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ABSTRACT

Alpha]-adrenergic receptors (ai-ARs) are a heterogeneous group of G protein- 

coupled seven transmembrane receptors that mediate the actions of the endogenous 

catecholamines, norepinephrine and epinephrine. Three op-AR subtypes (opa, opb, cpd) 

have been cloned and classified. cpa-ARs couple to phosphoinositide hydrolysis, 

adenylyl cyclase, and mitogen activated protein kinase (MAPR) pathways. In some 

systems, the adenylyl cyclase pathway, including adenosine 3',5'-cyclic monophosphate 

(cAMP) and protein kinase A (PRA), inhibits activation of extracellular-signal regulated 

kinase 1/2 (ERR 1/2). However, interaction among these signaling pathways following 

opa-AR activation is not well understood. I investigated the coupling of opa-ARs to 

various pathways in CHO-Kl cells stably transfected with mouse opa-ARs, and the 

interaction between ERK1/2 and norepinephrine-induced cAMP accumulation. cpa-AR 

activation by norepinephrine increased cytosolic Ca* concentration and phosphorylated 

ERR 1/2 in a time- and concentration-dependent manner. ERR 1/2 phosphorylation was 

blocked by the MAPR kinase (MER1/2) inhibitor, PD98059, and the cp-AR antagonist, 

prazosin. A transient elevation in intracellular Ca* was required for the opa-AR 

stimulation of ERR 1/2 phosphorylation; however, prior activation of protein kinase C 

(PRC) was not required for ERR1/2 phosphorylation. Norepinephrine also stimulated 

cAMP accumulation in transfected CHO-R1 cells in a concentration dependent manner 

via opa-ARs, which was blocked by the intracellular Ca" chelator BAPTA. 

Norepineplirine-induced ERR 1/2 phosphorylation was inhibited by the adenylyl cyclase 

activator, forskolin, and was enhanced by the adenylyl cyclase inhibitor, SQ 22536, and 

the protein kinase A inhibitor, 4-cyano-3-methylisoquinolme. Thus, in transfected CHO-



R! cells, aia-AR activation activated both the phospholipase C and the adenylyl cyclase 

signaling pathways. cpa-AR-mediated ERKd/2 phosphorylation was dependent on a rise 

in intracellular Ca* and this pathway was reciprocally regulated by the concomitant 

activation of adenylyl cyclase, which inhibited ERKd/2 phosphorylation. Thus opa-AR 

stimulation of cAMP production may play an important role in regulating ERKd/2 

phosphorylation in cell lines and native tissues.

cpa-AR stimulation is coupled to PRC activation, ERKd/2 phosphorylation and 

cAMP production, which are all associated with regulating cell growth. By using the opa- 

AR-transfected CHO-Kd cell model, I also investigated the effect of opa-AR stimulation 

on cell proliferation in these cells, and the possible mechanisms mediating this effect. 

Long-term opa-AR activation by 10 pM norepinephrine (48 h) inhibited cell proliferation 

as measured both by cell counting and [H]-thymidine incorporation. cpa-AR-mediated 

inhibition in cell proliferation was not blocked by the MER inhibitor, PD98509, but PD 

98509 alone also inhibited cell proliferation in transfected CHO-Kd cells. The PRC 

activator PMA, which desensitizes PRC fowling long-term stimulation, did not block 

norepinephrine-induced inhibition of cell proliferation in opa-AR-transfected CHO-K1 

cells, and PMA alone did not have any effect on cell proliferation. The results from these 

studies showed that cpa-AR activation inhibited cell proliferation in opa-AR-transfected 

CHO-Kd cells. These studies suggested that PRC does not play a role in opa-AR- 

mediated effect on cell growth, but ERR 1/2 may play a role. cAMP also plays a role in 

this opa-AR-mediated growth effect.

cp-ARs contribute to the regulation of renal function by sympathetic nerves and 

the opa-AR subtype has been shown to be present in the renal proximal tubules.
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However, the functions and signal transduction pathways of ata-ARs in the renal 

proximal tubule cells are not well understood. In my project, 1 first developed a renal 

proximal tubule cell model transfected with epitope hemagglutinin (HA) tagged ata-AR 

using the OK. cell line. 1 characterized the signal transduction pathways and cell 

morphological changes induced by ot)a-AR activation, and compared them to those found 

in the ata-AR-transfected CHO-K1 cells. After transfection of the mouse a^-AR cDNA 

into OK cells, I confirmed the expression of the receptor protein by demonstrating the 

presence of the protein with western blotting and immunoprecipitation against the epitope 

HA, and receptor density in radioligand saturation binding experiments was also 

measured. 1 found that transfected OK cells expressed a receptor density of 176 fmol/mg 

protein, which was similar to the physiological range of receptor density reported by our 

laboratory in the renal cortex. The transfected ata-ARs are functional, since stimulation 

of these receptors with phenylephrine induced intracellular Ca* mobilization in a 

concentration dependent manner. Phenylephrine also stimulated ERK1/2 

phosphorylation in the a^-AR-transfected OK cells. Unlike ata-AR transfected CHO-K1 

cells, phenylephrine did not stimulate cAMP accumulation in ot^-AR transfected OK 

cells. ata-AR activation induced morphological changes in ata-AR-transfected CHO-K1 

cells, but not in aia-AR-transfected OK cells. These studies suggested that in the renal 

proximal tubule cells, ata-AR-induced cellular effects and signal transduction pathways 

are different from those in the ata-AR-transfected CHO-K1 cells. The functions of ata- 

ARs, as well as the roles of ERK1/2 phosphorylation in the renal proximal tubule cells 

need to be further investigated, and this ata-AR-transfected OK cell model provides an 

excellent tool for these studies.
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BACKGROUND AND OBJECTIVES

Adrenergic receptors (AR) are G-protein-coupIed, seven transmembrane receptors 

that mediate the actions of the sympathetic neurotransmitter norepinephrine and the 

hormone epinephrine. These receptors are widely distributed in peripheral tissues and in 

the centra] nervous system. According to their pharmacological profiles, structure, 

functions and molecular evidence, this lamily of receptors is divided into three types, op, 

ct2, and P-ARs (Hieble e? #/., 1995; Bylund et a/., 1998; Graham e? nA, 1996; Michelotti 

<?? <tA, 2000). For each type, they are further classified into at least three subtypes (Hieble 

et a/., 1995; Bylund nA, 1998). The classification of adrenergic receptors is shown in 

Figure 1. ai-ARs have been divided into three subtypes based on radioligand binding 

studies with selective antagonists and molecular cloning (Morrow and Creese, 1986; 

Perez e/ oA, 1994; Lomasney et aA, 1991; Schwinn et aA, 1992; Zhong and Minneman, 

1999 )̂. Selective antagonists lor the opa-AR subtype include (+)niguldipine and 5- 

methylurapidil, and BMY 7378 for the cpd-AR subtype. Selective antagonists for cph-AR 

subtype are not yet available. Other characteristics of the op-AR subtypes including 

signaling transduction, tissue distribution, cellular localization, chromosome, gene and 

structural information are summarized in Table 1 (Piascik and Perez, 2001; Koshimizu <?/ 

rrA, 2002; Xiao e/ rvA, 1998).

op-ARs are widely distributed among various tissues (Graham et <r;A, 1996; 

Michelotti e/ nA, 2000) and play important roles in many physiological processes, 

including smooth muscle contraction (Graham e? aA, 1996), epithelial transport (Gesek,

1999), cellular metabolism (Urcelay c/ c;A. 1993) and central nervous system functions
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(Stone n/., 2001; Sirvio and MacDonald, 1999). oq-ARs may also be involved in the 

etiology of several diseases including hypertension (Veglio et <2 /., 2001), cardiac 

hypertrophy (Knowlton et <3/., 1993) and benign prostatic hyperplasia (Malloy e? a/., 

1998).

Following stimulation, the ot]-ARs activate a variety of second messenger 

pathways to regulate cellular functions. cq-ARs are ubiquitously coupled to the 

phosphoinositide hydrolysis pathway through the guanine nucleotide-binding regulatory 

protein Gq/n family. Stimulation of oq-ARs activates the enzymes of the phospholipase C 

(PLC) families which results in the hydrolysis of phosphatidylinositol (4,5) bisphosphate, 

and the formation of inositol (1,4,5) trisphosphate [IP3] and diacylglycerol (DAG). 1 P3 

and DAG then stimulate the release of intracellular Ca" and activate protein kinases C 

(PRC), respectively, and cause cellular responses such as blood vessel contraction 

(Zhong and Minneman, 1999 ;̂ Graham e? <3 /., 1996). Recently it has been shown that cq- 

ARs are coupled to mitogen-activated protein kinase (MAPR) pathways, including 

extracellular signal-regulated kinase 1/2 (ERR1/2), JNR/SAPR and p38, which are 

traditionally associated with growth factors. The MAP kinases are a family of 

serine/threonine protein kinases and are involved in cellular proliferation, development, 

differentiation and the regulation of the cell cycle (Johnson and Lapadat, 2002). In the 

signaling pathway for ERK1/2 activation, members of the Raf family of protein kinases 

activate MAPR kinases 1/2 (MEKT/2), which in turn activate ERK4/2 (Lewis <3 /., 

1998; Alessi <A <3 /., 1995). In addition, several reports have shown that oq-AR subtypes 

can, in addition to activation of PLC and PRC, increase cAMP accumulation (Johnson 

and Minneman, 1986; Atkinson and Minneman. 1991; Schwinn e/ <3/., 1991; Horie ef a/.,
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1995). The various signal transduction pathways activated by a,]-AR stimulation are 

summarized in Figure 2 (Michelotti e? a/., 2000). These pathways were studied in 

different cell models and a detailed study of the mechanism of a)-AR-stimulated cAMP 

accumulation has not been attempted in the same ceils in which Ca* ,̂ PKC and ERK1/2 

signaling have also been studied. This has resulted in conflicting reports regarding the 

coupling of a]-ARs to various pathways such as the requirement of PRC and Ca* for 

ERKd/2 activation (Romanelli and van de Werve, 1997; Flu et a/., 1999; Berts e? a/., 

1999; Snabaitis et a/., 2000). In addition, cAMP and protein kinase A (PKA) have been 

shown to inhibit ERK1/2 phosphorylation (Burgering a/., 1993, Crespo et a/., 1995: 

Schmitt and Stork, 2001; Sevetson ef a/., 1993). Since at-ARs can activate ERK1/2 

phosphorylation and at the same time produce cAMP, it is important to determine the 

effect of cAMP on ERK1/2 phosphorylation following the activation of at-ARs. 1 tested 

the hypothesis that the oqa-AR subtype is coupled to phosphoinositide hydrolysis, 

ERK1/2 and cAMP pathways, and that there is an interaction between the ERK1/2 and 

cAMP pathways. 1 performed these studies in the same cell model, since previous studies 

only provided partial understanding of these signal transduction pathways in different cell 

models. In our lab, the mouse ata-AR cDNA was cloned and transfected into Chinese 

Hamster Ovary - K1 (CHO-K1) cells. ata-AR stimulation was coupled to intracellular 

Ca* mobilization and ERK1/2 phosphorylation. Therefore, this ata-AR-transfected 

CHO-K 1 cell model was used in my studtes.

at-ARs play important roles in mediating the actions of the sympathetic nerves. 

Some of those physiological and pathological roles are summarized in Table 2. at-ARs 

have been shown to be able to both stimulate cell growth and proliferation, especially in

3



the cardiovascular system (Chen et a/., 1995; Hu et a/., 1999; Xin e? n/., 1997; Varma and 

Deng, 2000), and to inhibit cell proliferation in hepatocytes (Auer ft <7 /., 1998). The 

signal transduction pathways mediating these disparate effects are not well understood. 

After studying the signal transduction pathways and their interactions induced by a^-AR 

activation in the a^-AR-transfected CHO-K1 cells, I investigated the effect of the a^-AR 

stimulation on cell growth in this cell model, and the possible signaling mechanisms 

involved.

In the kidney, the sympathetic nerves regulate some renal functions through the 

cti-ARs, such as antinatriuresis, antidiuresis and gluconeogenesis. (DiBona ef <3 /., 1997). 

oq-ARs, as well as mRNA for oq-ARs, are distributed heterogeneously in different 

regions of the kidney as detected by both radioligand binding and Reverse Transcription- 

Polymerase Chain Reaction (RT-PCR) experiments (Feng e? <7 /., 1991; Feng e? <7 /., 1993; 

DiBona c/ <3/., 1997), and they mediate the antinatriuretic and antidiuretic responses 

caused by low frequency renal nerve stimulation (Abildgaard e? n/., 1986, DiBona ef 77/., 

1997), gluconeogenesis (McPherson and Summers, 1982), and may play a role in some 

pathological processes such as hypertension (Johnson e? <3 /., 1999). However, the 

functions of the cqa-AR subtype in the kidney and its signal transduction mechanisms are 

not clear.

ERK1/2 has been shown to be distributed throughout the nephrons in experiments 

using isolated nephron segments (Terada <3/., 1995). MAP kinase activation has been 

observed in many kidney diseases and pathophysiological models, as well as in cultured 

kidney cells by various agonists (Tian et 77/., 2000). For example, in kidney tissue and 

cultured kidney proximal tubule cells from patients with polycystic kidney disease, the
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ievel of phosphorylated ERR2 is higher than that found in norma] human kidneys. The 

activation of ERR2 may contribute to the pathophysiology of this disease that is 

characterized by the proliferation of epithelial cells, formation of cysts, and the 

progression of renal deficiency (Chatterjee a/., 1996). In glomeruli of dmbetic rats and 

glomerular mesangial cells, ERR is activated following exposure to high levels of 

glucose (Haneda et a/., 1997). Following nephrotoxic renal damage, renal tubules 

regenerate but under normal conditions renal tubular cells do not proliferate (Combia e? 

a/., 1990). During renal regeneration, ERR2 activation is essential for the induction of 

proteins required for the progression of the G1 phase of the cell cycle (Yano a/., 1998). 

Hypcrtonicity induced by water restriction increases ERR, JNR, and P38 activity in renal 

medulla (Wojtaszek at <?/., 1998, Yoshida at a/., 1997, Roger at a/., 1999). In the renal 

epithelial cells of the mouse proximal tubule, at-ARs have been shown to regulate the 

NaAff exchange isoform 1 and 3 through PRC and MAPR, respectively (Liu and Gesek, 

2001). Many physiological and pathophysiological stimuli converge on the activation of 

MAP kinases, which are very important in the regulation of gene expression and cellular 

responses. It is unclear whether, ata-ARs are coupled to the ERR1/2 pathway in renal 

proximal tubule cells as found in ata-AR-transfected CHO-R1 cells. To answer this 

question, 1 investigated the signal transduction pathways of aia-ARs including MAPR 

pathway in renal proximal tubule cells and compared the findings with those in the ata- 

AR-transfected CHO-R1 cells.

The overall goal of my study was to investigate the signal transduction pathways 

of ata-ARs in aia-AR-transfected CE10-R1 and renal proximal tubule cells. The overall 

hypothesis was that in both CHO-R1 and renal proximal tubule cells, the ata-AR subtype



is coupled to multiple signal transduction pathways including the phosphoinositide 

hydrolysis, ERK1/2 and cAMP pathways, and that cAMP inhibits ERK1/2 

phosphorylation. In order to accomplish this goal, 1 earned out my studies by using a 

CHO-K 1 cell line transfected with aia-ARs. In order to better understand how a^-ARs 

may mediate physiological functions in these cells, 1 investigated the effect of ai-AR 

stimulation on the activation of particular signal transduction mechanisms in both CHO- 

K1 and OK cell lines stably transfected with aia-ARs. Specifically, the following 

objectives were pursued in my studies:

I. Investigate the signal transduction pathways of a^-ARs in a^-AR-transfected

CHO-K1 cells.

A. Characterize the a^-AR-induced cAMP pathway including time course, 

concentration response relationship, and whether it was dependent on an 

intracellular Ca" increase.

B. Determine whether a^-AR-induced cAMP accumulation antagonized ERK1/2 

phosphorylation.

C. Propose a scheme for the a^-AR-induced signal transduction pathways in 

transfected CHO-K 1 cells.

II. Investigate the effects of a^-AR stimulation on cell proliferation in aia-AR-

transfected CHO-K 1 cells.

A. Determine whether cell growth was promoted or inhibited in aia-AR- 

transfected CHO-K1 cells following the activation of a-a-ARs.

B. Investigate the possible pathways involved in the a^-AR-mediated effect on 

cel! proliferation in aia-AR-transfected CHO-K1 cells.
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III. Investigate the signal transduction pathways of ata-ARs in the renal proximal 

tubule cells.

A. Establish a permanently transfected OK. cell model stably expressing mouse 

ata-ARs.

B. Investigate whether ata-ARs were coupled to intracellular Ca" mobilization.

C. Investigate whether ata-ARs were coupled to ERK.1/2 phosphorylation.

D. Determine whether ata-ARs were coupled to cAMP accumulation.

E. Compare the effects of ata-ARs on cell morphological changes in transfected 

OKandCHO-Kl cells.
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Figure 1. Classification of adrenergic receptors (Bylund <?f a/., 1998: Michelotti r//., 

2000: Zhong and Minneman, 1999 )̂.



Table 1

Characteristics of a]-AR subtypes.

a^-AR atb-AR aid-AR

Previously called ate (X i a/d. O' t d

Species cloned Human, rat, mouse, Human, rat, Human, rat, mouse,

rabbit, dog, pig, 

guinea pig, bovine

mouse, guinea 

pig, hamster

pig, rabbit

G protein Gq/11 Gq/'l 1 Gq/11
Selective Antagonist 
(>50X)

KMD3213,
(+)niguldipine
5-methylurapidil

BMY 7378

Potency order NE>=Epi Epi=NE Epi=NE
Signaling coupling efficiency ++++ 

PLC, PLA2 , Ca^ , K' 
channels, MAPKs

++ +

Desensitized (internalized) ++ +++ ±
Protein (amino acids) 465 (rat), 466 515 (rat), 519 560 (rat), 572

(human, mouse) (human) (human)
Characteristic tissues Vasculature, vas Liver, spleen Aorta, iliac,
(rat) deferens, urethra, 

submaxillary gland
temoral arteries

Cellular localization Cell surface and 
intracellular

Cell surface Mostly intracellular

Gene (human) ADRA1C ADAR1B ADAR1D
Chromosome (human) 8 5 20

Abbreviations: NE, norepinephrine; Epi, epinephrine; KMD3213, (-)-l-(3-
hydroxypropyl)- 5-((27?)-2- {[2-(2,2,2-trifluoroethy!) oxy]pheny!}oxy)ethyl]amino} 
propyt) -2,3-dihydro- i N-indote-7-carboxamide.

(Piascik and Perez, 2001; Koshimizu a/., 2002; Xiao ef a/., 1998)
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Hypertrophy, apoptosis, hear) faiittre

Figure 2. Signal transduction pathways initiated by ct]-AR stimulation (Michelotti <??
2000).
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Table 2

Physiologic functions of human at-ARs.

Organ Physiologic response Subtype'*
Heart
Myocardium Inotropy Ct)a, (X]b

Hypertrophy Ctia
Pre-conditioning Ĉla

Conduction system Arrhythmias, bradycardia 7

Brain Alertness 7

Blood vessels Contraction (artery and vein) aia>ct]b> a i d

Prostate Prostate smooth muscle tone (*la
Bladder (detrusor) ? Irritability aid
Gut, gall bladder Contraction 7

** The specific ai-AR subtype invoived in some of these physiologic processes remains 
unknown.

(Michelotti ef a/., 2000)
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CHAPTERI

TONIC INHIBITORY ROLE FOR cAMP IN ai.-ADRENERGIC RECEPTOR 

COUPLING TO EXTRACELLULAR SIGNAL-REGULATED KINASES 1/2

A. ABSTRACT

I investigated the coupling of a;a-ARs to cAMP accumulation in Chinese Hamster 

Ovary (CHO-Kd) cells stably transfected with mouse ata-ARs, as well as the interaction 

between ERR1/2 and norepinephrine-induced adenosine 3 ',5 -cyclic monophosphate 

(cAMP) accumulation. aia-AR activation by norepinephrine increased the cytosolic (hr 

concentration and activated ERK1/2 phosphorylation m a time- and concentration- 

dependent manner. ERK1/2 phosphorylation was blocked by the MAPR kinase 

(MER1/2) inhibitor PD98059, and the ai-AR antagonist, prazosin. A transient elevation 

in intracellular Ca* was required for the phosphorylation of ERR 1/2; however, activation 

of protein kinase C (PRC) did not appear to be required for ERR1/2 phosphorylation. 

Norepinephrine also stimulated cAMP accumulation in transfected CHO-R1 cells in a 

concentration-dependent manner via a^-ARs, that was blocked by the Ca* chelator, 

BAPTA. Norepinephrine-induced ERR 1/2 phosphorylation was inhibited by the 

adenylyl cyclase activator, forskolin, and was enhanced by the adenylyl cyclase inhibitor, 

SQ 22536, and the protein kinase A inhibitor, 4-cyano-3-methylisoquinoline. In 

conclusion, in transfected CHO-R1 cells, a^-AR activation activates both phospholipase 

C and adenylyl cyclase-mediated signaling pathways. a.a-AR-mediated ERR1/2 

phosphorylation was dependent on a rise in intracellular Ca**' and this pathway was
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reciprocally regulated by the concomitant activation of adenylyl cyclase, which inhibits 

ERK1/2 phosphorylation. Thus opa-AR stimulation of cAMP production may play an 

important role in regulating ERK1/2 phosphorylation in cell lines and native tissues.

B. !NTRODUCTION

Alpha-l-adrenergic receptors (cp-ARs) are heptahelical membrane proteins that 

mediate some of the actions of the endogenous catecholamines norepinephrine and 

epinephrine. Three subtypes (opa, cpb and opd) of op-ARs have been cloned and 

pharmacologically characterized (Graham et a/., 1996); and each type is widely 

expressed in tissues (Scofield et a/., 1995; Michelotti et a/., 2000). cp-ARs play 

important physiological roles (Graham et a/., 1996; Gesek, 1999; Urcelay et a/., 1993; 

Stone et a/., 2001) and are involved in the etiology of several diseases including 

hypertension and benign prostatic hyperplasia (Veglio eta/., 2001; Knowlton eta/., 1993; 

Malloy eta/., 1998).

cp-ARs predominantly couple to the phosphoinositide hydrolysis pathway through 

the guanine nucleotide binding regulatory proteins Gq/n, resulting in phospholipid 

hydrolysis by PLC and the production of the second messengers inositol 1,4,5- 

trisphosphate (1P3) and diacylglycerol (DAG), which mobilize intracellular Ca*' and 

activate protein kinase C (PK.C), respectively (Exton, 1985, Graham et a/., 1996). op- 

ARs can also activate a variety of other signaling molecules including adenylyl cyclase 

(Johnson and Minneman, 1986; Perez et a/., 1993). There is also evidence that cp-ARs 

stimulate the phosphorylation of MAPKs (Michelotti et a/., 2000), which are traditionally
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associated with growth factor receptor signaling. MAPKs belong to a family of 

serine/threonine kinases, that includes the mitogenic ERKd/2 proteins as well as the 

"stress-related" proteins JNK and p38 (Lewis et a/., 1998). These kinases are points of 

convergence for cell surface signals such as growth factors, neurotransmitters, hormones 

and cellular stresses that regulate cellular growth, division, differentiation and apoptosis. 

The mechanisms of MAPK pathway activation by growth factors and cellular stresses are 

well characterized and have been shown to occur via highly conserved cascades that 

involve tyrosine phosphorylation and protein-protein association events, ultimately 

leading to the activation of nuclear transcription factors (Lewis et a/., 1998; Johnson and 

Lapadat, 2002). In the cascade for ERK1/2 activation, members of the Raf family of 

protein kinases activate MAPR kinases 1/2 (MEKT/2), which in tum activate ERK 1/2 

(Lewis et a/., 1998; Alessi et a/., 1995; Johnson and Lapadat, 2002).

The precise mechanisms by which catecholamines act through (q-ARs to activate 

MAPK pathways are unclear. In most cell lines studied, cti-AR stimulation of MAPK 

pathways requires a PLC-induced increase in cytosolic Ca^ (Romanelli and van de 

Werve, 1997; Hu et a/., 1999). However, in some models, activation of the MAPKs is 

Ca* independent (Berts et a/., 1999). The dependency of MAPK activation upon PKC 

activation by cti-ARs also varies among cell types (Romanelli and van de Werve, 1997, 

Hu et a/., 1999; Snabaitis et a/., 2000; Berts et a/., 1999). The conflicting reports 

regarding the roles of Ca* and PKC in the activation of MAPK pathways by oq-ARs are 

likely due to differences in cell phenotypes used in these studies. Thus the participation 

of each pathway in cellular events must be verified for each cellular model of a^-AR 

expression.
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Several reports have shown that cp-AR subtypes can, in addition to activation of 

PLC and PKC, increase cAMP accumulation (Johnson and Minneman, 1986; Atkinson 

and Minneman, 1991; Schwinn a?a/., 1991; Horie eta/., 1995); however, a detailed study 

of the mechanism of op-AR-stimulated cAMP accumulation has not been attempted in the 

same cells in which Ca* , PKC and ERK1/2 studies have been performed. Interestingly, 

the activation of protein kinase A (PKA) appears to inhibit ERK1/2 phosphorylation 

(Burgering ef <2 /., 1993 and Crespo e? <2 /., 1995). Since cp-ARs reportedly produce 

signals that can both stimulate and inhibit ERK1/2 activation, it is important to determine 

whether these two pathways interact to regulate ERK 1/2 phosphorylation. Thus, 1 

hypothesized that concomitant activation of cAMP pathway blunts the PLC-mediated 

phosphorylation of ERK1/2. The cell model 1 used for my studies is the ata-AR- 

transfected CHO-K1 cell line, which was established in our laboratory (Xiao, 1998). In 

this ata-AR-transfected CHO-K1 cel! line cpa-ARs are known to be coupled to 

intracellular Ca mobilization and ERK1/2 phosphorylation (Gonzalez-Cabrera, 2000). 

In the present study, 1 investigated the G-protein-coup!ed signaling pathways that activate 

ERK1/2 and increase cAMP accumulation following stimulation of ata-ARs and as well 

as the interaction among these pathways in ata-AR-transfected CHO-K 1 cells.

C. MATERtALS AND METHODS.

7. T7atc/h/A.

PMA, BAPTA, bisindolylmaleimide, PD 98059, SQ 22536, and 4-cyano-3-

methylisoquinoline were purchased from Caibiochern (La Jolla, CA). Fura-2/AM was



purchased from Molecular Probes (Eugene, OR). (-) Norepinephrine-HCl, propranolol, 

isoproterenol, prazosin, forskolin and Cremophor EL were purchased from Sigma 

Chemical Co. (St. Louis, MO). 5-Methyl-urapidil and BMY-7378 were purchased from 

RBI (Natick, MA). H-prazosin was purchased from DuPont NEN (Boston, MA). j^H] 

cyclic AMP assay kits were purchased from Diagnostic Products Corporation (Los 

Angeles, CA).

2.

Mouse ot]a-AR (1431-bp) cDNA (Xiao <?/ n/., 1998) was transfected into CHO-K 1 

cells (Xiao, 1998). The transfected cells were maintained in a humidified atmosphere at 

37°C in Ham's F12 medium containing 5% fetal bovine serum (FBS), 10 U/ml penicillin, 

100 pg/ml streptomycin and 200 pg/ml geneticin sulfate (Life Technologies, 

Gaithersburg, MD).

J. n/ Cb cvmcc/mY/hn/;.

a^-AR transfected and untransfected CHO-K1 cells were grown to confluency in 

glass-bottomed culture dishes and were rinsed of growth medium with a 4- 

morpholinepropanesulfonic acid-buffered solution (solution A) consisting of: 120 mM 

NaCl. 5 mM KC1, 1 mM MgCl2 , 1 mM CaCL, 6 mM glucose, 10 mM Na-MOPS, and 5 

mM NaHCOi. Cells were then incubated for 45 min at 37°C in a loading solution 

consisting of solution A containing 0.1 mg/ml bovine serum album (BSA), 0.02% 

Cremophor EL and 2 pM fura-2/AM. Cells were then rinsed twice with warm solution A 

and allowed to incubate in solution A for an additional 1$ min to permit complete
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hydrolysis of any intact ester linkages on intraceliular fura-2/AM. Modified culture 

dishes containing a-^-AR transfected CHO-K 1 cells were mounted in a thermostatically 

controlled chamber affixed to the stage of a Nikon TE-300 inverted phase-contrast 

microscope (Yang et n/., 1996). a^-AR transfected CHO-K1 ceils were incubated, in a 

bathing media of the following composition: 120 mM NaCl, 5 mM KC1, 0.59 mM 

KH2PO4, 0.6 mM Na2HP0 4 . 20 mM glucose, 2.5 mM CaCH and HEPES (10). Addition 

of norepinephrine (1 nM - 0.1 mM) to culture dishes was accomplished by replacement 

of the bathing media with bathing media containing norepinephrine via modified Pasteur 

pipettes clamped to the microscope stage. Following each response, norepinephrine was 

removed by replacing the bathing media. In these experiments there was a !0 min 

interval between additions of different norepinephrine concentrations to allow for 

refilling of intracellular Ca" stores, in order to determine the conditions necessary to 

chelate intracellular Ca^ mobilized by norepinephrine, ct)a-AR transfected CHO-K 1 cells 

were preloaded with either 10 pM or 50 pM of the Ca' chelator, BAPTA, for 1 h. Ca'^ 

responses were measured as the fluorescent emission ratio of Fura-2 alternately excited at 

340 nm and 380 nm (F340/F3380). Changes in intracellular Ca*  ̂ were quandficd by 

determining peak fluorescence ratios following norepinephrine treatments.

4. WTstc/n /7/nmng

All experiments were performed in confluent monolayers of CHO-K1 cells 

transfected with a^-ARs which were serum starved overnight prior to the experiments. 

The monolayers were washed twice with Krebs-Henseleit buffer containing: 126 mM 

NaCl, 5.5 mM KC1, 2.5 mM CaCl2, 1.2 mM MgCl2, 1.25 mM NaHiPtAt, 25 mM
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NaHCCE, 11.! mM Dextrose, and 0.029 mM Na2Ca-EDTA, pH 7.4. Norepinephrine 

treatments were carried out in a humidified incubator at 37°C. Following norepinephrine 

stimulation, the incubation buffer was removed, the cells were lysed in 

radioimmunoprecipitation (RIPA) buffer (1% Nonidet P-40, 0.5% sodium deoxyeholate, 

0.1% SDS) containing 1 mM phenylmethylsulfonyl fluoride, 1 mM EDTA, 0.2 pM 

aprotinin, and 10 nM okadaic acid, and centrifuged at 12,000 X g for 15 min. The pellets 

were discarded and the total protein content of the supernatants was determined as 

described by Bradford, 1976. The cell lysates were boiled for 5 min and resolved (5 fig 

total protein for each lane) on two 4-15% SDS-polyacrylamide gradient gels (BioRad, 

Hercules, CA). The gels were transferred onto nitrocellulose membranes (MSI, 

Westborough, MA), blocked with 5% BSA in TBST (Tris Buffered Saline with Tween) 

buffer, containing 8.766 g/1 NaCl, 2.74 g/1 Tris-HCl, 0.32 g/1 Trizma Base, 1 ml Tween- 

20, pH = 7.2, for 1 h at room temperature. Membranes were incubated overnight with 

antibodies directed against phospho-ERKl/2 and non-phospho-ERKd/2, respectively, 

(New England Biolabs, Beverly, MA) at a dilution of 1:1,000. The membranes were then 

incubated with a horseradish peroxidase-conjugated secondary antibody (New England 

Biolabs, Beverly, MA) diluted 1:1,000 in 1% BSA and 1% dry milk in TBST buffer, and 

visualized by the ECL chemiluminescense detection system (Amersham, Piscataway, 

NJ). The densities of the bands (both the 42 and 44 KD bands for ERK2 and ERK1) 

were analyzed by densitometry. The densities of the bands for phosphorylated ERKT/2 

were divided by band densities for total ERK 1/2 to normalize for protein loading and the 

mean + S.E.M. of the normalized optical densities were plotted.



5. E7^A7/2 /i/mspAm p/ot/o/;.

Using antibodies specific for the phosphorylated forms of ERKd/2 in western 

biots, the kinetics, specificity, second messenger dependency of ERK1/2 pathway 

phosphorylation, and the inhibitory effect of cAMP on ERK 1/2 phosphorylation induced 

by aia-AR activation in transfected CHO-K 1 cells were investigated. The time course of 

norepinephrine-stimulated ERK1/2 phosphorylation was measured following 2, 5, 10 and 

30 min incubation with 10 pM norepinephrine. To obtain norepinephrine concentration- 

response curves for ERK1/2 phosphorylation, opa-AR transfected CHO-K1 cells were 

stimulated with six different concentrations of norepinephrine ranging from 1 nM to 0.1 

mM. To show that norepinephrine stimulated ERK1/2 phosphorylation was due to opa- 

ARs rather than (3-ARs, cpa-AR transfected CHO-K1 cells were pre-incubated with the 

ot]-AR antagonist prazosin (1 pM), the (5-AR agonist isoproterenol (1 pM), or the [3-AR 

antagonist propranolol (1 pM) for 1 h prior to treatment with norepinephrine (10 pM). 

The specificity of norepinephrine-stimulated phosphorylation of ERK 1/2 was tested by 

incubating opa-AR transfected CHO-K1 cells with the MEK1/2 inhibitor, PD98059 (50 

pM) for 1 h prior to norepinephrine stimulation. Experiments to study the effects of 

intracellular Ca* on norepinephrine-stimulated ERK1/2 phosphorylation were performed 

in cpa-AR transfected CHO-K1 cells incubated for 1 h with 50 pM BAPTA prior to 10 

pM norepinephrine stimulation. The involvement of PKC in norepinephrine-stimulated 

ERK1/2 phosphorylation was investigated in cells pre-meubated with 

bisindolylmaleimide 1 (100 nM) for 1 h prior to 10 pM norepinephrine stimulation. The 

effects of adenylyl cyclase and PKA on norepinephrine-induced ERK1/2 phosphorylation 

were investigated by preincubating the cells with the adenylyl cyclase inhibitor SQ 22536
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(50 pM and 100 pM) or the PKA inhibitor CMQ (300 nM) (Lu et a/., 1996) tor 1 h prior 

to norepinephrine stimulation.

6 .  c d d / F *  # s s a y .

a]a-AR-transfected CHO-K1 cells were grown to confluency in 12-well plates. 

Ham's F I2 media was aspirated and cells were washed twice with 2 ml HEPES buffered 

Kreb's solution consisting of: 111 mM NaCl, 5.5 mM KC1, 1.2 mM MgS0 4 , 2.5 mM 

CaCE, 1.25 mM NaHiPCE, 11 mM HEPES, 9 mM Na HEPES, 25 mM NaHCOi, 11.1 

mM Dextrose, 0.029 mM Na2Ca EDTA, 0.5 mM 3-isobutyl-1-methylxanthine, pH 7.4, at 

37°C. opa-AR transfected CHO-Kd cells were then incubated with prazosin (1 pM), 

propranolol (1 pM), BAPTA (50 pM), or forskolin (100 pM) tor 1 h prior to treatment 

with norepinephrine (10 pM) or isoproterenol (1 pM) tor 10 min at 37°C. opa-AR- 

transfected CHO-K 1 cells were then lysed by adding 90% ethanol, and the plates were 

placed on a rocker at 37°C until the ethanol evaporated. The dried cell lysates was 

dissolved in Tris buffer (50 mM Tris-HCl, 4 mM EDTA, pH = 7.5), and the cAMP 

concentration was measured using a [ H] cyclic AMP assay kit (Diagnostic Products 

Corporation, Los Angeles, CA) according to the manufacturer's instructions.

7 . H / i o / )  s i s .

Data are shown as means ± SEM. Means were compared by using one-way 

analysis of variance and Bonferroni's test. Differences among groups were considered 

significantly different if p < 0.05.
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D. RESULTS

/. Express;#/? a/ "! 67/67-E/ ĉ //.s.

Ceil membranes from a^-AR transfected CHO-K1 ceiis had an a^-AR density of 

i.l +0.2 pmol/mg protein, with a high affinity (Kd = 0.4 ± O.i nM) for [^H]-prazosin, 

determined by saturation binding experiments. The Ki vaiues for the ata-AR seiective 

antagonist 5-methyiurapidii (0.44 ± 0.06 nM) and for the aid-AR seiective antagonist 

BMY-7378 (42.0 ± 0.05 nM) (Fig. 3) were consistent with affinity vaiues previously 

reported by our group for the mouse aia-AR (Xiao et a/., i998). No specific [ H]- 

prazosin binding was detected in membranes isolated from non-transfected CHO-K 1 ceils 

(Fig. 4).

2 .  C a z z p /z r z ^  a /  a / a - H / A  t o  t / ; e  zzzzz/zz/z-zztzzzzz z z /  zzztz*zzcr7/zz/zzz* C z z " .

To determine whether the mouse a]a-AR was functionally coupled to intracellular 

Ca*' mobilization in the a^-AR-transfected CHO-K1 cell model, norepinephrine-induced 

Ca* mobilization was measured using the fluorescent Ca*  ̂ indicator fura-2. In aia-AR- 

transfected CHO-K1 cells, norepinephrine caused a transient increase in the ratio of fura- 

2 fluorescence (F340/F380) that lasted approximately 1 min before returning to baseline 

(Fig. 5). Norepinephrine stimulated increases in the fluorescence ratio of fura-2 in a 

concentration-dependent manner (Fig. 6). The peak Ca* responses were plotted and a 

mean concentration-response curve is shown in Figure 6. Non-linear regression analyses

gave an EC50 of 122.8 ± 2.9 nM for norepinephrine-stimulated Ca* mobilization. The
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ratio of fura-2 fluorescence remained unchanged following norepinephrine stimulation of 

untransfected CHO-K1 cells (Fig. 5).

j?. A a /Y y / 7a y ///7 7:^ -\P a /a / a P a / ! o /  u rP'rar/a/! m  6 7 / O - A /

rr*//s.

Activation of aia-ARs in the transfected CHO-Kd cells stimulated the 

phosphorylation of ERKd/2. Norepinephrine (10 pM) stimulated the phosphorylation of 

ERK 1/2 in a time-dependent manner (Fig. 7) with maximal stimulation at 10 min. 

Norepinephrine also stimulated the phosphorylation of ERK 1/2 in a concentration- 

dependent manner (Fig. 8). The EC50 (220.6 ±5.3 nM) for norepinephrine-stimulated 

ERK1/2 phosphorylation was derived from concentration-response curves following 

densitometric analyses of western blots (Fig. 8). ERK1/2 phosphorylation stimulated by 

norepinephrine was blocked by the MEK1/2 inhibitor PD98059 (Fig. 9). MEK1/2 is a 

kinase that catalyzes ERK1/2 phosphorylation (Alessi et a/., 1995). In order to confirm 

that norepinephrine-induced ERK1/2 phosphorylation in a^-AR transfected CHO-K1 

cells is due to stimulation of aia-ARs and not endogenously expressed P-ARs, an ai-AR 

antagonist (prazosin, 1 pM), a P-AR agonist (isoproterenol, 1 pM), and a P-AR antagonist 

(propranolol, 1 pM), were used to stimulate or block a]- and P-ARs. Norepinephrine- 

stimulated ERK 1/2 phosphorylation in a^-AR transfected CHO-K 1 cells was blocked by 

the ai-AR antagonist prazosin but not by the P-AR antagonist propranolol. The P-AR 

agonist isoproterenol did not stimulate ERK1/2 phosphorylation (Fig. 10 and 11).
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4. E 7?AT/2  R  tr^n s /g g ^ g r/ C /V D -A / g g //\  u 'gs C a  r/gpg/;r/g /!t a /n /

P/fC //:J^g//r/g/!t.

Since varied resuits regarding the Ca^-dependency of ERK1/2 activation 

foiiowing ot]a-AR stimuiation have been reported in other ceil types (Berts g? a/., 1999, 

Hu et a/., i999), the effect of Ca*' mobilization on norepinephrine-stimulated ERR 1/2 

phosphorylation in the a^-AR-transfected CHO-K 1 cells was investigated. The strategy 

was to use the intracellular Ca* chelator BAPTA to prevent agonist-induced increases in 

intracellular Ca* . In order to determine the conditions needed to chelate intracellular 

Ca* mobilized by norepinephrine, cells were pre-incubated with 10 pM or 50 pM 

BAPTA followed by norepinephrine stimulation. Preincubation with 10 pM BAPTA for 

1 h partially inhibited the Ca*' response to 10 pM norepinephrine while preincubation 

with 50 pM BAPTA for 1 h abolished the Ca* response to norepinephrine (not shown). 

Thus, 50 pM BAPTA was used in subsequent western blotting experiments. 

Norepinephrine (10 pM) stimulated the phosphorylation of ERK1/2 and this effect was 

blocked by pre-treating the cells with 50 pM BAPTA (Fig. 12).

In addition to intracellular Ca* , DAG is another second messenger known to be 

activated in response to oq-AR activation. Following PLC hydrolysis of P1P2, DAG is 

released, which then activates PKC (Exton, 1985, Graham g/ o/., 1996). The role of PKC 

in norepineprhine-mediated ERK 1/2 phosphorylation was examined by using the PKC 

activator, PMA, and the PKC inhibitor, bisindolylmaleimide (Toullec g? <7 /., 1991). As 

shown in Figure 12, preincubation of cells with 100 nM bisindolylmaleimide for 1 h, 

followed by norepinephrine stimulation, did not alter the phosphorylation of ERK1/2 

relative to that of norepinephrine alone. To validate the blockade of PKC by
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bisindolylmaleimide, ERK1/2 phosphoryiation was compared in CH0-K1 cells treated 

with 100 nM PMA for 15 min in the presence and absence of bisindolylmaleimide. This 

short-term treatment with PMA alone resulted in significant ERK 1/2 phosphorylation, 

and preincubating the cells with bisindolylmaleimide prevented the increase in ERK 1/2 

phosphorylation induced by PMA (Fig. 12), which revealed that bisindolylmaleimide was 

effective at 100 nM.

5 .  c H  W f  a c c n / z / f V / O - A /  r c / A .

Uia-AR activation by 10 pM norepinephrine increased cAMP accumulation in aia- 

AR transfected CHO-K1 cells. This effect was blocked by the ai-AR antagonist prazosin 

(Fig. 13). To verify that native P-AR receptors were not mediating the effect of 

norepinephrine, the P-AR antagonist propranolol (1 pM) was used, and as expected, did 

not alter norepinephrine-stimulated cAMP accumulation. In addition, after blocking ai- 

ARs with prazosin, the P-AR agonist isoproterenol did not stimulate cAMP accumulation 

in a^-AR transfected CHO-K 1 cells (Fig. 13), verifying the lack of functional P-ARs. 

Prazosin and propranolol alone did not have any significant effect on cAMP 

accumulation (not shown). Norepinephrine (10 pM) caused a rapid increase in cAMP 

accumulation in a^-AR transfected CHO-K 1 cells with the maximum response at 2 min 

(Fig. 14). Norepinephrine increased cAMP accumulation in a concentration-dependent

manner (Fig. 15) with an EC50 value of 718.9 ± 15.97 nM. Since norepinephrine-

stimulated ERK1/2 phosphorylation in a^-AR transfected CHO-K1 cells is dependent on 

a rise in intracellular Ca"', I determined whether the increase in cAMP accumulation 

induced by norepinephrine was also dependent on intracellular Ca" . J incubated a^-AR
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transacted CHO-K1 cells with the Ca" chelator, BAPTA (50 pM), prior to stimulation 

with norepinephrine. Chelation of intracellular Ca" with BAPTA blocked opa-AR 

mediated cAMP accumulation (Fig. 16). Chelation of intracellular Ca"' with BAPTA 

also inhibited forskolin-stimulated (100 pM) cAMP accumulation by 69% (Fig. 17), 

suggesting that adenylyl cyclase activation is at least partially sensitive in these cells.

6. o/ a/a-^4/? - cAF/r o/; CAA//2

Since norepinephrine stimulated both ERK 1/2 phosphorylation and cAMP 

accumulation, I next investigated the interaction between these two pathways by studying 

the effects of adenylyl cyclase and protein kinase A activation on norepinephrine-induced 

ERK1/2 phosphorylation. Norepinephrine-stimulated ERK1/2 phosphorylation in opa-AR 

transfected CFfO-Kl cells was enhanced by pretreating the cells with 50 pM and 100 pM 

of the adenylyl cyclase inhibitor, SQ 22538 (Fig. 18 and 19), and 300 nM of the protein 

kinase A inhibitor, CMQ (Fig. 20 and 21), for 1 h. Consistent with the results using 

inhibitors, ERK1/2 phosphorylation induced by norepinephrine was inhibited by 100 pM 

of the adenylyl cyclase activator forskolin. Forskolin alone did not have any significant 

effect on ERK 1/2 phosphorylation (Fig. 20 and 21).

E. DISCUSSION

ai-ARs have been shown to couple to several signal transduction pathways 

including phosphoinositide hydrolysis, adenylyl cyclase (Exton, 1985, Schwinn e/ r//., 

1991), and MAPK activation (Michelotti et %/., 2000). In this study, 1 used the opa-AR-
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transfected CHO-K 1 cell mode! and investigated aia-AR-induced activation of the 

ERKi/2 phosphorylation pathway and cAMP accumutation, and the effect of cAMP on 

ERK1/2 phosphorylation. ERKI/2 was phosphorylated after stimulation of aia-ARs and 

this effect was Ca* - dependent and PKC- independent. a^-AR activation also caused 

cAMP accumulation in a Ca* -dependent manner. Norepinephrine-stimulated ERKI/2 

phosphorylation was enhanced by the adenylyl cyclase inhibitor, SQ 22536, and the PKA 

inhibitor, CMQ. Although stimulation of aia-ARs caused ERKI/2 activation, this 

response was tempered by simultaneous inhibition of ERKI/2 activation by cAMP.

A number of studies were performed to verify that the transfected CHO-K 1 cells 

expressed functional a^-AR. Membranes isolated from transfected CHO-K 1 cells 

revealed a pharmacological profile typical of the a^-AR, given that the ai-AR agonist 

prazosin and the a^-AR selective antagonist 5-methylurapidil displayed subnanomolar 

affinities, whereas the aid-AR selective antagonist BMY-7378 displayed a 100-fold lower 

affinity. These values are similar to those reported for transfected human and rat a^-ARs 

(Ford et a/., 1997), and to the mouse a^-AR transiently transfected in COS cells (Xiao et 

a/., 1998). Norepinephrine stimulation of aia-ARs increased intracellular Ca* 

accumulation in a concentration-dependent manner, which was absent in untransfected 

CHO-K 1 cells lacking endogenous ARs (Ford et a/., 1997). These results suggested that 

a.]a-ARs in a^-AR transfected CHO-K1 cells were functional and behaved similarly to 

native aia-ARs. Thus, this stably-transfected cell line was a good model to investigate 

the signal transduction pathways of mouse aia-ARs.

a^-ARs, like other G protein coupled receptors, transduce signals through 

changes in intracellular concentrations of second messengers. It is well accepted that
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activation of ai-ARs activates the guanine nucleotide regulatory proteins Gq/n, which 

induce the hydrolysis of PIP2 by PLC, into IPi and DAG (reviewed by Graham <7 /.,

1996). Both IPs and DAG play important roles as second messengers that increase 

intracellular Ca"  ̂ concentration and activate various PKC isotbrms, respectively. 

Recently, it has been shown that stimulation of ata-ARs can activate MAPKs, although 

the precise mechanism is not clear (Michelotti et a/., 2000). In the ata-AR-transfected 

CHO-K1 cell model, activation of ata-ARs stimulated the phosphorylation of ERKI/2 in 

a time- and dose-dependent manner. The time-course data for ERK 1/2 phosphorylation 

were similar to those reported for ata-AR stimulation in human vascular smooth muscle 

cells, which endogenously express ata-ARs (Hu et a/., 1999). The EC5 0  values for 

norepinephrine-induced ERK 1/2 phosphorylation and Ca" mobilization were similar, 

suggesting that there was a concomitant increase in ERK 1/2 phosphorylation and 

intracellular Ca"  ̂ accumulation following ata-ARs activation. Norepinephrine can also 

stimulate P-ARs to activate ERKI/2 (Williams et a/., 1998). CHO-K1 cells lack 

endogenous ARs (Ford et a/., 1997) and I further confirmed that there are no functional 

P-ARs in the ata-AR transfected CHO-K1 cells since the at-AR antagonist prazosin but 

not the P-AR antagonist propranolol blocked norepinephrine-induced ERK 1/2 

phosphorylation. In addition, the P-AR agonist, isoproterenol, did not cause ERK 1/2 

activation. Norepinephrine-stimulated ERKI/2 phosphorylation in ata-AR transfected 

CHO-K1 cells was blocked by the MEK inhibitor, PD 98059, and the Ca  ̂ chelator, 

BAPTA, suggesting that ERKI/2 phosphorylation was downstream of MEK and 

depended on increases in intracellular Ca" / The reported dependency of MAPK 

activation upon PKC activation by at-ARs varies among cells (Romanelli and van de
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Werve, 1997; Hu et a/., 1999; Snabaitis et a/., 2000; Berts et 6!/., 1999). In these studies, 

PKC activation was not required for a]a-AR-stimulated phosphorylation of ERKI/2 in 

ata-AR transfected CHO-K1 cells. Similar to other studies, short-term treatment with the 

phorbol ester, PMA, caused an increase in ERK 1/2 phosphorylation indicating that PKC- 

mediated ERKI/2 activation can occur in CHO-K1 cells.

ata-AR activation of ERKI/2 regulates a variety of functions in various cell types. 

For example, aia-ARs stimulate hypertrophy in adult rat ventricular myocytes through the 

MEK1/2-ERK1/2 pathway (Xiao et a/., 2001); ata-AR activation increases mitogenesis 

in human smooth muscle cells through MAPK (Hu et a/., 1999); ERKI/2 mediates ata- 

AR-induced smooth muscle contraction (Dessy et a/., 1998); and ata-ARs induce 

differentiation in transfected PC 12 cells (Williams et a/., 1998). In transfected CHO-K 1 

cells, Keffel et a/. (2000) showed that aia-AR stimulation inhibited basal and growth 

factor-stimulated cell growth. 1 have shown that ata-AR stimulation with norepinephrine 

induced cell morphological changes through ERKI/2 in the transfected CHO-K1 cell 

model, while norepinephrine had no effect in untransfected CHO-K1 cells (Jiao et a/.,

2001). Therefore, in aia-AR-transfected CHO-K1 cells, ata-ARs mediate cell growth and 

morphological changes through ERK 1/2 activation.

at-ARs have also been shown to increase intracellular cAMP formation (Johnson 

and Minneman, 1986; Atkinson and Minneman, 1991; Schwinn et a/., 1991; Horie et a/., 

1995). Although it is well established that ^2-ARs are coupled to adenylyl cyclase 

through Gs, the precise pathway for ai-AR mediated cAMP accumulation is not clear. 

Some studies suggested that at-ARs can couple to Gs to elevate intracellular cAMP 

levels (Horie et a/.. 1995); other investigators have found that a]-AR-regu!ated cAMP
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formation may not involve direct activation of adenylyl cyclase (Schwinn e/ a/., 1991). 

The data from this study demonstrated that in a^-AR transfected CHO-KJ cells, 

norepinephrine-stimulated cAMP accumulation through ai-ARs was dependent on a rise 

in intracellular Ca"'. Although there was no significant difference between the EC50 

values for norepinephrine-induced Ca"' response and norepinephrine-induced ERK. 1/2 

phosphorylation, the EC50 value fbr norepinephrine-induced cAMP accumulation was 

significantly different from the other two, with a 6 -fold lower potency. These results 

suggest that the pathway fbr norepinephrine-induced Ca" mobilization and ERK 1/2 

phosphorylation is distinct from the pathway fbr norepinephrine-induced cAMP 

accumulation. Thus, it is possible that norepinephrine also stimulates cAMP 

accumulation through Gs, in addition to Gq/11. This possibility is further supported by 

the fact that BAPTA inhibited forskolin-stimulated cAMP formation in the transfected 

aia-AR CHO-K 1 cells. This phenomenon was also observed in CHO cells transfected 

with the vasopressin receptor by others (Klingler a/., 1998). It has also been shown 

that a-ARs can couple to G protein families other than Gq/11, such as in cardiac 

fibroblasts (Meszaros e? n/., 2000) and CHO-K1 cells (Horie e? 1995).

1 investigated the complex signal transduction pathways and interaction among 

these pathways in response to ot)a-AR activation in transfected CHO-K1 cells. One 

interesting finding of this study was the inhibitory effect of cAMP on ERK 1/2 

phosphorylation following ata-AR activation. Based on the data in this study, a model of 

the signal transduction pathways linked to aia-AR activation in transfected CHO-K 1 cells 

is proposed in Figure 22. Following a^-AR activation, Gq/n proteins are activated, 

leading to the stimulation of the phosphoinositide hydrolysis pathway which activates the
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MAPK module comprised of Raf, MEK and ERKI/2. Gs may be activated as well, 

resulting in adenylyl cyclase activation. ERKI/2 phosphorylation is Ca* dependent and 

PKC independent, while increases in cAMP are also dependent on the rise of intracellular 

C a '\ The increase in cAMP activates PKA, which then inhibits the MAPK pathway. 

The time course data for aia-AR-stimulated cAMP accumulation and the results using 

inhibitors of adenylyl cyclase and PKA show that this inhibitory effect on ERK 1/2 

activation occurs in parallel with the excitatory effect from PLC activation. Thus the 

degree of ERKI/2 phosphorylation following aia-AR-stimulation is the net product of 

activation by PLC and inhibition by adenylyl cyclase. At present it is uncertain whether 

the dual regulation of ERKI/2 described herein is functionally significant in cells and 

tissues in vivo. It is possible that either the overexpression of the aia-ARs and/or the 

CHO-K 1 cell phenotype have provided a milieu that enables observation of this 

interaction. However, since aia-AR-mediated PLC, ERKI/2 and adenylyl cyclase 

stimulation has been observed in native tissues, it seems likely that cross-talk between 

these pathways could occur in vivo. The recent discovery of multiple isoforms of the aia- 

AR (Coge et a/., 1999) also raises the possibility that these distinct isoforms could 

interact differently with other signaling molecules (e.g., Gs, Gq/n, etc.) creating a wide 

array of possible combinations for regulation of function in various cells and tissues. 

Further investigation is needed to understand the mechanisms and physiological 

significance of the interaction between these signaling pathways.
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Figure 3. Radioligand binding with [ H]-prazosin from membranes isolated from CHO- 
K1 cells transfected with the mouse ata-AR cDNA. (A) Receptor density (Bmax) and 
affinity (Kd) to [^H]-prazosin determined from saturation binding experiments using 
membranes of a,„-AR-transfected CHO-K1 cells. A representative binding isotherm 
from three independent experiments is shown. (B) Binding affinities (Ki's) determined 
in competition binding experiments of ['H]-prazosin with 5-methyl-urapidil (5-MU, an 
a,g-adrenergic receptor selective antagonist) and BMY-7378 (BMY, an a,j-adrenergic 
receptor selective antagonist) using a^-AR-transfected CHO-K 1 cells. The data shown 
represent the mean + S.E.M. of three independent experiments performed in duplicate. 
(Gonzalez-Cabrera, 2000).
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Figure 4. Specific binding of a^-ARs in membranes isoiated from transfected and 
untransfected CHO-K 1 cells as assessed by ['H]-prazosin binding. There was no specific 
binding of [^H]-prazosin in untransfected CHO-K1 cells. T, transfected CHO-K1 cells; 
UT, untransfected CHO-K1 cells. Data represents three experiments.
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Figure 5. Norepinephrine (NE)-stimutated elevation in intracellular free Ca*' in a,^-AR- 
transfected CHO-K1 cells loaded with the fluorescent Ca* indicator fura-2. Ca* 
responses were measured as the fluorescent-emission ratio of Fura-2 alternatively excited 
at 340 nm and 380 nm (F340/F380). a^-AR-transfected CHO-K 1 and untransfected cells 
were treated with 10 pM NE. Arrows represent the addition of NE to the cells. Data are 
typical of three experiments.
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Figure 6. Concentration-response curve for norepinephrine (NE)-stimutated elevation in 
intracellular tree Ca* in a,g-AR-transfected CHO-K1 cells. Norepinephrine (NE)- 
stimulated elevation in intracellular tree Ca*̂  in a,.,-AR-transfected CHO-K 1 cells loaded 
with the fluorescent Ca*̂  indicator fura-2. Ca'^ responses were measured as the 
fluorescent emission ratio of Fura-2 alternatively excited at 340 nm and 380 nm 
(F340/F380). a^-AR-transfected CHO-K1 cells were treated with different 
concentrations of NE. NE was removed following the return of the response to baseline. 
Mean norepinephrine-induced Ca*̂  mobilization (n=3) was plotted as percent maximal 
response vs. NE concentration (Gonzalez-Cabrera, 2000).
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Figure 7. Time-course of norepinephrine (NE)-stimuiated phosphoryiation of ERKi/2 in 
a,,-AR transfected CEiO-Kl cells. (A) The top lane of the immunoblots is the 
phosphorylated form of ERKI/2, whereas the bottom lane of immunoblots represents 
total ERKI/2 (phosphorylation-state independent). 44 KD represents ERK1 and 42 KD 
represents ERK2. Cells were incubated with 10 pM NE fbr the indicated times and 
cellular lysates were immunoblotted with phospho-spccific (top lane) and non-specific 
(bottom lane) anti-ERKl/2 antibody as described in Methods. A representative 
immunoblot from three independent experiments is shown. (B) The bands obtained in 
western blots were analyzed by densitometry, and the optical densities ± S.E.M. from 
three experiments were plotted versus the incubation time with NE (Gonzalez-Cabrera, 
2000).
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Figure 8. Concentration-dependent activation of ERK 1/2 phosphorylation by 
norepinephrine (NE) in a,g-AR-transfected CHO-Kd cells. (A) CHO-K 1 cells were 
incubated with different concentrations of NE fbr 10 min and cellular lysates were 
immunoblotted with phospho-specific (top lane) and non-specific (bottom land) anti- 
ERK 1/2 antibodies as described above. A representative immunoblot from four 
independent experiments is shown. (B) The bands obtained in western blots were 
analyzed by densitometry, and the optical densities + S.E.M. from four experiments were 
plotted as a percent of the maximal NE response (Gonzalez-Cabrera, 2000).
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Figure 9. Effect of 50 pM PD98059 (PD) on 10 pM norepinephrine (NE)-induced 
phosphorylation of ERK. 1/2 in ata-AR-transfected CHO-K 1 cells. (A) Both 
phosphorylated (top lane) and total (bottom lane) immunoblots of anti-ERKl/2 from a 
representative experiment are shown. (B) Densities of bands from immunoblots were 
analyzed by densitometry and expressed as fold stimulation over basal. The figure is the 
mean ± S.E.M. of three independent experiments. * Significantly different from other 
treatments (P < 0.05) (Gonzalez-Cabrera, 2000).
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Figure 10. Western Blotting of norepinephrine (NE)-induced ERKI/2 phosphorylation 
in ata-AR-transfected CHO-Kd cells. The top lane of the immunoblots shows 
phosphorylated ERKT/2 from transfected CHO-KT cells treated with 10 pM NE, 1 pM of 
the ai-AR antagonist prazosin (Pra), 1 pM of the P-AR agonist isoproterenol (Iso) and 1 
pM of the p-AR antagonist propranolol (Prop), respectively. a^-AR transfected CHO- 
KT cells were preincubated with antagonists for 1 h before they were treated with NE or 
isoproterenol fbr 10 min. The bottom lane of the immunoblots are total ERKT/2. This 
immunoblot is typical of three independent experiments.
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Figure 11. Norepinephrine (NE)-induced ERKI/2 phosphoryiation in ata-AR- 
transfected CHO-K 1 cells was not due to P-ARs. Band densities from immunobiots were 
analyzed by densitometry and expressed as told stimulation over basal. The figure is the 
mean + S.E.M. of three independent experiments. * Significantly different from other 
treatments (P < 0.05).
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Figure 12. Norepinephrine-mediated phosphoryiation of ERKi/2 in a,^-AR transfected- 
CHO-Ki ceiis was Ca" dependent and PKC independent. (A) Norepinephrine (NE)- 
mediated phosphoryiation of ERKI/2 in a,g-AR-transfected-CHO-Ki ceiis was 
dependent on Ca*̂ ' mobiiization. Preincubation of aia-AR transfected CHO-K1 ceiis with 
the intraceiiular Ca* cheiator BAPTA (50 pM, 1 h) biocked NE-stimuiated 
phosphoryiation of ERKI/2. Both phosphoryiated (top iane) and total (bottom iane) 
immunoblots of anti-ERKl/2 from a representative experiment are shown. Data 
presented are resuits typical of three experiments. (B) NE-mediated phosphoryiation of 
ERKi/2 in a^-AR transfected CHO-K1 ceiis was independent of PKC. Ceiis were 
treated with iOO nM of the PKC inhibitor, bisindoiylmaieimide (Bis), for 1 h prior to 
stimulation with either 10 pM NE fbr 10 min or 100 nM phorboi 12-myristate 13-acetate 
(PMA) fbr 15 min. Note that PMA stimuiation of ERKI/2 phosphoryiation (receptor- 
independent phosphorylation) was biocked by preincubation with bisindoiylmaieimide. 
Both phosphoryiated (top iane) and totai (bottom iane) immunoblots from a 
representative experiment are shown. Data presented are typicai of three experiments 
(Gonzalez-Cabrera, 2000).
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Figure 13. cAMP accumulation in cpa-AR-transfected CHO-K1 ceils. Transfected 
CHO-K 1 cells were pre-treated with 1 pM prazosin (Pra) or 1 pM propranolol (Prop) fbr 
1 h, and then treated with 10 pM norepinephrine (NE), or 1 pM isoproterenol (Iso) for 10 
min, or 100 pM forskolin (Forsk) fbr 1 h as a positive control. cAMP was assayed by 
using a [ H]cAMP kit from Diagnostic Products Corporation. Data are the mean + 
S.E.M. of three experiments. * significantly different (p<0.05).
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Figure 14. Time-course of norepinephrine (NE)-stimuiated cAMP accumulation in a,.,- 
AR-transfected CHO-K 1 cells. Transfected CHO-K 1 cells were treated with 10 pM NE 
tor 0, 30 sec, 1 min, 2 min, 5 min, 10 min, 20 min and 30 min and cAMP was assayed. 
Data are the mean ± S.E.M. of four experiments.
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Figure 15. Concentration-response curve of norepinephrine (NE) -induced cAMP 
accumutation in a,.,-AR-transfected CHO-K) cells. Cells were treated with different 
concentrations of NE for 10 min. The cAMP responses induced by NE at each 
concentration were expressed as percent maximal response. Data are the mean + S.E.M. 
of three experiments.
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Figure !6. Norepinephrine (NE)-induced cAMP accumulation was blocked by the Ca'* 
chelator BAPTA. Transfected CHO-K1 cells were treated with 50 pM BAPTA fbr 1 h, 
then treated with 10 pM NE fbr 10 min. Data are the mean ± S.E.M. of three 
experiments. * Significantly different from other treatments (P < 0.05).
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Figure 17. Forskolin (F)-induced cAMP accumulation was blocked by the Ca* chelator 
BAPTA. a^-AR-transfected CHO-K1 cells were treated with 50 pM BAPTA for 1 h, 
then treated with 100 pM forskolin fbr 1 h, or treated with BAPTA alone fbr 1 h. Data 
are the mean + S.E.M. of three experiments. * Significantly different from other 
treatments (P < 0.05).
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Figure 18. Western Blotting of ERKI/2 phosphorylation treated with norepineplirine 
(NE) and the adenylyl cyclase inhibitor SQ 22536 (SQ) in a^-AR-transfected CHO-K1 
cells. Transfected CHO-KT cells were treated with 50 pM and 100 pM SQ 22536 fbr 1 h, 
and then treated with 10 pM NE fbr 10 min. The top and bottom immunoblots are 
phosphoryiated and total ERKI/2, respectively. These immunoblots represent one of the 
results from three independent experiments.
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Figure 19. Norepinephrine (NE)-stimuiated ERKI/2 phosphorylation was potentiated by 
the adenylyl cyclase inhibitor SQ 22536 (SQ) in a^-AR-transfected CHO-K 1 cells. 
Densities of bands from immunoblots were analyzed by densitometry and expressed as 
fold stimulation over basal. The figure is the mean ± S.E.M. of three independent 
experiments. * Significantly different (P < 0.05).
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Figure 20. Western Mots of norepinephrine (NE)-stimulated ERKT/2 phosphoryiation 
that was enhanced by the protein kinase A inhibitor 4-cyano-3-methylisoquinoline 
(CMQ) and inhibited by forskoiin (fbrsk) in CHO-K4 ceiis transfected with a^-ARs. 
Transfected CHO-Kd ceiis were treated with 300 nM CMQ and 100 pM forskolin for 1 h 
and then were treated with iO pM NE for 10 min. The top and bottom immunoblots are 
the results from phosphoryiated and total ERR 1/2, respectively. These immunoblots 
represent one of the results from three independent experiments.
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Figure 2]. Norepinephrine (NE)-stimulated ERKd/2 phosphorylation was enhanced by 
the protein kinase A inhibitor 4-cyano-3-methylisoquinoline (CMQ) and inhibited by 
forskolin (fbrsk) in CHO-K1 cells transfected with aia-ARs. Band densities from 
immunoblots were analyzed by densitometry and expressed as fold stimulation over 
basal. The figure is the mean + S.E.M. of three independent experiments. * Significantly 
different (P < 0.05).
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Figure 22. Proposed scheme of norepinephrine induced ata-AR activation in transfected 
CHO-K 1 cells. Stimulation of ata-ARs with norepinephrine (NE) activates the G 
proteins Gq/n, which in turn activates the phospholipase hydrolysis pathway, which then 
increases intracellular Ca" and activates PKC. Stimulation of ata-ARs may also cause 
activation of the G protein Gg, which stimulates adenylyl cyclase (AC). The Raf-MEK- 
ERK1/2 module and the adenylyl cyclase pathway are activated by increase in 
intracellular Ca"'. cAMP activates PKA, which inhibits the activation of ERKI/2. The 
cellular effects of ata-AR stimulation of the Raf-MEK-ERKl/2 module are modulated by 
an interaction between the PLC signaling pathway and the adenylyl cyclase signaling 
pathway.
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CHAPTER II

STIMULATION OF a,a-ADRENERGIC RECEPTORS INHIBITS CELL 

PROLIFERATION IN a,,-ADRENERGIC RECEPTOR-TRANSFECTED-CHO-

KICELLS

A. ABSTRACT

a^-ARs play a role on cell growth in some cell types, however, the precise 

mechanism is not clear. In this study, I investigated the effect of a^-AR subtype on cell 

proliferation in a^-AR-transfected CHO-K 1 cells, and the possible mechanisms 

mediating this effect. Long-term a^-AR activation by 10 pM norepinephrine (48 h) in 

aia-AR-transfected CHO-K1 cells inhibited cell proliferation as measured both by cell 

counting and [H]-thymidine incorporation. a^-AR-mediated inhibition of cell 

proliferation was not blocked by the MEK inhibitor, PD98509. However, PD98509 

alone inhibited cell proliferation in transfected CHO-K1 cells. The PKC activator, PMA, 

which desensitize PKC following long-term stimulation, did not block norepinephrine- 

induced inhibition of cell proliferation, and PMA alone had no effect on cell 

proliferation. Previously, I showed that a^-AR stimulation increased cAMP production 

in aia-AR-transfected CHO-K1 cells. The mechanism of aia-AR-mediated effect on cell 

growth was investigated in this study and while there was no evidence of PKC 

involvement, ERKI/2 and cAMP seem to play a role in a^-AR-mediated cell 

proliferation. The findings from these studies provide a better understanding of how aia-

51



AR mediates cell growth and elucidate possible signal transduction pathways operating in 

other cells.

B. !NTRODUCT!ON

ai-ARs play important roles in regulating cell growth and proliferation, including 

rat pheochromacytoma PC 12 cells (Zhong and Minneman, 1999^), myocardial cells 

(Zechner et a/., 1997), smooth muscle cells (Xin et <2 /., 1997), and Madin-Darby Canine 

Kidney (MDCK-D1) cells (Xing and Insel, 1996). ai-ARs have been shown to mediate 

both stimulation of cell growth and proliferation in smooth muscle cells (Chen et <7 /., 

1995; Hu et a/., 1999; Xin et a/., 1997; Varma and Deng, 2000) and inhibition of cell 

proliferation in HepG2 cells (Auer et a/., 1998). Although the signal transduction 

pathways mediating these effects are not clear, intracellular Ca'^ mobilization, PKC and 

MAPK have been implicated as the stimulatory mediators (Bogoyevitch et a/., 1996; Hu 

et a/., 1999; Xin et a/., 1997).

Using an ata-AR-transfected CHO-K1 cell model, ata-ARs were shown to 

coupled to various signaling pathways including ERKI/2 and cAMP and crosstalk 

between the ERK 1/2 and cAMP pathways was revealed (Jiao et a/., 2002). ERKI/2 is 

activated by many different stimuli, including growth factors, cytokines, viral infection 

and guanine nucleotide binding protein (G protein)-coupled receptors (GPCR). ERK 1/2 

regulates cell mitosis, proliferation, differentiation and apoptosis (Johnson and Lapadat,

2002). cAMP has been shown to either stimulate or inhibit cell growth and proliferation, 

depending on cel! type and growth conditions (Gottesman et a/., 1986). cAMP can
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inhibit cell proliferation by inhibiting ERKI/2 (Sevetson et a/., 1993; D'Angelo et a/.,

1997) or independently of ERKI/2 activation (McKenzie and Pouyssegur, 1996). cAMP 

can also stimulate cell proliferation and differentiation by activating ERK 1/2 (Deeble et 

a/., 2001; Crepieux et a/., 2001). The mechanisms of cAMP regulation of ERK and cell 

proliferation are summarized in Figure 23 (Stork and Schmitt, 2002).

In aia-AR-transfected CHO-K1 cells, aia-ARs are coupled to multiple signaling 

pathways including ERK 1/2, cAMP, and PKC, which are mediators of cell growth. 

Therefore, this aia-AR-transfected CHO-K1 cell model provides a cell model to 

investigate the effects of a^-ARs on cell proliferation, and to investigate whether PKC or 

ERKI/2 are involved in this ai;,-A R-mediated effect. 1 investigated the effects of ai-ARs 

on cell proliferation in aia-AR-transfected CHO-K1 cells and the possible mechanisms 

involved. The hypothesis is that a]-ARs inhibit cell proliferation in aia-AR-transfected 

CHO-K1 cells via PKC, ERKI/2, and cAMP.

C. MATERIALS AND METHODS

7.

Prazosin was purchased from RBI (Natick, MA). Norepinephrine was purchased 

from Sigma Chemical Co. (St. Louis, MO). Phorbol 12-myristate 13-acetate (PMA), 

forskolin were purchased from Calbiochem (San Diego, CA). Ham F-12 medium, 

antibiotic-antimycotic, Trypsin EDTA, geneticin G418 and fetal bovine serum were 

purchased from Gibco BRL Life technologies (Grand Island, NY). PD98059 was 

purchased from Calbiochem (La Jolla, CA). [^H]-prazosin and [ H]-thymidine were
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purchased from DuPont NEN (Boston, MA). Scintillation cocktail (ScintiVerse) was 

purchased from Fisher Scientific (Fair Lawn, New Jersey).

2. CW/

opa-AR-transfected CHO-Kd cells were cultured in plastic dishes in Ham's F12 

medium containing 5% fetal bovine serum, 10 U/ml penicillin, 100 pg/ml streptomycin 

and 200 pg/ml geneticin G418 at 37°C in a humidified environment of 5% CO2 and 95% 

O2, and subcultured every 3-5 days using 0.05% trypsin containing 0.02% EDTA. For 

the cell morphological and growth studies, CHO-KT cells were cultured in the presence 

of 0.5% serum.

J. Ce//

opa-AR-transfected CHO-K1 cells were seeded at a density of 8000 cells/cm* 

overnight and then treated with norepinephrine (10 pM), prazosin (1 pM), PD98059 (50 

pM) or PMA (100 nM) for 48 hours. Cells were trypsinized with a 0.05% trypsin solution 

containing 0.02% EDTA, collected in Ham's F12 media and counted using a 

hemocytometer(Freshney, 1987).

4. /  /ncw/w ufm/?.

ata-AR-transfected CHO-K 1 cells were grown to confluency in culture dishes. 

Following treatment of the cells with norepinephrine (10 pM), prazosin (1 pM), or 

norepinephrine (10 pM) + prazosin (1 pM) fbr 48 h, ['H]-thymidine was added to the 

culture media at a final concentration of 1 pCi/ml and the cells were incubated at 37°C
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for 30 min. The Ham's FI2 cell culture media was removed by aspiration and the cell 

monolayer was rinsed twice with ice-cold serum-free media. 10% Trichloroacetic acid 

(TCA) solution (in H2O) was then added to the culture dishes and the dishes were 

maintained in an ice bath fbr 5 min. The TCA solution was removed by aspiration and 

the TCA solution was added and aspirated one more time. A 10% sodium dodecyl 

sulphate (SDS) solution (1 ml) was then added to each dish for 2 min at room 

temperature to solubilize TCA precipitates. The radioactivity (Counts Per Minute, CPM) 

was measured by liquid scintillation spectrometry by adding 10 ml of scintillation 

cocktail ScintiVerse (Fisher Scientific, Fair Lawn, New Jersey) to each vial.

J. u/nz/rsA.

Data are shown as means + SEM. Means were compared by using one-way 

analysis of variance and Bonferroni's test. Differences among groups were considered 

significantly different if p < 0.05.

D. RESULTS

7. q/ "ru'c/u/;cp/t ///!c #/: czT/ 7/: /,,-d /Cr/ u/rs/cctcr/ C//D-A 7 cc//\.

oqa-AR-transfected CHO-K1 cells reached confluency by 48 h following seeding 

at a density of 8000 cells/cm*. Long-term norepinephrine (10 pM) treatment significantly 

decreased cell proliferation by 50% in a^-AR-transfected CHO-Kd cells, and this effect 

of norepinephrine was blocked by prazosin (Fig. 24 and 25). Treatment with 10 uM
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norepinephrine for 48 h also decreased [^H]-thymidme incorporation by nearly 60% (Fig. 

26), and this effect was significantly inhibited by prazosin (Fig. 2$ and 26).

2. p/7/?c 4/AA7/2 /nA/A/tor o/: c c / / / n

67/fKA/ cc//.\.

In order to determine the effect of ERKd/2 on cell proliferation in opa-AR- 

transfected CHO-K 1 cells, 1 used the MEK 1/2 inhibitor, PD98059, to block the activation 

of ERKI/2 since MEK1/2 is an upstream kinase of ERKI/2. opa-AR-transfected CHO- 

K1 cells were treated with 10 pM norepinephrine and 50 pM of the MEK inhibitor

PD98059 for 48 h, and the cells were counted. Both norepinephrine alone and PD98509

alone inhibited cell proliferation by 50% and 25%, respectively. Ffowever, PD98509 did 

not affect norepinephrine-induced inhibition of cell proliferation in opa-AR-transfected 

CHO-K1 cells (Fig. 27 and 28).

d. p/ /M7d on ct7/ /n o///P;'o?/oH /n o/„- l 67/O-A/ cc//\.

1 investigated whether PKC was involved in the inhibitory effect of

norepinephrine on cell proliferation using PMA which desensitizes PKC. opa-AR- 

transfected CHO-K1 cells were treated with treated with 10 pM norepinephrine, 100 nM 

PMA, or norepinephrine and PMA fbr 48 h, and the cells were counted. Norepinephrine 

inhibited cel) proliferation by 50% in opa-AR-transfected CHO-K1 cells and this effect 

was not affected by PMA treatment. PMA treatment alone had no effect on cell

proliferation (Fig. 29).



E. DISCUSSION

In these studies I showed that stimulation of aia-ARs inhibited cel! proliferation in 

aia-AR-transfected CHO-K1 cells. Similar to my results, Keffel et a/. (2000) also 

reported that ata-AR activation inhibited basal and growth factor-stimulated cell 

proliferation in CHO cells transfected with human ata-ARs, but the mechanisms were not 

investigated. I investigated the mechanism of aia-AR-induced inhibition of cell 

proliferation in a^-AR-transfected CHO-K1 cells

ERR 1/2 has been shown to regulate cell proliferation (Pearson et a/., 2001). In 

order to investigate whether ERR1/2 played a role in norepinephrine-induced inhibition 

of cell proliferation in aia-AR-transfected CHO-R1 cell, the MER1/2 inhibitor, PD98059, 

was used to block the effect ERKI/2 since ERR1/2 is phosphoryiated by MEK1/2. 

Although the inhibitory effect on cell proliferation by PD98509 alone complicated the 

interpretation of the data, the fact that PD98059 did not reverse the inhibitory effect of 

NE on cell proliferation in ata-AR-transfected CHO-K 1 cells suggested that ERK 1/2 may 

mediate NE-dependent inhibition of cell proliferation in ata-AR-transfected CHO-K1 

cells.

1 previously showed that ata-AR activation increased cAMP production in aia- 

AR-transfected CHO-K1 cells (Jiao et a/., 2002). Shinoura et a/. (2002) showed that ata- 

AR activation induces cAMP production by coupling to the Gs pathway. cAMP plays an 

important role in regulating cell growth and proliferation (Gottesman et a/., 1986). It can 

both inhibit and stimulate cell proliferation (Sevetson et a/., 1993; D'Angelo et a/., 1997; 

Deeble et a/., 2001; Crepieux et a/., 2001; Stork and Schmitt, 2002) depending on the cell
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type. In ata-AR-transfected CH0-K1 cells, Shibata et a/. (2003) showed that aia-AR 

activation inhibited serum-promoted cellular growth in a cAMP-dependent manner. 

cAMP indirectly inhibits the cyclin Dl-cyclin-dependent kinase 4 activity by increasing 

the expression of p 2 7 ^ ' (Kato et a/., 1994). Therefore, it is likely that the ata-AR- 

inhibited cell proliferation in ata-AR-transfected CHO-Kd cells in my studies was cAMP 

dependent via p27"^'.

Cell proliferation can also be inhibited by cAMP through inhibition of ERKI/2 

activation (Hecquet et a/., 2002; D'Angelo et a/., 1997) and could be mediated via 

several different pathways (Stork and Schmitt, 2002). in my studies cAMP-mediated 

inhibition of ERKd/2 activation may also play a role in ata-AR-mediated inhibition of 

cell proliferation in aia-AR-transfected CHO-K1 cells, in addition to the p27*^' pathway 

which was shown by other studies.

Protein kinases C are a family of serine-threonine protein kinases that play 

important roles in regulating cell function, proliferation and apoptosis (Barry and 

Kazanietz, 2001; Musashi et a/., 2000). ata-ARs are known to couple to PKC activation 

(Graham et a/., 1996, Piascik and Perez, 2001). In a^-AR-transfected CHO-K1 cells, 

a]a-AR-mediated inhibition in cel! proliferation was not due to PKC activation, since 

PMA did not block aia-AR-induced inhibitory effect in cell proliferation in these cells.

a^-AR activation inhibited cell proliferation in ata-AR-transfected CHO-K1 cells. 

These anti-proliferative effects of ata-ARs have also been shown by some other 

investigators using transfected CHO cells (Keffel et a/., 2000; Shibata et a/., 2003). It 

has been suggested that atg-AR-mediated inhibition of cell proliferation was through a 

cAMP dependent mechanism involving p27^* (Shibata et a/., 2003), but my studies
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showed that ERKI/2 could also play a role and that PKC was not involved. The 

mechanism of norepinephrine-induced inhibition of cell growth of ata-AR-transfected 

CHO-K1 cells is summarized in Figure 30. Stimulation of ata-ARs with norepinephrine 

results in PKC activation, ERKI/2 phosphorylation, and cAMP accumulation. ERKI/2 

and cAMP inhibit cell growth, while PKC has no effect on aia-AR-mediated effects of 

cell growth in aia-AR-transfected CHO-K 1 cells.
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Figure 23. cAMP regulation of extracellular signal-regulated kinases (ERKs) and cell 
proliferation. Stimulation of cells with growth factors results in activation of ERK. ERK 
can stimulate either proliferation or differentiation depending on the stimulus and cell 
type. Hormonal stimulation of cells can activate Gr^ and adenylyl cyclases to stimulate 
the production of cAMP. cAMP activates the cAMP-dependent protein kinase, PKA. In 
some cells, PKA activation inhibits growth factor-dependent activation of ERKs (minus 
sign). In other cells, PKA activation stimulates ERKs (plus sign). (Stork and Schmitt, 
2002).
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Figure 24. Effect of norepinephrine (NE) on celi proliferation in Kia-AR-transfectcd- 
CHO-K4 cells. a^-AR-transfected CHO-K1 cells were seeded at a density of 8000 
cells/crrT in the presence or absence of 10 pM NE, and cells were counted after 0, 6, 24, 
36, 48 hrs. Each point represents the mean of three independent experiments, each 
performed in duplicate. * p< 0.05, compared to paired control.
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Figure 25. Effect of the cp-AR antagonist, prazosin (Pra), in cell proliferation changes 
induced by norepinephrine (NE) in cp-AR-transfected CHO-K1 cells. Cells were seeded 
in 6-well plates at a density of 8000 cells/cm* in Elam's F-12 media containing either 10 
pM NE, 10 pM NE + 1 pM prazosin or media-alone, and were counted at 48 h. Each bar 
represents the mean ± SEM of three independent experiments. * p<0.05, significantly 
different from Control and NE+Pra treatments.
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Figure 26. Effect of the a]-AR antagonist, prazosin (Pra), on norepinephrine (NE)- 
induced inhibition of ceH proliferation in ai-AR-transfected CHO-K1 cells. a,-AR- 
transfected CHO-K1 cells were seeded in 6-well plates at a density of 8000 cells/cm* in 
Ham's F-12 media in the presence or absence of 10 pM NE, 1 pM Prazosin, 10 pM NE + 
1 pM Prazosin. ['H]-thymidine incoi*poration was assayed after 48 h. Each bar represents 
the mean ± SEM of three independent experiments. *p<0.05, significantly different from 
control, NE+Pra and Pra.
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Figure 27. Effects of the MEK.i/2 inhibitor, PD98059 (PD) (50 pM), on the inhibition of 
cei) proliferation induced by norepinephrine (NE) in cpa-AR-transfected-CHO-K! ceiis. 
aia-AR-transfected CHO-K1 ceiis were pretreated with PD (50 pM) fbr 1 h, then 
incubated in the presence or absence of 10 pM NE for 48 hrs in the presence of PD. 
Ceiis were counted at 48 h. Each bar represents the mean ± SEM of three independent 
experiments. * p<0.05, significantly different.
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Figure 28. Effect of norepinephrine (NE) and PD98509 (PD) on cel) proliferation in ata - 
AR-transfected CHO-Kd ceffs over 48 h. aia-AR-transfected CHO-K! ce!!s were seeded 
at a density of 8000 cells/cnr in the presence or absence of fO pM NE, 10 pM NE and 50 
pM PD, or 50 pM PD alone, and were counted after 0, 6, 24, 36, 48 hrs. Each bar 
represents the mean ± SEM of three independent experiments. * p<0.05, significantly 
different from control at 48 h.
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Figure 29. Effect of phorbol myristate acetate (PMA) on norepinephrine (NE)-induced 
inhibition of ceil proliferation in opa-AR-transfected CEIO-Kl cells. Transfected CHO- 
K1 cells were seeded at a density of 8000 cells/cirr in 6-wel! plates in the presence or 
absence of 10 pM NE, 100 nM PMA, and 10 pM NE + 100 nM PMA fbr 48 h, and cells 
were counted. Each bar represents the mean ± SEM of three independent experiments.. 
* p<0.05, significantly different from Control, PMA alone, and NE+PMA treatments.
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Figure 30. Proposed scheme of norepinephrine-induced inhibition of ceii growth of aia- 
AR-transfected CHO-K! ceHs. Stimulation of a^-ARs with norepinephrine (NE) resutts 
in PKC activation, ERKI/2 phosphorylation, and cAMP accumulation. ERKI/2 and 
cAMP (Shibata et a/., 2003) inhibit cell growth, while PKC has no effect on aia-AR- 
mediated effects of cell growth in aia-AR-transfected CHO-K1 cells.
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CHAPTER HI

Comparisons of the Signa! Transduction Pathways Activated by the Aipha^- 

Adrenergic Receptor Subtype Transfected in OK and CHO-K1 ceiis

A. ABSTRACT

ai-ARs have been shown to be present in different regions of the kidney inctuding 

the renai proximal tubules, and play important roles in the regulation of renal functions 

such as renal tubular sodium reabsorption. However, the functions and signal 

transduction pathways of each subtype in the renal proximal tubule cells are not well 

understood. In the previous studies, I showed that a^-AR subtype is coupled to ERK 1/2 

phosphorylation, cAMP accumulation, and there is a cross-talk between these two 

pathways in aia-AR-transfected CHO-K1 cells. In this study the a,a-AR-transfected 

opossum kidney (OR) cell model to test the hypothesis that the a^-AR subtype is 

coupled to ERK 1/2 phosphorylation, cAMP accumulation, and mediates ceil 

morphological changes in these renal cells in a similar manner as in a]a-AR-transfected 

CHO-K 1 cells. 1 investigated the signal transduction pathways and cell morphological 

changes induced by a^-AR activation, and compared these effects with findings 1 made 

in aia-AR-transfected CHO-K1 cells. To characterize the model, I measured the a)a-AR 

receptor density (176.5 ± 3.722 fmol/mg protein) using radioligand saturation binding 

experiments. a^-AR stimulation with phenylephrine induced intracellular calcium 

mobilization in a concentration dependent manner. Phenylephrine also stimulated
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ERKI/2 phosphorylation in a]a-AR-transfected OK cells. Unlike a^-AR-transfected 

CHO-K1 cells, phenylephrine did not stimulate cAMP accumulation in ctia-AR- 

translected OK cells. Thus the inhibitory effect of cAMP stimulation following a^-AR 

activation identified in transfected CHO-K 1 cells was not seen in transfected OK cells. 

ata-AR activation induced morphological changes in aia-AR-transfected CHO-K 1 cells 

but not in a^-AR-transfected OK cells. These studies suggested that the signaling 

pathways coupling aia-ARs to ERKI/2 phosphorylation in OK cells are different from the 

that in CHO-K 1 cells

B. INTRODUCTION

at-ARs are widely distributed in the kidney (Feng et a/., 1991; Cohen et a/., 1992) 

and the distribution of the ai-AR subtypes along the nephron is different for each subtype 

(Feng et a/., 1991; Feng et a/., 1993; Meister et a/., 1994). Sympathetic nerve signals, 

mediated by ai-ARs, are important in the regufation of renal functions incfuding renal 

tubular sodium reabsorption and renal blood flow (DiBona, 2001). However, the 

functions of each ai-AR subtype in the kidney are not well understood. Recently, Liu et 

a/. (1997) showed that proximal nephron Na^/H^ exchange is regulated by aia- and an,- 

ARs but not by aid-ARs.

In the kidney, many physiological and pathophysiological stimuli activate MAP 

kinases (Tian et a/., 2000), which are very important in the regulation of gene expression 

and cellular responses. In our laboratory, activation of ERKI/2 was observed in freshly 

isolated kidney slices from adult male Sprague-Dawley rats following stimulation with
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norepinephrine, and this effect was biocked by the a]-AR antagonist, prazosin (Fig. 48, 

Jeffries, unpublished data). However, the signal transduction pathways, including the 

MAP kinases activated by the a]a-AR subtype and the cellular changes caused by the 

MAP kinases in the renal proximal tubule cells, are not clear.

1 previously identified the signal transduction pathways activated by ata-ARs in 

ata-AR-transfected CHO-K1 cells, and characterized the interaction between these 

pathways (Jiao et a/., 2002). I showed that following stimulation of aia-ARs, several 

cellular signaling molecules are activated, including intracellular C a '\  cAMP and 

ERKd/2. ERKd/2 phosphorylation was antagonized by increased cAMP accumulation. 1 

proposed that ata-ARs are coupled to Gs in transfected CHO-Kd cells, which was 

confirmed by Shinoura et a/. (2002). More recently, this group also showed that aia-ARs 

activate the cAMP/p27^' pathway which has inhibitory effects on cell proliferation in 

transfected CHO-K 1 cells (Shibata et a/., 2003).

Since the renal tubules are composed of various segments with highly specialized 

functions and cell types, cell culture models from specific segments and specific cell 

types have been developed to investigate the functions and pathophysiologic processes of 

the tubules. OK cell line, which is an immortal cell line, represents an ideal renal 

proximal tubule cell culture model. However, this cell line has lost its ability to express 

ai-ARs. By transfecting the a^-AR cDNA into OK cells, 1 developed a renal proximal 

tubule cell model that expresses a^-ARs. This cell model was developed to provide a 

renal proximal tubule cell model to study signal transduction pathways. The OK cell 

line, which was derived from the kidney of the American opossum (Koyama gt a/., 1978) 

and is of proximal tubule origin, was chosen since it has characteristics of native kidney
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proximal tubule cells including Na'-dependent PO4  ' , glucose, and amino acid transport, 

Na -H exchange, and gluconeogenesis. (Malmstrom 1986; Pollock <?f a/., 1986). 1 

investigated the a^-AR ERKI/2 signaling pathway and the cAMP signaling pathway, 

and compared these pathways in the a^-AR-transfected OR and CHO-K! cells. The 

hypothesis was that ata-ARs are coupled to ERKI/2 phosphorylation, cAMP 

accumulation, and mediate cellular morphological changes in aia-AR-transfected OK 

cells in a similar pattern as in aia-AR-transfected CHO-K1 cells.

C. MATERIALS AND METHODS

/.

Prazosin, 5-methyl-urapidil and BMY-7378 were purchased from RBI (Natick, 

MA). Phenylephrine, propranolol, rauwolscine and forskolin were purchased from 

Sigma Chemical Co. (St. Louis, MO). DME medium, antibiotic-antimycotic, trypsin- 

EDTA, geneticin, fetal bovine serum and gels were purchased from Gibco BRL Life 

technologies (Grand Island, NY). Fura-2/AM was purchased from Molecular Probes 

(Eugene, OR). [^H]-prazosin was purchased from DuPont NEN (Boston, MA). [̂ H] 

cyclic AMP assay kits were purchased from Diagnostic Products Corporation (Los 

Angeles, CA). Anti-phosphorylated and total ERKI/2 antibodies were purchased from 

New England Biolabs (Beverly, MA). Anti-HA monoclonal antibody and peroxidase- 

Labeled anti-mouse IgG antibody were purchased from Berkeley Antibody Company 

(BAbCO) (Richmond, CA).
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2. C e// cM/?M7*e.

OK ceils (obtained from Dr. David Byiund, University of Nebraska Medical 

Center) were cultured in plastic dishes in Dulbecco's Modified Eagle's medium (DMEM) 

containing 10% fetal bovine serum at 37°C in a humidified environment of 5% CO2 and 

95% O2, and subcultured every 3-5 days using 0.05% trypsin containing 0.02% EDTA. 

OK cells were seeded at a density of 8000 cells/cm* and cultured in the presence of 500 

pg/ml Geneticin following transfection.

d .  / W t / 7/ c 7V 7. \ e  c / 7  373/7 3' c # c ? 3r3/7 f P C / ? )  37 /77/ f / / f )

Full length mouse a^-AR cDNA (GeneBank accession number: AE031431), 

inserted into the mammalian expression vector pcDNA3.1(+) (Xiao et a/., 1998), was 

used as the template in PCR. The upstream primer 5'-AAGCTTAAGCTTGCCA 

CCATGTACCCATACGACGTCCCAGACTACGCCGTGCTTCTTTCTGAAAATGC- 

3' includes two immediately adjacent recognition sequences of the restriction 

endonuclease / / 7773VHI (AAGCTTAAGCTT), a 6-bp Kozak sequence (GCCACC), start 

codon (ATG), a 27-bp sequence coding for the epitope hemagglutinin (HA) 

(TACCCATACGACGTCCCAGACTACG CC), and a 20-bp sequence complementary to 

the mouse ot]a-AR cDNA sequence 1 to 20 (GTGCTTCTTTCTGAAAATGC). The 

downstream primer is 5'-GGATCCGGATCCCTAGACTTCCTCCCCGTTTTCACCGA- 

3'. It includes two immediately adjacent recognition sequences of the restriction 

endonuclease A 7777H 1 (GGATCCGGATCC) and a 26-bp sequence complementary to the 

mouse a,a-AR cDNA sequence 1376 to 1401 (CTAGACTTCCTCCCCGTTTTCACCC 

A) (Xiao e t  < 3 /, 1998). The upstream and downstream primers were used to amplify
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mouse aia-AR cDNA, and to simultaneously tag the HA cDNA to the receptor. The 10 

pi PCR reaction mixture contained 10 mM Tris-HCl (pH 8.3), 50 mM KC1, 5 mM 

MgCl2 , 500 pM dNTP, 100 ng/pl mouse a^-AR cDNA, 0.4 pM sense and antisense 

primers and 0.05 units AmpliTaq Gold DNA polymerase. The PCR was performed in a 

Perkin Elmer 480 DNA Thermal Cycler with the following cycle parameters: one 

denaturation cycle fbr 8 minutes at 95"C; 35 cycles of 30 seconds at 95"C (denaturation), 

1 minute at 54°C (annealing), and 2 minutes at 72"C (extension). A final extension cycle 

was run fbr 15 minutes at 72"C. The PCR products were separated by gel electrophoresis 

in a 4% agarose gel. The size fbr the tagged a^-AR cDNA was 1.46 Kb. If the band 

with the correct size appeared, the PCR products were then separated in a 4% low- 

melting agarose gel. The 1.46 Kb cDNA fragment from the low-melting agarose gel was 

excised and stored in a tube. The cDNA fragment of HA-tagged a^-AR was then ready 

to be used fbr cloning.

4. cDAbf //Po CA/ws-sw;? wctm* u/n/ p/us/mi/

4 pi of fresh and purified PCR product and 1 pi of expression pcDNA3.1/CT- 

GFP-TOPO vector (invitrogen, San Diego, CA) were mixed, incubated, and the 

transformed into E. Coli cells. The transformed cells were spread on a Luria-Bertani plate 

with 50 pg/ml ampicillin and incubated overnight at 37"C. Ampicillin-resistant colonies 

were then isolated and grown overnight in LB media in the presence of ampicillin, and 

plasmid DNA was purified according to Q1AGEN Plasmid Mini Purification Protocol 

(Q1AGEN, Chatsworth, CA). Endonuclease restriction digest assay with Apn I and A'&a 1 

was performed to conform that the size of the insert is 1.46 Kb, and plasmids are
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sequenced to confirm that HA-tagged a^-AR cDNA was inserted into the expression 

vector with the correct orientation and sequence.

J.

OK cells grown on a plastic culture dish were trypsinized with a 0.05% trypsin 

solution containing 0.02% EDTA, collected with the DMEM media, and counted with a 

hemocytometer (Freshney, 1987). 20 pg plasmid containing HA-tagged ata-AR cDNA 

and 4x10* cells in 500 pi of ice cold PBS were mixed in a 0.4 cm cuvette and transfection 

was performed using the Electroporator 11 (Invitrogen, Carlsbad, CA), under the 

following conditions: power supply at 330 volts, current at 25 mA, power at 25 Watts, 

capacitance at 500 pF. Cells were plated in a T-75 dish in DMEM medium and placed in 

an incubator following the electroporation. After 48 hours, 500 pg/ml Geneticin (Gibco 

BRL Lifetechnologies, Grand Island, NY) was added in the culture medium. The 

medium was changed regularly and the cells were subcultured when they reached 

confluency. Single colonies were picked using cloning cylinders and cultured in separate 

dishes. Cell membrane preparation and radioligand binding experiments were done with 

each colony when the cell density reached confluency.

6.

aia-AR-transfected OK cells growing in a T75 plastic culture dish were washed 

with ice-cold PBS, lysed with 1.5 ml of lysis buffer (1% Triton X-100. 150 mM NaCl, 10 

mM Tris pH 7.4, 1 mM EDTA, 1 mM EGTA pH 8.0, 0.2 mM sodium orthovanadate, 0.2 

mM phenylmethylsulfony! fluoride, 0.5% NP-40), and centrifuged for 15 min at
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14,000Xg. The supernatant was kept and the protein concentration was measure by the 

Lowry method (Lowry et <2 /., 1951). Different amounts of protein were added into 4 

tubes and 3 pi of anti-HA antibody (BAbCO, Richmond, California) was added into each 

tube. The mixtures were incubated overnight at 4°C shaking on a rocking platform, then 

40 pi of protein-G Sepharose beads (Pharmacia Biotech, Wikstroms, Sweden) were 

added to each tube and incubated fbr 2 hours at 4°C while shaking. Following 

incubation, the protein-G Sepharose antibody-antigen complex were centrifuged at 10, 

OOOXg fbr 20 seconds and at 4°C. The supernatant was removed by gentle aspiration, 

and 1 ml of lysis buffer was added to resuspend the Sepharose beads. The resuspended 

beads were incubated fbr 20 min at 4"C on a rocking platform and centrifuged again. 

This process was repeated fbr two more times. The final washed protein-G Sepharose 

antibody-antigen complex was collected by centrifugation at 10, OOOXg fbr 20 seconds at 

4"C. 60 pi of electrophoresis sample buffer (60 mM Tris-HCl, 25% glycerol, 2% SDS, 

14.4 mM 2-mercaptoethanol, 0.1% bromophenol blue, pH 6.8) was added to each tube 

and the tubes were boiled fbr 3 min. The Protein-G Sepharose beads were removed by 

centrifugation at 10,OOOXg for 20 sec at room temperature. The supernatant was kept and 

separated by the electrophoresis as described in the western blotting section. The 

secondary antibody was peroxidase-labeled anti-mouse IgG (BAbCO, Richmond, CA) 

diluted to 1:2000 in TBST buffer containing 1% BSA and 1% dry milk.

7.

When transfected OK cell monolayers were grown to confluency, they were 

cultured in the serum-free media overnight prior to the experiments. The monolayers
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were washed twice with Krebs-Henseleit buffer containing: 126 mM NaCl; 5.5 mM KC1; 

2.5 mM CaCh; 1.2 mM MgCl2 ; 1.25 mM Na^PCfp 25 mM NaHCOi; 11.1 mM 

Dextrose; 0.029 mM Na2Ca-EDTA, pH 7.4. a^-AR-transfected OK cells were pre

treated with 0.1, 1, or 10 pM of the op-AR antagonist prazosin, or 0.1, 1, or 10 pM of the 

P-AR antagonist rauwolscine for 30 min, and then treated with 10 pM phenylephrine fbr 

5 min. All the treatments were carried out in a humidified incubator at 37°C. Following 

stimulation with phenylephrine, the incubation buffer was removed, the cells were lysed 

in R1PA buffer (1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) containing 1 

mM phenylmethylsulfonyl fluoride, 1 mM EDTA, 0.2 pM aprotinin, and 10 nM okadaic 

acid, and centrifuged at 12,OOOXg fbr 15 min. The pellets were discarded and the total 

protein content of the supernatants was determined as described by Bradford (1976). The 

cell lysates were boiled for 5 min and separated (5 pg total protein fbr ERK 1/2) on 4-15% 

SDS-polyacrylamide gradient gels (BioRad, Hercules, CA). The gels were transferred 

onto nitrocellulose membranes (MSI, Westborough, MA), blocked with 5% BSA for 1 h 

at room temperature and incubated overnight with antibodies directed against phospho- 

ERK1/2 (New England Biolabs, Beverly, MA) at a dilution of 1:1,000 in TBST buffer 

containing 5% BSA. To normalize fbr protein loading, antibodies recognizing total (both 

phosphoryiated and non-phosphorylated) ERKI/2 (New England Biolabs, Beverly, MA) 

were used at a 1:1,000 dilution in TBST buffer containing 5% BSA. The membranes 

were then incubated with a horseradish peroxidase-conjugated secondary antibody (New 

England Biolabs, Beverly, MA) diluted 1:1,000 in 1% BSA and 1% dry milk, and 

visualized by the ECL chemiluminescense detection system (Amersham, Piscataway, NJ) 

and exposed to Hyperfilm according to the manufacturer's instructions (Pierce, Rockford,
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IL). The sizes of the bands (both the 42 and 44 KD bands for ERK2 and ERK1) were 

analyzed by densitometry. The densities of the bands fbr phosphoryiated ERKT/2 were 

divided by band densities fbr total ERKT/2 to normalize for protein loading and the mean 

+ S.E.M. of the normalized optical densities were plotted.

& (E// //nvn/uvmc /uv/w a/fan.

Transfected OK cells were washed twice with ice-cold PBS solution, scraped in 

Tris buffer (50 mM Tris-HCl, 2 mM EDTA, pH = 7.4), collected, and centrifuged at 

l,500Xg with a Sorvall RT6000B refrigerated centrifuge (Sorvall Instruments, Newtown, 

CT) fbr 10 min at 4"C. The supemant was discarded and the cell pellet was resuspended 

in Tris buffer and homogenized with a Polytron homogenizer (Brinkmann Instruments 

Inc., Westbury, NY). The mixture was centrifuged by using Beckman J2-21M Induction 

Drive Centrifuge (Beckman Instruments, Fullerton, CA) at 19,500 rpm for 25 min at 4"C. 

The pellet was homogenized again in Tris buffer and an aliquot was used fbr protein 

concentration measurement by the method of Lowry (Lowry at a/., 1951). The remainder 

of the cell membrane samples were used fbr radioligand binding experiments.

9. /<ha//a//gam/

Radioligand binding studies were performed according to published methods 

established in our laboratory (Xiao at a/., 1998). For saturation binding experiments to 

determine the Kd and Bmax of mouse a^-ARs, 100 ug of membrane protein was 

incubated with eight concentrations (0.015-2.0 nM) of [ H]-prazosin (80 Ci/mmol, NEN, 

Boston, MA) in the presence or absence of 10 pM phentolamine. Non-specific binding
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was determined in the presence of 10 pM phentolamine. For competition experiments to 

determine the Ki values of the mouse ata-AR fbr agonists and antagonists, various 

concentrations of agonists and antagonists were used to compete with [ 'H]-prazosin for 

the binding of the receptors. The incubation volume was 1 ml and the reaction was 

allowed to reach equilibrium at 37"C fbr 30 minutes in a shaking water bath. Following 

the incubation, the mixtures were filtered through a S&S #32 glass fiber filter (Schleicher 

and Schuell, Keene, NH) with a Brandel MB-48R cell harvester (Brandel, Gaithersburg, 

MD). The filters were washed with ice-cold Tris buffer and the radioactivity on the filter 

was counted by Beckman LS 5000 TD liquid scintillation counter (Beckman Instruments, 

Fullerton, CA). Data were analyzed by non-linear regression with the Prism computer 

program (GraphPAD, San Diego, CA) to calculate the affinity (Ki) and density (Bmax). 

AH the results were presented as mean ± SEM from at least three individual experiments 

performed in duplicate.

70. Ca/(7M/M /im/uVibafm/!

Transfected and untransfected OK cells grown on culture dishes, the bottom of 

which were replace with cover slips, to 50% confluency. These cells were rinsed with 

MOPS-buffered solution containing 120 mM NaCl, 5 mM KC1, 1 mM MgCli, 1 mM 

CaCl2, 6  mM glucose, 10 mM Ma-MOPS, and 5 mM NaHCO^. Cells were then 

incubated in a loading solution containing MOPS solution, 0.1 mg/ml BSA, 0.02% 

Cremophor EL and 2 pM fiira-2/AM fbr 45 minutes at 37°C in the cell incubator. After 

the incubation, cells were rinsed twice with MOPS solution and incubated for 15 minutes 

in MOPS solution. Modified culture dishes containing OK cells were fixed on the
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thermostatically controhed stage of a Nikon TE-300 inverted phase-contrast microscope. 

A DeltaScan 7 Ratiomaster (PTI, Princeton, NJ) scanning fluorometer was connected to 

the microscope via bifurcating fiber optica) cables to provide excitation )ight. Cells were 

alternatively illuminated by light with wavelengths of 340 nm and 380 nm. Excitation 

light was filtered to 300-400 nm with a band-pass filter, then by a high-pass filter, and 

emitted light was restricted to 510 nm. Both incident and emitted light were passed 

through a 40X objective. Emissions were quantified by a photomultiplier tube connected 

to a computer with acquisition software supplied by PTI, and were collected at both the 

340 nm and 380 nm excitation. During the experiments, OK cells were incubated in a 

salt solution containing 120 mM NaCl, 5 mM KC1, 0.59 mM KH2PO4, 0.6 mM 

Na7HP0 4 , 20 mM glucose, 2.5 mM CaCE and 10 mM HEPES. Different agents were 

added to the cells after replacing the salt solution via modified Pasteur pipettes clamped 

to the microscope stage. The cellular Ca*' response was expressed as the ratio of 

fluorescence intensity (F340/F380).

/V. assay.

aia-AR-transfected OK cells were grown to confluency in 12-well plates. DMEM 

was aspirated and cells were washed twice with 2 ml HEPES buffered Kreb's solution 

consisting of: 111 mM NaCl, 5.5 mM KC1, 1.2 mM MgS0 4 , 2.5 mM CaCl2 , 1.25 mM 

NaH2P0 4 , 11 mM HEPES, 9 mM Na HEPES, 25 mM NaHCO^, 11.1 mM dextrose, 0.029 

mM Na2Ca EDTA, and 0.5 mM of the phosphodiesterase inhibitor, 3-isobutvi-l- 

methylxanthine, pH 7.4, at 37"C. a^-AR transfected OK cells were then incubated with 

prazosin (1 or 10 pM), rauwolscine (1 or 10 pM), or forskolin (100 pM) for 30 min prior
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to treatment with phenylephrine (10 pM) for 5 min at 37°C. a^-AR transfected OK. cells 

were then lysed by adding 90% ethanol, and the plates were dried in an oven until the 

ethanol evaporated. The dried cell lysates was dissolved in Tris buffer (50 mM Tris-HCl, 

4 mM EDTA, pH = 7.5), and the cAMP concentration was measured using a [ 'H]-cyclic 

AMP assay kit (Diagnostic Products Corporation, Los Angeles, CA) according to the 

manufacturer's instructions.

72. CrT/ Tfarp/m/ogy

opa-AR transfected OR cells were seeded at a density of 8000 cells/cm^ in DME 

media and allowed to grow for 6  hours, then they were treated with propranolol (1 pM) 

and prazosin (1 pM), and phenylephrine (10 pM), and cuitured in humidified atmosphere 

at 37°C. The media including the drugs was changed daily. Two randomly chosen cel! 

photomicrographs in each dish were captured at 24 and 48 hours using inverted Zeiss 

microscope (model: Axiovert 135) and the D1C-D imaging software (World Precision 

Instruments Sarasota, FL) to visualize the morphological changes of the cells.

/A AaaAa'c s.

Data are shown as means + S.E.M. Means were compared by using one-way 

analysis of variance and Bonferroni's test. Differences among groups were considered 

significantly different if p < 0.05. Non-linear regression analyses were used to calculate

EC50.
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D. RESULTS

/ .  E.Xpr&SSWH a /  //! ca//.s.

The vector with ata-AR cDNA (Fig. 31) was transfected into OK cells. During 

plasmid construction, PCR products (Fig. 32 and 33), as well as endonuclease digestion 

products (Fig. 34) were separated on agarose gels and the insertion of ata-AR was 

confirmed. The molecular mass of the ata-AR protein is about 50 kDa (Vicentic et a/., 

2 0 0 2 ), which was expressed and measured by immunoprecipitation and immunoblotting 

against the epitope tag HA (Fig. 35). Cell membranes from ata-AR transfected OK cells 

had a ata-AR density of 176.5 ± 3.722 fmol/mg protein, with a high affinity (Kd = 0.265 

+ 0.05 nM) fbr ['H]-prazosin (Fig. 36). The Ki values fbr the at-AR selective antagonist 

prazosin was 0.74 ± 0.16 nM, consistent with Ki values for prazosin at at-ARs (Fig. 37). 

The Ki value for the ata-AR selective antagonist, 5-methylurapidil (1.77 ± 0.47 nM), and 

for the a.]d-AR selective antagonist, BMY-7378 (51.67 ± 7.44 nM), were similar to 

affinity values previously reported for the cloned mouse ata-AR (Xiao at a/., 1998) (Fig. 

38). No specific [ H]-prazosin binding was detected in membranes isolated from non- 

transfected OK cells (Fig. 39).

2. Caa/y/mg a/ fa f/;a ///a/n/f-aa'a/; a/ Ca*

To determine whether the mouse ata-AR was functionally coupled to intracellular 

Ca* mobilization in the ata-AR-transfected OK cell model, phenylephrine-induced Ca* 

mobilization was measured using the fluorescent Ca*̂  indicator fura-2 . In ata-AR 

transfected OK cells, phenylephrine caused a transient increase in the ratio of fura-2
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fluorescence (F340/F380) that lasted approximately 2 min before returning to baseline. 

The phenylephrine-induced Ca' response was blocked by 1 pM prazosin (Fig. 40). 

Phenylephrine stimulated increases in the fluorescence ratio of fura-2 in a concentration- 

dependent manner. The peak Ca' responses were plotted and a mean concentration- 

response curve is shown in Figure 41. Non-linear regression analyses revealed an EC30 

of 815 ± 662 nM fbr phenylephrine-stimulated Ca  ̂ mobilization. The ratio of fura-2 

fluorescence remained unchanged following phenylephrine stimulation of untransfected 

CHO-R1 cells (Fig. 42).

3. r</ //AA/X? A CA ce//.s.

In these studies, I investigated whether activation of cpa-ARs in the cpa-AR 

transfected OR cells stimulated the phosphorylation of ERR1/2. Phenylephrine (1 and 10 

pM) stimulated the phosphorylation of ERKI/2, which was significantly inhibited by 0.1, 

1 and 10 pM of the op-AR antagonist prazosin, but not by the cp-AR antagonist 

rauwolscine at 0.1 pM. Higher concentrations (1 and 10 pM) of rauwolscine also 

inhibited phenylephrine-induced ERKI/2 phosphorylation, which suggested that high 

concentrations of rauwolscine inhibited a^-ARs (Fig. 43). However, when the mean 

effects of rauwolscine from six experiments were compared, it was prazosin, but not 

rauwolscine, significantly inhibited phenylephrine-induced ERR 1/2 phosphorylation in 

opa-AR-transfected OR cells (Fig. 44).
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P A ^ r y A y P m / / ! ^  P A /  / m t  A ^ A a c ^  c A A / P  a c c a / ? !a A / A o n  A :  f 7 / ^ ,- A P  A w t s / b c A 'A  O A  c^ A .s .

I have shown that in aia-AR-transfected CHO-Kd ceils, stimuiation of aia-AR 

increased cAMP production. Therefore, i investigated whether a^-ARs were aiso 

coupied to cAMP production in aia-AR-transfected OK ceils. Stimulation of a^-AR with 

a concentration of phenylephrine (10 pM) that mobilized intracellular calcium did not 

increase cAMP accumulation in a^-AR transfected OK cells. Forskolin, which was used 

as a positive control, stimulated cAMP production. Neither the ai-AR antagonist 

prazosin nor the a2-AR antagonist rauwolscine had significant effects on cAMP 

accumulation in a^-AR transfected OK cells (Fig. 45).

5. OAT cc/A A A/ /mf anAcrga /uayyAnAa^Aa/ /a/Aut'A.g

acPtaPa/: p /a /^ -A P

In order to compare the effects of a^-ARs on cell morphological changes in both 

a^-AR-transfected CHO-K1 cells and OK cells, I investigated these effects in both cel! 

models. In a^-AR transfected CHO-K1 cells, following long term (48 h) stimulation of 

a^-ARs, these cells become elongated (Fig. 46). a^-AR transfected Off cells did not 

undergo morphologic changes following long term (48 hr) phenylephrine (10 pM) 

treatment (Fig. 47).

E. Discussion

ai-ARs are known to couple to the Gq/n protein, increase intracellular Ca'" 

activate PKC and couple to MAP kinase pathways (Zhong and Minneman, ! 999';
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Graham et a/., 1996; Michelotti et a/., 2000). I have shown that in aia-AR-transfected 

CHO-K1 cells, a^-AR activation can also induce cAMP accumulation, probably by 

activating the Gs protein, and there is cross-talk between the cAMP and ERK 1/2 

pathways which is characterized by cAMP inhibition of ERKI/2 phosphorylation (Jiao et 

a/., 2002). In the a^-AR transfected CHO-K1 cell model, Shinoura eta/. (2002) showed 

that aia-ARs are coupled to Gs protein, and that a^-ARs activate the cAMP/p27^' 

pathway which inhibits cell proliferation in a^-AR transfected CHO-K 1 cells (Shibata et 

a/., 2003). In order to determine whether a^-ARs are coupled to the same signal 

transduction pathways as in transfected CHO-K 1 cells, 1 investigated the signal 

transduction pathways of a^-ARs in the renal proximal tubule OK cell model, and 

compared the results with the findings I reported in the a^-AR-transfected CHO-K1 

cells.

I transfected the mouse a^-AR cDNA, which was first cloned in our laboratory 

(Xiao et a/., 1998), into the OK cell line, which is a well characterized renal proximal 

tubule cell line (Koyama et a/., 1978). OK cells have the phenotype of the renal proximal 

tubule cells, including Na -dependent PO4  *, glucose, and amino acid transporters, Na - 

Ĥ  exchange, and gluconeogenesis (Malmstrom et a/., 1986, Pollock et a/., 1986), but the 

endogenous a]-ARs are lost in culture. These characteristics make this cell line a very 

good cell renal proximal tubule cell model to use fbr my studies. Following the 

transfection, I performed several studies to verify that the transfected OK cells expressed 

functional aia-ARs. Since the HA epitope was attached to the amino terminal of the aia- 

AR cDN A, I confirmed the presence of the receptor protein by using an anti-HA antibody 

to recognize the immunoprecipitated cell lysates. The lack of a good ai-AR antibody has
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hampered the characterization of these receptors (Vicentic et a/., 2002), hence, the HA 

epitope attached on this receptor makes this ceH mode! even more useful since the 

receptor can be recognized using an antibody against the epitope. Thus, this stably 

transacted OK ceil iine is a good model fbr investigating the signal transduction 

pathways and functions of a^-ARs of renal proximal tubule cells to study subcellular 

localization and trafficking of aia-ARs. Radioligand binding experiments using 

membranes isolated from transfected OK cells revealed that the a^-AR density in these 

cells was 176.5 fmol/mg protein. Using the subtype selective antagonists 5- 

methylurapidil and BMY-7378 in binding experiments, I confirmed that this subtype had 

a pharmacological profile typical of the a^-AR. Compared to the receptor density in the 

transfected CHO-K1 cells described in chapter 1 (Jiao et a/., 2002), the receptor density 

in transfected OK cells was much lower, but it was similar to the receptor density found 

in renal tissue (Feng et a/., 1993). In aia-AR-transfected OK cells, a^-AR activation by 

phenylephrine stimulated intracellular Ca' accumulation in a concentration-dependent 

manner, which was absent in untransfected OK cells. Phenylephrine stimulation-induced 

intracellular Ca'" elevation in a^-AR-transfected OK cells was blocked by the a;-AR 

antagonist prazosin. These results suggested that a^-ARs in aia-AR-transfected OK 

cells were functional and coupled to the phosphatidylinositol hydrolysis pathways (Zhong 

and Minneman, 1999 ;̂ Graham eta/., 1996).

ERKI/2 is present in different regions of the renal nephron segments (Terada et 

a/., 1995). Activation of MAP kinases has been observed in many kidney diseases and 

pathophysiological models. For example, in renal tissue and cultured renal proximal 

tubule cells from patients with polycystic kidney disease where the level of
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phosphoryiated ERK2 is higher than that in normal human kidneys. The activation of 

ERK2 may contribute to the pathophysiology of this disease that is characterized by the 

proliferation of epithelial cells, formation of cysts, and the progression of renal deficiency 

(Chattetjee et <3/., 1996). ERK is activated in glomeruli of diabetic rats and glomerular 

mesangial cells cultured under high glucose conditions (Haneda et a/., 1997). During the 

renal regeneration, ERK2 activation is essential for the induction of proteins required fbr 

the progression of G1 phase of the cell cycle (Yano et a/., 1998). Hypertonicity induced 

by water restriction increases ERK, JNK, and P38 activity in renal medulla (Roger et a/., 

1999). In cultured kidney cells, MAP kinases have been shown to be activated by 

various agonists (Tian et a/., 2000). In freshly isolated kidney slices from adult male 

Sprague-Dawley rats, phosphorylation of ERKI/2 was observed following stimulation 

with norepinephrine, and ERKI/2 phosphorylation was blocked by the op -AR antagonist, 

prazosin (Fig. 48, Jeffries, unpublished data). Many physiological and 

pathophysiological stimuli for the cells converge on the activation of MAP kinases, 

which are very important in the regulation of gene expression and cellular responses. I 

showed that a^-AR activation stimulated ERKI/2 phosphorylation in the proximal tubule 

OK cells. a^-ARs have been shown to be present in the proximal tubule cells and play 

important roles such as antinatriuresis and antidiuresis in the regulatory effects of 

catecholamines on several renal functions (Feng et a/., 1993; DiBona and Kopp, 1997; 

Liu et a/., 1997), but the precise mechanism fbr the a^-AR-induced effects is not clear. 

ERKI/2 phosphorylation induced by the a^-AR activation is important in the functions 

of ai-ARs in renal proximal tubule cells since ERKI/2 mediated the functions of Na/H^ 

exchanger 3 which serves to separately regulate pH,, Na absorption, and proton excretion
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in proximal tubule cells (Liu e/ a/., 2001). aia-AR-induced ERKd/2 phosphorylation may 

play a role in the effects of the a^-AR subtype on the renal proximal tubular cells.

aia-ARs have been shown to couple to Gs protein, which induces cAMP 

accumulation (Jiao e; a/., 2002; Shibata e? a/., 2003; Shinoura e/ a/., 2002) in aia-AR- 

transfected CHO-Kd cells. Shibata e? a/, suggested that a^  -ARs also activate the cAMP 

pathway involving p27*^' protein and inhibit cell proliferation through controlling cell 

cycle in aia-AR-transfected CHO-Kd cells (Shibata e/ a/., 2003). fn this study, I 

measured the cAMP accumulation following a^-AR activation in transfected OK cells, 

and compared these results to those obtained in my previous experiments with transfected 

CHO-Kd cells. Unlike the findings in transfected CHO-Kd cells, 1 did not observe aia- 

AR-induced cAMP accumulation in a^-AR-transfected OK. cells. Therefore, in opossum 

renal proximal tubule cells, a^-ARs do not couple to adenylyl cyclase through Gs. The 

difference of the effects in these two cell types may be due to the phenotypes and the 

functions these cells possess, or due to the difference in receptor densities, since the 

receptor density is much higher in aia-AR-transfected CHO-K 1 cells and these receptors 

may couple to some pathways that are normally not coupled to with physiological 

receptor densities. The receptor density in aia-AR-transfected OK cells is similar to the 

physiological level of a^-ARs expressed in renal cortex. aia-AR-induced cAMP 

production and its coupling to Gs are cell type specific.

In aia-AR-transfected CHO-K1 cells, a^-AR stimulation caused cell 

morphological changes, characterized by cellular transformation from a stellate to bipolar 

morphology. This transformation is a visual index of an associated phenotypic regression 

from a tumorigenic phenotype to lacking the ability to proliferation m either soft agar or
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in vivo in athymic nude mice (Felder et a/., 1993). Therefore, in aia-AR-transfected 

CHO-KT cells, ata-ARs have can decrease cellular proliferation and tumorigenicity. 

However, I did not observe these ata-AR-induced morphological changes in aia-AR- 

transfected OK cells. These results suggested that aia-ARs mediate different cellular 

functions in different cell types. In CHO cells, cAMP has been shown to be able to 

induce cell morphological changes, from compact, randomly oriented cells to elongated 

fibroblast-like cells (Puck et a/., 2002). Since a^-AR stimulation increased cAMP 

production and induced morphological changes in transfected CHO-K1 cells, and there 

was no cAMP production or morphological changes in transfected OK cells, it is very 

likely that the morphological changes in transfected CHO-K1 cells was mediated by 

cAMP.

In conclusion, I developed an aia-AR-transfected renal proximal tubule cell 

model, investigated the signal transduction pathways of a^-ARs in this cell model, and 

compared these pathways with the pathways in a^-AR-transfected CHO-K 1 cells. In the 

renal proximal tubule OK cells, a^-AR activation is coupled to intracellular Ca"̂  

mobilization and ERKI/2 phosphorylation. Unlike its effects in transfected CHO-K1 

cells, which include cAMP accumulation and cell morphological changes, these effects of 

a^-ARs were absent in aia-AR-transfected OK cells. These studies suggested that aia- 

AR-induced effects and signal transduction pathways are cell type specific, or aia-ARs 

are coupled to cAMP when expressed at high level, but not at physiological level. 

Understanding the signaling pathways of the a^-AR subtype is very important for 

understanding the neural control of renal function and developing therapeutic agents to 

treat related diseases, such as hypertension. This newly developed a^-AR-transfected
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OK cel! mode! is good tool to use fbr the study of the signal transduction pathways of 

aia-ARs and their functions. It can also be used to investigate the intracellular 

distribution and trafficking of a^-ARs in these cells. The outcome of the research and 

this new cell model will also help the future studies for the a^-AR subtype in renal 

proximal tubule cells.
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A

Upstream primer:

/ M i ] Kozak Start Codon HA __mouse 0 0 ,-AR cDNA sequence i to 20

Downstream primer:

&/777H ! R0777H I mouse oti.-AR cDNA sequence 1376 to 1401

B

Recombinant 
DNA motecule

Figure 31. Diagram of piasmid construction. (A). Upstream and downstream primers 
used in PCR to add HA epitope to the N-terminai of the mouse ctia-AR DNA. (B) 
Piasmid construction. DNA sequences tor HA epitope and mouse a^-ARs were joined 
together and inserted into an expression vector GFP Fusion TOPO.
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Figure 32. Agarose gel electrophoresis of PCR products of a^-AR cDNA. Products 
generated from PCR amplification of the pcDNA3.1(+)/CT-GFP-TOPO vector 
containing a^-AR cDNA were separated on an agarose gel. The size fbr opa-AR cDNA is 
1.4 Kb. Different lanes represent different experimental conditions including DNA and 
MgCl2 concentrations. Lane 1, 100 ng/pl DNA and no MgCl2 . Lane 2, 100 ng/pl DNA 
and 2.5 mM MgCl2 . Lane 3, 100 ng/pl DNA and 5 mM MgCl2 . Lane 4, 700 ng/pl DNA 
and no MgCl2- Lane 5, 700 ng/pl DNA and 2.5 mM MgC^. Lane 6. 100 bp DNA ladder.
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2 31

Figure 33. Gel electrophoresis of PCR products of pcDNA3.1(+)/CT-GFP-TOPO vector 
containing a^-AR cDNA. PCR products with mouse aia-AR cDNA that was inserted into 
vector pcDNA3.1(+) were separated on a low melting gel. The size fbr a^-AR cDNA is 
1.4 Kb. Lane 1, 100 bp DNA ladder. Lane 2 and 3 are from the same product.
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Figure 34. Endonuclease digestion of a^-AR cDNA. PCR products with mouse a^-AR 
cDNA that was inserted into vector pcDNA3.1(+)/CT-GFP-TOPO. The size tor a^-AR 
cDNA is 1.4 Kb. The plasmid was digested by Xp?? 1 and AN? 1. Different lanes are from 
the same treatments. Lane 1, 100 bp DNA ladder. The total size fbr a^-AR cDNA plus 
the HA epitope is about 1.5 Kb.

93



105.0^
76.0
57.0*^
46.5- ^
37.5- ^
2 8 .0 ^
20.5- ^
14.5- ^
6 .5
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Figure 35. Western blots of HA-tagged a^-ARs after immunoprecipitation in 
transfected OK cell lysates. HA-tagged a^-ARs were stably expressed in OK cells and 
immunoprecipitated as described under MefAoJx. Samples (Lanes 1 and 4 containing 690 
gg protein; Lanes 2 and 5 containing 345 pg protein; Lanes 3 and 6 containing 172.5 pg 
protein) were subjected to SDS-PAGE, transferred to nitrocellulose, and immunostained 
with anti-HA antibody (primary) and anti-mouse (secondary) antibody conjugated to 
HPR, or anti-mouse antibody alone. The size of cpa-AR is about 50 kDa. Immunoblots 
with secondary antibody (anti-mouse) alone showed two unspecific bands. Each film 
was exposed fbr 1 min to visualize the bands.
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Figure 36. Specific binding of [^H]-prazosin in membranes prepared from OK ceiis 
transfected with ot)a-AR cDNA. Data were anaiyzed by nonlinear regression (GraphPAD 
Prism) and the affinity (Kd) and the receptor density (Bmax) were caicuiated. This graph 
is representative of three experiments. Free, [^H]-prazosin concentration added.
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Figure 37. Homologous competition binding using prazosin to compete with [ H]- 
prazosin in membranes prepared from OK cells transfected with aia-ARs. The 
concentration of [ H]-prazosin is 0.25 nM. Each point represents the mean of three 
experiments, each performed in duplicate. Nonlinear regression analysis was performed 
using the GraphPAD Prism program.
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Figure 38. Binding affinities (Ki vaiues) determined by competition binding experiments 
of [ H]-prazosin with 5-methyl-urapidil (5-MU, an a^-AR selective antagonist) and 
BMY-7378 (BMY, an a^-AR seiective antagonist) using ceii membranes from a^-AR- 
transfected OK cells. Nonlinear regression analysis was performed using the Prism 
computer program. The data shown represent the mean + S.E.M. of three independent 
experiments performed in triplicate.
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Figure 39. Saturation binding with varying concentrations of [^H]-prazosin in 
membranes prepared from untransfected OK ceiis. Nonlinear regression analysis was 
performed using GraphPAD Prism computer program. This figure is representative of 
two experiments.
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Figure 40. Increase of intracellular free Ca"' induced by phenylephrine (Phe) (! pM) 
stimulation in aia-AR-transfected OK. cells loaded with the fluorescent Ca"' indicator 
fura-2/AM. The responses of intracellular Ca" were measured as the fluorescent
emission ratio of fura-2 alternately exited at 340 nm and 380 nm (F340/F380). Ca"  ̂
response to phenylephrine was blocked by the ai-AR antagonist prazosin (Pra) (1 pM). 
Arrows represent the addition of phenylephrine and prazosin to the cells. This 
experiment was independently repeated three times with similar results.
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Figure 41. Concentration-response curve for phenylephrine (Phe)-stimulated elevation 
in intracellular tree Ca' in a,„-AR-transfected OK cells loaded with the fluorescent Ca' 
indicator fura-2/AM. Responses were measured as the fluorescent emission ratio of 
Fura-2 alternatively excited at 340 nm and 380 nm (F340/F380). a^-AR-transfected OK 
cells were treated with varied concentrations of phenylephrine. Mean ± S.E.M. of 
phenylephrine-induced Ca' responses (n=4) was plotted as percent maximal response vs. 
phenylephrine concentration.
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Figure 42. Effect of phenylephrine on intracellular Ca  ̂ in untransfected OK cells. 
There was no response to 1 pM phenylephrine (Phe) in untransfected OK cells loaded 
with the fluorescent Ca* indicator fura-2/AM. Response were measured as the 
fluorescent emission ratio of fura-2 alternately exited at 340 nm and 380 nm 
(F340/F380). Arrows represent the addition of phenylephrine to the cells. This 
experiment was repeated twice with similar results.
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Figure 43. Western blots of phenylephrine (Phe)-stimulated phosphorylation of ERKI/2 
in a,.,-AR-transfectcd OK cells. The top lane of the immunoblots is the phosphoryiated 
form of ERK 1/2, whereas the bottom lane of immunoblots represents total ERK 1/2 
(phosphorylation-state independent). Cells were incubated with 0.1, 1, or 10 pM of the 
a,-AR antagonist, prazosin (Pra), or 0.1, 1, or 10 pM of the ai-AR antagonist, 
rauwolscine (RW), lor 30 min, then stimulated with 10 pM Phenylephrine fbr 5 min and 
cellular lysates were immunoblotted with phospho-specific (top lane) and total form of 
(bottom lane) anti-ERKl/2 antibodies as described in Methods. All the cells were treated 
with 10 pM of the P-AR antagonist propranolol for 30 min. A representative immunoblot 
from six independent experiments is shown.
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Figure 44. Phenytephrine (Phe)-stimulated phosphorylation of ERKI/2 in a,g-AR- 
transfected OK cells. The bands obtained in western blotting experiments (Fig. 43) were 
analyzed by densitometry, and the optical densities ± S.E.M. from six experiments were 
plotted. * p<0.05, significantly different.
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Figure 45. Phenylephrine (Phe)-induced cAMP accumulation in OK cells transfected 
with ata-ARs. Transfected OK cells were pre-treated with 1 or 10 pM prazosin (Pra), or 
1 or 10 pM rauwolscine (RW) fbr 30 min, and then treated with 10 pM phenylephrine 
(Phe) fbr 5 min. 100 pM forskolin was used to treat cells for 30 min as a positive control. 
cAMP was assayed by using a [^HjcAMP kit from Diagnostic Products Corporation. 
Bars represent the mean ± S.E.M. of three experiments. *p<0.05, significantly different 
compared to other treatments.
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Figure 46. Effect of norepinephrine on cell morphology of CHO-KT cells transfected 
with opa-ARs. a^-AR-transfected CHO-K1 cells were seeded at low density in 6-well 
plates in growth media containing either 10 pM norepinephrine (NE) or vehicle control 
(C), and phase contrast micrographs (100X) were taken from separate fields at 24 and 48 
hr. The medium containing norepinephrine was replaced at 24 hr. Representative tic ids 
of cells are shown. This experiment was independently repeated three times with similar 
results.
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Figure 47. Effect of phenylephrine on ceil morphoiogy of OK cells transfected with aia- 
ARs. aia-AR-transfected OK ceils were seeded at low density in 6-well plates in growth 
media containing either 10 pM phenylephrine (Phe) in the presence of 1 pM prazosin and 
rauwolscine or vehicle controi (C), and phase contrast micrographs (100X) were taken 
from separate fields at 24 and 48 hr. The medium containing phenylephrine was replaced 
at 24 hr. Representative fields of cells are shown. This experiment was independently 
repeated three times with similar results.
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Figure 48. Norepinephrine-induced ERKd/2 phosphoryiation in rat kidney slices which 
was partiaiiy biocked by the specific a^-AR antagonist prazosin. Top: immunobiot from 
western biotting from kidney siices treated with 10 pM norepinephrine (NE) +/- 100 nM 
prazosin (Pra). vs. control (Basal). Bottom: Bands from the immunobiot were analyzed 
by densitometry and expressed as optical density arbitrary units. *p<0.05, significantly 
different from the treatments with Basal and NE+Pra (Jeffries, unpublished data).
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CHAPTER IV

SUMMARY AND CONCLUSIONS

The aim of my study was to investigate the signai transduction pathways and 

growth effects of ata-ARs stimuiation in transfected ceh models. The first major 

objective of my study was to investigate the signa) transduction pathways of aia-ARs by 

using aia-ARtransfected CHO-K1 ceh fine as a model. The hypothesis is that in ata-AR- 

transfected CHO-K 1 cells, ata-ARs are coupled to multiple signal transduction pathways 

including the phosphoinositide hydrolysis, ERK 1/2 and cAMP pathways, and cAMP 

inhibits ERKI/2 phosphorylation. The CHO-K1 cells were transfected with the mouse 

ata-ARs and ata-ARs are coupled to intracellular Ca" mobilization and ERKI/2 

phosphorylation in these transfected cells. In my studies, I showed that activation of ata- 

ARs resulted in cAMP accumulation in ata-AR-transfected CHO-K 1 cells. This cAMP 

accumulation was dependent on intracellular Ca* mobilization. In these transfected 

CHO-K 1 cells ata-ARs can couple to Gs protein to activate adenylyl cyclase and 

increased cAMP. ata-AR-induced cAMP accumulation antagonized ata-AR-induced 

ERKI/2 phosphorylation. Therefore, in transfected CHO-K1 cells, ata-ARs are coupled 

to phosphoinositide hydrolysis, cAMP accumulation, ERKI/2 phosphorylation. There 

was a cross-talk between the adenylyl cyclase and ERKI/2 pathways. These studies 

suggested that ata-ARs can simultaneously couple to several signal transduction 

pathways, and the responses induced by these receptors are the net effect of interaction 

between these pathway.
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I then investigated the effects of aia-ARs on cell growth in a^-AR-transfected 

CHO-Kd cells. Stimulation of aia-ARs inhibited cell proliferation measured both by cell 

counting and ['H]-thymidine incorporation. My studies suggested that ERKI/2 played a 

role in cell growth, but PRC was not involved in this ata-AR-mediated effect. An 

independent study by other researchers (Shibata et a/., 2003) confirmed the inhibitory 

effects of a^-ARs on growth in these cells and suggested that a^-ARs inhibit cell 

proliferation in a^-AR-transfected CHO-K1 cells through a cAMP-dependent 

mechanism involving p 2 7 ^ ', a cyclin-dependent kinase inhibitor.

Another major objective of my study was to investigate the signal transduction 

pathways of a^-ARs in transfected OK cells. The hypothesis is that in aia-AR- 

transfected OK cells, a^-ARs are coupled to the same pathways and have similar effects 

on morphological changes in both a^-AR-transfected CHO-K1 and OK cells. In these 

studies, I started by developing a renal proximal tubule cell line transfected with aia-ARs. 

The OK cell line, which is of renal proximal tubule origin, was used 1 attached an 

epitope HA to the N-terminal of the mouse a^-ARs, and transfected the epitope-tagged 

aia-AR cDNA into OK cells. A series of experiments including radioligand binding 

experiments and Ca" mobilization assay were performed to verify that the transfected 

aia-ARs were functional. My results showed that these transfected OK cells expressed an 

a^-AR receptor density at a physiological level, and that these receptors had the typical 

a^-AR binding profile. In this a^-AR-transfected OK cell model, aia-AR-stimulated 

increase in intracellular C a '\  ERK 1/2 phosphorylation and cAMP production were 

investigated. Similar to the signal transduction pathways of a^-ARs in the transfected 

CHO-K! cells, a^-AR stimulated ERKI/2 phosphorylation. However, stimulation of
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aia-ARs in these transfected OK ceils did not induce cAMP production. a^-ARs aiso 

induced morphoiogicai changes in transfected CHO-Ki ceils but not in transfected OK 

ceils. The differences in these signal transduction pathways could be due to the 

differences in phenotype and/or receptor density between these two models. The 

morphoiogicai changes in a^-AR-transfected CHO-K1 cells are likely due to cAMP 

production induced by a^-AR stimulation. cAMP stimulation can induce CHO cells to 

change from epithelial cells to fibroblast-like cells (Puck ^  a/., 2002). In aia-AR- 

transfected OK cells, ata-AR stimulation did not induce cAMP production , and therefore 

a^-AR stimulation did not induce cell morphological changes.

The studies I described in this dissertation showed that a^-ARs couple to multiple 

signal transduction pathways and there is a cross-talk between the ERK 1/2 and cAMP 

pathways. a^-ARs inhibit cell growth and induce cell morphological changes in 

transfected CHO-K1 cells. These signaling pathways and functions of a^-ARs should be 

considered when we try to understand the physiological and pathological functions aia- 

ARs in other cell models. In addition, these studies also showed that different signal 

transduction pathways can be induced by a^-AR stimulation in different cell models, 

such as in transfected CHO-K1 and OK cells. These studies suggested that aia-AR- 

induced signal pathways are cell type specific, and findings from one cell mode! can not 

be simply applied in another cell model. The newly developed a^-AR-transfected OK 

cell model provides a good tool to investigate how sympathetic nervous system regulates 

renal function, signaling pathways and functions of a^-ARs in the renal proximal 

tubules, and pathological changes of renal proximal tubules when a^-ARs are stimulated 

or blocked. This newly developed a^-AR-transfected OK cell model as a tool, as well as



the studies performed is these ceiis will be helpful fbr understanding the functions of 

these receptors in the kidney.
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