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Endogenous plasma estradiol concentrations rise near term as a result of P450C17 

induction in the ovine placenta by cortisol.  This causes augmented HPA axis activity, 

which is important in maturing the fetus for survival outside the womb, and may 

communicate placental maturation and readiness for birth.  These experiments were 

designed to test the hypotheses that 1) expression of estrogen receptors is ontogenetically 

regulated in the ovine brain, 2) estrogen acts at the fetal brain to influence the timing of 

parturition, and 3) estrogen modulates expression of genes important in regulation of the 

HPA axis.  We found that estrogen receptors (ERs) are present in the ovine brain and that 

expression is developmentally regulated and region specific.  We speculate that 

differences in ontogenetic expression of the two ER isoforms, ER-α and ER-β, result 

from a counterbalance between fetal maturation and increased responsiveness to 

estradiol.   
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In in vivo experiments, chronically catheterized singleton fetuses were treated with 

estradiol sulfate icv (1 mg/day, n=5); estradiol sulfate iv (1 mg/day, n=6); ICI 182,780 icv 

(25 µg/day, n=5); or saline control (n=5).  Plasma hormone assays show that all 

treatments attenuate plasma adrenocorticotropin hormone (ACTH) without affecting 

plasma cortisol.  Estradiol sulfate icv significantly increased plasma estradiol, estradiol 

sulfate, and progesterone while ICI 182,780 icv increased plasma 

dehydroepiandrosterone sulfate (DHEAS).  Neither drug altered the timing of parturition.   

Twin fetuses were treated with estradiol sulfate (n=4) or  ICI 182,780 icv (n=6), 

with one twin from each ewe serving as an internal control, and were sacrificed between 

days 130 and 134 for tissue analysis.  Estradiol sulfate significantly down-regulated 

mRNA expression of pro-opiomelanocortin (POMC) and ER-α in pituitary; prostaglandin 

endoperoxide synthase 1 (PGHS-1) and ER-α in hippocampus; and corticotrophin-

releasing hormone (CRH) in hypothalamus.  ICI 182,780 significantly upregulated ER-β 

protein expression in the frontal cortex.   

Results suggest that estradiol sulfate affects the HPA axis in a manner inconsistent 

with the known effects of unconjugated estradiol and that there are differences in short 

versus long term infusion.  We speculate that estradiol sulfate may attenuate HPA activity 

through interaction with gamma amino butyric acid type A (GABAA) receptors or by 

acting as an estrogen-receptor antagonist. 
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CHAPTER 1 
INTRODUCTION 

Background and Significance 

The timing of parturition in mammals is critical.  The initiation of birth must occur 

when the fetus has sufficiently matured and developed, in order to ensure survival outside 

of the womb.  Fetal maturity depends on adequate perfusion of the placenta by the 

maternal circulation, and the ability of the fetus to maintain proper cardiovascular 

homeostasis.  Disruption of utero-placental blood flow, altered fetal blood gases, changes 

in maternal or fetal blood volume and homeostasis, and infection can all lead to 

premature birth.  Premature birth forces an underdeveloped fetus to subsist in an 

environment it is not yet prepared to face.  Survival is often challenged by 

underdeveloped lungs that fail to produce pulmonary surfactant, and failure of the fetus to 

transition smoothly from fetal to neonatal circulation.   

Preterm birth occurs in approximately 5 to 10% of all pregnancies, but accounts for 

70 to 75% of neonatal mortality and morbidity (1).  Unfortunately, clinicians do not yet 

have the tools necessary to diagnose women at risk for preterm delivery, resulting in 

billions of dollars spent annually on the care of premature babies.  It is common practice 

for physicians to treat women with repeated doses of glucocorticoids to hasten fetal lung 

maturation when preterm delivery is suspected, but this has the deleterious effect of 

producing low-birthweight and growth-retarded babies (2;3).  To effectively treat and 

prevent preterm labor it is necessary to elucidate the biochemical mechanisms involved in 

parturition.   
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Control of Parturition 

It was first postulated in the 1930s, after observation of postmaturity in 

anencephalic babies, that parturition is a neuroendocrine event initiated by the fetus (4).  

Prolonged gestation was also noted in pregnant sheep after ingestion of the plant 

Veratrum californicum, which caused teratologic deformities of the lamb, including 

cyclopsia and absence or misplacement of the pituitary (5;6).  The connection between 

these natural phenomena and the role of the fetal hypothalamic-pituitary-adrenal (HPA) 

axis in initiation of parturition was scientifically established by Liggins (7).   

Timing of Parturition is Altered after Disruption or Stimulation of the 
Hypothalamic-Pituitary-Adrenal (HPA) Axis 

Disruption of the HPA axis at any level can induce alterations in gestation length.  

Liggins found that pituitary ablation in fetal sheep indefinitely delays parturition, thus 

artificially inducing perturbations as seen in the fetuses with teratogenic deformities (8).  

Antolovich and colleagues (9) confirmed Liggins’ observation by finding that fetal 

hypothalamo-pituitary disconnection between 108 and 112 days gestation prolonged 

gestation by at least 8 days.  Others demonstrated the need to maintain the hypothalamo-

pituitary connection until 135 days gestation for spontaneous parturition to occur (10;11).  

Further studies showed that particular hypothalamic nuclei are important in initiation of 

birth.  Specifically, bilateral destruction of the paraventricular nucleus (PVN) of the fetal 

hypothalamus results in lengthened gestation (12).  Disruption of the axis at the level of 

the adrenal via adrenalectomy will also delay parturition in the ewe (13).   

Stimulation of the HPA axis is also known to affect spontaneous parturition.  

Liggins (14;15) showed  that infusion of ACTH or cortisol peripherally into fetal sheep 

induces premature parturition.  Infusion of either of these hormones into the pregnant ewe 
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fails to yield the same result.  Further support for the importance of the role of the HPA 

axis was gained after parturition was achieved with adrenocorticotropin hormone 

(ACTH) or glucocorticoid replacement in hypophysectomized fetal sheep (16).  Those 

studies confirmed that parturition is in fact a neuroendocrine event, initiated by the fetus, 

and requires an intact HPA axis. 

Development of the HPA Axis 

The HPA axis is a neuroendocrine pathway involved in maintaining homeostasis, 

recovery after stress (such as hemorrhage, hypoxia, hypotension, and hypercapnia), 

acceleration of organ maturation (17), and initiation of parturition in species such as the 

sheep (7).  All of these functions depend on sequential stimulation and maturation of the 

axis, as development proceeds. 

The PVN of the hypothalamus is responsible for synthesis of the 

corticotrophin-releasing factors, arginine vasopressin (AVP), and corticotripin-releasing 

hormone (CRH) that control secretion of ACTH.  There are three major efferent systems 

in the PVN:  magnocellular neurons that project directly to the posterior pituitary, 

parvocellular neurons that project to the median eminence and release hormones into the 

hypophysial portal system affecting anterior pituitary function, and descending 

autonomic neurons that project to the brainstem and spinal cord (18).  In general, 

magnocellular neurons synthesize and store AVP, while parvocellular neurons contain 

CRH; however, the hormones are co-localized in half of CRH positive neurons and can 

be found in the same neurosecretory vesicles of the median eminence (19;20). 

Immunoreactive AVP and CRH can be detected in the sheep hypothalamus as early 

as 70 days gestation, with significant increases in both occurring between 100 and 130 

days (21).  Others have reported CRH present in neurons and nerve fibers of the PVN as 
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early as 49 days (22).  Arginine vasopressin and CRH have a synergistic effect on ACTH 

release from the anterior pituitary (23;24); however, after 130 days, the ratio of AVP to 

CRH decreases, making CRH the predominant corticotrophin-releasing factor in the 

hypothalamus later in gestation (21).  Hypothalamic CRH mRNA doubles in 140 to 142 

day ovine fetuses compared to younger fetuses, while CRH peptide increases by 2.5 fold 

in 140 to 142 day fetuses (25). 

Patent vessels can be identified in the median eminence, pituitary stalk, and 

pituitary of fetal sheep by 45 days gestation, indicating that the pituitary may be 

responsive to endocrine input from the hypothalamus relatively early in gestation (26).  

The ovine anterior pituitary is immunoreactive for pro-opiomelanocortin (POMC) 

derived hormones, including ACTH, by 38 days (27), and becomes progressively more 

responsive to CRH stimulation after 100 days (28). Pituitary ACTH secretion can be 

regulated by decreasing CRH receptors in the pituitary or by decreasing POMC mRNA 

abundance.  Lu and colleagues (29) demonstrated the ability of AVP, CRH, and cortisol 

to downregulate CRH receptors, while cortisol is also able to attenuate POMC mRNA 

abundance. 

The hypothalamus and pituitary are functionally active much earlier than the fetal 

adrenal.  Until approximately 120 days gestation, the adrenal is relatively immature and 

unresponsive to ACTH stimulus (30).  From 100 to 121 days gestation, fetal plasma 

cortisol can be accounted for by trans-placental passage from mother to fetus; however, 

as the fetal adrenal matures, a significantly larger proportion of cortisol is of fetal origin 

(31).  By 122 to 135 days maternal cortisol only accounts for 37% of total fetal cortisol; 

and the percentage drops to 12% or less in fetuses greater than 136 days (31). 
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Throughout much of gestation, fetal plasma ACTH and cortisol are kept at low 

concentrations by relative inactivity of the fetal adrenal gland and negative feedback 

inhibition of ACTH secretion (32;33).  However, near term there is a spontaneous 

increase in fetal HPA activity that leads to a semilogarithmic rise in fetal plasma cortisol.  

Fetal plasma ACTH increases in the same fashion, either in parallel or after the increase 

in cortisol (34).  The concomitant increase in ACTH and cortisol in the fetus is the result 

of increased adrenal sensitivity to ACTH near term (35) and decreased negative feedback 

on ACTH secretion (36).   

Increased cortisol secretion at the end of gestation induces placental CYP450C17, 

which has 17α-hydroxylase and 17,20 lyase activities (37;38).  During most of gestation, 

the ovine placenta expresses little to no CYP17, leading the placenta to secrete primarily 

progesterone; however, the induction of this enzyme by cortisol near term results in an 

increase in estrogen synthesis at the expense of progesterone (Figure 1-1). 

The HPA Axis and Placental Steroidogenesis:  Human vs. Sheep 

In humans and other primates, there is no inducible CYP17 expressed in the 

placenta; therefore, steroidogenic precursors necessary for estrogen biosynthesis originate 

elsewhere (39).  The human fetal adrenal (like the sheep adrenal) is under the control of 

ACTH, which is able to act on two distinct regions of the cortex: the “adult zone” and the 

“fetal zone”.  The adult zone responds to ACTH similarly to the ovine adrenal by 

secreting cortisol.  The fetal zone lacks 3-β hydroxysteroid dehydrogenase (3β-HSD) 

activity and therefore cannot produce cortisol; however, it does contain the enzymes 

necessary to make the steroid precursors dehydroepiandrosterone (DHEA) and 

dehydroepiandrosterone sulfate (DHEAS).  Dehydroepiandrosterone and DHEAS are 

then used as substrate by the placenta for estrogen biosynthesis (40). The major 
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difference, therefore, between the human and sheep fetus is that, in the human, ACTH 

and not glucocorticoids are responsible for induction of steroidogenesis.  Estradiol 

concentrations still rise near term in the human, but this is a result of ACTH and adrenal 

steroidogenesis coupled with placental steroidogenesis (the so-called “feto-placental 

unit”).   

Ultimately, estrogen biosynthesis in the human (41) and sheep (8) is controlled by 

the activity of the HPA axis, and is critical in the final common pathway leading to 

parturition.  Concomitant progesterone withdrawal and estrogen production in both the 

human and sheep causes a loss of myometrial quiescence and an increase in uterine 

activity.  Augmented plasma estrogen near parturition also results in an increased 

sensitivity of the myometrium to oxytocin (42;43), increased force of contraction by 

production of PGF2α, and stimulation of gap junction formation in the uterus, thus 

allowing the myometrium to develop synchronous contractions (44).  Once the 

myometrium is activated, labor is a process that will continue to completion. 

Estrogen and the HPA Axis 

Studies using adult rats show that the activity of the HPA axis is increased in 

response to estrogen.  Sex differences between male and female rats have been shown in 

activity of the axis, as females have higher basal and stimulated plasma corticosterone 

than males (45).  Fluctuations in activity also occur as a function of ovarian cycle stage.  

In female rats, greater responses to stress (as measured by CRH transcription, Fos 

responses, plasma ACTH, and plasma corticosterone) occur during proestrous, when 

plasma estrogen is high (46-50).  Similarly, in women, plasma ACTH and cortisol rise 

toward the end of the follicular phase (51).  After ovariectomy, pre-menopausal women 

have a significant decrease in ACTH and adrenal steroid production (52).  In vitro, 
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corticosterone production in adrenal homogenates from oophorectomized rats is 

significantly lowered after a 20 to 60 minute incubation (53).  This effect is reversed in 

vitro after estradiol replacement (54).  Likewise, several studies show decreased HPA 

responses to stress in rats in vivo after ovariectomy with amelioration of activity after 

estradiol replacement (55;56).   

Data from the Wood lab also support a role of estrogen in stimulating the fetal HPA 

axis.  Fetal sheep were chronically catheterized and received a subcutaneous pellet 

containing either estradiol or androstenedione (0.25 mg/day).  Estradiol implantation 

resulted in an increased plasma estradiol concentration from 26.01±5.1 to 51.6±5.5 

pg/mL.  At 5 to 7 days after pellet implants, fetuses were subjected to a 10-minute 

infusion of sodium nitroprusside (50 µg/min IV, a stimulator of hypotension) preceded by 

a 2-hour infusion of either cortisol (0.5 µg /min) or saline.  Androstenedione did not 

appear to affect ACTH secretion, even after pretreatment with cortisol; however estradiol 

treatment for 5 to 7 days potently increased HPA activity, as measured by ACTH 

secretion, in basal and stimulated conditions (57).   

Further experiments were performed to elucidate the sites of estrogen action in the 

central nervous system (58).  Fetal sheep were treated with estradiol pellet (0.25 mg/day) 

or placebo (control).  Brachiocephalic occlusion (BCO) was used in place of sodium 

nitroprusside to induce hypotension.  Fos, the protein product of the early response gene 

c-fos, was used as a marker of cellular activity in this study.  Brachiocephalic occlusion 

increased Fos abundance in areas of the brain involved in cardiovascular reflex 

responsiveness (NTS, PVN, CVLM, and RVLM); while carotid sinus denervation 

(removal of carotid sinus baro- and chemoreceptors) attenuated this response.  Estrogen 
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augmented the response to BCO in the same brain regions.  Those studies indicate that 

estrogen is able to modulate HPA activity through increased secretion of ACTH, and that 

estrogen increases neuronal activity in brain regions important in baroreceptor and 

chemoreceptor signaling. 

Influence of Estrogen and Androgen on Timing of Parturition 

Wood and colleagues tested the hypothesis that increases in fetal plasma 17β-

estradiol and androstendione modulate the activity of the fetal HPA axis (59).  Seventeen 

time-dated pregnant ewes were treated with subcutaneous pellets of either cholesterol 

(control), androstenedione, 17β-estradiol, or androstenedione plus 17β-estradiol.  All 

pellets released steroid at a rate of 0.25 mg/day.  Estradiol significantly increased ACTH 

and cortisol secretion, while treatment with androstenedione and estradiol significantly 

advanced the day of parturition by approximately four days.  Estradiol alone did not 

advance parturition; however, it was suggested that local production of estrogen could 

have resulted from aromatization of androstenedione in ewes treated with both estrogen 

and androstenedione.   

Estrogen Increases PGHS-2 in the Ovine Fetal Brain 

Prostaglandins and prostaglandin synthases are critically important in reproductive 

processes.  Prostaglandin endoperoxide synthase 2 (PGHS-2) deficient mice have 

deficiencies in ovulation, fertilization, implantation, and decidualization (60).  

Prostaglandins are produced in a biochemical reaction involving the liberation of 

arachidonic acid, the substrate for PGHS-1 and -2, from the plasma membrane after 

cleavage of phospholipids by Phospholipase A2 (61).  Prostaglandin G/H Synthases 

catalyze a cyclooxygenase reaction that converts arachidonic acid to PGG2, and a 

peroxidase reaction that reduces PGG2 to PGH2.  Secondary synthases then form 
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biologically active end products from PGH2, such as prostaglandins (PGD2, PGE2, and, 

PGF2α), prostacyclin (PGI2) , and thromboxane A2. 

Studies have shown that estrogen acts to increase expression of PGHS-2 in the 

brain in addition to augmenting HPA activity.  Five day treatment of fetal sheep with 

estradiol (0.25 mg/day) increased expression of PGHS-2, but not PGHS-1 in the 

brainstem and cerebellum and increased PGHS-2 protein in the hippocampus (62).  Those 

studies have led to the hypothesis that estrogen may stimulate increased HPA expression 

in late gestation through increased prostanoid production.   

Sulfoconjugation of Plasma Estrogen 

Sulfoconjugated estrogens, such as estrone-3-sulfate and 17β-estradiol-3-sulfate, 

are abundant in fetal plasma (63;64).  The enzyme sulfotransferase (STF) synthesizes 

sulfoconjugated hormones by adding a sulfate group to unconjugated steroids (65;66).  

Sulfated hormones cannot bind to estrogen receptors (67;68), but can be converted to 

biologically active steroids by the enzyme steroid sulfatase (STS) (65;66).  Conferring a 

sulfate group to a steroid has the benefit of increasing the half-life in the blood (67) and 

prevents the hormone from binding to receptors in target tissues.  STS and STF have been 

shown to be important in normal development and pregnancy.  Mutations of the STS 

gene in the fetus lead to a condition called ichthyosis, which causes scaling of the skin 

(69;70).  Sulfatase deficiency in the placenta causes low placental production of estrogen 

from DHEAS, prolonged gestation, and failure of labor induction (71;72), while STF 

deficiency in the placenta leads to high free estrogen, placental thrombosis, and 

spontaneous fetal death (73). 

Tissue distribution of the enzymes STS and STF reveals some overlap in 

expression.  STS can be found in classic steroidogenic tissues (e.g., testes, ovary, adrenal 
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gland, placenta, brain, and endometrium), but also in peripheral tissues (e.g., liver, lung, 

viscera, aorta, kidney, and bone) (65).  STF can be found in classic target tissues such as 

placenta, adrenal gland, pregnant uterus, and mammary epithelial cells (68).  Estrogen 

sulfatase has been found in both adult (74-77) and fetal brain (78).  Immunohistochemical 

staining indicates the presence of both STS and STF within neurons in fetal brain regions 

known to be important in modulating HPA activity.  Specifically, STS and STF are both 

found within the PVN, RVLM, NTS, and hippocampus (78;79). 

Expression of STS and STF in the same neuronal populations, as well as abolished 

receptor binding with sulfation, lead investigators to speculate that these enzymes may 

control availability of biologically active estrogens in target tissues (39;79).  

Additionally, sulfoconjugated estrogens circulate in plasma in much higher 

concentrations than free estrogens, indicating that the pool of inactive steroid may serve 

as a reservoir for local deconjugation and activation at target sites (39).  For example, 

17β-estradiol-3-sulfate is measured at concentrations of 1 to 2 ng/mL in fetal plasma 

compared to 20 to 50 pg/mL for unconjugated estradiol (64).  The abundance of enzyme 

activity in the fetal brain compared to peripheral tissue (78), coupled with the ability of 

sulfated estrogens to be taken up by brain tissue (64), suggests that conjugated estrogens 

may be targeted to the brain to serve a neuroendocrine role, perhaps in the control of 

parturition (39). 

Neurosteroids in the Brain 

Even more intriguing is the possibility that, instead of being targeted to the brain, 

steroids can be produced locally.  The first evidence for de novo steroidogenesis in the 

brain came from the observation that, in the brains of rats that were castrated and 

adrenalectomized, pregnenolone and DHEA and their conjugated forms were able to 
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accumulate (80).  Neurosteroidogenesis is possible due to the presence of enzymes in the 

brain that are traditionally found in classic steroidogenic tissues (81-85).  Not all cell 

types in the brain are equipped with every enzyme, thus steroidogenic machinery dictates 

what products are made.  For example, astrocytes, oligodendrocytes, and neurons are all 

capable of steroidogenesis, but neurons predominantly produce estrogen while astrocytes 

are the major producers of DHEA (82).  The estrogens that are produced locally within 

the brain have trophic actions that promote neuronal differentiation and dendritic 

branching in regions such as the cerebellum (86;87).  

Exogenous estrogen can affect neurosteroidogenesis in the brain.  Estrogen 

treatment increases progesterone levels in media of neonatal cortical astrocytes (88) and 

increases 3β-hydroxysteroid dehydrogenase (3β-HSD) mRNA and activity in the 

hypothalamus of ovariectomized and adrenalectomized rats (89).  Increased 3β-HSD 

activity in the hypothalamus induces de novo synthesis of progesterone from cholesterol 

and initiates the lutenizing hormone (LH) surge.  The LH surge is effectively abolished in 

rats with an inhibitor of 3β-HSD, indicating de novo synthesis of progesterone is required 

(89).  On the other hand, estrogen withdrawal augments DHEAS accumulation and 

simultaneously attenuates sulfatase expression in ovariectomized rats, suggesting that 

estrogen is able to modulate the ratio of conjugated to unconjugated steroids in the brain 

through control of the sulfatase enzyme (90). 

Altering the ratio of conjugated to unconjugated steroids in the brain could have 

significant consequences.  Both types of steroids are able to modulate GABAA receptors, 

but can be inhibitory or excitatory depending on conjugation.  DHEA is a known GABAA 

agonist (91;92) while sulfated steroids are known antagonists (93-96).  The GABAA 
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receptor is a transmitter-gated ion channel composed of 5 subunits, some of which have 

multiple isoforms (97).  There are approximately 30 isoforms of GABAA 

heterogeneously expressed throughout the central nervous system, each having unique 

physiological properties depending on the combination of subunits present (98).  

Immunocytochemical studies demonstrated colocalization of estrogen receptors with 

glutamic acid decarboxylase (GAD, the enzyme necessary to synthesize GABA) within a 

population of hypothalamic neurons, raising the possibility that GABAergic neurons may 

transmit estrogen input (99). 

Estrogen Receptor (ER) Function 

The diverse biological effects of estrogen can be attributed to two estrogen receptor 

subtypes, ER-α and ER-β.  ER-α and –β are two distinct genes with very similar binding 

affinities for their ligand, 17β-estradiol (100;101).  The classic estrogen receptor, ER-α, 

was cloned in 1986 (102), while ER-β was not discovered and cloned until 1996 (103).  

Both receptors contain eight exons that encode six functional domains (A-F) (104).  

There are four distinct areas within the genes that are critical for modulating gene 

transcription:  two activation function regions (AF-1 and AF-2), a DNA binding domain 

(DBD), and a ligand binding domain (LBD).  The DNA binding domain is highly 

homologous between ER-α and ER-β, at 97%, while the ligand binding domain exhibits 

60% homology (Figure 1-2) (105;106).  Despite homologous structures and 

pharmacology, many studies revealed fundamental differences between the receptors in 

biological processes and in their abilities to initiate transcription. 

Estrogen Receptor Knock-Out Studies 

Knock-out studies of either or both receptors (αERKO, βERKO, and αβERKO 

respectively) enabled investigators to delineate between functional responses attributable 
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to each subtype.  Phenotypes from αERKO and αβERKO are more severe than βERKO, 

as the former result in complete infertility of both sexes, while βERKO males exhibit 

normal fertility and females have decreased fertility resulting from reduced ovarian 

efficiency (107-109).  Lutenizing hormone mRNA and protein are increased in αERKO 

and αβERKO mice, indicating that ER-α is the receptor responsible for negative feedback 

regulation of LH in the pituitary (110).  Knock-out studies also indicate that ER-α, not 

ER-β, is responsible for mammary gland development and lactation.  Interestingly, loss 

of both receptors leads to an ovarian phenotype that differs from either αERKO or 

βERKO mice (111).  Specifically, adult females exhibit follicular transdifferentiation to 

structures that resemble testicular seminiferous tubules, indicating both receptors are 

critical in maintaining differences in germ and somatic cells in the ovary (111).  Jakacka 

and colleagues (112) introduced a knock-in mutation that abolished classical ER 

signaling through estrogen response elements (EREs) while preserving non-classical ER 

functions.  The phenotype of these mice differed from classic ERαKO mice, suggesting 

that both non-classical and classical ER signaling are important in normal reproductive 

development and function (112). 

Differential Regulation of Transcription 

There are two activation function domains located on ERs that enable the receptors 

to stimulate transcription of estrogen-responsive genes within target cells (113).  AF-1 is 

located in the N-terminus and is considered to be constitutively active, while AF-2 is a 

hormone dependent domain in the C terminus (114).  Studies comparing the two 

functional domains indicate that both receptors contain a potent AF-2 domain; however, 

ER-β has minimal activity in the N-terminal AF-1 (113;115).  Differences in potency of 

the AF domains result in differential transcription activity.  For example, ER-β is a poor 
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activator of transcription, compared to ER-α, when interacting with the transcription 

factor Sp1.  This difference is attributed specifically to the AF-1 region because domain 

“swapping” is able to reverse this phenotype (116).   

In addition, several groups showed that ER-β acts as a dominant negative regulator 

of estrogen signaling, thus attenuating ER-α mediated transcription when the receptors 

are co-expressed within a target cell (117-119).  It was suggested that the dominant 

negative activity of ER-β was also attributed to differences in AF-1 (120). 

Differential activity of AF-1 also contributes to the ability of the receptors to 

initiate transcription on chromatin.  A study by Cheung and colleagues (121) 

demonstrated that ER-α and ER-β exert similar transcriptional activity on naked DNA; 

however, ER-α was better at initiating transcription on a chromatin template.  They were 

able to confirm the contribution of AF-1 to this difference by domain swapping.  The 

above mentioned studies indicate that the AF-1 region of ER has distinct properties that 

are important for chromatin interaction, recruitment of cofactors, and initiation of 

transcription. 

Classical ER Action 

Estrogen receptors are among a family of nuclear hormone receptors that function 

as transcription factors when activated by ligand and can enhance or repress transcription 

of target genes.  ERs are found in tissues such as the reproductive tract, mammary glands, 

skeleton, cardiovascular system, and brain.  Classically, the ER is in an inhibitory 

complex with heat shock proteins inside the nucleus or cytoplasm of target tissues.  When 

estrogen diffuses into the cell binds to the ER on the LBD causing a conformational 

change that releases the heat shock proteins and promotes dimerization of the receptor.  

The homo or heterodimers are then able to interact via the DBD with an estrogen 
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response element (ERE) located within the promoter region of the target gene to initiate 

transcription (105;106;122;123).  The ER transcription complex can exert positive or 

negative effects on estrogen-responsive genes depending upon cell and promoter type.  

Among the genes regulated by estrogen that contain an ERE are angiotensin (124), 

oxytocin receptor (125), vascular endothelial growth factor (VEGF) (126), prolactin 

(127), and progesterone receptor (128).  There is growing evidence that, in addition to 

classical signaling, ERs can function in a variety of non-classical mechanisms that 

include ligand-independent, ERE-independent, and non-genomic modes of action (Figure 

1-3) (105). 

Ligand-Independent ER Action 

It is possible for transcription to be initiated in estrogen target tissues in the absence 

of ligand.  It is known that growth factors such as epidermal growth factor (EGF) and 

insulin-like growth factor 1 (IGF-1) are mediators of ligand-independent actions of ER 

because of their ability to activate ERs and increase expression of estrogen regulated 

genes (129).  In mice, treatment with anti-EGF antibodies decreases uterine response to 

estradiol.  Likewise, treating with the ER antagonist ICI 164,384 is capable of decreasing 

the response to EGF, indicating that the growth factor and ligand-independent pathways 

may depend on each other (130). 

Phosphorylation of the receptors by cellular kinases may be a means through which 

ligand-independent actions of ER are regulated.  Treatment with EGF or IGF results in 

phosphorylation of human ER-α at serine residue 118, enabling the receptor to interact 

with coactivators important in ER-mediated gene transcription (131). 
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ERE-Independent ER Action 

Classical and ligand-independent actions of ER require interaction with an ERE 

within the promoter region of target genes.  There is another mechanism of action, which 

is ERE-independent, that allows agonist bound ER to initiate transcription without direct 

DNA binding (105).  Instead, ligand-bound ER is tethered to other transcription factors 

that are in direct contact with DNA.  It is estimated that one third of human ER-

responsive genes associate indirectly with ER in this manner (132).  Examples of ERE-

independent activation include ER interaction with Fos and Jun at AP-1 binding sites and 

interaction of ER with SP1 within GC rich promoter sequences (105).  Genes regulated in 

an ERE-independent fashion include EGF receptor (133), LDL receptor (134), c-fos 

(135), and  IGF-1 (136). 

Non-Genomic (Membrane-Associated) ER Action 

While the classic view of estrogen receptor action involves cellular responses 

dependent on initiation of mRNA and protein synthesis, there are other effects of 

estrogen that are so rapid that induction of genomic pathways can not be responsible.  

These rapid effects are attributed to a plasma membrane associated ER; however, our 

complete understanding of non-genomic ER actions is hindered without a cloned receptor 

(137).  The first evidence of a plasma membrane associated ER was in 1977, when 

Pietras and colleagues discovered that there was an increase in cAMP in response to 

estradiol (138).  Since then, many groups contributed to our understanding of non-

genomic actions of ER by showing their involvement in release of intracellular calcium 

(139), activation of MAPK (140-142) and PI3 kinase (143;144), and stimulation of 

adenylate cyclase and cAMP production (145). 
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Classification of the receptor has been difficult as there is evidence in support of 

three different types of membrane receptors:  1.) a receptor targeted to the membrane that 

is identical to nuclear ER, 2.) a membrane receptor that shares some characteristics with 

nuclear ER, such as the ligand binding domain, and 3.) a membrane ER that is distinct 

from nuclear ER (146). 

For an ER identical to the nuclear ER to be found at the plasma membrane there 

must be a transmembrane domain found in nuclear ER, yet none has been identified.  It is 

more likely that ERs translocate to the membrane and interact with other membrane 

proteins.  Razandi and colleagues found that cell membrane and nuclear ERs in 

transfected CHO cells originate from a single transcript and have nearly identical 

dissociation constants (147).  In their study, the receptors found in the membrane 

accounted for less than 5% of the total ER found in the cells and they were able to 

stimulate inositol phosphate production through interaction with G proteins (147).  Others 

confirmed the interaction of ER with G protein coupled receptors (148;149).   

Antibodies directed against nuclear ER-α are capable of detecting ERs of differing 

molecular weights from the classic 66 kDa ER-α, suggesting that the membrane and 

nuclear ER are similar, but not identical.  Using an antibody directed against the ligand 

binding domain of ER-α, a 29 kDa ER was discovered on the surface of sperm (150).  

Other investigators found 5 membrane ERs in the uterus with molecular weights ranging 

from 11-57 kDa (151).  The antibodies used in their study did not detect any other ERs 

except the classical 66 kDa ER-α.  Alternative splicing could account for different 

transcript lengths, as a biologically active and truncated form of ER-α, termed ER46, was 

discovered in the plasma membrane, nucleus, and cytosol of human endothelial cells 
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(152).  Truncation of ER-α to ER46 results in a receptor that is able to act as a dominant 

negative repressor of ER66 function in vitro (153).  This receptor is involved in 

production of eNOS in calveolar domains of the membrane by activation of MAPK and 

PI3 kinase (154;155). 

Studies involving the estrogen receptor antagonist ICI 182,780 provided evidence 

for a novel membrane ER.  The ICI compound, which inhibits genomic effects of ER-α 

and ER-β, is unable to block PKC activation after estradiol treatment in chondrocytes 

(156) or MAPK stimulation in rat hippocampus (157). Knock-out studies involving ER-α 

also identify novel mechanisms of ER action that are insensitive to the effects of ICI 

(158).  Others found that αERKO mice respond to 17α-estradiol, the transcriptionally 

inactive stereoisomer of 17β-estradiol, by increasing MAPK, an effect that is not blocked 

by ICI (159).  Recently, a putative ER, termed ER-X, was discovered in caveolar-like 

microdomains in the cortex and uterus of wild type and ERKO mice (160). 

Certain structural determinants were found to be necessary to target ERs to the 

plasma membrane and initiate non-genomic effects.  Targeting of the ligand binding 

domain of ER-α to the membrane is sufficient to induce membrane-associated ER actions 

(161).  Recent evidence suggests that a specific amino acid residue, Serine 522, located 

within the E domain (containing LBD and AF-2) of ER-α is required for function and 

localization to the plasma membrane (162;163).  Mutation of this residue results in a 62% 

decrease in membrane localization compared to wild type receptor.  Furthermore, 

membrane-related signaling is attenuated while nuclear transcription is unaffected (162). 

It is possible that estrogen receptors can finely regulate cellular responses through 

convergence of genomic and non-genomic actions.  For example, transcriptional activity 
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of AP-1, which is involved in ERE-independent genomic action, is regulated by MAPK 

phosphorylation, while MAPK is regulated by estradiol through membrane ER (164;165).  

The convergence of multiple modes of ER action is likely to vary according to cell type, 

thus genomic responses to estradiol can differ tremendously (166). 

ER Turnover 

The concentration of estradiol circulating in plasma can vary depending on the 

physiological state of the animal.  As a means of regulating bioavailability of ER within a 

cell, it is possible for the ligand, estradiol, to regulate its receptor.  The half-life of an 

estrogen receptor, in the absence of estradiol, is approximately 5 days; however, the 

presence of estrogen results in a hormone-dependent degradation of the receptor, 

resulting in a half-life shortened to 3 to 4 hours (167;168).  ER mRNA has a half-life of 

only 5 hours in the absence of ligand (169).  The proteasome inhibitor, MG132 is able to 

block ER turnover, implicating the ubiquitin-proteasome pathway in the degradation of 

ER (170;171).  Others showed that 17β-estradiol is capable of downregulating both ER-α 

and ER-β after one hour of treatment. This effect can be blocked by tamoxifen and 

lactacystin, a protease inhibitor (172).  The ability of estradiol to autoregulate receptor 

availability serves to control the responsiveness of the target tissue and limit the 

expression of estrogen responsive genes (170). 

Antiestrogens 

There are two classes of antiestrogens: Type I, having mixed 

estrogenic/antiestrogenic effects, and Type II, the pure antiestrogens that do not have 

selective estrogen-like activities (173;174).  Type I antiestrogens include tamoxifen and 

tamoxifen analogs.  These drugs are classified as selective estrogen receptor modulators 

(SERMs) because they exhibit antiestrogenic effects in tissues such as the breast while 
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exhibiting estrogenic effects in the uterus.  Depending on species and tissue, the activity 

of SERMs can be described as full antagonist, partial agonist, or full agonist (175).  The 

conformational change that occurs after receptor dimerization differs depending on 

whether the ligand is endogenous estradiol or an antiestrogen (176).  Type I antiestrogens 

are competitive inhibitors of estrogen binding to the ER; however, the change in the 

receptor shape is not converted completely to an inactive form, thus explaining the ability 

of the ER to retain some activity with SERMs (173).   

The pure antiestrogen ICI 182,780 (ICI) does not display estrogenic activity in any 

tissue (177;178) and is an antagonist of both ER-α and ER-β (115;179).  The ability of 

the estrogen receptor to function as a modulator of transcription in target tissue is 

completely attenuated by the antagonism of ICI (180).  ICI, like tamoxifen, is a 

competitor of endogenous estrogen for binding to the ER; however, unlike SERMs, the 

transcriptional unit is inactive after ligand binding (181;182).  In addition to impaired 

receptor dimerization, ICI also impairs ER function by disrupting nuclear localization and 

increasing turnover of the receptors (183;184).  A study by Dauvois (183) using COS-1 

cells transfected with mouse ER indicates that treatment of cells with ICI causes 

increased accumulation of the receptors in the cytoplasm.  The study found that the 

antiestrogen binds to newly synthesized ER in the cytoplasm and prevents receptor 

shuttling to the nucleus, thus rendering the ER available for rapid degradation (183).  

While ICI downregulates ER protein, it does not appear to affect ER mRNA abundance 

(173;185-187) 

ICI has been evaluated for clinical potential in the treatment of estrogen-dependent 

breast cancer because it does not display estrogenic activity in any tissue (177;178) and 
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has an affinity for ER that is 100 times greater than tamoxifen (188).  In addition, ICI 

inhibits not only ER action, but also aromatase activity (189).  Inhibition of aromatase 

would benefit clinical treatment of estrogen-dependent tumors because it would prevent 

local production of estrogen from androgens.  In breast tumors, ICI treatment 

downregulates ER (190) and the mitogenic activity of estrogens on the breast cancer cells 

is attenuated (191).  Recent evidence suggests that chronic administration of ICI is 

required in order to maintain biological activity due to a high plasma clearance rate (9.3-

14.3 mL/min/kg) and a half life of 13.5-18.5 hours (192). 

Summary 

The role of estrogen in parturition and activation of the HPA axis has been 

established; however, the functional role between estrogen receptors and their ligand, 

17β-estradiol, during fetal development and parturition remains to be elucidated.  The 

objectives of this dissertation were to determine developmental changes in the expression 

of the estrogen receptors ER-α and –β within the ovine fetal brain and to evaluate the 

influence of estrogen on fetal HPA axis activity.  HPA axis activity is augmented near 

term as endogenous plasma estradiol levels increase, which is important in maturing the 

fetus for survival outside the womb, and may communicate placental maturation and 

readiness for birth. This research addressed the functional relationship between estrogen 

and HPA axis activity throughout ovine gestation and the influence of estrogen on the 

timing of parturition.  I used in vivo chronic catheterization of fetal sheep, real time 

reverse transcriptase polymerase chain reaction (RT-PCR), western blot analysis, 

immunohistochemistry, enzyme-linked immunosorbent assay (ELISA) and 

radioimmunoassay (RIA) to answer the specific aims outlined in this dissertation. 
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Specific Aims 

• Specific Aim 1:  To establish the ontogeny of ER-alpha and ER-beta expression in 
the ovine fetal brain. 

 
• ER-α and –β mRNA and protein expression were studied at various 

gestational ages in brain regions relevant to the HPA axis. 

• Specific Aim 2:  To determine if estrogen acts at the ovine fetal brain to influence 
the timing of parturition in singleton fetuses. 

 
• Infusion of 17β-estradiol-3-sulfate (1 mg/day) directly into the lateral 

ventricle (intra-cerebral ventricle, icv) of a singleton fetus via an osmotic 
mini pump was used to determine the effects of estrogen on parturition date. 

• Infusion of the estrogen receptor antagonist, ICI 182, 780 (25 µg/day) icv was 
used to determine the effects of estrogen on parturition date. 

• Timing of parturition was compared using icv administration of 17β-estradiol 
or ICI 182, 780 at the same dose administered intravenously (iv). 

• Activation of the fetal HPA axis was documented by measuring plasma 
hormones relevant to HPA control. 

• Specific Aim 3:  To utilize twin pregnancies in order to evaluate the effect of 
estrogen on expression of genes important in regulation of HPA activity in the fetal 
sheep brain. 

 
• Infusion of 17β-estradiol sulfate icv in one fetus, using the other fetus as an 

age-matched control, was used to evaluate differences in mRNA and protein 
expression of ER-α, ER-β, PGHS-1, and PGHS-2. 

• Infusion of ICI 182,780 icv in one fetus, using the other fetus as an age-
matched control, was used to evaluate differences in mRNA and protein 
expression of ER-α, ER-β, PGHS-1, and PGHS-2. 

• Activation of the HPA axis was documented by measuring plasma hormones 
relevant to HPA control in both fetuses. 

• Activation of the HPA axis was documented by measurement of POMC 
mRNA in the pituitary and CRH and AVP mRNA in the hypothalamus in 
both fetuses. 
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Figure 1-1.  Ovine HPA axis.  Cortisol normally exerts negative feedback at the levels of 
the the pituitary and hypothalamus; however, this inhibition is decreased late in gestation.  
Near term, cortisol induces the expression of CYP450C17 in the placenta causing an 
increase in estrogen synthesis at the expense of progesterone.  Estrogen exerts a positive 
feedback effect on the ovine  fetal HPA axis. 
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Figure 1-2.  Domain structures for ER-α and ER-β.  ERs are separate gene products, but 
have six functional domains in common.  The six domains, A-F, have properties that 
contribute to DNA binding (region C), ligand binding (region E), dimerization (regions C 
and E) and transcriptional activation (AF-1 and AF-2 in the A/B region and E region 
respectively).  Homology between mouse ER-α and ER-β is indicated below the figure.  
Printed with kind permission from Springer Science and Business Media.  Modified from 
Figure 1, p 194, in Hewitt and Korach, Reviews in Endocrine & Metabolic Disorders, 
2002; 3:  193-200. 
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Figure 1-3.  Genomic and non-genomic mechanisms of estrogen receptor signaling.  1) 
Classical ligand-dependent ER signaling.  Ligand binds to the ER which then interacts 
with estrogen response elements (EREs) within promoter regions of target cells.  2) 
Ligand-independent ER signaling.  Estrogen receptors initiate transcription after 
activation via a signaling cascade involving a membrane receptor, such as growth factor 
(GF) receptors.  3) ERE-independent signaling.  Transcription is initiated by interaction 
of the ER-Estradiol complex with DNA-bound transcription factors such as AP1 at non-
ERE promoter sites.  4) Non-genomic, membrane-associated ER signaling.  Non-
genomic signaling via an ER located at the plasma membrane is responsible for rapid 
actions of estrogen within target cells.  Printed with permission.  Originally published in 
Hall, Journal of Biological Chemistry, 2001; 276 (40):  36869-36872 (figure 1, p 36870). 
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CHAPTER 2 
ER-α AND ER-β mRNA AND PROTEIN EXPRESSION IN THE DEVELOPING 

OVINE BRAIN 

Abstract 

Increased fetal hypothalamus-pituitary-adrenal (HPA) axis activity initiates 

parturition in sheep.  Data from our lab supports a positive feedback interaction between 

placental estrogen and the fetal HPA axis; however, little is known about the expression 

of estrogen receptors within the ovine fetal brain and pituitary.  The present study was 

designed to test the hypothesis that the expression patterns of the two major isoforms of 

estrogen receptor, ER-α and ER-β, are ontogenetically regulated within the ovine brain.  

We used real time RT-PCR and western blotting to examine expression of ERs in the 

hippocampus, brainstem, cerebellum, pituitary, hypothalamus and frontal cortex of the 

fetal, post-natal, and adult sheep.  Our results demonstrate that ERs are expressed in the 

ovine brain as early as mid-gestation, and that the expression of both receptors is 

developmentally regulated.  The ontogenetic expression patterns suggest active regulation 

of the receptors that is region-specific and that the regulation of ER-α is distinct from that 

of ER-β.  We speculate that the developmental patterns of ER-α and ER-β result from a 

counterbalance between maturity of the fetus and increased responsiveness to circulating 

plasma estradiol. 

Introduction 

Parturition is initiated in sheep by increased activity of the fetal hypothalamic-

pituitary-adrenal (HPA) axis (7;28).  Near term, there is a concomitant increase in fetal 
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plasma adrenocorticotropic hormone (ACTH) and cortisol (34), which is caused by 

increased adrenal sensitivity (35) and decreased negative feedback inhibition on ACTH 

secretion (36).  Augmented cortisol secretion induces the placental enzyme cytochrome 

P450c17, leading to an increase in estrogen biosynthesis at the expense of progesterone 

production (37;38;193).  An increased plasma estrogen:progesterone ratio causes a loss of 

myometrial quiescence and an increase in uterine contractility, which ultimately leads to 

expulsion of the fetus (7). 

In addition to its direct action on the myometrium, estrogen has a neuroendocrine 

role in regulation of the HPA axis.  Our lab previously reported that estrogen, within 

physiological limits, augments HPA activity through increased basal and stimulated 

ACTH secretion (57), and that estrogen increases neuronal activity in brain regions 

important in baroreceptor and chemoreceptor signaling (58).  Based on those data we 

proposed that estrogen acts in a positive feedback mechanism to enhance fetal HPA 

activity at the end of gestation (39).  It is likely that the effects of circulating estradiol on 

the HPA axis are mediated by estrogen receptors within the fetal brain; however, little 

data exists describing the regulation of estrogen receptors during fetal development and 

parturition in sheep.  The present study was designed to test the hypotheses that the two 

main isoforms of the estrogen receptor, ER-α and ER-β, are abundant in the fetal brain 

and that they are developmentally regulated. 

Materials and Methods 

Tissue Collection 

Fetal sheep of known gestational age (80 to 145 days, n=3 to 5/group, Table 2-1), 

lambs, and adult ewes (post-partum females, n=3 to 5/group) were euthanized with an 

overdose of sodium pentobarbital.  Brains were rapidly removed, dissected into distinct 
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regions, and snap frozen in liquid nitrogen.  The following tissues were collected:  1) 

brainstem, 2) hippocampus, 3) frontal cortex, 4) cerebellum, 5) pituitary and 6) 

hypothalamus.  Tissues were stored at -80°C until processed for mRNA or protein. 

RNA Isolation and Real Time RT-PCR 

Tissues were individually pulverized using Bio-Pulverizer (Bio-Spec Products, 

Bartlesville, OK), a trigger-style mortar and pestle device. Total RNA was extracted 

using Trizol® (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.  

A high speed polytron homogenizer (Tekmar, Janke and Kunkel, West Germany) was 

used for homogenization.  RNA pellets were resuspended in 200µl RNAsecure (Ambion, 

Austin, TX) pre-heated to 60°C.  The pellets were incubated in a 60°C water bath for 10 

minutes in order to inactivate RNAses.  Each RNA sample concentration was quantified 

by spectrophotometry. 

RNA samples were converted into 4 µg stable cDNA by reverse transcription using 

a High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA) according to 

the manufacturer’s instructions.  Reverse transcription reactions were performed in 

RNase/DNase free microcentrifuge tubes on a thermocycler (Biometra, Ltd., Kent, ME) 

using a thermal profile that ran for 10 minutes at 25°C followed by 120 minutes at 37°C.  

The resulting cDNA samples were stored at -20°C until real-time RT-PCR was 

performed. 

ER-α, ER-β, and 18S rRNA gene expression was analyzed using real-time RT-

PCR.   ER-α and ER-β primer and probe sets were designed on Primer Express version 

2.0 (Applied Biosystems) using known ovine sequences.  Primers and probe for 18S 

rRNA were purchased from Applied Biosystems.  ER-α and ER-β reactions contained 

100 ng cDNA, 300 nM forward primer, 900 nM reverse primer, and 200 nM TAMRA 
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probe.  The primer and probe sequences for ER-α and ER-β can be found in Table 2-2.  

The sequence amplified by ER-α primers is located within the 5’ UTR.  The location of 

the amplified ER-β sequence is within the protein coding region; however, the location 

within the nucleotide sequence is unknown.  Control reactions run at the same time 

indicate the primers were specific for our amplified product and did not amplify genomic 

DNA.  The locations of our products in relation to splice variants for either gene are 

unknown. 

Ribosomal RNA reactions contained 0.1 ng cDNA, 100 nM forward and reverse 

primer, and 50 nM probe.  Total reaction volume was 25 µl, and included pre-mixed 

reagents (universal master mix, Applied Biosystems).  Samples were run in triplicate 

along with no-template controls for each gene in optical grade 96 well plates on an ABI 

Prism 7000 Thermal cycler (Applied Biosystems).  The  thermal cycler was programmed 

using the following thermal settings:  1 cycle at 50°C for 2 minutes, 1 cycle at 95°C for 

10 minutes, and 40 cycles at 95°C for 15 seconds followed by 60°C for 1 minute.  

Expression levels of the ER-α or –β genes within the brain regions of interest were 

calculated using the 2-∆∆Ct method (194) using 18S rRNA as an internal reference.  

Protein Isolation and Western Blotting 

Tissues were homogenized in boiling lysis buffer containing 1% SDS, 1 mM 

sodium orthovanadate, and 10 mM Tris pH 7.4 (Sigma Chemical Co., St. Louis, MO).  

Homogenates were boiled for 5 minutes then centrifuged at 7,500 x g for 10 minutes at 

4°C to remove particulate matter.  The resulting supernatant was assayed for protein 

content using the BioRad DC Protein Assay (BioRad Laboratories, Hercules, CA) and 

stored at -80°C.  
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Samples were diluted 1:1 with a denaturing loading buffer (4% SDS, 20% glycerol, 

125 mM Tris pH 6.8, and 10% β-mercaptoethanol) and boiled for 5 minutes.  Pre-cast 18-

well 7.5% Criterion Tris-HCl gels (BioRad) were loaded with 40 µg protein per lane (25 

µg for hippocampus) for SDS-PAGE.  Gels were run for ~2.5 h at 100V.  Following 

electrophoresis, proteins were transferred onto nitrocellulose membrane at 22V 

overnight, blocked for 1 h, and then probed for ER-α or ER-β for 1 h.  ER-α antibody 

(MC-20 antibody, cat. no. sc-542, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was 

diluted 1:200 in antibody diluent (PBS with 0.05% Tween 20) and ER-β antibody (cat. 

no. PA1-311, Affinity BioReagents, Golden, CO) was diluted 1:1000 in antibody diluent 

(5% non-fat dry milk in PBS with 0.05% Tween 20).  Membranes were visualized using 

goat-peroxidase conjugated anti-rabbit IgG (Sigma Chemical Co.; 1:5,000 for ER-α and 

1:10,000 for ER- β) and ECL reagent (Amersham, Arlington Heights, IL). Quantity One 

densitometry software (BioRad) was utilized for blot analysis.  Staining specificity was 

confirmed by preabsorption of the primary antibody using 25 µg ER-α synthetic peptide 

(Santa Cruz, cat. no. sc-542 P) or 25 µg ER-β synthetic peptide (Affinity BioReagents, 

cat. no. PA1-311). 

Statistical Analysis 

One-way analysis of variance (ANOVA) was used to analyze mRNA data.  A 

pairwise multiple comparison was performed using the Student-Newman-Keuls Method.  

Western data were analyzed using 2-way ANOVA.  Samples were divided between two 

gels; therefore, age and gel were a factor in analysis.  A pairwise multiple comparison 

was performed using Duncan’s Method.  SigmaStat 3.1 (Jandel Scientific, San Rafael, 

CA) was used for all analyses.  A significance level of P<0.05 was used to reject the null 

hypothesis.  Values are reported as mean ± SEM. 
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Results 

ER-α and ER-β were expressed at the protein and mRNA level in fetal, neonatal 

and adult ovine brainstem, hippocampus, cortex, and cerebellum. 

RT-PCR 

Results for RT-PCR analysis of ER-α and ER-β can be found in Figures 2-1 and 2-

2.  ER-α and ER-β mRNA expression was low and unchanging in brainstem, 

hippocampus, and cortex during fetal life; however, the abundance of both estrogen 

receptors increased in brainstem and hippocampus in adult sheep relative to fetal 

expression levels (Figure 2-1A-B, E-F).   

In cortex, expression of ER-α, but not ER-β increased in adult sheep relative to the 

fetus (Figure 2-1C and G).  Expression of both genes was significantly upregulated in 

mid to late gestation (120 to 145 days) in cerebellum, but decreased following parturition 

(Figure 2-1D and H). 

ER-α and ER-β expression in pituitary was increased starting at 100 days and 

remained elevated relative to 80 day fetuses (Figure 2-2A and C).  ER-α expression in 

pituitary significantly decreased at 145 days’ gestation relative to 120 days.  In 

hypothalamus, the increase in ER-α expression began at 120 days and remained elevated 

relative to 80 day fetuses (Figure 2-2B).  ER-β expression in hypothalamus showed two 

increases:  one at 120 days’ gestation and another at 1-week (Figure 2-2D). 

Western Blotting 

ER-α protein abundance was increased in postnatal and adult brainstem (Figure 2-

2A).  The pattern of ER-β protein expression was similar, except there was a significant 

decrease in expression from 100 to 130 days’ gestation relative to 80 days’ gestation.  



32 

 

The rise in ER-β in the brainstem began prenatally at 145 days’ gestation and persisted in 

the postnatal lamb and adult (Figure 2-2B).   

In hippocampus, ER-α expression was significantly decreased from 100 days’ 

gestation through 1-day postnatal and then began to rise in the 7-day postnatal lamb and 

adult (Figure 2-3A).  Expression of ER-β protein was variable with no increase 

postnatally (Figure 2-3B).   

There was an immunoreactive doublet (72,70 kDa) detectable for ER-α in the 

cortex (Figure 2-4A-B).  Both bands significantly increased in the adult relative to 

younger animals.  The 72 kDa band increased significantly relative to 80 days beginning 

on day 120 and remained elevated in the postnatal and adult animals.  ER-β abundance in 

cortex was increased postnatally compared to fetuses (Figure 2-4C). 

We measured an immunoreactive triplet (72,70,68 kDa) for ER-α in cerebellum 

(Figure 2-5A-C).  Two bands (72 and 68 kDa) showed similar patterns of expression with 

significantly decreased abundance with advancing fetal maturity and significantly 

increased abundance in the adult ewe.  The 72 kDa band was transiently increased at 145 

days.  The 70 kDa band was variable with no significant changes in expression.  ER-β 

expression was highest in 1-week lambs and adults compared to fetuses (Figure 2-4D).  

Discussion 

In this report, developmental expression of the estrogen receptors, ER-α and ER-β, 

was described in the ovine brain.  This is the first study in sheep to quantify the 

expression of ER-α and ER-β ontogenetically at the mRNA and protein level.  There have 

been studies to investigate estrogen receptor immunoreactivity in the sheep (195;196), 

but these were either completed before the cloning of ER-β in 1996 or focused solely on 
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expression in the cerebral cortex.  Others reported estrogen receptor expression in the 

brain of rodent species such as rat (197;198), mouse (199), and guinea pig (200). 

We utilized brain tissue from fetuses ranging in age from 80 to 145 days’ gestation 

(term ~148), postnatal lambs, and adults in this study.  Our results indicate that estrogen 

receptor mRNA and protein can be detected in the ovine fetus at the earliest time point 

we used (80 days gestation) and that receptor expression differs in the fetus and adult.  

We found that in brainstem, hippocampus, and cerebral cortex abundance of ER-α 

mRNA was low and unchanging until adulthood.  The adult tissues in those regions 

showed a significant increase in expression relative to fetuses.  Similarly, in brainstem 

and hippocampus, ER-β mRNA increased in adults relative to fetuses.  There was no 

change found in ER-β mRNA expression in cortex.  In contrast, ER-α and ER-β in 

hypothalamus and pituitary showed a pattern of increased expression around 100 or 120 

days followed by a decrease at 145 days and increase post-natally.  There was no 

dramatic increase in ER expression in the adult hypothalamus or pituitary as seen in other 

tissues.  These differences could reflect fundamental differences in sensitivity of specific 

brain tissues to estradiol during gestation. 

ER-α protein in brainstem, hippocampus, cortex, and cerebellum was also relatively 

constant during gestation.  It was only in the postnatal and/or adult tissues that we saw 

increased expression of ER-α.  ER-β protein was more variable.  There was no change in 

ER-β protein in hippocampus, but in cortex and cerebellum protein expression was 

highest in postnatal and adult animals.  Brainstem was the only tissue that showed a 

prenatal increase in ER-β protein, beginning on day 145 and continuing in the lamb and 

adult tissue. 
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We were surprised that ER-α and ER-β expression was relatively constant in the 

fetus despite the changing endocrine environment that occurs during gestation.  Placental 

estrogen production increases while progesterone decreases dramatically near term in 

species such as sheep (7;201).  These hormones have known effects on estrogen receptors 

(ER) in reproductive tissues, and we thought it was likely, given evidence that estrogen 

can stimulate the HPA axis (59;202), that the effects of estrogen on the brain would be 

mediated through ERs as well.   

Steroid hormone receptors, such as the estrogen receptor, are regulated by their 

respective ligands, but can also be regulated by other hormones.  In endometrium, 

estrogen has been shown to upregulate ER and progesterone receptor (PR) while 

progesterone downregulates ER and PR (203;204).  During the preovulatory estrogen 

surge, ER mRNA increases in the endometrium, followed by upregulation of ER protein 

(205).  Ing et al. reported that the mechanism of upregulation of ER mRNA in sheep 

endometrium is through augmented mRNA stability (206).  Given this, one might predict 

that at mid-gestation, when fetal estradiol is low and progesterone is high, ER expression 

would be low as well.  The abundance of the mRNA would be augmented with advanced 

fetal maturity as circulating estradiol increases and progesterone decreases near term, 

followed by a downregulation of ERs after parturition.   

While we did find low expression at mid-gestation, we did not see a significant 

increase in mRNA abundance as parturition approached, or a downregulation after birth.   

This suggests that the mechanisms controlling ER expression in fetal sheep brain are 

different than those in endometrium.  In MCF-7 breast cancer cells, estradiol 

downregulates ER (207;208), with methylation of the ER-α gene as a possible 
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mechanism (209).  If estradiol does attenuate ER expression in the brain one would 

expect ER to be augmented at mid-gestation when estradiol is low, downregulated as the 

fetus matures in an increasingly estrogen-rich/progesterone-poor environment, followed 

by upregulation following parturition.  This is, in fact, close to what we observed in this 

study, with the exception of the predicted augmented expression at mid-gestation.  

However, one could imagine a scenario in which the fetal brain becomes more responsive 

to estrogen action as it grows and develops.  It is also likely that at mid-gestation it is 

progesterone that keeps ER downregulated. 

In brainstem, we observed increases in ER-β protein before birth.  This may 

provide a mechanism for an increase in estradiol action on the cardiovascular centers 

within the brain.  Nuclei that relay inputs to the brain from chemo- and baroreceptors 

may be stimulated before spontaneous parturition as it is necessary for the fetus to 

maintain cardiovascular homeostasis when it is separated from the maternal placenta at 

birth.  Previous reports indicate that estradiol increases the fetal response to hypoxia by 

increasing neuronal activity in brain nuclei important in cardiovascular homeostasis, such 

as nucleus tractus solitarius (NTS) and rostral and caudal ventrolateral medulla (RVLM 

and CVLM) (58). The increased neuronal activity in these nuclei also occurs independent 

of chemoreceptor or baroreceptor input (58).  These brain nuclei have been shown to 

contain estrogen receptors (195;198).  While this study indicates upregulation of ER-β in 

brainstem, we are unable to specify which nuclei reflect this change in expression as we 

did not examine specific neuronal populations in the tissues collected. 

Expression of ER mRNA in the cerebellum differed from brainstem, hippocampus, 

and cortex.  Specifically, ER-α and ER-β mRNA were upregulated from 120-145 days’ 



36 

 

gestation in this tissue without seeing a concomitant change in receptor protein.  This 

suggests increased turnover of the receptor or perhaps increased estrogen action in 

cerebellum.  Based on personal observation during collection of these tissues, the 

cerebellum increases in size and develops dramatically in the last 40% of gestation in 

sheep.  This could indicate estrogen dependent growth and maturation.  There is a wealth 

of literature indicating that neuronal steroidogenesis occurs in the brain (81;210;211) and 

that the Purkinje cell of the cerebellum is a site for synthesis of steroids such as estradiol 

(86;87;212).  Aromatase, which is the enzyme responsible for conversion of testosterone 

to estrogen, is expressed in the Purkinje cells of neonatal rats (86).  Furthermore, 

estradiol concentrations are higher in the prenatal rat cerebellum than in both the 

prepubertal and adult rat (86).  Moreover, estradiol in the cerebellum has been shown to 

promote dendritic growth, spinogenesis, and synaptogenesis of the Purkinje cell (86;87).  

It has been suggested by Tsutsui and colleages that the actions of estrogen on ER may 

promote growth and development of the cerebellum by enhancing secretion of 

neurotrophic factors (87). 

In summary, we examined expression of ER-α and ER-β as a function of 

developmental age.  While we found both receptors in brainstem, cerebellum, cortex, 

hippocampus, hypothalamus, and pituitary, regulation appears to be region specific.  We 

suggest that the increasing expression in adult animals relative to fetuses may result from 

regulation of the receptors by the hormonal milieu that exists during gestation.  It is also 

possible that the use of post-partum adult ewes influenced the expression of ERs in this 

study.  Regulation of ER mRNA in the cerebellum is substantially different than in other 

brain regions and might reflect a role of estradiol in growth and development of the 
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neurons in this tissue.  We conclude that, despite the increases in circulating 

concentrations of estrogens in fetal plasma in the later stages of fetal life, there is no 

pattern of downregulation of ER-α and ER-β expression.  We speculate, therefore, that 

increasing plasma concentrations of estrogen at the end of gestation, combined with a 

lack of downregulation of the estrogen receptors, allows increased estrogen action in 

various brain regions at the end of gestation. 

 

Table 2-1.  Distribution of sample size for each tissue type and age group studied 
Age Hippocampus Hypothalamus Cortex Cerebellum Brainstem Pituitary 
80 days GA 4 5 5 4 5 5 
100 days GA 3 4 4 4 4 4 
120 days GA 4 4 4 4 4 4 
130 days GA 4 4 4 4 4 4 
145 days GA 5 5 5 5 5 4 
1 day lamb 4 4 4 4 4 4 
1 week lamb 5 5 5 5 5 5 
adult 4 4 4 4 4 4 
  

 

 Table 2-2.   Estrogen receptor primer and probe sequences used in real-time RT-PCR 
Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) TaqMan Probe 
ER-α AGGCACACGGGAGCACAT TTCCATGGGCTTGTAGAAGTCA CTTCCCTTCCTTCTCACTGTCTCAGCCC 
ER-β GCTCTGGTCTGGGTGATTGC GTTAGCCAGGCGCATGGA AAGAGCGGCATGTCCTCCCAGCA 
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Figure 2-1.  Ontogeny of ER-α and ER-β mRNA expression in ovine brain.  ER-α and 
ER-β are shown for various developmental ages in brainstem (A,E), hippocampus (B,F), 
cortex (C,G), and cerebellum (D,H).  Values are represented as mean ± SEM.  * 
represents significant increase relative to all ages, “a” represents significant increase 
relative to 80 day fetuses, “b” represents significant increase relative to 100 day fetuses. 



39 

 

 

ER-α mRNA Expression in Pituitary
Fo

ld
 C

ha
ng

e 
(2

- ∆
∆

C
t ) 

R
el

at
iv

e 
to

 8
0 

D
ay

s' 
G

es
ta

tio
n

0.1

1

10

100

1000

a
e a a,b,d,e,f

a-f

A C

B D

ER-β mRNA Expression in Pituitary

0.1

1

10

100

1000

a

ER-α mRNA Expression in Hypothalamus

Developmental Age

80 dga
100 dga

120 dga
130 dga

145 dga

1 day lamb

1 week lamb
adult

0.1

1

10

100

1000

a

b

ER-β mRNA Expression in Hypothalamus

80 dga
100 dga

120 dga
130 dga

145 dga

1 day lamb

1 week lamb
adult

0.1

1

10

100

1000

a,ea,e
a

 
 
Figure 2-2.  Ontogeny of ER-α and ER-β mRNA expression in ovine pituitary and 
hypothalamus.  ER-α and ER-β are shown for various developmental ages in pituitary 
(A,C) and hypothalamus (B,D).  Values are represented as mean ± SEM.  “a” represents 
significant increase relative to 80 day fetuses, “b” represents significant increase relative 
to 100 day fetuses, “e” indicates significant increase relative to 145 day fetuses, “a-f” 
indicates significant increase compared to 80 to 1-day lambs. 
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Figure 2-3.  Ontogeny of brainstem ER protein.  A)  ER-α protein at 70 kDa.  B) ER-β 
protein at 55 kDa.  Values are represented as mean ± SEM.  * represents significant 
increase relative to all ages, “a” represents significant difference relative to 80 day 
fetuses, “c” represents significant increase relative to 120 day fetuses, “b-d” indicates 
significant increase compared to 100-130 day fetuses, “a-e” represents an increase 
relative to 80-145 day fetuses, “a-f” indicates an increase relative to 80 to 1-day lambs. 
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Figure 2-4.  Ontogeny of hippocampal ER protein.  A) ER-α protein at 70 kDa.  B) ER-β 
protein at 55 kDa. Values are represented as mean ± SEM.  * represents significant 
increase relative to all ages, “a” represents a significant decrease compared to 80 day 
fetuses, “b” represents a significant increase compared to 100 day fetuses, “b-f” indicates 
a significant increase compared to 100 to 1-day lambs. 
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Figure 2-5.  Ontogeny of frontal cortex ER protein.  A) ER-α at 70 kDa.  B) ER-α at 72 
kDa.  C) ER-β at 55 kDa.  Values are represented as mean ± SEM.  * represents 
significant increase relative to all ages, “a” represents a significant increase compared to 
80 day fetuses, “b” represents a significant increase compared to 100 day fetuses, “a-c” 
indicates a significant increase compared to 80-120 day fetuses, “a-d” is significant from 
80-130 day fetuses, “a-f” is significant from 80 to 1-day lambs. 
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Figure 2-6.  Ontogeny of cerebellar ER protein.  A) ER-α at 68 kDa.  B) ER-α at 70 kDa.  
C) ER-α at 72 kDa.  D)  ER-β at 55 kDa.  Values are represented as mean ± SEM. “a” is 
significantly different from 80 day fetuses, “b” is significantly different from 100 day 
fetuses, “b-d” is significantly different from 100-130 day fetuses, “c-g” is significantly 
different from 120 to 1-week lambs, “f” is significantly different from 1-day lambs and 
“a-f” is significantly different from 80 to 1-day lambs. 
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CHAPTER 3 
FETAL HPA RESPONSES TO ESTRADIOL SULFATE OR ICI 182,780 

Abstract 

Preparturient increases in plasma estrogen are important in the final common 

pathway leading to parturition in sheep.  These experiments were designed to test the 

hypotheses that estrogen modulates hypothalamic-pituitary-adrenal (HPA) activity near 

term through interaction with estrogen receptors in the central nervous system and that 

infusion of 17β-estradiol-3-sulfate (estradiol sulfate) or ICI 182,780 (ICI) may advance or 

delay day of spontaneous parturition respectively.  Chronically catheterized fetal sheep 

were treated with estradiol sulfate icv (n=5), estradiol sulfate iv (n=6), ICI icv (n=5) or 

saline (n=5).  Fetuses were subjected to arterial blood draw every other day until 

spontaneous birth for plasma hormone analysis.  Plasma estradiol, estradiol sulfate, and 

cortisol and POMC were measured by ELISA.  Plasma DHEAS, progesterone, and 

ACTH were measured by RIA.  Plasma ACTH1-39 was measured by immunoradiometric 

assay (IRMA).   

Treatment with estradiol sulfate and ICI attenuated ACTH secretion near term 

without affecting plasma cortisol.  Infusion of estradiol sulfate icv significantly increased 

plasma estradiol, plasma estradiol sulfate, and plasma progesterone compared to all other 

groups.  ICI significantly increased plasma DHEAS compared to control and estradiol 

sulfate icv groups.  Neither drug altered the timing of parturition.  We conclude that 

estradiol sulfate affects the HPA axis in a manner inconsistent with the known effects of 

unconjugated estradiol.  We speculate that treatment with estradiol sulfate may attenuate 
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HPA activity, possibly through interaction with GABAA receptors or by acting as a 

partial antagonist of ER, and that this may be an important mechanism through which 

HPA activity is modulated during gestation. 

Introduction 

Gestation in sheep is approximately 148 days in an uninstrumented animal.  Near 

term, activity of the fetal HPA axis increases (7;28) due to maturation of the axis as well 

as decreased sensitivity to the negative feedback effects of cortisol (36).  Decreased 

inhibition of the axis results in increased plasma ACTH and cortisol in the fetus (34).  

Cortisol induces the enzyme P450C17 in the placenta, causing an increase in estrogen 

production at the expense of progesterone (37;38;193).  Estrogen synthesis at the end of 

gestation is important in initiating a chain of events that culminates in the birth of the 

fetus. 

Estrogen has been shown to augment HPA activity in adult rats.  Female rats have 

higher basal and stimulated corticosterone than males (45) and exert maximum responses 

to stress during proestrous, when plasma estrogen is elevated (46-50).  Ovariectomy 

attenuates adrenal steroid production in response to stress; however, activity of the HPA 

axis is ameliorated following hormone replacement with estradiol (55;56).  In this 

laboratory, we previously reported that estrogen given peripherally augments fetal plasma 

ACTH secretion in response to stress in sheep (57).  We also showed previously that 

peripheral administration of estrogen and the androgen, androstendione, together are able 

to significantly shorten the length of gestation in sheep by approximately four days (59).  

In the same study, estradiol alone did not advance the day of parturition; however, it was 

suggested that aromatization of adrostenedione to estrogen could have occurred in lambs 

receiving both hormones, thus allowing more estrogen to modulate HPA axis activity. 
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These experiments were designed to examine the effects of exogenous 

administration of 17β-estradiol-3-sulfate, the sulfoconjugated form of 17β-estradiol, on 

the fetal HPA axis and the timing of parturition in sheep.  Sulfoconjugated steroids are 

abundant in fetal plasma (63;64) and are able to bind estrogen receptors within target 

tissues after deconjugation by the enzyme steroid sulfatase (STS) (65;66).  We infused 

17β-estradiol-3-sulfate centrally (icv) or peripherally (iv) to test the hypothesis that 

estrogen acts within the fetal brain to augment HPA activity and to advance the date of 

parturition.  Furthermore, we utilized the non-selective estrogen receptor blocker ICI 

182,780 to test the hypothesis that the effects of estrogen on the HPA axis are mediated 

by estrogen receptors. 

Materials and Methods 

Twenty one pregnant ewes with time-dated singleton fetuses (120-125 days 

gestation) were used in this study.  They were divided into four experimental groups:  

saline control (n=5), estradiol sulfate icv (1 mg/day, n=5), estradiol sulfate iv (1 mg/day 

,n= 6), and ICI 182780 icv (25 µg/day, n=5).  Treatments were infused using an osmotic 

mini-pump implanted in the fetus.  Animals were housed in individual pens located in the 

Animal Resources Department at the University of Florida.  The rooms maintained 

controlled lighting and temperature and sheep were given food and water ad libitum. 

Surgical Preparation 

Food was withheld from the pregnant ewes for 24 hours before surgery.  Ewes were 

intubated and anaesthetized with halothane (0.5 to 2%) in oxygen during surgical 

preparation.  Following intubation, the abdomen and left flank were shorn and scrubbed 

with alternating solutions of betadine and alcohol.  Ewes were transported to the surgical 

suite where they were attached to a ventilator and given iv saline.  Before the start of 
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surgery, 750 mg ampicillin (Polyflex®, Fort Dodge Laboratories, Fort Dodge, IA) was 

administered im. 

Surgery 

Surgery was performed using aseptic technique in a surgery suite located in the 

animal facility at the University of Florida.  Animals were anaesthetized with halothane 

(0.5-2%) in oxygen and vital signs were monitored during surgery.  The uterus was 

exposed through a midline incision and the fetal hindlimbs were located by palpation. 

The hindlimbs were delivered through a small incision in the uterus and each tibial artery 

was instrumented with a polyvinylchloride catheter (outside diameter 0.05 in; inside 

diameter, 0.03 in.) that was advanced to the descending aorta.  The catheters were filled 

with heparin to prevent clotting and closed at the end using a sterile brass nail.  An 

additional catheter (outside diameter 0.09 in; inside diameter, 0.05 in.) was sewn to the 

skin of one fetal hindlimb for access to amniotic fluid.  Fetuses that received estradiol 

sulfate iv were also instrumented via the saphenous vien with a small catheter (outside 

diameter, 0.05 in.; inside diameter, 0.03 in.) that was attached to an osmotic mini-pump 

(size 2mL4, Alza Corp., Palo Alto, CA).  Fetuses receiving icv infusions were 

instrumented with arterial catheters and an extra catheter placed in the lateral cerebral 

ventricle.  The fetal head was located and delivered through a separate uterine incision.  

The scalp was retracted and a small catheter (outside diameter, 0.05 in.; inside diameter, 

0.03 in.) attached to an osmotic mini-pump (Alzet size 2mL4) was inserted through a 

hole made in the skull into the lateral cerebral ventricle.  This catheter was held in place 

using Vet Bond.  The exposed catheter and osmotic mini-pump were placed 

subcutaneously before closing the incision on the head.  The fetus was returned to the 

uterus and the second uterine incision was closed.  Antibiotics (750mg ampicillin) were 
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administered into the amniotic cavity via direct injection.  Finally, the hindlimb catheters 

were exteriorized through the flank of the ewe using a trochar, where they were 

maintained in a cloth pocket.  The maternal midline incision was closed in three layers.  

The abdomen of the ewe was then wrapped in spandage (Medi-Tech International, 

Brooklyn, NY, USA) in order to hold the pocket securely.   

Post-Operative Care 

Ewes were given 1 mg/kg flunixin meglumine (Webster Veterinary, Sterling, MA) 

for analgesia and returned to their pens where they were monitored until they could stand 

on their own.  Twice daily during a 5-day recovery period ewes were given antibiotic 

(ampicillin, 750 mg, im) and rectal temperatures were monitored for indication of post-

operative infection.   

Blood Collection 

Following the recovery period, fetal blood samples were drawn from the arterial 

catheter every other morning (between 0800 and 1000 hours) for use in hormone assays.  

Samples were kept on ice until centrifuged at 3,000 x g for 15 minutes at 4°C to separate 

red blood cells and plasma.  Plasma was stored at -20°C until analysis.  Blood gases were 

measured at the time of blood sampling using an ABL 77 Radiometer (Radiometer 

America Inc., Cleveland, OH) blood gas analyzer. 

Plasma Hormone Assays 

Estradiol 

Plasma estradiol was measured using a commercially available enzyme-linked 

immunosorbent assay (ELISA) kit (Oxford Biomedical Research, cat.no. EA70).  

Estradiol was extracted from 200 µL plasma in 12x75 mm glass tubes using 2 mL 

hexane/ethyl acetate (3:2 vol/vol).  Tubes were vortexed for 30 seconds and phases were 
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allowed to separate.  The organic phase was transferred to a clean tube and evaporated 

under a stream of N2 and the aqueous phase (containing sulfoconjugated steroids, 

proteins, salts, etc.) was discarded.  The evaporated samples were re-extracted using the 

same volume of hexane/ethyl acetate, vortexed for 15 seconds, and evaporated under N2.  

Samples were reconstituted in 120 µL of diluted extraction buffer (provided in kit).  

Reconstituted samples were analyzed in 50 µL duplicates and calibrated using standards 

provided with the kit.  Absorbances were read at 450 nm after being stopped with 100 µL 

1N HCl.  Cross reactivity with 17β-estradiol, estriol, and estrone in this kit is 100%, 

0.41%, and 0.10% respectively, as reported by the manufacturer. 

Estradiol sulfate 

Plasma estradiol sulfate was measured using the estradiol ELISA kit from Oxford 

Biomedical Research (cat.no. EA70) as previously reported (64).  Estradiol sulfate was 

extracted from 10 µL plasma using 1 mL ethanol.  Tubes were vortexed for 30 seconds 

and centrifuged at 3000 x g for 10 minutes at 4°C.  Supernatant was transferred to a new 

glass tube and evaporated under vacuum (Savant Instruments, Farmingdale, NY) for 1 

hour.  Dried samples were reconstituted in 120 µL diluted extraction buffer (provided in 

kit).  Reconstituted samples were analyzed in 50 µL duplicates and calibrated using 

standards provided with the kit.  Absorbances were read at 450 nm after being stopped 

with 100 µL 1N HCl. 

Cortisol 

Plasma cortisol was measured using a cortisol ELISA kit from Oxford Biomedical 

Research (cat.no. EA65).  Cortisol was extracted using ethanol, as described previously 

(213).  Cross reactivity with cortisol, cortisone, 11-deoxycortisol, and corticosterone in 

this kit is 100%, 15.77%, 15%, and 4.81% respectively, as reported by the manufacturer. 
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Dehydroepiandrosterone sulfate (DHEAS) 

DHEAS was measured with an 125I-DHEA-SO4 Coat-A-Count kit from Diagnostic 

Products Corporation (Los Angeles, CA; cat. no. TKDS5).  The manufacturer’s 

instructions were observed with the following exceptions:  100 µL plasma was assayed in 

duplicate (instead of 50 µL) with 750 µL 125I-DHEA-SO4 (instead of 1.0 mL) and an 

additional standard of 0.025 ug/mL was added.  The purpose of these changes was to 

increase the sensitivity of the assay since sample concentrations were expected to fall on 

the low end of the standard curve.  Percent cross reactivity with DHEAS, DHEA, and 

Estrone-3-SO4 was 100, 0.57 and 0.25 respectively, as reported by the manufacturer. 

Progesterone 

Progesterone was measured with an 125I-Progesterone Coat-A-Count kit from 

Diagnostic Products Corporation (Los Angeles, CA; cat. no. TKPG5) according to the 

manufacturer’s instructions.  Samples were analyzed in 100 µL duplicates and calibrated 

using a standard curve provided with the kit.  Percent cross reactivity with progesterone, 

17α-hydroxyprogesterone, medroxyprogesterone, and pregnenolone was  100, 3.4, 0.3, 

and 0.1 respectively, as reported by the manufacturer.   

Adrenocorticotropin hormone (ACTH) 

Plasma ACTH was measured using RIA as described previously (214).  ACTH was 

extracted from 0.5 mL plasma using powdered glass (35 mg/tube, Corning Glassworks, 

Corning, NY) in 0.5 mL 0.5 M phosphate buffer (pH 7.4).  ACTH was eluted with 1 mL 

acid:acetone (1 volume 0.25 N HCl: 1 volume acetone) and evaporated to dryness under 

vacuum (Savant Instruments, Farmingdale, NY).  Extracts were reconstituted overnight 

in 0.5 mL assay buffer (0.5 M phosphate buffer, pH 7.4, extracted BSA solution, and 

0.5% v/v β-mercaptoethanol).  Rabbit anti-ACTH antiserum and radioactive iodinated 
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ACTH (125I-ACTH) were used to measure extracted plasma ACTH.  Samples were 

analyzed in duplicate and compared to a standard curve generated using a standard 

extracted with the sample set. 

ACTH1-39  

ACTH1-39 was measured using a 2-site immunoradiometric assay kit purchased 

from DiaSorin (Stillwater, MN, cat.no. 27130).  The assay utilizes a radioactive tracer 

containing goat anti-ACTH26-39 and 125I mouse anti-ACTH1-17 as well as a polystyrene 

bead coated with mouse anti-goat.  When 200 µL plasma is incubated with the tracer and 

the bead, only ACTH1-39 present in the sample will form an antibody complex.  Samples 

were measured in duplicate and calibrated using a standard curve provided with the kit.   

Pro-opiomelanocortin (POMC) 

Pro-opiomelanocortin was measured using an ELISA kit from Immunodiagnostic 

Systems Ltd. (cat. no. AC-71F1) according to the manufacturer’s instructions.  Samples 

were assayed in 100 µL duplicates and calibrated using a standard curve provided with 

the kit.  Cross reactivity with POMC and Pro-ACTH is 100%, as reported by the 

manufacturer. 

Statistical Analysis 

Two-way analysis of variance (ANOVA) was used to analyze differences among 

treatment groups in this study.  One-way ANOVA was used to test effect of time within 

each treatment group.  Pairwise multiple comparisons were performed using Duncan’s 

Method, the Holm-Sidak method, or Student-Newman-Keuls method.  Effect of 

treatment on day of parturition was analyzed by 1-way ANOVA.  Sigma Stat 3.1 

software (Jandel Scientific, San Rafael, CA) was utilized for analyses.  A significance 
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level of P<0.05 was used to reject the null hypothesis.  Values are reported as mean ± 

SEM. 

Results 

Blood Gases 

Fetal arterial blood gases and pH were measured on every sampling day and 

averaged over time.  Data are presented in Table 3-1.  There were no significant 

differences in average PaO2 or pH among groups, but there was a significant difference 

found in average group PaCO2 (P<0.001, 2-way ANOVA).   

Fetal Plasma ACTH, POMC, and Cortisol 

Plasma ACTH was relatively constant in all groups between days -20 and -4 before 

parturition (Figure 3-1).  There was no significant increase in plasma ACTH observed 

near term in treated fetuses; however, there was an increase in plasma ACTH in the 

control group in the last sampling day before parturition.  While this value was 

significantly elevated compared to earlier days within the control group (384.2 ± 339.4 

pg/mL, P<0.05, 1-way ANOVA), it was not significantly different from day -1 for 

estradiol sulfate icv (161.8 ± 136.8 pg/mL), estradiol sulfate iv (126.25 ± 98.8 pg/mL), or 

ICI icv (122.75 ± 84.1pg/mL). Data for plasma ACTH1-39 are shown in Figure 3-2.  

ACTH1-39 was not significantly different among groups by 2-way ANOVA, but there was 

a trend for increases near term in the control and ICI group.  Pro-opiomelanocortin 

(POMC) was significantly different (P<0.01, 2-way ANOVA) in control fetuses 

compared with treated fetuses (Figure 3-3).  The near term increase in POMC was 

attenuated after treatment with estradiol sulfate or ICI.  Plasma concentrations of POMC 

were 193.9 ± 148.1 pM in control fetuses on day -1 before parturition compared to 38.1 ±  

1.3 pM in estradiol sulfate icv, 46.7 ± 20.6 pM in estradiol sulfate iv, and 61.7 ± 36.7 pM 
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in ICI icv treated fetuses.  The ACTH1-39:POMC ratio was not significant among groups.  

Despite an attenuated secretion of the pituitary peptides ACTH and POMC near term, the 

pattern of cortisol secretion remained normal in all groups (Figure 3-4).  Fetal plasma 

cortisol was constant until day -7 when it began to increase until the end of gestation in 

all experimental groups.  There were no significant differences in plasma cortisol among 

groups.  The trend for increased cortisol over time was statistically significant by 2-way 

ANOVA (P<0.001). 

Fetal Plasma Estradiol and Estradiol Sulfate 

Treatment of singleton fetuses with estradiol sulfate, via both routes of 

administration, resulted in plasma estradiol that was elevated compared to control and ICI 

treated fetuses (P<0.001, 2-way ANOVA; Figure 3-5).   Plasma estradiol was 

significantly higher in the icv compared to iv group.  Administration of estradiol sulfate 

centrally caused an approximate 2-fold mean increase in plasma estradiol compared to 

fetuses treated with the same dose of estradiol sulfate peripherally (197.0 ± 9.9 pg/mL vs. 

82.3 ± 10.5 pg/mL) and a 6-fold increase over control and ICI treated fetuses (197.0 ± 9.9 

pg/mL vs. 32.3 ± 8.5 pg/mL and 29.9 ± 11.6 pg/mL respectively).  Estradiol sulfate 

treatment also resulted in a significant difference in circulating plasma estradiol sulfate 

among groups (P<0.001, 2-way ANOVA; Figure 3-6).  In addition, estradiol sulfate was 

approximately 10 times more abundant in fetal plasma than unconjugated estradiol.  

Estradiol sulfate was elevated in plasma after treatment with estradiol sulfate both 

peripherally and centrally, with the increase following icv administration greater than that 

via iv infusion between days -12 and -4.  The plasma E2SO4:E2 ratio was also 

significantly altered following treatment (P<0.001, 2-way ANOVA).  Estradiol sulfate 
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treatment significantly decreased E2SO4:E2 ratio (9.9 ± 1.2 iv and 5.4 ± 1.1 icv) relative to 

control and ICI treated fetuses (12.0 ± 1.0 and 12.2 ± 1.3 respectively).   

Plasma Progesterone 

Plasma progesterone concentrations were significantly different among groups 

(main effect of group, P<0.001; Figure 3-7).  In estradiol sulfate icv treated fetuses 

plasma progesterone began to rise on significantly on day -15, peaking at day -9 (10.4 ± 

1.9 ng/mL), and remained elevated relative to other experimental groups until term.  

Plasma E2:P ratio was significantly different among groups (P<0.001, 2-way ANOVA).  

The E2:P ratio increased following estradiol sulfate treatment iv (0.018 ± 0.003) and icv 

(0.029 ± 0.0025) relative to control (0.007 ± 0.002) and ICI treated fetuses (0.008 ± 

0.003). 

Plasma DHEAS 

Plasma DHEAS was also significantly affected by experimental treatment 

(P<0.001, 2-way ANOVA; Figure 3-8).  Control and estradiol sulfate icv treated fetuses 

showed no differences in plasma DHEAS over time, while estradiol sulfate iv and ICI 

treated fetuses showed significant increases in plasma DHEAS that began around day 

-12.  Increases in plasma DHEAS were greatest in ICI icv treated fetuses, with the peak 

plasma value reaching 0.16 ± 0.03 µg/mL before spontaneous parturition. 

Effect of Treatment on Day of Spontaneous Parturition 

Despite alterations in plasma hormone concentrations, there was no effect of 

treatment on day of spontaneous parturition in this study (Figure 3-9).  Lambs delivered 

on day 144 ± 1 (control), 141 ± 2 (estradiol sulfate icv), 142 ± 2 (estradiol sulfate iv), and 

141 ± 3 (ICI icv) with no significant difference among groups by 1-way ANOVA. 
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Discussion 

The results of this study demonstrate that 1) estradiol sulfate does not stimulate the 

HPA axis in the manner we would expect of estradiol alone, 2) administration of estradiol 

sulfate centrally and peripherally produces differential effects on the HPA axis, and 3) 

neither estradiol sulfate nor ICI 182,780 alters the timing of parturition in chronically 

catheterized fetal sheep.  We propose that the physiological effects of sulfoconjugated 

estradiol on the fetal endocrine environment observed in this study are distinct from 

estradiol and may be important for our understanding of the mechanisms involved in 

HPA activity during gestation in sheep. 

We measured fetal plasma ACTH and cortisol as a means of investigating HPA 

activity in this study.  Many investigators have shown that ACTH and cortisol increase 

near term in this species (34;36;215;216), an observation we confirmed in our control 

fetuses.  Treatment with either estradiol sulfate or ICI attenuated the normal pre-

parturient rise in ACTH we observed in control fetuses.  Surprised by this result, we 

investigated the possibility that ACTH1-39 or POMC secretion were increased in the 

treated animals.  Our results indicate that, while POMC was significantly increased near 

term in control animals, there was no significant change in plasma ACTH1-39 among 

groups.  Furthermore, the ratio of ACTH1-39:POMC was not significantly different among 

groups, indicating that processing of POMC to ACTH does not account for the 

differences we observed.  Interestingly, despite attenuated ACTH secretion in treated 

fetuses, cortisol output near term increased as seen in control animals.  Considering that 

ACTH, ACTH1-39 , and POMC are not increased in treated fetuses, we speculate that there 

must be some other factor stimulating the adrenal gland, or there is increased adrenal 

sensitivity to ACTH, thus allowing for increased cortisol near term in these animals.   
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These results are inconsistent with known actions of estradiol on the HPA axis.  

Female rats have greater adrenal responsiveness to ACTH than male rats (55) and have 

increased responses to stress (as measured by ACTH and corticosterone) during 

proestrus, when plasma estradiol is high (46-50).  Ovariectomy decreases basal and 

stimulated ACTH secretion, with amelioration of pituitary responsiveness after estradiol 

replacement (55;56).  We showed previously, in the ovine fetus, that estradiol can 

augment HPA responses to stress (57).  We speculate that estradiol sulfate and estradiol 

may have differential effects on HPA activity (discussed below), which may account for 

the differences in plasma hormones we observed in this study. 

Estradiol sulfate treatment either iv or icv resulted in significantly higher plasma 

estradiol than in ICI treated or control fetuses.  Administering estradiol sulfate into the 

brain caused an approximate 2-fold mean increase in plasma estradiol when compared to 

fetuses treated with the same dose peripherally.  We showed previously that the brain is a 

rich source of steroid sulfatase (78), thus local deconjugation of estradiol sulfate to 

biologically active estradiol within the brain could account for the differences observed 

between the icv and iv groups.  Furthermore, we did not show a preparturient rise in 

plasma estradiol in the control animals.  Estradiol has been shown to rise before birth in 

the fetus and mother, although it appears that the dramatic increase in the fetus occurs 

approximately two days before parturition (217).  It is possible that, since we were 

drawing blood every other day, we missed this increase.  It is also possible that the 

limited data showing increased estradiol in the fetus near term are simply outdated and 

incorrect. 
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Estradiol sulfate was approximately 10 times more abundant than estradiol in 

plasma of control animals.  The differences in concentration between circulating 

conjugated and unconjugated steroids was noted previously for estradiol (64) and estrone 

(63).  As expected, infusion of estradiol sulfate either iv or icv caused significantly higher 

plasma estradiol sulfate than control animals; however, plasma estradiol sulfate was 

higher in fetuses receiving central infusion of estradiol sulfate than those treated 

peripherally between days -12 and -4 before parturition.  We were surprised by this 

result, considering that the icv and iv treated animals received the same dose and plasma 

was measured in the same compartment.  This suggests that either the clearance of 

estradiol sulfate is decreased following icv infusion or treatment results in estradiol 

sulfate production in these animals.  Furthermore, estradiol sulfate treatment, either icv or 

iv, significantly lowered E2SO4:E2  ratio compared to control or ICI treated fetuses, 

suggesting that infusion of estradiol sulfate may upregulate steroid sulfatase activity.  

This would have the effect of lowering E2SO4:E2 ratio by increasing plasma estradiol, 

which is what we see in the estradiol sulfate treatment group. 

It is well established that in sheep there is a decrease in plasma progesterone and 

increase in plasma estrogen at the end of gestation due to induction of the enzyme 

P450C17 in the placenta by cortisol (37;38;193).  We measured plasma progesterone and 

calculated E2:P ratio to get some idea of 17α-hydroxylase activity in this study.  

Following treatment with estradiol sulfate, E2:P ratio was significantly increased in the 

icv and iv groups compared to the ICI and control groups, indicating the possibility that 

P450C17 is more active following estradiol sulfate infusion; however, it is intriguing that 

estradiol sulfate infusion icv also causes increased progesterone production over time.  
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The fact that plasma estradiol is also significantly increased in the estradiol sulfate icv 

group could help explain how the E2:P ratio could still be increased. 

DHEAS is an androgenic precursor for estradiol production.  The results of this 

study indicate that ICI treatment iv causes increased DHEAS production in fetal sheep 

over time.  ICI 182,780 is a known inhibitor of aromatase (189).  It is possible that 

treatment with ICI is inhibiting another steroidogenic enzyme, possibly 3β-

hydroxysteroid dehydrogenase, thus causing accumulation of DHEAS.  Another 

intriguing possibility is that ICI may increase DHEAS as a result of estrogen receptor 

blockade.  We do not see an increase in DHEAS in the E2SO4 treated fetuses, indicating 

the differences we observed may reflect involvement of the estrogen receptor. 

Several groups showed that manipulation of the ovine fetal HPA axis by infusion of 

ACTH or cortisol can induce premature parturition (14-16).  We showed previously that 

co-administration of estradiol and androstenedione (each at a rate of 250 µg/day) to the 

fetus can advance the day of parturition by approximately 4 days (59).  In the present 

study, we treated fetal sheep with 1 mg/day 17β-estradiol-3-sulfate, an amount 4 times 

greater than the dosage we used previously.  We used this dose for several reasons.  

Firstly, in the previous study, estradiol alone did not advance parturition; therefore, it was 

suggested that androstenedione could have been converted locally to estrogen in those 

fetuses treated with both hormones, indicating that a larger dose may be needed to induce 

labor.  Secondly, we used the sulfoconjugated form of estradiol.  Sulfoconjugated 

hormones must be deconjugated by the enzyme sulfatase (STS) in order to bind to their 

target receptors (65;66); therefore, since we could not know for sure how much of our 

drug would become biologically active, we administered a larger dose.   
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Despite this change in dosage, we did not affect timing of parturition in this study.  

It is possible that in our previous experiments the use of androstenedione coupled with 

estradiol was critical for initiation of parturition.  In a separate set of experiments we 

showed that estradiol augmented fetal ACTH secrection in response to stress, whereas 

androstenedione decreased negative feedback inhibition of ACTH secretion (57), 

indicating that the combined effects of estrogen and androgen on the HPA axis may be 

important.  Based on the present study, we do not believe estradiol alone is able to initiate 

parturition; however, use of a larger sample population in these experiments may have 

yielded differences among groups that we were not able to show with a low n.  In 

addition, we can not rule out the possibility that it was our use of estradiol sulfate instead 

of unconjugated estradiol that produced the endocrine changes observed in this study.  

We speculate that estradiol sulfate may be inhibitory to the HPA axis through interaction 

with GABAA receptors or by acting as an antagonist of ER. 

GABAA receptors are responsible for mediating neuronal responses to the 

inhibitory neurotransmitter GABA.  The PVN (which is the major integration site for 

control of input to the HPA axis) is known to have GABAergic innervation, with nearly 

half of all synapses in the medial parvocellular PVN (mpPVN) containing GABA 

receptors (218)  Specific GABAA receptor subunits can be found within 

hypophysiotrophic CRH neurons (219), and pharmacological studies both in vitro and in 

vivo have shown GABAergic mechanisms to be involved in the inhibition of CRH 

secretion (220-222).  Activity of the HPA axis is reduced (as measured by ACTH 

secretion) after icv injection of GABAA agonists (223).  Interestingly, neurosteroids 

(steroids produced de novo within the brain) are also known to be GABAA agonists 
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(91;92;224).  If estradiol sulfate were modulating GABAA in these experiments by acting 

as a neurosteroid it could explain how both estradiol sulfate and ICI (by blocking the 

effects of endogenous estradiol) were able to attenuate ACTH secretion from the 

pituitary.  It may also explain why we were seeing differential effects of icv and iv 

infusion. 

Our use of ICI 182,780 in this study was to test the hypothesis that if the effects of 

estradiol on the HPA axis are modulated through estrogen receptors, then blocking 

endogenous estradiol could delay gestation in this species.  We were not able to increase 

gestation length by use of ICI in these experiments; however, it is possible that our dose 

was simply too low (25 µg/day) or that the clearance of this drug is high. 

In summary, we have examined the effects of 17β-estradiol-3-sulfate and the 

estrogen receptor antagonist ICI 182,780 on HPA axis activity and on the timing of 

parturition in sheep.  While neither drug was able to alter day of gestation, we did 

observe unique and distinct effects on hormone secretion in the fetus.  We believe that 

estradiol sulfate is acting as an inhibitor of HPA axis activity, possibly through 

interaction with GABAA receptors or by acting as an ER antagonist within the brain. We 

conclude that estradiol sulfate has effects on the HPA axis that are distinct from estradiol 

and that this may be an important mechanism for modulating activity of the axis during 

gestation. 

  Table 3-1.  Average fetal blood gases and pH during blood sampling 
Treatment Group PaO2 (mmHg) ± SEM PaCO2 (mmHg) ± SEM* pH (mmHg) ± SEM 
E2SO4 icv (n=5) 18.5 ± 0.81 57.9 ± 0.71 7.32 ± 0.01 
E2SO4 iv (n=6) 18.4 ± 0.81 55.4 ± 0.71# 7.33 ± 0.01 
ICI icv (n=5) 16.6 ± 0.92 56.5 ± 0.80 7.32 ± 0.01 
Control (n=5) 19.0 ± 0.67 59.6 ± 0.59** 7.32 ± 0.01 
*Groups are significantly different (P<0.001) by 2-way ANOVA. 
**Controls are significantly different from E2SO4 iv and ICI icv (P<0.05) by pairwise multiple comparison. 
# E2SO4 iv are significantly different from E2SO4 icv (P<0.05) by pairwise multiple comparison.  
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Figure 3-1.  Plasma ACTH in singleton ovine fetuses.  Fetal sheep were treated with 
estradiol sulfate icv ( ), estradiol sulfate iv ( ), ICI 182780 icv ( ), or control ( ).  
Values are represented as mean ± SEM. 
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Figure 3-2.  Plasma ACTH1-39 in singleton ovine fetuses.  Fetal sheep were treated with 
estradiol sulfate icv ( ), estradiol sulfate iv ( ), ICI 182780 icv ( ), or control ( ).  
Values are represented as mean ± SEM. 
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Figure 3-3.  Plasma POMC in singleton ovine fetuses.  Fetal sheep were treated with 
estradiol sulfate icv ( ), estradiol sulfate iv ( ), ICI 182780 icv ( ), or control ( ).  
Values are represented as mean ± SEM.  Groups are significantly different by 2-way 
ANOVA (P=0.004).  Control fetuses are significantly different from all treatment groups 
by pairwise multiple comparison (Duncan’s method, P<0.05). 
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Figure 3-4.  Plasma cortisol in singleton ovine fetuses.  Fetal sheep were treated with 
estradiol sulfate icv ( ), estradiol sulfate iv ( ), ICI 182780 icv ( ), or control ( ).  
Values are represented as mean ± SEM. 



63 

 

Days Before Parturition
-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0

Es
tra

di
ol

 (p
g/

m
L)

0

50

100

150

200

250

300
E2SO4 icv 
E2SO4 iv
ICI icv
Control

 
 
Figure 3-5.  Plasma estradiol in singleton ovine fetuses.  Fetal sheep were treated with 
estradiol sulfate icv ( ), estradiol sulfate iv ( ), ICI 182780 icv ( ), or control ( ).  
Values are represented as mean ± SEM.  Groups are significantly different by 2-way 
ANOVA (P<0.001).  Estradiol sulfate fetuses treated icv and iv are significantly different 
from control and ICI icv fetuses and are significantly different from each other by 
pairwise multiple comparison (Duncan’s method, P<0.05). 
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Figure 3-6.  Plasma estradiol sulfate in singleton ovine fetuses.  Fetal sheep were treated 
with estradiol sulfate icv ( ), estradiol sulfate iv ( ), ICI 182780 icv ( ), or control ( ).  
Values are represented as mean ± SEM.  Groups are significantly different by 2-way 
ANOVA (P<0.001).  Estradiol sulfate fetuses treated icv and iv are significantly different 
from control and ICI icv fetuses and are significantly different from each other by 
pairwise multiple comparison (Duncan’s method, P<0.05). 
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Figure 3-7.  Plasma progesterone in singleton ovine fetuses.  Fetal sheep were treated 
with estradiol sulfate icv ( ), estradiol sulfate iv ( ), ICI 182780 icv ( ), or control ( ).  
Values are represented as mean ± SEM.  Groups are significantly different by 2-way 
ANOVA (P<0.001).  Estradiol sulfate icv treated fetuses are significantly different from 
all groups by pairwise multiple comparison (Holm-Sidak method, P<0.05). 
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Figure 3-8.  Plasma DHEAS in singleton ovine fetuses.  Fetal sheep were treated with 
estradiol sulfate icv ( ), estradiol sulfate iv ( ), ICI 182780 icv ( ), or control ( ).  
Values are represented as mean ± SEM.  Groups are significantly different by 2-way 
ANOVA (P<0.001).  ICI icv fetuses are significantly different from all groups and 
estradiol sulfate iv fetuses are significantly different from estradiol sulfate icv and control 
fetuses by pairwise multiple comparison (Holm-Sidak method, P<0.05). 
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Figure 3-9.  Effect of treatment on day of spontaneous parturition. Fetal sheep were 
treated with estradiol sulfate icv (●), estradiol sulfate iv (●), ICI 182780 icv (▼), or 
control (▼).  Values are represented as mean ± SEM. 
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CHAPTER 4 
EXPRESSION OF HPA AXIS RELATED GENES IN RESPONSE TO ESTRADIOL 

SULFATE OR ICI 182,780 IN TWIN OVINE FETUSES 

Abstract 

Increased hypothalamic-pituitary-adrenal (HPA) axis activity near term is 

responsible for initiation of spontaneous parturition in sheep.  We previously reported 

that estradiol administration causes increased plasma ACTH and cortisol in the fetus.  

The present study was designed to investigate genomic responses to 17β-estradiol-3-

sulfate administration within the fetal brain.  Ten time-dated pregnant ewes with twin 

fetuses were used in this study.  One fetus was treated icv with either 17β-estradiol-3-

sulfate (1 mg/day; n=4) or the estrogen receptor antagonist ICI 182,780 (25 ug/day; n=6) 

while the other fetus served as an age-matched control.   

Estradiol sulfate infusion caused increases in plasma ACTH1-39, cortisol, estradiol, 

and estradiol sulfate compared to age-matched controls.  ICI infusion caused significantly 

decreased plasma concentrations of DHEAS and progesterone relative to controls.  ICI 

did not produce any significant changes in gene expression; however, estradiol sulfate 

infusion downregulated mRNA expression of POMC and ER-α in pituitary, ER-α and 

PGHS-1 in hippocampus, and CRH in hypothalamus.  ICI increased ER-β protein in 

cortex.  We believe acute versus chronic effects of estradiol sulfate treatment are 

important in determining effects on the HPA axis.  We speculate that estradiol sulfate 

may be acting as an estrogen receptor antagonist or through interaction with GABAA 
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receptors as a neurosteroid to produce decreased HPA responses and that this may be an 

important mechanism of action within the brain during gestation. 

Introduction 

In many species such as sheep, changes in the fetal and maternal endocrine 

environments are important in the maintenance and termination of pregnancy (7).  Near 

term, estrogen biosynthesis is affected by HPA axis activity in the ovine fetus.  Cortisol 

from the fetal adrenal is responsible for induction of the placental enzyme P450C17, which 

has 17α-hydroxylase and 17,20 lyase activity, thus enabling estrogen production at the 

expense of progesterone (37;38;193).  Increasing the estrogen to progesterone ratio leads 

to a loss of myometrial quiescence and augmented uterine tone, culminating in the birth 

of the fetus. 

We demonstrated previously that estradiol stimulates the fetal HPA axis 

(57;59;202).  Exogenous estradiol treatment augments basal and stimulated fetal plasma 

ACTH secretion and elevates plasma cortisol (57).  Estrone given to adult sheep increases 

hypothalamic AVP content (202).  The stimulatory effect of estrogen on the HPA axis 

has been documented in adult rats as well.  Ovariectomized female rats have attenuated 

adrenal steroid production which is reversed upon estradiol replacement (55;56).  We 

proposed that a positive feedback loop exists between placental estrogen production and 

HPA activity in sheep (57).   

Recently, we reported (see chapter 3) that infusion of 17β-estradiol-3-sulfate into 

the cerebral ventricles of the fetus produces hormonal responses that differ from 

responses elicited by intravenous infusion and from what we would expect of 

unconjugated estradiol.  We hypothesized that the effects of estrogen on the HPA axis 

near term may be mediated through estrogen receptors within the brain; however, the 
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design of the previous study did not allow us to investigate changes in mRNA or protein 

in response to treatment.  The present study was performed to elucidate genomic 

responses to 17β-estradiol-3-sulfate and ICI 182,780 within the ovine fetal brain and 

pituitary.  Our study focused on genes that are relevant to the HPA axis or its activity.  

Specifically, we examined expression of ER-α, ER-β, PGHS-1, PGHS-2, AVP, CRH, 

POMC, STS, SGK-1, and PC1. 

Materials and Methods 

Ten time-dated ewes with twin pregnancies were used in this study (20 fetuses, 120 

to 127 days gestation).  One fetus served as the experimental fetus while its twin served 

as an internal age-matched control.  There were four experimental groups:  estradiol 

sulfate icv (1 mg/day, n=4) with an age-matched control (n=4), and ICI 182780 icv (25 

µg/day, n=6) with an age-matched control (n=6).  Animals were housed in individual 

pens located in the Animal Resources Department at the University of Florida.  The 

rooms maintained controlled lighting and temperature and sheep were given food and 

water ad libitum.   

Surgical Preparation 

Food was withheld from the pregnant ewes for 24 hours before surgery.  Ewes were 

intubated and anaesthetized with halothane (0.5 to 2%) in oxygen during surgical 

preparation.  Following intubation, the abdomen and left flank were shorn and scrubbed 

with alternating solutions of betadine and alcohol.  Ewes were transported to the surgical 

suite where they were attached to a ventilator and given iv saline.  Before the start of 

surgery, 750 mg ampicillin (Polyflex®, Fort Dodge Laboratories, Fort Dodge, IA) was 

administered im. 
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Surgery 

Surgery and arterial catheter placement was performed using aseptic technique as 

previously described (see Chapter 3).  For placement of the catheter into the lateral 

cerebral ventricle, the scalp was retracted and a small catheter (outside diameter, 0.05 in.; 

inside diameter, 0.03 in.) attached to an osmotic mini-pump (size 2mL4Alza Corp., Palo 

Alto, CA) was inserted through a hole made in the skull.  This catheter was held in place 

using Vet Bond.  The exposed catheter and osmotic mini-pump were placed 

subcutaneously before closing the incision on the head.  Antibiotics (750 mg ampicillin) 

were administered into the amniotic cavity via direct injection.  Finally, the hindlimb 

catheters were exteriorized through the flank of the ewe using a trochar, where they were 

maintained in a cloth pocket.  Ewes were given 1 mg/kg flunixin meglumine (Webster 

Veterinary, Sterling, MA) for analgesia and returned to their pens where they were 

monitored until they could stand on their own.  Twice daily during a 5-day recovery 

period ewes were given antibiotic (ampicillin, 750 mg im) and rectal temperatures were 

monitored for indication of post-operative infection.   

Blood Collection 

Following the recovery period, fetal blood samples were drawn from the arterial 

catheter every other morning (between 0800 and 1000) for use in hormone assays.  

Samples were kept on ice until centrifuged at 3,000 x g for 15 minutes at 4°C to 

separated red blood cells and plasma.  Plasma was stored at -20°C until analysis.  Blood 

gases were measured at the time of blood sampling using an ABL 77 Radiometer 

(Radiometer America Inc., Cleveland, OH) blood gas analyzer. 
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Tissue Collection 

Twin fetuses of known gestational age (130 to 134 days) were euthanized with an 

overdose of sodium pentobarbital.  Brains were rapidly removed, dissected into distinct 

regions, and snap frozen in liquid nitrogen.  The following tissues were collected:  1) 

brainstem, 2) hippocampus, 3) frontal cortex, 4) cerebellum, 5) hypothalamus, 6) 

pituitary.  Tissues were stored at -80°C until processed for mRNA or protein. 

Plasma Hormone Assays 

Assays for estradiol, estradiol sulfate, cortisol, DHEAS, progesterone, ACTH, 

ACTH1-39, and POMC were measured using ELISA or RIA as described in chapter 3. 

RNA Isolation and Real Time RT-PCR 

Tissues were individually pulverized and total RNA was extracted as described in 

chapter 2.  RNA samples were converted into 10 µg stable cDNA by reverse transcription 

using a High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA) as 

previously described.  cDNA samples were stored at -20°C until real-time RT-PCR was 

performed. 

ER-α, ER-β, PGHS-1, PGHS-2, AVP, CRH, POMC, STS, SGK-1, PC1 and 18S 

rRNA gene expression was analyzed using real-time RT-PCR with 100 ng cDNA 

template.  Primer and probe sets were designed on Primer Express version 2.0 (Applied 

Biosystems) using known ovine sequences.  Primers and probe for 18S rRNA were 

purchased from Applied Biosystems.  Reaction mixtures and primer and probe sequences 

can be found in Table 4-1.  Ribosomal RNA reactions contained 0.1 ng cDNA, 100 nM 

forward and reverse primer, and 50 nM probe.  Total reaction volume was 25 µl, and 

included pre-mixed reagents (universal master mix, Applied Biosystems).  Samples were 
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run in triplicate on an ABI Prism 7000 PCR machine (Applied Biosystems) as previously 

described. 

Protein Isolation and Western Blotting 

Tissues were homogenized in boiling lysis buffer containing 1% SDS, 1 mM 

sodium orthovanadate, and 10 mM Tris pH 7.4 (Sigma Chemical Co., St. Louis, MO) as 

previously described.  Supernatant was assayed for protein content using the BioRad DC 

Protein Assay (BioRad Laboratories, Hercules, CA) and stored at -80°C.  Commercially 

available antibodies were used for ER-α and ER-β western blots as described in chapter 

2.  Quantity One densitometry software (BioRad) was utilized for blot analysis.  Staining 

specificity was confirmed by preabsorption of the primary antibody using 25 µg ER-α 

synthetic peptide (Santa Cruz, cat. no. sc-542 P) or 25 µg ER-β synthetic peptide 

(Affinity BioReagents, cat. no. PA1-311). 

Statistical Analysis 

Protein and mRNA were analyzed by paired t-test.  Two-way analysis of variance 

(ANOVA) was used to analyze hormone data.  Sigma Stat 3.1 (Jandel Scientific, San 

Rafael, CA) was used for data analysis.  A significance level of P<0.05 was used to reject 

the null hypothesis.  Values are reported as mean ± SEM. 

Results 

Plasma Hormones 

Treatment with estradiol sulfate or ICI did not produce significant changes in 

plasma ACTH (P=N.S., Figure 4-1) or POMC (P=N.S.; Figure 4-3); however, ACTH1-39 

was significantly increased in estradiol sulfate treated fetuses compared to control fetuses 

(P<0.01; Figure 4-2).  Plasma cortisol was also significantly increased in estradiol sulfate 

treated fetuses as measured by 2-way ANOVA (log cortisol P<0.05; Figure 4-4).  Plasma 
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estradiol and estradiol sulfate data are presented in figures 4-5 and 4-6.  ICI treatment did 

not elicit significant changes in plasma estradiol or estradiol sulfate; however, estradiol 

sulfate treatment resulted in significant elevations in both of these hormones (both 

P<0.001).  Estradiol sulfate treatment caused peak plasma estradiol and estradiol sulfate 

concentrations of 301 ± 67 pg/mL and 1.36 ± 0.11 ng/mL respectively.  The E2SO4:E2 

ratio was significantly decreased (P=0.01) following estradiol sulfate treatment (15.43 ± 

2.33 and 5.88 ± 0.59 for control and estradiol sulfate treatment respectively).  Plasma 

DHEAS and progesterone were not significantly different in estradiol sulfate treated 

animals relative to controls; however, ICI treatment resulted in attenuated concentrations 

of these hormones (Figures 4-7B, log DHEAS P=0.002; Figure 4-8B, log progesterone 

P<0.001).  Estrogen to progesterone ratio was significantly increased compared to 

controls (0.048 ± 0.0088 vs. 0.0053 ± 0.00047) following estradiol sulfate treatment 

(P<0.001). 

Real Time RT-PCR 

Real time data are presented in figures 4-9 through 4-20.  Estradiol sulfate 

treatment did not significantly change mRNA compared to control fetuses (P=N.S) when 

measuring abundance of the following genes:  AVP, pro-hormone convertase 1 (PC1), 

ER-β, PGHS-2, serum and glucocorticoid-regulated kinase (SGK), or steroid sulfatase 

(STS).  ICI treatment did not alter transcript expression of any genes tested in this study. 

Estradiol sulfate treatment caused significant downregulation of CRH in 

hypothalamus (Figure 4-10), POMC and ER-α in pituitary (Figures 4-11 and 4-13), and 

ER-α and PGHS-1 in hippocampus (Figures 4-13 and 4-15) when compared to control 

fetuses using a paired t-test analysis (all P<0.05). 
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Western Blots 

Western blot results for ER-α and ER-β are presented in figures 4-21 through 4-24.  

Multiple immunoreactive bands for ER-α were found in hypothalamus, cortex, and 

brainstem of estradiol sulfate treated and control animals (Figure 4-21).  Multiple 

immunoreactive bands were also found for ER-α in ICI and control animals (Figure 4-

23); however, the number of bands present in each region differs when compared to 

figure 4-21.  The hypothalamus of estradiol sulfate and control animals had more reactive 

bands than ICI treated or ICI controls while hippocampus, cortex, and cerebellum had 

less.  There were no significant differences in ER-α protein expression between treated 

and control animals in any brain region by paired t-test (P=N.S.). 

There was only one immunoreactive band (~55kDa) found for ER-β in each brain 

region.  ER-β in cortex was upregulated following treatment with ICI (P=0.05, Figure 4-

24).  All other brain regions lacked significant differences between treated and control 

animals. 

Discussion 

We have proposed that a positive feedback loop exists between placental 

production of estradiol and increased activity of the HPA axis near parturition.  The 

synthesis of placental steroids near term is dependent upon cortisol secretion from the 

adrenal gland.  Cortisol induces P450C17 in the placenta (37;38;193) which enables 

estrogens and androgens to be synthesized and secreted into the fetal and maternal 

circulations, which further enhances HPA activity.  A recent experiment (see chapter 3) 

demonstrates that infusion of 17β-estradiol-3-sulfate has differential effects on circulating 

plasma hormones when infused peripherally or centrally and that sulfated estradiol 

produces hormonal responses that we feel are inconsistent with the known actions of 
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unconjugated estradiol.  The present study is a follow up to our recent experiments that 

was designed to analyze genomic responses to infusion of 17β-estradiol-3-sulfate or the 

estrogen receptor blocker, ICI 182,780 on the fetal brain. 

The hormonal data from this study indicates that estradiol sulfate infusion causes 

increased ACTH1-39 and cortisol secretion compared to control fetuses.  These results are 

consistent with a previous study in our lab showing increases in fetal plasma ACTH and 

cortisol after short term subcutaneous estradiol exposure (57) and with others who 

showed stimulatory effects of estradiol on ACTH or corticosterone secretion in adult rats 

(46;55;56;225).  Because we saw increases in plasma cortisol, we measured serum and 

glucocorticoid-regulated kinase (SGK) as a marker of glucorticoid action in the brain, but 

the glucocorticoid increases we observed in plasma were too small to cause increased 

SGK abundance in the hippocampus or pituitary. 

Our results differ from our previous experiments (chapter 3) in which there were no 

significant differences between control and steroid treated fetuses in plasma ACTH or 

cortisol concentrations.  Likewise, this study indicates that ICI causes decreased plasma 

concentrations of DHEAS and progesterone, whereas our previous study showed 

increased plasma DHEAS in ICI treated fetuses.  We believe that this discrepancy may 

indicate a difference in short versus long term effects of exogenous steroid or ICI 

exposure.  In our previous study, fetuses were exposed to continuous infusion as long as 

25 days, whereas in this study exposure was limited to half that length.  However, we can 

not rule out the possibility that our data differ from those in chapter 3 due to our use of a 

twin model of ovine parturition in this study.   
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Estradiol sulfate administration into the lateral cerebral ventricles caused 

significantly elevated plasma estradiol and estradiol sulfate relative to control fetuses.  

This is consistent with our previous studies in chapter 3.  Sulfoconjugated estrogens are 

abundant in fetal plasma (63;64).  Because we were infusing sulfoconjugated estradiol 

into the fetal brain we measured steroid sulfatase (STS), the enzyme which cleaves the 

sulfate group from estradiol thus making it biologically active (65).  Despite abundant 

estradiol sulfate in fetal plasma it does not appear to alter transcription of STS.  This may 

indicate that STS is not regulated by substrate availability. 

Estradiol sulfate significantly downregulated CRH mRNA in the hypothalamus.  

Our data is consistent with a recent study showing that estradiol is able to attenuate CRH 

gene expression in the placenta (226).  A study by the same group showed that 

downregulation of placental CRH is a result of interaction between ER-α and a cAMP 

response element (CRE) located within the promoter region of the CRH gene (227).  

Decreased CRH synthesis after estradiol treatment has also been shown in the rat 

hypothalamus (228;229).  However, the literature is not conclusive regarding the effects 

of estradiol on CRH expression.  Estradiol was shown to have no effect on CRH mRNA 

in the PVN of ovariectomized ewes (230).  Others believe that estradiol stimulates the 

HPA axis by upregulating expression of CRH.  Ovariectomized rhesus monkeys that 

were estradiol replaced had CRH mRNA that was 2-fold higher than untreated controls 

(231).  In rats, CRH increases in response to restraint stress, an effect that is augmented 

by treatment with estradiol benzoate (232).  Interestingly, AVP mRNA abundance did not 

change in this study.  This was surprising because AVP is readily released during fetal 

stress and is considered the leading corticotropin releasing factor in sheep (233).  It is not 
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clear from our results why we were unable to see changes in the expression of this 

hormone. 

We found that POMC mRNA was significantly decreased following estradiol 

sulfate treatment.  Our results are consistent with the known effects of estradiol on 

POMC mRNA in rats.  Several groups showed that ovariectomy increases POMC 

expression while estradiol replacement attenuates this response (234-236).  POMC and 

pro-ACTH are known to inhibit adrenal responsiveness to ACTH in the fetus (237), while 

fully processed ACTH1-39 is stimulatory.  Increased processing of POMC to ACTH1-39 

would explain how plasma ACTH1-39 and cortisol are increased in estradiol sulfate treated 

fetuses; however, prohormone convertase 1 (PC1), the enzyme which cleaves ACTH and 

β-liptropin from POMC (238), was not affected by estradiol sulfate.  It is possible that the 

activity of the enzyme may be regulated independent of mRNA. 

In pituitary and hippocampus ER-α mRNA was downregulated compared to control 

fetuses.  Estradiol was shown to downregulate ER in MCF-7 breast cancer cells 

(207;208); however, classic effects of estradiol cause upregulation of ER in tissues such 

as endometrium (203;204).  During the preovulatory estrogen surge, ER mRNA increases 

in the endometrium, followed by upregulation of ER protein (239).  It is possible that ER 

is regulated differently in the fetal brain than in the endometrium or that estradiol sulfate 

is acting in a fashion that is distinct from estradiol. 

Estradiol sulfate treatment significantly downregulated PGHS-1 expression in 

hippocampus.  Previous work in our lab showed that estradiol administered 

subcutaneously augments PGHS-2 mRNA in fetal brainstem and cerebellum with no 

changes in PGHS-1 mRNA abundance (62).  We speculate that estradiol sulfate may be 
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interacting with the estrogen receptor as a partial antagonist; therefore, it is not 

unreasonable to assume that it would cause effects different from those seen in previous 

studies. 

ER-β protein was increased following infusion of ICI 182,780.  ICI is known to 

impair ER function by disrupting nuclear localization and increasing ER turnover 

(183;240).  ICI is also known to downregulate ER protein without affecting mRNA 

abundance (173;185-187).  Manipulation of receptor binding changes protein abundance, 

but it is not clear from our studies why ICI was able to upregulate ER-β protein in the 

cortex. 

We observed multiple specific bands for ER-α in many of the brain regions 

examined.  This might indicate that intracellular processing is different in the fetus versus 

the adult.  The cloned sequence for ER-α predicts a molecular weight of 66kDa (102), but 

we have found bands ranging from 66-72kDa.  The appearance of these bands may be 

due to post-translational modifications such as phosphorylation.  There is evidence that 

MAPK phosphorylates human ER-α at serine reside 118 after exposure to EGF or IFG, 

thus enabling the receptor to interact with co-factors important in ER-mediated gene 

transcription (131)  It is also possible that these bands represent splice variants for ER-α.  

Several splice variants of ER have been described at the mRNA level, but it appears that 

most are poorly expressed as proteins and the functional roles are incompletely 

understood.  A review of estrogen receptors in the brain (241) indicates that most variants 

expressed at the protein level are of either higher or lower molecular weights than the 

bands which we found in our study. 
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We believe that the experiments discussed here combined with those in chapter 3 

indicate differences in acute versus chronic administration of estradiol sulfate to the fetal 

brain.  We speculate that during short term exposure we are able to see stimulation of the 

axis (as measured by plasma ACTH and cortisol) due to deconjugation of sulfate from 

sulfoconjated estradiol, thus allowing unconjugated estradiol to stimulate the axis.  After 

long term exposure the effects on the axis appear to be mostly inhibitory, as ACTH is 

suppressed in estradiol sulfate treated fetuses.  This could be explained by two 

mechanisms:  1) estradiol sulfate could be interacting with GABAA receptors as an 

inhibitory neurosteroid within the fetal brain (see Chapter 3 discussion), or 2)  it is 

possible that estradiol sulfate could be acting as a partial antagonist of the estrogen 

receptor, most likely at the plasma membrane, thus explaining mixed stimulatory and 

inhibitory effects.  Our results strongly indicate estradiol sulfate actions on the HPA axis 

and fetal neuroendocrine system that warrant more systematic study. 
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  Table 4-1.  Primer and probe sequences used in real time RT-PCR 

 
Gene 

 
Forward Primer (5’-3’) 

[For. 
Primer] 
(nM) 

Reverse Primer (5’-3’) 
[Rev. 
Primer] 
(nM) 

 
TaqMan Probe [Probe] 

(nM) 

ER-α AGGCACACGGGAGCACAT 300 TTCCATGGGCTTGTAGAAGTCA 900 CTTCCCTTCCTTCTCACTGTCTCAGCCC 250 
ER-β GCTCTGGTCTGGGTGATTGC 300 GTTAGCCAGGCGCATGGA 900 AAGAGCGGCATGTCCTCCCAGCA 250 
PGHS-1 GGCACCAACCTCATGTTTGC 100 TCTTGCCGAAGTTTTGAAGA 100 TTCTTTGCCCAACACTTCACCCATCA 200 
PGHS-2 GCACAAATCTGATGTTTGCATTCT 100 CTGGTCCTCGTTCATATCTGCTT 100 TGCCCAGCACTTCACCCATCAATTTT 200 
SGK-1 GACTTTGGACTCTGCAAGGAGAA 900 CGGGCGTGCCACAGAA 900 TTGAACACAATGGCACGACGTCCAC 250 
PC1 GCGGGCATCTTCGCTCTAG 900 TCCATACAACCAAGTGCTGCAT 900 AAGCAAATCCAAATCTCACCTGGCGAG 250 
POMC CCGGCAACTGCGATGAG 900 GGAAATGGCCCATGACGTACT 900 AGCCGCTGACTGAGAACCCCCG 250 
STS TTCACTTAGCATGATATCCTCAAGGT 900 AATGGCCAGAGAATGAAATTCAG 900 CATCTTCATGTTTCATGGTCGTAGCGTGTG 250 
CRH TCCCATTTCCCTGGATCTCA 300 GAGCTTGCTGCGCTAACTGA 300 TTCCACCTCCTCCGAGAAGTCTTGGAAAT 250 
AVP TTCCAGAACTGCCCAAGGG 250 AGACACTGTCTCAGCTCCAGGTC 50 SYBR Green --- 
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Figure 4-1.  Plasma ACTH in twin fetuses.  A)  Estradiol sulfate (E2SO4) versus control. 
B) ICI 182,780 (ICI) versus control.  
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Figure 4-2.  Plasma ACTH1-39 in twin fetuses.  A) Estradiol sulfate (E2SO4) versus 
control (P<0.01). B) ICI 182,780 (ICI) versus control. 
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Figure 4-3.  Plasma POMC in twin fetuses.  A) Estradiol sulfate (E2SO4) versus control. 
B) ICI 182,780 (ICI) versus control. 
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Figure 4-4.  Plasma cortisol in twin fetuses.  A) Estradiol sulfate (E2SO4) versus control 
(P<0.05).  B) ICI 182,780 (ICI) versus control. 
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Figure 4-5.  Plasma estradiol in twin fetuses.  A) Estradiol sulfate (E2SO4) versus control 
(P<0.001). B) ICI 182,780 (ICI) versus control. 
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Figure 4-6.  Plasma estradiol sulfate in twin fetuses.  A) Estradiol sulfate (E2SO4) versus 
control (P<0.001). B) ICI 182,780 (ICI) versus control. 
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Figure 4-7.  Plasma DHEAS in twin fetuses.  A) Estradiol sulfate (E2SO4) versus 
control. B) ICI 182,780 (ICI) versus control (log DHEAS, P<0.01). 
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Figure 4-8.  Plasma progesterone in twin fetuses.  A) Estradiol sulfate (E2SO4) versus 
control. B) ICI 182,780 (ICI) versus control (log progesterone, P<0.001). 



84 

 

 

Treatment

ICI E2SO4

Fo
ld

 C
ha

ng
e 

(2
-∆

∆
C

t )

0.1

1

10

Control
Treated

 
 
Figure 4-9.  AVP mRNA expression in hypothalamus.  Expression in estradiol sulfate 
(E2SO4) treated and ICI 182,780 (ICI) treated twin fetuses is compared to in utero 
control animals. 
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Figure 4-10.  CRH mRNA expression in hypothalamus.  Expression in estradiol sulfate 
(E2SO4) treated and ICI 182,780 (ICI) treated twin fetuses is compared to in utero 
control animals.  * indicates statistically significant decrease in mRNA abundance 
relative to control fetuses (P<0.05). 
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Figure 4-11.  POMC mRNA expression in pituitary.  Expression in estradiol sulfate 
(E2SO4) treated and ICI 182,780 (ICI) treated twin fetuses is compared to in utero 
control animals.  * indicates statistically significant decrease in mRNA abundance 
relative to control fetuses (P<0.05). 
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Figure 4-12.  PC1 mRNA expression in pituitary.  Expression in estradiol sulfate 
(E2SO4) treated and ICI 182,780 (ICI) treated twin fetuses is compared to in utero 
control animals. 
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Figure 4-13.  ER-α mRNA expression in ovine brain.  Expression in estradiol sulfate 
(E2SO4) treated and ICI 182,780 (ICI) treated twin fetuses is compared to in utero 
control animals.  * indicates statistically significant decrease in mRNA abundance 
relative to control fetuses (P<0.05). 

 

Tissue

Brainstem

Hypothalamus
Pituitary

Cerebellum

Hippocampus
Cortex

Fo
ld

 C
ha

ng
e 

(2
- ∆

∆
C

t )

0.1

1

10
ICI control 
ICI
E2SO4 control
E2SO4

 
 
Figure 4-14.  ER-β mRNA expression in ovine brain.  Expression in estradiol sulfate 
(E2SO4) treated and ICI 182,780 (ICI) treated twin fetuses is compared to in utero 
control animals. 
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Figure 4-15.  PGHS-1 mRNA expression in ovine brain.  Expression in estradiol sulfate 
(E2SO4) treated and ICI 182,780 (ICI) treated twin fetuses is compared to in utero 
control animals.  * indicates statistically significant decrease in mRNA abundance 
relative to control fetuses (P<0.05). 
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Figure 4-16.  PGHS-2 mRNA expression in ovine brain.  Expression in estradiol sulfate 
(E2SO4) treated and ICI 182,780 (ICI) treated twin fetuses compared to in utero control 
animals. 
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Figure 4-17.  SGK mRNA in hippocampus.  Expression in estradiol sulfate (E2SO4) 
treated and ICI 182,780 (ICI) treated twin fetuses is compared to in utero control animals. 
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Figure 4-18.  SGK mRNA in pituitary.  Expression in estradiol sulfate (E2SO4) treated 
and ICI 182,780 (ICI) treated twin fetuses compared to in utero control animals. 
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Figure 4-19.  STS mRNA expression in hypothalamus.  Expression in estradiol sulfate 
(E2SO4) treated and ICI 182,780 (ICI) treated twin fetuses is compared to in utero 
control animals. 
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Figure 4-20.  STS mRNA expression in cerebellum.  Expression in estradiol sulfate 
(E2SO4) treated and ICI 182,780 (ICI) treated twin fetuses is compared to in utero 
control animals. 



90 

 

Specific Band of Interest

M
ea

n 
In

te
ns

ity

A

B

C

D

E ER-α Brainstem

72 kDa 70 kDa
0

1000

2000

3000

E2SO4 control E2SO4 

ER-α Hippocampus

72 kDa
0

1000

2000

3000

ER-α Hypothalamus

72 kDa 70 kDa 68 kDa 66 kDa
0

1000

2000

ER-α Cortex

72 kDa 70 kDa
0

1000

2000

3000

ER-α Cerebellum

72 kDa
0

1000

2000

3000

Specific Band of Interest

M
ea

n 
In

te
ns

ity

A

B

C

D

E ER-α Brainstem

72 kDa 70 kDa
0

1000

2000

3000

E2SO4 control E2SO4 

ER-α Hippocampus

72 kDa
0

1000

2000

3000

ER-α Hypothalamus

72 kDa 70 kDa 68 kDa 66 kDa
0

1000

2000

ER-α Cortex

72 kDa 70 kDa
0

1000

2000

3000

ER-α Cerebellum

72 kDa
0

1000

2000

3000

 
 
Figure 4-21.  ER-α protein expression in estradiol sulfate (E2SO4) treated sheep relative 
to control.  A) Hypothalamus.  B) Hippocampus.  C) Cortex.  D) Cerebellum.  E) 
Brainstem. 
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Figure 4-22.  ER-β protein expression in estradiol sulfate (E2SO4) treated sheep relative 
to control.  A) Hypothalamus.  B) Hippocampus.  C) Cortex.  D) Cerebellum.  E) 
Brainstem. 
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Figure 4-23.  ER-α protein expression in ICI 182,780 (ICI) treated sheep relative to 
control.  A) Hypothalamus.  B) Hippocampus.  C) Cortex.  D) Cerebellum.  E) 
Brainstem. 
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Figure 4-24.  ER-β protein expression in ICI 182,780 (ICI) treated sheep relative to 
control.  A) Hypothalamus.  B) Hippocampus.  C) Cortex.  D) Cerebellum.  E) 
Brainstem.  * indicates statistically significant increase in mean intensity relative to 
control fetuses. 
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CHAPTER 5 
SUMMARY 

Preterm birth remains a concern of physicians world-wide.  As of 2001, 5 to 10% 

of all births were reported as preterm, yet this figure accounts for 70 to 75% of neonatal 

morbidity and mortality (1).  Among the known medical causes of preterm birth are 

disruption of utero-placental blood flow, changes in maternal or fetal cardiovascular 

homeostasis, stress, and sepsis;  however, maternal age, socio-economic status, poor 

lifestyle choices (i.e., drug or alcohol abuse or smoking), and carrying more than one 

fetus may contribute to premature labor.  Despite major efforts on the part of the research 

community to better understand the biochemical mechanisms and physiology of labor, 

many questions remain unanswered.   

Most groups studying parturition use sheep as a model.  While sheep are not 

identical to humans, one may interpret the data relative to primates, while keeping in 

mind the known differences between the two.  Sheep are preferred over non-human 

primates because of the quiescence of the uterus during surgical procedures on the fetus; 

primates face the risk of abortion caused by contractions when the uterus is manipulated.  

Furthermore, sheep are a better research alternative than mice or rats because of 

differences in size, domesticity, neuronal and HPA axis maturity at birth, and ability to 

manipulate the fetus. Our experiments required chronic catheterization and large volumes 

of blood drawn every other day.  Rodents are simply too small to draw the amount of 

blood needed for our assays. 
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The fetal HPA axis is critical in initiation of parturition in this species.  Disruption 

or stimulation of the axis can delay or initiate parturition, respectively.  Previous research 

in our laboratory showed a stimulatory effect of estradiol on the HPA axis and the ability 

of estrogen and androstenedione to advance the date of parturition by 4 days.  Based on 

those data, it was hypothesized that estradiol exerts a positive feedback effect on the fetal 

HPA axis.  Our studies sought to provide answers to questions raised by those studies.  

The aims addressed in this dissertation were designed to gain some understanding of the 

ontogenetic role of estrogen and estrogen receptors in the fetus and how they may be 

involved in parturition in sheep. 

The experiments outlined in chapter 2 were designed to quantify the expression of 

ER-α and ER-β ontogenetically.  Brain tissues were collected from fetal sheep ranging in 

age from 80 to 145 days and from adults.  We found that ER mRNA and protein were 

detectable in the ovine fetus in all of the brain tissues studied and that expression 

appeared to be developmentally regulated, as expression differed between the fetus and 

adult.  In general, we found that mRNA and protein expression was higher in adult 

animals than fetuses.  Studies using endometrial tissue demonstrated the ability of 

estradiol to upregulate ER; therefore, we postulated that ER may be upregulated near 

term when estradiol is high.  Our results suggest that, in the fetal brain, estradiol 

downregulates ER expression.   

We believe that the mechanisms controlling ER expression in the brain may be 

different than those in endometrium.  We speculate that in mid-gestation progesterone is 

able to downregulate the receptors, while in late gestation increasing concentrations of 

plasma estradiol may decrease expression.  The endocrine environment imposed by 
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pregnancy is removed after birth, which may explain why expression is augmented in 

adult (and sometimes post-natal) animals.  An exception to our general findings was 

found in fetal cerebellum.  In this tissue, ER mRNA was upregulated from 120 to 145 

days gestation.  We believe that this is a reflection of estrogen dependent growth and 

maturation, as estradiol in the cerebellum is known to promote dendritic growth and 

synaptogenesis. 

In chapters 3 and 4, we performed in vivo experiments intended to address the 

following questions:  Does estradiol act centrally or peripherally to stimulate the fetal 

HPA axis?; Are estrogen receptors involved in mediating estradiol action on the HPA 

axis?; If the effects of estradiol on the HPA axis are mediated through estrogen receptors 

will infusion of estradiol cause early parturition?; Can an estrogen receptor blocker delay 

parturition?; and finally, Does estradiol cause genomic responses within the brain that 

alter HPA axis activity? 

One confounding factor in our studies was our decision to use estradiol sulfate 

instead of estradiol.  We made this choice because estradiol sulfate is much more soluble 

than estradiol and we knew that it would be deconjugated within the fetus (we showed 

previously that the brain is an abundant source of steroid sulfatase, but it is also expressed 

peripherally).  However, we chose a higher dose (1 mg/day) than used before (0.25 

mg/day) because we could not predict how much sulfated steroid would be locally 

deconjugated. 

In chapter 3, singleton fetuses (treated with estradiol sulfate icv or iv; ICI 182,780 

icv; or vehicle) were subjected to blood draw every other day until spontaneous 

parturition occurred so that we could create an ontogeny of plasma hormones in sheep 
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and determine the effect of treatment on parturition.  Our most interesting and unexpected 

result was that cortisol increased near term in all treatment groups, despite a blunted 

ACTH response.  These results contrast with the known effects of estradiol that have 

been shown in the sheep and in the rat.  In sheep, adrenal maturation, development, and 

secretion of cortisol depend on stimulation from pituitary secretion of ACTH.  How is it 

possible for cortisol secretion to mirror control fetuses when ACTH is blunted?  Is there 

another signal or factor that is controlling cortisol secretion from the fetal adrenal?  If so, 

where is the signal coming from? 

Estradiol sulfate and ICI both blunted ACTH responses; however other plasma 

hormone responses were not similar between treatments.  This suggests that both ICI and 

estradiol sulfate are able to inhibit the ACTH response, but probably through different 

mechanisms.  We know that ICI is a non-selective ER antagonist, but we speculate that 

estradiol sulfate may be interacting with GABAA receptors as a neurosteroid or as a 

partial ER antagonist to inhibit HPA activity.   

We were also surprised that central administration of estradiol sulfate significantly 

increased plasma estradiol sulfate between days -12 and -4 before parturition, compared 

to peripheral treatment.  This could mean that clearance decreases following infusion into 

the brain, or there could be local production of estradiol sulfate that is somehow 

stimulated by estradiol sulfate itself.  It is known that neurosteroidogenesis occurs in the 

brain; however, the mechanisms involved in increased plasma estradiol sulfate 

production in our experiments are unknown.   

Neither estradiol sulfate nor ICI altered the timing of parturition in our study.  We 

do not believe that this indicates that ERs are not involved in parturition, rather, the 
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process of parturition is more complex than one steroid acting through its receptors to 

activate the HPA axis.  We also acknowledge that our sample size was low and therefore 

a more robust study may have yielded different results.  However, we do find it 

interesting that we were able to “tweak” the endocrine environment so dramatically 

without affecting spontaneous parturition. 

The purpose of chapter 4 was to identify genomic responses resulting from 

estradiol sulfate or ICI treatment.  We used twin fetuses so that we could use one fetus as 

an age-matched control while comparing the effect of treatment.  Estradiol sulfate 

downregulated mRNA for POMC and ER-α in pituitary; CRH and ER-α in 

hypothalamus; and PGHS-1 in hippocampus.  There was no effect of ICI on genomic 

responses.  ER-α and ER-β protein were not affected by estradiol sulfate treatment, but 

ER-β was upregulated in cortex following ICI treatment.  It is unclear from the present 

studies why ER protein data did not follow mRNA data. 

Interestingly, estradiol sulfate was stimulatory on ACTH1-39 and cortisol secretion 

in our twin studies.  This is consistent with other studies in our lab, but conflicts with the 

data from chapter 3.  This could reflect a fundamental difference between use of 

singleton and twin fetuses.  However, we speculate that the differences observed between 

chapters 3 and 4 reflect differences in short versus long-term exposure to estradiol 

sulfate.  In our singleton study, fetuses were treated for as long as 25 days whereas our 

twins were treated for half that length of time.  We speculate that in the short-term, 

stimulation of the HPA axis (as seen in ACTH1-39  and cortisol secretion) and genomic 

responses consistent with estradiol are probably due to sulfate deconjugation from 

estradiol, allowing estradiol to affect HPA activity.  In the long-term, we see some 
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combination of inhibitory and stimulatory effects.  We speculate that estradiol sulfate 

could be interacting with GABAA receptors as a neurosteroid or as a partial ER 

antagonist to elicit these responses.  In the case of cortisol secretion, it appears that 

chronic exposure to estradiol sulfate may be less important than other factors in 

controlling adrenal responsiveness.  That is, in the long-term the inhibitory effect of 

estradiol sulfate is over-ruled by some other mechanism, thus allowing cortisol to rise 

despite inhibited pituitary secretion of ACTH. 

Taken together, our data indicate that the effects of estradiol sulfate treatment in the 

fetus are complex and not merely as simple as “stimulatory” or “inhibitory”.  Acutely, 

estradiol sulfate seems to mimic effects expected of unconjugated estradiol, but chronic 

infusion complicates the picture.  Our data strongly indicates that estradiol sulfate affects 

the HPA axis and the fetal neuroendocrine environment.  Further studies are necessary to 

elucidate the possible mediators of the inhibitory versus stimulatory effects of estradiol 

sulfate and where the steroid may be acting within the central nervous system. 
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