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Preterm labor is a major problem in our society and has been the number one killer of 

newborns. Little is known about the triggering of labor causing birth but what is known is that 

birth cannot occur with out the fetal hypothalamus, pituitary, or adrenal gland also known as the 

fetal hypothalamic pituitary adrenal axis (fetal HPA axis). As gestation progresses the fetal HPA 

axis continues to increase its output until right before birth where the end product of the fetal 

HPA axis is released in one large amount right before birth. The end product of the fetal HPA 

axis in humans is dehydroepiandrosterone (DHEA) but our animal model is sheep and its fetal 

HPA axis end product is cortisol. Both end products cause the production of estrogens in the 

placenta by different mechanisms and it has been shown in the literature that estrogens produced 

by cortisol in fetal sheep stimulate the fetal HPA axis to increase its output. This could be the 

reason for the positive feedback loop of the fetal HPA axis in sheep. The estrogen made by fetal 

sheep influenced by cortisol is 17-beta-estradiol-sulfate. The estrogen is inactivated by the 

enzyme Estrogen Sulfotransferase (EST) in the placenta by conjugating a sulfate group to the 

estrogen which is then made active by Steroid Sulfatase (STS) by removing the sulfate group. 

STS has been found in fetal sheep brain cells shedding light on possible feedback mechanism. 

The hurdle is how does 17-beta-estradiol sulfate get into the fetal brain? We propose that this 
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achieved by organic anion transporters (OAT) 1 and 3 which are both efficient in moving 17-

beta-estradiol sulfate. Based on Reverse-Transcriptase Polymerase Chain Reaction (RT-PCR) 

experiments OAT1 is increasingly up regulated in the cerebellum and hypothalamus throughout 

gestation until birth where only OAT1 is dramatically down regulated in the cerebellum. OAT1 

mRNA expression is variable in the pituitary showing no correlation to gestational age and the 

brainstem shows no change in mRNA expression levels throughout gestation for OAT1 or 

OAT3. OAT3 RT-PCR data shows that OAT3 is up regulated in the hypothalamus through out 

gestation and maintains mRNA expression levels after birth. The cerebellum at 130 days of 

gestation for OAT3 is the only age where OAT3 is up regulated dramatically during gestation. 

OAT3 is down regulated however in the pituitary throughout gestation and after birth it is 

dramatically up regulated back to the mRNA expression levels at 80 days gestation. Western 

blots were performed only on the cerebellum because the cerebellum was the only part of the 

brain that gave us enough tissue to run a western blot. A unique pattern was seen and proven by 

densitometry and that is that the 75kda band got darker as the 60kda band got lighter as 

gestational age increased which could be caused by glycosylation. Immunohistochemistry (IHC) 

shows in the various tissues that OAT1 is found in hypothalamic endothelial cells, membranes of 

pituitary cells, and in the outermost layers of the cerebellum that are exposed to cerebrospinal 

fluid (CSF). IHC for OAT3 is seen only in the nuclei of pituitary cells. OAT IHC supports the 

possibility that OAT1 is bringing in 17-beta-estradiol sulfate from the blood and CSF into or out 

of the fetal brain cells. The results on RT-PCR shows that the OAT1 and 3 mRNA expression 

levels correlate with gestational age and could play a possible role in moving 17-beta-estradiol-

sulfate into the brain.  
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CHAPTER 1 
INTRODUCTION 

The incidence of premature birth has increased 29% between 1981 and 2004 and is still on 

the rise. Premature birth is the number-one killer of newborns and is a persistent problem in our 

society. About 12% of newborns in America today will be born prematurely. Babies that are 

born prematurely are also at high risk of getting other conditions such as cerebral palsy, lung 

diseases, blindness, learning disabilities and development disabilities. Care of a premature infant 

also costs 15 times as much as the care for a healthy baby and that does not include the money 

needed to care for future problems that might have been caused by premature birth. To prevent 

premature birth there first must be a way to monitor fetal development in order to make sure the 

baby will be born healthy and on time and secondly to prevent the event of labor (parturition) of 

the pregnant woman carrying the potentially premature baby. There is a poor understanding of 

the mechanism initiating labor or the cause of premature birth for that matter.  

The Hypothalamus-Pituitary-Adrenal gland Axis (HPA axis) in the fetus plays a crucial 

part in parturition (Am J Obstet Gynecol. 1967 Liggins et al.). The HPA axis is known to be 

important in the process of parturition because if any one of the organs in the HPA axis were to 

be removed, parturition would not take place. This was determined by Liggins and colleagues by 

either removing any of the organs involved in the HPA axis or creating lesions in them through 

electro coagulation (Am J Obstet Gynecol. 1967 Liggins et al.) on fetal sheep.  

The HPA axis works by first having the hypothalamus release corticotrophin releasing 

hormone (CRH), which causes the anterior pituitary to release adrenocorticotropin (ACTH), 

which then stimulates the adrenal gland to release cortisol in sheep and Dehydroepiandrosterone 

(DHEA) in humans which is used by the placenta to make estrogen in humans. In the sheep 

model for estrogen production determined by Liggins (Figure 1-1) the only difference from 
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human estrogen production is that cortisol is released by the adrenal gland, which activates 

enzymes (ex. 17-alpha-hydroxylase) to convert progesterone to estrogen (Basic Life Sci. 1974 

G.C. Liggins). Liggins used sheep as an animal model because it is the animal which most 

closely mimic’s human gestation where experimentation can be done effectively. It was also the 

sheep model used to extrapolate on the human reproductive model to determine human 

reproductive function initially (Bio of Repro. 1977 Liggins et al.)  

We have proposed that the trigger to parturition is in the fetal brain either at the 

hypothalamus, pituitary or possibly some other brain region that could influence a change at the 

hypothalamus or pituitary. The secretion of ACTH during gestation causes the adrenal gland to 

release cortisol in sheep and DHEA in humans. As gestation progresses, plasma levels of cortisol 

and 17-beta-estradiol increase in fetal sheep until the end of gestation until there is an 

exponential increase in cortisol right before birth (there is also an increase in estrogen as well); 

this is called the cortisol surge. These hormones are crucially important to parturition. We have 

shown that 17-beta-estradiol increase basal ACTH levels in the fetus (Am J Physiol.1997 Saoud 

and Wood) suggesting that 17-beta-estradiol might stimulate the HPA axis to further increase 

cortisol in secretion. Therefore, we will focus on 17-beta-estradiol as a possible hormone trigger 

of parturition.  

The estrogen 17-beta-estradiol is rendered inactive by the placenta by conjugating it to 

sulfate. The enzyme in the placenta that does this is called Estrogen Sulfotransferase (EST). This 

enzyme conjugates the sulfate group to the 3 carbon in 17-beta-estradiol making 17-beta-

estradiol-3-sulfate (FASEB.1997 Falany). The sulfation of 17-beta-estadiol renders it inactive so 

that the estrogen cannot diffuse through the bi-lipid membranes of cells or interact with estrogen 

receptors to transcribe genes. It needs another enzyme to activate it again by removing the sulfate 
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group. This enzyme is called Steroid Sulfatase (STS) and it deconjugates the steroid from the 

sulfate group which then renders the inactive steroid active by removing the sulfate conjugate. 

STS is found in the cytosol in certain cells in the fetal brain and in cells that make up the blood 

brain barrier (FASEB.1997 Falany). EST is found in the placenta and was shown to rise with 

gestational length in pregnant mice (Biochem.1983 Hobkirk). We have found in our lab that STS 

is highly expressed in the cerebellum and hypothalamus and that expression increases in these 

tissues at late gestation (unpublished data generated by Jared Winikor). 

It is not known how 17-beta-estradiol-3-sulfate gets into the brain to possibly stimulate the 

HPA axis. Organic anion transporters (OATs) could quite possibly do this. OATs are proteins 

found in the membrane of cells that work off the electrochemical gradient made by the sodium 

potassium pump (Figure 2). This allows an exchange of an anion in the cell with an anion outside 

the cell through a tertiary transport system which brings the anion originally in the cell used in 

the exchange back in the cell (Physiol Rev. 2004 Dantzler and Wright). 

There are a number of proteins that belong to the OAT family and they are OAT 1, 2, 3, 

and 4 (Pflugers Arch. 2000 Sekine et al.). Organic anion transporters are initially found in the 

kidney and are believed to have significance there because they help the body get rid of wastes 

by taking harmful anions out of the blood and into the lumen of the kidney proximal tubules. It is 

known that OATs can transport a wide variety of different things and some of these things are 

steroids especially estrogens that are conjugated to sulfates such as estrone-3-sulphate and 17-

beta-estradiol-3-sulphate. OAT1 and 3 are the most efficient at transporting 17-beta-estradiol 

when sulfoconjugated. OAT3 is the better of the two (Rev Physiol Biochem Pharmacol. 2003 

Buckhardt and Buckhardt) (Pflugers Arch. 2000 Sekine et al.). Therefore we will focus on OAT1 

and OAT3 in the fetal brain.  
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Genetic regulation of OAT1 and 3 is still not determined. Some xenobiotics have caused 

upregulation. The loop diuretic Furosemide and the thiazide hydrochlorothiazide also have 

increased protein levels of the OAT1 protein (Nephrol. Dial. Transplant 2003 Kim et al). It also 

has been shown that the drug dexamethasone can upregulate the OAT1 gene (Exp Toxicol 

Pathol.2003 Bahn et al.) (Med Bio 1986 Braunlich). Braunlich has also shown that there is a 

difference in genetic regulation of OAT1 between the adult and fetus (as well as the newborn). 

When Braunlich infused dexamethasone (a synthetic glucocorticoid) in premature (5, 10, and 15-

day-old rats) rats, Braunlich found an increase in p-aminohippurate secretion in the premature 

rats when dexamethasone was infused. The regarded p-aminohippurate transporter is OAT1 

(Med Bio.1986 Braulich). Adult rats were also infused with dexamthasone but did not show the 

dramatic change in p-aminohippurate secretion that the immature rats showed. In the literature I 

have also found that prostaglandin E2 (PGE2) causes an increase in the basolateral uptake of 

organic anions by OAT3 (PGE also does the same thing to OAT1) (J Am Soc Nephrol. 2003 

Sauvant). Maybe increased expression doesn’t have to be a trigger to increased uptake of 17-beta 

-estradiol-3-sulfate. Estrogen action in the brain does cause the production of PGE2 (Brain Res. 

2003 Wood) so there might also be a possible influence from PGE2. It has been shown by 

Walker and Pratt that when the drug probenecid (inhibits OAT1 and OAT3 transport) is infused 

into the sheep, PGE2 concentrations in the cerebrospinal fluid in the fetal brain increases (J 

Physiol. 1998. Walker DW, Pratt N.). This shows that there is a possible mechanism for 

transporting PGE2 out of the CSF and possibly into the blood or cells in the brain that is related 

to OAT1 and OAT3 transport. Jones et al. also found out that it was the brain that was producing 

PGE2 and that there is a possible mechanism for transport across the blood brain barrier or cells 

in the brain (Biol Neonate. 1994. Jones et al.). Jones et al. put Indomethacin, which is a drug that 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=9481686&query_hl=24&itool=pubmed_docsum
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inhibits the production of PGE2 into the fetal brain intracerebroventricularly (ICV) and found 

out that PGE2 concentration levels in the fetal brain and fetal plasma decreased (Biol Neonate. 

1994. Jones et al.). This proves that PGE2 is present and can influence OAT transport in the 

brain. Another interesting fact is that OAT1 can transport PGE2 very efficiently (Biochem 

Biophys Res Commun. 2000 Nishio et al.) and that PGE2 can also stimulate the HPA axis to 

release cortisol (J Endocrinol. 1992. Brooks AN, Gibson F.) (J Neuroendocrinol. 1996. Young et 

al.). Kis and colleagues have also found that there is a prostaglandin transporter called PGT at 

the third ventricle where the hypothalamus and the third ventricle are in close proximity (J Appl 

Physiol. 2005 Kis et al.). Prostaglandin transporter are also in the cells of the paraventriculuar 

nuclei (J Appl Physiol. 2005 Kis et al.) showing a possible indirect mechanism for PGE2 to 

stimulate the HPA axis via CSF. 

Even though OAT1 and OAT3 function and possible expression mechanisms might 

support our theory, where exactly is OAT1 and OAT3 in the brain and does the localization of 

OAT1 and OAT3 support our theory as well? In situ hybridization on fetal mice for OAT1 

performed by Pavlova and colleagues demonstrated that OAT1 is found more predominantly in 

the fetal brain (dura matter, epithelial lining of the ventricles and choroid plexus) than the fetal 

kidney (Am J Physiol Renal Physiol. 2000 Pavlova et al.). Pavlova proposed that OAT1 is 

playing some role in development of the brain (Am J Physiol Renal Physiol. 2000 Pavlova et 

al.). The most predominant expression was seen around the cerebellum and hindbrain of the fetal 

mouse (Figure 1-3). Palova found that OAT1 expression declined dramatically in the postnatal 

mouse as well (OAT1 expression was significantly higher during fetal and early postnatal life of 

the mice) showing some hint of developmental properties during gestation. Nishio and 
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colleagues also did in situ hybridization for mOAT1 and showed also that is was very 

predominant in the cerebellum of mice (Biochem Biophys Res Commun. 2000 Nishio et al.). 

The expression of OAT1 in the fetal brain is consistent with the theory that OAT1 might 

play some part in moving something into the brain during gestation (or out) that is relevant to 

parturition. It is possible that 17beta-estradiol-3-sulfate is let into the cell or that another 

molecule made due to estrogen action is moved out of the cell. Eraly and coworkers suggests that 

because OAT1 and OAT3 have close phylogenetic relations they have similar tissue 

distributions, they transport the same substrates and they could quite possibly co-regulate each 

other’s gene expression (Biochem Biophys Res Commun. 2003 Eraly et al.). This could probably 

give reason as into why OAT1 and OAT3 are found in the same places within the fetal brain.  

 To see if OAT1 or OAT3 is necessary for fetal development, OAT3 and OAT1 knockout 

mice have been made.  Neither were embryonic lethal knockouts. This could be due to the 

overlapping of substrates that OAT1 and 3 moves across membranes and the fact that they have 

similar tissue distribution as well. A double knockout might be a better approach to determine 

OAT1 and OAT3 relevancy to fetal development. Fetal kidney development was looked at only 

for OAT1 knockout mice which showed no tissue abnormalities in the kidney (J Biol Chem. 

2006 Eraly et al.) and in the OAT3 knock out mice there were no tissue abnormalities overall (J 

Biol Chem. 2002 by Sweet et al.). OAT1 knock out mice had more anions in the blood than the 

control and the OAT3 knock out mice (J Biol Chem. 2006 Eraly et al.). 

We propose that OAT1 and OAT3 mRNA expression levels in the fetal sheep brain will 

increase as gestation progresses thus creating more of the OAT1 and OAT3 protein allowing 

more estrogen action in the brain which would cause a greater output of the HPA axis. We are 

going to prove this by doing reverse transcriptase polymerase chain reaction (RT-PCR) to 
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determine mRNA expression levels at different gestational lengths. We also propose that the 

OAT1 and OAT3 protein will be found on the cells of the blood brain barrier and cells within the 

fetal sheep brain. Immunohistochemistry on the pituitary, hypothalamus, brainstem, and 

cerebellum will show us where exactly the OAT1 and OAT3 proteins are in the fetal brain. The 

reason for looking at the pituitary and hypothalamus is to see if 17-beta-estradiol-3-sulfate 

directly get into cells at the pituitary and the hypothalamus and stimulate the HPA axis directly. 

We decided to look at the brainstem because the brainstem can also stimulate the HPA axis when 

the fetus is under particular stresses such as hypoxia by making prostaglandin E2 which can also 

stimulate the fetal HPA axis (Neuroendocrinology 1996 Young et al.). We also decided to look 

at the cerebellum even though there is no connection between the cerebellum and the fetal HPA 

axis found in the literature but it has been found in the literature that estrogen action is present in 

the fetal cerebellum. There also could be a possible indirect stimulation of the HPA axis via the 

cerebellum. When an infusion of 17-beta-estradiol is put into the fetal circulation Fos expression 

in the cerebellum increases dramatically (Brain Research 2003 Wood, Gridley, and Giroux). Fos 

is a transcription activator for cyclooxygenase 2, which produces PGE2. PGE2 has also been 

shown to stimulate the HPA axis as well (Neuroendocrinology 1996 Young et al.) this might 

account for a possible connection between the cerebellum and HPA axis. Western blots will be 

done as well to determine that protein levels coincide with RT-PCR data but only on the 

cerebellum due to it being the only brain region with enough tissue to perform this task. 
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Figure 1-1.  A diagram of the fetal HPA axis. CY450 is 17-alpha-hydoxylase. 

 

Figure 1-2. Shows how organic anion transporters work on the basolateral side of cells. Organic 
anions are brought into the cell by exchanging alpha-ketogluterate in the cell with 
organic anion in the blood. Alpha-ketogluterate is an important metabolite so it is 
brought back in the cell via symport with sodium. The sodium needed for symport is 
provided by the electrochemical gradient created by ATPase. Permission was given to 
use this figure (Physiol Rev. 2004 William H. Dantzler, and Stephen H. Wright) 
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Figure 1-3. Pavlova’s data. OAT1 expression was determined by In-situ hybridization in pictures 
A through J in the fetal kidney and brain. Northern blot analysis was also done on the 
kidney which is shown by K. A and C shows dark-field X-ray film images of the 
murine where OAT1-specific riboprobes hybridized to embryo histological sections. 
A and C shows sagittal sections through whole embryos. OAT1 specific-riboprobes 
were found to hybridize mainly in the dura matter, choroid plexus, and kidneys. 
Permission was given to use this figure. (Am J Physiol Renal Physiol. 2000 Pavlova 
et al) 
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CHAPTER 2 
MATERIALS AND METHODS 

Fetal sheep where extracted from the uterus of the pregnant ewe after an overdose of 

sodium pentobarbital was injected into the mother intravenously which effectively kills mother 

and fetus. Fetal sheep were extracted at gestational length ages of 80 (n=5), 100 (n=4), 120 

(n=4), 130 (n=4), and 145 (n=5) days of gestation and newborn. After extraction of fetus from 

the mother’s womb we harvested brain samples from the cerebellum, pituitary, brainstem and 

hypothalamus of the fetus. They were snap-frozen in liquid nitrogen and stored at -80°C. 

Messenger RNA was isolated by Trizol® (Gibco, Invitrogen Corp., Carsland, Ca) reagent and 

was stored at -80°C in RNA secure (Ambion Corp., Austin Texas).  

Samples containing 4ug of mRNA was converted to cDNA by using the High Capacity 

cDNA archive Kit and following direction indicated by manufacturer (Applied Biosystems, 

Foster City, Ca).  RT-PCR was performed looking for OAT1 and OAT3 mRNA expression in 

the different regions of the fetal brain using AmpliTaq Gold DNA polymerase (Applied 

Biosystems) and primers (using primer software from Applied Biosystems) and probes (Geno-

Mechanix, Alachua, Fl). Primers and probes for OAT1 and 3 were derived from the bovine 

mRNA sequences (accession number AJ549816 for OAT1 and accession number AJ627254 for 

OAT3) and TaqMan® probes (Applied Biosystems) were used (Table 2-1). Primers and probes 

for Eukaryotic ribosomal 18s (Applied Biosystems) provided by Applied Biosystems were used 

to generate controls.  100ug of cDNA was used along with Forward primer at 900nanomole and 

reverse primer at 900nanomole were used as well as the probe at 250 micromole. The probes 

used for detecting OAT1 and OAT3 had 6-carboxyfluoresceine (6-FAM) at the 5’ position and 

carboxytetramethyl rhodamine (TAMRA) at the 3’ position. Every sample that we ran RT-PCR 

on for OAT1 and OAT3 we also ran RT-PCR for the18s ribosomal subunit to normalize the data. 
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The ABI Prism 7000 detection sequence system (Applied Biosystems) was used to perform RT-

PCR. Reactions done by the ABI Prism 7000 were run at: 48°C for 30 minutes then 95°C for 10 

minutes, then 40 cycles of 95°C for 15 seconds followed by 60°C for 1 min (example of out put 

of ABI Prism 7000 in figure 2-1). We also ran controls with one well having only mRNA and 

another with just water. No products generated in the controls. Statistical analysis was done on 

the ct values calculated by using the ∆∆Ct method. The ∆∆Ct method is calculated by finding the 

difference between the mRNA OAT1 and OAT3 expression to that of the 18s ribosomal subunit 

relative to the mean ct value at 80 days of gestation.  

Immunohistochemistry was also performed on the fetal brain tissue samples looking for 

OAT1 and OAT3 mRNA expression in the brain tissue samples with antibodies for OAT1 and 

OAT3 (cat# OAT11-S and OAT311-S, Alpha Diagnostics, San Antonio, TX). After killing the 

mother and harvesting the fetus, pieces of the different brain regions where then fixed overnight 

with 4% paraformaldahyde in test tubes and then embedded in paraffin the next day. Then 5 

micrometer thick section were prepared on slides and treated with antibodies for OAT1 and 

OAT3. The protocol for antibody staining was as follows with 2minute intervals: xylene, xylene, 

100% alcohol, 90% alcohol, 70% alcohol, 50% alcohol, 25% alcohol, water, and slide were than 

put in PBS, all at 2 min intervals. Then blocking serum (10% goat serum in PBS) was than put 

on the slides for 10 min after using the Barrier Pap Pen (Scientific Device Lab Inc, Des Plaines, 

Ill) to isolate reagents to the tissue of the slide. Than the primary antibody (diluted at 1:1000 for 

OAT1 and 1:500 OAT3) was added and allowed to sit for about an hour (rabbit anti-rat for 

OAT1 and 3). After the primary antibody the slides are washed in PBS for 2 min than the 

secondary antibody is added (goat anti-rabbit) and left on the slide for an hour. After the 

secondary antibody there another wash with PBS for 2 min and then the streptavidin conjugate 
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with the horseradish peroxidase (Zymed Inc., South San Francisco, Ca) is then added to the 

slides for 10 min with another PBS wash and then DAB (Pierce Co., Rockford,IL) is added to the 

slides for 10 min. After this we dehydrated the specimens using increasing concentrations of 

alcohol, then xylene, then finally cover slipped with Permount (Fischer Scientific, Fair Lawn, 

New Jersey) and allowed to sit overnight before observation under a microscope. All controls 

followed same protocol except no primary antibody was used. In the Immunohistochemistry 

protocol for the pituitary slides was similar to all the others except Hemotoxylin (PolySciences 

Inc, Warrington, PA) was used for background staining to better show OAT1 and OAT3 staining 

with the horseradish peroxidase after dehydrating slides.  

Western blot analysis was also done using 7.5% Tris gels from Bio-Rad.  There was 40ug 

of protein per well. The gel ran for 2 hours at 75 volts in Tris-HCL running buffer and was 

transferred to nitrocellulose membrane (Bio-Rad laboratories, Hercules, CA) overnight in 

transfer buffer at 22 volts. The membranes was then blocked with 5% milk in PBS for 3 hours 

and then treated with OAT1 (1:1000) or OAT3 (1:500) antibody and sat overnight. Then the 

membrane was washed 5 times with a wash period of 5 min. The nitrocellulose membranes were 

than put into a container where ECL reagent (Amersham Pharmacia Biotech) was added and 

allowed to sit for a couple of minutes. Then the ECL treated membrane was exposed to the film 

(Blurate Automated film from Bioexpress) and was developed with exposure times between 3 to 

10 minutes in an Autoradiography cassette (Fisher Scientific, Pittsburgh, PA). Densitometry was 

also done on western blots using the ChemiDoc XRS system (Bio-Rad) to take the images of the 

western blot film and the Quantity One software (Bio-Rad) to quantify the intensity of the bands 

of different gestational ages on the western blots. Densitometry was quantified as arbitrary units 

of optical density per mm2.  Then one way analysis of variance (one way ANOVA) was done on 
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the ∆∆Ct values at different gestational lengths and densitometry of cerebellum western blots 

using the SigmaStat program (SPSS, Chicago, IL) and pair-wise comparisons were made using 

the Duncan multiple range tests. The null hypothesis was rejected if the p value was less than 

0.05. A correlation was also done on the ∆∆Ct values of the cerebellum to gestational age using 

the SigmaStat program (SPSS, Chicago, IL). The Pearson Test was used when doing the 

correlation. The Bonferonni test was also done on ∆∆Ct values of the cerebellum to determine 

significance based on the small sample sizes and the fact that the Duncan multiple range test 

wasn’t adequate in finding significance therefor we did a non-paramatric test (Bonferonni test). 

The Bonferonni test was calculated by the SPSS program version 14.0 (SPSS, Chicago,IL). 
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Table 2-1.Probe and primer sequences for real-time RT-PCR analysis of OAT1 and OAT3 

mRNA  
Gene of 
interest 

Forward primer Reverse primer Probe 

oOAT1 CATCTACCTAATCCA
GGTGATCTTTG 

TGTTGATGACAAG
GAAGCTCACA 

TGCTGTGGACCTG
CCTGCCAAG 

bOAT3 CTGTGTGGCTTCGGC
ATCT 

GGACACCCACTCG
ACATTCAA 

AGGCATTACCCTG
AGCACCGTCA 

 
 

 

 

  

 
 
 
 
 
 
 
 
 
Figure 2-1. An example of RT-PCR data generated by the ABI Prism 7000 for OAT1 ontogeny 

in the pituitary.    
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CHAPTER3 
RESULTS 

In the hypothalamus OAT1 mRNA expression levels increased as gestational age 

increased until birth. This is when expression of OAT1 starts to decline. The highest jump in fold 

change was between 145 days of gestation and birth. There was an upward trend in the mRNA 

expression level as gestation progressed. This continued until term where mRNA levels started to 

decline. The data is statistically significant and groups that are statistically different from one 

another are mentioned above each bar in the bar graph according to the legend (Figure 3-1). 

OAT3 mRNA expression levels also appears to increase with gestational age but does not 

decrease after birth. mRNA expression levels continued to rise even after term. The apparent 

changes are not statistically significant (Figure 3-2).  

OAT1 mRNA expression was not consistent in the pituitary. There is no apparent 

expression pattern but there is statistical significance between certain gestational age groups 

(Figure 3-3). OAT3 mRNA expression level in the pituitary steadily decreased until after birth 

where it dramatically increased back to fold change level at 80 days of gestation. The data is 

statistically significant and groups that are statistically different from one another are mentioned 

above each bar in the bar graph according to the legend (Figure 3-4). OAT1 and OAT3 mRNA 

expression were constant in the brainstem and no trend can be seen according to the graphs 

(Figure 3-5).  

The fold change of OAT1 expression in the cerebellum was the most dramatic of all the 

brain regions (Figure 3-6). As gestation progressed mRNA expression levels increased 

dramatically. The highest jump in fold change was between 130 and 145 days of gestation right 

before birth. After birth fold change decreases dramatically from a fold change of 600 to 10. 

There is no overall statistical significance as analyzed by ANOVA, but there is statistical 
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significance as analyzed by Bonferroni pairwise comparisons, as highlighted in the graph (Figure 

3-6). OAT3 expression in the cerebellum showed no apparent trend through out gestation but 

there is a dramatic increase in mRNA for OAT3 at 130 days of gestation (Figure 3-7). OAT1 

staining is very abundant in the cerebellum as shown by immunohistochemistry in figures 3-8 

and 3-9. It is found to be very abundant in the ventricle lining (Figure 3-9) as previously shown 

by Pavlova et al. (Am J Physiol Renal Physiol. 2000 Pavlova et al.). OAT1 is also abundant in 

the outermost layers of the cerebellum that are exposed to the cerebrospinal fluid as well as the 

granular layer of the cerebellum (Figure 3-8). OAT3 is not that abundant at all in the cerebellum 

but most OAT3 that showed up on slides were found in the granular layer and fiber tracts of the 

cerebellum.  

Immunohistochemistry of the hypothalamus shown in black and white showed that 

OAT1 is mainly found around the blood vessels (Figure 3-11). OAT3 showed no significant 

staining in the hypothalamus. OAT1 and OAT3 staining was very abundant in the pituitary. We 

made the pictures of IHC black and white to help show the contrast in the location of the 

different membrane proteins. As you can see OAT1 is seen predominately on the membrane of 

pituitary cells (Figure 3-13) and OAT3 is found predominately on what seems to be the nuclei of 

the pituitary cells (Figure 3-14). Controls for all of IHC showed no non-specific binding of the 

secondary antibody.  

Results from the western blots of the cerebellum showed that OAT1 is found at molecular 

weights of 75kda and around 60kda (Figure 3-16). As gestation progresses the 75kda band 

becomes darker and the 60kda band gets lighter (Figure 3-16). Densitometry was also done on 

the western blot to confirm this event and it shows that the intensity for the 75Kda band increase 
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as gestation progresses and the intensity for the 60Kda band decreases as gestation progresses 

(Figures 3-17 and 3-18).  
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Figure 3-1. Fold change in OAT1 expression in Hypothalamus with legend that shows statistical 

difference between groups. An upward trend is shown in the graph as gestation 
progresses. Statistical significance is seen between 80 days of gestational age (dga) 
and all other time periods supporting up regulation of gene.  
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Fold Change in OAT3 Expression in Hypothalamus
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Figure 3-2. Fold change in OAT3 expression in Hypothalamus continues to increase even after 

birth. There is an unusual reading in fold change at 130 days of gestational age (dga). 
There is however no statistical significance supporting that the notion that the OAT3 
gene in the hypothalamus is up regulated.  
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Figure 3-3. Fold change in OAT1 expression in Pituitary with legend showing statistical 

difference between groups. No apparent trend found as gestation progresses but 
statistical significance is seen between the age groups.  
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Oat 3 mRNA expression Ontogeny in fetal pituitary

Age

80 dga 100 dga 120 dga 130 dga 145 dga New Born 1 week

Fo
ld

 c
ha

ng
e

0.1

1

10

100

1000
Statistical
Signifigance
a-80dga
b-100dga
c-130dga
d-145dga
e-Newborn
f-1week

acd

b

b

b

 
Figure 3-4.Fold change in OAT3 expression in Pituitary with legend showing statistical 

difference between groups. Apparent down regulation is seen as gestation is 
progressing. There seems to be significance between 100dga and 130dga and 145dga. 
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Fold Change in OAT 1 Expression in Brainstem
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Figure 3-5.Fold change in OAT1 (A) and OAT3 expression (B) in the brainstem shows no 

apparent trend through out gestation and no statistical significance between age 
groups. 
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Fold Change in OAT1 Expression in Cerebellum
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Figure 3-6.Fold change in OAT1 expression in cerebellum throughout gestation. There is no 

overall statistical significance but there is statistical significance between certain 
gestational age groups. An upward trend is seen as gestation is progressing until birth 
where fold change decreases dramatically after birth.  
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Figure 3-7.Fold change in OAT3 expression in Cerebellum with legend showing statistical 

difference between groups. No apparent trend is seen throughout gestation but at 
130dga there is significant increase in fold change and is the only gestational age 
showing statistical significance. 
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Figure 3-8.Immunohistochemistry of OAT1 Cerebellum showing layers of the cerebellum. 

OAT1 is mostly found in the granular layer of the cerebellum and the layer closest to 
the cerebrospinal fluid. 

 

 
Figure 3-9.Immunohistochemistry of OAT1 Cerebellum showing ventricular membrane staining 

for OAT1. OAT1 staining also found in the surrounding tissue of the 4th ventricle in 
the cerebellum. 
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Figure 3-10.Control for Cerebellum Imunohistohemistry that is stained with only the secondary 

antibody to determine any non-specific binding. There is no apparent binding of the 
secondary antibody to cerebellular tissue 
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A 

B  
Figure 3-11.(A) OAT1 hypothalamus Immunohistochemistry shown by making picture black 

and white to better highlight the staining around blood vessels. There is significant 
staining shown around the blood vessels of the hypothalamus as well as endothelial 
cells of the hypothalamus(B) Same picture as the top picture but without being made 
black and white.  
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Figure 3-12.Hypothalamus control which is stained only with secondary antibody in order to 

detect any anti-specific binding of the secondary. There is no non-specific binding of 
the secondary to hypothalamic tissue. 

 
 
 
 
 
 

Figure 3-13.OAT1 pituitary Immunohistochemistry shown by conversion of picture to Black and 
white. OAT1 staining in the pituitary is seen in the membranes of cells and the 
vasculature of the pituitary. Nuclei are also staining for OAT1 in the pituitary as well. 
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Figure 3-14.OAT3 pituitary immunohistochemistry shown by making picture black and white 

shows OAT3 in the nuclei of pituitary cells. 
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A  

B  
Figure 3-15.(A) Hemotoxylin staining with OAT1 antibody staining. (B) Hemotoxylin staining 

with only secondary antibody to test for non-specific binding in the pituitary. The 
above figure shows that there is no non-specific binding of the secondary antibody in 
the pituitary. 
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Figure 3-16.Western blot for OAT1 ontogeny of the fetal cerebellum shows the75kda band gets 

darker as gestation progresses but as the 60Kda band gets lighter as gestation 
progresses. The 60Kda band is where the darker band is seen below the 75Kda 
marker.  
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Densitometry Graph 75Kda
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Figure 3-17.Densitometry graph showing statistical significance for 75Kda band as gestation 

progresses. There is an upward trend in the intensity of the 75Kda band as gestation 
progresses showing possible influence by gestation. 

 
 
 
 
 

 

 

 

 

 

 

Figure 3-18.Densitometry graph showing statistical significance for 60Kda band as
progresses. A downward trend is seen as gestation progresses showing p
influence of gestation. 

Densitometry Graph for 60Kda

Age

80dga 100dga 120dga 130dga 145dga newborn 1 week mat

IN
T*

m
m

2

10000

11000

12000

13000

14000

15000

16000
g,h

g,h

g,h

g,h g,h g,h
 

 

 

Statistical 
Significance
to 
a-80dga 
b-100dga 
c-120dga 
d-130dga 
e-145dga 
f-Newborn
g-1 Week
Statistical 
Significance 
to 
a-80dga 
b-100dga 
c-120dga 
d-130dga 
e-145dga 
f-Newborn
g-1 Week
 gestation 
ossible 



 

39 

CHAPTER4 
DISSCUSSION 

Our data shows that mRNA expression levels of OAT1 and OAT3 do increase as 

gestation progresses in the fetal brain. The RT-PCR data supports the possibility that OAT1 and 

OAT3 might be the cause of a continual increase of HPA axis output in fetal sheep as gestation 

progresses. Immunohistochemistry also shows that OAT1 and OAT3 protein also has been found 

in all the brain regions that have been stained some more than others have. 

Immunohistochemistry supports the theory that OAT1 and OAT3 is present in the tissue and 

could be transporting substances in or out of the brain during gestation. Here is a breakdown 

according to brain region based on the results from each region. 

In the hypothalamus, OAT1 and OAT3 expression patterns increased as gestation 

progressed except that OAT1 decreased after birth. The expression pattern could mean that 

OAT1 is playing some part in moving a certain substrate into hypothalamic cells during 

gestation. The OAT3 mRNA expression pattern continually increased showing that OAT3 could 

play a regulatory role in the new born sheep’s day to day functions or it could be a strategy for 

neonate survival until the body fully develops. Immunohistochemistry showed that the 

hypothalamus has a lot more OAT1 protein than OAT3 protein. OAT1 was seen around blood 

vessels in the hypothalamus and the staining was much darker than OAT3. OAT3 staining was 

very faint and you could hardly see it under a microscope. This is peculiar seeing the fold change 

reading was around the same except after birth. No western blots can be attained from the 

hypothalamus because there was not enough tissue to be collected to create enough protein to run 

on a gel. 

 In the Pituitary mRNA expression pattern for OAT1 shows no pattern that would signify a 

possible role or function of OAT1 in the pituitary. The OAT3 expression pattern in the pituitary 
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however decreased as gestation progressed then increased right after birth. This could signify 

that whatever OAT3 is transporting in the fetus, it is being prevented from entering the pituitary 

cells during gestation by down regulating the OAT3 gene. Our lab proposes that OAT1 and 

OAT3 are transporting 17-beta-estradiol-3-sulphate into cells and in a paper by Saoud and Wood 

they did an experiment showing that 17-beta-estradiol treatment of the pituitary decreased active 

ACTH in the pituitary (Peptides 1996 Saoud and Wood). This could be a strategy to increase 

ACTH output of the pituitary to perpetuate the positive feedback loop. Immunohistochemistry 

for OAT1 and OAT3 were seen on both membranes and nuclei. Which type of pituitary cells 

they were on we do not know but it looks as if mostly all of the pituitary cells on the slide were 

stained for OAT1 and OAT3. This could probably mean that 17-beta-estrdiol-3-sulphate is being 

pumped directly into pituitary cells such as corticotrophs based on results from Wood’s paper 

showing that infused 17-beta estradiol increased basal ACTH levels (J Soc Gynecol Investig. 

1997 Wood and Saoud). There is also a difference in their localization. OAT3 was found to be 

predominately on nuclei while OAT1 was predominately found on the membranes of pituitary 

cells. OAT3 is the better transporter of sulfur-conjugated estrogens out of the OAT family and 

therefore might play a bigger role in estrogen action via 17-beta-estradiol at the pituitary. No 

western blots can be attained from the pituitary because there wasn’t enough tissue to be 

collected to create enough protein to run on a gel. 

The brainstem showed no significant expression pattern for OAT1 or OAT3, 

Immunohistochemistry showed nothing significant except uniform staining throughout the slide 

which was faint. Data supports the notion that OAT1 and OAT3 have no significant role at the 

brain stem in regards to a possible effect of HPA axis output. No western blot data was done on 
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the brain stem due to the fact that no patterns were seen in mRNA expression levels through RT-

PCR or immunohistochemistry. 

The cerebellum showed novel results. OAT1’s expression pattern positively correlated 

(with raw data r =.476 and with the means of each gestational age r = .80) with gestation and 

birth, not to mention it had a very high fold change. At 80 days of gestational age its fold change 

was around 2. At 145 days of gestation (right before birth) the fold change reading was about 

600. Then right after birth the fold change dropped right back to 10. This data supports the idea 

that OAT1 at the cerebellum might play some role during gestation that is related to the timing of 

parturition since its fold change increases during gestation and then returns dramatically back to 

around its initial reading after birth. Immunohistochemistry showed that OAT1 was seen in the 

ventricular lining and membranes exposed to the cerebrospinal fluid (CSF) in the cerebellum. It 

was also seen in the granular layer of the cerebellum where OAT3 is also seen. OAT3 was also 

found in the fiber tracts in the cerebellum as well. This type of localization could mean that 

OAT1 might be transporting substrates in to the cells of the cerebellum or out of the cells of the 

cerebellum into the CSF. This shows that the cerebellum could indirectly stimulate the HPA axis 

via the CSF in the brain. What was also interesting is that as gestation age increases the 75kda 

band gets darker and the 60kda band gets lighter on the western blot. Based on the amount of 

amino acids in the protein the molecular weight of the protein should be 60kda but as gestation 

progresses the 75kda band gets darker. It is believed by Tanaka et al that glycosylation might be 

activating the OAT1 protein and quite possibly altering OAT1 affinity for certain substrates (J 

Biol Chem. 2004. Tanaka et al.). Based on Tanaka’s results it could be glycosylation that is 

activating the OAT1 protein in the cerebellum causing the 75kda OAT1 protein to become more 

predominant as gestation continues possibly contributing to the positive feedback loop of the 
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fetal HPA axis. Glycosylated activation of the OAT1 protein could also mean that there is the 

possibility that OAT1 found in the fetal brain could function differently or function at the brain 

for a different reason than OAT1 in the fetal kidney. The western blot pattern could be indicative 

of this because it is proposed by Nakajima and colleagues that OAT1 protein levels remain low 

in the kidney during gestation and doesn’t increase until after birth in rats (Kidney Int. 2000 

Nakajima et al.). Nakajima did western blots showing the protein levels for OAT1 during 

gestation was low until after birth in the rat. This western blot pattern might also be found in the 

other brain regions as well but that will be determined in future experiments. The cerebellum 

might also play some role in increasing HPA axis output by bringing in 17-beta-estradiol into the 

CSF from the blood as well.  

Even though the data in our paper supports the HPA axis output being influenced via the 

brain, data from another paper shows that OAT1 is found in the adrenal gland and has its action 

there. Beery and colleagues found out that OAT1 is found in the adrenal gland and is regulated 

by ACTH (Endocrinology 2003 Beery et al.). The more ACTH secreted the more OAT1 protein 

made in the adrenal gland (Endocrinology 2003 Beery et al.). Beery and colleagues also did non-

radioactive in situ hybridization of rats and found out that OAT1 was found mainly in the zona 

fasciculata, where glucocorticoids are synthesized and suggests that OAT1 as well as other 

organic anion transporters are responsible for cortisol release (Endocrinology 2003 Beery et al.). 

OAT1 might influence the HPA axis at the adrenal gland and not at the brain in fetal physiology 

or there is the possibility that it might affect the HPA axis at both places. This is a new 

perspective to look at when doing future experiments. 

The major strength of this work is the demonstration of OAT1 and OAT3 in the fetal 

brain using mRNA expression levels, OAT1 ontogeny western blot, and immunohistochemistry. 
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Another strength is the demonstration that OAT1 and OAT3 are expressed in patterns that are 

consistent with fetal neuroendocrine development. The mRNA expression levels of the pituitary 

and hypothalamus for OAT3 and the mRNA expression levels of the hypothalamus and 

cerebellum for OAT1 support the theory that organic anion transporter might affect the fetal 

HPA axis. The western blot for the ontogeny of the OAT1 protein in the cerebellum also 

supports the theory based on there being a lot of the OAT1 protein being present and the unique 

pattern involving the 75Kda band getting darker and the 60Kda band getting lighter as 

gestational age increases. Immunohistochemistry also shows the localization for OAT1 at the 

membranes of pituitary, cerebellar, and hypothalamic cells possibly allowing 17-beta-estradiol-

sulfate into or out of fetal brain cells. The major limitation of this work is that it was performed 

entirely at the mRNA and protein expression levels and no experiments were performed on intact 

animals. This limited our ability to test the physiological function of these transporters in the 

fetal brain. Specific limitations in these experiments include the fact that there were no ontogeny 

western blots done on the pituitary or hypothalamus to support RT-PCR data at those brain 

regions. RT-PCR data does not always reflect protein levels and western blots must be done in 

the future to see if the RT-PCR data does. Another limitation of this study is that we aren’t 

certain that OAT1 and OAT3 are moving only 17-beta-estradiol into the brain since they have a 

wide substrate selectivity. We also don’t know the direction of movement of sulfoconjugated 

steroids either into or out of the brain. 

We are the first to look at the possibility of OAT1 and OAT3 moving sulfoconjugated 

estrogens into the brain to stimulate the HPA axis. The functional role of OAT1 and OAT3 in the 

fetal brain is still unknown and this study is to help reveal a possibility of OAT1 and OAT3 and 

its relation to fetal development. Data so far supports that gestational age does affect the mRNA 
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expression level of OAT1 and OAT3 in different fetal brain tissues. OAT1 and OAT3 protein is 

also found in strategic places within the fetal brain, which support the theory of 17-beta-

estradiol-3-sulfate transport to specific regions of the brain.  Future experiments will be done to 

help shine some light on the possible developmental function of OAT1 and OAT3 in the fetal 

brain by inhibition of transport by using Probenecid in fetal sheep and monitoring HPA axis 

output. Other methods of inhibition of OAT1 will also be looked for as well since Probenecid 

blocks the whole organic anion transporter family and we want to look at OAT1 and OAT3 

specifically. 
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