, the expression level of transporters may or may not directly equate to 

to transporter activity levels, and the role of post-translational FATP modifications 
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in placental fatty acid uptake is unknown (Glatz et al., 2010).  

We blocked FATP2 function with CB-2 to determine the degree to which 

FATP2 was responsible for transporting BODIPY-C12 into trophoblast whereupon 

BODIPY-C12 uptake was reduced by ~80%. We determined that IC50 values for 

CB-2 in trophoblast were comparable to those reported for cells expressing high 

levels of FATP2, Caco-2 and HepG2 (IC50~10µM) (Sandoval et al., 2010) but 

were much lower (20-fold) than for 3T3-L1 adipocytes that primarily express 

FATP1 (Sandoval et al., 2010). The potency and efficacy of CB-2 on uptake 

suggests FATP2 may be largely responsible for driving BODIPY-C12 uptake in 

trophoblast. FATP2 can drive long-chain fatty acid uptake via its acyl-CoA 

synthetase activity (Melton et al., 2011). This process displays selectivity for 

LCPUFA and is known to channel fatty acids into esterified lipid pools (Melton et 

al., 2011). The low level of FATP2 expression in syncytiotrophoblast suggests 

that it is not well suited for long-chain fatty acid acylation.  

A number of other key fatty acid transporters and glycerolipid metabolic 

genes were more highly expressed before syncytialization than after. These 

patterns of expression may be tied to the differing roles of cytotrophoblast and 

syncytiotrophoblast. Glycerol-phosphate acyl transferase-3, encoded by the 

GPAT3 gene, catalyzes the initial and rate limiting step in the de novo formation 

of triglycerides (Wendel et al., 2009); ACSL5 is expressed in tissues with high 

rates of triglyceride synthesis (Bu and Mashek, 2010). Thus higher expression of 

these genes in cytotrophoblast is consistent with greater neutral lipid and LD 

synthetic capacity. LPCAT3 preferentially channels LCPUFA, including omega-3 
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fatty acids, into cellular phospholipids (Hashidate-Yoshida et al., 2015). Higher 

levels of all of these genes support the observation that there is greater capacity 

for fatty acid esterification in cytotrophoblast. Alternatively, differential 

esterification in cytotrophoblast may be accounted for by greater availability of 

other glycerolipid precursors (e.g. glycerol, acyl-glycerols, and phospholipids) 

which we did not measure. 

Cytotrophoblast LD incorporation of BODIPY-C12 could be disrupted by 

triacsin C and phloretin. Reductions in LD production due to Triacsin C may 

indicate ACSL (1,3,4, or 5) involvement(Kim et al., 2001; Van Horn et al., 2005; 

Kaemmerer et al., 2011), while phloretin sensitivity may indicate a role for protein 

mediated transporters or a requirement for ATP, since phloretin disrupts multiple 

cellular transporters including GLUT1 (Afzal et al., 2002).  

Our study was not designed to address the relevance of esterification in 

regulating the transplacental transport of free fatty acids. However, long-chain 

fatty acids taken up by the placenta are found predominantly incorporated into 

esterified lipids, and esterification is hypothesized to be an intermediate step 

during fatty acid transport in the placenta (Coleman and Haynes, 1987; Desoye 

and Shafrir, 1994). Our study does illustrate differing lipid dynamics between the 

cytotrophoblast and syncytiotrophoblast and suggests that future considerations 

of placental fatty acid transport include studies on the role of cytotrophoblast in 

addition to syncytiotrophoblast. In fact, the LD in the cytotrophoblast may 

represent the metabolically active lipid pool that was hypothesized to exist in a 

recent model of human placental fatty acid transfer (Perazzolo et al., 2015). 
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Esterified fatty acids in trophoblast can be re-released via lipolysis or exported 

after incorporation into apolipoprotein particles (Madsen et al., 2004), but the 

mechanisms by which these processes occur have not been described in 

placenta.  Our BODIPY-C12 uptake and FATP-2 expression data are also 

consistent with the idea that long-chain fatty acids are more highly sequestered 

in and permeable to cytotrophoblast than the syncytiotrophoblast. Transplacental 

movement of fatty acids likely involves an interplay between these two cell 

layers.  

Understanding the fundamentals of fatty acid transport and storage in the 

placenta is highly important because the human fetus must acquire large 

amounts of fat to provide for its developing brain; inadequate amounts of omega-

3 LCPUFAs result in cognitive deficits in offspring (Rizzo et al., 1991; Pagan et 

al., 2013). The prevalence of obesity, gestational diabetes mellitus and pre-

eclampsia is increasing in the US, conditions associated with dysregulation of 

LCPUFA uptake, esterification and transfer, and altered fusion and viability of 

cytotrophoblasts (Langbein et al., 2008; Kulkarni et al., 2011; Araújo et al., 2013; 

Pagan et al., 2013). Understanding the mechanisms that underlie these 

dysfunctions and developing interventions to prevent them will require a robust 

understanding of normal fatty acid transport in the placenta.  

Conclusions 

Using novel optical methods we have found differential localization of LD 

synthetic activity in the two trophoblast layers of the term human placenta. Based 

on these new findings we propose a modified model of lipid uptake and storage 
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in the placenta (Figure 3.6). The cytotrophoblast had not previously been 

reported to play a significant role in long-chain fatty acid processing. Differential 

rates of esterification may due to inherent differences in expression of FATPs 

and ACSLs in the two cell types. During syncytialization of the cytotrophoblast, 

multiple genes involved in esterification and glycerolipid processing are 

significantly downregulated, which supports the observed differences in LD 

production in cytotrophoblast compared to syncytiotrophoblast. 
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Figure 3.6 Hypothetical simplified model of placental transport of fatty 
acids.  
Long-chain fatty acids are rapidly absorbed into villous tissue after lipolytic 
activity by lipases on triglycerides at the microvillous membrane. Fatty acid 
transporters/translocases (FATP, CD36) appear to facilitate the uptake of long-
chain fatty acids, but the importance of fatty acid activation and conjugation to 
Acyl-CoA during transport is not known. Intracellular fatty acids or fatty Acyl-
CoAs are held by fatty acid binding proteins (FABP). The mechanism of fatty acid 
efflux is unclear, but free fatty acids may proceed through may proceed to fetal 
capillaries (FET CAP) in a manner resembling facilitated diffusion. This route 
(Route A) does not involve esterification. Unlike previous explanations of long-
chain fatty acid transport, our data suggest an additional route B. Non-esterified 
fatty acids on Route B are transported across the syncytial layer and taken up by 
cytotrophoblast where they are rapidly esterified and incorporated into lipid 
droplets. LD in SCT may derive from CTB. The mechanisms by which the long-
chain polyunsaturated fats versus saturated fats are differentially transported are 
unknown. Nevertheless, long-chain fatty acid transport processes are dependent 
upon a number of lipases and transport proteins, including FATP2, FATP4, 
FABP, and CD36. MAT, maternal blood space; MVM, microvillous membrane; 
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SCT, syncytiotrophoblast; CTB, cytotrophoblast; END, endothelium; FET CAP, 
fetal capillary.  
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Chapter IV: Real-Time Assessment of Fatty Acid 

Uptake Kinetics in The Human Term Placenta. 
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Abstract 

Fatty acids (FA) are essential for normal fetal development.  Omega-3 FA 

are especially important for the heart and brain. Nevertheless, the molecular 

mechanisms underlying normal placental lipid uptake and transport are not well 

understood. We employed BODIPY fluorophore conjugated FA analogues of 

three chain lengths, medium chain- (BODIPY-C5), long chain- (BODIPY-C12), 

and very long chain- (BODIPY-C16), to study fatty acid trafficking in living tissues 

and isolated trophoblast cells using confocal microscopy. BODIPY-labeled fatty 

acids were added to freshly isolated explants of term human placenta obtained 

from caesarean section and tracked for up to 30 minutes at 37°C in Hank’s buffer 

exposed to ambient air. Fatty acid uptake kinetics were quantified in each tissue 

layer. Our data suggest that accumulation in the fetal capillary spaces is 

inversely proportional to FA chain length. For BODIPY-C5 the mean fetal 

capillary accumulation rate was 110 ± 13 Fluorescence units (FU) per minute 

(FU•min-1), compared to 50 ± 2.5 %min-1, for BODIPY-C12 and 6.1 ± 0.46 %min-

1, for BODIPY-C16 (Mean± S.E.M. p<0.0001). However, fatty acid uptake by 

cytotrophoblast, but not syncytiotrophoblast, appears to be transporter and 

esterification dependent. Using isolated primary human trophoblasts from term 

placentas we quantified the total uptake of BODIPY-C12 into cytotrophoblast and 

syncytiotrophoblast. Cytotrophoblast BODIPY-C12 uptake by 15 minutes was 

556±128 FU⋅µg protein-1, and uptake was inhibited by fetal bovine serum 

(165±42.3 FU⋅µg protein-1, Mean± S.E.M. p<0.0001), Acyl-CoA Synthetase 

inhibitor triacsin C (394±81.2 FU⋅µg protein-1, p<0.05), and fatty acid transporter 
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type 2 inhibitor CB-2 (339±91.2 FU⋅µg protein-1 , p<0.01). The uptake of 

BODIPY-C12 into syncytiotrophoblast by 15 minutes was significantly less than 

cytotrophoblast  (131±10.6 FU⋅µg protein-1 p<0.0001 vs cytotrophoblast), and 

was not inhibited by serum (57.5±3.62 FU⋅µg protein-1, p=n.s.), triacsin C 

(142±39.5 FU⋅µg protein-1, p=n.s.), CB-2 (114±10.8 FU⋅µg protein-1, p=n.s.). Our 

observations are consistent with studies using radiolabeled long-chain fatty acids 

and the incorporation into glycerophospholipids in human placenta tissue. Taken 

together, these studies provide more evidence that the placenta is selective for 

the types of fatty acids it transfers to the developing fetus. We conclude that the 

transport and processing of lipid molecules is carefully regulated by the placenta. 
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Introduction 

A central function of the human placenta is the transport of fatty acids. The 

high level of placental fat transport in humans reflects the needs of the growing 

brain and the deposition of body fat at birth which is larger than for any other 

mammal, 12-16%, compared to 2-3% body fat for other mammals (Widdowson, 

1950; Ulijaszek, 2002). Fatty acids, in addition to their serving as a source of 

metabolic fuel, are crucial building blocks for the developing organs including the 

lipid rich brain and cardiovascular systems (Clandinin et al., 1980; Martinez, 

1992; Weisinger et al., 2001). In particular, the omega-3 fatty acids along with 

other long- and very-long chain polyunsaturated fatty acids are central structural 

components of myelin sheaths in white matter that form in the second and third 

trimesters of development (Farquharson et al., 1992; Innis, 2005).  Specific fatty 

acids must be constantly delivered to developing tissues of the fetus upon 

demand else growth and maturation become restricted (Barker and Thornburg, 

2013b).  

Placental fat transport accounts for some 90% of the total calories used by 

the conceptus in the third trimester (Sparks et al., 1980). The fetus requires a 

higher composition of long-chain polyunsaturated fatty acids than what is 

normally present in the mother's blood (Cetin et al., 2009). Through unknown 

mechanisms, the human placenta selectively acquires the fatty acids to meet 

fetal demands (Haggarty, 2002; 2010). Should these demands not be met - 

either through in adequate maternal resources or dysfunctional placenta 

transport, offspring suffer permanent developmental defects such as cognitive 
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impairment and delayed brain maturation (Rizzo et al., 1991; Strain et al., 2008). 

Despite how important placental fat transport processes are to normal 

development and subsequent lifelong health it is surprising the cellular 

mechanisms of placental fatty acid uptake and transport are ill defined.  

In the past, the transport of fatty acids across the placenta was believed to 

be by diffusion because of the lipophilic nature of the molecule as described in 

studies using the dually perfused human placenta. Recent evidence does not 

support this view. For example, it has been suggested that fatty acid transport 

requires an intermediate metabolic step, esterification, that requires 2-ATP 

equivalents per fatty acid molecule (Szabo et al., 1973; Coleman and Haynes, 

1987; Perazzolo et al., 2015; Kolahi et al., 2016). Thus, esterification would likely 

occur during the uptake step in the placental microvillous membrane since the 

majority of the members of the Fatty Acid Transporter family (FATP/SLC27A) 

contain an Acyl-CoA synthetase domain that catalyzes the initial esterification of 

fatty acids to fatty-acyl CoA (Stahl et al., 2001).  

Two recent studies have illustrated that fatty acid esterification takes place 

within minutes of uptake in the human placenta (Perazzolo et al., 2015; Kolahi et 

al., 2016).  Perazzolo et al. have proposed that the rate limiting transport step is 

incorporation of the fatty acids into a metabolic pool (Perazzolo et al., 2015), 

presumably representing esterified fatty acids. It is unclear how esterification 

might play a role in placental lipid transport since the mechanisms of fatty acid 

efflux are unknown (Henkin et al., 2012).  Esterification may underlie the 

selectivity of fatty acid uptake in placenta, since esterification is selective by fatty 
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acid chain length and degree of unsaturation (Mashek et al., 2007; Melton et al., 

2011). In addition, the majority (80%) of long and very long chain fatty acids 

taken up by the placenta are incorporated into esterified lipids (Klingler et al., 

2003; Larqué et al., 2003; Gil-Sanchez et al., 2010). These esterified fatty acids 

may be re-released via subsequent lipolysis or lipoprotein export (Madsen et al., 

2004) a step that may also select for particular fatty acids (Henkin et al., 2012). 

These processes are also poorly defined in placenta.  

We set out to investigate the rates at which the human placenta takes up 

fatty acids as a function of fatty acid chain length. We hypothesized that fatty acid 

fluxes into the fetal capillary would depend on chain length and that esterification 

would be directly proportional to fatty acid chain length. We employ BODIPY- 

labeled fatty acid analogues to track and quantify fatty acid uptake and 

processing in human placenta and isolated trophoblast.   
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Materials and Methods 

All studies were approved by the Oregon Health & Science University 

Institutional Review Board (IRB# 5684). All study subjects provided written, 

informed consent for tissue collection before cesarean section surgery. 

Subject Details  

Women (>37 weeks gestation, Table 1) scheduled for cesarean section 

were recruited at Oregon Health & Science University (OHSU) Labor & Delivery. 

Exclusion criteria included multiple gestations, fetuses with chromosomal or 

structural anomalies including cardiac defects, preeclampsia, maternal 

hypertension, and any other significant co-morbidity. Maternal data obtained from 

medical records included age, parity, race, gestational age at delivery, height, 

and weight (1st trimester). Neonatal data included birth weight, crown-heel 

length, and sex. Placenta weight and length and width dimensions were 

measured during tissue collection. 

Table 4.1: Maternal Characteristics 

 Mean±S.D. (n=28) 95% Confidence 
Interval 

Age (yr) 31±5 [ 29, 33 ] 

Body Mass Index 
(BMI: kg/m2) 

27±8 [ 24, 30 ] 

Parity 2±1 [ 1 , 3 ] 

Gestational Age 
(weeks) 

39±1 [ 38, 39 ] 

Birth Weight (g) 3400±500 [ 3200 , 3600 ] 

Placenta Weight (g) 546±120 [ 500, 590 ] 
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Tissue overview  

We used twenty-eight placentas for different aspects of the study. In brief, 

placentas were collected at the time of delivery, maternal decidua was removed, 

and placenta was processed within 30 min. Placental tissues were used as (i) 

explants for live imaging/trafficking studies, (ii) dissociated cytotrophoblast cell 

studies for in vitro studies and Western Blotting.  

Placental explant collection  

Explants (<1mm3) were isolated as previously described (Brass et al., 

2013; Kolahi et al., 2016). Placental tissue was isolated from two different 

cotyledons that appeared healthy and placed in M199-HEPES culture media 

(Gibco) at room temperature (<30mins). Two explants from different cotyledons 

were cultured per well in plastic 8-well chamber slides (Lab-Tek II, Nunc) 

containing 0.4mL M199-HEPES and incubated at 37°C in 5% CO2/95% air. All 

explants were assayed within 2-3hrs of delivery, a known window when markers 

of explant health and fatty acid uptake are not compromised (Brass et al., 2013).  

Primary villous cytotrophoblast isolation and culture 

Cytotrophoblast cells were isolated using trypsin-DNAse I digestion 

followed by Percoll enrichment as previously described (Morrish et al., 1997). In 

brief, chorion and maternal decidua were removed, and approximately ~40g of 

villous placenta tissue was finely minced. Villous fragments were subjected to 

five sequential 10 minute (37°C) digestions in 0.25% Trypsin (Gibco) and 200 

U/mL DNAse I (Roche). Cytotrophoblasts were purified by Percoll (GE 
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Healthcare Bio-sciences AB) discontinuous density gradient centrifugation at 

1200 rcf for 25 minutes (room temperature). The purity of trophoblast isolations 

was assessed by positive immunohistochemical staining of cyokeratin-7 (MAI-

06315, Thermo Scientific), a marker of trophoblast cells. Contamination by 

stromal cells and syncytial fragments was determined by staining for Vimentin 

(PA5-27231, Thermo Scientific) and BHCG (ab9582, Abcam). Our isolations 

comprised at least >90% pure, viable cytotrophoblasts. 

Cytotrophoblasts were plated at a density of 3.0 × 105 cells cm-2 on tissue 

culture dishes or glass coverslips. Cells were cultured in Iscoves Modified 

Dulbecco’s Medium (IMDM, ATCC) supplemented with 10% Fetal Bovine Serum 

(FBS) (Gibco) and 100U/ml penicillin and 100μg/ml streptomycin and incubated 

in a 5% CO2/95% air incubator at 37°C. Cell viability was assessed by Trypan 

blue exclusion. After eight hours in culture, non-adherent cells were removed by 

washing with pre-warmed culture media, and the media was subsequently 

replaced every 24 hours (Morrish et al., 1997). A subset of cells was used for 

fatty acid uptake studies, and the remainder for Western Blot analyses. Cells 

were studied at 8 hours (cytotrophoblasts) or 72 hours (maximum) when most 

cytotrophoblasts have fused and differentiated into multinucleated, syncytial giant 

cells (Douglas and King, 1990). 

Fluorescent fatty acid tracking and microscopy (explants, cells).  

 The BODIPY fluorophore (4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4a-

Diaza-s-Indacene) is an intensely fluorescent, photostable, intrinsically lipophilic 

molecule, unlike most other long-wavelength dyes. BODIPY conjugated fatty 
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acids analogues undergo native-like transport and metabolism in cells making it 

effective as a tracer for lipid trafficking (Stahl et al., 1999). The BODIPY- moiety 

effectively adds some 4-6 carbons to the conjugated fatty acid (e.g. BODIPY-C12 

is most similar to C-16 and C-18 natural fatty acids) (Rambold et al., 

2015). BODIPY-C16 is similar to very-long chain fatty acids C-20 and C-22. 

BODIPY-C12, C16, C5 are well established as tools to study fatty acid uptake and 

esterification in multiple models (Stahl et al., 1999).  

We prepared 10μM solutions of BODIPY fatty acids (Molecular Probes) by 

diluting a 2.5mM DMSO stock solution (1:250) in M199-HEPES containing 0.1% 

defatted bovine serum albumin (BSA) (Fisher Scientific); solutions were 

incubated at 37°C for 30mins, protected from light, to allow for BSA conjugation. 

Explants and cells were exposed to 2μM BODIPY- fatty acids for 30mins for most 

experiments because the uptake reached a plateau by 15mins. 

Explants: To assess explant viability, 2μL ethidium homodimer 

(LIVE/DEAD Viability/Cytotoxicity Kit; Molecular Probes) was added to each well 

containing explants to distinguish dead regions of tissue. Imaging was restricted 

to regions with no evidence of ethidium homodimer uptake. For lipid droplet 

labeling, 1μL of HCS LipidTOX Deep Red (Molecular Probes) was mixed into 

each well containing placental explants. After 30mins, 100μL of 10μM BODIPY 

fatty acid solution was added to each well and mixed by trituration (total well 

volume 500μL, final concentration 2μM BODIPY- fatty acid). Explants in imaging 

chambers were immobilized for confocal microscopy using 8×8 mm pieces of 

stainless steel mesh (40 Mesh, 0.25 mm; TWP, Inc). The chamber was then 
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placed on a stage top 37°C incubation chamber (Okolab). A Nikon A1R+/Eclipse 

TiE resonant scanning confocal microscope equipped with a 60× High N.A. 

objective (N.A.=1.4; Nikon) was used for imaging. All images were acquired 

using the same acquisition configurations with minimum laser intensity (0.5%) 

and exposure time (900ms). Images were acquired every 20 seconds for a total 

of 30 minutes; there is non-appreciable photobleaching under these conditions. 

All images were gathered at a consistent distance range (5-10μm) from the 

culture well base.  

Quantification of total BODIPY C12 fatty acid uptake in cells  

 Total BODIPY-C12 uptake was determined in cytotrophoblast 

cultures using a plate-reader assay as described previously (Sandoval et al., 

2010). Cytotrophoblast were plated at 3.0 × 105 cells cm-2 in 96-well plates (BD 

Falcon) and cultured as described above. Cells were studied at 8 hours 

(cytotrophoblasts) and also at 72 hours after the cells had spontaneously fused 

and differentiated to form syncytial giant cells (Frendo et al., 2003). Cells were 

pre-incubated in 80μL serum free Iscove's Modified Dulbecco's Medium (IMDM) 

for 60 mins (± inhibitors). The inhibitors used were: 10% FBS to include natural 

fatty acids as competitive inhibitors, Triacsin C to inhibit Long chain Acyl-CoA 

Synthetase (Santa Cruz Biotech), and the FATP2 inhibitor, CB-2 (EMD Millipore). 

After 60 minutes, 20μL of assay solution (25 μM BODIPY-C12, 25 μM defatted-

BSA, 10mg/ml Trypan Blue) was added to each well, mixed, and incubated for 20 

minutes at 37°C with 5% CO2/95% air. Fluorescence (485nm excitation, 525nm 

emission) was measured using a BioTek Synergy H1 hybrid plate reader 
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(BioTek). After fluorescence measurement, the assay medium was removed, and 

cells were carefully washed with Hank’s Buffer for 10min at 37°C. The cells were 

then lysed using RIPA buffer (EMD Millipore) to measure protein using a BCA 

method (Thermo Pierce).  

Immunofluorescence 

Cells plated on glass coverslips were incubated with BODIPY-C12 for 30 

minutes as described above and fixed in 4% paraformaldehyde (pH 7.4) for 20 

minutes at room temperature. Fixed cells were processed immediately. Samples 

were blocked and permeabilized in Block-aid (Life Technologies)/0.1% saponin 

(Sigma) for 1 hour before overnight incubation with primary antibody at 4°C. 

Samples were labeled with antibodies against desmoplakin (1:200, ab16434, 

Abcam). Following primary antibody incubation, samples were washed with PBS 

and labeled with secondary antibodies (donkey F(ab’)2 anti-mouse Alexa Fluor 

647 (1:500, ab150103), for 1 hour at room temperature. After washing, the 

samples were counterstained with 1μg/ml Hoechst 33342 for 10 minutes and 

immersed in Slowfade Diamond (Molecular Probes) immediately before confocal 

imaging. Imaging was performed using a Zeiss 880 LSM Confocal with Airyscan 

with 63x objective (N.A. = 1.4).  

Image Analysis  

For live imaging of explants, 2 separate explants were imaged with one 

field of view that demonstrated exclusion of ethidium homodimer dead stain. All 

images obtained via confocal imaging were analyzed using Fiji software 

(Schindelin et al., 2012). To measure mean fluorescence intensity versus time for 
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a region of interest, the image series’ was first stabilized using automatic 

registration. The mean fluorescence intensity was measured in two region of 

interests, the syncytiotrophoblast cytosol, and fetal capillary lumen. The intensity 

values were plotted as versus time and the initial, linear portion of the curve (0-15 

min) was utilized for regression analysis. Co-localization analyses were 

performed using Imaris (Bitplane AG) and Fiji using the automatic thresholding 

method of Costes et al. (Costes et al., 2004) to obtain a Pearson co-localization 

coefficient; this coefficient indicates the degree to which BODIPY-C12 is being 

incorporated into the LD organelles identified by LipidTOX (Kassan et al., 2013). 

Western Blotting 

A subset of primary cytotrophoblasts were used for western blot analyses. 

Total protein from 3 × 106 cells was isolated after 8hr or 72hr of culture using 

RIPA lysis buffer (EMD Millipore). Protein concentrations were measured using a 

BCA assay (Thermo Pierce). 15μg was loaded for SDS-PAGE and blotting was 

performed onto nitrocellulose using a Biorad Minicell (Biorad) for 60min at 

100V/180mAh. Blots were probed with mouse anti-human FATP2 (1:500, 

ab175373, Abcam) and incubated overnight at 4°C. The blots were washed and 

probed with an anti-mouse HRP conjugated secondary antibody (1:1000, sc-

2005, Santa Cruz Biotech) and developed for 5 minutes using a chemilumiscent 

substrate (SuperSignal, Thermo Pierce). Gels were imaged using a UVP gel doc 

and all images were quantified using Fiji gel analysis tool. 

Statistical Methods 

To model the relationship between fluorescence versus time in explant live 



 

 91 

imaging uptake studies, the linear portion of the uptake curve was analyzed 

using linear regression. 2-way ANOVA with Sidak’s multiple comparisons test 

was used for all in vitro uptake plate reader experiments. Paired Student t-test 

was used for western blot quantification. P-values less than 0.05 were 

considered significant. 
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Results 

Using live-confocal microscopy, we quantified the rate of uptake of 

BODIPY- labeled fatty acids of various chain lengths into human term placental 

explants. In all experiments, uptake was first visible at the microvillous 

membrane and proceeded gradually across the placental tissue toward the fetal 

capillaries.  Within 15 minutes of incubation, fatty acids of different chain lengths 

accumulated to differing degrees throughout the placental layers and in fetal 

capillaries (Figure 4.1).  We have recently published video segments showing 

this process for BODIPY-C12 using time lapse microscopy (Kolahi et al., 2016).  

Because the BODIPY fluorophore is relatively insensitive to environmental 

conditions, quantification of fluorescence intensity is a relatively solid measure of 

tracer concentration (Hermanson, 2013). We quantified the temporal changes in 

fluorescence intensity in syncytiotrophoblast and capillary lumen in placental 

explants during continuous incubation with 2μM of each BODIPY- fatty acid. The 

initial 15 minutes of uptake, was used for linear regression modeling to compare 

the distribution and uptake rates of BODIPY-C5, BODIPY-C12, and BODIPY-

C16.  
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Figure 4.1. Kinetic distribution of various fatty acid analogues during 
uptake in living human term placental explants imaged via confocal 
microscopy.  
Explants isolated immediately after cesarean section (< 2hrs) were placed into 
HBSS onto a stage top incubator (37°C/ambient air) of a confocal microscope. 
2µM micromolar fluorescent fatty acids were added to explant medium after 
initialization the image acquisition. The tracer concentration in the medium was 
not sufficient to register a signal at these settings. Three fluorescent fatty acids 
were compared, BODIPY-C5 (medium chain fatty acid), BODIPY-C12 (long chain 
fatty acid), and BODIPY-C16 (very long chain fatty acid). Uptake distributions 
varied according to fatty acid chain length over 20 min of time.  (A) BODIPY-C5 
accumulated to the greatest degree within the fetal capillaries against an 
apparent concentration gradient; very little tracer was present in trophoblast or 
other placental cells at 20 minutes. (B) BODIPY-C12 appeared to distribute 
equally between all layers and compartments of placental explants by 20 
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minutes. (C) BODIPY-C16 largely incorporated into the syncytiotrophoblast 
cytosol; very little was present in capillaries at 20 minutes. (D) Schematic 
representation of regions quantified in explants to produce panels E and F. (E,F) 
Quantification of total fluorescence, of BODIPY-C5, BODIPY-C12, and BODIPY-
C16 at two different locations in explants over time. Mat, Maternal blood space; 
SCT, Syncytiotrophoblast; Fet Cap, Fetal Capillary. Scale Bar: 5μm. Data are 
Mean±SEM, n=5 placentas.   
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The uptake rates into syncytiotrophoblast cytosol were different between 

the different fatty acids BODIPY-C5 42 ± 4.4 Fluorescence Units (FU) per 

minute, FU•min-1, r2=0.29 , BODIPY-C12 46 ± 2.9 FU•min-1, r2=0.54 and 

BODIPY-C16 61 ± 3.3 FU•min-1, r2=0.59 p<0.001 (Figure 4.1E). However, the 

final fluorescence values in the trophoblast cytosol was not different between 

fatty acids, p>0.05 (Figure 4.1E). 

BODIPY-C5, the shortest chain fatty acid used in this study, was rapidly 

transported into fetal capillaries and accumulated (Figure 4.1A). The uptake rates 

into fetal capillaries differed by fatty acid species. For BODIPY-C5 the uptake 

rate was 110 ± 13 FU•min-1, r2=0.26 compared to 50 ± 2.5 FU•min-1, r2=0.64 for 

BODIPY-C12 and 6.1 ± 0.46 FU•min-1, r2=0.44 for BODIPY-C16 p<0.0001 

(Figure 4.1F). The mean fluorescence in the capillaries at 15 minutes was 

greater for BODIPY-C5 (1610 ± 623 FU) than BODIPY-C12 (705 ± 57.4 FU 

p<0.05) or BODIPY-C16 131 ± 28.0 FU p<0.0001). BODIPY-C12 and BODIPY-

C16 mean fluorescence levels in capillaries at 15 minutes were not statistically 

different. 

As the fatty acid chain length increased, accumulation into fetal capillaries 

declined.  Several lines of evidence implicate transporter systems and active 

processes (e.g. esterification) that are chain-length dependent as the 

mechanisms that drive these differences.  It was known that many cell types 

readily esterify long-chain fatty acids (e.g. BODIPY-C12) to LD, but less so for 

short-chain fatty acids (Huang et al., 2002).  

To determine whether these processes are specific to long-chain fatty 
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acids, we repeated the live explant studies using a LD counterstain, LipidTOX, 

prior to the addition of fluorescent fatty acid to track pre-existing LD. We 

compared the short-chain (BODIPY-C5) fatty acid with the long-chain fatty acid 

BODIPY-C12. Experiments using BODIPY-C12 had a very different result than 

with BODIPY-C5.  BODIPY-C5 produced punctate structures in the 

syncytiotrophoblast (Figure 4.2A) but had more accumulation in the syncytium 

than the cytotrophoblast. However, the punctate structures were unlikely to 

represent LD because they did not co-localize with LD identified by LipidTOX 

(Figure 4.2B,C). In contrast, within minutes of addition of BODIPY-C12, 

numerous LD emerged (Figure 4.2D), and some of these LD incorporated into 

pre-existing LD predominantly in the cytotrophoblast (Figure 4.2E, F), signifying 

esterification of BODIPY-C12.  

We quantified the number of particles, an estimate of LD accumulation, 

after 15 minutes of incubation with BODIPY-C12 or BODIPY-C5. The number of 

particles (irrespective of cell layer) accumulated by 15 minutes was higher with 

BODIPY-C12 (2×107 ± 7×106 particles mm-3) than BODIPY-C5 (4×106 ± 3×106 

particles mm-3; p<0.05, Figure 4.2G). There was no difference between the 

volumes of the particles incorporating BODIPY-C12 (0.21 ± 0.12 μm3) vs BODIPY-

C5 (0.10 ± 0.046 μm3) at 15 minutes (Figure 4.2H). There is greater co-

localization (Pearson correlation) of BODIPY-C12 and LipidTOX (r= 0.24 ± 0.052) 

than BODIPY-C5 and LipidTOX (r= -0.067 ± 0.063 p<0.01, Figure 4.2I). 
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Figure 4.2. Comparison of short- and long-chain fatty acid uptake in human 
term placental explants after 15 min of incubation with BODIPY-C5 or 
BODIPY- C12.  
The dashed line separates the syncytial and cytotrophoblast layers.  (A-C) 
BODIPY-C5 (green) (D-F)  BODIPY-C12 (green) (A) The BODIPY-C5 fatty acid is 
found diffusely throughout all tissues and within immotile, unidentified punctate 
structures. (B) The green punctate structures shown in A are not stained with 
LipidTOX suggesting that they are not lipid droplets (LD). (C) Merge image 
shows that BODYPY-C5 is not esterified nor incorporated into LD. (D-F) In 
contrast, BODIPY-C12 is esterified and incorporated into LD (double arrowhead) 
in the cytotrophoblast but not the syncytiotrophoblast (arrowhead). (G) There are 
significantly more punctate structures in explants incubated with BODIPY-C12 
than with BODIPY-C5. (H) Volumes of BODIPY-C12 and BODIPY-C5 particles are 



 

 98 

not different. (I) The long-chain fatty acid, BODIPY-C12  co-localizes with a 
greater frequency with LipidTOX stained droplets than does BODIPY-C5. This 
suggests that BODIPY-C12 is being incorporated into LD to a greater extent than 
BODIPY-C5. (A-F): Dashed line represents the syncytiotrophoblast-
cytotrophoblast interface. Scale Bar: 5μm. (g-i): Data are mean ± SEM; n=7 
BODIPY-C12, n=5 BODIPY-C5. Unpaired t-test, *= p<0.05, **=p<0.01 vs BODIPY-
C12.  
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These data indicate esterification systems contribute to placenta fatty acid 

uptake and are selective according to fatty acid chain length. FFA esterification to 

fatty Acyl-CoAs occurs concertedly with uptake, as members of the fatty acid 

transport proteins (FATP) contain an Acyl-CoA synthetase domain and 

transporters without this domain (e.g. Fatty acid Translocase (FAT/CD36)) are 

complexed with Acyl-CoA synthetases (Richards et al., 2006). To explore how 

these individual transport systems contribute to fatty acid uptake, we screened a 

number of inhibitors using isolated cytotrophoblast in vitro. We have previously 

shown that long-chain fatty acid esterification is marked in cytotrophoblast (CTB), 

which predominate at 8hrs in culture, but becomes suppressed by 72hrs in 

culture, when most cytotrophoblast have syncytialized (SCT). We thus compared 

uptake of BODIPY-C5, BODIPY-C12, BODIPY-C16 in CTB and SCT and tested 

if uptake would be sensitive to: competition by natural fatty acids present in fetal 

bovine serum, inhibition of FATP2 (CB-2), or ACSL (1,3,4, 5) inhibition (Triacsin 

C).  

Total uptake of BODIPY-labeled fatty acids was quantified after 15 

minutes of incubation using a 96-well plate reader (Sandoval et al., 2010). 

Consistent with explant experiments, little BODIPY-C5 accumulated within cells 

(Figure 4.3A). CTB uptake of BODIPY-C5 at 15 minutes was 29±8.9 

Fluorescence Units (FU)⋅µg protein-1 , and was not significantly affected by any of 

the treatments utilized (serum: 15±8.2 FU⋅µg protein-1, Triacsin C: 23±13 FU⋅µg 

protein-1, CB-2: 59±18 FU⋅µg protein-1, p>0.05 vs control) (Figure 4.3A). SCT 

uptake of BODIPY-C5 was also not significantly different as compared to CTB 
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(15±7.4 FU⋅µg protein-1 , p>0.05), and uptake was also not detectable by 

treatment (serum: 5.1±2.2 FU⋅µg protein-1, Triacsin C: 23±7.8 FU⋅µg protein-1, 

CB-2: 28±7.5 FU⋅µg protein-1, p>0.05 vs control).  

Total uptake of BODIPY-C12 and BODIPY-C16 was substantially greater 

than BODIPY-C5. The total uptake of BODIPY-C12 into CTB was 556±128 

FU⋅µg protein-1, and was inhibited by FBS (165±42.3 FU⋅µg protein-1, p<0.0001), 

triacsin C (394±81.2 FU⋅µg protein-1, p<0.05), and CB-2 (339±91.2 FU⋅µg protein-

1 , p<0.01) (Figure 4.3B). The uptake of BODIPY-C12 into SCT was substantially 

less than CTB (131±10.6 FU⋅µg protein-1 p<0.0001 vs CTB), and was not 

inhibited by serum (57.5±3.62 FU⋅µg protein-1, p=n.s.), triacsin C (142±39.5 

FU⋅µg protein-1, p=n.s.), or CB-2 (114±10.8 FU⋅µg protein-1, p=n.s.) (Figure 

4.3B). 
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Figure 4.3. Quantification of total BODIPY-fatty acid uptake in primary 
isolated human term trophoblast cells with and without inhibitors.  
Primary human trophoblast were isolated and plated onto 96 well plates. Cells 
were pre-treated with inhibitors 60 minutes before addition of 2µM  BODIPY- fatty 
acid, and total uptake was measured after 20 minutes of incubation with 
BODIPY-fatty acid using plate reader fluorescence as a marker. Trophoblast 
tissues were assayed at two time points after initial plating, at 8hrs to measure 
cytotrophoblast uptake, or at 72hrs allow for differentiation to syncytiotrophoblast 
(SCT) before measuring uptake. (A) BODIPY-C5 uptake into cells was very low 
regardless of state of differentiation, and was insensitive to competition with fatty 
acids in fetal bovine serum (FBS), inhibition of long-chain Acyl-CoA synthetase 
by Triacsin C, or inhibition of FATP2 with CB-2. (B) BODIPY-C12 uptake in CTB 
was greater than BODIPY-C5 by an order of magnitude. BODIPY-C12 uptake 
was greater in CTB than SCT. CTB Uptake of BODIPY-C12 could be inhibited by 
FBS, Triacsin C, or CB-2. (C) BODIPY-C16 uptake was greater than BODIPY-
C12. Similar to BODIPY-C12, uptake was greater for CTB than SCT.  CTB 
uptake of BODIPY-C16 was sensitive to FBS and CB-2, but no affect was 
detectable with Triascin C, which is to be expected should BODIPY-C16 
represent a very-long chain fatty acid. These data indicate uptake of long and 
very long chain fatty acids are transporter dependent. Data are Mean±SEM, n=5 
placentas. *= p<0.05, **=p<0.01 vs corresponding cell type control. #=p<0.05 
CTB vs SCT under same condition. 
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Of the fatty acid analogues tested, BODIPY-C16 uptake was the greatest. 

Uptake of BODIPY-C16 by CTB  at 15 minutes was on average 1000±285 FU⋅µg 

protein-1, and was less with FBS (225±68.8 FU⋅µg protein-1, p<0.0001) and CB-2 

(445±84.0 FU⋅µg protein-1 , p<0.01), but not triacsin C (915±227 FU⋅µg protein-1, 

p=n.s.) (Figure 4.3C). Similar to BODIPY-C12, uptake of BODIPY-C16 by SCT 

was less than CTB, (277±23.4 FU⋅µg protein-1 p<0.001 vs CTB), and was not 

less with FBS (66.7±11.6 FU⋅µg protein-1, p=n.s.), triacsin C (383±30.1 FU⋅µg 

protein-1, p=n.s.), or CB-2 (170±23.6 FU⋅µg protein-1, p=n.s.) (Figure 4.3C). 

Differentiation of CTB to SCT is associated with suppression of long and 

very-long chain fatty acid uptake, but it is possible this effect is influenced by 

culture conditions. Thus, we tested if blocking differentiation could preclude the 

suppression in long-chain and very-long chain fatty acid uptake. Using a plate 

reader assay we measured total uptake of BODIPY-C12 in trophoblast cultured 

for 8, 24, and 72hrs with and without SB203580 p38 MAPK inhibitor to block 

differentiation. At 8 and 24 hrs the uptake of BODIPY-C12 was not different 

between treated and untreated CTB: (8hr: control 521±31.4 FU⋅µg protein-1 vs 

SB203580 495±42.8 FU⋅µg protein-1,p=n.s), (24hr: control 316±35.7 FU⋅µg 

protein-1 vs SB203580 357±43.5 FU⋅µg protein-1, p=n.s) (Figure 4.4A). However, 

by 72hrs, when the majority of CTB have differentiated to SCT in the control 

group, uptake of BODIPY-C12 was greater in the SB203580 treated trophoblast 

(72hr: control 248±41.8 FU⋅µg protein-1 vs SB203580 351±52.1 FU⋅µg protein-1, 

p<0.001) (Figure 4.4A). Similar to previous reports, we found that cytotrophoblast 

cultured for 72hr had predominantly fused and lost intercellular junctional 
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divisions as evidenced by desmoplakin staining (Figure 4.4B).  SB203580 

prevented cytotrophoblast fusion and desmoplakin remained intact (Figure 4.4C).  

Since SLC27A2, the gene encoding FATP2, is the most highly expressed 

fatty acid transporter in human placenta, and this gene product appears to be 

localized to cytotrophoblast in human placenta (Kolahi et al., 2016), we surmised 

our in vitro observations of the greater CTB uptake of long and very-long chain 

fatty acids could be explained by higher levels of FATP2 protein levels. We 

tested this hypothesis by comparing CTB and SCT FATP2 levels via western 

blot. Indeed, we found that FATP2 protein levels were higher in CTB (2.3±0.25) 

than in SCT (1.5±0.083, p<0.01) (Figure 4.5). Thus, the lower uptake of long- and 

very-long chain fatty acids BODIPY-C12 and BODIPY-C16 in SCT could be due 

to a suppression in FATP2 protein expression that occurs concomitant with CTB 

syncytialization.  
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Figure 4.4. The suppression in long chain fatty acid uptake during 
differentiation of cytotrophoblasts to syncytiotrophoblast can be prevented 
with p38 MAPK inhibition.  
(A) total uptake of BODIPY-C12 long chain fatty acid in isolated primary human 
term trophoblast was measured after 20 minutes of incubation using a plate 
reader. Uptake was measured at  8,24, and 72 hrs after initial plating with and 
without a differentiation blocker SB203580, an inhibitor of p38 MAPK. Treatment 
with 10µM SB203580 had no detectable effect on total uptake of BODIPY-C12 at 
8 or 24hours time points in culture. Trophoblast at 8 and 24hrs represent 
cytotrophoblast (CTB) because the majority of cells have not syncytialized at 
these time points. However, by 72 hrs when CTB have largely fused to become 
syncytiotrophoblast (SCT), uptake of BODIPY-C12 is greater in cultures that 
were treated with the differentiation inhibitor SB203580. (B-C) Trophoblast were 
cultured for 72hr with and without SB203580, incubated with 2µM BODIPY-C12 
(green) for 20 minutes, fixed and immunolabeled with desmoplakin (red) to 
visualize intercellular junctions and fatty acid uptake using confocal microscopy. 
Nuclei are labeled blue (Hoechst) (B) Desmoplakin shows large syncytial 
aggreggates in control 72hr cultures. (C) 72hr cultures treated with SB203580 
show CTB have aggregated, but remain as discrete cells, as evidenced by 
clearly demarcated desmoplakin labeled intercellular junctions. These data 
indicate blocking differentiation of CTB to SCT is sufficient to preserve greater 
levels of BODIPY-C12 long chain fatty acid uptake. Data are Mean±SEM, n=8 
placentas. 
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Figure 4.5. FATP2 western blots of cytotrophoblast and 
syncytiotrophoblast in vitro.  
Primary human cytotrophoblast (CTB) were isolated and cultured for 8hrs before 
protein collection or 72hrs to allow for differentiation to syncytiotrophoblast (SCT) 
before protein collection. Lysates were analyzed by western blots and probed for 
Fatty acid transporter type 2 (FATP2). FATP2 protein levels appear to be greater 
in CTB than SCT. These data suggest the decrease in BODIPY-C12 and/or 
BODIPY-C16 fatty acid uptake after syncytialization may be due to the reduction 
in FATP2 expression. FATP2 levels were normalized to total protein visualized 
by amido-black. Data are Mean±SEM, n=6 placentas 
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Discussion 

We have used real-time confocal microscopy to track the disposition of various 

fluorescently labeled fatty acid analogues in the human term placenta. The 

analogues  represented  medium- (BODIPY-C5), long- (BODIPY-C12) and very-

long- (BODIPY-C16) fatty acids.  As a working hypothesis, we tested whether the 

rate of fatty acid uptake into the trophoblast would be inversely proportional to 

chain length, consistent with a passive diffusion component to the transport 

process. However, we found large differences in the kinetics of uptake for the 

fatty acids based on chain length that were not compatible with diffusion alone.  

The rates of incorporation into the various layers of placenta were more different 

than would be predicted by their molecular weights and coefficients of free 

diffusion (MW: BODIPY-C5: 320 Da; BODIPY-C12: 418 Da; BODIPY-C16: 474 

Da) (Thornburg et al., 1979; Adams et al., 1988). One possible explanation for 

our observations is that these molecules exhibit differential transport rates – by 

the action of transporters or other cellular processes. Since fatty acid 

transporters are required for uptake into cells we hypothesized the presence of 

transporters specific by fatty acid type or active cellular processes such as 

esterification could account for the differences in kinetics we have observed here. 

The shorter chain fatty acid (BODIPY-C5) accumulated very little in any 

cell layer of the placenta but instead rapidly appeared and accumulated within 

the fetal capillaries. BODIPY-C5 must therefore be transported at a high rate 

against a concentration gradient. In contrast, BODIPY-C12 and BODIPY-C16, 

representing long- and very-long chain fatty acids, respectively, accumulated in 
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trophoblast cells. Within the thirty minute durations and over the concentrations 

tested, a significant proportion of BODIPY-C12 did accumulate in the capillaries, 

but very little of BODIPY-C16 was found in the capillaries by 30 minutes. 

BODIPY-C12 and BODIPY-C16 (data not shown) were esterified and 

incorporated into lipid droplets in cytotrophoblast. We have previously shown that 

BODIPY-C12 is stored as lipid droplets in cytotrophoblast (Kolahi et al., 2016). 

BODIPY-C5 incorporation into lipid droplets was not detectable in explants or 

cells in culture. Esterification of fatty acid is an important intermediate step for 

long and very-long chain fatty acids, but how esterification might be related to the 

mechanisms and kinetics of fatty acid transport remains untested.  

To shed light on the relationship between transporter esterification and 

uptake of fatty acids according to chain-length we determined the efficacy of 

several inhibitors of fatty acid uptake in vitro to test various uptake mechanisms. 

We have previously described differences in fatty acid uptake and esterification 

between CTB and SCT (Kolahi et al., 2016). In those experiments we showed 

that CTB and SCT lipid droplet formation and BODIPY-C12 uptake were inhibited 

by phloretin, triacsin C, and CB-2. Phloretin is a non-specific inhibitor of protein 

mediated transport, triacsin C inhibits Long chain Acyl-CoA Synthetase 

(ACSL1,3,4 and 5) (Kaemmerer et al., 2011), and CB-2 inhibits FATP2 

(Sandoval et al., 2010). 

Similar to our results in explants, very little BODIPY- C5 accumulated with 

in cell cultures of CTB or SCT. Uptake of BODIPY- C5 appeared to be insensitive 

to competition with natural fatty acids in FBS.  This may be because there is no 
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natural lipid in FBS that competes with the BODIPY-C5 transport system. As 

expected, we observed no inhibition of uptake with Triacsin C, or CB-2, because 

these systems are specific for long and very long chain fatty acids (Sandoval et 

al., 2010; Kaemmerer et al., 2011). BODIPY-C5 differs from the other two tracers 

we studied in that it is a medium chain fatty acid with an odd number of carbons. 

The uptake and metabolism of odd chain and medium chain fatty acids may be 

specialized to serve a crucial role in the placenta for the maintenance of 

mitochondrial Krebs cycle intermediates especially in the context of metabolic 

diseases (Roe et al., 2002; Gillingham et al., 2003). We found that the total 

uptake of BODIPY- C12 and BODIPY- C16 was greater than for BODIPY- C5, 

even by as much as an order of magnitude. In fact, over a 20 minute period 

BODIPY-C16 uptake was greater than for BODIPY-C12.  

In both explants and isolated trophoblast fatty acid uptake kinetics differed 

according to cell type. Similar to our previous report (Kolahi et al., 2016), we 

found cytotrophoblast uptake of BODIPY-C12 was greater than SCT. Uptake of 

long- and very-long chain fatty acids into CTB were sensitive to competition from 

FBS fatty acids, ACSL inhibitor Triascin C (BODIPY-C12 only), and FATP2 

inhibition with CB-2; SCT demonstrated less sensitivity to these inhibitors. Since 

the ACSL family affects long chain fatty acids, but does not behave as a plasma 

membrane transporter, and because Triacsin C inhibits BODIPY-C12 uptake, it 

appears that BODIPY-C12 uptake into CTB is supported by esterification. 

BODIPY-C16 should serve as a ligand for very-long chain Acyl-CoA Synthetases 

(ACSVL) of which FATP2 is a member (Stahl et al., 2001).  
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FATP2 is especially relevant in the human placenta because it is the most 

highly expressed fatty acid transporter in the human placenta (Weedon-Fekjaer 

et al., 2010), and FATP2 is selective for the uptake and esterification of very long 

chain polyunsaturated fatty acids like Docosahexaenoate (Melton et al., 2011). 

FATP2 is localized to the syncytiotrophoblast BPM and cytotrophoblast 

(Weedon-Fekjaer et al., 2010; Kolahi et al., 2016; Lager et al., 2016). Because 

BODIPY-C16 uptake may serve as an indicator of FATP2 activity, our data 

showing that CTB uptake of BODIPY-C16 is greater than SCT suggests that CTB 

plays a unique role in the uptake of fatty acids similar to DHA.   

It is not immediately clear whether the lower uptake of BODIPY-C12 and 

BODIPY-C16 after CTB to SCT differentiation was associated with the reduction 

in the expression of FATP2 (Kolahi et al., 2016). We used a CTB differentiation 

inhibitor, SB203580, that directly blocks p38 MAPK activation, and CTB 

syncytialization in vitro (Daoud et al., 2005; Johnstone et al., 2005). With 

SB203580 treatment we observed a decrease in BODIPY-C12 uptake over the 

differentiation 72hr time course, but the decrease was not as large as found in 

normal differentiation. This effect was seen in spite of the fact that the 

syncytialization process appeared to be blocked by SB203580. The most 

important conclusion from these experiments is that blocking differentiation of 

CTB was sufficient to preserve the ability of CTB to maintain higher levels of 

BODIPY-C12 uptake than would be expected if differentiation had occurred.  

One unexpected result of our study was the degree of fatty acid tracer 

accumulation in fetal capillary spaces and the rapid rate at which the tracer 
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intensity increased. Our experimental model differs from studies using the dually 

perfused placenta in that we allow tracer to accumulate in the capillaries in which 

there is no flow. A portion of this fluorescence in the capillary may represent the 

export of long-chain fatty acids incorporated into esterified lipids. The absolute 

concentration of LCPUFA in esterified lipids is much higher in umbilical than 

maternal blood (Berghaus et al., 1998). It is possible that the export of esterified 

BODIPY-fatty acids, presumably integrated within lipoproteins, is significant. The 

placenta may export lipoproteins as a mechanism of fatty acid transfer as well 

(Madsen et al., 2004).  

We are not the first to report that some attributes of placental fatty acid 

transport are inadequately described by passive or facilitative mechanisms. La 

Fond et al. found that arachidonic acid uptake, most similar in chain length to 

BODIPY-C16 , is ATP and Na dependent in syncytiotrophoblast BPM (Lafond et 

al., 2000). A common mechanism for BODIPY-C16 uptake and arachidonic acid 

may explain our observation that BODIPY-C16 accumulated to the greatest 

degree in explants and isolated trophoblast. Arachidonic acid is known to 

accumulate to higher degrees than other long-chain fatty acids in the placenta 

(Haggarty et al., 1997). Alternatively, Thomas et al. observed cord blood 

enrichment of medium and long-chain fatty acids of partially oxidized long-chain 

fatty acids and suggested peroxisomal beta-oxidation may facilitate fatty acid 

transport (Thomas et al., 1985). These reports and others have proposed 

placental fatty acid transport appears to be regulated and is metabolically 

expensive.  
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Importantly, we find that fatty acid uptake and transport cannot be 

explained by diffusion alone.  The fatty acids we tested were taken up into 

placental cells and fetal capillaries against a concentration gradient. The 

concentration of fatty acid probes was much greater in explant tissues than in the 

incubation medium. We found, along with others (Tobin et al., 2009; Krammer et 

al., 2011; Brass et al., 2013), that uptake of long and very long chain fats are 

transporter dependent. The mechanism of fatty acid uptake by FATP and 

transporters in complex with ACSL involves an esterification step that utilizes 2-

ATP equivalents per fatty acid molecule (Stahl et al., 2001; Schwenk et al., 

2010). Thus, describing the mechanism of fatty acid uptake process as passive 

or facilitated is not compatible with our observations.  

In conclusion, fatty acid uptake in the human term placenta differs 

according to chain length. Differential and selective esterification may account for 

differences in uptake in trophoblast cells. Differentiation of CTB to SCT results in 

a down regulation in long- and very-long chain fatty acid analogue uptake, 

suggesting these cells play differing roles in lipid uptake and processing in the 

human term placenta. Our observations showing that tracer fatty acids enter the 

syncytium, the cytotrophoblast and the fetal capillary against a concentration 

gradient are compatible only with the conclusion that these molecules are 

actively transported. 

 

 



 

1The experiments outlined in this chapter were carried out jointly with Dr. Amy 
Valent.  
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Chapter V: Cytotrophoblast, Not 

Syncytiotrophoblast, Dominates Glycolysis And 

Oxidative Phosphorylation In Human Term Placenta1. 
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Abstract 

 

The placenta is capable of mimicking the essential metabolic functions of 

an integrated multi-organ system with only a few cell types. Placental function is 

attributed to a specialized syncytial monolayer, the syncytiotrophoblast, which is 

derived from a progenitor epithelium, the cytotrophoblast. As gestation advances, 

the cytotrophoblast layer becomes more difficult to distinguish from the 

syncytiotrophoblast which becomes more extensive, thus leading to the 

prevailing view that the term cytotrophoblasts is inconsequential. However, we 

show that the metabolism of the human placenta during late gestation is driven 

by a persistent, highly active cytotrophoblast layer. Differentiation of 

cytotrophoblasts into syncytiotrophoblasts leads to metabolic suppression with 

fragmentation of the mitochondrial network. The oxygen consumption rate (OCR) 

and extracellular acidification rate (ECAR), a proxy of glycolytic lactate 

production, were greater in cytotrophoblast than in syncytiotrophoblast in vitro  

(CTB: 96±16 vs SCT: 46±14 pmol O2⋅min-1⋅100ng DNA-1, p<0.001) and (CTB: 

43±6.7 vs SCT 1.4±1.0 ∆mpH⋅min-1⋅100ng DNA-1, p<0.0001). Blocking 

differentiation or promoting self-renewal of the cytotrophoblast through Epidermal 

Growth Factor and p38 MAPK signaling prevents the suppression of metabolism. 

We conclude that the undifferentiated cytotrophoblast has tremendous fuel 

flexibility and contributes to placental metabolism during late human gestation, 

which until now has gone unnoticed. 
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Introduction 

 

The human placenta is a temporary organ whose tissues are generated by 

the fetus.  Its primary function is to ensure that the fetus receives all necessary 

nutrients found in maternal blood. For this enormous task, it has an 

extraordinarily high metabolic rate, consuming approximately 40% of the oxygen 

used by the entire conceptus while accounting for only 20% of the total mass 

(Oxygen consumption rate: 40 ml/min/kg) (Battaglia and Meschia, 1978; Sparks 

et al., 1983; Bonds et al., 1986; Lurie et al., 1999). The placental produces 

hormones, transports and biochemically transforms all essential nutrients 

required to support fetal development; these processes exact a high metabolic 

cost. The survival of the fetus depends upon a placenta that is able to extract the 

oxygen it needs, is highly efficient for transport and is also able to provide for   

metabolic and growth needs of the developing fetus.  As one would presume, 

placental metabolic dysfunction is a hallmark of maternal-fetal disorders such as 

pre-eclampsia and gestational diabetes (Bloxam et al., 1987; Austdal et al., 2015; 

Muralimanoharan et al., 2016). The metabolic contributions made by each of the 

cell types in the placenta have been little studied (Bax and Bloxam, 1997).  

The maternal facing surface of the materno-placental exchange barrier is 

composed of a monolayer of terminally differentiated trophoblast cells, the 

syncytialized trophoblast (SCT).  During placental development the SCT is 

derived from progenitor cells in the underlying layer, the cytotrophoblast layer 

(CTB). The SCT has been presumed to account for the largest proportion of 
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placental metabolic activity because it is in direct contact with maternal blood, 

synthesizes and secretes large quantities of protein and steroid hormones, and is 

believed to be the primary transport tissue for all nutrients acquired by the fetus. 

However, in the previous chapters we have shown the degree of fatty acid 

uptake and esterification is greater in the CTB than in the SCT. 

Our recent discovery that the CTB exclusively esterifies free-fatty acids, 

casts doubt on the prevailing theory that all nutrient processes are restricted to 

the SCT (Kolahi et al., 2016).  Unlike the SCT,  the CTB rapidly generates lipid 

droplets and other lipid species, like phospholipids, from free fatty acids. A host 

of genes that regulate lipid metabolism are more highly expressed in the CTB 

than in SCT (Kolahi et al., 2016). Esterification of free-fatty acids poses a high 

ATP cost and is prerequisite to fatty acid metabolism suggesting that the CTB 

may generate more ATP than previously thought.  However, this possibility has 

not been previously investigated.  Thus, we tested the hypothesis that CTB is 

more metabolically active than SCT and more capable of generating ATP.  To 

thoroughly examine the metabolic properties of the two trophoblast cell types, we 

compared their capacity to generate ATP to utilize oxidative phosphorylation and 

glycolysis with different fuel substrates. We also tested the hypothesis that 

activity-sensitive mitochondrial dyes could distinguish the two trophoblast cell 

types using optical analysis.   
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Methods 

 

Subject Details 

Placentas were collected from women undergoing a scheduled cesarean 

delivery at the Oregon Health & Science University (OHSU) obstetric unit 

between 06/2015 to 05/2016.  This study was approved by the Institutional 

Review Board (IRB #5684) and informed consent was obtained prior to delivery.  

Uncomplicated, singleton placental samples were included, excluding 

pregnancies complicated by the following characteristics: prepregnancy obesity 

(BMI ≥30 kg/m2), multifetal gestation, fetal chromosomal or structural anomalies, 

preeclampsia or hypertensive spectrum, immunosuppressive, or chronic 

maternal morbidities. Maternal data was obtained from medical records included 

age, parity, race, gestational age at delivery, height, and weight (1st trimester). 

Neonatal data included birth weight, crown-heel length, and sex. Placenta weight 

and length and width dimensions were measured during tissue collection. 

Maternal characteristics are summarized in Table 5.1. 

Table 5.1: Maternal Characteristics 

 Mean±S.D. (n=28) 95% Confidence 
Interval 

Age (yr) 31±5 [ 28, 34 ] 

Body Mass Index 
(BMI: kg/m2) 

23±5 [ 20, 26 ] 

Parity 2±2 [ 1 , 3 ] 

Gestational Age 
(weeks) 

39±1 [ 39, 40 ] 
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Birth Weight (g) 3300±550 [ 3000 , 3700 ] 

Placenta Weight (g) 493±104 [ 429, 557 ] 

 

Primary human villous cytotrophoblast isolation and culture 

All placental samples were processed within 30 minutes of delivery. CTB 

cells were isolated using a trypsin-DNAse I digestion followed by Percoll 

enrichment as previously described (Guilbert et al., 2002). In brief, chorion and 

maternal decidua were removed, and 40-50g of villous placental tissue was finely 

minced and thoroughly washed with 1x phosphate-buffered saline (PBS). Villous 

fragments were subjected to three or four sequential 10-15 minute (37°C) 

digestions in 0.25% Trypsin (Gibco) and 200 U/mL DNAse I (Roche). CTB were 

purified by Percoll (GE Healthcare Bio-sciences AB) discontinuous density 

gradient centrifugation at 1200 rcf for 25 minutes (room temperature). Purity of 

trophoblast isolations was assessed by positive immunohistochemical staining of 

cyokeratin-7 (MAI-06315, Thermo Scientific), a marker of trophoblast cells. All 

isolations comprised of >90% pure, viable CTB.  

CTB were plated at an optimal density of 3 × 105 cells/cm2 and cultured in 

Iscoves Modified Dulbecco’s Medium (IMDM, Gibco®) or Minimum Essential 

Media alpha GlutaMAX™ without nucleosides (MEMα, Gibco®) supplemented 

with 10% fetal bovine serum (FBS, Gibco®), 100 U/mL penicillin, and 100 μg/mL 

streptomycin and incubated at 37°C 5% CO2. Growth medium was replaced 

every 24 hours. Prior studies have demonstrated CTB undergo fusion and 

differentiation into multinucleated, syncytialized giant cells by 72 hours in culture 

(Kliman et al., 1986). Therefore, cells were studied at 8 hours (CTB) to study 
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prior to differentiation and 72 hours (maximum) to study SCT.  

Metabolic Flux Analyses 

Primary human trophoblast cells (40,000/well) were plated into 96-well 

culture plates and oxygen consumption rate (OCR) and extracellular acidification 

rate (ECAR) was measured using the Seahorse XFe96 flux analyzer (Seahorse 

Bioscience, North Billerica, MA). At the time of assay, growth medium was 

removed, replaced with the appropriate pre-warmed assay medium and 

trophoblast were subjected to a Mitochondria or Glycolytic stress test™ 

(Seahorse Bioscience). For fatty acid oxidation studies, assay medium was 

composed of warmed serum-free 1x Krebs Henseleit Buffer (KHB) supplemented 

with 0.5 mM glucose, 0.5 mM carnitine and 5 mM HEPES (pH 7.4). Fatty 

acid:Bovine Serum Albumin (BSA) (~6:1) conjugates were prepared according to 

the manufacturers recommendations and supplemented to KHB assay 

medium(Pike Winer and Wu, 2014). Immediately prior to assay measurements 

fatty acid supplements were added with the following final concentrations C16 

[250µM], C18:1 [250µM] or vehicle (BSA [41µM]) +/- etomoxir (Eto 40µM), a 

carnitine palmitoyltransferase 1 inhibitor (CPT1) of fatty acid oxidation. Under 

these conditions the following injections and final concentrations were: (1) 2µM 

oligomycin (ATP synthase inhibitor; Sigma), (2) 5 µM carbonyl cyanide p-

trifluoromethoxyphenyl-hydrazone (FCCP) (mitochondrial uncoupling agent; 

Sigma), and a (3) mixture of 2µM Rotenone (mitochondrial complex I inhibitor; 

Sigma) and 2µM Antimycin A (Mitochondrial complex III inhibitor; Sigma). OCR 

was recorded for three cycles following by each timed injection.  
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For glycolytic stress test measurements, XF Base Medium (Seahorse 

Biosciences) supplemented with 1mM pyruvate and 4mM L-glutamine was used 

and the following glycolytic stress test injections and final concentrations were:  

(1) 25mM Glucose, (2) 1µM oligomycin, (3) 100mM 2-Deoxyglucose (hexokinase 

inhibitor; Sigma). 

For metabolic studies with Epidermal growth factor, CTB were cultured in 

MEMα medium in the presence or absence of 10ng/mL epidermal growth factor 

(EGF) +/- 1µM of MK 2206 (allosteric inhibitor of protein kinase Akt), +/- 10µM 

SB203580 (p38α and p38β inhibitor). After 8 (CTB) and 72 hours (SCT) of 

culture, growth medium was removed and replaced with an assay medium 

containing glucose (5mM), glutamine (4mM), pyruvate (1mM) and fatty-acids 

(C16 25µM) was utilized to measure full metabolic capacity. Four serial baseline 

OCR and ECAR measurements were averaged and analyzed. Metabolic flux was 

measured in triplicate for each condition and all experimental replicates were 

normalized to DNA content using Quant-iT™ PicoGreen® dsDNA kit (Molecular 

Probes; Eugene, OR).  

Intracellular ATP quantification 

Isolated CTB were plated on flat-bottom 96-well plates as previously 

described and cultured in complete growth medium for 8 and 72 hours.  The 

growth media was removed and 40µL of the cell lysate was used to quantify 

intracellular ATP using an ATP luminescence assay (ATPlite™, PerkinElmer®). 

Luminescence was measured using a Biotek Synergy H1 plate reader (Biotek). 

ATP content was normalized to lysate protein concentration using a bicinchoninic 
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acid assay assay (Thermo Pierce). 

Mitochondrial labeling, imaging, and quantification 

Isolated CTB were plated on glass coverslips and cultured for 8 or 72 

hours in complete growth medium. At each specified time point, 500nM of 

Mitotracker Orange (CM-H2TMRosa; Molecular Probes) was added to each well 

and incubated for 2 hours. Twenty minutes before these two hours had elapsed, 

4μg/ml Wheat Germ Agluttinin-CF640R (Biotium) was added to demarcate the 

plasma membrane. After 2 hours, cells were fixed with pre-warmed 3.7% 

paraformaldehyde (pH 7.4) in complete growth medium for 30 minutes and 

incubated at 37°C/5% CO2. After fixation, the coverslips were submersed into -

20°C Acetone for 10 minutes and subsequently washed up to 3 times in 1x PBS. 

The coverslips were counterstained with 2μg/ml Hoechst 33258 (Molecular 

Probes) to identify nuclei for 20 minutes and mounted in Slowfade Diamond 

(Molecular Probes, Inc) before confocal imaging. Imaging was performed using a 

Zeiss 880 LSM Confocal with Airyscan™ with a 63× High N.A. objective 

(N.A.=1.4; Zeiss). Each field of view was comprised of serial Z-“stack” of images 

measuring 67.5μm by 67.5μm (x-y) spaced 0.2μm apart with 2μM total thickness. 

All raw, 32-channel single-color images were processed using automatically 

determined Airyscan parameters in Zen software (Zeiss). Processed images 

were analyzed using Fiji software (Schindelin et al., 2012) using Otsu automatic 

thresholding to segment mitochondria. The mitochondrial volume ratio was 

calculated by normalizing the quantified mitochondrial volumes to cytoplasmic 

volumes quantified from plasma membrane images. A minimum of 3 fields of 
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view were used per biological replicate. 

Placental explant collection, culture, and imaging. 

Explants (<1mm3) were isolated as previously described (Brass et al., 

2013), with some modifications. Placental tissue was isolated from two different 

cotyledons that appeared healthy and placed in pre-warmed (37°C) MEMα 

culture media (Gibco) supplemented with serum and 25mM Hepes (pH 7.4). 

Three to four explants from different cotyledons were cultured per well on 

transwell permeable supports (Corning) in 12-well plastic culture plates(Corning) 

containing 2.0mL of growth medium and incubated at 37°C in 5% CO2/95% air. 

Mitochondrial labeling proceeded immediately after collection (<30min) as 

described above for cells, and total incubation time until fixation was 2.5 hours. 

Explants were assayed within a known window when markers of explant health 

and fatty acid uptake are not compromised (Brass et al., 2013).  

Immunofluorescence (whole mount explants, cells) 

Fixed explants and cells were blocked and permeabilized using Block-Aid 

(Life Technologies)/0.1% Tween-20 (ThermoFisher) for 30 minutes before 

overnight incubation with primary antibody at 4°C. Samples were labeled with 

antibodies against HAI-1 (1:100; 9B10, eBioscience). Following primary antibody 

incubation, samples were washed 3 times with 0.01% Tween-20 in PBS and 

labeled with secondary antibodies rabbit anti-mouse Alexa Fluor 488 (1:500, 

A27023, Invitrogen) for 1 hour at room temperature. After washing 3 times, the 

samples were counterstained with 2μg/ml Hoechst 33258 for 20 minutes and 

immersed in Slowfade Diamond (Molecular Probes) immediately before confocal 
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imaging.  

Quantification of mRNA expression 

Total RNA from 3 × 106 cells was isolated after 8hr or 72hr of culture using 

Qiagen RNeasy isolation kit. RNA content was assessed by spectroscopy at 

260nm/280nm and integrity via visualization of ribosomal RNA using gel-

electrophoresis. Reverse transcription of 1μg of RNA to cDNA was performed 

using the High Capacity cDNA Reverse Transcription kit (Life Technologies). 

cDNA was stored at -20°C. Gene specific primers were designed for VPS29 

house-keeping gene using NCBI primer-BLAST (Ye et al., 2012). Sequences for 

primers for BHCG (CGB) were taken from Kolahi et al (Kolahi et al., 2016). 

(Primer sequences for VPS29 were: F GACAGGATGTTGGTGTTGGT. R 

TAGCTGGCAAACTGTTGCAC.   qPCR was performed as described previously 

(O'Tierney et al., 2012). Relative expression quantities were expressed as a ratio 

of the gene of interest to the reference gene (VPS29) in each sample; VPS29 

expression did not differ at 8 hours versus 72 hours.  

Statistics  

2-way ANOVA with Sidak’s post-hoc testing was used to compare 

metabolic fluxes between conditions. An unpaired Student’s t-test was used to 

compare mitochondrial volume ratios. All data were analyzed using GraphPad 

Prism 6 and are presented as mean ± SEM unless noted otherwise. P-values 

<0.05 were considered statistically significant. 
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Results 

Isolated CTB had a greater oxygen consumption rate (OCR) at baseline 

and at maximal capacity in the presence of long-chain fatty acids compared to 

SCT; Palmitate(C16) [baseline: 85±11 vs 47±6 pmol O2⋅min-1⋅100ng DNA-1, 

p<0.01; maximal: 153±27 vs 60±10 pmol O2⋅min-1⋅100ng DNA-1, p<0.001 (Figure 

5.1A)] and Oleate (C18:1) [baseline: 108±14 vs 66±11 pmol O2⋅min-1⋅100ng DNA-

1, p<0.001; maximal: 176±23 vs 68±11 pmol O2⋅min-1⋅100ng DNA-1, p<0.0001 

(Figure 5.1B)].  

Treatment with Etomoxir, an inhibitor of Carnitine Palmitoyl-transferase 1a, 

reduced maximal OCR in both CTB [C16: 69±11 pmol O2⋅min-1⋅100ng DNA-1, 

p<0.0001; C18:1: 78±9.2 pmol O2⋅min-1⋅100ng DNA-1, p<0.0001 (Figure 5.1C,D)] 

and SCT [C16: 27±7.3 pmol O2⋅min-1⋅100ng DNA-1, <0.0001; C18:1: 36±5.4 pmol 

O2⋅min-1⋅100ng DNA-1, p<0.0001 (Figure 5.1C,D)]. To determine whether the greater 

levels of oxygen consumption were associated with differences in ATP production or 

utilization, we measured intracellular ATP content in each cell type.  Greater ATP 

levels were observed in CTB compared to SCT [6.2±2.9  vs 2.4±0.55 nmol⋅ug 

protein-1; p<0.01 (Figure 5.1E)]. It has been previously established that SCT is the 

primary cell for steroid production.  SCT is transcriptionally active and the production 

of large quantities of chorionic gonadotropin is a distinguishing feature [5933±150%; 

p<0.0001 (Figure 5.1F)] compared to CTB, which produced very little. 
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Figure 5.1. Human cytotrophoblast respiration rates are greater than 
syncytiotrophoblast.  
Human cytotrophoblast cells (CTB) were isolated from term placentas and 
studied in vitro before and after differentiation into syncytiotrophoblast (SCT). (A-
B) Respiration was measured in media containing 250µM of either saturated 
long-chain fatty acid palmitate (C16) or the monounsaturated oleate (C18).  
Oxygen consumption rate (OCR) was greater in CTB than in SCT at baseline 
and at all points of the mitochondrial stress protocol. (C-D) Etomoxir, an inhibitor 
of CPT1, reduced maximal OCR after FCCP injection in both CTB and SCT for 
both fatty acids but not at baseline. (E) Resting ATP levels in CTB are much 
greater than in SCT. (F) Evidence of the identity of each cell type is shown; SCT, 
but not CTB produces high levels of CGB. Oligomycin (O), Antimycin/Rotenone 
(A/R). Data are Mean±SEM, n=7 placentas.   
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Human trophoblasts have specialized free-fatty acid uptake systems to 

serve as the selective conduit for maternal long- and very-long chain 

polyunsaturated fatty acids. Since our assay media contained primarily fatty 

acids as a fuel source, we hypothesized the greater OCR in CTB could be a 

byproduct of their greater free-fatty acid uptake capacity and SCT may 

selectively metabolize other fuels. An important fuel for the placenta and fetus is 

glucose. Glucose is metabolized to yield lactate in fetal and placental tissues to 

minimize oxygen utilization. Thus, the SCT could possibly meet its metabolic 

needs exclusively through glycolysis. We tested this hypothesis by measuring 

glycolysis in CTB and SCT using the Seahorse XF Bioanalyzer. We found that 

differences between CTB and SCT in extracellular acidification rate (ECAR), a 

proxy for lactate production through glycolysis, were even more dramatic than 

OCR (Figure 5.2A). This effect was independent of glucose concentration (Figure 

5.2A). Baseline ECAR in CTB and SCT were (53±5.8 and 18±3.4 ∆mpH⋅min-

1⋅100ng DNA-1, p<0.0001) at 5mM glucose. The effect of glucose concentration 

on ECAR could only be detected in CTB at 25mM glucose (63±5.5 ∆mpH⋅min-

1⋅100ng DNA-1 p=0.04) (Figure 5.2B). Maximal ECAR, a measurement of glycolytic 

capacity, was similarly greater in CTB compared to SCT (245±10 vs 129±19 

∆mpH⋅min-1⋅100ng DNA-1, p=0.001). Glycolytic reserve, the difference between 

baseline glycolysis and maximal glycolysis, was not different between CTB and 

SCT (Figure 5.2D). The estimate of mitochondrial respiration to glycolytic 

respiration, the OCR to ECAR ratio, was substantially higher in SCT than in CTB 

(3.5±0.20 vs.1.3±0.075; p<0.01) (Figure 5.2E), suggesting that SCT usually 
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depends more on oxidative phosphorylation than does CTB even though CTB is 

more capable at oxidative phosphorylation under specific fuel conditions.  
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Figure 5.2. Cytotrophoblast are highly glycolytic.  
The glycolytic metabolism of primary human trophoblast was measured in vitro 
using the Seahorse XF Bioanalyzer.  (A) Cytotrophoblast (CTB) and 
syncytiotrophoblast (SCT) extracellular acidification rates (ECAR), a metric of 
lactate production via glycolysis, was measured during a glycolytic stress 
experiment with medium containing 5mM or 25mM glucose injected at G and 
pyruvate and glutamine. (B) ECAR was higher in CTB than in SCT at baseline 
and not affected by glucose concentration. (C) maximal glycolytic capacity after 
oligomycin (O) injection which inhibits ATP production was highest in CTB, but 
(D) glycolytic reserve, the difference between maximal capacity and baseline was 
not different between groups. These data suggest the presence of a substantially 
greater glycolytic flux in CTB than in SCT. (E) The ratio of oxygen consumption 
rate (OCR) to ECAR at both concentrations of glucose indicates that CTB is 
more glycolytic than SCT under these conditions.  Data are Mean±SEM, n=6 
placentas. # p<0.05 vs glucose concentrations. 
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CTB had the capacity for higher levels of glycolysis and mitochondrial 

respiration than did SCT. Previous investigations have described differences in 

mitochondrial morphology between CTB and SCT via TEM of tissue sections and 

isolated mitochondria (De los Rios Castillo et al., 2011). We postulated the 

differences in mitochondrial activity  could underlie our observations of the 

differences in metabolic flux between CTB and SCT. We utilized Mitotracker, CM-

H2TMRosa whose uptake and fluorescence are dependent upon mitochondrial 

membrane potential (∆ψ) and oxidative activity. CTB contain numerous elongated 

mitochondria in a tightly packed network (Figure 5.3A). In contrast, SCT 

demonstrate fewer mitochondria that are fragmented and distributed around 

cytoplasmic vesicles (Figure 5.3B). The mitochondrial area ratio in CTB was 

greater than in SCT (0.22±0.03 vs 0.11±0.01, p=0.025). We used the Mitotracker 

method to localize active mitochondria in human term placental explants and 

found that the most active mitochondria were predominantly in cytotrophoblast 

and to a lesser degree in endothelium (Figure 5.3C). These data indicate that 

differentiation of human placental CTB into SCT in culture leads to changes in 

the mitochondrial morphology and network topology. 
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Figure 5.3. Differentiation of Cytotrophoblast to Syncytiotrophoblast leads 
to a fragmented mitochondrial network.  
The mitochondrial activity indicator dye, Mitotracker (CM-H2TMRos) was used to 
localize active mitochondria in cytotrophoblast (CTB) and syncytiotrophoblast 
(SCT) in living explants of human term placentas using super-resolution 
fluorescence microscopy. Wheat germ agglutinin (magenta) was used to label 
plasma membrane in (A) and (B) and nuclei are labeled with Hoechst dye (blue). 
HAI-1 was used to label cytotrophoblast (magenta) in (D).  
(A) Mitochondria (green) in CTB are tightly packed in a perinuclear fashion. (B) 
The differentiation of CTB to SCT leads to a change in mitochondrial morphology 
and to their placement adjacent to scattered vesicles. (C) Mitochondrial volume is 
relatively larger in CTB than in SCT. (D) In fresh explants of human term 
placenta, the most active and most brightly stained mitochondria are located in 
the cytotrophoblast. Some active mitochondria are also visible in endothelium. 
Scale Bar: 5μm. Data are Mean±SEM. Representative images from n=3 
placentas.   
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 To explore the mechanism leading to metabolic changes in 

cytotrophoblast differentiating to syncytiotrophoblast we tested the effect of EGF, 

a known modulator of the differentiation process (Johnstone et al., 2005). 

Trophoblast cultures were exposed to EGF in C16 fatty acid supplemented 

complete growth medium. We measured baseline respiration (OCR) and 

glycolysis (ECAR) of CTB and SCT.  EGF-exposed CTB and SCT had increased 

rates of glycolysis compared to non-EGF treated trophoblasts [(CTB:  97±12 vs 

43±6.7 ∆mpH⋅min-1⋅100ng DNA-1, p<0.0001); (SCT: 29±5 vs 1.4±1.0 ∆mpH⋅min-

1⋅100ng DNA-1, p<0.01), Figure 5.4A]. Surprisingly, oxidative respiration also 

increased in both CTB and SCT with constant exposure to EGF compared to the 

non-EGF treated state [(CTB: 164±22 vs 96±16 pmol O2⋅min-1⋅100ng DNA-1, 

p<0.001); (SCT: 119±18 vs 46±14 pmol O2⋅min-1⋅100ng DNA-1, p<0.001), Figure 

5.4B]. EGF potently stimulated both baseline glycolysis and mitochondrial 

respiration in trophoblast. 

 While EGF modulates metabolism via several signaling pathways 

(Fisher and Lakshmanan, 1990), Akt, is a central metabolic hub that has been 

shown to regulate glycolytic rates in many systems (Elstrom et al., 2004). To test 

the role of Akt in trophoblast metabolism, MK2206, an Akt S473 phosphorylation 

inhibitor, was applied. The addition of MK2206 to EGF reduced ECAR in CTB 

and in SCT compared to EGF exposure alone [(CTB: 70±15 vs 97±12 ∆mpH⋅min-

1⋅100ng DNA-1, p<0.01); (SCT: 4.3±3.3 vs 29±5 ∆mpH⋅min-1⋅100ng DNA-1, 

p=0.01), Figure 5.4A]. MK2206 also led to a significant decrease in OCR in SCT 

but a decreasing trend not in CTB did not reach significance [(SCT: 60±19 vs 
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119±18 pmol O2⋅min-1⋅100ng DNA-1, p<0.001); (CTB: 136±24 vs 164±22 pmol 

O2⋅min-1⋅100ng DNA-1, p=0.06), Figure 5.4B). We could detect no effect on 

metabolism with MK2206 in trophoblast in the absence of EGF, suggesting Akt 

must be activated for MK2206 to exert an effect. 

Considering the possibility that EGF could exert a direct metabolic effect 

on SCT to stimulate metabolism or support the preservation of CTB by leading to 

alterations of CTB differentiation, we studied mitochondrial activity using 

Mitotracker in EGF treated cultures. In the absence of EGF, trophoblast fusion 

and differentiation to form a syncytial sheet was virtually complete, and 

mitochondrial networks became fragmented as described previously (Figure 

5.4C). However, EGF treated cultures displayed a striking and distinct 

arrangement composed of two cell layers (Figure 5.4D).  A layer of fused cells 

with no visible intercellular divisions and very few detectable active mitochondria 

was visible (Figure 5.4E), but interspersed throughout this layer there were 

clusters of individual, unfused, cells with highly active mitochondria (Figure 5.4E). 

These cell clusters contained visible intercellular divisions, implying that these 

cells are undifferentiated CTB. Thus, it appears that while EGF stimulation leads 

to greater SCT formation, but also maintains CTB in the unfused condition. 
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Figure 5.4. Epidermal Growth Factor and Akt contribute to metabolism and 
differentiation of Cytotrophoblast.  
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Differentiated (SCT) primary human trophoblasts were studied at 72hrs in serum 
free medium supplemented with fatty acids (25µM C16).  (A) Extracellular 
acidification rate (ECAR) and oxygen consumption rate (OCR) (B) were 
powerfully stimulated using epidermal growth factor, EGF (10ng/ml).  MK2206, 
an inhibitor of Akt activation suppressed the actions of EGF.  (C) In the absence 
of EGF under control conditions, SCT has fragmented mitochondrial networks as 
described in Fig 5.3. (D) In the presence of EGF, trophoblast cultures contained 
sheets of SCT, with many aggregates of unfused cells that appeared 
undifferentiated. (E) A higher resolution confocal micrograph shows that the 
undifferentiated cells within the syncytial layer have prominent intercellular 
membranes (wheat germ agglutinin, magenta). Active mitochondria marked with 
Mitotracker, CM-H2TMRosa, green, are specifically observed in the CTB 
clusters. (F-H) The natural course of metabolic suppression during differentiation 
can be circumvented by employing an inhibitor of the p38 MAPK pathway (10µM 
SB203580, SB), a differentiation inhibitor, along with EGF stimulation. (F) 
Confocal micrograph of CTB treated with EGF and SB203580 for 72hrs and 
stained with mitotracker. Cell fusion does not occur in these conditions, and all 
cells have active mitochondria. CTB fusion was blocked with this combined 
treatment and active mitochondria can be observed in all cells. (G) OCR and (H) 
ECAR, are elevated with no apparent decrease between 8 and 72hrs when 
treated with both EGF and SB203580. Scale Bar: 5μm Data are Mean±SEM, n=6 
placentas. 
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To test whether EGF affects trophoblastic differentiation and fusion by 

altering the differentiation process, we blocked the differentiation of CTB while 

exposed to EGF.  We added the p38 MAPK inhibitor, SB203580, to block 

differentiation. As expected, blocking the differentiation program in CTB by 

combining SB203580 with EGF blocked CTB fusion (Figure 5.4F) and resulted in 

the highest levels of ECAR (64±14 ∆mpH⋅min-1⋅100ng DNA-1, p<0.05) relative to 

all treatments and OCR (165±31 pmol O2⋅min-1⋅100ng DNA-1, p<0.01) with the 

exception of EGF only (Figure 5.4G,H). Interestingly in EGF and SB203580 

exposed cultures, metabolism was maintained over time [(SCT ECAR: 71±16 

∆mpH⋅min-1⋅100ng DNA-1, p<0.01) and (SCT OCR: 180±30 pmol O2⋅min-1⋅100ng 

DNA-1, p<0.01), Figure 5.4G,H].  

An interesting finding was that independent of EGF, CTB in SB203580 

medium alone did not maintain the high levels of glycolysis or oxidative 

respiration that usually characterizes CTB in vitro (SCT ECAR: 1.9±1.2 vs 

1.4±1.0 ∆mpH⋅min-1⋅100ng DNA-, SB203580 vs control; p=0.99); (SCT OCR: 

45±6.9 vs 32±3.8 pmol O2⋅min-1⋅100ng DNA-1 SB203580 vs control; p=0.86), 

Figure 5.4G,H. These results suggest EGF is necessary for maintenance of the 

CTB metabolic phenotype. 
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Discussion 

 

We have provided several lines of evidence that CTB is the leading 

metabolic cell in the human placenta at term which contradicts the prevailing 

view that the SCT holds that position (Bax and Bloxam, 1997; Jansson et al., 

2006b; Benirschke et al., 2012). We measured mitochondrial respiration and 

glycolysis in primary human trophoblast as undifferentiated progenitor cells 

(CTB) and after differentiation to SCT. We consistently found greater levels of 

both glycolysis and mitochondrial respiration in CTB compared to SCT. We also 

found that CTB have higher ATP levels. Of the total ATP generated by each cell 

type, a bigger proportion would likely be generated by oxidative phosphorylation 

in SCT than CTB. The most fascinating finding was that CTB is more 

metabolically flexible. CTB could better maintain respiratory rates under varying 

nutrient levels in the growth medium during our stress tests. Nevertheless, we 

found CTB are heavily glycolytic under resting conditions compared to the SCT, 

the latter which is supported almost entirely by oxidative respiration. 

The placenta utilizes aerobic glycolysis as its primary metabolic fuel to 

conserve oxygen supplies for fetal tissues and produce lactate which is crucial 

fuel source for fetal growth (Battaglia and Meschia, 1978; Settle et al., 2006). 

Approximately 25% of the CO2 produced by the fetus comes from the oxidation 

of lactate derived from maternal glucose (Burd et al., 1975); the placenta is the 

primary production site for lactate in the fetus (Burd et al., 1975; McGowan et al., 

1995). It is possible then that placental glucose consumption through glycolysis 
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and lactate production is principally driven by the CTB.  Measurements of 

glucose derived ECAR are indirect measurements of cellular export of lactate 

produced from glucose. A key player in the  export of lactate is the 

monocarboxylate transporter 1 (MCT1), which is expressed very highly in the 

CTB of human placentas (Nagai et al., 2010). It is not known if the CTB 

participate in placental nutrient transport, but their high metabolic activity and 

continuity adjacent to the basal SCT plasma membrane suggest that the CTB 

layer could be important in nutrient transport (Mori et al., 2007; Kolahi et al., 

2016).  

Lactate production by CTB could be associated with anabolic metabolism. 

Aerobic glycolysis and lactate production support de novo lipogenesis (Costello 

and Franklin, 2005), including synthesis of cholesterol, which is a key metabolic 

activity in proliferating cells. CTB, but not SCT, are proliferative and CTB have 

much greater rates of de novo lipogenesis (Coleman and Haynes, 1987). Given 

the enormous importance of placental nutrient transport and metabolism in 

supporting normal development, and the surprisingly few studies investigating 

the role of the CTB in transport, the field is ripe for an all-out effort to understand 

the intricacies of the CTB biology. 

Previous reports support the idea that cytotrophoblast is a highly 

metabolically active placental cell (Bax and Bloxam, 1997) and this suggestion is 

not exclusive to the term placenta (James et al., 2005). To our knowledge this 

study is the first to directly compare the metabolic flux rates CTB as they 

differentiate and become SCT. Other studies on isolated mitochondria from 
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placenta support our findings that CTB mitochondrial respiration is greater than 

SCT (Bustamante et al., 2014).  

Our findings could be especially relevant to the numerous studies that 

have found alterations in placental metabolism in pre-eclampsia (Bloxam et al., 

1987; Austdal et al., 2015) and in obesity (Muralimanoharan et al., 2016). Indeed, 

abnormal CTB differentiation and EGF signaling have been proposed as 

important in the pathophysiology of pre-eclampsia (Fisher, 2004; Armant et al., 

2015).  

Both mouse and human studies have suggested that fetoplacental growth 

can be regulated by the EGF axis (Fondacci et al., 1994; Faxén et al., 1998; 

Dackor et al., 2009). Our study focused on understanding normal metabolic rates 

of CTB compared to SCT, but future studies will test if pathological conditions like 

pre-eclampsia or fetal growth restriction lead to changes in CTB metabolism, and 

if this may be due to EGF signaling. 

EGF signaling potently stimulated the metabolic rate of CTB and rescued 

the suppression in metabolism during the normal course of CTB differentiation to 

SCT. EGF has been described as a stimulator of CTB fusion and differentiation 

because cultures treated with EGF contain more SCT, but biochemical markers 

of differentiation do not fit with this notion (Johnstone et al., 2005). One paper 

was not consistent with this point of view, but this was likely because the 

concentrations of EGF were 100x lower than used in the others (Morrish et al., 

1987). We propose that the controversy over whether or not EGF is a stimulator 

of CTB fusion could be explained if EGF were a stimulant of CTB proliferation in 
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vitro as we and others have observed (Johnstone et al., 2005). We are intrigued 

that pockets of undifferentiated cytotrophoblast remain along with syncytialized 

trophoblast in culture following EGF treatment. 

Some of the direct metabolic effects of EGF could be attributed to Akt 

kinase signaling in CTB and Akt activity may contribute to the proliferation and/or 

differentiation of CTB (Yang et al., 2003). We tested the hypothesis that blocking 

differentiation of CTB with a p38 MAPK inhibitor could circumvent the metabolic 

suppression observed in the transformation of CTB to SCT. The p38 MAPK 

pathway regulates trophoblast development, proliferation, and differentiation 

(Adams et al., 2000; Mudgett et al., 2000)  and activity of this pathway is altered 

in placentas of growth restricted fetuses (Laviola et al., 2005). While inhibition of 

the p38 MAPK in trophoblast did little to circumvent the normal suppression in 

metabolism observed when CTB differentiate to SCT, co-stimulation with EGF 

greatly stimulated and maintained the high levels of metabolism. These effects 

were greater than EGF alone as EGF does not preclude SCT formation. These 

observations are consistent with other works demonstrating the p38 MAPK 

pathway regulates the ability of trophoblast to respond to growth factors, 

including EGF (Johnstone et al., 2005) and serum (Daoud et al., 2005). 

Mechanistically, we propose that fragmentation of the mitochondrial 

network is associated with changes in metabolism during differentiation of CTB to 

SCT. CTB mitochondria are larger, less dense, and contain abundant cristae (De 

los Rios Castillo et al., 2011), and SCT mitochondria remodel for steroidogenesis 

to become fragmented, smaller, more dense and lose identifiable cristae 
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(Wasilewski et al., 2012; Poidatz et al., 2015). While our super-resolution 

methods cannot distinguish mitochondrial cristae, we did find the mitochondrial 

network decreased in density after differentiation to SCT. 

We measured the respiration and glycolysis of the two main trophoblast 

cell types in human placenta, CTB and SCT, but have not yet compared these to 

the other cells in placenta, e.g. stroma and endothelium. Yet our studies using a 

fluorescent mitochondrial activity reporter indicate that compared to CTB these 

other placental cells have either lower mitochondrial membrane potentials or 

mitochondrial oxidative activity or both. These explant studies lend further 

support to our observations that the CTB have higher metabolic rates compared 

to the in vitro differentiated SCT. Future studies should aim to directly quantify 

the metabolic rates of placental stroma and endothelium in addition to CTB and 

SCT. 

In conclusion, we present multiple lines of evidence that the metabolic 

features of the placenta are driven not as much by the SCT as by the underlying 

CTB. Until now, the relevance of the CTB to human placental metabolism has not 

been appreciated. We suggest that future studies of placental biology should 

include comparisons of both CTB and SCT. These two cell types are highly 

specialized to serve unique and crucial roles during development that are only 

now being discovered. 
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Chapter VI: Summary and Conclusions 
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Regulation of placental metabolism and transport by cytotrophoblast 

Scientists of the last century concluded that the cytotrophoblast played a 

minor role in nutrient transport and placental metabolism. As gestation advances, 

the cytotrophoblast layer thins and becomes less visible by light microscopy.  

Even with the high magnification of transmission electron microscopy the CTB 

layer can be difficult to discern (Benirschke et al., 2012). It has long been thought 

that by term, the cytotrophoblast had dispersed as an obvious adaptation to 

enhance maternal-fetal exchange by minimizing the distance over which 

substances would have to diffuse to reach the fetal capillaries (Benirschke et al., 

2012).    

However, immunofluorescence microscopy allows a new approach to the 

study of cell layers in the placenta.  We were surprised to find a very thin, but 

continuous layer of cytotrophoblast underlying almost all of the 

syncytiotrophoblast in the term placenta. Other labs have reported similar 

findings, and have argued for a reappraisal of the cytotrophoblast layer continuity 

in the third trimester placenta (Mori et al., 2007; Jones et al., 2008).  

The degree to which the cytotrophoblast is a continuous layer is important 

in interpreting the data reported in this thesis. If the cytotrophoblast layer is only 

rarely present beneath the syncytial layer in the near term placenta, as assumed 

by most scientists currently, the syncytiotrophoblast would then be the primary 

diffusional barrier for nutrients that cross the placenta by diffusion.  However, 

data from the current experiments suggest a draw-back to the 

syncytiotrophoblast-only assumption.  The capacity for sequestering glucose and 
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fatty acids in the syncytial layer is relatively low, which implies a limitation in its 

capacity for biochemical transformations of nutrients including fatty acid chain 

elongation and shortening, or conversion of maternal glucose to lactate. The 

fetus requires nutrients in adequate amounts, but each macronutrient class must 

be represented in an appropriate proportion to other macronutrients. For 

example, some fetal structures require a much higher concentration of LCPUFA 

than are provided by the mother. A robust active transport system in the placenta 

selectively accumulates the needed LCPUFA.  Contrary to current belief among 

placentologists, our observations imply that the syncytiotrophoblast has limited 

capacity for extensive metabolism and processing of fatty acids.. 

Our data characterizing the low metabolic rate of the syncytiotrophoblast 

suggest   that its modification of nutrients such as fatty acids during transit would 

be too low to account for fetal demands for processed molecular species. This 

low metabolic activity may be advantageous to overall placental function because 

the syncytiotrophoblast must transport large quantities of nutrients to deeper 

placental layers which can process those nutrients in various ways in preparation 

for local fuel consumption and transport to the fetus.     

One cannot help but be impressed with the amazing metabolic activity of 

the placenta in late gestation. It consumes a significant share of the oxygen 

(~40%) and nutrients(e.g. ~50% glucose) that are given to the pregnant uterus 

each minute. Given the low metabolic rate of the syncytiotrohpoblast, this 

placental consumption of oxygen and glucose during transport is likely due to 

other cells types in the placenta. There are only two remaining cell types that 
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could account for the magnitude of oxygen consumption in the placenta, those 

cells composing the endothelial layer and the cytotrophoblast layer.  

 We propose that the cytotrophoblast layer drives the metabolic features of 

the placenta. Our data directly and indirectly indicate the cytotrophoblast has a 

rapid metabolic rate with a high oxygen consumption rate by oxidative 

phosphorylation. Glucose consumption via aerobic glycolysis is also an important 

feature of cytotrophoblastic metabolism. When we localized active mitochondria 

in term human placenta, we found the most active mitochondria in the 

cytotrophoblast. Lastly, we consistently observe the cytotrophoblast as a thin, but 

continuous (>90%) monolayer, which is in line with more recent re-evaluations of 

the cytotrophoblast integrity at term. This observation supports the idea that most 

nutrients must cross the cytotrophoblast and could be metabolized by the 

cytotrophoblast. 

To our knowledge no one has measured oxygen consumption rates of 

microvascular endothelium in term placenta. However, endothelial cells in 

general do not have oxygen consumption rates that compare to placental 

cytotrophoblast. In support of this, data is available from studies of Human 

umbilical vein endothelial cells (HUVEC) (Panopoulos et al., 2012; Patella et al., 

2015). HUVEC have been measured by similar techniques to ours, and have 

oxygen consumption rates that are 30% of what we measured in cytotrophoblast 

(Panopoulos et al., 2012; Patella et al., 2015). 

 If the cytotrophoblast dominates placental metabolism as our data 

suggest, then cytotrophoblast metabolism could be important in the 
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pathophysiology of abnormal pregnancies.  Indeed, dysfunctional cytotrophoblast 

has been observed in pre-eclampsia and placental insufficiency and many have 

proposed alterations in these cells specifically lead to the pathology observed in 

these pregnancies (Crocker et al., 2004; Fisher, 2004; Longtine and Nelson, 

2011). These will be discussed further in the following sections. 

 The original descriptions cytotrophoblast becoming thinner with advancing 

gestation, could represent an adaptation to promote nutrient transfer. A thinner 

cytotrophoblast would also represent an adaptation to support exchange and if 

each cytotrophoblast cell subtended a larger villi area in late compared to early 

gestation, each cytotrophoblast would have more regulatory control over 

transport flux. 

 

Metabolic conversions in Cytotrophoblast 

Otto Warburg’s seminal observation that malignant cells undergo an 

unusual rate of aerobic glycolysis relative to mitochondrial respiration, is now 

recognized as a regular feature of proliferating cells (Vander Heiden et al., 2009). 

It is mysterious that a proliferating cell would employ such an inefficient strategy 

to produce ATP, but ATP is rarely limiting for proliferating cells (Vander Heiden et 

al., 2009). This is especially true for cells in vivo where homeostatic mechanisms 

are robustly regulated to ensure nutrient supplies are continuously replenished. 

Aerobic glycolysis may be advantageous for other reasons than to serve as a 

means for generating ATP. Several alternative theories have been proposed to 

explain aerobic glycolysis in proliferating cells. 
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One hypothesis is that proliferating cells require ample carbon and 

reducing equivalents (NADPH) to synthesize the molecular constituents of lipid 

membranes and nucleic acids. The rapid rate of aerobic glycolysis in 

cytotrophoblast cells could support the high capacity for lipid esterification and de 

novo fatty acid synthesis evident in these cells (Coleman and Haynes, 1987). 

NADH, a product of glycolysis, can be converted to NADPH during the 

successive actions of Malate Dehydrogenase and Malic Enzyme (Wise and Ball, 

1964; Ballard and Hanson, 1967; Jiang et al., 2013). NADH is used by Malate 

dehydrogenase to reduce oxaloacetate to malate, and malate is subsequently 

converted to pyruvate and NADPH by the action of Malic Enzyme (Wise and Ball, 

1964; Ballard and Hanson, 1967). Cytosolic NADPH levels are largely regulated 

by Malic Enzyme and the pentose phosphate pathway (Wise and Ball, 1964; 

Ballard and Hanson, 1967; Jiang et al., 2013). NADPH is necessary as a 

reducing agent during two steps in fatty acid synthesis, as a cofactor for 3-keto-

acyl-ACP reductase and for Enoyl-ACP reductase (Nelson et al., 2008). 

Additionally, the glycerol-phosphate produced during glycolysis is required for as 

the backbone for glycerolipid formation. Since LCPUFA are most abundant and 

enriched in placental glycerophospholipids, glycolysis may be linked to placental 

LCPUFA incorporation.  

Whether or not lactate production supports lipid anabolic metabolism, the 

production of lactate appears to be a priority for proliferating cells. Proliferating 

cells utilize an isoform of pyruvate kinase that favors pyruvate conversion to 

lactate over further oxidation to produce ATP (Mazurek et al 2005). This could 
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also occur in cytotrophoblast, and lactate produced could be exported to the fetal 

circulation for utilization by distant tissues. 

Interestingly, these metabolic conversions could be regulated by external 

influences like oxygen tension and growth factors, which may have direct or 

indirect effects, through influencing cytotrophoblast differentiation for example. 

The rate of glycolysis and lactate production is for example, directly influenced by 

oxygen tension. Placental lobules with a greater blood flow rate would receive 

more oxygen, and cytotrophoblast in these locations would convert less glucose 

to lactate than areas with low oxygen tension (Schneider et al., 1989; Carter, 

2000; Schneider, 2000). Because lactate is known to be a major fuel for cardiac 

and renal tissue in the fetus, it is likely that even under well oxygenated 

conditions lactate production is adequate to meet the needs of these fetal 

organs. Lipid metabolism could be directly affected by oxygen tension, too, as 

low oxygen promotes fatty acid uptake and esterification (Biron-Shental et al., 

2007). Lastly, growth factors like EGF, stimulate oxygen consumption and lactate 

production as this thesis has shown. If such growth factors are synthesized 

locally there could be considerable variation by placental location (Schneider et 

al., 1989; Carter, 2000; Schneider, 2000).  

In addition, our data indicate that metabolism in the placenta can be 

controlled indirectly by modulating cytotrophoblast differentiation. We found 

metabolic rate and fatty acid uptake was suppressed after differentiation of 

cytotrophoblast to syncytiotrophoblast. The ratio of cytotrophoblast to 

syncytiotrophoblast in a placenta must therefore affect the overall metabolic rate 
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and how nutrients are transported. The relative abundance of cytotrophoblast 

and syncytiotrophoblast changes over gestation (Simpson et al., 1992; Mayhew, 

2014), and may reflect adaptations to meet varying fetal demands in pregnancy. 

The pathological condition known as advanced villous maturation, may be 

associated with increased rates of cytotrophoblast differentiation that could alter 

normal metabolic regulation. Others have proposed that dysfunctional 

cytotrophoblast differentiation may underlie the pathology of pre-eclampsia and 

placental insufficiency in intrauterine growth restriction (Crocker et al., 2004; 

Fisher, 2004; Longtine and Nelson, 2011).  

Differentiation of cytotrophoblast appears to be regulated by several 

mechanisms. The p38 mitogen-activated protein kinases, a class of mitogen 

activated protein kinases (MAPK), that are responsive to stress stimuli such as 

cytokines, ultraviolet radiation, and heat and osmotic shock, regulate 

cytotrophoblast differentiation and proliferation (Han et al., 1994; Daoud et al., 

2005; Johnstone et al., 2005). Inhibition of the p38 MAPK in cytotrophoblast 

blocks differentiation and syncytialization (Daoud et al., 2005; Johnstone et al., 

2005). Since syncytialization of cytotrophoblast leads to cell-cycle exit, 

cytotrophoblast with reduced p38 MAPK retain their proliferative capacity (Daoud 

et al., 2005; Johnstone et al., 2005). The suppressive effect of p38 MAPK can be 

further potentiated by EGF stimulation. Alterations in the activation of EGF and 

p38 MAPK pathways could underlie how the compositions of cytotrophoblast and 

syncytiotrohpoblast are varied in placentas. In intrauterine growth restriction and 

pre-eclampsia reductions in p38 MAPK and EGF signaling parallel the reductions 
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in cytotrophoblast numbers and differentiation (Fondacci et al., 1994; Laviola et 

al., 2005; Webster et al., 2006; Armant et al., 2015). 

 The studies in this thesis have not  tested the degree to which 

cytotrophoblast is involved in transplacental transport of key nutrients such as 

glucose, amino acids, and fatty acids. To understand how greater 

cytotrophoblastic surface area and volume would affect transport, a  study would 

have to be carried out on syncytiotrophoblast alone and in combination with 

cytotrophoblast to make direct comparisons of transport capacity attributable to 

each tissue layer. 

 

Complexities in trophoblast metabolism 

As shown in table 6.1, some aspects of trophoblast biology are complex 

and are not easily explained.  For example, It is unclear how EGF can stimulate 

syncytial formation and yet preserve unfused CTB.  Additionally, OCR to ECAR 

ratios differ between CTB and SCT and this suggest these cells produce ATP 

through different means. While we present new exciting observations - future 

studies are warranted as EGF and placental metabolism are only superficially 

understood.  
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Table 6.1: Trophoblast Metabolic Profile 

 OCR 
(pmol 
O2⋅min-

1⋅100ng 
DNA-1) 

OCR + 
EGF 
(pmol 
O2⋅min-

1⋅100ng 
DNA-1) 

ECAR 
(∆mpH⋅min-

1⋅100ng 
DNA-1) 

ECAR + 
EGF 
(∆mpH⋅min-

1⋅100ng 
DNA-1) 

ATP 
(nmol⋅ug 

protein-1) 

OCR:ECAR 
ratio 

CTB 96±16 164±22 43±6.7 97±12 6.2±2.9 3.5±0.20 
SCT 46±14 119±18 1.4±1.0 29±5 2.4±0.55 1.3±0.075 

 

 Overall, the contribution of cytotrophoblast to metabolic and nutrient 

transport processes in the placenta has been greatly neglected.  The relative 

contributions of the syncytiotrophoblast and cytotrophoblast to placental function 

have been little studied heretofore.  This thesis provides evidence that the two 

trophoblast layers must be considered together in future studies of placental 

biology. 

 

Fatty acid uptake 

Fatty acid transport in the placenta is the result of a system that has 

evolved to ensure that the fetus acquires the specific fatty acids in adequate 

amounts throughout development. The fatty acids acquired to the greatest 

degree by the fetus are the LCPUFA. LCPUFA uptake is highly selective in 

trophoblast (Coleman and Haynes, 1987; Haggarty et al., 1997; Tobin et al., 

2009). There is considerable debate about whether transport is determined by 

passive, facilitative, or active transport. Arguments in favor of passive and 

facilitative processes point to the concentration gradient for free fatty acids, 

including LCPUFA, as being higher in maternal than fetal plasma. 
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However, fatty acids are virtually insoluble in aqueous solutions, and their 

concentrations are determined instead by binding proteins including the 

intracellular fatty acid binding proteins, and extracellular albumin (Schwenk et al., 

2010). Fatty acids can also circulate as esterified lipids, in complex with 

lipoproteins, but only non-esterified fatty acids are available for transport 

(Duttaroy, 2009; Schwenk et al., 2010). Non-esterified fatty acids must be 

released from albumin as free fatty acids to bind to transporters (Schwenk et al., 

2010). Albumin contains up to 7 binding sites for fatty acids, and the normal 

physiologic ratio of albumin to non-esterified fatty acids, including pregnancy, is 

about 1 to 1 or greater (Haggarty et al., 1997; Haggarty, 2010; Schwenk et al., 

2010). Virtually all fatty acids are bound to albumin and the serum free fatty acid 

concentration is very low in vivo (~2nM) (Schwenk et al., 2010). Using 

concentration gradients of total fatty acids as evidence of active transport 

systems may be flawed logic since the concentrations of fatty acids in maternal 

and fetal plasma are determined more by the concentration and saturation of 

plasma albumin and the presence of particle-derived triglycerides. 

Nevertheless, FATP are selective proteins and utilize ATP for fatty acid 

import, and for this reason do not qualify as facilitative transporters. The selective 

nature of placental uptake is apparent when the composition of placental and 

umbilical blood fatty acids is analyzed by weight proportion after maternal 

administration of stable-isotope labeled fatty acids; the LCPUFA increase in 

proportion to total fatty acids by 5-10 fold (Haggarty et al., 1997; Alvino et al., 

2008). However, one overlooked detail is that while this process is highly 
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selective for LCPUFA, the proportion of saturated long chain fatty acids in 

placenta also increases 3-5 fold in placenta; this suggests a process that is not 

entirely exclusive to LCPUFA (Haggarty et al., 1997; Alvino et al., 2008).  

There are several lines of evidence suggesting fatty acid transport is an 

active transport process. First, fatty acid transporters involved in the uptake 

process utilize 2-ATP equivalents to activate fatty acids for esterification to Acyl-

CoA. This process can drive fatty acids into cells in an active fashion (Schwenk 

et al., 2010; Anderson and Stahl, 2013; Melton et al., 2013). Some scientists 

believe this process, termed vectorial acylation,  does not represent active 

transport because first of all, transport across the MVM is driven by the 

concentration gradient and does require ATP, and secondly the binding of fatty 

acids to FATP in intracellular compartments removes their colligative properties 

(Ibrahimi et al., 1996; Abumrad et al., 1998).  

Second, early experiments using the placental perfusion model were 

interpreted to support passive diffusion as a mechanism for lipid transport across 

the placenta. In these studies long chain fatty acids were not detectable in the 

fetal compartment until ~30 minutes after the initiation of perfusion (Dancis et al., 

1973; Haggarty et al., 1997). These time scales agree with our observations of 

esterification being involved in placental uptake and our proposal that this step is 

an intermediate in transport. Others perfusion studies have noted that a 

significantly greater concentration of fatty acids appears on the fetal side than 

what was perfused on the maternal side, again implying movement against a 

concentration gradient (Perazzolo et al., 2015). Lastly, Arachidonic acid uptake 
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into syncytiotrophoblast BPM vesicles, is augmented by ATP and Na+ gradients 

(Lafond et al., 2000). The concentrations of endogenous arachidonic acid are 

much higher in the placenta than in the maternal plasma (Klingler et al., 2003). 

It is crucial that studies moving forward identify the importance of 

esterification during placental fatty acid transport. The vast majority of long chain 

fatty acids in the placenta are found in esterified lipids (Klingler et al., 2003; 

Larqué et al., 2003). LCPUFA seem to be preferentially incorporated into 

placental phospholipids, which is the most abundant lipid class, and saturated 

long-chain fatty acids into triglycerides (Klingler et al., 2003; Larqué et al., 2003). 

It is not yet known if these fatty acids are eventually transported to the fetal 

circulation, and nor is it known what forms are exported. Earlier studies have 

suggested fatty acid efflux may occur through multiple mechanisms, and differs 

by fatty acid species and placental cell type (Coleman and Haynes, 1987; 

Madsen et al., 2004; Lewis et al., 2011). It is likely that the mechanisms of 

LCPUFA esterification and efflux differ from other types of lipids because this 

fatty acid is transported preferentially compared to the other fatty acids, and 

because of its immense importance to human development.  

While this work represents an advance in our understanding of normal 

human placental biology at term, many unanswered questions remain and 

desperately need attention. We will discuss a select few of these issues in 

greater detail in the following chapter.  



 

 153 

Chapter VII: Future Directions 
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A list of topics in need of further investigation in the human placenta 

This thesis raises many questions, and I argue the following list of topics 

are in most urgent need of further study. 

1. The role of FATP2 function in fatty acid transport, including its role in 

LCPUFA transport. 

2. Placental peroxisomal localization, biology, functions and the 

relationship of peroxisomes to the cytotrophoblast and FATP2. 

3. An assessment of the characterization of the composition of the basal 

plasma membrane to define the predominant cell types that form this 

membrane layer. 

4. Cytrotrophoblast epigenetic plasticity. 

The background and relevance of these topics will be discussed in further 

detail in the following sections. 

 

The role of Fatty acid transporter type 2 in human development 

The human placenta enriches the long chain polyunsaturated fatty acids 

LCPUFA, docosahexaenoate (DHA) and arachidonate (AA), that are obtained 

from maternal blood. DHA and AA fatty acids are preferentially channeled into 

placental phospholipids; the ratio of these fatty acids in placental tissue is roughly 

10-fold that of in maternal blood (Klingler et al., 2003; Alvino et al., 2008).  From 

this pool of fatty acids, a subset is preferentially transported to the fetal 

compartment which serves to supply the enormous required quantities of AA and 
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DHA for the developing nervous and cardiovascular systems (Crawford et al., 

1976). Because of its immense importance to normal human development, the 

placental transport systems are under intense investigation but so far, the 

mechanisms remain unknown.  

Our discovery that placental fatty acid esterification and metabolism is 

determined by cytotrophoblast and not syncytiotrophoblast, suggests that the 

selective LCPUFA acquisition by placenta is due to functions of the 

cytotrophoblast. We speculate the mechanism of LCPUFA uptake in placenta is 

specifically attributable to FATP2 in this cell.  

Our data indicate a relationship between between long and very long 

chain fatty acid analogue uptake and FATP2 in cytotrophoblast. Since FATP2 is 

the fatty acid transporter that is expressed most highly in the human placenta, 

this transporter may be responsible for the majority of long and very long chain 

fatty acid uptake in this organ. For unknown reasons, this transporter is absent 

from the mouse placenta and fetoplacental fatty acid uptake does not depend on 

FATP2 in this organism (Mishima et al., 2011). Mice are born with considerably 

smaller brains and less fat stores as a function of body weight (Ulijaszek, 2002), 

and a selective LCPUFA uptake system may not be necessary.  The differences 

between small rodents and humans is the reason that such animals cannot be 

used to understand the intricacies of human placental transport.  

FATP2 may mediate the transport of multiple species of long and very 

long chain fatty acid species, but it is especially interesting that this transporter is 

selective for DHA and AA (Melton et al., 2011). FATP2 selectively acquires DHA 



 

 156 

and AA to channel these fatty acids via esterification into phospholipids (Melton 

et al., 2011; 2013). It is well known that DHA and AA in placenta are 

predominantly found incorporated into the phospholipid faction in placenta tissue 

in vivo (Klingler et al., 2003; Larqué et al., 2003). Our evidence that 

cytotrophoblast cells rapidly esterify long and very long chain fatty acid, coupled 

with the high expression of FATP2 in cytotrophoblast, implies that this cell type is 

responsible for placental AA and DHA uptake and that this occurs via FATP2.  

FATP2 is localized to endoplasmic reticulum and peroxisomal membranes 

in hepatocytes (Falcon et al., 2010). The organs that express FATP2 most highly 

are the liver, kidney, and placenta (Melton et al., 2011). It may not be a 

coincidence that this tissue distribution reflects sites of high peroxisomal activity 

(Islinger et al., 2010). FATP2 may facilitate fatty acid uptake and subsequent 

oxidation by metabolism. Thomas et al. hypothesized peroxisomal beta-oxidation 

may enhance fatty acid flux by the placenta, suggesting again that placental 

metabolism and fatty acid transport are linked(Thomas et al., 1985). 

Peroxisomes and the pathways regulating them, including peroxisomal 

proliferator-activated receptor (PPAR), may be key during human development 

(Barak et al., 1999). Surprisingly, no data describing the localization of placental 

peroxisomes has been so far published.  The function of this organelle in the 

placenta is unknown. Thus, the need to understand peroxisomal biology in the 

placenta is required for a complete understanding of lipid metabolism in the 

human placenta.  
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A reappraisal of the syncytiotrophoblast basal plasma membrane: is this 

actually cytotrophoblast? 

In the syncytiotrophoblast the plasma membrane facing the maternal 

blood, the microvillous membrane (MVM), and the plasma membrane adhering to 

the basement membrane, the basal plasma membrane (BPM), can be purified 

and studied as microvesciles in vitro (Smith et al., 1977; Kelley et al., 1983; 

Glazier et al., 1998). Studies of isolated MVM and BPM vesicles have 

consistently led to the suggestion that the BPM is the rate limiting membrane in 

the transport of glucose, amino acids, and fatty acids. The transport of fatty acids 

and amino acids across the BPM appears to be ATP and Na gradient dependent, 

implying a metabolic association with BPM fluxes. In addition, the BPM glucose, 

amino acid, and fatty acid transporter expression appear to be more dynamically 

regulated, when fetal growth is altered. This has led others to suggest that 

regulation of transport across the BPM is the most critical step in influencing fetal 

growth rates. 

The BPM was originally characterized as syncytiotrophoblastic in nature 

because it was assumed that the cytotrophoblast layer gradually disappears as 

gestation proceeds and is nearly non-existent at term. The assumed loss of 

cytotrophoblast implied that BPM could only belong to the syncytiotrophoblast. It 

was thus assumed that membranes attached to basement membrane were 

derived from syncytiotrophoblast.  However, as discussed previously, new 

evidence indicates that the cytotrophoblast layer at term is a mostly intact thin 

membrane that underlies most of the syncytiotrophoblast. With this new insight 
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we speculate that isolated BPM is highly contaminated with membrane from 

cytotrophoblast, because cytotrophoblast cells lie against the basement 

membrane more often than does syncytrophoblast. Thus, the notion that the 

BPM is relatively pure syncytiotrophoblastic must be reconsidered.  

We suggest that the isolated BPM as currently defined also represents the 

cytotrophoblast basolateral membrane. Multiple studies have noted that the so 

called syncytiotrophoblast BPM bears a striking resemblance to the term 

cytotrophoblast layer, which is also a thin membrane in this same location. It is 

possible the thin cytotrophoblast projections underneath the syncytiotrophoblast 

have been for so long incorrectly identified as being syncytiotrophoblastic.  Our 

observations offer food for thought on the topic. 

The original descriptions of characterizing purified BPM vesicles noted this 

membrane shares many features with polarized, basalolateral membranes of 

epithelia. If the syncytiotrophoblast indeed contains a polarized BPM an 

explanation would be needed to explain how cell polarity would be established 

and maintained in the syncytium, since cell polarity is not retained after 

cytotrophoblast cell fusion (Sivasubramaniyam et al., 2013).  

A distinguishing feature of the cytotrophoblast is the presence of adherens 

junctions which are not present in syncytiotrophoblast. The adherens junctions in 

cytotrophoblast could represent a major clue in understanding the mechanisms 

of unidirectional transport. Adherens junctions, mediated by epithelial-cadherin, 

are the only known mechanism by which polarity is established in cells (Baum 

and Georgiou, 2011) though others may be present in the placenta. The 
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adherens junctions form a barrier between the basolateral and apical plasma 

membranes that enables two distinct membrane compositions to be maintained. 

A second function of the adherens junction is to maintain cell shape to support 

the generation of a polarized cytoskeletal network.  

The cytotrophoblast, but not the syncytiotrophoblast is characterized by an 

intact apicobasal cell polarity. It is possible the apicobasal polarity established in 

the cytotrophoblast is maintained in the syncytiotropholbast, however the loss in 

the integrity of the adherens junctions that occurs during syncytialization permits 

the once polarized membranes to mix. This results in a loss of cell polarity. 

Surprisingly, many intracellular transport processes that are presumed to function 

in syncytiotrophoblast would necessitate an endomembrane trafficking systems 

that depends upon apicobasal and cytoskeletal polarity, arguing for its presence. 

For example, a crucial feature of the human placenta that is essential for 

postnatal survival is the transport of immune IgG to acquire passive immunity 

from the mother. Cell polarity would be required in the syncytiotrophoblast to 

transport vesicles containing IgG in a unidirectional manner, but the existence of 

such a system is wholly unknown. As a next step we need to understand whether 

it is the cytotrophoblast or syncytiotrophoblast plasma membrane that forms the 

basal plasma membrane layer in the human term placenta.  

 

Integration of maternofetal signals into cytotrophoblast epigenetic code 

 

The syncytiotrophoblast is constantly shed into maternal blood.  It has 
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long been known that the cytotrophoblast is on alert to repair areas of 

syncytiotrophoblast loss.  One consequence of this process is that information 

that may be programmed in the syncytiotrophoblast would be eventually lost with 

shedding. However, programming “memory” could be potentially maintained 

through the whole of pregnancy in the cytotrophoblast. Coincidentally, the 

cytotrophoblast appears to be more epigenetically plastic than the 

syncytiotrophoblast (Fogarty et al., 2015). This implies that the cytotrophoblast is 

also more receptive to external influences that lead to epigenetic programming. 

If the cytotrophoblast can integrate and maintain epigenetic signals from 

the environment, and if it is a central driver of placental functions including 

metabolism and nutrient transport, the cytotrophoblast may hold the key for 

understanding how the placenta adapts to maintain fetal growth in the face of 

constant environmental change. In other words, properties of the cytotrophoblast 

may permit placental plasticity, an intensively studied phenomenon, but occurs 

through unknown mechanisms. 

Understanding how the placenta can be plastic is crucial to devising 

interventions that might exploit these mechanisms in pregnancies where fetal 

growth is dysregulated. If the cytotrophoblast is central to placental epigenetic 

programming and plasticity, this concept would revolutionize our understanding 

of the mechanisms underlying the developmental origins hypothesis. It is 

unknown how fetal maturation and growth trajectories are defined, and the 

cytotrophoblast may be a logical regulator given the findings of this thesis. 

Studies investigating how the cytotrophoblast may integrate epigenetic signals 
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from the environment and contribute to placental plasticity are paramount. These 

studies reveal new placental biological mechanisms that could someday guide 

clinical studies to improve pregnancy outcomes and the lifelong health of 

offspring. 
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FIELD OF STUDY 
 

University of California, Berkeley BA 05/2007 Molecular and Cell 
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University of California, Berkeley / San Francisco MS 05/2009 Bioengineering 

Oregon Health and Science University MD/PhD 06/2018 Biomedical 
Engineering/Medicine 

Oregon Health and Science University certificate 06/2016 Human Investigations 
    

A. Personal Statement 
My primary area of interest is fetoplacental development. I am fascinated 

by the highly coordinated processes that must occur to ensure fetal survival and 
a successful transition to ex utero life. More recently, I have come to appreciate 
the broad capacity and plasticity of these processes, and the diverse 
mechanisms employed, in particular by the placenta, to ensure this success. 

While my interest in physics and science was originally piqued in 
elementary school, I began formal biochemical research as an undergraduate 
student at UC Berkeley. While studying signal transduction, I serendipitously 
learned about the concept of mechanotransduction and was immediately 
intrigued as to how mechanical forces could be translated into a biochemical 
language. For my Masters thesis (UC Berkley, Dept Bioengineering), I 
investigated the actin-binding protein, filamin, and expanded my studies from 
single cell cytoskeletal mechanics to ask how tissues behaved mechanically 
during development in Drosophila oocytes. I quickly became enamored with the 
dynamic nature of developmental biology and the physical processes that 
influence it, yet it also became clear that the interplay between these fields was 
understudied.  At this same time, as a graduate school instructor (UCSF, Dept 
Anatomy) I learned about the negative effects of poor nutrition on embryos 
fertilized and cultured in vitro. I integrated what I had learned in all aspects of my 
training to ask if mechanotransduction was medically relevant to in vitro fertilized 
and cultured mouse embryos. This is when I was first introduced to fetoplacental 
development, and culminated into my most recent research project.  

The idea of developmental origins of adult disease, has gained 
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momentum in the past 20 years. That many chronic adult diseases 
(cardiovascular disease, type 2 diabetes, certain cancers) have their origins in 
utero marries my interests in fetoplacental development, and clinical medicine. I 
was excited to learn that responses and sometimes subtle adaptations made by 
the fetus and placenta in response to stressors can have lifelong consequences 
for health not only because it extends our understanding the limits of the 
biological system, but also because it demonstrates how these systems are 
balanced during normal development. The Thornburg laboratory has a long track 
record of fetal and placental physiology and has expertise in techniques ranging 
from whole animal preparations to ex vivo and in vitro preparations, right down to 
the molecular level. Together with a reputation for being collaborative and 
stimulating for new ideas, in particular for junior scientists, the environment of the 
Thornburg laboratory is ideal for my research training. The interdisciplinary 
investigations pursued in the Thornburg lab will provide me with a more thorough 
understanding of placental function. This will enable me to propose new scientific 
insights that may be used to devise approaches to improve the outcomes of 
babies born with placental dysfunction. 

 
B.  Positions and Honors 

Professional & Research Experience 

ACTIVITY/OCCUPATION 
BEGINNING 
DATE  

ENDING 
DATE  FIELD INSTITUTION/COMPANY 

SUPERVISOR/ 
EMPLOYER 

Research Associate 06/2010 06/2011 Reproductive 
Science 

University of 
California, San 
Francisco 

Paolo F. Rinaudo 
M.D./ Ph.D. 

Volunteer 10/2009 04/2010 Bioengineering/ 
Oncology 

Lawrence Berkeley 
National Laboratory Mina J. Bissell Ph.D. 

Graduate Student 05/2007 10/2009 Bioengineering University of 
California, Berkeley 

Mohammad R.K. 
Mofrad Ph.D. 

Undergraduate 05/2003 05/2007 Bioengineering University of 
California, Berkeley 

Mohammad R.K. 
Mofrad Ph.D. 

 
Academic and Professional Honors 
2004 Deans Honor List (University of California, Berkeley [UCB]) 
2007  Deans Honor List (UCB) 
2007  High Honors (UCB) 
2007 Outstanding Graduate Student Instructor (UCB) 
2011 Golden Humanism Honor Award, Medical School (Oregon Health & 

Science University [OHSU]) 
2014 Charles Patrick Memorial Scholarship, Department of Biomedical 

Engineering (OHSU) 
2014 N. L. Tartar Trust Fellowship Award, (Project support, OHSU)  
2014 NIH-Ruth L. Kirchstein National Research Service Award Individual 

Fellowship (F30; MD/PhD) 
2015 NIH New Investigator Travel Award (International Federation of Placenta 

Associations) 
2016  Leadership in Student Service / Excellence in Journalism Awards (OHSU) 
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Memberships in Professional Societies 
2011-present American Physician Scientists Association 
 

C. Contribution to Science 

Placental Fatty Acid Transport and Metabolism 
I employed state of the art microscopy to track subcellular trafficking of 

fluorescently labeled fatty acids in the human placenta. I pioneered these 
methods to investigate placental fatty acid metabolism and transport in real time 
in living tissue and cells. The human placenta has a selective system to acquire 
long chain fatty acids but the mechanism is unknown. These studies led to the 
discovery that the cells that were driving placental long chain fatty acid uptake 
and metabolism were a cell type that was presumed to play little role, if any, in 
placental nutrient processes. In subsequent experiments we found that these 
cells, a progenitor cell type called the cytotrophoblast, were the metabolic power 
houses of the placenta and displayed an unparalleled level of mitochondrial and 
glycolytic function. A relatively high level of metabolic genes are expressed in 
cytotrophoblast. These works culminated into my PhD thesis where I concluded 
the cytotrophoblast drives fatty acid uptake and metabolic activity in the human 
term placenta. 
• Kolahi K, Louey S, Varlamov O, Thornburg K. (2016). Real-Time Tracking of 

BODIPY-C12 Long-Chain Fatty Acid in Human Term Placenta Reveals Unique 
Lipid Dynamics in Cytotrophoblast Cells. PLoS One, 11(4):e0153522. PMCID: 
PMC4849650 

 
Mechanotransduction in Acting-binding proteins. 

I investigated how cells can translate forces into biochemical signals. One 
interesting phenomenon of the actin-cytoskeleton is that it will stiffen to resist 
forces imparted on the cell. Since this phenomenon implicated regulation through 
actin-binding proteins, I looked for an explanation in how actin-binding proteins 
conformations changed during mechanical loading. To investigate this 
phenomenon, I focused on the actin-binding protein family, the Filamins. I 
employed molecular dynamics to simulate forces applied to the rod domain of 
Filamins’ atomic structures. After my first publication, I mentored an 
undergraduate student and we probed more Filamin atomic structures. We found 
that during mechanical loading, conformational changes take place in the rod 
domain that expose filamin binding sites for kinases and integrins. We 
contributed equally to a second publication on a more comprehensive structural 
analysis of Filamin-A during loading. These observations provide one possible 
explanation for how the actin cytoskeletal network can be stiffened during 
mechanical loading and for how forces induce conformational changes in protein 
structure that can initiate intracellular biochemical cascades. 
• Kolahi KS, Mofrad MRK. (2008). Molecular mechanics of filamin's rod domain. 

Biophysj, 94(3), 1075–83. PMCID: PMC2186249 
• Chen HS, Kolahi KS, Mofrad MRK. (2009). Phosphorylation facilitates the integrin 

binding of filamin under force. Biophysj, 97(12), 3095–104. PMCID: PMC2793350 
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Biophysics of Epithelial Morphogenesis. 
During my morphometric analysis of fruit fly oogenesis using custom 

Matlab image processing software, I found that the biophysical explanations for 
the epithelial cuboidal to columnar or cuboidal to squamous transitions were 
physically inconsistent. It was clear the epithelial sheet covering the Drosophila 
oocyte was undergoing intense actin-myosin contraction during early stages of 
development, and this observation was used to explain how the cuboidal 
epithelial cells were growing in height to become columnar, but also for how a 
separate population of cuboidal cells were flattening during the concerted 
cuboidal to squamous transition. However, when I measured the epithelial cells I 
found they every cell was expanding, despite the intense actin-myosin 
contractility. This would imply that the net force in both cell populations is 
expansive and outward, again despite the inward forces generated by 
contractility. I hypothesized that this outward force was due to the tensile forces 
imparted by the 10,000-fold growth in volume experienced during these 18 hours 
of development. It is possible the cell contractility is necessary to resist excessive 
stretching during this time period. Some cells resisted more than others. Those 
that resisted poorly were stretched into a squamous cell; the columnar cells must 
therefore be due to a cell volume increase rather than directly due to contraction. 
Furthermore, I tested these mechanisms by generating mutants to show that 
disrupting contraction resulted in flattening of cells that were destined to be 
columnar. Surprisingly, our results supported a previous observation that after 
disrupting a columnar cell and forcing it to flatten and become squamous, the 
columnar cell begins to express squamous cell specific markers, indicating that 
cell shape and identity are intertwined. 
• Kolahi KS, White PF, Shreter DM, Classen A-K, Bilder D, Mofrad MRK. (2009). 

Quantitative analysis of epithelial morphogenesis in Drosophila oogenesis: New 
insights based on morphometric analysis and mechanical modeling. 
Developmental Biology, 331(2), 129–39. PMCID: PMC3145632 

• Kolahi KS, Mofrad MRK. (2010). Mechanotransduction: a major regulator of 
homeostasis and development. Wiley Interdiscip Rev Syst Biol Med, 2(6), 625–39. 
PMID: 20890961. 

 
Pre-implantation Embryos Sense Mechanical Cues. 

Embryonic stem cells are exquisitely sensitive to microenvironmental cues 
during differentiation. Embryos cultured and manipulated for assisted 
reproduction are permanently influenced by their short term in vitro exposure. 
Since the in vitro culture environment is over 1 million times stiffer than the 
uterine environment in which the embryos normally grow, I wondered if the 
increased mechanical stresses could negatively effect early embryo 
development. I found that the developing embryo would less likely growth-arrest 
on softer environments that more closely recapitulated the uterus. I invented a 
soft embryo culture chamber that mimicked the stiffness and biochemical cues of 
the uterus to improve early embryo development.  
• Kolahi KS, Donjacour A, Liu X, Lin W, Simbulan RK, Bloise E, et al. (2012). Effect 

of substrate stiffness on early mouse embryo development. PLoS ONE, 7(7), 
e41717. PMCID: PMC3409240 



 

 189 

• Bloise E, Lin W, Liu X, Simbulan R, Kolahi KS, Petraglia F, et al. (2012). Impaired 
placental nutrient transport in mice generated by in vitro fertilization. Endocrinology, 
153(7), 3457–67. PMCID: PMC3380310  
 

Complete List of Published Work in MyBibliography:   
http://www.ncbi.nlm.nih.gov/sites/myncbi/kevin.kolahi.1/bibliography/47515692/p
ublic/?sort=date&direction=ascending 
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YEAR COURSE TITLE GRADE YEAR COURSE TITLE GRADE 

 Undergraduate Courses – UCB  2006 Physiology A 
2003 Geography and Physical Sciences A 2006 Biochemistry/Lab A+ 
2003 Integrative Biology A- 2006 Microbial Genetics/Genomics A 
2003 Reading and Composition 1A B  Graduate Courses – UCB/UCSF   
2003 Calculus B+ 2007 Biomechanics/Lab A+ 
2003 Physics: Kinematics/Lab A+ 2007 Aspects of Bioengineering A 
2003 Philosophy: Existential B 2007 Cell Mechanics/Cytoskeleton A- 
2003 History: The United States B- 2008 Orthopedic Biomechanics B+ 
2004 General Chemistry/Lab A  Medical School Courses – OHSU  
2004 World Regions and Anthropology A+ 2011 Gross Anatomy Imaging 

Embryology 
H 

2004 Physics: Electromagnetism/Lab A 2012 Cell Structure & Function H 
2004 General Psychology A 2012 Systems Processes/Homeostasis H 
2004 General Biology/Lab 1B B+ 2012 Biological Basis of Disease H 
2004 Organic Chemistry/Lab 3A A+ 2012 Principles of Clinical Medicine NH 
2005 Reading and Composition 1B B 2012 Circulation H 
2004 Musicianship A- 2013 Metabolism H 
2005 Organic Chemistry/Lab 3B A+ 2013 Neuroscience and Behavior H 
2005 General Biology/Lab 1A A 2013 Human Growth and Development H 
2005 Human Anatomy A 2013 Blood H 
2005 Statistics A 2013 Principles of Clinical Medicine NH 
2005 Art: Drawing A 2014 Transition to Clerkship P 
2005 Biophysical Chemistry A 2014- MD/PhD Longitudinal Clerkship  
2005 Human Nutrition A Graduate School Courses – OHSU  

 2006 Geology: Climate Change A 2014 The Practice of Ethics and Science P 
2006 Neuropharmacology A- 2014 Biostatistics A 
2006 Biochemistry: Pathways A+    

Undergraduate and Graduate Grading: A-F; Medical School Grading: 
Honors (H), Near-honors (NH), Satisfactory (S); Some courses graded Pass 
(P)/Fail (F) 

Standardized Test Scores 
US Medical Licensing Exam I (06/2013): 272 (passing 188) 
 

E. Research Support. 
Current Support 

1F30HD084095-01 (Kolahi, PI)       
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        05/19/15 – 05/18/19  
NIH/NICHD          

       
Title: Real-Time Assessment of Fatty Acid Transit in The Human Placental 

Syncytiotrophoblast 
Goal: This project seeks to use live-imaging to track fatty acid movements 

across the human placenta, and define the mechanisms that drive the transport of 
different types of fats to the developing fetus. 

Role: Principal Investigator 
 


