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Abstract

A MOLECULAR AND PHARMACOLOGICAL STUDY OF THE arARs: 
FROM THE NOVEL ALTERNATIVELY SPLICED a 1A-A R  ISOFORMS 

TO THE ACUTE EFFECTS OF TRIIODOTHYRONINE

by Herbert K. Dang

Chairperson of the Supervisory Committee: Dr. Margaret A. Scofield, Ph.D
Department of Pharmacology

Numerous literary works dating as far back as the turn o f  the 19th century 

contain precise physiological descriptions of adrenergic stimulatory effects on the 

human body, which offer testimony to our interest in adrenergic receptors or 

adrenoceptors. In fact the earliest recorded documentation alluding to the 

existence of adrenoceptors dates to the 1905, where it was observed that the 

increase in blood pressure by adrenaline could be reversed by ergotoxine. It was 

not until the late 1940’s, when the adrenoceptors were classified into (X and ß  

types, that our trivial fascination with these receptors was transformed into a 

euphoria of scientific investigations. As a result, our exploration into the 

adrenoceptors has tremendously enlightened our pharmacological insights and 

drug perceptions. Such things as the physical structure, the biological function, 

the production of second messenger chemicals, the synthesis and degradation, 

and even the regulation of the adrenoceptors have been uncovered by scientific 

inquiry. This accumulating data on the adrenoceptors has not only rewarded



mankind with a multitude of therapeutic applications for m any diseases and 

disorders, but has brought to the forefront the preeminent ro le the adrenergic 

system plays in the human body. Today, agonists and antagonists of 

adrenoceptors are used to treat a wide range of ailments, from  cardiovascular 

diseases like hypertension, to asthma and nasal sinus congestion.

To date, there are two major categories of adrenoceptors recognized, the a  

and ß adrenergic receptors (-AR). The a-ARs generally are associated with 

constriction of blood vessels, while the ß-ARs with vasodilatation. The a-AR is 

further divided into the two subgroups: the a r AR and the a 2-AR. The study of 

the a,-AR is of particular importance for the cardiovascular system and secretory 

glands, and therefore is the chief focus of our scientific investigation. With this in 

mind, the first series of projects dealt with the examination of the distribution of 

mRNA transcripts for each of the a,-A R subtypes (a1A-AR, a 1B-AR, and a 1D-AR 

) using the sensitive molecular technique of competitive reverse transcription- 

polymerase chain reaction (RT-PCR). Initially, I investigated the transcripts 

present in the various cells that comprise the rat parotid, and then characterized 

the transcripts in assorted tissues of the rat heart.

The overall goal of my first project was to document quantitative 

differences among the three a r AR mRNA levels among the tissues, which would



perchance indicate functional diversity. In the first study, I found that the a 1D- 

AR subtype mRNA transcript was present in the acinar cells, but was 

undetectable in the duct cells. The second study involved th e  detection and 

quantification of the three 01,-AR subtypes amid the various tissues and cells that 

compose the heart, such as between the ventricle and atrium. I  found that the 

three a,-AR subtypes are discretely distributed throughout the heart. The a 1B- 

AR subtype mRNA transcripts was by far the most expressed, with the left 

ventricle having the highest levels.

Of the three acknowledged (X,-ARs subtypes, the remainder of this 

dissertation primarily focuses on the transcript variants of the oc1A-AR. Over the 

past few years, production of these variants by alternative sp lic ing has been of 

particular importance to geneticists. With almost all of the human genome 

sequenced, scientists are perplexed by the gross underestimation o f genes. It is 

now believed that humans have far fewer genes than expected, a t  around 30,000- 

35,000, as opposed to the initial 100,000’s prediction. When compaired with 

other species, the nematode worm has 18,000 while the fru it fly has around 

13,000 genes. Therefore, in order to resolve this dilemma of h av in g  so few genes 

and so many proteins, the concept of alternative splicing em erged as a possible 

explanation. In its most basic element, alternative splicing allow s the production 

of numerous proteins from one single gene.



Using a variation of RT-PCR, I have identified and isolated several 

alternatively spliced mRNA transcripts for the a 1A-AR in the rat parotid gland. 

The nucleotide and deduced amino acid sequences of these variants differ from 

the wild-type in the carboxy tail region of the a 1A-AR transcript. Given that the 

function of the translated proteins from these alternatively spliced cc1A-AR 

transcripts is currently unknown, my study investigated a possible role for these 

proteins. Some of the possible functional consequences I scrutinized include 

alterations in ligand binding, modifications in second messenger inositol 

phosphate production, and changes in mitogenic pathway activation. In the end, 

I found that our spliced variants of the a 1A-AR had no significant functional 

effects on these parameters. However, since the carboxy tail p lays an important 

role in desensitization of the a r AR, future studies might investigate what effects 

these spliced variants have in sequestration and internalization.

In the final pages of this dissertation, several addendum chapters are 

included which describe a number of novel studies on the oc1-ARs. To begin 

w ith, the first study used RT-PCR to detect a r AR subtype transcripts in the 

gerbil spiral modiolar artery (SMA). The SMA is important to Hearing because it 

is the only vessel supplying blood to the cochlea, the organ responsible for 

hearing. In addition, previous pharmacological studies have show n the vascular 

to n e  of the SMA is under sympathetic control. Therefore, the goal was to



provide evidence for the presence of the a r AR mRNA transcripts, which would 

substantiate the pharmacological findings. By using a,-AR subtype specific 

primers designed from published rat sequences and RT-PCR, w e  have detected 

the presence of the a 1B-AR and a 1A-AR transcripts in the SMA. Comparison of 

the gerbil nucleotide and putative amino acid sequences with the rat, mouse, and 

human showed a high identity.

The second adjunct chapter was precipitated by the results obtained from 

the preceding study on the gerbil. Results from the pharmacological studies 

implied the Gt1A-AR played a predominant role in the contraction of the SMA. 

However, comparison with the pharmacological profile of the rat a 1A-AR 

revealed subtle, yet noteworthy differences with the gerbil. Therefore, the 

specific aim was to isolate and clone the a 1A-AR from the gerb il in order to 

determine if the disparity was a result of species dissimilarity. B y  expressing the 

cloned gerbil a 1A-AR in a mammalian cell line, a more thorough pharmacological 

profile could be generated.

Finally, the last supplemental chapter describes several exciting, novel 

findings involving thyroid hormone. Contrary to the dogma, thyroid hormone 

has the potential to elicit acute, non-genomic effects. U sing the pig left 

circumflex artery as a model, application of triiodothyronine resulted in the 

relaxation of vascular tone that was immediate and long lasting. The extremely



short onset could not be accounted for by means of the classic genom ic effects of 

thyroid hormone. Curiously, the result from the functional assay suggests 

triiodothyronine may also antagonize a r ARs in an irreversible manner, quite 

similar to phenoxybenzamine. Using saturation-binding studies involving 

radiolabeled prazosin, it was demonstrate that triiodothyronine does indeed bind 

to otj-ARs. The significance of this finding is that thyroid hormone may be a 

naturally produced antagonist of the a,-ARs, which would have potential 

therapeutic usefulness. In addition, thyroid hormone has the potential to 

produce an acute, extranuclear effect. Nevertheless, th e  physiological 

ramifications of this unusual response to thyroid hormone rem ains obscure and 

further studies are required.
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BACKGROUND AND OBJECTIVES

It has long been recognized that adrenergic neurons play a  significant role 

in the autonomic nervous system. The adrenergic neurons release dieir 

transmitter at most sympathetic postganglionic neuroeffector junctions, where 

they bind to the appropriate adrenoceptors. The adrenoceptors respond to the 

neurotransmitter norepinephrine, and the adrenal hormone and neurotransmitter 

epinephrine and mediate several central and peripheral physiological 

responses(Bylund et al., 1994). Some of these responses include, regulation of 

blood pressure, myocardial contractile rate and force, a irw ay reactivity, and 

various metabolic functions(Docherty, 1998). Loss or disruption of the 

adrenergic system has serious consequences, such as the body’s inability to cope 

with stress. The research analyzing adrenoceptors has produced many beneficial 

remedies for an assortment of diseases such as asthma, hypertension, depression, 

glaucoma, congestive heart failure, angina, and even benign prostatic 

hyperplasia(Hieble and Ruffolo, 1994;Ruffolo, Jr. et al., 1995a;Hieble and Ruffolo, 

Jr., 1996b).

Historical Perspective

Whenever undertaking any study on adrenoceptors, it is often prudent to 

first review the historical perspective. A major breakthrough occurred in 1948, 

when Ahlquist divided the adrenoceptors into two major types(Drew and 

Whiting, 1979)(Figure 1). After a variety of tissues were subjected to several 

catecholamine compounds and the physiological responses recorded, the



adrenoceptors were divided into a  or ß-adrenergic receptors (-AR) based upon 

the rank order of potency of the compounds. The a-AR designation was defined 

by the catecholamine potency series isoproterenol>epinephrine>norepinephrine 

and demonstrated contraction responses, while the ß-AR w as defined by 

epi=norepi>iso and showed “inhibition” or relaxation responses.

2



Figure 1: Historical perspective of adrenergic receptors.
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The next major development took place in 1974, when the a-AR was 

further subdivided into two subtypes: a ,-A R  and a 2-AR(Langer, 1974) (Figure 1). 

This subdivision was based upon receptor localization, whereas the a,-AR was 

located postjunctionally and the a 2-AR was located prejunctionally. Furthermore, 

postjunctional a,-AR on vascular smooth muscle mediated excitatory responses, 

while prejunctional a 2-AR attenuated neurotransmitter release f ro m  sympathetic 

nerve terminals. However, recent data has shown this simple generalization to be 

inaccurate. Presently, a 2-ARs may also be localized postjunctionally, such as in 

human platelets, adipocytes, and some vascular smooth rmascle(Drew and 

Whiting, 1979Angel et al., 1992).

With the onset of radioligand binding methodologies, th e  classification of 

(Xj-AR was further subdivided. By the mid 1980’s, the resu lts  from several 

binding assays demonstrated the presence of a heterogeneous population of a ,-  

ARs, which was categorized into two a,-A R  subtypes: the a1A- A R  and the a 1B- 

AR, respectively(Morrow and Creese, 1986). The classification was based upon 

the differential affinity for a variety of agonists, including norepinephrine, 

epinephrine, phenylephrine, oxymetazoline, and methoxamine, as well as some 

antagonists, such as WB 4101, 5-methyurapidil, and phentolamine. The a 1A-AR 

subtype had a higher affinity for these agonists and antagonist a s  compared to the 

oc1B-AR. This classification was further substantiated by b in d in g  studies using 

chlorethylclonidine (CEC) and the irreversible antagonist SZL-4-9, for which the
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OC1a-AR subtype was highly sensitive to these compounds as contrasted with the 

ct1B-AR(Minneman et al., 1988;Piascik et al., 1988;Piascik et al., l989;Piascik et al.,

1990).

Although the advances of molecular biology in the past decade 

revolutionized the a,-AR classification, it was both a blessing as well as 

problematical. Attempts to correlate the cloned receptors w ith the associated 

pharmacologically characterized a r ARs proved to be very daunting for a variety 

of reasons. First, there are very few drugs that are specific for each subtype. 

Secondly, most tissues express a heterogeneous population of oq-ARs and limit 

the usefulness of binding studies. Third, the detection of each a ,-A R  subtype is 

very challenging because in some tissues the mRNA of certain 06,-AR subtypes 

are recurrently expressed in low levels. Fourth, the a,-AR subtypes couple to 

similar second messenger pathways making it difficult to detect functional 

diversity among the subtypes. Lastly, there appears to be a differential species 

expression of the a,-AR subtypes (Ruffolo, Jr. et al., 1982;Steinfath et al., 1992). 

In spite of this, cloning of the a r AR has confirmed the presence of multiple 

subtypes detected by pharmacological assays, as well as led t o  the analysis of 

structural similarities and differences among the subtypes.

The first receptor to be cloned was die a lb-AR, obtained fro m  DDT1-MF2 

Syrian hamster smooth muscle cell line(Cotecchia et al., 1988). T h is  clone had the 

pharmacological characteristics of the a 1B-AR, and was therefore given the



classification of the a ,B-AR. The second clone isolated from bovine brain, was 

originally designated the a lc-AR(Schwinn et al., 1990). This receptor had the 

pharmacological traits of the “classical” a 1A-AR having high affinity for WB 4101 

and oxymetazoline, as well as being very insensitive to CEC, so therefore it was 

reclassified as the a 1A-AR. A third a,-AR clone, designated the a la-AR, was 

derived from rat cerebral cortex and initially categorized as the oc1A-AR, since it 

shared some binding characteristics as the classical a 1A-AR(Lomasney et al.,

1991). This clone was shown to have a high affinity for W B  4101, but was 

partially insensitive to CEC. In addition, comparison of the third clone sequence 

to a subsequent fourth clone showed the two were almost identical, with the 

exception of two codons. As a result the two receptor clones are believed to 

encode the same subtype, a 1D-AR. This fourth clone, named the a ld-AR, was 

isolated from rat hippocampus tissue(Perez et al., 1991). This cloned receptor did 

not correspond pharmacologically to any previously identified subtype, so it was 

designated as the a ,D-AR. Thus, current IUPHAR nomenclature of the a r AR 

recognizes three subtypes: the a 1A-AR, the a 1B-AR, and the a 1D-AR(Hieble et al., 

1995).

Still, despite the wide acceptance of the three 0,,-AR subtype classifications, 

there still remains an area of controversy with regard to the putative cqL-AR. The 

existence of the a 1L-AR was originally proposed following the analysis of several 

affinity studies involving the vascular smooth muscle of blood vessels from



rodents and rabbits(Holck et al., 1983;Flavahan and Vanhou-tte, 1986). The 

authors concluded from these studies that the ligand prazosin could identify oc,- 

ARs with either a high affinity or low affinity. Furthermore, th ey  suggested that 

prazosin be used to distinguish two subtypes of a r AR: a ot1H-A R  to represent the 

high-affinity binding site, and a a 1L-AR representing the low-affrruty binding site. 

Soon after, the concept was extended when the previously defined a 1A-AR, oc1B- 

AR and a 1D-AR, which all have high affinity binding for prazosin, were labeled as 

the ct1H-AR(Muramatsu et al., 1990b). At the same time, the a , L-A R classification 

was further subdivided following binding studies using th e  novel a,-AR 

antagonist HV 732. The a 1L-AR would characterize an atypical ex,-All which has 

a low affinity for prazosin, while the a 1N-AR would denote a class of receptors 

having both a moderate affinity for yohimbine and a high affinity for HV 

732(Muramatsu, Ohmura, Kigoshi, Hashimoto, and Oshita, 1990b;Muramatsu et 

al., 1990a;Muramatsu et al., 1991;Noguchi et al., 1993a;Ohmura et al., 

1993;Muramatsu et al., 1994;Noguchi et al., 1995;Ohmura and Muramatsu, 

1995;Muramatsu et al., 1996;Hiraoka et al., 1999). H owever, despite the 

numerous pharmacological binding assays that strengthen the CX1H-AR, a 1L-AR, 

and a 1N-AR classification scheme, so far no clones representing the a 1L-AR and 

0C1N-AR have been isolated to date.
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Characteristics and Signal Transduction o f  Adrenoceptors:

The notion that drug molecules bind to some biochemical component in

order to commence a characteristic cellular response has long b een  a fundamental 

concept of pharmacology. To date, adrenoceptors encompasses a large family of 

seven transmembrane receptors categorized into a„ a2, and ß subtypes. In 

addition, another universal element o f the adrenoceptors is th e  coupling to a 

guanine nucleotide protein (G-protein), with each subtype associated with a 

specific G-protein. The activation of specific adrenoceptors causes the initiation 

of specific second messenger production via the equivalent G-protein. The 

second messenger system not only amplifies the activated receptor signal, but also 

governs the tissue response. In the case of the a r AR, the Gq-protein stimulates 

the phospholipase C enzyme to cleave plasma bound phospholipids to produce 

diacylglycerol and inositol 1, 4, 5-triphosphates, which in tu rn  activates the 

protein kinase C enzyme as well as the release of calcium from the sarcoplasmic 

reticulum, respectively. The overall physiological effect of th e  cq-AR second 

messenger cascade is the constriction of peripheral blood vessels by means of 

smooth muscle contraction. In the meantime, the a 2-AR activates the Grprotein 

inhibiting adenylyl cyclase activity, while the ß-ARs stimulates adenylyl cyclase 

through the Gs-protein (Figure 2).



a 1 a 2 ß

(a 1g» a ib> a id ) (a2a’ a 2b’ a 2c^ ^ 1 * ^ 2 ’ ^3 ^

Q q Gi
j

Gs
I

increase
I

inhibit stimulate
calcium adenylyl adenylyl

cyclase cyclase

Figure 2: Current Classification of the Adrenergic Receptor Family, the 
Associated G-protein, and the Cellular Response.

Catecholamines Norepinephrine and Epinephrine:

Two endogenous chemical substances important in the interaction with the

adrenoceptors have been identified as norepinephrine and epinephrine. These

chemical substances are naturally produced by the human body, and referred to as

“catecholamines” based upon their chemical structure. Catecholamines consist of

a catechol group (3,4-dihyroxybenzene), and a two-carbon side chain with a

terminal amino group (ethylamine) (Figure 3).
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Figure 3: Skeletal Structure of Catecholamine.

In addition, norepinephrine and epinephrine are also labeled as neurotransmitters, 

which are defined as chemical substances released from neirve endings that 

transmit impulses across a synapses. Norepinephrine is the main 

neurotransmitter at most sympathetic post-ganglionic nerve endings, and is stored 

in the synaptic knobs of the neurons. In the medulla of the acLrenal gland, both 

norepinephrine and epinephrine are produced and secreted. T h e  adrenal gland 

contains an enzyme, phenylethanolamine-iV-methyltransferase, th a t  catalyzes the 

conversion of norepinephrine to epinephrine. The absence o f  this enzyme in 

neurons accounts for the lack of any significant production o f  epinephrine in 

nerves.

biosynthesis of'Norepinephrine and Epinephrine:

Synthesis of norepinephrine begins with the activity of th e  enzyme tyrosine

hydroxylase, which adds a hydroxyl group to the amino acid tyro sin e  to form L-

Dopa (dihydroxyphenylalanine)(Nagatsu, 1995). Next, removal of the carboxyl

10
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group and replacement with a hydroxyl group to the ß carbon by two enzymes 

produce norepinephrine (Figure 4). To form epinephrine, a m ethyl group is 

added to norepinephrine. Of all the enzymes available in the pathway, tyrosine 

hydroxylase is rate limiting and thereby controls the rate of synthesis. Research 

has revealed tyrosine hydroxylase is regulated by short-term as w e ll as long-term 

mechanisms (Costa et al., 1974a;Costa et al., 1974b;Kumer and Vrana, 

1996;Flatmark, 2000). Short term modulation consists mainly o f  catecholamines 

controlling tyrosine hydroxylase activity by means of a feedback inhibition 

mechanism(Fitzpatrick, 2000). In addition, several protein kinases, such as PKA, 

PKC, and ERK 1/2 can phosphorylate several amino acid residues of tyrosine 

hydroxylase(Berhow et al., 1996;Lim et al., 2000). This phosphorylation prevents 

feedback inhibition of catecholamines synthesis, thereby increasing tyrosine 

hydroxylase enzymatic activity(Zigmond, 1980;Vrana et al., 1981;Goldstein and 

Lieberman, 1992;Fitzpatrick, 2000). Long-term control involves both alterations 

in transcriptional and translational machinery(Masana and Rubio , 1979;Fujinaga 

and Scott, 1997). Cloning of the gene for tyrosine hydroxylase has revealed 

several response elements located in the 5' -promoter flanking regions, such as 

CREB(Nagatsu, 1995). Activating CREB via cAMP-dependent kinases, binds to 

the upstream DNA causing RNA polymerase to bind to the promoters, thereby 

increasing the rate of transcription(Dupin et al., 1993;Lazaroff e t  al., 1995;Tinti et 

al., 1996;Nagamoto-Combs et al., 1997;Piech-Dumas et al., 2001). It is believed 

that a change in these regulatory mechanisms contributes to a v a r ie ty  of disorders

11



and diseases involving the adrenergic system. Further studies are needed to 

elucidate and document these potentially detrimental effects.
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Degradation o f  Catecholamines:

In order to control the effects of the norepinephrine and epinephrine, it is

essential to rapidly remove the transmitter from the synapses. This is

accomplished by two enzymes, the mono-amine oxidase (TvLAO) and the

catechol-O-methyltransferase (COMT) (Grohmann, 1987;Eisenhofer and Finberg,

1994;Kopin, 1994). The former catalyzes by oxidation, while the latter inactivates

by mcthylation(Yasunobu, 1975;Rivett et al., 1982). MAO is localized in the

mitochondria, and widely distributed throughout the body, especially in large

quantities in the brain, liver, kidneys, and in the nerve endings (Lowe et al.,

1975;Robinson et al., 1977;Bukhari et al., 1981;Hobel et al., 1981;Caramona and

Soares-da-Silva, 1990). On the other hand COMT is not found in  nerve endings,

but is also widely distributed throughout the body with copious concentrations in

the liver and kidneys(Raxworthy et al., 1982;Grossman et al., 1985). Since COMT

is the more rapidly acting enzyme, for the most part circulating epinephrine and

norepinephrine are metabolized by methylation(Bryan-Lluka, 1995). In nerve

endings, the transmitter in the synapse is transported back into th e  nerve endings

by a reuptake mechanism, whereby MAO m ain ly  determines

catabolism(FIenseling, 1983;Trendelenburg, 1989). The forem ost products

resulting from the metabolism by MAO and COMT a r e  3-Methoxy-4-

hydroxymandelic acid (VMA) and 3-Methoxy-4-hydroxy-phenylglycol (MOPEG),

which is excreted into the utine(Rogers et al., 1991;Stanosz and Wasilewska,

1992). In addition, small amounts of methylated derivatives a re  conjugated to
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sulfates and glucuronides and also excreted in the urine (Rivett, Eddy, and Roth, 

1982).

Mechanism o f  Action o f a^ARs:

Since this study focuses upon the OC,-ARs, a brief description of these

receptors mechanism of action is warranted. To reiterate, the cq-AR belongs to a 

superfamily of heptahelical, G-protein coupled receptors (Graham et al., 

1996;Lefkowitz, 2000). Ligand binding to the a,-AR activates the receptor 

complex, which results in stimulation of the Gq-protein(Rohrer and Kobilka,

1998). Upon activation, the nucleotide guanine diphosphate (GDP) is exchanged 

for guanine triphosphate (GTP) resulting in the trimeric Gq-protein separating 

into two entities by the disassociation of the a-subunit from the ßy-subunit, and 

the second messenger cascade commences. The a-subunit activates the y  

isoform of the phospholipase C enzyme, which cleaves plasma bound 

phospholipids into diacyglycerol (DAG) and inositol-1 ,4 ,5-triphosphates 

(IP3)(Kowatch and Roth, 1991) (Figure 5). In turn, IP3 binds to inositol 

phosphate receptors located on the sarcoplasmic reticulum liberating calcium, 

while DAG activates the enzyme protein kinase C (PICC) to potentially 

phosphorylate specific cellular proteins(Han et al., 1990;Hattofi et al., 

l996;Taguchi et al., 1998;Marshall et al., 1999). Therefore, the general 

physiological effect from this cascade is constriction of b lood  vessels via 

contraction of smooth muscle cells. Further, the ßy-subunit of the G-protein also 

initiates a series of secondary effector systems(Im et al., 1987;Muller et al.,
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1993;Kageyama, 1995;Delmas et al., 1998;Iaccarino et al., 1999;Reusch et al., 

2001;Viard et al., 2001).

Ca ------------->

I I
Figure 5: Schematic Diagram of the Signaling Pathway for the a t- 

Adenergic Receptor.

Gernnd. Charactenslm o fjh i cc^ARs:

Over the past 15 years, an accumulation of molecular and pharmacological

data pertaining to the characteristic properties of the a t-ARs have aided in 

understanding its general structure. First, the a r ARs belongs to a super family of 

receptors consisting of seven transmembrane spanning domains, each composed 

of 20-28 hydrophobic amino acids, capped with an amino terminus located
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outside and the carboxy terminus on the inside of the cell (Figure 6). With the 

transmembrane domains in place, the a r ARs form three intracellular and three 

extracellular domains. Secondly, the a,-Alls are categorized into three universally 

recognized subtypes, each comprised of a single polypeptide chain that ranges 

from a minimum of 466 to a maximum of 561 amino acids in length. Third, the 

amino terminuses of each a ,-All subtype contain various glycosylation sites, 

which are believed to influence the selectivity as well as affinity o  f ligand binding. 

On the other end, the carboxy terminuses of each a,-AR subtype possess a 

variety of phosphorylation sites for several serine/threonine kinases, such as 

GRK, PKA and PKC. These phosphorylation sites have been found to play an 

integral part in the regulation, as well as in the function of the ocr ARs(Cotecchia 

et al., 1995;Diviani et al., 1996;Diviani et al., 1997). Fourth, although the genes 

for each human a,-A 11 subtypes have not been fully sequenced, the loci for each 

subtype appear to be localized to different chromosomes. Lastly, although not 

definitive, recent development in a,-AR subtype selective antagonists has helped 

to map patterns of regional tissue localization amongst the various subtypes 

(Figures 7 & 8) (Table l)(Hieble and Ruffolo, 1994;Ruffolo, Jr. et al., 

1995b;Hieble and Ruffolo, Jr., 1996b).
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Note: Based upon protein motif prediction software! Green residues represents 

transmembrane spanning domains; light blue signifies constitutive activity 

mutational site; red denotes PKC sites; white denotes PKA sites; blue denotes 

casein kinase II sites; and crosses denotes gfycosjlation sites.

Figure 6: Schematic Diagram of Amino Acid Residues of the a^-AR 
using the Single Letter Amino Acid Code.
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Table 1: Summary of c^-AR Characteristics.

Characteristics <*1A ^ 1B

Amino Acids 466 515 561

Glycosylation Sites 
(N-terminus)

3 4 2

Phosphorylation
Sites

PKA, PKC PKA, PKC

Chromosomal
Localization

8 5 10q23-25

Subtype-selective
agents

5-methylurapidil, 
(+) niguldipine, 

oxymetazoline, A- 
61603, SNAP- 

5089, KMD-3213, 
RSI7053

Chloroethylclonidine
(CEC)

(+)
N orepinephrine, 
BMY 7378, SKF 

105854

Nonselective
agents

Prazosin,
phentolamine,

phenoxybenzamine
terazosin,
doxazosin,
tamulosin

Prazosin, 
phentolamine, 

phenoxybenzamine 
terazosin, doxazosin, 

tamulosin

Prazosin,
phentolamine,

phenoxybenzamine
terazosin,
doxazosin,
tamulosin

Regional Tissue 
Localization

Rat kidney, 
submandibular 

gland, rabbit liver, 
human heart and 

liver

Rat spleen, liver, and 
heart

Rat aorta, lung, and 
cerebral cortex
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Genomic Organization and Composition o f  the a rARs:

Throughout the last decade, with the advent of the polymerase chain

reaction methodology and the resulting explosion in applications, in conjunction 

with genomic library screening, much has been learned ab o u t the genomic 

organization and composition of the a r ARs. First, although th e  majority of the 

GPCR class lacks introns, the a,-AR genes contain two exons separated by one 

intron of 16-20 kb in length(Gentles and Karlin, 1999). The suspected presence 

of a large intron arises mainly from the isolation and characterization of the 

genomic sequence of the oc1B-AR from the rat species(Gao a n d  Kunos, 1993). 

Likewise, the OC1A-AR, the only other a ,-A ll gene that h a s  been partially 

sequenced, includes about 9 kb of the prospective intron, thereby lending 

credence to this assumption. In addition to the intron be in g  very large, the 

location of the intron within the sixth transmembrane domain is  highly unusual, 

making the a r ARs very unique among the GPCR family. The presence of a large 

intron presents a perplexing situation in terms of function, and contradicts 

conventional thinking. Considering the coding region is roughly less than 10 % 

of the intron in size, it appears that a great deal of cellular energy and resources 

are wasted in transcribing the a r AR gene. In addition, introns are theorized to 

have evolved in order to increase diversity by enhancing mutational 

recombination, therefore, introns are likely to be found in regions of genes with 

low conservation(Duret, 2001). Yet, the a,-AR gene is located within a 

transmembrane region, which is expected to be highly conserved and resistant to



mutations. In summary, the a,-AR gene represents a complex entity requiring 

further investigation.

The a r AR genomic sequences upstream of the 5' untranslated regions 

(UTR) have been investigated for the presence of transcriptional promoters. 

These studies have found that all the a,-AR genes lack a TATA box, and that 

each subtype had varying quantities of CAAT boxes, indicating the potential for 

multiple transcriptional start sites (Table 2). In addition, each C X .,-A R  subtype 5' 

UTR flanking regions contain various cis-regulatory elements, which upon 

comparison lacked any sort of consensus (Table 3)(Gao et al., 1995;Razik et al., 

1997;Lee et al., 1998). This strongly suggests that the differential regulation of 

transcription of a,-AR genes may be controlled by a large number of 

transcriptional factors.
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Table 2: Characteristics of 5’ Flanking Region of Selected oq-Adrenergic
Receptors.

Available
SL

UTRfkb^

%GC in 
first 1000 

bp

TATA CAAT Transcription 
box box Start site

Human
CCu

6.3 62

Human
«ib

Rat a lb

Rat a Id

0.90

2.5

0.40

58

70

73 0

1

3

3

ND

Note: The corresponding GenBank accession numbers; Human a la (U72653); Human a lb 
(M99589); Rat a lb (U83985); and Rat a ld (L31771).
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Table 3: Cis-Regulatory Elements of Selected Adrenergic Receptors.

Available
5'Flanking
Region
m

AP-1 AP-2 CRE GRE ERE IRE

Human
«la

6.3 2 2 6 6 3 12

Human
a ib

0.90 - 1 1 - - -

Rat
«ib

2.5 1 1 2 1 - 6

Rat
aw

0.4 - 2 - - 1 -

Note: activator protein-1 (AP-1), activator protein-2 (AP-2), cAMP response 
element (CRE); glucocorticoid response element (GRE); estrogen response 
element (ERE); and insulin response element (IRE).

There is compelling evidence that the various a r AR genes may also 

possess inherendy novel mechanisms for regulating transcription. One such 

mechanism is multiple transcriptional start sites, which vary among the a t-AR 

subtypes, between various tissues, as well as between species. In the a 1B-AR, 

Northern blotting and primer extension analysis of liver mRNA reveal three 

discretely sized transcripts, while screening the cardiac muscle and rat brain 

revealed only two discrete transcripts. Further analysis with CAT fusion genes 

found that the three transcript species of the a 1B-AR resulted from three multiple
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promoter sites (McGehee, Jr. and Cornett, 1991;Gao and Kunos, 1994;Jones et 

al., 1997).

Transcriptional Regulation o f (Z.-slRs:

Alternative splicing of mRNA transcripts may also serve to regulate

receptor transcription, as well as receptor function. So far, on ly  studies on the 

human a 1A-AR and the rat oc1B-AR mRNA have produced experimental data on 

spliced variants. It is evident from the variants studied that there is more than 

one intron present in the a 1A-AR genes. The a 1B-AR alternative splicing occurs in 

the 5' UTR, while the a 1A-AR alternative splicing affects m ainly the carboxy tail 

region(Hirasawa et al., 1995;Jones, Deng, MacLeod, and Cornett, 1997;Chang et 

al., 1998). The splicing of the a 1B-AR affects the promoter region, which may 

produce two or three mRNA transcript species, depending upon the tissue 

typeQones, Deng, MacLeod, and Cornett, 1997). In sharp contrast, many 

investigators studying the expression of the a 1A-AR alternative splice transcripts 

in cells have found some variants that may affect the b inding affinities for 

agonists, but the majority of identified variants failed to alter the physiological 

function for the resulting protein isoforms(Hirasawa, Shibata, Hone, Takei, 

Obika, Tanaka, Muramoto, Takagaki, Yano, and Tsujimoto, 1995;Chang, Chang, 

Yamanishi, Salazar, Kosaka, Khare, Bhakta, Jasper, Shieh, Lesnick, Ford, Daniels, 

Eglen, Clarke, Bach, and Chan, 1998;Coge et al., 1999). To add to the confusion, 

some a 1A-AR spliced variants had similar binding characteristics to typical a 1A-

AR, yet functional studies show a similarity to the a 1L-AR(Daniels et al., 1999).
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Clearly, the human CX1A-AR alternative splicing lacks a universal theme, and the 

purpose for this mechanism remains unknown. To d a t e ,  speculations 

surrounding the functional role of the oc1a-AR spliced variants in c lu d e  effects on 

receptor dimerization, compartmentalization of receptors, endocytosis, as well as 

with G-protein coupling, all of which remain unproven.

It is important to note, although substantial information I t  as been derived 

concerning the genomic regulation of a,-AR genes, s tu d ie s  investigating 

transcriptional regulation of the a,-AR genes continue to be problematic for 

several reasons. First, the 5' UTR region is very rich in GC 11 n  crlco tides making 

assays such as primer extensions often very difficult to successfully perform, due 

to secondary structure formations. In addition, the a r AR mRJNJA levels tend to 

be low and the homologies between CX,-AR subtypes are h igh , which tends to 

increase the likelihood of cross hybridization. In summary, it i s  evident that the 

a,-AR gene presents a very complex package and that further s tu d ie s  are needed 

in order to gain valuble insights into the genetic regulation of a r A R s .

Mitovenic Pathways:

Within the past few years, investigations have recently' recognized that 

activation of the a,-AR has the potential to stimulate proliferation and mitogenic 

effects. It has long been known that these effects are precipitated by activating a 

serial succession of serine/threonine kinases referred to as the .mitogen-activated 

protein kinase (MAPK) signaling pathway(Gutkind, 1998b). Initiation of this
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pathway is often activated by such extracellular stimuli as epidermal growth factor 

(EGF), and the progression of the signal transduction cascade is intimately 

controlled and sequential in nature, analogous to a “fire bucket brigade.” As each 

subsequent kinase is activated, the signal not only becomes amplified but also 

transferred from the cell surface to the nucleus. So far, th ree  major MAPK 

pathways have been identified and classified based upon a particular kinase: the 

ERK 1 & 2, p38, and JNK/SAPK(Seger and Krebs, 1995) (Figure 9). 

Additionally, the initiation and propagation through each specific pathway results 

in various cellular responses, such as proliferation, apoptosis, a n d  even cellular 

differentiation. Recent studies have also produced data supporting the activation 

of minor mitogenic kinases by GPCR such as STATs, c-FOS, a n d  c-JUN(Coso et 

al., 1996;Sellers et al., 1999;Wilkinson and Millar, 2000). Adding to the confusion 

and difficulty in studying mitogenic effects, each pathway also has the potential 

for cross-talk and activation of adjacent pathways. Therefore, with so many 

possible combinations, identifying activation and function of specific  mitogenic 

pathways becomes a daunting task.
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Figure 9: Mammalian MAPK Signaling Pathways.

Mitogenic Activation by aL-A.Rs:

Recent studies investigating the role of a r ARs in the activation of

mitogenic pathways indicate that stimulation of a r ARs dramatically affects cell

growth and proliferation, and may enhance gene transcription. In fact,

stimulation of a r ARs in human vascular smooth m uscle cells activates

mitogenesis via tyrosine protein kinases(Hu et al., 1999) (F igure 9). Other

investigations have shown that when rat-1 fibroblast cells are over-expressed and

stimulated with 0t1B-AR and subsequendy injected into nude m ice , tumorgenicity



and cellular proliferation were promoted(Allen et al., 1991). Studies have also 

shown that the various subtypes of a,-ARs can activate distinct mitogenic 

pathways, with some subtypes having a greater effect. In PC 12  cells transfected 

with the three a r AR subtypes, the a 1A-AR shows the greatest mitogenic 

effect(Zhong et al., 2000;Minneman et al., 2000a). Furthermore, these studies 

also demonstrated that the ERK, as well as the JNK pathway’s were responsible 

for the mitogenic effect in PCI2 cells. On the other hand, rat-1 fibroblasts 

inhibited the ERK pathway, while the p38 pathway was activated(Alexandrov et 

al., 1998). Hence, particular cell lines have a predisposition for certain mitogenic 

pathways, so extreme caution must be exercised whenever formulating any 

generalizations about activation of specific mitogenic pathways. In addition, 

studies investigating the potential of the possible role the ßy-subunit have in 

second messenger production, clearly demonstrate its capacity to also activate 

several mitogenic pathways(Hedin et al., 1999). To date, although the results 

from several studies allow some limited degree of speculation, the complete fx,- 

AR nuclear pathway has not been fully elucidated, and a substantial amount of 

work remains.
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G protein-coupled receptor receptor tyrosine kinase

Figure 10: Schematic Diagram of Proposed Mitogen Activating Pathway 
of the a x-Adrenergic Receptors.
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Modulation o f Adrenoceptors:

One particular aspect of the a r AR that has in recent years undergone

tremendous growth and awareness deals with the modulation of G-protein

coupled receptors by cellular adaptations responding to changes in homeostasis.

Several of these adaptations include receptors uncoupling from G proteins,

internalization and sequestration of receptors, recycling of receptors, degradation

of receptors by lysozymes, and even controlling synthesis of receptors by

manipulating gene transcription and protein expression. Many of the regulating
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processes proposed to influence the OCj-AR have emerged only" after extensive 

studies on the regulation of the ß-AR, a sister adrenergic recep to r, which has 

inadvertently become the blueprint for GPCR modulation.

Desensitization:

It has long been known that a rapid attenuation or “desensitm tion” of

agonist induced signaling occurs with the adrenergic fam ily of receptors.

Furthermore, studies have determined that this process occurs ’w ith in  seconds to

minutes subsequent to agonist stimulation, and is not associated w ith changes in

the number of receptors present throughout the cell(Grady et a l . ,  1997;Bohm et

al., 1997). Depending upon which receptors are activated, the adrenoceptors may

undergo either homologous (agonist dependent) or heterologous (agonist

independent) desensitization. The former refers to an activated  receptor

desensitizing itself, while the latter describes desensitizing of receptors other than

the one activated. Earlier research has revealed that one of the f ir s t  key elements

in this particular GPCR regulation process, regardless o f homologous or

heterologous desensitization, appears to be receptor phospHorylation. As a

matter of fact, there are several lines of evidence that demonstrates the type of

enzyme responsible for receptor phosphorylation determ ines whether the

receptor undergoes homologous or heterologous desensitization. Currendy,

adrenoceptors can be either phosphorylated by G-protein receptor kinases

(GRKs) to produce homologous desensitization, or phosphorylated by second

messenger-activated kinases such as protein kinase A (PKA), protein kinase C

(PKC), or some receptors with tyrosine kinase activity to generate  heterologous
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desensitization. In the typical ß-AR homologous desensitization paradigm, the 

receptor is first phosphorylated by GRK, followed immediately b y  the binding o f 

cytosolic arrestin proteins(Krupnick and Benovic, 1998;Lefkowitz, 1998;Mundell 

and Benovic, 2000). Further methodical examination of t h e  ß-AR protein 

structure using such techniques as site-directed mutegenesis and truncation, 

indicated that the phosphorylation sites located on the carboxy ta il, as well as on 

the third intracellular loop are for the most part responsible for 

desensitization(Diviani, Lattion, and Cotecchia, 1997;Wang e t  al., 2000a). In 

addition, the arrestin binding domains are also located in the th ird  intracellular 

loop and carboxy tail, which is the exact region where the G-protein is presumed 

to interact(Wu et al., 1997a). Therefore, die recognized net effect of 

phosphorylation and arrestin binding is uncoupling the receptor from the G- 

protein, and prevention of the reformation of this complex. Similarly, 

heterologous desensitization involves phosphorylation of the receptor by either 

PKA, PKC, or receptors with tyrosine kinase activity, which thereby prevents G- 

protein coupling and diminishes the signal transduction pathway(Murthy et al., 

2000). However, in contrast to homologous desensitization, arrestin  proteins are 

not involved in heterologous desensitization.

\ntemali7ati0n and Sequestration:

Another important aspect of desensitization involves “internalization” or

“sequestration” of adrenergic receptors. This term was coined i n  reference to the

physical removal or endocytosis of receptors from the cell surface, resulting in the
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compartmentalization of receptors. From studies on ß-ARs internalization, it was 

discovered the arrestin protein molecule is a key player of this process(Zhang et 

al., 1996;Menard et al., 1997;Orsini and Benovic, 1998). The arrestin proteins act 

as a bridge for clathrin coated pits to recycle or “resensitize” the receptors(Oakley 

et al., 1999). Briefly, arrestin binds to the phosphorylated receptor and triggers 

endocytosis or internalization of the complex within clathrin-coated pits(Zhang, 

Ferguson, Barak, Menard, and Caron, 1996;Goodman, Jr. et al., 1996;Goodman, 

Jr. et al., 1997;Krupnick et al., 1997;Goodman, Jr. et al., 1998;Cao et al., 

1998;Marsh and McMahon, 1999;Oakley, Laporte, Holt, Barak, a n d  Caron, 1999). 

The complexed receptors are transported to endosomes, where the 

phosphorylated receptor is stripped of phosphates and agonist, a n d  then returned 

to the plasma cell surface to await reactivation by another agonist(Vinos et al., 

1997). The data from several a,-ARs internalization studies have fueled 

speculations postulating the concept that a phosphorylated receptor may 

internalize without arrestin, since there is no evidence of arrestin binding to oc,- 

ARs. Additionally, it should be noted that desensitization is not always 

synonymous with internalization, for the simple reason that desensitization may 

occur without internalization.

Regulation o f  a ,-ARs:

In regards to the a rARs, numerous studies h a v e  shown that

desensitization is an important regulatory process in manipulating functional 

responses of this class of adrenoceptors. Pharmacological studies elucidating the
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signal pathway of desensitization confirms that all three cq-A R subtypes are 

similarly provoked into undergoing phosphorylation, such as from NE 

stimulation, or after PKC activation by phorbol esters, and even by other agonists 

such as lysophospholipid mediators, endothelin, and bradykinin(Cotecchia, 

Lattion, Diviani, and Cavalli, 1995;Vazquez-Prado a n d  Garcia-Sainz, 

1996;Diviani, Lattion, and Cotecchia, 1997;Garcia-Sainz et al., 2000;Garcia-Sainz 

et al., 2001). However in spite of these similarities, these studies as well as others, 

bring to light that the a r AR subtypes appear to have subtle distinctions in terms 

of susceptibility to phosphorylation and are differentially regulated. Chimera 

studies involving the a 1A-AR and the a 1B-AR elegandy demonstrate that the a 1A- 

AR was affected by agonist-induced phosphorylation to a much, lesser extent than 

the oc1B-AR(Vazquez-Prado et al., 2000). Furthermore, this s tu d y  also shows that 

while the a 1B-AR and the a 1D-AR subtypes are efficiendy phosphorylated and had 

a significant impact on desensitization, the a 1A-AR was phosphorylated to a much 

lesser extent and had only a marginal functional effect(Vazquez-Prado, Medina, 

Romero-Avila, Gonzalez-Espinosa, and Garcia-Sainz, 2000). Therefore, although 

there are many studies demonstrating a diversity of phosphorylation patterns 

between the three a,-AR subtypes, a full and complete grasp of the 

phosphorylation and functional effect for each subtype is far f ro m  complete. It 

becomes apparent that this is just the tip of the iceberg so to sp eak , and further 

examination of this issue is needed.
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Most of our information about a,-AR phosphorylation s ites important for 

homologous and heterologous desensitization is derived exclusively from 

extensive site-directed mutagenesis and truncating mutational studies on the CX1B- 

AR(Lattion et al., 1994;Diviani, Lattion, and Cotecchia, 1997;Wang et al., 

1997;Wang et al., 2000b). To date, studies on the phosphorylation sites in the 

ot1A-AR or the a 1D-AR have been limited in scope and future studies may show 

significant differences from the a 1B-AR based upon differing am ino  acid length 

and homologies. Nevertheless, drawing parallels between the a 1B-AR with the 

other subtypes continues to provide valuble insights into the cellu lar regulation 

and modulation of receptor function.

In addition to desensitization, prolonged or repeated activation of 

adrenergic receptors results in the gradual loss or “downregulation” of receptors. 

Although this process is theoretically similar to desensitization, ‘ ‘ clownregulation” 

describes the physical loss of receptor numbers whereas “desensitization” depicts 

loss of receptor function as a result of phosphorylation, uncoupling of G-protein, 

or the internalization and sequestration of receptors. Furthermore,

“desensitization” often occurs within seconds to minutes of agon ist activation, 

while “downregulation” typically takes several hours. From f3-AR studies, the 

paradigm for downregulation mainly involves the degradation b>y lysosomes and 

ubiquitination, as well as the reduction in synthesis of new receptors by the 

transcriptional silencing factors and a decrease in mRNA stability-
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Downregulation among the three 06,-AR subtypes a lso  appears to be 

differentially regulated. In a study involving rat heart myocytes expressing all 

three a,-AR subtypes, chronic exposure to NE downregulated oc1B-AR and a 1D- 

AR while upregulating a 1A-AR(Rokosh et al., 1996b). In sharp contrast, stable 

expression of all three human a r ARs in a rat-1 fibroblast cell line found a down 

regulation of the a 1A-AR and a 1B-AR, while the a 1D-AR was significantiy 

upregula ted (Yang et al., 1999). Whether this represents a species or a cell line 

difference remains unknown, and further experimentations are needed.

Alternative Splicing:

Since the second half of this thesis deals with alternative splicing, an 

introduction into splicing is warranted. It was not until the la te  1970’s, with the 

discovery of introns that the concept of splicing, and subsequently alternative 

splicing was proposed. After comparing the sequence of genom ic DNA with 

cDNA, scientists were surprised to find that the DNA coding for protein was 

discontinuous. Stretches of encoding DNA (exons) were interspersed with long 

tracts of non-coding DNA (introns). Subsequent to the transcription of DNA 

into RNA, but prior to the RNA translation into proteins, sp lic in g  occurs where 

the introns are edited out while the exons were joined(Long e t  a l., 1995) (Figure 

11).
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Figure 11: Schematic of Splicing Process.

The next breakthrough occurred in 1985, when several studies discovered 

that a complex of macromolecular proteins (spliceosome) carried out the process 

of splicing introns (Lamond, 1993;Ne\vtnan, 1994b;Yerrna et al., 1997;Lamond,

1999) (Figure 12). Currently, the spliceosome consists of a collection of small 

ribonucleoprotein particles (snRNPs) and non-snRNP protein factors, which



recognize the correct splice sites in heteronuclear RNA, the m U N A  precursor, 

and catalyze the precise removal of introns. Interestingly, th e  spliceosome 

complex involves many proteins that must be brought together in a tighdy 

choreographed sequential succession in order to function properly, which is in 

many ways analogous to the protein complex formed with transcriptional factors 

on DNA(Zawel and Reinberg, 1995;Hertel et al., 1997). In fa c t , many recent 

studies have shown that transcription and splicing are intimately coupled, and that 

one process may regulate the other(Cramer et al., 199T;Hirose et al., 

1999;Minvielle-Sebastia and Keller, 1999;Hirose and Manley, 2 0 0 0 ).
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Figure 12: The Spliceosome Complex.
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Role o f  snRNPs in the Splicing Process:
The snRNPs play a crucial mechanistic role in the specificity of splicing, as

well as the stabilization of the protein complex(Newman, 1994a). Any mistake by

a rogue or dysfunctional snRNP could have catastrophic consequences in the

splicing of exons, and ultimately on translated proteins(Cohen et al., 1993).

Studies have shown that each snRNPs has the innate ability to  identify specific

consensus splicing sites, critical for accurate splicing(Brunak et al., 1991).

Additionally, isolation and characterization of each snRNP has found that

snRNPs are evolutionary highly conserved proteins between anim als, as well as

between species, such as yeast versus human. The major snRNP components are

located in the nucleus, and categorized as U„ U2, U5, and U4/ U 6, each having a

specific function within the splicesome(Bindereif and Green, 1 990;Katnbach et

al., 1999;Reed, 2000;Nagai et al., 2001). The U, identifies and b in d s  using ATP at

the 5' splice site (5' donor site), usually an AG motif, of the heteronuclear RNA

forming the base of the splicesome, thereby initiating the formation of the

complex(Brunak, Engelbrecht, and Knudsen, 1991;Reed, 1996 ) (Figure 12).

Next, U2 snRNP identifies and binds to the “branch point”, w tiich  consists of an

adenosine nucleotide residue located roughly 20 base pairs ah ead  of a stretch of

ten pyrimidine nucleotides (U or C)(Coolidge et al., 1997). The pyrimidine tract is

followed by nucleotide motif of CAG (3' acceptor site), which demarcates the 3'

edge of the intron-exon border, where the U5 snRNP locates a n d  binds(Newman,

1997) (Figure 13). The last snRNP component to become a  member of the

splicesome is the U4/U6, which binds specifically to the U5 snRJSJP. The function
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of the U4 subunit is to chaparone the U6 snRNP to the spliceosome, while U6 

provides the catalytic activity necessary to cleave out the intron. Activation of the 

splicing process is initiated when the U4/U6/U5 complex attaches to the U2, and 

the Ut and the U4 snRNP are released by the spliceosome(Lamond, 1993). 

Studies utilizing antibodies specific for each snRNP has found that the inhibition 

of any snRNP from participating in the splicesome formation effectively prevents 

splicing, demonstrating that each snRNP is equally important to the process.

< --------------------Intron-------------------------->■
Upstream DownstreamExon Branchpoint Exon

-AG G UAAG U--------------------- A------------ (Py)nNC AG

t t
5' donor site 39 Acceptor site

Figure 13: Typical Consensus Sequence for Splicing.

Role o f non-snKNP Proteins:

The non-snRNP proteins consist of basically small proteins characterized

by an amino terminal RNP/RNA-binding domain, with a carboxy terminal region

consisting of variable stretches of arginine-serine dipeptide repeats (SR-

proteins)(Adams et al., 1996). Curiously, these SR proteins are also well

conserved, as well as extensively represented throughout the metazoan

class(Wang and Manley, 1997). The function and role of these proteins have

provoked a serious debate among scientist studying splicing, and remains
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somewhat obscure. A unique feature about splicing that h as  aided in  the 

investigation of the mechanism was that the splicing process cou ld  occur in  vitro 

with cell free extracts, as well as when injected into oocytes. Further experiments 

using antibodies specific for various SR proteins have shown th e  importance of 

these entities in the regulation and coordination of mRNA splicing. Data from 

these studies offer evidence that SR proteins may actually regulate the splicing 

activity, as well as also play a role in the selection and specificity o f  splicing(Lamm 

and Lamond, 1993;Valcarcel and Green, 1996;Will and Luhrmann, 1997;Stojdl 

and Bell, 1999). In addition, several observations suggest that the SR proteins 

shutde between the nucleus and cytoplasm with the newly excised  mRNA, and 

therefore may play a significant role in the transportation and 

compartmentalization of mRNA transcripts(Misteli et al., 1997;Caceres et al., 

1997;Misteli, Caceres, and Spector, 1997). Furthermore, stud ies involving the 

effect of phosphorylation of SR proteins offer evidence that this post- 

transcriptional manipulation is responsible for controlling sp lic ing activity, as well 

as in subnuclear localization(Misteh et al., 1998;Tacke and M anley, 1999). It 

becomes obvious that the splicing mechanism is much m o re  complex than 

previous anticipated.

Mechanism o f Splicing Process:
Again, using cell free extracts from mammals and yeast revealed that the

actual splicing mechanism comprises a two-step transestefification

reaction(Kramer, 1996). Since cells are theoretically simple in design, one could

reason and conceptualize the pre-mRNA strand to form a h a irp in  turn, bringing
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the edges of two exons together. In this simplistic design, one cut and a 

simultaneous fusion of the two exons would effectively sp lice the two exons 

together. However, scientists were once again surprised to find that the splicing 

process involves a much more complicated process than anticipated. The 

spliceosome acts to bring the two adjoining exons adjacent to e a c h  other, but only 

the intron at the 5' end is cleaved through the first transesterification reaction 

freeing the first exon. In the meantime, the intron loops back o n  itself to form a 

“lariat” with the second exon still attached, at the same time the free exon is 

tethered to the splicesome(Lamond, 1993). In chemical term s, the 5' terminal 

phosphate is esterified to the ribose 2'-OH group of the adenosine residue (the 

branch point site) forming a loop resembling a cowboy’s lariat rope. The second 

transesterification reaction frees the second exon from the la r ia t, only when the 

two adjacent exons are properly lined up. The intron is released by the 

splicesome in the lariat form as an intermediate, where the cell breaks down the 

intron and recycles the nucleotides. To obtain the proper magnitude of this 

process, consider that most genes have perhaps a dozen or so introns, and then 

you begin to realize how efficient and accurate splicing truly is.

Alternative Splicing:
Recent data has shown that the splicing machinery can produce alternative 

spliced products (Lopez, 1998). At first, these products w e re  believed to be 

aberrant mistakes from a splicing process gone awry. However, careful inspection 

of the nucleotide sequences of the anomalous spliced products revealed that these
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alternative spliced products were deliberately manufactured. Some products 

consisted of exons being skipped, inclusion of fragments of the 5' or 3 ' exons, 

introns not edited out, and parts of introns (O’Malley et al., 1990;Graveley, 2001) 

(Figure 14).

A

B

C 

D

A) Inclusion of 5' exon fragment
B) Inclusion o f 3' exon fragment
C) Inclusion o f intron
D) Exon skipping

*Note: Line denotes spliangpattem; Blue denotes exon; White-cross 
hatched denotes hidden exon; Green-cross hatched denotes intron.

Figure 14: Possible Alternative Splicing Pattern.

In addition, further analysis of the translated amino acid sequences derived from 

the alternative spliced products revealed the alterations in the mRNA produced 

premature stop codons, or cleavage of carboxy tails, and even some amino 

terminal changes (Kilpatrick et al., 1999;Graveley, 2001). Splicing may also



regulate transcription as observed for the a 1B-AR, which undergoes alternative 

splicing within the promoter regions, resulting in the inhibition and loss of 

specific promoter function(Jones, Deng, MacLeod, and C ornett, 1997). The 

genetic repercussion is the production of two mRNA transcripts, rather than 

three, although the effect on cellular function is unknown.

Examples o f Alternative Splicing:
Since its discovery, there are many examples of alternative splicing of

GPCR, which results in the manufacturing of phenotyjpically different

proteins(Prezeau et al., 1996;Mottus et al., 1997;Mary et al., 1998;Pierce and

Regan, 1998;Parent et al., 1999;Hermey and Schaller, 2000;Chikatsu et al.,

2000;0da et al., 2000). As each day goes by, many more alternatively spliced

mRNA transcripts are uncovered, and the list continues to g r o w . However,

despite the growth, the physiological and proteonomic function o f  many of the

resulting alternative spliced protein isoforms are currently unknown. In addition,

the once widely held concept of introns being “rubbish” DNA. has since been

amended, where introns now are believed to regulate exon expression by acting as

enhancers and silencers of splicing(Mattick, 1994). At the forefront, alternative

splicing has emerged as an important post-transcriptional regu latory mechanism

in higher eukaryotes(Chabot, 1996). So far, most alternative sp lic ing occuring

within vertebrates is confined to one heteronuclear RNA in w h a t is  termed “cis-

splicing”, and the only evidence of “trans-splicing”, splicing betw een  two separate

strands of heteronuclear RNA occurs in lower evolved animals. However, recent

data within the last year have revealed the possibility o f  vertebrate cells
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performing alternative trans-splicing(Vandenberghe et al., 2001). If this postulate 

is further confirmed, it would add yet another complex layer of genetic regulation 

found within the mammalian cell.

Finally, when considering that an estimated 30% of hum an genes are 

alternatively spliced, as well as the possibility of producing severa l proteins from 

one gene, only then does one gain a true appreciation for this process(Hanke et 

al., 1999;Mironov et al., 1999). In addition, with the human genom e project close 

to completion, scientists have calculated that humans have far fewer genes than 

once predicted, 30,000-40,000 as compared to 100,000 (consider the nematode 

worm has around 18,000, while the fruit fly has around 13,000). The resulting 

inferiority complex, of how the highly complex human being has only slighdy 

more genes than a simple worm, has changed many cynics into proponents of the 

concept that alternative splicing is the key to diversity of proteins(Croft et al., 

2000).

Therefore, armed with the aforementioned background information, this

dissertation encompasses several strategies with the main focus to  further increase

our knowledge of the a r ARs. First, the objective of the first tw o  chapters was an

application of the latest technology, such as RT-PCR, in order to investigate the

distribution of the adrenergic receptors initially in the cells that compose the

parotid gland, and then to the specific regions of the rat heart. The rationale was

to demonstrate, and perhaps advocate the feasibility and usefulness of the current

technology of PCR in the detection and quantitation of the mRNA transcript
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levels of each a,-AR subtypes. The main advantage would b e  a substantial 

increase in sensitivity, which would allow the detection of receptor transcripts in 

individual cells, as well as the detection of very low levels o f mRNA that 

traditional technologies such as Northern blotting and ribonudease protection 

assay could not. In addition, competitive RT-PCR would also a llo w  the absolute 

quantitation of mRNA transcripts, rather than relative estimation. The impact of 

quantifying the various subtypes of a,-AR mRNA, especially in th e  heart, include 

establishing a baseline for comparison with disease states, a s  well as gaining 

insight into subtype function. Although Northerns and RPA a  ire  very useful for 

several applications, the detection and quantification of m RN A  transcripts are 

plagued with many inherent limitations. For one, a significant am ount of mRNA 

is required, which makes detection in a single cell nearly impossible. Secondly, 

both Northerns and RPA require blotting onto a membrane, s o  that incomplete 

blotting could allow the under estimation of mRNA transcripts. Third, 

Northerns have the additional problem of hybridization by two dimension, which 

could limit the signal, again allowing the under estimation o f transcript levels. 

Therefore, the specific aim was to develop a competitor RNA, fo r use with RT- 

PCR, and to apply the molecular technique of competitive RT-PCR to detect and 

quantify OCj-ARs. In the beginning, the parotid gland w a s  separated into 

individual cells and tested for a 1D-AR as a trial run of the m olecu lar technique. 

Next, the technique was expanded to include the dissection of t i r e  various regions 

of the rat heart, for screening of the three (X,-AR subtype mRNA levels.
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The final phase of this dissertation deals with the investigation of 

alternative splicing of the a 1A-AR. Recently, the screening o f  human cDNA 

library’ uncovered several alternatively spliced transcripts fo r  the a 1A-AR. 

Pharmacological studies attempting to decipher the functional and biological 

relevance of the expressed a 1A-AR alternatively sphced transcripts have mosdy 

failed to identify differences in the translated protein isoforms. This lack of 

function by no means signifies a worthless protein, but rather th a t an appropriate 

functional assay may not yet have been performed. In fact, since the discovery of 

alternative splicing is fairly recent, the screening of protein function for the 

multitude of newly uncovered alternatively sphced transcript is  still in its initial 

stages. However, there remains the possibility that the alternatively spliced 

transcripts are artifacts of the splicing process, such as sp lic ing mistakes or 

“cryptic splice sites”. One definitive method to determine “real”  from artifact is 

to investigate alternative splicing of the gene in question with a  related species. 

With this in hand, the objectives of the remaining chapters w e re  to probe the 

alternative splicing of the a 1A-AR in the Sprague-Dawley r a t . The primary 

specific aim was to isolate several alternatively sphced a 1A-AR transcripts from the 

parotid gland, in which previous pharmacological data detected a n  atypical oq-AR, 

utilizing the process of PCR and RACE methodology. Subsequently, several 

functional assays would be used to test the protein isoforms derived  from the 

newly isolated alternatively sphced a 1A-AR transcripts following expression in a 

mammalian cell line. The hope is to first confirm the ot1A-A R  undergoes
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alternative splicing, and then to attach a functional and biological relevance to the 

different isoforms.
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C h a p t e r  1

DISTRIBUTION OF ALPHA1D-ADRENOCEPTOR MESSENGER RNA 
IN THE PAROTID GLAND OF THE SPRAGUE-DAWLEY RAT

A. Abstract

Parotid secretion involves the contribution o f both the sympathetic and 

parasympathetic nervous systems. For sympathetic responses, t h e  activation of ß- 

and a-ARs contribute to separate signaling pathways in the production of saliva. 

Previous data from this laboratory have identified a heterogeneous population of 

a-AR message within the parotid gland, of which the a 1D-A R  is substantially 

represented. The parotid gland is made up of acinar and duct cells, and I have 

investigated the distribution of a 1D-AR in each of the cell types. I quantified the 

message for a 1D-AR for each cell type using reverse transcriptase (RT) and 

competitive polymerase chain reaction (PCR). Primers w e re  synthesized to 

produce a 304 bp product spanning the third intracellular loop o f  the a 1D-AR. To 

quantify the a 1D-AR mRNA, I synthesized a competing standard from an a,iD-AR 

deletion PCR product mutant. Known amounts o f competitor were added to 

identical aliquots of sample RNA before RT-PCR. Following electrophoresis, the 

amplified product bands were quantified by a BIORAD g e l  documentation 

system. Ratios of competing to native products were used t o  interpolate the
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amount of native RNA originally present in each sample. The inJRNA of a 1D-AR 

was not detected in duct cells, but was present in acinar cells (mean=1.7 x 105± 

2.6 x 104 molecules/fig total RNA). These results indicate t h a t  the a 1D-AR 

subtype is discretely distributed among different cells located w ith in  the parotid 

gland.

B. Introduction

Throughout the years, scientists have discovered the importance of the 

salivary gland in digestion and the general well b e in g  of the oral 

cavity(Niedermeier, 1991;Silvers and Som, 1998). It is well known that the 

salivary gland secretes the amylolytic digestive enzyme am ylase  and other 

functional proteins, which aid in the transportation of food to  our stomach, 

where the watery nature and lubrication of saliva make it easier t o  swallow. Other 

sensory organs such as taste buds that participate in the experience of food will 

not function properly without saliva. All substances subject to th e  taste sensory 

system must be in solution in order to activate the taste buds. I n  addition, recent 

studies have also shown the importance of saliva production in oral 

hygiene (Niedermeier, 1991). The numerous components of s a liv a , as well as the 

rate of production are controlled by three glands: the parotid, t h e  submandibular, 

and sublingual. The parotid gland was chosen because its autonom ic innervation 

has been previously well studied(Mangos et al., 1975b;Chilla, 1978;Hata et al., 

1988;Hata and Yagasaki, 1989;Jensen et al., 1991).

51



The parotid consists mainly of the acinar cells and the duct cells, 

interspersed vasculature and autonomic innervation (Silvers and So m , 1998). The 

acinar cell’s function is secretion of saliva contents, whereas the duct cell’s 

function is to transport the saliva to the mouth and to m odify saliva by 

reabsorbing select electrolytes(Bodner et al., 1983;Ambudkar et a l . ,  1988;Hata and 

Yagasaki, 1989). The duct cells are divided into two types: the striated, and the 

intercalated. The parotid gland has been found to contain very few intercalated 

ducts, and almost all striated ducts.

The role of the autonomic innervation in the function of th e  parotid is very 

important(Kowatch and Roth, 1991). Parasympathetic stimulation causes an 

increase in blood flow and copious secretions of saliva. On the other hand, 

sympathetic stimulation causes a depression in blood flow and sa liv a  production. 

In addition, the nature of the saliva produced by the sympathetic system differs 

qualitatively from the parasympathetic. The sympathetic saliva te n d s  to be sparse, 

thick, mucinous type of secretion(McMilhan et al., 1988). In  contrast, the 

parasympathetic saliva is profuse and watery in nature. Past research has often 

investigated the different role of the parasympathetic, and sympathetic systems 

through binding assays and quantifying specific receptor typesflVlangos, McSherry, 

Butcher, Irwin, and Barber, 1975b;Mangos, McSherry, B utcher, Irwin, and 

Barber, 1975b;Mangos et al., 1975a;Bylund et al., 1995;Garcia-Sainz et al., 1999). 

Although binding assays (Nichols et al., 1988;Hieble and Ruffolo, 1994;Porter et 

al., 1992Abel et al., 1995;Zhong and Minneman, 2000) can iden tify  receptors, the
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technique cannot quantify the receptors at a single cell level, or in  micro-dissected 

parotid acinar or duct cells. Advances in our understanding o f  molecular and 

cellular biology have allowed us to measure mRNA levels o f  a,-adrenergic 

receptors in acinar and duct cells, in hope of further exploring th e  functional role 

of these receptors (Chang, Chang, Yamanishi, Salazar, Kosaka, Khare, Bhakta, 

Jasper, Shieh, Lesnick, Ford, Daniels, Eglen, Clarke, Bach, and Chan, 1998).

C. Material and Methods

1. T issu e P reparation  a n d  M icro d is s e c t io n

Male Sprague-Dawley rats (Rattus n o r v e g i cu s ) (200-250 grams; Sasco,

Omaha, NE, U.S.A) were anesthetized with sodium pentobarbital (50 mg/kg,

i.p.). The pericardial cavity was dissected open, and the heart and surrounding

blood vessels exposed. In addition, the parotid glands were also exposed by

dissecting away the skin and epithelial layer. The exposed area, around the heart

and parotid glands, was irrigated with ice-cold saline (0.9% NaCl) solution to

remove any residual hair or contaminating foreign matter. A  solution of 0 .1%

Evan’s Blue was prepared with saline, and injected slowly into the vena cava w ith

a 10 cc syringe. As soon as the blood vessel in the parotid glands turned blue, the

injection was halted. The pair of parotid glands were immediately dissected fro m

the throat region, and placed into a container of ice-cold saline. The parotid g lan d s

were washed three times with fresh saline, and placed in a sterile petri dish s itt in g
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on ice. Fat and connective tissue were cleaned from the parotid glands using a 

micro-butterfly scissor and a forcep. The parotid glands were p la c ed  into a fresh 

50 ml Coming conical tube containing hyaluronidase (300 U / m l; Sigma) and 

collagenase (100 U/ml; Worthington) enzyme in saline, and m inced  into smaller 

pieces using the scissors. The minced parotid tissue was fu rther digested by 

incubating at 37°C for 30 minutes in a water bath. After the incubation period, 

the parotid tissue was separated from the digestion solution b y  centrifuging at

12,000 x 8 for 10 minutes. The digestion solution was removed, and the pellet 

reconstituted with fresh saline solution. The parotid tissue was centrifuged again, 

and the supernatant removed. The pellet was finally dissolved w ith  30 ml of fresh 

ice-cold saline, and the contents transferred to a microscope/cooled glass petri dish 

setup. Briefly, the glass petri dish was kept at a constant 4°C by circulating cooled 

fluid around the outside. Using a microscope, acinar cells, duct tissue, and blood 

vasculature was identified and collected using glass micro-beads. The micro-bead 

was placed adjacent to isolated tissue samples, and the electrostatic nature of the 

beads caused the tissue to adhere to the surface. The beads w e re  collected in a 

microtube containing TRIzol™ RNA isolation solution (G ibco BRL Life 

Technologies, Gaithersburg, MD, U.S.A.).

2. Isolation o f Total RNA

Total cellular RNA was isolated from the tissue samples using a 

modification of the guanidinium-acid-phenol method. The collection of acinar
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and duct tissues from the microdissection was placed into TRIzol™ RNA 

isolation solution (Gibco BRL Life Technologies, Gaithersburg, MD, U.S.A.). 

The tissue samples were vigorously vortexed in the TRIzol™, a n d  the total RNA 

was extracted according to the manufacturer’s protocol. In o rd e r  to remove any 

contaminating genomic DNA, the extracted total RNA was dissolved in RNase- 

free water (distilled, deionized water treated with diethylpyrocarbonate; DEPC) 

and treated with RNase-free DNase I enzyme (50 Units; in a  1 X DNase I 

buffer)(Gibco BRL Life Technologies, Gaithersburg, MD, U .S.A .) for 60 minutes 

at 37°C. The DNase I enzyme was inactivated by heating the so lution at 65°C for 

15 minutes. After the addition of 5 (tl of 5 M NH4C1, the RNA was 

phenol/chloroform/isoamyl alcohol (25:24:1 ratio) extracted, and ethanol 

precipitated (2 X volume at 100%). The RNA was collected b y  centrifuging at

15,000 x g. The pellet was air dried to remove any residual alcohol, and dissolved 

into solution by adding RNase-free water (DEPC water). T h e  integrity of the 

RNA was confirmed by electrophoresing a 2-10 |_ig sample (lO  |_il volume with 

4(0.1 loading buffer) on a denaturing 1% ethidium bromide sta ined  agarose gel. 

RNA samples that displayed the 28S, 18S, and 5S ribosomal bands were used. 

The total RNA concentration was determined by measuring th e  absorbance at 

260 nm with a Beckman DU-650 spectrophotometer. The RJNA samples that 

produced an OD260/OD280 ratio that exceeded 1.8 were used i n  the experiment. 

The concentration of total RNA was calculated by assuming 40 jJ-g of total
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RNA/ml gives an OD260 reading of 1. The samples were then s to re d  at -70°C in 

order to minimize degradation, and preserve the integrity of the to ta l  RNA.

3. Primer Selection (for RT-PCR)

Primers used in the competitive reverse transcription-p olymerase chain 

reaction (RT-PCR) were designed with the OLIGO computer program (Figure 

15). The primer for the a 1D receptor subtypes was selected fro m  the cDNA 

sequence of the cloned rat a 1D-AR, to amplify a region in the th ird  intracellular 

loop. The selected primers were synthesized on ABI model 392 synthesizer 

(Creighton Molecular Biology Core Facility).
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aj-Adrenergic receptor

fT^NH2 Plasma

Sub-
type

(Nucleotide 
SEN SE PRIM ER Position)

(Nucleotide 
A N TI-SEN SE PRIM ER Position) Size

(X i d
(759 779)

5-CGTGTGCTCCTTCTACCT ACC-3'
(1042-1062)

5-GCACAGGACGAAGACACCCAC-3’ 304 bp

Figure 15: Graphic Representation of Primer Location and Sequence for 
ajn-Adrenergic Receptor.

4. Construction o f Competitor RNA (cRNA)

To quantify the expression of the ct1D-AR subtype, an internal standard of

competing RNA template was constructed from a DNA clone that contained a

portion of the native a 1D-AR sequence and a fragment from the pTZ19R cloning

vector (Figure 16). The clone contained the same primer annealing sequences

(sense and anti-sense) as the a 1D-AR PCR native products, and these primers

flanked a 218 bp heterologous internal sequence (pTZ19R nucleotides 1206-
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1423) from the pTZ19R vector. The heterologous PCR clone was sequenced, 

and large amounts of cRNA were synthesized by a runoff transcription reaction 

using T7 or SP6 RNA polymerase using Ambion’s Megascript kit. Prior to 

transcription, the recombinant plasmids were linearized with restriction 

endonuclease Hind III for T7, or X.ho I for SP6. The newly transcribed RNA was 

purified, and quantified by spectrophotometry. The integrity of the competing 

RNA was confirmed by denaturing gel electrophoresis. This 259 bp heterologous 

cRNA eliminated the formation of heteroduplexes during the PCR process

218 bp internal pTZ19R cloning vector

I
i

T

I I , I I
competitor template 

[" | = a  1 -Sense primer sequence 

0  _ _ = a  1 -Anti-sense primer sequence 

Figure 16: Schematic for the Generation of Competitor.

5. Competitve RT-PCR Protocol

For the competitive RT-PCR experiments, I used identical aliquots of total 

cellular RNA from the acinar and duct samples against a dilution series of known
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amounts of competitor cRNA. First, I cotranscribed both populations of RNA 

by reverse transcriptase in the presence of the appropriate ot1D-AR anti-sense 

primer (downstream) at 42°C for 60 minutes in a Perkin-ELlmer 480 DNA 

thermal Cycler. The reverse transcription reaction vessel had a to t a l  volume of 20 

|j.l, containing 20 units of RNasin (Promega), 1 mM dNTP (G-ibco BRL® Life 

Technologies; Grand Island, NY), 50 units Moloney Murine Leukemia Virus 

Reverse Transcriptase (MMLV) (Perkin-Elmer), 2.5 mM M gC l2 (Gibco BRL® 

Life Technologies; Grand Island, NY), 25 pM of anti-sense g en e  specific primer, 

total RNA sample, 20 mM Tris-HCl, and 50 mM KCl (10XPCZR buffer; Gibco 

BRL® Life Technologies; Grand Island, NY).

Following the reverse transcription reaction, the cD N A  was amplified 

using the polymerase chain reaction (PCR) technique. The P C R  reaction vessel 

had a total volume of 50 pi, containing 20 pi of the RT reaction mix, 25 pM of

(R)sense and anti-sense primer, and 2.5 units Taq DNA polymerase (Gibco BRL 

Life Technologies; Grand Island, NY). The MgCl2, KC1, a n d  Tris-HCl were 

adjusted to a final concentration of 2.5 mM, 50 mM, and 20 m M , respectively. 

After denaturing for 3 minutes at 95°C, the respective cDNAs "were coamplified 

with the appropriate a 1D-AR sense primer (upstream) for 39 c y c le s . The cycles 

consisted of the following parameters: denaturing at 95°C for 1 m inute; annealing 

at 58°C for 1 minute; and extension at 72°C for 1 m inute. To test for 

contaminating DNA within the samples, a negative control consisting of the
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sample in the absence of the reverse transcriptase enzyme was included for each 

RT-PCR reaction. The RT-PCR products were electrophoresed on  a 4% agarose 

ethidium bromide stained gel, and the bands visualized using a UV 

transilluminator. Once the bands were identified and photographed, I performed 

fluorescence densitometry analysis with a BIO-RAD Gel Documentation 1000 

system (Bio-Rad; Hercules, CA). After correcting for size differences between the 

two bands, the log of the ratios of competing products to ta rg e t  products was 

graphed versus the log of the initial amount of competing cRNLA. template added 

to the reactions. The derived concentration of native RNA w a s  converted and 

the data expressed as molecules /microgram of total RNA, u s in g  the calculated 

a 1D subtype mRNA conversion factor of 4600 molecules/femtogram of total 

RNA.

6. Sequencing

The specificity and integrity of the amplified native and competitor cDNA 

PCR products for the a 1D-AR subtype was verified by check ing the nucleotide 

sequence. Briefly, the cDNA PCR product was subcloned in t o  the TA cloning 

vector pCR 2.1 (Invitrogen; San Diego, CA) using T4 DNA l ig a s e  according to 

the manufacturer’s instructions. The vector was transformed into competent 

INF cells, and screened using kanamycin (Sigma, St. Louis, MCZD) inoculated LB 

agar plates. Positive clones were grown up in liquid LB media, and the 

recombinant plasmid isolated using an alkaline lysis-phenol-chloroform method.



The double stranded plasmid served as a template for cycle sequencing, using 

M13 forward and reverse primers with fluorescence-based dideoxynucleotides 

(PRISM Ready Reaction Dye Deoxy Terminator Cycle Sequencing Kit, Perkin- 

Eltner, Inc.). The sequences were determined using a DNA. Sequencer (ABI 

Model 373, Applied Biosystems, Foster City, CA). The validation of each cDNA 

PCR product was achieved by comparing the M l3 forward sequence with the 

Ml 3 reverse sequence of at least three clones.

7. Materials

TRIzol™ RNA isolation reagent was purchased from Gibco BRL Life 

Technologies (Gaithersburg, MD). DNase I, agarose, phenol, T4 DNA ligase, 

restriction endonuclease Hind III and 'Kho I, Taq DNA polymerase, 10 X PCR 

buffer, MgCl2 and 50 mM dNTP mixture was purchased from. Gibco BRL Life 

Technologies (Grand Island, NY). MMLV reverse transcriptase enzyme was 

purchased from Perkin Elmer (Foster City, CA). RNasin was purchased from 

Promega (Madison, WI). Kanamycin, diethylpyrocarbonate (DEPC), 

hyaluronidase (300 U/ml), sodium pentobarbital, glass m icro beads, phenol, 

isoamyl alcohol, ethanol, Evan’s blue dye, and ethidium brom ide was purchased 

from Sigma (St. Louis, MO). The vectors pCR@2.1 and pTZ19R were purchased 

from Invitrogen (Carlsbad, CA). The enzyme collagenase (1 0 0  U/ml) was 

purchased from Worthington (Freehold, NJ). Chloroform was purchased from 

Mallinckrodt (Paris, ICY). The RNA polymerase T7 and SP6  were purchased 

from Clontech (Palo Alto, CA).
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D. Results

1. M icrodissection and Isolation o f Acinar Cells and  Duct C ells

The injection of Evan’s blue into the circulation via the v e n a  cava allowed 

the staining of the blood vessels in the parotid gland, and separates them from the 

acinar and duct cells. The enzyme treatment with collagenase w a s  very effective 

in further separating the tissues of the parotid gland. Under the magnification of 

the microscope, the stained blood vessels including capillaries, a n d  striated ducts 

were easily distinguished and microdissected (Fig. 17-20). H owever, the Evan’s 

blue dye would not allow me to distinguish arteries and arterioles from veins and 

venules. For this reason, blood vessels were not included in this molecular study. 

Acinar cells were also identified under the microscope and micirodissected from 

the blood vessels and striated ducts. The micro-glass beads aided in the collection 

of each microsopic samples, so that cross-contamination between the acinar cells, 

striated ducts, and blood vessels could be avoided. The tissue collection for the 

acinar cells and striated ducts generated ample total RNA for the competitive RT- 

PCR.
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Figure 17: Photograph Showing a Blood Vessel 
Stained with Evan's Blue Dye Surrounded by Acinar 
Cells.

Figure 18: Photograph of Blood Vessel Covered with 
Connective Tissue, Stained with Evan's Blue Dye.
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Figure 19: Photograph of Blood Vessel Stained with 
Evan's Blue Dye, Adjacent to a Clump of Acinar Cells.

Figure 20: Photograph of Striated Duct, Located Next to a 
Evan's Blue Stained Blood Vesssel.
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2. Competitive RT-PCR for aw-AR in Total Parotid G lan d  Sample

Total parotid gland was obtained by dissection of Sprague-Dawley rats 

injected by Evan’s blue dye. This tissue sample included ac in ar cells, striated 

ducts, and blood vessels. A concentration of 0.5 |J,g of total R N A  was used in 

each RT-PCR microcentrifuge reaction tube. Competitor concentration in the 

range of 500 to 50 femtograms was used. All reaction included a control that 

consisted of an RT-PCR reaction tube without any reverse transcriptase enzyme, 

which tested for contamination of the total RNA sample from genom ic DNA. In 

addition, a negative control consisting of reagents only without any template to 

detect any PCR contamination of reagents was also included in  each experiment 

(Figure 21). Following densitometry and analyzing the ra^w data in a log 

regression, the quantity of mRNA was extrapolated (Figure 22).
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1 2 3 4 5 6 7 8 9

<-369 bp 
<—246 bp

<-123 bp

*Lane 1, 1000 fg am  competitor cRNA; lanes 2-5, 0.08452 jag parotid sample with 
decreasing dilutions of competitor cRNA (500 fg, 250 fg, 100 fg, & 50 fg); lane 6, DNA 
marker (123 bp increments); lane 7, 0.5452 jug parotid sample only; lane 8, reagents with 
both RNA species, but without reverse transcriptase; lane 9, reagent control (no RNA 
template).

Figure 21: The Quantitative RT-PCR Agarose Gel of the Whole Parotid 
Gland Total RNA for the a 1D-AR Subtype.

log cRNA Cone.

*The gel is photographed and subjected to scanning by densitometry. Thej/ axis represents 
the log ratio of the band densities of the (Xid competitor cRNA to the native template in 
the parotid gland. The x  axis represents the log concentration of the (Xid competitor 
cRNA. The linear regression is performed on the line and the equivalence point 
determined. The equivalence point is observed where the log ratio equals zero, and the 0Cid 
competitor cRNA band equals the native RNA band. The parotid gland 0Cid receptor 
mRNA level was 1.64xl05 molecules/jug of total RNA.

Figure 22: Log-log Regression of the Competitive RT-PCR Data for the 
Parotid Gland«

304 bp 
259 bp
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3. Competitive RT-PCR for a1D-AR in Acinar C ells Sam ple

I next investigated the quantity of the a 1D-AR mRNA transcripts produced 

in the microdissected acinar cells from Evan’s blue injected rats. The goal was to 

determine how much a 1D-AR mRNA transcripts obtained in the total parotid 

gland arises from the acinar cell fraction. Total RNA from ac in ar cells collected 

from the microdissection was subjected to the competitive RT-PCR protocol. 

The concentration of total RNA obtained from the acinar cells was much lower 

than the total parotid gland, for the reason that the amount o f acinar tissue 

pooled was much lower than total parotid gland sample. A concentration of 0.1 

Jig of total RNA was used in each RT-PCR reaction microcentrifuge tube. For 

these series of competitive RT-PCR reactions, a competitor concentration range 

from 500 to 1 femtograms were used in order to compensate for the lower 

concentration of total RNA. A control for detecting D N A  contamination 

consisting of an RT-PCR reaction microcentrifuge tube w ith o u t any reverse 

transcriptase was included. In addition, a negative control f o r  detecting the 

possible contamination of reagents was included (Figure 23). A fte r  quantifying 

the mRNA transcripts using densitometry, and then the log-to-log regression was 

determined (Figure 24). In all of the acinar cell samples, the am o u n t of a 1D-AR 

mRNA transcripts was substantially more than the total parotid g la n d  results.
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1 2 3 4 5 6 7 8 9  10

Lane 1, DNA size marker (123 bp increments); lanes 2-6, 0.085 jig of acinar cell total RNA 
with decreasing dilutions of (Xid competitor cRNA, (500 fg, 250fg, 100 fg, 10 fg, & 1 fg); 
lane 7, 0.1446 jig acinar cell total RNA only; lane 8, 500 fg am  competitor cRNA; lane 9, 
reagents with both RNA species, but without any reverse transcriptase; lane 10, negative 
reagent control (no RNA template).

Figure 23: The Quantitative RT-PCR Agarose Gel of the Acinar Cell Total 
RNA for the a m-AR Subtype.

fog cRNA Cone.

*The gel is photographed and subjected to scanning by densitometry. T hej 
axis represents the log ratio of the band densities of the a 1D competitor 
cRNA to the native template in the acinar cells. The x axis represents the 
log concentration of the a 1D competitor cRNA. The linear regression is 
performed on the line and the equivalence point determined. The 
equivalence point is observed where the ratio equals zero, and the a 1D 
competitor cRNA band equals the native RNA band. The acinar cells had a 
a 1D receptor mRNA level of 25.747x105 molecules/jug total mRNA.

Figure 24: Log-log Regression of the Competitive RT-PCR Data for the 
Acinar Cell.
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4. Competitive RT-PCR for a w-AR in Duct Cells Sample

The last experiment was to quantify the a 1D-AR mRNA transcripts in 

pooled duct cell samples. Total RNA was isolated from the pooled sample and 

subjected to competitive RT-PCR. In contrast to acinar cell isolation, a smaller 

amount of duct tissue was obtained from the microdissection, and thus a smaller 

quantity of total RNA was extracted from duct tissue. For this reason, a 

concentration of 0.01 |ig of total RNA was used in each competitive RT-PCR 

reaction microcentrifuge tube along wth 250 to 1 femtogram of competitor. In all 

of the duct cell samples, I did not detect any a 1D-AR mRNA transcripts (Figure 

25).

369 bp ->

246 bp -»

123 bp—>

Lane 1, DNA size marker (123 bp increments); lanes 2-6, 0.0698 jug of durct cell total R N A  
with decreasing dilutions of (Xid  competitor cRNA, (250 fg, 100 fg, 50 Eg, 10 fg, & 1 fg ); 
lane 7, 0.0698 jug duct cell total RNA only; lane 8, 250 fg (Xid com petitor cRNA ; lane 9 ,  
reagents with both RNA species, but without reverse transcriptase; lane 10, reagents o n ly  
(no RNA template).

Figure 25: The Quantitative RT-PCR Agarose Gel of the D uct Cell Total 
RNA for the a m-AR Subtype.

1 2 3 4 5 6 7 8 9  10
w  -mmm

< - 259 bp
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5. Result from Competitive RT-PCR for aw-AR mRNA Transcripts in 

Total Parotid Gland, Acinar Cell, and Duct Cell

I found that the acinar cell samples produced approximately a 14 fold 

increase in a 1D-AR mRNA transcripts compared to total parotid gland samples, 

whereas the a 1D-AR mRNA transcripts were undetectable in the duct cell 

samples.

Parotid Gland Acinar Cell Duct Cell

mRNA Levels
(molecules/jig 

total RNA)
1.740 x !0 5± 0.26 xlO 5 28.0 x 105 ± 46  x 105 *Not Detected

Note: Data are expressed as mean ± S.E.M.; from three animals (n — 3).

Table 4: Summary for Distribution of ct^-AR mRNA in Parotid gland, 
Acinar cell, and Duct cell

E. Discussion

Our study has shown a discrete distribution of a 1D-AR mRNA transcripts 

in the Sprague-Dawley rat parotid acinar and duct cells (Table 4). Moreover, the 

parotid gland is composed of a variety of cells, each conveying a specific function 

within the parotid gland(Silvers and Som, 1998). The acinar cells are primarily 

responsible for secreting the amylase enzyme, as well as the electrolytes that make 

up saliva(Ambudkar, Melvin, and Baum, 1988). The duct cells function is not 

only to collect and transport the acinar secretion to the oral cavity, but to also
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modify the salivary fluid by reabsorbing electrolytes. In addition, blood vessels 

carry nutrients to both the acinar and duct cells, as well as removing metabolic 

wastes resulting from cellular processes. Therefore, this study also intended to 

quantify the amounts of a 1D-AR transcripts dispersed among the various cells diat 

comprise the parotid gland.

Previous studies on the parotid gland have produced evidence supporting 

the presence of a,-ARs(Porter, Dowd, and Abel, 1992;Abel, Zeng, Porter, 

Scofield, Liu, Gonzalez-Cabrera, Dowd, and Jeffries, 1995). In addition, 

numerous investigations have shown that the a,-A Rs play an important role in 

the function of the parotid gland(Mangos, McSherry, Butcher, Iirwin, and Barber, 

1975b;Mangos, McSherry, Barber, Arvanitakis, and W agner, 1975a;Chilla, 

1978;Yu et al., 1987;Kowatch and Roth, 1991;Yu and Redman, 1992). By using 

radioligand binding studies employing pharmacological antagonist agents capable 

of distinguishing the various a,-AR subtypes, the phenotypical expression of 

some of the a r AR subtypes have been uncovered in the paro tid  gland(Porter, 

Dowd, and Abel, 1992Abel, Zeng, Porter, Scofield, Liu, Gonzalez-Cabrera, 

Dowd, and Jeffries, 1995). Using WB 4101 and 5-methylurapiclil, high and low 

affinity binding sites were detected in whole parotid tissue. Com paring the results 

with previous binding studies for WB 4101 and 5-MU, the h ig h  affinity binding 

site corresponds to the a 1A-AR, while the low affinity binding s ite  is compatible 

with the a 1B-AR.(Porter, Dowd, and Abel, 1992Abel, Zeng, P o rte r , Scofield, Liu,

Gonzalez-Cabrera, Dowd, and Jeffries, 1995). Chloroethylclonidine (CEC),
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which inactivates a 1B-AR and a 1D-AR through irreversible antagonism, failed to 

alter the competition binding curves for the rat parotid gland. The low affinity 

binding site was hypothesized to represent a pharmacologically uncharacterized 

atypical a,-AR. Therefore, the study concluded that both the ot1B-AR and oc1D- 

AR were absent in the parotid gland, or expressed in very low levels. However, 

quantitative competitive RT-PCR revealed the presence of mRJSTA of all three a ,-  

AR subtypes in the parotid gland, with a 1A-AR the predominate mRNA and 

significant amounts of a 1D-AR, but only very small amounts o f a 1B-AR(Abel, 

Zeng, Porter, Scofield, Liu, Gonzalez-Cabrera, Dowd, an d  Jeffries, 1995). 

Intriguingly, the molecular results do not correspond to protein levels detected in 

binding experiments. This discrepancy between these two resu lts  might have 

been a result of the inclusion of fat cells, connective tissue, b lo o d  vessels, and 

duct cells in the whole parotid RNA preparations, as opposed t o  the use of only 

acinar clumps for the radioligand binding study. In this s tu d y , I am able to 

distinguish the transcript levels of the a 1D-AR specifically w ith in  the acinar and 

duct cells without the contamination of fat, connective tissue or b lood vessels.

After processing the tissues and performing competitive RT-PCR, a 1D-AR

mRNA transcripts were detected in the whole parotid gland, a s  well as in the

acinar cell samples, but not in duct cells. On the other h a n d , there was an

absence of a 1D-AR in the duct cells and blood vessels. This strudy corroborates

the previous molecular investigation of the whole parotid glarad(Porter, Dowd,

and Abel, 1992). In addition, quantitative competitive RT -PC R  on acinar cells
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produced substantially more a ,D-AR mRNA transcripts than th a t  found in whole 

parotid RNA. Acinar cells contained a 10-fold increase o f  CC1D-AR mRNA 

transcripts compared to whole parotid gland samples indicating that the oc1D- A R 

message may be concentrated in the acinar cells.

The presence of a 1D-AR mRNA transcripts in the parotid gland, especially 

in the acinar cells, is a curious paradox. Although the a ,D-AR specific antagonist 

was not included in these studies, earlier binding studies u s in g  CEC failed to 

detect any protein expression of a 1D-ARs(Porter, Dowd, and Abel, 1992^Abel, 

Zeng, Porter, Scofield, Liu, Gonzalez-Cabrera, Dowd, and Jeffries, 1995). Care 

must be exercised when extrapolating a correlation between the quantity of 

mRNA present and the magnitude of protein expression, because the mechanism 

from transcription to translation involves many step which m a y  result in a very 

poor correlation between the two. In addition, binding studies require a 

substantial amount of receptors for detection. Therefore, it is possible that either 

the a 1D-AR is not expressed, or is expressed in levels too lo w  for detection in 

binding assays. I speculate that perhaps the mechanism for translating a 1D-AR 

mRNA transcripts into a 1D-AR is very inefficient, or requires ano ther cell specific 

component to initiate protein synthesis. Conceivably, the a,1D-AR mRNA 

transcripts are compartmentalized and sequestered from the pro te in  translational 

machinery. Alternatively, perhaps alternative splicing of the ot1D-AR mRNA that
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is not detected with the primers produces (XiD-ARs with altered binding 

characteristics or function.

In conclusion, the presence of a 1D-AR mRNA transcripts in acinar cells, 

and not in duct cells, suggests functional specificity. This d iscrete distribution 

might relate to the specific function of the acinar cells, the secretion of amylase 

enzymes and electrolytes, and the specific function of duct c e l ls ,  the collection 

and transport of the acinar cell secretion. Normally, the parasympathetic and 

sympathetic systems work in opposition to each other. However:, an exception to 

the rule occurs with the salivary glands, of which the paro tid  glands are a 

component. In this case, parasympathetic as well as sympathetic stimulation both 

lead to the increase in secretion, but the nature of the saliva d iffers. Sympathetic 

induced saliva is sparse, thick, mucinous type consistency, and parasympathetic 

induced saliva is profuse and watery. Hence, there is a possibility that any 

alteration or modification of the adrenergic system in the parotid  by medication 

or by other means could trigger numerous functional changes in salivary 

glands(Mandel and Wotman, 1976;Nomura et al., 1 986;Niedermeier, 

1991;Miyamoto et al., 1993b) or implications for therapeutic applications, such as 

in oral surgery(Ishii and Nakagawa, 2001). Therefore, further investigation on the 

function of a 1D-ARs in the parotid gland is needed.
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C h a p t e r  2

DISTRIBUTION OF MESSENGER RNA FOR A LPH A ,- 
ADRENOCEPTOR SUBYTPES IN SELECTED REGIONS OF THE 

SPRAGUE-DAWLEY RAT HEART

A. Abstract

The a,-AR plays a major role in mediating the physiological effects of the 

sympathetic nervous system, such as the maintenance of systemic blood pressure.

a,-AR has been classified into a 1A, a 1B, and a 1D-AR subtypes based on binding 

and cloning studies. All three a,-AR subtypes have recendy b e e n  detected in the 

heart, but the distribution of each subtype in selected cardiac regions remained 

unknown. The purpose of this study was to quantify the mRNTA of each subtype 

and ascertain their distribution in the various regions of the rat heart.

The mRNA for the individual a r AR subtypes w a s  quantified by 

competitive reverse transcription-polymerase chain reaction (RT-PCR) to measure 

transcript levels. Total RNA was extracted from various reg ions of Sprague- 

Dawley rat hearts with guanidinium-acid-phenol. Known amounts of competitor 

were added to samples of total RNA before RT-PCR. T h e  amplified PCR 

products were separated by horizontal gel electrophoresis, and quantified by the 

intensity of ethidium bromide fluorescence. Ratios of com peting to native
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products were used to interpolate the amount of native RNA originally present in  

each tissue sample.

These results clearly indicate the a,-AR subtypes are discretely distributed in 

tissues of the rat heart, suggesting functional heterogeneity.

B. Introduction

The catecholamines, epinephrine and norepinephrine, mediate several 

important physiological effects through the activation of CX an d  ß adrenergic 

receptors (-AR). These receptors belong to a superfamily of G-protein coupled 

receptors (Graham, Perez, Hwa, and Piascik, 1996). Each m em ber of this family 

shares a common motif of a single polypeptide chain containing seven 

transmembrane domains, with three intracellular and three extracellular loops. 

Scientists have learned that adrenergic receptors are essential in  managing the 

heart and the cardiovascular system. In fact, a ,-  and ß-ARs mediate several 

sympathetic nervous system responses that regulate circulatory homeostasis. 

Although cardiac ß-ARs have been extensively studied and characterized, the 

significance of cardiac (Xj-ARs has been much less thoroughly investigated. 

Recent studies have demonstrated the role of a,-AR in the pathological 

development of heart failure, by affecting vasoconstriction o f coronary vessels, 

ventricular contractility, and systemic vascular resistance(Garcia-Sainz, Vazquez - 

Prado, and Villalobos-Molina, 1999).
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Three a , -AR subtypes have been identified from pharmacological binding 

and molecular biological studies, the a 1A, a 1B, and a.1D (Hieble and Ruffolo, 

1994;Graham, Perez, Hwa, and Piascik, 1996;Guarino et al., 1996;Hieble and 

Ruffolo, Jr., 1996a). Binding studies have demonstrated that all three subtypes are 

present in the heart, but the distribution of each subtype remains unknown 

because of several limitations in this pharmacological technique(Fedida et al., 

1993;Michel et al., 1994b). First, radioligand binding studies require a substantial 

amount of tissue sample in order to achieve an accurate and reliable result. The 

various regions of the rat heart, such as the papillary muscle, do not produce 

sufficient quantities of tissue to accurately determine subtype distribution using 

binding assays (Figure 26). In addition, the lack of highly specific antagonists for 

each subtype confounds accurate interpretation of data from binding studies. 

Therefore, it was reasoned that perhaps we could gain an insight into the a,-A R  

subtype distribution question by focusing on the expression o f transcripts, rather 

than the protein expression of the a,-ARs. I theorized that the genes for the 

various a,-AR subtypes are regulated differently, and that som e a,-AR subtype 

mRNA are more abundant than others. Therefore, this difference in mRNA 

abundance may have an effect on the phenotypical expression o f  the various cx,- 

AR subtypes. Such information might be relevant for exam ing certain disease 

states of the heart, where the mRNA of the a r AR subtypes m igh t be expressed 

at different levels. In fact, hormones have been known to differentially regulate 

mRNA levels of certain genes(Shen et al., 2000). The molecular biology
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technique of competitive reverse transcriptase-polymerase chain  reaction (RT- 

PCR) offers an excellent alternative solution (Scofield et al., 1995). This technique 

has the sensitivity to detect the expression of the RNA transcript of any gene 

within any tissue or cell. Therefore, the purpose of this study was to use 

competitive RT-PCR to quantify the mRNA of each a ,-A R  subtype, and 

ascertain their distribution in various regions of the rat heart.

C. Material and Methods

1. Tissue Dissection

Male Sprague-Dawley rats (Rattus n o r v e g i cu s ) (200-250 grams)(Sasco, 

Omaha, NE, U.S.A) were anestheti2ed with sodium pentobarbital (50 rng/kg, ip.), 

and the heart and important surrounding vessels delicately exposed. The heart 

was isolated and dissected from the rat by cutting the aorta, the superior and 

inferior vena cava, and the pulmonary arteries and veins immediately adjacent to 

the heart. After placing the heart in an ice-cold (0°-4°C) sa lin e  (0.9% sodium 

chloride) solution, a syringe was used to perfuse the heart to remove any 

remaining blood within the organ. After three washes with fresh  ice-cold saline, the 

tissue from the different regions and structures of the heart w a s  dissected out. 

Specifically, the left and right atria, left and right ventricle, ventricular septum, 

posterior papillary muscle from left ventricle and apex was carefully collected 

(Figure 26).
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Figure 26: Diagram of the Human Heart and Surrounding Vessels.

The isolated tissue samples were wrapped in sterile aluminum foil, and frozen 

immediately in liquid nitrogen. The time course from dissection of the heart to 

the freezing of the sample was approximately 3-5 minutes. The tissue samples 

were stored at -70°C until ready for use.
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2. Isolation o f Total RNA

Total cellular RNA was isolated from the tissue samples u s in g  the TRIzol™ 

reagent (Gibco BRL Life Technologies, Gaithersburg, MD, U .S .A .), a mono- 

phasic solution of phenol and guanidine isothiocyanate. The fro z en  tissues were 

pulverized with the use of a mortar and pesde in a liquid n itrogen  bath, and 

approximately 100-200 mg of the tissue powder placed into TRIzol™ RNA 

isolation solution (Gibco BRL Life Technologies, Gaithersbuirg, MD, U.S.A.). 

The tissue sample was homogenized in the TRIzol™ reagent, a n d  the RNA was 

extracted according to the manufacturer’s protocol.

In order to remove any contaminating genomic DNA, th e  extracted RNA 

was dissolved in RNase-free water (distilled, deionized w a te r  treated with 

diethylpyrocarbonate; DEPC) and treated with RNase-free D N ase I enzyme (50 

Units; in a 1 X DNase I buffer) (Gibco BRL Life Technologies, Gaithersburg, 

MD, U.S.A.) for 60 minutes at 37°C. The DNase I enzyme w a s  inactivated by 

heating the solution at 65°C for 15 minutes. After the addition o f  5 pi of 5 M 

NH4C1, the RNA was phenol/chloroform/isoamyl alcohol (25:24:1 ratio) 

extracted, and ethanol precipitated (2X volume of 100% ethanol). The RNA was 

pelleted by centrifuging at 15,000 x g. The pellet was air d ried  to remove any 

residual alcohol, and dissolved into solution by adding RNase- free water. The 

integrity of the RNA was confirmed by electrophoresing a 2-10 jag sample (10 pi 

volume with 4pl loading buffer) on a denaturing 1% ethidium bromide stained
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agarose gel. RNA samples that displayed the 28S, 18S, and 5S  ribosomal bands 

were used. The total RNA concentration was determined b y  measuring the 

absorbance at 260 nm with a Beckman DU-650 spectrophotometer. The RNA 

samples that produced an OD260/OD280 ratio that exceeded 1.8 were used in the 

experiment. The concentration of total RNA was calculated b y  assuming 40 |Jg 

of total RNA/ml gives an OD260 reading of 1. The samples w e r e  then stored at - 

70°C in order to minimize degradation, and preserve the integrity of the total 

RNA.

3. Primer Selection (for R T-PCR)

Primers used in the competitive reverse transcription-polymerase chain 

reaction (RT-PCR) were designed with the OLIGO computer program. The 

primers for the a 1A, a 1B, and a 1D receptor subtypes were selected from the cDNA 

sequence of the cloned rat a 1A~, a 1B-, a 1D-ARs respectively, to amplify a region in 

the third intracellular loop for each subtype (Figure 27). E ach  of the selected 

primers were synthesized on a ABI model 392 synthesizer (Creighton Molecular 

Biology Core Facility).
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ai-Adrenergic receptor

'NH2 Plasma
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Intracellular

Subtype Sense Primer Anti-Sense Primer Product
Size

a n (628-647)
5’ GIAGCCAAGAGAGAAAGCCG 31

(820-839)
5C\ACCCACCACGATGCCCAG3

2 I 2  bp

«tb (629-649)
5,-GCTCCTTC TaC ATCCCGCT(Xi -3

(908-928)
5-a g g g g a g c c a a c a t a a g a t c a  -3'

300 bp

«id (759-779)
S’-CGT GT C CT CCTT CTA CCTa CC -3'

(1042-1062)
5-GCa Ca GGACGAAGa Ca CCCa C3'

304 bp

Figure 27: Graphic Representation of Primer Location, Sequence, and 
Expected Size of PCR Product for the Three cq-AR Subtypes.

4. Construction o f Competitor RNA (cRNA)

To quantify the expression of each (X,-AR subtype, an internal standard of

competing RNA template was constructed from a portion of the native a r AR

sequence with a fragment from the pTZ19R cloning vector. The competitor

contained the same primer annealing sequences (sense and anti-sense) as the a 1A-,

a 1B-, a 1D-AR PCR native products, where the a 1A-AR and ot1B-AR primers flank

deleted homologous internal sequence from the a 1A-AR and a 1B-AR PCR
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products, and the a 1D-AR primer flank the pTZ19R nucleotides 1206-1423 from 

the pTZ19R vector (Figure 28). These heterologous cRNAs were used to 

eliminate the formation of heteroduplexes during the PCR process. PCR of the 

respective cRNAs resulted in competitor products of 258 bp for a 1A-AR, and 259 

bp for both the a 1B- and a 1D-AR. The deleted homologous and heterologous 

PCR products for each subtype were cloned and sequenced, and the cRNA was 

synthesized by a runoff transcription reaction using T7 or SP6 RNA polymerase. 

Prior to transcription, the recombinant plasmids were linearized with restriction 

endonuclease Hind III fo r  T7, o r Xho I  fo r  SP6. Transcription o f  large amounts 

of RNA was attained using Ambion’s Megascript kit. The newly transcribed 

RNA was purified, and quantified by spectrophotometry. The integrity of the 

competing RNA was confirmed by denaturing gel electrophoresis.

218 bp internal pTZ19R cloning vector

P0RI
i

▼

competitor template

[ _ ______ ! = « 1 -Sense primer sequence

F_ _ _ _! = a  1 -Anti-sense primer sequence

Figure 28: Schematic for Generation of Heterologous Competitor.
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5. Competitve RT-PCR Protocol

For the competitive RT-PCR experiments, I used identical aliquots of total 

cellular RNA from the selected heart samples against a dilution series of known 

amounts of competitor cRNA. First, I cotranscribed both populations of RNA 

by reverse transcriptase in the presence of the appropriate a 1A-, oc1B-, and a 1D-AR 

anti-sense primer (downstream) at 42°C for 60 minutes in a Perkm-Elmer 480 

DNA Thermal Cycler. The reverse transcription reaction had a  total volume of

20 p.1, containing 20 units of RNasin (Promega; Palo Alto, C A ), 1 mM dNTP

® • i(Gibco BRL Life Technologies; Grand Island, NY), 50 units Moloney Murine 

Leukemia Virus Reverse Transcriptase (MMLV) (Perkin-Elmer), 2.5 mM MgCl2 

(Gibco BRL Life Technologies; Grand Island, NY), 25 pM o f  anti-sense gene 

specific primer, total RNA sample, 20 mM Tris-HCl, and 50 m M  KCl (10X PCR 

buffer ;Gibco BRL® Life Technologies; Grand Island, NY).

Following the reverse transcription reaction, the cDNTA was amplified 

using polymerase chain reaction (PCR) technique. The PCR reaction vessel had a 

total volume of 50 fd, containing 20 |_il of the RT reaction m ix , 25 pM of sense
©

and anti-sense primer, and 2.5 units Taq DNA polymerase (G ibco BRL® Life 

Technologies; Grand Island, NY). The MgCl2, KC1, and T ris-H C l were adjusted 

to a final concentration of 2.5 mM, 50 mM, and 20 mM, respectively. After 

denaturing for 3 minutes at 95°C, the respective cDNAs was coamplified with the
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appropriate CX1A-, a 1B-, and a 1D-AR sense primers (upstream) f o r  39 cycles. The 

cycles consisted of the following parameters: denaturing at 9 5 ° C  for 1 minute; 

annealing at 58°C (for the a 1B- and the a 1D-AR) or 50°C (a1A-A R ) for 1 minute; 

and extension at 72°C for 1 minute. To test for contaminating DNA within the 

total RNA samples, a negative control consisting of the sample in  the absence of 

the reverse transcriptase enzyme was included for each RT -PC R  reaction. In 

addition, a reaction vessel containing reagents alone was included to test for 

contaminating DNA in the buffer and primer stock solutions. The RT-PCR 

products were electrophoresed on a 4% agarose ethidium brom ide stained gel, 

and the bands visualized using a UV transilluminator. O nce the bands were 

identified and photographed, I performed fluorescence densitometry analysis with 

a BIO-RAD Gel Documentation 1000 system. After correcting for size 

differences between the two bands, the log of the ratios of competing products to 

target products was graphed versus the log of the initial am ount of competing 

cRNA template added to the reactions. The derived concentration of native 

RNA was converted and expressed as molecules/ng of to ta l RNA. The 

calculated conversion factor for the a 1B, the a 1A, and the a 1D, w a s  4698, 4600, and 

4600 molecules/femtogram of total RNA, respectively.
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6. Sequencing

The specificity and integrity of the amplified native and competitor cDNA 

PCR products for the a 1A-AR, a 1B-AR, and a 1D-AR subtypes was verified by 

checking the nucleotide sequence. Briefly, the cDNA P C R  product was 

subcloned into the TA cloning vector pCR 2.1 (Invitrogen, San Diego, CA) using 

T4 DNA ligase and according to the manufacturer’s instructions. The vector was 

transformed into modified INF cells, and screened using kanarnycin inoculated 

LB agar plates. Positive clones were grown up in liquid L B  media, and the 

recombinant plasmid isolated using an alkaline lysis method. The double 

stranded plasmid served as a template for cycle sequencing, using Ml 3 forward 

and reverse primers with fluorescence-based dideoxynucleotides (PRISM Ready 

Reaction Dye Deoxy Terminator Cycle Sequencing Kit, Perkin-Elmer, Inc.). T he 

sequences were determined using a DNA Sequencer (ABI Model 373, Applied 

Biosystems, Foster City, CA). The validation of each cDNA PCR product w as 

achieved by comparing the M13 forward sequence with the M13 reverse 

sequence, as well as having at least three clones sequenced.

7. M aterials

TRIzol™ RNA isolation reagent was purchased from Gibco BRL L ife  

Technologies (Gaithersburg, MD). DNase I, agarose, phenol, T4 DNA ligase,
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restriction endonuclease Hind III and Xho I, Taq DNA polymerase, 10 X PCR 

buffer, MgCl2 and dNTP was purchased from Gibco BRL Life Technologies 

(Grand Island, NY). RNasin inhibitor was purchased from Promega (Madison, 

WI). The Moloney Murine Leukemia Virus reverse transcriptase (MMLV-RT) 

was purchased from Perkin-Elmer (Foster City, CA). The vectors pTZl9R and 

pCR 2.1 was purchased from Invitrogen (Carlsbad, CA). The RNA polymerase 

T7 and SP6 were purchased from Clontech (Palo Alto, CA). Kanamycin, 

diethylpyrocarbonate (DEPC), sodium pentobarbital, isoamyl alcohol, ethanol, 

ammonium chloride, and ethidium bromide was purchased from Sigma (St. 

Louis, MO). Chloroform was purchased from Mallinckrodt (Paris, KY).

D. Results

1. Dissection o f Heart and Isolation o f total RNA

For this study, various regions of the heart from a Sprague-Dawley rat were 

dissected. The criteria for selecting the various regions of th e  heart was based 

upon the sections proposed to have the highest work load. First, the heart was 

first divided into left and right hemispheres, which included th e  left atrium, right 

atrium, left ventricle, and right ventricle. In addition, the ventricle septum and 

papillary muscle were also included in the study. The region of the heart 

responsible for much of the work, the apex of the heart and both ventricles, was 

incorporated into the study. The amount of tissue obtained from the various
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regions was enough to isolate total RNA, so that pooling tissues w a s  not required. 

Visualizing the ribosomal RNA bands following horizontal electrophoresis in an 

ethidium bromide agarose gel tested the integrity of the total RNLA.

2. Competitive RT-PCR

Following dissection and isolation of total RNA, the t is s u e  samples were 

subjected to competitive RT-PCR for the three a,-A R  subtypes. Briefly, a single 

concentration of total RNA from the various regions of the h e a r t  was placed into 

a microcentrifuge tube containing specific a,-AR subtype p r im er. To this, 

various dilutions of competitor cDNA were added, and RT-PCR reactions were 

performed. After running the RT-PCR products on an agarose  gel containing 

ethidium bromide, the bands were subjected to densitometry. T t i e  log ratio of the 

optical densities of the 01,-AR subtype competitor specific b a n d  to the native 

band is graphed against the log concentration of competitor. L jjn ear regression is 

performed producing a line in which the equivalence point m a y  be determined, 

fhe equivalence point is where the a 1D competitor cRNA concentration equals 

the native RNA concentration, which in this case is observed where the ratio 

equals zero. A control to detect contaminating DNA in the t o t a l  RNA sample 

was included in each experiment. Representative agarose ge ls  for the a 1A-AR, 

oc1B-AR, and a 1D-AR competitive RT-PCR are shown i n  Figures 29-31, 

respectively.
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* Lane 1 -4, 0.567 (ig of left ventricle total RNA with decreasing dilutions o f  aus com petitor cR N A  
(3000 fg, 2500 fg, 2000 fg, & 1000 fg); Lane 5, 0.567 p,g total RNA only; L an e  6, 2500 fg ctiB 
competitor cRNA only; Lane 7, reagents with both RNA species, but -without reverse  
transcriptase; Lane 8, reagents only (no RNA template); Lane 9,100 bp marker.

Figure 29: Representative Agarose Gel for the a^-AR Competitive RT- 
PCR.
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* Lane 1, 100 bp ladder; Lane 2-5, 0.567 ]_ig of left ventricle total RNA. with decreasing 
dilutions of (XiA competitor cRNA (1000 fg, 750 fg, 500 fg, & 250 fg); L a a e  6, 0.567 |ig le f t  
ventricle total RNA only; Lane 7, 1000 fg (Xia competitor cRNA only ; l a n e  8, reagents 
with both RNA species, but without reverse transcriptase; Lane 9, reagents only (no R N A  
template).

Figure 30: Representative Agarose Gel for the a 1A-AR Competitive R T - 
PCR.
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* Lane 1-4, 0.567 |ig o f left ventricle total RNA with decreasing dilutions o f  CCid  
competitor cRNA (1000 fg, 750 fg 500 fg  & 250 fg); Lane 5, 0.567 |Jg total RNA only; 
Lane 6, 750 fg am  competitor cRNA only ; Lane 7, reagents with both R N A  species, b u t  
without reverse transcriptase; Lane 8, reagents only (no RNA template); Lane 9, 100 b p  
marker

Figure 31: Representative Agarose Gel for the a 1D-AR Competitive R T -  
PCR.

3. Calculated Results

In order to compare the results of a r AR subtypes for the various regions 

of the heart to each other, the concentration of mRNA transcripts w ere 

converted to molecules/nanogram of total RNA (Figure 32). Graphing the 

results in terms of molecules/nanogram of total RNA allows for the further 

visualization of the distribution of mRNA transcripts among the various heart 

regions. The ranking of mRNA transcript for cxr AR subtypes was a 1B-AR > Ct1A-



AR > a 1D-AR in the left atrium, right atrium, left ventricle, r igh t ventricle, and 

apex. The ventricular septum had the following ranking: oc1A-AR > a 1B-AR > a 1D- 

AR. The papillary muscle had high levels of a 1A-AR and <x1B-AR mRNA 

transcripts, and low level of a 1D-AR. The left ventricle had the highest a 1B-AR, 

while the ventricular septum had the lowest. The papillary m uscle had the highest 

level of a 1A-AR, while the right ventricle had the highest level o f  a 1D-AR. The 

discrete distribution of a,-AR mRNA transcripts in the various regions of the 

heart suggests functional heterogeneity.
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Figure 32: Histogram of the Distribution for the Three o^-AR Subtypes in 
Various Regions of the Heart.

E. Discussion

The catecholamine, epinephrine and norepinephrine, are responsible for 

mediating a variety of physiological responses in the heart and 

vasculature (Ruffolo, Jr. et al., 1984a). They produce their effects by interacting
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with a  and ß receptors, regulating production of second messenger(Ruffolo, Jr. et 

al., 1991;Michel et al., 1990). Many studies have shown that adrenergic receptors, 

both a  and ß, are very important in the function of the heart a n d  cardiovascular 

system(Dzimiri, 1999;Garcia-Sainz, Vazquez-Prado, and Villalobos-Molina, 1999). 

Any disorder or modification of adrenergic receptors m a y  have serious 

implications and consequences in the human body. R ecent studies have 

produced evidence that the manifestations of several disease s ta te s  of the heart, 

such as congestive heart failure, maybe attributed to the significant decrease in ß 

receptors(Feuerstein and Ruffolo, Jr., 1997;Ruffolo, Jr. et a l . ,  1998;Dzimin, 

1999;Koch et al., 2000;Lefkowita et al., 2000).

Since the discovery of the a r ARs, the majority o f  studies have 

predominantly focused upon the influence of rxr ARs on peripheral vascular 

responses, rather than on their role within the heart. This has led to the 

revelation of several pharmacological agents that antagonize the cXj-ARs, and that 

have been found to be effective in treating hypertension(Hiet>le and Ruffolo, 

1994;Leech and Faber, 1996;Hieble et al., 1999;Abu-Amarah a n d  Cupples, 2000), 

as well as urological disorders such as benign prostatic hyperp>lasia(Hieble and 

Ruffolo, Jr., 1996b;Langer et al., 1999;Marshall, Burt, and Chappie, 1999). 

Recently, a few studies have investigated the role otj-ARs play o n  the function of 

the heart(Noguchi et al., 1993b;Michel et al., 1994a;Nagashima e t  al., 1996;Koch, 

Lefkowitz, and Rockman, 2000). Several binding studies have s h o w n  that a,-ARs

are expressed in heart tissues. Of the three a,-AR subtypes, o n l y  two have been
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identified through radioligand binding studies on whole rat heart(Michel, Hanft, 

and Gross, 1994b;Hattori, Nagashima, Akaishi, and Kanno, 1996), but the 

regional distribution of a,-AR subtypes throughout the h eart had not been 

investigated. These binding studies on a small rat heart would require pooling the 

dissected various regions of the heart, such as the atrium, from  several animals. 

In addition, current pharmacological agents used to distinguish a,-AR subtypes 

are not very selective. Thus, due to the limitations o f pharmacological binding 

assays, the purpose of the current study was to utilize the molecular technique of 

competitive RT-PCR to quantitate the mRNA transcripts of the three a r AR 

subtypes in various regions of the rat heart.

The data obtained from quantitative competitive RT-PCR reveals that (X,- 

AR mRNA transcripts are discretely distributed in various regions of the rat heart. 

The a 1B-AR mRNA transcripts were by far the most abundant in  all the regions 

of the rat heart studied, except in the ventricular septum. T h e  a 1B-AR mRNA 

transcripts were higher in the ventricles versus the atrium, an d  the left regions 

were higher than the right. Past binding studies involving ventricular versus atrial 

tissues, found that a 1B-AR consisted of 60-80 % of the total a ,-A R s  in the whole 

heart(Minneman, Han, and Abel, 1988;Michel, Hanft, and G ross, 1994b). After 

normalization, the study found that the percentage o f transcript specific for the 

a 1B-AR ranged from 51 % to 75 % of total a,-AR transcripts. Therefore, the 

transcript levels correlated well with the protein levels of a 1B-AR detected in
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previous studies. In addition, the study shows that the a 1A-AR m R N A  transcripts 

are also abundant in various regions of the rat heart, but significantly less than the 

a 1B-AR transcript levels. Previous binding data has shown that th e  remaining 20- 

40 % of the a,-AR in the whole heart is perhaps a 1A-A R s, since current 

pharmacological agents specific for a 1D-AR failed to produce a n y  binding curves. 

The level of mRNA transcripts for the a 1A-AR detected in the molecular study 

ranged from 20 to 40 % among the various regions o f  the rat h ea rt, and thus also 

generally correlates well with previous binding data. Curiously, the competitive 

RT-PCR also detected a measurable amount of a 1D-AR transcript in a number of 

rat heart tissues. Thus, the molecular findings are in sharp  contrast with 

preceding binding data, which failed to detect any oclu-ARs. O n e  hypothesis is 

that current pharmacological agents used to distinguish a 1D-A R s  are not very 

specific in the rat heart(Yang et al., 1997). An alternative hypothesis is that 

perhaps the a 1D-AR undergoes alternative splicing that may a lt e r  or modify the 

function, the binding characteristics in particular, o f  the protein . In addition, 

there is also the possibility that the protein has a low degree of translation, or too 

low to accurately measure.

One must be careful in formulating any conclusions that correlate 

transcript levels with protein expression. Although the a 1B-A R  and a 1A-AR 

mRNA transcript levels correlated well with the binding data, it is not safe to 

assume that each transcript produces one functional receptor. F irs t , the efficiency

96



of the protein translation machinery in the rat heart is currently unknown. 

Secondly, there are numerous studies demonstrating a lack of association between 

the level of transcripts and the magnitude of protein expression. Third, it is 

possible that some transcripts could produce a “spare receptor pool”, which 

would have a substantial influence on receptor function as well as on the 

biological response(Ruffolo, Jr., 1986).

It has also been difficult to determine the source of th e  a,-A R mRNA 

transcripts from the potpourri of cells and tissues inherently p resen t in the heart, 

such as cardiac myocytes, fibroblast cells, connective tissue, ad ipose tissue, or 

blood vessels nourishing that particular heart region. A previous study found 

cultured cardiomyocytes derived from rat expresses a r A Rs, while cultured 

fibroblast cells did not(Stewart et al., 1994). Additionally, autoradiographic studies 

using radioligand specific for oc,-ARs show staining in cardiomyocytes, and not in 

coronary smooth muscle cells(Muntz et al., 1985). Taking tHis into account, 

although the study did not address this concern direcdy, it is reasonable to assume 

that the cardiomyocytes composed a majority of our tissue sam ple, and that the 

transcripts originated from them. Future studies could u tilize  in situ PCR 

technique to directly address this question.

Finally, since the study detected discrete distribution o f  a,-ARs mRNA 

transcripts, it is very tempting to speculate functional effects resulting from the
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differential expression of a,-ARs transcripts. The data appears to correlate well 

with several observed myocardial functions.

98



C h a p t e r  3

MOLECULAR CLONING, EXPRESSION, AND CHARACTERIZATION 
OF NOVEL SPLICED VARIANTS OF RAT ALPHA1a-ADRENERGIC 

RECEPTOR IN THE PAROTID GLAND OF THE SPRAGMJE-DAWLEY
RAT

A. Abstract

The a,-AR plays a role in mediating sympathetic responses in the parotid

gland, including regulation of various signaling pathways for t l i e  production of

saliva. It has been shown that two a,-A ll subtypes exist in the parotid, the

classical a 1A-AR and an a r AR with an unusual pharmacological profile. In

binding studies, they demonstrated diat binding of WB-4101 and 5-methylurapidil

(5-MU) to a,-AR showed a high and low affinity sites, but w a s  insensitive to

chloroethylclonidine (CEC). A recent study has also shown tha_t this parotid OC,-

AR population had a low affinity for BMY-7378 and spiperone. The purpose of

the study was to investigate the possibility that the low affinity s i t e  a,-ARs were a

result of sphced variants of the a 1A-AR. Total RNA was iso la ted  from the rat

parotid gland, and the mRNA was purified with oligo-dT. U sing the technique of

3' rapid amplification of cDNA ends (RACE), I have identified and isolated four

spliced isoforms of the a 1A-AR. Amino acid sequence analysis reveals that the

resulting translated proteins are variously truncated at the carboixy tail. Prazosin
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binding of COS-1 cells transfected with the a 1A-AR containing th e  various spliced 

variant carboxy tails show the same high affinity values, as exhibited by the 

classical a 1A-AR.

B. Introduction

The a r adrenergic receptors (a,-ARs) are a family of heptahelical 

transmembrane G protein-coupled signaling proteins that mediate several 

important physiological effects in response to the catecholamines epinephrine and 

norepinephrine. They play an integral role in the maintenance o f vascular tone, 

cardiac function, and circulatory homeostasis. These receptors are widely 

distributed throughout the body, within peripheral tissues and th e  central nervous 

system. Activation of the a,-ARs initiates a cascade o f signal transduction events 

through Gq, increasing phospholipase C activity, causing the accumulation of 

diacylglycerol (DAG) and inositol triphosphates (IP3). The effect from the 

production of these second messengers in such tissues as blood vessels is 

contraction and vasoconstriction. There are currently three subtypes of a r ARs, 

designated as a 1A, a 1B, and a 1D, identified through molecular clon ing, radioligand 

binding, and functional studies. Emerging data suggests that th ese  subtypes are 

discretly distributed among tissues, and may play specific ro le s  in regulating 

physiological functions (Scofield, Liu, Abel, and Jeffries, 1995;Leech and Faber, 

1996;Nagashima, Hattori, Akaishi, Tohse, Sakuma, Kitabatake, and Kanno, 

1996;Muramatsu et al., 1998).
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The parotid gland was found to express a r ARs, and p lays an important 

role in the regulation and production of saliva(Mangos, M cSherry, Barber, 

Arvanitakis, and Wagner, 1975a;Kowatch and Roth, 1991 ;Miyamoto et al.,

1992;Villalobos-Molina et al., 1992;Miyamoto et al., 1993a;Po:rter, Dowd, and 

Abel, 1992;Rokosh et al., 1994b). Activation of the sympathetic system decreases 

the flow of saliva, and the consistency of the saliva is sparse, th ick , mucinous type. 

Several pharmacological studies have identified at least two oc a-ARs, both the 

classical a 1A-AR and atypical a,-AR with unusual pharmacological properties. 

Binding studies using the a r AR specific antagonist prazosin on membrane 

preparations reveal two binding sites, a high and a low affinity site. The high 

binding site displays the pharmacological profile that corresponds to the a 1A-AR, 

while the low site remains unknown. In addition, these receptors were insensitive 

to the alkylating agent chloroethylclonidine (CEC), thereby strongly ruling out the 

a 1B-AR and a 1D-AR subtypes (Porter et al., 1992). In support o f  this finding, a 

recent study has shown that this population of a,-ARs in the paro tid  gland has a 

low affinity for BMY 7378, and spiperone (Zeng et al., 1997). Currendy, the 

identity or function of these unique a,-AR located in the parotid is  unknown.

Several leading explanations for the unique ott-AR fo un d  in the parotid

include the existence of a novel subtype, or the possibility th a t  this a,-AR is a

product of an alternatively spliced isoform of the classical oc1a-AR. Recendy,

current opinions resulting from several studies show that alternative splicing can

serve as a powerful regulatory mechanism for gene expression, a s  well as produce
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diverse functional proteins from a single gene. Alternative splicing is a process in 

which exons in primary gene transcripts are sphced together in various 

configurations to produce distinct mRNA strands, which may h>e translated into 

various closely related proteins with distinct functions (M ottus, Whitehead, 

O'Grady, Sobel, Burr, Spiegelman, and Grigliatti, 1997). Curiously, alternative 

splicing within the receptor’s carboxy-tail was found to be q u ite  common in 

several GPCR receptors(Gough and Fambrough, 1997;Pierce et a l . ,  1997;Koch et 

al., 1998;Pierce and Regan, 1998;Evans et al., 1999;Drmota and Milligan, 

2000;Hermey and Schaller, 2000). Perhaps the most studied and well understood 

examples include the thromboxane and the glutamate metabotropic 

receptor(Prezeau, Gomeza, Ahem, Mary, Galvez, Bockaert, an d  Pin, 1996;Mary 

et al., 1997;Spumey and Coffman, 1997;Mary, Gomeza, Prezeau, Bockaert, and 

Pin, 1998;Spumey, 1998;Parent, Labrecque, Orsini, and Benovic, 1999).

In relation to the a r ARs, several studies have produced evidence that 

several a,-ARs undergo alternative splicing. In the first occurrence, Northern 

analysis of the a 1B-AR indicated several populations of niRNJ A transcripts in 

various tissues of the rat, and Southern analysis concluded that these transcripts 

resulted from a single gene(McGehee, Jr. et al., 1990;McGehee„ Jr. and Cornett, 

1991). Meticulous investigations into the gene structure found the rat a 1B-AR 

gene contained three promoter regions, in which alternative sp lic ing  often had 

profound effects on producing multiple mRNA transcripts (Jones, Deng, 

MacLeod, and Cornett, 1997). Furthermore, there appears t o  be a different
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pattem of alternative splicing of the a !B-AR gene within various tissues, resulting 

in a differential expression of mRNA transcripts.

In sharp contrast, a number of studies within the past five years on the 

human a ]A-AR demonstrate the existence of alternative splicing post- 

transcriptional modifications quite distinct from the a 1B-AR. Rather than the 

splicing alterations in the promoter regions, the a 1A-AR undergoes alternative 

splicing within the carboxy-terminal region of the receptor resu lting in truncated 

protein isoforms. Identification of alternative splicing of the cx!A-AR was first 

detected by screening a human prostate library, and subsequently by screening a 

human liver library(Hirasawa, Shibata, Horie, Takei, Obika, T anaka, Muramoto, 

Takagaki, Yano, and Tsujimoto, 1995;Chang, Chang, Yamanishi, Salazar, Kosaka, 

Khare, Bhakta, Jasper, Shieh, Lesnick, Ford, Daniels, Eglen, C larke, Bach, and 

Chan, 1998;Coge, Guenin, Renouard-Try, Rique, Ouvry, F ab ry , Beauverger, 

Nicolas, Galizzi, Boutin, and Canet, 1999). Tissue distribution studies revealed a 

discrete pattem of mRNA expression for the various isoforms, suggesting at least 

a functional diversity.

The function of alternatively sphced human a 1A-AR currently remains 

obscure for the most part (Chang, Chang, Yamanishi, Salazar, Kosaka, Khare, 

Bhakta, Jasper, Shieh, Lesnick, Ford, Daniels, Eglen, Clarke, B ach , and Chan,

1998). So far, binding assays of the various isoforms for a n  array of a r AR 

ligands exhibit a profile similar to the “classical” a 1A-AR, while functional inositol 

production assays resulting from the stimulation of the C -term inal truncated
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isoforms displays the characteristic a 1L-AR, adding to the perplexity. Whether 

alternative splicing of the a 1A-AR indeed represents the a 1L-AR remains unclear, 

and further testing is needed. Adding to the confusion, recent screening of 

human liver libraries have uncovered several populations of alternatively sphced 

transcripts that extend into the seventh transmembrane domain, which was 

previously undetected(Coge, Guenin, Renouard-Try, Rique, Ouvry, Fabry, 

Beauverger, Nicolas, Galizzi, Boutin, and Canet, 1999). The resulting truncated 

isoforms lacking the seventh transmembrane domain as a group failed to bind to 

prazosin, as well as induce calcium levels following NE stimulation. However, 

although inter-species comparison between the C-terminal truncated isoforms 

with the seventh transmembrane truncated isoforms show a distinct difference in 

binding and function, intra-species comparison of the various alternatively sphced 

isoforms within the C-terminal truncated or the seventh transmembrane 

truncated isoforms failed to show any variations in binding a n d  function. So, 

clearly alternative splicing has a global impact on the ot1A-AR function, although 

the vast majority of truncated a 1A-AR isoforms have sim ilar functions. 

Therefore, the clear-cut biological and physiological implication for the multitude 

of alternatively sphced transcripts continues to remain unknown. To the naked 

eye, it appears the cells of the human body expends a tremendous amount of time 

and resources in producing scores of superfluous proteins with re lated  functions.

The lack of any universally relevant consequence for truncated a 1A-AR by 

no means signifies a lack of functional differences, but rather ra ise s  the prospect
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of an evolutionary artifact. Providing evidence of alternative sp lic in g  of the cx1A- 

AR in a related species would gready aid in confirming this post-transcriptional 

modification as factual, and evolutionarily conserved. The b a s ic  premise being 

that selection pressures would naturally select alternative sp lic ing  events that 

convey a clear advantage for the survival of the organism, a n d  maintain such 

events within the genetic pool. Although newly evolved and mutated events 

would severely limit this logic, nevertheless a parallel alternative splicing of the 

same gene in a separate species could greatly advance the search  for functional 

relevance. In addition, the rat species could serve as a perfect m o d e l for study of 

the alternatively sphced a 1A-AR, and perhaps enlighten the f ie ld  in terms of 

biological and physiological impact.

Therefore, the purpose of this study was to explore the possibility that the 

unusual a,-AR located in the parotid gland of the Sprague-Dawley rat species is a 

spliced variant isoform of the classical a ]A-AR. 3' RACE was u s e d  to detect and 

isolate the various alternatively sphced transcripts of the a 1A- Ä  R. In addition, 

pharmacological binding assays were implemented to characterize the truncated 

isoforms to investigate functional roles for the various alternatively sphced 

proteins.
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C. Material and Methods

1. T issu e  P reparation  a n d  E xtraction o f  RNA

Male Sprague-Dawley rats (R attus n o r v e g i cu s )  (200-25 O  grams; Sasco, 

Omaha, NE, U.S.A) were anesthetized with sodium pentobarfc>ital (50 mg/kg, 

ip.). The pericardial cavity was carefully dissected open, a n d  the heart and 

surrounding blood vessels exposed. In addition, the parotid glands were also 

exposed by dissecting away the skin and epithelial layer. T h e  exposed area, 

around the heart and parotid glands, was irrigated with ice-cold s a lin e  (0.9% NaCl) 

solution to remove any residual hair or contaminating foreign m a  tter. The pair of 

parotid glands were immediately dissected from the throat region-, and placed into 

a container of ice-cold saline. The parotid glands were washed three times with 

fresh saline, and placed in a sterile petri dish sitting on ice. Fa t  and connective 

tissue was cleaned from the parotid glands using a micro-butte ir  fly scissor and a 

forcep. The parotid glands were immediately placed into a container of liquid 

nitrogen, in order to flash freeze the tissues.

In order to isolate the total RNA from the parotid glands, "the parotid gland 

was pulverized using a mortar and pesde, and then transferred into a microfuge 

tube containing 1 ml of TRIzol™ RNA isolation solution (C3ibco BRL Life 

Technologies, Gaithersburg, MD, U.S.A.). The total RNA was isolated according 

to the manufacturer’s protocol.

In order to remove any contaminating genomic DNA, t ix e  extracted RN A

was dissolved in RNase-free water (distilled, deionized w a te r  treated w ith
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diethylpyrocarbonate; DEPC) and treated with RNase-free D N ase I enzyme (50 

Units; in a 1 X DNase I buffer)(Gibco BRL Life Technologies, Gaithersburg, 

MD, U.S.A.) for 60 minutes at 37°C. The DNase I enzyme w a s  inactivated by 

heating the solution at 65°C for 15 minutes. After the addition of 5 (tl of 5 M 

NH4C1, the RNA was phenol/chloroform/isoamyl alcohol (25:24:1 ratio) 

extracted, and ethanol precipitated (2X volume at 100%). The RJSIA was pelleted 

by centrifuging at 15,000 x g. The pellet was air dried to rem ove any residual 

alcohol, and dissolved into solution by adding RNase- free water. The integrity of 

the RNA was confirmed by electrophoresing a 2-10 |_tg sam ple (10 fil volume 

with 4pl loading buffer) on a denaturing 1% ethidium bromide stained agarose 

gel. RNA samples that displayed the 28S, 18S, and 5S ribosom al bands were 

used. The total RNA concentration was determined by m easuring the absorbance 

at 260 nm with a Beckman DU-650 spectrophotometer. The RJSIA samples that 

produced an OD2rj0/OD2g0 ratio that exceeded 1.8 were used in  the experiment. 

The concentration of total RNA was calculated by assuming 40 fig of total 

RNA/ml gives an OD260 reading of 1. The samples were then stored at -70°C in 

order to minimize degradation, and preserve the integrity of the to ta l RNA.

The mRNA fraction from the parotid gland total RNA w a s  further isolated 

with the Ohgotex™ mRNA purification kit (Qiagen; Valencia, C A ) following the 

manufacturer’s protocol.
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2. Marathon 3 ' Rapid Am plification o f cDNA E nds

The Marathon™ cDNA amphfication method (Clontech; Palo Alto, CA) 

was utilized to perform a 3' rapid amphfication of cDNA ends (RACE). This kit 

provides the capacity to amplify larger stretches of cDNA, with a  much lower rate 

of misincorporation. The higher fidelity of the RACE products to the sequences 

from the original RNA is primarily due to the use of p ro o f reading DNA 

polymerase enzyme mixes designed for long-distance PCR (L D  PCR). The 

method briefly consists of the following components: first a n d  second strand 

cDNA synthesis, adaptor ligation, and RACE reaction to generate full length 

cDNAs.

The Marathon™ cDNA amphfication begins with the cD N A  synthesis. 

Isolated poly A+ RNA obtained from the parotid was used because total RNA or 

genomic DNA tends to give higher background signals. The firs t strand synthesis 

uses a modified oligo-(dT) primer that “docks” the primer w ith  two degenerate 

nucleotide positions to the end of the poly A+ tail at the 3' end (Figure 33). The 

combination of a reverse transcriptase (RT) enzyme followed b y  the RNase H 

enzyme, results in the formation of cDNAs from the poly A  * mRNA. The 

second strand synthesis was performed to create a double stranded  cDNA with 

blunt ends. In order to accomplish this, the single strand cDNLA containing the 

modified oligo-(dT) primer was incubated with DNA polymerase(T4 DNA 

Polymerase) and T4 DNA ligase.
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The next component of the Marathon™ cDNA amplification method was 

to ligate the Marathon™ cDNA adaptor. This adaptor w as  partially double 

stranded and phosphorylated at the 5' end to facilitate blunt e n d  ligation to both 

ends of the double stranded cDNA by T4 DNA hgase. The adaptor is 

constructed so that only one strand of the adaptor can serve as a  template for the 

API primer, which is the antisense primer used for the actual 3 '  RACE. These 

reactions result in an uncloned library of adaptor-ligated double strand cDNA.
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Primers Used in the Marathon 3' RACE

Marathon cDNA Synthesis Primer (52-mer)

5'-TTCTAGAATTCAGCGGCCGC(T)g0N xNy -3'

T
Nx = G o rA ; N y=A,C,G,orT

Marathon cDNA Adaptor 

T7 Promotor

5'-CTAATACGACTCACTATAGGGCTCGAGCGGCCGCCCGGGCAGGT-3'
3’- W2 N-CCCGTCCA-P04 -5'

Adaptor Primer 1 (AP1;27-meir}

5'-CCAT CCTAATAC G ACT CACTATAGGGC-3'

A1AR1-1020S Primer

5'-AGCCTTTCAGAATGTCCTGCGAATCC-3'

Figure 33: Sequences of the Primers Used for the 3' RACE.

The next phase of the Marathon™ cDNA amplification method is the 3'

® ) ii RACE using Clontech’s Advantage KlenTaq polymerase. This polymerase mix

contains an N-terminal deletion Taq DNA polymerase with a minor amount of

proofreading polymerase (to provide 3'-5' proofreading activity), and TaqStart™
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antibody, to allow for the start of the reaction only after denaturation conditions 

have been reached. The adaptor-ligated double strand cD N Ji was diluted t o  

various concentrations suitable for Marathon™ RACE reactions. The p rim er 

API was used as the anti-sense primer, while a primer specific for the a1A-AR w a s  

used as the sense primer (Figure 34).
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Marathon 3 '  RACE

Poly A RNA 5* - w v a a a a a a m a a a a a a a a a a a a a /  NNAAAAAAA-3'

NNTTT 1 1 1 I I I cDNA Synthesis Primer

First strand

RNA/DNA 5' - x a a a a a a m a a a a a a a a a a a a a a a / NNAAAAAAA-3'

Hybrid 3>_ r  .................... -  " 1 n n t t j -h  y i /----- 7-y
30

Remove RNA (RNASE H) 

Second strand synthesis i
5 ’- 1............................................. M N A A A A A A ^  j l - 3 ‘

3 - — ...........1 Ki N i n i i i r i i -5-

Adaptor Ligation I
S'-1 M M A A A A A A A  i------I . T  ____________  -3'

3  - I.......... .............................. ............... 1M M TT I I I I P ------1 S '  I ------1 "S'

I3’ RACE PCR -Using Advantage KJenTaq Polymerase

INnaaaaaâ t:::. i.......» -3-
Upper strand cannot be extended

or serve as template (no binding site for AP1 primer)

3 - I jN M T T T T f T I ---- 1------------------- "1 -5’

= A1AR1-1020S Primer 

= AP1 Primer 1
Run PCR Products on 
Horizontal Agarose Gel

Figure 34: Schematic Representation of 3' Marathon RACE.
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After the 3' RACE, the PCR products were run on a 1% horizontal agarose gel 

stained with ethidium bromide in order to visualize the bands. Individual bands 

were gel isolated from a 1% low melt SeaPlaque GTG (FMC) agarose gel, and 

cloned into the pCR® 2.1 (TA cloning kit, Invitrogen; Carlsbad, C A ) . The RACE 

products were characterized by cloning and sequencing using nested internal 

gene-specific primers in the PCR reaction.

3. F o rm a tion  o f  R ecom b in a n t DNA S p li c e d  C lon e s

The spliced variant PCR products were inserted into a pCR®2.1 plasmid 

vector (TA cloning, Invitrogen; Carlsbad, CA), and sequenced. The a 1A-AR 

sequence published by Ijomasney served as the wildtype, as well a s  part of the 5' 

end of the recombinant DNA(Lomasney, Cotecchia, Lorenz, Leung, Schwinn, 

Yang-Feng, Brownstein, Lefkowitz, and Caron, 1991). The a 1A—-AR was inserted 

into the mammalian expression vector pcDNA 3.1 (+) by u s in g  the restriction 

endonuclease E cor I  and N ot I. Since the sphced variant c lo n e s  represent only 

the 3' end, I substituted the 3' end from the normal wildtype d 1A-AR with the 

spliced variant end fragment. The restriction enzymes Xba T  and Not I  were 

used to remove the 3' end of the a ,A-AR, as well as to excise t t i e  spliced variant 

clones from the pCR®2.1 plasmid vector. The spliced variant clones were then 

ligated to the 5' end of the a 1A-AR prior to the transfection into COS-I cells. The 

proper insertion and orientation of the clones to construct the recombinant D N A
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was assessed using PCR primers to detect the sphced variants, and by DNA 

sequencing.

4. Cell Transfection and Cell Culture

The pcDNA 3.1 (+) mammalian expression vector (Invitrogen; Carlsbad, 

CA) contains the cytomegalovirus (CMV) immediate early promoter, and was 

used to transfect COS-I cells (African Green Monkey Kidney C e l l  Line; American 

Type Culture Collection, Rockville, MD). COS-I cells were p la te d  at 300,000 

cell/35 mm dish in Dulbecco’s Modified Eagle Medium (DMEIVE) (Gibco BRL™ 

Life Technologies; Grand Island, NJ), supplemented with 10% f e t a l  bovine serum 

(certified; Gibco BRL™ Life Technologies; Grand I s lan d , NJ), and 

penicillin/streptomycin (100 U/ml; 100 U/ml)(Gibco BRL™ L i f e  Technologies; 

Grand Island, NJ) at 37°C in 5% C 0 2 atmosphere. A fte r  reaching 70% 

confluency, the cells were transfected with either the 3.1 vector w ith o u t any insert, 

the 3.1 vector containing the rat a 1A-AR, or the 3.1 vector containing the 1.1, 1.2,

1.5, and 1.8 sphced variant isoform a 1A-AR using lipofectamine (Gibco BRL™ 

Life Technologies; Grand Island, NJ) according to the manufacturer’s protocol. 

Cells were screened using G418 (Geneticin; at 300 |-lg/ml; G ib c o  BRL™ Life 

Technologies; Grand Island, NJ) for ten to fourteen days, with a  change of media 

every other day. After establishing a stable line of transfected c e l l s ,  saturation and 

competition binding studies were undertaken.
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5. Cell Membrane Prepara don

Confluent cells were removed from culture flasks by washing twice with 

ice-cold phosphate buffered saline (PBS) solution, and scraping the cells from 

each flask in ice-cold PBS. The intact cells were pelleted by centrifugation at 

1,500 x^ for 20 minutes at 4°C. The cell pellet was resuspended in 50 mM Tris 

buffer (2mM EDTA, pH 7.4) and homogenized with a Teflon homogenizer. The 

cells were centrifuged twice at 26,000 x g  for 30 minutes at 4°C  to form a pellet, 

and the buffer was removed. The final membrane pellet was stored immediately 

at -70°C, and used within a week. Protein concentration was measured by the 

Bradford method with bovine serum albumin as standard (Bradford, 1976).

6. Radioligand Binding Assay

The Kd and Bmax for each a 1A sphced variant adrenergic receptor isoform 

was determined using [3H] prazosin (0.02-2.0 nM) saturation binding assays. 

Non-specific binding was determined in the presence of 100 J_lM phentolamine. 

The final incubation volume was 1 ml, and the reaction was allowed to proceed to 

equilibrium for 30 minutes at 37°C. Each experiment was performed in triplicate. 

The reaction was stopped by addition of ice-cold 50 mM T ris  buffer (2 nM 

EDTA, pH 7.4), and the membrane was filtered onto Schleicher & Schuell #32 

glass fiber filters with a Brandel cell harvester. Filters were washed four times 

with 5 ml ice-cold Tris buffer, and the bound radioactivity determined by a 

Beckman liquid scintillation counter. The K, for various antagonists was
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determined by competition with [3H] prazosin. Binding data was analyzed by 

curve-fitting program Graphpad Prism version 3.00 for Windows, Graphpad 

Software, San Diego California USA, www.graphpad.com. Other statistical 

analysis was performed with analysis of variance (ANOVA), with the Dunnet 

post-test for multiple comparisons. In addition, two-sided Student’s /-test was 

used for unpaired data comparison. Unless stated otherwise, all results are 

presented as mean ± standard error (SEM) from at least three individual 

experiments performed in triplicates. The level of significance w as  set at P < 0.05.

7. Materials

5-methylurapidil (5-MU), prazosin, phentolamine, and BMY 7378 were 

purchased from RBI (Natick, MA). Norepinephrine was purchased from Sigm a 

Chemical Co. (St. Louis, MO). [3H] prazosin was purchased from  DuPont N EN  

(Boston, MA). Dulbecco’s Modified Eagle Media, penicillin/streptomycin, 

restriction endonuclease Ecorl, Not I, and Xba I, Taq DNA polymerase, T4 DNA 

ligase, trypsin-EDTA, geneticin (G-418), lipofectamine, agarose, and certified fetal 

bovine serum (FBS) were purchased from Gibco BRL Life Technologies (Grand 

Island, NY). Moloney Murine Leukemia Virus reverse transcriptase enzyme and 

RNasin inhibitor was purchased from Promega (Madison, WI). SeaPlaque G TG  

was purchased from FMC (Rockland, ME). Tris and ethidium bromide were 

purchased from Sigma (St. Louis, MO). The vectors pCR@2.1 and pcDNA 3.1 

(+) were purchased from Invitrogen (Carlsbad, CA). The Marathon RACE kit 

was purchased from Cion tech (Palo Alto, CA).
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D. Results

1. Isolation and Cloning o f Spliced Variants from Parotid G lan d

Utilizing the mRNA isolated from the Sprague-Dawley ra t  parotid gland in 

conjunction with the Clontech Marathon™ cDNA amphfication kit, a 3' RACE 

was undertaken using primers designed for the rat a 1A-AR sequence. Subsequent 

cloning and sequencing of the 3' RACK products identified an d  confirmed four 

alternatively sphced a 1A-AR transcripts, with each displaying unique splicing 

patterns. As a matter of fact, further analysis of the nucleotide and translated 

amino acid sequences revealed a splicing pattern quite d ifferent from the 

previously identified human spliced products. The alternatively sphced rat a 1A- 

AR I have identified not only consisted of truncation of die 3' e n d  of the carboxyl 

tail, but one transcript (Clone 1.1) consisted of deleted internal sequences (Figure 

36). Additionally, a curious feature of each of our clones was an  identical span of 

approximately 800 nucleotides located at the 3' end, regardless of the splicing 

configuration (Figure 38). However, despite the extent of this nucleotide chain, 

the open reading frame of the amino acids at the 5' end of the sequence consisted 

only of four amino acids, a glycine-phenylalanine-tyrosine-piroline (-GFYP), 

immediately followed by a stop codon (Figure 37). The approximately 800 

nucleotide sequence was placed in several database searches, including GenBank 

EST collection, which failed to locate and identify any homologous sequence of 

known stretches of cDNA. To date, the identification as well a s  the functional

consequence of this rather large stretch of nucleotides rem ains unknown. It
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should be carefully noted that the nature and function of this sequence span was 

beyond the scope of the current thesis, and therefore its im pact and relevance 

were not directly addressed.

In order to assist in the analysis and orientation of the isolated alternatively 

spliced transcripts, a schematic map of the a 1A-AR was produced displaying the 

location of sense and anti-sense primers. Three putative splicing sites uncovered 

in the current study is depicted and marked by asterisks (Figure 35).
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Enlarged Area (Figure 35(B))

Figure 35(A): Schematic Overview of a^-AR with Primer Map Outlined.



Primer Iflap for Alpha 1 A (RAT)

ICUPFMMS 640

Trwsmembrane 
Domain V

>— Q - n Domain Vf

ICDNFMMS 854

A1AR1-1020S

| Splice Site |

Trsnsmembrane Transmembrane
Domain V II

*

] [ A1AR1-1209S

c
Splice Site Splice Site

A1A-1282A5

A1AR1-1632S ] [

Splice Site

Stop Codon

] [

Adaptor AP-1

A1AR1-1412AS I 9 A1AR1-1823ASI  A1AR1-1823AS |

Note: Sky blue box and arrows directed to the right
denote sense primers positions; and arrows
directed to the left denote anti-sense primers positions; 
R ed  vertica l lin e s  denote putative splice sites positions; 
Doric blue oval denote translational stop codon position; 
Green box  denote transmembrane domain positions; and 
Asterisk denote theoretical splice site uncovered in the 
current study.

Figure 36(B): Mapping of the Rat a^-AR Including Primer Locations.

Five isolated clones were isolated and designated as 1.1, 1.2, 1.5, 1.8 and 5.4, from 

shortest to longest, respectively (Figure 36, 37, and 38). The 5.4 clone contains 

the full 0C1A-AR sequence without the addition of the >800 nucleotide at the 3' 

end (“green region”), and therefore represent the “wildtype” a 1A-AR. 

Additionally, several other clones were isolated having identical sequences to our 

designated clones, and were therefore not included in the nomenclature scheme.

While each individual clone contains the seventh transmembrane domain, only
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three of the clones, the 1.1, 1.2, and 1.5 displays a pattern of alternative splicing in 

the carboxy-tail region. It should be noted that the newly identified splicing 

regions are quite removed from the theoretical 16-20 kb intron, located in the 

sixth transmembrane domain that is believed to exist in all a ,-A R s. The 1.8 clone 

is very similar to the wildtype a,-ARs, except the 800 nucleotides found in all the 

variants at the 3' end, refered to as the “green region”, is spliced to the carboxy 

tail region. Mapping of spliced sites based upon current consensus sequences 

reveal that all of the putative identified spliced sites are contained between a pair 

of flanking guanine nucleotides, which conforms to consensus-splicing sequence 

rules and thus lends credence to the authenticity of the alternatively spliced 

variants (Figure 43).
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3' Untranslated 
Translated Region Region

M------------------------------------------------------------------------------------ ►  S t ° P  -4----------------------------------- ►Codon
N o rm a l |A1AR1-1020S| |A1AR1-1209S| \ A1A-1282AS H A1AR1’1412AS^  " ®  | A1AR1-1632S | ] A1AR1 -1832AS|—
(U01726) -------------  -------------  -------------  W

Clone 1.2 A1AR1-1020S

Clone 1.1 lA1AR1-1020S| ■jj-H  A1A-1282ÄS}— I»

['API Primer ]

AP1 Primer |

Clone 1.5 lA1AR1-1020Sj— — |A1AR1-12d^- — H  A1A-1282AS [  AP1 Primer [

Clone 1.8 lA1AR1-1020Sl 1a 1AR1-1209S[ — — } A1A-1282AS |— — (Ä1AR1-1412AS|— ---- 1- l AP1 Primer j

Clone 5.4 |a1AR1-1020s1- ^ HA1AR1-120^— - - - | A1A-1282AS f— « (A1AR1-1412ASH A1AR1-1632SH AP1 Primer

*Note: Blue boxes: represents sense primers locations; boxes: represents anti-sense primer locations; Red line: represents a 1A-AR sequences;
G reen line: represents additional sequences; F usch ia line: mapped spliced sites; Black line: part o f poly adenylation signal: and Large Blue 
Oval: represents stop codon.

Figure 37: Schematic Diagram of Isolated Alternatively Spliced mRNA Transcript.



1 6 0

a 1A-A R FK PSET V FK I VFWLGYLNSC IN P IIY P C S S  QEFKKAFQNV L R IQ C L R R R Q  SSKHALGYTL
C l o n e  1 . 2  .............................................................................................................. AFQNV L R IQ C L R R R Q  SSK H A LG Y TL
C l o n e  1 . 1  .............................................................................................................. AFQNV L R IQ C L R R R Q  SSK H A LG Y TL
C l o n e  1 . 5  .............................................................................................................. AFQNV L R IQ C L R R R Q  SSK H A LG Y TL
C l o n e  1 . 8  .............................................................................................................. AFQNV L T IQ C L R R R Q  SSK H A LG Y TL
C l o n e  5 . 4  .............................................................................................................. AFQNV L R IQ C L R R R Q  SSK H A LG Y TL

a 1A-AR 
C l o n e  1 
C l o n e  1 
C l o n e  1 
C l o n e  1 
C l o n e  5

61  1 2  0  
HPPSQALEGQ HRDMVRIPVG SG E TFY K ISK  TDGVCEWKFF S S M P Q G S A R I TVPK D Q SA CT

.2  HPPSQALEGQ HRDM......................................................................................................................................................
1 HPPSQALEGQ HRDM...................................................................................................... S A R I  TV PK D Q SA CT
5 HPPSQALEGQ HRDMVRIPVG SG E TFY K ISK  TDGVCEWKFF S S M P Q G S A R I TV PK D Q SA CT 

. 8 HPPSQALEGQ HRDMVRIPVG SG E TFY K ISK  TDGVCEWKFF S S M P Q G S A R I TV PK D Q SA CT 

.4  HPPSQALEGQ HRDMVRIPVG SG E TFY K ISK  TDGVCEWKFF S S M P Q G S A R I TV PK D Q SA CT

a 1A-AR 
C l o n e  1 
C l o n e  
C l o n e  
C l o n e  
C l o n e

1 2 1  1 8 1
TARVRSKSFL QVCCCVGSSA PRPEENHQVP T IK IH T IS L G  ENGEEVRM GV TGKGRTLRYC . . . .

2  ...G FY P*
1 TA R .............................................................................................................................................................................................G FY P*
5 TA R .............................................................................................................................................................................................G FYP*
8 TARVRSKSFL QVCCCVGSSA PRPEENHQVP T IK IH T IS L G  ENGEEVRMGV TGKGRTLRYC G FY P*
4 TARVRSKSFL QVCCCVGSSA PRPEENGQVP T IK IH T IS L G  ENGEEVRM GV TGKGRTLRYC . . . .

Figure 38: Comparison of the Putative Amino Acid Sequence of Alternatively S p lic e d  a u- 
AR Transcripts.
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Clone 1.1

S'-AGCCTTTCAGAATGTCCTGCGAÄTCCAGTGTCTTCGCAGAAAGGCAGTCTTCCAAGCATGCCCTGGGCTATACCCTGCAC
4 1

CCGCCCAGCCAGGCTCTAGAGGGÄCAGCACÄGAGACÄTGG GATCGGCCAGGATTACAGTGCCAÄAGGA©(g^¥CT©OCT(iir

m m m m m m  g g ctttta tcca tg a a g cca c— ► -3B
t t

Clone 1.2
S'-AGCCTWCAGAATGTCCTGeGAATCCAGTGTCTTCGCAGAAAGGCAGTCTrCCAAGCATGCCeTGGGCTATACCCTGCAC

CCGCCCAGCCAGGCTCTAGAGGGACAGCACAGAGACATGG ÖGCTTTTATCCATGAAGCCAC--- ► -3'
t t

3' end (found on all clones)

5^©A©A©©T®ATGATA©TCCeCAGTQTAT©A©©e©GCAA©©T©©TQ©TTFCATCTATTe©©AA©T©AAAA?®T©CTmrTCGAA©A©

ACArr©TrACAAÄATG©G©0©©©0TT©TTTCCTA©A©AAACCAÄAÄ©TAÄATAAATAAACACCT©TfTTAT©TAAAAAAAAAAAA 

AAAAAAAAAAAAAAA ®€©©CC©---- ► -3'

Note: Sl<y B lu e  nucleotides denote sense primer 1020S; Red 
nucleotides denote a 1A-AR sequences; nucleotides
denote anti-sense primer 1282AS; Green nucleotides denote 
“green region” add on; Fuschia nucleotides denotes poly 
adenylation signal; Black  n u c le o t id e s  denote stretch of poly-A 
tail residues; Vertical B lack  Arrows denote the splice site 
between a pair of guanine from splicing consensus pattern; and 
H orizontal Arrows denote continuation of sequence not 
shown.

Figure 39: Nucleotide Sequence of 3' End of Clone 1.1 and Clone 1.2 H ighlighting 
the Unusual Add On Sequence, as well as Polyadenylation Signal 
Found on all Clones. A) Sequence of Clone 1.1; B) Sequence of Clone 
1.2; and C) 3'-end Tail Domain of the “Green Region”.
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2. Confirmation o f Alternatively Spliced mRNA Product

Although sequencing of the isolated 3' RACE products identified the 

clones as related to the a 1A-AR family, there is the possib ility that these 

alternatively spliced mRNA transcripts may have originated as a n  anomaly, and 

thus represent a singular, isolated case. In order to test this hypothesis, RT-PCR 

was performed on total RNA samples isolated from the r a t  parotid gland 

obtained from several different rats. To specifically identify the alternatively 

spliced clones, several strategies were implemented. First, th e  presence of the 

additional 3' sequence found in all of our clones, referred t o  as the “green 

region”, had to be confirmed in other rats. Sense and anti-sense primers were 

chosen from the sequencing results with identical optimal annealing temperature, 

which we named 4S and 381AS respectively (Table 6). Perform ing RT-PCR with 

the specific “green region” primers on the parotid gland total RJNA isolated from 

an additional rat produced the expected band size, which w as subsequendy 

sequenced and found to correspond to the green region (F igure 39; Lane 1). In 

addition, several very faint bands of lower molecular weight 'were also present, 

possibly indicative of alternatively splicing of the green region. In  conclusion, the 

green region was found in other rat samples using a straight forward RT-PCR 

procedure rather than the 3' RACE, which strongly suggests t h a t  this element is a 

regular component of rat mRNA.
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N a m e S e o u e n c e L o c a t i o n  ( t ^ )

1020 S 5'-AGCCTTTCAGAATGTCCTGCGAATCC-3' Transmembrane VII 
(70°C)

FM UP 5'-GTAGCCAAGAGAGAAAGCC-3' Transmembrane V 
(48°)

4 S 5'-TTTATCCATGAAGCCACC-3' Green Region 
(54°)

Table 5: Sense Primers Selected.

N a m e Se q u e n c e L o c a t i o n  ( T u )

185 AS 5'-CAACCCTTCGTTCGATCTAAAAGTCGG-3' Green Region 
(6 8 °)

381AS 5'-GACTTCCCCTTTTAACTTG-3' Green Region 
(54°)

FM DN 5'-GCAACCCACCACGATGCCCAG-3' Transmembrane VI 
(48°)

Table 6: Antisense Primers Selected.

In order to determine if the green region was part of the gene, rat and 

human genomic sample was subjected to PCR using the 4S and 381AS primers. I 

anticipated a PCR product of 396 bp, but to my surprise I received a much larger



products. The rat genomic sample resulted in a single faint band at around 700 

bp in length, while the human genomic sample produced two bands at around 

900 and 1400 bp respectively (Figure 39; Lane 8 & 9). Although -the bands were 

not sequenced, it is entirely possible that the green region m a y  also undergo 

alternative splicing, o r  the products are due to non-specific preening. Further 

experimentation would be necessary to investigate this hypothesis.

4 5 6 7 9 10 11 12 13

Expected B a n d :
399 bp -  4  L>p = 396 bp

1400 
< -  900 
< -  700

<-300
396

* Lane 1-6, RT-PCR; Lane 1, 1.05 fig o f parotid sample #1 total RNA; Lane 2, 1.16 Hg of parotici 
sample #2 total RNA; Lane 3, reagent control; Lane 4, parotid sample #1 usirxg oligo dT during 
RT phase; Lane 5, parotid sample #2 using oligo-dT during RT phase; Lane 6, ireagent control f o r  
oligo-dT; Lane 7, 100 bp marker; Lane 8-13, PCR only; Lane 8, 0.5 Jjg o f rat genomic DNA; L ane  
9, human genomic DNA; Lane 10, clone 1.5; Lane 11, PCR reagent control for parotid sample # 1 ;  
lane 12, PCR reagent control for parotid sample #2; and Lane 13, PCR reagent control.

Figure 40: 4 % Agarose Gel Confirmation (using 4S and 38L^.S primer).
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The next objective was to link the green region to the oc1A-AR using RT- 

PCR. In order to accomplish this, I screened for the alternatively sphced variants 

of the a 1A-AR mRNA transcripts I previously isolated using an upstream (sense) 

primer specific for the a u -AR, in conjunction with a downstream (anti-sense) 

primer that targeted the newly identified 3' tail region (“green” region) in a RT- 

PCR reaction (Figure 40). The 1020S primer has an op tim al annealing 

temperature of 70°, so therefore an anti-sense primer with a s im ila r temperature 

had to be selected from the “green region”. Using the sequence of the green 

region from the isolated alternatively spliced clones, the 1 8 5 AS primer was 

chosen. Following RT-PCR, we obtained a positive RT-PCR- product, albeit 

much smaller than the 475 bp band produced by the 1.5 clone positive control, 

that was subsequently cloned and sequenced (Figure 40; Lane 1 ) .  This result is 

not entirely surprising, since it is possible that the PCR product may represent a 

shorter alternatively sphced transcript, such as the clone 1.1 or 1.2. In fact, the 

sequencing results positively identified the product to be clone 1 - 2 ,  with the green 

region located at the 3' end. There was a definite lack of bands representing the 

other clones, which could be interpreted that the 1.2 clone is jperhaps the most 

abundant alternatively spliced transcript species. Nevertheless, th e s e  results taken 

togedier strongly substantiate alternative splicing of the a 1A-AR in  the rat parotid 

gland, as well as the addition of the green region as a universal th em e .
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1 2 3 4 5

0m m -.,

< - 3 0 0
<-200

<-100

* Lane 1, 1.2307 |ig of parotid total RNA from sample; Lane 2, corresponding parotid 
sample without any RT; Lane 3, reagent control for PCR; Lane 4, PCR o f  clone 1.5 
plasmid; and Lane 5, 100 bp marker.

Figure 41: 4% Agarose Gel Confirmation of Parotid Sample (using 1020S 
and 185AS primers).

So far, sequencing the green region has only revealed the pattern o f  

nucleotides at the extreme 5' and 3' end. The full length of the green region is  

estimated to be between 800-900 nucleotides long. I have only been able to  

obtain approximately 350-400 readable nucleotide sequences at the 5', and on ly 

around 200-250 nucleotides at the 3' C-terminal ends. Despite these; 

shortcomings, entering the known sequences of the “green region’7 into th e  

GenBank as well as the FASTA database failed to identify any k n o w n  

homologous nucleotide or protein sequences. The 5'-end of the “green region” i s  

revealed in Figure 41, while the 3' tail region is shown in Figure 38c. It i s
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important to note that the 3'-end of the “green reg io n” contained a 

polyadenylation site, as evidenced by the poly adenylation signal “AATAAA” 

located exacdy 14 nucleotides from the poly-A+ sequence (Figure 38c).

3. Sequencing o f Spliced Variant

GCTTTTATCC ATGAAGCCAC CTGTGCGACA GAGCCCAGTT GGAACACTTC

51
ACCTGCTCTG GGCTGACAAA CTAATGCTGA GGAGCTGTGC TGAGGCCACA 

101
TCTTCCAAAA GCCATGGCAA CAGTGGCCTC CCG CCCTCCA AGTCCCCGCA

151
AGATGAAGAG TGGACATGAC TGTTGGGGGC CTGGGTTGGG AAGCAAGCTA 

201
GATTTCAGCC AGACAATGCC CGCCCCAGGG AAAGGTGCCA TTGGTAGATC 

251
TCCTTCATTT TTCCCAAACC TATGGCATAA GGTTGACCTG AAAAAAAGCT 

301
TACCTGCTCT CTGCACAAAA TGTCATGGTT CCAAACACCA CTGCTGAACT 

351
TACTAAGGGC CTTTAGAATG GCGGGGAACA CTGAAGGGGA AAATTGAACC 

40 1
ATACTGTTGC TCAAACAAAA AGTTTTAATT ATGC-----------

Figure 42: Unusual Sequence Found at the 3' end o f all Isolated 
Alternatively Spliced Clones.
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4. Computer Analysis

In order to speculate about the functional outcome for the newly 

uncovered alternatively spliced a 1A-AR transcripts, the nucleotide sequence of the 

coding region of the splice variants was translated into the p ro p er amino acid 

open reading frame and computer software specialized in identifying known 

protein motifs was implemented (Figure 42). The results clearly show that the 

various alternatively sphced transcripts each have distinct protein motifs. Careful 

interpretation of the protein motifs could aid in forecasting the functional 

repercussions of each truncated protein isoform. As one compares the longest to 

shortest alternatively spliced isoform, there is a substantial loss o f  protein kinase 

phosphorylation sites and myristylation sites, which may or m a y  not have an 

effect on the ligand binding characteristics, on G-protein coupling, or even the 

desensitization of the a 1A-AR.
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Clone Protein M otif
1.1 cAMP Phosphorylation Site

RRQS
Protein Kinase C Phosphorylation S i t e  

—  SSK, SAR, TAR

1.5

1.8/ Wildtype

cAMP Phosphorylation Site 
RRQS

Protein Kinase C Phosphorylation S i t e  
SSK

cAMP Phosphorylation Site 
RRQS

Protein Kinase C Phosphorylation S i t e  

SSK, SAR, TAR 

Casein Kinase II Phosphorylation S i t e

SKTD
Myristylation Site

GSGETH

cAMP Phosphorylation Site 
RRQS

Protein Kinase C Phosphorylation S it e  

SSK SAR, TAR, TIK 

Casein Kinase II Phosphorylation S i t e  
SKTD, SLGE 

Myristylation Site 
__  GSGETH

Figure 43: Results from Predict Protein World Wide Web Server.
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Furthermore, in order to further substantiate the newly isolated 

alternatively spliced a^-AR transcripts, the sequence of the a^-AR cDNA was 

placed into computer software that specializes in predicting splicing sites (Figure 

43). The results from  the prediction correctly mid accurately predicted the splice 

sites located in the isolated alternatively spliced transcripts as seen in Figure 35.

5.' Donor Splice Site Prediction;
JmdcQtide Lo.cati.pa

i) 1138

Splits Site Boundary

CAGAGAGC AT G—!—GTGCGTAT CC
- R D M V  R I

2) 1285 CACAGCC CGG—
~T A R

-GT GAGAAGTA
V R S

3* Acceptor SpliciL-Site Prediction;

Nucleotide Location

1) 1230
Splice Site Boundary

CAT GCCCCAG—}
~P Q G

-GGAT CGGCCA 

S A R

*Note: Software used human consensus splice sequence to predict donor and acceptor sites!

Figure 44: Computer Prediction of Splice Site for a^-AR cDNA Sequence 
Using NetGene2 World Wide Web Server.
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5. Saturation and Competition Binding

Since the original purpose of this study was to determine i f  the alternatively 

spliced variants could account for the a 1L-AR or atypical a ,-A R , the binding 

characteristics of each expressed protein isoform was assessed and compared. 

The radioligand [H3] prazosin was used to determine binding affinities with 

saturation and competition assays. In saturation assays, non-specific binding was 

ascertained using phentolamine.

Each of the alternatively spliced variants was inserted in to  a mammalian 

expression vector containing the CMV promoter. After the plasm id was isolated 

and purified, each clone was inserted into COS-1 cells. COS-1 c e lls  were chosen 

because these cells lack any endogenous expression of a r ARs, 'which is evident 

from the lack of [H3] prazosin binding (Figure 44).
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Saturation Binding 
(on Control/Untransfected 

ceils)

Total Binding 
Non-specific

Total Added (cpm)

Figure 45: Graph of Saturation Binding of Untransfected. Control COS-1 
Cells.

Following transfection, a stable population of COS-1 cells expressing high levels 

of corresponding alternatively spliced variants receptors was chosen, so as to have 

each variant expressing similar receptor densities. This was assessed by saturation 

binding assays (Figure 45 and 46). In addition, the saturation curves also yielded 

the affinity (KD) of each spliced protein isoforms propensity fo r [H3] prazosin. 

Comparison of each spliced variant revealed a range of values from  0.27 ±0.56 to

0.60 ±0.09 (Table 7), which is well within the published range for the a 1A-AR 

found by other binding studies. There was a general lack o f any statistical 

significance among the various isoforms in terms of the KD for [FI ] prazosin.
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Saturation Binding 
(on a  ia -AR Wildtype)

Total binding 
Mon-specific 
Specific

Total Added (CPM)

Figure 46: Graph of Saturation Binding of Wildtype a^-AR.

Saturation Binding 
(on Spliced Variant 1.2)

Total Binding 
Non-specific 
Specific

Total Added (cpm)

Figure 47: Graph of Saturation Binding of Spliced Variant 1 - 2 .
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One of the pharmacological characteristics of the a 1A-AR is a high affinity for the 

antagonist 5-MU. Competition binding assays with 5-MU was assessed, in order 

to detect any changes in affinity with the various isoforms. Again, the values 

obtained for each spliced variant isoform lacked any significant statistical 

differences. In order to verify the cloned spliced variants as related to the a 1A- 

AR, competition assay using BMY 7378 was performed. BMY 7378 was found 

to have a higher affinity for the a 1D-AR, compared to the a 1A-AR and a 1B-AR. 

The values obtained showed that the various spliced variants had a low affinity 

for BMY 7378, and the values were well within other published findings of the 

a 1A-AR (Table 7).

Wildtype h i 12 15 L8

®Max
pM/mg
protein

KD

5 MU (nM)

BMY-7378
OiM)

1.5 ±0.35 1.75 ±0.23 2.07 ± 0.17 1.81 ±0.15 1.21 ±0.08

0.45 ± 0.9 0.33 ± 0.05 0.47 ±0.11 0.27 ± 0.56 0.60 ± 0.09

1.54 ±0.06 2.06 ± 0.15 2.45 ± 0.90 1.89 ±0.21 1.98 ±0.17

26.35 ± 10.0 42.98 ± 
22.0

56.13 ± 
34.0

36.87 ± 
19.0

40.19 ± 
29.0

Note: Data are expressed as mean ± S.E.M.; from three binding experiments (n — 3).

Table 7: Summary of Saturation and Competition Binding Studies for 
Wildtype and Spliced Variants.



E. Discussion

Of all the a,-AR subtypes, the a 1A-AR is possibly the m o st thoroughly 

pharmacologically characterized adrenergic receptor. M an y  binding and 

molecular studies performed by other laboratories, as well as fro m  this laboratory 

show the a 1A-AR and its mRNA transcripts are widely distributed throughout the 

human body. In fact, the population of a 1A-ARs predominates the other a r AR 

subtypes, which strongly suggests a functional significance. However, currendy 

there still remains a lack of functional difference among the a,-ARs despite 

coundess studies. Moreover, there is mounting evidence that another subtype, 

the a 1L-AR, may exist in many tissues found to contain the a 1A-AR further 

confounding the situation (Ford et al., 1997). Despite several molecular studies, a 

clone of the a 1L-AR has not been isolated, thereby preventing any further 

advancement in revolving the functional differences between the otj-ARs.

With the recent discovery of alternative splicing, it is possible that the a 1L-

AR may perhaps be an alternative spliced isoform of the a 1A-AR. Historically, the

GPCR family, of which the a 1A-AR is a member, was thought to be

predominately intronless, therefore searching for alternatively sphced  transcripts

has for the most part been ignored. With the advent of uncovering several

GPCR containing introns, such as the a,-ARs, it was soon discovered that

alternative splicing readily occurs in this large family of receptors. Alternative

splicing has been found to occur in the amino terminus, within intracellular loops,
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and in the carboxy terminus, with the latter situation predominating with 

numerous examples.

Alternative splicing in the a 1A-ARs was first detected in  the mid 1980’s 

through the screening of a human prostate library(Hirasawa, Shibata, Horie, 

Takei, Obika, Tanaka, Muramoto, Takagaki, Yano, and Tsujimoto, 1995). The 

alternatively spliced variants of the a 1A-AR translated into truncated carboxy 

terminus protein isoforms. Binding assays found no discernable difference 

among the spliced variants, and each of these variants has th e  propensity to 

couple to the G-protein and cause the release of calcium. Several years later, a 

study uncovered several of the earlier variants, plus one other never before seen 

variant, which substantiated alternative splicing of the a 1A-AR in  humans(Chang, 

Chang, Yamanishi, Salazar, Kosaka, Khare, Bhakta, Jasper, Shieh, Lesnick, Ford, 

Daniels, Eglen, Clarke, Bach, and Chan, 1998). In these studies, th e  binding assay 

displayed the “classical” a 1A-AR, but the functional assay exhibited the a 1L- 

AR(Daniels, Gever, Jasper, Kava, Lesnick, Meloy, Stepan, 'Wilhams, Clarke, 

Chang, and Ford, 1999). To further add to the confusion, a recent study 

screening of the human liver library uncovered several transcripts with alternative 

splicing within the seventh transmembrane, as opposed to th e  previous C- 

terminal alternative splicing transcripts(Coge, Guenin, Renouard-Try, Rique, 

Ouvry, Fabry, Beauverger, Nicolas, Galizzi, Boutin, and Canet, 1999). These 

truncated seventh transmembrane spliced variants inhibited [H3] prazosin binding 

as w ell as second messenger production, whereas the truncated C-terminal sphced
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variants were found not to affect [H3] prazosin or second m essenger production. 

Further, co-expression of the wildtype a 1A-ARs with the truncated seventh 

transmembrane variants not only affected the localization of tin e receptors, but 

also had an effect on [H3] prazosin binding and the production of second 

messenger chemicals such as intracellular calcium.

Through the use of 3' RACE and an a 1A-AR specific sense primer, we have 

uncovered several alternatively spliced transcripts from the r a t  parotid gland 

mRNA. Comparison with the previously isolated human spliced -variants revealed 

a dramatic difference between the two. Although some of th e  sphced variants 

from the rat parotid resembled the human variants in truncating the carboxy tail, 

the splicing sites were quite different. In addition, one of th e  sphced variants 

from the rat had a splicing pattern never before encountered in t t i e  human, which 

appeared to consist of a sequential splicing pattern. B ind ing assays were 

performed on the variants expressed in COS-1 cells in order t o  determine any 

functional differences, or to reveal a pharmacological a,-Air?, profile whose 

saturation binding would show a low affinity for prazosin, indicative of the oc1L- 

AR. However, the KD for prazosin for all the spliced variants demonstrated high 

affinity, with no statistical difference amongst the various isoforms. This result 

would agree with the fact that the caboxy terminus may play a  more important 

role in  coupling to the G-protein, and in the desensitization and internalization of 

the ot1A-AR, than in binding. Furthermore, other studies have shown that the 

carboxy-tail plays a minimal role in altering binding capacity, as compared to the
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amino-terminus(Hirasawa, Shibata, Horie, Takei, Obika, T anaka, Muramoto, 

Takagaki, Yano, and Tsujimoto, 1995;Chang, Chang, Yamanishi, Salazar, Kosaka, 

Khare, Bhakta, Jasper, Shieh, Lesnick, Ford, Daniels, Eglen, C larke , Bach, and 

Chan, 1998).

Validating the results of these sphced variants isolated fro m  the rat parotid 

gland has been confirmed in several ways. First, sequencing o f the sphced 

variants definitively identified the alternatively spliced transcripts as belonging to 

the a 1A-AR subtype. Secondly, the splicing sites obey and conform to the 

conventional consensus sequences. Thirdly, comparing the varian ts  with each 

other, the splicing sites appear to be conserved. Fourth, computer analysis of the 

wildtype a 1A-AR cDNA generated possible splicing sites th a t  corresponded 

exacdy to the rat sphced variants I have isolated and identified. And finally, 

utilizing primers that span both the a 1A-AR region as well a s  part of the 3' 

“green”region, I performed RT-PCR on another sample of p a ro tid  mRNA and 

obtained a single PCR product. Gel purification and isolation o f  the PCR band 

that was subsequendy sequenced, confirmed the PCR product as having an 

identical sequence to one of the clones obtained by 3' RACE.

Although is is reasonable to assume that the alternatively sphced transcripts

I isolated were derived from one gene, I cannot rule out the possib ility that two

genes may have been involved. The experimental design I implemented cannot

distinguish between “cis” or “trans” type splicing, and therefore places limitations

on any conclusions concerning this subject. Current opinions favor the cis-
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splicing process in eukaryotes, for the fact that trans-splicing w a s  only found to 

occur in lower worms, such as the nematode family. However, a recent study 

demonstrated the occurrance of trans-splicing in a primitive choir elate, which is in 

the vertebrate family(Vandenberghe, Meedel, and Hastings, 2 0 0 1 ). Therefore, 

further studies, such as Southern blotting, would be needed in o rd e r  to determine 

between cis or trans-splicing.

So far, the functional significance and biological relevance o f  the rat spliced 

variants remains obscure and unknown. However, I can speculate on several 

possible functions based upon the results on putative protein  motifs. As I 

evaluated the variants from the longest to the shortest, it becam e apparent that 

certain sites are lost. Protein kinase phosphorylation sites, myristylation sites, and 

even casein kinase II sites are all lost as exons are deleted during splicing. Loss of 

protein kinase phosphorylation sites could be important in  such things as 

desensitization and internalization, as well as in coupling t o  the G-protein. 

Myristylation sites are very important in anchoring the receptor to the plasma 

membrane, and even in localization signals. Casein kinase II, a  serine/threonine 

kinase is very important in signal transduction, growth, an d  proliferation 

pathways. In addition, casein kinase II may play a role in the internalization of 

receptors.

In summary, I have isolated four alternatively sphced varian ts from the rat 

parotid gland. Binding results have failed to detect a binding difference among

the various isoforms that would indicate the presence of a n  atypical a 1A-AR.
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Competition assays have also failed to detect any binding differences among the 

various isoforms. Although the rat sphced variants differ from the human, just 

the mere presence supports the authenticity of alternative sp lic ing of the a 1A-AR 

and clearly demonstrates the evolutionary conservation of this process. One of 

the potential benefit is that the rat may be a perfect model to s tu d y  and delineate 

the functional significance and biological relevance o f the alternative splicing of 

the a 1A-AR.
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C h a p t e r  4

EXPRESSION AND FUNCTIONAL STUDIES OF THE NOVEL 
SPLICED VARIANTS OF ALPHA1a-ADRENERGIC RECEPTOR 

ISOLATED FROM THE SPRAGUE-DAWLEY RAT PAROTID GLAND

A. Abstract

The oq-ARs play a very important role in the human body, in such areas as 

the maintainence of systemic blood pressure. Currendy, three subtypes of the cx,- 

ARs are recognked: a 1A-ARs, a 1B-ARs, and a 1D-ARs. Recent studies have 

discovered a variety of signaling pathways that are activated by (X̂  -ARs, which are 

quite different from the universally accepted Gq-protein activated production o f 

IP3 and DAG. One of the more recent exciting discoveries was that d irect 

stimulation of a,-ARs could activate several mitogenic pathways. The result from  

activation of these mitogenic pathways was the promotion o f  apoptosis, cell 

growth, cell differentiation, as well as cell proliferation, which m  ay all contribute 

to the etiology of cardiac hypertrophy.

I have recently discovered several alternatively sphced <x1a-AR variants

isolated from the rat parotid gland. Pharmacological studies involving several (X,-

AR subtype slective agents have failed to detect any differences between the

sphced variants as compared to the normal wildtype a 1A-AR. E as t studies have
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shown that the carboxy tail region of the 01,-AR plays a role in coupling to the G - 

protein, therefore one may hypothesize that any loss of amino acids from the 

carboxy tail would have a significant effect on the function o f  the stimulated 

receptor. Since the sphced variants isolated from the rat parotid, are truncated in 

the carboxy tail region, I hypothesized that the signaling pathways of these 

truncated receptors is altered.

From the knowledge about the a r AR, I have chosen to assess the function 

of the alternatively sphced a 1A-AR by measuring the production o f IP3, as well as 

in the activation of MAPK pathways. The assessment of the production of IP3 

using ion-exchange chromatography has produced data that show  no significant 

functional differences between the various alternatively sphced oc1A-AR variants, 

as compared to the wildtype. Concerning the MAPK activation, Western 

immunoblotting with ERK 1 & 2 targeted antibodies reveals th a t this pathway is 

stimulated with PE in COS-1 cells stably transfected with both wildtype a 1A-AR 

and the truncated C-terminus alternatively sphced variants. In a l l  cases, activation 

of the ERK pathway with PE was maximally stimulated after 15 minutes, and was 

sustained for at least 6 hours before subsiding. Comparison between the wildtype 

a 1A-AR and the alternatively sphced a ,A-AR isoforms activation of ERK 1 & 2 

are identical, and lack any statistical differences. In conclusion, the wildtype a 1A- 

AR and the alternatively sphced a 1A-AR I isolated and identified have similar 

functional consequences, in terms of IP3 production and M A PK  pathway via 

ERK 1 & 2.
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B. Introduction

Current classification of the a,-adrenergic receptors (a,-A.Us), based upon 

pharmacological agents as well as distinct nucleotide and protein sequences, 

recognizes three subtypes: the a 1A, a 1B, and a 1D(Garcia-Sainz, Vazquez-Prado, 

and Villalobos-Molina, 1999). In addition, a fourth subtype, t t ie  a 1L, has been 

speculated to exist based upon binding and functional data obtained from studies 

on the lower urinary tract. However, the cDNA representing this particular 

subtype has never been isolated or cloned to date. The a r AR subtypes comprise 

a family of heptahelical transmembrane G-protein-coupled signaling proteins, 

which mediate several important physiological effects. One important effect is the 

control and maintenance of blood pressure in response to th e  catecholamines 

epinephrine and norepinephrine.

Activation of a,-ARs subsequent to ligand binding, initiates the production 

of second chemical messengers inositol triphosphate (IP3) a n d  diacylglycerol 

(DAG) from the hydrolysis of membrane-bound phospholipids, by means of the 

Gq-protein and the phospholipase-C (PLC) enzyme. Subsequently, IP3 and DAG 

mediate the release of calcium from the sarcoplasmic reticulum a s  well as activate 

protein kinase C (PKC), respectively. The most important outcom e resulting 

from the cascade of chemical messenger production and signal transduction is the 

contraction of smooth muscles located primarily within bloodvessels.

However, although the second messenger pathways involving IP3 and

DAG are well documented and universally accepted, results from  several studies
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show that GPCRs such as a,-ARs have the potential to activate v a r io u s  mitogenic 

pathways(Garcia-Sainz, Vazquez-Prado, and Villalobos-Molina, 1999;Marinissen 

et al., 1999;Zhong and Minneman, 1999a;del Carmen et al., 2000). Currendy, the 

mechanism whereby GPCRs activate mitogenesis is for the m o st part unknown. 

Previously discovered mitogenic responses have traditionally i  xivolved growth 

factors, such as epidermal growth factor (EGF) and platelet-derived growth factor 

(PDGF). The mechanism of action for activating these m itogenic pathways 

involves the binding of the growth factor to dimerized single—transmembrane 

spanning receptors, which results in auto-phosphorylation of the intracellular 

transactivation domains of the adjacent receptors. Occupation of the growth 

factor binding sites results in the activation of the receptor’s in trin sic  tyrosine 

kinase activity, which ultimately initiates a highly conserved cascad e  of signal 

tranduction events involving the phosphorylation of a s e r ie s  of several 

cytoplasmic kinase proteins known as mitogen-activated protein kinases 

(MAPK)(Seger and Krebs, 1995;Wilkinson and Millar, 2000).

So far, three major MAPK families have been isolated a rxd  identified: the 

extracellular signal-regulated kinase (ERK), and the stress-activated MAPKs 

(SAPK) consisting of c-Jun amino-terminal kinases (JNK) and p38(Marinissen, 

Chiariello, Pallante, and Gutkind, 1999). In addition, studies h a v e  shown that the 

initiation of mitogenic pathways also involves several adaptor jproteins, such as 

SRC, RAS, and RAF(Crespo et al., 1994;Pelech and Charest, 1 S>95;Thomas and 

Brugge, 1997;Vojtek and Der, 1998). The final phase o f the cascad e  involves the 

activation of cytoplasmic localized transcriptional factors, which eventually travel
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through the nuclear membrane to specific response elements located  within the 

genomic DNA initiating transcription. Overall, the physiological importance 

resulting from such mitogenic activation includes apoptosis, czell growth, cell 

differentiation, and proliferation(Gutkind, 1998b;Gutkind, 1998a) _

Hypertrophy is simply defined as the increase in protein synthesis without 

DNA synthesis, which results in the increase in cellular size in accordance with 

the increase in cellular constituents. The induction of transcription via the 

activation of MAPK pathways may likely activate protein synthesis and result in 

hypertrophy. This has been shown in several studies where stimulation of a ,-  

ARs in rat ventricular myocytes, as well as cultured neonatal cardiocytes, results in 

die induction of hypertrophy(Long et al., 1990;Rokosh et al., 19S26a;Zuscik et al., 

2001). In addition, depending on the type of cells, other studies liave  shown that 

stimulation of a,-ARs activates different MAPK pathways. Fr or example, rat 

pheochromocytoma cells (PC12) transfected with human a 1A-A R s and stimulated 

with NE induce ERK and JNK pathways(Williams et al., 1998;lvlinneman et al., 

2000b). On the other hand, stimulation of rat-1 fibroblast cells transfected with 

human a 1A-ARs with PE activates p38 MAPK pathways, while inhibiting ERK 

and JNK pathways (Alexandrov, Keffel, Goepel, and Michel, 1 (J  *J8). In HepG2 

cells, PE stimulation of stably transfected rat a 1B-ARs results in th e  activation of 

ERK, JNK, and p38 MAPK pathways (Spector et al., 2000). Furthermore, studies 

also show that the various a r AR subtypes may actually activate distinct MAPK 

pathways. The transfected human a 1A-ARs in PCI2 cells activate ERK,



SAP/JNK, and p38, the a 1B-ARs activate ERK and p38, while Qt1D-ARs activate 

only ERK(Zhong and Minneman, 1999b). In summary, the results from these 

studies show that MAPKs are activated by agonist stimulation of <Xr ARs, but the 

exact mechanism for the most part remains unknown.

Recent discovery of several alternatively spliced variants of the a 1A-ARs 

derived from the rat parotid by this laboratory raises an interesting challenge. 

Binding studies involving the various a 1A-AR spliced variants utilizing various 

pharmacological antagonists have failed to reveal any significant discrepancies 

from wild type a r ARs profiles. In support, alternatively splicecl variants of the 

human a 1A-ARs have also failed to detect any differences in affinity 

profiles (Hirasawa, Shibata, Horie, Takei, Obika, Tanaka, Muraamoto, Takagaki, 

Yano, and Tsujimoto, 1995;Chang, Chang, Yamanishi, Salazar, Kosaka, Khare, 

Bhakta, Jasper, Shieh, Lesnick, Ford, Daniels, Eglen, Clarke, B ach , and Chan, 

1998). Since the spliced variants display a diverse pattern of truncation within the 

carboxy tail region, it is reasonable to hypothesize that this would result in 

functional diversity. Therefore, the goal of the present study w a s  to assess the 

function of the various alternatively spliced variants I have previously isolated in 

terms of IP3 production, as well as in MAPK activation.
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C. Materials and Methods

1. F orm ation  o f  R ecom b in a n t DNA S p liced  C lo n e s

The spliced variant PCR products were inserted into a pCR®2.1 plasmid 

vector (TA cloning, Invitrogen; Carlsbad, CA), and sequenced. The a 1A-AR 

sequence published by Ijomasney (Lomasney, Cotecchia, Lorenz, Leung, Schwinn, 

Yang-Feng, Brownstein, Lefkowitz, and Caron, 1991) served a s  the wildtype, as 

well as part of the 5' end of the recombinant DNA. The a 1A-A R  was inserted 

into the mammalian expression vector pcDNA 3.1 (+) by u s in g  the restriction 

endonuclease E cor  I  and N ot I. Since die spliced variant clones represent only 

the 3' end, I substituted the 3' end from the normal wildtype ot1A-AR with the 

spliced variant end fragment. The restriction enzymes Xba I  and N ot I  were 

used to remove the 3' end of the a 1A-AR, as well as to excise th e  spliced variant 

clones from the pCR 2.1 plasmid vector. The sphced variant clones were then 

ligated to the 5' end of the a 1A-AR prior to the transfection into COS-I cells. The 

proper insertion and orientation of the clones to construct the recombinant DNA 

was assessed using PCR primers to detect the sphced variants, and by DNA 

sequencing.
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2. C ell Transfection and Culture

The pcDNA 3.1 (+) mammalian expression vector (Invitrogen; Carlsbad, 

CA) contains the cytomegalovirus (CMV) immediate early promoter, and was 

used to transfect COS-I cells (African Green Monkey Kidney Cells; American 

Type Culture Collection, Rockville, MD). COS-I cells were plated at 300,000 

cell/35 mm dish in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco BRL™  

Life Technologies; Grand Island, NJ), supplemented with 10% fe ta l bovine serum  

(certified; Gibco BRL™ Life Technologies; Grand Island, NJ), and 

penicillin/streptomycin (100 U/ml; 100 U/ml)(Gibco BRL™ L ife  Technologies; 

Grand Island, NJ) at 37°C in 5% C 0 2 atmosphere. A fte r  reaching 70%  

confluency, the cells were transfected with either the 3.1 vector without any insert, 

the 3.1 vector containing the rat a 1A-AR, or the 3.1 vector containing the 1.1, 1.2,

1.5, and 1.8 sphced variant isoform a 1A-AR using lipofectamine (Gibco B R L™  

Life Technologies; Grand Island, NJ) according to the manufacturer’s protocol. 

The media was changed every other day, while the cells w e re  screened for 

fourteen days with G418 (Geneticin; at 300 (Xg/ml; G ibco  BRL™ L ife 

Technologies; Grand Island, NJ). After establishing a stable l in e  of transfected 

cells, experimental studies investigating the function of the transfected receptors 

were undertaken.
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3. Phosphoinositide Hydrolysis

In order to address the function of the various spliced varian t isoforms, I 

tested the transfected COS-1 cells containing the different isoforms by measuring 

the production of inositol 1,4,5-triphosphates (IP3) (Figure 47) after stimulation 

with an agonist. Briefly, experimental groups consisting o f  COS-l cells 

transfected with the wildtype a 1A-AR, the spliced variant 1.1, sp liced  variant 1.2, 

spliced variant 1.5, and spliced variant 1.8. The transfected ce lls  were grown to 

80-90% confluency (1 x 107 cells/plate) in 6 well, flat bottom plates with low 

evaporation lid (Becton Dickenson Multiwell™ 6-well polystyrene tissue culture 

plate: Franklin Lakes, NJ). In addition, untransfected COS-1 cells and COS-1 

cells containing the mammalian expression vector (Invitrogen 3.1) without any 

insert were used as controls. The COS-1 cells were grow n in Dulbecco’s 

Modified Eagle Medium (DMEM; Gibco BRL® Life Technologies; Grand Island, 

NY) containing 10% fetal bovine serum (FBS) (certified; G ib co  BRL® Life 

Technologies; Grand Island, NY). After reaching 80-90% confluency, the cells 

were labeled by substituting the growth media with inositol-free DMEM (Gibco 

BRL° Life Technologies; Grand Island, NY) supplemented with [3H]-myoinositol 

at 3 jiCi/ml. The cells were incubated for 24 hours prior t o  treatment with 

agonist and antagonist. On the following day, the media was carefu lly  removed, 

and the cells washed twice with Kreb’s-Henseleit buffer (120 m I\1 NaCl; 5.5 mM 

KC1; 2.5 mM CaCl2; 1.4 mM NaH2P 0 4; 1.2 mM MgCl2; 25 m M  NaHC03; 11.1

mM dextrose; and 0.027 mM CaNa2-EDTA; equilibrated with 9  5%  0 2- 5% C 0 2
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at pH 7.4). The cells were pre-incubated with 900 (J.1 of Kreb’s —Henseleit buffer 

containing 10 mM lithium chloride and 30 pM myoinositol in  each well. The 

agonist norepinephrine (NE) was used to stimulate the a r AR. KTE was dissolved 

in 0.1% ascorbic acid, and various concentrations (from 10’4 to 10  7 M range) used 

to obtain the optimal dose. To test the magnitude of NE d ire c t  effect on the 

production of IP3, pre-treatment with the a,-AR antagonist p razosin  (Praz) was 

implemented. The cells were preincubated 10 minutes with 1 (.uM of Praz to block 

the PE stimulation of a r AR production of IP3. In addition, a con tro l vehicle of 

(0.1% ascorbic acid) was used to determine basal stimulation. After the pre

incubation, 100 pi of either vehicle or PE was added to the appropriate 

experimental group and incubated for 30 minutes at 37°C.
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Figure 48: The Phosphoinositide Cycle.

After the incubation time was up, the incubation solution w^.s immediately 

removed and the reaction stopped by addition of 1 ml ice-cold 

chloroform/methanol solution buffer (1:2, v/v). The plates were bncubated for 2  

hours at -20°C, and then the monolayer of cells within the welLs scraped and 

transferred to a micro fuge tube.

4. Extraction o f Inositols

IP3 from the scraped cells was extracted and collected u sing  ion-exchange 

chromatography. Briefly, 0.5 ml of water was added to the scrapecd cells, and the 

mixture was sonicated in order to completely disrupt the cellular m-embrane. T he



f f t

Figure 48: The Phosphoinositide Cycle.

After the incubation time was up, the incubation solution w as immediately 

removed and the reaction stopped by addition of 1 nil ice-cold 

chloroform/methanol solution buffer (1:2, v/v). The plates were bncubated for 2  

hours at -20°C, and then the monolayer of cells within the weLLs scraped and 

transferred to a microfuge tube.

4. Extraction o f Inositols

IP3 from the scraped cells was extracted and collected u sing  ion-exchange 

chromatography. Briefly, 0.5 ml of water was added to the scrapecd cells, and the 

mixture was sonicated in order to completely disrupt the cellular mLembrane. T he



cellular remnants were collected by centrifugation, and the supernatant containing 

the cytoplasmic fraction was transferred to a fresh microfuge tu b e . Elution of the 

inositol phosphates was achieved by following a protocol previously described 

(Chang, Chang, Yamanishi, Salazar, Kosaka, Khare, Bhakta, Jasper, Shieh, 

Lesnick, Ford, Daniels, Eglen, Clarke, Bach, and Chan, 199S;Damels, Gever, 

Jasper, Kava, Lesnick, Meloy, Stepan, Williams, Clarke, Chang, an d  Ford, 1999). 

The ion-exchange columns (containing 3 ml o f Dowex AGI-X8 anion exchange 

resin; 200-400 mesh, formate form: Bio-Rad; Flercules, CA) 'were cleaned by 

washing three times with double-distilled water, and charged by 1 M ammonium 

formate. The aqueous solution (1 ml) was loaded onto the colum n, and allowed 

to gravity filter through. Next, the columns were washed with 5  ml of 5 mM of 

myo-inositol and a vacuum applied to pull the solution through t h e  columns. The 

columns were washed with G.I.P. (4 mM sodium tetraborate; 60 mM sodium 

formate), and vacuum applied. The inositols were collected by e lu tin g  with 0.1 M 

formic acid/1.2 M ammonium formate, and allowed to gravity filte r through the 

columns. From the elution solution, 0.5 ml aliquot sam ple was taken (in 

triplicate), and the amount of [3U] counted using a Beckm an scintillation 

spectrophotometer. Inositol phosphate production data was analyzed  by curve- 

fitting program Graphpad Prism version 3.00 for Windows, G raphpad Software, 

San Diego California USA, www.graphpad.com. Other statistical analysis was 

performed with analysis of variance (ANOVA), with the Dun.net post-test for 

multiple comparisons. In addition, two-sided Student’s t- t e s t  was used for 

unpaired data comparison. Unless stated otherwise, all results are presented as

155

http://www.graphpad.com


mean ± standard error (SEM) from at least three individ vial experiments 

performed in triplicates. The level of significance was set at P < 0 .05 .

5. Phospho-MAPKp44/42 (ERK 1 & 2) Western Blot

Stably transfected COS-1 cells expressing the wildtype a 1A-adrenergic 

receptor, and the various spliced variants were cultured in six w e l l  plates (Becton 

Dickenson Multiwell™ 6-well polystyrene tissue culture plate: Franklin Lakes, 

NJ). Untransfected COS-1 cells, and cells transfected with the pcDNA 3.1 (+) 

vector plasmid (Invitrogen; San Diego, CA) without any in sert were used as 

controls. The cells were grown in DMEM supplemented w ith 10% FBS, to a 

confluency of 90-100%. The cells were serum starved (grown in  DMEM without 

FBS) for 24 hours prior to treatment with norepinephrine (NTE). As controls, 

selected wells were treated with 100 mM ascorbic acid (vehicle alone), or 10 mM 

phenylephrine, or 1 |xM epidermal growth factor (EGF) (Collaborative Biomedical 

Products; Bedford, MA). On the day of the experiment, the serum free media 

was removed, the cells rinsed twice with phosphate buffered saline (PBS), and 

fresh serum free media added. The cells were incubated for 30 minutes at 37°C at 

95% 0 2/5% C 02, followed by the addition of the appropriate drug. After 

treatment, the media was care hilly aspirated off and the cells rinsed once with 

PBS. The cells were lysed by the addition of a lysis buffer (20 mM  HEPES, pH 

7.4; 50 mM beta-blycerol phosphate; 2 mM EGTA; 10 mM N aF ; 1 mM sodium
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orthovanadate; 1% Triton X-100; 10% glycerol; 1 mM DTT; 1 0 0  fiM leupeptin; 

10 mg/ml aprotmin; and 10 nM okadaic acid) into each well, an d  the plate was 

placed on ice for 15 minutes. The cells were scraped from the w ells, and the lysis 

buffer containing the cells transferred to a microcentrifuge tube. The cell 

membrane debris was collected by centrifugation at 15,000 x g  into a pellet, and 

the supernatant transferred into a fresh microcentrifuge tube. A n  aliquot of the 

supernatant was used to determine the protein concentration u sin g  the Peterson 

protein assay.

The cytoplasmic proteins obtained from the treatments w ere analyzed by 

denaturing SDS polyacrylamide gel electrophoresis (SDS-PAGE). Briefly, loading 

buffer was added to an aliquot of supernatant containing 10 ja g  of protein, and 

loaded onto a discontinuous stacking/16% resolving SDS polyacrylamide gel 

(Sigma; St. Louis, MO). The proteins were electrophoresed using a 1 X 

Tris/glycine running buffer (25 mM Tris; 200 mM glycine; and 0.1% SDS), and 

the migration progress was monitored using pre-stained polypeptide protein 

standards (Kaleidoscope Marker; Bio-Rad; Hercules, CA). A fter the appropriate 

migration, the protein bands were transferred from the gel to 0.45 micron 

NitroPure nitrocellulose membrane (Osmonics, Inc.; West Borough, MA) using 

a semi-dry blotter (Sigma; St. Louis, MO) with transfer buffer (192 mM glycine; 

25 mM Tris; and 20% methanol; pH 8.5). The transfer o f  the pre-stained 

polypeptide standards from the gel to the membrane was u sed  to monitor the 

transfer process.
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After complete transfer of the proteins onto the membrane, the membrane 

was probed with antibodies specific for the proteins of the ERK  1/2 MAPK 

pathway (New England Biolabs Inc; Cell Signaling Technology; Beverly, MA). 

An antibody specific for cyclophillin A (Affinity Bioreagents, Inc; Golden, CO) 

was included to control for protein loading. The protocol for the immunoblot 

was supplied by the manufacturer, and followed according to  the directions. 

Briefly, the membranes were separated from the gel and washed for 5 minutes 

with Tris-buffered saline (TBS; Tris-HCl; NaCl; pH 7.6). Blocking buffer (1 X  

TBS; 0.1% Tween-20; and 5% w/v nonfat dry milk) supplemented with 400 fJ.1 of 

goat serum (Gibco BRL™ Life Technologies; Grand Island, NJ) was added to the 

membrane, and incubated at room temperature for 1 hour on a rocking platform. 

After the incubation period, the blocking buffer was removed an d  the membrane 

washed 4 times with wash buffer (TBS-T: 1 X TBS; 0.1% Tween-20) for 5 

minutes using an orbital shaker. Primary antibody was diluted with TBS-T 

according to the manufacturer, and applied to the membrane. The primary 

antibody was incubated on a rocking platform overnight (8-12 hours) at 4°C. On 

the following day, the primary antibody was removed, and the membrane washed

4 times with wash buffer (TBS-T) for 5 minutes using a n  orbital shaker. 

Secondary anti-rabbit antibody conjugated to horseradish peroxidase (HRP) (New 

England Biolabs Inc; Cell Signaling Technology; Beverly, MA) was diluted 

accordingly, and applied to the membrane. The membrane was incubated at 

room temperature for 1 hour utilizing the rocker. After the incubation period,

the secondary antibody was removed and the membrane washed 4 times with
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wash buffer (TBS-T) for 5 minutes using an orbital shaker. A fte r  removing all 

trace of the wash buffer, 10 ml of LumiGLO (New England Biolabs Inc; Cell 

Signaling Technology; Beverly, MA) was added to the membrane for 1 minute. 

The membrane was exposed to autoradiography film (BIOMAIX; Kodak), and 

developed. Densitometry was performed using a BIO-RAD G el Documentation 

1000 system (Bio-Rad; Hercules).

Western data was analyzed by curve-fitting program (3raphpad Prism 

version 3.00 for Windows, Graphpad Software, San Diego California USA, 

www.graphpad.com. Other statistical analysis was performed 'with analysis of 

variance (ANOVA), with the Tukey-Kramer post-test for m ultip le comparisons. 

In addition, two-sided Student’s /-test was used for unpaired d a ta  comparison. 

Unless stated otherwise, all results are presented as mean ± standard error (SEM) 

from at least three individual experiments performed in triplicate.

6. M aterials

Norepinephrine was purchased from Sigma Chemical Co. (St. Louis, MO). 

Prazosin was purchased from RBI (Natick, MA). [3H] myo-inositol was 

purchased from DuPont NEN (Boston, MA). Dulbecco’s M odified Eagle Media 

(DMEM), inositol-free DMEM, penicillin/streptomycin, restriction endonuclease 

Eivr I , Not I, Xba I, Taq DNA polymerase, T4 DNA ligase, trypsin-EDTA, 

geneticin (G-418), lipofectamine, agarose, and certified fetal bovine serum (FBS) 

were purchased from Gibco BRL Life Technologies (G rand Island, NY).

SeaPlaque® GTG was purchased from FMC (Rockland, ME). Dowex AG1-X8

159

http://www.graphpad.com


(formate form) from Bio-Rad Laboratories (Hercules, CA). Tads and ethidium 

bromide was purchased from Sigma (St. Louis, MO). The vectors pCR 2.1 and 

pcDNA 3.1 (+) was purchased from Invitrogen (Carlsbad, CA).

D. Results

1. Inositol Phosphate Production Assay

In order to assess the functional consequences of each alternatively spliced 

rat a 1A-ARs variants, the ligand stimulated production of IP3 f r o m  the culture of 

COS-1 cells stably transfected with each of the alternatively sp liced  rat a 1A-ARs 

variants was measured. Only cells expressing similar receptor densities, as 

determined from saturation binding studies, were used in. order to make 

comparisons between the various alternatively spliced a IA-A R s  variants. The 

production of IP3 was stimulated by the addition of PE (10‘5 M ) ,  and determined 

by utilizing ion-exchange chromatography. However, one c av e a t of the system 

was that I could not separate inositol 1,4,5 triphosphates (IP3) from  inositol 1,4 

biphosphate and inositol 1-phosphate, and therefore the n u m b er  presented 

represents a collection of the three (Figure 47). The results shoxv that the various 

alternatively spliced rat a 1A-AR variants produced IP3 levels v e r y  similar to the 

wildtype a 1A-AR (Figure 48). In addition, preincubation of the cells with PRAZ 

(100 pM) reduced the production of IP3, thus showing that functional a 1A-ARs

were present. Controls of untransfected COS-1 cells, as w e l l  as COS-1 cells
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transfected with mammalian expression vectors alone without a n y  a 1A-AR insert 

were included. The levels of IP3 were significantly low and similar for both 

controls, indicating that the COS-1 cells produce a small basal le\^el of IP3.
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Figure 49: Histogram of inositol phosphates production following  
norepinephrine stimulation.



2. Map Kinase Western Assay

In order to determine the activation of the MLAPK pathway, 

immunocytochemistry was utilized using antibodies to detect E R K . The accuracy 

of protein dilution and loading onto the SDS PAGE was assessed by the presence 

of the ubiquitously expressed cyclophillin. Cyclophillin belongs to the 

immunophillin family of soluble cytosolic proteins capable of b ind ing the major 

immunosuppressant agent, cyclosporin A. The antibody directed against 

cyclophillin detects the rat species of cyclophillin, but whether it  cross reacts with 

other species is unknown. The first order was to optimize the NX/estern protocol 

using the cyclophillin antibody. The sensitivity, as well as the c ro ss  reactivity of 

the rat specific cyclophillin antibody for the African green m onkey had to be 

assessed. The experimental approach was to subject several d ilu te  concentrations 

of isolated cytoplasmic proteins obtained from COS-1 cells wit In the cyclophillin 

antibody. Aliquots of isolated cytoplasmic proteins in the ran g e  of 10 |_ig-l (Jg 

were loaded onto a SDS polyacrylamide gel, subjected to vertical electrophoresis, 

transferred to nitrocellulose membrane, and subjected to W estern analysis with 

antibodies directed against cyclophillin. After conjugating w ith  a secondary 

antibody containing horseradish peroxidase, the protein bands were visualized 

using radiograph film. The results produced protein bands of t h e  right size (1 jag 

lane), as well as a double band (10 — 4 |0.g lanes) and c learly  show bands of 

decreasing intensity in conjunction with decreasing protein am ounts (Figure 49).
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Amount of Loaded Proteins (fog)

10 8 6 4 1

<-18 kDA-

Figure 50: Cyclophillin Dilution Control.

Optical Density

Figure 51: Graph of Cyclophillin Dilution Control.

Protein bands were analyzed by densitometry, and represented graphically b y  

protein concentration versus optical density relationship (Figure 50). For lanes 

containing double bands, both bands were included in the analysis. Analyzing th e
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data with linear regression, I obtained a linear relationship signifying a definitive 

correlation. From the results, I conclude that the cyclophillin antibody not only 

displays specificity, but also sensitivity. The lowest amount of protein detected in 

the Western protocol was 1 }Jg. Additionally, visual inspection of the protein 

bands resulting from various protein dilutions reveal that a range of 10-6 j_ig as an 

ideal loading amount. Therefore taken together, I have shown that the 

cyclophillin antibody cross reacts with the monkey species of cyclophillin, and 

could effectively serve in the assessment of protein loading.

The next experimental objective was to assess the sensitivity of the ERK 

antibody, which would be accomplished by mixing dilutions o f  positive ERK 

control protein with the ERK antibody. The positive ERJK controls were 

acquired by first fully phosphorylating MAP kinase with M EK, immediately 

followed by purification of the phosphorylated ERK. 2 from the non- 

phosphorylated forms. Henceforth, Western-blotting experiments utilizing the 

positive control protein yields a single band with the molecular weight of 42 kDa. 

Various dilutions of the positive protein, ranging from 15-1 jj.g, were subjected to 

SDS-PAGE and transferred to nitrocellulose membrane (Figure 51). Subsequent 

lmmunoblotting with ERIC directed antibodies produced the expected protein 

bands of the right size. Using densitometry, graphing protein concentration 

versus optical density produced a line of unity (Figure 52). Therefore, one can 

conclude that the ERK antibody was specific in detecting th e  ERIC protein. 

Additionally, 10 (J.g gave a sharp band with the least oversatxirating smear as



compared to 15 jug, and thus appears to be the ideal loading am o u n t of protein 

fo r  detectin g ERK

Amount of
Loaded Proteins (jag): 15 10 5 1

Figure 52: Dilution of ERK Positive Control.

Concentration (jxg)

Figure 53: Graph of Dilutions of ERK 2 Protein Control.
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The results from several studies from different laboratories have shown 

that the stimulation of a 1A-AR has the potential to stimulate ERK mitogenic 

pathways in a variety of cell lines. Therefore, the first order of" business was to 

assess whether stimulation of COS-1 cells transfected by the w ildtype rat a 1A-AR 

with PE and NE activates ERIC pathways. Briefly, COS-1 cells stab ly  transfected 

with wildtype a u-AR were exposed to PE (10‘4), NE (104), car vehicle alone 

(0.1% ascorbic acid in 0.9% saline) for 5 and 15 minutes. Following a brief 

washing, the cells were lyzed and the cytosolic proteins collected, electrophoresed 

on a SDS PAGE, transferred to nitrocellulose, and subjected to Western 

immunoblotting with antibodies specific for ERIC 1 & 2 (p42/p4-4).
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Lane 1- vehicle alone for 15 min 
Lane 2- PE (10~4 M) for 15 min 
Lane 3- vehicle alone for 5 min 
Lane 4- PE (10‘4 M) for 5 min 
Lane 5- vehicle alone for 5 min 
Lane 6- NE (10'4 M) for 5 min 
Lane 7- vehicle alone for 15 min 
Lane 8- NE (10‘4 M) for 15 min 
Lane 9- Blank
Lane 10- ERK positive control

N ote: Values in bar graph represent mean ± S.E.M. from three separate Western, (n = 3).

Figure 54: Western Assay on ERK Activation of COS-1 Cells S ta b ly  
Transfected with a 1A-AR by PE and NE Dose fo r  5 min a n d  
15 min to Assess Strength of Agonist.
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Following quantification with densitometry and normalizing protein 

loading with cyclophillin, PE stimulation of ERIC activity was f ir s t  evident after 5 

and substantially increased after 15 minutes of stimulation (F igure 53). Although 

stimulation by NE at 5 minutes produced a slightly lower ERKL response when 

compared to PE, the 15 minute response by NE resulted m  a higher ERK 

activity.

With evidence that NE and PE stimulation of COS-1 cells transfected with 

a 1A-AR activates ERK activity, direct stimulation by EGF w a s  undertaken to 

establish that COS-1 cells possess an intact functional ERIC pathway. Briefly, NE 

(10‘4 M), PE (104 M), and EGF (10'6 M) was administered to COS-1 cells 

transfected with a 1A-ARs for 15 minutes and the ERK activity assessed by 

immunoblotting with phosphorylated ERIC directed antibodies (Pigure 54).
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Note: Values in bar graph represent mean ± S.E.M. from three separate W estern in = 3).

Figure 55: ERK Activation by EGF & PE & NE on COS-1 Cells Stably  
Transfected with Wildtype a^-AR, and ERK Activation by P E  
of Porcine Coronary Artery.
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Administering NE, PE, and EGF substantially activated E R IC  activity, with 

the EGF stimulation producing significantly more ERK activity a s  compared with 

NE and PE. This strongly suggests that the typical ERIC activation with growth 

factors is present and functional in COS-1 cells transfected w ith  a 1A-AR. In 

addition, EGF was much more potent than NE and PE in activating ERIC 

activity, which suggests that EGF may be more efficient in activating ERIC 

activity as compared to NE and PE stimulation. The overall conclusion from 

these experiments is that it offers evidence that stimulation of adrenergic 

receptors, especially a 1A-AR, as well as EGF receptors has th e  potential to 

activate ERK mitogenic pathways in COS-1 cells.

From the previous experiments, it is quite evident that the COS-1 cells 

possess an inherent ability to activate ERIC pathways. Therefore, assessment of 

untransfected COS-1 cells, as well as transfected COS-1 cells 'w ith  mammalian 

expression vectors without any inserts were performed. Doses o f  PE (10~4 M) or 

vehicle alone(0.1 % ascorbic acid/0.9 % saline solution) were administered at 

various time points ranging from 0-24 hours. Subsequently, cytoso lic proteins 

were isolated and immunoblotted with antibodies directed against phosphorylated 

ERIC 1 & 2 (Figure 55).
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^  Untransfected

1 2 3 4 5 6 7  8 9 I Q

ERK 1 & 2

Lane 1- Vehicle alone, 5 min 
Lane 2- PE (IO4 M) for 5 min 
Lane 3- Vehicle alone, 15 min 
Lane 4- PE (104 M) for 15 min 
Lane 5- Vehicle alone, 30 min 
Lane 6- PE (104 M) for 30 min 
Lane 7- Vehicle alone, 240 min 
Lane 8- PE (10-4 M) for 240 min 
Lane 9- Blank
Lane 10- ERK positive control (10 |ag)

g  Transfected Vector Alone 

1 2  3 4

Lane 1- Vehicle alone, 5 min 
Lane 2- PE (104 M) for 5 mm 
Lane 3- Vehicle alone, 15 min 
Lane 4- PE (10-4 M) for 15 min 
Lane 5- Vehicle alone, 30 min 
Lane 6- PE (10’4 M) for 30 min 
Lane 7- Vehicle alone, 240 min 
Lane 8- PE (104 M) for 240 min 
Lane 9- Vehicle alone, 5 min

-44 k D A  
42 k D A

4 4  k D A  
4 2  k D A

Figure 56: Western Blotting for Phosphorylated ERK 1 & 2 on A.)
Untransfected COS-1 Cells and B) Vector Without In sert  
Transfected COS-1 Cells Control.
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Both the untransfected and transfected vector only COS—1 cells exhibit a 

basal level of ERIC activation. In the untransfected COS-1 c e l ls ,  comparison 

between the vehicle alone and PE stimulation both show no activation  of ERK. 

The untransfected COS-1 cells failed to show any increase in E R K  activity with 

PE stimulation, as compared to the vehicle alone. Thus, it cou Id be speculated 

that washing the cells, regardless of the method, may in itia te  a minuscule 

mechanical stimulus, which may indirectly induce a basal ERT<L activity. The 

alternative is that there might just be in inherent basal level o f  ERIC activity 

present in the cell. In contrast, the COS-1 cells transfected w ith  vector without 

any insert show a distinct reaction to PE stimulation when com pared with vehicle 

alone. One may speculate that transfection with the vector a lo n e  produces a 

protein the reacts positively with PE to activate the ERK m itogenic pathway in a 

“crossover” manner. However, when compared with COS-1 cells transfected 

with oc1a-AR, activation of ERK from PE stimulation in COS-1 cells transfected 

with vector alone is significandy less. Nevertheless, both the un transfected COS- 

1 cells and transfected vector alone COS-1 cells show an inherent basal level of 

ERK activation. Therefore, each experimental condition involving PE 

stimulation had to be normalized by incorporating analysis w i t h  vehicle alone. 

Any subsequent analysis of ERIC activation involved the subtraction of the PE 

stimulated levels from the vehicle alone.

The time course of ERIC activation in COS-1 cells transfected and 

expressing wildtype a 1A-AR had to be established. In order to  accomplish this,
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COS-1 cells expressing the wildtype a 1A-AR were grown to confluency, P E  

administered from time 0, 5, 15, 30, 60 min, 6 hour, 12 hour, a n d  24 hour, cells 

carefully washed with sterile PBS, and the cytosolic protein extracted. T he 

cytosolic proteins were separated using SDS-PAGE, transferred to  a membrane, 

and probed with antibodies targeting phosphorylated ERK. T o  normalize fo r 

protein loading, cyclophillin antibodies were included for each lane.

ERK1& 2 44 k D A  
42 k D A

Cyclophillin
i -  18 k D A

Lane 1- Time 0 
Lane 2- 5 minutes 
Lane 3-15 minutes 
Lane 4- 30 minutes 
Lane 5- 60 minutes (1 hour)
Lane 6- 6 hours 
Lane 7-12 hours 
Lane 8- 24 hours

Figure 57: Time Course for ERK 1/2 Activation with I*E (10‘4 M) for
Stably Transfected Wildtype a^-AR.
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COS-1 cells expressing the wildtype a 1A-AR were grown to confluency, PE 

administered from time 0, 5, 15, 30, 60 min, 6 hour, 12 hour, a n d  24 hour, cells 

carefully washed with sterile PBS, and the cytosolic protein extracted. The 

cytosolic proteins were separated using SDS-PAGE, transferred to a membrane, 

and probed with antibodies targeting phosphorylated ERK. X"o normalize for 

protein loading, cyclophillin antibodies were included for each la n e .

ERK 1 & 2
I

nmiumrn ^ W—u m  T munp . :;ii
■ ' : '-IB

I m s :  : " v ^ r iP  « me

<-44 kDA  
<-42 kDA

Cyclophillin
<-18 kDA

Lane 1- Time 0 
Lane 2- 5 minutes 
Lane 3-15 minutes 
Lane 4- 30 minutes 
Lane 5- 60 minutes (1 hour)
Lane 6- 6 hours 
Lane 7-12 hours 
Lane 8- 24 hours

Figure 57: Time Course for ERK 1/2 Activation with P E  (10-4 M) for
Stably Transfected Wildtype a^-AR.
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Note: Values in bar graph represent mean ± S.E.M. from  three separate W e s te rn  (n — 3). 

Figure 58: Analysis of Western Results Following Densitometry.

Following densitometry to quantitate the protein bands for comparison, PE 

stimulation of ERK activity appears to be time dependent (Figure 57). Activation 

of ERK by PE is detected as early as 5 minutes, and appears to maximally activate 

within 15 minutes. The maximal activation of ERK activity by PE appears 

sustained from 15 minutes to 6 hour, decreasing slightly at 12 hours, followed by 

a subsequent increase at 24 hour. It is important to note tihat in order to 

overcome the natural catabolism of catecholamines by COS-1 cells, which may 

interfere with the potency of PE over long time periods, experiments involving 

time periods over 12 hours were somewhat modified. Cells stimulated with PE
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for over 12 hours were washed once with sterile PBS, and fresh m edia containing 

PE was administered. Thus, the subsequent increase of ERK activity observed at 

24 hours may have been influenced by this procedure. Nevertheless, we can 

conclude from these experiments that a minimum of 5 minute stimulation of 

COS-1 cells transfected with a 1A-AR by PE is sufficient t o  activate ERK 

mitogenic pathways. In addition, maximum ERK activation from  PE stimulation 

is achieved at 15 minutes and sustained for at least 6 hours.

The next objective was to compare the ERK activity, through Western 

immunoblotting, following PE stimulation of COS-1 cells expressing the a 1A-AR 

wildtype, against those expressing the various alternatively sphced a 1A-AR 

isoforms I have isolated and identified. Transfected COS-1 cells were either 

stimulated with vehicle alone (0.1 % ascorbic acid/ 0.9 % saline solution) or PE 

(10 4 M) for various time periods ranging from 5 to 240 minutes. Subsequently, 

the cells were washed and the cytosolic proteins were extracted, subjected to 

SDS-PAGE, transferred to nitrocellulose membrane, and immunoblotted with 

antibodies targeting phosphorylated ERK 1 & 2. Protein bands ’were quantitated 

by densitometry, and normalized by subtracting PE bands f ro m  vehicle alone 

(Figure 58).

175



T
3W '

ax

%i

a2- Xl3h M2-

ERK 1 & 2 <-44 kD A  
<-42 kD A

Lane 1- Vehicle alone, 5 min 
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Note: Values in bar graph represent mean ± S.E.M. from three separate Western (« = 3).

Figure 59: ERK Activation with PE (10'4 M) of COS-1 Cells Stably
Transfected with Clone 1.2.
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Results from COS-1 cells transfected with each of the alternatively spliced 

ot1A-AR variants failed to differ significantly from the wildtype a 1Â -AR. For each 

of the alternatively spliced a 1A-AR variants, activation of ERK from  PE was first 

detected at the 5 minute time period (Figure 58 and 59). Maximal E R K  activation 

occurred at 15 minutes, and was well sustained to 240 minutes. TThis time frame 

was very similar the results of ERK activation by PE stimulation of COS-1 cells 

transfected with wildtype a 1A-AR. Overall, there was a lack of difference in ERKL 

activation between the wildtype a 1A-AR against each of the alternatively spliced 

a 1A-AR variants.

ERK 1 & 2 44 k D A  
< — 42 k D A

Lane 1- Time 0 
Lane 2- 5 minutes 
Lane 3-15 minutes 
Lane 4- 30 minutes 
Lane 5- 60 minutes (1 hour) 
Lane 6- 6 hours 
Lane 7-12 hours 
Lane 8- 24 hours

Figure 60: Time Course for ERK Activation with PE (10^ M) of C O S -1  
Cells Stably Transfected with Clone 1.1.

In order to obtain a greater appreciation for the lack of discrepancy

between the wildtype a 1A-AR activation of ERK 1 & 2 with 'th e  alternatively
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spliced oc1a-AR isoforms, it would be constructive to run both s id e  by side on an 

SDS-PAGE followed by lmmunoblotting with ERK antibodies (Figure 60). In 

addition, cells transfected with 3.1 vector alone as well as untransfected cells were 

included on the gel. In order to normalize protein loading, immunoblottmg with 

cyclophillin was included (data not shown). Both the untrans fected and cells 

transfected with 3.1 vector only produced a basal level of ERI<1 1 & 2 protein 

bands. In addition, both conditions produced several bands that could represent 

phosphorylated isoforms of ERK. It appears that transfecting CZOS-1 cells with 

either the wildtype a 1A-AR or the alternatively sphced variants substantially 

activate the ERK pathway as evidenced by comparing the vetiic le  alone lanes 

between the various conditions. Comparing the wildtype (X ,A-A JR with the clone 

1.2 both show that ERK activation occurs within 5 minutes, and reaches maximal 

stimulation at around 15-30 minutes.
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- 44 kDA 42 kDA

Lane 1- Vehicle alone, 5 min 
Lane 2- PE (10‘4 M) for 5 min 
Lane 3- PE (10-4 M) for 30 min 
Lane 4- Kaleidoscope Marker 
Lane 5- Vehicle alone, 5 min 
Lane 6- PE (10"* M) for 5 min 
Lane 7- Vehicle alone, 15 min 
Lane 8- PE (lO"4 M) for 15 min 
Lane 9- Vehicle alone, 30 min 
Lane 10- PE (IQ-4 M) for 30 min

B
I 2 3 4 5 6 7  8 2
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---------Clone 1.2---------------> <- UT ->•

Lane 1- Vehicle alone, 5 min
Lane 2- PE (10"4 M) for 5 min * UT= Untransfected
Lane 3- Vehicle alone, 15 min 
Lane 4- PE (10 4 M) for 15 min 
Lane 5- Vehicle alone, 30 min 
Lane 6- PE (10"4 M) for 30 min 
Lane 7- Kaleidoscope Marker 
Lane 8- Vehide alone, 15 min 
Lane 9- PE (10-4 M) for 15 min

Figure 61: Comparison of ERK Activation by Vehicle Alone or PE < 1̂0‘4 M) B etw een A) 
COS-1 Cells Transfected with 3.1 Vector Only and CO S-1 Cells Transfected  
with Wildtype a^-AR, and B) COS-1 Cells Transfected with Clone 1.2 and 
Untransfected COS-1 Cells
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E. Discussion

It is well recognized that the a,-ARs play a significant and important role in 

many physiological responses of the human body, particularly in such areas as the 

cardiovascular system. More specifically, the otj-ARs play an im portant function 

in the regulation and maintainence of blood pressure hemodynamics. Of the 

three Ctj-AR subtypes, the a 1A-ARs are perhaps the most well studied , and most 

thoroughly characterized. By utilizing a portion of the human oc1A-AR cDNA to 

screen a human prostate cDNA library, it was soon uncovered that the human 

a 1A-AR undergoe alternative splicing and produces several spliced variant 

transcripts(Hirasawa, Shibata, Horie, Takei, Obika, Tanaka, Muramoto, Takagaki, 

Yano, and Tsujimoto, 1995). These findings were further substantiated by similar 

designed studies screening a liver cDNA library, as well as studies using PCR, in 

conjunction with primers specific for the a 1A-AR, to screen a  prostate cDNA 

library (Chang, Chang, Yamanishi, Salazar, Kosaka, Khare, Bhakta, Jasper, Shieh, 

Lesnick, Ford, Daniels, Eglen, Clarke, Bach, and Chan, 1998) (Coge, Guenin, 

Renouard-Try, Rique, Ouvry, Fabry, Beauverger, Nicolas, Galizzi, Boutin, and 

Canet, 1999).

Translation analysis of the isolated human alternatively sphced a 1A-AR

variants revealed that the carboxy tail region of the receptors w a s  truncated as a

result of the alternative splicing process. Pharmacological binding on the

truncated receptors expressed in COS-7 cells failed to detect any significant
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affinity differences among the spliced variants, when compared to the wildtype 

otu-AR. However, when the truncation extended well into the transmembrane 

sixth domain, the binding of [H3] prazosin was significantiy mhibited(Coge, 

Guenin, Renouard-Try, Rique, Ouvry, Fabry, Beauverger, Nicolas, Gahzzi, 

Boutin, and Canet, 1999). In regard to the recendy discovered alternatively 

spliced variants, pharmacological binding studies failed to show  any significant 

differences from the classical a 1A-AR.

Functional studies investigating the truncated carboxy tail receptors derived 

from the alternatively spliced human a 1A-AR variants have produced conflicting 

results. Initial studies have shown that these alternatively spliced variants fail to 

show any functional differences, when compared to the wildtype a 1A-AR. Using 

fura-2, it has been shown that expression of these alternatively spliced receptor 

variants couples to phospholipase C (PLC) and produces an increase in calcium, 

with no statistical differences among the variants and wildtype oc1A-AR(Hirasawa, 

Shibata, Horie, Takei, Obika, Tanaka, Muramoto, Takagaki, Y ano , and Tsujimoto, 

1995). In terms of production of IP3, initial studies have demonstrated that the 

wildtype a 1A-ARs produce similar levels as compared to the alternatively sphced 

variants(Hirasawa, Shibata, Horie, Takei, Obika, Tanaka, Muramoto, Takagaki, 

Yano, and Tsujimoto, 1995;Chang, Chang, Yamanishi, Salazar, Kosaka, Khare, 

Bhakta, Jasper, Shieh, Lesnick, Ford, Daniels, Eglen, Clarke, Bach, and Chan, 

1998). In contrast, subjecting the functional IP3 assay t o  various cq-AR
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antagonists reveals a pharmacological profile of the a 1L-AR(Daniels, Gever, 

Jasper, Kava, Lesnick, Meloy, Stepan, Williams, Clarke, Chang, an d  Ford, 1999).

The alternatively sphced a 1A-AR variants isolated from the rat parotid gland 

are also truncated within the carboxy tail downstream from  the seventh 

transmembrane domain, which is quite similar to the human spliced variants. In 

addition, the functional significance for the human truncated ct1A-ARs derived by 

alternative splicing, as well as with many other alternatively sphced GPCR 

isoforms with a truncated carboxy tail remain currently unknown. Accordingly, 

there was an interest in studying the IP3 production of the rat alternatively sphced 

variants. The results have shown that the expressed alternatively sphced variants 

of the rat a 1A-AR respond similarly to the wildtype a 1A~AR. D espite the loss of 

some of the carboxy tail, the truncated sphced variant receptors can couple 

efficiendy to the second messenger pathway, as evidenced by th e  production of 

IP3. However, the lack of functional difference in terms of IP3 production is not 

at all surprising, considering that the alternatively sphced rat receptor’s entire third 

intracellular loop for each of the isoforms remains intact, which interacts with the 

Gq-protein complex. Therefore, it may be reasonable to speculate that the 

truncated carboxy tail isoforms may confer alterations in phosphorylation and/or 

desensitization properties, which would need further testing.

The recent discovery of the relationship between GPCRs a n d  the activation

of MAPK pathways has lead to an explosion of scientific inquiries, which has

tremendously increased our knowledge and understanding of th is  complex signal
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transduction. Although many of the mechanisms of action h ave  been ehcited, 

much remains currendy unkown. One study has shown that th e  various a r AR 

subtypes may actually activate distinct MAPK pathways(Zhong and Minneman, 

1999b). Therefore, I wanted to investigate the possibility that the various 

alternatively sphced rat a1A-AR variants I have previously isolated may activate 

discrete MAPK pathways.

Results from stimulation of COS-1 cells transfected with ra t wildtype a ]A- 

ARs with PE and NE clearly shows that ERK activity is increased as assessed by 

immunoblotting cytosolic proteins with antibodies targeting the phosphorylated 

forms of ERK 1 & 2. Stimulation of the same cells with a significandy smaller 

amount of EGF than either PE or NE (10 6 M for EGF vs. 10 4 M  of either PE or 

NE) produced a much more robust ERK activation, signifying that EGF is 

notably much more potent in ERK activation. This may strongly suggests that 

the coupling of the growth factor receptor to the classical ERK mitogenic 

pathway is much more efficient than the adrenergic receptor linkage. Since the 

current experimental scheme did not direcdy address this inquiry, comments 

concerning this aspect are purely speculative at best and further testing  is needed.

It is important to note that there appears to be a b asa l level of ERK

activation present in COS-1 cells as evidenced in untransfected controls.

Comparison between vehicle alone versus PE challenged cells fa iled  to show any

difference in ERK activation. Therefore, it could be concluded th a t  the treatment

of the cells, such as in changing the media or subjecting the ce lls  to washes, may
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elicit a mechanical type stimulus resulting in a minor activation of the ERK 

mitogenic pathway. When COS-1 cells transfected with vectors la-cking any insert 

were stimulated with PE, phosphorylated ERK 1 & 2 was increased albeit not as 

robust as COS-1 cells transfected with a 1A-AR. One could speculate that the 

vector produces a protein that increases the efficiency and serLsitivity of ERIC 

activation when transfected into COS-1 cells. Nevertheless in sp ite  of the basal 

levels of ERIC activation, I am confident that the cultured cell system has the 

ability to detect any significant changes in ERK activation.

Stimulation of COS-1 cells transfected with the a 1A-AR b y  PE also display 

a time dependent activation of ERK. ERK activity is significantly increased in as 

little as 5 minutes, reaching a maximal level at around 15 m inutes. This maximal 

level of ERK activation is sustained for as long as 6 hours, ~\vith a detected 

decrease occurring around 12 hours. Assessment of ERK activ ity  beyond 12 

hours, such as at 24 hour time point, show a second increase i n  ERIC activity. 

However, caution should be exercised concerning this second increase in ERIC 

activity, which could be the result of an artifact in the experimental procedure. In 

order to combat the catabolism of catecholamines, which m a y  diminish the 

potency of PE over time, treated cells undergoing time points t>eyond 12 hours 

had incubation media removed, washed once with PBS, a n d  fresh media 

containing a fresh dose of PE was readministered following a 12 hour time 

period. Thus, the secondary increase in ERIC 1 & 2 activity m aybe attributed to 

the mechanical disturbances of removing, washing, and reapplying media.
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Alternatively, the secondary increase may also be the result of th e  application of a 

fresh dose of PE. It is reasonable to assume that in the 12 hour time span, 

sequestered and compartmentalized a 1A-ARs or previously activated a 1A-ARs 

have been recycled to the surface, where the fresh dose of P E  ehcits an ERK 

response comparable to the initial stimulation.

The alternatively sphced a 1A-AR variants I have previously isolated and 

identified have failed to reveal any significant differences in ERIC activation 

resulting from PE stimulation when compared to the wildtype oc1a-AR. The time 

frame of ERK activation for each of the alternatively sphced a 1A-A R  variants was 

also very similar to the wildtype OC1A-AR results. Activation of E R K  was detected 

in as little as 5 minutes, and reached a maximal level at around 15 minutes. 

Additionally, the maximal level of phosphorylated ERIC 1 & 2 w a s  sustained for 

at least 6 hours, before significandy decreasing at a 12 h o u r  time period. 

Therefore, despite the different patterns of casein kinase protein rmotifs present in 

the alternatively sphced a 1A-AR variants, the results show that the presence of 

absence of these motifs has no bearing on ERK activation. I c a n  conclude that 

the truncation of the carboxyl tail region represented by the alternatively sphced 

ot1A-AR variants does not have any influence in activating ERK mitogenic 

pathways. It is possible that other signal transduction cross talk pathways, as well 

as desensitization and down-regulation effects could be a function of the sphced 

variant differences.
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A p p e n d i x  1

DETECTION OF ALPHA1a- AND ALPHA,D-ADREINERGIC 
RECEPTOR TRANSCRIPTS IN THE GERBIL SPIRAL IMODIOLAR

ARTERY

A. Abstract

Numerous studies have shown that the blood flow in the in n e r ear is under 

sympathetic nervous system control. Recent pharmacological studies raise the 

possibility that the vasculature involved in providing blood to  the cochlear is 

mainly controlled by a,-ARs. Therefore in order to extend our knowledge for the 

pharmacological studies, molecular studies were undertaken to detect the various 

mRNA transcripts for the a r AR subtypes present in the spiral modiolar artery, 

the main vasculature supplying blood to the cochlea. The detection of transcripts 

for the a,-adrenergic receptor subtypes was determined using reverse 

transcriptase polymerase chain reaction (RT-PCR). Total RNA w a s  isolated from 

several microdissected spiral modiolar arteries from the gerbil, as well as from 

gerbil and rat brain for control. Primers for each a ,-A ll subtypes were developed 

from the rat nucleotide sequences, and produced RT-PCR products that spanned 

the third intracellular loop. The a 1A-AR subtype mRNA transcmpt was detected 

in the spiral modiolar artery sample, while the a 1B-AR subtype transcript was not

detected. To rule out the possibility of a r AR contamination from blood, the
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RNA was extracted from blood and subjected to RT-PCR. There was no 

evidence of a,-AR subtypes present in the blood sample. The iden tity  of the RT- 

PCR products was confirmed by sequence analysis. Identity of tfcie gerbil a 1A-AR 

sequence compared to the rat, mouse, and human was 90.9, 9 2 .0  and 85.2 %, 

respectively. The results from both studies demonstrate the ct1A-AR subtype 

mRNA transcript is present, and is the major mediator of the vasoconstriction 

response in the gerbil spiral modiolar artery.

B. Introduction

The control of blood flow to the dehcate tissues that m ake up our hearing 

system has a profound effect on the physiological function of the ear. 

Disturbances in blood flow to the cochlea are thought to contribute to such 

pathological conditions as tinnitus, Meniere’s disease, and the loss of hearing from 

loud noise damage or age(Belal, Jr., 1980;Kimura, 1986;Brown e t al., 1995;Kimura 

et al., 1995;Garcia Callejo et al., 1997). Several studies suggest that the cochlear 

blood flow is controlled by the sympathetic nervous system, mediated mainly 

from the ai-AR(Uddman et al., 1982;Brechtelsbauer et al., 1 9 90;Carlisle et al., 

1990;Wangemann et al., 1998Jiang et al., 1999;Qiu et al., 2001). Therefore, the 

overall goal of this study was to determine which a,-AR is expressed in the gerbil 

spiral modiolar artery. The spiral modiolar artery was chosen because this blood 

vessel is the only vasculature that feeds blood to the cochlea.
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Previous pharmacological studies on the spiral m odio lar arteries have 

shown that vasoconstriction is caused mainly by t h e  a-adrenergic 

receptors(Wangemann and Gruber, 1998). These studies invo lved the use of 

video microscopy to measure the changes of vessel diameter, a f t e r  administration 

of norepinephrine in the presence of various adrenergic receptor 

antagonists(Gustafsson, 1993). The ß2-AR antagonist ICI118551 (10'5 M) and the 

nitric oxide synthase inhibitor NOARG (10’4 M) had no effect on 

norepinephrine-induced response. However, the a 2-AR antagonist yohimbine 

(107 M) and the a,-AR antagonist prazosin (10‘8-109 M) caused a  significant shift 

in the dose-response curve. In addition, the a 1A-AR antagonist 5 TN1U (10’8 M) and 

the a 1D-AR antagonist BMY7378 (106 M) also caused a significant shift in the 

dose-response curve.

Therefore in order to further corroborate the pharmacological findings, 

molecular studies were used to detect the presence of various rm llN A transcripts 

for the CXj-AR subtypes in the spiral modiolar artery.

C. Materials and Methods

1. Preparation and Microdissection

Mongolian Gerbils (M erion es ungu icu la tu s) were anesthetized with 

sodium pentobarbital (50 mg/kg, i.p.). The spiral m od io lar artery was
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microdissected from the left and right cochlea, yielding two arteries per animal. 

In addition to the spiral modiolar artery, the cortex region of th e  brain was used 

as sources of total RNA for the molecular studies. The dissection of the spiral 

modiolar artery has been described previously from this laboratory (Wangemann 

and Gruber, 1997). Briefly, the temporal bones were removed fro m  the head, and 

placed in a microdissection chamber at 4°C. The tissues w e re  bathed in a 

buffered solution (150 mM NaCl, 1.6 mM K2HP04, 0.4 KTd2P 0 4, 4.0 mM 

M gS04, and 5 mM glucose; pH 7.4), in order to minimize smooth muscle 

stimulation. The optic capsule was opened, and the spiral modiolar artery 

visualized with a microscope. The bone surrounding the modiolus was removed, 

and the loosely attached spiral modiolar artery isolated from th e  adjacent eighth 

nerve. The artery was dehcately handled, as to minimize excessive stretching. 

The artery consisted of a densely convoluted part, which was localized in the first 

turn of the cochlea, and the straighter section, which surrounded the eighth nerve 

in the second turn of the cochlea. Several spiral modiolar arteries were pooled, in 

order to obtain a sufficient quantity of total RNA for the molecular studies.
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Figure 62: Photograph and Graphical Schematic of Gerbil Cochlea and 
Spiral Modiolar Artery.

The brain was dissected from the gerbil cranium, immediately following the 

microdissection of the spiral modiolar artery (Figure 61). The brain was first 

exposed by making a series of cuts through the outer peripheral edges of the skull. 

The cuts along the edge of the skull allowed the cranial cap to be easily removed, 

permitting access to the whole brain. The brain was carefully removed from the 

cranial cavity to include the right and left cortex, the cerebellum, and the medulla
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oblongata. The right and left cortex were dissected from the brain, and 

immediately wrapped in aluminum foil and frozen in a bath of liqu id  nitrogen.

In addition, the whole heart and aorta was dissected from the gerbil, 

subjected to several washes with 0.9 % saline solution to rem ove residual blood, 

wrapped in aluminum foil, and frozen immediately in liquid nitrogen.

2. Extraction o f Total RNA

Total RNA was extracted from the spiral modiolar artery, brain, and heart 

tissues using TRIzol™ reagent (Gibco BRL Life Technologies, Gaithersburg, 

MD, U.S.A.), a mono-phasic solution of phenol and guanidine isothiocyanate. 

For the spiral modiolar artery, the isolated blood vessel was p laced immediately 

into the TRIzol™ reagent following microdissection. The time interval between 

sacrificing the animal and placing the tissue into the TRIzol™ reagent was 

approximately 7 minutes for the first spiral modiolar artery, a n d  15 minutes for 

the second artery. The tissues were homogenized in the TRIzol™ reagent by 

vigorously vortexing, and the total RNA extracted following t h e  manufacturer’s 

instructions.

For the brain and heart, the frozen sample within the aluminum foil w as 

pulverized with a mortar and pesde. An aliquot of the sample was transferred 

into TRIzol™ reagent solution, and further homogenized u s in g  a Kontes g lass
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tissue grinder. Total RNA was extracted according to the manufacturer’s 

instruction.

Total RNA was precipitated using isopropanol, and collected into a pellet 

by centrifugation. The alcohol was removed, and the pellet \*^as reconstituted 

using RNase-free water (distilled, deionized water treatecd with 10 % 

diethylpyrocarbonate),

In order to remove any traces of DNA, the total RNLA samples were 

subjected to RNase-free DNase I enzyme (50 Units; in a I X  DNase I 

buffer)(Gibco BRL Life Technologies, Gaithersburg, MD, U.S.A.) for 60 minutes 

at 37°C. The DNase I enzyme was inactivated by heating the so lu tion  at 65°C for 

15 minutes. After the addition of 5 (J.1 of 5 M NH4C1, the total RNA was 

phenol/chloroform/isoamyl alcohol (25:24:1 ratio) extracted, and ethanol 

precipitated (2 X volume at 100%). The total RNA was collected by centrifuging 

at 15,000 x g. The pellet was air dried to remove any residual alcohol, and 

dissolved into solution by adding RNase-free water (DEPC water). The integrity 

of the brain and heart total RNA was confirmed by electropho resing a 2-10 |J.g 

sample (10 pi volume with 4pl loading buffer) on a denaturing 1% ethidium 

bromide stained agarose gel. RNA samples that displayed the 2 8 S , 18S, and 5S 

ribosomal bands were used. The total RNA concentration w a s  determined by 

measuring the absorbance at 260 nm with a B eckm an DU-650 

spectrophotometer. The RNA samples that produced an OD26° /  O D 280 ratio that

exceeded 1.8 were used in the experiment. The concentration o f  total RNA was
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calculated by assuming 40 pg of total RNA/ml gives an OD2“ read in g  of 1. The 

samples were then stored at -70°C in order to minimize degradation, and preserve 

the integrity of die total RNA.

3. cDNA Synthesis and PCR Amph'Gcation

Sense and antisense gene-specific primers for each a,-A. 11 subtype were 

designed based on published sequences from the rat (GenBank/ E M B L database) 

(Scofield et al., 1997) (Figure 62).
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Extracellular

aj-Adrenergic receptor

-nh2 Plasma
Membrane

Intracellular

Subtype Sense Primer Anti-Sense Primer Product
Size

« 1 . (628-647)
51 -GTAGCCAAGAGAGAAAGCCG 3’

(82Ü-K39)
5’ CAACCCACCACGATGCCCAG .V

212 bp

« lb (629-649)
y -G c rc c n c T A C A T c c c G c rc G  .3-

(908-928)
5-AGGGGa GCCAACATAAGa TCA -3‘

300 bp

“ id (759-779)
5,-CGTGTGCTCCTTCTa  CCTa CC -3'

(1042-1062)
5*-g c a c a g g a c g a a g a c a c c c a c -"v

304 bp

Figure 63: Graphic Representation of Primer Location, Sequence, and 
Expected Size of PCR Product for the Three a t-AR Subtypes.

After isolation of total RNA, the RNA was cotranscribed using a reverse 

transcription process. Reaction volume was 20 jil, which contained 0.1-1.0 |0.g 

total RNA, 20 units RNasin, 1 mM dNTP, 50 units Moloney Murine Leukemia 

Virus reverse transcriptase (MMLV-RT), 2.5 mM MgCl2, 25 pM antisense gene- 

specific primer, 20 mM Tris-HCl, and 50 mM KCl (10X PCR Buffer; Gibco 

BRL Life Technologies; Grand Island, NY). The RT reaction was incubated at 

42°C for 50 minutes, and then heated for 5 minutes at 99°C in order to inactivate 

the RT enzyme.

194



Following RT reaction, the cDNA was amplified using the polymerase 

chain reaction (PCR). The reaction volume for this phase was s e t  at 100 |tl, with 

20 Ji.1 contributed from the RT reaction. The PCR reaction tube contained 25 pM 

of the sense and antisense primer and 2.5 units of Taq DNA p> olymerase. The 

MgCl2, KC1, and Tris-HCl final concentration was adjusted to 2 ,.5  mM, 50 mM, 

and 20 mM, respectively. The reaction protocol consisted of th e  following: 1 

cycle of denaturation for 3 minutes at 95°C; 39 cycles o f amplification, and 1 cycle 

of extension for 5 minutes at 72°C. The amphfication protocol consisted of the 

following: denaturing for 1 minute at 95°C, annealing for 1 m in u te  at 58°C, and 

extension for 1 minute at 72°C. PCR products were analyzed by horizontal 

electrophoresis on a 4% ethidium bromide stained gel, and documented using a 

BIO-RAD 1000 gel documentation system.

4. Pooling o f Total RNA Obtained from  SMA

In order to obtain enough total RNA for the RT-PCR protocol, several 

spiral modiolar arteries had to be collected and pooled. The u s e  of glass micro

beads aided in the collection of the microdissected arteries. T w o  spiral modiolar 

arteries, from the left and right ear, were obtained from each ge rb il. Since the 

amount of total RNA was small, checking the integrity of th»_e total RNA by 

visualizing ribosomal RNA bands using horizontal electrophoresis was 

impractical. Therefore, the use of ß-actin primers w ith our sam/ple of total RNA 

was implemented to ensure that RNA degradation had not occurred . Each RT-
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PCR reaction contained approximately 100 nanograms of total I^NA. A control 

for detecting contaminating DNA within the total RNA sample was included in 

each RT-PCR trial. This consisted of a RT-PCR reaction containing all reagents 

except for reverse transcriptase. In addition, a negative con tro l to detect 

contamination of the regents used in the RT-PCR reaction was integrated in each 

trial. This reaction tube contained all the reagents necessary f o r  RT-PCR, but 

without any RNA template.

5. Cloning and Sequencing o f Am plified cDNA F ragm ents

The specificity and integrity of the amplified cDNA PCR products for the 

a 1A-AR and a 1B-AR subtypes were verified by checking the nucleotide sequence. 

Briefly, the cDNA PCR product was subcloned into the TA clon ing vector pCR 

2.1 (Invitrogen, Carlsbad, CA) using T4 DNA ligase and th e  manufacturer’s 

instructions. The vector was transformed into modified INF c e lls , and screened 

using kanamycin inoculated LB agar plates. Positive clones w e re  grown up in 

liquid LB media, and the recombinant plasmid isolated using an alkaline lysis 

method. The double stranded plasmid served as a template for cyc le  sequencing, 

using Ml 3 forward and reverse primers with fluorescence-based 

dideoxynucleotides (PRISM Ready Reaction Dye Deoxy Term inator Cycle 

Sequencing Kit, Perkin-Elmer, Inc.; Foster City, CA). The sequences were 

determined using a DNA Sequencer (ABI Model 373, Applied Biosystems, Foster 

City, CA). The validation of each cDNA PCR product w a s  achieved by
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comparing the M l3 forward sequence against the M l3 reverse sequence, as well 

as sequencing at least three clones.

6. Materials

TRIzol™ RNA isolation reagent was purchased from <3ibco BRL Life 

Technologies (Gaithersburg, MD). DNase I, agarose, phenol, T4 DNA hgase, 

Taq DNA polymerase, 10 X PCR buffer, MgCl2 and dNTP w as purchased from 

Gibco BRL Life Technologies (Grand Island, NY). RN asin inhibitor was 

purchased from Promega (Palo Alto, CA). The Moloney Murine Leukemia Virus 

reverse transcriptase (MMLV-RT) was purchased from Perkin-Elmer (Foster 

City, CA). The vector pCR 2.1 was purchased from Invitrogen (San Diego, CA). 

Kanamycin, diethylpyrocarbonate (DEPC), sodium pentobarbital, isoamyl 

alcohol, ethanol, ammonium chloride, and ethidium bromide w a s  purchased from 

Sigma (St. Louis, MO). Chloroform was purchased from Mallinckrodt (Paris, 

KY).

D. Results

1. Detection ofa,-A R  mRNA in G erbil Spiral Modiolar A rte ry  o

I used RT-PCR with primers specific for each a rAR subtype to amplify 

several RT-PCR products of the expected sizes from the gerbil SMA. The SMA 

produced RT-PCR products corresponding to the size expected for the a 1A-AR,
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as well as the a 1D-AR (Figure 63). Additionally, total RNA isolated from the 

SMA did not produce an RT-PCR product for the a 1B-AR Cloning and 

sequencing verified the RT-PCR products specific for a 1A-AR.

IRS m
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Figure 64: Detection of a r AR mRNA Transcripts in Gerbil SMA.

The RT-PCR product for the a 1D-AR obtained from the gerbil SMA 

proved to be problematic at best. Consistency in acquiring the a 1D-AR PCR 

product from the gerbil SMA was difficult, where some total IRNA samples 

produced a RT-PCR product of the expected size, while others did not. In  

addition, when the product was cloned and sequenced, it was no~t the expected 

sequence based on the rat a 1D-AR sequence. Increasing the amount of total RNA 

for the RT-PCR studies, as well as changes in annealing temperature failed to g ive 

us a consistent product with the expected sequence. In addition, utilizing tissues
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known to be rich in a 1D-ARs in other species, such as the aorta, failed  to produce 

a RT-PCR product in the equivalent gerbil tissue sample. Therefore, the presence 

of the a 1D-AR mRNA transcript in the gerbil SMA remains inconclusive.

Since the SMA sample failed to produce an RT-PCR product of a 1B-AR, 

there is the possibility that the primers could not anneal to t h e  corresponding 

sequence. Therefore, total RNA isolated from the gerbil brain., as well as the 

heart, was transcribed and amplified by the RT-PCR protocol vising the a 1B-AR 

primers. The brain and heart were selected because studies in rat liave shown that 

these tissues are rich in a1B-AR transcript(Han and Minneman, 1 ĉ> 91 ;Scofield, Liu, 

Abel, and Jeffries, 1995;Wolff et al., 1998;Shen, Peri, Deng, Cherrxtob, and Varma, 

2000)In addition, the abundant brain and heart tissues resulted i n  larger amounts 

of total RNA isolated. Following RT-PCR, a band of expected s iz e  was obtained 

using the a 1B-AR primers (Figure 64). Cloning and sequencing -verified the RT- 

PCR product specific for the a ,B-AR.

Additionally, there is the possibility that the a 1A-AR m RNA transcript 

detected in the SMA total RNA sample was due to blood corntamination. Any 

blood present at the time of microdissection of the small SMA sam p le  could taint 

the SMA total RNA sample. Consequendy, blood was co llected  from the gerbil 

heart, and total RNA isolated. RT-PCR of the total RNA o b ta in ed  from blood 

using a 1A-AR specific primers did not detect any a 1A-ARs transcrip ts (Figure 64).
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Figure 65: Detection of a r AJR mRNA Transcripts in Gerbil Brain, SMA, 

and Blood.

2. Sequencing o f PCR Product

In order to verify the identity, each RT-PCR product was sequenced an d  

compared to the a t-AR subtypes from other species. Upon completion, th e  

sequences for the a 1A-AR and a 1B-AR were entered into the GenBank datab ase  

and assigned the accession number of AF047188 and AF047189 ,  in that order - 

The a 1A-AR fragment obtained from the gerbil measured 175 nucleotides lo n g  

without the primer sequence, which translated into 58 amino adds (Figure 65 a n d  

66). Curiously, the gerbil a 1A-AR fragment contained an additional t h r e e  

nucleotides absent from other species. In spite of this, the gerbil a - , a-AR was v e r y  

similar to the rat, mouse and human with a nucleotide homology identity o f  90 - 9
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%, 92.5 %, and 85.7 %, respectively. The putative amino acid translation had an 

identity with the rat, mouse, and human of 94.8 %, 93.1 %, and 87.9 %, 

respectively.

651
G erbil---------------------- —GGGCCTCA AGTCCGGCCT
Rat GAGAGAAAGC CGGGGCCTCA AGTCCGGCCT

681
CAAGACCGAC AAGTCGGACT CAGAGCAAGT 
CAAGACGGAC AAGTCAGACT CAGAGCAAGT

711
GACGCTCCGT ATCCACCGGA AAAATGTCCC 
GACGCTCCGC ATCCACCGTA AAAATGTCCC

741
CGCAGAAGGC GGCGGAGGAC TGAGCACTGC 
TGCAGAAGGC GGCGGAG TCAGCAGTGC

771
CAAGAATAAG ACTCACTTCT CCGTGCGGCT 
CAAGAATAAG ACTCACTTCT CAGTGAGGCT

801
GCTCAAGTTT TCCCGGGAGA AAAAAGCGGC 
GCTCAAGTTT TCTCGAGAGA AGAAAGCTGC

831
CAAGACG—
CAAGACGCTG

* R ed  denotes differences in nucleotide homology.

Figure 66: Nucleotide Comparison of Gerbil ot^-AR PCR Fragment with 
Rat Sequence.
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Gerbil GLKSGLKTDKSKSEQVTLRIHRKNVPAEGGGGL—> 

Rat GLKSGLKTDKSDSEQVTLRIHRKNVPAEGGGVS->

Gerbil ->STAKNKTHFSVRLLKFSREKKAAKT 

Rat ->S -AKNKTHFSVRLLKFSREKKAAKT

*R ed  denotes differences in amino add homology; b lu e  
denotes additional amino add.

Figure 67: Putative Amino Acid Comparison of the Gerbil a^-AR PCR 
Fragment with the Rat.

The gerbil a 1B-AR fragment without the primer sequences measured 258 

nucleotides in length, which translated into 85 amino acids (Figure 67 and 68). 

Using a FASTA comparison program, the a 1B-AR nucleotide homology with the 

rat, mouse, and human was 96.9 %, 95.3 %, and 93.0 %, correspondingly. In 

addition, the a 1B-AR amino acid sequence identity with the rat, mouse, and 

human were all 97.6 %.
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Gerbil C GGTCATCCTG GTCATGTACT GCCGGGTCTA 
Rat C GGTCATTTTG GTCATGTACT GCCGTGTCTA

921
CATCGTGGCC AAGAGGACCA CCAAGAATCT 
CATCGTGGCC AAAAGGACCA CCAAGAATCT

951
GGAGGCGGGA GTCATGAAGG AAATGTCCAA 
AGAGGCGGGA GTCATGAAGG AGATGTCCAA

981
CTCCAAGGAG CTGACCCTGA GGATCCACTC 
CTCCAAGGAG CTGACCCTGA GGATCCACTC

1011
CAAGAACTTT CATGAGGACA CCCTCAGCAG 
CAAGAACTTT CATGAGGACA CCCTCAGCAG

1041
TACCAAGGCC AAGGGCCACA ACCCCAGGAG 
TACCAAGGCC AAGGGCCACA ACCCCAGGAG

1071
TTCCATAGCT GTCAAACTTT TTAAGTTCTC 
TTCCATAGCT GTCAAACTTT TTAAGTTCTC

1101
CAGGGAAAAG AAAGCAGCCA AAACCTTGGG 
CAGGGAAAAG GAAGCAGCCA AAACCTTGGG

1131
CATTGTAGTC GGAATGTTCA 
CATTGTAATC GGAATGT

*R ed  denotes differences in nucleotide homology.

Figure 68: Nucleotide Comparison of Gerbil a 1B-AR PCR Fragment with 
Rat Sequence.

889
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G erbil VILVMYCRVYIYAKRTTKNLEAGVMKEMSNSKE-^

Rat VILVMYCRVYIYAKRTTKNLEAGVMKEMSN SKE-»

G erbil —>LTLRIHSKNFHEDTLSSTKAKGHNPRSSIAVKL—>

Rat -^LTLRIHSKNFHEDTLSSTKAKGHNPRSSIAVKL—>

Gerbil ->FKFSREKEAAKTLGIVIGM

Rat -+FKFSREKKAAKTLGIWGM

*R ed  denotes differences in amino add homology.

Figure 69: Amino Acid Comparison of the Gerbil a 1B-AR PCR Fragment 
with the Rat.

E. Discussion

The main purpose for undertaking this study was to substantiate a previous 

inquiry pertaining to the pharmacological characterisitics of the a r AR located in 

the gerbil spiral modiolar artery(Gruber et al., 1998). In order to accomplish this, 

the spedfic aim involved using the molecular technique of RT-PCR on total RNA 

isolated from the gerbil SMA, in an attempt to detect the presence of various a r  

AR subtype mRNA transcripts. For the experimental design, primers were 

selected from the rat a,-AR cDNA sequence in hopes that the homology with the
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gerbil a,-A 11 would be high, which would allow the primers to properly anneal to 

the target sequence.

The conclusive results from the RT-PCR produced partial a,-AR cDNAs 

for the a 1A-AR and a 1B-AR subtypes. Following sequencing, th e  gerbil a 1A-AR 

and a 1B-AR fragments were confirmed to be identical to the cx1 -  AR family, and 

represents the a 1A-AR and a 1B-AR subtypes. Although the cx1D-AR primers 

produced a fragment in the gerbil SMA total RNA of the expected size, the 

sequence of this product was not the same as what would be expected for the 

a ]D-AR in other species. In addition, a 1D-AR RT-PCR products of expected size 

were not detected in the aorta. Furthermore, the fragment of th e  expected size 

for the a ]D-AR was only sporadically found in SMA total RJSIA, regardless of 

increasing the amount of total RNA or changing PCR parameters. Therefore, 

verification of the a 1D-AR in the gerbil SMA was not possible. Adding to the 

confusion, the pharmacological studies show that the a 1D-AR specific antagonist 

BMY 7378 inhibited the contraction of the SMA, which one could reasonably 

conclude that the a 1D-AR is expressed in this tissue. Therefore although highly 

improbable, one explanation for this is that the mRNA transcript for the a 1D-AR 

subtype may be expressed in very low levels unable to be detected by RT-PCR. 

In addition, this also raises the possibility that the a 1D-AR may not be a true a ,-  

AR subtype, but rather a variant that the selected primers cou ld  not anneal to.
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Nevertheless, it is apparent that further experimentation is n eed ed  to resolve this 

issue.

The research on SMA total RNA has identified both th e  absence and 

presence of (Xj-ARs transcript subtypes. First, the RT-PCR o n  the total RNA 

isolated from the SMA failed to detect the a 1B-AR mRNA transcript, even though 

the primers were able to identify a 1B-AR transcripts from gerb il brain and heart 

total RNA. The lack of a 1B-AR transcripts in the SMA may ind icate  a lack of (X1B- 

AR protein expression. Or alternatively, the a 1B-AR transcripts could be present 

at levels too low for detection by RT-PCR. Thus, furttaer investigation 

researching the expressions of a 1B-AR proteins utilizing su c t i techniques as 

binding with pharmacological agents specific for the a ]B-AR are needed.

Secondly, the oc1A-AR mRNA transcript was detected in  the total RNA 

from the SMA. This occurrence of a 1A-AR transcript supports the notion that 

the a 1A-AR protein is expressed. The results from the pharmacological studies 

using prazosin and 5-MU corroborates the existence of a ,A-A l ls  in the SMA. 

Administering 5-MU competitively inhibited norepinephrine-induced 

vasoconstriction of the SMA as detected by videoscopic m ethods. Therefore, it 

would be reasonable to conclude that a 1A-ARs may contribute significantly to 

vasculature control via vasoconstriction.
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It should be noted, one has to be extremely careful in m ak in g  a correlation 

between mRNA levels and protein expression. It is very tem pting to make the 

assumption that mRNA levels could have a bearing on the am o u n t of protein 

expression, since you need one in order to produce the other. Conceptually, one 

could reasonably infer that an increase or decrease in mRNA transcripts would 

result in a corresponding increase or decrease in protein levels. However, the 

pathway for protein production from mRNA requires m a n y  biochemical 

processes, each of which is tighdy controlled by the cell. In addition, not all 

mRNA transcripts are destined to make proteins, as well as d ic ta te  expression 

levels. As well, there are numerous examples where the mR 1ST A  levels do not 

dictate the protein expression levels(Yang, Verfurth, Buscher, a n d  Michel, 1997). 

Therefore, great care should be exercised in formulating any correlation between 

mRNA levels and protein levels, unless protein levels have been confirmed 

through other methods.

The physiological effect of having the a 1A-ARs, and possib ly the a 1D-ARs 

present on the SMA is currendy unknown. However, the presence of the a r ARs 

strongly suggests that the SMA is under sympathetic control. This knowledge 

could have a tremendous impact on understanding the etiology o f  many disorders 

of the ear, such as tinnitus or Meniere’s disease, as well as to in sp ire  a number of 

prospective therapeutic applications. Further investigation in to  the nature of 

vasoconstriction and the physiological outcome in cochlear b lood flow is needed.
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A p p e n d i x  2

CLONING OF ALPHA 1A- ADRENERGIC RECEPTOR FROM GERBIL

A. Abstract

Numerous studies have shown that the blood flow in the inner ear is under 

sympathetic nervous system control. The ability to hear and detect sound is often 

one sensory organ that mankind takes for granted. Throughout the years, the 

human ear and its component have undergone substantial and intense scrutiny. 

Although this has yielded an overwhelming wealth of knowledge about how the 

ear works and functions to hear, there still remains much that we do not 

understand. One example is the vascular control of blood flow to organs o f the 

ear, and how this affects hearing function when there is interruption or disorder. 

Take the case of the spiral modiolar artery, which is the only supply of blood flow 

for nutrients and oxygen to the cochlea. It stands to reason that any disruption in 

blood flow could lead to cell death in the cochlea tissue, which 'would ultimately 

interfere with the capacity to hear sounds.

Past studies have shown that the SMA is under regulated by the 

sympathetic system, or more specifically, that the vasoconstriction of the SMA is 

mediated by the adrenergic receptor system. Previous pharmacological data 

strongly suggests that the a 1A-AR may be a key player in the corLstriction process
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of the SMA. With the use of a sensitive videoscopic system to detect alterations 

in vascular diameter, it was observed that application of norepinephrine 

significantly vasoconstricted the SMA. In addition, the a IA- A l l  antagonist 5- 

methylurapidil (5-MU) dramatically inhibited norepinephrine vasoconstriction. 

However, the calculated antagonist affinity for 5-MU in the gerbil SMA was 2.7 ± 

0.7 x IO'10 M. When compared to the rat a 1Ä-AR, 5-MU affinity f o r  the SMA was 

significantly more potent (versus 1 x 10‘9 M). Upon closer evaluation, this 

discrepancy raises several interesting questions. Could this be a species or tissue 

difference of the a 1A-AR? Could the gerbil a 1A-AR be a variant: of the rat oc1A- 

AR, which results in a higher affinity for a 1A-AR antagonist?

In order to address many of these questions, isolation a n d  cloning o f the 

a 1A-AR from the gerbil must first be accomplished. By expressing the cloned 

gerbil a 1A-AR, a precise pharmacological profile of this receptor can be obtained 

for comparison with the rat a 1A-AR. In addition, analysis of t h e  nucleotide and 

amino acid sequence could determine the degree of homology "between the rat, 

gerbil, and other published species for the a 1A-AR.

Therefore, the purpose of the current study was to iso la te  and clone the

cc1A-AR from the gerbil, using the molecular technique of revetrse-transcription-

polymerase chain (RT-PCR) reaction. In addition, degenerate prim ers derived by

species comparison of published a 1A-AR sequences were u s e d  in the process.

This has yielded an almost complete clone of the a 1A-AR f r o m  the total RNA
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obtained from gerbil tissues. Further studies using other m olecular techniques, 

such as rapid amphfication of cDNA ends (RACE), could be u sed  to complete 

the cloning of the gerbil a IA-AR.

B. Introduction

Vasoconstriction of the spiral modiolar artery (SMA) co u ld  conceivably 

have profound implications on the ability to hear. Since the SM A  is the only 

source of blood flow to the cochlea, the spiral organ of the inner ear responsible 

for the reception and analysis of sound, any disruption of v ita l nutrients and 

oxygen to the dehcate cells could promote cell death. Although numerous studies 

have investigated the regulation of the SMA blood flow, th e  nature of the 

vasoconstriction remains obscure. Therefore, understanding th e  mechanism of 

action for the vasoconstriction in the SMA could elucidate the etiology of such 

pathophysiological heating disorders such a tinnitus, Meniere’s disease, or even 

hearing loss due to age or loud noise.

Currendy, it is now beheved that the SMA is under sympathetic nervous

system control. This postulation was reached after the culmination of several

independent studies. First, sympathetic nerve fibers are located throughout the

SMA following immunohistochemical staining (Carlisle, Aberdeen, Forge, and

Bumstock, 1990). Secondly, immunohistochemical staining and double

fluorescence studies have shown the localization of tyrosine hydroxylase

throughout the SMA (Qiu, Steyger, Trune, and NuttaU, 2001). T h ird , stimulation
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of the sympathetic nervous system has a significant effect on SIMA blood flow 

(Degoute et al., 1997). In addition, patch clamping and o tile r  intracellular 

recording technique offer evidence that stimulation of sympathetic: nerves, as well 

as administering catecholaminergic agents has a significant impact on the 

membrane potential of the SMA (Jiang, Qiu, Ren, and Nuttall, 1999). In fact, this 

study also found that the deplorization potential of the SMA w a s  mediated by 

adrenergic receptors.

Previous pharmacological data on the SMA produced evidence that the 

vasoconstriction was mediated by the a 1A-adrenergic receptor (cx1a-AR) (Gruber, 

Dang, Shimozono, Scofield, and Wangemann, 1998). With- the use of a 

videoscopic system, alterations in diameter of the vasculature cou ld  be detected 

and quantitated(Wangemann and Gruber, 1998). Therefore, th is  technique was 

used to investigate the mechanism of vasoconstriction of th e  SMA by the 

sympathetic system, or more specifically the influence of the adrenergic receptors. 

Application of norepinephrine induced a vasoconstriction with a n  EC50 of 1.9 ±

0.4 x  10"5 M, with a reduction in diameter by a factor of 0 .8 7 . The ß2-AR 

antagonist ICI118551 and the nitric oxide synthase inhibitor 1NJOARG had no 

significant effect on NE induced constriction. On the other hand, the a 2-AR 

antagonist yohimbine, as well as the a,-AR antagonist prazosin caused a dramatic 

shift in the dose-response curve. Following up on the prazosin result, treatment 

with oc1D-AR antagonist BMY 7378 and the a 1A-AR antagonist 5-IMU also resulted

in a  shift of the dose-response curve. In addition, the a 1A-AR mRNA transcript
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has been detected using reverse transcription-polymerase ch a in  reaction (RT- 

PCR) on the total RNA isolated from the SMA. With all the data, gathered on the 

vasoconstriction of the SMA with the effects of the sympathetic nervous system, 

one could plausibly conclude that the a,-AR plays an important role in the 

management of the vascular tone in the SMA.

Upon closer scrutiny of the data concerning the influence o f  the a,-AR on 

the vasoconstriction of the SMA, it becomes apparent that the ct,A-AR is a key 

player. The videoscopic pharmacological study revealed that the affinity constant 

for 5-MU, a a 1A-AR specific antagonist, was 2.7 ± 0.7 x 10‘10 M. Comparison of 

the antagonist affinities for other a,-AR inhibitors that had an e ffec t on the SMA, 

such as BMY 7378, strongly suggests that the a 1A-AR predominately mediates the 

vasoconstriction. However, when comparing the 5-MU affinity values between 

the published rat and the gerbil SMA, one concludes that 5-MU xvas more potent 

in the SMA by a factor of 1 log unit. The discrepancy between the two species 

raises some interesting questions. There is the possibility that the difference in 

species, may account for the higher potency. Alternatively, perhaps the a 1A-AR 

residing in the SMA is a variant of the normal a 1A-AR, or ev en  a previously 

unidentified a,-AR subtype, that possesses a higher potency for 5-MU. 

Additionally, if the a 1A-AR from the gerbil has a high homology ’with the rat, then 

the divergence of the 5-MU potency could be the result of differential tissue 

effects. Perhaps the a 1A-AR found in the heart reacts differendy from the au-AR



localized in the spiral modiolar artery. In any case, cloning of the _gerbil a 1A-AR is 

needed to farther investigate these possibilities.

Therefore, the rationale for the current study was to u-se RT-PCR, in 

conjunction with degenerate primers derived from the comparison of published 

cc1a-AR cDNAs from various species, in order to clone the ex 1a-AR from the 

gerbil. With the clone in hand, expression of the a 1A-AR in a mammalian cell line 

would allow me to formulate an accurate pharmacological profile for this 

receptor. In addition, the use of other techniques, such as patch clamping, would 

allow me to further understand the gerbil a 1A-AR. The data from  these studies 

could ultimately resolve some of the current questions regarding the 

pharmacologically observed differences between the rat and the gerbil SMA oc1A- 

AR.

C. M aterials and Methods

1. P rep a ra tion  a n d  D isse c tion

Mongolian gerbils (M erion es unguicu latus) were anesthetized into 

unconsciousness with sodium pentobarbital (50 mg/kg, i.p.). The pericardial 

cavity was carefully exposed, and the heart and surrounding vasculature identified. 

The whole heart was dissected from the gerbil, subjected to several washes with
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0.9 % saline solution in order to remove residual blood, wrapped in aluminum 

foil, and frozen immediately in liquid nitrogen.

The brain was dissected from the gerbil cranium, immediately following the 

microdissection of the spiral modiolar artery. Briefly, the brain w a s  first exposed 

by making a series of cuts through the outer peripheral edges o f  the skull. The 

cuts along the edge of the skull allowed the cranial cap to be easily removed, 

permitting access to the whole brain. The brain was carefully removed from the 

cranial cavity to include the right and left cortex, the cerebellum, and the medulla 

oblongata. The right and left cortex was dissected from the brain , immediately 

wrapped in aluminum foil and flash frozen in a bath of liquid nitrogen.

2. Extraction o f Total RNA

Total RNA was extracted from the spiral modiolar artery, brain, and heart 

tissues using TRIzol™ reagent (Gibco BRL Life Technologies, Gaithersburg, 

MD, U.S.A.), a mono-phasic solution of phenol and guanidine isothiocyanate. 

For the spiral modiolar artery, the isolated blood vessel was p laced immediately 

into the TRIzol™ reagent following microdissection. The time interval between 

sacrificing the animal and placing the tissue into the TRIzol™ reagent was 

approximately 7 minutes for the first spiral modiolar artery, a n d  15 minutes for 

the second artery. The tissues were homogenized in the TRIzol™ reagent by 

vigorously vortexing, and the total RNA extracted following th .e manufacturer’s 

instructions.
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For the brain and heart, the frozen sample within the alum inum foil was 

pulverized with a mortar and pestle. An aliquot of the sample was transferred 

into TRIzol™ reagent solution, and further homogenized using a Kontes glass 

tissue grinder. Total RNA was extracted according to the manufacturer’s 

instruction.

Total RNA was precipitated using isopropanol, and collected into a pellet 

by centrifugation. The alcohol was removed, and the pellet w a s  reconstituted 

using RNase-free water (distilled, deionized water treated with 10 % 

diethylpyrocarbonate). In order to remove any traces of D N A , the total RNA 

samples were subjected to RNase-free DNase I enzyme (50 Units; in a 1 X 

DNase I buffer) (Gibco BRL Life Technologies, Gaithersburg, M D , U.S.A.) for 

60 minutes at 37°C. The DNase I enzyme was inactivated by heating the solution 

at 65°C for 15 minutes. After the addition of 5 pi of 5 M NH4C1, the RNA was 

phenol/chloroform/isoamyl alcohol (25:24:1 ratio) extracted, and ethanol 

precipitated (2 X volume at 100%). The RNA was collected b y  centrifuging at

15,000 x g. The pellet was air dried to remove any residual alcohol, and dissolved 

by adding RNase-free water (DEPC water). The integrity o f  the RNA was 

confirmed by electrophoresing a 2-10 |_ig sample (10 j_tl volume with 4pi loading 

buffer) on a denaturing 1 % ethidium bromide stained agarose g e l .  RNA samples 

that displayed the 28S, 18S, and 5S ribosomal bands were used. The total RNA 

concentration was determined by measuring the absorbance a t  260 nm with a 

Beckman DU-650 spectrophotometer. The RNA samples th a t produced an
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OD260/OD280 ratio that exceeded 1.8 were used in the experiment. The 

concentration of total RNA was calculated by assuming 40 (J.g o f  total RNA/ml 

gives an OD260 reading of 1. The samples were then stored at -~7 0°C in order to 

minimize degradation, and preserve the integrity of the total RNA..

3. P rim er  S e le c t io n

Since RT-PCR will be implemented for the experimental design, primers 

had to be designed in order to effectively anneal to the gerbil a 1A-AR mRNA 

transcript. Although there are no published sequences of a n y  length for the 

gerbil, the data bank contains a multitude of a 1A-AR sequences fo r other species 

such as the bovine, rabbit, human, mouse, and rat. Aligning a n d  comparing the 

various sequences allowed the designing of degenerate primers. Therefore, the 

initial experimental design was to locate primers that span transmembrane to 

transmembrane, because these domains are highly conserved between species. 

Subsequendy, degenerate primers were designed after comparison of the protein 

translation start and stop sites for the various species. In addition to picking 

adequate primer locations, annealing temperatures for the primers had to be 

carefully evaluated. Using the primer selection software program from GCG, 

primers with the appropriate annealing temperature were selected.

216



4. cDNA Synthesis and PCR A m plification

After isolation of the total RNA, the RNA was cotrarascribed using a 

reverse transcription process. Reaction volume was 20 pi, which contained 0.1-

1.0 jag total RNA, 20 units RNasin, 1 mM dNTP, 50 units IMoloney Murine 

Leukemia Virus reverse transcriptase (MMLV-RT), 2.5 mM MgCl2, 25 pM 

antisense gene-specific primer, 20 mM Tris-HCl, and 50 mM KCl (10X PCR 

Buffer; Gibco BRL® Life Technologies; Grand Island, NY). T h e  RT reaction 

was incubated at 42°C for 50 minutes, and then heated for 5 m inutes at 99°C in 

order to inactivate the RT enzyme.

Following the RT reaction, the cDNA was amplified using the polymerase 

chain reaction (PCR). The reaction volume was 100 |tl, w h ere  20 pi were 

contributed from the RT reaction. The PCR reaction tube contained 25 pM of 

the sense and antisense primer and 2.5 units of Taq DNA polymerase. The 

MgCl2, KC1, and Tris-HCl final concentration was adjusted to 2 .5  mM, 50 mM, 

and 20 mM, respectively. The reaction protocol consisted of the following: 1 

cycle of denaturation for 3 minutes at 95°C; 39 cycles of amplification; and 1 cycle 

of extension for 5 minutes at 72°C. The amplification protocol consisted of the 

following: denaturing for 1 minute at 95°C, annealing for 1 m inute at 48°C, and 

extension for 1 minute at 72°C. PCR products were analyzed by horizontal 

electrophoresis on a 4% ethidium bromide stained gel, and documented using a

BIO-RAD 1000 gel documentation system.
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5. Cloning and Sequencing o f Am plified cDNA Fragm ents

The specificity and integrity of the amplified cDNA PCR products for the 

oc1a-AR subtype was verified by checking the nucleotide sequence. Briefly, the 

cDNA PCR product was subcloned into the TA cloning vector pCR 2.1 

(Invitrogen, San Diego, CA) using T4 DNA ligase according to the 

manufacturer’s instructions. The vector was transformed into modified INF cells, 

and screened using kanamycin inoculated LB agar plates. Positive clones were 

grown up in liquid LB media, and the recombinant plasmid isolated using an 

alkaline lysis method. The double stranded plasmid served as a template for cycle 

sequencing, using M l3 forward and reverse primers with flu  orescence-based 

dideoxynucleotides (PRISM Ready Reaction Dye Deoxy Terminator Cycle 

Sequencing Kit, Perkin-Elmer, Inc.). The sequences were determined using a 

DNA Sequencer (ABI Model 373, Applied Biosystems, Foster City, CA). The 

validation of each cDNA PCR product was achieved by comparing the M l3 

forward sequence against the Ml 3 reverse sequence, as well as sequencing at least 

three clones.

6. A I ate rials

TRIzol™ RNA isolation reagent was purchased from Gibco BRL Life

Technologies (Gaithersburg, MD). DNase I, agarose, phenol, T4 DNA ligase,

Taq DNA polymerase, 10 X  PCR buffer, MgCl2 and dNTP w as purchased from

Gibco BRL Life Technologies (Grand Island, NY). RNasLn inhibitor was
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purchased from Promega (Palo Alto, CA). The Moloney Murine Leukemia Virus 

reverse transcriptase (MMLV-RT) was purchased from Perkin-Elmer (Foster 

City, CA). The vector pCR 2.1 was purchased from Invitrogen (Carlsbad, CA). 

Kanamycin, diethylpyrocarbonate (DEPC), sodium pentobarbital, isoamyl 

alcohol, ethanol, ammonium chloride, and ethidium bromide was purchased from 

Sigma (St. Louis, MO). Chloroform was purchased from Mallinckrodt (Paris, 

KY).

D. Results

1. D etection ofa,-A R  mRNA in Gerbil

In order to increase the chance of obtaining the a 1A-AR inRN A  transcript, 

tissues were chosen for RNA extraction that were known to be r ich  in the ot1A-AR 

transcripts and proteins from evaluating other species, such as the  rat and human. 

Numerous studies reveal that the heart and brain tissue have a r ich  population of 

a 1A-AR., therefore the total RNA was extracted from the gerbil heart and brain. 

The initial specific aim was to use primers that span neighboring transmembrane 

domains in the RT-PCR (Table 8 and 9; Figure 69).
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N a m e S e o u e n c e L o c a t i o n

85 S 5'-TCTAAGGCCATTCTGCTTGGGG-3' -

256 S 5'-CCCTTCTCTGCCATCTTTG-3' Transmembrane II

414 S 5'-CTATCCCACCATTGTCACCC-3' -

566 S 5'-TACGTGCTGTTCTCAGCGCT-3' Transmembrane V

FM UP 5'-GTAGCCAAGAGAGAAAGCC-3'

Table 8: Sense Primers Selected

N a m e S e o u e n c e L o c a t i o n

483 AS 5'-GACCAAAGAAAGCACCCAGAC-3' Transmembrane IV

967 AS 5'-TTAGATACCCGAGCCAAAATAC-3' Transmembrane VII

1299 AS 5'-GCAGCAGACCTGCAAAAAG-3' -

FM DN 5'-GCAACCCACCACGATGCCCAG-3' Transmembrane VI

Table 9: Antisense Primers Selected
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(214 bp)

FM̂ P FiSIdNDN

(288 bp)
»  y  -  -  ~ -3* +
56 6S  FM DN

(440 bp)

4 1 ^  F ^ D N

(598 bp)
-  ..............- i f

25 6S  F M D N

(882 bp)
-  -  -  -  - - - - - -  _  VBBM - <  < _  _  -  -  -

85S  96V AS

(957 bp)

............................................................................................................................................. ^
S ta rt 9 6 7 AS

(1214 bp)

8 5 ^  1 ^ 9 A S

(1289 bp)
t^ T  - - - - - - - - - - - . I - - - - - - - - - - - - - -
S te rt 1299AS

----------------□ □ ----------- □ □ ----------- Q TT]----------- Q v ] ----------- [ 3 ] ------------- { jT T } -------------■ ■

Figure 70: Mapping of Primer Locations and the Projected Size of the 
PCR Products.
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1 2  3 4  5 6 7 8 9  10 11 12

* < - 1289
____________________ « _ _ *  • _  ^ 1 4  ^ 9 5 7

* * *  W < -882
598 —» t f l f

440 - >  tM  400
<-300

288 — >  

214 -> 200 

-100

*Lane 1-11, RT-PCR on 1.037 |ig of rat heart total RNA per reaction tube using 
selected primers; Lane 5, 8, and 11, Reagent control (minus RT) to detect DNA

contamination.

Primers ITserl;

Lane 1: 256S & FM DN 
Lane 2: 414S & FM DN 
Lane 3: 566S & FM DN 
Lane 4: FM UP & FM DN 
Lane 5: FM UP & FM DN 
Lane 6: 85S & 1299AS 
Lane 7: Start & 1299AS 
Lane 8: Start & 1299AS 
Lane 9: 85S & 967AS 
Lane 10: Start & 967AS 
Lane 11: Start & 967AS 
Lane 12: 100 bp Marker

Expected Length of PCR Product

854 -  256 = 5 98  bp 
854 -  414 = 4 4 0  bp
854 -  566 = 2 8 8  bp
855 -  640 = 2 1  4  bp

1299 -  85 = 121  4 bp 
1299 -10  = 1289  bp

967 -  85 = 882  bp 
967 -  10 = 957  bp

Figure 71: RT-PCR Test of Selected Primers on Rat Heart T o ta l RNA on  
4% Agarose Gel
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1 2 3 4 5 6  7 8

598

440

S S ttiiÄ

■

%0

-1287
957

-500
-400

300

200

100

*Lane 1-7, RT-PCR on 1.673 |lg of rat heart total RNA per reaction tube using 
selected primers; Lane 4 and 7, Reagent controls (minus RT) to detect DNA

contamination.

Primers Used:

Lane 1: 256S & FM DN 
Lane 2: 414S & FM DN 
Lane 3: FM UP & FM DN 
Lane 4: FM UP & FM DN 
Lane 5: Start & 967AS 
Lane 6: Start & 1299AS 
Lane 7: Start & 1299AS 
Lane 8:100 bp Marker

Expected Size of P G R  Products

854 -  256 = 5  98  bp 
854 -  414 = 4-40 bp 
854 -  640 = 2  1 4 bp

967-10  = 9 5  7 bp 
1299-10 = 1289 bp

Figure 72: Results from RT-PCR on Gerbil Heart Total RNA on 4°/b 
Agarose Gel
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The advantages for this strategy were that the transmembrane domains are highly 

conserved among the various a 1A-AR from other species, and tfcL e degeneracy in 

selected primers would be minimized. By sequentially using various primers that 

target different transmembrane domains, I obtained sequences that span from 

transmembrane 1 to transmembrane 7 (Figure 70). In order to expand beyond 

the transmembrane domain, I compared the 0C1A-AR sequerxoes among the 

various species and selected primers from consensus regions. This strategy 

allowed me to obtain sequences spanning from the 85th to the 1 299th nucleotide 

(Figure 71). Given the fact that the start and stop regions for tzhe a 1A-AR vary 

among the different species, I decided to design degenerate prim ers in an attempt 

to obtain sequences within these variable regions (Figure 72 and 7  3).

401  Start 450
--------- -------------- ATGGTG CTTCTTTCT'G AAAATGCTTC
-------- C CCCTCCCTGA G ACC ATGGTG CTTCTCTCT'G AAAATGCTTC
ACCTCGCCCG GCCCCGGCTG GACCATGGTG TTTCTCTCG3-G GAAATGCTTC 
CCCCGGCCCC GGGGGGCTGG GACCATGGTG TTTCTCTCCG GAAATGCCTC

5'-ACCATGGTG YTTCTYTCKG RAAA-3'

(Y= C/T; K= T/G; R.= A/G)

Figure 73: Selection of Degenerative Sense Translational Stiart Primer.

Mouse (AF03143) 
Rat (U07126) 
Human (U02 569) 
Cow (J05426)

Degenerate Primer
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1 8 0 1  StOp  1 8 5 0
Mouse (AF031431) CGGTGAAAAC GGGGAGGAAG TCTAG---- -----------  ---------
Rat (U07126) CGGTGAAAAC GGGGAGGAAG TCTAGAGGAT GGGAAAG... ..........
Human (U02569) CAGTGAGAAC GGGGAGGAAG TCTAGGACAG GAAAGATGCA GAGGAAAGGG
Cow (J0542 6) CAGTGAAAAT GGGGAGGAAG TCTAAAGGAC AGGAAAGGTC AGAAGGATGG

Degenerate Primer GTGARAAC GGGGAGGAAG TCTAG

(R= A/G)

Figure 74: Selection of Degenerative Antisense Translational Stop Primer.

This approach resulted in increasing the oc1A-AR gerbil clone to  include the start 

site to approximately 1299 nucleotides downstream. However, obtaining the 

remaining sequence to the stop codon with the current experimental design 

remains problematic either due to a nonhomologous sequence o n  the stop site o f 

the gerbil a 1A-AR, or primers of the wrong melting or annealing temperatures. By 

comparing the gerbil clone with the rat sequence, I estimate that 95  nucleotides at 

the C-terminal end currently remains obscure. Perhaps an alternative 

experimental plan, such as using a 3' RACE or screening a gerb il cDNA library 

could be useful in yielding the remaining sequences.

2. Sequencing  o f  PCR Product

In order to verify the identity, each RT-PCR product -was subjected to 

sequenced and compared to the 0tr AR subtypes from other species. Since Taq  

has a somewhat high infidelity rate, the final sequence for the g e rb il oc1A-AR was
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obtained by comparison of several clones, as well as sequencing and comparing 

the sense and anti-sense strand.

Figure 75: Sequence Comparison between the Gerbil and Rat (U07126)

1 50 
U0712 6 CCCCTCCCTG AGACCATGGT GCTTCTCTCT G.AAAATGCT TCGGAAGGCT 
gerbil ---------  — ~~~ATGGT GTTTCTTTCG G.AAAATGCT TCCGAAGGCT

51 100
U07126 CCAACTGCAC CCACCCACCA GCTCCGGTGA ACATTTCTAA GGCCATTCTG 
gerbil CCAACTGCAC CCACCAGCCA GCACCGGTGA ACATTTCTAA GGCCATTCTG

U07126
gerbil

u07126
gerbil

1 0 1  150
CTTGGGGTGA TCTTGGGGGG CCTCATCATT TTCGGAGTCC TGGGGAACAT 
CTTGGGGTAA TCTTGGGGGG CCTCATCATC TTCGGGGTGC TGGGGAACAT

* * * *
1 5 1  200
TTTAGTGATC CTCTCAGTGG CCTGTCATCG GCATCTGCAC TCCGTGACTC 
CTTAGTGATC CTTTCGGTCG CCTGTCATCG GCACCTGCAC TCAGTGACTC

201  250
U07126 ACTACTACAT TGTCAACCTG GCTGTGGCAG ACCTCCTCCT CACCTCCACT 
gerbil ACTACTACAT AGTCAACCTG GCCGTCGCCG ACCTCCTCCT CACCTCCACT

251 300
U07126 GTGCTGCCCT TCTCTGCCAT CTTTGAGATC CTGGGCTACT GGGCCTTTGG 
gerbil GTGCTGCCCT TCTCTGCCAT CTTTGAGATC CTGGGCTACT GGGCCTTTGG

301 350
U07126 CAGGGTGTTC TGCAATATCT GGGCGGCCGT GGACGTCTTA TGCTGCACAG 
gerbil CAGGGTCTTC TGCAACATCT GGGCTGCGGT GGACGTCCTG TGCTGCACGG

351 400
U0712 6 CGTCCATCAT GGGCCTCTGC ATCATCTCCA TCGACCGATA CATTGGTGTG 
gerbil CGTCCATCAT GGGCCTCTGC ATCATCTCCA TCGACAGATA CATTGGCGTG

* *

401
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u07126 AGCTACCCGC TGCGCTATCC CACCATTGTC ACCCAGAGGA GGGGCGTCAG 
gerbil AGCTACCCGC TGCGCTACCC TGCCATTGTC ACCCAGAAGA AGGGCGTCAG

* * *

451 500
U0712 6 GGCTCTGCTC TGCGTCTGGG TGCTTTCTTT GGTCATCTCC ATC.GGACCC 
gerbil GGCTCTGCTC TGCGTCTGGG CGCTTTCCCT GGTCATCTCC ATC.GGAACG

501  550
U07126 CTGTTCGGCT GGAGGCAGCC GGCTCCAGAG GATGAGACCA TCTGCCAGAT 
gerbil TTGTTCGGCT GGAAGCA.CC GGCTCCTGAA GATGAAACAA. TCTGCCAGAT

551 600
U07126 CAATGAGGAG CCGGGCTACG TGCTGTTCTC AGCGCTGGGC TCTTTCTACG
gerbil CAATGAAGAA CCTGGCTACG TGCTGTTCTC CGCGCTGGGC TCTTTCTACG 

k k k k

601' 650
U07126 .TGCCACTGG CCATCATTCT G..GTTA TGTACTGTCG AGTCTACGTA GTA 
gerbil TTGCC.CTGG CCATCATCCT G..GTTA TGTATTGTCC GGTCTACGTG GTA

651 700
U07126 GCCAAGA GAGAAAGCCG GGGCCTCAAG TCCGGCCTCA AGACGGACAA GTC 
gerbil ACCAAGA GAGAAAGCCG GGGCCTTCAA TTCCGGCTCA AGACCGACAA GTC

* ** * * * * *

701  750
U07126 AGACTCA GAGCAAGTGA CGCTCCGCAT CCACCGTAAA AATGTCCCTG CAG
gerbil GGACTCA GAGCAAGTGA CGCTCCGTAT CCACCGGAAA AATGTCCCCG CAG 

k k k k

751 800 
U0712 6 AAGGCGG CGGAG***TC AGCAGTGCCA AGAATAAGAC TCACTTCTCAGTG 
gerbil AAGGCGG CGGAGGACTG AGCACTGCCA AGAATAAGAC TCACTTCTCCGTG

k k k

801 850
U0712 6 AGGCTGCTCA AGTTTTCTCG AGAGAAGAAA GCTGCCAAGA CGCTGGGCAT 
gerbil CGGCTGCTCA AGTTTTCCCG GGAGAAAAAA GCGGCCAAGA CGCTGGGCAT

851 900
U0712 6 CGTGGTGGGT TGCTTCGTCC TCTGCTGGCT GCCGTTCTTC CTAGTGATGC 
gerbil CGTGGTGGGT TGCTTCGTCC TCTGCTGGCT GCCGTTCTTC CTAGTGATGC

901 950
U07126 CCATTGGGTC TTTCTTCCCG GATTTCAAGC CTTCGGAAAC CGTTTTTAAA 
gerbil CCATTGGGTC TTTCTTCCCG GATTTCAAGC CTTCGGAAAC CGTTTTTAAA
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951 1000
U07126 ATAGTATTTT GGCTCGGGTA TCTAAATAGT TGCATCAACC CTATCATATA 
gerbil ATAGTATTTT GGCTCGGGTA TCTAAATAGT AGCATCAACC TTATCATATA

1 0 0 1  1050
u07126  CCCATGCTCC AGCCAGGAGT TCAAGAAAGC CTTTCAGAAT GTCCTGCGAA 
gerbil CCCATGCTCC AGCCAGGAGT TCAAGAAAGC CTTTCAGAAT GTCCTGCGAA

1 0 5 1  1 10 0
U07126 TCCAGTGTCT TCGCAGAAGG CAGTCTTCCA AGCATGCCCT GGGCTATACC 
gerbil TCCAGTGTCT TCGCAGAAGG CAGTCTTCCA AGCATGCCTT GGGCTATACC

1 1 0 1  1 1 5 0
U07126 CTGCACCCGC CCAGCCAGGC TCTAGAGGGA CAGCACAGAG ACATGGTGCG 
gerbil CTGCACCCGC CCAGCCAGGT TCTAGAGGGA CAGCACAGAG ACATGGTGCG

1 1 5 1  1200
U07126 TATCCCGGTG GGCTCGGGAG AGACTTTCTA TAAGATCTCC AAGACAGATG 
gerbil TATCCCGGTG GGCTCGGGAG AGACTTTCTA TAAGATCTCC AAGACAGATG

12 0 1  1250
U07126 GAGTCTGTGA ATGGAAGTTT TTCTCTTCCA TGCCCCAGGG ATCGGCCAGG 
gerbil GAGTCTGTGA ATGGAAGTTT TTCTCTTCCA TGCCCCAGGG ATCGGCCAGG

12 5 1  1300
U07126 ATTACAGTGC CAAAGGACCA ATCTGCCTGT ACCACAGCCC GGGTGAGAAG 
gerbil ATTACAGTGC CAAAGGACCA ATCTGCCTGT ACCACAGCCC GGGTGAGAAG

1 3 0 1  1350  
U07126 TAAAAGCTTT TTGCAGGTCT GCTGCTGTGT GGGGTCCTCG GCCCCGCGCC 
gerbil TAAAAGCTTT TTGCAGGTCT GCTGC------------- -— ---- ~~~~~

1 3 5 1  1400  
U07126 CTGAAGAAAA TCACCAAGTT CCAACCATTA AGATCCACAC CATCTCCCTC 
gerbil — ---- ------------- ---------- --- ------ ------ ~~ —

1401 1436 
u07126 GGTGAAAACG GGGAGGAAGT CTAGAGGATG GGAAAG 
gerbil -— ------- ---------- --- ------- -—

* Legend: R ed  nucleotides denotes substitutions; B lue  residues denotes 
nucleotide additions/deletions.
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Comparison between the rat sequence and the gerbil reveals t h a t  many of the 

differences are mainly single point nucleotide substitutions (Figure 74). In 

addition, many of these point substitution occurs primarily w ith in  the 5'-end and 

the middle, while the 3'-end appears relatively free o f substitutions. The gerbil 

sequence contains two single nucleotide deletions, located at nucleotide #518 and 

#606. Calculation of nucleotide homology results in approximately 94% 

nucleotide identity between the two species.
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Gerbil 
Rat (U07126)

Gerbil 
Rat (U07126)

Gerbil 
Rat (U07126)

Gerbil 
Rat (U0712 6)

Gerbil 
Rat (U07126)

Gerbil 
Rat (U07126

Gerbil 
Rat (U07126)

Gerbil 
Rat (U07126)

Gerbil 
Rat (U07126)

Gerbil 
Rat (U07126)

MVFLSENASE GSNCTHQPAP VNISKAILLG VILGGLIIFG VLGNILVILS 
MVLLSENASE GSNCTHPPAP VNISKAILLG VILGGLIIFG VLGNILVILS
- > l  *

51 I <------ Trans membrane II-----> | | <—
VACHRHLHSV THYY1VJN1LAV AÜLLLTbTVL F-b'SAlFEILG YWAFGRVh'UN 
VACHRHLHSV THYYIVNLAV ADLLLTSTVL PFSAIFEILG YWAFGRVFCN

-------------- Trans membrane III----------------- > |
l<------------

<------------------------ Trans membranel-----------
1

1U1
IWAAVDVLCC TASIMGLCII SIDRYIGVSY PLRYPAIVTQ KKGVRALLCV 
IWAAVDVLCC TASIMGLCII SIDRYIGVSY PLRYPTIVTQ RRGVRALLCV

* **
—  Transmembrane IV----- » |

|<---------Trans membrane V --------lo l
WALSLVISIG TLFGWRQPAP EDETICQINE EPGYVLFSAL GSFYVPLAII 
WVLSLVISIG PLFGWRQPAP EDETICQINE EPGYVLFSAL GSFYVPLAII

201
WLCYVCPVYV VTKRESRGLQ FRLKTDKSKS EQVTLRIHRK NVPAEGGGLS
LVMY.CRVYV VAKRESRGLK SGLKTDKSDS EQVTLRIHRK NVPAEGGGVS 
~k -k 'k -k ~k ~k ~k -k -k

2 5 1  l<---------------- Trans membrane VI------------->\

STAKNKTHFS VRLLKFSREK KAAKTLGIW GCFVLCWLPF FLVMPIGSFF
S-AKNKTHFS VRLLKFSREK KAAKTLGIW GCFVLCWLPF FLVMPIGSFF

PDFKPSETVF KIVFWLGYLN SSINLIIYPC SSQEFKKAFQ NVLRIQCLRR 
PDFKPSETVF KIVFWLGYLN SCINPIIYPC SSQEFKKAFQ NVLRIQCLRR

351
RQSSKHALGY TLHPPSQVLE GQHRDMVRIP VGSGETFYKI SKTDGVCEWK 
RQSSKHALGY TLHPPSQALE GQHRDMVRIP VGSGETFYKI SKTDGVCEWK

401
FFSSMPQGSA RITVPKDQSA CTTARVRSKS FLQVCC--- — ------
FFSSMPQGSA RITVPKDQSA CTTARVRSKS FLQVCCCVGS SAPRPEENHQ

Stop
Codon451

• Red denotes AA changes
VPTIKIHTIS LGENGEEV*R MGK . B l u e d e n o t e s ^

addition/\deletions

Figure 76: Comparison of Translated Amino Acid Sequences between the Rat and Gerbil
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Translating the gerbil sequence into amino acid sequence u s in g  the proper 

reading frame allowed the comparison with the rat (U07126) translated amino 

acid sequence (Figure 75). The most obvious variation between tfcie two species is 

a rather long stretch of amino acids, around 37 residues that are significandy 

different. This segment starts at the end of transmembrane IV", and covers the 

second extracellular loop and most of transmembrane V. The functional 

significance of such a change is unknown, but it could be speculated to have a 

profound effect on ligand binding. In addition, there is an add ition  of one amino 

acid, a valine at the end of this segment. Besides this, the only other difference 

between the two species involves for the most part single am in o  acid changes. 

The percent of amino acid homology between the gerbil as com pared to the rat 

was calculated to be around 89%.

E. Discussion

The main purpose for undertaking this study was to clone t h e  a 1A-AR from 

the gerbil, in order to further investigate the pharmacological characteristics o f 

this receptor in the gerbil spiral modiolar artery. Recent studies into the 

regulation of blood flow in the spiral modiolar artery have uncovered the 

importance of its role in the proper function of the ear. A n y  disruptions or 

interferences in normal blood flow may have serious repercussion in the ability to 

hear. This is especially true in the spiral modiolar artery, in winch this vessel is the 

only vasculature providing blood flow to the cochlea. In the coch lea , anatomical
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and histological studies reveals that the cells responsible for the ability to hear are 

often only one layer thick, making them extremely susceptible to changes in 

homeostasis of the inner ear. Anoxia, pathogens, changes in io n  concentration 

of the endolymphatic fluid, and even a brief interruption in blood flow may 

initiate programmed cell death or apoptosis of these cells(Kimura, 1986;Okamoto 

et al., 1992;Miller et al., 1995), resulting in permanent hearing loss.

Studies have shown that control of the blood flow in th e  spiral modiolar 

artery is under sympathetic control(Carlisle, Aberdeen, Forge, and Burnstock, 

1990). Immunohistochemical studies have shown that tyrosine hydroxylase is 

present in the spiral modiolar artery, supporting role for the sympathetic nervous 

system(Brechtelsbauer, Prazma, Garrett, Carrasco, and Pillsbury, III, 1990;Qiu, 

Steyger, Trune, and Nuttall, 2001). In fact, previous pharmacological studies have 

actually shown that the a r AR is responsible for regulating b lo o d  flow through 

the spiral modiolar artery(Gruber, Dang, Shimozono, Scofield, a n d  Wangemann, 

1998). Using videoscopic technology, antagonistic agents specific for the a,-AR, 

or more precisely the a u -AR, inhibited vasoconstriction of d i e  spiral modiolar 

artery. However, comparison of the antagonists’ affinities betw een the gerbil and 

rat reveal several discrepancies. One possibility is that these differences could be 

attributed to the diversity in species of the a 1A-AR. Therefore, cloning the full 

gerbil a 1A-AR could shed some light on this subject.
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So far, I have isolated approximately 9/10 of the full cx1a-AR from the 

gerbil through the use of RT-PCR. In order to accomplish this, specific primers 

were selected from regions o f consensus sequences, resulting f ro m  comparison o f 

known and published sequences of the a 1A-AR from other species. However, in 

regions that lacked homology, degenerate primers were designed. By our 

estimation using the rat and mouse a 1A-AR sequences as a guide, o u r  isolated O t1 A -  

AR clone from the gerbil lacks about 95 nucleotides which includes the putative 

translational stop codon. Several degenerate primers designed through 

comparison of the a 1A-AR of several species, and targeting the s to p  codon have 

failed to produce an RT-PCR product. This has lead to the speculation that the 3' 

end of the gerbil may differ significantly from the rat, mouse, a n d  human. A n 

alternative strategy to circumvent this problem would be to use t b e  technique o f a 

3' RACE on the gerbil mRJSIA. However, several 3'-RACE attem pts have also 

failed to produce the 3' end of the a 1A-AR clone from the gerbil. This strongly 

suggests that the 3' end of the gerbil a 1A-AR is quite different f ro m  other species.

The indication that the 3' end of the gerbil a 1A-AR is significantiy different 

from other species is very peculiar. Comparison of the nucleotide sequences I 

have isolated so far with the rat a 1A-AR sequence show only slight variations, 

mainly involving particular nucleotides, but including two single nucleotide 

deletion, one nucleotide addition, and a 5 nucleotide addition. Additionally, the 

majority of the nucleotide differences occurred at the beginning a n d  middle of the
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gerbil a ]A-AR sequences. Homology identity between the rat a n d  the gerbil ot1A- 

AR nucleotide sequences was calculated to be approximately 94-%. With such a 

high percentage, it is rather surprising that the 3'end o f the gerbil a 1A-AR could 

be very different from the rat. In retrospect, if the 3'-end turns out to be 

significandy different from other species, than the examination o f  the 5'-end of 

the a 1A-AR could not have effectively predicted this deviation. In conjunction 

with the data on the tail region of the a 1B-AR, I can reasonably predict that 

changes in the 3'end or the carboxyl tail of the a 1A-AR may have profound effects 

on the function of the receptor. Some possible effects could involve 

desensitization and internalization, or even trafficking and compartmentalization 

of the a 1A-ARs. Therefore, obtaining the last nucleotides of th e  gerbil Gt1A-AR 

could yield some interesting, as well as enlightening knowledge.

One potentially important outcome from the gerbil clone is the functional 

significance of having a long stretch of amino acid that differs significandy from 

other species. Based upon the mutational and chimera studies o n  the a 1B-AR, it is 

reasonable to predict that such changes may have a profound e ffec t on the ligand 

binding properties of the a 1A-AR. Transfection and expression o f  the full length 

gerbil clone may allow a full characterization of the binding properties, whereas 

any deviations from the rat clone would be detected. Such differences in binding 

potential may have important implications in response to drugs.
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A p p e n d i x  3

STUDY ON THE EFFECTS OF THYROID H O R M O N E  ON a,-AR 
mRNA EXPRESSION IN RAT HEART AND THE ACTLJTE NON- 

GENOMIC EFFECTS OF THYROID HORM ONE 3,5,3'- 
TRIIODOTHYRONINE (T3) IN  THE PIG CORONAR’V  ARTERY

A. Abstract

Thyroid hormone is an important hormone in the human body. It plays a 

significant part in normal human development, metabolic balance, and even in 

cardiovascular hemodynamics. Basically, thyroid hormone plays a major role in 

how the body reacts and responds to various external stimuli s \ich  as stress, and 

strives to maintain the homeostatic disposition of the human body. Nevertheless, 

the loss of thyroid hormone in the human body does not directly result in death. 

Excessive production of thyroid hormone often leads to tachycardia, body 

wasting, excessive body heat, nervousness, tremors, and the general inability to 

cope with stress. Loss or under production causes the body to  experience poor 

adaptation to cold temperature, lethargic mental and physical activity, bradycardia, 

and mental retardation and dwarfism in children.

The mechanism of action of thyroid hormone is mediated through receptor 

isoforms originating from alternative splicing of the mRNA commencing from 

two genes. Thyroid hormone receptors are related to a superfamily of nuclear
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receptors, which include retinoid and several steroid hormones. This family of 

receptors function by binding to specific response elements w ithijn promoters of 

target genes, and thereby regulates transcription by repressing or enhancing 

activity. Thyroid hormone receptors may form monomers, h.omodimers, and 

heterodimers, all of which adds additional specificity and flexibility to the genomic 

action of thyroid hormone.

By reviewing and comparing the various sym ptom s presented in 

hyperthyroid and hypothyroid states, coupled with numerous steadies researching 

the effects of thyroid hormone, it becomes evident that a main, target organ for 

thyroid hormone is the heart and the cardiovascular system. The manifestation of 

thyroid hormone effects are chiefly due to the genomic influence o f  the hormone, 

which results in the upregulation or downregulation o f  targeted, genes important 

in the function of the heart and blood hemodynamics. As a m a t te r  of fact, it is 

presumed that a complex association exists between thyroid h o rm o n e  and the 

adrenergic system. Many of the manifestations of hyperthyroidism close bear a 

resemblance to a hyperadrenergic state. On the contrary, hypothyroidism 

symptoms coincide with a depressed adrenergic system. Furtherm ore, studies 

have shown that the genomic influence of thyroid h o rm o n e  alters the 

transcription and expression levels of adrenergic receptors in s u c h  cardiovascular 

tissues as the heart and vasculature.

Recendy, there has been mounting evidence suggesting a n  alternative effect 

of thyroid hormone on the human body. In addition to the accepted current
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dogma of the genomic mechanism of action, thyroid hormone m ay  also have a 

direct, non-genomic effect. Animal studies on whole heart, as w e ll  as on primary 

cell culture show a vasodilation effect in response to T3. This e ffe c t is marked by 

a rapid onset, occurring within seconds rather than hours, a s  well as in the 

presence of agents that inhibit protein synthesis such as cycloheximide.

I have uncovered a direct, extranuclear effect of triiodothyronine in pig left 

circumflex coronary artery. Application of T3 direcdy onto the coronary artery 

caused relaxation of vascular tone within seconds, and had a lo n g  duration of 

action. I also found the magnitude of the T3 effect to b e  concentration 

dependent, with 10’7 M of T3 the lowest concentration to h av e  an effect. By 

comparing results from endothelium-denuded vessels with arteries treated with 

the nitric oxide inhibitor L-NOARG, I have concluded the endothelium as well as 

nitric oxide does not contribute to the relaxation of the pig coronary artery.

B. Introduction

Thyroid hormone has long been known to exert a wide ran g e  of effects on 

the human body, ranging from metabolic regulation t o  cardiovascular 

hemodynamic maintenance. Interestingly, the first evidence for t h e  use of thyroid 

hormone as a drug dates as far back as the pharoah’s o f ancient E g y p t (3000-2000

B.C.). Historians deciphering the Papyrus of Ebers, the oldest known medical 

document discovered in Egypt, have uncovered specifications «detailing how to
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desiccate, purify, and prepare thyroid hormone extracts obtained from animal 

sources. In addition, many artifacts produced during that tim e period depict 

several classical symptoms of hyperthyroidism: exopthalamos, th in  neck, arms, 

and slender bodies. Many speculate the main purpose for Egyptians using thyroid 

hormone was for cosmetic reasons, such as making the eyes appear larger, which 

was a sign of youth and beauty. Thyroid hormone is considered n o t essential for 

life, since the loss of this hormone in the human body do es  not result in 

immediate death. Rather, thyroid hormone plays a major role in  how the body 

reacts and responds to various external environmental stimuli, as well as 

promoting normal growth and development. This becomes qu ite  evident when 

there is a loss of thyroid function, where the body experiences p o o r  adaptation to 

cold temperature, lethargic mental and physical activity, bradycardia, and even 

mental retardation and dwarfism(Lazarus, 1999;Chan and Kilby, 2000). In sharp 

contrast, excessive thyroid hormone production leads to tachycardia, body 

wasting, generation of excessive body heat, nervousness, trem ors, and the general 

inability to deal effectively with stress.

Production and Secretion of Thyroid Hormones:

Thyroid hormone is produced and secreted by the thyroid gland, located at

the base of the neck, just below the larynx (Figure 76). The gland consists of right

and left lobes, connected by a bridge of tissue (thyroid isthmus). The gland is

highly vascularized, and possesses one of the highest blood flow  of any organ in

the body. The secretion of thyroid hormone is intricately controlled by

thyrotropin (thyroid stimulating hormone; TSH), which is released by the anterior
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pituitary. The secretion of TSH in turn is controlled through a  direct negative 

feedback of circulating blood levels of thyroid hormone, by n e u ra l mechanisms 

located in the hypothalamus. When thyroid levels become low, t h e  hypothalamus 

releases a tropic thyroid-releasing hormone (TRH) to stimulate the anterior 

pituitary to produce and secrete TSH. TSH travels through the blood stream to 

the thyroid gland, and causes an increase in production of thyroid hormones. O n 

the other hand, when thyroid levels are high, TRH and the subsequent release o f 

TSH is repressed, and thyroid hormone secretion ceases.

Figure 77: Synthesis, Storage, and Secretion of Thyroid H o r m o n e
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Active, Forms of Thyroid Hormone:

Thyroid hormone exists principally in two active forms: 3,5,3'-

triiodothyronine (T3) and thyroxine (T4), which are biosynthesized in the thyroid 

gland through a series of biochemical steps. The basic building block of T3 and 

T4 are tyrosine residues and iodine (Figure 77).
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Figure 78: Thyroid hormone precursors and byproducts.
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Initially, the follicular cells of the thyroid gland collect and actively  transport 

iodide (iodide trapping), obtained from the diet, to the follicular lumen. 

Meanwhile, the lumen synthesizes a glycoprotein (thyroglobin), which contains 

numerous tyrosine residues on the surface. The iodide is l in k e d  to tyrosyl 

residues by thyroid peroxidase to form mono- and di-iodotyro sines, which are 

then coupled in various combinations to form T3, T4, and reverse T3 (RT3). The 

luminal thyroglobin containing the assortment of thyroid horm one products are 

transported into the follicular cell by process of endocytosis. Proteolysis of the 

thyroglobin by lysozymes releases unconjugated MIT and DIT, a s  well as T3, T4, 

and RT3. The MIT and DIT are recycled back to the lumen, w h  ere the iodide is 

scavenged and synthesized into new thyroid hormone precursors. In the 

meantime, the thyroglobin, T3, T4, and RT3 are released into the blood stream by 

exocytosis. In terms of secretion amounts, T4 is the predom inant product 

released by the thyroid gland (about 80 jag per day), as comjpared to T3 and 

reverse T3 (about 4 pg and 2 pg, respectively). Furthermore, T4 lias a half-life o f

6-7 days, compared to 1 day for T3. However, comparison cz>f the biological 

activity between T4, T3, and RT3 reveals that T3 is 3-5 times m o r e  potent than T4, 

while RT3 shows almost no biological activity.

Conversion of Thyroxine into Triiodothyronine:

In addition to biosynthesizing thyroid hormones, the b o d y  can convert T 4

into T3 and RT3 using a deiodinase enzyme (Figure 78)(I<ohrle, 1999;Kohrle,

2000). This enzyme catalyzes the removal of the iodide lo c a te d  at the fifth
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position of the first or second benzene ring of T4. Removal o  ff the 5' position 

(first phenolic ring) iodide converts T4 into T» while removal froxn  the 5 position 

(second phenolic ring) changes T4 into RT3 (Kelly, 2000). The levels of T3 and 

RT3 in the blood stream arise primarily from conversion of T4, irather than from 

thyroid gland secretion (Klein and Ojamaa, 2001c;Klein and O jam aa, 2001b).

Figure 79: Amount of Thyroid Hormone Secreted a n d  
Converted by Deiodinase.

Given that T3 is considered the active thyroid hormone form, tihe 5'-deiodinase

enzyme is thought to play a significant role in the biological activity, as compared

to the function of the 5-deiodinase enzyme. Currendy, two i s o  forms of the 5'-

deiodinase enzyme exists; type I which is present in liver, heart, kidney, and the

thyroid gland(Yonemoto et al., 1999), and type II found in t h e  central nervous

system, anterior pituitary, brown fat, and recendy in vascular sm o o th  muscle cells
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(Silva and Rabelo, 1997;Bianco et al., 1998;Mizuma et al., 2001). So far, only one 

isoform of the 5-deiodinase enzyme has been identified. In addition to specific 

tissue distribution of the various deiodinases, developmental variances also exist. 

Compared with adults, human fetuses have a lower expression o f  type I in the 

liver, resulting in a lower plasma concentrations of T3 (Darras et a l., 1999).

Metabolism of Thyroid Hormone:

As stated previously, the half-life of T4 and T3 is approximately 6-7 days

and 1 day respectively. Inactivation of T4 and T3 can occur in  the liver and

kidney, as well as in peripheral tissues. The mechanism o f  inactivation in the liver

and kidney utilizes three identified sulfotransferase enzyme isoform s, which for

the most part conjugate sulfur to T4, T3, and RT3 (Kester et al., 1 999). However,

recent studies of rat liver microsomes have shown the im portance of deiodination

in the inactivation process (Moreno et al., 1994). The study concluded that

deiodination by the type I 5'-deiodinase enzyme gready increased the sulfur

conjugating process, thereby facilitating a rapid inactivation of thyroid  hormones.

Following sulfation, the conjugated products are collected i n  the bile, and

excreted into the intestines. In the peripheral tissues, thyroid hormones are

metabolized mainly by deiodination through the 5-deiodinase enzym e, with some

minor conjugation, deamination, and decarboxylation (KoHrle, l999;Kelly,

2000;Kohrle, 2000).
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Mechanism of Action of Thyroid Hormone Receptors:

Throughout the years, the biochemical mechanism of ac tio n  for thyroid

hormone has been extensively studied (Christ et al., 1999;Schmidt et al.,

2000;Falkenstein et al., 2000). According to the current dogma, thyroid hormone

modulates gene transcription through intracellular nuclear receptors. These

receptors belong to a super family of steroid/thyroid/retinoid receptors, all

having similar mechanisms of action (Falkenstein, Tillmann, C hrist, Feuring, and

Welding, 2000). First, the lipophillic hormone freely enters th e  cell and the

nucleus, and binds with high affinity to the corresponding nuclear receptor in a

ligand dependent manner (Figure 79). Secondly, the ligand (Hormone) bound

receptor interacts with neighboring activated hormone-receptor to form either

homo- or heterodimers. Finally, the activated hormone receptor dimers

consequendy behave as transcription factors. The dimer com plex recognizes and

binds to specific palindromic hormone response elements (FT RE) located in

histone-free DNA, and initiates the transcription process in conjunction with

other corepressors, activators, and transcriptional regulators(G lass, 1996;Zhang

and Lazar, 2000). Subsequendy, certain proteins are up-regulated or down-

regulated (Dillmann, 1985) to produce the hormone induced physiological effect.
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Figure 80: Genomic Pathway of Thyroid Hormone. (Fadel et al., 2000)

Genomic Ormniyation of Thyroid Hormone Receptors:

The thyroid hormone nuclear receptor consists of an alpha and beta

subtype, each encoded by a separate gene (Figure 80)(Dillmann, 1990).

Additionally, the transcripts resulting from each gene undergo alternative splicing,
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to produce two receptor isoforms. Currently, these isoforms are designated alpha 

1 (al), alpha 2 (a2), beta 1 (ßl), and beta 2 (ß2). All of these receptors contain 

the three classical functional domains found throughout the 

steroid/thyroid/retinoid nuclear receptor superfamily: a transactivation domain, a 

DNA-binding domain, and a ligand-binding domain. Comparing and contrasting 

the various receptors, the DNA-binding domain was found to be similar amongst 

the isoforms. On the other hand, the transactivation and ligand-binding domain 

are very unique for each receptor, and may confer functional diversity. For 

example, the ligand binding domain of the a2 possesses a distinct carboxyl tail 

not found in the other receptors. Studies have shown the a2 isoform will not 

bind T3, and may actually inhibit the nuclear action of thyroid hormones 

(Kinugawa et al., 2001).

ß 1 h2n 1 r | IcooH

ß 2  H2NI 1 I |cOOH

Figure 81: Graphical Representation of Functional Domains 
of Thyroid Hormone Receptors.

In addition, the various receptors show a discrete pattern of expression between

tissues(Shahrara et al., 1999a;Drvota, 1998), amid developmental stages(Jannini et
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al., 1994;Jannini et al., 2000;Canale et al., 2001;Kinugawa, IMinobe, Wood, 

Ridgway, Baxter, Ribeiro, Tawadrous, Lowes, Long, and Bristow, 2001), as well as 

among species (Blange et al., 1997;Shahrara et al., 1999b;Shahir^ra and Drvota, 

1999;Shahrara et al., 2000). The a l ,  a2, and ßl receptors are expressed in almost 

all tissues, while the ß2 is predominately found in the hypothalamus and pituitary 

gland (Kinugawa, Minobe, Wood, Ridgway, Baxter, Ribeiro, Ta-wadrous, Lowes, 

Long, and Bristow, 2001;Shahrara, Drvota, and Sylven, 1999a). After thyroid 

hormone binds to the receptor, the hormone-receptor complex attaches to the 

response element as a monomer, homodimer or heterodimer (Table 10)(Brent, 

1994;Glass, 1996;Wu et al., 2000).

MONOMER HOMODIMER HETERODIMEM
a a /a a/RXR
P a/ß ß/RXR

ß/ß

Table 10: Possible Thyroid Hormone Receptor C om binations.

Various studies have shown that the type of receptor dimer t h a t  activates the 

response element has a pronounced impact on the nuclear effect. Heterodimers 

produce the strongest nuclear effect, followed by homodimers and  monomers, 

respectively (Glass, 1996;Wu and Koenig, 2000;Zhang an d  Lazar, 2000). 

Therefore, the presence of multiple forms of receptors c o u p le d  with the
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difference in expression, suggests a complex working arrangem ent to achieve die 

desired physiological effect.

Physiological Effects of Thyroid Hormone:

The majority of thyroid hormone effects on the body a r e  exerted on the

heart and vascular system. This becomes quite evident when studying the disease

state of thyroid hormone dysfunctions. Many sym ptom s and clinical

manifestations pertaining to hyperthyroidism and hypothyroidism are related to

disruptions in cardiovascular hemodynamics (Tielens et al., 2000-Toft and Boon,

2000). Some signs of hyperthyroidism include tachycardia, increased production

of body heat, nervousness, irritability, trembling hands, a n d  palpitations.

Physiologically, hyperthyroidism or excessive thyroid hormone a re  attributed to

increases in resting heart rate, left ventricular pressure d u ring  systole, left

ventricular ejection fraction, rate of blood flow across aortic vaTves, and cardiac

output (Table ll)(Fadel, Ellahham, Ringel, Lindsay, Jr., W artofsky, and Burman,

2000).
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Norma!
MEASURE Range Hyperthyroidism Hypothyroidism

Systemic Vascular Resistance
(dyn.sec#cm‘5) 1500-1700 700-1200 2100-2700

Heart Rate (beats/min) 72-84 88-130 60-80

Ejection fraction (%) 50-60 >60 <60

Cardiac Output (liters/min) 4.0-6.0 >7.0 <4.5 

Isovolumic relaxation time
(msec) 60-80 25-40 >80 

Blood volume
(% normal value) 100 105.5 84.5

Table 11: Cardiovascular Effects. (Klein and Ojamaa, 2001b)

In sharp contrast, hypothyroidism or lack of thyroid hormone function show 

symptoms opposite of hyperthyroidism. Signs of hypothyroidism include 

bradycardia, hypertension, feeling physically cold, and a narrowed pulse pressure. 

According to the accepted dogma of thyroid hormone, the basis for the 

alterations in cardiovascular hemodynamics stems from the molecular 

modification of several proteins at the genetic level(Dillmann et al., 1983). Several 

proteins important for contraction of the heart, such as Na+/K + 

ATPase(Kurihara et al, 1996;Yalcin et al., 1999;Awais et al., 2000;Shao et al.,
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2000), Na+/Ca++ exchanger (Sun et al., 2001), ß-adrenergic receptors (Williams et 

al., 1977;Bahouth et al., 1997;Vassy et al., 1997), a-myosin heavy chain (a-MHC) 

(Dillmann et al., 1987;Dillmann et al., 1989;Ojamaa and Klein, 1991;Klein et al., 

1992;Qi et al., 1994), and sarcoplamic reticulum Ca++ ATPase (SERCA)(Rudinger 

et al., 1984;Dillmann, Rohrer, Popovich, and Barrieux, 1987;Rohrer and 

Dillmann, 1988;Sayen et al., 1992;Gloss et al., 2000;0jamaa et al., 2000), are 

increased. At the same time, other proteins, such as ß-MHC, are 

decreased(Ojamaa, Kenessey, Shenoy, and Klein, I, 2000). Many of the changes 

in cardiac parameters observed in thyroid hormone dysfunctions are attributed to 

the up-regulation or down-regulation of these proteins (Table 12).

Positive (Up-) Regulation Negative (Down-) Regulation

a-Myosin heavy chain 
Sarcoplasmic reticuum Ca2+- 

ATPase 
ßi-Adrenergic receptors 

Guanine-nucleotide-regulatory 
proteins 

Na+/K+ ATPase 
Voltage-gated K+ channels

ß-Myosin heavy chain 
Phospholamban

Adenylyl cyclase(types V, VI) 
T3 a  isoform receptor

Na+/Ca2+ exchanger

Table 12: Regulation of Cardiac Genes by Thyroid Hormone.

NoftGenomcE^cjs ofThyroid, HormMiL

Recendy, there has been mounting evidence suggesting thyroid hormone

may mediate an alternative direct, non-genomic action in the cardiovascular
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system (Christ, Haseroth, Falkenstein, and Wehling, 1999;Falkenstem, Tillmann, 

Christ, Feuring, and Wehling, 2000;Falkenstein and Wehling, 2000;Schmidt, 

Gerdes, Feuring, Falkenstein, Christ, and Wehling, 2000). Contrary to the 

accepted genomic action, non-genomic mechanistic pathways ex e r t their action 

within seconds to minutes, as opposed to hours or days. In isolated perfused rat 

hearts, administration of T3 produced a positive isotrophic e ffec t (increased left 

ventricular systolic pressure and dP/dT)(Segal et al., 1996). This effect was rapid 

in onset (~15 seconds), reached a maximum after 20 m inu te , and was 

reproducible in the presence of the protein synthesis inhibitor cycloheximide. 

Additionally, T3 was found to modulate the ß-adrenergic system  in isolated rat 

hearts, by potentiating the isoproterenol effect on contractility(Tielens et al., 

1996;Hoit et al., 1997). Clinical studies have found that h ig h  doses of T3 

decreased systemic vasculature resistance, while cardiac o u tp u t was increased 

following coronary artery bypass surgery (Klemperer et al., 1995a;Klemperer et 

al., 1996;Novitzky et al., 1996;Chowdhury et al., 1999;Bettendorf et al., 2000). In 

addition, studies on patients suffering advanced congestive h e a r t  failure found 

that an intravenous bolus of T3 resulted in a reduction of vascular resistance and a 

significant increase in cardiac output (Hamilton and Stevenson, 1 996;Hamilton et 

al., 1998). Several studies involving experimental heart transplants (Novitzky, 

1996;Votapka et al., 1996), on isolated ischemic hearts that a r e  experimentally 

induced(Klemperer et al., 1995b), and on coronary ligated in d u ced  congestive 

heart failure (Morkin et al., 1996) in animals have corroborated t h e  human clinical

findings of the thyroid hormone acute effects on the heart.
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Furthermore, it appears the non-genomic effects of thyroid hormone are 

not limited to the heart. Cultured vascular smooth muscle cells (VSMC) isolated 

from pig aortas, show a pronounced rapid relaxation effect following exposure to  

T3 (Ojamaa et al., 1993;Ojamaa et al., 1996). Relaxation of "S/SMC occurred 

within 10 minutes, and at physiological concentrations of T3 (10  "10 M). Ex-vivo 

(Klemperer, Zelano, Helm, Berman, Ojamaa, Klein, Iso m , and Krieger, 

1995b;Segal, Masalha, Schwalb, Merin, Borman, and Uretzky, 1996), in-vivo 

(Yoneda et al., 1998), in vitro (Ojamaa, Balkman, and K lein , 1993;Ojamaa, 

Klemperer, and Klein, 1996), and patch clamping of whole cells have revealed a 

multitude of non-genomic effects(Davis and Davis, 1993;Davis a n d  Davis, 1996). 

Several ion channels, Ca++ (Segal, Masalha, Schwalb, M ea n , Borman, a n d  

Uretzky, 1996;Fagan and Romani, 2000;Gotzsche, 1994b;Han e t  al., 1994) , N a + 

(Huang et al., 1999;Fagan and Romani, 2000), (Harris et al, 1991), Mg++ (Romani 

et al., 1996), and K+ (Sakaguchi et al., 1996), were opened by T3 i n  a rapid m anner.

Acute Cardiovascular Effects:

It is rather clear that the heart and corresponding vasculature system are th e

primary target organ for the acute effects of thyroid hormone. Taking clinical,

animal model, and cell studies together, it becomes apparent th a t  the direct e ffec t

of T3 on the contractility of the heart cannot fully account fo r  the increased

cardiac output. Thyroid hormone also has a direct effect on  the reduction o f

vascular resistance, which reduces the renal blood flow and activates the ren in -

angiotensin system to increase blood volume (Fadel, Ellahham, Ringel, Lindsay,

Jr., Wartofsky, and Burman, 2000;Basset et al., 2001;Klein and  Ojamaa, 2001b).
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Accordingly, the reduction in vascular resistance coupled witln the expanded 

blood volume, results in increasing stroke volume and im proving cardiac output. 

Thus, it is believed that the reduction in vascular resistance p lays a much larger 

role in increasing heart function, as compared to the direct e ffe c ts  on the heart 

(Klein and Ojamaa, 2001a). The mechanism for the direct non-genomic action of 

T3 on decreasing vascular resistance is believed to be primarily vasodilatation. 

However, the mechanism of action for the vasodilatation is currendy unclear.

The goal of the present study was to investigate the a cu te , direct, non- 

genomic effect of T3 on the porcine left circumflex coronary artery. Or 

specifically, the purpose was to examine the receptors involved i n  the relaxation 

of the left circumflex coronary artery upon exposure to T3. Tb_e left circumflex 

coronary artery is one of three main blood supplies feeding t l i e  heart, and is 

responsible for nourishing the left ventricle. Conceivably, alterations in blood 

flow through any of these blood vessels may have a dramatic effect on heart 

function. For instance, atherosclerosis of the left circumflex a r te ry  is the major 

cause of ischemia and myocardial infarction of the left ventricle. I n  this chapter, I 

show that T3 produces an acute, non-genomic effect of the  left circumflex 

coronary artery. This vasodilitation effect was rapid in onset, h ad  a long duration, 

and was dose dependent. In addition, the observed vasodilatation may be a result 

of several different causes. Appreciation for the acute T 3 non-genomic effects on 

the porcine left circumflex coronary artery may lead to exciting n e w  therapies for
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humans, in terms of improving the prognosis of coronary b»ypass surgeries, 

human heart transplants, and even congestive heart failures.

C. Materials and Methods

1. Preparation and Microdissection

Pig hearts were obtained from a local abattoir, and transported back to the 

laboratory in ice-cold Kreb’s-Henseleit buffer (120 mM NaCl; 5 .5  mM KC1; 2.5 

mM CaCl2; 1.4 mM NaH2P 0 4; 1.2 mM MgCl2; 25 mM NaPdLC03; 11.1 mM 

dextrose; and 0.027 mM CaNa2-EDTA; equilibrated with 95% 0 2 - 5% C02 at pH 

7.4). Of the three coronary arteries, the left circumflex a rte ry  was selected 

because of the increased branching of the vasculature. The proxim al third o f the 

left circumflex coronary artery and a number of vasculature branching were 

carefully dissected from the pig heart and cleaned o f fat, a n d  any adherent 

connective tissue. Vessels prior to branching were sliced in to  2-mm long 

segments, and used in the experiments. Additionally, in experiments that involve 

the removal of endothelium cells, a wooden toothpick was gen tly  rubbed inside 

the surfaces of the vessel. The ring segments were then m ounted  between two 

stainless steel pins passed through the vessel lumen, and placed carefully within a 

water-jacketed glass muscle chamber containing Kreb’s buffer gassed with 95% 

0 2/  5% COz at pH 7.4 (Figure 81). The temperature of the g la ss  chamber was 

maintained at 37°C using a water bath and re-circulating p u m p . One pin was
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attached to a Grass FT 03 transducer for measurements of isometric tension with 

a Grass polygraph (Quincy, MA). The vessels were allowed to equilibrate in the 

glass chamber with Kreb’s solution for one hour, at a resting tension of 6 grams.

Figure 82: Schematic of Organ Bath Setup.

2. M easurement o f  Vascular Tone

The integrity of the vessels was tested by contracting the rings twice with 

45 mM KC1 (Sigma; St. Louis, MO), with a single 15 minute washout between 

stimulation. After the KC1 challenge, the rings were washed for approximately 30 

minutes, or until the vessels reached a stable resting tone. For relaxation curves, 

the rings were first pre-contracted using KC1, and then various doses of 

triiodothyronine (T3) (Sigma; St. Louis, MO) administered to relax the vessel. For 

experiments involving alterations in vessel constriction, the rings were pre

incubated with a concentration of T3 for 10 minutes, washed out with Kreb’s, and

then contracted with increasing concentration of phenylephrine to generate a
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dose-response curve. In experiments testing various pharmacological antagonists, 

the drugs were introduced prior to the T3 pre-incubation period, and a 

phenylephrine dose-response curve obtained.

3. Treatment for Inducing Hyperthyroidism and H ypothyroidism  in R a t

Male Sprague-Dawley rats (200-250 grams)(Sasco, Om aha, NE, U.S.A) 

were rendered hypothyroid by addition of propylthiouracil (PTU) at a 

concentration of 0.1 % into the drinking water. The hyperthyroid rat group w as 

induced by daily intraperitoneal injection of T3. Two control groups w ere 

included in the experimental design to correspond to euthyroid conditions, as well 

as to normalize the hyperthyroid and hypothyroid treatment rats. The first 

control group was associated with hypothyroid treated rats, and represents 

normal, euthyroid rats. The second control group was associated w ith 

hyperthyroid rats, and was incorporated to standardize the stress of animals 

receiving daily T3 injections. Rats in this group were injected w ith  daily with 0.9 

% saline solution.

The intake of water was monitored daily ̂ body weight w a s  checked weekly,

and any observation of behavior signifying hyperthyroidism o r  hypothyroidism 

recorded. The treatment regimen lasted 15 days, upon where th e  animals were 

sacrificed. Rats were anesthetized with a lethal dose of pentobarbital, and the 

thoracic cavity exposed. First, the heart was isolated, d issec ted  from the

pericardial cavity, washed several times with sterile 0.9 % sa lin e  to remove any
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traces of blood, and weighed. Next, various tissues were dissected and harvested 

from each animal, frozen in liquid nitrogen, and stored at -70° C.

4. Isolation o f  Total RNA

Total cellular RNA was isolated from the tissue sam ples using the 

guanidinium-acid-phenol method. The collection of tissues fro m  the dissection 

were placed into TRIzol™ RNA isolation solution (G ibco BRL Life 

Technologies, Gaithersburg, MD, U.S.A.). The tissue samples were vigorously 

vortexed in the TRIzol™, and the total RNA was extracted according to the 

manufacturer’s protocol. In order to remove any contaminating genomic DNA, 

the extracted total RNA was dissolved in RNase-free water (distilled, deionized 

water treated with diethypyrocarbonate; DEPC) and treated w ith  RNase-free 

DNase I enzyme (50 Units; in a 1 X DNase I buffer) (G-ibco BRL Life 

Technologies, Gaithersburg, MD, U.S.A.) for 60 minutes at 37° C. The DNase I 

enzyme was inactivated by heating the solution at 65°C for 15 minutes. After the 

addition of 5 (J.1 of 5 M NH4C1, the RNA was phenol/chloroform/isoamyl 

alcohol (25:24:1 ratio) extracted, and ethanol precipitated (2 X volum e at 100%). 

The RNA was collected by centrifugation at 15,000 x g. The pelle t was air dried 

to remove any residual alcohol, and dissolved into solution by adding RNase-free 

water (DEPC water). The integrity of the RNA was confirmed by 

electrophoresing a 2-10 |ig sample (10 |il volume with 4(_tl loading buffer) on a 

denaturing 1% ethidium bromide stained agarose gel. RNIA samples that
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displayed the 28S, 18S, and 5S ribosomal bands were used. TThe total RNA 

concentration was determined by measuring the absorbance at 260 nm with a 

Beckman DU-650 spectrophotometer. The RNA samples t h a t  produced an 

OD260/O D 280 ratio that exceeded 1.8 were used in the experiment. The 

concentration of total RNA was calculated by assuming 40 pg o f  total RNA/ml 

gives an OD260 reading of 1. The samples were then stored at -70 ° C  until used.

5. C om petitive RT-PCR Protocol

For the competitive RT-PCR experiments, I used identical aliquots of total 

cellular RNA from the selected samples against a dilution series of known 

amounts of competitor cRNA. First, I cotranscribed both populations of RNA 

by reverse transcriptase in the presence of the appropriate 0t1A-, o t1B, and a 1D-AR 

anti-sense primer (downstream) at 42°C for 60 minutes in a Perkin-Elmer 480 

DNA Thermal Cycler. The reverse transcription reaction v e sse l had a total

volume of 20 pi, containing 20 units of RNasin (Promega), 1 mJNl dNTP (Gibco

(§) . .BRL Life Technologies; Grand Island, NY), 50 units Moloney Tvlunne Leukemia

Vims Reverse Transcriptase (MMLV) (Perkin-Elmer), 2.5 m M  MgCl2 (Gibco 

BRL Life Technologies; Grand Island, NY), 25 pM of anti-sense gene specific 

primer, total RNA sample, 20 mM Tris-HCl, and 50 mM KCl (1 OX PCR Buffer; 

Gibco BRL® Life Technologies; Grand Island, NY).

Following the reverse transcription reaction, the c D N A  was amplified 

using the polymerase chain reaction (PCR) technique. The P C R  reaction vessel
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had a total volume of 50 pi, containing 20 JJ.1 of the RT reaction mix, 25 pM o f

(R)sense and anti-sense primer, and 2.5 units Taq DNA polymerase (Gibco BRL 

Life Technologies; Grand Island, NY). The MgCl2, KC1, a n d  Tris-HCl were 

adjusted to a final concentration of 2.5 mM, 50 mM, and 20 m M , respectively. 

After denaturing for 3 minutes at 95°C, the respective cDNAs ’was coamplified 

with the appropriate cx]A-, oc1B-, and a 1D-AR sense primers (upstream) for 39 

cycles. The cycles consisted of the following parameters: denaturing at 95°C for 1 

minute; annealing at 58°C (for the a 1B- and the a 1D-AR) or 50° CZ (a,A-AR) for 1 

minute; and extension at 72°C for 1 minute. To test for contaminating D N A  

within the total RNA samples, a negative control consisting of t t i e  sample in the 

absence of the reverse transcriptase enzyme was included f o r  each RT-PCR 

reaction. In addition, a reaction vessel containing reagents alone was included to 

test for contaminating DNA in the buffer and primer stock solvations. The RT- 

PCR products were electrophoresed on a 4% agarose ethidium bromide stained 

gel, and the bands visualized using a UV transilluminator. O n ce  the bands were 

identified and photographed, I performed fluorescence densitometry analysis w ith 

a BIO-RAD Gel Documentation 1000 system. After correcting for size 

differences between the two bands, the log of the ratios of com peting products to 

target products was graphed versus the log of the initial am o u n t of competing 

cRNA template added to the reactions. The derived concentration of native 

RNA was converted and expressed as molecules/ng of total R N A .
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6. Sequencing

The specificity and integrity of the amplified native and com petitor cDNA 

PCR products for the a 1A-AR, a 1B-AR, and a 1D-AR subtypes "were verified by 

checking the nucleotide sequence. Briefly, the cDNA P C R  product was 

subcloned into the TA cloning vector pCR 2.1 (Invitrogen, San D ieg o , CA) using 

T4 DNA ligase and the manufacturer’s instructions. The vector xvas transformed 

into modified INF cells, and screened using kanamycin inoculated LB agar plates. 

Positive clones were grown up in liquid LB media, and the recombinant plasmid 

isolated using an alkaline lysis method. The double stranded plasm id served as a 

template for cycle sequencing, using M l 3 forward and reverse primers with 

fluorescence-based dideoxynucleotides (PRISM Ready Reaction Dye Deoxy 

Terminator Cycle Sequencing Kit, Perkin-Elmer, Inc.). The sequences were 

determined using a DNA Sequencer (ABI Model 373, Applied Biosystems, Foster 

City, CA). The validation of each cDNA PCR product w a s  achieved by 

comparing the M l3 forward sequence with the Ml 3 reverse sequence, as well as 

having at least three clones sequenced.

7. Cell Transfection and Culture

The pcDNA 3.1 (+) mammalian expression vector (Invitrogen; Carlsbad,

CA) contains the Cytomegalovirus (CMV) immediate early p rom oter, and was

used to transfect COS-I cells (African Green Monkey Kidney Cells; American

Type Culture Collection, Rockville, MD). COS-I cells were p la ted  at 300,000
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cell/35 mm dish in Dulbecco’s Modified Eagle Medium (DMEMT) (Gibco BRL™ 

Life Technologies; Grand Island, NJ), supplemented with 10% f e ta l  bovine serum 

(certified; Gibco BRL™ Life Technologies; Grand Is lan d , NJ), and 

penicillin/streptomycin (100 U/ml; 100 U/ml)(Gibco BRL™ L if e  Technologies; 

Grand Island, NJ) at 37°C in 5% C 0 2 atmosphere. A fte r reaching 70% 

confluency, the cells were transiendy transfected with the 3.1 v e c to rs  containing 

the rat a 1A-AR using either calcium phosphate (Gibco BRL™ L if e  Technologies; 

Grand Island, NJ) according to the manufacturer’s protocol, or the DEAE- 

dextran method(Kluxen and Lubbert, 1993).

8. Cell Membrane Preparation

Confluent cells were removed from culture flasks by w ash ing  twice with 

ice-cold phosphate buffered saline (PBS) solution, and scraping the cells from 

each flask in ice-cold PBS. The intact cells were pelleted by centrifugation at 

1,500 x g for 20 minutes at 4°C. The cell pellet was resuspended in 50 mM Tris 

buffer (2mM EDTA, pH 7.4) and homogenized with a Teflon homogenizer. The 

cells were centrifuged twice at 26,000 x g for 30 minutes at 4°C to form a pellet, 

and the buffer was removed. The final membrane pellet was s to re d  immediately 

at -70°C, and used within a week. Protein concentration was measured by the 

Bradford method with bovine serum albumin as standard (Bradford, 1976).
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9. R adioligand B inding A ssay

The KD and Bmax for transfected a 1A-ARs was determixied using [3H] 

prazosin (0.02-2.0 nM) in saturation binding assays. Non-specific binding was 

determined in the presence of 100 |J.M phentolamine. The final incubation 

volume was 1 ml, and the reaction was allowed to proceed to eq  mlibrium for 30 

minutes at 37°C. Each experiment was performed in triplicate. The reaction 

were stopped by addition of ice-cold 50 mM Tris buffer (2 nM ED TA , pH 7.4), 

and the membrane was filtered onto Schleicher & Schuell #32 glass fiber filters 

with a Brandel cell harvester. Filters were washed four times w ith  5 ml ice-cold 

Tris buffer, and the bound radioactivity determined by a Beckman liquid 

scintillation counter. Binding data was analyzed by curve— fitting program 

Graphpad Prism version 3.00 for Windows, Graphpad Software, San Diego 

California USA, www.graphpad.com. Other statistical analysis was performed 

with analysis of variance (ANOVA), with the Tukey-Kramer post-test for 

multiple comparisons. In addition, two-sided Student’s /- te s t  was used for 

unpaired data comparison. Unless stated otherwise, all results are presented as 

mean ± standard error (SEM) from at least three individual experiments 

performed in triplicates. The level of significance was set at P < 0 .05.
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10. M aterials

5-methylurapidil (5-MU), prazosin, phentolamine, and propranolol was 

purchased from RBI (Natick, MA). Phenylephrine and triiodothyronine was 

purchased from Sigma Chemical Co. (St. Louis, MO). [3HL] prazosin was 

purchased from DuPont NEN (Boston, MA). Dulbecco’s M odified Eagle Media, 

penicillin/streptomycin, restriction endonuclease Ecor I, Not I, and Xba I, Taq 

DNA polymerase, T4 DNA ligase, trypsin-EDTA, gencticin (G-418), 

lipofectamine, agarose, and certified fetal bovine serum (FBS) were purchased 

from Gibco BRL Life Technologies (Grand Island, NY). Ivdoloney Murine 

Leukemia Virus reverse transcriptase enzyme and RNasin inh ib ito r was purchased 

from Promega (Madison, WI). SeaPlaque® GTG was purchased from FMC 

(Rockland, ME). Tris and ethidium bromide was purchased from Sigma (St. 

Louis, MO). The vectors pCR®2.1 and pcDNA 3.1 (+) was purchased from 

Invitrogen (Carlsbad, CA).

D. Results

1. Tream ent Animals Wet Heart Weight

The first objective was to investigate the transcript regulation of the three

a,-A R  subtypes resulting from thyroid hormone stimulation u s in g  the molecular

technique of quantitative competitive RT-PCR. The experimental design

consisted of pharmacologically inducing hypothyroid and hypertrthyroid states in

rat, isolate total RNA from various tissues, then perform quantitative competitive
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RT-PCR using manufactured “competitor” specific for each a r AR subtype. In- 

order to induce hypothyroid in the rat subjects, the use of propylthiouracil was 

administered via the drinking water. On the other hand, hyperthyroid was 

induced in rat subjects by daily injections of T3. Control groups for both th e  

propylthiouracil and daily-injected rats were included in the experimental design. 

One o f the first hurdles to overcome was to assess the effectiveness of th e  

pharmacological treatment in producing the desired thyroid states. Due t o  

budgetary constraints as well as the lack of access to proper equipment:, 

radioimmunoassay of thyroid levels in the blood was not possible. Therefore, t h e  

wet weight of the heart was the simplest, albeit very crude, method to assess 

thyroid status (Figure 82). Briefly, the hearts were excised, rinsed three times w ith  

saline solution to remove residual blood, drained of excessive fluids, then placed 

on a scale and the weight recorded in grams (Figure 82).

2

2 1 Ol

o
Hypothyroid Euthyroid Hyperthyroid 

T  re a tm e n t

* represents measurement of only one animal; n=1;
Euthyroid and Hyperthyroid consists of n=2.

Figure 83: Assessment of Thyroid Status in Animal Treatment U s i i^ g  
Excised Wet Heart Weight.

H ypothyro id  
E ~ H  Euthyroid  
HHÜ H yp erth yro id
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Using this method, it appears that the pharmacological intervention produced the 

desired thyroid states in the rat subject.

2. Regulation o f  mRNA ofa ,-A R  Subtypes b y  Thyroid H o j-m o n e

After isolating the total RNA from various tissues sam ples, the a,-AR 

mRNA transcripts for the three subtypes were assessed using  the quantative 

competitive RT-PCR technique (Figure 83 and 85). This technique was chosen 

for its sensitivity, as well as for the limited tissue samples that c o u ld  be obtained 

from a single rat subject. Other techniques, such as RPA require  a substantial 

amount of initial tissue sample that is not possible from a single rat. Therefore, 

several rat subjects would have to be pooled, which could ultimately interfere with 

the quantitation of transcript levels.
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* Lane 1-4, 0.202 (ig o f left ventricle total RNA with decreasing dilutions of cxib 

competitor cRNA (1000 fg, 500 fg, 200 fg, & 100 fg); Lane 5, 100 b p  marker; Lane 6 ,  

0.567 )J.g total RNA only Lane 7, 500 fg ans competitor cRNA o n ly ; Lane 8, reagents 

with both RNA species, but without reverse transcriptase; Lane 9 ,  reagents only ( n o  

RNA template).

Figure 84: Agarose Gel of Competitive RT-PCR of a 1B-AR o n  Left 
Ventricle in Hyperthyroid Induced Rat.
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fg otiD competitor cRNA only; Lane 6, reagents with both RNA species, but w ith o u t 

reverse transcriptase; Lane 7 ,100 bp marker..

Figure 85: Agarose Gel of Competitive RT-PCR for a m-AR. mRNA of t h e  
Left Ventricle in Hyperthyroid Induced Rat.

Concentrating on the tissues of the heart, the apex and left ventricle, it appears 

that the rank order of a r AR abundance is a 1B-AR > a 1A-AR > oc1D-AR following 

densitometry analysis. In terms of the effects of the various thyroid states i n  

altering a,-AR transcripts, it appears that there seems to be no trends of statistical 

importance (Figure 85).
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3. Influence o f  Endothelium  on T3 Induced Vasodilation

In the anatomy of a typical artery, a single layer of endothelial cells are 

found coating the inside wall of the vasculature positioned adjacent to vascular 

smooth muscle cells. These endothelial cells produce nitric ox ide , which has a 

significant influence on vascular tone. Many substances circulating in the blood 

causes the release of nitric oxide from the endothelium, which diffuses to smooth 

muscle cells and results in the relaxation of the vessel(Ojamaa, Balkman, and 

Klein, 1993). Substance P was found to relax isolated arteries only when the 

endothelium is present(D'Orleans-Juste et al., 1985). The com plete removal of 

endothelial cells were checked by administering 3 x 1 0 7 M of substance P, and 

measuring the relaxation of the artery (compare Figure 86a and b )  .

Following substance P challenge, various concentration o f  TT3 (1 x 10'9 M to

1 x 10'4 M) was administered and the vasodilation measured (F igure 86c and d).

The EC50 for T3 was calculated for intact endothelium, as well as for endothelium

free arteries (Figure 87 and 88). After comparison, I fo u n d  no statistical

difference between the presence versus the absence o f the endothelium on T3

induced vasodilation. However, the tracings for intact endothelium arteries

display a biphasic response, a slight contraction preceding relaxation, after T3 was

introduced (Figure 86c). The biphasic response became quite ev id en t following

higher doses of T3. Although this anomaly was absent in endothelium free

arteries, the magnitude of relaxation produced was comparable to  endothelium

intact arteries (Figure 86d; vertical distance from base line). In addition, plotting
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the data on a semi-logarithmic graph produces an S shape cu rv e  where going 

from a 10 %- 90 % response approximately occurs within 100-fold range (two log 

units).

270



A

fO-J

1 x 10 M 3x100'8M ' 3 x 'i0  8M . t . - T -  .  L -7 . .
1 x 10 M 1 X 10‘ M 3 x 1 0  M 1 x 10 M 3 x 10 M 1x10 M

Figure 87: Typical Tracings of Endothelium Influence on Triiodothyronine Relaxation of Pig Circumflex Coronary 
Artery. A) & B) Represents a Test for Intact Endothelium with Substance P; C){with endothelium) & D) (without 
endothelium) Represent the Actual Polygraph Tracing; The Dose of T3 Concentration Applied to the Organ Bath are 
Indicated Below the Tracing.

*Notc. I f  endothelium is intact, we should see a relaxation (a drop in tracing) following the administering of Substance P. Black Vertical Arrow 
denote the administering of the dose, with the concentration located direcdy below!
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Figure 88: Typical Dose Response Induced R elaxation  Curve 
of Triiodothyronine with Endothelium In tact.
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Figure 89: Typical Dose Response Induced R ela x a tio n  of 
Triiodothyronine with Endothelium R em o v ed .
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4. Duration o f T 3 Relaxation as D eterm ined b y  P h en ylep h rin e  Induced 

Contraction

The duration of acute, non-genomic effects of T3 is currently unknown. In 

order to determine the sustained effects of T3, concentration resjponse curves for 

phenylephrine-induced contraction were generated in artery r in g  setups pre

treated in the presence and absence of T3. Pretreatment of 1 x 104 M of T3 

inhibited the contraction of the artery rings by phenylephrine (F ig u re  89a and b). 

After washings and allowing the vascular tone to return t o  baseline, the 

concentration response curves to phenylephrine were repeated a f te r  60 minutes 

had lapsed. The time period of one hour was selected becau se  direct, non- 

genomic effects are believed to have a time frame of seconds to m inutes. In fact, 

one of the main criteria for classifying an effect induced by T3 a s  non-genomic is 

producing a response within seconds. Genomic effects, such a s  increasing the 

production of certain proteins, have a time frame of hours to d ay s . Therefore, I 

distinguished a non-genomic effect from a genomic using a t im e  frame of one 

hour. Any effect produced from time 0 to 1 hour would corresp» ond  to the non- 

genomic element, whereas any effect observed after 1 hour w o u ld  suggest that it 

has a strong genomic component. Although slightiy attenuated, phenylephrine 

produced a contraction in control rings after 1 hour (Figure 8S>c). In addition, 

rings pretreated with T3 continued to effectively inhibit con traction  induced by 

phenylephrine after 1 hour (Figure 89d).
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Figure 90: Tracings for Sustained Effect of Triiodothyronine Relaxation on Pig Circumflex Coronary Artery as 
Determined by Phenylephrine Induced Contraction. A) Represents PE induced Contraction on Control Artery; B) 
Tracing of Artery Pretreated with T3 for 10 minutes, Then Challenged with Increasing Doses of PE; C) and D) are
S a m p  C n n r l i t i n n  a s  A"\ a n d  R V  h u t  F n l ln w in o -  T h r e e  W a s h e s  i n  a O n e  T-Tnnr T i m e  S n a n

N ote: Doses appearing beneath the tracings are concentrations of PE administered!



5. D ose-D ependent Response o f  T3 Effect as D eterm in ed  b y  

Phenylephrine Induced Contraction

To determine the effective dose of T3 induced relaxation in pig coronary 

arteries, dose response curves were generated in rings pretreated with various 

concentrations of T3. Relaxation of the coronary artery w a s  assessed by 

phenylephrine-induced contraction. Data collected reveals that as the 

concentration of T3 increased, the ring’s ability to contract decreased (comparing 

Figure 90a, b, and c). Pretreatment of various concentrations o f  T3 produced a 

dose dependent induced relaxation of the pig coronary arteries (Figure 91). 

Interestingly, the biphasic response was evident immediately following 

introduction of T3.
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Figure 91: Tracings for Dose Dependent Response of Triiodothyronine Effect. A) Represents T3 (10'6 M) 
Pretreament; B) Represents T3 (105 M) Pretreatment; and C) Represents T3 (104 M) Pretreatment.

N ote: The PE administered are indicated by the vertical arrows, and the concentration located beneath the tracings!
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Figure 92: D ose Response Curve o f Triiodothyronine Pretreatm ent for 
Phenylephrine Induced Contraction.

6. Saturation Binding

The result from the dose-dependent functional study o f  T3 suggests the 

possibility of oti-ARs antagonism (Figure 91). Therefore, in o rd e r  to determine 

ai-ARs antagonism by T3,1 must first demonstrate the capacity o f T 3 to bind oii- 

ARs. The experimental design consisted of transfected COS-1 cells  with cDNA, 

and subjecting the overexpressed a 1A-ARs on the cell surface to saturation 

binding using [H3] prazosin. Non-specific binding was determiriLed using the a i-  

AR antagonist phentolamine. From the resulting graphs, I found that T3 inhibited 

the [H3] prazosin binding to aj-ARs and produced a curve identical to non

specific (Fig. 92 & 93). This strongly suggests that T3 binds ditrectiy to aj-ARs, 

and lends support for the hypothesis about the antagonism of cti —ARs by T3.
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Figure 93: Saturation binding assay investigating the effect of thyroid 
hormone on a r ARs.
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Figure 94: Closeup of saturation binding assay with T3 and non
specific curve.
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E. Discussion

In the present study, the overall aim was to gain further insight into the 

acute, direct, non-genomic effects of T3 on the porcine left circumflex coronary 

artery. This was accomplished by first investigating the nature o f the T3 effect, 

which was vasodilation of the artery resulting from relaxation of the vascular 

tone. Some of the characteristics I studied included the tim e  of onset for 

relaxation, duration of effect, and the prospect of a dose dependent response. 

The main purpose for undertaking these studies was to attempt to  categorize the 

etiology of the T3 effect as having a direct, non-genomic, rather than a genomic 

component. Following these studies, I next investigated several possible 

mechanisms or pathways that could elicit the relaxation response of the 

circumflex coronary artery, and thereby shed light on the acute, non-genomic 

effect of T3.

A relationship between thyroid hormone and the adrenergic system has

long been speculated, and is currendy presumed to exist. Whether thyroid

hormones direcdy, or indirecdy influence the adrenergic system remains

unknown. One of the foremost arguments in favor of this relationship is a

comparison between hyperadrenergic conditions, such as pheoclnromocy toma or

excessive sympathomimetic drug overdosages, to hyperthyroidism(Landsberg,

1977;Mieczkowska and Hanzlik, 1983). There are striking similarities in clinical

manifestations between the two conditions that insinuate at le a s t  a correlation.

This assumption has led to the proposal that hyperthyroidism i s  likely a disease
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state of excessive catecholamine stimulation. Nevertheless, despite the parallelism 

in physical presentation between the two conditions, a diagnostic survey of 

catecholamine serum levels in hyperthyroid patients has disputed this 

association(Coulombe et al., 1976b). If a correlation existed, one possibility 

would be the presence of high serum levels of catecholamine a n d  its metabolites 

in urine of hyperthyroid patients. However, catecholamine levels were found to 

be near normal in hyperthyroid, and elevated in hypothyroid suh>jects(Bayliss and 

Edwards, 1971;Stoffer et al., 1973;Coulombe, Dussault, and Walker, 

1976b;Zwaveling et al., 1996). Moreover, synthesizing and degradation rates of 

catecholamines were explored in order to investigate their influences on levels. 

The result from this research has revealed the rates of synthesis and metabolism 

are similar in hyperthyroid, hypothyroid, and euthyroid conditions, and therefore 

does not contribute to the observed catecholamine levels(Coulombe et al., 

l976a;Coulombe et al., 1977). An alternative interpretation that c o u ld  account for 

this discrepancy between thyroid hormone and catecholamine levels is a 

modification in adrenergic sensitivity. Studies have shown that thyroid hormone 

stimulates through its genomic mechanism of action the up regulation of ß- 

adrenergic receptors (Williams, Lefkowitz, Watanabe, Hathaways and Besch, Jr., 

1977;McConnaughey et al., 1979;Bahouth, 1991 ;Lazar-\X/esley et al., 

1991;Bahouth, Cui, Beauchamp, and Park, 1997;Hoit, Khouxy, Shao, Gabel, 

Liggett, and Walsh, 1997;Vassy, Nicolas, Yin, and Perret, 1997* Zwaveling et al., 

1998). One may postulate that the increase in ß-AR density c o u ld  possibly result

in the enhancement of catecholamine sensitivity in hyperthyroid conditions.
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However, numerous studies on catecholamine responsiveness i n  animal subjects 

rendered hyperthyroid found adrenergic sensitivity unaltered(IVIcDevitt et al., 

1978;Ishizaki and Tawara, 1980;Zwaveling, Batink, de Jong, Winkler Prins, 

Pfaffendorf, and van Zwieten, 1996;Hoit, Khoury, Shao, Gab>el, Liggett, and 

Walsh, 1997). In order to resolve this apparent paradox, it h a s  been proposed 

that thyroid hormone and catecholamines share a common pathway in producing 

several overlapping physiological effects(Levey and Klein, 1S>90). This has 

eventually evolved into the belief that thyroid hormone may direcdy activate the 

adrenergic system, possibly in a neurotransmitter or neurom odulator capacity.

Another rationalization favoring a connection between thyroid hormone 

and the adrenergic system is exemplified in the treatment of hyperthyroidism. 

Since the cardiovascular manifestation of hyperthyroidism closely simulates 

excessive adrenergic activity, it stands to reason that any blockade of the 

adrenergic system would ameliorate many of the pathophysiologic changes 

evoked by hyperthyroidism. The use o f ß-blockers, such as propanolol, was 

discovered to be effective as a short-term treatment for 

hyperthyroidism(Goldman et al., 1981;Goldman et al., 1982;Levey and Klein, 

1990;01son et al., 1991;Geffner and Hershman, 1992). Intravenous 

administration of propanolol has a rapid effect in decreasing tachycardia and 

palpitations, as well as reversing tremors, nervousness, and supraventricular 

arrhythmias associated with the hyperthyroid condition(Levey a n d  Klein, 1990). 

Therefore, the efficacy of ß-blockers in mitigating many cardiac parameters in



hyperthyroidism strongly suggests an intimate association b>etween thyroid 

hormone and the adrenergic system.

Finally, there are numerous studies, at the cellular level, t h a t  lend support 

for the thyroid hormone and adrenergic system alliances. If tix is association is 

valid, there exists the possibility that thyroid hormone c o u ld  act as a 

neuromodulator or neurotransmitter in the adrenergic system. A neuromodulator 

is defined as a substance that acts like a neurotransmitter, a n d  potentiates or 

inhibits the transmission of nerve impulse(Dratman and G ordon , 1996). The 

only difference between the two is the fact that a neuromodulato tr is not restricted 

to the synaptic cleft, but diffuses through the extracellular fluid. O n e  basic criteria 

for identification of a neuromodulator or neurotransmitter is the localization 

within nerve terminals. Immunohistochemical mapping of rat b r a in  sections with 

antibodies specific for triiodothyronine (T3) reveals prom inent labeling in 

noradrenergic neural centers and projection sites (Dratman and Gordon, 

1996;Rozanov and Dratman, 1996;Gordon et al., 1999). In addition, 

radioimmunoassay experiments with intravenous T3 administration was rapidly 

and selectively taken up by the brain, and concentrated i n  nerve ending 

fractions (Dratman et al., 1976). The coexistence between T3 a n d  norepinephrine 

strongly suggests the adrenergic system processes both substances, and 

concentrates them at nerve terminals. Therefore, the result f r o m  these studies 

provides the morphological argument for characterizing thyroid hormone as a 

neuro transmitter/neuromodulator.
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By categorizing thyroid hormone as a neurotransmitter/nexiromodulator, it 

is reasonable to assume that thyroid hormone may have a d irec t effect on the 

adrenergic system. Many studies involving humans, perfused organ systems, 

isolated tissues, and primary cell cultures offer evidence for th e  direct effect of 

thyroid hormones. Langendorf experiments of isolated normal r a t  hearts treated 

with T3 produced a very rapid, within seconds, increase in cardiac 

contractility(Segal, Masalha, Schwalb, Merin, Borman, and TJretzky, 1996). 

Additional support corroborating this result comes from stud ies in pigs and 

dogs(Gotzsche, 1994a;Jamall et al., 1997). In fact, acute administration of T3 in 

isolated perfused rat and pig hearts potentiated ß-adrenergic inotropic responses, 

thereby validating thyroid hormone as a neuromodulator i n  the adrenergic 

system(Walker et al., 1994a;Tielens, Forder, Chatham, Marrelli, and Ladenson,

1996). In vitro studies also uncovered a direct effect o f T3 a t the cellular and 

molecular level. Primary culture o f vascular smooth muscle cells exposed to T3

resulted in cellular relaxation within 10 minutes(Ojamaa, Balktnan, and Klein,

1993;Ojamaa, Klemperer, and Klein, 1996). Additionally, T3 d irectly  stimulated 

cardiac myocytes isolated from pig in a manner independent f r o m  ß-adrenergic 

receptor system(Walker et al., 1994b). Isolated rat skeletal m u sc le  resistance 

arteries, and rat mesenteric artenes have also shown a direct vasodilation effect in 

response to T3 (Park et al., 1997;Zwaveling et al., 1997). T h ie  present study 

addresses T3 effect on isolated pig coronary arteries, which has a profound 

outcome on heart function. Previous isolated tissue studies only dealt with
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arteries involved in peripheral resistance, whereas the left circumflex coronary 

artery has a direct impact on the heart.

Administration of T3 was shown to act directly on th e  left circumflex 

coronary artery causing relaxation of the vessel. This e ffec t was evident 

immediately, within milliseconds after dispensing the T 3 dose, a n d  was discernible 

by a biphasic response tracing. In addition, treatment with th e  ß-adrenergic 

agonist isoproterenol also produced an immediate relaxation response. To 

determine the duration of relaxation effect, a phenylephrine d o se  response curve 

was generated before and after 60 minutes had elapsed following the application 

of T3. I found that the arteries treated with 104 M o f T3 effectively inhibited 

phenylephrine induced contraction, even after 60 minutes. Although the 

experimental design could not delineate extranuclear effects f ro m  genomic ones, 

the time frame would tend to favor non-genomic influences. T h e  genomic effect 

requires a finite period of time for transportation of nuclear receptors from the 

plasma membrane to nucleus, transport through the nucleus, initiation and 

production of mRNA, and protein synthesis. Therefore, the rapidity of the onset 

of relaxation by T3, coupled with the finding that the response tim es  were similar 

to the adrenergic agonist isoproterenol, leads to the reasonable conclusion that 

the T 3 response involved a non-genomic pathway.

In order to determine the prospect of a dose dependent response of T3,

various doses of T3 was applied to isolated coronary arteries. S o  far, evidence of

T3 dose dependent relaxation was present in studies of w hole rat hearts, pig
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cardiac myocytes, and in peripheral resistance vasculature of th e  rat, such as 

skeletal smooth muscle and mesenteric resistance arteries (Segal, Masalha, 

Schwalb, Merin, Borman, and Uretzky, 1996;Walker, Crawford, Jr., Mukherjee, 

Zile, and Spinale, 1994b;Park, Dai, Ojamaa, Lowenstein, K lein , and Sellke, 

1997;Zwaveling, Pfaffendorf, and van Zwieten, 1997). The level o f  relaxation was 

assessed by phenylephrine-induced contraction, in order to produce a dose 

response curve. The degree of relaxation of the left circumflex artery was 

dependent upon the dose of T3, albeit at supraphysiological levels which would 

question the relevance of in vivo situations. On the contrary, resu lts  from rabbit 

mesenteric arteries, rat skeletal smooth muscle and mesenteric arteries 

substantiated the elevated concentration(Ishikawa et al., 1989;Park, Dai, Ojamaa, 

Lowenstein, Klein, and Sellke, 1997;Zwaveling, Pfaffendorf, a n d  van Zwieten,

1997). This inconsistency could be due to a number o f inherent factors, such as 

time from slaughter to tissue setup, sensitivity of tissue setup in detecting changes 

in vascular tone, amount of physical handling, or even the lo ss  o f endogenous 

factors present in blood. In spite o f this, the finding of a dose dependent 

response of T3 further supports the notion of a direct, non-genomic mechanism 

of action in the left circumflex coronary artery.

The second phase of the study involved the investigation of several 

possible mechanisms or pathways that could elicit a relaxation response in the left 

circumflex coronary artery. To determine the influences of the endothelium and 

any endothelium derived nitric oxide induced relaxation (Palmer et al., 1987),

285



arteries denuded of endothelium were compared to arteries with intact 

endothelium. In addition, arteries with intact endothelium were treated  with nitric 

oxide synthase inhibitor NG-Nitro-L-arginine (L-NOARG), in order to 

substantiate the results from the denuded study. Analysis and interpretation of 

the results from both experiments have shown endothelium derived nitric oxide 

plays no role in the relaxation of the coronary artery under these conditions. This 

is in sharp contrast to the rat skeletal muscle and mesenteric artery studies, which 

has a T3 endothelium-dependent responses(Park, Dai, Ojamaa, Lowenstein, 

Klein, and Sellke, 1997;Zwaveling, Pfaffendorf, and van Zwieten, 1997). This 

raises the possibility of a complex relationship between T 3 and th e  endothelium in 

various arteries, which may result in diverse functional responses. Curiously, 

arteries containing intact endothelium produced a biphasic tracing subsequent to 

T3 application, and the magnitude of biphasic response correlated with the 

concentration of T3 dose. Conceivably, this suggests that the endothelium may 

play an obscure signaling role, whereas induction with T3 may cau se  the release of 

some endogenous factor or secondary messenger with the potential of affecting 

vascular function in an unorthodox manner. In spite of this, the nature and 

relevance of the observed biphasic response is currendy unknown.

Until now, one potential mechanism often overlooked in studies on acute 

effects of thyroid hormone is a-adrenergic receptor responsiveness. The majority 

of the studies that have investigated thyroid hormone and a -A R s  focused on 

alterations of receptor densities or on the regulation o f a-AR. induced second
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messenger(Zwaveling, Batink, de Jong, Winkler Prins, Pfaffendorf, and van 

Zwieten, 1996;Wu et al., 1997b). No data concerning the direct interaction of a- 

ARs, specifically the CXi-ARs, and thyroid hormone are currently available. 

Primary cultured rat cardiomyocytes have been shown to contain the mRNA of 

all three a-AR subtypes(Rokosh et al., 1994a;Stewart, Rokosh, Bailey, Kams, 

Chang, Long, Kariya, and Simpson, 1994). In fact, the mRNA o f the three a i-  

AR subtypes were found to be regionally distributed in the rat heart(Wolff, Dang, 

Liu, Jeffries, and Scofield, 1998). In addition, results from as autoradiographic 

study on the rat heart using radioligands have also demonstrated the presence of 

a-ARs(Michel, Hanft, and Gross, 1994b). A functional study fo u n d  that dj-ARs 

influenced the contraction of the rat ventricles (Michel, Hanft, a n d  Gross, 1994a). 

It is general knowledge that the blockade of the aj-A Rs prevents contraction of 

arteries.

The data we obtained studying the dose-dependency of tliyro id  hormone

on the pig coronary artery revealed that by increasing t h e  pretreatment

concentration of T3, the magnitude of inhibition of phenylephrine-induced

contraction also increased. The dose response curve for phenylephrine shifted

progressively to the right, while the maxima decreased. T hese dose response

curves are reminiscent of phenoxybenzamine dose response curves, where the a i -

ARs are inactivated by non-competitive, irreversible antagonism(Digges et al.,

1981;Minneman and Abel, 1984;Ruffolo, Jr. et al., 1984b;Ruffolo, Jr. and Yaden,

1984;Ruffolo, Jr., 1986). On top of this, tyrosine residues are t h e  precursor for
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both catecholamines and thyroid hormone, which results in the strik ing structural 

similarities. Thus, I speculate that thyroid hormone may interact -with (Xi-ARs by 

direcdy binding to the receptors in an antagonistic manner. In the binding 

studies, I have shown that T3 displaces [H3] prazosin for CCi-AR_s, and therefore 

conclude that T3 has a high affinity for CCj-ARs. In addition, t h e  binding results 

substantiate the concept regarding the antagonistic nature o f  T3 on ai-ARs 

implicated from the functional data. This raises an intriguing conundrum, where 

both the long-term and short-term consequence of thyroid horm one results in the 

inactivation of (Xi-ARs. On the one hand, the genomic effect of thyro id  hormone 

produces the down regulation of CCi-ARs, while the acute exttramuclear effect 

results in an irreversible, non-competitive antagonism of cti-ARs. The 

implication for this functional duality is unknown, however I can speculate on the 

connotation.

In conclusion, the study has produced unequivocal evidence for the acute, 

non-genomic action of T3, and that this engagement may involve the 0(.i-ARs per 

se. I provide evidence that T3 has the potential to bind directly to the cq-ARs, 

and that the results from the functional assay strongly suggest this contact is 

antagonistic in essence. The repercussion of the interaction betw een  T3 and oci- 

ARs is currendy unknown, and requires further examination. In  so far as the 

universal significance of this study, I demonstrate the existence o f  a naturally 

synthesized compound of the human body that possesses an in h e ren t ability to



behave as an antagonist. To date, I do not know of any other natural biological 

antagonists in the human body, and whether this represents the f ir s t  and perhaps 

only instance remains to be seen.
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GLOBAL SUMMARY

In conclusion, this dissertation has produced several im portant findings 

that may have an immediate impact on the global investigation of the a ,-  

adrenergic receptors. Since its discovery, the importance of th e  ot1-ARs in the 

pathology of many diseases has been time after time demonstrated. In addition, 

the pursuit of fully appreciating the a,-ARs has not only directly advanced the 

field of adrenergic receptors, but proven invaluable to other receptors systems as 

well. For example, the revelation of down regulation, internalization, and 

desensitization of a,-ARs may be adapted to other receptors and provide a global 

explanation for the loss of drug efficacy over time. Furthermore, understanding

a,-AR signal transduction mechanisms have offered numerous insights into 

possible drug targets, which have greatly advanced the drug discovery process.

In the first study, I found the presence of a 1D-AR mRNTA transcripts in

acinar cells, and not in duct cells. This finding could ultimately p la y  an important

part in uncovering a unique function for the a 1D-ARs. The predominance of 0t1D-

AR in acinar cells might relate to the secretion of enzymes and electrolytes. In

salivary glands, although stimulation of parasympathetic and sympathetic systems

results in increasing saliva secretion, the nature of the saliva differs. Sympathetic

stimulation produces saliva that is sparse, thick, mucinous type consistency, while

parasympathetic produces saliva that is profuse and watery. A n y  alteration or

modification of the a 1D-AR expression in the parotid glancl may result in
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numerous pathophysiological disorders. On the other hand, manipulation of the 

a 1D-ARs may have important implication for therapeutic applications. In 

summary, it is plausible that the a 1D-AR evolved not as a backup for the a r AR 

system, but for fine-tuning the adrenergic response in certain cells and tissues.

The second study tries to extend this concept of each cc,-ARs subtype 

possessing a unique function, rather that just serving as receptor redundancy. 

Although I have no direct functional evidence or protein expression data, I have 

shown that the mRNA for each a,-AR subtypes is discretely distributed in select 

areas of the rat heart. I have shown that the densities for the various subtypes of 

CC,-AR mRNA transcripts in the rat heart vary, with a IB-AR being the most 

abundant followed by the a 1A-AR and a 1D-AR, respectively. S e lec t areas of the 

heart that undergo high work loads, such as that left atrium, le f t  ventricle, and 

apex of the heart are quite high in a 1B-AR and cx1a- A R  m RN A  transcripts. 

Furthermore, the papillary muscle, which undergo very high tension and work 

load was also high in both a 1B-AR and a 1A-AR mRNA transcripts. In sharp 

contrast, the a ,D-AR mRNA was significantly low in these areas. The highest 

levels of a 1D-AR mRNA transcripts occurred in the right ventricle and ventricular 

septum. Overall, this discrete distribution of the various subtypes of a,-ARs 

mRNA transcripts strongly suggests functional diversity. However, whether the 

difference in mRNA transcript levels in the select areas of the h ea rt I have studied 

results in the variations in protein expressions of the various oc1-AR subtypes is
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currently unknown, mainly due to the limitations of current b in d ing  techniques 

and the lack of specific a , -All antibodies. Further advancements in these 

techniques as well as development in newer methods, may one day resolve this 

issue.

In spite of this, I propose that the a 1B-ARs and a 1A-ARs may contribute 

direcdy to the functional response in heart tissues undergoing h ig h  workload by 

mainly regulating blood flow to these areas, whereas the a 1D-AR lnas a completely 

different and unrelated role. It is possible that the role of the ct1D-AR may be 

responsible for the morphological development of the heart. P e r il aps the a 1D-AR 

is induced in the developing neonatal heart and directs the proliferation of heart 

cells into differentiating into specific tissues. It would be interesting to see if  a 

variation exists between the (X1D-AR mRNA and protein expression between 

neonatal and adult rat hearts. Perhaps anti-sense techniques, SiR Tsf A methods, or 

even a r ARs knock-out rats may uncover the truth about the functional 

diversities for each a,-Alls subtype in the near future.

The last section of my dissertation deals with the relationship between the

a 1A-AR and the emergence of the novel concepts of splicing and alternative

splicing. Throughout most of the history of the a,-AR, there ap p ea rs  to be data

strongly suggesting a fourth atypical a r AR. To date, attem pts to clone this

atypical a r AR have been unsuccessful, which strongly leads t o  the notion that

this elusive receptor may actually be a variation of one of the a , - A R  subtypes. In
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the mid-1980’s, alternative splicing o f the a 1A-AR was detected in a human 

prostate library. However, binding and functional studies have failed to identify 

these alternative isoforms as the elusive atypical a r AR. It could be possible that 

the atypical a,-AR is an alternative sphced isoforms that hasn’t h>een isolated and 

identified to date.

I have uncovered several alternatively spliced a 1A-AR amphfication of the 

3' end of cDNA obtained from the Sprague-Dawley rat parotid gland mRNA. 

The importance of this finding is that it provides evidence that alternative splicing 

of the a 1A-AR is evolutionarily conserved, which strongly indicates the 

importance of the alternative splicing process in gene regulation. Although the 

rat isoforms differ significantly from the human, binding and functional studies 

have again failed to identify any of the alternative sphced rat a 1A-A R  isoforms as 

the atypical 0.,-AR. Furthermore, even though the alternatively sphced rat 0t1A- 

AR isoforms stimulate MAPK pathways, they were not significantiy different 

from normal wild-type a 1A-AR.

So several questions arise, such as “Why do we have so m a n y  alternatively 

spliced a 1A-AR isoforms present, and what purpose do th e y  serve?” One 

possibility is that the various alternatively spliced a 1A-AR isoform s emerge as a 

result from an adaptation for rapidly upregulating receptors in a manner 

analogous to “short-changing the manufacturing” process. U sing  the production 

of an automobile to illustrate this concept, if you bypass the installation of the
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exhaust system and pipes when manufacturing a car, you can produce a 

somewhat fully functional vehicle in a much shorter time period. In the a 1A-AR, 

splicing out the long carboxyl tail condenses the necessary am ino  acid sequence, 

and thereby reduces the time to fabricate the corresponding receptor protein. 

The benefits of such a scheme not only include dramatically increasing the 

number of functional receptors in a short amount of time, but also conserving 

valuable amino acid residues. Another possibility is that these alternatively spliced 

rat a 1A-AR isoforms may aid in the process of internalization a n d  sequestration, 

which may play a part in compartmentalizing a 1A-ARs. SucH processes may 

dramatically influence the functional responses of the OCj-ZVR, such as in 

desensitization or resensitization. And finally, there is always tin e  possibility that 

the functional significance of these alternatively spliced rat a 1A—AR has not yet 

been uncovered or fully realized. With that in mind, it is quite ev id en t that I have 

only scratched the surface, and that future studies are needed i n  order to fully 

comprehend the significance of this unique phenomenon.
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GLOSSARY

5-MU. 5 -methylurapidil; a 1A-AR antagonist

a-AR. Alpha adrenergic receptor

o^-AR. Alpha 1-adrenergic receptor

oc^-AR. Alpha lA-adrenergic receptor subtype

a^-AR. Alpha IB-adrenergic receptor subtype

d^-AR. Alpha ID-adrenergic receptor subtype

a^-AR. Alpha lL-adrenergic receptor subtype

a^-A R . Alpha lN-adrenergic receptor subtype

a2-AR. Alpha 2-adrenergic receptor

ß-AR. Beta-adrenergic receptor

ß,-AR. Beta 1-adrenergic receptor

ß2-AR. Beta 2-adrenergic receptor

ß3-AR. Beta 3-adrenergic receptor

ß4-AR. Beta 4-adrenergic receptor

ßy-s ubunit. Beta-gamma subunit of G-protein

ANOVA. Analysis of Variance

BMY 7378. a ,D-AR antagonist; (8-[2-[4-(2-methoxyphenyl)-l-pij3erazinyl]-ethyl}- 
8-azaspira[4,5] decane-7,9-dionedihydrochIoride)

CEC. Chloroethylclonidine; Irreversible alkylating a 1A antagonist 

cDNA. Complementary DNA
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CMV. CvtoMegaloVirus immediate early promoter 

COMT. Catechol-O-methyltransferase 

COS-1. African green monkey kidney cell line 

CREB. cAMP response element binding protein 

cRNA. Competitor RNA 

DAG. Diacylglycerol 

DEPC. Diethylpyrocarbonate

DDT1-MF2. Syrian hamster smooth muscle cell line

DIT. 3,5-Diiodotyrosine

DNA. Deoxyribonucleic acid

EGF. Epidermal growth factor

EPI. Epinephrine; a,-AR, a 2-AR, and ß-AR agonist

ERK. Extracellular signal-regulated kinase

GDP. Guanosine diphosphate

GRK. G-protein receptor kinase

GTP. Guanosine triphosphate

HRE. Hormone response element

HV-732. a 1A antagonist; (a-ethyl-3,4,5-trimethoxy-a-(3-((2-(2-methoxyphenoxy)- 
ethyl)amino)propyl)benzeneacetonitrile fumarate)

ISO. Isoproterenol; ß-AR agonist 

IP3. Inositol 1,4,5-triphosphate 

IUPHAR. International Union of Pharmacology 

KC1. Potassium chloride
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I^HPO,. Dibasic potassium phosphate 

KH2P 0 4. Monobasic potassium phosphate 

L-DOPA. L-dihydroxyphenylalanine

L-NOARG. NG-Nitro-L-arginine; nitric oxide synthase inhibitor

LD PCR. Long distance polymerase chain reaction

MAO. Monoamine oxidase

MAPK. Mitogen-activated protein kinase

MgCI2. Magnesium chloride

M gS04. Magnesium sulfate

MIT. Monoiodotyrosine

MMLV-RT. Moloney Murine Leukemia Virus reverse transcriptase 

MOPEG. 3-methoxy-4 hydroxy polyethylene glycol 

mRNA. Messenger RNA 

NaCl. Sodium chloride

NE. Norepinephrine; a r AR, a 2-AR, and ß,-AR agonist

OD260. Optical density at 260 nm

OD280. Optical density at 280 nm

PBS. Phosphate buffered saline

PCR. Polymerase Chain Reaction

PE. Phenylephrine; a r AR agonist

Phen. Phentolamine; imidazoline derivative; a,-AR specific antagonist 

PKA. Protein kinase A enzyme
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PKC. Protein kinase C enzyme 

PLC. Phospholipase C enzyme

Praz. Prazosin; quinazoline derivative; a,-AR specific antagonist 

RACE. Rapid amplification of cDNA ends 

RNA. Ribonucleic acid 

RT. Reverse Transcriptase

RT-PCR. Reverse Transcriptase-Polymerase Chain Reaction 

RT3. 3,3',5'-Triiodothyronine (reverse triiodothyronine)

SAPK/JNK. stress activated protein kinase/c-Jun kinase 

SMA. Spiral modiolar artery 

SP6. SP6 RNA polymerase

SZL-49. Irreversible alkylating a 1A antagonist: [l-(4-amino-<3,7-dimethoxy-2- 
quinazolnyl)-4-(2-bicyclo [2,2,2] octa-2,5-dienylcarbonyl)-piperazine]

T3. 3,5,3'-Triiodothyronine

T4. Thyroxine

T4. T4 DNA ligase

T7. T7 RNA polymerase

TH R . Thyroid hormone receptor

T R H . Thyroid-releasing hormone

T SH . Thyroid-stimulating hormone

UTR. Untranslated region

VMA. Vanilmandelic acid; 3-Methoxy-4-hydroxymandelic acid 

VSM C. Vascular smooth muscle cell
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WB 4101. oc1A-AR antagonist; 2-(2’,6’-dimethoxyphenoxyethyl)-arrninomethyl-l,4- 
benzodioxane hydrochloride
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