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Impaired fetal growth is associated with increased prevalence of chronic diseases in 

later life. One of the major causes of impaired fetal growth is suboptimal placental 

function. The placenta has multiple roles including the transport of nutrients and waste 

products. Identifying the mechanisms underlying placental function is essential in 

gaining a better understanding of the processes that determine fetal growth and 

development. 

The metabolically important amino acid glutamate is not transferred across the placenta 

and there is net uptake from both the maternal and fetal circulations. There is a high 

concentration of glutamate within the placenta which is used in metabolism. Recent 

observations indicate that while there is net glutamate uptake on both sides of the 

placenta there is also an unidentified glutamate efflux route. This thesis investigates the 

mechanisms of glutamate efflux from the syncytiotrophoblast and what role this efflux 

may have in determining placental function.  

Efflux of glutamate was hypothesised to be mediated by exchange transporters and 

channels. These hypotheses were initially tested using the isolated perfused human 

placenta. On the microvillous membrane (MVM) of the syncytiotrophoblast, glutamate 

efflux was observed in response to boli of N-acetylcysteine, suggesting efflux via the 

exchanger xCT and following a urea bolus, suggesting cellular swelling-induced efflux 

by the Maxi chloride channel. xCT expression had not previously been demonstrated in 

human placenta and may be an important source of cysteine for placental glutathione 

synthesis. Interestingly, pre-treatment of the placenta and of BeWo choriocarcinoma 

cells with the xCT substrate N-acetylcysteine was shown to inhibit activity of the Maxi 

chloride channel. Additionally, glutamate release was stimulated by hydrogen peroxide, 

potentially suggesting a role for reactive oxygen species in the regulation of the Maxi 

chloride channel. 

On the basal membrane (BM) of the syncytiotrophoblast, glutamate efflux was observed 

in response to glutamate boli but not in response to boli of other known exchanger 

substrates. I hypothesised that this exchange may be mediated by the organic anion 



transporter OAT4 and/or OATP2B1, neither of which had previously been shown to 

transport glutamate. OAT4 and OATP2B1 were expressed in Xenopus laevis oocytes 

and it was demonstrated that both transporters could mediate glutamate efflux. I suggest 

that glutamate efflux on the BM is mediated in exchange for uptake of fetal organic 

anions including waste products, xenobiotics and steroid synthesis precursor molecules.  

These findings suggest that the placenta establishes a transmembrane gradient of 

glutamate that is linked to biologically important transport processes, which are critical 

to normal placental development. The glutamate gradient is likely to be driving 

antioxidant and hormone synthesis as well as protecting the fetus from waste product 

and xenobiotic exposure. I propose that glutamate gradients play previously 

unrecognised roles in determining placental function and these require further study. 

It is unclear whether changes in the transmembrane glutamate gradient will alter fetal 

growth and development. If the gradient is altered, placental transporters such as xCT 

may be affected, resulting in a decreased uptake of antioxidant precursors. This in turn 

may lead to high levels of oxidative stress, as observed in pre-eclampsia. Future work 

should aim to determine whether the glutamate gradient and glutamate transporters are 

altered in pathological placentas, with the aim to design interventions to improve 

placental function. 
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1.1 Introduction  

The placenta is the interface between the maternal and fetal circulations. Its specialised 

structure and functions enable the maintenance of pregnancy and the support of fetal 

growth and development. The placenta is the barrier between mother and fetus and 

selectively mediates nutrient transfer to the fetus. The placenta also protects the fetus 

from toxins / infections and removes waste products from the fetal circulation. The 

environment in which the fetus develops can affect its susceptibility to chronic diseases 

later in life (Gluckman & Hanson, 2004; Lewis et al., 2013a). Changes in placental 

function may influence fetal development and may therefore have long term 

implications for disease risk (Powe et al., 2011). Understanding the mechanisms behind 

normal placental function and nutrient transfer is, therefore, crucial if fetal outcome 

from pathological pregnancies is to be improved.  

Suboptimal placental transfer of any nutrient may result in fetal development being 

compromised. Nutrients from the maternal circulation must be transported across the 

maternal facing microvillous membrane (MVM) and the fetal facing basal membrane 

(BM) of the placental syncytiotrophoblast in order to enter the fetal circulation (Lewis 

et al., 2013a). Small lipophilic molecules such as oxygen can cross the placenta by 

simple diffusion but larger hydrophilic molecules including amino acids require 

membrane transporters to enter the fetal circulation (Alberts et al., 2002; Lodish et al., 

2000). The amino acid glutamate is unusual in the sense that there is no net transfer 

across the placenta. Glutamate uptake from the maternal and fetal circulations is 

mediated by secondary active transporters (excitatory amino acid transporters (EAAT)). 

There are also efflux routes for glutamate into the maternal and fetal circulations but the 

mechanisms behind this are unknown (Cleal et al., 2011; Day, 2012). 
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The purpose of glutamate efflux from the placenta is unclear. Placental uptake of 

glutamate by the placenta is known to have important roles in metabolism by producing 

glutamine for the developing fetus as well as intermediates for the Kreb’s cycle (Day et 

al., 2013). In other tissues such as the brain, glutamate plays a role in antioxidant 

synthesis and is an osmolyte (Lushchak, 2012; Musante et al., 1999). It is possible that 

there are unidentified glutamate efflux transporters within the human 

syncytiotrophoblast. This thesis aims to investigate the mechanisms of glutamate efflux 

from the syncytiotrophoblast and determine whether the transmembrane glutamate 

gradient has unidentified roles.  

1.2 Development of the human placenta 

The human placenta is essential for fetal growth and development. Its primary function 

is to act as a barrier, protecting the fetus from substances in the maternal circulation but 

selectively allowing the flow of maternal nutrients to the fetus and the transfer of waste 

products back into the maternal circulation. The placenta is also a highly active 

endocrine organ, producing hormones that are necessary for the continuation of 

pregnancy.  

Development of the human placenta begins from the trophectoderm, the outer layer of 

the blastocyst. Once implantation into the uterus occurs during the early stages of the 

first trimester, placental development is tightly regulated. Throughout gestation, the 

placenta develops in order to meet the increasing demands of the growing fetus. Normal 

placental development is crucial for placental function so abnormalities in development 

may directly impair or compromise the growth of the developing fetus.  
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1.2.1 Implantation and invasion of the placenta into the uterine wall  

After fertilisation, the conceptus enters the uterus where it develops into a blastocyst 

and implants into the uterine wall (James et al., 2012). The blastocyst comprises of the 

inner cell mass and the trophectoderm. The trophectoderm layer develops into the 

placenta and external membranes and the inner cell mass develops into the fetus 

(Kaufmann & Castellucci, 2006) (Figure 1.1A). 

When the blastocyst implants into the wall of the uterus, the trophectoderm layer 

proliferates and differentiates into the mononuclear cytotrophoblast, which 

differentiates into the multinucleated syncytiotrophoblast. The syncytiotrophoblast 

secretes proteolytic enzymes that degrade decidual epithelia and aid the invasion 

process (Figure 1.1B).   

1.2.2 First trimester placental development 

After 9-10 days, the lacunar stage occurs where vacuoles appear within the 

syncytiotrophoblast, forming lacunae (Benirschke et al., 2012). During the first weeks 

of gestation the embryo is able to receive its nourishment by simple diffusion. Once the 

placenta has formed, but before maternal blood flow begins, nutrition is derived from 

secretions from uterine glands (histotrophic nutrition) but as growth continues, a 

powerful nutrient and exchange system is required for growth and development (Burton 

et al., 2002). The lytic activity of the syncytiotrophoblast results in maternal vessels in 

the uterine tissue bursting resulting in the lacunae filling with blood as well as 

secretions from endometrial glands (Burton et al., 2002) (Figure 1.1C).  

Cytotrophoblastic projections then extend into the lacunae, forming the basis of the 

primary villi, which have a cytotrophoblast core and a covering syncytiotrophoblast 
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external layer (Benirschke et al., 2012) (Figure 1.1C). The secondary villi form 

approximately 2 weeks after conception when mesenchymal cells from the extra-

embryonic mesenchyme layer invade the primary villi. The mesenchyme core continues 

to expand towards the end of the villous, new branches and fetal capillaries are created, 

signifying the transformation of secondary villi into tertiary villi (Robin et al., 2009) 

(Figure 1.1D). 

Around day 16 post conception, mesenchymal villi, formed from the tertiary villi, 

undergo differentiation to form different villous types (immature intermediate villi, stem 

villi, mature intermediate villi and terminal villi) that have different structures and 

functions (Benirschke et al., 2012).  

 

Figure  1.1 - Early placental development during the first trimester A) Structure of the 

blastocyst showing the inner cell mass, which develops into the fetus and the trophectoderm. B) 

Implantation of the blastocyst into the maternal endometrium of the uterine wall. C) The 

syncytiotrophoblast envelops the embryo and cytotrophoblast columns form the primary villi. 

D) Development and differentiation of the different types of villus during first trimester. 
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1.2.3 Placental blood flow 

Maternal blood flow to the placenta does not begin until 10-12 weeks post conception at 

the end of the first trimester. In addition to the invasion of the placenta into the uterine 

wall, extravillous trophoblast migrates into the maternal tissue and remodels the spiral 

arteries by eroding the smooth muscle surrounding them. The remodelling of spiral 

arteries was thought to be important for reducing vascular resistance so that more blood 

flows to the placenta. However, it is thought that spiral artery remodelling allows the 

delivery of blood to be less forceful, preserving villous tree structure (Burton et al., 

2009b). 

Once the cytotrophoblastic plugs are removed from the opening of the spiral arteries at 

10-12 weeks post conception, blood flow to the placenta is initiated resulting in the 

levels of oxygen rising rapidly and the utero-placental circuit becoming complete. The 

fetal circulation enters the placenta through the umbilical arteries of the umbilical cord 

and branches out across the chorionic plate before exchange occurs between the 

intervillous maternal blood and the fetal blood. The maternal circulation flows through 

the remodelled maternal spiral arteries into the intervillous space which is in contact 

with the microvillous membrane of the syncytiotrophoblast. Blood containing fetal 

waste products that has passed from the chorionic villi into the intervillous space is then 

returned back to the maternal circulation via the maternal uterine veins (Wang & Zhao, 

2010). 

1.2.4 Second trimester placental development 

In the second trimester, the mesenchymal villi continue to differentiate into immature 

intermediate villi before differentiating into stem villi. The stem villi are characterised 
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by their dense stroma and thick walled vessels. The stem villi then differentiate into the 

mature intermediate villi which contain capillaries, arterioles and venules, have fewer 

cytotrophoblast cells and a thinner layer of syncytiotrophoblast. By the end of the 

second trimester, terminal villi begin to differentiate from the mature intermediate villi 

and these have highly dilated capillaries and a much thinner cytotrophoblast layer that 

contains syncytial knots, providing a reduced diffusion distance (Kaufmann & 

Castellucci, 2006). 

1.2.5 Third trimester placental development 

During the third trimester, the number of mature intermediate villi and terminal villi are 

higher than they were in the second trimester. The terminal villi have a discontinuous 

cytotrophoblast layer, highly dilated capillaries and the thinnest syncytiotrophoblast 

layer of all types of villi (Figure 1.2). 

These characteristics provide a minimal diffusion distance for gases and nutrients. The 

fetal capillaries and syncytiotrophoblast are separated by the basal membrane of the 

syncytiotrophoblast, providing a minimal diffusion distance of 3.7 microns, maximising 

surface area and decreasing diffusion distance for gases and nutrients (Wang & Zhao, 

2010). At term, the terminal villi account for nearly 40% of the villous volume of the 

placenta (Kaufmann & Castellucci, 2006; Wang & Zhao, 2010).  
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Figure  1.2 – Differentiation of the villi in first trimester and third trimester. Representative 

cross section of a first trimester villous (A) and third trimester villous (B). 

1.2.6 Placental structure at term 

As gestation progresses, the fetus’ demand for nutrients increases so the placenta must 

be able to meet its requirements. Average placental diameter is 22 cm, a width of 2-3 

cm and an average weight of 470 g (Yetter, III, 1998). The maternal facing side of the 

placenta is referred to as the basal plate and is attached to the uterine tissue. The 

placenta has approximately 20 cotyledons, each with its own fetal and maternal blood 
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supply. The fetal side of the placenta consists of the chorionic plate which is attached to 

the embryonic membranes and umbilical cord which contains a single vein and two 

arteries. On average, each umbilical cord artery provides eight terminal chorionic plate 

arteries, which deliver deoxygenated blood back to the placenta while the veins carry 

oxygenated blood to the fetus (Wang & Zhao, 2010). The intervillous space surrounds 

the villous trees, whose terminal ends are the sites of the majority of maternal to fetal 

exchange (Gude et al., 2004). The villous tree is enclosed within a structural tissue 

matrix called the stroma which is produced from connective tissue cells, fibres and fetal 

vessels (Kaufmann et al., 1977) (Figure 1.4C). Within the villi, the fetal blood is 

brought into close proximity with the maternal circulation but the syncytiotrophoblast 

ensures that there is no mixing between the blood of the two circulations (Figure 1.3 and 

Figure 1.4A).  

 

Figure  1.3 - Placental structure and circulation at term. Maternal blood enters the 

intervillous space via the spiral arteries. Nutrients and gases are transported across the 

syncytiotrophoblast surrounding the chorionic villi and enter the fetal circulation. Oxygenated 

blood reaches the fetus through the umbilical vein and deoxygenated blood is carried back to the 

placenta via the umbilical arteries. Adapted from Cornell University. 
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Figure  1.4 - Structure of the placental villi at term A) The maternal facing microvillous 

membrane (MVM, green showing Datura stramonium lectin staining), is in direct contact with 

the maternal blood and mediates nutrient transfer to the fetus. Cell nuclei are shown in red. B) 

Structure of the placental vessels (green showing Aleuria auranlia lectin staining) and nuclei in 

red. The capillaries extend to the edges of the villi, minimising the diffusion distance for 

nutrient and gaseous exchange. C) The villous stroma at term (green showing Pisium sativum 

agglutinin staining). Images provided courtesy of Dr Rohan Lewis and Dr Suzanne Brookes. 
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1.2.7 The term placental barrier 

The maternal and fetal circulations are physically separated via the placental barrier 

which is made up of the syncytiotrophoblast that is in direct contact with the maternal 

blood, a discontinuous cytotrophoblast layer, connective tissue and the fetal 

endothelium which is in direct contact with the fetal circulation. Collectively, these 

layers form a barrier which stops molecules that are not freely diffusible from 

exchanging between the two circulations.  

The syncytiotrophoblast is the interface between the maternal and fetal circulations, 

protecting the fetus from bacteria and high molecular weight drugs / toxins that are too 

big to pass through the barrier (Vahakangas & Myllynen, 2009). It is also responsible 

for synthesising hormones required for pregnancy and mediating the transfer of oxygen, 

nutrients and waste products to and from the fetus (Ji et al., 2013). The 

syncytiotrophoblast has a fetal facing basal membrane (BM) and a maternal facing 

microvillous membrane (MVM). The MVM is in direct contact with the maternal blood 

and maximises its surface area for nutrient exchange by being deeply covered in 

microvilli (Figure 1.5) (Burton et al., 2009a). 

The discontinuous cytotrophoblast layer maintains the syncytiotrophoblast throughout 

gestation, allowing it to expand by replenishing cells that have undergone apoptosis 

(Huppertz & Borges, 2008; Kar et al., 2007).  

The connective tissue layer, containing stromal cells, separates the cytotrophoblast and 

fetal endothelium. The terminal villous capillaries form a looped network of sinusoidal 

dilations that are highly metabolically active (Karimu & Burton, 1995). The external 

surface of these dilations, the endothelium, is in close proximity to the BM of the 

syncytiotrophoblast. The endothelium of the terminal villous capillaries is similar to that 
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of smooth muscle with paracellular tight junctions which provide a pathway for the 

passage of water and hydrophilic solutes to cross the capillary (Leach & Firth, 1992).  

 

Figure  1.5 – Structure of the syncytiotrophoblast at term showing the exchange barriers 

involved in nutrient transfer. The maternal facing microvillous membrane (MVM) is bathed 

in maternal blood and the basal membrane (BM) faces the fetal endothelium. 

 

1.3 Endocrine roles of the placenta 

Placental hormone secretion is essential for adapting maternal physiology to support the 

pregnancy and to prepare for birth. In the early stages of pregnancy, the 

syncytiotrophoblast secretes human chorionic gonadotropic (hCG) which promotes the 

maintenance of the corpus luteum and stimulates the secretion of oestrogen and 

progesterone which prevent menstruation. The fetal adrenal gland synthesises steroid 

sulphate precursors which the placenta requires for oestrogen synthesis (Soucy & Luu-

The, 2000).  

Placental growth hormone and lactogen are secreted by the placenta into the maternal 

circulation in order to modulate intermediary metabolism and increase the supply of 

glucose to the fetus (Cross & Mickelson, 2006; Freemark & Handwerger, 1989; 

Handwerger & Freemark, 2000). Placental growth hormone and lactogen are thought to 
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be involved in fetal growth, with the levels of these hormones positively correlating 

with fetal birth weight (Handwerger & Freemark, 2000). A summary of the hormones 

produced by the placenta and their functions is shown in Table 1.1. 

The placenta secretes paracrine hormones that allow maternal physiology to be altered 

so that gestation can progress. The secretion of growth hormone and lactogen into the 

maternal circulation stimulates production of insulin like growth factors (IGF-I and 

IGF-II), which the placenta is also able to synthesise. Both IGFs act through the IGF1 

receptor (IGFIR), which dimerises, initiating autophosphorylation. In vitro studies also 

suggest that IGFs may regulate placental development by initiating trophoblast invasion 

into the decidua and myometrium, helping to remodel the spiral arteries (Harris et al., 

2011). At birth, the IGF-I knockout mouse has severe fetal growth restriction (FGR), 

which indicates that placental abnormalities and mutations can directly affect fetal 

growth (Liu et al., 1993). 

Placental hormones can also affect the activity of nutrient transporters in the placenta. 

Leptin for example upregulates SNAT1 and 2 transporter activity while high insulin 

levels increase the uptake of the amino acid analogue MeAIB (Jansson et al., 2003; von 

Versen-Hoynck et al., 2009).  
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Table  1.1 – Key hormones produced by the placenta and their functions in pregnancy. 

Placental hormone Function  

(Gude et al., 2004; Murphy et al., 2006). 

Oestrogen (estrone, estradiol and 

estriol) 

Upregulates progesterone synthesis, adapts 

maternal physiology, regulates 

syncytiotrophoblast function and proliferation  

Progesterone Regulation of adhesion molecules and growth 

factors that prepare the endometrium for 

implantation 

Placental lactogen Initiates insulin like growth factor release 

Human chorionic gonadotropin (hCG) Promotes maintenance of the corpus luteum so 

that progesterone can be secreted in the first 

trimester 

Placental growth hormone Acts in concert with lactogen to initiate insulin 

like growth factor release. Supresses maternal 

hypothalamic pituitary adrenal axis  

IGF-I and IGF-II Growth factors 

Placental leptin Trophoblast proliferation, transporter activity 
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1.3.1 Developmental origins of health and disease  

A large body of evidence now supports the hypothesis that susceptibility to chronic 

disease in postnatal life is influenced by in-utero conditions (Gluckman & Hanson, 

2004). Pioneering studies by Professor David Barker demonstrated that low birth weight 

is associated with an increased prevalence of diabetes and coronary heart disease in later 

life (Barker et al., 1989). Subsequent studies have shown that it is not just low birth 

weight babies who are at risk of chronic diseases in later life and that there is a graded 

association across the range of birth weights (Hanson & Gluckman, 2008). The 

exception to this is with very high birth weight babies where risk begins to increase, 

particularly where there is maternal diabetes (Persson et al., 2011). Birth weight is 

likely to be a surrogate indicator for a poor intrauterine environment, which predisposes 

the fetus to disease in later life.  

The placenta modulates fetal environment, regulating nutrient supply to the fetus and 

waste product removal back to the mother. The maternal diet, body composition and 

lifestyle may all in part contribute to the regulation of placental function which will 

affect fetal growth and development (Lewis et al., 2013b). The fetal tissues undergo 

periods of critical growth and if demand for nutrients is not met by the placenta, the rate 

of cell division decreases resulting in disproportionate growth. Recently, animal studies 

have shown that the peri-conceptional time frame is a particularly vulnerable period as 

maternal peri-conceptional malnutrition results in an increased risk of chronic disease in 

later life (Fleming et al., 2012).  

Records kept during the Dutch Famine in World War II provide an in-depth insight into 

the effects of maternal under-nutrition throughout different trimesters of gestation. 

Women who had experienced the famine during the first six months of gestation had 
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babies who were of normal birth weight but were more at risk of cardiovascular disease 

and obesity in later life compared to women who only experienced under-nutrition at 

the end of gestation (Ravelli et al., 1999; Roseboom et al., 2000). This suggests that 

fetal programming is not determined by birth weight but the intrauterine environment.  

Placental function will alter nutrient transfer to the fetus which will directly affect its 

growth and development. It is thought that fetal growth restriction is a consequence of 

placental dysfunction that leads to fetal under nutrition (Krishna & Bhalerao, 2011). If 

fetal growth and development is to be optimal in order to prevent chronic diseases in 

later life, understanding the mechanisms behind normal placental function is crucial. 

1.4 Placental influences on fetal development 

An insufficient supply of any nutrient to the fetus may become limiting for fetal growth. 

This may lead to fetal growth restriction (FGR) or pre-eclampsia (Gude et al., 2004). 

Contrastingly, over nutrition can result in large for gestational age babies (LGA), as 

seen in some maternal diabetes cases where there is an increase in glucose transfer to 

the fetus (Jansson et al., 2002). 

FGR is defined as a fetus not reaching its genetically pre-determined birth weight. This 

may be caused by abnormal placental function, as well as pre-existing conditions and 

diseases of the mother, chromosomal defects, maternal diet and environment (e.g. 

smoking, alcohol intake / drug intake) (Briana & Malamitsi-Puchner, 2009; Sram et al., 

2005).  

Pre-eclampsia causes FGR and is also the world’s largest leading cause of maternal 

mortality and is characterised by the development of hypertension and proteinuria 

during the latter stages of pregnancy (Powe et al., 2011). The exact mechanisms and 
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cause of pre-eclampsia are still unknown but abnormal placental development and 

hypoxia in the intra-uterine environment is thought to be a key feature.  

Maternal hypoxia is thought to reduce the abilities of the invasive cytotrophoblast and it 

has been observed that there is a higher incidence of pre-eclampsia in women at high 

altitude (Genbacev et al., 1996; Zamudio, 2003; Zamudio, 2007). During the first 

trimester of pregnancy, levels of placental oxygen are low as the cytotrophoblast cells 

block the spiral arteries. However, once maternal blood flow to the placenta is initiated, 

oxygen tension increases and it is thought that this sudden change in oxygen levels 

increases oxidative stress, which may also contribute to pre-eclampsia (Burton & 

Jauniaux, 2004; Jaffe et al., 1997).  

LGA babies are defined as having a birth weight above 4000 g or being in the 90
th

 

percentile or above for their gestational age (Chauhan et al., 2005; Henriksen, 2008). 

LGA fetuses are associated with obstetrical and neonatal complications that present 

risks for both the fetus and the mother including a higher risk of hypoxia, 

hypoglycaemia and shoulder dystocia for the fetus whilst the mother is likely to have a 

prolonged labour, greater chance of a caesarean as well as postpartum haemorrhage and 

infections (Boyd et al., 1983; Modanlou et al., 1980).  

Maternal diabetes and maternal obesity are not thought to be the sole determinants of 

LGA infants as not all diabetic / obese women have LGA babies. It is likely that 

placental function is also implicated as LGA requires increased placental nutrient 

transfer (Leung & Lao, 2000; Lewis et al., 2013b). In the long term, LGA babies appear 

to be at an increased risk of developing metabolic syndrome, diabetes, asthma and being 

overweight in later life (Boney et al., 2005; Rogers, 2003).  
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1.5 Mechanisms of placental transport 

The supply of nutrients to and the removal of waste products from the developing fetus 

is necessary if optimal fetal growth and development is to occur (Cleal et al., 2011; 

Marconi & Paolini, 2008). The placental syncytiotrophoblast separates the fetal and 

maternal circulations. Thus, in order for substances to pass from the maternal to fetal 

circulation or vice versa, they must be transported across both the MVM and BM of the 

syncytiotrophoblast. Most nutrients, including glucose and amino acids, require 

membrane transporters, as they are either charged or too large to cross the membrane by 

diffusion. Membrane transporters are key to the transfer of nutrients across the placenta 

to the fetus, although some molecules can be transferred by the paracellular route 

(Figure 1.6).  

Once a solute has been transferred across the BM it must then cross the fetal capillary 

endothelium. The endothelium is not thought to be a barrier to glucose and amino acids 

as placental capillaries have a similar permeability to that of skeletal muscle, with 

paracellular clefts that are not occluded, unlike those in the brain (Leach & Firth, 1992). 

However, molecules such as non-esterified fatty acids are unlikely to be transferred into 

the fetal circulation via paracellular diffusion and will require other transport 

mechanisms.  

1.5.1 Active transport 

Active transport involves the movement of a solute across the plasma membrane, 

against a concentration or electrochemical gradient. If a substance is present in a higher 

concentration in the fetal blood, then it is likely that the substance is transported by 

active transport, which is divided into two classes; primary active transport and 

secondary active transport. Primary active transport is carried out by four types of 
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transporter; the P-type ATPase, the F-ATPase (mitochondrial membranes), the V-

ATPase and the ATP binding cassette (ABC) transporters (Lodish et al, 2000). These 

transporters all mediate the transport of a solute, which is directly coupled to the 

hydrolysis of ATP. The P-type ATPase family includes the Na
+
- K

+
-ATPase pump 

which helps the cell to maintain low concentrations of sodium and high concentrations 

of potassium, helping to maintain resting membrane potential (Palmgren & Nissen, 

2011). The F-ATPase family of transporters are found in the inner membranes of the 

mitochondria where energy harnessed from the transport of protons from high to low 

concentration is used to phosphorylate ADP into ATP (Kinosita, Jr. et al., 2004). The 

V-type ATPase family couple ATP hydrolysis to proton influx into organelles such as 

lysosomes (Beyenbach & Wieczorek, 2006). The ABC transporters mediate the 

transport of a variety of substrates, including drugs, xenobiotics, lipids and sterols, by 

coupling to the hydrolysis of ATP (Ni & Mao, 2011).  

1.5.1.1 Primary active transporters in human placenta 

In the human placenta, two examples of expressed primary active transporters are the 

Na
+
 - K

+ 
ATPase pump and the ABC transporters. The Na

+ 
- K

+
 ATPase pump utilises 

ATP in order to drive the efflux of three sodium ions and the influx of two potassium 

ions, providing the cell with a high concentration of potassium and a low concentration 

of sodium (Ogawa, 2009). This mechanism not only helps to maintain resting 

membrane potential but also assists transport. When sodium ions are effluxed from the 

cell, this provides a driving force for the secondary active transporters which are 

described below.  

In the human placenta, there are three other main groups of ABC transporter: P 

glycoprotein (ABCB1), breast cancer resistance protein (ABCG2) and the multidrug 
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resistance proteins (ABCC1, ABCC2, ABCC3). The apical expression of the majority 

of the ABC transporters in the placenta suggests that their function is to protect the fetus 

from the detrimental effects that many drugs and xenobiotics have on fetal development 

by driving the efflux of these substances back into the maternal circulation if they enter 

the placenta (Ni & Mao, 2011). This would be particularly beneficial if the mother is 

taking medication for pregnancy-induced conditions.  

1.5.1.2 Secondary active transport  

Secondary active transport involves a transporter utilising the energy stored in an 

existing concentration gradient. Ions such as sodium (Na
+
) are transported into the cell, 

down their concentration gradient, which increases entropy and provides energy for the 

transporter to also transport a solute at the same time (Figure 1.6). The majority of 

nutrient transfer across the syncytiotrophoblast is mediated by the solute carrier family 

(SLC) superfamily (Ni & Mao, 2011; Staud et al., 2012). The SLC series of transporters 

is made up of 52 families and currently 386 genes have been identified (Schlessinger et 

al., 2013). These genes encode transporters which mediate facilitated diffusion and 

secondary active transport by either functioning as co-transporters or antiporters and can 

be divided into accumulative transporters, exchangers and facilitated transporters 

(Fotiadis et al., 2013; Halestrap, 2013; Kanai et al., 2013) Symporters, such as the 

excitatory amino acid transporters (EAAT), transport the solute and the sodium ion in 

the same direction while exchangers mediate the transport of the solute and ion in 

opposite directions (Alberts et al., 2002; Lodish et al., 2000). 

1.5.1.3 Exchangers 

Exchangers are integral membrane proteins that mediate the transport of one solute 

along its electrochemical gradient while transporting another solute against the 
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electrochemical gradient. For exchangers to function there must be substrates on either 

side of the membrane before transport is able to occur. If one of the substrates is also a 

substrate for a facilitated transporter, this may produce a transmembrane gradient which 

could drive the activity of the exchanger by secondary active transport (Lodish, 2000).  

1.5.2 Facilitated transport  

Facilitated transport is a passive process whereby solutes, such as glucose, are able to be 

transported across the membrane by binding to trans-membrane integral transporter 

proteins. When a particular solute binds to a transporter, the protein undergoes a series 

of conformational changes that results in the transport of the solute from one side of the 

membrane to the other. Once the solute has been released, the transporter undergoes 

another conformational change, reverting back to its original state, ready to bind another 

substrate.  

Facilitated diffusion can also be mediated by ion channels which form a hydrophilic 

pore across the membrane that is narrow, highly selective and is able to open and close. 

Unlike transporters, ion channels do not directly interact with the substrate (Alberts et 

al., 2002). Rather, the solute, usually inorganic ions, passes through the channel when in 

its open state. For channels that are not constitutively open, channel opening can be 

initiated in one of three ways; a change in membrane potential (voltage-gated), the 

binding of a ligand (ligand-gated) and through mechanical stress (mechanical-gated) 

(Alberts et al., 2002).  
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Figure  1.6 - Mechanisms of nutrient transfer across the syncytiotrophoblast. Gases such as 

oxygen and carbon dioxide are freely diffusible but larger, hydrophobic molecules require 

active transport or facilitated diffusion to be transferred from one side of the membrane to the 

other. 

1.5.3 Passive diffusion 

Passive diffusion can be paracellular whereby a substance diffuses through the gaps 

between cells or transcellular in which a substance diffuses through the cell, down its 

concentration gradient. A paracellular route across the syncytiotrophoblast exists but its 

nature is debated due to the apparently continuous nature of the syncytiotrophoblast 

layer. There is evidence that the syncytiotrophoblast has fibrinoid filled denudations 

which provide a paracellular route for low molecular weight substances (Brownbill et 

al., 2000). It is also hypothesised that paracellular routes are formed under pressure via 

transtrophoblastic channels but it is not clear if these channels form one connecting 

route from the basal membrane to the microvillous membrane (Kertschanska et al., 

1994; Sibley et al., 1981; Stulc et al., 1969). The ability of a substance to diffuse 

passively is determined by its size and lipid solubility, with small, hydrophilic 

substances diffusing more easily than larger, hydrophobic ones (Alberts et al., 2002; 

Tieleman, 2006). Molecules such as oxygen and carbon dioxide are transported across 
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the placenta in this manner. It is possible that the paracellular route also provides a route 

through which xenobiotics reach the fetus.  

1.6 Placental transport 

Both the MVM and BM of the syncytiotrophoblast are equipped with these different 

types of transporters that allow the transfer of different amino acids, therapeutic drugs 

and toxins from one circulation to the other (Lewis et al., 2011). The combined action 

of these transporters allows the syncytiotrophoblast to control its uptake and efflux of 

critical molecules and compounds required for fetal growth and development as well as 

placental growth and function. 

Accumulative transporters mediate the influx of amino acids into the placenta from the 

maternal and fetal circulations and this can occur against a concentration gradient 

(Noorlander et al., 2004). EAAT1, CAT2b, CAT3, CAT4
 
and SNAT1, SNAT2 and 

SNAT4 transporters mediate the influx of amino acids into the placenta (Figure 1.7). 

The accumulative transporters create transmembrane amino acid gradients which can 

drive the uptake of other amino acids by the amino acid exchangers. Amino acid 

exchangers (ASCT1, ASCT2, LAT1, LAT2, y
+
LAT1 and y

+
LAT2) on the BM / MVM 

mediate the influx of a specific amino acid in exchange for the efflux of another amino 

acid into the fetal / maternal circulation (Cariappa et al., 2003; Cleal et al., 2011; Furesz 

et al., 1995; Ramadan et al., 2006). There must be amino acid substrates for both influx 

and efflux before exchange can occur and as a result, exchangers are unable to change 

the net concentration of amino acids (Cleal & Lewis, 2008).  

The facilitated transporters, TAT1, LAT3 and LAT4, are expressed on the BM of the 

syncytiotrophoblast and drive the efflux of specific amino acids into the fetal circulation 

(Cleal et al., 2011). These transporters are critical for determining the quantity of amino 
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acids that the fetus receives, providing net transport of alanine, tyrosine, phenylalanine, 

isoleucine and valine into the fetal circulation for growth and development (Cleal et al., 

2011). The accumulative transporters establish amino acid gradients which drives the 

efflux of amino acids through the facilitated transporters. 

 

Figure  1.7 – Amino acid transporter localisation on the MVM and BM of the placental 

syncytiotrophoblast (Cleal et al., 2011; Cleal & Lewis, 2008). 

 

The placenta not only modulates the exchange of nutrients between the mother and 

developing fetus but also protects the fetus from the detrimental effects of waste 

products and xenobiotics by mediating the transfer of these substances back into the 

maternal circulation across both the BM and MVM. Drugs and xenobiotics need to be 

transported into the cell in order to have their effects but molecular weight and lipid 

solubility affect the ability of a substance to cross the lipid bilayer. Many drugs and 

xenobiotics have been shown to cause birth defects. Thalidomide for example, was 

taken by pregnant women in the 1960s to stop morning sickness but was shown to be a 

teratogen as babies were born with malformation of the limbs (Matthews & McCoy, 

2003). As a result, transporters are required to mediate transfer back to the maternal 



  Chapter One: Introduction 

 25  

circulation (Figure 1.8). On the BM, xenobiotic uptake from the fetal circulation into the 

placenta is likely to be mediated by the OAT (SLC22) and OATP (SLCO) exchangers, 

which transport a wide variation of drug metabolites and xenobiotics (Helix et al., 2003; 

Ugele et al., 2008). Once back into the placenta, the ABC transporters are likely to work 

in conjunction with the OAT/OATP transporters to drive the efflux of xenobiotics back 

into the maternal circulation (Koepsell, 2013; Vahakangas & Myllynen, 2009).  

 

Figure  1.8 - Localisation of the SLC and ABC transporters on the BM and MVM of the 

syncytiotrophoblast. The ABC transporters utilise ATP to actively transport toxic substances 

from the fetus and placenta back into the maternal circulation whilst the secondary active SLC 

transporters mediate nutrient transport to the fetus. 

1.7 Regulation of membrane transporters in the placenta 

Factors such as nutrient concentration gradients, metabolism and placental blood flow 

alter nutrient transport to the fetus. There is now evidence to suggest that the activity of 

nutrient transporters in the syncytiotrophoblast is a rate limiting factor in the supply of 

nutrients to the fetus as altered regulation has been associated with pathological 

pregnancies. In FGR, SNAT1/SNAT2 and LAT1/LAT2 transporters are down regulated 

but the glucose transporters are unaffected (Jansson et al., 1993). In contrast, glucose 
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transporters are up regulated in mothers with type one diabetes but not in mothers with 

gestational diabetes, suggesting that babies exposed to high glucose in early gestation 

will develop high glucose levels later in life compared to those from mothers with 

gestational diabetes (Jansson et al., 2002). As fetal growth relies upon nutrient transfer, 

it is important to understand the mechanisms that regulate the placental nutrient 

transporters if the mechanisms underlying fetal programming are also to be understood 

(Jones et al., 2007).  

Growth factors such as IGF-I and IGF-II are also known to influence transporter 

function with IGF-I stimulating an increase in SNAT2 activity (Fang et al., 2006; Karl, 

1995). The circulating levels of IGFs in the maternal circulation of diabetic mothers are 

higher and this may also explain why some diabetic mothers have larger babies.  

The mammalian target of rapamycin (mTOR) signalling pathway is thought to be an 

important regulator of leucine transport via LAT1/LAT2, a regulation which is 

markedly decreased in FGR (Roos et al., 2007). mTOR is a serine/threonine kinase and 

acts as a nutrient sensor, monitoring the conditions in the cell’s environment and 

bringing about an appropriate response. Once activated, mTOR causes a signalling 

cascade that involves the phosphorylation of various kinases, which ultimately affects 

protein transcription and translation (Asnaghi et al., 2004). In the syncytiotrophoblast, 

mTOR signalling is highly active and inhibition leads to a reduction in leucine transport. 

This suggests that in FGR, mTOR signalling is down regulated resulting in reduced 

LAT1/LAT2 activity (Jones et al., 2007).  

These studies suggest that a combination of placental and maternal factors determine 

placental transporter regulation and that an alteration in these factors lead to an altered 
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supply of nutrients to the fetus, contributing to FGR and other pathological pregnancy 

conditions.  

1.8 Placental glutamate 

Glutamate is not thought to be transferred across the placenta into the fetal circulation; 

rather there is net uptake from both the maternal and fetal circulations (Cetin et al., 

2005; Day et al., 2013). Glutamate efflux from the placenta cannot be explained by 

current models of placental amino acid transport (Cleal et al., 2011). This is consistent 

with the fact that within the placenta, the levels of intracellular glutamate are 

remarkably high (5 mmol/l) when compared to the average levels of most other amino 

acids (Phillips et al., 1978).  

The high levels of glutamate are known to be important for metabolism, providing 

glutamine for the developing fetus and α-ketoglutarate which enters the Kreb’s cycle 

(Day, 2012). However, it is now also known that there is an unexplained glutamate 

efflux route, primarily into the maternal circulation (Day, 2012). It is not only unclear 

how this happens but it also unknown what the function of glutamate efflux from the 

placenta is. Glutamate efflux from either side of the syncytiotrophoblast is likely to be 

taken back up by the highly accumulative EAAT1 and EAAT3 transporters, which have 

a Km of 18-28 µmol/l for glutamate (Arriza et al., 1994; Broer, 2002). It is unclear why 

the placenta generates a transmembrane glutamate gradient, only for efflux to occur 

before re-uptake completes the short circuit.  

In other organs such as the liver and brain, glutamate in its anionic form is a substrate 

for other transport mechanisms but little is known about their expression in the placenta 
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(Blondeau, 2002; Sato et al., 2000). It is therefore possible that there are unidentified 

glutamate transporters within the human syncytiotrophoblast. 

The Maxi chloride channel is permeable to glutamate as well as other anions. The Maxi 

chloride channel is an outwardly rectifying anion channel whose molecular identity is 

unknown. However, it can be identified on the basis of activity in many tissues 

including the MVM of the placental syncytiotrophoblast (Vallejos & Riquelme, 2007). 

The Maxi chloride channel is involved in regulatory volume decrease which is initiated 

when a cell undergoes an osmotic challenge (Helix et al., 2003). The channel opens, 

allowing the efflux of glutamate and chloride ions and the efflux of water then follows, 

restoring cell volume (Musante et al., 1999).  

As regulatory volume decrease involves changing the chloride and potassium 

concentrations in the cell, the electrochemical gradient is altered which is known to be a 

determinant of amino acid transport across the MVM (Sibley et al., 1998). As a result, 

the efflux of glutamate through the Maxi chloride channel may indirectly alter amino 

acid transport into the placenta. Table 1.2 illustrates the other known human glutamate 

transporters and channels.  
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Table  1.2 - Transporters and channels known to mediate glutamate efflux.  

Transporter 

 

Mechanism Expression in 

placenta 

Tissue 

localisation 

External Km for 

glutamate 

xCT 

(SLC7A11) 

 

Exchanger No (Mann et al., 

2003) 

Brain, liver, 

kidney, eye, 

stomach 

48.1 µmol/l 

(Hosoya et al., 

2002) 

AGT-1 

(SLC7A13) 

 

Exchanger No (Matsuo et 

al., 2002) 

Kidney 22.9 µmol/l 

(Sarthy et al., 

2005) 

OAT2 

(SLC22A7) 

 

Exchanger No (Fork et al., 

2011) 

Liver and kidney 1.2 mmol/l

Fork et al., 

2011)

ASCT2 

(SLC1A5) 

 

Exchanger Yes (Johnson & 

Smith, 1988) 

 

Kidney, large 

intestine, lung, 

placenta 

1630 µmol/l 

(Utsunomiya-

Tate et al., 1996)

Maxi chloride 

 

Channel Yes (Riquelme, 

2006) 

Ubiquitous Unknown 

VRAC Channel Unknown Ubiquitous Unknown 

 

1.8.1 Roles of placental glutamate 

In the isolated perfused placenta, the high level of intracellular glutamate is thought to 

have a variety of roles, including metabolism into glutamine and Kreb’s cycle 

intermediate alpha-ketoglutarate as well as having a role in synthesis of the major 

antioxidant glutathione and acting as an osmolyte (Musante et al., 1999; Newsholme et 

al., 2003; Noorlander et al., 2004).  

Glutamate is also known to be a substrate for glutathione synthesis. Glutathione is a 

tripeptide comprising glutamate, cysteine and glycine and has many functions in many 

living organisms but acts primarily as an antioxidant by interacting with reactive oxygen 

species (Lushchak, 2012). Reactive oxygen species are produced naturally as a by-

product of oxidative phosphorylation. In a narrow concentration range, reactive oxygen 
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species are known to act as messengers in signalling cascades (Fisher, 2009; Linley et 

al., 2012; Rhee, 1999). However, at higher concentrations, these molecules are highly 

reactive and unstable, resulting in damage to DNA, proteins and vasculature and 

inducing apoptosis (Figure 1.9). During gestation, oxidative stress in the placenta 

increases due to increased exposure to oxygen, as well as an increase in oxidative 

phosphorylation, to keep the fetus supplied with glucose and amino acids. As a result, 

the synthesis and supply of antioxidants to the placenta is thought to be important in 

maintaining placental function by preventing structural damage to the vasculature 

(Myatt & Cui, 2004).  

Glutamate is central to nitrogen metabolism, being transaminated and deaminated to 

allow synthesis of other amino acids and metabolites that both the placenta and the fetus 

need for growth and development (Newsholme et al., 2003). The major products of 

glutamate metabolism in the isolated human perfused placenta are glutamine, the Kreb’s 

cycle intermediate alpha-ketoglutarate and proline (Day et al., 2013). Similar findings 

have been observed in the sheep placenta and other species (Bloxam et al., 1981; Chung 

et al., 1998).  
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Figure  1.9 – The involvement of glutathione (GSH) with reactive oxygen species. Reactive 

oxygen species interact with GSH forming GSSG (oxidised glutathione). Glutathione radicals 

(GS●) combine to form GSSG. The active reduced form (GSH) is then reformed by the action 

of glutathione reductase (GR). A dot indicates production of a free radical and an unpaired 

electron. 

 

The placenta metabolises amino acids into ketoacids which can then enter the Kreb’s 

cycle. During this process, ammonia is produced. The placenta does not have a urea 

cycle to remove ammonia but the metabolism of glutamate into glutamine by glutamine 

synthetase requires the addition of ammonia. Glutamine and its ammonia group can 

then be transported into the maternal circulation, preventing a build-up of toxic 

ammonia within the placenta (Battaglia, 2000; Jozwik et al., 2009).  

As both glutamine and glutamate have important roles in the placenta, cycling between 

the two molecules is essential for optimal growth and development of the fetus as well 

as placental function (Battaglia, 2000; Moores, Jr. et al., 1994) (Figure 1.10).  

Glutamine is considered to be a conditionally essential amino acid as many tissues rely 

on glutamine utilisation for normal function, with glutamine having roles in purine and 

pyrimidine synthesis, protein synthesis and amino sugar synthesis (Boza et al., 2000; 

Cory & Cory, 2006; Lacey & Wilmore, 1990).  
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Figure  1.10 - The metabolic fate of glutamate within the human placenta. 

 

 It is currently unclear whether the levels of placental glutamate are altered in 

pathological pregnancies. Studies have shown that the maternal serum of pre-eclamptic 

women contains higher levels of glutamate (Odibo et al., 2011; Teran et al., 2012). In 

FGR, no differences have been found in the expression and distribution of the EAAT 

transporters in FGR placentas compared to control (Noorlander et al., 2004). However, 

the average umbilical venous plasma glutamate concentration is significantly higher in 

pregnancies complicated by gestational diabetes suggesting that glutamate transport is 

altered (Cetin et al., 2005). 
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1.9 Aim 

It is unknown how glutamate efflux from the placenta occurs and what the purpose of 

this efflux is. The aim of this investigation is: 

 To determine the mechanisms behind glutamate efflux from the MVM and BM 

of the human placental syncytiotrophoblast 

 

1.9.1 Hypothesis 

This investigation hypothesises that glutamate efflux from the MVM and BM of the 

placental syncytiotrophoblast is mediated by exchange mechanisms and / or the Maxi 

chloride channel (Figure 1.11).  

 

Figure  1.11 – Potential glutamate efflux mechanisms from the MVM and BM of the 

placental syncytiotrophoblast. 
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2.1 Methods 

In order to investigate the efflux of glutamate out of the human placenta, a variety of 

approaches were used including the placental perfusion methodology, as previously 

described by (Day et al., 2013; Schneider et al., 1979). Xenopus laevis oocytes were 

used to determine whether glutamate is a substrate for SLC exchangers.  

2.2  Placental perfusion methodology 

Human placentas were collected with written informed consent from normal term 

deliveries at the Princess Anne Maternity Hospital, Southampton. Ethical approval from 

the Southampton and Southwest Hampshire Regional Ethics Committee (REC approval 

number 308/03/w).  

2.2.1 Equipment and reagents for placental perfusions 

 14
C-glutamate (0.26 ci/mmol) (PerkinElmer, Cambridge, UK) 

  
3
H-proline (94.9 ci/mmol) (PerkinElmer, Cambridge, UK) 

 Unlabelled amino acids (Sigma, Dorset, UK) 

 Bovine serum albumin (BSA) (Sigma, Dorset, UK) 

 Sodium dihyrdogen phosphate (NaH2PO4) (VWR – BDH Chemical Suppliers, 

Lutterworth, UK) 

 Sodium bicarbonate (NaHCO3) (Sigma, Dorset, UK) 

 Sodium chloride (NaCl) (Sigma, Dorset, UK) 

 D-glucose (Sigma, Dorset, UK) 

 Calcium chloride dihydride (CaCl2.2H2O) (Sigma, Dorset, UK) 

 Potassium chloride (KCl) (Fisher, Loughborough, UK) 

 Magnesium sulphate heptahydrate (MgSO4.7H2O) (Sigma, Dorset, UK) 
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 Heparin sodium (NHS supplies, Wrexham, UK) 

 Creatinine (Acros organics, Geel, Belgium) 

 Creatinine Infinity kit (ThermoFisher Scientific, UK) 

 Optiphase scintillation fluid (PerkinElmer, Cambridge, UK) 

 Scintillation vials (Fisher Scientific, Loughborough, UK) 

 Perfusion roller pumps (Watson Marlow, Falmouth, UK) 

 Portex clear PVC tubing (Smiths Medical, Ashford, UK) 

 Water bath (Thermal electron corporation, Cheshire, UK) 

 TriCarb Liquid Scintillation Analyser 2100TR (Perkinelmer, Cambridge, UK) 

 Plate reader (Multiskan EX, ThermoLabsystems, Massachusetts, USA).  

2.2.2 Working solutions for placental perfusions 

Earle’s Bicarbonate Buffer (EBB) Stock A: 1.8 mmol/l of CaCl2.2H2O and 0.4 

mmol/l of MgSO4.7H2O were dissolved in ddH2O up to a final volume of 1 litre. 

EBB Stock B: 116.4 mmol/l of NaCl, 26.2 mmol/l of NaHCO3, 5.5 mmol/l of D-

glucose 5.4 mmol/l of KCl, 0.9 mmol/l NaH2PO4 were dissolved in ddH2O up to a final 

volume of 1 litre.  

Final EBB: Fetal EBB (2 l) was prepared by adding 200 ml of EBB stock A to 400 ml 

EBB Stock B, 200 ml of 0.1% BSA (2 g dissolved in 200 ml ddH2O) and 1.8 mmol/l 

creatinine. 

Bolus stocks: 16 µmol bolus (160 µl of 0.1 mole/l bolus stock + 1340 µl Final EBB)  
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2.2.3 Isolated perfused human placental cotyledon 

Within 30 min of delivery, placentas were perfused using the methodology established 

in our laboratory (Figure 2.1) (Day et al., 2013). A 15 cm catheter (inside diameter 1.0 

mm, outside diameter 1.6 mm) was inserted into the fetoplacental artery and 

fetoplacental vein (inside diameter 2.0 mm, outside diameter 3.0 mm) of the selected 

intact cotyledon and sutured in place. To prevent pooling of perfusate on the top of the 

maternal surface of the placenta, parafilm was used to stabilise the placental set up. The 

fetal circulation was then perfused with Earle’s Bicarbonate Buffer at 6 ml/min (EBB, 

1.8 mmol/l CaCl2, 0.4 mmol/l MgSO4, 116.4 mmol/l NaCl, 5.4 mmol/l KCl, 26.2 

mmol/l NaHCO3, 0.9 mmol/l NaH2PO4, 5.5 mmol/l glucose) containing 0.1% bovine 

serum albumin, and 25000 IU/l heparin equilibrated with 95% O2 / 5% CO2). If 

perfusion of the fetal circulation resulted in a fetal venous recovery of 95% of the fetal 

venous inflow, then the maternal side of the placenta was then also perfused with EBB 

at a rate of 14 ml/min, following the insertion of five 10 cm polythene tubes (inside 

diameter 0.58 mm, outside diameter 0.96 mm) into the intervillous space through the 

maternal decidua of the cotyledon.  

After 15 min, the maternal circulation was switched to EBB buffer containing 1.4 

µmol/l of 
3
H-proline and 58.5 nmol/l of 

14
C-glutamate and 1.8 mmol/l creatinine. 

Samples (1.5 ml) were then collected at regular time points from the fetal and maternal 

veins. 

At the end of the experiment, 1 ml of each fetal and maternal sample was pipetted into a 

scintillation vial containing 4 ml of scintillation fluid and thoroughly mixed and left to 

settle before being counted in a liquid scintillation counter. 
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Figure  2.1 - Placental perfusion methodology. The fetal placental artery and vein of an intact 

cotyledon are perfused with EBB buffer. 

2.3 Sampling during placental perfusions 

The placental perfusion technique was used to determine whether exchangers within the 

placenta mediate glutamate efflux. Exchangers are only functional if there are substrates 

on both sides of the membrane so that exchange can occur. In the placental perfusion 

technique, the fetal or maternal circulation was injected with boluses of specific amino 

acids and potential exchanger substrates to determine whether this initiated exchange 

for the 
14

C-glutamate that had been perfused into the maternal circulation. An increase 

in the transfer of 
14

C-glutamate indicates exchange occurring (Cleal et al., 2007; Cleal 

et al., 2011).  

To determine the time it takes for a bolus to perfuse the placenta, a radiolabelled 

glutamate bolus was injected into the injection port upstream of the fetal circulation 

pump which was perfused with EBB buffer in the absence of a placenta. Samples were 
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collected from the fetal arterial catheter every 30 s for 20 min before being counted via 

the liquid scintillation counter. Figure 2.2 shows that counts were observed from 1.5 

min, peaking at 3 min and returning to normal by 15 min to ensure that any potential 

exchange was observed, samples during a bolus injection were collected at +1, +1.5, +2, 

+2.5, +3, +3.5, + 4, + 4.5, +5, +8, +13, +17, +21, and +25 min.  

 

 

Figure  2.2 - Optimal sampling times for placental perfusion experiments. A radiolabelled 

glutamate bolus was injected at time point zero and samples were collected from the fetal 

arterial catheter (n = 2). The radiolabelled glutamate bolus can be seen to exit the catheter at the 

1.5 min point, with the highest counts observed at 3 min. By 10 min, CPM has returned to zero. 

Data are presented as raw CPM values.  

2.4 Liquid scintillation counting 

Liquid scintillation counting was used after each placental perfusion in order to 

determine the radioactivity levels in each sample collected. Each sample is added to 4 

ml scintillation fluid and placed into the counter. This results in a β-particle (electron) 
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being given off as kinetic energy. Energy from the β-particle is transferred to the solvent 

in the scintillation fluid. Upon passing the energy from β-particle to solvent, the latter 

reaches an excited state which is subsequently able to excite other solvent molecules or 

the solute. The solute returns to ground state but in the process, gives off a photon of 

light. The levels of radiolabelled tracer will be proportional to the amount of light 

produced. In order to show that scintillation counting is accurate, a serial dilution of 

14
C-glutamate in EBB buffer was carried out. Figure 2.3 shows that there was a linear 

relationship between the 
14

C-glutamate counts per minute (cpm) and the serially diluted 

14
C-glutamate samples. On average, maternal 

14
C-glutamate circulation samples have 

2700 cpm and fetal 
14

C-glutamate circulation samples have 53 cpm. 

 

Figure  2.3 – Linear relationship between 
14

C-glutamate counts (cpm) and serially diluted 
14

C-glutamate stocks (R
2
 = 0.999). 
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2.5 Creatinine infinity assay 

Creatinine (a breakdown product of creatine) is used in the placental perfusion 

methodology at a concentration of 1.8 mmol/l as a surrogate marker for paracellular 

diffusion across the placenta (Brownbill et al., 2000; May et al., 2008). Previous 

placental perfusions have demonstrated that creatinine transfer from the maternal to 

fetal circulations is at a constant rate and comparable to that of L-glucose (Cleal et al., 

2011). Levels of creatinine from maternal and fetal samples, collected throughout the 

experiment, were determined using the kinetic Creatinine Infinity kit. Creatinine infinity 

reagent (50 µl) was added to fetal samples (5 µl) or maternal samples (10 µl). A stock 

concentration of 1.8 mmol/l was used in all perfusions so that the concentrations of 

creatinine detected in the fetal and maternal samples are within the linear range of the 

standard curve. After the addition of the creatinine reagent, the plate was read after 1 

min at 490 nm and then again after 3 min. The creatinine in the samples reacts with 

alkaline picrate (Jaffe reaction) to produce a red colour, which is measured at 490 nm, 

the intensity of which is proportional to the concentration of creatinine in each sample 

(Toora & Rajagopal, 2002). The absorbance at 1 min is subtracted from that at 3 min 

before a serially diluted standard was used to create a standard curve to demonstrate that 

the assay is linear in the necessary range (Figure 2.4).  
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Figure  2.4 - Validation of creatinine assay using a standard curve. 

 

Due to the plate reader malfunctioning, the majority of creatinine assays were carried 

out on a different plate reader and measured at a slightly different absorbance that may 

have affected the results.  

2.6 RNA extraction, purification and quantification 

Total RNA had previously been extracted from term placental tissue using the Qiagen 

RNAeasy fibrous tissue RNA isolation kit according to the manufactures instructions. 

In order for the RNA samples to be representative of the whole placenta, 5 samples 

were taken using a stratified random method, frozen in liquid nitrogen, powdered in a 

frozen press and stored at -80°C. The concentration and quality of the extracted RNA 

was assessed using the Nanodrop™ 1000 Spectrophotometer (Thermal Fisher, USA). 
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2.7 Reverse transcription 

Complementary DNA (cDNA) was reverse transcribed from placental RNA. A reaction 

mixture comprising 0.2 μg RNA, nuclease free water, 500 ng/l random hexamer primers 

(Promega, Southampton, UK) was incubated at 70
o 

C for 5 min. Moloney Murine 

Leukaemia Virus enzyme reverse transcriptase (200 units) (Promega, Southampton, UK) 

and recombinant RNasin ribonuclease inhibitor (25 units) (Promega, Southampton, UK) 

along with nuclease free water, 0.5 mmol/l of dATP, dCTP, dGTP and dTTP, 5 × 

Moloney Murine Leukaemia Virus enzyme reaction buffer (Promega, Southampton, UK) 

was then added to the reaction mixture to a final volume of 20 µl. The mixture was then 

incubated for 60 min at 37°C and then 10 min at 75°C. 

2.8 Reverse transcriptase polymerase chain reaction 

Reverse transcriptase PCR (rtPCR) was carried out in order to test whether or not 

specific genes were expressed in human placental tissue, primary cytotrophoblast cell 

culture samples and BeWo cell culture samples. Intron spanning primers were designed 

using Primer3 software (http://frodo.wi.mit.edu) using sequence information from 

PubMed (www.ncbi.nlm.nih.gov/Genbank). Oligonucleotide primers were synthesised 

by Eurogentec (Seraing, Belgium). PCR was carried out by adding 2 X PCR MasterMix 

(Promega, Southampton, UK), 1 µmol/l of forward primer, 1 µmol/l of reverse primer 

and 160 ng (4 µl) of reverse transcribed cDNA and using nuclease free water to obtain a 

final reaction mixture of 25 µl. Placental cDNA was pooled from 10 different placentas 

(1 in 10) and diluted with an equal volume of water to give a final 1 in 20 placental 

cDNA stock.  

Thermal cycling was initially performed under the following conditions: 9°C for 3 min; 

40 cycles at 94°C for 30 sec, 60°C for 30 sec and 72°C for 30 sec; and then 72°C for 4 

http://www.ncbi.nlm.nih.gov/Genbank
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min (Veriti, 96 well thermal cycler, Applied Biosystems, Paisley, UK). Temperature 

gradients were carried out if the expected annealing temperatures did not produce a 

PCR product. 

2.9 Gel electrophoresis 

Gel electrophoresis was used to determine the sizes of the PCR products by comparing 

them to molecular weight ladders. Gel electrophoresis mediates the separation of DNA 

molecules according to their charge and size so that the lengths of PCR products can be 

calculated. The phosphate groups present on the deoxyribose backbone of DNA 

molecules give DNA fragments a negative charge resulting in them moving towards the 

positive electrode when an electrical current is applied.  

Agarose gels (1.5%) were made with Tris Borate Ethylenediaminetetraacetic acid (TBE) 

buffer (40 mmol/l Tris-acetate 1 mmol/l EDTA pH 8.3) (Fisher Scientific, UK). The 

solution was heated until the agarose had completely dissolved. 7 µl of gel red was 

added to the agarose mixture and then poured and left to set. 1 Kb ladder (6 µl) 

(Promega, Southampton, UK), ddH2O and 6 x loading buffer (4 µl) were mixed together 

before 15 µl of PCR sample and 6 x loading dye (3.5 µl) were added to the remaining 

wells. The gel was run for 60 min at 100 V before being visualised under ultraviolet 

light.  

2.10 Purification of PCR products 

Where DNA sequencing of the PCR products was required, bands were excised from 

the gel under ultraviolet light and purified using the Wizard SV Gel and PCR Clean up 

System (Promega, Southampton, UK), according to the manufacturing instructions. 

Membrane binding solution (10 µl) was added per 10 mg of the gel sample. The gel was 
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heated to 60°C to dissolve the gel and vortexed to ensure mixing. The solution 

transferred into a minicolumn with a collection tube and spun at 16,000 g for 1 min. The 

flow through collected into the tube was discarded before being centrifuged again at 

16,000 g but with the addition of membrane wash solution. This step was then repeated 

before placing the minicolumn into a new collection tube, to which 50 µl of nuclease 

free water was added and spun for 1 min at 16,000 g to elute the DNA which was then 

stored at -20°C.  

2.11 Basal and microvillous membrane preparation 

Basal membrane preparations were made using an established laboratory methodology 

(Cleal et al., 2011). Human placentas were collected immediately after delivery, 

trimmed and the placental tissue cut and washed in ice cold PBS whilst being stirred to 

remove the MVM. Syncytial integrity was further disrupted by sonication so that the 

filtrate could be collected and centrifuged to gain a basal membrane pellet. The pellet 

was added to intravesicular buffer and vesiculated by passing the suspension through a 

fine gauge needle and then stored at -80°C. MVM preparations were prepared 

previously using an established methodology (Lewis et al., 2007).  

2.12  Determining membrane preparation protein concentration 

A bicinchoninic (BCA) acid protein assay was carried out to determine the protein 

concentration of BM and MVM samples colormetrically (Thermo Scientific, UK). This 

method relies on the production of a purple colour generated by detection of copper ions 

(Cu
2+

) by BCA once copper has been reduced (biuret reaction). The protein 

concentrations were determined by comparing to a standard curve made from bovine 

serum albumin (BSA) (Figure 2.5).  
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Table  2.1 – Standards used for BCA protein assay. 

Standards 

Volume of 

diluent (H2O) 

(µl) 

Volume of 

RIPA buffer 

(1x) (µl) 

Volume and 

source of BSA 

BSA 

concentration 

(µg/ml) 

A 0 10 290 of stock 1934.7 

B 115 10 375 of stock 1500 

C 315 10 325 of stock 1000 

D 165 10 175 of B 750 

E 315 10 325 of C 500 

F 315 10 325 of E 250 

G 315 10 325 of F 125 

H 390 10 100 of G 25 

I 390 10 0 0 

 

The working reagent is prepared from BCA reagent 1 and BCA reagent 2 at a ratio of 

50:1 (Table 2.1). The standards and samples are then added to a 96 well plate along with 

the working reagent, thoroughly mixed and incubated at 37°C for 30 min before the 

absorbance is measured at 550 nm (Multiskan EX, ThermoLabsystems, Massachusetts, 

USA).  

 

Figure  2.5 – Example BSA standard curve used in BCA protein assay. 



  Chapter Two: General Methods 

 48  

2.13 Western Blotting 

Polyacrylamide gel electrophoresis (PAGE) was used to separate proteins from purified 

syncytiotrophoblast plasma membrane preparations, according to their charge and 

molecular weight. The proteins on the gel are then transferred to a polyvinylidene 

difluoride (PVDF) membrane so that primary and secondary antibodies can be added to 

the blot and the protein visualised.  

2.13.1 Equipment and reagents for Western blotting 

 4-12% PreCast gels (Expedeon, Cambridge, UK) 

 Advanced blocking reagent (GE Health Care Life Sciences, 

Buckinghamshire, UK) 

 Antioxidant (10x) (Expedeon, Cambridge, UK) 

 Blotting paper (Expedeon, Cambridge, UK) 

 Dri-block DB-2A heat block (Techne, Staffordshire, UK) 

 Dithiothreitol (DTT) (Expedeon, Cambridge, UK) 

 Methanol (Fisher Scientific, Loughborough, UK) 

 Monoclonal anti-β-actin-peroxidase (Sigma, Dorset, UK) 

 Phosphate buffered saline tablets (Sigma, Dorset, UK) 

 Precision plus protein dual colour standards ladder (Biorad, 

Hertfordshire, UK) 

 Primary and secondary antibodies (Abcam, Cambridge, UK) 

 PVDF membranes (Expedeon, Cambridge, UK) 

 Radio Immuno Precipitation Assay buffer (RIPA) 

 RunBlue sample buffer (Expedeon, Cambridge, UK) 
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 SDS running buffer (Expedeon, Cambridge, UK) 

 Sodium chloride (NaCl) (Sigma, Dorset, UK) 

 Sodium deoxycholate (Sigma, Dorset, UK) 

 Sodium dodecyl sulphate (SDS) (Sigma, Dorset, UK) 

 SuperSignal West Femto Chemiluminescent Substrate (Thermo 

Scientific, UK) 

 Transfer buffer (Expedeon, Cambridge, UK) 

 Tris (Sigma, Dorset, UK) 

 Triton X-100 (Sigma, Dorset, UK) 

 Tween (Fisher Scientific, Loughborough, UK) 

 Western blotting tank (Expedeon, Cambridge, UK) 

 

2.13.2 Working reagents for Western blotting 

 Running buffer: 40 ml SDS running buffer + 1 ml antioxidant + 759 ml ddH2O 

 Transfer buffer: 100 ml transfer buffer + 100 ml methanol + 820 ml ddH2O 

 SuperSignal West Femto Chemiluminescent Substrate: 500 µl ECL solution 

A + 500 µl ECL solution B (1:1) 

 3% advanced blocking reagent: 0.3 g blocker in 10 ml PBS-T 

 RIPA: 150 mmol/l NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% 

SDS and 50 mmol/l Tris (pH 8.0) were mixed and RIPA made up to a final 

volume of 50 ml.  

2.13.3 Western blotting protocol  

Microvillous membrane (MVM) and basal membrane (BM) samples (45 μg protein 

diluted in RIPA buffer) were mixed with loading buffer and heated at 70°C for 10 min 
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to disrupt secondary and tertiary structures. Samples were separated by electrophoresis 

in 4–12% SDS-PAGE gels for 60 min at 150 V with running buffer before being 

transferred onto PVDF-membranes for 75 min at 200 V. The membranes were blocked 

overnight at 4°C with 3% advanced blocking reagent in phosphate-buffered saline – 0.1% 

Tween-20 (PBS-T, pH 7.4). Primary antibodies against target proteins were purchased 

from Abcam. Following optimisation experiments involving a combination of primary 

and secondary antibody conditions, blots were incubated with the optimum 

concentration of primary antibody overnight at 4°C. Following three subsequent 10 min 

washes with PBS-T, blots were then incubated with secondary antibody conjugated to 

horseradish peroxidase for 60 min. Immunoreactive signals were visualized using 

SuperSignal West Femto Chemiluminescent Substrate. For each blot, a negative control 

which was blotted with only the secondary antibody was performed. Each membrane 

was incubated with monoclonal anti-β-actin-peroxidase (1:10000) to confirm equal 

protein loading. 

2.13.4 Western blotting quantification 

Protein expression was quantified by adjusting to the expression of control protein β-

actin using Image J (National Institute of Health). The western image was converted to 

grayscale before the background noise was subtracted. The image was then inverted and 

the freehand selection tool used to draw around the protein band. This provided values 

for the area, mean grey value and integrated density. Absolute intensity was calculated 

by multiplying the mean and pixel values. This process was repeated for the β-actin 

image. Relative intensity was calculated by multiplying the absolute intensity for β-actin 

and the protein of interest. A relative intensity of one indicates that the sample contains 

more of the protein of interest compared to β-actin. 
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2.14 Xenopus laevis oocyte preparation and injection 

2.14.1 Bacterial transformation 

Transporter clones were purchased from Origene (distributed by Cambridge 

Biosciences, Cambridge, UK) (Figure 2.6). The following methods were used to grow 

up the clone in competent cells before the transporter DNA was isolated, linearised, 

converted to cRNA and injected into Xenopus laevis oocytes.  

Competent DH5α E-Coli cells (Invitrogen, UK) were thawed on ice before being added 

to 10 ng of plasmid DNA and the mixture was gently tapped to ensure mixing. The 

mixture was then left to incubate on ice for 30 min before undergoing a heat shock at 

42°C for 30 s. Following a 2 min incubation on ice, 900 μl of RT LB Broth (10 g 

tryptone, 5 g yeast extract, 5 g NaCl; 25 g dissolved in 1 l ddH2O) (Fisher, 

Loughborough, UK) was added and left to incubate at 37°C in a shaker at 225 rpm for 

60 min. Following incubation, 100 μl to 200 μl of the mixture was spread onto agar 

plates (LB Agar: 10 g tryptone, 5 g yeast extract, 5 g NaCl, 15 g agar; 40 g dissolved in 

1 litre ddH2O) (Fisher, Loughborough, UK) containing 50 ng/μl carbenicillin (Sigma 

Aldrich Scientific, UK) and incubated overnight at 37°C.  

After 24 hr, one colony of transformed DH5α cells was picked and inoculated overnight 

in 50-100 ml of LB broth (Fisher Scientific, UK) containing 50 ng/μl carbenicillin 

(Sigma, UK) and left to incubate at 37° C in a shaker at 225 rpm for 12 hr. 
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Figure  2.6 – Structure of pCMV6 vectors containing xCT, OAT4 and OATP2B1 clones. 

 

2.14.2 Maxi-prep of plasmid DNA 

The Maxi-prep procedure was carried out according to the PureYield Plasmid Maxiprep 

protocol (Promega, Southampton, UK). The transformed, grown up, bacterial E-Coli 

DH5α cells contained in 100 ml of LB broth were pelleted by way of centrifugation at 

5000 g for 10 min. The supernatant was removed and the cell pellet resuspended in 3 ml 

of cell resuspension solution. Cell lysis solution (3 ml) was then added and the lysate 

inverted 3-5 times and left to incubate at RT for 5 min. Neutralisation solution (5 ml) 

was added to the lysate to stop lysis and the mixture was inverted a further 3-5 times 

allowing the formation of a white precipitate to form. The lysate was transferred to a 

Clearing Column and left to incubate for 2 min to allow the cellular debris to rise to the 

top. The column was centrifuged at 1500 g for 5 min. The filtered lysate was added to a 

binding column and centrifuged at 1500 g for 3 min. The column was washed with 5 ml 

of endotoxin removal wash and centrifugation repeated at 1500 g for 3 min. The flow 

through was discarded before 20 ml of column wash solution containing ethanol (100%) 

was added and centrifugation carried out at 1500 g for 5 min and then a further 10 min. 

DNA was eluted by adding 600 μl of nuclease free water to the binding column and 
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centrifuging for 5 min at 2000 g before being stored at -20°C. DNA was then sequenced 

(GATC Biotech, Berlin, Germany).  

2.14.3 Complementary RNA (cRNA) synthesis and purification 

Transporter DNA purified from the Maxiprep was converted to cRNA using the T7 

mMessage mMachine Kit (Ambion, Paisley, UK). A mixture of ribonucleotides (2x), 1x 

reaction buffer, 1 µg of linear template and enzyme mix was incubated at 37ºC for 3 hr 

in a volume of 40 µl before 1 µl of TURBO DNAse (Ambion, UK) was added and 

incubated at 37ºC for a further 15 min.  

cRNA was recovered using the MEGAclear Kit (Applied Biosystems). The RNA 

solution was made up to 100 µl with elution solution and mixed thoroughly. Binding 

solution concentrate (350 µl) and 100% ethanol (250 µl) was also added before the 

solution was transferred to the filter column and collection tube assembly and spun for 1 

min at 15,000 g. The flow through was discarded and the column washed with 500 µl 

wash solution and centrifuged for 1 min at 15,000 g. Elution solution (50 µl) was added 

to the RNA sample and incubated at 65ºC for 10 min before centrifugation at 15,000 g 

to elute the RNA.  

2.14.4 Quantification of cRNA 

The concentration and quality of the recovered cRNA was assessed by using the 

Nanodrop™ 1000 Spectrophotometer (Thermal Fisher, USA) and visualised on an 

agarose gel with gel red under ultraviolet light to ensure the product was the correct size 

(Figure 2.7). 
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Figure  2.7 – Example cRNA visualisation on an agarose gel. OATP2B1 cRNA produced an 

expected band size of 2421 bp. 

 

2.14.5 Xenopus laevis oocyte microinjection 

Xenopus laevis oocytes (European Xenopus Resource Centre, Portsmouth, UK) were 

stored in Oocyte Ringer’s 2 (OR2) buffer (2.5 mmol/l KCl, 82.5 mmol/l NaCl, 1 mmol/l 

CaCl2, 1 mmol/l Na2HPO4, 1 mmol/l MgCl, 5 mmol/l HEPES) and the oocytes detached 

using forceps. Collagenase (2 mg/ml) was added to the oocytes for 60 min to 

defolliculate them. Single oocytes were then transferred into ND91 buffer (2 mmol/l 

KCl, 91 mmol/l NaCl, 1.8 mmol/l CaCl2, 1 mmol/l MgCl, 5 mmol/l HEPES, 1% 

Penicillin/Streptomycin and 0.1% Gentamycin Sulphate) and stored at 18°C overnight 

before being injected. Microinjection needles (glass replacement 3.5 nl), (World 

Precision Instruments, Sarasota, USA) were made with a micro-electrode puller (PC-10, 
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Narishige International Ltd, London, UK) to synthesise needle tips with a diameter 10-

20 μm. The needle was then loaded with paraffin oil (Sigma, UK) by way of a syringe 

and then loaded onto the Nanoliter 2000 micro-manipulator (World Precision 

Instruments, Sarasota, USA). Stage V/VI Xenopus laevis oocytes were then injected 

with 20 ng of cRNA in 56 nl and transferred to ND91 for culture (Figure 2.8). 

 

Figure  2.8 - Xenopus laevis microinjection setup with stage V/VI oocytes showing the 

animal pole (dark brown) and the vegetal pole (light brown) 

 

2.14.6 Efflux studies 

Two to three days after injection, batches of ten oocytes (3 replicates = 30 oocytes) 

were incubated with 
14

C-glutamate before substrates of the relevant exchanger were 

added to initiate exchange. Oocytes were washed for 5 min in 1 ml RT ND91, before 
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being incubated in ND91 buffer containing 20 μmol/l 
14

C-glutamate for 30 min. The 

radioactive buffer was then removed and kept for liquid scintillation counting whilst the 

oocytes were washed three times in 1 ml of ice-cold ND91 buffer. Exchange substrates 

were then added to the oocytes at a concentration of 10 mmol/l or 20 mmol/l (500 µl) 

for five min. The substrate media was then removed and kept for liquid scintillation 

counting. The oocytes were washed twice in 1 ml of ice cold ND91 before 5% SDS was 

added and the oocytes were frozen, homogenised and added to 4 ml scintillation fluid so 

that exchange could be determined. Parallel experiments were carried out for non-

injected oocytes. 

2.15 BeWo cell culture 

BeWo cells, a human placental choriocarcinoma cell line, were used to investigate the 

regulation of placental amino acid transporters (Lot number 04l008, HPA Culture 

Collections, UK). The BeWo cell line was established in culture in 1966 and originates 

from choriocarcinoma that metastasised to the cerebrum. Following a period of eight 

years of maintenance in a hamster cheek pouch, the BeWo cell line was established into 

continuous cell culture (Pattillo and Gey, 1968; Pattillo et al., 1971).  

2.15.1 Equipment and reagents for cell culture 

 5 ml, 10 ml and 25 ml sterile stripettes (Corning, New York, USA) 

 6 well plates (Corning, New York, USA) 

 15 ml / 50 ml falcon tubes (Corning, New York, USA) 

 Beckman GS-6R Centrifuge (Beckman Coulter, High Wycombe, UK) 

 Dulbecco’s modified Eagle’s medium (DMEM) (Lonza, Cambridge, UK)  

 Fetal bovine serum (FBS) (Lonza, Cambridge, UK) 
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 FuGENE HD (Promega, Southampton, UK) 

 Glutamine (Lonza, Cambridge, UK) 

 Ham’s F12 nutrient mixture (Lonza, Cambridge, UK) 

 Incubator (Sanyo, Osaka, Japan) 

 Microscope (Leitz Wetzlar, Germany)  

 Penicillin G (Lonza, Cambridge, UK) 

 Optimem (Lonza, Cambridge, UK) 

 Sterile phosphate buffered saline (PBS) (Lonza, Cambridge, UK) 

 Streptomycin (Lonza, Cambridge, UK) 

 T75 flasks (Corning, New York, USA) 

 Trypsin-ethylenediaminetetraacetic acid (EDTA) (Lonza, Cambridge, UK) 

 

2.15.2 Working solutions for cell culture 

DMEM Media: 10% FBS (50 ml) 2 mmol/l L-glutamine (2.5 ml), 100 units/ml of 

penicillin G sodium and 100 μg/ml of streptomycin (5 ml) was added to DMEM media 

supplemented with Ham’s F12 nutrient mixture. 

2.15.3 Retrieving BeWo cells from liquid nitrogen 

 Cells were stored in liquid nitrogen until resuscitation was required in which an 

ampoule of BeWo cells were thawed at 37°C for 1-2 min. The cells were then mixed 

with 10 ml of pre-warmed DMEM medium. The BeWo cells were centrifuged at 12000 

rpm for 10 min and the supernatant was discarded. The pellet was resuspended in 20 ml 

of pre-warmed media and transferred to a 75 ml flask. 
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2.15.4 Splitting BeWo cells 

At 70 – 80% confluency, BeWo cells were split. The media was removed and the 

monolayer washed with 10 ml sterile PBS. The PBS was then removed and 3 ml of pre-

warmed 0.25% trypsin added to the flask and left to incubate at 37°C 3 min. Cells were 

checked under the microscope to ensure trypsin had resulted in cell lifting. To stop 

trypsinisation, 7 ml of pre-warmed media was added to the cells and the cells were then 

centrifuged at 12000 rpm for 10 min. The supernatant was removed and the pellet 

resuspended in 9 ml of pre-warmed medium. The cells were then divided into three 75 

ml flasks (3 ml of cells per flask) and each flask given an extra 15 ml of media. The 

BeWo cells were then placed into a 37°C incubator containing 5% CO2 and the media 

changed every 24-48 hr.  

2.15.5 Transfection  

In order to test primary antibodies, positive control protein was made by transfecting 

BeWo cells with the cDNA of choice. BeWo cells were transfected with FuGENE HD 

at a reagent: DNA ratio of 3:1. The day before transfection, adherent BeWo cells were 

plated out at a density of 2.5 x 10
5
 and allowed to become 80% confluent. The FuGENE 

HD was mixed by inversion at RT. The plasmid was then prepared in sterile deionised 

water. Transfection into a 6 well plate requires 3.33 μg of DNA and sterile deionised 

water was added to make a final volume of 155 μl to which 9.8 μl of FuGENE HD was 

added. The reaction was then carefully mixed by pipetting and left to incubate for 5 – 10 

min at RT. 

During plasmid / FuGENE HD incubation, the media was removed from plated cells, 

washed with pre-warmed sterile PBS and replaced with Optimem to improve 
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transfection efficiency. 150 μl of the plasmid / FuGENE HD reaction mixture was 

added to each well and left to incubate for 24 hr in the incubator at 37°C.  

2.16 Data analysis 

2.16.1 Calculating area under the curve for perfusion data 

 

To determine whether adding a fetal or maternal bolus stimulated exchange, the area 

under the curve (AUC) following the bolus was calculated. Area under the curve was 

calculated based on the trapezium rule: 

 

 

Where t = time and x = counts per minute (Allison et al., 1995). This equation was used 

to calculate the AUC over a 13 min period after the injection of a bolus into the 

circulation. The trapezium rule method allows the value of an integral to be found 

between two limits by splitting the AUC up into a number of trapeziums of equal width 

Mean baseline was calculated by averaging the cpm values for the three samples taken 

before and after the bolus was injected (-1, -2, -3 min and +15, +17 and + 21 min). This 

was subtracted from bolus time point cpm values prior to calculating AUC. The AUC 

cpm values were then converted to nanomoles (Figure 2.9).  
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Figure  2.9 – Schematic diagram illustrating how AUC was calculated from raw data. A) 

Before AUC is calculated, mean baseline is subtracted. B) AUC is then calculated using the 

trapezium rule which splits the AUC up into trapeziums of a known area.  

 

A Wilcoxon signed rank test was used to determine whether AUC was significantly 

different to zero. An AUC value significantly above zero was indicative of exchange 

while an AUC value below zero indicated that the bolus inhibited transfer. Experiments 

in which no glutamate for glutamate exchange was observed were removed from the 

analysis, as it was not possible to confirm that the placental preparation was working 

properly. As data were not normally distributed, data were analysed using non-

parametric tests. Data are presented as medians and interquartile range. Results were 

deemed significant when p < 0.05. Data were analysed using computer software 

GraphPad Prism, version 5.00 for Windows, GraphPad Software, San Diego California 

USA. 

2.16.2 Transfer, uptake and retention of 
14

C-glutamate and 
3
H-

proline in perfusions 

Transfer into the fetal circulation, uptake from the maternal circulation and retention of 

14
C-glutamate and 

3
H-proline in the placenta are presented as a percentage rather than 
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being expressed as moles. This is due to the perfusions using higher levels of 
3
H-proline 

than 
14

C-glutamate and as a result, the tracer efflux levels do not fit onto the same axis. 

Using percentages also meant that the values were not affected by differing quantities of 

14
C/

3
H stocks that were used in different experiments.  

To analyse the transfer, uptake and retention of 
14

C-glutamate and 
3
H-proline, the 

results obtained from the first 5 min of every injected bolus was removed to provide an 

overall baseline for transfer, uptake and retention. The baseline efflux at sample times 

when creatinine was not measured was also removed. In order to determine whether 

there were changes between the groups (
14

C-glutamate, 
3
H-proline and creatinine) and 

whether there were changes over time, these values were then analysed using a repeated 

measures analysis of variance (ANOVA) with a least significant difference (LSD) 

posthoc test. 

2.16.3 Xenopus oocyte data 

To determine the level of 
14

C-glutamate exchange from injected Xenopus oocytes, 

responses by non-injected oocytes were subtracted from injected oocytes and compared 

to the ND91 buffer baseline response. Data are presented as means and SEM and 

analysed using a two tailed Dunnett’s multiple comparisons t-test whereby the efflux of 

14
C-glutamate stimulated by each substrate was compared to the efflux of 

14
C-glutamate 

in response to ND91 buffer. Results were deemed significant when p < 0.05. Data were 

analysed using IBM SPSS Statistics, version 21.  
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3.1 Introduction 

In the human placenta, glutamate efflux has been shown to occur from the BM and 

MVM of the syncytiotrophoblast into the maternal and fetal circulations (Day, 2012). 

However, the mechanisms mediating this release are unclear. This chapter will address 

glutamate efflux by amino acid transporters while the potential for glutamate efflux via 

the Maxi Chloride channel will be addressed in Chapter 4. 

Transporters and channels known to mediate glutamate efflux are listed in Table 1.2. 

Glutamate efflux is also mediated by exocytosis in neurones, but this is unlikely to be 

occurring in the placenta (Jourdain et al., 2007). Of the transporters listed in Table 1.2, 

only ASCT2 is known to be expressed in the placenta (Johnson & Smith, 1988). ASCT2 

has a very low affinity for glutamate, with an extracellular Km of 1630 µmol/l, and has 

been shown to mediate glutamate transport at low pH (Oppedisano et al., 2007). 

However, the placental perfusions in which glutamate efflux was observed used neutral 

pH EBB buffer and combined with the low affinity for glutamate, ASCT2 is thus not 

considered to be a glutamate transporter (Utsunomiya-Tate et al., 1996). However given 

the high intracellular glutamate concentrations, it is possible that ASCT2 is mediating 

glutamate efflux into the fetal and maternal circulations via exchange for other amino 

acids such as serine, explaining the observation of glutamate efflux into the maternal 

and fetal circulations. ASCT2 is a sodium dependent neutral amino acid exchanger 

which has a high affinity for serine, alanine and cysteine (Yamamoto et al., 2004). 

ASCT2 has been shown to be active on the BM of placental syncytiotrophoblast (Cleal 

et al., 2011).  

Two members of the SLC7 transporter family are also known to mediate glutamate 

efflux; SLC7A11 (xCT) and SLC7A13 (AGT-1). These are sodium independent amino 
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acid exchangers that form heterodimers with the heavy chain 4F2hc (SLC3A2) in order 

to function (Bassi et al., 2001; Matsuo et al., 2002; Sato et al., 2000).  

xCT is an amino acid exchanger system specific for anionic amino acids including L-

glutamate and L-cystine (Sato et al., 2000). Due to the high intracellular glutamate 

concentrations, xCT predominantly mediates the uptake of cystine in exchange for the 

efflux of a glutamate molecule (Seib et al., 2011). As far as I am aware, the mRNA 

expression of xCT in the human placenta has not been determined (Sato et al., 1999; 

Sato et al., 2000). xCT is known to be upregulated in response to oxygen and is thought 

to have a critical role in synthesis of the antioxidant glutathione by driving the influx of 

cystine into the cell. The uptake of cystine is a rate-limiting step in the provision of 

cysteine for glutathione synthesis (Shih et al., 2006). Additionally, N-acetylcysteine 

(NAC) is known to activate xCT (Bridges et al., 2012; Moran et al., 2005).  

AGT-1 is a sodium independent aspartate and glutamate exchanger expressed on the 

basal membrane of proximal tubules in the rat kidney (Matsuo et al., 2002). Expression 

of AGT-1 is has only been detected in the proximal and distal convoluted tubules of the 

kidney and no expression was detected in the human placenta (Blondeau, 2002). 
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3.1.1 Aims  

The aims of this chapter are to: 

- Determine whether glutamate efflux from the MVM and BM of the placental 

syncytiotrophoblast is mediated by amino acid transporters (Figure 3.1) 

- Investigate the mRNA expression of xCT and AGT-1 in the placenta by rtPCR 

Placental perfusion experiments will be used to characterise glutamate efflux focusing 

on efflux by exchange.  

 

Figure  3.1 – Glutamate efflux may be mediated by amino acid transporters including 

ASCT2, AGT-1 or xCT. 
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3.2 Methods 

3.2.1 rtPCR to determine gene expression in placenta 

rtPCR was carried out to determine the expression of the SLC7A11 (xCT) and 

SLC7A13 (AGT-1) genes in human placental and cytotrophoblast samples. Intron 

spanning primers were designed using Primer3 software once sequencing information 

had been obtained from PubMed (www.ncbi.nlm.nih.gov/Genbank) and oligonucleotide 

primers were then synthesised by Eurogentec (Seraing, Belgium). SLC7A11 (xCT; 

NM_014331.3) forward 5′- GGCAGTGACCTTTTCTGAGC -3′ and reverse 5′- 

TGTTCTGGTTATTTTCTCTGACATT -3′, SLC7A13 (AGT-1; NM_138817.2) 

forward 5’- CTGTCCCAAAGCTGCCTAAG -3’ and reverse 5’- 

GAATTTCCCTGGGTGTCAGA -3’. 

 PCR was subsequently carried out by adding 2X PCR MasterMix (Promega), 1 µmol/l 

of forward primer, 1 µmol/l of reverse primer and 4 µl of reverse transcribed cDNA and 

using nuclease free water to obtain a final reaction mixture of 25 µl.  

Thermal cycling was performed under the following conditions: 94°C for 3 min; 40 

cycles at 94°C for 30 sec, 60°C for 30 sec and 72°C for 30 sec; and then 72°C for 4 min. 

PCR products were run on a 1.5% agarose gel containing gel red at 100 V for 60 min in 

1× TAE buffer (40 mmol/l Tris-acetate 1 mmol/l EDTA pH 8.3) and visualised under 

ultra violet light. To confirm the PCR products contents, bands were cut out and the 

DNA sent off for sequencing (GATC-Biotech, Germany). 

3.2.2 Perfusions to investigate glutamate efflux from the placenta 

To determine whether xCT was activity was present on the BM and/or MVM, the 

placental perfusion methodology was used, as described in Chapter 2, Section 2.2. The 

http://www.ncbi.nlm.nih.gov/Genbank
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experimental outline for these experiments is shown in Figure 3.2. The maternal 

circulation was perfused with EBB buffer containing 1.4 µmol/l of 
3
H-proline and 58.5 

nmol/l of 
14

C-glutamate along with 1.8 mmol/l creatinine. During liquid scintillation 

counting, 
3
H is recorded at the lowest energy level and 

14
C at the intermediate energy 

level. As a result, the levels of 
3
H have to be at least eight times higher than the levels of 

14
C for dual counting to be accurate.   

Proline was included as a control amino acid as it is not thought to be a substrate for any 

other amino acid exchangers apart from ASCT1 (Pinilla-Tenas et al., 2003). The 

baseline of proline uptake and efflux will allow for comparison to that of glutamate. The 

fetal circulation was perfused with EBB. A range of potential substrates for xCT and 

non-substrates at a concentration of 16 µmol (160 µl of 0.1 mole/l in 1.5 ml EBB, pH 

7.4) were administered to both the fetal and maternal circulation at regular time points. 

This included 16 µmol fetal boli (160 µl of 0.1 mole/l in 1.5 ml EBB buffer) of 

glutamate, aspartate, alanine, serine, cystine and N-acetylcysteine (n = 5-18). Both 

cystine and N-acetylcysteine were administered as both a fetal and maternal bolus. The 

appearance of 
14

C-glutamate from the maternal circulation into the fetal circulation was 

determined by liquid scintillation counting as described in Chapter 2, Section 2.4.  
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Figure  3.2 – Experimental outline for xCT perfusions. The maternal circulation is 

continuously perfused with EBB containing 
14

C-glutamate, 
3
H-proline and creatinine. After an 

initial start-up period, fetal/maternal boli are injected at specific intervals and samples are taken 

at regular time points (0.5,1,1.5,2,2.5,3,3.5,4,5,8,13,21 and 25 min) from the fetal and maternal 

venous outflow.  

  

3.2.3 Creatinine Assays 

 The creatinine infinity assay kit (ThermoFisher) was used to detect the concentration of 

creatinine in maternal and fetal venous samples to show the rate of paracellular 

diffusion, as described in Chapter 2, Section 2.5.  

3.2.4 Western blotting to localise xCT to MVM and BM 

Western blotting was carried out as described in Chapter 2, Section 2.13. MVM (n = 4) 

and BM (n = 4) vesicle preparations, containing 45 µg protein in RIPA buffer and 1 x 

DTT reducing agent, were loaded on SDS-PAGE gels and transferred onto PVDF 

membranes. Blots were incubated with xCT goat anti human, (ab60171, AbCAM) 

primary antibody and left to incubate overnight (1/1000) at 4°C before being washed for 

ten min (x3) in PBS-T. Blots were then incubated with a 1/20000 dilution of rabbit anti 
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goat secondary antibody (ab60171) for 60 min. Immunoreactive signals were visualized 

using enhanced chemiluminescence at a ratio of 1:1 (SuperSignal West Femto, 

ThermoScientific, UK). The membrane was incubated with β-actin (Sigma-Aldrich, UK) 

(1:10000), left for 60 min and washed with 3 x 10 min washes to confirm equal protein 

loading. 

3.2.5 DH5α transformation with xCT-GFP 

The xCT ORF clone attached to GFP (Origene (distributed by Cambridge Biosciences, 

Cambridge, UK) was transformed into DH5α competent cells as described in Chapter 2, 

Section 2.14.1. A colony was picked and grown up in LB broth before a Maxi-prep was 

carried out (Chapter 2, Section 2.14.2) and the DNA sent for sequencing to confirm the 

xCT-GFP sequence (GATC Biotech, Berlin, Germany). 

3.2.6 xCT-GFP restriction digest 

Following sequencing of the Maxi-prep xCT-GFP to confirm its identify (GATC 

Biotech), the xCT insert was removed from the plasmid using the restriction enzyme 

AgeI. xCT DNA (10 µg) was added to 1 unit of the restriction enzyme AgeI with 

reaction buffer and ddH2O. The reaction mixture was centrifuged briefly before being 

incubated at 37°C for 4 hr and then run out on a 1.5% agarose gel at 100 V for 90 min. 

The xCT insert band was cut out from the gel and the DNA purified as described in 

Chapter 2, Section 2.10.  

3.2.7 xCT-4F2hc cRNA synthesis 

xCT-GFP and 4F2hc cRNA was prepared as described in Chapter 2, Section 2.14. Both 

xCT-GFP and 4F2hc clones contained a T7 promoter. cDNA was synthesised using the 

T7 RNA polymerase kit (Ambion, UK).  
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3.2.8 Injection of xCT-4F2hc cRNA into Xenopus laevis oocytes 

Xenopus laevis oocytes were prepared and injected with 20 ng xCT-GFP and 20 ng 

4F2hc cRNA as described in Chapter 2, Section 2.14.6. 

3.2.9 Oocyte uptake experiments to investigate xCT activity 

Following injection of the xCT-GFP and 4F2hc cRNA, oocytes were incubated at 19°C 

for 48 hr before uptake studies were carried out on injected and non-injected oocytes. 

Oocytes were divided into batches of ten and washed in RT ND91 buffer. The buffer 

was then removed and the oocytes incubated in ND91 buffer with 20 μmol/l 
14

C-

glutamate alone or with potential competitive inhibitors (10 mmol/l glutamate, cystine, 

NAC (pH 7.4)) for five min. The media was removed and kept for liquid scintillation 

counting whilst the oocytes were washed twice with 1 ml of ice cold ND91 to stop 

further uptake. 5% SDS was then added to the oocytes which were frozen on dry ice, 

homogenised by grinding and vortexing, before the 
14

C-glutamate content analysed in 

the liquid scintillation counter.  

As a further control, additional uptake experiments were carried out for oocytes injected 

with xCT-GFP but not 4F2hc.  

3.2.10 Oocyte efflux experiments 

Following injection of the xCT-GFP construct and 4 F2hc, oocytes were incubated at 

19°C for 48 hr before the ability of injected and non-injected oocytes to take up 
14

C-

glutamate and exchange for potential xCT substrates was analysed. Oocytes were 

divided into batches of ten and washed in RT ND91 buffer. The buffer was then 

removed before 20 μmol/l 
14

C-glutamate in ND91 buffer was added for thirty min. The 

radioactive buffer was then removed and analysed via liquid scintillation counting 
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whilst the oocytes were washed three times in 1 ml of ice cold ND91 buffer to stop 

further uptake. The xCT substrates glutamate, cystine, NAC and non-substrate glycine 

at a concentration of 10 mmol/l were added to stimulate exchange to three individual 

batches of oocytes for five min. The substrate media was then removed and kept for 

liquid scintillation counting. The oocytes were washed twice in 1 ml of ice cold ND91 

before 5% SDS was added and the oocytes were frozen, homogenised and added to 4 ml 

scintillation fluid so that exchange could be determined. Parallel experiments were 

carried out for non-injected oocytes. The ability of water injected oocytes to exchange 

NAC for 
14

C-glutamate was also determined.  

3.2.11 xCT knockdown studies 

Small interfering RNA (siRNA) was used to knockdown the xCT gene in vitro. BeWo 

cells were grown to 70% confluency before being plated out into 24 well plates at a 

density of 5 x10
4
 and left for 24 hr to achieve 30-50% confluency. The media was then 

removed and the cells transfected with a FlexiTube siRNA Premix designed against 

xCT using HiPerFect transfection reagent (Qiagen, UK). Cells were also transfected 

with a negative siRNA control and a positive siRNA control. To determine whether 

translational inhibition of the xCT gene has any role in oxidative stress defences, BeWo 

cells were collected 48 hr after transfection and RNA was extracted as described in 

Chapter 2, Section 2.6. 

3.2.12 Statistical analysis 

3.2.12.1 Placental perfusions and area under the curve 

To determine whether adding a fetal or maternal bolus stimulated exchange, AUC 

following the bolus was calculated as described in Chapter 2, Section 16.1. 
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By analysing the maternal cpm values, AUC was then converted to nanomoles and these 

figures were compared to zero using a Wilcoxon signed rank test. As data were not 

normally distributed, data were analysed using non-parametric tests. Data are presented 

as medians and interquartile range. Results were deemed significant when p < 0.05. 

Data were analysed using computer software GraphPad Prism, version 5.00 for 

Windows, GraphPad Software, San Diego California USA. 

3.2.12.2 Maternal arterial inflow and uptake from maternal 

circulation  

To analyse the transfer, uptake and retention of 
14

C-glutamate and 
3
H-proline, the 

results obtained from the first 5 min of every injected bolus was removed to provide an 

overall baseline for transfer, uptake and retention. The baseline efflux at sample times 

when creatinine was not measured was also removed. In order to determine whether 

there were changes between the groups (
14

C-glutamate, 
3
H-proline and creatinine) and 

whether there were changes over time, these values were then analysed using a repeated 

measures ANOVA with a LSD posthoc test. 

3.2.12.3 xCT mediated glutamate efflux in Xenopus oocytes 

To determine whether specific substrates stimulated efflux of 
14

C-glutamate by xCT, the 

appearance of 
14

C-glutamate in the media in non-injected oocytes were subtracted from 

xCT-4F2hc injected oocytes and compared to the ND91 buffer baseline response. Data 

are presented as means and SEM and analysed using a Dunnett’s multiple comparisons 

t-test whereby the efflux of 
14

C-glutamate stimulated by each substrate was compared to 

the efflux of 
14

C-glutamate in response to ND91 buffer (control). 
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To compare the efflux of 
14

C-glutamate in response to unlabelled glutamate from xCT-

4F2hc injected, 4f2hc alone injected and non-injected oocytes, a one-way ANOVA was 

used.  

Results were deemed significant when p < 0.05. Data were analysed using IBM SPSS 

Statistics 21.  
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3.3 Results 

3.3.1 Detection of SLC7A11 / SLC7A13 mRNA expression  

PCR was carried out using placental tissue samples and xCT (SLC7A11) primers at 

60°C which produced a product of 553 base pairs (Figure 3.3). The percentage identity 

of the band compared to SLC7A11 was confirmed by sequencing of the PCR product. 

PCR was repeated with the same primers using cytotrophoblast mRNA from isolated 

term placenta mRNA and bands of the correct molecular weight were observed. 

PCR using placenta samples and AGT-1 (SLC7A13) primers was also carried out. A 

temperature gradient ranging from 57°C to 64°C did not detect SLC7A13 mRNA 

expression but SLC7A13 expression was detected in human kidney which was used as a 

positive control (Figure 3.3C) 

 

 

Figure  3.3 - PCR products from SLC7A11 and SLC7A13 primers. SLC7A11 products from 

placental tissue (A) and isolated placental cytotrophoblast tissue (B). Expected band size: 553 

bp. SLC7A13 PCR products from placental tissue and human kidney (C). Expected band size: 

240 bp. 
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3.3.2 Determining xCT functionality in the perfused placenta 

3.3.2.1 Transfer of 
14

C-glutamate and 
3
H-proline  

There was no significant difference in the uptake between 
14

C-glutamate, 
3
H-proline or 

creatinine from the maternal circulation (n = 14) and uptake did not change over time 

(Figure 3.4).  

The transfer of 
3
H-proline (3.6 ± 0.6%) into the fetal circulation was significantly higher 

than the transfer of 
14

C-glutamate (1.7 ± 0.3%) (p < 0.001, n = 14, Figure 3.5). On 

average 5.7% ± 0.19% of the creatinine perfused into the maternal circulation appeared 

in the fetal circulation (Figure 3.5). There was no significant difference in the transfer of 

14
C-glutamate or creatinine into the fetal circulation during the time course of xCT 

placental perfusion experiments. The transfer of 
3
H-proline into the fetal circulation 

decreased over time (p = 0.043, n = 14). 

There was no significant difference in the retention levels of 
3
H-proline and 

14
C-

glutamate in the placenta throughout the experiment but the placenta retained more 
14

C-

glutamate than 
3
H-proline overall (p < 0.001, n = 14, Figure 3.6). The average recovery 

from the fetal vein was 5.6 ± 0.05 ml/min (93.3%, n = 14) and the average weight of the 

perfused cotyledon was 51.3 ± 2.3 g (n = 14).  
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Figure  3.4 – Uptake of 
3
H-proline, 

14
C-glutamate and creatinine from the maternal 

circulation in xCT perfusions (n = 14). 
3
H-proline, 

14
C-glutamate and creatinine uptake from 

the maternal circulation did not significantly alter over time. There was no significant difference 

in the uptake between groups. Data are presented as mean ± SEM.  
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Figure  3.5 – 
14

C-glutamate, 
3
H-proline and creatinine measured in the fetal circulation as a 

percentage of maternal arterial inflow, averaged over all experiments. There was a 

significance difference between the transfer of 
14

C-glutamate, 
3
H-proline and creatinine (* p < 

0.001, n = 14). 
3
H-proline but not 

14
C-glutamate or creatinine transfer into the fetal circulation 

decreased over time (# p = 0.043). Data are presented as mean ± SEM.  
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Figure  3.6 – Retention of 
14

C-glutamate and 
3
H-proline in the placenta (uptake from 

maternal circulation less appearance in fetal vein, n = 14). The placenta retained more 
14

C-

glutamate than 
3
H-proline (* p < 0.001). Data are presented as mean ± SEM.  
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3.3.2.2 Effect of xCT boli on 
14

C-glutamate and 
3
H-proline efflux 

A 16 µmol glutamate bolus injected into the fetal circulation stimulated appearance of 

radiolabelled 
14

C-glutamate in the fetal vein (p = 0.0002, n = 14, Figure 3.8A). This 

observation suggests the presence of the glutamate exchanger xCT. xCT substrates were 

injected into the fetal and maternal circulations of the placenta to stimulate exchange 

between the xCT substrates and the intracellular 
14

C-glutamate as shown in example 

Figure 3.7. Experiments in which a fetal glutamate bolus did not stimulate exchange for 

14
C-glutamate were removed from the analysis (n = 3, Table 3.1). This was determined 

by the proportion of 
14

C-glutamate appearing in the fetal vein in response to a fetal 

glutamate bolus being lower than 8% of the maternal; arterial inflow.  

NAC but not cystine, stimulated exchange for 
14

C-glutamate (p = 0.031, n = 7, Figure 

3.8B). The levels of 
14

C-glutamate increased only in response to a maternal NAC bolus 

and not a fetal NAC bolus (Figure 3.8). A maternal NAC bolus also decreased proline 

transfer into the fetal circulation (p = 0.031, n = 6, Figure 3.9A). 

The ASCT2 substrate serine also did not stimulate exchange for 
14

C-glutamate (Figure 

3.8A). xCT substrates did not stimulate 
3
H-proline exchange but a maternal NAC bolus 

reduced 
3
H-proline transfer into the fetal circulation (p = 0.031, Figure 3.9A). A 

summary of all substrates injected into the fetal and maternal circulations is shown in 

Table 3.1. 
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Figure  3.7 - Example experiments showing the appearance of 
14

C-glutamate and 
3
H-

proline from the perfused placenta. 
14

C-glutamate and 
3
H-proline levels in the fetal (A) and 

maternal (B) circulation: 1) 16 µmol fetal glutamate bolus, 2) 16 µmol fetal serine bolus, 3) 16 

µmol fetal NAC bolus, 4) 16 µmol maternal NAC bolus 5) 16 µmol fetal glutamine bolus. 
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Figure  3.8 - NAC stimulates exchange for 
14

C-glutamate in the maternal circulation. 
14

C-

glutamate AUC from the fetal (A) and maternal (B) circulations following boli injection (A) * p 

= 0.0002, n = 14 – significant increase in 
14

C-glutamate efflux following a fetal glutamate bolus. 

(B) * p = 0.031, n = 6 – significant increase in 
14

C-glutamate efflux following a maternal NAC 

bolus. Data are expressed as median and interquartile range. 



Chapter Three: xCT and glutamate efflux 

 83  

A )

P
o

s
t
 b

o
lu

s
 A

U
C

 i
n

 f
e

t
a

l 
v

e
in

 (
n

m
o

ls
.m

in
.1

-
1
)

G
lu

ta
m

a
te

S
e r in

e

G
lu

ta
m

in
e

F
e ta

l  
c y

s t
in

e

M
a
te

rn
a
l 
c y

s t
in

e

F
e ta

l  
N

A
C

M
a
te

rn
a
l 
N

A
C

-0 .0 4

-0 .0 2

0 .0 0

0 .0 2

0 .0 4

*

P
o

s
t
 b

o
lu

s
 A

U
C

 i
n

 m
a

t
e

r
n

a
l 

v
e

in
 (

n
m

o
ls

.m
in

.l
-

1
)

G
lu

ta
m

a
te

S
e r in

e

G
lu

ta
m

in
e

F
e ta

l  
c y

s t
in

e

M
a
te

rn
a
l 
c y

s t
in

e

F
e ta

l  
N

A
C

M
a
te

rn
a
l 
N

A
C

-4

-2

0

2

4

B )

 

Figure  3.9 - xCT and ASCT2 substrates did not initiate exchange for 
3
H-proline. 

3
H-proline 

AUC from the fetal (A) and maternal (B) circulations following boli injection. A maternal NAC 

bolus decreased proline transfer into the fetal circulation (* p = 0.031, n = 6). Data are 

expressed as median and interquartile range. 
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Table  3.1 - Summary of all substrates injected into the fetal and maternal circulations 

throughout the placental perfusion experiments including substrates for ASCT2 and xCT. 

Substrate 

 

Exchanger Observation N number 

Fetal 

glutamate 

Unknown Exchange for 
14

C-glutamate into fetal 

circulation in 14 of 17 experiments* 

14 

Fetal alanine ASCT1-2, LAT2 No significant exchange for 
14

C-

glutamate into fetal circulation 

2 

Fetal serine ASCT1-2, LAT2, 

asc 

 

No significant exchange for 
14

C-

glutamate into fetal circulation 

5 

Fetal cystine xCT No significant exchange for 
14

C-

glutamate into fetal circulation 

4 

Maternal 

cystine 

xCT No significant exchange for 
14

C-

glutamate into fetal circulation 

4 

Fetal NAC xCT No significant exchange for 
14

C-

glutamate into fetal circulation 

9 

Maternal 

NAC 

xCT Exchange for 
14

C-glutamate into 

maternal circulation  

6 

Fetal glycine asc, LAT2 No significant exchange for 
14

C-

glutamate into fetal circulation 

2 

 

* Experiments in which no glutamate for glutamate exchange was observed were 

removed from the analysis as I was unable to be sure that the preparation was working 

correctly. 
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3.3.3 xCT protein expression 

Western blots were carried out using placental basal (n = 4) and microvillous (n = 4) 

membrane samples in order to identify the location of the xCT protein (n = 4 blots). The 

expected band size of xCT is 50 kDa but the AbCAM xCT antibody demonstrated 

bands of 72 kDa on the MVM but not the BM. although an unexpected band size, this 

protein expression supports the data from placental perfusions (Figure 3.10A). 

Quantification showed that the MVM had significantly more xCT protein expression 

than the BM (p = 0.045). The second MVM sample had a relative intensity below 1, 

showing that the sample contains more xCT protein than β-actin (Figure 3.10C).  
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Figure  3.10 - xCT protein localisation (A), β-actin (B) in placental MVM and BM samples of 

the syncytiotrophoblast (45 µg protein; n = 4). C) xCT Western blotting quantification. (* p = 

0.045, n = 4). Data are presented as mean ± SEM.  
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3.3.4 xCT-GFP 4F2hc microinjection into oocytes  

xCT-4F2hc cRNA was injected into Xenopus laevis oocytes to determine whether NAC 

was a substrate for xCT. In order to determine whether the xCT-GFP construct was 

being made, oocytes were injected with the xCT-GFP construct. Before each efflux 

experiment (n = 6), ten injected and ten non-injected oocytes were then analysed on the 

fluorescent microscope at 5 x magnification, using the same exposure (13500 ms, 

Figure 3.11).  

In a preliminary experiment to determine 
14

C-glutamate uptake into xCT-4F2hc injected 

oocytes, duplicate batches of ten oocytes were incubated with 20 µmol/l of 
14

C-

glutamate and uptake at 1, 2.5 and 5 min was investigated in xCT-4F2hc and non-

injected oocytes with and without 10 mmol/l unlabelled glutamate (Figure 3.12). 
14

C-

glutamate uptake was two-fold higher in xCT-4F2hc injected oocytes compared to non-

injected oocytes at 5 minutes (Figure 3.12A). Efflux studies were thus carried out at the 

5 min time point. 

 

Figure  3.11 - Example Xenopus laevis injection with (A) and without (B) xCT-GFP. The 

white circles indicate the outer membrane of the oocyte.  
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Figure  3.12 - 
14

C-glutamate uptake into xCT-4F2hc injected oocytes in the presence and 

absence of 10 mmol/l glutamate. A) The uptake of 
14

C-glutamate in xCT-4f2hc injected 

oocytes compared to non injected oocytes with and without 10 mmol/l glutamate and B) the 

uptake of 
14

C-glutamate in xCT-4F2hc oocytes, adjusted for baseline uptake in non-injected 

oocytes (n = 1 experiment, duplicate conditions). Data are presented as mean and standard 

deviation and normalised to non-injected oocyte responses.  
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3.3.4.1 Glutamate efflux from xCT-GFP 4F2hc expressing oocytes  

Example raw cpm 
14

C-glutamate efflux data (not adjusted for non-injected controls) in 

response to ND91, 10 mmol/l glutamate, cystine, NAC and glycine is demonstrated in 

Figure 3.13. Glutamate 10 mmol/l (p < 0.001, n = 5 experiments, triplicate conditions) 

and NAC 10 mmol/l (p < 0.001, n = 6 experiments, triplicate conditions) both 

significantly stimulated radiolabelled glutamate efflux. The xCT substrate cystine 10 

mmol/l did not stimulate the release of 
14

C-glutamate (n = 5 experiments, triplicate 

conditions) nor did the negative control glycine 10 mmol/l (n = 3 experiments, triplicate 

conditions) or ND91 buffer alone (n = 6 experiments, triplicate conditions) (Figure 

3.14). 

There was no significant difference in the uptake levels of 
14

C-glutamate in xCT-4F2hc 

injected oocytes (n = 5 experiments, triplicate conditions) compared to 4F2hc (n = 3 

experiments, triplicate conditions), water (n = 5 experiments, triplicate conditions) or 

non-injected oocytes (n = 5 experiments, triplicate conditions, Figure 3.15).  

Efflux of 
14

C-glutamate in response to 10 mmol/l unlabelled glutamate from 4F2hc 

injected (n = 3 experiments, triplicate conditions) and water injected oocytes (n = 1 

experiment, triplicate conditions) was not significantly different to non-injected oocytes 

(n = 3 experiments, triplicate conditions, Figure 3.16).  

Efflux of 
14

C-glutamate in response to 10 mmol/l NAC was linear between 30 s and 2.5 

min (n = 3 experiments, triplicate conditions, Figure 3.17 and Figure 3.18B) but not 

between 2.5 min and 6 min (n = 1 experiment, triplicate conditions, Figure 3.17 and 

Figure 3.18A). The biggest fold change was at 2 minutes (2.38 fold changes compared 

to non-injected oocytes). 
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Figure  3.13 – Raw 
14

C-glutamate efflux data from one oocyte efflux experiment. Glutamate 

(10 mmol/l, 1.93 fold change) and NAC (10 mmol/l, 1.99 fold change) mediate 
14

C-glutamate 

release in xCT-4F2hc injected oocytes but not in non-injected oocytes. There are no changes in 

glutamate efflux in response to ND91 buffer from xCT-4F2hc, non, 4F2hc alone or water 

injected oocytes. Data are presented as means (n = 3 x 10 oocytes) and SEM.  
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Figure  3.14 - 
14

C-glutamate efflux from oocytes injected with xCT-4F2hc cRNA. Glutamate 

10 mmol/l (* p < 0.001, n = 5 experiments, triplicate conditions) and NAC 10 mmol/l (* p < 

0.001, n = 6 experiments, triplicate conditions) significantly stimulated release of 
14

C-glutamate 

compared to ND91 buffer alone. The positive control 10 mmol/l cystine did not stimulate 

release of 
14

C-glutamate (n = 3 experiments, triplicate conditions). Data are presented as mean 

and SEM.  
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Figure  3.15 – Uptake of 
14

C-glutamate in xCT-4F2hc, 4F2hc, non-injected and water 

injected oocytes. There was no significant difference in 
14

C-glutamate uptake between the 

groups. Data are presented as mean and SEM, n = 5 experiments, triplicate conditions per group 

except for 4F2hc injected where n = 3 experiments. 
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Figure 3.16 - Efflux of 
14

C-glutamate from oocytes over 5 min in the presence of 10 mmol/l 

unlabelled glutamate in xCT-4F2hc, non-injected, 4F2hc injected and water injected 

oocytes. Data are presented as mean and SEM, n = 3 experiments, triplicate conditions for all 

groups except water injected where n = 1 experiment, triplicate conditions. ANOVA compared 

columns 1-3, water injected oocytes shown as reference. Bars with different letters are 

significantly different from each other (p < 0.05).  



 

 

Figure  3.17 – Raw data from a time course of 
14

C-glutamate efflux from xCT-4F2hc injected oocytes in response to ND91 and 10 mmol/l NAC 
between 2 and 6 min. Maximal 

14
C-glutamate efflux has occurred by 3 minutes. Data are presented as mean ± SEM. 
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Figure  3.18 – Summary data of 
14

C-glutamate efflux from xCT-4F2hc injected oocytes in 

response to ND91 and 10 mmol/l NAC between 2 and 6 min (A, n = 3 independent 

experiments, triplicate conditions) and 0.5 and 2.5 min (B, n = 1 experiment, triplicate 

conditions). Data are presented as mean and SEM and normalised to non-injected oocyte 

responses.  
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3.4 Discussion 

This study provides evidence that glutamate efflux across the MVM of the placental 

syncytiotrophoblast can be mediated by the amino acid exchanger xCT. Furthermore, 

characterisation of xCT activity in Xenopus oocytes indicates that xCT may transport 

NAC. As NAC is an antioxidant and both cystine and NAC provide cysteine for 

glutathione production, these findings have implications for our understanding of 

oxidative stress in the placenta (Whillier et al., 2009). This study also provides evidence 

that glutamate is transported by an exchanger on the BM and although this could be also 

mediated by xCT, it is unlikely as NAC only exchanged for glutamate on the MVM and 

not the BM (Figure 3.19).   

 

Figure  3.19 – xCT is expressed on the MVM of the syncytiotrophoblast and mediates 

glutamate exchange for NAC. On the BM, there is glutamate for glutamate exchange which is 

unlikely to be mediated by xCT as there was no exchange for NAC in the fetal circulation.   

3.4.1 Glutamate exchange on the MVM 

ASCT2 has a low affinity for glutamate but this is pH dependent and as pH decreases, 

glutamate transport increases (Oppedisano et al., 2007; Utsunomiya-Tate et al., 1996).  

The placental perfusion data in this study suggests that at neutral pH, ASCT2 is not 
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mediating glutamate exchange on the BM or MVM of the syncytiotrophoblast. These 

data suggest that the intracellular Km of ASCT2 for glutamate is lower than the reported 

extracellular Km (Utsunomiya-Tate et al., 1996), or that intracellular glutamate 

concentrations are lower than reported, as no exchange for 
14

C-glutamate was seen in 

response to ASCT2 substrates. Previous studies demonstrating glutamate efflux into the 

maternal and fetal circulations used neutral pH EBB buffer so it is unlikely that ASCT2 

was responsible for mediating glutamate efflux in this case (Day et al., 2013). However, 

as this study did not investigate glutamate efflux at lower pHs, it is possible that ASCT2 

does mediate glutamate exchange in the placenta but at acidic pH. Consistent with 

previous studies, AGT-1 mRNA expression was not detected in the placenta (Matsuo et 

al., 2002) and so it is unlikely that glutamate efflux is occurring by this transporter. 

This is further supported by the observation that in the two experiments where a 

maternal aspartate bolus was applied there was no efflux of glutamate as would have 

been expected if AGT-1 were present. The only other known exchanger of glutamate is 

OAT2 and its mRNA could not be detected in the placenta. As such the only known 

glutamate exchanger that could be responsible for these observations was xCT. 

 

Once xCT mRNA expression in the human placenta had been demonstrated, fetal and 

maternal cystine boli were incorporated into the perfusion methodology to test for xCT 

exchanger activity. No exchange of 
14

C-glutamate was stimulated by either fetal or 

maternal cystine boli although this may be explained by the low solubility of cystine in 

EBB buffer. The pH of the solution could have been altered to help cystine dissolve in 

solution but a change in pH is associated with changes in affinity of substrates for 

certain transporters (Hagos et al., 2007; Oppedisano et al., 2007). To further investigate 

xCT functionality, other cystine derivatives were explored. NAC is a compound more 
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soluble than cystine and is known to activate xCT (Moran et al., 2005). A fetal bolus of 

NAC did not alter the levels of 
3
H-proline or 

14
C-glutamate appearing in the fetal 

circulation, suggesting that no exchange was occurring across the BM. As the oocyte 

efflux studies demonstrate that xCT mediates glutamate for glutamate exchange, it is 

possible that xCT does mediate glutamate exchange on the BM but it is unlikely as no 

exchange for NAC was observed from the BM and Western blotting did not 

demonstrate xCT protein expression on the BM.  

Activity of xCT was observed on the MVM but not the BM and this was consistent with 

the results of Western blotting on MVM and BM preparations. These showed that xCT 

has higher protein expression in the MVM but not in the BM, supporting the placental 

perfusion data. However, the xCT antibody detected a band of 72 kDa rather than the 

predicted band size of 50 kDa. It is unclear why there is a difference in the size of the 

xCT protein but different sized xCT bands have been observed (Kim et al., 2001). It is 

possible that the xCT protein in the MVM is post-translationally modified, producing a 

larger protein but a positive control is needed to confirm the validity of the xCT 

antibody.  

The Western blots were analysed for β-actin to confirm equal protein loading. The 

results show that the MVM samples have β-actin bands of a higher intensity than the 

BM samples. Equal amounts of protein were loaded so this suggests that the MVM and 

BM express slightly different quantities of the β-actin protein.  

3.4.2 Transport of proline and creatinine in the perfused placenta 

3
H-proline was added to the perfusions as a control amino acid which should be 

transported by different amino acid transporters compared to glutamate. Over the time 

course of the experiments, proline transport into the fetal circulation decreased. I 
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hypothesise that proline uptake transporters, including sodium independent PAT1, 

sodium dependent IMINO and sodium dependent SNAT2 were upregulated over time 

but it is unclear why this is.  

The perfusion data also showed that although NAC stimulated glutamate release from 

the MVM, a maternal NAC bolus increased the amount of 
3
H-proline appearing in the 

maternal circulation. Proline is not thought to be a substrate for xCT so this observation 

cannot be explained at this time. For example, at around 100 min, following a maternal 

NAC bolus, there was an unexplained increase in the levels of proline appearing in the 

maternal circulation. This increase coincided with the time point at which maternal 

NAC was injected. As the 
3
H-proline baseline fluctuated throughout the placental 

perfusion, it is unknown whether the observation of the increased proline levels are 

caused by the injection of the NAC bolus or whether a time related effect is occurring in 

the placenta. To eliminate the possibility that this effect is NAC related, the NAC bolus 

could have been injected at different points in the perfusion experiments, rather than 

being consistently at 100 min. Additionally, glutamate and ASC substrate boli should 

also have been injected into the maternal circulation to show that glutamate for 
14

C-

glutamate exchange occurs on the MVM in addition to the BM.  

Creatinine was used as a marker of maternal to fetal paracellular diffusion across the 

placenta. Creatinine has traditionally been used as a marker of paracellular diffusion and 

the fact that its clearance is similar to that of L-glucose is consistent with the notion that 

it is a marker of paracellular diffusion (Schneider et al., 2003). However, transporters 

for creatinine have been identified in the placenta (organic cation transporters and 

multidrug and toxic compound extrusion transporters (Ahmadimoghaddam et al., 2013)) 

which may mean that it is not an ideal marker of paracellular diffusion and the results 

need to be interpreted with this in mind.  
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3.4.3 Evidence that N-acetylcysteine is an xCT substrate 

The placental perfusion results suggest that xCT is mediating glutamate efflux in 

exchange for NAC on the basis that NAC is an xCT substrate. Although NAC is widely 

believed to activate xCT, it is unclear from the literature whether NAC is an xCT 

substrate. For this reason Xenopus oocytes studies were carried out which clearly 

demonstrate that NAC trans-stimulates glutamate efflux from xCT-4F2hc injected 

oocytes and suggest that NAC is indeed an xCT substrate.  

An unexpected result was that despite cystine being the other main xCT substrate, 

cystine did not exchange for glutamate in either placental perfusion or oocyte efflux 

studies. It is unclear why this is but it is likely that the temperature of the cystine 

solution and cystine’s solubility is involved. Previous oocyte studies have shown that 

cystine influx is significantly higher at temperatures above 22°C whilst in this study, 

oocyte experiments were all carried out at RT (Bridges et al., 2012). However, this does 

not explain why cystine for glutamate exchange was not seen in placental perfusions as 

these were carried out at 37°C. It is likely that no exchange was seen due to the low 

solubility of cystine which will also have affected the oocyte data. All efflux solutions 

were used at 10 mmol/l, a concentration at which cystine would not dissolve. From the 

literature, it is known that in water (25ºC), the limit of cystine solubility is at the µmol/l 

level so it would have been better to use a concentration of 200 µmol/l. The fact that 

cystine was used at such an insoluble concentration is likely to mean that even though 

some cystine had dissolved in the ND91 buffer, uptake of cystine into the oocytes was 

blocked by a covering of undissolved cystine. As cystine is the other main xCT 

substrate, it is not possible to guarantee that the transporter is functioning, as it should. 

To resolve this issue, efflux studies could be repeated using a lower concentration of 

cystine (200 µmol/l). Questions have been posed as to whether NAC can be an xCT 
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substrate and whether there is alternative explanation to these results. The basis of this 

concern is that NAC will not fit in the binding pocket and it has been suggested that the 

trans-stimulation observed is due to conversion of NAC to cysteine (personal 

communication, Professor Sato). Furthermore, it cannot be excluded that NAC uptake 

by the oocyte results in cysteine production which released by the oocyte forms cystine 

and that this, rather than NAC directly, is stimulating the 
14

C-glutamate release via xCT. 

However, in order for this to occur, several events would have to happen (Figure 3.20). 

Firstly, the oocyte would need endogenous NAC and cysteine transporters and secondly 

the oocyte would need to have deacetylase enzymes to form cysteine. Cysteine would 

dimerise to form cystine which could then initiate exchange for the intracellular 
14

C-

glutamate, allowing NAC to pose as an xCT substrate. It is unlikely that all these events 

will occur but these efflux experiments were carried out at 5 min. However, a later time 

course suggests that glutamate efflux was linear up until 2.5 min although the fold 

changes between xCT-4F2hc and non-injected oocytes were small. Knowledge of 

endogenous oocyte transporters is limited so it is not known if this series of events 

would be able to occur within 2.5 min.  

The intracellular concentration of cysteine/cystine in Xenopus oocytes is low and thus 

the cystine produced would mostly come from NAC (Taylor & Smith, 1987). 

Additionally, NAC is not known to be a substrate for any other amino acid transporters 

including those that transport cysteine (ASCT1, ASCT2, LAT1, LAT2, y
+
LAT1) 

(Galluccio et al., 2013; Simmons-Willis et al., 2002; Torrents et al., 1998; Utsunomiya-

Tate et al., 1996). 

In hindsight, these efflux experiments could have been improved several ways. Firstly, 

it may have been better to inject the 
14

C-glutamate into each oocyte rather than relying 

on endogenous transporters and xCT itself to mediate uptake. As the conditions used 
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three batches of ten oocytes, it is unclear whether each oocyte took up the same 

concentration of tracer and whether the oocytes at the bottom of the eppendorf took up 

the same as those on the top. By injecting the same concentration of tracer into each 

oocyte and carrying out the efflux studies individually, the data would be much more 

reliable and unaffected by differing glutamate uptakes. Additionally, there is a great 

need to demonstrate that xCT-4F2hc injected oocytes mediate cystine and 

glutamate/NAC exchange. To achieve this, radiolabelled cystine could have been used 

as the intracellular substrate instead of glutamate. To show that NAC is transported by 

xCT, inhibiting 
14

C-glutamate uptake with NAC would have shown that NAC itself was 

being transported via xCT rather than a derivative.  

 

 

Figure  3.20 - The possible conversion of NAC into cystine in the Xenopus oocyte. NAC may 

be taken up by an endogenous transporter (1), deacetylated into cysteine (2) which leaves the 

oocyte via an endogenous transporter (3). Cysteine dimerises to form cystine (4) which then 

stimulates exchange for glutamate via xCT (5). 
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The binding site size as well as the size and charge of the molecule determine whether it 

will be a transportable substrate. It has been proposed that the xCT binding site contains 

a negative charge recognition site and the side chain length of an amino acid determines 

whether it will be accepted as a substrate (Kanai & Endou, 2001). If this is correct then 

this suggests that the distance between the α carbon and the negative side chain 

ultimately determines whether a molecule is an xCT substrate or not (Kanai & Endou, 

2001) (Figure 3.21). In the case of NAC, the distance between the negative side chain 

and the alpha carbon is shorter than that of cystine and glutamate but not as short as the 

distance between non-substrates such as aspartate.  

 

Figure  3.21 - Molecular structures of xCT substrates and NAC. Substrate specificity is 

thought to be determined by the distance between the alpha carbon (blue) and the negative side 

chain. 

 

3.4.4 The role of xCT in the human placenta 

The finding that xCT is expressed in the human placenta could have important 

implications for protecting the fetus and the placenta against the damaging effects of 



Chapter Three: xCT and glutamate efflux 

 104  

oxidative stress. As glutamate is one of the main xCT substrates, the placental glutamate 

gradient drives the influx of cysteine, which is required for glutathione synthesis 

(Whillier et al., 2009). Oxidative stress occurs when there is an imbalance between free 

radical production and antioxidant synthesis. As gestation progresses, oxidative stress 

levels within the placenta increase. During the establishment of maternal blood flow to 

the placenta after 12 weeks, it is thought that this process rapidly increases oxidative 

stress. Additionally, the placenta is highly metabolically active which will result in the 

production of free radicals (Casanueva & Viteri, 2003; Myatt & Cui, 2004). The 

production of free radicals can result in an array of deleterious effects including lipid 

peroxidation causing damage of DNA, nitration of tyrosine residues causing alterations 

in protein structure, and endothelial dysfunction which will alter placental function 

(Myatt & Cui, 2004).  

xCT is thought to play a role in protection against oxidative stress as the transporter 

mediates cystine influx into the cell in exchange for intracellular glutamate, which can 

be taken back up into the cell by EAAT transporters. Cystine is reduced to cysteine, 

which is the rate-limiting precursor for glutathione synthesis, the major antioxidant in 

the human body. Once formed, glutathione scavenges free radicals, stabilising their 

structures and preventing lipid peroxidation (Lu, 2013) (Figure 3.22). To prevent an 

imbalance in the amount of free radicals compared to antioxidants, the availability of 

antioxidant precursors is critical. As cysteine is a rate limiting glutathione precursor, 

NAC has been used to provide the cells with additional cysteine and has also been 

shown to be an a free radical scavenger in its own right, being shown to reduce fatigue 

and prolong glutathione levels during intense exercise (Kerksick & Willoughby, 2005).  

In the placenta, the expression of xCT on the MVM is likely to mean that the high 

intracellular glutamate gradient within the syncytiotrophoblast is driving glutathione 
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biosynthesis twofold; by stimulating the influx of cystine and NAC into the placenta 

from the maternal circulation via xCT and by contributing to glutathione synthesis itself.  

As xCT was previously not known to be expressed in the placenta, there are no studies 

on the role of xCT in the placenta or how it is affected in pathological pregnancy. This 

study aimed to use siRNA to knock down the SLC7A11 gene in BeWo cells to 

investigate whether this altered glutathione levels and the expression of oxidative stress 

genes such as NADPH oxidase and glutathione peroxidase. Unfortunately, optimisation 

of this technique for SLC7A11 in BeWo cells was not achieved in the time available. 

Previous studies have found conflicting results with some studies finding that knocking 

down the SLC7A11 gene decreased glutathione levels (Giraudi et al., 2011;Shih et al., 

2006;De et al., 2011) whilst another study found that knocking down SLC7A11 did not 

lower glutathione levels (De et al., 2011). 

 

Figure  3.22 - The role of glutamate transporters in the provision of substrates for 

glutathione synthesis. 
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3.4.5 Glutamate efflux by exchange on the BM 

 xCT has been shown to be mediating glutamate exchange across the MVM but 

additionally this study has shown that a fetal glutamate bolus stimulates exchange for 

14
C-glutamate into the fetal circulation. As xCT has been shown to be expressed on the 

MVM but not the BM, the observed glutamate exchange cannot be explained by any of 

the known amino acid exchangers. This suggests that there is an unknown glutamate 

exchanger on the basal membrane of the syncytiotrophoblast which will be further 

addressed in Chapter 5. 

3.4.6 A role for N-acetylcysteine in pre-eclampsia? 

Oxidative stress is thought to have a role in pre-eclampsia by contributing to endothelial 

dysfunction, which is known to play a role in the pathogenesis of pre-eclampsia. It is 

known that nitric oxide is required for optimal placental blood flow and that reactive 

oxygen species inhibit nitric oxide, contributing to endothelial dysfunction (Bisseling et 

al., 2004). Additionally, lipid peroxidation levels have been found to be increased in 

pre-eclamptic placentas compared to normal placentas. Whether the activity of xCT is 

different in pathological placentas remains to be determined. If xCT is key to 

antioxidant biosynthesis, then in pre-eclampsia, it is possible that xCT expression will 

be upregulated in order to provide the placenta with more rate limiting cysteine for 

glutathione production. However, it is the rate limiting cysteine that will determine the 

rate of glutathione synthesis and the normal functioning of the placenta. As a result, it is 

possible that cysteine precursors such as NAC could have an important therapeutic role 

in pathological pregnancy. 

In women who are prone to miscarriage, NAC significantly increased the rate of 

pregnancy success beyond 20 weeks gestation, which is thought to be due to its roles in 
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scavenging free radicals, minimising oxidative stress (Amin et al., 2008). In rats, NAC 

has also been shown to alleviate induced maternal blood pressure increases (Chang et 

al., 2005). In pre-eclamptic women, daily oral NAC at a dose of 600 mg was not found 

to increase gestational length (Roes et al., 2006). However, the women recruited were 

already between 25-33 weeks of gestation and thus the intervention with NAC could 

have been started too late for any advantageous effects to be observed. 

 The use of antioxidants to prevent and ameliorate pre-eclampsia has been investigated 

in several studies. One small, randomised study gave women at risk of pre-eclampsia 

oral NAC (600 mg daily) but this did not prevent pre-eclampsia, prolong pregnancy, or 

increase whole blood thiol levels (Roes et al., 2006). Whilst 600 mg of NAC is above 

the therapeutic level, it is possible that higher concentrations are required to increase 

glutathione levels in the placenta. Whilst early studies with vitamin C and vitamin E 

claim to decrease the incidence of pre-eclampsia (Chappell et al., 1999), other studies 

have contradicted this. In a non-randomised study, the administration of vitamin E to 

women with severe, early onset pre-eclampsia was found to have no beneficial effect 

(Stratta et al., 1994). In another study in which both vitamin C (1000 mg) and vitamin E 

(400 IU) were given to women at risk of pre-eclampsia, there was again no benefit but 

additionally, the incidence of women giving birth to low birth weight babies was higher 

in the experimental group compared to control (Poston et al., 2006). Although these 

antioxidants have so far not been found to be beneficial to women with pre-eclampsia, 

the administration of NAC may have beneficial effects and prevent endothelial 

dysfunction occurring when maternal blood flow is initiated after 12 weeks. This may 

rely upon the expression of xCT being unaltered if the placenta relies upon xCT to 

mediate antioxidant uptake.  
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3.4.7 Future work 

This work has identified that xCT is expressed in normal term placentas but has not 

determined whether xCT is important in mediating placental antioxidant status. Further 

work could aim to determine what the effect of xCT siRNA has on the levels of 

glutathione and measures of oxidative stress in placental cells and tissues. This may 

help to determine whether xCT activity is rate limiting for placental glutathione 

synthesis, as intracellularly, cysteine levels are low due to its reactivity so the supply of 

cysteine via xCT may be crucial.  

It would also be interesting to identify whether there are any differences in xCT 

expression in normal and pre-eclamptic placentas as this may indicate whether xCT is 

involved in the pathogenesis of or in response to placental pathology. Placental 

perfusions could be performed with pre-eclamptic placentas to see if a maternal NAC 

bolus still stimulates exchange for 
14

C-glutamate and whether this level of exchange is 

higher or lower compared to normal placentas.  

One of the most interesting studies would be to administer oral or intravenous NAC at a 

therapeutic level to women who are at risk of pre-eclampsia throughout their pregnancy 

as this has yet to be done. It is likely that if antioxidants do have benefits, their role will 

be in preventing pre-eclampsia or improving placental function rather than treating or 

curing the pathology. This is because oxidative stress is not thought to be causative of 

pre-eclampsia but results from hypoxia and intermittent reperfusion, which damages 

placental function further (Poston et al., 2011).  

Based on previous work, there was a higher level of variability in the placental 

perfusion data than was expected (Cleal et al., 2007; Cleal et al., 2011). Although I 

obtained statistically significant results, a greater degree of confidence is needed to 
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make the data more reliable. Additionally, the majority of substrate boli were injected 

into the fetal circulation but in retrospect it is clear that substrate boli should have also 

been injected into the maternal circulation. In particular, the addition of a maternal 

glutamate bolus would have supported my conclusions in respect to xCT being on the 

MVM. Also, the use of 
3
H-proline as a control amino acid in the perfusions may not 

have been the most appropriate choice. 
3
H-proline was chosen as it was thought it 

would make a good control amino acid as it is not thought to be a substrate for the 

placental amino acid exchangers, apart from ASCT1. However it is clear that proline 

was not a good control tracer as there are peaks indicative of an unexplained exchange 

for NAC and the baseline uptake, transfer and retention of 
3
H-proline was highly 

variable which was unexpected and made it difficult to compare to the 
14

C-glutamate 

baseline.   

The Xenopus laevis oocyte studies suggest that xCT mediates NAC uptake in exchange 

for 
14

C-glutamate but this methodology has several flaws. Firstly, the efflux studies 

were carried out at the 5 min time point when they should have been carried out at 2.5 

min as determined in later experiments and as discussed with Professor Sato (personal 

communication). Secondly, in addition to efflux studies it would have been useful to 

demonstrate that NAC inhibits xCT mediated glutamate uptake. This would have 

provided additional evidence that NAC is an xCT substrate. 

Now that there is evidence for xCT activity in placental tissue, work could also be done 

to investigate the regulation of xCT to see how the transporter is targeted to the plasma 

membrane and whether levels of oxidative stress alter this regulation. Future work could 

also aim to study the regulation of xCT in placental choriocarcinoma BeWo cells or 

primary trophoblast cells to determine what external factors e.g. oxidative stress, alter 

the regulation of activity and function within the cell. It is unknown whether the xCT 
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protein is sent straight to the cell membrane after synthesis or whether it is stored in 

vesicles and then shuttled there when needed, following a stimulus, such as oxidative 

stress.  

3.4.8 Conclusion 

This investigation has demonstrated for the first time that xCT is localised to and active 

on the MVM but not the BM of the human placental syncytiotrophoblast. Furthermore it 

presents evidence that NAC is likely to be an xCT substrate. The expression of xCT on 

the microvillous membrane suggests an important role for glutamate gradient in driving 

the uptake of cystine to provide precursors for glutathione synthesis. The role of xCT in 

pathological pregnancies where oxidative stress is known to have a role needs to be 

investigated. The efflux of glutamate into the fetal circulation being observed in the 

perfusions remains unexplained due to the fact that xCT is not expressed on the BM. 
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4.1 Introduction 

Chapter Three focused on glutamate efflux from the placental syncytiotrophoblast via 

membrane transporters operating by exchange. This chapter will investigate the 

potential role of the Maxi chloride channel in mediating glutamate efflux from human 

placenta. 

The Maxi chloride channel and the volume regulated anion channel (VRAC) are anion 

channels with ubiquitous expression in all cells of the body (Alvarez-Leefmans & 

Delpire, 2009). The Maxi chloride channel and the VRAC are known to mediate efflux 

of glutamate, taurine, aspartate and ATP in response to osmotic stimuli. They are 

thought to be involved in the process of regulatory volume decrease allowing the efflux 

of various anions and molecules in order to restore normal cell volume (Helix et al., 

2003). The Maxi chloride channel has a large single channel conductance of 300-400 

picosiemens (pS), a maximal opening probability at 0 mV, a pore with a diameter of 1.3 

nm and is inactivated above 20-30 mV (Sabirov & Okada, 2009). 

The two channels have been characterised as distinct channels on the basis of 

electrophysiological data and have similar characteristics but their molecular identity 

has not yet been determined (Table 4.1). As the molecular identity of these channels is 

unknown, it is not yet clear whether they are two proteins, one protein or an entire gene 

family (Zhang et al., 2011).  

The Maxi chloride channel is thought to modulate cell volume and participate in 

regulatory volume decrease, but the range of substrates suggest a wider range of roles 

including transport of chloride, paracrine and autocrine release of ATP, glutathione 

transport, cell proliferation, initiation of apoptosis and angiogenesis (Nilius, 2004; 

Shimizu et al., 2004). Glutamate and ATP can bind to receptors such as the Umami 
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receptors (glutamate) and P2X ion channels (ATP) while taurine is able to bind to the 

TAUT taurine transporter. These events may have autocrine effects (Dutta et al., 2008; 

Dutta et al., 2004; Roos et al., 2004). 

Previous literature investigating the electrophysiological characteristics of these 

channels in the placenta identified a channel with the properties of the Maxi chloride 

channel (Riquelme, 2006; Vallejos & Riquelme, 2007). On this basis, I will refer to 

volume regulated glutamate release as being mediated by the Maxi Chloride channel 

although further characterisation of these channels is required.  

Expression of the Maxi chloride channel has been demonstrated on the MVM using 

patch clamping (Riquelme, 2006; Vallejos & Riquelme, 2007). However, no studies 

into Maxi chloride channel activity have been reported on the BM of placental 

syncytiotrophoblast. MVM vesicle flux studies have shown that 50% of chloride ion 

transport across the MVM is mediated by a transporter inhibited by 

4,4’diisothiocyanostilbene -2, 2’disulphonic acid (DIDS), an inhibitor of the Maxi 

Chloride channel (Riquelme, 2006). Patch clamping studies suggest that the Maxi 

chloride channel has similar characteristics to normal placental Maxi chloride channels 

i.e. inhibition by the same substances and are more selective for anions than cations 

(Riquelme et al., 1995). However, in pre-eclampsia, the main conductance state is lower, 

suggesting that the channel opens less effectively and possibly has altered function 

(Bernucci et al., 2003). 

Maxi chloride channel activity in BRIN-BD11 cells can be inhibited by the antioxidant 

NAC and it has been suggested that oxidative stress/reactive oxygen species are 

required for its activity (Crutzen et al., 2012). xCT provides cystine for glutathione 

synthesis and it is possible that there is a link between xCT mediated NAC uptake and 
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Maxi chloride channel activity (Shih et al., 2006). Evidence supporting the hypothesis 

that oxidative stress forms a relationship between xCT and Maxi chloride channels 

comes from a study showing that hydrogen peroxide initiates Maxi chloride channel 

opening, an effect which was abolished by NAC (Crutzen et al., 2012). This suggests 

that reactive oxygen species are required for Maxi chloride channel opening but the 

mechanisms behind this are unclear and further studies are required.  

Table  4.1 - Properties of the VRAC and Maxi Chloride channel (Jackson & Strange, 1995; 

Okada, 1997; Sabirov & Okada, 2004; Sabirov & Okada, 2009). 

Property  VRAC (Nilius, 2004; 

Sabirov et al., 2001) 

Maxi chloride (Riquelme, 

2006; Sabirov & Okada, 

2009) 

Glutamate permeability Intermediate Large 

Volume 

activation/sensitivity 

Swelling activated Swelling activated 

Pore radius 1.1 nm 1.28-1.34 nm 

Rectification Outwardly rectifying Outwardly rectifying 

ATP dependence Requires non-hydrolytic 

ATP 

Upregulated in absence of 

ATP 

Channel conductance 10-80 picosiemens 300-400 picosiemens 

Voltage effects Inactivated upon 

depolarisation 

Inactivated upon 

depolarisation and 

hyperpolarisation 
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4.1.1 Aims 

The aims of this chapter are to: 

- Investigate volume regulated glutamate efflux from the Maxi chloride channel in 

the perfused human placenta (Figure 4.1). 

- Investigate the regulation of the Maxi chloride channel by reactive oxygen 

species 

 

Figure  4.1 - Does the maxi chloride channel mediate glutamate efflux into the maternal 

and fetal circulations? This investigation aims to identify the activity of the Maxi chloride 

channel on the MVM and BM and whether reactive oxygen species are involved in regulation.   
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4.2 Methods 

4.2.1 Placental perfusions 

To determine volume regulated glutamate efflux from the isolated perfused human 

placenta following the cessation of tracer perfusion for experiments described in 

Chapter 3 (Figure 4.2) at 145 min (time zero), the maternal buffer was switched to 

normal EBB and perfused for 30 min, with samples collected every 10 min, to wash 

radiolabelled glutamate and proline out of the maternal and fetal circulations. At 31 min, 

maternal EBB was switched to 50 mmol/l urea in EBB for 10 min. Uptake of urea by 

placental syncytiotrophoblast will lead to uptake of water and cellular swelling.  

As urea enters the intervillous space, it is taken up into the placental tissue via 

aquaporins and the SLC14 urea transporters in the microvillous membrane of the 

syncytiotrophoblast. The urea buffer was injected upstream of the pumps and was 

diluted before it reached the placenta and within the intervillous space so while the 

buffer reaching the placenta was likely to have been hyperosmotic, it will be closer to 

isotonic than the original solution.  

 Release of venous 
14

C-glutamate into the fetal and maternal circulations was 

determined by liquid scintillation counting.  

 

Figure  4.2 – Experimental outline for Maxi chloride placental perfusions. 
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4.2.2 Maxi chloride channel activity in BeWo cells 

In order to investigate the activity, regulation and effect of NAC and osmotic shock on 

the Maxi chloride channel, the BeWo cell line was used as described in Chapter 2, 

Section 2.15. The BeWo cell line is a trophoblast choriocarcinoma placental cell line 

that is widely used for placental studies (Heaton et al., 2008; Li et al., 2013). All cell 

culture experiments were carried out on BeWo cells that had originated from the same 

ampoule (04L008) and were all used at passages 7-9.  

4.2.2.1 Maxi chloride channel activity in response to urea and NAC 

The experimental outline of the urea cell culture experiments is shown in Figure 4.3. 

BeWo cells were cultured and plated out in triplicate in 6 well plates at a density of 2.5 

x 10
5
 cells/well as described in Chapter 2, Section 2.15. After 48 hr, the media was 

removed, the cells were washed in warm control Tyrode’s buffer (135 mmol/l NaCl, 5 

mmol/l KCl, 1.8 mmol/l CaCl2, 1 mmol/l MgCl2.6H2O, 10 mmol/l HEPES, 5.6 mmol/l 

Glucose, pH 7.4) before being replaced with control Tyrode’s buffer containing 0.22 

µmol/l 
14

C-glutamate and incubated for two hr at 37°C to preload the cells with 
14

C-

glutamate.  

At 90 min, one group of cells had NAC added to a final concentration of 5 mmol/l or 

500 µmol/l. At the end of the 2 hr, the radioactive control Tyrode’s buffer was aspirated 

and kept for liquid scintillation counting. The cells were then washed for four times (2 

min) in ice cold control Tyrode’s buffer to remove remaining tracer and prevent further 

uptake. Warm control Tyrode’s buffer (1 ml) was added for 1 min before being 

collected. This was repeated for a total of 5 min. Either 1 ml control Tyrode’s, urea 

Tyrode’s (55 mmol/l NaCl, 5 mmol/l KCl, 1.8 mmol/l CaCl2, 1 mmol/l MgCl2.6H2O, 10 

mmol/l HEPES, 5.6 mmol/l glucose, 160 mmol/l urea, pH 7.4) or urea Tyrode’s 



Chapter Four: Volume regulated glutamate release 

 118  

containing 5 mmol/l NAC was then added to the cells for one min and collected. This 

buffer was iso-osmotic unlike the buffer used in the perfusions. This was repeated for a 

total of 10 min. The cells were then lysed in 0.3 mol/l NaOH for 1 hr before the lysate 

was collected. Samples were analysed by liquid scintillation counting to determine 
14

C-

glutamate efflux and uptake.  

 

Figure  4.3 - Experimental outline for Maxi chloride cell swelling cell culture experiments. 

 

4.2.2.2 Maxi chloride channel activity in response to H2O2 and NAC 

BeWo cells were cultured and plated out in triplicate in 6 well plates at a density of 2.5 

x 10
5
 cells/well as described in Chapter 2, Section 2.15. The experimental outline is 

shown in Figure 4.4. After 48 hr, the media was removed, the cells were washed in 

warm control Tyrode’s buffer before being replaced with control Tyrode’s buffer 

containing 0.22 µmol/l 
14

C-glutamate and incubated for 2 hr at 37°C to preload the cells 

with 
14

C-glutamate. At 90 min, three of the five cell groups were additionally 

preincubated with either 500 µmol/l NAC alone, 500 µmol/l NAC + 50 µmol/l H2O2, or 

50 µmol/l H2O2 alone. 

After 2 hr, the radioactive control Tyrode’s buffer was aspirated and kept for liquid 

scintillation counting. The cells were then washed for four times (2 min) in ice cold 
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control Tyrode’s buffer to remove remaining tracer and prevent further uptake. Warm 

control Tyrode’s buffer (1 ml) was added for 1 min before being collected. This was 

repeated for a total of 5 min. Either 1 ml control Tyrode’s or urea Tyrode’s was then 

added to the cells for one min and collected. This buffer was iso-osmotic unlike the 

buffer used in the perfusions. This was repeated for a total of 7 min. The cells were then 

lysed in 0.3 mol/l NaOH for 1 hr before the lysate was collected. Samples were 

analysed by liquid scintillation counting to determine 
14

C-glutamate efflux and uptake. 

This experiment was done once with the conditions in triplicate.  

 

Figure  4.4 - Experimental outline for Maxi chloride urea and hydrogen peroxide cell 

culture experiments. 

 

The previous experiment in which cells were pre-treated with hydrogen peroxide before 

adding Urea-Tyrode’s was repeated in the absence of urea to determine whether reactive 

oxygen species alone could affect Maxi chloride activity. This experiment was carried 

out in the absence of urea and with varying concentrations of hydrogen peroxide. BeWo 

cells were cultured and plated out in triplicate in 6 well plates at a density of 2.5 x 10
5
 

cells/well as described in Chapter 2, Section 2.15. The experimental outline is shown in 

Figure 4.5. After 48 hr, the media was removed, the cells were washed in warm control 

Tyrode’s buffer before being replaced with control Tyrode’s buffer containing 0.22 
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µmol/l 
14

C-glutamate and incubated for 2 hr at 37°C to preload the cells with 
14

C-

glutamate. At 90 min, four of the five cell groups were additionally preincubated with 

either 100 µmol/l H2O2, 50 µmol/l H2O2, 10 µmol/l H2O2 or 10 µmol/l H2O2 + 5 mmol/l 

NAC.  

After 2 hr, the radioactive control Tyrode’s buffer was aspirated and kept for liquid 

scintillation counting. The cells were then washed for four times (2 min) in ice cold 

control Tyrode’s buffer to remove remaining tracer and prevent further uptake. Warm 

control Tyrode’s buffer (1 ml) was added for 1 min before being collected. This was 

repeated for a total of 9 min. The cells were then lysed in 0.3 mol/l NaOH for 1 hr 

before the lysate was collected. Samples were analysed by liquid scintillation counting 

to determine 
14

C-glutamate efflux and uptake. This experiment was done once with the 

conditions in triplicate.  

 

Figure  4.5 - Experimental outline for Maxi chloride hydrogen peroxide cell culture 

experiments. 
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4.2.3 xCT knockdown  

Small interfering RNA (siRNA) was used with the aim to knockdown the xCT gene in 

BeWo cells. BeWo cells were grown to 70% confluency before being plated out into 24 

well plates at a density of 5 x10
4
 and incubated for 24 hr to achieve 30-50% confluency. 

The media was then removed and the cells transfected with a FlexiTube siRNA Premix 

designed against xCT using HiPerFect transfection reagent (Qiagen, UK). Cells were 

also transfected with a negative siRNA control and a positive siRNA control. To 

determine whether translational inhibition of the xCT gene has any role in oxidative 

stress defences, BeWo cells were collected 48 hr after transfection and RNA was 

extracted as described in Chapter 2, Section 2.6.  

4.2.4 Statistical analysis 

To determine urea stimulated glutamate release in the perfusion experiments area under 

the curve was calculated as described in Chapter 2, Section 2.16.1. Placenta perfusion 

data are presented as medians and interquartile range. As the data were not normally 

distributed, analysis was performed using a non-parametric two-tailed t-test with a 

Mann-Whitney U test post hoc. This analysed whether glutamate efflux in response to 

urea perfusion was significantly different from zero. A Wilcoxon signed rank test, in 

which the medians were compared to a value of 0, was used to determine whether pre-

treatment with NAC inhibited glutamate efflux. To determine whether cotyledon size 

influenced AUC, a Spearman rank correlation was carried out.  

Cell culture data are presented as means and SEM. Data were analysed using a one way 

ANOVA with a Dunnett’s multiple comparisons posthoc test whereby the efflux of 
14

C-

glutamate from treated cells was compared to the efflux of 
14

C-glutamate in response to 
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control buffer. Results were deemed significant when p < 0.05. Data were analysed 

using computer software IBM SPSS Statistics, version 21.  

To determine urea-stimulated glutamate release in the BeWo cell culture experiments, 

14
C-glutamate efflux values were adjusted for baseline efflux, as determined by the 

glutamate efflux from control cells during the first 5 min of the experiment in which the 

cells were incubated with warm control Tyrode’s. Peak responses were determined by 

using the maximal 
14

C-glutamate efflux at 127 min (peak 1) and the average 
14

C-

glutamate efflux between 129-134 min (peak 2). Analysis was then performed using a 

one way ANOVA with a Dunnett’s multiple comparisons posthoc test whereby the 

efflux peak 1 of 
14

C-glutamate from treated cells was compared to the efflux peak 1 of 

14
C-glutamate in response to control buffer. The same principle of analysis applies to 

peak 2. 

Experiments with an n of 1 were also analysed using a one-way ANOVA with a 

Dunnett’s post-hoc test whereby each group’s efflux peak (6-8 minutes) was compared 

to the control efflux peak by analysing the data from the triplicate conditions. Results 

were deemed significant when p < 0.05. Data were analysed using computer software 

IBM SPSS Statistics, version 21.  
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4.3  Results 

4.3.1 Maxi chloride channel glutamate efflux in placental perfusions 

Following the perfusion of urea into the maternal circulation, there was an increased 

appearance of 
14

C-glutamate but not 
3
H-proline in the maternal vein as illustrated in 

Figure 4.6A and Figure 4.7but not the fetal vein (Figure 4.6B). In later experiments it 

was observed that urea perfusion appeared to cause glutamate release in some placentas 

but not others. It was subsequently recognised that glutamate release in response to urea 

was not occurring in those experiments in which NAC had previously been perfused for 

the xCT experiments outlined in Chapter 3. As a result, and in the light of studies in the 

literature showing that NAC could inhibit Maxi chloride channel, those experiments 

perfused with NAC (n = 6) and those that were not (n = 7), have been analysed 

separately (Figure 4.7A and Figure 4.7B). In experiments in which NAC had previously 

been injected (n = 6) for the experiments outlined in Chapter 3, the release of 
14

C-

glutamate into the maternal circulation in response to urea was inhibited (Figure 4.7C). 

When the NAC pre-treated urea group was compared to the urea alone group (n = 7), 

there was a trend to a difference (p = 0.065, Figure 4.7C).  

There was an increased appearance of 
14

C-glutamate in the maternal vein (p = 0.047) 

following a maternal urea bolus in placentas not pre-treated with NAC but levels in the 

fetal vein were not significantly altered by a maternal urea bolus. The maternal urea 

bolus did not significantly alter the levels of 
3
H-proline in the maternal (Figure 4.8A) or 

fetal samples (Figure 4.8B). The 
3
H-proline levels in both circulations remained 

unchanged in response to a maternal urea bolus (Figure 4.8).  
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In placentas that had not been pre-perfused with NAC before being perfused with a urea 

bolus, there were no changes in transfer of 
3
H-proline and 

14
C-glutamate into the fetal 

circulation (Figure 4.9A) nor in placentas that had been pre-perfused with NAC (Figure 

4.9B).  

There was a positive correlation between maternal AUC in response to a maternal urea 

bolus and cotyledon weight but this was not significant, (n = 7, r = 0.464, p = 0.151) 

(Figure 4.10).  
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Figure  4.6 - Representative experiment showing hypo-osmotically induced 
14

C-glutamate 

efflux. 
14

C-glutamate efflux into the maternal circulation (A) and fetal circulation (B). 
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Figure  4.7 – The effect of NAC pre-treatment on 
14

C-glutamate efflux into the maternal 

circulation in response to a maternal urea bolus. 
14

C-glutamate efflux without pre-treatment 

with NAC (A) and with pre-treatment with NAC (B). C) Pre-treatment with NAC prevents 
14

C-

glutamate efflux (# p = 0.065, n = 6). Data are presented as medians and interquartile range. 
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Figure  4.8 - The effect of NAC pre-treatment on 
3
H-proline efflux into the maternal 

circulation in response to a maternal urea bolus. 
3
H-proline efflux without pre-treatment 

with NAC (A) and with pre-treatment with NAC (B). C) Pre-treatment with NAC does not 

significantly reduce 
3
H-proline efflux (n = 6). Data are presented as medians and interquartile 

range. 
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Figure  4.9 - Transfer of 
14

C-glutamate and 
3
H-proline into the fetal circulation. Transfer of 

14
C-glutamate and 

3
H-proline into the fetal circulation in placentas that had not been perfused 

with NAC (A, n = 7) and those that have been pre-treated with NAC (B, n = 6). Data are 

presented as medians and interquartile range. 
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Figure  4.10 - The relationship between maternal AUC in response to a maternal urea 

bolus and cotyledon weight (n = 7, r = 0.464, p = 0.151). 
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4.3.2 Urea stimulates Maxi chloride channel activity in BeWo cells 

In BeWo cells treated with Tyrode’s-urea buffer, the efflux of 
14

C-glutamate was 

significantly higher than the controls (p < 0.05, n = 4 experiments, triplicate conditions, 

Figure 4.11A and Figure 4.11B peak 1). There was also a significant (p < 0.05) 

sustained release of 
14

C-glutamate from 10-15 min (Figure 4.11B, peak 2) from the 

Tyrode’s-urea group, compared to control. Cells that had pre-treatment and constant 

treatment with 5 mmol/l NAC from 90 min did not release significantly more glutamate 

than control cells. Cells treated with urea released significantly more 
14

C-glutamate than 

cells pre-treated with 5 mmol/l NAC and urea (p < 0.05, Figure 4.11B, peak 1 and peak 

2). There was no significant difference in the levels of 
14

C-glutamate remaining in the 

cells between the four conditions (Figure 4.12A). 

The experiments were repeated using 500 µmol/l NAC. Cells that had been treated with 

urea released significantly more 
14

C-glutamate than control cells (p < 0.001, n = 3 

experiments, triplicate conditions, Figure 4.11C and Figure 4.11D, peak 1). Cells that 

had been given a constant dose of 500 µmol/l NAC and subjected to urea released 

significantly less 
14

C-glutamate compared to cells that had been treated with urea alone 

(p = 0.001, n = 3). There was no significant difference in the levels of 
14

C-glutamate 

remaining in the cells between the three conditions (Figure 4.12B). 
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Figure  4.11 - 
14

C-glutamate release from BeWo cells in response to urea and NAC. A) Raw 

data of 
14

C-glutamate from cells treated with Tyrode’s-control and Tyrode’s-urea with and 

without 5 mmol/l NAC. B) 
14

C-glutamate efflux peak 1. Tyrode’s-urea caused a significant 

efflux of 
14

C-glutamate (peak 1 * p < 0.02, peak 2 * p < 0.02) compared to control. Cells treated 

with constant 5 mmol/l NAC released significantly less 
14

C-glutamate compared to urea alone 

(peak 1 ϕ p = 0.002, peak 2 ϕ p = 0.04). Cells pre-treated with 5 mmol/l NAC released 

significantly less 
14

C-glutamate compared to urea alone (peak 1 ϕ p = 0.005, peak 2 ϕ p = 0.04). 

C) Raw data of 
14

C-glutamate from cells treated with Tyrode’s-control and Tyrode’s-urea with 

and without 500 µmol/l NAC. D) Tyrode’s-control stimulated significantly more 
14

C-glutamate 

efflux than control cells (* p = 0.001, peak 1, n = 9). A constant dose of 500 µmol/l NAC with 

urea caused cells to release significantly less 
14

C-glutamate compared to urea alone (ϕ p = 

0.001, peak 1, n = 9). Data are presented as mean and SEM. 
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Figure  4.12 - 
14

C-glutamate remaining in BeWo cells at the end of the experiment, 

adjusted for protein. 
14

C-glutamate efflux levels remaining in cells at the end of the 5 mmol/l 

NAC experiments (A, n = 4 experiments, triplicate conditions) and 500 µmol/l NAC 

experiments (B, n = 3 experiments, triplicate conditions). Data are presented as mean and SEM. 
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4.3.2.1 Hydrogen peroxide alters Maxi Chloride channel activity  

Treatment with Urea-Tyrode’s alone, but not Urea-Tyrode’s with 500 µmol/l or 50 

µmol/l H2O2, caused significant 
14

C-glutamate efflux compared to control (p < 0.05, 

Figure 4.13A and Figure 4.13B, peak 1). There was no significant difference in the 

efflux of 
14

C-glutamate between groups treated with 50 µmol/l H2O2 alone and 50 

µmol/l H2O2 with 500 µmol/l NAC (Figure 4.13B). There was no significant difference 

in the levels of 
14

C-glutamate remaining in the urea treated cells compared to control but 

there was a significant difference between urea + 500 µmol/l NAC (p < 0.001, n = 3 

experiments), urea + 50 µmol/l H2O2 with 500 µmol/l NAC (p < 0.001, n = 1 

experiment, 3 replicates) and urea + 50 µmol/l H2O2 alone (p < 0.001, n = 1, 3 replicates) 

when compared to control (Figure 4.14).  

A single experiment (with three replicates) was performed to identify whether varying 

concentrations of hydrogen peroxide, with and without NAC, would affect 
14

C-

glutamate efflux. Compared to control, 100 µmol/l H2O2 (p < 0.001, n = 1), 50 µmol/l 

H2O2 (p < 0.05, n = 1) and 10 µmol/l H2O2 (p < 0.001, n = 1) all stimulated significantly 

more 
14

C-glutamate efflux (Figure 4.15A and Figure 4.15B). Compared to control, 10 

µmol/l H2O2 + 5 mmol/l NAC did not significantly alter 
14

C-glutamate efflux. 

Compared to 10 µmol/l H2O2 alone, cells pre-treated with 10 µmol/l H2O2 + 5 mmol/l 

NAC released significantly less 
14

C-glutamate (p < 0.01, n = 1). Cells treated with 50 

µmol/l H2O2 (p = 0.06, n = 1) and 10 µmol/l H2O2 + 5 mmol/l NAC (p < 0.001, n = 1) 

contained less 
14

C-glutamate than control cells at the end of the experiment (Figure 

4.16).  
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Figure  4.13 - 
14

C-glutamate release from BeWo cells in response to urea and hydrogen 

peroxide / NAC preincubation. Raw data (A) and peak data (B) of 
14

C-glutamate from cells 

treated with Tyrode’s-control and Tyrode’s-urea with and without 500 µmol/l NAC and 50 

µmol/l H2O2 pre-treatment. (* p = 0.004, n = 1 independent experiment, triplicate conditions) 

compared to control. Data are presented as mean ± SEM.  
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Figure  4.14 - 
14

C-glutamate remaining in BeWo cells at the end of the hydrogen peroxide 

preincubation experiments. There was a significant difference between urea and 500 µmol/l 

NAC (* p < 0.001, n = 1 experiment, 3 replicates), urea + 50 µmol/l H2O2 with 500 µmol/l NAC 

(# p < 0.001, n = 3 replicates) and urea + 50 µmol/l H2O2 alone (Ω p < 0.001, n = 1 experiment, 

3 replicates) when compared to control. Data are presented as mean ± SEM.  
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Figure  4.15 - 
14

C-glutamate release from BeWo cells in response to hydrogen peroxide 

alone. Raw data (A) and peak data (6-8 min) (B) of 
14

C-glutamate from cells treated with 

Tyrode’s-control with and without H2O2 pre-treatment. Compared to control, 100 µmol/l H2O2 

(* p < 0.001, n = 1, 3 replicates), 50 µmol/l H2O2 (* p < 0.001, n = 1, 3 replicates) and 10 µmol/l 

H2O2 (* p < 0.001, n = 1 experiment, 3 replicates) all stimulated significantly more 
14

C-

glutamate efflux. Compared to 10 µmol/l H2O2 alone, cells pre-treated with10 µmol/l H2O2 + 5 

mmol/l NAC released significantly less 
14

C-glutamate (# p = 0.01, n = 1 experiment, 3 

replicates). Data are presented as mean ± SEM.  
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Figure  4.16 - 
14

C-glutamate remaining in BeWo cells preincubated with different 

concentrations of hydrogen peroxide. * p = 0.06, n = 1 experiment, 3 replicates, # p < 0.001, n 

= 1, 3 replicates compared to control cells. Data are presented as mean ± SEM.  
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4.4 Discussion 

This study is the first to demonstrate volume regulated glutamate release from intact 

human placenta. It suggests that glutamate release consistent with Maxi chloride 

channel activity occurs from the MVM but not the BM of the placental 

syncytiotrophoblast. The release of glutamate was abolished following pre-treatment 

with the antioxidant NAC, suggesting regulation of this channel by reactive oxygen 

species. It also suggests a role for xCT, which mediates NAC uptake, in modulating 

placental oxidative stress. I hypothesise that the release of substances via the Maxi 

chloride channel may have regulatory autocrine roles which requires further 

investigation. If the Maxi chloride channel does participate in autocrine signalling, the 

channel may have important physiological roles and contribute to normal placental 

function.  

4.4.1 Osmotically induced glutamate release from the MVM  

The release of glutamate from the human placenta in response to an osmotic challenge 

is likely to be mediated by the Maxi chloride channel but is unclear whether VRAC is 

additionally involved or whether the two are the same gene that is expressed differently 

in different tissues. Electrophysiology studies may help to determine whether the 

placenta contains both channels, characterised by different channel conductances or 

whether there is only one. To determine what channel it is, experiments could be 

performed in the absence of ATP, which is thought to up-regulate the Maxi-chloride 

channel but not the VRAC, or hyperpolarise the membrane as this is thought to 

deactivate the Maxi chloride channel but not the VRAC. 
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This investigation suggests that the Maxi chloride channel is not expressed on the BM 

as urea stimulated release of glutamate into the fetal circulation was not observed. To 

my knowledge, there is no evidence for Maxi chloride channel activity in the basal 

membrane. The perfusion of urea would cause cellular swelling in the placenta, and if 

expressed, this would activate the Maxi chloride channels on both sides of the 

syncytiotrophoblast. Alternatively, it is possible that there is localisation of the Maxi 

chloride channel on the BM but that there was reuptake of the glutamate released into 

the sub-endothelial space by the high affinity EAAT transporters. If the 
14

C-glutamate 

were taken back up into the placenta, no increase in glutamate efflux would be observed 

in the fetal vein. It is also possible that the BM of the syncytiotrophoblast has a different 

volume activated channel. 

While this investigation only provides evidence for Maxi chloride channel activity on 

the MVM, BM activity cannot completely be ruled out. Patch clamping studies on BM 

preparations incorporated into artificial liposomes may help to determine whether there 

is BM Maxi chloride channel activity or not.  

4.4.2 N-acetylcysteine inhibits Maxi chloride channel like activity 

One of the most interesting findings from this study is the observation that NAC inhibits 

volume activated glutamate efflux in the perfused placenta, suggesting that there is a 

functional relationship between xCT, which mediates NAC uptake, and Maxi chloride 

channel activity. In both placental perfusions and cell culture, NAC was shown to 

inhibit activity of the Maxi chloride channel although it is unclear whether this is due to 

a direct interaction with the channel or indirectly through interacting with second 

messengers that are involved in the regulation of the channel. I hypothesise that the 

interaction involves NAC scavenging reactive oxygen species, which regulate Maxi 
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chloride channel activation. Without preincubation with NAC, the levels of reactive 

oxygen species remain high and the Maxi chloride channel opens. However, 

preincubation with NAC results in the scavenging of reactive oxygen species resulting 

in an indirect inhibition of the channel. Similar results have been observed in patch 

clamping experiments suggesting that reactive oxygen species status regulate the 

opening of the channel although the mechanism behind this is unclear.  

I hypothesise that NAC has an indirect effect on Maxi chloride channel activation, but it 

is possible that the thiol group of NAC interacts with disulphide bonds in the Maxi 

chloride channel pore, altering its structure and rendering the channel incapable of 

opening (Wu et al., 2013). Reducing conditions have been found to increase the rate at 

which a channel opens/closes while oxidising conditions have been found to have the 

opposite effect (Varelogianni et al., 2010). This would suggest that the redox status of a 

cell alters channel activity.   

There was experimental variability between placentas in the Maxi chloride channel 

response both in the size and presence of the response. The last two experiments did not 

show a response to the maternal urea boli and one placenta pre-treated with NAC still 

released glutamate in response to urea. There may be many reasons as to why there was 

such variability in the Maxi chloride channel response including the underlying 

oxidative stress status of the placentas, the size of the cotyledon, different placentas 

expressing more or less channels and experimental issues. The only two placentas that 

did not respond at all to the urea bolus were both performed using the same urea stock 

and it is possible that there was an issue with the preparation of this solution however 

this cannot be determined at this point.  
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The mode of delivery of the placenta and the reperfusion time could affect the amount 

of reactive oxygen species in the placenta which in turn could have altered Maxi 

chloride channel activity. It is also possible that the size of the cotyledon used during 

the perfusion may partly determine the response induced by the urea bolus as bigger 

cotyledons generally released more 
14

C-glutamate than smaller cotyledons.  

In BeWo efflux studies, NAC also inhibited urea stimulated glutamate release with 

NAC preincubation preventing any changes in glutamate efflux from baseline when 

urea was added. These findings are consistent with studies in rat β-cells showing that 

the Maxi chloride channel requires oxidative stress to open and its function can be 

inhibited by NAC, which is an antioxidant as well as a substrate for glutathione 

synthesis (Crutzen et al., 2012; Kerksick & Willoughby, 2005). Previous studies have 

demonstrated via patch clamping that reactive oxygen species’, such as the hydroxyl 

radical derived from hydrogen peroxide, initiate Maxi chloride channel opening in HeLa 

cells but following preincubation with NAC, the free radicals are scavenged, preventing 

Maxi chloride channel opening (Crutzen et al., 2012; Shimizu et al., 2004) (Figure 4.17). 

It is possible that reactive oxygen species open the channel by interacting directly with 

the pore. It has previously been shown that redox signalling can alter protein function 

by interacting with cysteine molecules in the protein’s structure leading to covalent 

protein modifications and altered protein function (Corcoran & Cotter, 2013). 

Alternatively, reactive oxygen species may be involved in a signalling cascade that lead 

to indirect activation of the channel. The regulation of the Maxi chloride channel is 

currently unclear but it is possible that kinase activity is involved and that reactive 

oxygen species interact with the cysteines in the kinase structure, altering its function 

and the opening of the Maxi chloride channel (Corcoran & Cotter, 2013). 
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In BeWo cells preincubated with varying concentrations of hydrogen peroxide, there 

was an elevated baseline glutamate efflux compared to control cells. This was followed 

by the observation that the addition of urea did not cause a peak of glutamate efflux as 

seen previously. Unfortunately this experiment was only done once with the conditions 

in triplicate so it is impossible to draw full conclusions from this data. However, I 

hypothesise that pre-treatment with hydrogen peroxide activated the Maxi chloride 

channel early on in the experiment at a time when efflux was not measured and 

glutamate re-uptake was mediated by the EAAT transporters. When efflux was 

measured following urea at the later time points, no peak of efflux was seen as the 

channel had been desensitised.  

If hydrogen peroxide generated reactive oxygen species are activating the Maxi chloride 

channel, the addition of an antioxidant may be expected to prevent this. Consistent with 

this idea, cells pre-treated with NAC and hydrogen peroxide had a significantly lower 

baseline glutamate efflux compared to cells pre-treated with hydrogen peroxide alone. 

However, this experiment was also only done once with triplicate conditions so further 

experiments are required to demonstrate the reproducibility of this finding but the 

inhibition supports the idea that the Maxi chloride channel is responsible for glutamate 

efflux and that this is regulated by oxidative stress. I propose that there are two 

mechanisms for activating the Maxi chloride channel; the first is through cellular 

swelling and the second is through reactive oxygen species. 
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Figure  4.17 - MVM expression of xCT and Maxi chloride channel. The influx of NAC via 

xCT results in the scavenging of free radicals produced by oxidative stress which is required for 

Maxi chloride channel activity. 

 

4.4.3 What is the physiological role of the placental Maxi chloride 

channel? 

It is widely accepted that the Maxi chloride channel is involved in volume regulation 

and this investigation has supported previous observations that Maxi chloride channel 

activation is initiated by osmotic shock and cellular swelling. However, in vivo, 

maternal homeostatic mechanisms mean that it is unlikely that the placenta will be 

subjected to such an immediate osmotic shock. Therefore, I hypothesise that Maxi 

chloride channel activation occurs when there is a mismatch between the uptake and 

efflux of nutrients in the syncytiotrophoblast, leading to cellular swelling. The Maxi 

chloride channel may thus participate in a negative feedback loop by opening to allow 

the efflux of amino acids and restoration of normal cell volume.  

If a mismatch between the uptake and efflux of nutrients does occur, the Maxi chloride 

channel may release autocrine signals that activate signalling cascades, leading to a 

change in placental function. In other tissues such as the pancreas, glutamate has been 

suggested to have autocrine signalling roles (Cabrera et al., 2008), and ATP has itself 
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been found to act as an autocrine regulator of the Maxi chloride channel (Musante et al., 

1999). In the placenta, it is possible that there are similar autocrine pathways occurring 

as the Maxi chloride channel substrates glutamate, and ATP both have receptors on the 

syncytiotrophoblast which could mediate autocrine signalling, altering placental 

function (Roberts et al., 2006) (Figure 4.18). 

Glutamate binds to the Umami taste receptors (TASR1 and TASR3), which are known 

to be expressed in the human placenta (unpublished data from our laboratory). The 

binding of glutamate activates these receptors, initiating a second messenger cascade 

resulting in regulation of amino acid transport. Similarly, ATP is able to bind to P2 

receptors which may alter placental function by affecting intracellular calcium and 

protein kinase activity (Corriden & Insel, 2010; Fields & Stevens, 2000). In the 

placenta, it is possible that the Maxi chloride channel is regulated by intracellular 

calcium cascades and the binding of ATP to P2 receptors may thus have a role in Maxi 

chloride channel regulation (Ralevic et al., 1997). It is unclear whether the activity of 

the Maxi chloride channel regulates other transporters altering substrate uptake into the 

placenta, indirectly regulating channel activity by cellular swelling.  



Chapter Four: Volume regulated glutamate release 

 145  

 

 

Figure  4.18 - Substrates of Maxi chloride channel may act as autocrine factors. Once 

released via the Maxi chloride channel, glutamate and ATP can mediate autocrine signals that 

are involved in negative feedback via the Umami taste receptor, TAS1R1-TAS1R3, and P2 

receptors, respectively. 

 

The characteristics of the Maxi chloride channel are altered in pre-eclamptic placentas 

but it is unknown whether the activation and function of the channel is also affected. As 

in all tissues, there is a constant generation of free radicals which may activate the Maxi 

chloride channel. As a result, changes in reactive oxygen species status may alter Maxi 

chloride channel signalling. In pathological placentas, oxidative stress levels are 

reported to be elevated which might over-activate the Maxi chloride channel (Hracsko 

et al., 2008; Hubel, 1999). While the physiological roles of the channel are not 

understood, it is unclear what the effects of over activation would be. However, constant 

activation may result in changes in placental function which impact fetal growth.  
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The apparent link between xCT and the Maxi chloride channel may also mean that a 

change in xCT expression could alter Maxi chloride channel activity. If xCT were down 

regulated in pathological pregnancies, NAC influx could be decreased, resulting in the 

levels of free glutathione being diminished. This may in turn contribute to higher levels 

of oxidative stress within the syncytiotrophoblast, resulting in higher levels of Maxi 

chloride channel activation or the channel opening for longer periods of time, causing 

more efflux of glutamate than normal.  

Alternatively, the Maxi chloride channel may not be opening at all in pathological 

placentas. In patch clamping studies with pre-eclamptic placentas, the Maxi chloride 

channel has a decreased open probability (Bernucci et al., 2003). It is possible that xCT 

and Maxi chloride channel function together in order to regulate placental function in 

response to oxidative stress. 

4.4.4 The γ-glutamylcysteine pathway 

Activity of xCT on the MVM may help to maintain the γ-glutamylcysteine pathway 

which provides the cell with the components required for glutathione synthesis. The 

synthesis of glutathione (GSH) involves the action of γ-glutamylcysteine synthetase, 

which catalyses the condensation of glutamate and cysteine and GSH synthetase, which 

catalyses the addition of a glycine molecule to γ-glutamylcysteine. It has recently been 

shown that GSH is able to pass through the pore of the Maxi chloride channel in rats 

(Sabirov et al., 2013). The regeneration of GSH requires transport out of the cell in 

order for the ectoenzyme γ-glutamyltranspeptidase to produce γ-glutamylcysteine and γ-

glutamyl-amino acids (Zhang et al., 2005). The production of cysteine and its 

conjugates can then be taken back up into the cell via xCT in order for glutathione 

synthesis to continue. The high intracellular levels of glutamate and the availability of 
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glycine from the diet mean that cysteine is the rate-limiting precursor for glutathione 

synthesis. As cysteine is reactive, it is dimerised to form cystine, resulting in 

intracellular cysteine levels being low. As a result, the expression of xCT on the MVM 

may be crucial for continuously providing the syncytiotrophoblast with glutathione 

precursors. 

4.4.5 Future work 

This study has provided evidence for volume regulated glutamate release in the placenta 

and suggests that this may be modulated by antioxidants scavenging free radicals. 

Further work is required to confirm that these results are indeed mediated by the Maxi 

chloride channel and to understand what the physiological roles of the channel are. 

Additionally, it is unclear whether NAC inhibits Maxi chloride channel activity directly 

or indirectly and whether this interaction is altered in pathological pregnancies. At 

present, patch clamping is the main method of investigating the characteristics of the 

Maxi chloride channel. However, once the molecular identity of the Maxi chloride 

channel gene has been determined, knock down experiments can be carried out in order 

to determine how the Maxi chloride channel is regulated and what its physiological role 

in the placenta is.  

Future experiments should involve determining whether the results from this experiment 

are mediated by the Maxi chloride channel. The lack of selective and high affinity 

inhibitors is one of the major problems when studying Maxi chloride channel identity. It 

has been shown that there is a DIDS sensitive conductance on the MVM that is key for 

the resting membrane potential (Riquelme, 2009). Clarification that these results are 

mediated by the Maxi chloride channel could be achieved by repeating the placental 

perfusion studies and adding DIDS to see if urea induced glutamate release is prevented. 
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Furthermore, DIDS could be used in cell culture studies to investigate whether H2O2 

stimulated glutamate release is blocked. If DIDS inhibited both of these events, it would 

also support the hypothesis that reactive oxygen species regulate Maxi chloride channel 

activation.  

This investigation was unable to provide any evidence that the Maxi chloride channel is 

active on the BM of the placental syncytiotrophoblast. To confirm this, BM preparations 

could be incorporated into liposomes so that electrophysiology recordings could be 

carried out. If, as hypothesised, the Maxi chloride channel is not expressed on the BM, a 

proteomic comparison between the BM and MVM may indicate potential Maxi chloride 

candidates.  

To identify whether the Maxi chloride channel secretes autocrine signals, placental 

perfusion or villous fragment experiments could be performed in which glutamate, 

taurine, ATP are added. If autocrine signalling is mediated via the release of these 

molecules through the Maxi chloride channel, changes in phosphorylation of predicted 

downstream targets and second messengers could be observed.  

It is possible that nutrient uptake from the maternal circulation alters cell volume and 

Maxi chloride channel activity. To test this, placental perfusion experiments could be 

carried out in which increasing concentrations of amino acids are perfused into the 

placenta before measuring the efflux of glutamate from the Maxi chloride channel. 

It is currently unclear whether reactive oxygen species are involved in Maxi chloride 

channel activation and signalling or are actually required for function. To determine this, 

samples from placental perfusions could be collected and a reactive oxygen species 

assay done to correlate Maxi chloride channel activity with reactive oxygen species 

levels. If reactive oxygen species are required for Maxi chloride channel function, 
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further work could then be done to identify whether the inhibitory effect of NAC seen in 

this investigation is due to NAC scavenging reactive oxygen species or whether NAC 

inhibits the channel using a different mechanism. This could be achieved by carrying 

out the former experiments with and without previous exposure to NAC and adding 

various concentrations of reactive oxygen species to see if there is a correlation between 

NAC, reactive oxygen species and the release of glutamate.  

The characteristics of the Maxi chloride channel are altered in pre-eclampsia, where 

oxidative stress levels are known to be higher, and it would be interesting to repeat 

placental perfusion experiments with pathological placentas to identify whether the 

channel is more active and whether or not the typical inhibitors have a similar effect on 

activity. Additionally, pathological placentas could be used to make villous fragments 

for electrophysiology to identify whether the characteristics of the Maxi chloride 

channel are altered.  

This investigation was unable to successfully knock down the xCT gene in order to 

understand the potential relationship between xCT and Maxi chloride channel function. 

Future studies could aim to knockdown xCT to determine if NAC still has an inhibitory 

effect upon Maxi chloride channel activation. If xCT knockdown leads to a loss of Maxi 

chloride channel inhibition, this would suggest that xCT is important in maintaining 

NAC and glutathione levels within the placenta and that Maxi chloride channel function 

relies upon xCT expression.  

4.4.6 Conclusion 

This study demonstrates that there is osmotically activated glutamate release from the 

placenta, which is most likely mediated by the Maxi chloride channel. The fact that 
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placental Maxi chloride channel activity was inhibited by the antioxidant NAC provides 

further evidence that the Maxi chloride channel may be responsive to reactive oxygen 

species. I hypothesise that Maxi chloride channel may mediate release of autocrine 

signals, including glutamate and ATP, in response to cell swelling and reactive oxygen 

species. This needs to be investigated further in normal and pathological pregnancies 

but this study suggests that the Maxi chloride channel may have important physiological 

roles.  

 

  



 

 

 

 

 

Chapter 5:  The glutamate 

gradient and placental organic 

anion transport 



Chapter Five: Glutamate and organic anion transport 

 152  

5.1 Introduction 

The data presented in Chapter Three demonstrated that there is glutamate efflux by 

exchange across the BM of the placental syncytiotrophoblast but that this was not 

mediated by ASCT2 or AGT-1 and was unlikely to be mediated by xCT based on the 

fact that NAC mediated glutamate exchange on the MVM but not the BM. Following a 

search of the literature for transporters located in the placenta which transported 

glutamate or similar molecules, I hypothesised that the organic anion transporters OAT4 

and OATP2B1, though not known to transport glutamate, could be responsible. This 

chapter therefore sought to address whether the exchangers OAT4 and OATP2B1 could 

explain the observed glutamate exchange in human placenta (Figure 5.1). 

The hypothesis that OAT4 and OATP2B1 could explain the observed glutamate 

exchange was speculative, as neither transporter had been shown to transport glutamate. 

Furthermore, the OAT and OATP families, with the exception of OAT2, are not thought 

to transport glutamate (Fork et al., 2011; Hagenbuch & Stieger, 2013; Koepsell, 2013). 

However, glutamate is an organic anion and related molecules such as α-ketoglutarate 

are known to be transported by OATs (Wright & Dantzler, 2004). As no other candidate 

transporters were apparent and as both these transporters were localised to the BM of 

the human placental syncytiotrophoblast, these appeared to be the best candidates.  

In humans the OAT family is made up of eight members, all of which transport a wide 

variety of substrates (Burckhardt, 2012; Burckhardt & Burckhardt, 2011; Koepsell, 

2013). The organic anion transporter family (SLC22 subfamily) provide a key route for 

the uptake of organic anions into cells. Such substrates include a diverse range of drugs, 

metabolites and xenobiotics including steroid sulphates, para-aminohippuric acid (PAH), 

non-steroidal anti-inflammatory (NSAID) drugs, steroid sulphates, uric acid, urea, 
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diuretics, bile salts and penicillin (Burckhardt & Burckhardt, 2011). In epithelia, OAT 

transporters tend to be localised to the BM, where they work in concert with the ABC 

transporters that are expressed on the apical membrane (Koepsell, 2013). The placenta, 

kidneys and liver all play major roles in filtration and metabolism and the organic anion 

transporters (OATs), which are expressed on the plasma membranes of these organs, to 

facilitate the elimination of waste products and uptake of organic anions.  

 

Figure  5.1 - Potential mechanisms for glutamate efflux from the BM into the fetal 

circulation. 

 

In addition to the SLC22 family, the SLCO superfamily (formerly SLC21) the OATPs 

(organic anion transporting polypeptides) also mediate sodium independent exchange of 

organic anions (Koepsell, 2013). The family has three main classes; OATPA 

(SLC21A3), OATPB (SLC21A9) and OATPC (SLC21A6) (Figure 5.2A), all of which 

have a broad tissue distribution (Hagenbuch & Meier, 2004) (Figure 5.2B). In the term 
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placenta, OATP2B1 is widely expressed on the basal membrane of the 

syncytiotrophoblast (Ugele et al., 2008).  

 

Figure  5.2 - Phylogenetic tree representation of the human OAT (SLC22) and OATP 

(SLCO) family members (A) and their expression in human tissues (B) Adapted from (Ahn 

& Nigam, 2009; Mikkaichi et al., 2004; Roth et al., 2012). 
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In the placenta, the high intracellular glutamate level generates an outwardly directed 

glutamate gradient that could potentially be driving uptake of extracellular OAT and 

OATP substrates by secondary active transport (Phillips et al., 1978). Several OATs 

have been suggested to mediate the exchange of α-ketoglutarate and N-acetylglutamate, 

both substances of which have much lower concentration gradients in the cell compared 

to glutamate (Hagos et al., 2013; Wright & Dantzler, 2004).  

The OAT / OATPs may have important roles in the placenta as the highest affinity 

substrates for OAT4 and OATP2B1 are steroid sulphates (Cha et al., 2000). Steroid 

sulphates are used as the precursors for oestrogen synthesis and placental oestrogen 

production is essential for the maintenance of pregnancy (Siiteri, 2005; Tagawa et al., 

2004). In order to synthesise oestrogen, the placenta requires dehydroepiandrosterone 

(DHEAS) which is produced from the fetal adrenal glands through a reaction with 

pregnenolone and 17-OH pregnenolone (Soucy & Luu-The, 2000). In the placenta, the 

enzyme that catalyses the conversion of pregnenolone into DHEAS is absent and so 

DHEAS must be transported into the placenta from the fetal circulation. Steroid 

sulfatase, which is highly expressed in the syncytial trophoblast, then deconjugates 

DHEAS to synthesise oestrogen (Prouillac & Lecoeur, 2010; St-Pierre et al., 2002) 

(Figure 5.3). High concentrations of fetal DHEAS have been observed in FGR, which 

may suggest impaired placental uptake (Cha et al., 2000). 
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Figure  5.3 – The glutamate gradient may drive OAT4 and OATP2B1 activity. This may 

result in the uptake of drug metabolites and hormone precursors into the placenta for oestrogen 

synthesis via OAT4 and OATP2B1. 

 

5.1.1 Aims 

The aims of this chapter are:  

 to determine whether OAT and OATP members other than OAT4 and 

OATP2B1 are expressed in placenta 

 to determine whether substrates for OAT and OATP substrates known to be 

expressed in placenta can be demonstrated to exchange for glutamate in the 

isolated perfused placenta 

 to determine whether OAT4 and OATP2B1 exchange for glutamate when 

expressed in Xenopus oocytes 
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5.2  Methods 

A combination of the placental perfusion technique, Xenopus oocyte studies, PCR and 

Western blotting was used in this investigation to determine the expression of OAT and 

OATP members in the human placenta and identify whether glutamate is an 

OAT/OATP substrate.  

5.2.1 Placental perfusions 

To determine whether the OAT4 substrates stimulated exchange for glutamate across 

the BM of the placental syncytiotrophoblast, the placental perfusion methodology was 

used as described in Chapter 2, Section 2.2. The experimental outline of the OAT 

perfusions is shown in Figure 5.4. The maternal circulation was perfused with 1.4 

µmol/l of 
3
H-proline and 58.5 nmol/l of 

14
C-glutamate along with 1.8 mmol/l creatinine 

whilst the fetal circulation was perfused with Earle’s bicarbonate buffer. 16 µmol fetal 

boli (160 µl of 0.1 mole/l in 1.5 ml) of glutamate, aspartate, uric acid, para-

aminohippuric acid (PAH), estrone-3-sulphate, salicylic acid, ibuprofen, orotic acid and 

bromosulphothalein (BSP) were administered to the fetal circulation at regular time 

points. The appearance of 
14

C-glutamate from the maternal circulation in the fetal 

circulation was determined by liquid scintillation counting.  

Only perfusions in which fetal glutamate for 
14

C-glutamate exchange was observed 

were included in the analysis. This was because if no glutamate for 
14

C-glutamate 

exchange was observed, it was possible that no other glutamate exchange would be 

observed. As a result, two perfusions were excluded from the analysis.  
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Figure  5.4 – Typical experimental outline for OAT perfusions. A glutamate bolus was 

always injected at 50 min but the order of other boli changed throughout experiments. 

5.2.2 Creatinine assays 

Creatinine assays were carried out on fetal and maternal samples collected from OAT4 

perfusion experiments to determine the rate of paracellular diffusion as described in 

Chapter 2, Section 2.5.  

5.2.3 DH5α transformation with OAT4 and OATP2B1 

An OAT4 cDNA clone inserted into a pCMV6-XL expression vector and an OATP2B1 

cDNA clone inserted into a pCMV6-XL expression vector (Origene, UK) were 

transformed into DH5α E-Coli cells (Sigma, UK), grown up and plasmid purified as 

described in Chapter 2, Section 2.14.1.  
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5.2.4 Transfection of OAT4 into BeWo cells 

BeWo cells were plated out at a density of 2.5 x 10
5 

cells/ml and left to grow for 24 hr 

before being transfected with the OAT4 / OATP2B1 pCMV6-XL4 vector (Origene, 

Cambridge, UK) using FuGENE HD (Promega, Southampton, UK) as described in 

Chapter 2, Section 2.15.5.  

5.2.5 OAT4 and OATP2B1 restriction digest 

Following sequencing of the Maxi-prep OAT4 and OATP2B1 (GATC Biotech, Berlin, 

Germany), the OAT4 and OATP2B1 inserts were removed from the plasmids by 

carrying out a restriction digest. Both plasmids contained two T7 promoter sequences so 

the downstream promoter had to be removed in order to avoid synthesis of two separate 

cRNA strands for both plasmids. As a result, the OAT4 plasmid was cut twice using 1 

unit of NdeI and 1 unit of StuI restriction enzymes whilst OATP2B1 was cut using 1 

unit of NdeI and 1 unit of XhoI. The reaction mixtures were briefly centrifuged before 

being incubated at 37°C for 1 – 4 hr and run out on a 1.5% agarose gel at 100 V for 90 

min. The OAT4 and OATP2B1 insert bands were purified from the gel and the DNA 

purified as described in Chapter 2, Section 2.10.  

5.2.6 OAT4 and OATP2B1 fragment purification by PCR 

Following the restriction digests, the OAT4 and OATP2B1 inserts were amplified up 

using PCR, as described in Chapter 2, Section 2.8. Primers were designed using Primer3 

software using sequence information obtained from Genbank 

(www.ncbi.nlm.nih.gov/Genbank) and oligonucleotide primers were then synthesised 

by Eurogentec (Seraing, Belgium) (OAT4 forward primer: 5’-

CACCAAAATCAACGGGACTT-3’, reverse primer 5’-CGGGATCATGTTCAGGA-

http://www.ncbi.nlm.nih.gov/Genbank
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3’, OATP2B1 forward primer: 5’-GTTTTCCCAGTCACGACGTT-3’, reverse primer 

5’-AGGTCACAGGGACTTTGGTG-3’). Thermal cycling was performed under the 

following conditions: 94°C for 3 min; 40 cycles at 94°C for 30 s, 60°C for 30 s and 

72°C for 30 s; and then 72°C for 4 min. In order to check the band sizes, 5 µl of the 

PCR product was run out a 1% agarose gel before being purified and sent for 

sequencing (GATC, Biotech), to confirm the sequence identity (Figure 5.5A). The band 

at 5500 bp contains the OATP2B1 gene that was cut out and used for cRNA synthesis. 

For OATP2B1, the band at 3300 bp contains the second unwanted promoter whilst the 

top band at 8800 bp is uncut plasmid (Figure 5.5B).  

5.2.7 OAT4 and OATP2B1 cRNA synthesis 

OAT4 and OATP2B1 cRNA was prepared as described in Chapter 2, Section 2.14.3. 

Both OAT4 and OATP2B1 were synthesised from a T7 promoter. cRNA was 

synthesised using the T7 mMessage mMachine kit (Ambion, UK).  

5.2.8 Injection of OAT4 cRNA into Xenopus laevis oocytes 

Xenopus laevis oocytes were prepared as described in Chapter 2, Section 2.14.6 and 

micro injected with 20 ng OAT4 / OATP2B1 cRNA in a volume of 56 nl. 
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Figure  5.5 – OAT4 and OATP2B1 restriction digest. Linearized OAT4 PCR product (A) and 

OATP2B1 (B) following restriction digest and amplification, run on a 1% agarose gel. 
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5.2.9 OAT4 /OATP2B1 Xenopus oocyte 
14

C-glutamte efflux studies 

Two to three days after injection, batches of ten oocytes (triplicate) were incubated with 

14
C-glutamate efflux before OAT4 / OATP2B1 substrates were added to initiate 

exchange. Oocytes were washed for 5 min in 1ml warm ND91, before being incubated 

in ND91 buffer containing 20 μmol/l 
14

C-glutamate for 30 min. The radioactive buffer 

was then removed and kept for liquid scintillation counting whilst the oocytes were 

washed three times in 1 ml of ice-cold ND91 buffer. The OAT/OATP substrates; 

estrone-sulphate, BSP, PAH, ibuprofen, uric acid, OATP2B1 substrate; pravastatin, 

non-substrates glycine and aspartate and potential substrate glutamate were then added 

to the oocytes at a concentration of 10 mmol/l (500 µl) for 5 min. Estrone sulphate, BSP 

and uric acid were also added at 20 mmol/l. The substrate media was then removed and 

kept for liquid scintillation counting. The oocytes were washed twice in 1 ml of ice cold 

ND91 before 5% SDS was added and the oocytes were frozen, homogenised and added 

to 4 ml scintillation fluid so that exchange could be determined. Parallel experiments 

were carried out for non-injected oocytes. 

5.2.10 OAT and OATP PCR 

PCR was carried out in order to test the expression of various members of the organic 

anion transporter family genes in human placental tissue and cytotrophoblast samples. 

Intron spanning primers were designed using Primer3 software once sequencing 

information had been obtained from NCBI (www.ncbi.nlm.nih.gov/Genbank) and 

oligonucleotide primers were then synthesised by Eurogentec (Seraing, Belgium). A 

second set of primers was designed for OAT1, OAT2, OAT5 and URAT1 when the first 

set of primers did not result in products (Table 5.1). 

http://www.ncbi.nlm.nih.gov/Genbank
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PCR was carried as described in Chapter Two. Thermal cycling was performed under 

the following conditions: 94°C for 3 min; 40 cycles at 94°C for 30 s, 60°C for 30 s and 

72°C for 30 s; and then 72°C for 4 min. A 1.5% agarose gel containing gel red was used 

to visualise the PCR products under ultra violet light, after running the gel at 100 V for 

60 min in 1× TAE buffer (40 mmol/l Tris-acetate 1 mmol/l EDTA pH 8.3). To confirm 

the PCR products contents, bands were cut out and the DNA sent off for sequencing 

(GATC-BioTech, Berlin, Germany). 
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Table  5.1 - OAT forward and reverse primers used for PCR. 

  
Gene Name 

 

Accession 

Number 

Forward Primer Reverse Primer 

OAT1 

 

 

OAT2 

 

OAT3 

 

OAT4 

 

OAT5 

 

 

OAT7 

 

 

OAT10 

 

 

URAT1 

OATP1A2 

OATP1B1 

OATP1B3 

OATP2A1 

OATP2B1 

OATP3A1 

OATP4A1 

OATP4C1 

OATP6A1 

NM_153277.2 

 

 

NM_001184736.1 

 

NM_018484.2 

 

NM_018484.2 

 

NM_001039752.3 

 

 

NM_080866.2 

 

 

NM_004256.3 

 

 

NM_144585.2 

 

 

NM_001145211.2 

 

NM_006446.4 

 

 

NM_019844.3 

 

 

NM_005630.2 

 

 

NM_001145211.2 

 

 

NM_013272.3 

 

 

NM_013272.3 

 

 

NM_180991.4 

 

 

NM_173488.3 

5’-GTCTGCAGAAGGAGCTGACC-3’ 
5’- GGCACCTTGATTGGCTATGT-3’ 

 

5’-CCTCCAAGCTGCTGGTCTAC -3’ 
5’- AACAGAGCTGCGTCCACTTT-3’ 

 

5’ -GTCCATACGCTGGTTGGTCT-3’ 
 

5’ -CAGAAAGGTGGCCAGGATAA-3 

 
5’ -CACAGAACCCTGTGTGGATG -3 

5’- GAGGCCAGAGAAGTGTCGTC-3’ 
 

 

5’- AGGTTTGGGAGAAGGTTCGT-3’ 
5’- CAACACAAGTGACGCAGACA-3’ 

 

5’- CTCCCATCCCTGAAGAATGA-3’ 
5’- TTGGGTGGCCTGATGTGTAT-3’ 

 

 
5’ -CGGACCTGTATCTCCACGTT -3’ 

5’-CCCTGAGGTCTTGCTTTCAG-3’ 

 
5’- GCTTGTCTTGCTGGTTGTGA-3’ 

 

 
 

5’- CTTGCCCCAAACTCCAAATA-3’ 

 
 

5’- GTGGCTTGGTTTCCTTGTGT-3’ 

 
 

5’-ACGGTTTCCATGCATCTTTC-3’ 

 
 

5’- GGGAACACAGCCTTGATTGT-3’ 

 
 

 
5’- TGCGGTGCCTTACTCTTCTT-3’ 

 

 
5’- CCCGTCTACATTGCCATCTT-3’ 

 

 
 

5’- GAGAAGCTCCGGTCACTGTC-3’ 

 
 

5’- AGCCAAGTCCTCAGTTTCCA-3’ 

 
 

5’- AGCAAGAGAGGTTCGGACAA-3’ 
5’- GCACCAAAGATCACCTGGAT-3’ 

 

5’- CATCCCTGTCTGTCTGAGCA-3’ 
5’- TACCTGTGGGCCTCTTTCAC-3’ 

 

5’- GCTGTACCTCACCCGTGATT-3’ 
 

5’- CACCAGCATGTTGGCTAGAA -3’ 

 
5’- TCGGAAGACATAAGCCAAGC -3’ 

5’- TGATTATCAACCACCGAGCA-3’ 

 
  

5’- TGCTGCCTCCAGTTCTTTTT-3’ 

5’- CATGGCCTGGAATCTGTGTG-3’ 
 

5’- CTGAACAGATCCAGGGCATT-3’ 

5’- TTCCTTCTCTGAGGGCACTG-3’ 
 

 

5’-CTCGCTGCTGTAGATGGTGA-3’ 
5’- TCACCATCTACAGCAGCGAG-3’ 

 

5’- GAATCCATTAAAGCGCCAAA-3’ 
 

 

 
5’- GTCCGGCAACTGATTTGTTT-3’ 

 

 
5’- AGTTGCAACCGTAGGAATGG-3’ 

 

 
5’- ATGGCAAGGGGAGAGGTACT-3’ 

 

 
5’- CCATCATGGTCACTGCAAAC-3’ 

 

 
 

5’- TAGCAAGCAGTGGACACCAG-3’ 

 

 

5’- CTCAGGCTGAACTGGGACTC-3’ 

 
 

 

5’- TGGGCACAGAATCATCAAGA-3’ 
 

 

5’- AAAGGTTGTCAGTGGTTGCC-3’ 
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5.2.11 Western Blotting 

Western blotting was carried out as described in Chapter 2, Section 2.13. OAT4 and 

OATP2B1 injected oocytes, non-injected oocytes and OAT4 / OATP2B1 transfected 

BeWo samples containing 45 µg protein in RIPA buffer and 1 x DTT reducing agent 

were loaded on SDS-PAGE gels and transferred onto PVDF membranes. OAT4 rabbit 

anti human, (ab76385) primary antibody was added to the blots which were left to 

incubate overnight at a concentration of 1/500 at 4°C and then washed for ten min (x3) 

in PBS-T. Blots were then incubated with a 1/50000 dilution of goat anti rabbit 

secondary antibody (ab50262) for 60 min. Immunoreactive signals were visualized 

using enhanced chemiluminescence at a ratio of 1:1 (SuperSignal West Femto, 

ThermoScientific, UK). The membrane was incubated with β-actin (Sigma-Aldrich, UK) 

(1:10000), left for 60 min and washed for ten min (x3) to confirm equal protein loading. 

5.2.12 Statistical analysis 

5.2.12.1 Placental perfusions 

AUC was determined as described in Chapter 2, Section 2.16.1. Perfusion data is 

presented as median and interquartile range. Analysis was performed using a one-

sample two tailed t test and a Wilcoxon signed rank test in which the medians were 

compared to zero. The transfer, uptake and remaining percentage of 
14

C-glutamate and 

3
H-proline in the placenta was analysed by dividing the experiment into five time points 

and carrying out a one way ANOVA (LSD). Results were deemed significant when p < 

0.05. Data were analysed using computer software GraphPad Prism (version 5.00 for 

Windows, GraphPad Software, San Diego California USA). 
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5.2.12.2 Maternal arterial inflow and uptake from maternal 

circulation  

To analyse the transfer, uptake and retention of 
14

C-glutamate and 
3
H-proline, the 

results obtained from the first 5 min of every injected bolus was removed to provide an 

overall baseline for transfer, uptake and retention. The baseline efflux at sample times 

when creatinine was not measured was also removed. In order to determine whether 

there were changes between the groups (
14

C-glutamate, 
3
H-proline and creatinine) and 

whether there were changes over time, these values were then analysed using a repeated 

measures ANOVA with a LSD posthoc test. 

5.2.12.3 OAT4 and OATP2B1 oocyte efflux studies 

Data are presented as means and SEM and normalised to non-injected oocyte responses. 

Analysis was performed using a multiple comparisons Dunnett’s t-test whereby each 

substrate was compared to the baseline buffer response (ND91). Results were deemed 

significant when p < 0.05. Data were analysed using SPSS (version 21). 
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5.3 Results 

5.3.1 OAT/OATP substrates did not initiate exchange for 

glutamate in placental perfusions 

A fetal glutamate bolus (16 µmol, n = 16) stimulated 
14

C-glutamate exchange into the 

fetal circulation in all but two experiments which were removed from the analysis (p = 

0.002, n = 14 Figure 5.6A). A fetal glutamate bolus had no effect on the levels of 
3
H-

proline (Figure 5.7A). The OAT4 substrates including ibuprofen (n = 5), salicylic acid 

(n = 4), estrone-3-sulphate (n = 2), BSP (n = 3), PAH (n = 7), and uric acid (n = 3) were 

not found to be mediating exchange for 
14

C-glutamate in the fetal circulation (Figure 

5.6A) or the maternal circulation (Figure 5.6B).  

The average venous recovery was 5.5 ± 0.1 ml/min (92%) and the average weight of the 

perfused cotyledon was 48.4 ± 4.6 g.  
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Figure  5.6 - OAT/OATP substrates did not initiate exchange for 
14

C-glutamate. 
14

C-

glutamate AUC from the fetal (A) and maternal (B) circulations following boli injection (* p = 

0.002, n = 14). Data expressed as medians and interquartile range. 
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Figure  5.7 - OAT/OATP substrates did not initiate exchange for 
3
H-proline. 

3
H-proline 

AUC from the fetal (A) and maternal (B) circulations following boli injection. Data expressed 

as medians and interquartile range. 
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5.3.2 Trans-stimulation of glutamate efflux via OAT4 oocytes 

OAT4 cRNA was injected into Xenopus laevis oocytes to determine whether glutamate 

was a substrate for the exchanger. The efflux of 
14

C-glutamate from OAT4 injected, 

water injected and non-injected oocytes in response to various OAT4 substrates and 

non-substrates are shown in Figure 5.8A. OAT4 substrates estrone sulphate (p < 0.001, 

3.6 fold increase, n = 5 experiments, triplicate conditions) and BSP (p < 0.001, 2.4 fold 

increase, n = 5 experiments, triplicate conditions) both significantly stimulated efflux of 

pre-loaded 
14

C-glutamate at a concentration of 20 mmol/l (Figure 5.8). Glutamate 10 

mmol/l (p < 0.001, 2.4 fold increase, n = 10 experiments, triplicate conditions) 

stimulated efflux for radiolabelled glutamate whilst estrone sulphate 10 mmol/l (p = 

0.051, 3.1 fold increase, n = 5 experiments, triplicate conditions) also stimulated 

glutamate efflux. A dose dependent glutamate efflux response was observed for both 

estrone sulphate and BSP at 10 mmol/l and 20 mmol/l. Uric acid (n = 1 experiment, 

triplicate conditions), ibuprofen (n = 5 experiments, triplicate conditions) and PAH (n = 

5 experiments, triplicate conditions) did not stimulate glutamate exchange, nor did 

ND91 buffer alone (n = 10 experiments, triplicate conditions), the negative control 

glycine (n = 8 experiments, triplicate conditions) aspartate (n = 5 experiments, triplicate 

conditions) or osmotic control sucrose (n = 5 experiments, triplicate conditions, Figure 

5.8).  

There was no significant difference in the uptake of 
14

C-glutamate into OAT4 injected 

oocytes compared to non-injected (n = 10 experiments, triplicate conditions) and water 

injected oocytes (n = 7 experiments, triplicate conditions) that had only been subjected 

to ND91 buffer (Figure 5.9).  
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There was no significant difference between non-injected oocytes (n = 5 experiments, 

triplicate conditions) and water injected oocytes (n = 5 experiments, triplicate 

conditions) in response to 10 mmol/l glutamate (Figure 5.10). 

Glutamate efflux via OAT4 increased proportionally with time between 2.5, 5 and 8 

min (p = 0.025, n = 3 experiments, triplicate conditions Figure 5.11B). 
14

C-glutamate 

efflux in response to 10 mmol/l glutamate at 2.5, 5 and 8 min was 2.6, 2.1 and 3.3 fold 

higher respectively in OAT4 injected oocytes compared to non-injected oocytes Figure 

5.11A). 
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Figure  5.8 - Estrone sulphate and BSP trans-stimulate efflux of 
14

C-glutamate. (A)
14

C-

glutamate efflux from OAT4, water and non-injected oocytes. Data are presented as means and 

SEM (B) Glutamate 10 mmol/l (# p < 0.001, n = 10), OAT4 substrates estrone sulphate 10 

mmol/l (* p = 0.051, n = 5), estrone sulphate 20 mmol/l (# p < 0.001, n = 5) and BSP 20 mmol/l 

(# p < 0.001, n = 5) significantly stimulated 
14

C-glutamate efflux, compared to ND91 alone. 

Data are presented as means and SEM and normalised to non-injected oocyte responses. 
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Figure  5.9 - 
14

C-glutamate uptake in OAT4 (n = 10), non-injected (n = 10) and water 

injected oocytes (n = 7). Data are presented as means and SEM. 
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Figure  5.10 - The raw efflux of 
14

C-glutamate in response to 10 mmol/l unlabelled 

glutamate in OAT4, non-injected and water injected oocytes. OAT4 injected oocytes 

released more 
14

C-glutamate than the control water-injected and non-injected oocytes (p < 0.05). 

Data are presented as means and SEM. All groups n = 5. 
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Figure  5.11 - 
14

C-glutamate efflux over time from OAT4 injected oocytes in response to 10 

mmol/l glutamate (2.5 and 8 min, r
2
 =0.975, p = 0.025, n = 3 experiments, triplicate 

conditions) and ND91 buffer (5 min). (A) 
14

C-glutamate efflux over time from OAT4 injected 

and non-injected oocytes in response to 10 mmol/l glutamate and (B) 
14

C-glutamate efflux from 

OAT4 injected oocytes in response to 10 mmol/l glutamate, normalised to non-injected oocyte 

responses.  Data are presented as means and standard deviations. 
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5.3.3 Trans-stimulation of glutamate efflux via OATP2B1 

OATP2B1 cRNA was injected into Xenopus oocytes to determine whether glutamate is 

a substrate. Estrone sulphate (p < 0.001, 1.4 fold increase, n = 5 experiments, triplicate 

conditions) and BSP (p < 0.001, 1.4 fold increase, n = 5 experiments, triplicate 

conditions) both significantly stimulated efflux of radiolabelled glutamate at a 

concentration of 20 mmol/l (Figure 5.12). Pravastatin 10 mmol/l also mediated 
14

C-

glutamate efflux (p = 0.02, 2.3 fold increase, n = 3 experiments, triplicate conditions). 

Glutamate 10 mmol/l (n = 5 experiments, triplicate conditions) and glycine (n = 5 

experiments, triplicate conditions) did not significantly stimulate efflux of 
14

C-

glutamate (Figure 5.12).  

There was no significant difference in the uptake of 
14

C-glutamate into OATP2B1 

injected oocytes compared to non-injected oocytes that had been incubated in ND91 

buffer (n = 3 experiments, triplicate conditions, Figure 5.13). There was no significant 

difference between non-injected oocytes and water injected oocytes in response to 10 

mmol/l unlabelled glutamate (n = 3 experiments, triplicate conditions, Figure 5.14).  

Glutamate efflux via OATP2B1 in response to 20 mmol/l BSP increased proportionally 

with time (p = 0.05) between 2.5 min (1.4 fold increase, n = 3 experiments), 5 min (1.6 

fold increase) and 8 min (2.7 fold increase, Figure 5.15). 
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Figure  5.12 - BSP, estrone sulphate and pravastatin trans-stimulate efflux of 
14

C-

glutamate from OATP2B1 injected oocytes. (A) 
14

C-glutamate efflux from OATP2B1, water 

and non-injected oocytes. Data are presented as means and SEM (B) Estrone sulphate 20 

mmol/l (* p < 0.001, n = 5 experiments, triplicate conditions), BSP 20 mmol/l (* p < 0.001, n = 

5 experiments, triplicate conditions) and pravastatin 5 mmol/l (ϕ p = 0.02, n = 3 experiments, 

triplicate conditions) significantly stimulated exchange for 
14

C-glutamate. Data are presented as 

means and SEM and normalised to non-injected oocyte responses. 
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Figure  5.13 - 
14

C-glutamate uptake in in OATP2B1 and non-injected oocytes. There is no 

significant difference in uptake between OATP2B1 (n = 3, triplicate conditions) and non-

injected oocytes (n = 3 experiments, triplicate conditions) Data are presented as means and 

SEM. 
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Figure  5.14 - The efflux of 
14

C-glutamate in response to 10 mmol/l unlabelled glutamate in 

OATP2B1, non-injected and water injected oocytes. There is no significant difference in 
14

C-

glutamate efflux from OATP2B1, non-injected or water injected oocytes in response to 10 

mmol/l glutamate. Data are presented as means and SEM. All groups n = 5, triplicate 

conditions.  
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Figure  5.15 - 
14

C-glutamate efflux over time from OATP2B1 injected oocytes in response 

to 20 mmol/l BSP and ND91 buffer (2.5, 5 and 8 min). (A) 
14

C-glutamate efflux over time 

from OATP2B1 injected and non-injected oocytes in response to 20 mmol/l BSP and ND91. (B) 
14

C-glutamate efflux from OATP2B1 injected oocytes in response to 20 mmol/l BSP, 

normalised to non-injected oocyte responses. BSP 20 mmol/l r = 0.97, p = 0.05, n = 3. ND91: r 

= -0.98, p = 0.322, n = 3.  Data are presented as means and standard deviation. 
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5.3.4 OAT mRNA expression in the placenta 

PCR was carried out using cDNA derived from placental tissue mRNA and forward and 

reverse primers for OAT1, OAT2, OAT3, OAT4, OAT5, OAT7, OAT10 and URAT1. 

With a variety of temperature gradients for each set of primers, OAT4 (SLC22A11) was 

the only member of the organic anion transporter family to be expressed in placental 

tissue and cytotrophoblast samples which was confirmed through sequencing 99.9% 

sequence identity, Figure 5.16A and Figure 5.16B). Expected product size for 

SLC22A11 was 379 base pairs. A summary of these findings is presented in Table 5.2. 

To confirm that the other SLC22 primers work, a further PCR was carried out using 

positive control cDNA. Human liver was used to demonstrate the expression of the 

SLC22A7/OAT2, SLC22A10/OAT5 and SLC22A9/OAT7 while human kidney was 

used to demonstratre the expression of SLC22A6/OAT1, SLC22A8/OAT3 and 

SLC22A12/URAT (Figure 5.17). 
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Figure  5.16 - OAT PCR products from cytotrophoblast tissue (A) and placental tissue (B). 
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Figure  5.17 – OAT PCR products from placental and positive control tissue. PCR was 

performed on 1) pooled placental cDNA, 2) positive control cDNA (kidney, liver, brain and 

testes) and 3) a no template control. OAT1 and OAT3 mRNA expression was confirmed in 

human kidney while OAT2, OAT5 and OAT7 mRNA expression was confirmed in human 

liver.  

 

Table  5.2 - Results of OAT PCR runs with a variety of temperature gradients. 

Gene  Annealing 

Temperature 

(
o
C) 

mRNA in 

placenta 

mRNA in 

primary 

cytotrophoblast  

Expected 

Band Size 

(bp) 

SLC22A6 / OAT1 57– 63 No No 236 

SLC22A7 / OAT2 57 - 63.5 No No 347 

SLC22A8 / OAT3 57 – 63 No No 683 

SLC22A11 / OAT4  60 Yes Yes 379 

SLC22A12 / URAT1 56 – 63 No No 330 

SLC22A10 / OAT5 56 - 60
 
 No No 433 

SLC22A9 / OAT7 56 – 61 No No 489 

SLC22A13 / OAT10 56 - 61
 

No No 399 
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5.3.5 OATP mRNA expression in the human placenta 

PCR was carried out using placental tissue and forward and reverse primers for 

OATP1A2, OATP1B1, OATP1B3, OATP2A1, OATP2B1, OATP3A1, OATP4A1, 

OATP4C1 and OATP6A1. OATP2A1, OATP2B1 and OATP4A1 mRNA is expressed 

in placental cytotrophoblast (Figure 5.18) and this was confirmed through sequencing 

(100% sequence identity for OATP2A1, OATP2B1 and OATP4A1 (GATC, Biotech, 

UK). The other members of the OATP family; OATP1B1, OATP1B3, OATP3A1 and 

OATP4C1 were not detected in placental tissue or cytotrophoblast samples. A summary 

of these findings is presented in Table 5.3. 

Table  5.3 - Results of OATP PCR runs with a variety of temperature gradients. 

Gene PCR Annealing 

Temperature 

(°C) 

mRNA in 

placenta 

mRNA in 

primary 

cytotrophoblast  

Expected 

Band Size (bp)  

OATP1A2 57 – 62 No No 329 

OATP1B1 57 – 62 No No 479 

OATP1B3 57 – 62 No No 391 

OATP2A1 60 Yes Yes 476 

OATP2B1 60 Yes Yes 421 

OATP3A1 57 – 62 No No 494 

OATP4A1 61 Yes Yes 467 

OATP4C1 57 – 62 No No 562 

OATP6A1 57 – 62 No No 446 
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To confirm that the other SLCO primers work, a further PCR was carried out using 

positive control cDNA. Human liver was used to demonstrate the expression of 

OATP1B3, human brain cDNA was used to demonstrate expression of OATP3A1 and 

human kidney was used to demonstratre the expression of OATP1A2 and OATP4C1 

(Figure 5.18).  

 

 

Figure  5.18 - OATP PCR products from placental cytotrophoblast and positive control 

cDNA samples. SLCO2A1/OATP2A1, SLCO2B1/OATP2B1 and SLCO4A1/OATP4A1 are 

expressed in placental cytotrophoblast (A). SLCO1A2/OATP1A2 and SLCO4C1/OATP4C1 

expression was detected in human kidney cDNA while SLCO1B3/OATP1B3 and 

SLCO3A1/OATP3A1 were detected in human liver and brain cDNA respectively (B).  
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5.3.6 Protein localisation of OAT4 to the basal membrane  

Western blotting was carried out on 45 µg of OAT4 transfected BeWo cells, placenta 

and BM preparations in order to localise OAT4 protein expression. OAT4 protein is 

strongly expressed on the basal membrane at 54 kDa rather than at the predicted 

molecular weight of 60 kDa (Figure 5.19), consistent with findings from other 

investigations (n = 2). BeWo cells transfected with the OAT4 gene have high OAT4 

protein expression levels, shown at the band size of 60-62 kDa. There was negligible 

OAT4 protein expression in 2 out of 3 placental samples. In a repeat Western blot, 

different BM samples were used to ensure the same protein localisation was observed in 

different samples.  

 

Figure  5.19 – OAT4 is expressed on the BM of the syncytiotrophoblast. Expression of 

OAT4 protein (A, 50 kDa, predicted band size 60 kDa) and β-actin protein (B) in placenta, 

BeWo and BM samples (45 µg protein, n = 2 blots). 
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5.4 Discussion 

The results presented in this chapter indicate that glutamate is a substrate for both the 

OAT4 and OATP2B1 transporters and suggest that the unexplained glutamate exchange 

on the BM demonstrated in Chapter 3 is likely to be OAT4/OATP2B1 mediated. These 

findings raise the question as to whether other OAT and OATP family members may 

also transport glutamate and whether the transmembrane glutamate gradient is a major 

driving force of OAT and OATP activity, not just in the placenta but also throughout the 

rest of the body. 

5.4.1 Perfusions investigating OAT/OATP activity 

To test the hypothesis that glutamate is transported by OAT4 / OATP2B1, the placental 

perfusion technique was used. However no exchange of OAT/OATP substrates for 

glutamate was observed. This did not support the hypothesis that OAT/OATPs are 

mediating glutamate exchange. Despite this, these results do not rule out glutamate 

being a substrate as there may have been technical issues which prevented the 

observation of glutamate efflux. It is possible that the low solubility of the OAT 

substrates used resulted in a lower concentration of the substrate reaching the BM. If 

glutamate exchange had occurred, there could have been reuptake of 
14

C-glutamate by 

EAAT1 and EAAT3 transporters. Previous studies have shown that there is a net uptake 

of glutamate (approximately 20%) into the placenta from the fetal circulation (Day, 

2012). It is likely that glutamate uptake from the sub-endothelial space will be even 

greater. When glutamate efflux is trans-stimulated by a glutamate bolus, the 
14

C-

glutamate efflux is still observed because the high concentrations of unlabeled 

glutamate would have competitively inhibited 
14

C-glutamate reuptake. Additionally, the 

primary OAT substrate used, PAH, although a classic OAT substrate turned out to have 
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a lower affinity for OAT4 and OATP2B1 than other OATs. Previous literature states 

that the highest affinity substrates for OAT4 are estrone sulphate (Km = 1.01 µmol/l), 

DHEAS (Km = 0.63 µmol/l) and BSP (Km = 1.50 µmol/l) (Cha et al., 2000; Hagos et al., 

2007). It is possible that no exchange for BSP/estrone sulphate was seen due to the 

compounds getting stuck in the extracellular matrix of the placenta, limiting the 

concentration of the boli reaching the basal membrane. Weaker substrates used included 

ibuprofen, which is thought to be an OAT4 inhibitor rather than a transportable 

substrate and PAH, which is now known to only be an OAT4 efflux substrate (Hagos et 

al., 2007; Rizwan & Burckhardt, 2007). While it is possible that the OATs do not have 

a role in glutamate transport in the placenta, it is more likely that the culmination of 

these problems prevented observations of glutamate exchange via OAT4. As a result, 

exchange of glutamate for OAT/OATP substrates was investigated using Xenopus laevis 

oocytes.  

5.4.2 Glutamate is an OAT4 and OATP2B1 substrate 

Trans-stimulation of 
14

C-glutamate efflux from Xenopus laevis oocytes expressing 

either OAT4 or OATP2B1 suggests that glutamate is an OAT4 and an OATP2B1 

substrate. The oocyte efflux data suggests that OATP2B1 appears to bind glutamate 

with a higher affinity at the intracellular face of the transporter compared to the 

extracellular face, as the glutamate efflux stimulated by estrone sulphate was higher 

than compared to unlabelled glutamate. However, the fold changes of glutamate efflux 

between OATP2B1 and non-injected oocytes are smaller than those between OAT4 and 

non-injected oocytes so it possible that OATP2B1 expression levels were not as high as 

OAT4. This would need to be assessed by real time PCR and Western blotting. 

Additionally, the 
14

C-glutamate efflux trans-stimulated by unlabelled glutamate was not 
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significant for OATP2B1. However, kinetic studies need to be performed to confirm 

this as this study was only able to measure radiolabelled glutamate efflux and not the 

efflux of intracellular glutamate that the Xenopus laevis oocytes contain. In hindsight, it 

may have been better to inject each oocyte with a known concentration of 
14

C-glutamate 

so that each oocyte would have the same concentration of glutamate available for 

exchange. Additionally, during the oocyte experiments, before efflux was stimulated, 

14
C-glutamate uptake was inhibited by washing the oocytes in ice-cold ND91 buffer. 

However, it cannot be guaranteed that this temperature shock did not affect the oocyte’s 

viability. It may have been more appropriate to wash in RT ND91 buffer.  

5.4.3 OAT4 and OATP2B1 kinetics 

The Xenopus oocyte data for OATP2B1 showed that 
14

C-glutamate efflux initiated by 

both 20 mmol/l of BSP and estrone sulphate was significant whilst at 10 mmol/l, 
14

C-

glutamate efflux was not significant, suggesting that OATP2B1’s apparent affinity for 

these substrates is lower than reported. It is unclear why this has been observed but 

kinetic studies are required to further investigate these findings. 

 

The Km of estrone sulphate is reported to be 1.01 µmol/l and 6.3 µmol/l for OAT4 and 

OATP2B1 respectively whilst the Km for BSP has been shown to be 1.5 µmol/l and 0.7 

µmol/l respectively (Kullak-Ublick et al., 2001). With a low Km, it is unclear why there 

is a discrepancy in glutamate efflux stimulated by 10 mmol/l estrone sulphate / BSP and 

20 mmol/l as both transporters should be saturated at 10 mmol/l. It is possible that this 

is due to the existence of multiple binding sites as there is now evidence to suggest that 

both OATP2B1 and OATP1B1 transporters have multiple binding sites on their external 

faces, characterised by their high and low affinity sites for the prototypical substrate 
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estrone sulphate (Shirasaka et al., 2012). It has been shown that BSP is an inhibitor of 

both the high and low affinity estrone sulphate binding sites whilst pravastatin only 

inhibits the high affinity site and testosterone only the low affinity site (Shirasaka et al., 

2012).  

Xenopus oocytes contain a high intracellular concentration of glutamate (1.7 mmol/l) 

whilst in this study the concentration of radiolabelled glutamate per oocyte was 19.5 

µmol/l.  Therefore, each oocyte will have 90 times more unlabelled glutamate compared 

to tracer. In order to determine the actual glutamate efflux stimulated by OATP2B1 

substrates, LCMS could be used as has been with OAT2 studies (Fork et al., 2011).  

 

5.4.4 Roles of OAT4 and OATP2B1 in the placenta  

Exchange of OAT substrates for 
14

C-glutamate was not demonstrated in the perfused 

placenta but based on the results from the oocyte efflux studies, I hypothesise that in the 

placenta, the transmembrane glutamate gradient could be utilised by OAT4 and 

OATP2B1 to drive the uptake of DHEAS from the fetal circulation so that it can 

contribute to placental oestrogen synthesis (Figure 5.20). Chapter 3 has demonstrated 

that the transmembrane glutamate gradient could also be used by xCT to drive the 

uptake of cysteine for glutathione synthesis. Transport of DHEAS out of the fetal 

circulation is also advantageous to the fetus as a build-up of DHEAS is detrimental and 

has been associated with FGR (Ugele et al., 2003). 

This investigation suggests that OAT4 is the major OAT mediating the transport of 

organic anions within the placenta as consistent with other studies, OAT1 and OAT3 

mRNA was not observed and PCR did not detect the mRNA expression of other OAT 

members. Consistent with previous findings, placental and cytotrophoblast mRNA 
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expression of the OATP members OATP2A1, OATP2B1 and OATP4A1 were also 

found (Sato et al., 2003; St-Pierre et al., 2002). Western blotting demonstrated that 

OAT4 is expressed on the BM of the placental syncytiotrophoblast which is consistent 

with other studies. However, the predicted molecular weight of OAT4 is 60 kDa and a 

62 kDa band was observed in protein extracted from BeWo cells that were transfected 

with OAT4. However, in the BM a 54 kDa band was observed. It is not clear why this is 

but it is possible that the ionic composition of the placental BM prep affects the way in 

which the protein runs.  

This study did not investigate the protein localisation of the OATP members but it has 

previously been shown that OATP2B1 is expressed on the BM and thus OATP2B1’s 

affinity for glutamate was investigated (St-Pierre et al., 2002; Ugele et al., 2003).  

The other placentally expressed OATP members (OATP2A1 and OATP4A1) may be 

mediating other roles in the placenta but until their affinity for glutamate is known, it is 

difficult to know whether they utilise the glutamate gradient for the uptake of 

substances or act as efflux transporters. It is known that OATP4A1 is expressed on the 

MVM and it is possible that this transporter provides an efflux route for toxic drug 

metabolites back into the maternal circulation (Loubiere et al., 2012). However, if 

OATP4A1 is coupled to the glutamate gradient then it is likely that the transporter will 

mediate the efflux of glutamate into the maternal circulation in exchange for the influx 

of OATP substrates. If other OATP transporters are coupled to the transmembrane 

glutamate gradient in the placenta, then it is likely that the ABC transporters are 

responsible for mediating the efflux of drugs and xenobiotics into the maternal 

circulation, whilst the OAT/OATPs mediate the influx of toxins from the fetal 

circulation (Figure 5.20). 
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During gestation, the mother is more likely to take medication for viral, fungal and 

bacterial infections (Andrade et al., 2008). For the majority of these drugs, the 

implications and safety of such drugs on the fetus is unknown and thus the transport of 

such substances into the fetal circulation is potentially hazardous for fetal growth and 

development. As OATP2B1 has been shown to mediate the transport of pravastatin, 

rosuvastatin and flavastatin this could also mean that the glutamate gradient may drive 

the removal of statins and other xenobiotics from the fetal circulation protecting the 

fetus from their effects (Varma et al., 2011). The use of statins during gestation is 

contraindicated although there is very little literature available on the effect of maternal 

statin use during pregnancy (Godfrey et al., 2012; Kazmin et al., 2007). If a statin or 

other drug enters the fetal circulation, the OATPs are likely to be responsible for 

mediating the uptake back into the placenta. This raises the question as to whether an 

impaired glutamate gradient will alter the uptake of these substances.  

On the BM, the OATPs are likely to be mediating the removal of toxins and xenobiotics 

but they are also known to mediate the uptake of steroid sulphate precursors from the 

fetal circulation into the placenta. Results from this study suggest that the 

transmembrane glutamate gradient drives the activity of OAT / OATP transporters so 

that the placenta can be supplied with DHEAS for oestrogen synthesis.  
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Figure  5.20 – Proposed mechanism by which the transmembrane glutamate gradient 

drives the uptake of organic anions. OAT4 or OATP2B1 mediates the efflux of glutamate in 

exchange for the influx of OAT4 substrate boli e.g. estrone sulphate or toxins. Toxins can then 

be transported back into the maternal circulation via ABC transporters. 

5.4.5 Do other OATs and OATPs transport glutamate? 

OAT2 has also been shown to transport glutamate and this ability was thought to be due 

to a critical Glu
441

 residue in transmembrane 10, with no glutamate uptake being seen 

when this residue was mutated (Fork et al., 2011). Other members of the OAT family 

do not contain this residue and so it was argued that they cannot transport glutamate. 

Recently it has been demonstrated that OAT10 / SLC22A13 also mediates glutamate 

efflux but not uptake (Schulz et al., 2014). Whilst OAT1 and OAT3 have been shown to 

mediate glutamate uptake, glutamate was shown to inhibit OAT1 activity but to our 

knowledge, the ability of OAT1 and OAT3 to mediate glutamate efflux has not been 

tested (Hagos et al., 2013). The data from this investigation indicates that the ability of 

OATs to transport glutamate does not depend on this residue as OAT4 and OATP2B1 

are able to mediate the efflux of glutamate and to a lesser degree, the influx of 

glutamate. It is, therefore, possible that other members of the OAT and OATP families 

also transport glutamate. 
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The finding that glutamate is an OAT4 and OATP2B1 substrate may suggest that the 

glutamate gradient is driving OAT and OATP functionality. As the glutamate gradient 

is at 5 mmol/l in the placenta, it is possible that the OAT/OATP exchangers are 

mediating glutamate transport across the syncytiotrophoblast but are ultimately 

functioning as unidirectional transporters, with the glutamate gradient allowing the net 

transfer of fetal steroid sulphates into the placenta from the fetal circulation (Ugele et al., 

2008). If glutamate exchange on the BM is mediated by the OAT/OATP families; 

glutamate can be taken back up by the high affinity accumulative EAAT transporters 

maintaining the glutamate gradient.  

If the glutamate gradient is driving OAT/OATP activity then this has implications 

throughout the entire body as the OAT/OATPs are known to be widely distributed 

throughout many tissues, with expression in the kidneys, liver, intestine, skeletal muscle, 

brain, heart and stomach (Burckhardt & Burckhardt, 2011; Hagenbuch & Meier, 2004). 

 As the OATs and OATPs are secondary active transporters, these exchangers do not 

require ATP to mediate transport and instead utilise an existing concentration gradient 

(Staud et al., 2012). If glutamate is the main intracellular substrate then this is likely to 

mean that OAT4 and OATP2B1 exchangers are ultimately functioning as unidirectional 

uptake transporters throughout the body, with the glutamate gradient providing a driving 

force that would allow organs such as the liver, to accumulate drugs so that they can be 

metabolised and have their effects. It is likely that not all of the OATs and OATPs 

transport glutamate. If these transporters cannot utilise the glutamate gradient then it is 

likely that they will act as efflux transporters whilst those that do transport glutamate 

function primarily as uptake transporters. As a result, understanding the OAT and 

OATP family’s affinity for glutamate could reveal important information about their 

pharmacological roles in the body.  
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In the liver, the uptake of a range of metabolites and drugs from the blood is mediated 

by the OAT/OATPs expressed on hepatocytes before they are transported into the bile 

for excretion by OAT2, OAT5 and OAT7 (Ahn & Nigam, 2009). It is known that 

OAT2, which is the major OAT isoform in the liver, is able to transport glutamate so it 

is likely that the glutamate gradient drives the uptake of OAT2 substrates including 

paclitaxel (a chemotherapy drug), allopurinol (chronic gout treatment) as well as 

ascorbic acid into the liver (Fork et al., 2011; Kobayashi et al., 2005). Whilst many 

drugs require uptake into the liver for metabolism and neutralisation for excretion, 

efflux of glutamate from the liver is also important in maintaining whole body amino 

acid homeostasis as the liver is the primary source of glutamate in plasma (Pfennig et al., 

2013). The affinity of liver specific OAT5 and OAT7 for glutamate is unknown but if 

these also transport glutamate, then the glutamate gradient may be responsible for the 

efflux of drug metabolites into the bile for excretion.  

5.5 Future work 

It is now known that at least three members of the OAT family (OAT2, OAT4 and 

OAT10) and one member of the OATP family (OATP2B1) are able to transport 

glutamate. Additionally, OAT1 and OAT3 are known to transport glutamate derivatives. 

It would thus be interesting to determine whether the other OAT and OATP family 

members transport glutamate via further oocyte experiments in order to determine how 

important the transmembrane glutamate gradient is in driving the transport processes of 

these two drug transporter families in different tissues. This would be of 

pharmacological relevance and would also help to understand the function of these 

transporters in the body as those that transport glutamate are likely to be uptake 

transporters and those that do not are likely to be efflux transporters. For the members 
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of the OAT/ OATP families that do transport glutamate and that are likely to be uptake 

transporters, it may be better to carry out uptake inhibition studies rather than efflux 

studies.  

One of the limitations from this study is that OAT/OATP mediated glutamate exchange 

was not observed directly in the placental perfusion experiments. As discussed above, 

this may be due to an inappropriate choice of substrates and solubility problems so it 

would be useful to repeat these perfusions and use DHEAS and estrone sulphate, which 

are the highest affinity OAT4/OATP2B1 substrates. OATP4A1 is also known to be 

expressed on the MVM and it would be interesting to determine whether this transporter 

also mediates glutamate efflux.  

 Studies could also investigate OATP membrane localisation via Western blotting and 

immunohistochemistry. In order to detect whether glutamate is the primary intracellular 

substrate for OAT4 and OATP2B1, LCMS could be used. If glutamate is not the main 

intracellular substrate, then cell culture work could be carried out in order to identify 

what the main substrate is.  

Future work could also aim to investigate whether changes in the transmembrane 

glutamate gradient affects OAT/OATP function in the placenta. It is possible that the 

gradient is unaffected due to the high quantities of glutamate in the placenta but if 

EAAT transporter regulation is altered then this is likely to affect the gradient and thus 

OAT/OATP function. If EAAT transporters are altered, studies could inhibit EAAT1 or 

use siRNA to determine whether OAT4 / OATP2B1 activity is decreased.  
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5.6 Conclusion 

This study has shown that glutamate is an uptake and efflux substrate for OAT4 and an 

efflux substrate for OATP2B1. I hypothesise that the glutamate exchange seen on the 

BM of the syncytiotrophoblast in the placental perfusions is mediated by 

OAT4/OATP2B1. By driving the uptake of fetal steroid sulphates and xenobiotics via 

OAT4 and OATP2B1, the transmembrane glutamate gradient may play an essential role 

in placental function. If glutamate is a substrate for other members of the OAT and 

OATP families, then the transmembrane glutamate gradient may have a diverse range of 

roles throughout the body, including driving the uptake of hormones, statins, diuretics, 

prostaglandins and cancer drugs into many cell types.  
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6.1 Introduction 

The previous chapters have shown that intracellular glutamate in the human placenta 

provides a gradient which is involved in the transport of other amino acids and drug 

metabolites. This chapter addresses how a product of glutamate metabolism, glutamine, 

is transported out of the human placenta.  

Previous work has demonstrated that glutamate is converted to glutamine in the human 

placenta (Day et al., 2013). In the isolated perfused human placenta, placentally derived 

glutamine was transported into both the maternal and fetal circulations, with the 

majority of glutamine being transported into the maternal circulation. However, the 

mechanisms behind the efflux of glutamine across the syncytiotrophoblast are not 

understood. 

During gestation, the fetus’ demand for glutamine exceeds the demand for any other 

amino acid since glutamine plays major roles in protein synthesis, the citric acid cycle, 

purine and pyrimidine biosynthesis, as well as ammonia metabolism (Day et al., 2013; 

Novak & Beveridge, 1997). Glutamine is a conditionally essential amino acid in the 

fetus and adult and in many disorders and illnesses, the demand for glutamine often 

exceeds the supply (Newsholme, 2001). The maternal diet can supply glutamine but the 

placenta is also able to supply glutamine through the conversion of glutamate’s carbon 

skeleton by glutamine synthetase (Day et al., 2013; Martinez-Lozada et al., 2013). 

 In tissues such as the brain, kidney and liver, glutamine uptake is achieved via SNAT3 

(SLC38A3) and SNAT5 (SLC38A5) which are sodium-dependent neutral amino acid 

transporters that require the counter transport of hydrogen ions to function (Baird et al., 

2006; Mackenzie & Erickson, 2004). SNAT3/SNAT5 was first described in rat 

hepatocytes and characterised as having substrate specificity for amino acids with 
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nitrogen in their side chain (Kilberg et al., 1980). However, it is now known that this is 

not entirely true as SNAT3/SNAT5 also transports serine and alanine, neither of which 

has nitrogen containing side chains (Nakanishi et al., 2001b). SNAT3/SNAT5 belong to 

the SLC38 family but have a different tissue localisation and substrate specificity 

compared to other members of the family (Table 6.1) (Baird et al., 2004). In contrast to 

other SLC38 members which are unidirectional accumulative transporters, SNAT3/ 

SNAT5 are able to mediate the influx and efflux of glutamine, depending on the 

hydrogen gradient within the cell (Wendel et al., 2008). In the liver for example, the 

uptake and efflux of glutamine is needed for the detoxification of ammonia into the less 

toxic substance, urea. The periportal hepatocytes take up glutamine via SNAT5 so that 

glutaminase can catalyse the conversion of glutamine to glutamate and ammonia, the 

latter of which can then be converted to urea. In the perivenous hepatocytes, ammonia is 

taken up and glutamine synthetase converts ammonia into glutamine which is 

subsequently released into the blood via SNAT3/SNAT5 (Chaudhry et al., 1999). 

SNAT3/SNAT5 are the only non-exchange transporters that are capable of mediating 

glutamine uptake as other placental transporters which mediate glutamine transport are 

exchangers (ASCT2, LAT1, LAT2, y
+
LAT1 and y

+
LAT2). 

 SNAT3 and SNAT5 have a 61% sequence identity (Chaudhry et al., 1999; Nakanishi et 

al., 2001a). More recently a new member of SLC38 has been discovered and classified 

as SNAT7. Based on the protein’s substrate and expression profile, it is thought SNAT7 

acts as a glutamine transporter similarly to SNAT3 and SNAT5 (Hagglund et al., 2011). 

The other SNAT members (SNAT6, SNAT8, SNAT9 SNAT10 and SNAT11) have 

recently been cloned but are currently orphan transporters (Table 6.1, Figure 6.1).  
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Table  6.1 - Substrate specificity and human protein localisation of the SLC38 family 

(Mackenzie & Erickson, 2004; Nakanishi et al., 2001a; Nakanishi et al., 2001b). 

SLC38 family Ion-dependency Protein localisation Substrate specificity* 

SLC38A1 / 

SNAT1 

Na
+
 co-transport Placenta, brain, 

retina, heart, adrenal 

gland 

G,A,S,C,Q,N,H,M,MeAIB 

SLC38A2 / 

SNAT2 

Na
+
 co-transport Placenta, brain, 

testes, thymus, 

muscle, liver, 

intestine, kidney, 

lung, spleen, skin 

G,P,A,S,C,Q,N,H,M,MeAIB 

SLC38A3 / 

SNAT3 

Na
+
 co-transport, 

H
+
 counter-

transport 

Liver, kidney, 

adipose tissue, 

astrocytes 

Q,H,N 

SLC38A4 / 

SNAT4 

Na
+
 co-transport, 

H
+
 counter-

transport 

Liver, skeletal 

muscle, kidney, 

pancreas 

G,P,A,S,C,N,M,MeAIB 

SLC38A5 / 

SNAT5 

Na
+
 co-transport Stomach, brain, liver, 

lung, small intestine, 

spleen, colon, kidney 

Q,H,N 

SLC38A6 / 

SNAT6 

Unknown Brain Q,H,N 

SLC38A7 / 

SNAT7 

Na
+
 co-transport Liver Q,H,S,A,N 

SLC38A8 / 

SNAT8 

Unknown Unknown Orphan 

SLC38A9 / 

SNAT9 

Unknown Unknown Orphan 

SLC38A10 / 

SNAT10 

Unknown Pituitary, eye, lung Orphan 

SLC38A11 / 

SNAT11 

Unknown Testis Orphan 
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*Alanine (A), arginine (R), asparagine (N), aspartate (D), cysteine (C), glutamate (E), glutamine 

(Q), glycine (G), histidine (H), isoleucine (I), leucine (L), lysine (K), methionine (M), 

phenylalanine (F), proline (P), threonine (T), tryptophan (W), tyrosine (Y), valine (V).  

 

There is little data available about SNAT3/SNAT5 expression at term in human 

placental syncytiotrophoblast. Early studies suggested that histidine uptake was 

mediated by SNAT3/SNAT5 in the placenta but with the developing understanding of 

placental amino acid transporters it is apparent that the observed histidine transport 

could be due to y
+
LAT1 transport (Karl et al., 1989). In isolated human primary 

cytotrophoblast cells, low levels of SNAT3 mRNA expression have been detected 

however mRNA and protein expression became undetectable following differentiation 

into the syncytiotrophoblast.  

In the rat placenta, SNAT3 expression can be detected in early gestation but as gestation 

progresses, there is an associated decrease in expression and by term, SNAT3 

expression can no longer be detected (Yoshioka et al., 2009).  

 

Figure  6.1 - An unknown transporter mediates glutamate efflux from the placenta. EAAT 

transporters mediate the influx of glutamate which is metabolised to glutamine. Glutamine 

efflux occurs across the syncytiotrophoblast by an unknown transporter, hypothesised to be 

SNAT3/SNAT5. 
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6.1.1 Aims  

The aims of this chapter are to:  

 Measure the gene expression of SNAT3 and SNAT5 in the human placenta  

 Determine SNAT3 and SNAT5 protein expression and localisation in the MVM 

and BM of the syncytiotrophoblast 

 Determine whether there is gene expression of the new members of the SLC38 

family in human placenta and in isolated term cytotrophoblast preparations 
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6.2 Methods 

6.2.1 RNA extraction and cDNA synthesis 

RNA was extracted from term human placentas and cDNA synthesised as described in 

Chapter 2, Section 2.6 and 2.7. Cytotrophoblast cells were cultured via primary cell 

culture carried out by Dr Jane Cleal. Cytotrophoblast cDNA was obtained by extracting 

RNA from cytotrophoblast cells before cDNA was synthesised (Chapter 2, Section 2.6 

and 2.7). 

6.2.2 PCR 

PCR was carried out as described in Chapter 2, Section 2.8, using the primers described 

in Table 6.2 in order to measure the expression of the SLC38 genes in human placental 

mRNA and cytotrophoblast mRNA samples collected from the Southampton Women’s 

Survey placentas. Thermal cycling was performed under the conditions described in 

Chapter 2 and the annealing temperatures for SNAT3, SNAT5, SNAT6, SNAT7, 

SNAT8, SNAT9, SNAT10 and SNAT11 were 62°C, 60°C, 58°C, 62°C, 55-65°C, 61°C, 

61°C and 55°C, respectively.  

6.2.3 DNA sequencing 

DNA sequencing was carried out as described in Chapter 2, Section 2.10.  
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Table  6.2 - SLC38 forward and reverse primers used for PCR. 

Gene Accession 

Number 

 Primer 

SLC38A3 NM_006841.4 FP 5’ -TGCAGACAGAGATGGTGGAG -  3’ 

  RP 5’ -  GTAGCCCAGCTGCTCATAGG - 3’ 

SLC38A3 NM_006841.4 FP 5’- TGCAGACAGAGATGGTGGAG - 3’ 

  RP 5 ’ -  T AG C C C AG C T G C T C AT AG G  -  3 ’ 

SLC38A5 NM_033518.2 FP 5’ –  CTGAGCTCCCCCTGGTTATC - 3’ 

  RP 5’-  CAAAAGCCATAATGGGCACT - 3’ 

SLC38A6 NM_001172702.1 FP 5’ -  GTTGGCATTGTGTTCCCTCT - 3’ 

  RP 5’- AAAAATGGCGAATCCATGAG - 3’ 

SLC38A7 NM_018231.1 FP 5’ -  CTTCCTGACCTTTGGAGCTG - 3’ 

  RP 5’ –  CCAAGAGGACTCCGTAGCTG - 3’ 

SLC38A8 NM_001080442.1 FP 5’ -  CAGTGTCTTCCCCACCATCT - 3’ 

  RP 5’ - GAACTGATGCCTCCGATGAT - 3’ 

SLC38A8 NM_001080442.1 FP 5 ’ -  GCCT GCT GCCT CAT CT ATTC -  3 ’ 

  RP 5’-  GCACGATGGGGTAGACAGTT - 3’ 

SLC38A9 NM_001258286.1 FP 5’ -  CTTTAAGGCTGTTCGCTTGG - 3’ 

  RP 5’ - CACGAGCCAGGTAGCCTAAG –  3’ 

SLC38A10 NM_138570.2 FP 5’- GTGTGAGCAGCAGCAAAAAG - 3’ 

  RP 5’ -  TGCTCCAGCTCCTCTCTCTC - 3’ 

SLC38A11 NM_001199148.1 FP 5’ - TGTAATGGCAAGGGCAATTT - 3’ 

  RP 5’ - CAATGTGGAAAACCGATGAA - 3’ 
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6.2.4 Basal and microvillous membrane preparations 

BM and MVM protein samples were made and quantified as described in Chapter 2, 

Section 2.11-2.12, using an established laboratory methodology (Cleal et al., 2011).  

6.2.5 Western blotting 

MVM and BM samples (45 μg, n = 4) were mixed with loading buffer and reduced at 

60°C for 10 min. Samples were separated by electrophoresis in 4-12% SDS-PAGE gels 

(Expedeon) for 60 min at 100 V before being transferred onto PVDF-membranes 

(Expedeon) for 75 min at 200 V. The membranes were blocked overnight at 4°C with 5% 

advanced blocking reagent (GE Healthcare, UK) in (0.1%) phosphate-buffered saline–

Tween-20 (PBS-T, pH 7.4). Primary antibodies against SNAT5 (rabbit host species, 

human, ab72717) and SNAT3 (mouse host species, human, ab67574) were purchased 

from AbCAM (Cambridge, UK). Blots were incubated with 1:1000 SNAT5 rabbit 

primary antibody and 1:300 SNAT3 mouse primary antibody overnight at 4°C. 

Following three subsequent 10 min washes with PBS-T, blots were then incubated with 

rabbit anti mouse secondary antibody / goat anti rabbit secondary antibody conjugated 

to horseradish peroxidase at a dilution of 1:3000 and 1:25,000, respectively, for 2 hr. 

Immunoreactive signals were visualised using enhanced chemiluminescence 

(SuperSignal West Femto, ThermoScientific, UK). For each blot, a negative control 

which was incubated with only the secondary antibody was used. Each membrane was 

then incubated with monoclonal anti-β-actin-peroxidase (1:10000) (Sigma Aldrich 

Scientific, UK). 
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6.2.6 Statistical analysis 

SNAT3 and SNAT5 Western blots were quantified against β-actin to provide relative 

intensity values. The relative intensity values of the MVM and BM samples were 

analysed using an independent t-test. Results were deemed significant when p < 0.05. 

Data were analysed using IBM SPSS Statistics, version 21.  
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6.3 Results 

6.3.1 SNAT3/SNAT5 mRNA expression in human placenta 

Human placental tissue was shown to contain mRNA encoding the SNAT3 and SNAT5 

genes (Figure 6.2A). SNAT6, SNAT7, SNAT9, SNAT10 and SNAT11 were also found 

to be expressed in placental tissue (Figure 6.2 and Figure 6.3A respectively). SNAT8 

expression could not be demonstrated despite using two different primer designs which 

were tested across a temperature gradient (55 - 65°C). A positive control for the SNAT8 

primers was not available at the time.  

Sequencing of the PCR products and subsequent sequence alignment to the Genbank 

sequences of SNAT genes confirmed the expression of SNAT3, (100% identity) 

SNAT5 (100% identity), SNAT6 (100% identity), SNAT7 (100% identity), SNAT9 

(100% identity), SNAT10 (99.5% identity) and SNAT11 (100% identity) but not 

SNAT8 in human placental tissue.  

In BeWo cDNA, mRNA for SNAT3, SNAT5, SNAT6, SNAT7, SNAT9 and SNAT10 

was found to be expressed (Figure 6.4). Sequencing of the PCR products from BeWo 

cell cDNA confirmed the expression of SNAT3, SNAT5, SNAT6, SNAT7, SNAT9, 

SNAT10 but not SNAT8 or SNAT11 in BeWo cDNA. These data are summarised in 

Table 6.3.  
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Figure  6.2 - SLC38A3, SLC38A5 and SLC38A6 PCR products. SLC38A3 and SLC38A5 

PCR products from placental tissue (A) and cytotrophoblast samples (B). SLC38A6 PCR 

products from placental tissue (C). 
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Figure  6.3 - SLC38A7 to SLC38A11 PCR products. SLC38 PCR products from placental 

samples (A) and cytotrophoblast samples (B). 
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Figure  6.4 - SLC38 PCR products from placental mRNA, No template control, BeWo and 

BeWo control samples. 
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Table  6.3 – Presence or absence of novel SLC38 genes in placenta. 

Gene PCR 

Annealing 

Temperature 

(°C) 

Expression 

in 

placental 

mRNA 

Expression in 

cytotrophoblast 

mRNA 

Expression 

in BeWo 

mRNA 

Expected 

Band 

Size (bp) 

SNAT3 / 

SLC38A3 

62 Yes Yes Yes 

 

360  

SNAT5 / 

SLC38A5 

61 Yes Yes Yes 

 

389 

SNAT6 / 

SLC38A6 

58 Yes Yes Yes 590 

SNAT7 / 

SLC38A7 

59 Yes Yes Yes 428  

SNAT8 / 

SLC38A8 

60 No No No 483 

SNAT9 / 

SLC38A9 

60 Yes Yes Yes 401  

SNAT10 / 

SLC38A10 

59 Yes Yes Yes 468  

SNAT11 / 

SLC38A11 

59 Yes No No 434 
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6.3.2 SNAT3 and SNAT5 protein expression in human placenta  

Western blotting using anti-SNAT5 antibody identified a band of the correct molecular 

weight (50 kDa) in the microvillous membrane preparations of the syncytiotrophoblast 

but not the basal membrane (n = 2 blots, Figure 6.5A). The anti-SNAT3 antibody 

detected a band of the correct molecular weight (n = 1 blot, 56 kDa, Figure 6..6) in both 

the microvillous and basal membrane preparations although this could not be repeated 

(Figure 6.5A). 

Both blots were re-probed with β-actin and bands were detected at the expected band 

size of 42 kDa. However, despite equal protein loading, there appears to be more β-actin 

in the MVM samples compared to the BM. Figure 6.7 shows the relative intensity of the 

SNAT3 and SNAT5 bands in comparison to β-actin. SNAT3 expression was 

significantly higher in MVM samples than BM samples (p = 0.028). SNAT5 expression 

was significantly higher MVM samples than BM samples (p = 0.002).  

 

Figure  6.5 – SNAT5 protein expression. Expression of the SNAT5 protein (A, 50 kDa, n = 2 

blots) and B) β-actin in MVM and BM samples of the syncytiotrophoblast (45 µg; n = 4).  
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Figure  6.6 - SNAT3 protein expression. Expression of the SNAT3 protein (A, 56 kDa, n = 1 

blot) and B) β-actin in MVM and BM samples of the syncytiotrophoblast (45 µg; n = 3).   
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Figure  6.7 – SNAT3 (A) and SNAT5 (B) protein expression in MVM and BM samples, 

normalised to β-actin (* p < 0.05) 
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6.4 Discussion 

This study suggests that SNAT3 and SNAT5 expression on the MVM of the 

syncytiotrophoblast mediates glutamine efflux into the maternal circulation, consistent 

with the observed pattern of efflux of glutamine which primarily occurs from the MVM 

(Day et al., 2013). In addition this investigation has demonstrated that novel members 

of the SLC38 family are expressed in the placenta at the mRNA level. This raises the 

possibility that the SLC38 orphan transporters have unidentified but important roles in 

amino acid transport in the placenta and requires further investigation.  

6.4.1 The role of SNAT3/SNAT5 in placental glutamine efflux  

Glutamine is essential for cellular replication and metabolism so it is unsurprising that 

the fetus’ demand for glutamine exceeds all other amino acids. The findings in this 

study suggest that both SNAT3 and SNAT5 are expressed on the MVM. However, 

further work needs to be done to investigate the protein expression of SNAT3 as 

expression findings are currently only based on one Western blot and future blots 

should also use a positive control for SNAT3/SNAT5 protein. If there is differential 

localisation of SNAT3 and SNAT5 protein on the MVM and BM as suggested by these 

preliminary findings, this provides a mechanism as to how non-exchange mediated 

glutamine efflux occurs into the maternal circulation. Low levels of SNAT3 on the BM 

compared to the MVM is consistent with the lower levels of glutamine efflux into the 

fetal circulation (Day et al., 2013). Furthermore, there is approximately two thirds more 

MVM than BM on the syncytiotrophoblast and thus the BM is likely to have fewer 

transporters to mediate the efflux of glutamine.  
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It is not entirely clear why the perfused placenta transfers its glutamine to the mother’s 

circulation, who can obtain all the glutamine she needs from her own diet and also from 

the metabolism of glutamate in her liver. It is likely that the placenta synthesises so 

much glutamine in order to ensure that the fetus will always have a constant supply for 

growth and development. As this excess glutamine is not needed, it is instead 

transferred into the maternal circulation for use by the mother. However, as the placenta 

perfusion observations were made in the absence of physiological amino acid 

concentrations, it is possible that glutamine efflux from the placenta is different in vivo 

as the concentration of amino acids will alter placental metabolic pathways (Day et al., 

2013). 

The efflux of glutamine into the maternal circulation could be a way in which the 

placenta traffics nitrogen produced as a product of its metabolism to the mother. The 

metabolism of nitrogen from amino acids in the placenta leads to the production of 

ketoacids such as alpha ketoglutarate, which can then enter the citric acid cycle for 

energy production (Fahien & Macdonald, 2011). However, deamination will also 

produce toxic ammonia. The human placenta does not have a functional urea cycle so 

the conversion of glutamate to glutamine serves the purpose of removing ammonia, 

protecting both the placenta and the fetus (Day et al., 2013). 

In vivo, glutamate is converted to glutamine via glutamine synthetase. As the 

intracellular concentration of glutamate is high in the placenta, it is possible that this 

gradient drives the synthesis of glutamine, in turn producing a glutamine gradient across 

the syncytiotrophoblast. As glutamine is a substrate for LAT1, LAT2, y
+
LAT2 and 

ASCT2 exchangers, such a glutamine gradient will drive the influx of other amino acids 

from the fetal circulation in exchange for the efflux of glutamine for fetal growth (Bode, 

2001; Cleal et al., 2011; Cleal & Lewis, 2008). It is possible that glutamine synthesis in 
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the placenta indirectly has a role in placental regulation. The ability of LAT1, LAT2 and 

y
+
LAT2 to mediate glutamine efflux results in the uptake of amino acids such as leucine, 

which is known to regulate the activity of mTOR, from the fetal circulation (Lynch, 

2001). This may, therefore, mean that the placenta synthesises glutamine in order to 

regulate the transport of other amino acids.  

The direction of transport mediated by SNAT3/SNAT5 is determined by the collective 

gradients of glutamine, sodium and potassium. In the placenta, the glutamine gradient is 

high due to synthesis from glutamate whilst the hydrogen ion concentration is lower 

compared to the maternal and fetal circulations (Blackburn, 2007). These gradients 

combined drive the efflux of glutamine from the cell. As these gradients undergo 

changes within the normal physiological range, metabolism and transport of glutamine 

will be altered. It is possible that SNAT3/SNAT5 thus has additional roles other than 

mediating just glutamine transport in the placenta (Bode, 2001).  

6.4.2 Factors which may determine placental glutamine uptake / 

efflux  

In the placenta it is possible that SNAT3/SNAT5 has a role in acid base balance. The 

fetal circulation has a slightly lower pH than the placental and maternal circulation due 

to a higher rate of metabolism in the fetus in which hydrogen ions and carbon dioxide 

are produced as by products (Bowen et al., 1986). Studies in villous fragments found an 

unidentified serine uptake component much larger than in MVM vesicles (Brand et al., 

2010). It is possible that this component is SNAT3/SNAT5 and that it is so much larger 

because of the H
+
 generated in the fragments but not in the vesicles. In vitro, it is 

possible that the pattern of glutamine transfer would be altered as the pH in the 
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extracellular medium is likely to be more acidic due to waste product removal which 

will drive the influx of glutamine into the cell. 

In order to regulate pH and prevent fetal acidosis, hydrogen ions must be transported 

back across the basal membrane into the placenta, in exchange for the efflux of 

glutamine and then across the MVM back into the maternal circulation. On the MVM, 

both SNAT3 and SNAT5 are likely to be mediating the efflux of glutamine in exchange 

for the influx of a hydrogen ion (Figure 6.8). To prevent placental acidosis, the Na
+
/ H

+
 

antiporter on the MVM can then efflux hydrogen ions back across the MVM in 

exchange for a sodium ion. 

SNAT3/SNAT5 transporters are known to be influenced by pH and studies in Xenopus 

laevis oocytes have revealed that the highest rate of glutamine / histidine influx occurs 

at pH 8 because as pH decreases, there is a progressive loss of affinity for sodium and a 

lowering of the Vmax for glutamine and histidine. This is due to external hydrogen ions 

binding to conserved histidine residues in the SNAT3/SNAT5 transporter structure 

(Baird et al., 2006). 

Other factors known to affect the transport of glutamine include the concentration of 

glutamine itself. Below a plasma concentration of 400 µmol/l, SNAT3/SNAT5 will 

mediate glutamine efflux rather than influx (Chaudhry et al., 1999). It is therefore 

interesting to consider how glutamine levels in the maternal (approximately 380 µmol/l) 

and fetal (515 µmol/l) circulations affect the transfer of glutamine from the placenta. 

The placental glutamine concentration is approximately 1.1 mmol/l and as a result of the 

lower maternal glutamine concentration, SNAT3/SNAT5 may favour glutamine efflux 

to the mother compared to the fetus. Furthermore, net efflux of glutamine to the fetus 
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suggests that SNAT3/SNAT5 transporters on the BM mediate efflux rather influx, 

consistent with the fact that there is lower SNAT3/SNAT5 protein levels on the BM.  

It has also been observed that SNAT3/SNAT5 activity is altered by amino acid induced 

cellular swelling, a feature which other amino acid transporters do not have (Bode, BP, 

1990). It has been shown that when hepatocytes undergo a hypo-osmotic challenge, 

there is an increase in glutamine uptake via SNAT3/SNAT5 (Haussinger & Lang, 1990). 

As discussed in Chapter 4, when a cell undergoes a hypo-osmotic challenge the Maxi 

chloride channel opens as part of regulatory volume decrease and intracellular 

glutamate is released. It is possible that the increase in glutamine influx via 

SNAT3/SNAT5 is then used for metabolism into glutamate that has been lost during 

regulatory volume decrease (Figure 6.8).  

 

Figure  6.8- Proposed mechanism of glutamate efflux from the placenta via SNAT3 and 

SNAT5. SNAT3/SNAT5 may transport excess glutamine out of the placenta into the maternal 

circulation and form a pathway for the transportation of fetal metabolites / hydrogen ions out of 

the fetal circulation and placenta. Placental glutamate can be deaminated by glutamine 

synthetase to produce glutamine which can in turn exchange for other amino acids e.g. leucine 

via the LAT transporters.  
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It would be interesting to know how the mRNA expression of SNAT3 and SNAT5 

differed throughout the whole of human gestation i.e. whether SNAT3/SNAT5 

expression on the MVM increases throughout gestation whilst decreasing on the BM.  

6.4.3 Placental expression of other SLC38 family transporters  

At present, SNAT6, SNAT9, SNAT10 and SNAT11 are orphan transporters but they 

are likely to be functionally similar to system A or System N. As placental tissue 

contains multiple cell types, it is not possible to say exactly where this mRNA is 

expressed. However, expression of SNAT6, SNAT9, SNAT10 and SNAT11 mRNA in 

cytotrophoblast and BeWo samples suggest that they are likely to be expressed in the 

trophoblast and may thus have a role in amino acid transport. Activity of these orphan 

transporters has not been observed in placental BM or MVM preps so it is possible that 

these transporters are very similar to others already known to be expressed. 

Alternatively, these orphan transporters may not transport amino acids although this is 

unlikely, considering their homology to the SLC38 family. mRNA levels do not 

necessarily correlate to protein levels so protein localisation studies could be done in the 

future to further investigate regulation and expression of the orphan SNAT genes.  

6.4.4 Future work 

Further work needs to be carried out to confirm the polarised expression of SNAT3 and 

SNAT5 on the MVM and BM as although results from this study suggest that SNAT3 is 

expressed on both the MVM and BM, this is based on one experiment so full 

conclusions cannot be drawn. Studies could also investigate the expression of glutamine 

transporting SLC38 members on the MVM and BM throughout gestation in normal and 

pathological pregnancies. It is known that SNAT7 transports glutamine and this finding 
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demonstrates SNAT7 expression in the placenta but it is unclear what membrane of the 

syncytiotrophoblast this is on. The localised expression, function and substrate 

specificity of the orphan SNAT members in the placenta also remains unknown. Further 

characterisation of these transporters may provide further information about the roles of 

SLC38 family members in the placenta.  

6.5 Conclusion 

To conclude, this investigation suggests the polarised expression of SNAT3/SNAT5 in 

the placental syncytiotrophoblast. As there is excess placental glutamine synthesis, 

glutamine efflux via SNAT3/SNAT5 may mean that these transporters may have roles 

in nitrogen trafficking to the mother, acid base balance and regulation of placental 

function.  
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7.1 Overview 

The initial aim of this thesis was to investigate the mechanisms of glutamate efflux from 

the placental syncytiotrophoblast since glutamate efflux has been previously observed 

in our laboratory but could not be explained by known transporters (Day 2013, Cleal 

2011). I have demonstrated that glutamate efflux is likely to be mediated by the Maxi 

chloride channel and via exchangers that were not previously known to be expressed in 

the placenta or to transport glutamate. I propose that these exchange mechanisms are 

linked to biologically important transport processes, which are critical to normal 

placental development.  

These transport mechanisms mediate glutamate efflux down its concentration gradient 

and I hypothesise that the high intracellular glutamate levels within the placenta may be 

maintained in order to drive transport by these systems. The uptake of antioxidant 

precursors by xCT on the MVM and the efflux of xenobiotics from the fetus by OAT4 

and OATP2B1 on the BM are important biological functions that may be driven by the 

transmembrane glutamate gradient (Figure 7.1). In addition, the efflux of glutamate 

down its gradient through the Maxi chloride channel may play autocrine signalling and 

cell volume regulation roles. Disruption of these processes in pathological pregnancies, 

either through disruption of the glutamate gradient or alterations in transporter 

expression, may result in compromised fetal growth and development.  

7.2 Why is the transmembrane glutamate gradient important? 

In most cells the levels of glutamate are within the mmol/l range compared to plasma 

which contains approximately 50 µmol/l so there is a transmembrane glutamate gradient 

throughout all cells of the body (Hawkins, 2009). xCT and different members of the 

OAT and OATP families are expressed in a variety of tissues and it is possible that the 
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transmembrane glutamate gradient is driving the activity of these exchangers, driving 

the uptake of substances by exchange. In the liver for example, OAT/OATP members 

mediate the uptake of drugs so that they can be metabolised and made water soluble in 

order for excretion into the urine (Shin et al., 2007). If other members of these families 

were also coupled to the transmembrane glutamate gradient, this would lead to an 

accumulation of extracellular drugs and other substances into the liver by secondary 

active transport.  

In terms of the placenta, the discovery of xCT on the MVM and that glutamate is an 

OAT/OATP substrate has led me to hypothesise that the placental glutamate gradient is 

important in the maintenance of placental function. This in turn may mean that the 

gradient alters the regulation of fetal growth and development by being involved in 

antioxidant synthesis, osmoregulation, hormone synthesis and protection of the fetal 

environment from toxins.  

 

Figure  7.1 – Roles of the transmembrane glutamate gradient. The high levels of intracellular 

glutamate are important for metabolism but also produce a transmembrane gradient which 

drives the transport of various molecules including antioxidant precursors, autocrine and 

paracrine signalling molecules, steroid sulphate precursors and drug metabolites. 
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7.2.1 Is the glutamate gradient important for fetal development? 

I propose that the placental transmembrane glutamate gradient is important for 

maintaining normal placental function with roles in antioxidant synthesis, hormone 

synthesis and osmoregulation (Figure 7.3). However, it is likely that due to glutamate 

being an OAT and OATP substrate, the transmembrane glutamate gradient is also 

important for fetal growth and development by protecting the fetus from waste products 

and drug metabolites that enter the fetal circulation. This investigation has suggested 

that the transmembrane glutamate gradient has the potential to drive the efflux of 

substances from the fetal circulation of OAT/OATP substrates from the fetal circulation 

into the placenta. The apically expressed ABC transporters are then able to mediate 

waste products back into the maternal circulation from the placenta. Many OATP 

members are known to transport statins and this investigation has demonstrated that via 

OATP2B1, the glutamate gradient may drive the influx of drugs, such as statins, across 

the BM. As many drugs are able to cross the placenta and enter the fetal circulation, the 

OAT/OATPs are likely to be important for mediating uptake into the placenta in order 

to protect the fetus. The use of statins during pregnancy, for example, is contraindicated 

as fetal plasma membrane synthesis, metabolism and cell growth could be inhibited 

(Bellosta et al., 2004; Larsson, 1996). The placental transmembrane glutamate gradient 

may thus not only mediate hormone precursor and fetal waste product uptake from the 

fetal circulation but may also protect the fetus from the detrimental effects of drugs.  

It is also possible that the transmembrane glutamate gradient is used to indirectly 

regulate amino acid transport to the fetus. Glutamine is also a substrate for BM amino 

acid exchangers including LAT1, LAT2, y
+
LAT1 and ASCT2. When glutamine efflux 

occurs via LAT1/LAT2, the fetal circulation gains glutamine for fetal growth in 

exchange for leucine influx into the placenta (Bode, 2001; Cleal et al., 2011; Cleal & 
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Lewis, 2008). Leucine regulates mTOR which will in turn alter placental amino acid 

transporter function (Lynch, 2001). The findings in this thesis propose that alterations in 

the concentrations of glutamate within the cell will not only impact metabolism but also 

the transmembrane glutamate gradient. This is likely to impact antioxidant synthesis 

and oxidative stress, hormone production, osmoregulation and removal of toxic 

substances from the fetus.  

7.2.1.1 Role of intracellular glutamate in placental metabolism 

This thesis suggests that intracellular glutamate is high within the placenta in order to 

drive uptake from the maternal and fetal circulations by exchange. However, high 

intracellular levels of glutamate are also used for metabolism and the synthesis of many 

other molecules including glutamine (Day et al., 2013). The provision of glutamate for 

glutamine synthesis is likely to be important for trafficking nitrogen back to the mother 

as metabolism produces ammonia as a by-product which can then contribute to 

glutamine synthesis (Fahien & Macdonald, 2011). 

The conversion of glutamate to glutamine may also create transmembrane glutamine 

gradients which drive the uptake of other amino acids by exchange. Five of the six 

amino acid exchangers in the placenta transport glutamine so the synthesis of glutamine 

within the placenta will drive uptake of other amino acids by these transporters (Bode, 

2001). This has been shown to be important for leucine uptake and mTOR signalling 

(Roos et al., 2007). As such, high intracellular glutamate may contribute to the 

formation of secondary glutamine gradients which have their own roles in supplying 

nutrients to the placenta (Figure 7.2). The discovery of SNAT3 and SNAT5 protein on 

the MVM is consistent with the observation that there is glutamate efflux into the 

maternal circulation (Day et al., 2013).  
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Figure  7.2 - The transmembrane glutamate gradient results in the formation of secondary 

glutamine gradients which may drive the uptake of other amino acids into the placenta.



 

 

Figure  7.3 - Overall findings showing the potential functions of the transmembrane glutamate gradient. The glutamate gradient drives the transport of 

substances that are involved in maintenance of normal placental function and fetal development. 



 

7.2.2 Is the glutamate gradient involved in pregnancy pathologies? 

Changes in placental function will in turn alter the fetus’ intra-uterine environment, 

which may have implications for the risk of FGR, pre-eclampsia and fetal macrosomia. 

These conditions are all associated with chronic disease susceptibility in later life 

(Thompson et al., 2010). As a result, the placental glutamate gradient may directly 

impact upon placental function and ultimately fetal wellbeing in later life (Eriksson et 

al., 2001). However, it has not yet been determined whether changes in the glutamate 

gradient will affect the activity of transporters, such as xCT, but it may be that small 

changes are inconsequential as intracellular glutamate levels are in the mmol/l range and 

most transporters have a Km for glutamate in the micromolar range (Hosoya et al., 2002; 

Sarthy et al., 2005; Utsunomiya-Tate et al., 1996). Alternatively, a lower intracellular 

level of glutamate may result in a reduced transmembrane glutamate gradient which 

may reduce the uptake of substances, such as antioxidant and hormone precursors, into 

the placenta by exchange. EAAT transporter expression has not been found to be altered 

in FGR which indicates that the placenta still accumulates high levels of glutamate 

which would not be rate limiting in driving placental nutrient transport (Noorlander et 

al., 2004). However, glutamate dehydrogenase has been found to be reduced in FGR 

placentas, suggesting that metabolism of glutamate is altered (Jozwik et al, 2009).  

It is currently unknown whether the placental intracellular glutamate level is altered in 

pathological placentas. The tissue concentration of free amino acids in normal term 

placentas has been reported (Phillips et al., 1978). It is also unclear whether the altered 

glutamate level is causative of placental dysfunction or whether placental function alters 

the levels of glutamate by altering the regulation of EAAT transporters.  
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If the transmembrane glutamate gradient was reduced, it is possible that the activity of 

xCT, OAT4 and OATP2B1 transporters are affected, reducing the influx of NAC from 

the maternal circulation and the influx of steroid sulphates and xenobiotics from the 

fetal circulations. During gestation, the supply of antioxidants to the metabolically 

active placenta is critical, as oxidative stress will increase production of free radicals. If 

the transmembrane glutamate gradient is altered and there are fewer antioxidant 

molecules, higher oxidative stress levels, as seen in pre-eclampsia, may occur.  

xCT is upregulated by the presence of oxygen and free radicals (Kim et al., 2001; Sato 

et al., 2000). It is possible that in pre-eclampsia, the high levels of oxidative stress could 

mean that the placenta is unable to supply enough glutathione to reduce and neutralise 

the higher levels of reactive oxygen species as the levels of rate limiting cysteine 

required for synthesis are lower. If oxidative stress drives pathology then in women at 

risk of pre-eclampsia it may be beneficial to administer NAC. To date, there have been 

no studies described in which NAC has been given to pre-eclamptic women but clinical 

trial studies have shown that in women prone to miscarriage, the administration of NAC 

significantly increased pregnancy success beyond 20 weeks. In animal studies, NAC has 

reduced maternal blood pressure (Amin et al., 2008; Chang et al., 2005).  

I hypothesise that in pre-eclampsia, the higher levels of oxidative stress cause altered 

regulation and function of the Maxi chloride channel which in turn contributes to 

placental dysfunction. In the presence of reactive oxygen species and under conditions 

that cause cellular swelling, the Maxi chloride channel opens as part of regulatory 

volume decrease, allowing the efflux of autocrine and paracrine signals that affect the 

functioning of the placenta (Hisadome et al., 2002). The finding that NAC inhibits the 

release of glutamate through the Maxi chloride channel in response to an osmotic shock, 
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suggests that oxidative stress is involved in activation of the Maxi chloride channel 

(Figure 7.4). However, in pre-eclampsia, the Maxi chloride channel could be 

constitutively active and as a result, glutamate is lost compromising the glutamate 

gradient and altering the autocrine and paracrine signals that may regulate placental 

function. Furthermore, the levels of antioxidants such as NAC that in normal pregnancy 

inhibit Maxi chloride channel opening will be reduced in pre-eclampsia due to higher 

circulating levels of reactive oxygen species.  

 

Figure  7.4 - Potential relationship between xCT and the Maxi chloride channel, based on 

oxidative stress. xCT may be a key regulator of oxidative stress, regulating the activity of the 

Maxi chloride channel and altering placental function by maintaining antioxidant levels. 

7.3 Does the glutamate gradient have roles beyond the placenta? 

The discovery that, when expressed in Xenopus oocytes, individual members of the 

OAT (OAT4) and OATP families (OATP2B1) are able to transport glutamate has led 

me to hypothesise that other members of these families may also transport glutamate. If 

the OAT/OATP transporters in the placenta are responsible for mediating glutamate 
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transport, it is possible that as glutamate concentrations are high in the majority of 

tissues, the glutamate gradient provides the driving force that would allow these 

transporters to accumulate substrates within the cell. Other OATs and OATPs may not 

transport glutamate and so may function as efflux transporters. Understanding the 

affinity of glutamate for members of the OAT and OATP families will help to further 

characterise these transporters and provide information on their pharmacological roles 

in the body.  

The OAT and OATP families are widely distributed throughout the body and 

intracellular glutamate levels are high in all cells (Stanley, 2009). The finding that 

glutamate is a substrate for members of the OAT and OATP families may mean that the 

transmembrane glutamate gradient drives OAT/OATP function throughout the body. In 

the placenta, glutamate drives the influx of steroid sulphates, fetal waste products and 

statin drugs from the fetal circulation so that the placenta can synthesise oestrogen and 

protect the fetus from the detrimental effects of drugs (Gilbert-Barness, 2010; Prouillac 

& Lecoeur, 2010; St-Pierre et al., 2002).  

The transmembrane glutamate may be particularly important in the liver where 

OAT/OATP members mediate the uptake of drugs so that they can be metabolised and 

made more water soluble so that they can be excreted in the urine (Shin et al., 2007). It 

is possible that if other members of these families are coupled to the transmembrane 

glutamate gradient, this would lead to an accumulation of extracellular drugs and other 

substrates into the liver by secondary active transport.  

The glutamate gradient is not only important for the uptake of waste products and 

xenobiotics as in the brain, a large glutamate gradient exists which is important for 

optimal brain function. Oxidative stress in the brain has been linked to 
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neurodegenerative diseases and ischemia (Wang & Michaelis, 2010).  As in the placenta, 

the synthesis of glutathione is rate limited by the availability of cysteine and thus in 

astrocytes, the xCT transporters are used to mediate cysteine influx into the brain via 

exchange driven by the glutamate gradient (Shih et al., 2006).  

7.4 Future directions 

While this thesis has investigated how glutamate efflux occurs from the placental 

syncytiotrophoblast, further investigation surrounding the mechanisms of glutamate 

efflux is required. This study has only investigated glutamate efflux from normal 

placentas so future experiments could additionally look at placentas from pathological 

pregnancies to identify whether the intracellular glutamate levels and the function of the 

glutamate transporters is altered.  

A limitation of the current studies is the possibility that these experiments may have 

underestimated the levels glutamate exchange occurring due to the dilution of the 
14

C-

glutamate tracer within the intracellular glutamate pool. It is unclear what the 

concentration of free glutamate is that can be used for exchange in both the placental 

perfusions and the oocyte efflux studies. Future studies measuring total glutamate levels, 

rather than just the tracer, could help to address this (Fork et al., 2011). 

I hypothesise that the glutamate gradient drives membrane transport, however, it is 

unclear how large the membrane gradient actually is. This is because the gradient is 

calculated on the basis of total intracellular glutamate levels but it is not clear whether 

all this glutamate is freely exchangeable. These studies provide evidence that some 

glutamate may not be freely exchangeable and is instead compartmentalised for 

transport and metabolic purposes (Day et al., 2013). Future experiments are required to 
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explore this further. The current oocyte studies presented in this thesis could be 

improved by injecting 
14

C-glutamate straight into the oocytes instead of relying upon 

the endogenous transporters to take the tracer up. This would ensure that all oocytes 

have the same concentration of 
14

C-glutamate available for exchange. Alternatively, 

unlabelled glutamate could be injected and the samples collected during the efflux 

experiments could be analysed by HPLC. This would help to determine how much 

glutamate efflux occurs as the current results are unable to detect how much of the 

oocyte’s endogenous glutamate was also exchanged out into the ND91 buffer in 

response to xCT and OAT/OATP substrates.  

It is unclear whether glutamate transporters function differently in pathological 

placentas as a result of altered glutamate levels. I hypothesise that the glutamate 

gradient drives the influx of antioxidants, oestrogen precursors and toxins so if the 

glutamate gradient is altered in pathological placentas, it is possible the levels of 

antioxidants and oestrogen are lower, which is likely to impact placental function. To 

investigate this, both xCT and OAT4/OATP2B1 could be knocked down using siRNA 

to investigate how the levels of antioxidants, hormone precursors and drugs in the 

placenta are affected.  

An altered glutamate gradient may also affect the levels of xenobiotics remaining in the 

fetal circulation. This in turn may impact fetal development as without the gradient 

driving OAT4 activity, any drugs and xenobiotics, which are detrimental to 

development, that are transported into the fetal circulation may not be taken back up 

into the placenta by OATs. Future work could therefore assess by PCR and Western 

blotting whether OAT4 and OATP2B1 expression is altered in pathological placentas. 
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Intracellular glutamate levels could be measured by HPLC to determine whether altered 

OAT4/OATP2B1 expression is connected to alterations in the levels of glutamate.  

It is possible that the transmembrane glutamate gradient may also be a therapeutic target 

for the treatment of catabolic disease, such as in cancer and human immunodeficiency 

virus, where the glutamate gradient in other organs is altered as a result of increased 

protein catabolism. In cancer and human immunodeficiency virus patients, venous 

glutamate levels have been observed to be high (120 mmol/l) due to decreased activity 

of glutamate transporters (Hack et al., 1996). If the intracellular levels of glutamate are 

lower and provide a less effective transmembrane gradient then this is likely to inhibit 

the ability of therapeutic drugs to enter cells. Uptake into the cell is important for the 

activity of drugs as well as for elimination of these and other drugs from the body. The 

discovery that members of the OAT and OATP families are coupled to the 

transmembrane glutamate gradient suggests that glutamate provides an active transport 

mechanism of drugs into the cell. As a result, future work could aim to identify ways to 

upregulate glutamate transporters of people in catabolic states to help to improve the 

function of the transmembrane gradient.  

It is possible that the glutamate gradient is not affected in pathological placentas and 

that the regulation of transporters is altered, also resulting in placental dysfunction. The 

regulation of transporters may be affected by factors such as oxidative stress which can 

cause damage to transporter structure or the enzymes that are involved in regulation. To 

investigate this, the mRNA and protein levels of placental transporters could be 

investigated once it had been determined that intracellular glutamate levels are unaltered 

in pathological placentas.  
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7.5 Implications for the future 

This thesis has produced some unexpected and interesting findings that suggest that the 

placenta does not just accumulate a high level of intracellular glutamate for metabolism 

but also establishes a transmembrane gradient. I propose that the transmembrane 

glutamate gradient drives the influx of hormones and antioxidant precursors that 

contribute to normal placental function. These findings have implications for other 

tissues, particularly with respect to OAT/OATP transporters which are widely 

distributed throughout the body where the intracellular levels of glutamate are also high. 

I have demonstrated that there are multiple mechanisms of glutamate efflux via 

exchange across the placental syncytiotrophoblast and that these are linked to 

biologically important transport processes, which are critical to normal placental 

development. It is thus possible that alterations in the transmembrane glutamate gradient 

may impact fetal growth. Further understanding of factors that affect placental function 

may contribute to understanding normal fetal development and improving fetal outcome 

from pathological pregnancies.  
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