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Abstract 

Title of Dissertation: Ouabain, vascular sodium calcium exchanger, and estradiol in 

blood pressure regulation during pregnancy   

 

Brandiese Jacobs Beverly, Doctor of Philosophy, 2012 

 

Dissertation Directed by:  John M. Hamlyn, PhD, Professor, Department of 

Physiology 

 

 

Pregnancy is associated with several endocrine and hemodynamic adaptations that 

result in increased cardiac output (CO) and decreased total peripheral resistance (TPR) 

and blood pressure (BP).  Pregnancy-stimulated elevations in estradiol can (among 

several vasodilatory mechanisms) attenuate inward Ca
2+

 currents and contribute to 

decreased TPR.   Conversely, endogenous cardiotonic steroids (CTS) raise blood pressure 

(BP) via inhibition of α2 Na
+
 pumps, which in turn, increase Ca

2+
 influx mediated by 

vascular sodium calcium exchangers (NCX1.3) and transient receptor potential channels 

(TRPCs).  Several factors (i.e., adrenocorticotropin, angiotensin II, and plasma volume 

expansion) that stimulate the biosynthesis and secretion of CTS, particularly endogenous 

ouabain (EO), are elevated in pregnancy.  This would suggest that normal pregnancy is 

associated with elevated EO.  Although circulating CTS are super-elevated in pregnancy-

induced hypertension (PIH) and in pre-eclampsia (PE), their significance in normal 

pregnancy, where BP is low, is paradoxical.  My hypothesis is that pregnancy-stimulated 

factors augment EO biosynthesis and secretion, but increased estradiol levels prevent EO-

mediated hypertension by downregulating NCX expression, and thereby, attenuating 

NCX-mediated Ca
2+

 influx.  Combined liquid chromatography-mass spectrometry 

confirm that pregnancy is per se a state with elevated circulating EO and is associated 

with two previously unidentified isomers of EO, yet BP is reduced compared to non-



 

 

pregnant controls.  The blunted pressor response to EO is mediated by estradiol, and can 

be initiated by the activation of a novel G protein coupled estrogen receptor, GPR30.  

Nonspecific activation of estrogen receptors by estradiol and specific activation of 

GPR30 by the selective GPR30 agonist, G-1, prevented ouabain-induced hypertension 

and reduced NCX expression by >30% in the aorta and mesenteric artery in virgin rats.  

When pregnant rats were administered exogenous ouabain that (super) elevated their 

circulating ouabain to levels that would be observed in PE, BP declined to the same 

extent as the pregnant controls.  Despite its inability to elevate BP in pregnant rats, 

ouabain infusion significantly reduced fetal and placental mass and was associated with 

fetal death and resorption.  Taken together, my studies demonstrate that the pregnancy-

triggered elevation in estradiol is vasoprotective; it reduces BP by changing the 

functional relationship between EO, NCX, cell Ca
2+

 and vascular tone. The key changes 

involve reduced NCX-mediated Ca
2+

 entry, and suppressed sensitivity of the contractile 

machinery to calcium.  Abnormalities in the effect of estradiol may contribute to PIH 

and/or PE. 
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CHAPTER 1 

Introduction 

 This introduction provides background information relevant to my thesis work.  

My work focuses on understanding the role of ion transporting proteins and sex 

hormones that underlie the mechanism of resistance to the pressor effect of endogenous 

ouabain which ultimately regulates blood pressure in normal pregnancy.  The background 

is comprised of ten parts.  The first and second parts provide an overview of blood 

pressure and the myogenic response.  The third part discusses the rapid-, intermediate-, 

and long-term adaptations involved in blood pressure regulation in the non-pregnant 

state, while the fourth section addresses the maternal adaptations to blood pressure 

regulation during normal pregnancy.  The fifth part provides an overview of essential 

hypertension and its correlation with endogenous ouabain.  The sixth section describes 

some of the factors involved in the pathogenesis of hypertension in pregnancy, including 

cardiotonic steroids.  Section seven discusses the mechanism by which ouabain and NCX 

affect blood pressure, and the eighth section describes the role of endogenous ouabain in 

pregnancy.  Finally, sections nine and ten describe how calcium mobilization and 

sensitivity affect blood pressure in normal pregnancy.      

 

Blood pressure overview 

Blood pressure (BP) reflects the force exerted by the blood onto the vessel walls.  

The average blood pressure during a single cardiac cycle is the mean arterial pressure 

(MAP) (279).  The minor contribution to MAP from right atrial pressure is usually small 

(< 5 mmHg) and is typically ignored. BP is phasic in nature and is comprised of systolic 
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and diastolic components. The systolic pressure is the peak arterial pressure achieved 

following left ventricular systole and closure of the aortic valve. The diastolic pressure is 

the minimum arterial pressure between heartbeats. In adult humans, “typical” values for 

systolic and diastolic blood pressures are 120 and 80 mm Hg.   

MAP is the product of the cardiac output (CO) and total peripheral vascular 

resistance (TPR). Cardiac output is dependent on heart rate and stroke volume.  Both 

adrenergic β-1 receptors, which are under sympathetic stimulation, and cholinergic 

receptors, which are under parasympathetic stimulation, determine heart rate.  β-1 

receptors also influence the contractility of the ventricles.  Intravascular fluid volume 

status and venous capacitance determines cardiac filling pressure, and along with the 

ventricular force of contraction (which is under autonomic control), governs stroke 

volume (301).  Diastolic blood pressure, defined as the minimum pressure between 

heartbeats, is influenced by several factors including the length of the interval between 

heart beats (i.e., heart rate) and TPR.  

 

Blood pressure and the arterial vascular myogenic response  

At the level of the blood vessel, the arterial myogenic response contributes to 

peripheral arterial resistance and blood pressure regulation (205).  The myogenic 

response is defined as the ability of the resistance arteries to react to changes in 

intravascular pressure to control blood flow (23).  The behavior of arterial diameter in 

response to changes in intraluminal pressure is paradoxical in that the vascular smooth 

muscle cells will contract when pressure is elevated and relax when pressure is reduced 

(69, 176, 290).   The strength of the myogenic response is related to the diameter of the 
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blood vessels, with intermediate-diameter small arteries and arterioles having the greatest 

myogenic response (290).  This “autoregulatory” response can be traced back to the 

inherent cellular mechanisms of vascular smooth muscle cells in the arterial wall (23, 69).  

Vascular myocytes are oriented around the circumference of the vessel wall and the 

myogenic contraction is a reflection of enhanced excitation-contraction coupling in 

response to membrane depolarization and increased calcium permeability.   

At physiological pressures, the resting potential of a vascular smooth muscle cell 

ranges between -40 and -60 mV and is determined to a large extent by potassium 

permeability (80, 132, 232, 233).  The myogenic response appears to be stimulated as a 

result of pressure-induced alteration of vessel wall tension.  Arterial wall tension is 

increased during the myogenic response and is correlated with both myosin light chain 

phosphorylation and intracellular calcium concentration.  This suggests that tension 

(stretch), rather than pressure-induced changes in cell length or pressure itself, is the 

stimulus for vascular smooth muscle depolarization and the myogenic response (156, 

330, 361).   

Stretch-induced depolarization is likely initiated by mechanosensitive cation 

channels that promote Na
+
 or Ca

2+
 influx, Cl

-
 efflux, or inhibit K

+
 efflux (69).  Stretch-

activated cation channels that change their activity in response to membrane stretch (68, 

295) and voltage-gated calcium (L-type) channels are the main sensors that initiate the 

myogenic response, and both increase the inward current of vascular smooth muscle cells 

(68, 220, 295).   Because of the voltage dependence of the L-type Ca
2+

 channel, the 20 to 

35 mV depolarization associated with membrane stretch is sufficient to increase the open 

probability of L-type channels by 10- to 15-fold (233).  Therefore, L-type channels might 
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participate in myogenic responses by opening when an upstream stimulus depolarizes the 

cell and brings the channel to threshold (69, 200).    In addition, transient receptor 

potential (TRP) channels are directly activated by stretch and promote Ca
2+

 and Na
+ 

influx (93, 251).  Active transport systems, including the Na
+
/K

+
-ATPase (Na

+
 pump) 

that directly stimulate membrane depolarization, and facilitated diffusion systems, 

including the Na
+
/Ca

2+
-Exchanger (NCX) that alter ion gradients, also impact myogenic 

tone since they alter Ca
2+

 availability to the contractile system in the vascular smooth 

muscle (238).  For example, the depolarizing action of ouabain when bound to (and 

thereby inhibiting) the Na
+
 pump enhances Ca

2+
 entry (28). 

The influx of calcium causes the myocyte to contract, and this increase in 

cytosolic free Ca
2+

 activates myosin light chain kinase (MLCK) and results in the 

phosphorylation of the myosin regulatory light chain.  The latter causes cross-bridge 

cycling and force generation (52).  Myosin light chain phosphatase (MLCP) activity 

dephosphorylates the myosin regulatory light chain, promoting relaxation of the myocyte 

(137, 305).  The interplay of MLCK and MLCP activities is thus crucial in determining 

the level of maintained tone in both arteries and veins.  By activating MLCK, calcium 

ions play a critical role in vascular smooth muscle contraction.  Several direct and 

indirect factors influence calcium influx and mobilization from intracellular stores and 

also the intrinsic activity of MLCK and MLCP.  These factors (many of which are 

neurohumoral in nature) contribute significantly to blood pressure regulation. 

 

 

 



 

5 

 

Blood pressure regulation-Non-pregnant state 

The maintenance of blood pressure is achieved through rapid-, intermediate-, and 

long-term adaptations (120, 150).  The baroreceptor system, the vagus nerve, the central 

vasomotor center of the brainstem, and sympathetic drive are responsible for rapid, short-

term regulation of BP, while the renin-angiotensin-aldosterone system (RAAS), 

antidiuretic hormone (ADH), and the renal juxtaglomerular apparatus contribute to 

intermediate-term BP regulation (146, 179, 203).  The RAAS and ADH also contribute to 

long-term BP regulation, along with other key mechanisms involved in pressure 

natriuresis and diuresis (122, 126, 127).   

 

Rapid-acting regulation-Nervous system 

The sympathetic nervous system plays an important role in arterial blood pressure 

regulation.  All of the major determinants of blood pressure—cardiac contractility (stroke 

volume), heart rate, and peripheral vasoconstriction (TPR)—are influenced by 

sympathetic innervation of the myocardium, sinoatrial node, and peripheral blood 

vessels, respectively (133).  As a whole, the autonomic nervous system plays an 

important role in cardiovascular control.  It responds to rapid changes in arterial pressure 

or central blood volume to minimize changes through the baroreceptor reflex.  

Baroreceptors are stimulated in response to postural changes and daily activities that alter 

the return of blood to the heart, which affect cardiac output (133).  By reflex adjustment 

of cardiac output and TPR, the nervous system maintains blood pressure within a narrow 

range throughout the day.  Several central nervous system (CNS) structures regulate basal 
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sympathetic outflow as well as the sympathetic response to baroreceptor activation (26, 

58, 257).   

Rapid-acting regulation-Nitric oxide 

Nitric oxide (NO), another short-term regulator of blood pressure, is a pluripotent 

regulatory gas produced by nitric oxide synthase (NOS) (248).  There are three NOS 

isoforms expressed in mammalian cells: Type I-neuronal (nNOS), Type II-inducible 

(iNOS), and Type III-endothelial (eNOS); NOSs convert one of the nitrogens of L-

arginine to NO and the by-product L-citrulline.  NO exerts its vasodilatory effects in 

multiple ways.  Studies in large arteries and cultured vascular smooth muscle cells 

showed that NO activates cGMP, the intracellular second messenger of NO, which leads 

to a decrease in intracellular Ca
2+

 and a decrease in myosin light chain phosphorylation 

(57).  The latter diminishes cross-bridge cycling and leads to relaxation of the myocyte.   

However, this pathway does not appear to be the predominant mechanism involved in 

NO-mediated vasodilation in resistance arteries (31).  More recent studies have 

demonstrated that the activation of myosin light chain phosphatase (MLCP) by 

cGMP/cGMP-dependent kinase (cGKIα) occurs in vascular smooth muscle cells (312) 

and intact arterial smooth muscle (82), suggesting that NO-mediated decreases in Ca
2+

 

sensitivity are likely due to increased MLCP activity.    

NO also plays important roles in the kidney and CNS.  In particular, NO is 

responsible for the short-term homeostatic control of renal sodium excretion and 

extracellular fluid volume (105, 187).  Activation of the kallikrein vasodilator system 

produces bradykinin which, in turn, releases NO from endothelial cells (281).  NO 

promotes intrarenal arteriolar dilation via paracrine control of renal glomerular vascular 
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resistance and mesangial cell tone (282).  In the CNS, NO acts as an important mediator 

of intracellular signaling (109, 314, 315), and several studies indicate that NO acts on the 

autonomic nervous system, and influences the receptors and effectors of the baroreflex 

pathway (183, 250, 355).     

 

Intermediate- to Long-term regulation-Vasopressin 

Vasopressin (AVP, antidiuretic hormone, ADH) is a potent antidiuretic hormone 

that was first identified as a pressor hormone (15).  An acute decrease in blood pressure 

stimulates the secretion of vasopressin because the normal inhibitory nerve activity from 

baroreceptor activation to the hypothalamus is reduced (301).  The main functions of this 

hormone include regulation of body fluid homeostasis, vasoconstriction, and 

adrenocorticotropic hormone release and are carried out through binding of AVP to three 

receptors: V1a, V1b, and V2 (9).  V1a receptors are expressed in vascular smooth muscle 

and are involved in muscle contraction as well as cellular proliferation, platelet 

aggregation, glycogenolysis, lipid metabolism, protein catabolism, and glucose tolerance 

(9, 317).  V1b receptors are located in the anterior pituitary and pancreatic islets and 

mediate adrenocorticotropic hormone (ACTH)  and insulin release (317).  These two 

receptors couple to Gq and act via phosphatidylinositol hydrolysis to mobilize 

intracellular Ca
2+

 (10, 360).  In addition, V1a and V1b receptors can be expressed in the 

juxtaglomerular apparatus, thick ascending limb, and collecting duct of the kidney, where 

they regulate body fluid homeostasis (319).  Moreover, V1a receptors are involved in the 

central nervous system; V1a receptor-deficient mice and vasopressin-deficient rats 

showed impaired baroreceptor reflexes, suggesting that V1a receptors may be a critical 
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component in the maintenance of baroreflex control of heart rate and blood pressure 

homeostasis (142, 180).    

V2 receptors are located in the thick ascending limbs of Henle’s Loop and the 

principal cells of the renal collecting duct (10, 360).  Through this receptor, vasopressin 

stimulates Gs protein and adenylate cyclase to augment cellular cAMP, thus stimulating 

the translocation of aquaporin-2 in the collecting duct and increasing water reabsorption 

(10).   

 

Intermediate- to Long-term regulation-Renin-Angiotensin-Aldosterone System 

The renin-angiotensin-aldosterone system (RAAS) is a powerful mediator of renal 

and vascular homeostasis.  RAAS actions include regulation of blood pressure, 

natriuresis, and blood volume control (145).  Renin is a proteolytic enzyme that is 

synthesized as prorenin.  A decrease in blood pressure stimulates the release of renin 

through increased renal sympathetic nerve activity, afferent arteriole baroreceptor 

activity, and local macula densa mechanisms (146, 179, 203).  Renin cleaves off the 

decapeptide from angiotensinogen, a protein substrate produced by the liver and 

circulating in the blood, to form angiotensin I, which does not exhibit any vasoactive 

effects.  As angiotensin I passes through the pulmonary circulation, it is converted to 

angiotensin II by angiotensin converting enzyme (ACE).  Angiotensin II can then 

promote vasoconstriction, stimulate aldosterone release, which causes Na
+
 retention and 

volume expansion, and increases NaCl reabsorption directly (121, 127, 208).   

Angiotensin II binds two G protein coupled receptors (GPCRs), AT1 and AT2.  

Most angiotensin II effects are elicited by activation of the AT1 receptor.  These effects 
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include vascular smooth muscle cell contraction, hypertrophy, increased cardiac 

contractility, stimulation of sympathetic nervous system, increased thirst and vasopressin 

release, and stimulation of aldosterone release (50, 162, 301, 309, 322, 359).  Within the 

kidney, activation of AT1 receptors leads to renal vasoconstriction, decreased renal blood 

flow, increased vascular resistance, and increased Na
+
 reabsorption (42).  Studies in mice 

revealed that AT1 stimulated Janus Kinase-2 (JAK2) activation, which then 

phosphorylated a guanine nucleotide exchange factor, Arhgef1, to promote RhoA 

signaling and activation of Rho kinase (ROCK).  ROCK inhibits myosin light chain 

phosphatase, promoting vascular smooth muscle contraction and increasing blood 

pressure (119, 155, 293).  Moreover, AT1-deficient mice had significantly decreased 

blood pressures (61, 62, 145, 242).  AT2 receptors appear to have effects that oppose that 

of AT1 receptors, promoting vasodilation potentially through bradykinin and nitric oxide 

pathways (50, 131, 162, 340).      

 

Long-term regulation-Endothelin 

Endothelin (ET)-1 also plays an important role in blood pressure regulation.  This 

endothelial cell-derived peptide is one of the most potent vasoconstrictors and plays a 

critical role in the control of blood pressure and Na
+
 homeostasis (343).  At least one of 

the two ET receptors, ETA and ETB, is expressed in almost every cell type in the body.  

ETA are the predominant receptors in vascular smooth muscle and myocytes, and ETB 

receptors are found in endothelial cells and renal tubules (178).   

In the vasculature, ETA and ETB receptors have opposing actions: ETA activation 

causes vasoconstriction while ETB activation can cause an initial vasodilation.  Hickey et 
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al. were the first to suggest the existence of ET by showing that conditioned media taken 

from primary endothelial cell cultures produced constriction in the classic muscle bath 

preparation (135).  The peptide was later purified, and it was shown that a bolus 

intravenous injection resulted in transient hypotension followed by prolonged elevations 

of blood pressure (348).  ET-1 induces vasoconstriction via ETA receptors  by increasing 

Ca
2+

 influx and mobilization from intracellular stores (48, 147, 259, 276), while ETB-

mediated vasodilation involves increases in intracellular Ca
2+

 that result in NOS 

activation and NO release (178).   

The endothelin system also regulates kidney function and can affect several renal 

functional parameters including total and regional blood flow, glomerular filtration rate 

(5, 138, 163, 260, 265, 307), and sodium and water excretion (51, 163).  In addition, the 

endothelin system can modulate acid/base handling, drug transporters, cell proliferation, 

extracellular matrix accumulation, inflammation, and renal injury and/or disease 

progression (178).            

 

Long-term regulation-Atrial natriuretic peptide 

Atrial natriuretic peptide (ANP) is a circulating hormone that regulates systemic 

BP and cardiorenal homeostasis.  This 28-amino acid polypeptide is synthesized in the 

atria of the heart and induces local natriuretic, diuretic, and vasorelaxant effects (73, 

229).  This peptide inhibits the release of renin, vasopressin, and aldosterone and 

contributes to the reduction of total peripheral resistance (34).  Several neurohumoral 

factors were shown to stimulate ANP synthesis in cultured cardiac myocytes including 

endothelin (97, 184, 298, 326), glucocorticoids (107, 217), and angiotensin II (278).  
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ANP exerts its hormonal and paracrine effects through the activation of the guanylyl 

cyclase-A (GC-A) receptor, which is expressed in the plasma membrane of several 

tissues including the kidney, blood vessels, adrenal gland, and heart (229).  When ANP 

binds the receptor, it activates the receptor’s intrinsic guanylate cyclase and forms cGMP 

which stimulates endothelial NOS expression and inhibits endothelin-stimulated MAPK 

activity (8, 106).  Endothelial GC-A receptor is responsible for regulating vascular 

permeability and plays a critical role in the regulation of hypovolemic and hypotensive 

actions of ANP (277).  A slightly larger (32 amino acids) second natriuretic peptide, 

brain-type natriuretic peptide (BNP), is synthesized in the brain and cerebral ventricles 

and is released by the same mechanisms and has similar physiological actions as ANP.       

 

Maternal systemic adaptations to pregnancy 

Rapid-, intermediate-, and long-term regulations of blood pressure are modified 

during normal pregnancy to meet the demands of the growing fetus.  These changes 

generally begin early in pregnancy, peak in the second trimester, and plateau in the third 

trimester until delivery (105).  Marked endocrine changes also occur.  In normal 

pregnancy, the plasma levels of progesterone, estradiol, hCG, prolactin, renin, relaxin, 

angiotensin II, ACTH, cortisol, and aldosterone are significantly elevated (25, 105, 187, 

311).  The pregnant state resets the threshold for many of the regulators of blood pressure 

in order to achieve an optimal pregnancy outcome. 
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Nervous System-Baroreflex Signaling 

 Studies conducted in dogs (36), rats (37, 215), sheep (166, 207), and humans (27, 

116, 206, 269) demonstrate an alteration of the arterial baroreceptor reflex in 

normotensive pregnancies compared to non-pregnant controls.  The decrease in the 

baroreceptor control of many efferents, including heart rate (13, 207, 300, 335), 

hormones such as vasopressin and ACTH (38, 166), and muscle and renal sympathetic 

nerve activity (116, 134, 239, 240) during pregnancy has been documented.  Moreover, it 

appears that the function of cardiovascular-relevant brain regions is depressed in 

pregnancy.  When arterial blood pressure was reduced in pregnant and non-pregnant rats 

to produce maximum baroreflex sympathoexcitation, there was less activation of the 

rostral ventrolateral medulla (RVLM), a major contributor to reflex sympathetic control 

in the brain stem, in pregnant rats (65).   

 The sensitivity of arterial baroreceptors to increments of pressure, known as 

maximum baroreflex gain, is dependent on two parameters, 1)  the difference between the 

maximum and minimum heart rate or level of sympathetic nerve activity, and 2) the 

arterial pressure range over which the reflex operates (35, 215).  The mechanism by 

which the maximum baroreflex gain is attenuated in pregnancy appears to involve two 

hormones, 3-α-Hydroxy-5-α-pregnan-20-one (3α-OH-DHP) and insulin, that act in the 

RVLM and forebrain regions of the brain, respectively (35, 215).  3α-OH-DHP is a 

neurosteroid metabolite of progesterone that is increased in pregnancy and potentiates 

baroreflex-independent GABAergic inhibition of premotor neurons in the RVLM, 

resulting in a reduction in renal sympathetic nerve activity (35).  
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Insulin receptors are located in several discrete sites in the hypothalamus and 

brain stem that are directly or indirectly involved in the central pathways that regulate the 

cardiovascular system (291, 339).  Insulin has been shown to be sympathoexcitatory 

through central action (188) and has been shown to increase the maximum baroreflex-

induced heart rate in females (35, 263).  Moreover, there is a positive correlation between 

the levels of brain insulin and the gain of baroreflex control of heart rate and sympathetic 

activity (241, 263).  In pregnancy, insulin sensitivity is significantly reduced by several 

circulating factors from the placenta and adipose tissue, including progesterone, TNFα, 

IL-6, and free fatty acids (16, 17, 43, 81, 111, 173).  As a result, the decrease in insulin 

level or activity in the brain significantly decreases baroreflex gain during pregnancy. 

 

Nitric oxide 

 Nitric oxide (NO) appears to mediate a significant component of the peripheral 

vasodilation in normal pregnancy (53, 55, 56).  In addition, the renal circulation plays an 

important role in the maternal vasodilatory response to pregnancy.  NO contributes to 

renal vasodilation, hyperfiltration, and the attenuated pressure response of 

vasoconstrictors. NO production is increased in the pregnant rat, while the evidence of 

augmented NO biosynthesis in human pregnancy is controversial (55, 302).  One study 

demonstrated that the serum concentrations of nitrite and nitrate (NOx), the end products 

of endogenous NO metabolism, were slightly increased in pregnancy (294), while other 

studies report no difference in the plasma concentration or urinary excretion of NOx in 

pregnant women (54).  In the majority of these studies, dietary NOx intake was not 

restricted.  Because dietary NOx significantly affects urinary excretion (115), the results 
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may not accurately reflect endogenous NOx levels.  More highly controlled studies will 

need to be conducted to determine if NO biosynthesis is altered in pregnancy.  

 

Vasopressin and oxytocin 

The augmented release of vasopressin and activation of RAAS in human 

pregnancy results in a 7-8 L increase in total body volume that is distributed between the 

maternal and fetoplacental compartments (100).  There is a 7- to 8-mOsm/kg decrease in 

osmolality that occurs progressively in the first 6 weeks of pregnancy (71), along with a 

lowering of the osmotic threshold for thirst and vasopressin release (70).  Consequently, 

vasopressin secretion is upregulated and water reabsorption is increased (10, 70).  In rats, 

aquaporin-2 water channels were upregulated in the renal papillae during pregnancy, 

suggesting that vasopressin may be stimulated by nonosmotic mechanisms (289).  The 

nonosmotic release of vasopressin and activation of RAAS can be attributed to peripheral 

vasodilation, which induces relative arterial underfilling (2).   

In addition to vasopressin, there is also a decrease in the osmotic threshold for 

oxytocin secretion in pregnant rats (177).  Oxytocin and vasopressin share 7 of 9 amino 

acid residues and may bind to each other’s receptors (194, 360).  Oxytocin, acting via 

vasopressin-2 receptors in the kidney, can exert an antidiuretic effect mediated by 

aquaporin water channels (157, 194, 272).  Moreover, estradiol upregulates oxytocin 

receptor gene expression in the macula densa and proximal tubule cells in female rats, 

suggesting a potential role of oxytocin in renal fluid dynamics in pregnancy.       
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The Renin-Angiotensin-Aldosterone System 

 Several components of RAAS are elevated in normal pregnancy despite the 

increased blood and extravascular fluid volumes.  Arterial vasodilation typically activates 

the RAAS, while the pressor response to angiotensin II (and possibly aldosterone) is 

severely blunted (103, 221, 287).  The decreased pressor effect of angiotensin II has been 

attributed to receptor downregulation, counterregulatory effects of vasodilating 

prostaglandins, and involvement of endothelial-derived relaxing factor (40, 246, 287, 

299).    

Although RAAS is considered to be a classic vasoconstrictor system, it can also 

exert vasodilatory effects (39, 99).  There are three components to the vasodilatory arm of 

RAAS:  Angiotensin-(1-7), the vasoactive peptide; Mas, its receptor; and angiotensin 

converting enzyme (ACE2), the enzyme linking angiotensin-(1-7) to RAAS.  

Angiotensin-(1-7) can be generated through three distinct pathways.  First, angiotensin II 

can be converted to angiotensin-(1-7) by ACE2, prolyl endopeptidase (PEP), or 

carboxypeptidase (CBP).  Second, neural endopeptidase (NEP) can mediate the 

conversion of angiotensin-(1-7) directly from angiotensin I.  Third, angiotensin-(1-7) 

generation can occur in two steps, first undergoing an ACE2-mediated conversion of 

angiotensin I to angiotensin-(1-9) followed by an ACE- or NEP-mediated conversion of 

angiotensin-(1-9) to angiotensin-(1-7) (328).  When angiotensin-(1-7) binds to the Mas 

receptor, it promotes vasodilation, partly due to its ability to potentiate bradykinin, to 

stimulate NO, and to compete with angiotensin I for ACE availability (39, 46, 196, 283, 

313).  Angiotensin-(1-7) is increased in human pregnancy and has been shown to enhance 

dilation of mesenteric vessels in pregnant rats (225, 234).        
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  Endothelin 

 The role of endothelin (ET-1) in normotensive pregnancy is controversial.  

Reported plasma concentrations of ET-1 range from picomolar to nanomolar depending 

on the experimental parameters and techniques used to collect the samples (24, 169, 178, 

323).  The wide range of sensitivity of the commercially available RIA and ELISA kits 

used to measure circulating ET-1 compounds the issue further (178).  In addition, 90% of 

endothelin is cleared during the first passage through the lungs (72), and its half life in 

plasma is 4-7 minutes (143), making accurate measurements difficult to obtain.   

It is clear, however, that several factors known to increase ET-1 release 

(vasoactive hormones, growth factors, mediators of inflammation, lipoproteins, etc) and 

decrease ET-1 release (NO, natriuretic peptides, some dilator prostanoids) are elevated in 

pregnancy (165).  Some groups report that plasma levels of ET-1 are significantly 

decreased during pregnancy compared to non-pregnant controls (24), while others report 

no difference (149, 169, 216).  There is stronger evidence for the role of ET-1 in the 

myometrium.  ET-1 modulates growth properties and the contractile activity of the 

myometrium during normal pregnancy.  Moreover, ET-1 is one of the strongest agonists 

to stimulate the force and frequency of myometrial contraction in vitro, and the 

concentration of myometrial ET-1 increases significantly at term gestation (226, 316).  

The role of ET-1 in the vasculature becomes more apparent in pathological pregnant 

states as a result of endothelial dysfunction (169). 
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Atrial Natriuretic Peptide 

 During normal pregnancy, plasma volume increases by up to 80%.  Though such 

an increase would trigger substantial ANP release in non-pregnant rats, ANP decreases 

by approximately 50% at near term compared to non-pregnant controls (19, 170, 182, 

189, 254, 288).  It is possible that several compensatory mechanisms prevent the increase 

of ANP during chronic volume expansion.  Interestingly, at 24 hours postpartum, ANP 

levels doubled compared to non-pregnant rats and quadrupled compared to pregnant rats 

at day 20.  The redistribution of blood flow following parturition may lead to an increase 

in venous and right atrial pressure.  As a result, ANP secretion could be stimulated 

without increasing total plasma volume (152). 

 

The overall effect of these hemodynamic and endocrine adaptations during the 

pregnant state is reduced systemic vascular resistance and BP, increased cardiac output, 

and expanded blood volume (105). 

 

Essential Hypertension 

Elevations in vascular tone and/or thickening and narrowing of small resistance 

arteries and arterioles can lead to large increases in TPR and raise blood pressure. The 

sustained elevation of blood pressure with no obvious cause is termed essential 

hypertension (EH).  EH is arguably the most common chronic disease of western 

acculturated societies. It afflicts over a billion individuals worldwide. Its main 

hemodynamic hallmarks are increased total peripheral resistance (TPR), elevated blood 

pressure and normal or near normal cardiac output (120).  The elevated TPR appears to 
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be largely the result of an increase in active vascular tone that reflects elevation of 

intracellular calcium ions and/or augmented sensitivity of the contractile machinery. The 

molecular mechanisms that account for the increased tone in EH are unknown. EH is 

likely heterogeneous with different mechanisms operating among affected individuals. A 

variety of neural and endocrine factors have been implicated in EH. One humoral factor 

is endogenous ouabain (EO). Elevated circulating EO has been reported in 40-50% 

Caucasian patients with EH and the levels correlate with blood pressure and left 

ventricular mass (213, 256, 286). In addition, low dose infusions of ouabain induce 

sustained hypertension in rodents and the underlying hemodynamic feature is increased 

TPR (286). 

 

Hypertension in Pregnancy 

Hypertension may also occur during pregnancy and is related to one of four 

conditions:  gestational hypertension, which is not associated with proteinuria; chronic 

essential hypertension, which predates pregnancy; chronic essential hypertension with 

superimposed pre-eclampsia; and pre-eclampsia-eclampsia (41, 354).  Pre-eclampsia (PE) 

is characterized by increased vascular tone and BP with proteinuria after 20 weeks 

gestation (218, 332). PE is a leading cause of maternal and fetal morbidity and mortality, 

complicating 3 to 10% of all pregnancies (336).  Untreated, PE can progress to 

eclampsia, which is characterized by the onset of seizures. PE research is experiencing a 

surge of investigation, yet its etiology remains unclear (105). As with the etiology of EH, 

multiple mechanisms may operate to different degrees in different patients with PE.  
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Plasma Volume  

Volume status in PE remains controversial.  There is some evidence that women 

destined to develop PE are overly volume expanded in the first trimester while becoming 

markedly volume contracted subsequently (101).  Gallery et. al showed that plasma 

volume was reduced during the 25-36 week period of amenorrhea in pregnant women 

who later developed hypertension, however these women may have been slightly over-

expanded earlier in the pregnancy (17-20 weeks of amenorrhea) compared to women who 

remained normotensive throughout pregnancy (101).    Paradoxically, acute intravenous 

expansion of blood volume in later stage volume contracted PE patients may cause a 

dramatic drop in BP, although the mechanism of the effect is not understood (102). 

Nevertheless, the temporal change in blood volume and TPR is highly reminiscent of 

mineralocorticoid hypertension in humans (285).  The mid- to late-stage contraction in 

blood volume probably reflects increased permeability of the vasculature to protein with 

leakage of intravascular fluid into the interstitium.   

 

Placental Ischemia 

A primary contemporary hypothesis for the etiology of PE is that inadequate 

remodeling of uterine spiral arteries early in pregnancy leads to placental ischemia.  

During early normal pregnancy, cytotrophoblasts invade the uterine spiral arteries and 

replace vascular endothelial cells, the medial elastic tissue, smooth muscle layer, and 

neural tissue.  By the end of the second trimester, the spiral arteries are remodeled into 

dilated tubes lined by cytotrophoblasts and serve as a low-resistance arterial system 

(187).  In PE, invasion of the spiral arteries is often limited to the superficial layers and 
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results in an incomplete remodeling.  These spiral arteries are relatively smaller in 

diameter and blood flow to the placenta is reduced.  As a consequence, there is reduced 

uterine perfusion pressure (RUPP) that may result in placental ischemia/hypoxia (7).  

Placental ischemia can occur in response to experimental maneuvers including 

mineralocorticoid excess and clipping of the uterine arteries; both result in a PE-like state 

in the pregnant rat (7, 18, 59, 86, 202, 292).   

 

Mediators of Endothelial Dysfunction 

Normal pregnancy is associated with a decreased response to vasopressors and 

decreased reactivity to vasoconstrictor agonists (168).  Increased synthesis and release of 

nitric oxide (22, 55, 302, 341) and other vasodilators including prostacyclin (350) and 

hyperpolarizing factor (98) derived from maternal vascular endothelial cells have been 

attributed to these responses.  Improper functioning of these cells may contribute to the 

increased vascular resistance and arterial blood pressure during pre-eclampsia (4, 249).  

Other mediators implicated in endothelial dysfunction in PE include oxidative stress, the 

renin-angiotensin system, and angiogenic factors. The proteinuria and vascular leakage in 

PE reflects endothelial dysfunction that, relative to normal pregnancy, results in a 

decrease in plasma and total blood volume and cardiac output (105).  

    

Nitric Oxide-Nitric oxide (NO) is a potent vasodilator whose activity is 

significantly elevated in normal pregnancies and plays an important role in the 

cardiovascular adaptations of pregnancy (110, 187, 273).  NO deficiency has been 

implicated in the pathogenesis of PE (187, 296, 318).  Chronic inhibition of nitric oxide 
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synthase (NOS) in the pregnant rat induces PE-like symptoms, including hypertension, 

proteinuria, decreased plasma volume, and decreased newborn weights.  However, there 

is no compelling evidence that NO deficiency occurs in women with PE (110, 187, 273).        

 

Oxidative Stress-During PE, oxidative stress may occur as a result of the 

interaction between a maternal component (including preexisting conditions such as 

obesity and diabetes) and the placental component (secretion of lipid peroxides). 

Oxidative stress may contribute to endothelial cell dysfunction, and there is evidence that 

prooxidative activity is increased and antioxidant protection is decreased in the disease, 

although the functional significance of this phenomenon is unclear (187). 

 

Angiotensin II Sensitivity-In PE, the cardiovascular sensitivity to angiotensin II is 

increased relative to normal pregnancy, although the mechanisms underlying this change 

are unknown (187). This observation suggests that the activated renin-angiotensin system 

could then contribute to the pathophysiology of the disease. Some women with PE have 

increased circulating concentrations of an autoantibody to the angiotensin type 1 receptor 

(AT1-AA) although the significance of this observation remains to be elucidated (140, 

187).  Interestingly, the AT-1 receptor and the bradykinin receptor, B2, can form 

heterodimers that lead to increased angiotensin II signaling in smooth muscle.  These 

heterodimers are significantly increased on the platelets and omental vessels of women 

with PE compared to normotensive pregnant women (1).    
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Angiogenic Factors-Some clinical studies have suggested that the pathogenesis of 

PE represents an imbalance between pro-angiogenic factors such as vascular endothelial 

growth factor (VEGF) and placental growth factor (PlGF) and anti-angiogenic factors 

such as soluble fms-like tyrosine kinase (sFlt-1) in the maternal circulation (160, 161, 

187, 197, 219, 266, 267, 320).  Levels of circulating sFlt-1 increase in the second and 

third trimesters of normal pregnancy, and are increased further in women with pre-

eclampsia (118, 193).  Maynard et al has shown that exogenously administered sFlt-1 

into pregnant rats induced a PE-like state with increased arterial pressure, proteinuria, and 

decreased pro-angiogenic factors (219). The mechanism of the effect is not clear. One 

possibility is that sFlt-1 “deactivates” the protective mechanisms that ordinarily prevent 

the elevated vasopressor hormones mentioned above from raising BP.  Certainly it is not 

obvious that this soluble tyrosine kinase per se directly activates vascular tone and BP.  

Still, given the strong correlation between sFlt-1 and adverse pregnancy outcomes and 

the fact that it can be detected soon after conception, sFlt-1 has emerged as one of the 

more promising serum biomarkers for early screening of pre-eclampsia.  However, no 

difference in sFlt-1 levels has been reported in the first trimester of normal pregnant and 

pre-eclamptic women (222, 262, 274, 333); sFlt-1 levels in pre-eclamptic women did not 

differ significantly from normotensive pregnant women until five weeks prior to the onset 

of symptoms (193).      

 

Sodium Pump Inhibitors-In addition to contemporary mediators of endothelial 

dysfunction, numerous reports describe elevated Na
+
 pump inhibitors in PE (12, 87, 114, 

202, 337, 344).  Graves et al. were first to suggest a role of Na
+
 pump inhibitors in 
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pregnancy-induced hypertension; they correlated blood pressure, Na
+
 pump activity, and 

ouabain-like materials in amniotic fluid (112, 114).  Several similar studies followed, 

reporting elevated levels of CTS-like materials in the plasma (227), placental tissue 

(344), and urine (117) of hypertensive pregnant patients compared to normotensive 

controls.  Some studies used indirect assay methods, including 
86

Rb
+
 uptake (88) and 

ATP hydrolysis (114), while others used relatively non-specific methods such as 

receptor-binding assays that are also subject to various interferences (117).  Still, no 

pregnancy- or PE-specific material with CTS-like actions has been identified.  

Furthermore, the cause-effect relationship between these materials and elevated BP in PE 

and pregnancy-induced hypertension is unknown. Unfortunately, there has been little 

interest by the mainstream groups in the PE area in these materials and the downstream 

ion transporters that they influence.  However, by analogy with those EH patients with 

high EO levels, it may be that these Na
+
 pump inhibitors are responsible, in combination 

with other pregnancy or PE-related factors, for some, if not all, of the increased vascular 

tone presented in PE and pregnancy-induced hypertension.  

Specific humoral Na
+
 pump inhibitors primarily implicated in PE are EO and 

marinobufagenin (MBG, Figure 1).  EO is an endogenous cardenolide and was the first 

mammalian CTS to be isolated pure and fully characterized (129). EO, like its plant 

counterpart ouabain, contains a five-member ring at the C17 position (202, 236).  MBG is 

a member of the bufadienolide family and differs from the cardenolides by the six-

member doubly unsaturated lactone ring located at C17 (202) (see structures) and no 

sugar at C3. MBG and EO circulate at similar concentrations (sub nanomolar) in humans 

and rats (286).  Lopatin et al. demonstrated that plasma MBG and EO levels were 
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increased eightfold and fourfold, respectively, in pre-eclamptic pregnancies and 

correlated with BP (202).  That the elevated levels of these endogenous CTS may be of 

especial importance in PE is also suggested by the observation that the bufadienolide 

resibufagenin (which has a 5β proton) prevents or reverses an experimental model of PE 

(336).  Given that resibufagenin can restore blood pressure to normal levels in animal 

models of PE (86, 87), it appears that all the numerous mechanisms implicated in 

endothelial dysfunction and the PE state in general can be overcome by a receptor 

antagonist of MBG. 

 

Ouabain, NCX, and Blood Pressure 

The potential role of Na
+
 pump inhibitors in PE is exciting because of the recent 

elucidation of several of the key molecular entities that are crucial to the elevation of 

vascular tone in salt- sensitive hypertension. In 1977, Blaustein proposed that 

endogenous Na
+
 pump inhibitors, the plasma membrane sodium pump (Na

+
 pump), and 

 

 

 

 

 

 

 

 

 

Figure 1.  Structures of two humoral Na+ pump inhibitors thought to be elevated in preeclampsia and 

pregnancy 

OUABAIN MARINOBUFAGENIN 
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the Na
+
/Ca

2+
 exchanger work together in vascular smooth muscle to elevate blood 

pressure (29) (Figure 2).  He proposed that sodium retention and plasma volume 

expansion stimulate the release of endogenous CTS-like materials that act like ouabain on 

the Na
+
 pump in vascular smooth muscle and cardiac cells. The CTS inhibit the Na

+
 

pump, increasing the intracellular Na
+
 levels which stimulate the Na

+
/Ca

2+
 exchanger 

(NCX) to operate in the Ca
2+

 entry mode.  In addition, G protein coupled receptor 

(GPCR) mediates the activation of transient receptor potential channels (TRP), 

particularly TRPC6 and TRPC3 (receptor operated channels), via phosphoinositide 

hydrolysis and phospholipase C (PLC) activation (144, 251).  TRP activation contributes 

to elevations in global [Ca
2+

]i and myocyte contraction.  Opening of TRP channels also 

promotes Na
+
 influx, further enhancing NCX-mediated Ca

2+
 entry (93).  Elevated [Ca

2+
]i 

augments contraction in vascular smooth muscle, increases vascular tone, and thereby 

causes hypertension (29).   

 

 

 

 

 

 

 

 



 

26 

 

 

Figure 2. Scheme showing the interactions of the Na
+
 pump, NCX1, TRPC6 and the downstream 

rho kinase-mediated events that operate in hypertension. Adapted from Schoner (286); errors in the 

published scheme have been deleted. The model shows that EO and the α2 Na+ pump augment NCX 

mediated Ca2+ entry in vascular myocyte and activate myosin light chain kinase (MLCK).  In addition, 

opening of TRPC6 channels by diacylglycerol (DAG) and protein kinase C (PKC) results in Ca2+ and 

Na+ influx.  By inhibiting the dephosphorylation of myosin-phosphate, G-protein signaling via ROCK 

augments contraction. 
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In the last few years, the key components of the 1977 Blaustein hypothesis have 

been proven. Several independent lines of research have shown that one or more 

molecular components of the hypothesis is/are present and work together to elevate BP in 

ouabain-dependent hypertension, ACTH-dependent hypertension, and salt-sensitive 

hypertension (29, 76, 77, 148, 357).  Among the four isoforms of the Na
+
 pump, the 

ouabain binding site of the α2 isoform of the Na
+
 pump regulates blood pressure and 

mediates ACTH-induced hypertension in mice (76).  Moreover, mice containing 

mutations at the glycoside binding site do not develop ouabain- (or ACTH-) induced 

hypertension. In addition, PST2238, a ouabain receptor antagonist, lowers BP in salt-

sensitive hypertension (76, 148).  

In addition, calcium entry through NCX is especially critical for the development 

of salt-sensitive hypertension (148). Heterozygous mice with reduced expression of 

NCX1 do not develop salt-sensitive hypertension.  Further, NCX knockout mice have 

low blood pressure, and resistance vessels exhibit attenuated vasoconstriction and L-type 

Ca
2+

 channel current (358).  Conversely, transgenic mice that overexpress NCX1 in 

vascular smooth muscle have elevated basal BP and are salt-sensitive (148).  

Hypertension induced by chronic ouabain infusion correlated with upregulation of NCX 

and TRP channel expression (264).  Infusions of SEA0400, a specific inhibitor of NCX1, 

lower BP only in salt-sensitive hypertension (148).  Taken together, the evidence shows 

that α2-Na
+
 pump and NCX are crucial regulators of BP in several hypertensive models.  
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The Role of Endogenous Ouabain in Pregnancy 

As a result of the changes in both endocrine and hemodynamic environments 

described previously, pregnancy is a volume expanded state.  Significant volume 

expansion is critical for optimal pregnancy outcomes, and relative volume contraction is 

associated with pathological pregnant states (101).  Stimuli that initiate biosynthesis and 

secretion of EO, including plasma volume expansion and ACTH (33, 128-130, 191, 210, 

347) are elevated in normal pregnancy, therefore it is expected that EO (and possibly 

other CTS such as MBG) should be significantly elevated in normal pregnancy.  Graves 

et al. were the first to demonstrate increased CTS-like materials in the sera of women 

during pregnancy (113).  Using digoxin radioimmunoassay (RIA) and ATPase inhibition 

assays to measure CTS-like materials and Na
+
 pump activity, respectively, it was shown 

that the amniotic fluid concentrations of these materials were positively correlated with 

gestational age and diastolic blood pressure in both normotensive and hypertensive 

pregnant women (114).  More recent studies to determine which of the specific CTS 

implicated in pathogenic pregnant states are also elevated in normal pregnancy have 

reported conflicting results.  For example, some studies in humans and rats have 

demonstrated elevated levels of both endogenous ouabain and marinobufagenin during 

pregnancy compared to the non-pregnant state (86, 327), while others reported no 

significant increase in endogenous ouabain levels during pregnancy (12, 202). 

Maternal systemic adaptations to pregnancy also cause a decrease in blood 

pressure.  If elevated circulating EO is a feature of normal pregnancy, why does BP 

decline?  One possibility is that elevated levels of EO serve to prevent blood pressure 

from falling catastrophically as a result of the vasodilation mechanisms active during 
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pregnancy.  In 2010, Oshiro et al. demonstrated a role of the ouabain binding site of the 

α2 isoform of the Na
+
 pump in regulating BP during normal pregnancy.  Using 

genetically modified mice with mutations in the ouabain binding site of the α2 Na
+
 pump 

that prevented EO inhibition of the pump, it was shown that the mutant pregnant mice 

had lower BP in the third trimester compared to wildtype, ouabain-sensitive counterparts 

(243).  In addition, the plasma EO levels were elevated twofold by day 17 of pregnancy 

in ouabain-resistant mice compared to wildtype mice.  Thus it appears that α2 Na
+
 pumps 

play a role in preventing BP from falling excessively during normal pregnancy.  This 

result implies that EO levels may become elevated in other conditions where there is a 

need to restore blood pressure to normal levels. 

The elevation in EO during pregnancy may also be critical for the growth and 

development of the fetus or maintenance of the pregnancy even though its pressor effect, 

like that of angiotensin II and norepinephrine, is severely blunted.  In addition to Na
+
 

pump inhibition, several studies have demonstrated ouabain-mediated regulation of cell 

proliferation in vascular smooth muscle cells (14); gene expression, mitogen-induced 

differentiation and proliferation of lymphoblasts (64, 159, 258); tyrosine phosphorylation 

of proteins in cardiac myocytes (125); and proliferation and apoptosis in prostatic smooth 

muscle cells (49).  Ouabain can also stimulate endothelin release and glycogen synthesis 

(181, 284).  These studies and others imply that the action of the elevated EO in normal 

pregnancy could extend beyond Na
+
 pump inhibition.  
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Calcium Mobilization in Pregnancy 

Calcium homeostasis plays an essential role in the generation of vascular 

myogenic tone and several studies described in previous sections demonstrated that 

mechanisms that increase [Ca
2+

]cyt seem to underlie at least part of the increase in 

peripheral vascular resistance associated with hypertension.  Consistent with this idea, 

changes in membrane depolarization mechanisms and Ca
2+

 permeability contribute to the 

augmented contractile responsiveness of vascular smooth muscle cells in hypertensive rat 

models (264, 321, 357).  In contrast, it appears that during normal pregnancy, the supply 

of calcium and/or its effect on the contractile response is diminished.  For example, the 

vascular reactivity to phenylephrine, an α1 adrenergic agonist, is significantly reduced in 

vessels obtained from pregnant animals compared to those obtained from their non-

pregnant counterparts (83, 167, 308).  Moreover, it appears that the vascular 

responsiveness to membrane depolarization is reduced in pregnancy; vascular 

contractions induced by high-KCl solution and stretch stimuli (which activate calcium 

entry through voltage-gated Ca
2+

 channels or transient receptor potential cation channels, 

TRPC) were attenuated in the aortas (83) and mesenteric arteries (223) of pregnant rats 

compared to non-pregnant controls.       

 

Calcium Sensitivity in Pregnancy   

Although several studies (132, 186, 224) have demonstrated that myogenic tone is 

dependent on elevated levels of intracellular calcium, mechanisms that affect Ca
2+

 

sensitization contribute to myogenic tone as well (185, 190, 325, 331, 345).  Ca
2+

 

sensitivity of the contractile apparatus in normal pregnancy appears to be mediated by a 
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PKC/ERK pathway in the absence of changes in cell calcium.  Xiao et al. showed that 

inhibition of PKC by calphostin C significantly attenuated pressure-induced tone, while 

PD-098059, a MEK inhibitor, significantly enhanced the myogenic responses of pregnant 

uterine arteries compared to non-pregnant arteries (345).         

The mechanisms discussed thus far describe calcium-dependent pathways which 

activate myosin light chain kinase to promote muscle contraction by phosphorylation of 

myosin light chain.  In addition to this mechanism, there is evidence that calcium-

independent mechanisms are important in raising tone in salt-sensitive hypertension.  For 

example, myosin light chain phosphorylation is controlled by the balance between 

myosin light chain kinase (MLCK) and myosin light chain phosphatase (MLCP) (175).   

Many humoral mediators that regulate vascular resistance in the normotensive and 

hypertensive state act through G protein-coupled receptors on vascular smooth muscle 

cells (342). In particular, the G proteins G12-G13 stimulate phosphorylation of myosin 

light chain phosphatase (MLCP) via Rho/Rho kinase (ROCK) pathways. These G 

proteins activate a specific RhoA, the leukemia-associated Rho guanine nucleotide 

exchange factor (LARG) and thereby rho kinase (ROCK).  ROCK is a serine/threonine 

protein kinase that contains a rho binding domain.  When the agonist binds the receptor, 

RhoA translocates to the plasma membrane from the cytosol.  Once there, the GTP-

bound, active RhoA binds to and activates ROCK.  ROCK phosphorylates MLCP at the 

C-terminal half of the 110-130 kDa regulatory subunit, which causes it to dissociate from 

its catalytic subunit thereby rendering it inactive (171, 306).  The inactive MLCP cannot 

dephosphorylate MLC to promote relaxation and the cell remains contracted.  In vascular 

smooth muscle, this state may lead to increased contractility, myogenic tone, and hence 
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BP.  There are two isoforms of ROCK, ROCK-I and ROCK-II, and both are expressed in 

vascular smooth muscle cells (164, 351)  Work with transgenic mice, Wirth et al. found 

that G(q)-G11-mediated signaling is required for the maintenance of normal basal BP and 

development of salt-sensitive hypertension while G12-G13 deficient mice did not 

develop salt-induced hypertension (342).  

It is of interest that LARG knockout mice were markedly less sensitive to the 

vasoconstrictor effects of angiotensin II and endothelin (342). This raises the intriguing 

possibility that LARG-mediated events affecting calcium sensitivity may be attenuated in 

normal pregnancy.  Indeed, Katoue and colleagues found that ROCK expression is 

decreased and the maximal response to vasopressin-induced contractions was 

significantly reduced in aortas from pregnant rats compared to those obtained from non-

pregnant rats (164).  If the LARG pathway is attenuated in pregnancy, then EO and other 

endogenous CTS may be unable to elevate BP. This would have significant implications 

for the reports that CTS are elevated in pregnancy and PE because the functional 

consequences of the CTS might differ dramatically in the two conditions. Another 

interesting issue is whether LARG knockout rodents are resistant to ouabain- and ACTH-

induced hypertension.  The scheme in Figure 2 predicts that the knockouts should be 

resistant. 

In the following chapters, I have investigated the relationship between EO, the 

expression of specific arterial myocyte proteins implicated in cellular sodium and 

calcium homeostasis, and BP in normal pregnancy.  I hypothesize that EO is elevated in 

pregnancy but does not raise BP because NCX expression and hence Ca
2+

 entry via NCX 

are decreased.  Further, I will test the hypothesis that the mechanism of the vascular 
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resistance to EO is mediated by maternal factors and that one of these factors is estradiol.  

My work implies that the mechanisms of the vascular desensitization in pregnancy 

involve specific molecular entities involved in ion transport. 
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CHAPTER 2 

Materials and Methods 

Animals 

Timed pregnant (E3) and size-matched virgin Sprague-Dawley female rats (200-

225 g, Charles River, Wilmington, MA) consumed standard rat chow (2018SX, Harlan 

Teklad, Madison, WI) and tap water ad libitum.  They were maintained on a 12:12 hour 

light-dark cycle and allowed to acclimate for two days before the start of each study.  All 

animal procedures were reviewed and approved by the University of Maryland 

Institutional Animal Care and Use Committee. 

Study 1 

The animals were randomized to four groups.  Group 1:  non-pregnant rats (n = 

11) and Group 2:  pregnant rats (n = 12) received subcutaneous mini osmotic pumps 

(Alzet model 2002, Durect Corp., Cupertino, CA) containing 0.9% sterile saline while 

Group 3:  non-pregnant + ouabain rats (n = 11) and Group 4:  pregnant + ouabain rats (n 

= 12) were implanted with pumps containing 0.85 mM plant ouabain (Sigma, St Louis, 

MS) in a 0.9% sterile saline one day after initial blood pressure measurements were 

taken.  Ouabain was delivered at a rate of approximately 21 µg/kg/day.  This dose has 

been shown to be maximally pressor in previous studies (212).   

Study 2 

The animals were randomized into four groups:  Group 1:  virgin (n=15), Group 

2: pseudopregnant (n=16) were implanted with mini osmotic pumps (Alzet model 2002, 

Durect Corp., Cupertino, CA) containing 0.9% sterile saline solution. Group 3: virgin + 
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ouabain (n=15) and Group 4: pseudopregnant + ouabain (n=16) were implanted with 

subcutaneous mini osmotic pumps containing 0.85 mM ouabain in a 0.9% saline solution, 

Ouabain was nominally delivered at a rate of approximately 21.2 µg/kg/day. 

Study 3 

Part 1:  The animals were randomized into eight groups:  Group 1:  Virgin 

controls (n=12), Group 2: Estradiol controls (n=16), Group 3: Progesterone controls 

(n=12), Group 4: Estradiol/Progesterone controls (n=12), Group 5:  Virgin + ouabain 

(n=12), Group 6:  Estradiol + ouabain (n=16), Group 7:  Progesterone + ouabain (n=12), 

and Group 8:  Estradiol/Progesterone + ouabain (n=12).  All groups received sham or 

progesterone and/or estradiol implants in addition to subcutaneous mini-osmotic pump 

implants containing ouabain (0.85 mM in 0.9% saline) or vehicle only. 

Part 2: Animals were randomized into four groups:  Group 1:  Estradiol controls 

(n=12) were implanted with 21-day release 17β-estradiol pellets and mini-osmotic pumps 

containing polyethylene glycol (PEG), Group 2:  G-1 controls (n=12) were implanted 

with mini-osmotic pumps containing 0.39 µg/µL G-1, a GPR30 agonist, in PEG; Group 

3:  Estradiol + ouabain (n=12) were implanted with pellets and mini-osmotic pumps 

containing 0.85 mM ouabain in PEG; and Group 4:  G-1 + ouabain (n=12) were 

implanted with mini-osmotic pumps containing G-1 and ouabain in PEG.     

Induction of Pseudopregnancy 

Vaginal smears were collected daily from each rat to determine its stage in the 

estrus cycle for two complete cycles prior to induction.  On the morning of estrus, rats 

received vaginal-cervical stimulation with a lubricated glass rod every 8 minutes for 1 
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hour.  This was designated as day 0 of pseudopregnancy (PSP 0).  Rats were considered 

pseudopregnant when their cycles were arrested at diestrus.  Elevated hormone levels 

were later confirmed by progesterone ELISA. 

Mini-osmotic Pump and Progesterone/Estradiol Implantation 

Rats were implanted with 14-day release mini-osmotic pumps in the right 

subcutaneous abdominal region and/or 21-day release intradermal pellets of 17β-

estradiol (0.5 mg/pellet) or progesterone (200 mg/pellet, Innovative Research of 

America, Sarasota, FL) between the scapulae under halothane anesthesia according to 

the study protocol. Rats received 50 µL buprenorphine HCl prior to surgery and within 

18 hours post-surgery.  Elevated levels of each hormone will be confirmed by ouabain 

RIA, progesterone (BioVendor LLC, Candler, NC) and estradiol (Calbiotech, Spring 

Valley, CA) ELISAs. 

Blood Pressure Measurements 

Systolic BP was measured by tail cuff using IITC computerized blood pressure 

monitor with automated cuff inflation and deflation (model 31, IITC Life Science, 

Woodland Hills, CA).  Rats were preconditioned to tail cuff measurements. The animals 

basked under a 100W lamp to stimulate tail blood flow.  Initial measurements were taken 

at E4 or equivalent time in non-pregnant rats and E20 or equivalent.  Once animals were 

acclimatized and BP readings were stable, three measurements were taken for each 

animal, and a mean value was recorded. 
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Solid Phase Extraction (SPE) of Blood and Adrenal Samples 

 Trunk blood was obtained from each rat by decapitation and collected in tubes 

with ethylenediaminetetraacetic acid (EDTA) at E20 or the equivalent time point in non-

pregnant rats. Blood was centrifuged at 3000 x g for 15 minutes and plasma was 

separated and collected.  Plasma volume was recorded and 0.1% solution of 

trifluoroacetic acid (TFA) in nanopure water was added to plasma in a 1:1 ratio.  For 

adrenals, the glands were excised, cleaned and rinsed in phosphate buffered saline, gently 

blotted and weighed. Individual glands were homogenized in 1ml 0.1% TFA in water. 

Both plasma and adrenal samples were centrifuged for 30 min at 3000 x g, the 

supernatants were applied to preconditioned SPE C-18 columns (200 mg, Agilent, Santa 

Clara, CA ). Columns were washed three times with 5 mL water and once with 3 mL 

2.5% CH3CN.  Endogenous ouabain and high polarity polar compounds were eluted with 

3 mL 25% CH3CN, and bufadienolide-like low polarity compounds were eluted with 3 

mL 40% CH3CN.  The SPE eluates were dried by vacuum centrifugation for 18 hours and 

reconstituted with nanopure water for radioimmunoassay (RIA) and radioreceptor assay 

(RRA).  

Radioimmunoassay (RIA) 

 35 µL of each reconstituted sample was incubated with 15 µL 
3
H-ouabain and 

100 µL antibody mixture (2 µL polyclonal anti-ouabain serum, No. 7 rabbit primary 

antibody and 38  µL coated anti-rabbit IgG secondary antibody in 30 mL of RIA buffer) 

at room temperature overnight.  Samples were then harvested onto glass fiber filters 

(Brandel Inc., Gaithersburg, MD) by washing three times with nanopure water and placed 
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in scintillation vials with 3 mL Safety-Solve (Research Projects International Corp., 

Mount Prospects, IL) overnight. Bound 
3
H was determined by scintillation spectrometry 

in a β-counter (TA3000, Beckman Instruments). Samples were counted to accumulate 5-

10K events (i.e. ~2% cv). 

Radioreceptor Assay 

 Reconstituted samples (typically 312.5 µL plasma equivalents) were incubated   

with 40 µL 
3
H-ouabain (36.3 nM, 30 Ci/mmol, Perkin Elmer) 10 µL bovine 

adrenocortical membranes, and 125 µL MgPi buffer (pH 7.4) for 2h at 37ºC as described 

elsewhere (212, 352, 353).  Non specific binding was determined by inclusion of 10 µM 

cold ouabain. Samples were harvested onto glass fiber filters (Brandel Inc., Gaithersburg, 

MD) and filters were soaked in vials with 3 mL scintillation solution (Safety-Solve, 

Research Projects International Corp., Mount Prospect, IL).  Bound 
3
H was determined 

by scintillation spectrometry (TA3000, Beckman Instruments, Fullerton, CA). 

Progesterone and Estradiol ELISA 

Diluted serum samples were evaluated using progesterone (BioVendor Laboratory 

Medicine, Inc, Modrice, Prague) or 17β-estradiol kits (Assay Designs, Inc, Ann Arbor, 

MI, USA). Minimum detectable levels were 0.08±0.03 ng/ml and 5±2 pg/ml for each 

assay, respectively. Progesterone and estrogen levels during pregnancy in the rat are 

typically greater than 100 ng/ml and 60 pg/ml, respectively.   
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Liquid Chromatography 

Equal sized pools of the SPE plasma and adrenal samples from  pregnant and non-

pregnant groups (typically 6 animals per pool) were chromatographed using a 

semipreparative (Ultrasphere, 10 x 250 mm) C18 HPLC system (System Gold, Beckman 

Instruments, Fullerton CA) and a gradient solvent program similar to that described 

previously for human plasma EO (129).  30-second fractions (1.5 mL) were collected, 

dried by vacuum centrifugation, reconstituted in nanopure water, and assayed for the 

presence of ouabain immunoreactivity by offline RIA and offline MS. 

Mass Spectrometry 

Analysis of the LC separated SPE pools was performed offline using either a 

Bruker HCT Ultra or a Bruker Esquire LC ion trap mass spectrometer (Bruker, North 

Billerica, MA).  In each case the LC fractions were mixed with acetonitrile containing 

lithium carbonate and directly infused into the electrospray interface of the MS 

instrument.  For EO and ouabain measurements, each LC fraction was monitored for 

molecular ions having a mass to charge ratio equivalent to lithiated EO (i.e., m/z 591.3).  

Molecular ions at this m/z were then selected for collision-induced dissociation (CID).  

The MS-MS product ion spectra were monitored for the lithiated steroid moiety of EO (or 

ouabain) at m/z 445.2.  Molecular ions at this m/z were then selected for CID, and the 

MS-MS-MS product ion spectra (i.e., MS3) were monitored for the most prominent 

product ion at 379.2 m/z corresponding to the removal of the lactone ring from EO or 

ouabain.  Calibration was performed by injecting known amounts of ouabain (1-100 

fmoles) into the MS and monitoring the intensity of the lithiated MS3 379.2 m/z product 
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ion. Offline monitoring of LC fractions by MS was used to allow discrete interrogation of 

every stage of MS2 and MS3 operations and, when coupled with optimized spectral 

acquisition times and massive averaging, resulted in high quality spectra suitable for 

quantitation.  

Western Blot 

 Superior mesenteric arteries and thoracic aortas from E20 rats or equivalent were 

carefully dissected, cleaned, and flash frozen in liquid nitrogen. Preparations were 

homogenized in ice-cold homogenization buffer (NaH2PO4, EDTA, NaN3, NaCl, 

IGEPAL, and protein inhibitor) and centrifuged.  Following protein quantification (Bio-

Rad Protein Quantification Kit, Bio-Rad Laboratories Inc, Hercules, CA), equal amounts 

of protein were loaded and separated by 7.5% Tris-glycine polyacrylamide gel 

electrophoresis (Bio-Rad) and transferred to a PVDF membrane (GE Health Care, 

Piscataway, NJ).  Proteins were visualized using monoclonal mouse anti-NCX (Swant, 

Bellinzona, Switzerland); polyclonal rabbit anti-alpha2 NKA (Millipore, Billerica, MA); 

monoclonal mouse anti-alpha1 NKA (gift of VG); monoclonal mouse anti-SERCA2 

(Thermo Scientific, Rockford, IL); monoclonal mouse anti-PMCA (Thermo Scientific 

Rockford, IL); polyclonal rabbit anti-TRPC6 (Abcam, Cambridge, MA); and polyclonal 

rabbit anti-TRPC3 (Alomone, Jerusalem, Israel). Antibody against β-actin (Sigma-

Aldrich, St. Louis, MO) or GAPDH (Abcam, Cambridge, MA) were used as loading 

controls. Bound antibody was detected with the ECL method (Millipore, Billerica, MA). 
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Statistical Analysis 

Data were analyzed using paired and unpaired t-tests, and ANOVA followed by 

Holm-Sidak analyses for multiple comparisons (Systat, Evanston, IL).  Pearson product 

moment correlation was calculated with circulating estradiol concentrations as 

independent and relative NCX expression as dependent variables.  In those instances 

where group variances differed significantly, median values with 25 and 75% confidence 

intervals were compared by the Mann Whitney U test.  A P value of less than 0.05 was 

considered to be statistically significant. 
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CHAPTER 3 

Normal pregnant rats develop resistance to ouabain-induced 

hypertension 
 

INTRODUCTION 

The maternal hemodynamic and endocrine environments undergo various 

adaptations to meet the metabolic demands of pregnancy.  Cardiac output and blood 

volume increase by 30-50% (35) while total peripheral vascular resistance declines, 

usually resulting in a net decrease in blood pressure (BP) (44).   During pregnancy 

activity of the renin-angiotensin-aldosterone system (RAAS) increases and promotes salt 

and water retention (255, 287) with an increase in total blood volume (105).  The 

generalized fall in systemic vascular resistance has been attributed, in part, to increased 

production of vasodilators including nitric oxide and relaxin and decreased sensitivity to 

vasoconstrictors (35).   For example, RAAS hormone concentrations increase and remain 

elevated throughout pregnancy, while the vascular response to angiotensin II is severely 

blunted (44, 105).  Because of the direct relationship between vascular function and BP, 

failure of the physiological mechanism(s) that mediates the normal fall in peripheral 

vascular resistance in pregnancy may lead to hypertension in pregnancy and 

preeclampsia. 

    The pathogenesis of pregnancy induced hypertension (PIH) and preeclampsia 

(PE) remains controversial. A variety of factors have been implicated in PE (168, 187), 

and in addition, both PIH and PE have been associated with elevated circulating levels of 

CTS-like materials and other Na
+
 pump inhibitors (12, 87, 114, 202, 337). However the 
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cause-effect relationships of Na
+
 pump inhibitors with BP in pregnancy are unclear, in 

part because some inhibitors appear to be significantly elevated even in normal 

pregnancy (86, 202, 327). Further, the issue is clouded by the fact that many 

measurements were made with either highly nonspecific or non-selective assays [9,20]. 

Thus, the identity of the measured materials has remained unknown.  In addition, not all 

Na
+
 pump inhibitors when present in elevated amounts in the circulation can raise BP 

(172, 211, 337).   

The chronic administration of ouabain induces hypertension in normal rodents 

(212, 352, 353) and work in transgenic mice and pharmacological studies in rats have 

shown that the mechanism of ouabain-induced hypertension involves the Blaustein 

mechanism (29); i.e., inhibition of vascular myocyte α2 Na
+
 pumps and the promotion of 

Ca
2+

 entry via the vascular spliced isoform of NCX1  (77, 148). In view of the 

abovementioned clinical and experimental associations of ouabain-like materials with 

high BP and the evidence of a defined long term pressor mechanism for EO, I set out to 

determine the circulating levels of EO in pregnancy by highly specific assay methods and 

to gain insights into the possible pathological actions of EO by looking at the 

hemodynamic and vascular responses to long-term elevations of plasma ouabain in 

pregnant rats and their non-pregnant counterparts.  

 

 

 

 



 

44 

 

RESULTS 

Effect of prolonged infusions of ouabain on blood pressure in pregnant and non-

pregnant rats.   

Figure 3A shows systolic BP during pregnancy and ouabain infusion. The 

baseline BPs taken on E4 (or equivalent) were not significantly different among the four 

groups. Rats were then implanted with mini osmotic pumps containing ouabain or 

vehicle.  Final systolic BP taken on E20 (or equivalent) was significantly higher in non-

pregnant rats infused with ouabain. In contrast, systolic BP fell similarly in pregnant rats 

and in pregnant animals chronically infused with ouabain.  Figure 3B shows the change 

in systolic BP from the baseline for each group. Non-pregnant rats showed only a small 

non-significant increase in BP over the study period (3.1 ± 3.3 mmHg).  In nonpregnant 

rats, ouabain infusion increased BP by 23.8 ± 3.4 mmHg (P < 0.001) compared with non-

pregnant controls.  In contrast, the  BP in pregnant rats receiving ouabain declined 8.1 ± 

3.2 mmHg from their baseline and the fall in BP was similar to that in vehicle infused 

pregnant controls (-9.4 ± 2.6 mmHg, both P < 0.001 vs. non-pregnant).  Thus, chronic 

ouabain infusions raised BP in normal but not pregnant rats. 
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Plasma EO and ouabain levels in infused rats by RIA. 

Figure 4 shows EO and/or ouabain levels in extracted plasma from pregnant rats 

at E20 or their equivalent nonpregnant time controls as determined by RIA. Plasma EO 

was significantly elevated in pregnancy compared with the nonpregnant group (1.14 ± 

0.13 nM ouabain equivalents vs. 0.60 ± 0.08 nM ouabain equivalents, respectively, P < 

0.05).  In ouabain-infused nonpregnant rats, the total plasma ouabain+EO concentration 

reached 3.2 ± 0.3 nM and this value was significantly elevated compared to the total EO 

in both nonpregnant and pregnant controls (P < 0.001).  The steady-state plasma levels in 

all ouabain infused female rats  were comparable to those previously reported in male rats 

with ouabain-induced hypertension (212).  The plasma ouabain was significantly higher 

 

 

 

 

 

 

 

 

 

Figure 3.  Systolic blood pressures in pregnant and non-pregnant rats and the impact of ouabain 

infusion.  Baseline systolic BPs were measured at E4 or equivalent via tail cuff method.  Mini osmotic 

pumps containing 0.85 mM ouabain or vehicle (0.9% saline) were implanted subcutaneously.  SBPs were 

taken at E4 and E20 or equivalent.  BPs at both time points (A) and the change in blood pressure (B) over 

the study are shown (means ± SEM).  *P < 0.001 vs Non-pregnant, Pregnant, and Pregnant + Ouabain; 

**P < 0.001 vs Non-pregnant and Non-pregnant + Ouabain. 
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in infused pregnant (5.2 ± 0.4 nM ouabain equivalents, P < 0.01) versus nonpregnant rats 

(3.2 ± 0.3 nM ouabain equivalents) receiving the same nominal dose of ouabain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Plasma EO and ouabain in pregnancy and the impact of prolonged infusion of ouabain. 

Data are for extracted plasma samples from embryonic day 20 (E20) pregnant rats or the equivalent 

time in non-pregnant rats (means ± SEM). The average infused dose of ouabain was 21.2 ± 1.2 

µg/kg/day.  Non-preg and Preg values are EO.  Other values reflect a mixture of EO and exogenous 

ouabain.   
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Polar and non-polar CTS-like activity in pregnancy by RadioReceptor Assay. 

Figure 5 shows the polar CTS-like bioactivity in SPE extracted plasma as 

determined by RRA.  The EC50 for ouabain in the RRA under the conditions used was 37 

nM.  Polar “ouabain-like” activity measured in pregnant rats at E20 (or equivalent) was 

dramatically higher (77 nM ouabain equivalents) versus non-pregnant controls (12.9 nM). 

During chronic infusion of exogenous ouabain in non-pregnant and pregnant rats, the 

polar levels of CTS were 13.9 nM and 48.3 nM, respectively.   Table 1 shows the 

bioactivity of non-polar CTS-like materials present in the SPE plasma samples in the 

RRA system. In general, the measured bioactivity of the non-polar SPE plasma samples 

was ~7-70 fold lower than their corresponding polar SPE extracts, and no differences 

were found in the circulating levels of non-polar materials between the ouabain treatment 

groups.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Plasma activity of polar CTS-like materials in pregnancy.  Extracted plasma 

samples were collected from E20 pregnant rats or the equivalent time point in non-

pregnant rats that were infused for two weeks with ouabain as indicated and measured by 

a radioreceptor assay standardized with exogenous ouabain. Results are expressed as 

ouabain equivalents  (mean ± SEM).  *P<0.01 vs Non-preg; **P<0.001 vs Non-preg + 

Ouabain.  
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Endogenous ouabain in pregnancy. 

Figure 6 shows endogenous ouabain (EO) in pregnant and non-pregnant plasma 

samples as determined by both offline LC-MS3 and offline LC-RIA.  Panel A shows the 

HPLC elution of plant ouabain with elution beginning at 34.0 minutes, peaking at 34.3 

minutes and baseline at 34.8 minutes.  As there is a small ~30 second delay from the UV 

detector to the fraction collector, ouabain (and EO) will appear at the LC fraction 

collector beginning at 34.5 and ending at 35.3 minutes. Thus, the peak concentrations of 

ouabain and EO are expected in LC fraction 34.5 (which covers the time bin from 34.5-

35.0 minutes) with some residual material in fraction 35. 

Figure 6B upper panels show the results of the offline MS3-based interrogation of 

the LC separation of the SPE plasma pools from pregnant and non-pregnant rats. 

Prominent MS3 product molecular ions corresponding to EO were observed in fraction 

34.5 in both pregnant and non pregnant samples. The EO content was significantly higher 

in the pregnant group (1044 fmol/fraction vs. 198 fmol/fraction non pregnant). An 

additional MS3 molecular product ion whose m/z values are identical to EO and is thus 

Group n Non-polar CTS-like activity 

(nmoles ouabain equiv/L) 

Non-Pregnant 4 1.59 ± 0.67 

Pregnant 6 0.92 ± 0.16 

Non-Preg + O 5 1.06 ± 0.26 

Preg + O 6 1.80 ± 0.16 

Table 1.  Bioactivity of non-polar CTS-like materials in pregnancy  
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an EO isomer were detected peaking in fraction 38 in both pregnant and non pregnant 

groups. This F38 isomer is slightly less polar than EO on C18 and its plasma levels were 

increased ~90 fold in pregnancy. In addition to this remarkably prominent isomer, 

another much less abundant isomer that was slightly more polar than EO on C18 was 

detected in fraction 32.5.  Figure 6B lower panels show the results of screening the same 

LC fractions by ouabain RIA. As expected, the peak immunoreactivity representing EO 

was detected in fraction 34.5 and, in full agreement with the LC-MS3 data, the plasma 

levels were increased in pregnancy. In the non-pregnant state, the major peak of ouabain 

immunoreactivity accounted for 44.51% of the total immunoreactivity in plasma.  In 

pregnancy the peak at F34.5 explained 60% of the total immunoreactivity while the peak 

at 38 minutes accounted for 20% of the total immunoreactivity.  Additional small peaks 

of immunoreactivity were observed in both sample groups but there was no obvious 

correlation between them with the possible exception of fraction 38. When the ouabain 

immunoreactivity in F38 was compared with the MS3-based quantitation, the apparent 

cross reactivity of the F38 isomer relative to ouabain was calculated to be ~0.5%. The 

low crossreactivity explains why it has not been previously detected in RIA-based 

studies. A small peak of immunoreactivity was also noted at 33.5 minutes in the non-

pregnant sample and this retention is similar to both the dihydro derivative of EO and the 

aglycone of EO (not shown). However, I was unable to detect molecular ions of those 

entities at their expected m/z ratios by MS2 and MS3. Hence the general nature of these 

and the other small peaks of ouabain immunoreactivity scattered throughout the run is not 

known. 
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Figure 6C shows the MS3 spectra for plant ouabain, EO in fraction 34.5 and the 

prominent EO isomer eluting in fraction 38. In each spectrum, identical signature MS3 

product ions at 427.3, 409.3, 397.3, 383.3, 379.3, and 361.3 were observed. Unique to the 

isomer in fraction 38 is the appearance of an additional prominent molecular product ion 

at m/z 417.3. Note also that the absolute abundance of all signature MS3 ions in the F38 

sample is dramatically greater than those for EO in F34.5 reflecting its dramatically 

increased presence in pregnancy. The 417.2 m/z MS3 molecular ion in fraction 38 was 

absent in the EO isomer in fraction 32.5. Thus, there are, in addition to EO, two 

chromatographically distinct isomers of EO present in pregnancy, the most prominent of 

which can also be distinguished from EO also by its unique MS3 spectrum.  Table 2 

shows the average weight of the adrenals was greater (39.3 ± 1.3 mg) in pregnant versus 

non-pregnant (33.2 ± 1.6 mg, P < 0.05) rats.  In spite of the adrenal enlargement, the ratio 

of adrenal weight to total body weight was significantly less in pregnant versus non-

pregnant rats (0.011 ± 0.0002% vs. 0.013 ± 0.0001%, P < 0.05).  

Figure 7 shows the EO content in the maternal adrenals measured by both offline 

LC-MS3 (upper panels) and LC-RIA (lower panels).  The major peak of EO 

immunoreactivity was observed in fraction 34.5 in samples from both pregnant and non-

pregnant rats and explained 76.5 and 38.3% of the total recovered immunoreactivity, 

respectively.  The adrenal EO content in pregnancy was elevated as determined by both 

LC-RIA and LC-MS3 (MS3 values: 528.2 vs. 194.3 fmol/fraction).  Similar to the plasma 

samples, the same EO isomer detected by MS3 in fraction 38 was also present in the 

adrenal samples from pregnant and non-pregnant rats.  However, the adrenal levels of 

this EO isomer were 100-fold less abundant than in plasma, were not increased in 
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pregnancy, and were not of sufficient abundance and crossreactivity to be detected with 

the RIA. 

 

 

 

 

 

 

Figure 6. Detection and quantitation of  plasma EO in pregnancy by offline LC-RIA and LC-

MS.  (A).  High-performance liquid chromatography of ouabain. Left panel shows the sharp elution of 

exogenous ouabain measured at 220 nm in response to an acetonitrile gradient. Right panel is an 

enlargement showing elution of ouabain begins and ends at 34 and 35 minutes with a maximum at 

34.3 minutes.  (B).  Upper panels show offline LC-MS3 screening and quantitation for molecular 

product ions of EO (379.2 m/z) in SPE plasma samples from non-pregnant and pregnant rats. Peaks 

corresponding to EO were found at 34.5 minutes in samples from non-pregnant and pregnant rats. 

Additional and/or more prominent peaks corresponding to EO isomers were found at 32.5 and 38 min 
in pregnancy.  Lower panels show offline LC-RIA of the same SPE plasma samples screened for 

ouabain immunoreactivity and the dashed line is ~ 2SD above background. In each case values are 

expressed as fmoles ouabain equivalents per fraction.  (C).  Individual spectra showing ESI-MS3 

molecular product ions produced by  5 nM ouabain (left  panel) and the offline LC fractions at 34.5 

(middle panel)  and 38 minutes (right panel) originating from the LS separation of SPE plasma 

samples from pregnant rats in B above. 
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Non-pregnant 

(6) 

Pregnant 

(7) 

Mean Animal  

Weight (g) 
256.7 ± 2 342.9 ± 3 

Mean Adrenal  

Weight (mg) 
33.2 ± 2 39 ± 1* 

Ratio (Adrenal/ 

Animal wt) (%) 
0.013 ± 0.0001 0.011 ± 0.0002* 

Table 2.  Average total body and adrenal weights 
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Figure 7.  Analysis of rat adrenal SPE samples by offline LC-MS3 and LC-RIA. (A). 

Quantitation of adrenal EO by offline LC-MS3 of SPE samples from non-pregnant and pregnant 

samples. Quantitation is based upon the intensity of the main product ion at m/z 379.2 (see Figure 

6C).  (B). Offline LC separation and RIA based quantitation of adrenal SPE from non-pregnant and 

pregnant rats. Ouabain immunoreactivity (IR) is expressed as ouabain equivalents (fmoles) per 

fraction.  In each case, the dashed line is ~ 2SD above background. 
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Effect of pregnancy and ouabain infusion on vascular expression of ion transporters, 

cardiac and renal mass, and placental and fetal growth. 

Figure 8 shows the western blot analysis for several vascular proteins involved in 

Ca
2+

 and Na
+ 

transport normalized by actin controls in mesenteric arteries and aorta. In 

pregnancy, NCX1.3 expression decreased by 30% in mesenteric artery (panel A) and 

60% in aorta (panel B) compared to vessels from non-pregnant animals (both P < 0.001).  

Interestingly, the expression of alpha-2 Na
+ 

pumps did not change in mesenteric arteries 

(panel C) but was decreased by 30% in aorta (panel D) during pregnancy (P < 0.0001 vs. 

non-pregnant).  However, in pregnancy the expression of alpha-1 Na
+
 pumps was 

decreased by 50% in both mesenteric arteries (panel E) and aorta (panel F) (P < 0.001 

and P < 0.05, respectively) compared with non-pregnant vessels. Protein expression of 

other Ca
2+

 and/or Na
+
 transporters including SERCA-2, PMCA, TRPC-6, and TRPC-3 

were not altered in response to pregnancy in mesenteric arteries or aortas (Figure 9).   

The western blot analysis documenting the effect of ouabain infusions in non-

pregnant and pregnant rats is shown in Figure 10.  Relative to their non-pregnant 

controls, pregnant rats showed a 45% (aorta) and 35% (mesenteric artery) decrease in 

NCX1.3 expression with no change in TRPC6 expression.  In response to ouabain 

infusion that generated super-elevated plasma levels shown in Figure 4, the expression of 

NCX1.3 was significantly increased in both non-pregnant and pregnant animals.  The 

levels of NCX1.3 expression were comparable in both ouabain-infused groups but were 

the highest (~1.7 fold) in the aorta of non-pregnant rats.  However, the magnitude of the 

increase in NCX1.3 expression was typically >2-fold in the ouabain-infused pregnant rats 
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because the baseline expression in pregnancy was lower.  Expression of TRPC6 was also 

increased in both ouabain-infused groups. 

As shown in Figure 11, significantly lower median placental and fetal weights 

were found in ouabain-infused pregnant rats, indicating reduced growth.  The use of 

median as opposed to mean values reflects greater variance in the ouabain-infused group.  

In the ouabain-infused group, placentas lacking attached fetal tissue were noted (arrows).  

These placentas were much smaller than their attached counterparts and likely reflect 

prior fetal death and resorption.  Consistent with this interpretation (Table 3), the number 

of placentas was normal while the number of fetal units/mother was less in the ouabain-

infused group.  Ouabain infusions led to lower maternal body weight; most of which was 

due to reduced placental and fetal mass.  The number of observed placentas was not 

different in ouabain-infused rats reflecting the imposition of the high ouabain state well 

after conception and implantation.  However, the two week period of ouabain 

administration reduced the number of fetal units.  No effects of ouabain administration 

were observed on maternal heart or kidney weights.    
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Figure 8. Effect of pregnancy on expression of NCX and Na pump isoforms in aorta and pooled 

mesenteric arteries.  Western blots showing NCX expression in mesenteric artery (MA) (A) and aorta 

(B), α-2 Na+ pump expression in mesenteric artery (C) and aorta (D), and  α-1 Na+ pump  expression in 

mesenteric artery (E) and aorta (F) relative to arterials from non-pregnant controls.  In each image, 
arterials for non-pregnant (Non-Preg) arteries are on the left and their pregnant (Preg) counterparts on 

the right. The lower bands are β-actin expression and used as a reference in each case. (A, B) *P < 

0.001, (D) *P < 0.0001, (E) *P < 0.01,  (F) *P < 0.05 versus non-pregnant vessels. 
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Figure 9. Effect of pregnancy on expression of additional ion transporting proteins in aorta and 

pooled mesenteric arteries.  Western blots showing SERCA-2 (MW ~110 kDa) expression in 

mesenteric artery (A) and aorta (E), PMCA (MW ~140 kDa) expression in mesenteric artery (B) and 

aorta (F), TRPC-6 (MW ~106 kDa) expression in mesenteric artery (C) and aorta (G), and TRPC-3 

(MW ~97 kDa) expression in mesenteric artery (D) and aorta (H) relative to arterials from non-

pregnant controls.  In each image, arterials for non-pregnant arteries are on the left and their pregnant 

counterparts on the right. The lower bands are β-actin expression and used as a reference in each case.  

MW = molecular weight  
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Figure 10.  Effect of ouabain infusion on expression of NCX and TRPC-6 in pregnant and 

non-pregnant aortas and pooled mesenteric arteries.  Western blots showing NCX expression 

in aorta (A) and mesenteric arteries (B), and TRPC-6 expression in aorta (C) and mesenteric 

arteries (D) relative to arterial from non-pregnant controls.  Abbreviations:  NP, non-pregnant. P, 

pregnant. NP+O, non-pregnant + ouabain-infused. P+O, pregnant + ouabain-infused.  For (A):  *P 

< 0.01 vs NP, NP+O, and P+O; **P < 0.01 vs NP, P, and P+O; ***P < 0.01 vs NP, P, and NP+O; 

(B):  *P < 0.01 vs NP, NP+O, and P+O; **P < 0.01 vs NP and P; (C):  *P < 0.01 vs NP, P; (D):  

*P < 0.01 vs NP, P, and P+O; **P < 0.01 vs NP, P, NP+O.  MA = Mesenteric Artery 
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Figure 11.  Effect of ouabain infusion on placental and fetal weight in pregnancy.  

Distribution of placental (top) and fetal weights (bottom) in ouabain- and vehicle-infused 

(controls) pregnant rats.  All infusions started on E4 (i.e., post conception and implantation) 

and measurements were taken on E19.  The boxes show the median values (center line) and 

their 25 (lower line) and 75% (upper line) confidence intervals.  Placental numbers are: 

ouabain-infused n=54; and controls n=141.  Fetal data are: ouabain-infused n=51; controls 

n=141.  Arrows indicate placentae with no accompanying fetus (NF).  The variance of the 

values is greater and downwardly skewed in the ouabain-infused animals and the median 

values are significantly lower as indicated by the relevant P values. 
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Parameter  Controls  Ouabain 

Infused  

Significance  

P value  

Maternal Weight  

# Placentas/Mother  

# Fetal Units /Mother  

Maternal Heart weight  (mg)  

Maternal Left Kidney weight (mg)  

351 ± 2.1  

14.2 ± 0.2  

14.2 ± 0.2  

995 ± 63  

947 ± 20  

338 ±  5.3  

13.5 ±  0.3  

12.75 ± 0.48  

990 ± 37  

947 ± 18  

0.015  

NS  

0.006  

NS  

NS  

 

SUMMARY 

This study investigated circulating EO in pregnancy using specific analytical 

assay methods and sought to gain insight into the possible pathological actions of EO by 

examining the blood pressure response and changes in ion transport protein expression in 

response to long-term elevations of plasma ouabain in pregnant rats.  My expectation was 

that prolonged elevations of circulating ouabain during normal pregnancy would lead to a 

PE-like state with elevated blood pressure, proteinuria, and intrauterine growth 

restriction.  The main findings in this study were that 1) pregnant rats developed 

resistance to the chronic vasopressor effects of ouabain and remained normotensive. 2) 

Although pregnancy itself did not alter TRPC-6 expression, chronic ouabain infusion 

upregulated TRPC-6 and NCX expression in the pregnant and non-pregnant states. 3) 

Exposure to super-elevated levels of ouabain during pregnancy resulted in reduced 

Table 3.  Maternal, fetal, and placental weights  
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placental growth and intrauterine growth restriction (IUGR).  4) Normal pregnancy is a 

high circulating EO state and pregnancy is also associated with significant amounts of 

two novel EO isomers. 5) Finally, protein expression of NCX and the α2-Na
+
 pump is 

significantly downregulated in normal pregnancy.          
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CHAPTER 4 

Pseudopregnant rats develop resistance to ouabain-induced 

hypertension 

 

Introduction 

Normal pregnancy is characterized by marked changes in the endocrine and 

hemodynamic environments that result in an increase in cardiac output, a decrease in 

systemic vascular resistance, and a decrease in blood pressure (44).  Many of the early 

hemodynamic changes of pregnancy occur prior to full placentation, peak in the second 

trimester, and plateau in the third trimester until delivery (32, 47, 105).  Thus, the 

initiation of these early hemodynamic events is not dependent on a fully developed or a 

fully functioning placenta.  Both maternal and fetoplacental units contribute to achieve 

optimal pregnancy outcomes.  Maternal secretion of adrenal steroids, including cortisol 

and aldosterone, is elevated during pregnancy, and changes in the renin-angiotensin-

aldosterone system (RAAS) accelerate the restoration of preload and volume retention 

(47, 105, 153, 201).  In addition, the uteroplacental circulation itself functions as a low-

resistance arteriovenous shunt and is a stimulus to plasma volume expansion (105, 201).  

As the placenta matures into a functional endocrine organ, it produces several hormones 

including progesterone and estradiol (201).  The latter stimulates the RAAS hormones 

and contribute to the subsequent plasma volume expansion (201).  Moreover, elevated 

chorionic somatomammotropin production augments red cell mass, and along with 

increased plasma, contributes to the increase in blood volume and the transport of oxygen 

(and other substrates) to the developing fetus (201).   
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In the previous chapter, I showed that pregnant rats are resistant to ouabain-

induced hypertension.  Additionally, I proved that endogenous ouabain is elevated in 

normal pregnancy, yet, like angiotensin II, the pressor effect is severely blunted (44, 

105).  Thus, resistance to the pressor effect of ouabain is a normal physiological 

adaptation to pregnancy (chapter 3), and the mechanism appears to involve the vascular 

splice variant of the Na+/Ca2+-Exchanger (NCX1.3) as well as reduced sensitivity of the 

contractile machinery to calcium.  It is unclear which factors downstream of ouabain 

binding are responsible for the events that lead to ouabain resistance.  

The objective of the present study is to differentiate the contributions of the 

maternal and fetoplacental units in mediating ouabain resistance during pregnancy.  To 

this end, I will determine if pseudopregnant rats have elevated EO and whether they are 

capable of developing ouabain-induced hypertension.  I will also look at the expression of 

NCX1 and TRPC-6 as key membrane ion transporters that may impair vascular responses 

and their relationship to BP.  Because rats are induced ovulators, sexual stimulation at the 

beginning of estrus will mimic the endocrine changes that occur during the first half of 

gestation (244), thus making the pseudopregnant rat a suitable model to distinguish 

between maternal- and fetoplacental-derived contributions.  My hypothesis is that 

pseudopregnant rats will not develop hypertension in response to ouabain infusions, and 

the maternal unit alone is sufficient to blunt the pressor effect of ouabain.  
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RESULTS 

Effect of prolonged infusions of ouabain on blood pressure in pseudopregnant rats 

Figure 12A shows systolic BP in non-pregnant and pseudopregnant rats.  The 

baseline BPs taken on the day of pseudopregnancy induction, PSP0, or equivalent were 

not significantly different.  Further, no significant change was observed between initial 

and final BPs in non-pregnant and pseudopregnant groups.  As shown in Figure 11B, the 

change in systolic BP was -1.3 ± 2.1 mmHg in non-pregnant rats and 1.2 ± 3.3 mmHg in 

pseudopregnant rats.  When rats were implanted with mini-osmotic pumps containing 

ouabain, the infusion raised systolic BP in non-pregnant rats from 118.6 ± 2.5 mmHg to 

142.7 ± 2.2 mmHg (p < 0.001 vs. Non-Pregnant, Pseudopregnant, and Pseudopregnant + 

Ouabain), a +24.0 mmHg increase.  In contrast, systolic BP was essentially unchanged in 

pseudopregnant rats receiving ouabain (-0.29 ± 1.7 mmHg).  Thus, chronic ouabain 

infusion increased blood pressure in non-pregnant but not pseudopregnant rats.    
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Plasma EO and ouabain levels in ouabain-infused rats measured by RIA 

Figure 13 shows EO and ouabain levels in extracted plasma from non-pregnant 

and pseudopregnant rats at PSP12 or equivalent as determined by radioimmunoassay 

(RIA).  The mean circulating concentrations of endogenous ouabain (EO) in non-

pregnant and pseudopregnant controls were 0.5 ± 0.1 and 2.1 ± 0.7 nM ouabain 

equivalents, respectively.  The EO levels in non-pregnant rats were similar to those 

reported in previous work in males (353) and females (151).  Pseudopregnant rats, like 

pregnant rats described earlier, had significantly elevated EO compared to non-pregnant 

controls (p < 0.01).  Ouabain + EO levels after 12 days of ouabain administration rose to 

3.2 ± 0.4 nM ouabain equivalents in non-pregnant rats and 4.1 ± 1.2 nM ouabain 

A                                                                                           B 

 

 

 

 

 

 

 

 

Figure 12.  Systolic blood pressure in pseudopregnant and non-pregnant rats and the impact of 

ouabain infusion.  Baseline BPs were measured on the day of pseudopregnancy induction (PSP0) or 

equivalent time in non-pregnant rats.  Immediately following induction, mini-osmotic pumps containin 

0.85 mM ouabain or vehicle (0.9% saline) were implanted subcutaneously.  Systolic BPs were taken at 

PSP0 and PSP12 or equivalent.  BPs at both time points (A) and the change in blood pressure (B) over 

the study are shown (means ± SEM).  *P < 0.01 vs Non-Preg, Pseudopreg, and Pseudopreg + Ouabain    
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equivalents in pseudopregnant rats, both significantly higher than EO levels in non-

pregnant controls (p < 0.01).  All animals received the same nominal dose of ouabain.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13.  Plasma EO in pseudopregnancy and the impact of prolonged ouabain infusion.  

Data are for extracted plasma samples from pseudopregnant rats 12 days after induction (PSP12) or 

equivalent time in non-pregnant rats (means ± SEM).  The average infused dose of ouabain was 21.2 

± 1.2 µg/kg/day.  *P < 0.05 vs Non-Preg, **P < 0.01 vs Non-Preg 
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Endogenous ouabain is elevated in pseudopregnant rats 

Figure 14 shows endogenous ouabain (EO) in non-pregnant and pseudopregnant 

plasma samples by offline LC-RIA and offline LC-MS3.  Panel A shows the HPLC 

elution of plant ouabain begins at 34.0 minutes, peaks at 34.3 minutes, and reaches 

baseline again at 34.8 minutes.  The peak concentrations of EO and ouabain are expected 

to occur in fractions 34 and 34.5, which encompasses the time bin from 34-34.5 minutes 

and 34.5-35 minutes, respectively.   

The upper panel of 14B shows the results of the analysis of LC separation of the                                                                                                                              

pooled plasma extracts from non-pregnant and pseudopregnant rats by mass 

spectrometry (MS3).  The major MS3 product molecular ions corresponding to EO were 

observed in fractions 34.5 in non-pregnant samples and 34.0 in pseudopregnant samples.  

The EO content in pseudopregnant samples was almost double that in non-pregnant 

samples (376.9 fmol/fraction vs. 198.4 fmol/fraction).  Another major MS3 product ion 

in non-pregnant samples whose m/z values were identical to EO was detected in fraction 

38.  This isomer was four times more abundant than EO in non-pregnant rats, but was 

hardly detected in pseudopregnant rats.  The lower panel in figure 14B shows the 

analysis of the same LC fractions by ouabain RIA.  Again, the major immunoreactive 

peak occurred in fraction 34.5 in non-pregnant samples and 34.0 in pseudopregnant 

samples.  These peaks accounted for 44.51% (non-pregnant) and 36.42% 

(pseudopregnant) of the total immunoreactivity in the samples.  There were additional 

peaks of immunoreactivity observed in both pseudopregnant and, to a lesser extent, non-

pregnant samples, however no apparent correlation could be drawn between these and 

the mass spectrometry data.      
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Figure 14.  Detection and quantification of plasma EO in pseudopregnancy by offline LC-RIA 

and LC-MS.  Upper panels show offline LC-RIA of the same SPE plasma samples screened for 

ouabain immunoreactivity and the dashed line is ~2SD above background.  Lower panels show offline 

LC-MS3 screening and quantitation for molecular product ions of EO (379.2 m/z) in SPE plasma 

samples from non-pregnant and pseudopregnant rats.  Peaks corresponding to EO were found at 34.5 

and 34 in samples from non-pregnant and pseudopregnant rats, respectively.    In each case, values are 

expressed as fmoles ouabain equivalents per fraction. 
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Effect of pseudopregnancy on vascular expression of NCX, Na
+ 

Pump, and TRPC-6 

Figure 15 shows the Western blot analysis for NCX, α2-Na
+
 pump, and TRPC-6 

normalized by GAPDH controls in the aortas and mesenteric arteries of non-pregnant 

and pseudopregnant rats and compared to vessels from pregnant rats at embryonic day 

20 (E20, middle column in each blot).  In pseudopregnant rats, NCX expression was 

decreased by 29% in aortas and 24% in mesenteric arteries compared to non-pregnant 

vessels (15A and B).  While there was no difference in α2-Na
+
 pump expression in 

pseudopregnant mesenteric arteries compared to their non-pregnant counterparts, there 

was a 17% decrease in pump expression in the aortas (15C and D).  Also, TRPC-6 

expression between pseudopregnant and non-pregnant aortas and mesenteric arteries 

were not different (15E and F).  The pattern of protein expression in vessels from 

pregnant and pseudopregnant rats compared to those of non-pregnant rats was similar; 

proteins that were downregulated in pregnant rat vessels were also downregulated in 

pseudopregnant rat vessels.  However, the extent of downregulation in vessels from 

pseudopregnant rats was less than that of pregnant rats.  
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Figure 15.  Effect of pseudopregnancy on the expression of ion transporting proteins in aorta and 

pooled mesenteric arteries.  Western blots showing NCX expression in aorta (A) and mesenteric 

artery (B), Alpha-2 expression in aorta (C) and mesenteric artery (D), and TRPC-6 expression in aorta 

(E) and mesenteric artery (F) normalized to vessels from non-pregnant rats.  In each image, arterials for 

non-pregnant (NP) arteries are on the left, pseudopregnant (PSP) arteries on the right, and their 

pregnant (P) counterparts in the middle.  The lower bands are GAPDH expression and used as a 

loading control in each case.  (A) and (B):  ***P < 0.001 vs NP and PSP; **P < 0.001 vs NP and P; 

(C):  ***P < 0.001 vs NP and PSP; **P < 0.01 vs NP and P   

  

 

 

 

 

 

 

 

 -202 

-116 

 

-116 

-98 

 
-43 

-202 

-116 

-43 

-43 -43 

-43 

-116 

-98 

NP P PSP

R
e
la

ti
v
e
 N

C
X

 E
x
p
re

s
s
io

n
0.0

0.2

0.4

0.6

0.8

1.0

1.2

***

**

NP P PSP

R
e
la

ti
v
e
 N

C
X

 E
x
p
re

s
s
io

n

0.0

0.2

0.4

0.6

0.8

1.0

1.2

***

**

NP P PSP

R
e
la

ti
v
e
 A

lp
h
a
-2

 E
x
p
re

s
s
io

n

0.0

0.2

0.4

0.6

0.8

1.0

1.2

***
**

NP P PSP

R
e
la

ti
v
e
 T

R
P

C
-6

 E
x
p
re

s
s
io

n

0.0

0.2

0.4

0.6

0.8

1.0

1.2

NP P PSP

R
e
la

ti
v
e
 T

R
P

C
-6

 E
x
p
re

s
s
io

n

0.0

0.2

0.4

0.6

0.8

1.0

1.2

-116 

-98 
-116 

-98 
-43 

NP P PSP

R
e
la

ti
v
e
 A

lp
h
a
-2

 E
x
p
re

s
s
io

n

0.0

0.2

0.4

0.6

0.8

1.0

1.2



 

72 

 

SUMMARY 

The present study sought to understand the maternal contributions in the 

resistance to ouabain-induced hypertension observed in pregnancy using the 

pseudopregnant rat model that mimics the endocrine and hemodynamic adaptations to 

pregnancy in the absence of fetoplacental contributions.  I showed that the initiation 

factors that lead to ouabain resistance are maternally derived and are not dependent on 

the placenta.  The main findings of this study were that 1)  pseudopregnant rats, like 

pregnant rats, were resistant to the vasopressor effects of chronic low-dose ouabain 

infusion.  2)  Pseudopregnancy is a high circulating EO state and at least some of the 

stimuli that lead to EO production and/or secretion in pregnancy can occur in the absence 

of a fetoplacental unit.  3)  Notably absent in pseudopregnant plasma samples were the 

two novel isomers (described in Chapter 3) that were significantly elevated in pregnant 

rats, suggesting that the source of these isomers was likely the placenta.  4)  

Pseudopregnancy did not alter TRPC-6 expression, however, protein expression of NCX 

was downregulated in the aortas and mesenteric arteries of pseudopregnant rats, and the 

α2-Na
+
 pump was downregulated in the aortas (although not to the same extent observed 

in pregnant vessels), implicating the maternal endocrine system as a mediator of this 

effect.   
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CHAPTER 5 

The effect of estradiol and selective activation of GPR30 on ouabain 

resistance 

Introduction 

Several estrogen-mediated processes activate the classical genomic pathway; 

these include rapid hormone movement into the target cell, binding to the estrogen 

receptors, ERα or ERβ, and translocation into the nucleus to bind to hormone response 

elements on DNA sequences that alter transcription.  17β-Estradiol is the most abundant 

and biologically active form of estrogen, and in pregnancy, plays a role in several events, 

including progesterone biosynthesis, placental transfer mechanisms, and regulation of 

processes that initiate labor (6, 252).  In addition, the vasculature is a target for estrogen 

action.  In the uterus, estrogen stimulates angiogenesis and the expression of VEGF, and 

enhances vascular permeability, edema, and endothelial cell mitosis (95). 

 Estrogen also induces significant vasorelaxation (84), and because this effect can 

occur rapidly (within minutes), it is not likely that it is mediated by the interaction of 

estrogen with its classical nuclear receptors.  Although the classic estrogen receptors can 

alter nitric oxide production, when they are inhibited by ERα/β antagonists or genetically 

deleted as with ERα and ERβ knockouts, estradiol-induced vasodilation is not completely 

abolished (63, 66, 94, 174, 235, 275).  Moreover, actinomycin D, an inhibitor of DNA-

dependent RNA transcription, and puromycin and cycloheximide, inhibitors of peptide 

translation do not block the acute vasorelaxant effect of 17β-Estradiol, strengthening the 

argument against a nuclear receptor-mediated mechanism underlying this effect (174).  

The dependence of GTP binding for estradiol-induced signaling in several cell types 
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including endothelium, smooth muscle, neurons, and cancer cells demonstrates that G 

protein coupled receptors (GPCR) can mediate some estrogenic effects (96, 192, 231). 

 Recently, GPR30 (a GPCR also known as GPER), originally classified as an 

orphan GPCR was shown to bind estrogen (45).  This receptor is expressed on the cell 

membrane and interacts with several GTP-binding proteins to exert its effects (75, 270).  

Since the identification of GPR30 as an estrogen receptor and its localization in human 

veins and arteries, it has been proposed that this receptor may contribute to some of the 

vasorelaxant effects of estradiol (124).  In addition, studies in several animal models 

provide strong evidence in support of GPR30-mediated estradiol effects (90-92, 270, 271, 

334, 338).  Activation of this membrane-bound estrogen receptor causes a decrease in 

blood pressure in vivo and exhibits vasodilatory actions ex vivo (123, 199).  Female 

GPR30 knockout mice have elevated blood pressures that are not nitric oxide- or 

prostacyclin-dependent (214).  The effect of GPR30 on blood pressure during pregnancy 

has not been explored. 

 I previously demonstrated that pregnant rats are resistant to the pressor effect of 

ouabain, a cardiotonic steroid (CTS), likely due to decreased vascular protein expression 

of the Na
+
/Ca

2+
 exchanger (NCX) (151).  Consequently, NCX-mediated Ca

2+
 influx is 

also attenuated, contributing to the reduced intracellular calcium available to interact with 

the contractile machinery of the myocyte, thereby preventing elevations in blood 

pressure.  This effect is in striking contrast to male and non-pregnant female rats, where 

elevations in ouabain significantly elevate NCX expression and, as a result, blood 

pressure (151, 264).  Indeed, a positive relationship between NCX expression and blood 

pressure has been described in several animal models (148, 264, 362).  Given that NCX 
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expression is positively correlated with blood pressure, estradiol is associated with 

vasodilation and lowered blood pressure, and pregnancy is a ouabain-resistant state, I 

hypothesized that pregnancy-stimulated elevations in estradiol will prevent ouabain-

induced hypertension by downregulating NCX expression.  Further, this mechanism can 

be mediated by specific GPR30 activation.  To this end, I infused rats with estradiol or 

the selective GPR30 agonist, G-1 with ouabain to determine the effect on blood pressure.  

G-1 (see Figure 16, right) is a highly selective GPR30 agonist that exhibits a similar 

binding affinity as estradiol, while showing essentially no binding to ERα and ERβ even 

at 1-10µM concentrations [191].  In addition, I measured protein expression of NCX and 

circulating estradiol levels to determine any correlation that may exist.  Activation of this 

non-classical pathway is likely involved in the blunted pressor effect of ouabain during 

normal pregnancy. 

 

 

 

 

 

 

 

 

 

Figure 16.  Structure of estradiol (left) and the selective GPR30 agonist, G-1 (right). 
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RESULTS 

Effect of prolonged infusions of ouabain and estradiol on blood pressure in female rats 

 Figure 17A shows systolic BP in female rats infused with estradiol and 

progesterone.  Baseline blood pressures were not significantly different among the four 

groups, and 21 days of estradiol and/or progesterone infusion did not significantly change 

blood pressure in any group (Figure 17B).  Similarly, in the ouabain-treated groups, 

baseline blood pressures and pressures after 7 days of hormone infusions (i.e. before 

ouabain elevated BP) were not significantly different among the groups, further 

supporting that neither estradiol nor progesterone alone altered blood pressure (Figure 

17C).  However, prolonged ouabain infusion significantly increased blood pressure in 

virgin rats compared to baseline (140.38 ± 3.35 mmHg, P < 0.001).  Ouabain also 

elevated blood pressures in rats treated with progesterone alone by 25.04 ± 6.30 mmHg 

(P < 0.001 vs. Prog + Ouabain baseline) to levels observed in ouabain-infused virgin rats 

(Figure 17D).  In contrast, ouabain administration did not increase blood pressure in 

estradiol-treated rats, including those treated with a combination of progesterone and 

estradiol, compared to their respective baseline blood pressures.  Thus, estradiol 

prevented elevations in blood pressure in response to prolonged ouabain infusions. 
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Figure 17.  Systolic blood pressure (BP) in hormone-infused female rats and impact of ouabain 

infusion.  Baseline BPs were measured immediately prior to hormone implantation or sham implant on 

day 1.  On day 8 (at dashed line), rats were implanted with mini-osmotic pumps containing 0.85 mM 

ouabain or vehicle (0.9% saline).  Systolic BPs were taken on days 1, 7, and 21.  BPs at each time 

point in hormone-infused rats without (A) and with ouabain (C) and the change in blood pressure (B, 

D) over the study period are shown (means ± SEM).  In (C): **P < 0.001 vs Progesterone + O 

baseline, ***P < 0.001 vs Non-Preg + O Baseline.  In (D): ***P< 0.001 vs Non-Preg +O and Prog + O  
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Effect of estradiol and ouabain infusion on circulating endogenous ouabain and 

ouabain concentrations 

Endogenous ouabain (EO) levels were measured in virgin, estradiol-, 

progesterone-, and estradiol/prog-treated rats by radioimmunoassay in Figure 18A.  The 

average EO concentration in the four groups was 0.49 ± 0.05 nM (virgin), 0.46 ± 0.03 

nM (estradiol), 0.37 ± 0.06 nM (progesterone), and 0.61 ± 0.08 nM (estradiol/prog), and 

there was no statistically significant change in EO levels in the hormone-treated groups 

compared to the virgin controls.  As expected, ouabain infusion raised circulating ouabain 

levels in all groups.  There was no significant difference in ouabain concentrations among 

these four groups.  The average concentration of ouabain for virgin (3.17 ± 0.08 nM), 

estradiol-treated (3.76 ± 0.10 nM), progesterone-treated (3.36 ± 0.32 nM), and 

estradiol/prog-treated rats (3.07 ± 0.44 nM) following prolonged ouabain infusion was 

comparable to concentrations reported previously (212).  The estradiol ELISA confirmed 

that circulating estradiol concentrations were elevated in the groups that received 

estradiol (Figure 18B).  Taken with the blood pressure data, the results show that elevated 

circulating ouabain levels are unable to raise blood pressure in estradiol-treated rats.  

Furthermore, neither estradiol nor progesterone per se affected EO or ouabain 

concentrations. 
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Figure 18.  Plasma EO and estradiol in hormone-treated rats and the impact of prolonged 

ouabain infusion.  Data are for extracted plasma samples from non-pregnant and estradiol-, 

progesterone-, and estradiol/progesterone-treated rats 21days after hormone implantation or equivalent 

time with and without ouabain (means ± SEM).  (A) Plasma EO and EO + ouabain and (B) circulating 

estradiol concentrations were measured.  The average infused dose of ouabain was 21.2 ± 1.2 

µg/kg/day. E2, Estradiol. For (A):  ***P < 0.001 vs Non-Preg, E2, Prog, E2/Prog.  For (B): ***P < 

0.001 vs NP, Prog, NP+O, Prog+O   
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Effect of estradiol on NCX protein expression 

       The effect of estradiol on NCX expression in aorta and mesenteric artery is shown in 

Figure 19.  There was no difference in NCX expression in the aortas of virgin controls 

compared to the progesterone-treated rats (Figure 19A, first and third columns).  NCX 

expression decreased by 24.8% in the estradiol group and by 20% in the estradiol/prog 

group (Figure 19A, second and fourth columns).  The degree of downregulation of NCX 

in the estradiol/prog group was slightly less than in the group of estradiol alone, but this 

difference failed to reach significance.  In the mesenteric artery, NCX expression 

followed a similar pattern as in the aortas (Figure 19B).  Estradiol treatment decreased 

NCX expression by 31.2% compared to mesenteric arteries from virgin controls.  The 

combination of estradiol and progesterone also decreased NCX expression by 22.6%, but 

progesterone alone did not.  Comparison of plasma estradiol concentrations and relative 

NCX protein expression revealed a strong negative correlation; the groups with the 

highest concentrations of estradiol had the lowest expression of NCX in aortas 

(correlation coefficient = -0.767, P < 0.0001, Figure 19C).   

There was also a difference in protein abundance when relative NCX expression 

was compared in rats that received estradiol for only 10 days versus those that received 

estradiol for 21 days (Figure 20).  NCX expression was slightly reduced in the aortas of 

rats that received the 10-day estradiol treatment versus virgin controls.  The shorter 

treatment time did not downregulate NCX expression to the same extent as the 21 day 

infusion, however, and circulating estradiol levels were still comparatively low on day 10 

of estradiol exposure (Figure 20).   
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Figure 19.  Effect of hormone infusion on the expression of NCX in aorta and pooled 

mesenteric arteries.  Western blots showing NCX expression in aorta (A), and pooled 

mesenteric arteries (B). Each image shows arteries (from left to right) from non-pregnant, 

estradiol (E2), progesterone, estradiol/progesterone groups.  The lower bands are GAPDH 
expression and used as a reference in each case.  (C) Relative NCX expression in aortas as a 

function of circulating estradiol concentrations determined by estradiol ELISA.  There was a 

significant negative correlation between the parameters; correlation coefficient = -0.767, P < 

0.0001.  Data normalized to non-preg.  (A) and (B):  ***P < 0.001 vs NP, Prog    
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Figure 20.  Effect of the duration of hormone infusion on the expression of NCX in 
aorta.  (A)  Western blot showing NCX expression in aorta in non-pregnant (left), rats 

infused with estradiol (E2) for 10 days (middle), and rats infused with estradiol for 21 

days (right).  The lower bands are GAPDH expression and used as a reference in each 

case.  **P < 0.001 vs NP and E2-21; ***P < 0.001 vs NP and E2-10. (B):  Corresponding 

circulating estradiol levels in rats from (A) measured by ELISA; ***P < 0.001 vs NP and 

E2-10   
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Effect of GPR30 activation on blood pressure and NCX expression 

 Figure 21 compares the effect of the selective GPR30 agonist, G-1 and estradiol 

on blood pressure, EO concentration, and NCX protein expression.  Similar to what was 

observed in estradiol-treated groups, G-1 alone had no effect on blood pressure compared 

to virgin controls.  In addition, G-1-treated rats implanted with ouabain showed only a 

2.8 mmHg increase in blood pressure and did not become hypertensive, suggesting that 

specific activation of GPR30 protects against ouabain-induced elevations in blood 

pressure.  Circulating EO levels in rat plasma were then measured by RIA.  EO levels in 

G-1 control rats were 0.44 ± 0.06 nM ouabain equivalents and did not differ significantly 

from virgin or estradiol-treated rats.  Protein expression of NCX1.3 was also significantly 

reduced in vessels taken from G-1-treated rats.  There was a 31% decrease in NCX 

expression in G-1 aortas compared to those taken from virgin controls (P < 0.01).  NCX 

expression also decreased by 41% in G-1 mesenteric arteries verses their virgin 

counterparts (P < 0.01).  Estradiol treatment and G-1 treatment caused similar decreases 

in NCX expression (the two groups were not statistically different from one another).  

Taken together, these results show that G-1 and estradiol exerted similar effects on blood 

pressure, circulating EO concentration, and NCX protein expression.  Thus, activation of 

GPR30 is sufficient to mediate the changes that lead to ouabain resistance via 

downregulation of NCX in the female rat. 
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Figure 21.  Effect of Estradiol and G-1 on systolic blood pressure, EO concentration, and NCX 

expression.  (A) Average change in systolic BP in estradiol- or G-1-infused virgin rats with or without 

ouabain over the 21-day study period.  (B) Circulating plasma EO in estradiol- and G-1-treated virgin 

rats.  (C)  Western blots showing NCX expression in aorta and (D) pooled mesenteric arteries.  The 

lower bands are GAPDH expression and used as a reference in both cases.  (A) ***P < 0.001 vs all 

groups; (C) and (D): Data are normalized to NP, **P < 0.01 vs NP.  Means ± SEM.  
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SUMMARY 

 The present study sought to determine the role of the specific pregnancy 

stimulated steroid hormones, estradiol and progesterone, in the resistance to ouabain-

induced hypertension that had been observed in normal pregnancy.  The plasma levels of 

these pregnancy hormones were deliberately elevated to levels that would be observed in 

pregnancy and the blood pressure response to a prolonged ouabain infusion was 

documented.  I showed that the factors that lead to ouabain resistance are mediated 

through estradiol and specifically the activation of the GPR30 estrogen receptor.  The 

main findings of this study are that:  1) estradiol-infused rats, but not progesterone-

infused rats were resistant to the vasopressor effects of chronic low-dose ouabain 

infusion.  2)  Protein expression of NCX is significantly downregulated in the aortas and 

mesenteric arteries of estradiol-infused rats compared to virgin controls, and progesterone 

had no effect on NCX expression. 3) There was a negative correlation between 

circulating estradiol concentrations and NCX expression, with a progressive decrease in 

NCX expression in vessels of rats with higher estradiol concentrations.  4)  Activation of 

GPR30, a G protein coupled estrogen receptor, by the selective agonist G-1 prevents 

hypertension in rats infused with ouabain to the same extent observed in rats with 

estradiol treatment.  Similar to estradiol treatment, specific activation of GPR30 by G-1 

decreased NCX expression in mesenteric arteries and aortas.  Taken together, the results 

suggest that activation of the GPR30 estrogen receptor is sufficient to mimic the changes 

that occur in normal pregnancy that lead to resistance to the vasopressor effects of 

ouabain. 
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CHAPTER 6 

Discussion 

The goal of my thesis work was to demonstrate a relationship between EO, NCX, 

and estradiol in regulating blood pressure during pregnancy.  I sought to understand the 

mechanism linking EO, cellular Ca
2+

, and arterial resistance in pregnancy to provide a 

foundation for understanding how abnormal regulation of this mechanism may lead to 

impaired vascular function in PIH and PE (summarized in Figure 22).   Initially, the 

objective of these studies was to gain insight into the possible pathological actions of EO 

by looking at the hemodynamic and arterial myocyte protein responses to long-term 

elevations of plasma ouabain in pregnant rats and their non-pregnant counterparts.  I 

expected that prolonged super-elevation of circulating ouabain during pregnancy would 

eventually lead to a PE-like state with elevated BP, proteinuria, and intrauterine growth 

restriction (IUGR).  Because the mechanism of PIH and PE is difficult to investigate in 

humans, I attempted to create a ouabain-induced model of hypertensive pregnancy to 

study the functional significance of the reported association of endogenous CTS, and EO 

in particular, in pregnancy-related hypertension.  My data provide analytical proof that 

pregnancy per se is a state with elevated circulating EO and is accompanied by 

significant amounts of two novel isomers of EO.  In addition, the circulating levels are 

further (super) elevated by chronic ouabain infusion.  However, and to my great surprise, 

pregnant rats not only developed resistance to the chronic vasopressor effects of their 

own EO but also to the addition of ouabain, so that BP declined normally during 

pregnancy in control and ouabain-treated groups.  Further investigation revealed that 

maternal factors are responsible for the blunted vasopressor response to elevated ouabain; 
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the same response can be activated in pseudopregnant rats, providing evidence that the 

fetoplacental unit is not required to initiate the events leading to ouabain resistance.  

Studies in pseudopregnant rats also suggested that maternal endocrine factors were 

playing some role in this response.  Resistance to ouabain-induced elevations in blood 

pressure was also observed in virgin rats infused with estradiol or the selective GPR30 

estrogen receptor agonist G-1.   
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Figure 22. Summary of the chronic vascular pressor mechanism of EO and ouabain in non-

pregnant rats and comparison with pregnancy-evoked changes.  Left: known mechanism linking 

elevated EO (or ouabain) with increased BP in non-pregnant rodents (see text for references). Major 
events leading to increased BP are shown in red boxes. Binding of EO increases the concentration of 

EO-α2 Na pump complexes causing reduced pumping activity and activation of a phosphorylated form 

of SRC (pSRC) [54]. pSRC-triggered events include altered transcription, translation and trafficking. 

Thus pSRC provides the most plausible link between elevated plasma EO and enhanced expression of 

NCX1.3, TRPC3 and TRPC6, and hence increased Ca2+ influx, raised arterial tone and elevated BP. 

Increased expression of α2 Na Pumps (dashed line) is a feedback mechanism that helps restore Na 

pump activity towards normal. Right: mechanism showing changes in normal pregnancy. Red, green 

and blue boxes show events that raise, lower, or have no impact on BP, respectively. Elevated levels of 

circulating EO evoked by pregnancy increase EO-α2 Na pump complexes, reduce Na pump activity 

and activate pSRC. Pregnancy-related factors (yellow boxes) impact the relationship between EO and 

BP. Box 1 are factors (e.g,, ACTH, volume) thought to drive the pregnancy-evoked rise in EO. Box 2 
factors (e.g. estradiol) modify transcription, translation and trafficking events, reduce the impact of 

pSRC signaling on expression of NCX1.3 and α2 Na pumps, and lower Ca2+ influx. Box 3 factors 

reduce the Ca2+ sensitivity of downstream events that impact contractility.  The origin and identities of 

the boxed factors is under investigation. 
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Despite its blunted vasopressor effect in pregnancy, super-elevation of ouabain 

was not without deleterious effects; ouabain infusion significantly reduced placental and 

fetal mass.  In the normal pregnant state, the response to physiologically elevated EO is 

initiated by increased estradiol in the maternal circulation and can be activated by both 

genomic and non-genomic pathways.  As a whole, my studies have demonstrated that 

elevations in estradiol during pregnancy alter the functional relationship between EO and 

NCX, and thereby NCX-mediated Ca
2+

 entry, resulting in reduced blood pressure.   

Endogenous CTS and BP in pregnancy 

A number of observations are pertinent to my study paradigm. When compared 

with paired non-pregnant time controls, all pregnant rats experienced a modest but 

significant decline in BP, in agreement with other studies in rats (21, 60, 141, 230) and in 

humans (44, 79, 105).  Pregnancy is associated with vasodilation, volume expansion and 

a small decrease in BP and, despite increases in  plasma renin activity, angiotensin II, 

aldosterone and norepinephrine, the pressor response to angiotensin II and 

norepinephrine is dramatically decreased (35, 67, 104, 105, 245). The decline in 

peripheral vascular resistance in the gravid circulation is likely multifaceted; involving 

the creation of a low resistance placental vasculature as well as decreased vascular tone 

and reactivity.  

Prior work has suggested that CTS-like materials are increased in pregnancy and 

further raised in PE where they often correlate positively with BP (12, 74, 117, 202, 261).  

However, none of those prior studies had employed analytical assay systems. Instead 

most used highly nonspecific assay systems to measure ouabain-like materials (74, 114). 
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Other studies used more specific immunoassays but disagreed on whether EO either was 

(327) or was not (202) increased in pregnancy.  Other work has also implicated 

marinobufagenin (MBG), a bufodienolide, in the clinical pathogenesis of PE (3, 202) and 

elevated levels of MBG and digoxin-like materials have been described in pregnancy and 

become super-elevated in PE (114, 202, 261).  I did not measure marinobufagenin or 

digoxin specifically in these studies; however, my radioreceptor assay of the non-polar 

SPE samples (which would include digoxin and marinobufagenin) suggests that these 

materials in rat plasma are collectively much less biologically active in my RRA system 

as compared with their polar SPE (“ouabain-like”) counterparts. Further, the bioactivity 

of the non-polar materials in our RRA system was not elevated either by pregnancy or by 

chronic ouabain infusion.  One caveat with this result is that my RRA (EC50 ~37 nM 

ouabain) was relatively insensitive.  Thus, there may be non-polar CTS entities that are 

elevated in pregnancy, but these would have to exhibit either a much lower binding 

affinity than ouabain and/or be present in amounts much lower than EO. 

Pressor mechanism of EO and ouabain and the impact of pregnancy 

  Elevated levels of EO circulate in 40-50% of Caucasian patients with essential 

hypertension and correlate positively with BP and left ventricular mass (213, 256, 286).  

Moreover, hypertension can be induced in non-pregnant rodents by chronic low dose 

administration of ouabain in the periphery (172, 211, 212, 286, 352, 353).  Blaustein 

proposed that chronic volume expansion raises the plasma levels of Na
+
 pump inhibitors 

that secondarily augment Ca
2+

 entry via NCX1. The resultant increases in cytoplasmic 

Ca
2+

 and  vascular tone raise BP (29).  My observation of elevated levels of EO in the 
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high fluid volume state of pregnancy supports the initial feature of this hypothesis, while 

the increase in ACTH that occurs in pregnancy is also a plausible explanation.  

 Additional independent lines of research confirm the specific roles of α2 Na
+
 

pumps, NCX, and TRPC6 in raising vascular tone and BP in ouabain-induced 

hypertension, some forms of salt-sensitive and ACTH-dependent hypertension (29, 76, 

77, 148, 357).  In addition, reduced expression of NCX1 is linked with salt-resistance, 

low BP and inability to develop hypertension (148, 358).  Thus, there is a large body of 

experimental evidence showing that the level of NCX1.3 expression (and hence the 

amount of Ca
2+

 influx) has a profound influence on BP.  The upregulation of vascular 

NCX expression in high ouabain models of hypertension (264) led me to expect a similar 

response in pregnant rats whose EO levels are physiologically elevated and even more so 

in those given exogenous ouabain.  Thus, I was surprised to find that both the vascular 

expression of NCX1 and BP declined in pregnancy irrespective of the high ambient EO 

or when exogenous ouabain was administered in maximally effective BP-raising doses 

(264). Thus, the gravid state in both rodents and humans appears to be the first 

physiological condition in which plasma EO is inversely related with BP. Notably, the 

decline in the vascular expression of NCX1.3 in pregnancy was specific; expression of 

other Ca
2+

 transporting proteins measured (SERCA-2, PMCA, TRPC3 and TRPC6) was 

unchanged.  The down-regulation of both vascular isoforms of the Na
+
 pump further 

suggests that the overall demand for monovalent ion transport and vascular metabolism is 

diminished in pregnancy. 

The observation that exogenous ouabain had no significant effect on blood 

pressure in pregnant rats, and the fact that other labs have demonstrated several 
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adaptations to pregnancy that are attributed to the maternal endocrine system (108, 247, 

329), prompted an investigation to determine if maternal contributions were sufficient to 

initiate the changes that lead to ouabain resistance.  To this end, I first measured 

circulating EO in pseudopregnant rats using highly specific analytical assay methods 

followed by analysis of NCX, α-2, and TRPC-6 protein expression.  I predicted that the 

endocrine changes that occur during the first half of gestation activate a pathway that 

leads to resistance to the chronic vasopressor effects of ouabain.  The EO levels in non-

pregnant rats were similar to those reported in previous work in males (212) and females 

(151).  Pseudopregnant rats that received chronic ouabain infusions did not develop 

ouabain-induced hypertension despite elevations in EO or exogenous ouabain.  

Moreover, western blot analysis shows that protein expression of vascular NCX is 

decreased in pseudopregnant rats compared to non-pregnant controls, suggesting the 

mechanism of ouabain resistance is mediated by reduced Ca
2+

 entry via NCX.  Like their 

pregnant counterparts, pseudopregnant rats become comparatively volume expanded 

(247), which could initiate the sequence of events that raises EO.  The elevated EO in 

pseudopregnancy, however, does not upregulate NCX1.3 as would be expected in high 

ouabain models of hypertension (264).  On the contrary, factors that mediate resistance to 

the pressor effects of ouabain via NCX in pregnancy are also activated in the 

pseudopregnant state, suggesting that the maternal endocrine system is directly or 

indirectly able to regulate NCX expression.  

Early hemodynamic and endocrine changes of pregnancy 

 During the first half of human pregnancy, the ovaries and the extended function of 

the corpora lutea are the primary sources of progesterone and estradiol production until 
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about 12 weeks gestation, when full placentation occurs and the placenta takes over as 

the main producer of progesterone and estradiol.  Progesterone levels continue to increase 

significantly as pregnancy progresses and falls abruptly, prior to parturition, while 

estradiol levels steadily increase through parturition.  Interestingly, down-regulation of 

NCX expression was maximal in pregnant rats at E20 and moderate in pseudopregnant 

vessels at PSP12 (and in mid-pregnant (E12) vessels, data not shown) compared to non-

pregnant vessels.  The decrease in NCX expression as pregnancy progresses therefore 

suggests that there is an inverse relationship of NCX with progesterone/estradiol and EO. 

 The relationship between NCX expression and ouabain levels is in striking 

contrast to that seen in non-pregnant animal models (151, 264).  It is possible that 

pregnancy hormones play a role in the pathway that reverses the relationship between 

ouabain and NCX.  This response is further exaggerated when the placenta begins its 

synthesis of steroid hormone production and the stimulus for EO synthesis and secretion 

reaches its peak.  This would explain why, in the absence of a fetoplacental unit, PSP12 

pseudopregnant rats have elevated EO levels and downregulated NCX expression 

compared to their non-pregnant counterparts, but have less circulating EO and greater 

vascular NCX protein expression than late (E20) pregnant rats. 

 Peripheral vascular resistance and blood pressure fall in pregnant rats (21, 60, 78, 

230) and humans (44, 79, 105).  The factors that are thought to contribute to the decline 

in peripheral vascular resistance during normal pregnancy include enhanced nitric oxide 

production (281), increased prostacyclin (105), and decreased vascular responsiveness to 

angiotensin II and norepinephrine (237).  In addition, the formation of the placental 

vasculature to the maternal circulation contributes to the generalized fall in peripheral 
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resistance and, in turn, blood pressure (44).  However, several early adaptations to 

pregnancy occur prior to full placentation which raises the question of whether the 

fetoplacental unit is required to initiate these changes.  Studies in early human 

pregnancies and pseudopregnant models support the idea that changes in blood pressure, 

cardiac output, stroke volume, and glomerular filtration rate, along with remodeling of 

uterine arteries are initiated by maternal factors and can occur even in the absence of a 

fetoplacental unit (11, 20, 47, 303, 304, 329).  The rise in circulating progesterone, 

prolactin, and prostaglandins during pseudopregnancy is generally comparable to those in 

pregnancy, and the pressor responsiveness to angiotensin II is similarly blunted (108, 

247, 253). 

 In my studies, I showed that pseudopregnant rats did not become hypertensive in 

response to prolonged ouabain infusion, suggesting that the initiation of the blunted 

pressor response to ouabain during pregnancy, like that to angiotensin II, is independent 

of the placenta or the fetus.  However, as pregnancy progresses, the role of the placenta 

as a major hormone-producing and -secreting organ becomes increasingly apparent.   

Improper formation of the placenta further demonstrates its importance, as it is thought to 

play a key role in hypertensive disorders of pregnancy including pre-eclampsia (168, 

268), although the causative agent (sFlt-1, endothelin, EO) that actually links the 

malformed placenta to elevated maternal blood pressure remains to be elucidated.  

Because pseudopregnant rats lack a fetoplacental unit, the maternal system, particularly 

the ovaries and extended corpora lutea likely produce endocrine factors that mediate the 

decreased pressor response.  Consequently, pseudopregnant rats are resistant to elevations 

in blood pressure during prolonged ouabain infusions.    
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Estradiol, vascular effects, and ouabain resistance in pregnancy 

  In previous studies I showed that pregnant rats are resistant to physiologically 

elevated endogenous ouabain as well as exogenous ouabain levels sufficient to induce 

hypertension in non-pregnant rats.  The mechanism of resistance is due to maternally-

derived pregnancy-stimulated endocrine factors—likely progesterone or estradiol—since 

pseudopregnant rats, which share a similar endocrine and hemodynamic profile as early 

pregnant rats but lack a fetoplacental unit, are also resistant to the pressor effect of 

ouabain.  To determine which specific hormone mediates this response, I implanted slow 

release progesterone or estradiol pellets, alone or in combination, to reach concentrations 

equivalent to those found in late pregnancy by day 20.  Next, I sought to determine if the 

hormone-infused rats become hypertensive in response to a chronic ouabain infusion.  

The main findings of this study were that estradiol-infused rats, but not progesterone-

infused rats were resistant to the pressor effect of chronic low-dose ouabain.  Protein 

expression of NCX was significantly downregulated in the aortas and mesenteric arteries 

of estradiol-infused rats compared to virgin controls.  There was also a negative 

correlation between circulating estradiol concentrations and NCX expression, with a 

progressive decrease in NCX expression in the vessels of rats with higher circulating 

estradiol concentrations.  Taken together, the direct or indirect regulation of NCX by 

estradiol appears to protect against hypertension likely reducing NCX-mediated Ca
2+

 

entry. 

 Elevated levels of estradiol could protect against ouabain-induced hypertension 

and downregulate NCX via its classical mechanism of action, which involves binding to 

intracellular estrogen receptors (ERα and ERβ), translocating to the nucleus of the cell, 
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and binding to hormone response elements in the promoter region of targeted genes to 

alter transcription (84).  This mechanism likely contributes in some part to this resistance 

response, although additional experiments would need to be conducted to confirm its 

involvement.  In addition to the classical mechanism of action, several studies provide 

strong evidence that non-classical mechanisms of action also play a significant role in 

estradiol-mediated vasodilation independent of ERα or ERβ.  For example, estradiol 

induces vasodilation in arteries pretreated with estrogen receptor (ER) antagonists (310).  

This study alludes to the involvement of another receptor for estrogen action.  Further, 

this effect could not be attributed to nitric oxide or prostacyclin (or other vasodilatory 

prostanoids) since pretreatment of arteries with L-NAME (a NOS inhibitor) or 

indomethacin (a cyclo-oxygenase inhibitor) had no effect on estradiol-mediated 

vasodilation (174, 209, 310).  Intriguing still is the evidence that some of the vasorelaxant 

properties of estradiol are due to activation of an estrogen-binding G protein coupled 

receptor, GPR30.  Specific activation of GPR30 by G-1 reduced blood pressure in 

hypertensive female rats and induced vasodilation in conduit and resistance vessels to a 

similar extent as nonselective activation of estrogen receptors with estradiol (198, 199).  

Competitive binding studies showed that the affinity of G-1 is comparable to that of 

estradiol, yet G-1 displays essentially no binding to ERα or ERβ even at 1-10µM 

concentrations (30, 198).  These GPR30/G-1 studies along with my observations in 

estradiol-treated rats prompted additional experiments to determine if specific activation 

of GPR30 could prevent ouabain-induced hypertension to the same extent as estradiol 

treatment. 
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 Administration of G-1 in the presence of exogenous ouabain had no effect on BP 

(Figure 21).  Both G-1 and estradiol prevented ouabain-induced hypertension, and NCX 

expression was similarly downregulated in the aortas and mesenteric arteries of G-1- and 

estradiol-treated rats.  These studies provide evidence that the NCX-mediated resistance 

to the vasopressor effect of ouabain can be initiated by non-genomic activation of GPR30 

estrogen receptor.  The effect of estradiol on NCX may also be tissue-specific.  Estradiol 

had no effect on the NCX expression in endometrial cells (349), although overall NCX 

abundance is significantly less in the endometrium compared to mesenteric arteries and 

aortas.   

The hypothesis tested was that elevated estradiol levels prevent ouabain-induced 

hypertension through activation of GPR30.  Because the circulating endogenous estradiol 

concentrations in normal female rats are not sufficient to overcome the hypertensive 

effect of ouabain, the appearance of resistance to ouabain after exogenous estradiol or G-

1 administration could be attributed to those estrogen receptor agonists.  However, there 

are limitations to the interpretation of these results; while nonselective estradiol and 

specific activation of GPR30 did prevent ouabain-induced hypertension and 

downregulated NCX expression, I cannot exclude the contributions of ERα and ERβ in 

these responses.  Additional experiments will have to be conducted to determine the role 

the classical estrogen receptors may play in mediating resistance to the pressor effect of 

ouabain.  These studies do support that G-1 elicits a response of the same magnitude as 

estradiol and that activation of GPR30 is likely involved in the maintenance of low blood 

pressure when ouabain and estradiol are elevated such as in pregnancy. 
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 Implicit in the findings that estradiol and G-1 downregulate NCX expression is 

that NCX-mediated Ca
2+

 entry is also reduced.  While Ca
2+

 influx was not measured in 

the present study, studies in A7r5 cells, a vascular smooth muscle cell line, demonstrated 

that estradiol attenuated voltage-dependent Ca
2+

 currents (356).  Similarly, estradiol 

inhibited the inward Ca
2+

 current in rat myocytes (297).  In addition, estradiol mediates 

endothelium-independent vasorelaxation by ion channel activation in vascular smooth 

muscle (154, 174, 228, 280).  In knockout mice, in which NCX is not present, Ca
2+ 

influx 

and blood pressure are reduced (358), while upregulation of NCX augments blood 

pressure and Ca
2+

 influx (264). The positive correlation among NCX abundance, Ca
2+

 

entry, and blood pressure in several animal models (148, 264) provides a compelling 

argument for reduced Ca
2+

 entry during pregnancy where NCX expression is 

significantly attenuated.  There was a strong negative correlation between estradiol and 

vascular NCX expression.  Although this relationship was depicted as a linear equation, it 

is possible, as the data suggest, that the relationship may be non-linear.  Circulating 

estradiol concentrations 10 days after pellet implantation were slightly elevated compared 

to virgin controls, but this increase did not reach statistical significance.  However, this 

slight increase in circulating estradiol was clearly sufficient to significantly downregulate 

NCX expression, suggesting that very small changes in estradiol have relatively large 

effects on NCX expression and ultimately, blood pressure.  This observation may also 

have implications in pathophysiological pregnant states; changes in estradiol may not 

downregulate NCX expression sufficiently to keep blood pressure from rising in response 

to the progressive elevation of EO and may contribute to hypertension in pregnancy.  
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More animals will be needed to determine which equation reflects the true relationship 

between estradiol concentrations and NCX expression.          

Maternal, placental, and fetal impact of super-elevated plasma ouabain in pregnancy 

In light of the aforementioned parallel declines in NCX1.3 and BP in normal 

pregnancy, I was surprised when the infusion of exogenous ouabain raised NCX1.3 and 

TRPC6 expression in the aortas and mesenteric arteries of pregnant rats.  Also, the 

magnitude of the increase in expression was similar to that in non-pregnant female rats 

that developed hypertension.  Taken together, these results indicate that the pregnancy-

related factors that suppress NCX1.3 expression in normal pregnancy (Figure 21) can be 

overcome by super-elevated levels of ouabain.  Thus, the results from the ouabain 

infusions imply that the threshold concentration of plasma EO needed to upregulate 

NCX1.3 expression in pregnant rats is higher than is achieved in pregnancy.  These 

concentrations are more representative of the super-elevated levels of EO in PIH and PE.  

Another important observation is that BP rose (> 22 mmHg) in the non-pregnant rats 

given ouabain infusions as expected, but declined normally in the ouabain-infused 

pregnant rats as shown in Figure 3 A and B.  NCX increases TRPC-6 expression (264), 

thereby augmenting TRP-mediated Na
+ 

and Ca
2+

 influx.  As a result, NCX activity is 

enhanced, due to local elevations of Na
+
 from TRP channels and ouabain-mediated 

inhibition of the Na
+
 pump (93, 362).  Since NCX1.3 and TRPC6 were significantly 

elevated in the ouabain-infused pregnant rats, calcium influx is likely increased as well.  

Therefore, the pressor resistance to ouabain (and EO) must be strongly influenced also by 

events that are downstream of NCX1.3-mediated Ca
2+

 influx when ouabain is super-

elevated.  
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Ca
2+

 is the trigger for vascular contraction and reduced NCX1.3 activity and 

hence Ca
2+

 influx will almost certainly underlie part of the active vasodilation, reduced 

reactivity to agonists, and diminished phenylephrine-stimulated Ca
2+

 entry in aorta in 

pregnancy (60).  Events downstream from Ca
2+

 entry, including reduced Ca
2+

 sensitivity 

and myogenic tone, have been described in uterine arteries during pregnancy (345, 346).  

The extent to which the changes in uterine arteries occur in other arterial beds such as 

those I used in my studies is not known but appears likely as vascular reactivity is 

reduced in many arterial segments.  The increases in plasma ouabain in the ouabain-

infused female animals were similar to those previously reported in infused male rats 

(212).  Further, the doses I infused, as well as the steady state circulating levels achieved, 

are maximally pressor (211).  Hence, the ease with which ouabain induced hypertension 

in non-pregnant females is in striking contrast to the prominent resistance of the pregnant 

females.  It appears that the resistance to these vasopressor actions may be specific to 

ouabain (among the cardiotonic steroids).  For example, MBG administration per se 

raises BP and is claimed to create a PE-like syndrome in pregnant rats (337).  

Explanations for the differences between the long-term effect of MBG and ouabain on 

blood pressure include the much greater lipophilic nature of MBG which may allow easy 

entry into cells and, that MBG may have an additional mechanism(s) of action in a stress 

signaling pathway (324).    

 In spite of the inability of ouabain infusions to raise BP in pregnancy, the super-

elevated plasma levels of this CTS were not without deleterious effects.  Modest but 

distinct decreases in maternal weight gain, reduced placental mass, and intrauterine 

growth restriction (IUGR) were noted at sacrifice.  While no fetal structural abnormalities 
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were noted, some infused animals had small placentas that lacked attached fetal 

structures.  Thus, in addition to the IUGR, some fetal mortality had occurred with fetal 

resorption; this interpretation is consistent also with a significant decrease in the average 

number of fetal units in the ouabain-infused rats.  My observations that elevated ouabain 

has both adverse effects and undesirable outcomes in normal pregnancy contrasts with 

other work in a malnutrition model in which comparable infusions of ouabain restored 

embryonic kidney development (195).  Worldwide, malnutrition is extraordinarily 

common and, among many effects, results in low nephron numbers and increased 

susceptibility to renal injury and disease.  The recent suggestion that ouabain be 

considered as a therapeutic tool to preserve fetal nephron number in malnourished 

pregnant individuals (195) is intriguing but based on our work deserves caution. 

EO and EO isomers in pregnancy 

 To explore the specific nature of the materials measured in the plasma of the 

pregnant rats by ouabain RIA, I used liquid chromatography and multidimensional mass 

spectrometry (Figure 6).  As shown in Figure 6B, MS3 studies confirmed the elevated 

circulating levels of EO in pregnancy as measured by RIA (Figure 4) and also, for the 

first time, I detected two pregnancy-specific novel isomers of EO, one of which was 

dramatically elevated in the circulation of pregnant rats.  I also observed elevated EO in 

the adrenal glands of pregnant rats.  Several conclusions can be drawn from these 

observations: 1) As determined by LC-MS3, the new compounds are isobaric with EO 

and plant ouabain and hence exhibit highly similar structures.  They have identical parent 

mass-to-charge ratios, dissociate to form the same signature product ions in both MS2 

and MS3 and are, therefore, steroidal isomers of EO.  The isomers are distinct from all 
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known ouabain- or digoxin-like compounds and, by virtue of their parent mass and 

chromatographic polarity, are very different from the 370 MW bufadienolide-like 

material isolated from human placenta (136) and the pregnancy-related digoxin-like 

materials (113).  2) The EO isomers are readily distinguished from EO and ouabain, with 

one slightly more polar and the other slightly less polar than EO.  3) Neither of the EO 

isomers was readily detected by the ouabain antibody when assayed in the LC-RIA 

format.  Taking the most prominent EO isomer in fraction 38, the apparent crossreactivity 

(based upon the amounts reported by the LC-MS3 and LC-RIA methods) is ~0.5% of 

ouabain itself.  4) The biological potency of these isomers, especially that in fraction 38, 

seems the most likely explanation for the increased CTS-like activity detected in the 

polar SPE samples from pregnant rats by the RRA (Figure 5).  Comparison of the MS 

and RRA data shows that the biological activity of these isomers is at least 10-fold 

weaker than ouabain or EO; pure materials will be needed to determine their precise 

bioactivity.  5) Both EO isomers were found in elevated amounts in the circulation but, in 

contrast to EO, not in the adrenal glands of pregnant rats (c.f, Figures 7B and 8).  This 

suggests that EO is of adrenal origin, while the bulk of the novel EO isomers probably 

originates from the fetoplacental unit.   

 The origins of EO were further investigated in subsequent pseudopregnant 

studies.  Again, using a ouabain RIA followed by liquid chromatography and mass 

spectrometry, I determined circulating EO in the plasma in PSP12 pseudopregnant rats.  

MS3 studies confirmed the elevated EO in pseudopregnancy, with levels almost doubling 

that in the plasma of non-pregnant rats.  However, there were no prominent EO isomers 

associated with pseudopregnant plasma.  There are a couple of conclusions that can be 
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drawn from these results.  First, pseudopregnancy, like the pregnant state, is a high EO 

state.  The elevated hormones produced by the extended function of the ovaries and 

corpus luteum promote plasma volume expansion, presumably in response to arterial 

vasodilation triggered by the nonosmotic release of antidiuretic hormone.  This initial 

increase in plasma volume might then serve as the stimulus for endogenous ouabain 

release and would account for the elevated circulating levels of EO measured.  Although 

circulating EO in the plasma of pseudopregnant rats did not reach the levels reported 

previously in pregnancy (151), my results are consistent with other studies demonstrating 

a positive correlation between levels of CTS-like compounds and gestational age (114, 

327).  As pseudopregnancy lasts 12-14 days, I expected lower EO levels in these rats 

compared to pregnant rats, whose measurements were taken at E20.  Second, the lack of 

additional prominent peaks, particularly in fractions 31 and 38 in the samples of 

pseudopregnant rats supports the idea that these novel isomers are likely produced by the 

fetoplacental unit.  Further investigation is needed to elaborate on the significance of this 

observation.  

The functional role of these isomers in pregnancy is unexplored.  One intriguing 

possibility, by analogy with the anti-ouabain compound PST2238 (89), is that they are 

endogenous EO antagonists that may help to block the pressor effect of high plasma EO 

in the maternal circulation.  Another possibility is that the physiologically elevated levels 

of these EO isomers support normal growth and development of the fetus (195).  

Elucidation of their structures and chemical synthesis will be needed before their role in 

pregnancy can be further explored. 
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Endogenous and exogenous CTS as agonists and antagonists in experimental models 

of PE 

 There are two contemporary models of preeclampsia in the rat, the DOCA-salt 

paradigm (139, 141, 337) and the reduced uterine perfusion pressure (RUPP) model (168, 

204).  There are no measurements of EO or assessment of its vasopressor activity in 

either model.  However, it is noteworthy that the bufadienolide resibufagenin (RBG) 

prevents or reverses the PE-like syndrome in the DOCA-salt model where endogenous 

MBG is thought to be elevated (139, 336).  By itself this observation would not be 

especially noteworthy were it not for the fact that the antihypertensive effect of RBG is 

strikingly reminiscent of the antagonism by digoxin and its analogs of ouabain-induced 

hypertension (172, 211).  Further, it is remarkable that the same chemical structure 

features may explain this effect: for example, digoxin, RBG, and PST2238, all of which 

are antihypertensive, share a 5β-oriented proton in the steroid A ring while the pressor 

CTS whose hemodynamic effects they antagonize almost invariably have a 5β hydroxyl 

group.  Thus, it is clear that within both the cardenolides and bufadienolides, there are 

previously unrecognized structure-specific bioactivities that impact long-term blood 

pressure.  One explanation for the differences in the long term hemodynamic effects of 

EO versus digoxin, or MBG versus RBG, is the observation that these CTS prefer one or 

the other of the two vascular Na
+
 pump α-2 subunit isoforms.  For example, MBG may 

be selective for the rat α-1 isoform while ouabain and EO prefer the α-2 isoform (85).  

Yet another explanation, and one I favor, is that the ligand binding to a single receptor 

may generate multiple signals.  An example is the beta adrenergic receptor which 

produces a variety of ligand-specific signaling events (158).  Indeed, ouabain and digoxin 
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both inhibit Na
+
 pumps with similar affinity, yet paradoxically, nanomolar concentrations 

of digoxin block ouabain-induced signaling in arterial myocytes in which the α-2 Na
+
 

pump isoform is the only feasible target (362).  Thus, the α-2 Na
+
 pump distinguishes 

among similar CTS ligands and generates different signal events (362) that lead to very 

different hemodynamic outcomes (172, 211).  This may be of particular importance 

because both EO and/or MBG are potential vasopressor agents in PE and the paradoxical 

effect of digoxin and RBG may therefore be therapeutically relevant.  Another critical 

implication of the present work is that in PE, the mechanism for the diminished 

vasopressor responses to CTS is overcome; otherwise the positive relationship between 

EO and BP in the clinical studies would not be present.  By analogy, the various factors 

currently implicated in PE such as angiotensin II receptor autoantibodies, sFlt-1 and/or 

endothelin (187) would not be expected to have significant vasopressor effects in 

pregnancy until such time as the mechanism for the diminished vascular contractility can 

be overcome.  My results highlight the importance of knowing more about the 

fundamental physiology of pregnancy as a way to gain new insights into the etiologies of 

PIH and PE and their potential therapy.  
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Future Directions 

 My thesis work has provided fundamental insights on the important relationship 

among EO, NCX expression, and estradiol in regulating blood pressure during 

pregnancy.  However, my research raises several new questions to be addressed.  I 

describe two novel pregnancy-related ouabain isomers, one of which circulates at 90-fold 

higher concentrations than EO.  Because these isomers were present in significant 

amounts in pregnant plasma and notably absent from pseudopregnant plasma and 

pregnant adrenals, it is likely that the fetoplacental unit is either the sole source of 

biosynthesis or participates with other steroidogenic tissues in a sequential 

transformation.  Liquid chromatography and mass spectral data on fetal and placental 

samples will be needed to confirm this prediction.  Placental cell cultures might also be 

used to confirm or deny biosynthesis.  It will also be important to determine the structure 

of these isomers and obtain chemically synthesized materials to obtain more information 

on how their structure may relate to their function.  In particular, understanding if these 

isomers are feasible ouabain agonists or antagonists could have important implications 

for blood pressure regulation in pregnancy. 

 Second, I would also expand the studies conducted in ouabain-treated pregnant 

rats.  Because these rats did not develop hypertension in response to ouabain infusions 

despite upregulation of NCX, it would be especially important to determine if the calcium 

sensitivity of the contractile machinery is reduced in pregnancy and whether such an 

effect is quantitatively sufficient to overpower elevations in NCX-mediated Ca
2+

 entry.  

Expression of ROCK, for example, may be downregulated in order to maintain low blood 

pressures.  Additional studies using ROCK antagonists (e.g. fasudil) would provide 
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greater insight on how calcium mobilization and calcium sensitization pathways 

contribute to regulating blood pressure in pregnancy.   

 Third, another key finding in the work I present is that estradiol, apparently acting 

through a non-classical pathway, prevents ouabain-induced hypertension and 

downregulates NCX expression.  Although the rats were treated with a highly selective 

agonist of GPR30, they were not ovariectomized and I cannot fully exclude the 

involvement of the classical estrogen receptors in these responses.  Further, additional 

studies using ER and GPR30 antagonists will be needed to determine the contribution of 

ERα and ERβ in mediating ouabain resistance.  In addition, in vitro studies would be 

necessary to elucidate the mechanism by which estradiol downregulates NCX expression. 

 Taken together, my thesis work provides new insights into the regulation of blood 

pressure during normal pregnancy.  Accordingly, a fourth follow-up area is to apply these 

new concepts to a hypertensive pregnant model.  I would use the same analytical and 

molecular biology techniques I have used in normal pregnancy (EO, NCX protein 

expression, and estradiol levels) and combine them with measurements of Ca
2+

 sensitivity 

in a reduced uterine perfusion pressure (RUPP) rat model.  The working hypothesis is 

that placental and/or fetal hypoxia leads to the elaboration of humoral factors that can 

reprogram the maternal vasculature to a state of high vascular reactivity.  If such 

functional reprogramming can be demonstrated, then it would be clear that the normally 

elevated vasopressor agents in normal pregnancy become of pathological significance.  

These experiments could provide greater insight into the role of the placenta as a key 

determinant of the function of these hormones and proteins in blood pressure regulation 
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and possibly provide new potential therapeutic targets for the treatment of hypertensive 

disorders of pregnancy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

109 

 

Appendix-Solutions, Reagents, and Commercial Assays 

  

0.9% saline solution 0.9 g NaCl per 100 mL nanopure water 

 

Ouabain solution 
0.85 mM ouabain in 0.9% saline solution 

 

Ouabain and G-1 solution 
0.39 µg/µL G-1 and 0.85 mM ouabain in PEG 

 

0.1% TFA 
1 mL TFA per 1000 mL nanopure water 

 

2.5% Acetonitrile 

 

25 mL CH3CN per 1000 mL nanopure water, 1 mL 

TFA 

 

25% Acetonitrile 

 

250 mL CH3CN per 1000 mL nanopure water, 1 mL 

TFA 

 

40% Acetonitrile 

 

400 mL CH3CN per 1000 mL nanopure water, 1 mL 

TFA 

 

3
H-ouabain 

 

12.8 µL (33.3 µM at 1 mCi/mL) 
3
H-ouabain, dried 

19 mL RIA buffer 

1 mL Normal Rabbit Serum 

Antibody mixture (for RIA) 

 

2 µL polyclonal anti-ouabain serum, No. 7 primary 

antibody, 30 µL coated anti-rabbit IgG secondary 

antibody in 30 mL RIA buffer 

 

RIA buffer 

 

50 mM Na2HPO4 

0.01% Thimerosal 

1% Bovine Serum Albumin 

pH 7.4 

MgPi buffer 

 

10 mM Tris-Phosphate 

10 mM MgCl2 

100 mM TES 

pH 7.4 

 

Homogenization buffer 

 

145 mM NaCl 

10 mM NaH2PO4 

10 mM NaN3 

1% Igepal 

100 mL nanopure water, pH 6.5 

anti-NCX 

 

20 µL NCX in 10 mL TBS-T, 200 µL 1% NaN3, 
secondary ab: 1:100,000 in TBS-T + milk 
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anti-α2 NKA 

 

10 µL α-2 in 7.5 mL TBS-T, 150 µL 1% NaN3 

secondary ab: 1:1,000,000 in TBS-T + milk 

 

anti-α1 NKA 

 

10 µL α-1 in 10 mL TBS-T, 200 µL 1% NaN3, 

secondary ab: 1:500,000 in TBS-T + milk 

 

anti-SERCA2 

 

10 µL SERCA-2 in 10 mL TBS-T*, 

secondary ab: 1:500,000 in TBS-T + milk 

 

anti-PMCA 

 

10 µL PMCA in 10 mL TBS-T*,  

secondary ab: 1:500,000 in TBS-T + milk 

 

anti-TRPC6 

 

10 µL TRPC-6 in 7.5 mL TBS-T, 150 µL 1% NaN3, 

secondary ab: 1:500,000 in TBS-T + milk 

 

anti-TRPC3 

 

10 µL TRPC-3 in 7.5 mL TBS-T, 150 µL NaN3, 

secondary ab: 1:500,000 in TBS-T + milk 

 

anti-β-actin 

 

1 µL β-actin in 10 mL TBS-T + milk, 

secondary ab: 1:20,000 in TBS-T + milk 

 

anti-GAPDH 

 

2 µL GAPDH in 10 mL TBS-T, 200 µL NaN3, 

secondary ab: 1:500,000 in TBS-T + milk 

 

TBS 

 

50 mL TBS 10X, 450 mL nanopure water 

 

TBS-T 

 

50 mL TBS 10X, 450 mL nanopure water, 2.5 mL 

TWEEN 20% 

 

SDS-PAGE Running Buffer 
25 mM Tris, 192 mM glycine, 0.1% SDS 

 

Transfer Buffer 
25 mM Tris, 192 mM glycine, 10% methanol 

* NaN3 was already added to antibody 

 

 

Commercial Assays 

 

Assay Vendor 

Progesterone ELISA BioVendor Laboratory Medicine, Inc 

CTPark Modrice, Evropska 873, 664 42 

Modrice, Prague 

Estradiol ELISA Assay Designs, Inc 

5777 Hines Drive 

Ann Arbor, MI, USA 
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Micro BSA Protein 

Assay Kit 

Pierce Biotechnology 3747 N. Meridian Rd 

Rockford, IL, USA 
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