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The mechanisms underlying initiation of parturition at the end of gestation are well 

studied, but not completely understood.  Timing of parturition is dictated by fetal-derived signals 

and an intact fetal hypothalamus-pituitary-adrenal (HPA) axis is required for normal parturition 

timing.  Activation of the axis at the end of gestation is spontaneous and induces placental 

estrogen production, which is thought to further stimulate the axis.  Prostaglandin synthesis has 

been implicated as a modulator of HPA axis activity and has been shown to be affected by 

estrogen.  Prostaglandin endoperoxide synthases (PGHS) types 1 and 2 are the rate limiting 

enzymes in prostaglandin production.  The goal of the current study was to determine an 

ontogenetic expression profile of PGHS-1 and -2 in HPA axis associated brain regions, and to 

determine their role in modulating the basal and estrogen (ontogenetically) stimulated HPA axis. 

 For the ontogeny expression study, ovine fetuses were sacrificed at known gestational 

ages and their brains were collected and processed for mRNA and protein analysis.  We detected 

PGHS-1 and -2 in the fetal brain, notably in regions associated with the HPA axis such as the 

hypothalamus, hippocampus, and pituitary.  Expression of both isoforms appeared to be 

developmentally regulated. 
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In in vivo experiments directed to studying the basal HPA axis, one of two chronically 

catheterized twin fetuses received an intracerebroventricular (icv) infusion of either 1 mg/day 

nimesulide (high dose, “HD”), 1mg/day resveratrol (Res), or 10 µg/day nimesulide (low dose, 

“LD”), and the other twin received vehicle.  PGHS-1 and -2 mRNA were significantly reduced 

by 1mg/day nimesulide, while plasma estradiol increased significantly as compared to vehicle 

fetuses.  LD nimesulide did not alter gene expression but revealed increased adrenal cortisol 

output as demonstrated by cortisol responses to non-experimental hypoxia absent increases in 

adrenocoroticotropic stimulating hormone (ACTH).  Resveratrol had little effect on gene 

expression or HPA axis activity, suggesting that PGHS-2 is a primary inhibitory regulator of 

fetal basal HPA axis activity.  

In studying an ontogenetically stimulated HPA axis, twin fetuses each received 

0.25mg/day 17β-estradiol.  In one group, a twin received either LD nimesulide or vehicle, and in 

another one twin received 0.05mg/day indomethacin or vehicle.  Estradiol administration 

reduced the amount of nimesulide induced PGHS-2 inhibition required prior to initiate HPA axis 

activation, effectively priming the HPA axis, as evidenced by significant increases in estradiol 

over vehicle fetuses.  Adrenal cortisol output was altered in these experiments, as increases in 

cortisol secretion occurred absent ACTH increases, though it is possible that pro-

opiomelanocortin (POMC), the precursor to ACTH, processing was involved in the stimulation 

of the adrenal.  Indomethacin treatment substantially reduced estradiol concentrations in both 

fetuses, suggesting that PGHS-1 plays a large functional role in estrogen clearance or 

metabolism at a point central to both fetuses, such as the placenta or uterus.  These results 

indicate that PGHS-2 negatively regulates the fetal ovine HPA axis in basal and ontogenetically 
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stimulated states, that PGHS-1 impacts estradiol metabolism, and that models of HPA axis-

prostaglandin-estrogen interaction must be revised to account for additional regulatory pathways.  
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CHAPTER 1 

INTRODUCTION 

Background and Significance 

 Unrecognized or unsuccessfully treated preterm labor may result in preterm parturition.  

While occurring in only 7 to 12 % of pregnancies, preterm parturition results in approximately 

75% of neonatal morbidity and mortality (30; 146; 149).  Neonates born prior to 30 weeks 

gestation generally have lower birth weights, less mature lungs, and are often require extensive 

intervention to survive (23; 78-80). Even with treatment, survival is questionable, hospital stays 

are extensive, and medical costs are potentially very large.   

 Causes of pre-term labor are varied and not well defined.  Pregnancy induced 

hypertension, intra-amniotic infection, disruptions in utero-placental blood flow, changes in 

maternal or fetal blood volume, and intra-uterine growth restriction are well known triggers (22; 

50).  However, the ability to accurately predict pre-term labor based on these symptoms is 

difficult if not impossible.  First line treatment typically consists of tocolytic agents to reduce 

uterine contractions, glucocorticoids to induce fetal lung maturation, and bed-rest (149; 169).  

Therapy has yet to be standardized because the mechanisms regulating the process of parturition 

are not fully understood.  In order to treat the causes of pre-mature labor and parturition, it is 

necessary to have an improved understanding of the biochemical events that control the timing, 

regulation, and final act of parturition (6).  

Control of Mammalian Parturition 

 Historical observations suggested that pregnancies generally persisted for a roughly 

defined period of time, with some variation among individuals.  A deeper investigation indicates 

more precise mechanisms are at work.  Combined observations of livestock farmers, scientists, 
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and obstetricians deduced that termination of pregnancy by parturition is an event under the 

control of the fetal neuroendocrine system.   

Timing of Parturition: A Fetal Neuroendocrine Event 

 Experimental fetectomy was initially performed to study fetal development and 

manipulate the feto-maternal endocrine system.  Such experiments resulted in the finding that 

those pregnancies that were maintained were prolonged, suggesting a fetal role in determining 

length of pregnancy (183; 210; 216).  Many obstetrical studies of anencephalic pregnancies also 

indicated an extension of gestation beyond term (123; 209).  Those anencephalies that did deliver 

at or before term were often associated with labor inducing conditions such as polyhydramnios.  

Likewise, consumption of the plant Veratrum californicum by pregnant sheep was noted to 

prolong normal gestation.  Associated teratologic deformities in the lamb, such as cyclopsia, and 

misplaced or even absence of the pituitary gland were also observed (11; 12; 213).  Such data 

suggested that the fetal head and endocrine system were involved in the regulation of gestation.  

In the 1930s, Sir Montgomery Liggins began to assemble these observations into a unified 

hypothesis.   

After experimental ablation of the ovine fetal pituitary, Liggins et al. discovered that 

parturition was indefinitely delayed (114).  Pituitary ablation also induced physical 

abnormalities, similar to Veratrum californicum induced teratologic deformities (117).  Liggins’ 

pituitary results were later extended by experimental hypothalamo-pituitary disconnection, which 

extended gestation to approximately 156 days, 8 days past the normal ovine gestation of 148 

days (3).  Additional studies indicated the importance of intact hypothalamo-pituitary 

communication in regulation of parturition.  For example, disconnection at any time prior to 135 

days of gestation in the fetal sheep prohibited spontaneous parturition, but disconnection 

occurring after 135 days had no effect on timing of parturition (55; 56).  More directed studies 
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indicated that specific nuclei in the hypothalamus were critical.  Bilateral lesions in the 

paraventricular nucleus (PVN) of the hypothalamus extended gestation past normal term (126).  

Furthermore, ovine parturition can be delayed by fetal adrenalectomy, by virtue of removing a 

primary target pituitary releasing hormones (60).   

Additional studies were performed to determine what experimental models could mimic 

gestation shortened by premature parturition.  Once more, Liggins et al. demonstrated that fetal 

infusion of ACTH, a major product of the active pituitary, induced premature parturition.  As 

ACTH targets the adrenal gland, stimulating cortisol release, Liggins also infused fetuses with 

cortisol, again inducing premature parturition (112; 115).  However, the same infusions into 

pregnant ewes did not affect gestation.  Investigations in hypophysectomized fetal sheep 

employing ACTH or glucocorticoids replacement also resulted in parturition (99).  Taken 

together, early observations of natural events and later directed in vivo experiments confirm that 

parturition is a neuroendocrine event, initiated and controlled by the fetus, and clearly requiring 

an intact and active fetal hypothalamic-pituitary-adrenal (HPA) axis.   

The Hypothalamic-Pituitary-Adrenal (HPA) Axis 

 The HPA axis is a neuroendocrine signaling axis that functions primarily to receive, 

integrate, and respond to a wide variety of sensory information.  Commonly known as the “stress 

response” axis, the HPA axis is activated by psychological stimuli and physical stimuli, such as 

rapid changes in blood pressure, blood oxygen content or volume, or reductions in cerebral blood 

flow (110; 229; 230; 241).   The architecture and biochemical nature of each component of the 

axis function together to create a sensitive and highly regulated signaling unit. 

In general, the HPA axis consists of sensory (chemo-/baroreceptors) or endocrine input to 

the brainstem.  The primary synapse of chemo- and baroreceptors occurs in the nucleus tractus 

solitarius (NTS).  The NTS is an integrative relay and transmits sensory stimuli via glutamatergic 
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neurons to the rostral and caudal ventral lateral medulla (RVLM, CVLM) (2).  The CVLM has 

bi-directional neural output.  Synapses to the spinal cord direct autonomic responses (change in 

heart rate, blood pressure).  Synapses to the paraventricular nucleus of the hypothalamus (PVN) 

initiate endocrine responses (100; 164).   

The hypothalamus 

 The hypothalamus is a bilaterally symmetric, centrally located organ residing at the base 

of the brain and within the blood brain barrier.  The posterior limits of the hypothalamus are 

formed by the mammallary bodies and the anterior extent is delimited by the lamina terminalis, 

the preoptic area, and the optic chiasm.  The PVN of the hypothalamus is the control center of 

HPA axis activity.  The PVN has three main types of efferent neuronal projections, 1) to the 

autonomic nervous system, 2) to the posterior pituitary, and 3) to the median eminence (106).  

The autonomic projections control the immediate changes in heart rate and blood pressure that 

are hallmarks of HPA axis activation (100).  The PVN controls neuroendocrine function either 

directly or indirectly via one of its two distinct cell types.  Magnocellular neurons of the PVN 

project to the posterior pituitary, and are responsible for direct control of neuroendocrine 

function.  Stimulation of this neural type induces arginine vasopressin (AVP) release from the 

posterior pituitary directly into the general circulation (106).  The parvocellular neurons of the 

PVN project to the median eminence.  Stimulation of this neural type induces corticotropin 

releasing hormone (CRH) release into the local portal plexus of the median eminence, which 

drains into the anterior pituitary, thereby indirectly controlling synthesis and release of anterior 

pituitary hormones (179; 180).   

The developmental profiles of the corticotropin releasing factors, as AVP and CRH are 

collectively known, demonstrated the presence of both in the ovine hypothalamus as early as 70 

days of gestational age (DGA) (49).  Significant increases in both factors occurred between 100 
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and 130 DGA (48).  Additional studies at earlier ages indicated that CRH was detected in 

neurons and fiber tracts of the PVN as early as 50 DGA (219).  While magno- and parvocellular 

neurons are primarily associated with AVP and CRH, respectively, their synthesis and release is 

not exclusive to a single neuron type. In fact, approximately 50% of CRH positive neurons also 

contain AVP, and the two factors have been found in the same neurosecretory vesicles in the 

median eminence.  (220; 221) 

The pituitary 

 Corticotropes, a primary cell type of the anterior pituitary, produce POMC, the precursor 

to a variety of neuroendocrine compounds.  Enzymatic processing of POMC by the prohormone 

convertases 1 and 2 to produce the melanocortins (MSHs and ACTH), β-endorphin, and 

corticotrophin-like intermediate peptide.  Intermediate peptides with unknown biological 

function are also produced, such as β and γ lipotrophins (131).  Stimulation by AVP or CRH 

causes corticotropes to release stored ACTH.  The magnitude of ACTH secretion by CRH or 

AVP is species dependant, but is most likely a combined effect from both releasing factors (177), 

as simultaneous release yields a synergistic stimulatory effect on the anterior pituitary (17; 143).  

Throughout gestation, the AVP:CRH ratio is dynamic, and decreases after approximately 130 

DGA in the sheep, suggesting that CRH is the predominant corticotrophin-releasing factor in the 

hypothalamus during late gestation (48).  

 Anatomical and immunohistochemical studies suggest that the pituitary may be 

responsive to hypothalamic endocrine stimulation fairly early in gestation.  The fetal ovine 

pituitary contains patent vessels throughout the median eminence, pituitary stalk, and pituitary by 

45 DGA (109), and is immunoreactive for POMC, and POMC derived hormones by 38 DGA 

(136).  In addition to increasing CRH in late gestation, the pituitary becomes progressively more 

responsive to CRH stimulation after 100 days (31).  HPA axis signaling is under tight negative 
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feedback control.  Lu and colleagues demonstrated the ability of AVP, CRH, and cortisol to 

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

(120). 

The adrenal gland 

Circulating ACTH will bind its receptor (MC2R) on the adrenal gland and induce the 

release of stored cortisol (174).  Circulating cortisol can have widespread effects including 

alterations in gene expression, inflammation, renal function/water balance, responsiveness to 

other hormones, and stimulation of fetal maturation (8; 21; 28; 95; 154; 168).  Both ACTH and 

cortisol exert negative feedback on the brainstem and PVN to autoregulate the activity of the 

HPA axis (94).   

The Fetal HPA Axis: Additional Signals in Pregnancy 

 In general, the fetal HPA axis functions in the same manner as the adult, although the 

stimuli that drive activity of the fetal axis can arise from transferred maternal stressors, directly 

from the fetus itself, or from a maternal source stimulated by the fetus.  The placenta and a 

dynamic hormonal environment provide an additional “subunit” and regulators for the fetal HPA 

axis.  HPA axis triggers acting at the hypothalamus still include not only acute stimuli, but also 

ontogenetic drive.  This is the fetus derived, gestational-age based activation of the fetal HPA 

axis which is responsible for the initiation of parturition in the sheep (222).   

 Through approximately 80% of gestation, fetal plasma ACTH and cortisol are maintained 

at low concentrations due to negative feedback on ACTH secretion and the relative inactivity of 

the fetal adrenal (224; 236).   However, as the fetal adrenal matures and becomes ACTH 

sensitive, spontaneous fetal HPA axis activation results in an increase in fetal circulating plasma 

ACTH and cortisol (227).  As gestation progresses, the maturing fetal adrenal becomes more 

sensitive to ACTH, and negative feedback on the HPA axis decreases, yielding dramatic 
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increases in fetal circulating plasma ACTH and cortisol just prior to parturition (170; 228).  (See 

Figure 1-1) 

 Increased fetal cortisol in late gestation acts on the placenta to induce the expression of 

placental cytochrome P450 C-17 (CYP450C17) (68; 193).  The placenta primarily secretes 

progesterone during early gestation, however, CYP450C17 possesses both 17α-hydroxylase and 

17, 20 lyase enzymatic activities.  As a result, placental progesterone is increasingly converted to 

estrogen as term approaches (68; 193).  (See Figure 1-2)   

Placental Steroidogenesis: Human vs. Sheep  

Unlike the sheep, the primate placenta does not express CYP450C17; therefore, the 

precursor steroids and enzymes required for biosynthesis of estrogen originate from multiple 

organs, known as the “feto-placental unit” (88; 229).  The human fetal adrenal is responsive to 

ACTH, which stimulates two distinct regions of the adrenal cortex, the adult zone and the fetal 

zone.  Similar to the ovine adrenal, the adult zone of the human adrenal responds to ACTH 

stimulation with the secretion of cortisol.  However, the fetal zone does not express 3-B 

hydroxysteroid dehydrogenase (3B-HSD), the enzyme responsible for production of all three 

groups of adrenal steroids, the mineralocorticoids, sex steroids, and glucocorticoids.  The fetal 

zone does express cytochrome P450 side chain cleavage (P450scc), P450 C17 (17a-

hydroxylase), P450 17, 20 lyase, and a sulfotransferase, the enzymes needed to produce 

dehyroepiandrosterone (DHEA) and dehydroepiandrosterone sulfate (DHEAS) (87; 89; 186).  

These two steroids are subsequently used by the human placenta as substrates for the 

biosynthesis of estrogen (88).  While ovine steroidogenesis is under glucocorticoid control, 

human placental steroidogenesis is under the control of ACTH.  As in the sheep, primates 

display the same late-gestation increases in ACTH, cortisol, and estradiol, but these increases are 
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reached by mechanistically different means, though the parallels between ruminant and primates 

suggest a fairly well conserved final common pathway for parturition across evolution.   

Modulators of Fetal HPA Axis Activity 

 Given the sensitivity of the fetal HPA axis to many stimuli, and the intrinsic ability of the 

axis to amplify its own output, regulation of the axis is of utmost importance.  As stated above, 

prior to approximately 120 DGA, the ovine adrenal is relatively insensitive to fluctuations in 

circulating ACTH (224; 236).  After this point, negative feedback effects of both ACTH and 

cortisol self-limit axis activity (93; 236).  The ovine HPA axis clearly interacts with the placenta, 

as its signaling induces estrogen production (68; 193).  Several lines of study have demonstrated 

that in turn, estrogen has the ability to modulate HPA axis activity.   

 Significant variations in HPA axis activity exist between adult male and female rats, 

suggesting that the axis is affected by the distinct hormonal environment.  Females displayed 

elevated basal circulating corticosterone, and stimulation of the HPA axis resulted in higher peak 

plasma values (101).  Within females, axis output varied during different phases of the ovarian 

cycle.  Plasma estrogen is elevated during proestrous, when stress responses yielded greater 

increases in CRH transcription, c-fos expression, and plasma ACTH and corticosterone as 

compared to rats in other phases of the ovarian cycle (26; 138; 139; 157; 215).  Likewise, women 

nearing the end of the follicular phase of the menstrual cycle have elevated plasma ACTH and 

cortisol (70).  Removal of endogenous sources of estrogen reverses these effects.  For example, 

pre-menopausal women who have undergone ovariectomy produce markedly less ACTH and 

cortisol (52).  The adrenal glands of oophorectomized rats generate significantly less 

corticosterone in vitro than their intact counterparts.  However, estradiol replacement in vitro 

reduced the differences (70).  In vivo studies reflect similar phenomena, in that ovariectomy 
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reduced HPA axis activity in response to stress, but estradiol replacement restored normal 

activity (40; 102).   

 Studies utilizing fetal sheep have also demonstrated a modulatory effect of estrogens on 

the fetal HPA axis.  Fetal sheep receiving either estradiol or androstendione constantly for 5 days 

were subject to a pre-experimental infusion of either saline or cortisol, followed by a 10-mintue 

sodium nitroprusside induced hypotensive episode.  As measured by plasma ACTH 

concentration, androstendione did not augment HPA axis activity as compared to controls.  In 

contrast, estradiol treated fetuses pre-treated with saline displayed elevated baseline and 

stimulated ACTH concentrations.  Those pre-treated with cortisol had lower baseline than saline 

fetuses, but still responded to hypotension with increases in ACTH.  These data indicate that 

estrogen can modulate the HPA axis to allow continued, if not augmented, activity, even in the 

presence of cortisol induced negative feedback (176). 

 Studies employing brachiocephalic occlusion (BCO) to reduce cerebral blood flow and 

stimulate the fetal HPA axis were performed to determine the site of estrogen actions within the 

active axis (160).  Fetal sheep were treated either with estradiol or placebo for 5 days via 

continuous release subcutaneous pellets (0.25mg/day).  Animals were subject to ten minutes of 

BCO.  Immunohistochemistry assessing Fos expression, a marker of cellular activity (84), 

showed increased Fos in placebo animals receiving BCO in brain regions involved in the 

cardiovascular responses to alterations in blood flow, namely the NTS, PVN, CVLM, and 

RVLM.  Estrogen treated non-BCO animals displayed increased Fos in the same brain regions, 

while estrogen treated animals subject to BCO exhibited a further increase, significantly above 

baseline and estrogen stimulated.  Furthering the work of Purinton et al., Giroux et al. performed 

similar experiments using real time RT-PCR demonstrated alterations in gene expression in brain 
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regions known to be involved in cardiovascular signaling and HPA axis activity (231).  Together, 

these studies demonstrate the stimulatory effects of estrogen on the HPA axis at both the neural 

and endocrine levels.  

 Modulation of the HPA axis is not thru estrogen alone; multiple lines of evidence also 

indicate that prostaglandins affect the activity of the HPA axis.  Cudd et al. demonstrated the a 

relationship between prostanoids and the HPA axis by analyzing hallmark HPA axis responses 

after prostaglandin administration.  They determined that infusion of PGE2 into conscious adult 

ewes increased plasma ACTH and cortisol (47).  Furthermore, infusion of PGE2 into the inferior 

fetal vena cava also increased plasma ACTH, although the route of administration suggested an 

extra-pituitary source of ACTH production (46).  Studies of thromboxane revealed that 

antagonism of a receptor for a prostaglandin synthesis intermediate, PGH2, in adult sheep 

blocked the blood pressure, heart rate, and ACTH responses to mineral acid infusion, a known 

stimulator of the HPA axis (45).  Infusions of hypertonic saline, known to increase blood 

pressure, heart rate, ACTH, and cortisol, failed to increase these parameters in adult sheep pre-

treated with the prostaglandin synthase inhibitor flunixin (42; 45).   

In order to focus on the modulatory role of prostaglandins on fetal HPA axis activity, 

arterial or cerebral hypoperfusion were employed to determine the source of prostaglandin 

production.  After determining that fetal prostanoid production was responsible in part for the 

ACTH and AVP responses to arterial hypotension (204), another series of studies revealed that 

indomethacin could attenuate the reduction in cerebral blood flow induced by BCO (207).  

Further investigation indicated that PGHS-2 was induced by BCO in hippocampus, 

hypothalamus, and brainstem, suggesting the prostaglandin production in regions associated with 

the HPA axis is a likely modulator of axis activity (202; 205; 231). 
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Prostaglandin Synthesis 

 Eicosanoids are a large class of hormonally active, oxygenated polyunsaturated fatty acid 

derivatives including leukotrienes, lipoxins and hepoxilins, isoprostanes, and prostanoids (more 

generally known as prostaglandins) (135; 178; 181; 188).  Prostaglandins are formed through a 

three-step biosynthetic reaction, 1) substrate release, 2) committed intermediate formation, and 

3) biologically active end-product formation (188).  In general, stimulation of prostaglandin 

synthesis initiates the hydrolysis of arachidonate from membrane glycerophospholipids by 

phospholipase A2 (182).  Arachidonate is converted to the short lived intermediate PGH2 by 

prostaglandin endoperoxide G/H synthase (PGHS, Type 1 or Type 2) (188).  Subsequent 

conversion of PGH2 to biologically active prostanoids such as PGH2, PGF2α, PGI2 (prostacyclin), 

or TxA2 (thromboxane A2) is performed by specific synthases (81; 90; 107; 197).  These end 

products are transported to various locations within or outside the cell via carrier mediated 

processes to bind and activate nuclear receptors or G protein-linked prostanoid receptors (34; 

118; 137; 196; 211).  While biosynthesis of terminal prostanoids presents many possible levels 

of regulation, PGHS enzymes catalyze the first step of synthesis (188), making them a major 

target of pharmacological studies, and the primary focus of this project. 

Prostaglandin Endoperoxide G/H Synthase 

 The first committed step in prostanoid biosynthesis is catalyzed by PGHS-1 or PGHS-2, 

each of which is encoded by a separate gene (59; 103; 105; 243).  The mRNA sequences are 

roughly 70% identical (23).  At the amino acid level the two enzymes are 60% identical, with the 

most marked differences in the signal peptides and membrane binding domains of the N-

terminus, and the 15-20 C-terminal amino acids (134).    

Both PGHS-1 and -2 catalyze the same sequential two-stage reaction.  The first stage is the 

rate-limiting cyclooxygenase reaction which converts arachidonate and two molecules of O2 to 
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PGG2.  The chemical reaction underlying this conversion is also the source of the alternate 

nomenclature of PGHS-1 and -2, namely cyclooxygenase-1 and -2 (Cox-1 and Cox-2).  The 

second stage of the reaction is the peroxidase reaction, a two electron reduction of PGG2 to form 

PGH2, which serves as the substrate of terminal prostanoid synthases (188).  The biochemistry of 

the reaction is well characterized, and indicates that both PGHS-1 and -2 are functionally self-

limiting, or suicide inactivated, even in the presence of adequate substrate (191).  Both 

cyclooxygenase and peroxidase activities are inactivated during catalysis, although in vitro 

studies have demonstrated that the kinetics differ for the two inactivations. 

PGHS Expression 

PGHS-1 and -2 are expressed in numerous cell and types, ranging from hematopoietic cells 

to neurons and reproductive tissue (4; 33; 145).  Despite distinct genetic origins and signal 

peptide dissimilarities, PGHS-1 and -2 overlap in their tissue distribution.  Developing ovine 

airway epithelia and smooth muscle both express PGHS-1 and -2 (14).  Studies investigating 

human labor have detected both PGHS-1 and -2 in the myometrium (71).  In fact, several studies 

have demonstrated that the subcellular locations of PGHS-1 and -2 also overlap.  Quantitative 

confocal microscopy, revealed that both PGHS-1 and -2 inhabit the endoplasmic reticulum (ER) 

and nuclear envelope (NE) (133).  Activity assays indicated a possible preference for PGHS-2 

function in the NE, with apparent restrictions of PGHS-1 activity to the ER.  While these data 

suggested discrete pools of arachidonate used by each enzyme (133; 184), a later study 

confirmed that both enzymes inhabited the luminal ER and NE but that the inner and outer NE 

contained similar proportions of the two enzymes (192).  Western blotting confirmed that the 

expression in subcellular fractions was equivalent and products produced by each enzyme in 

vitro were identical.  Regardless of the similarities in sequence, location, and substrate pools, the 
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functional difference between the two enzymes appears to arise from differing kinetic profiles 

and the regulation of their expression (39; 192). 

 Numerous studies across species have established that many tissues expressing PGHS-1 

and -2 do so at different basal levels.  Developing ovine airway epithelia and smooth muscle 

express abundant PGHS-1 protein, but no PGHS-2 (14).  Feng et al. determined that normal 

conditions resulted in detectable PGHS-1 mRNA in most ovine tissues, with minimal PGHS-2 

(66).  Data of this type led to the notion of PGHS-1 as the constitutive enzyme and PGHS-2 as 

the inducible form and the suggestion of differing functional roles for the two isoforms.  Recent 

evidence indicates that the classifications of the two enzymes may not necessarily apply in the 

central nervous system. 

Early studies in the developing ovine nervous system demonstrated high levels of PGHS-1 

in forebrain sites such as the cortex and autonomic nervous system sites such as the hippocampus 

and dorsomedial nucleus of the hypothalamus (16).  Later studies revealed clusters of PGHS-1 

containing neurons in the NTS as well as the PVN, suggesting a role of local production of 

prostaglandins in respiratory control or endocrine responses to stimuli (145). Unlike most other 

tissues, the ovine brain has been shown to express high basal levels of PGHS-2 mRNA and 

protein (201).  Likewise, in humans, PGHS-2 is constitutively expressed in the developing 

choroid plexus, albeit in different cellular compartments at different points in gestation (124).  

The rat brain expressed PGHS-2 in the hippocampal formation, the amygdala, the dorsal raphe 

nucleus of the brainstem, the PVN, the pituitary, and the adrenal gland, all of which suggest a 

role for PGHS-2 in autonomic and endocrine responses, particularly those involving the HPA 

axis (15; 39). 
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It also appears that PGHS-1 and -2 expression vary over development.  In developing 

ovine airway epithelia and smooth muscle significant increases in both PGHS-1 mRNA and 

protein were detected from late gestation fetuses to early newborns.  Interestingly, PGHS-2 

mRNA also increased, but with no concurrent protein detection, indicating cell specific 

expression of each of the enzymes (14).  Additionally, PGHS-2 expression has been 

demonstrated to increase in the endometrial epithelium at various times progressing through 

gestation (72). 

Functional Studies Investigating the Role of PGHS Enzymes 

Functional studies have reinforced the descriptive observations and hypotheses regarding 

the putative roles of PGHS enzymes in the neuroendocrine system.  In the sheep, intravenous 

administration of a cyclooxygenase inhibitor, flunixin-N-methylglucamine, prevented changes in 

arterial pressure, heart rate, ACTH, and cortisol, which are associated with HPA axis activity 

after mineral acid infusion (44).   Intravenous indomethacin was later determined to significantly 

reduce the ACTH, AVP, and cortisol responses to arterial hypotension (204).   Tong et al. also 

established that cerebral hypoperfusion increased immunoreactive PGHS-1, PGHS-2, and Fos in 

the anterior pituitary and hippocampus of the fetal sheep (203).   

Likewise, investigations into PGHS involvement in adrenergic stimulation of the HPA axis 

demonstrated that both PGHS-1 and -2 are present under normal conditions in rats.  

Intracerebroventricular (icv) administration of selective inhibitors blocked the ACTH and 

corticosterone responses normally seen with adrenergic stimulation of the HPA axis (19).  

Lipopolysaccharide (LPS) is a known pyrogenic stimuli involving central prostaglandin 

production, though the specific roles of PGHS-1 and -2 are not understood.  In the rat, Zhang and 

colleagues determined that administration of SC-236, a selective PGHS-2 inhibitor, blocked 

LPS-induced fever and reduced Fos expression in the PVN, but not in the NTS or VLM.  In 
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contrast, SC-560, a PGHS-1 inhibitor, attenuated the LPS-induced fever and blocked Fos 

expression in the PVN as well as the NTS and VLM (244).  Together, these studies indicate the 

presence and activity of both PGHS-1 and -2 in the HPA axis.   

While similar in structure and identical in terms of the chemical reactions catalyzed, 

several indications suggest that central nervous system PGHS isoforms function differently from 

one another.  The above mentioned study by Zhang et al. indicates that there may be discrete 

associations between each isoform of PGHS and various brain regions (244).  Similarly PGHS -2 

expression in ovine fetal hippocampus, hypothalamus, and brain stem was induced by cerebral 

hypoperfusion.  PGHS-1 was also detected but conversely, was not induced by BCO (202).  In 

an attempt to directly address the differences each PGHS isoform’s modulation of the HPA axis, 

Reimsnider and Wood used icv administration of specific PGHS-1 and -2 inhibitors (resveratrol 

and nimesulide, respectively) to study the effects of inhibition on the cardiovascular and 

endocrine responses to BCO (166).  Interestingly, specific inhibition in this acute setting had 

differential effects on secretion.  When administered 30 minutes prior to BCO, resveratrol 

delayed the hallmark ACTH increase as compared to control animals.  However, the infusion of 

nimesulide itself appeared to stimulate ACTH release, causing a significant increase in plasma 

ACTH within 30 minutes of administration, prior to the inception of BCO.  These results suggest 

that central nervous system PGHS-1 generated prostaglandins augment the activity of the HPA 

axis, while PGHS-2 activity inhibited ACTH secretion.   

Summary 

Integrating conclusions from these various areas of study, there is an indication of a 

complex array of interactions between the fetal HPA axis and several of its known modulators.  

Given the role of the HPA axis in development, cardiovascular and endocrine responses to 

intrauterine stressors, driving parturition, modulation of HPA axis activity by prostaglandins 
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(and estrogen), and the variations in PGHS-1 and -2 expression in many tissues, the first 

objective of this dissertation was to determine the gestational profile of PGHS-1 and -2 in the 

ovine central nervous system and pituitary.  Additional evidence exists that the two enzymes, 

despite their similarities in structure, location and chemistry, are functionally different than one 

another under basal and stimulated conditions.  Thus, the second objective was to determine, 

under basal conditions, the effect of specific inhibition of each PGHS enzyme in the fetal brain 

on the gene and protein expression in the HPA axis, as well as the hormonal output (activity) of 

the axis.  As a result of the estrogen derived feed-forward activity of the HPA axis late in 

gestation and the significant impact that premature delivery has on neonates, we elected to study 

the HPA axis under the chronic stimulation of estrogen, mimicking late gestation ontogenetic 

drive.  It is believed that estrogen stimulates the HPA axis, and may be involved in the premature 

activation of the axis (229).  Thus, the final objective was to determine the effect of inhibition of 

both PGHS enzymes on gene and protein expression in the estrogen stimulated HPA axis, as well 

as the activity of the axis as measured by plasma hormones.  Understanding the gestational 

profile of PGHS enzymes, their effects on HPA axis signaling, and which isoform is 

predominant under basal and stimulated conditions will add to the collective knowledge of how 

this very important neuroendocrine axis functions, and may aid in the development of a specific 

and more effective treatment for premature labor and birth.  The experiments reported in this 

dissertation project involved in vivo chronic catheterization of fetal sheep, real time reverse 

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

immunosorbent assay (ELISA) and radioimmunoassay (RIA). 

 

 30



 

Specific Aims 

The relationship between fetal HPA axis activation, prostaglandins, and estrogens are not 

completely understood.  Fetal HPA axis activity is low throughout much of gestation, then 

spontaneously undergoes rapid increases just before term.  It has been proposed that estrogen 

resulting from HPA axis activity positively feeds back to further activate the axis.  Prior data 

suggests that local prostaglandin biosynthesis in HPA axis associated brain regions may play a 

regulatory role on the activity of the axis.  The goal of this project is to further understand the 

role of PGHS-1 and -2 in the modulation of the basal and ontogenetically stimulated fetal HPA 

axis.  Therefore, the following specific aims were proposed:  

Specific Aim 1 

Establish the ontogenetic profile of PGHS-1 and PGHS-2 expression in the ovine fetal, 

young lamb, and adult brain.  Using real-time RT-PCR and western blotting, PGHS-1 and 

PGHS-2 mRNA and protein expression were studied at five points throughout gestation, at one 

day post-partum (lambs), one-week post partum (lambs), and 1 month post-partum (adult female 

mothers of the lambs) in order to determine the ontogenetic (gestational and developmental) 

profile of PGHS-1 and -2 expression in brain regions relevant to the ovine HPA axis. 

Specific Aim 2 

Determine the effects of specific inhibition of PGHS-1 or PGHS-2 on: 1) PGHS enzyme 

expression within in the basally stimulated HPA axis, and 2) activity of the basally stimulated 

HPA axis.  The goal of this aim was to determine the contributions of each prostaglandin 

synthase to the basal activity of the ovine fetal HPA axis.  Infusion of nimesulide (1 mg/day) 

directly into the lateral cerebral ventricle (intra-cerebral ventricular administration, icv) of one of 

two twin fetuses (the other receiving vehicle) via an osmotic mini pump was used to determine 

the effects of prostaglandin synthesis resulting from activity of PGHS-2 on the unstimulated 
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ovine fetal HPA axis.  Infusion of resveratrol (1 mg/day, icv) to one of two twin fetuses was used 

to determine the effects of prostaglandin synthesis resulting from activity of PGHS-1 on the 

unstimulated ovine fetal HPA axis.  Infusion of nimesulide (10 µg/day, icv) to one of two twin 

fetuses was used to further study prostaglandin synthesis resulting from activity of PGHS-2 on 

the unstimulated ovine fetal HPA axis.  Throughout the infusions, plasma was collected from 

both fetuses in order to characterize hormonal indicators of HPA axis activity.  Effects of PGHS 

enzyme inhibition on PGHS enzyme expression were analyzed using real-time RT-PCR 

(mRNA) and western blotting (protein) on brain tissue isolated from both fetuses.  Expression of 

mRNA encoding relevant HPA axis signaling hormones, POMC mRNA in the pituitary and 

CRH and AVP mRNA in the hypothalamus, was performed using real-time RT-PCR on brain 

regions from both fetuses.   

Specific Aim 3 

Determine the effects of specific inhibition of PGHS-2 alone or simultaneous inhibition of 

PGHS-1 and PGHS-2 on: 1) PGHS enzyme expression within in the estrogen stimulated HPA 

axis, and 2) activity of the estrogen stimulated HPA axis. Estrogen was used to stimulate the 

HPA axis, mimicking the late gestation increases in circulating estrogen.  ICV infusion of 

nimesulide (10µg/day) to one of two twin fetuses was used to determine the effects of 

prostaglandin synthesis resulting from activity of PGHS-2 on the estrogen stimulated HPA axis.  

ICV infusion of indomethacin (0.05 mg/day) to one of two twin fetuses was used to determine 

the effects of inhibiting prostaglandin synthesis on the estrogen stimulated HPA axis.   Analyses 

of gene and protein expression and HPA axis activity were performed as in Specific Aim 2.   
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Figure 1-1.  Profile of circulating plasma hormone concentrations approaching term. As a 
function of gestational age several plasma hormones representing activity of the fetal 
HPA axis gradually increase approaching term.  In the final days prior to term 
(arrow), concentrations increase at nearly an exponential rate, indicating the 
commencement of the parturition process.  Reproduced with permission from C.E. 
Wood, Reference 222. 
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Figure 1-2.  Schematic representation of signaling in the fetal hypothalamic pituitary adrenal 
axis.  Various stimuli act on the hypothalamus, causing release of CRH and/or AVP.  
These releasing factors act on the pituitary to stimulate release of ACTH, which will 
subsequently stimulate the release of cortisol from the adrenal.  Cortisol normally 
exerts negative feedback at the levels of 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 1-3.   Prostaglandin synthesis.  Stimulus activation of phospholipase A2 results in 
liberation of arachidonic acid from membrane phospholipids.  PGHS-1 and -2 both 
catalyze the sequential cyclooxygenase (resulting in PGG2) and peroxidase (resulting 
in PGH2) reactions.  PGH2 serves as substrate for terminal prostaglandin synthases 
(shown is PGE synthase) resulting in formation of bioactive prostanoids. 
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CHAPTER 2 
ONTOGENY OF PROSTAGLANDIN G/H SYNTHASE ENZYME EXPRESSION IN THE 

OVINE FETAL CENTRAL NERVOUS SYSTEM AND PITUITARY 

Introduction 

Prostaglandins are bioactive molecules which are formed as the result of the activity of 

prostaglandin endoperoxide H synthase type 1 or 2 (PGHS-1 or -2) (188).  Sequential 

cyclooxygenase and peroxidase activities of PGHS-1 and -2 convert arachidonic acid into a 

short-lived intermediate, prostaglandin H2.  Biologically active prostanoids are then synthesized 

by specific terminal synthases, such as thromboxane or prostaglandin E synthase (188).  PGHS-1 

and -2 are encoded by different genes, though they exhibit significant amino acid homology in 

many species, up to 65% between isoforms within a species, and up to 90% among each isoform 

in different species  (191).  Despite that similarity, their regulation, expression and response to 

stimuli and/or inhibitors are quite distinct (199).  It is widely considered that PGHS-1 is the 

constitutive form of the enzyme, maintaining basal levels of prostaglandins, while PGHS-2 is 

inducible, responding rapidly to acute stimuli or pathogenesis.  Recently several investigators 

have questioned this strict categorization after demonstrating varied or stable expression of both 

isoforms in brain (73; 124). 

 Prostaglandins are implicated in a variety of physiological events including 

inflammation, fever, vascular tone, and modulation of the hypothalamic-pituitary adrenal (HPA) 

axis function (132; 147; 204; 229).  The HPA axis is a neuroendocrine cascade that responds to 

gestational cues, psychological and physical stressors (5; 13; 18; 171).  In sheep, similar to other 

species, development of HPA axis function is essential in establishing normal timing of 

parturition, accelerating visceral development at the end of gestation, responding to fetal 

stressors in utero, and maintaining adequate cerebral blood flow during uterine contractions and 

delivery (225).    
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 Despite much study, the mechanisms of HPA axis control are not fully understood.  

Previous work demonstrated an association between prostaglandins and HPA axis activity (187; 

204).  Not only are PGHS-1 and -2 present in brain regions that influence HPA axis activity, but 

early studies implicated prostanoid synthesis as a regulatory point in the response to known HPA 

axis stimulators (16; 45; 53).  Recently, we have focused on determining which enzymes in the 

prostaglandin synthesis cascade are involved and at what input/output level of the HPA axis 

(165; 202; 207). 

The current experiment was designed to catalogue the expression of PGHS-1 and -2 in the 

developing ovine fetal brain.  We hypothesized that expression of PGHS-1 and/or PGHS-2 

would change in the latter half of gestation due to the proposed relationship between brain 

prostaglandin production and the dramatic upregrulation of fetal HPA axis activity in late 

gestation.   

Materials and Methods 

Animals and Collection of Tissues  

Timed-dated (80, 96-100, 120, 130, or 142-144 days gestational age (DGA), n=4-5 per 

group, term=148 days, See Table 2-1) pregnant ewes, not in labor, carrying singletons or twins 

(one per group) were sacrificed with 20 ml Euthasol® solution (7.8 g pentobarbital and 1g 

phenytoin sodium; Virbac AH, Inc; Fort Worth, TX) administered intravenously.  An additional 

set of fetuses (80, 120, 145 DGA, n=3-4/group, See Table 2-2) were sacrificed specifically for 

protein analysis of hypothalamus and pituitary.  After delivery by cesarean section, fetal cortex, 

cerebellum, hippocampus, hypothalamus, brainstem, and pituitary were isolated and immediately 

frozen in liquid nitrogen and stored at -80°C.  One day and one week post-partum animals, as 
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well as 1-month post-delivery, non–lactating ewes were euthanized directly and tissues collected 

as above.   

RNA Isolation and Real-time RT-PCR 

 Total RNA was isolated from tissues using Trizol® reagent (Invitrogen, Carlsbad, CA) 

according to manufacturer’s directions.  Briefly, 0.1-0.2g of pulverized tissue/1mL Trizol was 

homogenized for three, five-second pulses in a polytron homogenizer (Tekmar, Janke and 

Kunkel, W. Germany).  Homogenates were centrifuged for 10 minutes at 12,000 x g at 4˚C to 

pellet cellular debris.  400µL chloroform was added to each supernatant, mixed and incubated for 

five minutes at room temperature, then centrifuged for 15 minutes at 12,000 x g at 4˚C.  Each 

aqueous phase was reserved and mixed with 500 µL isopropanol. A 10-minute incubation at 

room temperature precipitated the RNA and centrifugation for 10 minutes at 12,000 x g at 4˚C 

pelleted the RNA.  Each pellet was washed with 1mL of 75% ethanol and re-centrifuged.  RNA 

pellets were air-dried for 10 minutes, resuspended in 200µL RNAsecure (Ambion, Austin, TX), 

and incubated at 60˚C for 10 minutes to inactivate RNases.   RNA was quantified by measuring 

absorbance at 260nm, and quality checked by running a denaturing agarose gel.  Multiple 

aliquots of each sample were made and stored at -80˚C.  Control PCR reactions were run with 

100 ng of total RNA from each sample.  These reactions were run using PGHS-2 primers and 

probe (see Table 2-3), as the sequences for this target spans an intron-exon boundary.  A 

resulting Ct=40 indicates that RNA alone produces no signal, thereby indicating that the sample 

is free of carry-over contamination by genomic DNA.   

For each sample, 2ug of total RNA was reverse transcribed using the High Capacity cDNA 

kit (Applied Biosystems, Foster City, CA), according to manufacturer’s instructions.  Reactions 

were performed using RNAse/DNAse free plasticware, diethylpyrocarbonate (DepC) treated 
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water, and a thermal profile of 10 minutes 25°C followed by 120 minutes at 37°C.  cDNA was 

stored at -20°C until use in real time PCR.   

Real-time PCR reactions (25 µl total volume) for PGHS-1 or -2 (100ng cDNA), and 18S 

ribosomal RNA (1ng cDNA) were performed using TaqMan® Universal PCR Master Mix 

according to manufacturer’s instructions (Applied Biosystems, Foster City, CA) and 

probes/primers as previously described (See Table 2-3) (231).  Ribosomal RNA reactions 

contained 100 nM forward and reverse primer, and 50 nM probe, each of which is a proprietary 

sequence, and was purchased from Applied Biosystems.  All reactions were run in triplicate in 

optical grade 96-well plates and caps on an ABI 7000 thermocycler (Applied Biosystems, Foster 

City, CA).  Relative expression levels were calculated by determining the difference in cycle 

number (∆Ct) between the PGHS-1 or PGHS-2 values and the corresponding ribosomal RNA 

value from the same sample.  Mean ∆Cts were calculated for triplicate reactions, and for all 

samples contained in a single sample age group.  ∆Ct values were adjusted by subtracting the 

value of the 80-day samples, resulting in a ∆∆Ct value for each age group, relative to the 80-day 

group.  Fold change expression for each group was calculated by using 2-∆∆Ct (119) and 

displayed as fold change relative to 80 DGA gene expression. 

Protein Isolation and Western Blotting 

Cortex and cerebellum samples 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 cellular debris. The resulting supernatant was assayed for protein content using 

the BioRad DC Protein Assay (BioRad Laboratories, Hercules, CA).  Homogenates were stored 

at -80°C. 
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Brainstem, hippocampus, hypothalamus and pituitary samples require enrichment during 

isolation, and were homogenized in Potter-Elvehjem glass/Teflon tissue grinders (Wheaton, 

Millville, NJ, USA) with 5 mL of ice cold microsomal homogenization buffer (1mM EDTA, 

0.32M sucrose, 0.1mM dTT, 1mM HEPES, pH 7.4) using a motor drive (Dynamix, Fisher 

Scientific, Pittsburgh, PA, USA) for 10-15 strokes set at speed #5.   Twenty microliters of 200 

mM phenylmethylsulphonylfluoride (PMSF) was added and homogenates were centrifuged for 

ten minutes at 550 x g at 4°C.  The resulting supernatants were centrifuged at for twenty minutes 

20,000 x g at 4°C.  To isolate microsomes, the second supernatant was collected and centrifuged 

at 100,000 x g for one hour at 4°C.  The resulting pellet was resuspended in 150-200 µL ice cold 

homogenization buffer.  Protein concentration was quantified using the BioRad DC Protein 

Assay (BioRad Laboratories, Hercules, CA) and samples were stored at -80°C.   

 For western blotting of all samples, previously unthawed homogenates 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.  As described previously, 10-40µg of each sample 

was separated in a 7.5% Tris-HCl SDS-polyacrylamide gel (BioRad, Hercules, CA) and 

transferred overnight onto nitrocellulose membranes (BioRad) (231).  Membranes were 

immunostained using antibodies for PGHS-1 and -2 (PGHS-1: rabbit anti-ovine Cox-1 at 1:2500, 

cat. no.PG-16, Oxford Biomedical Research, Oxford, MI; PGHS-2: mouse anti-ovine Cox-2 at 

1:1000, cat. no.160112, Cayman Chemical, Ann Arbor, MI) diluted in 2 or 3% non-fat dry milk 

in Tris buffered saline with 0.1% Tween-20 (PBST), respectively. Staining was visualized using 

peroxidase linked secondary antibodies (PGHS-1: donkey anti-rabbit at 1:3000; PGHS-2: sheep 

anti-mouse at 1:3000, cat. no.’s NA934 and NA931, respectively, Amersham Biosciences, 

Piscataway, NJ, USA) and enhanced chemiluminescence (ECL, Amersham, Arlington Heights, 
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IL).  Images were quantified using a ChemiDoc XRS System (Bio-Rad) and band intensities 

were quantified using Quantity One software (BioRad).  Data are expressed as mean band 

densities ± SEM in arbitrary units.     

Statistical Analysis 

 Changes in mRNA or protein expression were evaluated by one-way ANOVA 

(gestational age) followed by Bonferroni multiple comparison post-hoc analysis at a significance 

level of α≤ 0.05.  Data were log transformed where appropriate to reduce heteroscedacity prior to 

ANOVA.  All tests were performed using SPSS 13.0 for Windows (SPSS Inc., Chicago, IL, 

USA).   

Results 

PGHS-1 and -2 mRNA were detected in every tissue at every gestational age tested.  

PGHS-1 mRNA was generally greatest in hippocampus and lowest in the brainstem.  (Figure 2-

1A).  Similarly, the hippocampus clearly expressed the highest level of PGHS-2 mRNA, though 

hypothalamic and pituitary expression were relatively low. (Figure 2-1B).  PGHS-1 and -2 

protein was detected in every brain region at every age, with the exception of PGHS-2 in early 

gestation in brainstem, which was below the limit of detection.   

Hypothalamus 

 Hypothalamic PGHS-1 mRNA expression profile varied significantly across gestational 

age, with an increase at 120 DGA that was significantly greater than 80, 100 DGA, and adult 

expression (Figure 2-2A).  Levels remained significantly elevated at 130 DGA, decreased at 145 

DGA and increased again at 1 week.  PGHS-1 protein was analyzed at 80, 120 and 145 DGA and 

changed significantly as a function of gestational age (overall p=0.05), although post-hoc 

analysis of individual groups did not reveal specific pairwise differences  (Figure 2-2C).    
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 Hypothalamic PGHS-2 mRNA expression increased approximately 35-fold and 8-fold 

over 80 DGA at 120 and 130 DGA, respectively (Figure 2-2B).  Expression at 145 DGA was 5-

fold over 80 DGA, although this was not significant.  Early post-partum animals expressed 

PGHS-2 at levels significantly above 80 DGA. 

PGHS-2 protein was analyzed at 80, 120 and 145 DGA (Figure 2-2D).  Protein expression 

at 80 and 120 DGA was roughly equivalent, while at 145 DGA, protein expression was 

significantly increased (p=0.033 v. 120 DGA).  Representative western blots are shown for 

PGHS-1 (2-2E) and PGHS-2 (2-2F).  Representative control blots are also shown for PGHS-1 

(2-2G) and PGHS-2 (2-2H), though the tissues shown in those blot panels are not the ontogenetic 

tissues shown in the preceding panels, but are other fetal ovine brain tissue specifically used for 

optimization of western blots. 

Pituitary 

 Pituitary levels of PGHS-1 mRNA peaked at 120 DGA and were significantly lower that 

80 DGA expression from 145 DGA through adulthood.  (Figure 2-3A).  PGHS-1 protein was 

below detection limits at 80 DGA, while expression increased significantly at both 120 and 145 

DGA (Figure 2-3C).    

PGHS-2 mRNA expression was significantly affected overall by gestational age (overall 

p=0.049), although post-hoc analysis of individual groups did not reveal specific pairwise 

differences (Figure 2-3B).  However, the general trend suggested moderately higher expression 

at mid gestation (80-120 DGA) as compared to late gestation and post-partum levels.  Pituitary 

PGHS-2 protein was most abundant at 80 DGA, with a significant decrease at 120 DGA (Figure 

2-3D).  Expression at 145 DGA was not significantly different than 80 DGA.  Representative 

western blots are shown for PGHS-1 (2-3E) and PGHS-2 (2-3F) 
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Hippocampus 

 PGHS-1 mRNA decreased significantly in late gestation fetuses, post-partum lamb, and 

adult ages compared to 80 DGA fetuses (Figure 2-4A).  PGHS-1 protein was relatively constant 

across all ages tested (Figure 2-4C).     

 Hippocampal PGHS-2 mRNA consistently increased from early to late gestation with 

significant increases at 145 DGA (Figure 2-4B).  Levels transiently decreased in 1-day post-

partum animals, but rebounded to nearly 35-fold over 80 DGA by 1-week post-partum.  PGHS-2 

protein expression patterns were highly similar to the corresponding mRNA (Figure 2-4D).  

Expression increased gradually from early to late gestation, peaking between 130 and 145 DGA.  

Representative western blots are shown for PGHS-1 (2-4E) and PGHS-2 (2-4F)  

Brainstem 

 In the brainstem, fetal and young post-partum PGHS-1 mRNA levels were significantly 

lower than adult values (Figure 2-5A).  Adult expression was approximately 100-fold greater 

than all other ages.  No other significant changes were detected throughout gestation.  PGHS-1 

protein expression in the brainstem was similar to mRNA expression, but without significant 

changes (Figure 2-5C).    

 Brainstem PGHS-2 mRNA expression patterns are similar to PGHS-1 mRNA (Figure 2-

5B).  No significant changes are detected throughout gestation and early neonatal life, but adult 

animals express significantly higher levels of PGHS-2 compared to all other ages except 100 

DGA.  Brainstem PGHS-2 protein was not significantly changed at any point tested and did not 

appear to correspond to the mRNA pattern (Figure 2-5D).  Representative western blots are 

shown for PGHS-1 (2-5E) and PGHS-2 (2-5F) 
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Cortex  

In the cortex, PGHS-1 mRNA expression had no statistically significant pattern of 

expression throughout gestation or post-partum ages (Figure 2-6A).  PGHS-1 protein expression 

was not significantly changed throughout gestation or after birth (Figure 2-6C).    

PGHS-2 mRNA expression appeared to increase during mid to late gestation, with ~7 fold 

increases at 120 and 145 DGA and ~11 fold increase at 130 DGA (Figure 2-6B).  Post-partum 

animals (as early as 1 day after birth) showed robust increases in PGHS-2 expression.   Peak 

expression occurred at 7 days after birth at nearly 200 fold the levels detected at 80 DGA.  In 

contrast, PGHS-2 protein levels were most abundant at 80 days (Figure 2-6D).  Expression was 

decreased significantly as early as 100 DGA and remained reduced throughout gestation and one 

day post-partum.  Representative western blots are shown for PGHS-1 (2-6E) and PGHS-2 (2-

6F) 

Cerebellum 

 Cerebellar PGHS-1 mRNA changed significantly as a function of age (p=0.039); 

however, post-hoc analysis of individual groups did not reveal specific pairwise differences.  The 

most prominent feature of the expression profile is a nearly 400-fold increase at 145 DGA 

(Figure 2-7A).  PGHS-1 protein in the cerebellum exhibited a moderate increase in expression at 

120 DGA (Figure 2-7C).  

PGHS-2 mRNA displayed an apparent biphasic expression pattern (Figure 2-7B).  Levels 

were significantly increased at 120 and 145 DGA. Patterns of PGHS-2 protein expression in the 

cerebellum were markedly different from the corresponding mRNA (Figure 2-7D).  While 

mRNA levels were lowest at 80 DGA, the protein was most abundant at that age.  Expression 

appeared to decrease as early as 100 DGA, dropping significantly at 130 and 145 DGA, despite 
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the latter group displaying a prominent increase in mRNA expression. Representative western 

blots are shown for PGHS-1 (2-7E) and PGHS-2 (2-7F) 

Discussion 

Prostaglandins are involved many physiological processes such as inflammation, response 

to pain, vascular regulation, fetal breathing movements, and modulation of the fetal HPA axis 

(132; 153; 204).  As PGHS-1 and -2 are the rate-limiting enzymes in prostaglandin production, 

insight into the function of prostaglandins in growth and development of the fetal brain and 

neuroendocrine systems may be gained by identifying the presence and relative abundance of 

PGHS-1 and -2 during fetal life.  The results of this study provide evidence of significant 

gestational changes in the expression profile of both PGHS-1 and -2, in multiple regions of the 

developing brain.  These data should be interpreted in concert, not contradiction with other 

studies detailing the expression in specific neuronal populations at specific ages (16; 145; 201). 

 The relative abundance of each isoform was compared across brain regions tested, 

revealing hippocampus, cerebellum and cortex to generally be the richest regions of PGHS-1 and 

-2 mRNA.  This would suggest that as compared to brainstem, hypothalamus, or pituitary these 

regions posses either more active prostaglandin synthesis or reduced mRNA stability, thereby 

requiring a larger mRNA pool to support equivalent synthesis.   

Interestingly, mRNA and protein expression trends in many of the tissues analyzed did not 

correlate for either enzyme across the wide range of gestational and post-partum ages studied.  

This may reflect the high degree of varied transcriptional regulators of the enzymes in 

conjunction with the unique limitations on expression and activity of the proteins (73).  PGHS-1 

and -2 undergo “suicide inactivation”, where enzymatic activity results in self-inactivation, with 

effects on expression not yet defined (190).  Thus, the abundance of mRNA or immunoreactive 

enzyme may not necessarily correlate with instantaneous endogenous enzymatic activity.  
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Additionally, PGHS-1 and -2 are expressed on the endoplasmic reticulum and nuclear envelope 

of endothelial cells, as well as in the peri-nuclear region and axons of neurons (145; 192).  This 

may indicate that some fraction of translated protein migrates away from the site of mRNA 

synthesis to distant brain regions via axonal transport.  Discrepancies between mRNA and 

protein abundance may also be confounded by changes in PGHS mobility resulting from tyrosine 

phosphorylation or other posttranslational processing (151).  The available antibodies for ovine 

PGHS-1 and -2 also presented some difficulty in optimization of western blotting.  While we 

eventually developed a protocol that produced sufficient signal to noise, the more highly 

controlled real-time RT-PCR results perhaps present a more accurate representation of 

expression levels.  Nevertheless, several significant expression trends were discovered 

throughout gestation in this study. 

The present study indicates that biosynthesis of prostaglandins is possible during the early 

phases of late ovine gestation, as PGHS-1 and -2 mRNA expression between 80 and 120 DGA is 

altered in nearly all brain regions studied.  Extensive neuronal proliferation and synapse 

formation within and between many fetal brain regions, including cortical and limbic regions 

directly to the hypothalamus and via the brainstem, mark this period of gestation (41; 122; 141).  

Given that metabolites of arachidonic acid have been found to control filopodial behavior in 

neurons, and that we have detected significant changes in PGHS-1 and -2 on both the mRNA and 

protein level in many regions, we speculate that prostaglandin synthesis may be involved in 

directing neuronal guidance and synaptogenesis during this period of gestation (69).  In addition, 

PGE2 receptors have been identified in the peri-nuclear region of vascular endothelial cells 

suggesting a possible role of prostaglandins as paracrine signals or modulators of gene 

transcription (10; 16). 
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Neuroendocrine development and activity are actively occurring during the latter phases of 

gestation (mid-late to late, or 120-145 DGA in sheep).  In the sheep, it is established that a late 

gestation increase in fetal HPA axis activity is involved in fetal preparation for neonatal life and 

initiation of parturition (33; 225).  We have previously demonstrated that fetal sheep between 

125 and 135 DGA respond to exogenous and endogenous prostanoids with activation of the HPA 

axis (204).  At this age, fetal adrenal maturation has begun, allowing for increased adrenal 

responsiveness to ACTH stimulation, resulting in increased circulating cortisol.  In late gestation, 

elevated fetal cortisol induces placental P450C17 (cytochrome-P450 17-α hydroxylase/17, 20-

lyase), resulting in preferential placental biosynthesis of estrogen relative to progesterone, 

augmented myometrial activity and eventual labor and parturition (1; 225).   

A working hypothesis is that local prostaglandin synthesis in the fetal brain is involved in 

initiating the increase in fetal HPA axis activity (229).  Based on the earlier findings of 

Deauseault et al., we anticipated detecting of increasing PGHS-1 and -2 protein abundance in the 

hypothalamus, pituitary, and brainstem (53).  Such a finding would suggest an increase in 

prostaglandin synthesis in brain regions associated with the fetal HPA axis, supporting the 

involvement of prostaglandins in HPA axis activity.  In general, our protein results support this 

hypothesis, as evidenced by significant increases in both isoforms in the hypothalamus and 

PGHS-1 in the pituitary.  Interestingly, we detected a significant decrease in PGHS-2 protein in 

the 120 and 145 DGA pituitary, which is in accordance with the mRNA profile.  The current 

results are supported by more recent immunoflourescence work from our laboratory, where it 

was determined that PGHS-1 appeared to be more abundant in the late gestation fetal anterior 

pituitary than PGHS-2 (165).  As PGHS-1 and PGHS-2 have often been found to respond 

differently to the same stimuli, perhaps PGHS-1 plays a more important role in the late-gestation 
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pituitary activity as compared to PGHS-2 (24; 203; 231).  Alternatively, the expanded sample 

number and more even distribution across gestation in this study may provide a more accurate 

expression profile as compared to our initial study (53).        

The current study also indicates that prostaglandin synthesis may be altered during mid-

late and late gestation in the hippocampus and cerebellum, regions known to influence the HPA 

axis (97).   It has been established that induction of PGHS-2 is an established response to 

reduction in cerebral blood flow (160; 203; 231).  While the ewes in this study were not in active 

labor, it is possible that unexpected, acute uterine activity or alterations in uterine blood flow 

altered the flow of blood and/or oxygen to the fetuses, provoking a prostaglandin-mediated 

response in the hippocampus.   

Alternatively, these changes may reflect a prostaglandin-mediated response in the 

hippocampus to increased cortisol.  It is well established that initiation of parturition in the 

human and the sheep is accompanied by a characteristic late-gestation increase in circulating 

cortisol (32).  The average age for the fetuses in this study group was 128 DGA, which is prior to 

the exponential cortisol increases seen in the last several days of gestation.  This age is, however, 

within the time-frame for adrenal maturation (97), and there may have been a modest increase in 

adrenal cortisol output that induced a PGHS-2 expression in the hippocampus.  Hippocampal 

serum and glucocorticoid kinase (sgk1), a marker of corticosteroid action, has also been shown 

to be ontogentically increased at 130 DGA, suggesting that cortisol can affect the hippocampus 

in this age range (97).  Conversely, recent data suggest that the late-gestation hippocampus is 

immature and not involved in negative feedback, as sectioning of the fetal ovine fornix did not 

significantly change the length of gestation (125).  In light of those data, the present data could 

be interpreted to indicate a modulatory role of PGHS-2 in the hippocampus that is distinct from 
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cortisol feedback, for example prostaglandin-mediated regulation of neural connections between 

the hippocampus and the hypothalamus.   

 It was also demonstrated that placental prostaglandin synthesis, PGHS-2 mRNA, and 

protein were upregulated in response to increases in fetal cortisol or exogenous fetal 

glucocorticoids (128).  Thus the significant increase in PGHS-2 mRNA and apparent increase in 

protein in the hippocampus may be a result of increased fetal cortisol, implicating prostaglandin 

synthesis in the hippocampus as being involved in HPA axis activity and parturition.  

Furthermore, upregulation of prostaglandin synthesis in the hippocampus may promote feed-

forward HPA axis activity, triggering the exponential increases in ACTH and cortisol that drive 

labor.   

The possibility that the cerebellum is associated with control of the HPA axis is intriguing.  

Cerebellar projections to brainstem nuclei might influence HPA axis activity.  The cerebellum 

expresses both PGHS-1 and -2 and estrogen receptors (185; 231).   It is established that estrogen 

can modulate both prostaglandin synthesis and fetal HPA axis activity (160; 175; 242), and it is 

possible that estrogen stimulation of fetal HPA activity is in part via stimulation of the 

cerebellum.  Significantly increased PGHS-2 mRNA and reduced protein may indicate high 

PGHS-2 activity, subsequent turnover of the protein, and estrogen based stimulation of 

transcription (229). 

PGHS-1 and -2 expression continues to change throughout post-partum life as well, 

reflecting the possible involvement of prostaglandin synthesis in a multitude of post-natal 

processes.  For example, both enzymes are significantly upregulated during post-partum life in 

the hypothalamus and brainstem, which may be representative of prostanoid based modulation of 

baroreceptor/blood pressure control (231). This is in general agreement with prior work in this 
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laboratory which demonstrated increased brainstem PGHS-1 and hypothalamic PGHS-2 

expression in post-natal lambs (53).   Interestingly, the primary alterations in PGHS-1 and -2 

mRNA in the brainstem appear to be limited to the adult animals.  While it is clear that the fetal 

brainstem can react to acute stimuli, the ontogenetic activity of the fetal HPA axis may operate 

on a parallel but distinct pathway (205).  Additionally, the discrete nature of brainstem nuclei 

may have precluded detection of significant alterations from basal levels in a tissue homogenate 

because expression in discrete nuclei might have been diluted by regional homogenates.  

Ongoing studies in our lab using immunohistochemistry will attempt to determine if alterations 

in earlier gestation tissues are detectable in specific HPA-axis related nuclei.   

 Hippocampus and cortex are brain regions known to be involved in higher order neural 

functions (16; 156).  Recent electrophysiological evidence has demonstrated that inhibition of 

PGHS-2, but not PGHS-1, regulates PGE2 -based hippocampal long term plasticity (37).  This 

may indicate that PGHS-2 is involved in developing plasticity in the week old ovine fetus.  We 

also speculate that PGHS-2 mediated prostaglandin synthesis may be involved in cortical 

activity.  Functional studies in adult humans have demonstrated inhibition of cortical activity 

after administration of PGHS-2 inhibitors (7).  The early post-natal stages of life would be a time 

of considerable cortical signaling, and the robust increases in PGHS-2 mRNA suggest its 

involvement.  We did not detect a coordinate increase in protein, however, which may be due to 

transport of the synthesized PGHS-2 protein to a different region of the cortex or suicide 

inactivation after high levels of prostaglandin production.    

 In conclusion, the current study has demonstrated that PGHS-1 and -2 are expressed in 

the ovine fetal brain throughout mid to late gestation, and that the patterns of expression are 

region-specific.  It is possible that the biosynthesis of prostaglandins in the fetal brain organize 
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various aspects of maturation, including synaptogenesis, facilitation of specific reflex pathways, 

and overarching physiological processes, such as the blood pressure regulation or the timing of 

parturition.  We suggest that, because prostaglandin biosynthetic enzymes appear to be 

transiently upregulated at specific times in specific brain regions, inhibition of these enzymes 

during the latter half of gestation is likely to alter the timecourse or perhaps the final outcome of 

fetal brain development.  We therefore hypothesize that prostaglandin signaling in the 

developing brain is likely to be of fundamental importance for both brain development and for 

regulation of physiological processes by the brain.   
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Table 2-1. Distribution of samples for each tissue and age group studied by mRNA and protein 
analysis. 

 Brainstem Cerebellum Cortex Hippocampus Hypothalamus Pituitary 
80 DGA 5 4 5 4 5 5 
100 DGA 4 4 4 3 4 4 
120 DGA 4 4 4 4 4 4 
130 DGA 4 4 4 4 4 4 
145 DGA 5 5 5 5 5 4 
1 day lamb 4 4 4 4 4 4 
1 week lamb 5 5 5 5 5 5 
Post-partum 
maternal  

4 4 4 4 4 4 

 
 
 
 
 
 
 
 
 
 
Table 2-2. Distribution of samples collected for protein analysis only. 
 Hypothalamus Pituitary 
80 DGA 3 4 
120 DGA 4 4 
145 DGA 4 4 
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Table 2-3. Primer and probe sequences used in real-time RT-PCR 
Target Forward (5’-3’) Reverse (3’-5’) Probe 
PGHS-1 
 

GGCACCAACCTCATGTTTGC TCTTGCCGAAGTTTTGAAGA TTCTTTGCCCAACACTTCACCCATCA 

PGHS-2 
 

GCACAAATCTGATGTTTGCATTCT CTGGTCCTCGTTCATATCTGCTT TGCCCAGCACTTCACCCATCAATTTT 

CRH 
 

TCCCATTTCCCTGGATCTCA TCAGTTAGCGCAGCAAGCTC TTCCATCTCCTCCGAGAAGTCTTGGAAAT 

AVP 
 

TTCCAGAACTGCCCAAGGG AGACACTGTCTCAGCTCCAGGTC Sybr® Green 

POMC 
 

CCGGCAACTGCGATGAG GGAAATGGCCCATGACGTACT AGCCGCTGACTGAGAACCCCCG 

LH 
 

CCGCTCCCAGATATCCTCTTC GTCTGCTGGCTTTGGGAGTTA TCTAAGGATGCCCCACTTCAATCTCCCA 

FSH 
 

CCCAACATCCAGAAAGCATGT GCACAGCCAGGCACTTTCA TTCAAGGAGCTGGTGTACGAGACG 

Prolactin TGAGCTTGATTCTTGGGTTGCT CCCCGCACCTCTGTGACTA CTCCTGGAATGACCCTCTGTATCAC 
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Figure 2-1.  Relative expression of PGHS-1 and PGHS-2 among brain regions.  A) Relative 
expression of either PGHS-1mRNA compared between brain regions tested at either 
80 (black bars), 120 (light gray bars), or 145 (dark gray bars) DGA.  B) Relative 
expression of either PGHS-2 mRNA compared between brain regions tested at either 
80 (black bars), 120 (light gray bars), or 145 (dark gray bars) DGA.  Data are shown 
as mean fold differences ± SEM relative to mean expression of the region with the 
lowest overall expression of any age group (brainstem for PGHS-1 and pituitary for 
PGHS-2).  Brain regions are abbreviated as BS=brainstem, CB=cerebellum, 
CX=cortex, HIP=hippocampus, HYPO=hypothalamus, PIT=pituitary.  Significance is 
represented alphabetically for each brain region (i.e. a= v. BS, b= v. CB, c= v. CX, d= 
v. HIP, e= v. HYPO, f= v. PIT, **= v. all other regions) 
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Figure 2-2.  Ontogeny of hypothalamic PGHS-1 and -2 expression.  A) Ontogenetic changes in 

expression of hypothalamic PGHS-1mRNA.  B) Ontogenetic changes in expression 
of hypothalamic PGHS-2 mRNA.  mRNA data are mean fold differences ± SEM 
relative to mean expression at 80d.  C) Ontogenetic changes in expression of 
hypothalamic PGHS-1 protein.  D) Ontogenetic changes in expression of 
hypothalamic PGHS-2 protein.  Protein data are shown as mean density ± SEM.  
Significance is represented alphabetically from young to old ages (i.e. a= v. 80 DGA, 
b= v. 100 DGA, c= v. 120 DGA, d= v. 130 DGA, e= v. 145 DGA, f= v. +1-D, g= v. 
+1-W, h= v. Adult)  E)  Representative western blot results for hypothalamic PGHS-
1.  F)  Representative western blot results for hypothalamic PGHS-2. G)   
Representative control blot for PGHS-1.  H)  Representative control blot for PGHS-2. 
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Figure 2-3.  Ontogeny of pituitary PGHS-1 and -2 expression. A) Ontogenetic changes in 
expression of pituitary PGHS-1mRNA.  B) Ontogenetic changes in expression of 
pituitary PGHS-2 mRNA.  mRNA data are shown as mean fold differences ± SEM 
relative to mean expression at 80d.  C) Ontogenetic changes in expression of pituitary 
PGHS-1 protein.  D) Ontogenetic changes in expression of pituitary PGHS-2 protein.  
Protein data are shown as mean density ± SEM.  Significance is represented 
alphabetically from young to old ages (i.e. a= v. 80 DGA, b= v. 100 DGA, c= v. 120 
DGA, d= v. 130 DGA, e= v. 145 DGA, f= v. +1-D, g= v. +1-W, h= v. Adult)  E)  
Representative western blot results for pituitary PGHS-1.  F)  Representative western 
blot results for pituitary PGHS-2. 
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Figure 2-4.  Ontogeny of hippocampal PGHS-1 and -2 expression. A) Ontogenetic changes in 
expression of hippocampal PGHS-1mRNA.  B) Ontogenetic changes in expression of 
hippocampal PGHS-2 mRNA.  mRNA data are shown as mean fold differences ± 
SEM relative to mean expression at 80d.  C) Ontogenetic changes in expression of 
hippocampal PGHS-1 protein.  D) Ontogenetic changes in expression of hippocampal 
PGHS-2 protein.  Protein data are shown as mean density ± SEM.  Significance is 
represented alphabetically from young to old ages (i.e. a= v. 80 DGA, b= v. 100 
DGA, c= v. 120 DGA, d= v. 130 DGA, e= v. 145 DGA, f= v. +1-D, g= v. +1-W, h= 
v. Adult)  E)  Representative western blot results for hippocampal PGHS-1.  F)  
Representative western blot results for hippocampal PGHS-2. 
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Figure 2-5.  Ontogeny of brainstem PGHS-1 and -2 expression. A) Ontogenetic changes in 
expression of brainstem PGHS-1mRNA.  B) Ontogenetic changes in expression of 
brainstem PGHS-2 mRNA.  mRNA data are shown as mean fold differences ± SEM 
relative to mean expression at 80d.  C) Ontogenetic changes in expression of 
brainstem PGHS-1 protein.  D) Ontogenetic changes in expression of brainstem 
PGHS-2 protein.  Protein data are shown as mean density ± SEM.  Significance is 
represented alphabetically from young to old ages (i.e. a= v. 80 DGA, b= v. 100 
DGA, c= v. 120 DGA, d= v. 130 DGA, e= v. 145 DGA, f= v. +1-D, g= v. +1-W, h= 
v. Adult)  E)  Representative western blot results for brainstem PGHS-1.  F)  
Representative western blot results for brainstem PGHS-2 
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Figure 2-6.  Ontogeny of cerebral cortex PGHS-1 and -2 expression.  A) Ontogenetic changes in 
expression of cerebral cortex PGHS-1mRNA.  B) Ontogenetic changes in expression 
of cerebral cortex PGHS-2 mRNA.  mRNA data are shown as mean fold differences 
± SEM relative to mean expression at 80d.  C) Ontogenetic changes in expression of 
cerebral cortex PGHS-1 protein.  D) Ontogenetic changes in expression of cerebral 
cortex PGHS-2 protein.  Protein data are shown as mean density ± SEM.  
Significance is represented alphabetically from young to old ages (i.e. a= v. 80 DGA, 
b= v. 100 DGA, c= v. 120 DGA, d= v. 130 DGA, e= v. 145 DGA, f= v. +1-D, g= v. 
+1-W, h= v. Adult)  E)  Representative western blot results for cortex PGHS-1.  F)  
Representative western blot results for cortex PGHS-2. 
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Figure 2-7.  Ontogeny of cerebellar PGHS-1 and -2 expression.  A) Ontogenetic changes in 

expression of cerebellar PGHS-1mRNA.  B) Ontogenetic changes in expression of 
cerebellar PGHS-2 mRNA.  mRNA data are shown as mean fold differences ± SEM 
relative to mean expression at 80d.  C) Ontogenetic changes in expression of 
cerebellar PGHS-1 protein.  D) Ontogenetic changes in expression of cerebellar 
PGHS-2 protein.  Protein data are shown as mean density ± SEM.  Significance is 
represented alphabetically from young to old ages (i.e. a= v. 80 DGA, b= v. 100 
DGA, c= v. 120 DGA, d= v. 130 DGA, e= v. 145 DGA, f= v. +1-D, g= v. +1-W, h= 
v. Adult)  E)  Representative western blot results for cerebellar PGHS-1.  F)  
Representative western blot results for cerebellar PGHS-2. 
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CHAPTER 3 
SPECIFIC INHIBITION OF PGHS-1 OR PGHS-2: EFFECTS ON PGHS EXPRESSION IN 
THE OVINE FETAL CNS AND PITUITARY AND ON BASAL HPA AXIS FUNCTION  

Introduction 

Neuroendocrine development in the late gestation fetal sheep is characterized by an 

increase in the activity of the fetal HPA axis, known to be important in central nervous system 

control of cardiovascular and respiratory function, and in driving parturition at the termination of 

gestation (113; 116; 222).    Dramatic increases in circulating end-products of the HPA axis, 

plasma ACTH and cortisol, result from exponential increases in axis activity (229).  An intact 

fetal hypothalamic-pituitary signaling cascade is required, as hypophysectomy or bilateral 

ablation of the paraventricular nucleus (PVN) of the hypothalamus delay parturition (75; 117; 

126; 127) and sinoaortic denervation reduces/eliminates the hormonal response to known 

activators of the HPA axis (223; 226).  The critical event(s) responsible for spontaneous 

activation of the fetal HPA axis are not known, but multiple studies indicate central nervous 

system prostaglandin synthesis might influence the HPA axis (43; 44; 165; 204). 

  The prostaglandin endoperoxide H synthases (PGHS-1 and PGHS-2) are the rate limiting 

enzymes in the formation of prostaglandins (189).  PGHS-1 and -2 act on arachidonic acid to 

produce PGH2, which is further processed by terminal prostaglandin synthases to biologically 

active prostanoids (192).  Expression of these two enzymes is varied, both in cellular distribution 

and in response to stimuli.  We and others have previously demonstrated the presence of both 

PGHS-1 and -2 in the ovine fetal brain, notably in areas involved in integration of signals for 

HPA axis function (see chapter 2) (16; 54; 144; 203).  Inhibition of PGHS activity by 

indomethacin administration significantly ameliorated brachiocephalic occlusion (BCO) induced 

reductions in cerebral blood flow and significantly reduced the production of vasoconstrictors 

prostaglandin E2 (PGE2) and thromboxane B2 (207).  BCO also altered PGHS-2 expression in 
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various regions of the fetal brain (202; 205).  Together, such studies demonstrate a link between 

prostaglandin production and HPA axis function in response to various cardiovascular stimuli. 

There are three modes of HPA axis activity, acute stimulation, basal stimulation, and 

ontogenetic drive.  Investigation of the relationship between prostaglandin synthesis and the 

basal fetal HPA axis will further the understanding of mechanisms involved in prostanoid-based 

activation of and/or regulation of the active fetal HPA axis.  Greater knowledge of these 

mechanisms may help elucidate the mechanisms involved in parturition, which in turn may aid in 

successful diagnosis and treatment of premature labor.  In the present study we attempted to 

define the role of prostaglandin synthesis in the basal fetal HPA axis.  We employed specific 

pharmacologic inhibitors of each isoform of PGHS and subsequently evaluated gene/protein 

expression as well as HPA axis function. Based on the significant ontogenetic increases in 

PGHS-2 mRNA and protein in the hypothalamus (Chapter 2) and prior work associating 

increased PGHS-2 expression with HPA axis stimuli (205; 231), we hypothesized that inhibition 

of PGHS-2 would yield the greatest reductions in fetal HPA axis activity. 

Materials and Methods 

 Twenty-five time dated pregnant ewes (120-135 DGA) carrying twins were used in this 

study.  Ewes were divided into three experimental groups of (n=5 per group) with one twin 

randomly assigned to receive experimental drug, and the other to receive a vehicle control.  The 

groups were as follows:  nimesulide (1mg/day, High Dose or “HD”), resveratrol (1mg/day, 

“Res”), and nimesulide (10µg/day, Low Dose or “LD”).   

Fetal Surgery 

 Time-dated pregnant ewes carrying twins (120-135 DGA) were fasted for 24 hours prior 

to surgery.  Each ewe was intubated and anesthetized with halothane (0.5-2.5%) in oxygen. The 

abdomen, left side, and foreleg were shorn and scrubbed with betadine and alcohol.  An IV 
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catheter was placed in the foreleg to deliver saline during surgery.   Prior to the initial incision, 

750 mg ampicillin (Polyflex®, Fort Dodge Laboratories, Fort Dodge, IA) was administered 

intramuscularly.  The uterus was exposed via a midline incision and one set of fetal hindlimbs 

was located and delivered thru a small incision.  Each tibial artery was located and instrumented 

with a sterile polyvinylchloride catheter (0.030” i.d., 0.050” o.d.), which was advanced to the 

subdiaphragmatic aorta.  Catheters were flushed with saline, filled with heparin to prevent 

clotting, and plugged with a sterile brass nail.  An amniotic fluid catheter (0.05” i.d., 0.09” o.d.) 

was sewn to one hindlimb which was returned into the amniotic cavity.  Identical procedures 

were performed on the hindlimbs of the second fetus.     

After hindlimb catheterizations, each fetal head was located and delivered through a 

second uterine incision.  A midline incision was made at the crown of the fetal head and the skull 

was exposed.  A small hole was made in the skull 1cm laterally and 1cm rostrally from the 

second cranial suture.  A sterile tygon catheter (0.050” o.d., 0.030” i.d.) was cut to the depth of 

the lateral cerebral ventricle, as determined by visualizing cerebrospinal fluid flow through a 

needle.  The catheter was attached to an osmotic mini pump (size 2mL2, flow rate 120ul/day, 

Alzet, Cupertino, CA, USA) loaded with either treatment drug or vehicle, which was then 

implanted subcutaneously in the nape of the neck.  Veterinary superglue was used to secure the 

catheter to the skull.  The fetal skin was closed, as was the uterus.  The same procedure was 

performed on the second fetus.  Antibiotics (750 mg ampicillin) were administered directly into 

the uterine space prior to closure. 

Fetal arterial and amniotic catheters were routed to the flank of the ewe via a trochar.  

Maternal incisions were closed in sequential layers, first the linea alba and peritoneum, followed 
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by the maternal skin.  Catheters were held in place with a cloth pocket and elastic bandage.  Use 

of this surgical procedure is routine in our laboratory (98; 162; 163; 167; 234). 

Post-Operative Care 

After surgery was completed, 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.  During the postoperative period (5 days), fetal catheters and 

maternal flank incisions were cleaned daily with betadine, ewes were treated twice daily with 

750 mg ampicillin, intramuscularly (Polyflex, Fort Dodge, WI) and rectal temperatures of the 

ewes were measured for any indication of post-operative infection.   

Drug Administration 

All inhibitors of PGHS-1 and -2 were obtained from Cayman Chemical (Ann Arbor, MI, 

USA).  Each drug was dissolved in dimethyl sulfoxide (DMSO) at 50 mg/mL, then diluted with 

DMSO or sterile saline appropriately for each individual experiment.  Doses were calculated 

assuming fetal weight at this gestational age range to be approximately 3kg and an estimated 

7000ul of CSF production per day (38; 76; 91).  All inhibitors and vehicles were delivered via 

the osmotic mini-pump (size 2mL2, flow rate 120ul/day, Alzet, Cupertino, CA, USA)  directed 

to the lateral cerebral ventricle of each fetus. 

  Nimesulide (specific PGHS-2 inhibitor, IC50 of 22µM for ovine PGHS-1 and 0.3 µM for 

ovine PGHS-2) was delivered to one group of animals at a dose of 1mg/day. Likewise, 

resveratrol (specific PGHS-1 inhibitor, ED50 of 15µM and 3.7µM for cyclooxygenase and 

peroxidase activities, respectively) was delivered at a dose of 1 mg/day to another group.  A 10 

µg/day dose of nimesulide, derived from the same 50mg/mL stock nimesulide, was administered 

to third group of animals. 
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Experimental Protocol and Sample Collection 

Beginning on the second post-operative day, daily arterial blood samples were collected in 

duplicate (3mL each) into K2-EDTA blood collection tubes (Becton Dickinson Vacutainer 

Systems, Franklin Lake, NJ, USA) and stored on ice.  Additionally, 1 mL of arterial blood was 

collected into a heparinized syringe and stored on ice for blood gas analysis.  Blood volume was 

replaced with sterile saline. Arterial pO2, pCO2, and pH were measured using an ABL 77 Blood 

Gas analyzer (Radiometer, Copenhagen, Denmark).  On the final day of the experiment (5 days 

post-operatively) a single blood gas sample and five serial arterial blood samples (every five 

minutes) were collected (4mL) into K2-EDTA blood collection tubes (Becton Dickinson 

Vacutainer Systems, Franklin Lake, NJ, USA) and stored on ice.  Blood samples were 

centrifuged in a swinging bucket rotor at 3,000 x g for 20 minutes at 4ºC.  Plasma was aspirated 

and aliquots stored at -20ºC until analysis of plasma hormones.  Following the final blood 

collection, the ewes were euthanized with 20 ml Euthasol® solution (7.8 g pentobarbital and 1g 

phenytoin sodium; Virbac AH, Inc; Fort Worth, TX) administered intravenously. Feto-maternal 

circulation ensures simultaneous euthanasia of the fetuses.  Each fetus was delivered by cesarean 

section, immediately decapitated, and the brain removed.  Fetal cortex, cerebellum, 

hippocampus, hypothalamus, brainstem, and pituitary were isolated and immediately frozen in 

liquid nitrogen for RNA or protein extraction.  Prior to analysis, each tissue was pulverized with 

a pre-cooled Bio-Pulverizer, a trigger-style pestle matched to the mortar diameter (Bio-Spec 

Products, Bartlesville, OK).  Pulverized fragments were stored at -80˚C.  

RNA Isolation and Gene Expression Analysis 

RNA isolation was performed using Trizol® (Invitrogen, Carlsbad, CA) according to the 

manufacturer’s recommendations as described in Chapter 2.  Reverse transcription and control 

reactions were also done as described in Chapter 2.  Real-time PCR for PGHS-1, -2, and 18S 
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ribosomal RNA was performed as in Chapter 2 and previously reported (231).  Relative 

expression levels were calculated by determining the difference in cycle number (∆Ct) between 

the PGHS-1 or PGHS-2 values and the corresponding ribosomal RNA value from the same 

sample.  Mean ∆Cts were calculated for triplicate reactions, and for all samples contained in an 

experimental group (e.g. inhibitor treated or vehicle).  ∆Ct values for inhibitor treated samples 

were adjusted by subtracting the value of the vehicle samples, resulting in a ∆∆Ct value for each 

treated group relative to their corresponding vehicle twins.  Fold change expression was 

calculated by using 2-∆∆Ct (119) and displayed as fold change relative to vehicle treated gene 

expression.  In addition to PGHS-1 and -2, real-time PCR reactions were performed to measure 

the relative abundance of arginine vasopressin (AVP), corticotropin releasing hormone (CRH), 

POMC, leutenizing hormone (LH), follicle stimulating hormone (FSH), and prolactin.  Primer 

sequences can be seen in Table 2-3. 

Protein Isolation and Western Blotting 

 PGHS-1 and -2 protein expression was performed by preparing lysis buffer homogenates 

from cortex and cerebellum as described in Chapter 2.  Brainstem, hippocampus, and 

hypothalamus were prepared for western blotting by isolation of microsomes from each brain 

region, as described in Chapter 2.  

Plasma Assays 

ACTH 

Plasma ACTH concentrations were measured using a 2-site ACTH Immunoradiometric 

Assay (IRMA) specific for ACTH1-39 according to the manufacturer’s protocol (DiaSorin, 

Stillwater, MN, USA, cat. No. 27130).  Plasma samples were thawed on ice and vortexed to 

uniformity.  Two hundred microliters of each sample was added to duplicate polypropylene tubes 

followed by 50ul ACTH IRMA tracer containing goat anti-ACTH26-39 and 125I mouse anti-
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ACTH1-17.  One mouse anti-goat antibody coated polystyrene bead was added to each tube.  All 

tubes were vortexed, covered, and incubated at 25ºC for 24 hours, allowing only intact ACTH1-39 

to form an antibody complex.  The tubes were then washed three times with the supplied 1X 

wash solution.  Radioactivity was measured for each sample tube using a gamma counter.  

ACTH1-39 (henceforth ACTH) concentration was calculated using a standard curve generated 

from the supplied calibrators.   

Cortisol 

 Plasma cortisol concentrations were measured using a commercially available  enzyme 

linked immunoassay (ELISA).  (Oxford Biomedical Research, Oxford, MI, USA, cat. no. EA65).  

Ten microliters of each plasma sample was deproteinized in glass tubes with 1 ml 100% ethanol 

followed by thorough vortexing, centrifuging at 3000 rpm for 10 minutes, and decanting the 

supernatant to a clean glass tube.  Supernatants were concentrated under vacuum for 45 minutes 

(Jouan, Thermo Electron Corporation, Milford, MA, USA).  The residue was resuspended in 120 

µL of supplied assay buffer.  Fifty microliters of supplied standards or unknowns, in duplicate, 

were pipetted onto the supplied antibody coated plate as well as 50 µL of supplied enzyme 

conjugate in assay buffer.  Plates were incubated for one hour at room temperature.  After 3 

washes with supplied wash buffer to remove unbound material, 150 µL of supplied substrate was 

added to each well, mixed, and incubated for 30 minutes at room temperature.  A microplate 

reader was used to measure absorbance at 650nm (Tecan Group Ltd., Salzburg, Austria) and the 

supplied standards were used to create a semi-logarithmic standard curve (% bound/unbound v. 

cortisol concentration).  Cortisol concentrations were calculated for each sample, multiplied by a 

factor of 12 to account for dilution in deproteinizing, and then duplicates were averaged.  Cross 

reactivity with other corticosteroids found in normal plasma is limited (47.42% for prednisolone, 

15.77% for cortisone, 15.0% for 11-deoxycortisol).   
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Pro-opiomelanocortin (POMC) 

 Plasma POMC concentrations were determined using a commercially available ELISA 

(Immuodiagnostic Systems Limited, Boldon, United Kingdom, cat. no. AC-71F1).  Briefly, 

100ul of each supplied standard or plasma sample was added to the supplied antibody coated 

microplate in duplicate.  100ul of assay buffer was added and the plate was incubated for 24 

hours at room temperature.  Unbound material was removed by washing the plate three times 

with the supplied wash buffer.  200ul of biotin linked anti-POMC antibody was added to all 

wells of the plate and incubated for two hours at room temperature.  Unbound antibody was 

removed by washing the plate three times with the supplied wash buffer.  Supplied enzyme 

conjugate was added to all wells of the plate and incubated for 30 minutes at room temperature.  

Unbound enzyme conjugate was removed by washing the plate three times with the supplied 

wash buffer.  200ul of supplied tetra-methyl benzidine (TMB) was added to all wells of the plate 

and incubated for 30 minutes at room temperature.  100ul of supplied 0.5M hydrochloric acid 

was added to each well to stop the color development reaction.  A microplate reader was used to 

measure absorbance at 450nm (Tecan Group Ltd., Salzburg, Austria) and the supplied standards 

were used to create an absorbance v. concentration standard curve.  The assay has a lower limit 

of detection of 12 pmol/L and cross-reacts 100% with POMC and pro-ACTH, but minimally 

with ACTH (<3.6%).   

Estradiol 

Plasma estradiol was measured using a commercially available ELISA kit (Oxford 

Biomedical Research, cat. no. EA70).   Estradiol was extracted in 12x75 mm glass tubes 

containing 200 µL plasma and 2 mL hexane/ethyl acetate (3:2 vol/vol). Tubes were vortexed for 

30 seconds and organic and aqueous phases were separated. The organic phase was transferred to 

a clean tube and evaporated under a stream of N2 and the aqueous phase (containing 
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sulfoconjugated steroids, proteins, salts, etc.) was discarded. To ensure the purity of estradiol in 

the samples, 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 (233). Estradiol sulfate was 

extracted from 10 µL plasma using 1 mL ethanol.  Extraction with ethanol deproteinizes the 

plasma, but the water soluble estradiol sulfate remains in solution while estradiol is precipitated.  

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).  Efficiency of this extraction has been shown to be 95-100% 

(233).  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. 

Prostaglandin E2

 Prostaglandin E2 was extracted from plasma by first acidifying 250 µL of thawed plasma 

with 45 µL of fresh 1M citric acid.  Thereafter 1 mL of ethyl acetate was added and samples 

were vortexed.  Samples were dried under a constant flow nitrogen manifold.  Samples were 

rehydrated overnight at 4 °C using the assay buffer provided with a commercially available 
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ELISA (Cayman Chemical, Ann Arbor, MI, USA cat. no. 500141).  The assay was performed 

according to the manufacturer’s protocol.   

Statistical Analysis 

Blood gases were analyzed using two-way repeated measures ANOVA (time within 

groups, control v. treatment between groups).  Groups were determined to be statistically 

different from one another when the estimated marginal mean was outside with 95% confidence 

interval of the comparative group (and vice versa).  Changes in mRNA or protein expression 

were evaluated by paired t-test between control and treated twins using a significance threshold 

of α≤ 0.05.  Plasma hormone data (ACTH, cortisol, POMC) were analyzed using two-way 

repeated measures ANOVA (time within groups, control v. treatment between groups).  Groups 

were determined to be statistically different from one another when the estimated marginal mean 

was outside with 95% confidence interval of the comparative group (and vice versa).  The 

remaining plasma hormones (estradiol, estradiol sulfate, and PGE2) were each evaluated using a 

one-way ANOVA (vehicle v. treatment) using a significance threshold of α≤ 0.05.  All tests were 

performed using SPSS 13.0 for Windows (SPSS Inc., Chicago, IL, USA).   

Results 

Blood Gases 

 Fetal arterial blood gases and pH were measured daily for both control and experimental 

fetuses.  Compiled data for HD nimesulide, resveratrol, and LD nimesulide groups are shown in 

Figure 3-1.  Significance is indicated by letters associated with each day of experimental sample 

collection, for example an “A” means significant as compared to day 2 and a “B” means 

significant as compared to day 3.  Uppercase letters indicate significance in the vehicle fetuses 

and lowercase letters indicate significance between inhibitor treated fetuses.  No significant 

changes over time were detected in pH for any group.  Though each of the inhibitor groups 
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revealed a single significant change in vehicle twin PaCO2, no defining trends were apparent in 

any single group.  PaO2 was unchanged over time in HD nimesulide animals and their vehicle 

twins.  In the resveratrol group, vehicle treated fetuses had unchanged PaO2, while the resveratrol 

treated fetuses showed a significantly reduced PaO2 on day 5 (v. day 4).  Likewise, in the LD 

nimesulide group both control and experimental fetuses experienced a graded hypoxia, as 

evidenced by significant decreases in PaO2 on day 5 in control fetuses (v. day 3) and on both 

days 4 and 5 in treated fetuses (v. day 2).   

Gene and Protein Expression in Response to Nimesulide 

Real-time RT-PCR data are presented in Figure 3-2 for the HD nimesulide group, 3-4 for 

the resveratrol group, and 3-6 for the LD nimesulide group.  In each figure, black bars indicate 

the expression level of vehicle treated fetuses, while gray bars represent expression in inhibitor 

treated fetuses relative to vehicle fetus expression.  Significance is demonstrated by an “*.”  

Western blot results for PGHS-1 and -2 are shown in Figures 3-2 C and D, 3-4 C and D, and 3-6 

C and D for nimesulide, resveratrol, and LD nimesulide, respectively.  In each figure, black bars 

indicate the expression level of vehicle treated fetuses, while gray bars represent expression in 

inhibitor treated fetuses as a percentage of vehicle fetus expression.  Significance is 

demonstrated by an “*.”  In several brain regions, multiple immunoreactive bands were present, 

as reported previously (205), most often at an approximate molecular weight ranging from 140-

150 kilodaltons (kDa).  Unless otherwise indicated, “PGHS-1” or “PGHS-2” refers to the 70kDa 

or 72kDa, respectively, molecular weights typically seen in denaturing western blotting (189, 

205).  Specificity of immunoreactive bands was clarified by western blots performed in the 

absence the appropriate primary antibody (See Figure 2-2 G and F). 

Administration of nimesulide resulted in a significant (~50%) reduction in both PGHS-1 

and PGHS-2 in the hypothalamus and PGHS-2 in the cerebral cortex (Figure 3-2 A and B; all 

 71



 

p<0.05 by paired t-test).  Expression of PGHS-1 and -2 in all other brain regions and pituitary 

was unaffected.     

Nimesulide resulted in a 24% decrease in the 140 kDa immunoreactive band in the 

brainstem (Figure 3-2 C; p<0.05 v. vehicle by paired t-test) and a 30% increase in expression of 

PGHS-2 in the hippocampus.  Expression of the 140 kDa band in cerebral cortex decreased by 

11% (Figure 3-2 D; p<0.05 by paired t-test).   

mRNA for hypothalamic AVP and CRH, pituitary POMC, leutenizing hormone (LH), 

follicle stimulating hormone (FSH), and prolactin were unchanged (Table 3-1). 

Plasma Hormones in Response to Nimesulide  

As shown in Figure 3-3 A, plasma POMC concentrations were highly variable, both over 

time and between groups.  Plasma POMC concentrations in vehicle treated fetuses were 

significantly elevated (p<0.05 by 2-way RM ANOVA v. nimesulide treated fetuses) on days 3 

and 4, then significantly decreased on day 5 (p<0.05 v. days 2-4 by 2-way RM ANOVA).  

Similarly, nimesulide treated fetuses had stable initial plasma POMC concentrations that were 

significantly reduced on day 5 (v. day 2 and 3, p<0.05 by 2-way RM ANOVA).     

In contrast, plasma ACTH (Figure 3-3 B) and cortisol (Figure 3-3 C) were unchanged in 

either twin over the course of the experiment.  No statistically significant differences were 

detected either within or between the vehicle and nimesulide treated groups.   

Plasma concentrations of PGE2 and estradiol sulfate did not reveal any significant 

difference between nimesulide treated and vehicle treated fetuses. However, nimesulide 

treatment did result in a significant increase in plasma estradiol (p<0.05 by ANOVA; Table 3-2).     

Gene and Protein Expression in Response to Resveratrol 

Treatment with resveratrol increased PGHS-2 mRNA by 1.34-fold in the cerebellum 

(Figure 3-4 B), but PGHS-1 and -2 were unchanged in all other regions analyzed.  Resveratrol 
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induced a 10% increase in the expression of PGHS-1 protein in the brainstem (Figure 3-4 C; 

p=0.05 by paired t-test), but  no other significant changes in PGHS-1 or PGHS-2 protein 

expression were detected in any region.  Hypothalamic AVP and CRH, pituitary POMC, LH, 

FSH, and prolactin were all unaffected by resveratrol treatment (Table 3-1). 

Plasma Hormones in Response to Resveratrol  

Plasma POMC, ACTH, and cortisol concentrations did not significantly change over time 

within either the vehicle or resveratrol treated groups. (Figure 3-5 A-C).  No differences were 

detected between treatment groups.  Additionally, administration of resveratrol did not result in 

any significant differences in plasma concentrations of PGE2, estradiol, or estradiol sulfate 

(Table 3-2).   

Gene and Protein Expression in Response to LD Nimesulide 

Treatment of fetuses with LD nimesulide did not result in any significant changes in 

PGHS-1 or -2 gene expression in any brain region or the pituitary.  PGHS-1 and PGHS-2 protein 

expression was also unaffected by LD nimesulide treatment in all brain regions analyzed (Figure 

3-6).  No significant changes in AVP, CRH, POMC, LH, FSH, or prolactin were detected (Table 

3-1). 

Plasma Hormones in Response to LD Nimesulide  

Plasma POMC and ACTH concentrations did not significantly change over time within 

either the vehicle or LD nimesulide treated groups (Figure 3-7 A, B).  Despite unchanging 

plasma POMC and ACTH, both vehicle and LD nimesulide treated fetuses exhibit significant 

changes in plasma cortisol concentrations within the treatment group over time (Figure 3-7 C).  

Cortisol concentrations in vehicle treated fetuses were initially 13.5 ± 5.9 pg/mL on day 2, but 

gradually rose by day 5, to 21.9 ± 2.6 pg/ml, which was significantly elevated compared to all 

prior vehicle plasma concentrations. (p<0.05 by 2-way RM ANOVA).  Similarly, LD nimesulide 
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treated cortisol concentrations rose from 5.8 ± 2.3 pg/mL on day 2 to 14.3 ± 2.7 pg/mL on day 5, 

which was significantly elevated compared to all prior LD nimesulide plasma concentrations 

(p<0.05 by 2-way RM ANOVA).  The changes within each treatment group are parallel, and 

there were no significant differences between the treatment groups.   

Finally, administration of LD nimesulide did not result in any significant differences in 

plasma PGE2, estradiol, or estradiol sulfate concentrations (Table 3-2).   

Discussion 

 The results of this study demonstrate that 1) inhibition of PGHS-2 with HD nimesulide 

significantly decreased hypothalamic PGHS-1 and -2 mRNA and significantly increased 

hippocampal PGHS-2 protein; 2) inhibition of PGHS-2 with HD nimesulide induces an increase 

in plasma estradiol in the absence of effects on other plasma hormones; 3) inhibition of PGHS-1 

with resveratrol does not substantially affect gene or protein expression or hormone 

concentrations; and 4) inhibition of PGHS-2 with LD nimesulide leads to significantly increased 

plasma cortisol in both twins via altered adrenal cortisol output.  We hypothesized that, given the 

gestational age of the fetuses (~126 DGA) there would be little ontogenetic drive and no specific 

acute stimulators of the fetal HPA axis, PGHS-2 would likely be the primary prostaglandin 

synthase regulating basal HPA axis activity.  We conclude, based on the above findings, that 

PGHS-2 is the primary prostaglandin synthase regulating the basally stimulated fetal HPA axis 

and that it operates by way of inhibiting HPA axis activity.    

Nimesulide has been used previously in our lab as a selective inhibitor of PGHS-2 (166; 

167), but these are the first experiments to employ it in a long-term administration with 

subsequent gene and protein expression analysis.  The reduction of expression of PGHS-2 in 

response to nimesulide is not unprecedented (64; 92).  In addition to its effect on prostaglandin 

synthesis (167), nimesulide appears to have “allo-effects”, such as changes in downstream 
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signaling cascades or promoter interactions that may feed back to affect PGHS-2 expression (64; 

92).  A likely candidate for the transcriptional modulation of hypothalamic PGHS-1 and -2 

detected here is peroxisome proliferator-activated receptor gamma, which has been shown to 

reduce PGHS-2 expression in multiple systems, including the brain, (67; 245).   

Prior work in our laboratory suggested that PGHS-2 activity was inhibitory to the HPA 

axis (166), and the present findings further this theory.  An expected result of decreased 

hypothalamic PGHS-2, i.e. removal of inhibition, would be increased HPA axis activity (166).  

Yet, in response to HD nimesulide, plasma ACTH and cortisol, hallmarks of the active axis, 

were unchanged.  This may be partly due to the increased PGHS-2 protein detected in the 

hippocampus, a region suggested to be important in the glucocorticoid negative feedback that 

self-limits HPA axis activity (36; 96).  Increased PGHS-2 protein may represent an increase in 

the inhibition of the HPA axis.   Given that it is known that PGHS-2 is downregulated by 

glucocorticoids (58), it is unclear at this point what the inhibitory contribution of PGHS-2 would 

be in the context of increased glucocorticoids.  It may be that PGHS-2 acts to maintain an 

inactive HPA axis in an inactive state, and that after stimulation leads to increases in 

glucocorticoids, the role of PGHS-2 based inhibition is lessened.  It is also a possibility that 

PGHS-2 in the hippocampus is not related to negative feedback of the axis.  As mentioned in 

Chapter 2, recent studies failing to show a change in gestational length after sectioning of the 

fetal fornix suggest that the late-gestation hippocampus is immature and that immaturity is 

critical in minimizing negative feedback during late ovine gestation (125).  Therefore it is 

possible that the increases in hippocampal PGHS-2 after HD nimesulide may simply be 

representative of a modulatory effect of PGHS-2 on some other input to the hypothalamus that 

originates or passes through the hippocampus.   
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Further supporting the idea that PGHS-2 activity is inhibitory to the HPA axis, we detected 

a significant increase in plasma estradiol in response to HD nimesulide.  These results suggest 

that prostaglandins can affect estrogen metabolism prior to the preparturient increase in HPA 

axis activity.  One possible mechanism of PGHS-2 inhibition on the HPA axis would be 

enhancement of estrogen clearance from the fetal bloodstream.  High estrogen clearance would 

keep plasma concentrations low, perhaps preventing a shift from basal to preparturient levels of 

HPA axis activity.  In this experiment, it appears that pharmacologic removal of the inhibitory 

effects of PGHS-2 reduced estrogen clearance and yielded increased plasma estradiol.   Given 

the localization of PGHS-2 on vascular endothelial cells, and the known effects of prostaglandins 

on blood flow (51), it is possible that estradiol clearance is reduced via blood flow reduction 

through an organ of clearance.  A possibility for an estradiol clearance bed that could be 

regulated by the effects of PGHS-2 on blood flow and vascular tone is the liver (150).  To test 

this hypothesis, future experiments could measure blood perfusion of the fetal liver in response 

to prostaglandin synthase inhibition as well as measure the estradiol content of liver tissue in 

control and inhibitor treated fetuses.   

Alternatively, enzymes involved in producing estradiol from its precursors or further 

metabolizing estradiol to other estrogenic compounds may be affected by changes in PGHS-2 

activity.  Cytochrome p450 aromatase converts androstenedione and testosterone to estrone and 

estradiol, respectively, and has been localized in the ovine brain (172; 173).  17β-hydroxysteroid 

dehydrogenase type 2 catalyzes conversion of estradiol to biologically inactive estrone (140) and 

is also expressed in the human brain (195).  Significant alterations in the expression of these 

enzymes in endometriosis are also associated with changes in PGHS-2 expression and estrogen 

concentrations (20).  Inhibition of PGHS-2 may also alter the metabolic production or 
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degredation of estradiol.  This hypothesis could be easily answered by analyzing plasma for the 

most likely metabolites to increase, such as androstendione or estrone.  Accompanying plasma 

analysis could be expression studies that determine the alterations in sex steroid metabolic 

enzymes along the pathways that yield estradiol or use estradiol as a substrate.  Finally, it is also 

possible that estrogen metabolism at this point in gestation is modulated by some prostaglandin 

derived factor that we have either not contemplated as a contributor to HPA axis-prostaglandin-

estrogen interactions or was not measured in the present experiments.   

Of interest in the present study were the parallel patterns of PaO2 and plasma cortisol in 

vehicle and LD nimesulide treated fetuses.  These patterns suggest a common stimulus for both 

fetuses, since the transfer of nimesulide from one twin to the other is doubtful.  Stimulating 

factors derived from the ewe could pass from the placenta through the umbilical vein to both 

twins simultaneously.  It has been proposed that in humans, placental CRH and POMC peptides 

are released into both the maternal and fetal blood and stimulate fetal ACTH secretion (129; 142; 

148) and the fetal adrenal, respectively (217).  Data from our laboratory indicates that the ovine 

placenta does not possess the same components of HPA axis function, making it unlikely that 

such a factor is operating here (229).  More probable, based on the time-dependent decline in 

PaO2 and the time-dependent increase in cortisol, is that reductions in uterine blood flow led to 

the progressive hypoxia in both fetuses.  Estrogen is known to support uterine blood flow (155), 

and the plasma estradiol levels in this experimental group are slightly lower than in the other 

inhibitor groups, especially in light of the cortisol increases (225).  The estradiol levels may be 

too low to support sufficient local uterine blood flow to maintain normoxic conditions for the 

two fetuses, with the cortisol response as a predictable result (74).  Additionally, the increased 

cortisol may have stimulated modest increases in PGF2-alpha, a stimulator of myometrial 
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contraction which could further inhibit blood flow to the fetuses (200; 222).  In contrast, the 

increased plasma estradiol of the HD nimesulide treated fetus appeared to be adequate to 

maintain uterine blood and fetal normoxia.  

 Despite the cortisol increases evidencing adrenal activity in the vehicle and LD 

nimesulide fetuses, neither group exhibited the expected corresponding increases in plasma 

ACTH.  Transplacental passage of maternal cortisol could account for increased fetal cortisol, as 

maternal cortisol can account for up to 37% of fetal cortisol in some instances (82).  While we 

did not measure maternal cortisol, ewes displayed no observable indications of stress and sample 

collection was done in the early morning, when diurnal cortisol should be low (130).  More 

likely is that the increased cortisol absent increased POMC or ACTH indicates alteration in the 

adrenal cortisol output in response to a certain type of stimulus (86; 159).      

Adrenal cortisol output could be affected by increased expression of the G-protein coupled 

ACTH receptors (MC2R) within the fetal adrenal.  Several ontogenetic studies indicate a distinct 

pattern of increasing MC2R expression in ovine adrenals approaching term (121; 218).  

However, measurement of MC2R may not be conclusive, as Carter et al. demonstrated that 

increased cortisol secretion can occur absent increases in either ACTH or adrenal MC2R 

expression (27).  Adrenal cortisol output might also be altered by increasing transport of 

cholesterol, the precursor molecule to steroids such as cortisol, into the adrenal via steroidogenic 

acute regulatory protein, or StAR (25).  Finally, alterations in sympathetic activity may affect the 

magnitude of the response of the adrenal gland to a stimulus.  Data exhibiting poor correlation 

between plasma ACTH and adrenal glucocorticoid response (57; 62; 63; 104; 239; 240), as in the 

present results, prompted morphological studies regarding adrenal inputs.  The results suggested 

that adrenal cortical activity could be mediated by autonomic function, based on the close 
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association of nerve terminals with endocrine cells in the zona fasciculata  (35; 83; 85; 152).   

Splanchnic nerve stimulation in the conscious hypophysectomized calf nearly doubled cortisol 

response to exogenous ACTH (61).  Altered sympathetic nerve activity in the adrenal cortex 

could be due to alterations in the prostaglandin environment higher along the sympathetic 

pathways due to the nimesulide administration (214).  Further studies evaluating the expression 

of adrenal MC2R itself or measurement the downstream G-protein signaling elements such as 

cyclic AMP in the presence and absence of PGHS-2 inhibition may shed more light on the 

mechanisms involved in this heightened adrenal cortisol output.  Likewise, StAR expression and 

in vitro function could be studied as well.  Retrograde tracers injected into the fetal adrenal 

followed by immunohistochemistry for PGHS-2 might indicate more conclusively which 

sympathetic pathways are involved in the modification of cortisol output by the adrenal.   

By virtue of changes in HPA axis parameters in response to administration of both HD and  

LD nimesulide, we believe that PGHS-2 is the primary modulator of fetal HPA axis activity 

under basal conditions.  Supporting this is the lack of changes when PGHS-1 is inhibited with 

resveratrol.  It may be possible that inhibition of PGHS-2 shifts substrate flow to PGHS-1, frees 

PGHS-1 from negative allosteric regulation, and PGHS-1 actually accounts for the results of this 

study (158; 192; 198).  That would be somewhat consistent with the concept of PGHS-1 acting 

as a constitutive enzyme, in that it would be responsible for axis activity in the absence of any 

acute or ontogenetic stimuli.  However, this would be inconsistent with our prior data suggesting 

PGHS-2 functions as an negative regulator of  the HPA axis (166) as well as our  previous 

findings in this study regarding ontogenetic changes in both PGHS-1 and -2.  It may be that there 

are independent signaling mechanisms for the three modes of HPA axis activity, acute, basal, 

and ontogenetic stimulation.  We have designed further experiments in Chapter 4 to help address 
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this question by utilizing exogenous estradiol to experimentally provide ontogenetic stimulation 

to the HPA axis.  In conclusion, the present study has demonstrated that inhibition of PGHS-2 

with different doses of nimesulide affects PGHS-1 and -2 expression, plasma estradiol 

concentrations, plasma cortisol concentrations, and cortisol response of the adrenal gland.  Taken 

together, these findings indicate that the late gestation fetal HPA axis under basal stimulation is 

primarily influenced by the inhibitory effects of PGHS-2 activity.  
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Table 3-1.  Gene expression of hypothalamic and pituitary hormones in response to 
prostaglandin synthesis inhibition in the basally stimulated HPA axis  

                                  Treatment Group 
Hormone Tissue 1mg/day Nimesulide Resveratrol 10µg/day Nimesulide
CRH Hypothalamus 5.27 ± 3.26 0.98 ± 0.25 .089 ± 0.15 
AVP Hypothalamus 1.25 ± 0.91 0.88 ± 0.31 0.72 ±  0.17 
POMC Pituitary 0.74 ± 0.29 0.90 ± 0.12 0.92 ± 0.28 
oLH Pituitary 1.67 ± 0.88 1.67 ± 0.56 1.40 ± 0.56 
oFSH Pituitary 1.05 ± 0.18 1.81 ± 0.88 0.85 ± 0.21 
oPRL Pituitary 0.99 ± 0.22 0.88 ± 0.16 1.00 ± 0.16 
Data presented as mean fold change in gene expression relative to vehicle fetus± SEM.  
* indicates p<0.05 by paired t-test. 
 

 

 

 

Table 3-2. Plasma PGE2, estradiol, and estradiol-3-sulfate in vehicle and PGHS inhibitor treated 
fetuses  

                     Treatment Group 
Hormone  Vehicle 1 mg/day 

Nimesulide 
 Vehicle Resveratrol  Vehicle 10 µg/day 

Nimesulide 
PGE2, pg/ml
 

 179 ± 47 131 ± 32  338 ± 32 360 ± 60  318 ± 17 292 ± 37 

Estradiol, pg/mL 
 

 11.9 ± 3.5    25.6 ± 7.2 *  26.8 ± 5.6 23.9 ± 6.9  19.1 ± 5.7 16.4 ± 5.7 

Estradiol-3- 
Sulfate, ng/mL 
 

 0.61 ± 0.07 0.62 ± 0.09  0.44 ± 0.08 0.38 ± 0.09  0.14 ± 0.05 0.30 ± 0.08 

Data presented as mean plasma hormone concentration ± SEM.  
* indicates p<0.05 by paired t-test. 
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Figure 3-1.  Arterial pH, pCO2, and pO2 in vehicle and PGHS inhibitor treated twin fetuses.  A) 
Daily arterial pH in vehicle and HD nimesulide treated twins.  B) Daily arterial pH in 
vehicle and resveratrol treated twins.  C)  Daily arterial pH in vehicle and LD 
nimesulide treated twins.  D)  Daily arterial pCO2 in vehicle and HD nimesulide 
treated twins.  E)  Daily arterial pCO2 in vehicle and resveratrol treated twins.  F)  
Daily arterial pCO2 in vehicle and LD nimesulide treated twins.  G)  Daily arterial 
pO2in vehicle and HD nimesulide treated twins.  H)  Daily arterial pO2 in vehicle and 
resveratrol treated twins.  I)  Daily arterial pO2 in vehicle and LD nimesulide treated 
twins.  In each panel, vehicle treated fetuses are represented by dashed lines with 
solid circles, while inhibitor treated fetuses are represented by solid lines with open 
circles.  Within group significance is shown by letters, “A”, “B”, or “C” represent 
significance in the vehicle group as compared to day 2, 3, or 4 respectively.  
Lowercase letters indicate significance v. the same time points, within the treated 
group.  Between group significance is shown by an “*.”  Significance based on 
p<0.05 by 2-way RM ANOVA. 
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Figure 3-2.  PGHS-1 and PGHS-2 mRNA and protein expression in the fetal brain and pituitary 
in response to HD nimesulide.  A) PGHS-1 mRNA expression in treated twins 
relative to vehicle twins.  B)  PGHS-2 mRNA expression in treated twins relative to 
vehicle twins.  Data are mean fold change ± SEM.  Vehicle treated fetus mRNA 
levels are shown in black bars, and nimesulide treated fetus mRNA levels in gray 
bars.  C) PGHS-1 protein expression in treated as compared to vehicle twins.  D)  
PGHS-2 protein expression in treated as compared to vehicle twins.  Data are mean ± 
SEM.  Intensity of immunoreactive bands are shown in black bars for vehicle fetuses 
and light gray for nimesulide fetuses.  When detected, 140 kDa bands are shown in 
dark gray bars for vehicle fetuses and open bars for nimesulide fetuses.  Significant 
differences (p<0.05 by paired t-test) are indicated by an “*”.  E)  Representative 
western blot results indicating expression levels of the 140 kDa PGHS-1 band in the 
brainstem of HD nimesulide and vehicle treated fetuses.  F)  Representative western 
blot results indicating expression levels of the 72 kDa PGHS-2 band in the 
hippocampus of HD nimesulide and vehicle treated fetuses. 
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Figure 3-3.  Daily plasma POMC, ACTH, and cortisol concentrations in response to HD 
nimesulide.  Data are shown as mean ± SEM.  A)  Plasma POMC concentrations.  B) 
Plasma ACTH concentrations.  C)  Plasma cortisol concentrations.  Vehicle treated 
fetuses are represented by dashed lines with solid circles, while nimesulide treated 
fetuses are represented by solid lines with open circles.  Within vehicle group 
significance is shown by letters, “A”, “B”, or “C” representing a significant 
difference as compared to day 2, 3, or 4, respectively.  Within nimesulide group 
significance is shown by letters, “a”, “b”, or “c” representing a significant difference 
as compared to day 2, 3, or 4, respectively.  Between group significance is shown by 
an “*.”  Significance based on p<0.05 by 2-way RM ANOVA. 
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Figure 3-4.  PGHS-1 and PGHS-2 mRNA and protein expression in the fetal brain and pituitary 
in response to resveratrol. A) PGHS-1 mRNA expression in treated twins relative to 
vehicle twins.  B)  PGHS-2 mRNA expression in treated twins relative to vehicle 
twins.  Data are mean fold change ± SEM.  Vehicle treated fetus mRNA levels are 
shown in black bars, and resveratrol treated fetus mRNA levels in gray bars.  C) 
PGHS-1 protein expression in treated as compared to vehicle twins.  D)  PGHS-2 
protein expression in treated as compared to vehicle twins.  Data are mean ± SEM.  
Intensity of immunoreactive bands are shown in black bars for vehicle fetuses and 
light gray for resveratrol fetuses.  When detected, 140 kDa bands are shown in dark 
gray bars for vehicle fetuses and open bars for resveratrol fetuses.  Significant 
differences (p<0.05 by paired t-test) are indicated by an “*”.  E)  Representative 
western blot results indicating expression levels of the 70 kDa PGHS-1 band in the 
brainstem of resveratrol and vehicle treated fetuses.   
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Figure 3-5.  Daily plasma POMC, ACTH, and cortisol concentrations in response to resveratrol. 
Data are shown as mean ± SEM.  A)  Plasma POMC concentrations.  B)  Plasma 
ACTH concentrations.  C)  Plasma cortisol concentrations.  Vehicle treated fetuses 
are represented by dashed lines with solid circles, while resveratrol treated fetuses are 
represented by solid lines with open circles.  Within vehicle group significance is 
shown by letters, “A”, “B”, or “C” representing a significant difference as compared 
to day 2, 3, or 4, respectively.  Within resveratrol group significance is shown by 
letters, “a”, “b”, or “c” representing a significant difference as compared to day 2, 3, 
or 4, respectively.  Between group significance is shown by an “*.”  Significance 
based on p<0.05 by 2-way RM ANOVA. 
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Figure 3-6.  PGHS-1 and PGHS-2 mRNA and protein expression in the fetal brain and pituitary 
in response to LD nimesulide.  A)  PGHS-1 mRNA expression in treated twins 
relative to vehicle twins.  B)  PGHS-2 mRNA expression in treated twins relative to 
vehicle twins.  Data are mean fold change ± SEM.  Vehicle treated fetus mRNA 
levels are shown in black bars, and nimesulide treated fetus mRNA levels in gray 
bars.  C) PGHS-1 protein expression in treated as compared to vehicle twins.  D)  
PGHS-2 protein expression in treated as compared to vehicle twins.  Data are mean ± 
SEM.  Intensity of immunoreactive bands are shown in black bars for vehicle fetuses 
and light gray for nimesulide fetuses.  When detected, 140 kDa bands are shown in 
dark gray bars for vehicle fetuses and open bars for LD nimesulide fetuses.  
Significant differences (p<0.05 by paired t-test) are indicated by an “*”.  
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Figure 3-7.  Daily plasma POMC, ACTH, and cortisol concentrations in response to LD  
nimesulide.  Data are shown as mean ± SEM.  A)  Plasma POMC concentrations.  B) 
Plasma ACTH concentrations.  C)  Plasma cortisol concentrations.  Vehicle treated 
fetuses are represented by dashed lines with solid circles, while nimesulide treated 
fetuses are represented by solid lines with open circles.  Within vehicle group 
significance is shown by letters, “A”, “B”, or “C” representing a significant 
difference as compared to day 2, 3, or 4, respectively.  Within nimesulide group 
significance is shown by letters, “a”, “b”, or “c” representing a significant difference 
as compared to day 2, 3, or 4, respectively.  Between group significance is shown by 
an “*.”  Significance based on p<0.05 by 2-way RM ANOVA. 
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CHAPTER 4 
PROSTAGLANDIN SYNTHASE INHIBITION IN ESTROGENIZED OVINE FETUSES:  

EFFECTS ON PGHS-1 AND-2 EXPRESSION IN THE OVINE FETAL CNS AND 
PITUITARY AND ON STIMULATED HPA AXIS FUNCTION 

Introduction 

Spontaneous and dramatically increased late gestation activity from an intact fetal HPA 

axis are understood to be primary endocrine driving forces for parturition in the sheep (116; 127; 

229).  Fetal HPA axis activity is critical, as hypophysectomy, bilateral ablation of the 

paraventricular nucleus (PVN) of the hypothalamus, or bilateral fetal adrenalectomy delay 

parturition (75; 117; 126; 127).  Conversely, parturition can be experimentally advanced by 

infusion of ACTH or cortisol (111; 235).  While the mechanism(s) initiating fetal HPA axis 

activation are not fully understood, evidence suggests the interaction of estrogens and 

prostaglandin synthesis are responsible for the feed-forward increase in activity just prior to 

parturition (229). 

In sheep, changing fetal cortisol levels have a strong regulatory effect on placental estrogen 

biosynthesis (9; 116).   In early to mid-gestation, the ovine placenta secretes primarily 

progesterone, due to low expression of cytochrome-P450 17α-hydroxylase/17, 20 lyase 

(CYP17).  However, the late-gestation fetal cortisol increases induce CYP17, yielding increased 

conversion of progesterone to androgens, which is converted to estrogens by placental 

aromatases (1; 77).  The resulting increase in the estrogen:progesterone ratio is thought to 

upregulate placental prostaglandin synthesis, causing the myometrium to shift from a quiescent 

to an active state, culminating in parturition  (29; 116; 229).  

Estrogenic stimulation of  the HPA axis was documented in ovariectomized female adult 

rats, who’s attenuated adrenal steroid production returned to normal levels with estradiol 
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replacement (40; 102).  Estrone administration to adult sheep elevates hypothalamic AVP 

content (238).  Saoud et al. showed that exogenous estradiol elevates basal fetal ACTH and 

cortisol concentrations, and augmented hormonal responses to sodium nitroprusside induced 

hypotension (176).  Exogenous estradiol also increased neuronal activity in the nucleus tractus 

solitarius, the rostral ventro-lateral medulla and the PVN, brain regions associated with the HPA 

axis (160).  In conjunction with prior work linking cerebral hypoperfusion and increased PGHS 

expression (202; 205), experiments have also confirmed that estradiol administration augmented 

the hormonal responses (ACTH, cortisol, AVP) and increases in PGHS-2 expression in response 

to brachiocephalic occlusion (231).  Together, these experiments suggest a strong link between 

prostaglandin synthesis and the positive effect of estrogens on fetal HPA axis activity.  Thus, the 

ontogenetic stimulation leading to exponential increases in axis activity prior to parturition is 

driven by positive estrogen feedback, and may be modulated by prostaglandin synthesis.  By 

using exogenous estradiol to stimulate the axis, the present study was designed to determine the 

role of prostaglandin synthesis in the activity of the ontogenetically stimulated axis. 

 

Materials and Methods 

Ten time dated pregnant ewes (avg. of 130 DGA) carrying twins were used in this study.  

Ewes were divided into two experimental groups (n=5 per group) with both twins receiving a 

subcutaneous constant release estrogen pellet, one twin randomly assigned to receive 

experimental drug, and the other to receive a vehicle control.  The groups were as follows:  

estrogen (0.25mg/day) plus indomethacin (0.05mg/day, “E2+Indo”), and estrogen (0.25mg/day) 

plus nimesulide (10µg/day, “E2+LD”). 
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Fetal Surgery 

 Fetal surgery using aseptic techniques was performed as outlined in Chapter 3.  The 

exception was that during the hindlimb catheterization, estrogen pellets (Innovative Research, 

Sarasota, FL, USA) were implanted into the subcutaneous space of one leg of both fetuses.   

Post-Operative Care 

After surgery was completed, 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.  During the postoperative period (6 days), post-operative 

care was performed as outlined in Chapter 3. 

Drug Administration 

All inhibitors of PGHS-1 and -2 were obtained from Cayman Chemical (Ann Arbor, MI, 

USA).  Each drug was dissolved in dimethyl sulfoxide (DMSO) at 50 mg/mL, then diluted with 

DMSO or sterile saline appropriately for each individual experiment.  Doses were calculated 

assuming fetal weight at this gestational age range to be approximately 3kg and an estimated 

7000ul of CSF production per day (38; 76; 91).  All inhibitors and vehicles were delivered via 

the osmotic mini-pump (size 2mL2, flow rate 120ul/day, Alzet, Cupertino, CA, USA)  directed 

to the lateral cerebral ventricle of each fetus. 

  Estradiol (17-β) was delivered by a biodegradable subdermal pellet which released the 

hormone at a rate of approximately 0.25 mg/day (Innovative Research, Sarasota, FL, USA). This 

dose was previously demonstrated to significantly increase the fetal circulating estradiol levels to 

approximately those measured in late ovine gestation and have been used previously in this lab 

(231; 232).  Indomethacin was infused at a dose of 0.05 mg/day, based on the effects of acute 

intravenous administration of this drug in prior in vivo experiments (108; 207).  Nimesulide 
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(specific PGHS-2 inhibitor, IC50 Cox-1 and IC50 Cox-2) was delivered at a dose of 10µg/day 

based on the results of experiments outline in Chapter 3.  

Experimental Protocol and Sample Collection 

The experimental protocol and sample collection was performed as outlined in Chapter 3, 

with the exception that experiments ran for a total of 6 days.   

RNA Isolation and Gene Expression Analysis 

RNA isolation was performed using Trizol® (Invitrogen, Carlsbad, CA) according to the 

manufacturer’s recommendations as described in Chapter 2.  Reverse transcription and control 

reactions were also done as described in Chapter 2.  Real-time PCR for all genes analyzed and 

18S ribosomal RNA was performed as in Chapters 2 and 3.  Briefly, relative expression levels 

were calculated by determining the difference in cycle number (∆Ct) between the PGHS-1 or 

PGHS-2 values and the corresponding ribosomal RNA value from the same sample.  Mean ∆Cts 

were calculated for triplicate reactions, and for all samples contained in an experimental group 

(e.g. inhibitor treated or vehicle).  ∆Ct values for inhibitor treated samples were adjusted by 

subtracting the value of the vehicle samples, resulting in a ∆∆Ct value for each treated group 

relative to their corresponding vehicle twins.  Fold change expression was calculated by using 2-

∆∆Ct (119) and displayed as fold change relative to vehicle treated gene expression.  Primer 

sequences and concentrations were utilized as described in Chapter 3 (see Table 2-3). 

Protein Isolation and Western Blotting 

 PGHS-1 and -2 protein expression was performed by preparing lysis buffer homogenates 

from cortex and cerebellum as described in Chapter 2.  Brainstem, hippocampus, and 

hypothalamus were prepared for western blotting by isolation of microsomes from each brain 

region, as described in Chapter 2.  
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Plasma Assays 

Plasma hormone analysis of ACTH, cortisol, POMC, estradiol, estradiol sulfate, and PGE2 

were all performed as previously described in Chapter 3.     

Statistical Analysis 

Blood gases, gene and protein expression, and plasma hormone concentrations were 

statistically analyzed as described in Chapter 3.    

 

Results 

Blood Gases 

Fetal arterial blood gases and pH were measured daily for both vehicle and inhibitor 

treated fetuses.  Compiled data for estrogen + LD nimesulide and estrogen + indomethacin 

groups are shown in Figure 4-1 A, C, E and 4-1 B, D, and F, respectively. Significance is 

indicated by letters associated with each day of experimental sample collection, for example an 

“A” means significant as compared to day 2 and a “B” means significant as compared to day 3.  

Uppercase letters indicate significance in the vehicle fetuses and lowercase letters indicate 

significance between inhibitor treated fetuses.  An “*” indicates significance between vehicle 

and inhibitor treated fetuses.   

No significant changes in pH or PaCO2 were detected in vehicle or LD nimesulide treated 

fetuses, either over time, or between vehicle and treated fetuses.  PaO2 was significantly elevated 

on days 5 and 6 in vehicle treated fetuses (v. day 3, p<0.05 by 2-way RM ANOVA; Figure 4-1 

E).    

Arterial pH and PaCO2were unchanged over time in vehicle and indomethacin treated 

fetuses, and no between group differences were detected.  However, PaO2 varied over time within 

the vehicle group; PaO2 on day 5 was significantly reduced as compared to both days 2 and 4 
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(p<0.05 by 2-way RM ANOVA; Figure 4-1 F).  Additionally, PaO2 in indomethacin treated 

fetuses was significantly reduced on days 3 and 5 as compared to vehicle fetuses (p<0.05 by 2-

way RM ANOVA).  

Gene and Protein Expression in Response to LD Nimesulide 

 Real-time RT-PCR and western blot data evaluating gene and protein expression in fetal 

brain regions and pituitary from estrogenized vehicle and LD nimesulide treated fetuses are 

presented in Figure 4-2.  In each panel, black bars indicate the expression level of vehicle treated 

fetuses, while gray bars represent expression in inhibitor treated fetuses relative to vehicle fetus 

expression.  Significance is demonstrated by an “*.” 

 Administration of LD nimesulide to estrogenized fetuses caused a significant decrease 

hypothalamic PGHS-1 mRNA (Figure 4-2 A; p = 0.05).  No other significant changes in PGHS-

1or PGHS-2 mRNA were detected .  The 140kDa species of brainstem PGHS-1 protein was 

significantly decreased in LD nimesulide treated fetuses (Figure 4-2 C).  No significant changes 

were detected in PGHS-2 protein levels.  

Hypothalamic releasing factors, AVP and CRH, as well as pituitary POMC, LH, FSH, and 

prolactin were unchanged in response to LD nimesulide administration.  (Table 4-1). 

Plasma Hormones in Response to LD Nimesulide 

Figure 4-3 shows daily plasma POMC, ACTH, and cortisol concentrations in estrogen 

treated vehicle or LD nimesulide fetuses.  Plasma POMC was unchanged in vehicle fetuses 

throughout the experiment.  In contrast, LD nimesulide treated fetuses had significantly 

increased plasma POMC concentrations on day 6 (v. days 3 and 4 ; p<0.05 by 2-way RM 

ANOVA).   Plasma ACTH was not significantly different either within groups over time, or 

between groups at any time point.  Vehicle fetus cortisol concentrations declined initially, but 

were significantly increased on day 6 (v. days 2-5; p<0.05 by 2-way RM ANOVA).  Similarly, 
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LD nimesulide cortisol concentrations steadily declined through day 4.  The declining trend was 

reversed and by day 6 plasma cortisol concentrations in LD nimesulide fetuses were 12.4 ± 1.7 

ng/mL, which was significantly higher as compared to days 3 through 5 (p<0.05 by 2-way RM 

ANOVA).  

Plasma concentrations of PGE2 and estradiol sulfate did not reveal any significant 

difference between LD nimesulide treated and vehicle treated fetuses.  However, nimesulide 

treatment did result in a significant increase in plasma estradiol (p<0.05 by ANOVA; Table 4-2). 

Gene and Protein Expression in Response to Indomethacin 

 Real-time RT-PCR and western blot data evaluating gene and protein expression in fetal 

brain regions and pituitary from estrogenized vehicle and indomethacin treated fetuses are 

presented in Figure 4-4.  In each panel, black bars indicate the expression level of vehicle treated 

fetuses, while gray bars represent expression in inhibitor treated fetuses relative to vehicle fetus 

expression.  Significance is demonstrated by an “*.” 

Estrogen in conjunction with indomethacin administration did not significantly alter the 

expression of PGHS-1 or PGHS-2 mRNA in any brain regions or in the pituitary as compared to 

vehicle treated estrogenized fetuses (Figure 4-4 A and B).  In contrast, indomethacin 

administration significantly reduced the 140 kDa species of cerebellar PGHS-1 protein (p=0.043 

by paired t-test; Figure 4-2 C).   PGHS-2 protein (72kDa) was significantly induced by 

indomethacin treatment in the cerebral cortex (Figure 4-4 D).      

Indomethacin treatment reduced hypothalamic AVP mRNA expression while 

hypothalamic CRH remained unchanged (Table 4-1).  Other pituitary hormone mRNA levels, 

POMC, LH and FSH, were also unchanged.  However, indomethacin induced a 1.8 fold increase 

in pituitary prolactin expression (p=0.004 by paired t-test; Table 4-1).   
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Plasma Hormones in Response to Indomethacin 

 Plasma POMC concentrations for both vehicle and indomethacin treated fetuses 

increased between experimental days 4 and 6.  In vehicle treated fetuses (Figure 4-5), POMC 

concentrations on day 6 were significantly increased to 33.2 ± 3.2 pM (p<0.05 versus all 

previous time points by 2-way RM ANOVA).  No significant differences were detected between 

the two treatments.  Plasma ACTH concentrations were constant and did not change significantly 

throughout the experiment in both groups.  No significant differences were found between the 

two treatment groups at any time point.  Plasma cortisol concentrations varied over time within 

each treatment group, but not between the groups (Figure 4-5 C).  Cortisol concentrations 

declined through day 5 in vehicle fetuses but were significantly increased on day 6 (v. vehicle 

days 2-5; p<0.05 by 2-way RM ANOVA).  Indomethacin treated fetuses exhibited a parallel 

pattern, with day 6 cortisol concentrations that were significantly elevated over days 4 and 5 

(p<0.05 by 2-way RM ANOVA)  No significant differences in cortisol were detected between 

treatments.   

No significant differences were detected between treatments for plasma PGE2, estradiol, or 

estradiol sulfate (Table 4-2).    

Discussion 

The results of the present study indicate that, as compared to non-estrogenized animals in 

Chapter 3, in estrogen stimulated fetuses 1) estrogen sensitizes the HPA axis to the removal of 

inhibition by PGHS-2; 2) inhibition of PGHS-2 alone or in combination with PGHS-1 results in 

alterations in adrenal cortisol output, and 3) administration of indomethacin significantly alters 

estrogen metabolism at a central point that yields effects on both fetuses.  Estradiol 

administration was designed to mimic the estrogen increases that would drive and/or result from 

the spontaneous ontogenetic surge in HPA axis activity (229).  Exogenous estradiol may 
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stimulate the basal HPA axis and provide enough positive feedback to push the axis into a self-

propagating mode, rather than self-limiting mode associated with basal axis activity.  These 

results provide further support for the conclusion of Chapter 3, that PGHS-2 activity provides 

negative regulation of the axis.  Moreover, we interpret these data to indicate that, in an 

estrogenized environment, PGHS-1 serves as an indirect primary regulator of estrogenic input to 

the HPA axis, possibly through alteration of uterine or placental estrogen metabolism. 

To avoid prolonged activation to acute stimuli and prevent mistimed self-propagating 

activity, the fetal HPA axis is self-regulated.  Self-regulation is believed to be achieved largely 

through cortisol negative feedback, which targets the core subunits of the axis, the hypothalamus 

and pituitary, as well as the hippocampus (65; 161; 212)  In contrast, the transition of the HPA 

axis from mid-gestation basal activity levels to late gestation spontaneous ontogenetic activation 

must overcome these self-regulatory mechanisms.  It appears that estradiol achieves this, in part, 

by lowering the amount of stimulation required for activation of the axis when the PGHS-2 

based negative regulation of the HPA axis is reduced.  In the present experiment, estradiol 

combined with LD nimesulide reduced hypothalamic PGHS-1 mRNA and brainstem PGHS-1 

protein, just as with HD nimesulide alone (See Chapter 3, Figure 3-2).  In contrast, no changes in 

PGHS-2 were detected; the same result as with LD nimesulide alone.  Similar to the hormonal 

results of Chapter 3, inhibition of PGHS-2 resulted in significantly increased plasma estradiol 

compared to the vehicle.  Interestingly, absent exogenous estradiol, the increase was detected 

after HD nimesulide while administration of LD nimesulide yielded the same effect in the 

presence of exogenous estradiol.  This suggests either that the LD nimesulide dose is a more 

potent inhibitor of PGHS-2 or that estrogen primed (made it more ready to be activated) the HPA 

axis to be hypersensitive to reductions in PGHS-2 based inhibition of the axis.   
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 In Chapter 3, we suggested that the increased hippocampal PGHS-2 may represent 

increased inhibition on the HPA axis.  This is consistent with the current results, as the lack of 

increased hippocampal PGHS-2 is accompanied by increased estradiol and cortisol, i.e. axis 

activation.  Activation of the axis suggests that estradiol has reduced the inhibitory effect of 

PGHS-2 on the axis.  This is also consistent with the proposed positive feedback role of estrogen 

on the HPA axis in the fetus (229).   We believe that the current results suggest that, 

mechanistically, estrogen primes the HPA axis to be liberated from the negative effects of 

PGHS-2.  In other words, the presence of estradiol has yielded responses consistent with a high 

dose of nimesulide (lowest level of PGHS-2 based axis inhibition) at doses of nimesulide that are 

100-fold lower.  This appears to prepare the axis for signaling such that lower levels of 

stimulation, represented here by lesser disinhibition of the axis, are required for activation.  This 

could aid not only in the initial transition from basal activity, but also in the self-propagating 

increase in pre-parturient activity.  

Similar to the experimental results after administration of LD nimesulide alone, the current 

results reveal increased cortisol in the absence of increased ACTH, suggesting that variations in 

adrenal cortisol output sensitivity play a role in signaling through the ontogenetically stimulated 

HPA axis.  Among other mechanisms, variations in adrenal cortisol output may be affected by 

increases in the MC2R receptor density on the developing adrenal (121; 218) or increased 

substrate supply to the adrenal via increased expression of StAR (25).  Altered efferent 

sympathetic nerve stimulation of the adrenal (62) is also a possibility, which is made more likely 

by the similar patters of plasma POMC and cortisol concentrations (Figures 4-3 and 4-5).  As 

suggested by Poore et al., POMC metabolism may be influencing adrenal responsiveness.  

Specifically, the increasing plasma POMC concentrations and steady ACTH concentrations 
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indicate the ratio between high molecular weight ACTH-containing precursors and ACTH is 

increased.  The high molecular weight precursors may be antagonizing the MC2R, preventing 

ACTH from binding and activating the receptor (159).  From these data we hypothesize that the 

increases in cortisol despite this increased ratio support a neural mechanism for adrenal 

stimulation as such a mechanism could operate independently of the ACTH receptor. 

 The current study demonstrates that simultaneous inhibition of PGHS-1 and -2 with 

indomethacin significantly alters a central point of estrogen metabolism capable of affecting 

circulating estradiol concentrations in both twin fetuses.  Contrary to our expectations from prior 

use of subcutaneous estradiol pellets (176; 231; 237) and the plasma estradiol levels detected in 

the LD nimesulide arm of this study, plasma estradiol concentrations in vehicle and 

indomethacin treated fetuses were low.  In fact, concentrations were not significantly different 

from those of the treatment groups in Chapter 3, where no exogenous estradiol was administered.  

It is unlikely that the pellets used in this group of experiments were faulty, as the same batch of 

pellets was used in the LD nimesulide arm of this study, which produced estradiol levels on par 

with what was expected (231).  While the changes in estradiol in response to HD nimesulide 

alone or to LD nimesulide after estradiol administration likely involved alterations in clearance 

or metabolism of estradiol within the treated twin, such a mechanism is insufficient to explain 

alterations in estradiol concentrations in both fetuses.  These results suggest that inhibition of 

PGHS-1 has dominant and opposite effects on circulating estradiol and that a central estrogen 

metabolism mechanism is affected by simultaneous inhibition of PGHS-1 and -2. 

We speculated that the increased estradiol detected in response to inhibition of PGHS-2 

was likely due to alterations in clearance or metabolism of estradiol. In this instance, the same 

mechanisms are probably at work, though increased clearance and decreased synthesis would be 
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expected.  Candidate organs possessing the ability to clear estradiol or alter its synthesis and/or 

metabolism that could affect both twins are the uterus and the placenta.  Both are highly 

vascularized and could greatly increase clearance of estradiol following increases in blood flow.  

The placenta also contains the enzymes necessary to produce estradiol from precursor substrates 

(229), as well as metabolize estradiol into other estrogen compounds.  For the uterus or placenta 

to affect estradiol concentrations in both twins, a signal derived from central nervous system 

indomethacin action in one twin would have to impact uterine blood flow or placental sex-steroid 

metabolism.  Our data clearly indicate that the signal is prostaglandin mediated, however, 

whether such a mechanism is ultimately neural in nature or endocrine related cannot be 

determined from the present data.   

We interpret the present data to support a prostaglandin mediated effect on sympathetic 

innervation of the adrenal, although no comparable neural pathway projects directly from the 

fetal central nervous system to the fetal placenta.  Therefore, endocrine signals appear more 

likely, though our data indicate cortisol is unlikely to mediate this effect, as cortisol 

concentrations were similar in both treatment groups but estradiol was significantly different.  

Perhaps indomethacin induced decreases in hypothalamic AVP mRNA or increased prolactin 

mRNA is related to generation of a signal affecting the uterus.  It has been proposed that 

endocrine actions of lactogenic hormones such as prolactin alter the secretory function of the 

endometrium (194).  It is also possible that a mixed neural-endocrine effect generates the signal 

in which central nervous system prostaglandin synthesis inhibition may alter neural signaling to 

an endocrine tissue, which subsequently releases a factor affecting the uterus or placenta.  

Finally, the high rate of blood flow from the placenta to the fetus via the umbilical vein (208) 

and estradiol clearance capacity of the liver (150) make it feasible that a circulating factor 
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derived from placenta or uterus simultaneously increases blood flow to both to both fetal livers.  

What is clear from our data is that the interactions between prostaglandin synthesis, the ovine 

fetal HPA axis, and estrogen are more complex than previously thought.  It no longer appears 

that the ovine system is a single loop feedback system involving only prostaglandin synthesis, 

axis activity, and estrogen feedback (229).  The present results suggest that additional 

constituents, such as neural control mechanisms may play a larger role than anticipated.  

Likewise, it appears that there are additional modes of regulation, as at times PGHS-1 and -2 

appear to operate in distinct, if not opposing manners.  These data may also suggest that ovine 

estrogen biosynthesis is more complex than previously thought, and may, similar to the primate 

(229) involve production of substrates at extra-placental sites (88; 89) that are directly or 

indirectly reduced by indomethacin and provide less estrogenic substrate to the placenta.  

Further studies, such as an analysis of indomethacin administration to one twin absent 

exogenous estradiol, are clearly necessary to elucidate the pathways and mechanisms at work.  

Additionally, analysis of plasma estradiol metabolites might suggest an operative pathway 

accounting for reduced estradiol after indomethacin.  Blood flow studies and tissue estradiol 

concentrations may reveal the source of increased estradiol clearance capacity. Further analysis 

of PGHS expression directly in, or along neural pathways innervating peripheral steroidogenic 

tissues may provide insight into what appears to be a more complex estrogen metabolism system.  

 In conclusion, the results of the present study suggest that under estrogen induced 

ontogenetic drive, PGHS-2 provides a negative regulatory influence on the HPA axis.  However, 

it does appear that the axis is sensitized to reductions in PGHS-2 based inhibition as a result of 

estradiol, which is consistent with estradiol providing a positive feedback to the HPA axis.  

Additionally, altered adrenal cortisol output appears to continue to play a role in the 
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ontogenetically stimulated HPA axis.  Finally, we believe that inhibition of PGHS-1 and -2 

simultaneously sets a signaling cascade in motion that modulates estrogen metabolism in a 

manner that results in circulating estrogen concentrations being reduced in both fetuses, though 

the mechanisms involved are unclear based on this study.  Together, these data indicate that 

current models of prostaglandin-estrogen-HPA axis interactions need refinement to properly 

reflect the complexity of the signaling pathways.      
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Table 4-1.  Gene expression of hypothalamic and pituitary hormones in response to 

prostaglandin synthesis inhibition in the estrogen stimulated HPA axis  
                                    Treatment Group 

Hormone Tissue Estradiol +  
10µg/day Nimesulide 

Estradiol +  
Indomethacin 

CRH Hypothalamus 1.39 ± 0.31 1.77 ± 0.68 
AVP Hypothalamus 0.85 ± 0.11    0.56 ± 0.09 * 
POMC Pituitary 1.02 ± 0.40 0.88 ± 0.18 
oLH Pituitary 0.70 ± 0.18 2.01 ± 1.18 
oFSH Pituitary 0.93 ± 0.23 1.31 ± 0.35 
oPRL Pituitary 0.93 ± 0.18    1.85 ± 0.19 * 
Data presented as mean fold change in gene expression relative to vehicle fetus± SEM.  
* indicates p<0.05 by paired t-test. 
 

 

 

 

Table 4-2. Plasma PGE2, estradiol, and estradiol-3-sulfate in estrogenized vehicle and PGHS 
inhibitor treated fetuses  

                   Treatment Group 
Hormone  Estradiol + 

Vehicle 
Estradiol + 
10µg/day 

Nimesulide 

  Estradiol + 
Vehicle 

Estradiol + 
Indomethacin 

PGE2, pg/mL 
 

 141 ± 27 128 ± 28  275 ± 59 336 ± 41 

Estradiol, pg/mL 
 

 112 ± 19 136 ± 14 *  15.8 ± 3.99 18.3 ± 1.97 

Estradiol-3-Sulfate, 
ng/ml 

 0.16 ± 0.09 0.18 ± 0.09  0.15 ± 0.05 0.17 ± 0.02 

Data presented as mean plasma hormone concentration ± SEM.  
* indicates p<0.05 by paired t-test. 
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Figure 4-1.  Arterial pH, pCO2, and pO2 in estrogenized vehicle and PGHS inhibitor treated twin 
fetuses.  A) Daily arterial pH in vehicle and LD nimesulide treated twins.  B) Daily 
arterial pH in vehicle and indomethacin treated twins.  C)  Daily arterial pCO2 in 
vehicle and LD nimesulide treated twins.  D)  Daily arterial pCO2 in vehicle and 
indomethacin treated twins.  E)  Daily arterial pO2 in vehicle and LD nimesulide 
treated twins.  F)  Daily arterial pO2in vehicle and indomethacin treated twins.  In 
each panel, vehicle treated fetuses are represented by dashed lines with solid circles, 
while inhibitor treated fetuses are represented by solid lines with open circles.  Within 
group significance is shown by letters, “A”, “B”, or “C” representing significance as 
compared to day 2, 3, or 4 respectively.  Lowercase letters indicate significance v. the 
same timepoints, within the treated group.  Between group significance is shown by 
an “*.”  Significance based on p<0.05 by 2-way RM ANOVA. 

 104



 

 

 

Figure 4-2.  PGHS-1 and PGHS-2 mRNA and protein expression in the estrogenized fetal brain 
and pituitary in response to LD nimesulide.  A) PGHS-1 mRNA expression in treated 
twins relative to vehicle twins.  B)  PGHS-2 mRNA expression in treated twins 
relative to vehicle twins.  Data are mean fold change ± SEM.  Vehicle treated fetus 
mRNA levels are shown in black bars, and nimesulide treated fetus mRNA levels in 
gray bars.  C) PGHS-1 protein expression in treated as compared to vehicle twins.  D)  
PGHS-2 protein expression in treated as compared to vehicle twins.  Data are mean ± 
SEM.  Intensity of immunoreactive bands are shown in black bars for vehicle fetuses 
and light gray for nimesulide fetuses.  When detected, 140 kDa bands are shown in 
dark gray bars for vehicle fetuses and open bars for nimesulide fetuses.  Significant 
differences (p<0.05 by paired t-test) are indicated by an “*”.  E)  Representative 
western blot results indicating expression levels of the 140 kDa PGHS-1 band in the 
brainstem of estrogenized LD nimesulide and vehicle treated fetuses.  
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Figure 4-3.  Daily plasma POMC, ACTH, and cortisol concentrations in estrogenized fetuses in 
response to LD nimesulide.  Data are shown as mean ± SEM.  A)  Plasma POMC 
concentrations.  B) Plasma ACTH concentrations.  C)  Plasma cortisol concentrations.  
Vehicle treated fetuses are represented by dashed lines with solid circles, while 
nimesulide treated fetuses are represented by solid lines with open circles.  Within 
vehicle group significance is shown by letters, “A”, “B”, or “C” representing a 
significant difference as compared to day 2, 3, or 4, respectively.  Within nimesulide 
group significance is shown by letters, “a”, “b”, or “c” representing a significant 
difference as compared to day 2, 3, or 4, respectively.  Between group significance is 
shown by an “*.”  Significance based on p<0.05 by 2-way RM ANOVA. 
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Figure 4-4.  PGHS-1 and PGHS-2 mRNA and protein expression in the estrogenized fetal brain 
and pituitary in response to indomethacin.  A) PGHS-1 mRNA expression in treated 
twins relative to vehicle twins.  B)  PGHS-2 mRNA expression in treated twins 
relative to vehicle twins.  Data are mean fold change ± SEM.  Vehicle treated fetus 
mRNA levels are shown in black bars, and indomethacin treated fetus mRNA levels 
in gray bars.  C) PGHS-1 protein expression in treated as compared to vehicle twins.  
D)  PGHS-2 protein expression in treated as compared to vehicle twins.  Data are 
mean ± SEM.  Intensity of immunoreactive bands are shown in black bars for vehicle 
fetuses and light gray for indomethacin fetuses.  When detected, 140 kDa bands are 
shown in dark gray bars for vehicle fetuses and open bars for nimesulide fetuses.  
Significant differences (p<0.05 by paired t-test) are indicated by an “*”.  E)  
Representative western blot results indicating expression levels of the 140 kDa 
PGHS-1 band the cerebellum of indomethacin and vehicle treated fetuses.  F)  
Representative western blot results indicating expression levels of the 72 kDa PGHS-
2 band in the cortex of indomethacin and vehicle treated fetuses. 
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Figure 4-5.  Daily plasma POMC, ACTH, and cortisol concentrations in estrogenized fetuses in 
response to indomethacin.  Data are shown as mean ± SEM.  A)  Plasma POMC 
concentrations.  B) Plasma ACTH concentrations.  C)  Plasma cortisol concentrations.  
Vehicle treated fetuses are represented by dashed lines with solid circles, while 
indomethacin treated fetuses are represented by solid lines with open circles.  Within 
vehicle group significance is shown by letters, “A”, “B”, or “C” representing a 
significant difference as compared to day 2, 3, or 4, respectively.  Within 
indomethacin group significance is shown by letters, “a”, “b”, or “c” representing a 
significant difference as compared to day 2, 3, or 4, respectively.  Between group 
significance is shown by an “*.”  Significance based on p<0.05 by 2-way RM 
ANOVA. 
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CHAPTER 5 
CONCLUSIONS 

The initiation of parturition has been studied in great detail and major advances have been 

made, both in understanding the mechanisms in a laboratory setting, as well as providing clinical 

treatment for premature labor.  Despite all that has been learned, preterm birth remains a major 

source of neonatal morbidity and mortality (146).  It is clear, due both to the continuing impacts 

of prematurity and the results of the present study, that much remains to be learned regarding the 

mechanisms and physiology of labor. 

The fetal HPA axis has long been thought to have significant hormonal interactions with 

the placenta and function as a primary regulator of the timing of parturition.  Experimental 

results indicated that the fetal HPA axis must be intact for normal parturition to occur (3; 114).  

HPA axis activity increases dramatically just prior to parturition, with the prevailing theory 

suggesting that fetal HPA axis activity induces placental cytochrome P450 C-17 (68; 193), 

resulting in increased estrogen production close to term (68; 193), which subsequently feeds 

back to further stimulate the axis.  (See Figure 1-2).  Many studies show a modulatory effect of 

estrogens on activity of the fetal HPA axis (160; 176; 231).  Evidence also indicates that 

prostaglandins might modulate activity of the HPA axis (45-47; 204; 207) and that expression of 

prostaglandin synthase enzymes is altered upon stimulation of the HPA axis (202; 205; 231).  

The present study was designed to further these results and assess the ontogenetic expression 

profile of the key prostaglandin synthase enzymes PGHS-1 and -2 across gestation in brain 

regions known to be associated with the HPA axis.  After determining the ontogeny of PGHS-1 

and-2, the present study assessed the role of PGHS-1 and -2 function in modulating the basal 

activity of the HPA axis, the low level of activity expected prior to the spontaneous ontogenetic 

spike in activity just prior to delivery.  Building on the results of PGHS function in the basal 
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HPA axis, we attempted to experimentally recreate the ontogenetic drive on the axis by 

administering exogenous estradiol and simultaneously evaluate the effects of PGHS inhibition.  

The results of the present study indicate that the prevailing model of late gestation ovine fetal 

HPA axis function is not sufficient to describe the true complexities of HPA axis when 

accounting for its modulation by prostaglandins and estrogen.  

The first phase of the study was directed towards determining the ontogenetic expression 

profile of PGHS-1 and -2 in brain regions associated with the HPA axis.  Overall, we determined 

that PGHS-1 and -2 mRNA and protein were widely and varyingly expressed across gestation.  

Several tissues demonstrated expression peaks at 120 DGA, suggesting that prostaglandin 

synthesis may be involved in autocrine or paracrine modulators of synaptogenesis or neuronal 

development (69).  Both hippocampal PGHS-2 mRNA and hypothalamic PGHS-2 protein were 

significantly upregulated at 145 DGA, which was seen as promising evidence that PGHS-2 was 

the primary isoform driving late gestation HPA axis activity.  In light of our later results 

however, it is somewhat unclear what these results indicate.   

Our findings in Chapters 3 and 4 led to us to conclude that PGHS-2 activity negatively 

influences the HPA axis.  Though the increased PGHS-2 expression detected at 145 DGA 

(Chapter 2) suggest that the axis would be inhibited, it must be kept in mind that this was 

designed as an expression study only and we do not have information on the hormonal milieu in 

these animals.  It is possible that the amount of PGHS-2 detected, while significantly greater than 

expression at 80 DGA, is not sufficient to inhibit activation of the HPA axis or may provide only 

partial inhibition that prevents unchecked HPA axis activity.  The discordance between mRNA 

and protein expression trends indicates independent transcriptional, translational, and post-

translational modifications making conclusive correlations about the expression levels and axis 
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activity difficult absent supporting hormone data.  In future ontogenetic expression studies it 

would be valuable to collect plasma in order to correlate relevant hormones with gene and 

protein expression.  Nevertheless, the initial goals of this portion of the study were accomplished 

and these results enabled us to proceed to the next phase of the study with confidence that 

PGHS-1 and -2 were likely to be involved in fetal HPA axis signaling.   

We believe that there are three modes of HPA axis operation, 1) acute stimulation, 2) basal 

stimulation, and 3) ontogenetic stimulation. Acute stimulation is the focus of other studies by 

members of our laboratory, so the second portion of this study focused on determining the roles 

of PGHS-1 and -2 in the late gestation HPA axis that was under no specific, i.e. basal, 

stimulation.  We demonstrated that administration of HD nimesulide altered gene and protein 

expression, but more interestingly, induced an increase in circulating estradiol.  In contrast, a 

lower dose of nimesulide did not affect gene expression, but clearly revealed alterations in 

adrenal cortisol output.  We also interpreted the limited changes after administration of 

resveratrol as an indication that PGHS-1 does not substantially affect the basal HPA axis.   We 

therefore concluded that PGHS-2 is the primary prostaglandin synthase regulating the HPA axis, 

and that it does so via an inhibitory influence.   

We initiated these experiments with the hypothesis that PGHS-2 was the primary 

modulator of HPA axis activity, based largely on our own prior work involving acute stimulation 

of the HPA axis (202; 206) and the generally increasing PGHS-2 expression patterns detected in 

the ontogeny study.  The effects of nimesulide on PGHS-2 activity as well as gene expression 

had been reported in other experimental systems (64; 92).  However, we expected inhibition of 

PGHS-2 to decrease axis activity, which initially correct, in light of unchanged ACTH and 

cortisol concentrations after HD nimesulide.  However, the increased estradiol suggested that the 
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axis was activated on some level.  Confirming that notion, the LD nimesulide experiment 

demonstrated that adrenal cortisol output was altered, as cortisol levels were increased without 

changes in ACTH.  A likely mechanism is via prostaglandin mediated modulation of sympathetic 

innervation.  Further experiments directed to defining the types of neurons that PGHS-2 is 

associated with in the central nervous system would help to further understand the increased 

adrenal cortisol output.  In the meantime, another study in our laboratory also revealed that acute 

inhibition of PGHS-2 had stimulatory effects on the axis, represented by increased ACTH after 

nimesulide.  Together with the absence of significant responses to resveratrol, it became more 

probable that PGHS-2 serves as a primary negative regulator of the basal HPA axis. 

 With this in mind, we set out to mimic the late gestation ontogenetic drive on the HPA 

axis by administration of estradiol to both twins and subsequently determine if prostaglandin 

synthesis also played a role in the ontogenetically stimulated axis.  Interestingly, estradiol 

administration added an unexpected layer of complexity to the HPA axis regulatory scheme.  LD 

nimesulide treatment in conjunction with estradiol yielded results similar in some aspects to 

results seen after either HD or LD nimesulide alone.  It appears that, consistent with the notion 

that estrogen stimulates the HPA axis, estradiol administration prepared the HPA axis for release 

of PGHS-2 based inhibition.  In other words, estradiol appears to allow HPA axis activation 

more readily, not by direct stimulation, but by a removal of an inhibitory regulator.  This is 

supported by unchanged hippocampal PGHS-2 which is accompanied by increased estradiol and 

cortisol, i.e. axis activation.    

 Despite the apparent stimulatory effect of estradiol on the HPA axis, there was still 

substantial evidence that increases in adrenal cortisol output due to non-ACTH mediated 

mechanisms were largely responsible for the increased plasma cortisol concentrations in 

 112



 

response to LD nimesulide and indomethacin.  In contrast to the results of Chapter 3, it appears 

that POMC or its metabolites may be playing an inhibitory role at the adrenal, thereby allowing 

sympathetic innervation to control cortisol levels absent significant ACTH changes.  Further 

study into the processing of POMC in the estrogenized fetus, for example, evaluation of 

prohormone convertase 1 and 2 expression and activity, plasma assays for POMC metabolites, 

and binding analysis of POMC metabolites at the MC2R would help to determine if a POMC 

based mechanism is involved in altered adrenal cortisol output. 

 Finally, indomethacin administration yielded dramatic results on estradiol metabolism.  

We expected the plasma estradiol levels in vehicle fetuses of both groups to be similar, however, 

both treated and vehicle fetuses in the indomethacin group had substantially lower plasma 

estradiol than expected.  These data are distinct from the other groups with significant changes in 

estradiol, where only the treated fetus was affected.  While similar mechanisms are likely 

involved, such as increased clearance or increased metabolism of estradiol to other estrogenic 

steroids, indomethacin administration to the brain of one fetus somehow affected a central 

location that yielded effects in both twins.  Though precluded from doing so by the close of the 

ovine breeding season, a key experiment that has already begun to further understand these 

experimental results is to administer indomethacin alone to one of two twins, absent exogenous 

estradiol.  This would help to determine what the role is for PGHS-1 in the basal state, and give a 

valuable point of comparison for the effects of estradiol. 

 In light of the results of these studies, we have proposed several modifications to the 

signaling pathways involved in the basal and ontogenetically stimulated fetal HPA axis.   

Figure 5-1 represents the basally stimulated axis, which is primarily under the inhibitory control 

of hippocampal PGHS-2.  Traditional hormonal flow through the system is present, but reduced 
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(gray print), while splanchnic innervation of the adrenal is promoted to the primary mode of 

cortisol release (bold print).  However, PGHS-2 expressed in the brain imparts a tonic negative 

influence on splanchnic activation.  Inhibition of brain PGHS-2 appears to reduce the inhibition 

on the splanchnic nerve and allow production of cortisol without the traditional preceding 

increase in ACTH.  PGHS-2 inhibition in the brain, as shown in our HD nimesulide results, 

initiates a mechanism that changes estrogen processing in the fetus.  Reduction of the amount or 

efficiency of estradiol clearance, likely through a large clearance bed such as the fetal liver, is a 

possible mechanism.  Additionally, alterations in metabolic conversion of estradiol to other 

estrogenic steroids, such as estrone, are possible.  Such a metabolic conversion reaction could 

occur within the brain (gray oval) or in peripheral metabolic tissues.  This model reflects one 

interpretation of our data, which suggests that inhibition of brain PGHS-2 in the basal state can 

have effects on peripheral tissues and metabolic processes, and thus necessarily involves either 

nervous or endocrine signaling pathways that reach distant (non-brain) tissues. 

 Figure 5-2 is another model that is meant to reflect the possible signaling pathways 

involved in the ontogenetically stimulated axis.  Our data suggest that PGHS-2 and PGHS-1 

operate quasi-independently of one another, in that PGHS-2 seems to regulate activity moving 

through the axis, while PGHS-1 seems to regulate those modulators that affect the feedback 

effects of the axis.  As shown in the basal signaling model (Figure 5-1), PGHS-2 again appears 

to be involved in the splanchnic regulation of adrenal cortisol output, though POMC appears to 

play a potential inhibitory role in the stimulation of the adrenal by ACTH.  Our data do not 

appear to indicate a substantial hippocampal PGHS-2 based inhibition on the axis in the presence 

of exogenous estradiol.  The presence of brain PGHS-1 along the feedback pathway for 

placental-derived and the stimulatory pathway of exogenous estradiol reflect the possibility that 
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PGHS-1 activity promotes estrogen priming of the HPA axis.  Again, similar to the basal state 

model in Figure 5-1, the mechanisms involved appear to be either endocrine or neural in nature, 

as the inhibition of PGHS-1 occurred in the brain, but the effects appear to be related to 

peripheral tissues.  Inhibition of PGHS-1 and -2 together reduces the supporting effects of 

PGHS-1 on estradiol concentrations and causes increases in estradiol clearance and/or decreases 

in synthesis, likely occurring in major shared (between twins) clearance beds such as the uterus 

or placenta, as both twins are simultaneously affected.   

 While these models are based largely on the prevailing models of ovine fetal HPA axis 

activity and regulation as they existed prior to these studies, the present results indicate 

additional complexities that were not represented in previous models.  The results of this 

dissertation conclusively show that PGHS-1 and -2 are expressed in all brain regions analyzed, at 

nearly all gestational ages available.  We also demonstrated that, as in acute settings, PGHS-2 

inhibits the activity of the HPA axis, though not completely as both basal and ontogenetic 

stimulation appear to continue to drive portions of the axis, namely by increased adrenal cortisol 

output.  Finally, PGHS-1 and -2 appear to have different functions, a stimulator and brake, 

respectively, and thus may independently operate on stimulatory and feedback pathways of the 

axis.  PGHS-2 appears to regulate tonic inhibitory mechanisms while PGHS-1, at least in the 

estrogen derived ontogenetic stimulated state, appears to be a primary modulator of estrogen 

clearance and metabolism.  Thus, the present experiments strongly indicate that prostaglandin 

synthesis does modulate HPA axis activity, though in a mechanistically unique fashion 

depending on the hormonal context.   

Testing the validity of these models could be done in a variety of experiments in the future, 

some simply requiring varied experimental parameters with the same basic experimental setup as 
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used in the present study, while others would require more advanced preparation of reagents or 

methodology optimization.  A simple first approach to further elucidate the roles of the two 

isoforms of PGHS would be to perform another twin experiment where indomethacin is 

administered to twins in the absence of exogenous estradiol.  This would help determine if 

PGHS-1 was truly uninvolved in the function of the basal HPA axis, as our data suggested, or if 

the simultaneous inhibition of PGHS-1 and -2 would have similar effects on variables like 

estrogen metabolism.  Another simple experiment, given the structure of the osmotic mini-pumps 

used, would be to extend the experimental time course and carry the experiments through 

delivery, and determine if the inhibition of one of the PGHS isoforms had a more profound effect 

on the timing of delivery. 

Key studies related to the estrogen clearance effects seen in the present study could be 

performed by instrumentation of fetuses in order to measure blood flow through clearance 

tissues, like the liver or placenta.   Use of microspheres or radiolabeled tracers could help 

determine if inhibition of prostaglandin synthesis in the brain altered peripheral clearance bed 

blood flow.  The counterpart study, as mentioned above, would be to measure expression of the 

key metabolic enzymes involved in the production or degradation of estradiol. 

Another interesting experiment to help test the proposed models would be an experimental 

setup which allowed direct stimulation of the splanchnic nerve.  According to prior studies (61), 

stimulation of the splanchnic nerve should greatly augment the adrenal response to ACTH.  In 

light of this, the results of direct stimulation in the presence and absence of PGHS inhibition 

would help determine if the splanchnic nerve was the actual sympathetic nervous input 

responsible for the increased cortisol we detected.  An informative experiment would be to 

simultaneously inhibit PGHS-2 and stimulate the splanchnic nerve in the presence and absence 
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of a specific MC2R antagonist.  Such an experiment would further indicate the exact role of that 

neural input in adrenal stimulation.  As a companion to this study, retrograde fluorescent tracers 

could be injected into the adrenal.  After appropriate time for retrograde travel, 

immunohistochemistry on the spinal ganglia and HPA axis associated brain regions could be 

performed to co-localize PGHS-1 or -2 with the neurons innervating the adrenal. 

Different delivery techniques could also be performed.  Using the current pharmacologic 

inhibitors, a more direct delivery to specific nuclei of the hypothalamus might help elucidate the 

site of action of nimesulide or resveratrol.  Stereotactic surgery could be performed to deliver the 

inhibitors directly to the PVN, or regions of the hippocampus, indicating the level of the HPA 

axis which is most critical in controlling signaling or feedback.  Additionally, more biologically 

advanced delivery techniques of inhibitors or stimulators could be employed.  For example, 

siRNA specific for either PGHS-1 or PGHS-2 could be delivered to the brain via mini-pump or 

stereotactic microinjection.  The highly specific downregulation of either isoform would help to 

confirm or refute the results of the present study.  Moving this concept further, viral mediated 

delivery of the genes encoding either PGHS-1 or -2 would allow overexpression of one isoform.  

If a tissue specific promoter were used as well as an indicator gene, such as beta-galactosidase, 

the site of overexpression could be confirmed.  If, for example, PGHS-2 were overexpressed and 

the proposed models are accurate, one would expect that the HPA axis would be inactive, 

perhaps even during the very final stages of gestation.  Conversely, should PGHS-1 be 

overexpressed, one would expect quite significant alterations in estrogen metabolism.  Further 

extension of this idea could lead to development of large animal knock-in or knock out studies.  

In that situation, complete absence of expression of either PGHS-1 or -2 would further the 

knowledge of the role of each in regulation of the late gestation ovine fetal HPA axis. 
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Figure 5-1.  Proposed model of prostaglandin synthesis regulation of basal HPA axis activity.  
See text for summary.  PVN= paraventricular nucleus of the hypothalamus; CRH= 
corticotrophin releasing hormone; AVP= arginine vasopressin; ACTH = 
adrenocorticotrophic stimulating hormone. 
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Figure 5-2.  Proposed model of prostaglandin synthesis regulation of ontogenetically stimulated 
HPA axis activity.  See text for summary.  PVN= paraventricular nucleus of the 

hypothalamus; CRH= corticotrophin releasing hormone; AVP= arginine vasopressin; 
ACTH = adrenocorticotrophic stimulating hormone; POMC = proopiomelanocortin 
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