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ABSTRACT 

Alpha-2 adrenergic receptors (a2-ARs) were originally identified as pre-junctional 

receptors which inhibit neurotransmitter release. However, it is clear that a2-ARs are not 

only pre-junctional receptors but are found on many effector organs and cells such as 

platelets and smooth muscle and are responsible for numerous functions including the 

central control of blood pressure, nociception and lipolysis. 

Three subtypes of a2-AR have been identified in the human by molecular cloning 

as a2A, a2B and a2C. This makes possible the study of individual subtypes in recombinant 

systems as well as the production of subtype-specific antibodies. Using these tools, 

molecular and cell-specific a2-AR signal transduction was studied. 

Species homologues, unique structural characteristics, co-expression of receptor 

subtypes and endogenous a2-ARs were investigated for their effects on signal 

transduction. Despite the unique pharmacology of the guinea pig atria, the a2-ARs 

homologues interact with a cAMP-responsive reporter gene in the same manner as the 

human subtypes. Mutation of unique structural characteristics in the carboxy terminus and 

the seventh transmembrane domain of the a2C AR, indicates that these regions are 

essential to receptor signal transduction and ligand binding and that there is a 

communication between the carboxy terminus and the seventh transmembrane domain of 

the receptor. Subtypes of a2-AR co-expressed in a recombinant system were mostly 

inhibitory to cAMP production unlike singly expressed a2-AR subtypes. Endogenous a2-



15 

ARs generally decrease cAMP levels, indicating that co-expression may be common. The 

relatively biphasic nature of all co-expressed receptor combinations indicates that there is 

some redundancy of aj-AR subtype function. Furthermore, it was found that fetal rat 

myocytes co-express a2A and aiC which inhibit cAMP production and increase actin 

cytoskeleton arrangement. Rat alveolar macrophages also co-express a2A and aiC which 

activate the mitogen-activated protein kinase pathway. 

It is only through an understanding of the molecular structure and signal 

transduction of the individual subtypes of a2-ARs that selective drugs can be developed. 

It is the goal of this work to add to the knowledge of a2-AR subtype structure and 

function through characterization of molecular and cell-specific a2-AR signal transduction. 
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CHAPTER 1 

ALPHA-2 ADRENERGIC RECEPTORS 

1.1 ADRENERGIC RECEPTORS 

The adrenergic receptors (ARs) are the sites of action for the endogenous 

catecholamines, epinephrine and norepinephrine, and are the targets for many therapeutic 

drugs. ARs are an integral part of the sympathetic autonomic nervous system and they 

mediate numerous physiological processes including the central and peripheral control of 

blood pressure, heart rate, secretion, and lipolysis. Based upon physiological and 

pharmacological studies, three major subfamilies of ARs have been defined as the alpha-1 

(tti), alpha-2 (ai) and beta (P) ARs (Bylund et al., 1994). Pharmacological agents, 

including both agonists and antagonists, have been identified which are selective for each 

subfamily. AR subfamilies have been further divided into subtypes based largely on 

molecular cloning studies. To date, three subtypes of ai-ARs; aiA, aic and aio (Ford et 

al., 1994), three subtypes of a2-ARs; azA otzB and azC (Lomasney et ai, 1990) and 

three subtypes of P-ARs; Pi, Piand Ps (Strosberg, 1995) have been cloned. Table 1.1 lists 

the subfamilies of the ARs, their subtypes, and some of the agonists and antagonists that 

have been traditionally used for the classification of these receptors. In addition. Table 1.1 

lists some of the major physiological functions associated with the AR subfamilies, the 

principal guanine nucleotide binding proteins (G-proteins) with which they associate and 

their principal intracellular second messengers. 



T A B L E  1 . 1  S U B F A M I L I E S  O F  T H E  A D R E N E R G I C  R E C E P T O R S  

Sub-
Families 

Selcctcd Physiological Functions Major G-
Protcin 

Coupling 

Principal 
Second 

Messenger 

Selective Agonists Selective 
Antagonists 

Cloned 
Subtypes 

a 1 contraction of smootli muscle 
(vascular, prostate, others) 

heart rate/contractility 

glycogenolysis 

tea '  phenylephrine 

methoxamiiie 

prazosm 

WB4101 

aiA 

aiB 

aiD 

a2 presynaptic inhibition 

central control of blood pressure 

nociception 

contraction of smooth muscle 
(vascular, uterine) 

secretion 

lipolysis 

4- cAMP clonidine 

dexmedetomidine 

rauwolscine 

yohimbine 

a2A 

a2B 

a2C 

heart rate/contractility 

airway smooth muscle tone 

glycolysis 

lipolysis 

t cAMP isoproterenol 

terbutaline 

propranolol 

metoprolol 

Pi 

P2 

P3 
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Figure 1.1 Adrenergic receptor signal transduction. 
(A) The seven transmembrane domain structure of an adrenergic receptor with an 
extracellular amino terminus and intracellular carboxy terminus is depicted. The third 
intracellular loop and the carboxy terminus are thought to interact with the G-protein. (B) 
Upon ligand binding in the transmembrane domains of the receptor (dexmedetomidine is 
pictured), there is an exchange of GDP for GTP by the a subunit of the G-protein. This 
releases both the a and Py subunits for interaction with second messenger systems. Gi 
which inhibits adenylyl cyclase activity, is pictured. Desensitization of the receptor occurs 
through phosphorylation of the carboxy terminus and the third intracellular loop by a G-
protein coupled receptor kinase or GRK. The interaction of arrestin with the 
phosphorylated form of the receptor further contributes to desensitization. 



Extracellular 

Intracellular 

G-protein (G|) 

Extracellular 

Intracellular 

COOH 

Arrestin 

G-protein coupled 
receptor kinase 

(GRK) 
>1^ Adenylyl Cyclase Activity 

ICAMP 
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The ARs are integral membrane proteins that function as signal transduction 

molecules which are activated by the binding of extracellular catecholamines and transduce 

this signal by stimulating intracellular G-proteins. As such, the ARs are members of a 

superfamily of receptors known as the G-protein coupled receptors (GPCR) which have 

common ancestors and are structurally and functionally related (Svensson et al, 1996). A 

hallmark of these receptors (Figure 1.1) is the presence of seven hydrophobic regions that 

are believed to span the plasma membrane, hence, this superfamily is also referred to as 

seven transmembrane domain receptors. With reference to the ARs, the GPCRs appear to 

function as single subunit structures in which the amino terminus is extracellular and the 

carboxy terminus is intracellular. This effectively creates three extracellular and three 

intracellular loops that are involved in various aspects of the function of these receptors 

(Kobilka e/a/., 1987a). 

Structurally, there are a number of post-translational modifications of the a2-ARs, 

which include N-linked glycosylation, palmitoylation and phosphorylation. N-linked 

glycosylation, which involves extracellular regions of the ARs (principally the amino 

terminus), is the addition of sugar residues to the side chain of asparagines and may play a 

role in receptor trafficking. Palmitoylation involves the addition of a sixteen carbon 

palmitic acid to cysteine in the carboxy terminus of most ARs and may play a role in signal 

transduction (O'Dowd et al., 1989; Eason et al., 1994). Increased incorporation of 
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[^H]palmitate in the P2-AR has been measured as a result of agonist activation of the 

receptor, indicating that palmitoylation is a dynamic process (Moffet et al., 1993). In 

addition, both G-protein coupled receptors as well as the G-proteins to which they couple 

have been shown to be palmitoylated (Milligan et al., 1995). Phosphorylation involves the 

activity of a number of kinases which add phosphates to serines and/or threonines in the 

intracellular domains of the receptor contributing to the process of desensitization of the 

receptor (Kobilka, 1992; Lefkowitz e/a/., 1993a; Fremont e/a/., 1995). Desensitization is 

the common observation that a given response to agonist-activation of the receptor will 

decrease, over time, in the continued presence of a drug. Removal of receptors from the 

plasma membrane to an intracellular compartment also appears to involve phosphorylation 

and ultimately leads to either recycling of the receptor back to the plasma membrane or 

receptor degradation by lysosomes. If the receptor enters a degradative pathway following 

internalization, then down-regulation may occur if the rate of receptor degradation 

exceeds the synthesis of new receptors. It is important to note that the specific pattern of 

these post-translational modifications appears to vary for a given receptor subtype and 

provides the potential for differential regulation of individual subtypes. 

As members of the superfamily of GPCRs, the signal transduction mechanisms of 

the ARs have traditionally been associated with several members of the superfamily of G-

proteins (Summers and McMartin, 1993). This superfamily of second messenger 

molecules is, itself, quite large and is characterized by an ability to bind and hydrolyze 
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guanine nucleotides. In the ground state, G-proteins consist of a heterotrimer (a, p and y 

subunits) in which the a-subunit binds GDP (Figure l.l). Following activation by a 

receptor, GDP is replaced by GTP and the protein dissociates into a and Py subunits 

which are both capable of activating downstream effectors (Bimbaumer, 1992; Clapham 

and Neer, 1993; Muller and Lohse, 1995). A GTPase activity in the a-subunit converts 

GTP to GDP and results in reassociation of the subunits and the termination of activity. 

There is also evidence suggesting that G-protein coupled receptors can exist in a 

precoupled state in which initiation of G-protein signaling does not require agonist 

activation of the receptor (Lefkowitz et ai, 1993b). 

There are three primary subfamilies of G-proteins that are involved in the signal 

transduction activities of the ARs. One subfamily consists of the stimulatory G-proteins, 

known as Gs. The G, subfamily has traditionally been associated with p-AR activation and 

the stimulation of adenylyl cyclase, but may also be involved with some aspects of the 

activation of a2-AR subtypes. G, proteins are distinguished by their sensitivity to cholera 

toxin, which ADP-ribosylates the a-subunit resulting in persistent activation. A second 

subfamily consists of the inhibitory G-proteins, known as Gi, which are associated with the 

activation of the az-ARs and the inhibition of adenylyl cyclase. A characteristic of the Gj 

proteins is their sensitivity to pertussis toxin, which ADP-ribosylates the a-subunit, and 

inactivates it. A third subfamily consists of the G-proteins which stimulate 

phosphatidylinositol turnover and which were once referred to as Gp but are now known 
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as the Gq subfamily. The G, subfamily has traditionally been associated with the activation 

of the ai-ARs and is insensitive to the actions of both cholera and pertussis toxins. 

1.2 PHARMACOLOGY OF THE ALPHA-2 ADRENERGIC RECEPTORS 

a2-ARs were originally defined as pre-junctional adrenergic receptors which 

regulate the release of neurotransmitters, such as norepinephrine and acetylcholine, from 

nerve terminals (Langer, 1974). It is now evident that a2-ARs are not only pre-junctional, 

on nerve cells, but are also present in a variety of epithelial tissues, as well as smooth 

muscle, platelets and adipose tissue. Subtypes of a2-AR were first indicated based on 

pharmacological studies in rat brain membranes. Thus, prazosin displacement of 

[^H]rauwolscine or [^H]yohimbine binding was biphasic and consistent with the presence 

of two subtypes; one with high affinity for prazosin termed aaB and one with low affinity 

for prazosin termed a2A (Starke, 1981). 

An a2D subtype has been defined pharmacologically in the mouse and rat but 

appears to represent a species homologue of the human a2A subtype. Nevertheless, the 

a2D does represent a unique pharmacology which has now been explained on the basis of 

a single amino acid difference between these species. Thus, a serine present in the fifth 

transmembrane domain of the mouse a2A is a cysteine in the human a2A. Mutation of this 

cysteine in the human ajA to a serine, yields low affinity binding for yohimbine and 

rauwolscine, which is consistent with an a2D pharmacology and explains the differences in 
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the pharmacology of the mouse and human a2A ARs (Link et al., 1992). It is likely that 

such species homologues of other AR subtypes will become an important consideration in 

future receptor classification and drug development. 

Two classes of agonist and antagonist compounds bind to the otj-ARs. They are 

the catecholamines and the imidazolines. Norepinephrine and epinephrine are 

catecholamines which act as agonists at all ARs and dexmedetomidine is an example of an 

imidazoline agonist which is selective for the a2-ARs. Both classes of compounds are 

shown in Figure 1.2, which also shows the structure of other compounds used in the 

studies presented here. It has been suggested that imidazoline receptors exist which 

mediate some of the effects of the imidazoline class of compounds. However, there is only 

indirect evidence for the existence of these receptors as they have yet to be cloned. There 

are indications that monoamine oxidases may be the source of imidazoline binding (Parini 

etal., 1996) 

1.3 CLONING OF THE ALPHA-2 ADRENERGIC RECEPTORS 

The first a2-AR was purified fi-om human platelets by Regan et al. in 1986. This 

laborious five step chromatographic process resulted in an 80,000 fold purification of the 

receptor protein (Regan et al., 1986). The purification of the human platelet ai-AR led to 

the molecular cDNA cloning of the ajA. subtype and, subsequently, to the cloning of two 

additional human az-AR subtypes. These human clones initially defined as the a2C10, 



25 

Figure 1.2 Structures of several adrenergic compounds. 
Both imidazoline (dexmedetomidine) and catecholamine (epinephrine, norepinephrine) aa-
AR agonists are pictured. Rauwolscine, atipamezole and phentolamine are a2-selective 
antagonists. Isoproterenol is a P-AR selective agonist. 
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(X2C2 and a2C4 correspond to the a2A, a2B and aaC AR subtypes, respectively (Table 

1.2). Several species homologues of these human genes have since been isolated from rat, 

pig and fish. 

In 1987, the cDNA coding for the first of three ai-AR subtypes (Figure 1.3) was 

cloned from a human genomic library based on amino acid sequence determined from the 

purified platelet a2-AR (Kobilka et al., 1987a). A genomic library was utilized because 

previously cloned members of the adrenergic receptor family, including the Pa-AR had 

been show to be intronless (Kobilka el al., 1987b). The platelet a2-AR was mapped to 

human chromosome 10 and is sometimes referred to as the a2C10 although the more 

accepted nomenclature is now the a2A AR. The a2A AR was found to have high sequence 

identity with several members of the superfamily of G-protein coupled receptors (GPCR). 

In addition, the structure of the receptor was deduced to have seven putative membrane 

spanning hydrophobic regions capable of forming a-helices. Based on the crystal structure 

of bovine rhodopsin (Dratz et al., 1985), another G-protein coupled receptor, it was 

suggested that the a2A AR has an extracellular amino terminus and an intracellular 

carboxy terminus with three intracellular loops. The seven transmembrane domains were 

found to have the highest homology with other GPCRs while the other domains had much 

less homology. Interestingly, three distinct DNA bands were recognized by a fragment of 

the a2A AR on a Southern blot. One DNA band corresponds to the o-iK AR and localizes 

to chromosome 10 by somatic cell hybridization. The other two DNA bands. 
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T A B L E  1 . 2  C L O N E D  H U M A N  A L P H A - 2  A D R E N E G I C  
R E C E P T O R  S U B T Y P E S  

NOMENCLATURE 
CURRENT ORIGINAL SOURCE REFERENCE 
a2A azClO human platelets Kobilka e/a/., 1987a 

aaB a2C2 human kidney Lomasney e/a/., 1990 

a2C a2C4 homology to and 
a2B 

Regan e/a/., 1988 



Extracellular 

Intracellular 

Figure 1.3 The predicted secondary structure based on the deduced amino acid sequence of the human ajA 
adrenergic receptor. 
The structure is that of the classical GPCR; seven transmembrane domains with an extracellular amino terminus and an 
intracellular carboxy terminus. The arrows indicate the two glycosylation sites on the amino terminus of the a^A AR. The 
darkened amino acids are conserved among all three subtypes of ai-AR. (Kobilka et al., 1987a) 
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characterized by somatic cell hybridization, were found to localize to chromosomes two 

and four indicating that two other subtypes of human a2-ARs existed (Kobilka et al., 

1987a). Within the next three years, these two subtypes of aa-AR were cloned. 

The cDNA coding for the second subtype of a2-AR (Figure 1.4) was cloned in 

1988 by Regan et al. Using the platelet a2-AR as a probe, the receptor was cloned from a 

human kidney cDNA library. The gene for this receptor was localized to chromosome 4 

and was referred to as the a2C4. Currently, the kidney a2-AR is known as the a2C AR. 

The structure of the aiC AR is similar to that of the a2A but with a very long amino 

terminus. Both the a2A and the oljC have two sites on their amino terminus which are 

glycosylated (Regan and Cotecchia, 1992). Other evidence, in addition to the Southern 

blot described in the a2A AR cloning paper, indicated that there was a third subtype of olj-

AR. Both previously cloned a2-ARs had high afiBnity for SKF 104078, an a2-selective 

antagonist. Thus, the subtype identified by radioligand binding studies as having low 

affinity for SKF 104078, had not yet been cloned. At this point, although SKF 104078 

appeared to be selective for post- junctional a2-ARs, it was unclear which of the aa-AR 

subtypes were located pre- versus post-synaptically (Hieble et al., 1986). 

In 1990 the cDNA coding for the third subtype of a2-AR (Figure 1.5) was cloned 

by Lomasney et al. Conserved sequences from the a2A and a2C were utilized in the 
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Intracellular 

Figure 1.4 The predicted secondary structure based on the deduced amino acid sequence of the human 
adrenergic receptor. 
The structure is that of the classical GPCR; seven transmembrane domains with an extracellular amino terminus and an 
intracellular carboxy terminus. The arrows indicate the two glycosylation sites on the amino terminus of the aiC. The open 
arrows indicate mutation sites in transmembrane domain seven and the carboxy terminus which are described in Chapter 4. The 
darkened amino acids are conserved among all three subtypes of a^-AR. (Regan et al., 1988) 
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polymerase chain reaction (PCR) to amplify a fragment of genomic DNA that mapped to 

human chromosome 2, the last of the three bands on the Southern blot described in the 

ttaA AR cloning paper. A fiill length cDNA was obtained by this method and analyzed. 

This subtype is referred to as the azCl or currently, as the aaB adrenergic receptor. In 

contrast to the other two subtj^es, the a2B AR has a very short amino terminus which 

does not contain sites for N-linked glycosylation and a very large third intracellular loop. 

The ttaB AR, like the ajA and a2C subtypes has a high affinity for SKF 104078. 

Therefore, none of the cloned human aa-ARs has a low affinity for this compound. Using 

radioligand binding of a number of compounds, Bylund ei al. (1992) attempted to 

reconcile the cloned subtypes of a2-AR with the subtypes identified previously by 

pharmacological methods. They concluded that the azK a2B and a2C subtypes 

correspond to the a2C10, the a2C2 and the 0L2CA, respectively. Two important points 

were made with this study. First, it was suggested that species homologues of the aa-AR 

subtypes might exhibit different pharmacological properties and that these differences 

could be due to a single amino acid substitution. Second, this paper points out the pitfalls 

of using radioligand binding data from only a single compound to classify receptor 

subtypes. 
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Intracellular 

I—COOH 

Figure 1.5 The predicted secondary structure based on the deduced amino acid sequence of the human ajB 
adrenergic receptor. 
The structure is that of the classical GPCR; seven transmembrane domains with an extracellular amino terminus and an 
intracellular carboxy terminus. There are no glycosylation sites on the amino terminus of the ttiB AR. The darkened amino 
acids are conserved among all three subtypes of a2-AR. (Lomasney et ai, 1990) 
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1.4 ALPHA-2 ADRENERGIC RECEPTOR SUBTYPE STRUCTURE AND 
FUNCTION 

The general structure of the a2-ARs was determined by analysis of the amino acid 

sequence of the cloned receptors. Hydrophobicity plots showed seven regions of the 

receptor which could form alpha-helices and thus could be membrane sparming domains. 

The overall structure was determined to be much like that of rhodopsin with an 

extracellular amino terminus and an intracellular carboxy terminus (Dratz et al., 1985). 

Three intracellular loops included a larger third loop between transmembrane domains five 

and six (Kobilka et al., 1987a). The extracellular amino terminus is glycosylated in many 

GPCRs including the a2A and the ajC, however, the a2B subtype is not glycosylated 

(Lomasney e/a/., 1990). 

The second messenger pathway activated by the ai-ARs is generally thought to 

involve decreases in intracellular cAMP by inhibition of adenylyl cyclase through the 

pertussis toxin-sensitive inhibitory G-protein, Gi. In addition, there is recent evidence that 

the a2-ARs activate mitogen-activated protein kinase (MAPK) which is involved in 

cellular proliferation and differentiation (Flordellis et al., 1995). 

With the genes available for the three a2-AR subtypes, the signal transduction 

pathways of each could be studied. Pepperl and Regan (1993) developed a transient 

transfection system for measuring the effect of the a2-ARs on cAMP levels in JEG-3 

human choriocarcinoma cells. An expression vector containing the a2-AR subtype is co-

transfected with a chloramphenicol acetyltransferase (CAT) reporter gene driven by an 
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eighteen base pair cAMP-response element in the TESgIIICRE(+)dNHSE construct 

described by Delegeane et al. (1987). Changes in cAMP levels can then be measured 

indirectly by comparing levels of CAT enzyme activity. Because activation of aa-ARs 

generally results in a decrease in cAMP, cells are stimulated with forskolin to raise cAMP 

levels above background prior to treatment. 

By measuring CAT activity in cells co-transfected with receptor and the cAMP-

responsive CAT reporter gene, it was found that the cloned human a2-AR subtypes 

exhibit different patterns of signal transduction (Pepperl and Regan, 1993). The aaA 

subtype is biphasic in its effect; low agonist concentrations inhibit CAT activity to about 

40% of forskolin-stimulated levels and high agonist concentrations increase activity. With 

epinephrine, the increase in cAMP-responsive reporter gene activity was more than 200% 

of forskolin-stimulated activity, however other agonists tested did not increase activity 

above forskolin-stimulated levels. The aaB subtype is mostly stimulatory; generally, no 

concentration of any agonist tested inhibited activity and simulation reached more than 

200% of forskolin-stimulated activity at higher agonist concentrations. The azC subtype 

was purely inhibitory with some higher concentrations of agonist inhibiting 100% of the 

forskolin-stimulated CAT activity. 

Agonist activation of the ai-ARs has been shown to alter subcellular localization 

of these receptors in a recombinant system. Prior to agonist activation, it appears that the 

a2A and the aaB ARs are located on the plasma membrane, whereas the a2C AR has more 



36 

of an intracellular localization by immunofluorescence microscopy with subtype selective 

antibodies (Richman et ai, 1996). In general, in response to prolonged agonist exposure, 

phosphorylation, desensitization and eventually down regulation of the receptor occurs. 

This results in a decrease in the ability of the receptor to inhibit adenylyl cyclase and a 

change in the cellular distribution of the receptor. However, the pattern of receptor 

phosphorylation and redistribution is different for the subtypes of aa-AR. Both the aaA 

and the aaB subtypes have a decreased ability to inhibit adenylyl cyclase and an increased 

level of phosphorylation after agonist exposure in a stable transfection system. In contrast, 

the a2C subtype does not appear to undergo desensitization as there is no inhibition of 

activity or increased phosphorylation of this subtype (Kurose and Lefkowitz, 1994). 

Furthermore, using immunofluorescence microscopy with subtype-specific antibodies in 

transiently transfected cells, the aaA and aaB appear to be removed fi'om the plasma 

membrane after agonist exposure, whereas the ajC does not (Richman et ai, 1996). There 

is evidence that endogenous receptors may not exhibit the same patterns of desensitization 

and down regulation as transfected receptors (Richman et ai, 1996). This may be due to 

the lower level of endogenous receptor expression as well as the complement of proteins, 

including G-protein coupled receptor kinases, expressed in different cell types. 
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1.5 MUTAGENESIS OF THE ALPHA-2 ADRENERGIC RECEPTORS 

Cloning of the aa-AR subtypes led to the deduced amino acid sequence, which in 

turn made possible mutagenesis studies of the a2-ARs. These studies have greatly 

increased our knowledge of the structure and function of these receptors. In general, 

information obtained from mutations made in other families of ARs is also applicable to 

the a2-ARs. Valuable information has also been gained from chimeric receptor constructs 

between families and/or members of families of adrenergic receptors. 

From chimeric P2 and a2-ARs, the transmembrane domains of GPCRs have been 

identified as the site of ligand binding (Kobilka et al., 1988). In fact, specific amino acids 

have been identified which interact with catecholamine agonists in the QL2K AR. Aspartic 

acid 113 in transmembrane domain three (TM3) is involved in high affinity agonist and 

antagonist binding. Serine 204 in TM5 interacts with the para-hydroxyl group on the 

catechol ring. Mutation of aspartic acid 79 in TM2 affects receptor/G-protein coupling but 

not ligand binding (Wang et al., 1991). In addition, a single phenylalanine in TM7 has 

been implicated in the binding of selective antagonists to the a2A AR (Suryanarayana et 

al., 1991). 

Intracellular domains of the receptor are thought to interact with G-proteins and 

are involved in receptor desensitization. Particularly important is the third intracellular 

loop of the ARs. By mutation of serines and threonines in this region, the third loop of the 

a2A AR has been shown to be the site of phosphorylation events involved in receptor 
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desensitization to prolonged agonist treatment (Liggett et al., 1992). Furthermore, several 

mutations in this region have led to constitutive activity or signal transduction in the 

absence of agonist activation of the receptor. The C-terminal region of this loop is 

especially important. The mutation of threonine 373 in the C-terminal portion of the third 

intracellular loop of the a2A AR, to any of five different amino acids, creates a 

constitutively active receptor with increased aflfinity for agonists but not antagonists. This 

constitutively active a2A AR mutant was also a substrate for P-adrenergic receptor kinase 

or pARK, a kinase which normally phosphorylates the active form of ARs and is involved 

in the process of desensitization (Ren et ai, 1993). 

Interestingly, several other ARs have been mutated in the C-terminal region of the 

third intracellular loop to produce constitutively active receptors. A single amino acid, 

alanine 293, in this region of the aiB-AR, was mutated to every other amino acid. All of 

the mutant receptors exhibited some level of constitutive activation of phosphatidyl 

inositol hydrolysis (Kjelsberg et al., 1992). When the C-terminal portion of the third 

intracellular loop of the P2-AR is replaced with the corresponding region from the aiB-

AR, there is also constitutive activation of adenylyl cyclase (Samama et al., 1993). 

The consensus opinion on the role of the C-terminal region of the third 

intracellular loop of GPCRs is that it participates in the maintenance of an inactive 

conformation of the receptor (Lefkowitz et al., 1993b). Thus, even conservative changes 

in this region are able to induce the activated state in the absence of agonist binding. The 
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idea that conservative mutations can induce activation of GPCRs has lead to the discovery 

of several naturally occurring mutations responsible for human disease states. These 

mutations have been found in receptors for luteinizing hormone, melanocyte stimulating 

hormone and rhodopsin (Lefkowitz, 1993c). In the case of rhodopsin, a single amino acid 

change in TM7 results in the loss of retinal attachment and a constitutive activity which 

leads to degeneration of the retina (Robinson et al.^ 1992). Thus, retinal binds to the 

rhodopsin receptor to constrain its activity, suggestive of a negative antagonist. 

The idea of negative antagonism or inverse agonism and the apparent ease with 

which GPCRs are constitutively activated, has led to modification of the ternary complex 

model of receptor activation. It is now generally accepted that with most GPCRs, there is 

some level of constitutive activity in the absence of agonist (Lefkowitz et al., 1993b). In 

addition, there is mounting evidence that ligands exist which behave as negative 

antagonists much like retinal does with the rhodopsin receptor (Chiadic et al., 1994). For 

example, rauwolscine behaves as a negative antagonist at the a2-ARs by decreasing basal 

binding of GTPyS (Tian et al, 1994). There is also some evidence that negative 

antagonists upregulate receptor expression, although the mechanism for this is unknown 

(Smit et al., 1996; MacEwan and Milligan, 1996). If negative antagonists are found to 

have physiological relevance, they may well serve as potential therapeutic agents (Bond et 

al., 1995; Milligan e/a/., 1995a). 
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The two state model of receptor activation is now being applied to GPCRs largely 

on the basis of constitutive activity and negative antagonism. Thus, two states of the 

receptor exist; an active state and an inactive state. These two states exist in equilibrium. 

This equilibrium is pushed towards one state or the other by various ligands. Therefore, 

agonists have a higher aflBnity for the active state of the receptor, negative antagonists 

have a higher affinity for the inactive state of the receptor and competitive antagonists 

have equal affinity for both states (Lefif, 1995). It is generally accepted that GPCRs can be 

precoupled to G-proteins in the absence of agonist (Lefkowitz et al.^ 1993b). It has been 

shown that the Bmax and affinity of rauwolscine increases when a2B-transfected PC 12 cell 

membranes are treated with pertussis toxin prior to binding of [^H]rauwolscine. This 

suggests that binding sites are not available when the receptor is precoupled (Shi and 

Deth, 1994; Tian e/a/., 1994). 

Like the third intracellular loop, the carboxy terminus of the ARs is also critical to 

the structure and function of the receptor. A cysteine, found in the carboxy terminus of 

most ARs, has been shown to be palmitoylated in both the (32-AR and the ajA. AR. 

Mutation of the palmitoylation site in the P2-AR results in a loss of functional coupling 

(O'Dowd et ai, 1989). O'Dowd et al. (1989) suggest that the palmitoylated cysteine 

forms a fourth intracellular loop, through interaction of the sixteen carbon chain with the 

cell membrane, which is necessary for G-protein coupling. Mutation of the palmitoylation 

site in the carboxy terminus of the aaA AR however, does not affect receptor/G-protein 
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coupling (Kennedy and Limbird, 1993). Mutation of this site does appear to eliminate 

down-regulation of the aaA AR. Interestingly, the olzC AR, which does not down-regulate 

in response to agonist treatment, does not have this cysteine in its carboxy terminus 

(Easone^a/., 1994). 

Besides point mutations and chimeric receptors, there have also been transgenic 

mice produced in which one of the three subtypes of aa-AR is not expressed. A transgenic 

mouse which does not express the aiC AR develops normally (Link et or/., 1995). In 

addition, very recently, two papers appeared in Science in which the cardiovascular effects 

of the lack of a2B or aaC expression or the mutation of the aaA subtype were investigated 

individually (Link et al., 1996; MacMillan et al., 1996). It was determined that neither the 

aaB or the olzC AR subtype mediated the central hypotensive effects of a2-AR agonists. 

The a2B subtype was deemed responsible for the transient increase in blood pressure seen 

with a2-AR agonist treatment. Again there were no cardiovascular effects of a.2C 

knockout. Furthermore, it was suggested that the a2A AR subtype was responsible for the 

hypotensive effects of a2-AR agonist treatment. 

With the cloning of the a2-ARs in the late 1980's has come a new ability to study 

these receptors as evidenced by the studies presented here. Through recombinant DNA 

technology, the signal transduction mechanisms of isolated receptors can be studied. 

Subtype-specific structure/function relationships can be examined. The cloning of receptor 

subtypes from different species can explain differences in activity identified by classic 
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pharmacological methods. This knowledge can then be applied to cells or tissues 

expressing endogenous ai-ARs. Ultimately, this will lead to a better understanding of the 

biological function of catecholammes and the important physiological role that a2-ARs 

play in their function. 
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CHAPTER 2 

INTRODUCTION, HYPOTHESES AND SPECIFIC AIMS 

Previous studies made possible by the molecular cloning of the a2-ARs, have 

advanced our understandmg of the structure and fiinction of these receptors. For example, 

the a2-ARs were formally thought to be located on pre-junctional nerve terminals and to 

be responsible for the regulation of neurotransmitter release from these neurons (Langer, 

1974). Studies using radioligand binding, receptor purification and molecular cloning have 

since made it clear that a2-ARs are also located on many types of effector cells and 

responsible for many different biological functions. Three subtypes of human a2-AR have 

been cloned. They are the a2A, a2B and aaC ARs. The physiological relevance of three 

subtypes of a2-AR is not completely clear. The overall hypothesis of this work is that ar-

AR subtypes play a role in interaction with signal transduction pathway(s) through 

subtype-specific characteristics of the individual receptors. 

HYPOTHESIS: Three subtypes of aj adrenergic receptors interact with signal 

transduction pathways through multiple mechanisms. These include species-specific 

characteristics of the receptors, subtype-specific structural characteristics, and cell-

specific mechanisms including expression of more than one receptor subtype in a 

single cell type. 
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The goal of this work is to better understand the physiological role that the 

individual a2-AR subtypes play in signal transduction at the molecular level, to aid in the 

development of subtype-selective agonists and antagonists which will lead to more 

productive therapeutic intervention. Towards this end, several aspects of a2-AR structure 

and function were investigated. Signal transduction properties of guinea pig homologues 

of the human aa-AR subtypes were examined. In addition, selected mutations were made 

to identify regions of the receptor important for aj-AE. signal transduction. The effect of 

co-expression of a2-AR subtypes on signal transduction was investigated. Finally, signal 

transduction pathways activated by endogenous ai-ARs in fetal rat heart and alveolar 

macrophages were studied. 

SPECIFIC AIM #1: Species differences and effects on signal transduction; To 

determine if the three a2 AR subtypes cloned from the guinea pig couple to a cAMP-

dependent CAT reporter gene in the same manner as the three human subtypes. 

HYPOTHESIS: Differences in the second messenger signaling capabilities exist 

between human and guinea pig Oi AR subtypes. 

SKF 104078 an a2-selective antagonist, has been shown to have a low potency in 

the guinea pig atrium (Oriowo et al., 1991). Each of the cloned human a2-AR subtypes 

has a high affinity for SKF 104078. This suggests that there may be an aa-AR subtype 
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expressed in the guinea pig atrium, which has a different pharmacology than any of the 

cloned human subtypes. It is also possible that there is a unique subtype of a2-AR 

expressed in the guinea pig atria which has not previously been cloned. Svensson et al. 

(1996) cloned three guinea pig atrial a2-ARs in search of a novel subtype, and designated 

them gp-ttiA, gp-a2B and gp-a2C based on sequence similarity to the three human 

subtypes. However, SKF 104078 was not found to be selective for any of three cloned 

guinea pig a2-AR subtypes. Therefore, pharmacologically, none of the three cloned guinea 

pig atrial a2-ARs represent a novel subtype. The possibility exists, however, that 

functional differences exist between the human and the guinea pig a2-AR subtypes. 

Therefore, the ability of each of the cloned guinea pig a2-ARs to activate second 

messenger was tested. 

SPECIFIC AIM #2: Structural aspects of signal transduction; To determine the 

effects of subtype-specific structural differences in the carboxy terminus and the 

seventh transmembrane domain on function of the human azC adrenergic receptor. 

HYPOTHESIS: Subtype-specific structural characteristics of the azC AR, in the 

carboxy terminus and the seventh transmembrane domain, are important to 

receptor signal transduction and functional coupling. 



46 

Both the carboxy terminus and the seventh transmembrane domain (TM7) play a 

role in a2-AR signal transduction. The carboxy terminus is involved in coupling to G-

proteins and TM7 is involved in antagonist binding (Regan and Cotecchia, 1992). 

In the carboxy terminus of most ARs there is a cysteine that has been shown to be 

palmitoylated. This palmitoylated cysteine may interact with the cell membrane to form a 

fourth intracellular loop (O'Dowd et al.^ 1989) thereby afifecting receptor structure and 

function. Palmitoylation of several ARs has been shown to be important for signal 

transduction and receptor desensitization. However, the a2C AR does not have this 

cysteine in its carboxy terminus. Instead, there is a phenylalanine at this position. There are 

several possible explanations for the lack of a palmitoylation site in the carboxy terminus 

of the 0L2C AR. Palmitoylation may not be necessary for function of the a2C AR. It is also 

possible that the aiC AR developed another mechanism for interaction of its carboxy 

terminus with the cell membrane. Finally, palmitoylation may not be tolerated in the 

carboxy terminus of the (X2C AR. Two point mutations were made in the carboxy terminus 

of the aiC AR to determine the reason for the lack of a palmitoylation site in this receptor. 

Phenylalanine was changed to cysteine in the human aiC AR to introduce a palmitoylation 

site, and to glycine to remove the large hydrophobic side chain of phenylalanine which 

could interact with the cell membrane. Both of the mutant receptors was evaluated for 

expression, signal transduction and ligand binding. 
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TM7 plays a role in antagonist binding to the aa-ARs. In particular, phenylalanine 

412 in TM7 of the a2A AR has been shown to be important for antagonist binding 

(Suryanaranyana et al., 1991). In TM7 of the human cljC AR there are three consecutive 

phenylalanines at this position. However, there are only two phenylalanines at this position 

in the fish a2-AR. The structure of the fish a2-AR is most like that of the human a2C. 

However, the pharmacology of the fish a2-AR shows aspects of the human a2A and ajC, 

which both have three phenylalanines in TM7. It is possible that this change in TM7 of the 

fish a2-AR is responsible for the pharmacology of this receptor. Therefore, one of the 

three phenylalanines was deleted at position 420 in TM7 of the a2C AR. This mutant was 

also evaluated for expression, signal transduction and ligand binding. 

SPECIFIC AIM #3: Subtype interactions and effects on signal transduction; To 

determine the impact of co-expression of human a.2 adrenergic receptor subtypes on 

signal transduction in a recombinant expression system. 

EIYPOTHESIS: The presence of two subtypes of aiAR in a single cell will result in 

a different pattern of adenylyl cyclase activity than expression of one subtype 

depending on the characteristics of the individual subtypes. 

It is generally thought that a single receptor subtype is expressed in a single cell 

type. However, our laboratory has identified several examples of co-expression of a2-AR 

subtypes in a single cell type. For example, all three subtypes of a2-AR are expressed in 
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rat Kupffer cells, the resident macrophage of the liver. The effect of co-expression of a2-

AR subtypes on signal transduction has not been investigated. However, with the ever 

increasing examples of co-expression in diverse effector cells of the body, this is 

potentially useful information. In addition, mice which do not express the aiC subtype 

develop normally. Endogenous co-expression of a2-AR subtypes along with a lack of 

obvious physiological role for the a2C subtype, may suggest that there is a redundancy of 

a2-AR subtype function. It is also possible that co-expression produces a different pattern 

of signal transduction than the summed effects of the individual subtypes. Using a transient 

transfection system with a cAMP-dependent CAT reporter gene, the effect of each 

combination of a2-AR subtypes was examined for its effect on cAMP-mediated signal 

transduction pathways. Co-expression of a2-AR subtypes was then compared to the signal 

transduction of the individual subtypes to determine if there is a different pattern of signal 

transduction and/or a redundancy of a2-AR subtype function. 

SPECIFIC AIM #4: Endogenous receptors and signal transduction; (1) To 

determine the signal transduction pathways activated by endogenous ajA and aaC 

ARs co-expressed in the fetal rat heart; (2) to determine if rat alveolar macrophages 

express a2-ARs and if so, the signal transduction pathways activated by these 

receptors. 
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HYPOTHESIS: (1) Functional a2-ARs exist in fetal rat heart which inhibit cAMP 

production. (2) az-ARs are present on rat alveolar macrophages and activate the 

IVIAPK pathway as well as increase cytokine production by these cells. 

Two systems were chosen to study endogenous a2ARs; fetal rat cardiac myocytes 

and rat alveolar macrophages. Lin et al. (1992) showed, by radioligand binding, that high 

levels of a2-ARs are transiently expressed in fetal rat cardiac myocytes. However, the 

authors were unable to show any effect of these receptors on cAMP production. Our lab 

has identified the specific subtypes of a2-ARs that are expressed by fetal cardiac myocytes 

as a2A and 0L2C and has shown that these receptors increase the organization of the actin 

cytoskeleton. The second messenger through which the a2-ARs affect cytoskeleton 

rearrangement in the fetal rat heart is not known. Therefore, the effect of a2-AR activation 

on cAMP production in fetal rat heart was investigated. 

The second cell type used to examine endogenous a2-ARs was the rat alveolar 

macrophage. Although a2ARs have been identified on peritoneal macrophages, there has 

been no work done with alveolar macrophages. The expression of a2-ARs by alveolar 

macrophages, which come into contact with various drugs used for the treatment of 

asthma, may be an important consideration. For example, epinephrine, an a2-AR agonist, 

is a common ingredient in over the counter inhaler preparations. In addition, a2-ARs may 

influence cytokine production by activated macrophages, based on previous data from 

peritoneal macrophage a2-AR activation. Therefore, the subtypes of a2-AR expressed by 
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rat alveolar macrophages and the signal transduction pathway(s) activated by these 

receptors were investigated. 
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CHAPTERS 

ALPHA-2 ADRENERGIC RECEPTORS IN THE GUINEA PIG ATRIUM 

3.1 INTRODUCTION 

The guinea pig atrium has been considered a model for the pre-junctional a2-AR 

(Starke et al., 1989). However, SKF 104078 an a2-selective antagonist, has been shown 

to have a low potency in the guinea pig atrium in contrast to typical post-junctional a2-AR 

sites (Oriowo et al., 1991). Each of the cloned human az-AR subtypes has a high affinity 

for SKF 104078. Therefore, a subtype of a2-AR found in the guinea pig atrium might have 

a different pharmacology than any of the cloned human or rat a2-ARs. Another possibility 

is that the guinea pig atrial a2-AR represents a novel, previously unidentified subtype. To 

test these hypotheses, Svensson et al. (1996) cloned three guinea pig atrial a2-ARs and 

designated them gp-a2A, gp-a2B and gp-a2C based on sequence similarity to the three 

human subtypes. SKF 104078 was not found to be selective for any of three cloned guinea 

pig subtypes. In addition, each of the three guinea pig a2-ARs has a high affinity for SKF 

104078. 

Although the pharmacology of the cloned guinea pig a2-ARs does not suggest a 

novel subtype, the possibility exists that functionally, the guinea pig a2-ARs may represent 

a novel subtype. Therefore, the pattern of signal transduction of each of the cloned guinea 

pig a2-ARs was investigated and compared to the pattern of human a2-AR signal 

transduction. 
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3.2 MATERIALS AND METHODS 

3.2.1 Cell Culture and Transfections 

JEG-3 human choriocarcinoma cells were cultured in MEM medium supplemented 

with 5% fetal calf serum, 100 units/ml penicillin and 100 |ig/ml streptomycin at 37"C 

under 5% CO2. The a2AR guinea pig cDNAs in pBC12BI (Lomasney et ai, 1990; Cullen, 

1987) were expressed in JEG-3 cells for functional coupling studies. Transient 

transfections were performed using the calcium phosphate method and DMSO shock 

(Grahm and van der Eb, 1973). Cells were plated in 100 mm dishes 1-2 days prior to 

transfection and transfected with 10 |ig of guinea pig a2AR plasmid DNA and 10 lig of 

TESgIIlCRE(+)dNHSE reporter plasmid DNA encoding a c AMP-responsive 

chloramphenicol acetyl transferase activity (Delegeane el ai, 1987). Two days after 

transfection, the cells were rinsed twice with MEM and drugs were added in 5 ml of 

MEM. Four hours later the cells were harvested for [^H]chloramphenicol acetyl 

transferase (CAT) assay. 

3.2.2 Chloramphenicol Acetyltransferase (CAT) Assay 

The measurement of functional coupling of each of the three guinea pig a2-ARs 

using a CRE-CAT reporter was done essentially as described by Pepperl and Regan 
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(1993). After a four hour drug incubation, cells were washed two times with PBS and 

then scraped into 1 ml of cold buffer containing 40 mM Tris, pH 7.5, 1 mM EDTA, 150 

mM NaCl. The cells were spun down and resuspended in 0.2 ml of 0.25 M Tris, pH 7.5. 

After freeze/thawing for three cycles, the membranes were spun down and CAT assays 

were performed at 37°C for one hour using 50 |il of cytosol, 300 mM butyryl Co A and 

200 nCi [^H]chloramphenicol. The reaction was stopped with 200 pil of mixed xylenes and 

the xylenes were back extracted two times with 100 |j,l of 10 mM Tris, pH 8.0, 1 mM 

EDTA. Radioactivity was measured by liquid scintillation counting using a Beckman LS 

5000TD. 

3.3 RESULTS 

Figure 3.1 shows the signal transduction capabilities of the gp-a2A. Like the 

human a2A, the response of the guinea pig homologue to norepinephrine is biphasic. At 

low concentrations, there is an inhibition of forskolin-stimulated CAT activity to a 

maximum of 53% with an ECso of 10'""® M. At higher drug concentrations, there is an 

increase in forskolin-stimulated CAT activity up to 236% with an ECso of lO"'"' M. 

Figure 3.2 shows the signal transduction capabilities of the gp-a2B. This subtype 

also behaves very much like its human homologue. At higher drug concentrations the gp-

a2B increases forskolin-stimulated CAT activity up to 290% with an EC50 of 10'^ '' M. 

There is a very minor 29% decrease in activity at lower concentrations of norepinephrine 
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Figure 3.1 Functional coupling of the gp-a2A in JEG-3 cells using a cAMP-
dependent CAT reporter gene assay. 
Transiently transfected cells were treated with 10 |i.M forskolin and norepinephrine and 
then CAT assays were performed as described in Materials and Methods. The data are 
expressed as the mean +/- SEM for at least six plates per point from at least three separate 
experiments. 
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Figure 3.2 Functional coupling of the gp-a2B AR in JEG-3 cells using a cAMP-
dependent CAT reporter gene assay. 
Transiently transfected cells were treated with 10 [iM forskolin and norepinephrine and 
then CAT assays were performed as described in Materials and Methods. The data are 
expressed as the mean +/- SEM for at least six plates per point from at least three separate 
experiments. 
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Figure 3.3 Functional coupling of the gp-aiC AR in JEG-3 cells using a cAMP-
dependent CAT reporter gene assay. 
Transiently transfected cells were treated with 10 |iM forskolin and norepinephrine and 
then CAT assays were performed as described in Materials and Methods. The data are 
expressed as the mean +/- SEM for at least six plates per point from at least three separate 
experiments. 
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with this subtype. The overall trend of the gp-aaB is to increase cAMP-dependent CAT 

activity. 

Figure 3.3 shows the signal transduction capabilities of the gp-a2C. In contrast to 

the gp-a2B, this subtype tends to decrease forskolin-stimulated CAT activity to a 

maximum of 86% with an EC50 of 10'®"' M. This is also comparable to the effect of the 

human azC in this recombinant expression system. Although the activity of this subtype 

does appear to increase slightly above maximal inhibition at very high drug concentrations, 

it does not supersede forskolin-stimulated activity. 

3.4 DISCUSSION 

Three guinea pig a2-AR subtypes were identified using guinea pig atrial cDNA and 

the polymerase chain reaction (PCR). Full length clones were subsequently isolated from a 

guinea pig genomic library (Svensson et ai, 1996). Although SKF 104078 was found to 

have low potency at a pre-junctional a2-AR in the guinea pig atrium, each of the three 

cloned guinea pig subtypes was found to have a relatively high affinity for the compound. 

In addition, there was no selectivity of SKF 104078 for any of the guinea pig a2-ARs. 

Therefore, the cloning of three a2-AR subtypes fi^om the guinea pig atrium has not 

explained the pharmacological effects of SKF 104078 in this tissue. It is possible that there 

is a novel subtype of a2-AR that was not yet been cloned from the guinea pig or that the 
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guinea pig a2-ARs may have a different pattern of signal transduction than the human 0.2-

ARs. 

The mouse oljA homologue is sometimes referred to as the azD because of its 

unique pharmacology with respect to yohimbine. A cysteine found in most ai-ARs, is a 

serine at position 201 in transmembrane five (TM5) of the mouse a2A homologue and it is 

this amino acid which is responsible for the decreased affinity of the mouse receptor for 

yohimbine (Link et al., 1992). It is interesting to note that both the gp-aaA and the gp-

a2B have a serine at the position in TM5 that has been shown to be responsible for the 

decreased affinity of the mouse aiA homologue for yohimbine. Consequently, both the 

gp-aaA and the gp-aiB have a low afiBnity for yohimbine like the oljD subtype cloned from 

mouse. The gp-a2C has a cysteine at this position, as do all three human a2-AR subtypes, 

and therefore has a higher aflRnity for yohimbine (Svensson et al., 1996). Because a 

conservative single amino acid change can have such a dramatic affect on the 

pharmacology of the receptor, it is possible that the signal transduction pathways activated 

by species homologues could also be affected by relatively minor changes in the receptor. 

Therefore, each of the three guinea pig gp-a2-AR subtypes was tested for functional 

coupling to a cAMP-responsive CAT reporter gene in a transient transfection system as an 

indirect measure of changes in cAMP. 

It was found that the guinea pig a2-ARs respond to treatment with norepinephrine 

in the same manner as the human a2-ARs. The gp-a2A is biphasic with low agonist 
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concentrations inhibiting forskolin-stimulated CAT activity and high concentrations 

stimulating activity. The gp-aaB is generally stimulatory with only a minor decrease in 

activity at low agonist concentrations. The gp-aaC is mostly inhibitory with a slight 

reversal at very high agonist concentrations. 

Although an increase in cAMP levels has not been observed with aa-AR activation 

in vivo, this increase in activity over and above forskolin-stimulated activity is a very 

consistent eflfect of the aaA and the aaB subtypes in this CRE-driven CAT reporter gene 

system. There are a couple of possible reasons for this. This is an artificial recombinant 

system in which very high levels of receptor are being expressed. This level of expression 

is probably not reflective of physiological levels of endogenous receptor expression. The 

increase in activity at high agonist concentrations could be due to coupling of the receptor 

to the stimulatory G-protein, G, even though the receptor generally couples to G;. In fact, 

the inhibition of forskolin-stimulated CAT activity of the human aaA AR can be blocked 

with pertussis toxin making it a purely stimulatory receptor indicating that neither the a 

nor the Py subunit of Gi is involved in the stimulation of activity (Pepperl and Regan, 

1993). 

Another consideration when studying receptor signal transduction is the 

complement of G proteins which are expressed by a particular cell type (Table 3.1). For 

example, the D2L dopamine receptor has been shown to preferentially couple to the Girz2 

subtype. Therefore, it is possible that the stimulatory nature of the aaB AR in JEG-3 cells 



T A B L E  3 . 1  G - P R O T E I N  S U B T Y P E  E X P R E S S I O N  

CELL TYPE G-PROTEINS 
JEG-3 Giab Cria3 
(Montmayeur et al, 1993) 

Giab Cria3 

CHO Gia25 GfiaS 
(Deil'Acqua er a/., 1993) 

Gia25 GfiaS 

HL-60 ^ia2 Gia3 
(BClinker er a/., 1996) 

^ia2 Gia3 
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T A B L E  3 . 2  R E G U L A T I O N  O F  A D E N Y L Y L  C Y C L A S E  

Gi PY Gs Calcium/ 
Calmodulin 

Other 

Type I 
(Brain) 

(Tang et al., 
1991) 

Inhibition by 
GIA (1,2,3) 

(High 
concentrations 

activate) 

Inhibition Activation 
requires calcium 

Activation 
(Synergistic 

with Gj) 

Activated by 
Ca*' (in vivo) 

and FSK 

Type n 
(Brain, lung 
olfactory) 

(Taussig et al., 
1993) 

No eCFect 
(High 

concentrations 
activate) 

Activation 
(synergistic 

\vitli Gj) 

Activation 
additive with 

FSK 

No effect Activated 
by PKC 
and FSK 

Type rn 
(Olfactory) 
(Sunahara et 

al., 1996) 

No eflfect Activation Activation only 
with "other 
effectors" 

Activated bv 
FSK 

Type IV 
(Periperal, 
resembles 
Type n) 

(Sunahara et 
al., 1996) 

Activation 
requires G, 
(synergistic 
activation) 

Activation No eCFect Activated bv 
FSK 

Type V 
(Sunahara et 

al., 1996) 

Inhibition by 
GIA (1,2,3) 

No effect Activation 
additive with 

FSK 

Inhibition with 
low [calcium] 

Activated bv 
FSK 

Type VI 
(Sunahara et 

al., 1996) 

Inhibition by 
G„ (1.2.3)" 

No efifert Activation 
additive with 

FSK 

Inhibition with 
low [calcium] 

Activated by 
PKC & FSK 

PKA 
inhibition 

Type VII 
(resembles 
Type n) 

(Sunahara et 
al., 1996) 

Activation PKC 
activation 

Type VIII 
(Brain) 

(Sunahara et 
al., 1996) 

Activation 
synergistic with 

calcium 

Activation 

*FSK; forskolin 
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could be due to differential expression of G-proteins. For example, JEG-3 cells do not 

express Gjca (Montmayeur, et al., 1993). If the oljB AR preferentially couples to this 

subtype of G-protein, there might not be inhibition of cAMP production when the receptor 

is expressed in this cell type. 

In addition to G-protein specificity, the complement and interaction of receptors 

with adenylyl cyclase is important to signal transduction. Several different adenylyl cyclase 

isoforms have been cloned (Table 3.2). Each isoform is regulated by a number of factors 

including G;, G,, and calcium/calmoldulin. In addition, both the G-protein a and Py 

subunits interact with adenylyl cyclase. Consequently, it is possible that the Py subunit is 

involved in the stimulation of cAMP-dependent activity of the a2A and a2B ARs in our 

recombinant system. Interestingly, the same effector can have opposite effects depending 

on the type of adenylyl cyclase. Therefore, the types of adenylyl cyclase expressed by a cell 

can also affect the pattern of signal transduction and may be a factor to consider when 

making general conclusions about receptor-specific signal transduction. 

As important as the expression of G-proteins and adenylyl cyclase in cell types or 

tissues, is the expression pattern of the ai-AR subtypes. It is generally accepted that 

receptor subtypes are expressed singly in certain cell types and that these subtypes play 

individual physiological roles. However, the pattern of aa-AR subtype expression is still 

unclear and the signal transduction pathways activated by the subtypes are similar so that 

there is some question as to the raison d' etre for three subtypes (Milligan el a/., 1994). 
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Interestingly, our laboratory has evidence indicating that az-AR subtypes are co-expressed 

in several diverse cell types including the cells of the anterior segment of the eye (Huang el 

a!., 1995) and Kupffer cells, the resident macrophage of the liver. Whether this indicates 

redundancy of aa-AR subtypes or has functional implications is not clear. 

In summary, the guinea pig a2-ARs were shown to couple to a cAMP-dependent 

CAT reporter gene with the same pattern as the human ai-ARs. Although 

pharmacological differences exist between the human and guinea pig a2-ARs, there is no 

difference in signal transduction in this recombinant system. However, the cellular 

complement of G-proteins, adenylyl cyclase and other effector molecules can influence the 

pattern of signal transduction for any receptor type including the a2-ARs. Therefore, 

guinea pig atrial a2-ARs may couple to second messenger systems differently in their 

native environment due to the types of G-proteins and adenylyl cyclase expressed. 
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CHAPTER 4 

STRUCTURAL ASPECTS OF ALPHA-2 ADRENERGIC RECEPTOR SIGNAL 

TRANSDUCTION 

4.1 INTRODUCTION 

Previous mutagenesis studies have indicated the importance of the carboxy 

terminus and the seventh transmembrane domain in a2-AR signal transduction. For 

example, the carboxy terminus of the receptor interacts with G-proteins (Regan and 

Cotecchia, 1992). A cysteine found in the carboxy terminus of most adrenergic receptors 

(Figure 4.1) has been shown to be palmitoylated. Palmitoylation is the addition of a 

sixteen carbon palmitic acid to cysteine by a thioester linkage. In addition, the seventh 

transmembrane domain is important for ligand binding to the a2A AR (Suryanarayana et 

ai, 1991). 

Palmitoylation has been shown to be important for the structure and function of 

the ARs. For example, when the palmitoylated cysteine in the carboxy terminus of the P2-

AR is mutated to glycine, there is loss of receptor palmitoylation as well as a reduction in 

the ability of the mutant receptor to stimulate cAMP formation (O'Dowd et al., 1989). 

When the palmitoylated cysteine is mutated to phenylalanine in the aaA AR, there is no 

effect on functional coupling, however, there is a loss of receptor down-regulation (Eason 

et ai, 1994). Palmitoylation may also affect the structure of the ARs. It has been shown 
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that the palmitoylated cysteine interacts with the cell membrane to form a fourth 

intracellular loop in the G-protein coupled rhodopsin receptor (Moench et al., 1994). 

The ttaC AR does not contain the cysteine which is a potential site for 

palmitoylation in its carboxy terminus (Figure 4.1). There are several possible explanations 

for this. First, the aaC AR may not require palmitoylation and therefore this cysteine was 

changed to phenylalanine evolutionarily, without consequence to receptor function. 

Second, the aaC AR may have developed another mechanism for interaction with the cell 

membrane, such as the large hydrophobic side chain of phenylalanine. Third, 

palmitoylation may not be tolerated in the carboxy terminus of the cljC AR. 

The seventh transmembrane domain of the a2-ARs is another region important to 

AR function. There are three consecutive phenylalanines in transmembrane seven of the all 

three human aa-AR subtypes (Figure 4.1). In the seventh transmembrane domain of the 

ttaA subtype, phenylalanine 412, one of three consecutive phenylalanines, has been shown 

to be involved in the binding of selective antagonists to the receptor (Suryanarayana el a/., 

1991). In addition, the fish aa-AR (Figure 4.1), with pharmacological characteristics of 

both the human aaA and aaC, does not contain a third phenylalanine in the seventh 

transmembrane domain like the human aa-ARs (Svensson e/ al., 1993). 

Based on the importance of the carboxy terminus and the seventh transmembrane 

domain to the structure and function of the ARs demonstrated by previous studies, several 

mutations were made in these regions of the human aiC AR. To determine the reason 
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Amino Acid Comparison of the Carboxy Terminus and 
TM7 of Selected G-Protein Coupled Receptors 

CARBOXY TERMINUS 

ttjA N H D F R R A F K K I L C R G D R K R I V 

SB N Q D F R R A F R R I L C R P W T Q T A W 

a,C H Q D F R P S F K H I L F R R R R R G F R Q 

Fish ttj N R D F R R A F Q K I L C K S W K K S F 

Pi P D F R K A F Q G L L C C A R R A A R R R. 

P2 P D F R I A F Q E L L C L R R S S L K A Y. 

TM7 

ttjjA T L F K F F F W F G Y C N S S L N P V I Y T I F 

ot^B G L F Q F F F W I G Y C N S S L N P V I Y T I F 

a C 2 P L F K F F F w I G Y C N S S L N P V I Y T V F 

Fish ttj T L F K F F - w I G Y c N S S L N P A I Y T I F 

Figure 4.1 Conserved amino acids in the carboxy terminus and the seventh 
transmembrane domain of selected adrenergic receptors. 
The conserved cysteine highlighted in the carboxy terminus is a site for palmitoylation, 
however, there is a phenylalanine at this position (452) in the aiC AR followed by a string 
of five basic arginines. There is a proline-serine in the carboxy terminus of the aaC AR 
unlike the arginine-alanine in the other aa-AR subtypes. The three phenylalanines in TM7 
of the a2-ARs (starting at position 420 in the a2C AR) are well conserved, although there 
are only two phenylalanines in the fish a2-AR. All sequences are fi-om human receptors 
unless otherwise specified. 
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for the lack of a pzdmitoylation site in the carboxy tenninus of the a2C, and to ascertain if 

this receptor subtype had developed another method for interaction with the cell 

membrane, phenylalanine 452 was mutated to cysteine (F452—>C) to introduce a 

palmitoylation site, and to glycine (F452->G) like the mutation made in the P2-AJI, to 

remove the large hydrophobic side chain of phenylalanine. To determine if the lack of a 

third phenylalanine in the fish ai-AR contributes to its pharmacology and function, 

phenylalanine 420 in TM7 of the human a2C was deleted (F420 deletion). 

The mutant receptors were evaluated for expression, functional coupling to a 

cAMP-dependent CAT reporter gene and the ability to bind [^H]rauwolscine, an aj-

selective antagonist. 

4.2 MATERIALS AND METHODS 

4.2.1 Mutant Receptor Construction 

The mutant receptor, F452->C, was constructed using the megaprimer method of 

mutagenesis (Sarkar and Sommer, 1990; Landt et ai, 1990). The mutations were 

introduced into the wild type (WT) a2C in the vector pBC12BI; pBCa2C4A (Lomasney et 

al., 1990; Cullen, 1987) using the polymerase chain reaction (PGR). Three oligonucleotide 

primers were used for the PCR; Acc I (sense, a2C bases 635-654) 5' ACC CGC AGT 

GCG GCC TCA ACG 3'; the F452—>C mutant primer (antisense, a2C bases 1377-1400) 

5' CCG TCG GCA GAG GAT GTG CTT GAA 3' and pBCSal I (antisense, vector bases 
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529-549) 5' GGG CTC CCA GAG GAT GAG CAG 3'. The PGR conditions were a 3 

minute initial denaturation at 94°C followed by thirty cycles of a 1 minute denaturation at 

94''C, a 1 minute annealing at 50°C and a 1 minute elongation at 72"C and, finally, 15 

minutes of elongation at ITC. The primary PCR contained 10% DMSO, 200 |a,M dNTPs, 

2 ^iM of both the Acc I primer and the mutant primer, and 2 ng of pBCa2C4A as template 

to yield a 701 base pair (bp) product. AmpIiTaq polymerase (Perkin Elmer, Branchburg, 

N.J.) was used in all reactions (0.5 |i,l/reaction). The product of this primary PCR was 

purified using Geneclean II (Bio 101, Inc., Vista, CA) and half of it was used as a 

megaprimer in a second PCR run essentially under the same conditions as the primary 

PCR with the following changes; 4 |iM pBCSal I primer and 100 ng template. The second 

reaction yielded a 1006 bp product. This product was restriction digested and cloned into 

WT pBCa2C4A, using the unique Sal I and Acc I sites, to yield the mutant plasmid 

F452-^C. The mutation was verified by dideoxy sequencing (USB, Cleveland, OH). 

The mutant F452—>G was constructed using essentially the same conditions as 

F452—>C with one primer change. The F452—>G mutant primer (antisense, (XjC bases 

1377-1400) 5' CCG TCG GCC GAG GAT GTG CTT GAA 3' was used instead of the 

F452->C mutant primer in the first PCR. 

The F420 Deletion mutant was also made using the same conditions as F452—>C 

with the following changes. The annealing temperature for the PCR was increased to 55"C 

to prevent the formation of extra products. The primers used for the first reaction were 
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#958 (sense, aaC bases 699-715) 5' CTG CGG ATC CGC G/TCC C/TTG CCT CAT 

CAT 3' and the deletion primer (antisense, a^C bases 1311-1286) 5' AGC CGA TCC 

AGA AGA ACT TGA AGA GC 3 

4.2.2 Cell Culture and Transfections 

COS-7 cells and JEG-3 human choriocarcinoma cells were cultured in DMEM 

medium supplemented with 5% fetal calf serum, 100 units/ml penicillin and 100 |ig/m! 

streptomycin at 37°C under 5% CO2. The cljC constructs were expressed in COS-7 cells 

for both radioligand binding and immunofluorescence microscopy and in JEG-3 cells for 

functional coupling. 

Transient transfections using the DEAE-dextran method and DMSO shock were 

performed in COS-7 cells (Lopata et al, 1984; Cullen, 1987). Cells were plated in 150 

mm dishes 1-2 days prior to transfection for ligand binding and were transfected with 50 

|ig of plasmid DNA/dish. Cells were harvested for ligand binding three days after 

transfection. For immunofluorescence microscopy, COS-7 cells were plated in 100 mm 

dishes containing 4-5 coverslips. 

Transient transfections using the calcium phosphate method and DMSO shock 

were performed in JEG-3 cells for functional studies (Grahm and van der Eb, 1973). Cells 

were plated in 100 mm dishes 1-2 days prior to transfection and were transfected with 10 
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fig of plasmid DNA encoding the WT or mutant receptor and ID |ig of 

TESgIIICRE(+)dNHSE reporter plasmid DNA encoding a cAMP-responsive 

chloramphenicol acetyl transferase activity (Delegeane et ai, 1987). Two days after 

transfection, the cells were rinsed twice with DMEM and drugs were added in 5 ml of 

DMEM. Four hours later the cells were harvested for [^HJchloramphenicoI acetyl 

transferase (CAT) assay. 

4.2.3 Immunofluorescence Microscopy 

Cell were fixed in phosphate buffered 4% paraformaldehyde for 

immunofluorescence microscopy essentially as described (Huang et al, 1995). Briefly, 

after fixation, the cells were washed with PBS (2.7 mM KCl, 1.5 mM KH2PO4, 137 mM 

NaCl and 8.1 mM Na2HP04, pH 7.4) and then treated with sodium borohydride (1 mg/ml) 

for 10 minutes and washed again. Cells were permeabilized with 0.05% saponin in PBS 

containing 10% goat serum. After permeabilization, cells were incubated for one hour at 

room temperature with a primary antibody specific for the aaC AR (Huang et al, 1995; 

Vanscheeuwijck et al, 1993) and then incubated for one hour in darkness with a 

flourescein labeled rabbit anti-chicken IgG (Pierce, Rockford, IL ). The cells were washed 

with PBS and mounted on slides with p-phenylenediamine. Micrographs were taken using 

a Leica TCS-4D confocal microscope with a FITC dichroic filter for F452^C expression 



71 

or an Olympus BH-2 equipped for FITC fluorescence for F452->G and F420 deletion 

expression. 

4.2.4 Chloramphenicol Acetyltransferase (CAT) Assay 

The measurement of fiinctional coupling using a CRE-CAT reporter was done 

essentially as described by Pepperl and Regan (1993). After a four hour drug incubation, 

cells were washed two times with PBS and then scraped into I ml of cold buffer 

containing 40 mM Tris, pH 7.5, 1 mM EDTA, 150 mM NaCl. The cells were spun down 

and resuspended in 0.2 ml of 0.25 M Tris, pH 7.5. After three cycles of fi-eeze thaw, the 

membranes were spun down and CAT assays were performed at 37''C for one hour using 

50 |il of cytosol, 300 mM butyryl CoA and 200 nCi [^HJchloramphenicol. The reaction 

was stopped with 200 |il of mixed xylenes and the xylenes were back extracted two times 

with 100 jj,l of 10 mM Tris, pH 8.0, 1 mM EDTA. Radioactivity was measured by liquid 

scintillation counting using a Beckman LS 5000TD. 

4.2.5 Radioligand Binding 

In order to measure radioligand binding, transiently transfected cells were rinsed 

twice with PBS and scraped into 5 ml of TME (50 mM Tris/10 mM MgCl2/I mM EDTA, 

pH 7.4). The cells were then homogenized and centrifiiged at 20,000 RPM for 20 minutes. 
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The resulting membrane pellet was resuspended in TME. The amount of protein was 

determined using the Bio Rad protein assay (Bio Rad, Hercules, CA). [^H]Rauwolscine 

binding was performed for I hour at room temperature in a total volume of 500 |al, after 

which the membranes were filtered through Whatman GF/C filters as previously described 

(Regan et ai, 1988). Total binding was determined with 50 ng of membrane protein per 

tube using 10 nM [^H]rauwolscine. Non-specific binding was determined in the presence 

of 10 mM phentolamine. Specific binding was determined by subtracting non-specific 

binding fi'om total binding. Some membranes were treated with IM hydroxylamine in 

TME, pH 7.4 for 30 minutes at 37°C with gentle shaking after centrifligation (Moench et 

ai, 1994). Hydroxylamine treated membranes were then washed 2 times with 20 ml of 

TME prior to [^H]rauwolscine binding. Membrane binding was quantified by liquid 

scintillation counting using a Beckman LS 5000TD. 

4.3 RESULTS 

4.3.1 Carboxy Terminal Mutants 

Figure 4.2 shows photomicrographs following immunofluorescence labeling of 

COS-7 cells and JEG-3 cells expressing the WT a2C AR or the mutant, F452->C. COS-7 

cells, used for radioligand binding studies, were transiently transfected with the WT a2C 

AR or with the mutant, F452—>C, and labeled with an antibody specific for the third 

intracellular loop of the (X2C AR. The photomicrographs clearly show that, like the WT 
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Figure 4.2 Expression of wild type ctiC (A) or F452—>C (B) in COS-7 cells and 
wild type a2C (C) or F452->C (D) in JEG-3 cells. 
Cells were transiently transfected and labeled with an antibody specific for the third 
intracellular loop of the aiC AR as described in Materials and Methods. 
Photomicrographs were taken with a Leica TCS-4D confocal microscope. The bar in the 
lower right panel is 10 |am. This is representative of four separate experiments. 
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a2C, the mutant receptor, F452->C, is expressed in COS-7 cells. JEG-3 cells, used for 

functional coupling studies, were also transiently transfected with the wild type aaC AR or 

with F452->C and labeled with the aaC specific antibody. The photomicrographs show 

that, like the WT a2C, the mutant receptor is expressed in JEG-3 cells. This indicates that 

the mutation of phenylalanine 452 to cysteine in the carboxy terminus of the aiC AR does 

not interfere with expression of this receptor or with detection of the receptor by an ajC-

specific antibody which recognizes the third intracellular loop. 

Figure 4.3 shows the functional activity of F452—>C and WT cliC in response to 

epinephrine, a non-selective catecholamine agonist or dexmedetomidine, an a2-selective 

imidazoline agonist (Virtanen et al., 1988). There is a dose dependent decrease in 

forskolin-stimulated CAT activity in response to either agonist in JEG-3 cells transiently 

transfected with the WT receptor. However, in JEG-3 cells transiently transfected with 

F452—>C, there is no change in forskolin-stimulated CAT activity in response to either 

agonist. This indicates a lack of functional coupling of the mutant receptor. 

Figure 4.4 shows the binding of [^H]rauwolscine to COS-7 cells transiently 

transfected with WT a2C or F452—>C. There is specific binding to membranes transfected 

with WT CLjC. However, there is no specific binding to F452^C transfected membranes 

as indicated by similar levels of total and non-specific binding. Figure 4.5 shows the effect 

of hydroxylamine pretreatment of membranes prepared fi^om COS-7 cells transiently 

transfected with F452—>C. Whereas there is no specific binding without 
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Figure 4.3 Functional coupling of wild type ajC AR (•) and F4S2—>C (A) in 
JEG-3 cells using a CAT reporter gene assay. 
Transiently transfected cells were treated with 10 [iM forskolin and either epinephrine (A) 
or dexmedetomidine (B) and then CAT assays were performed as described in Methods. 
The data are expressed as the mean +/- SEM for at least four plates per point from at least 
three separate experiments. 
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Figure 4.4 Total and non-specific binding of [^H]rauwoIscine to wild type ajC or 
F452->C transfected COS-7 cells membranes. 
Binding assays were performed on membranes prepared from transiently transfected COS-
7 cells as described in Materials and Methods. Open bars are total binding and hatched 
bars are non-specific binding. A representative experiment of seven is shown with each bar 
representing the mean +/- SEM of three measurements. 
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Figure 4.5 Hydroxylamine pretreatment and radioligand binding of 
[^H|rauwolscine to F452—>C transfected COS-7 cell membranes. 
Binding assays were performed on hydroxylamine treated and untreated membranes 
prepared from transiently transfected COS-7 cells as described in Materials and Methods. 
Open bars are total binding and hatched bars are non-specific binding. A representative 
experiment of seven is shown with each bar representing the mean +/- SEM of three 
measurements. 
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Figure 4.6 Expression of wild type aiC (A) or F452->G (B) in COS-7 ceils. 
Cells were transiently transfected and labeled with an antibody specific for the third 
intracellular loop of the a2C AR as described in Materials and Methods. 
Photomicrographs were taken with an Olympus BH-2 microscope equipped for FITC 
fluorescence. Original magnification is 20X. This is representative of three separate 
experiments. 
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Figure 4.7 Functional coupling of wild type azC AR (•) and F452->G (A) in 
JEG-3 cells using a CAT reporter gene assay. 
Transiently transfected cells were treated with 10 |aM forskolin and either epinephrine (A) 
or dexmedetomidine (B) and then CAT assays were performed as described in Materials 
and Methods. The data are expressed as the mean +/- SEM for at least four plates per 
point from at least three separate experiments. 
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treatment, hydroxylamine restores specific binding to F452—>C. In addition, 

hydroxylamine treatment does not affect non-specific binding. Because hydroxylamine has 

been shown to selectively hydroiyze thioester linkages like those between cysteine and 

palmitic acid (Morrison et al., 1991), paimitoylation is most likely responsible for the lack 

of rauwolscine binding to COS-7 cell transfected with the mutant receptor, F452-^C. 

Figure 4.6 shows the expression of F452—>G and like the wild type a2C AR, 

F452—>G is expressed in COS-7 cells. Therefore, this mutation does not interfere with 

receptor processing or expression. Figure 4.7 shows the fiinctional activity of the glycine 

mutant. Like the WT tXiC AR, F452—>G is able to respond to either epinephrine or 

dexmedetomidine with a decrease in forskolin-stimulated CAT activity indicating that 

F452—>G is a fiinctional receptor, unlike F452—>C. 

4.3.2 Seventh Transmembrane Mutant 

Figure 4.8 shows expression of the F420 deletion in COS-7 cells as assessed by 

immunofluorescence microscopy. Like the WT a.2C AR, the mutant is expressed in COS-7 

cells. Therefore, this deletion in the seventh transmembrane domain of the receptor does 

not interfere with processing or expression of the mutant receptor. 

Figure 4.9 shows that the F420 deletion does not respond to epinephrine with any 

change in forskolin-stimulated CAT activity. This mutation in the seventh transmembrane 
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Figure 4.8 Expression of wild type azC (A) or F420 deletion (B) in COS-7 cells. 
Cells were transiently transfected and labeled with an antibody specific for the third 
intracellular loop of the a2C AR as described in Materials and Methods. 
Photomicrographs were taken with an Olympus BH-2 microscope equipped for FITC 
fluorescence. Original magnification is 20X. This is representative of three separate 
experiments. 
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Figure 4.9 Functional coupling of wild type azC AR (•) and F420 Deletion (•) 
in JEG-3 cells using a CAT reporter gene assay. 
Transiently transfected cells were treated with 10 |iM forskolin and epinephrine and then 
CAT assays were performed as described in Materials and Methods. The data are 
expressed as the mean +/- SEM for at least four plates per point from at least three 
separate experiments. 
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Figure 4.10 Functional coupling of wild type ajC AR (•) and F452-^C (A) in 
JEG-3 cells using a CAT reporter gene assay. 
Transiently transfected cells were treated with 10 jiM forskolin and epinephrine and then 
CAT assays were performed as described in Materials and Methods. The data are 
expressed as a percent of wild (y/Je-forskolin stimulated CAT activity. The data represent 
the mean +/- SEM for at least four plates per point from at least three separate 
experiments. 
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Figure 4.11 Basal activity of pCRE alone, wild type azC, F452^G, F452—>C and 
F420 deletion. 
Basal CAT activity was measured in transiently transfected JEG-3 cells without treatment 
as described in Materials and Methods. This experiment is representative of 4 separate 
experiments. 
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Figure 4.12 Effect of hydroxylamine on wild type azC [^H]rauwolscine binding. 
Membranes prepared from COS-7 cells transiently transfected with the a2C AR were 
pretreated with hydroxylamine as described in Materials and Methods prior to 
["HJrauwolscine binding. Bars are the mean +/- SEM of 5 separate experiments. 
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domain of the receptor does interfere with functional coupling like the F452^C mutation 

in the carboxy terminus. 

4.3.3 Basal Activity 

Figure 4.10 shows the functional activity of F452^C with the data plotted as a 

percent of wild type forskolin-stimulated CAT activity. There is an overall decrease in the 

level of activity of the mutant receptor when compared to the wild type receptor. This 

indicates that there is a higher basal activity in WT-transfected cells in this system. 

Figure 4.11 shows the level of basal CAT activity of the CRE alone, the WT azC 

AR and the three mutants; F452->G, F452->C and F420 deletion. The level of basal 

activity of the inactive mutants is much lower than that of the WT aiC AR. Furthermore, 

the basal activity of F452->G, an active mutant, is comparable to that of the WT aiC AR. 

This indicates that functional activity is required for the increase in basal CAT activity in 

this system. 

4.3.4 Qydroxylamine Pretreatment of the WT azC AR 

Figure 4.12 shows [^HJrauwolscine binding to COS-7 cell membranes transiently 

transfected with WT a2C, with and without hydroxylamine pretreatment. There is specific 

binding to untreated membranes but there is a dramatic four fold increase in binding to 

membranes pretreated with hydroxylamine. This is not an effect on receptor palmitoylation 
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as was the case with the mutant receptor, because the aaC AR does not contain a carboxy 

terminal cysteine which is a site for palmitoylation. This is also not an effect on the cell 

membrane because non-specific binding was not affected by hydroxylamine. Therefore, the 

effect of hydroxylamine on the WT a2C AR is most likely due to perturbation of the 

receptor/G-protein interaction. 

4.4 DISCUSSION 

Two mutations were made at phenylalanine 452 in the carboxy terminus of the a^C 

AR, which is a cysteine in most ARs. In addition to lacking the cysteine at position 452, 

there are no other cysteines in the carboxy terminus of the a2C AR which could be 

potential palmitoylation sites. From a sequence comparison of selected adrenergic 

receptors (Figure 4.1), it is clear that this cysteine is well conserved across several families 

of receptors as well as within the family of a2-ARs. This cysteine has been shown to be 

palmitoylated in both the Pa-AR and the a2A AR. The palmitoylated cysteine is then 

thought to interact with the membrane to form a fourth intracellular loop which has been 

shown to be important to receptor function. Based on the importance of palmitoylation to 

the function of both the P2-AR and the a2A AR, the lack of a palmitoylation site in the 

carboxy terminus of the a2C AR is intriguing. 

Palmitoylation is a post-translational lipidation process like myristoylation and 

prenylation, in which a sixteen carbon chain is attached to cysteine through a thioester 



linkage (Magee, 1990; Casey, 1995). Mutation of the palmitoylated cysteine to glycine in 

the carboxy terminus of the (32-AR interferes with receptor/G-protein coupling (O'Dowd 

et al., 1989) and a cysteine to phenylalanine mutation in the aaA AR interferes with down-

regulation (Eason et al., 1994). Unlike other lipidation processes, palmitoylation may be a 

much more dynamic modification. It has been shown that agonist activation of the P2-AR, 

resuhs in a turnover of palmitate. Both a palmitoyl transferase activity and a palmitoyl 

thioesterase have been identified which could regulate this turnover (Bouvier et al., 1995). 

In addition to GPCRs, G-proteins and Ras have also been shown to be palmitoylated. 

Thus, it has been suggested that G-protein palmitoylation may be responsible for cellular 

localization of these proteins (Mcllhinney, 1990; Wedegaertner and Bourne, 1994; 

Mumby and Muntz, 1995). It is clear that palmitoylation plays an important role in the 

signal transduction of GPCRs. 

With the obvious role that palmitoylation plays in the function of some GPCRs, 

three possibilities were raised to explain this lack of palmitoylation site in the azC AR. 

Palmitoylation may not be required for functional activity of the azC AR and therefore, 

cysteine 452 has been mutated without consequence to receptor function, through the 

normal evolutionary process, to phenylalanine. Another possibility is that the hydrophobic 

side chain of phenylalanine may effectively substitute for palmitoylation and allow an 

interaction with the membrane. The possibility also exists that a palmitoylated cysteine is 

not tolerated in the carboxy terminus of the a2C AR. 



Two mutations were made in the carboxy terminus of the azC to attempt to 

explain the lack of a palmitoylation site in this subtype. The location of the mutations are 

indicated by white arrows in Figure 1.3. Phenylalanine 452 in the carboxy terminus of the 

a2C AR was changed to cysteine to introduce a palmitoylation site into the receptor 

(F452->C), and to glycine to eliminate the hydrophobic side chain of phenylalanine 

(F452-^G). These mutants were then evaluated for their ability to be expressed, functional 

coupling to a cAMP-responsive CAT reporter gene and binding of [^H]rauwolscine, an 

a2-selective antagonist. 

Expression of the mutant receptors was evaluated using an antibody specific for 

the a2C subtype. Antibodies were developed in our laboratory in chickens, using fusion 

protein constructs containing the third intracellular loop of each subtype of a2-AR. These 

antibodies were fully characterized and shown to be selective for each subtype, without 

cross-reactivity between subtypes, although the antibodies do recognize a2-AR subtypes 

from different species (Huang et al., 1995). The specificity of the antibodies for a2-ARs is 

evident in untransfected COS-7 cells and JEG-3 cells which do not express a2-ARs and do 

not exhibit any labeling with the a2-AR antibodies. In addition, each antibody can be 

blocked by preincubation with the corresponding fusion protein but not by preincubation 

with a fusion protein specific for a different subtype (Huang et al., 1995). 

F452—>C was expressed in both COS-7 cells and JEG-3 cells, indicating that the 

mutation did not interfere with basic transcription or translation. Although 
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immunofluorescence microscopy is not a quantitative measure of receptor expression, it 

does provide evidence that the mutant receptor is expressed and recognized by an 

antibody directed against the third intracellular loop of the WT azC. F452->C expression 

was evaluated by confocal microscopy. Therefore, Figure 4.2 shows fluorescence labeling 

in the middle of a cell. The pattern of labeling is similar for both the mutant and the WT 

receptor and does not appear to be intracellular labeling. However, it is possible that there 

is intracellular labeling as well as plasma membrane labeling. 

Because the receptor is recognized by the WT antibody, it is probable that the 

mutation did not induce a global conformational change in F452—>C. However, this 

mutant receptor did not respond to agonist treatment nor did it bind [^H]rauwolscine. 

Pretreatment of membranes expressing F452-^C with hydroxylamine restored some 

specific binding of [^H]rauwolscine. Hydroxylamine is widely accepted to selectively 

hydrolyze thioester linkages like those formed between cysteine and palmitic acid 

(Morrison et al., 1991; Ng a/., 1994). Therefore, it is concluded that cysteine interferes 

with the function of the aaC AR. Although palmitoylation of F452-^C was not shown 

directly, the restoration of specific binding by hydroxylamine, is indirect evidence for 

palmitoylation of the mutant receptor. 

Palmitoylation could induce a conformational change affecting receptor function 

through interaction with the cell membrane, as has been demonstrated for rhodopsin 

(Moench et al., 1994). In fact, it has been shown that depalmitoylation of rhodopsin can 
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alter specific functions of that receptor (Morrison e/ a/., 1991). A conformational change 

induced by palmitoylation of F452->C may explain the lack of antagonist binding and 

functional coupling as well as the restoration of binding by hydroxylamine treatment. 

Interestingly, changing phenylalanine to glycine did not disrupt receptor function. 

Glycine is not palmitoylated, as evidenced by the 32-AR in which cysteine was mutated to 

glycine eliminating receptor palmitoylation (O'Dowd et al., 1989). In addition, glycine 

does not have a large hydrophobic side chain like phenylalanine. Because the glycine 

mutation does not interfere with receptor flinction, it would seem that the carboxy 

terminus of the cL^C AR does not interact with the membrane through the hydrophobic 

side chain of phenylalanine. However, this does not preclude an interaction with the 

membrane in some other way. For example, a sequence of consecutive basic amino acids 

participates in the interaction of Ras proteins with the membrane (Mitchell et al., 1994; 

Cadwallader el al., 1994). These basic amino acids are thought to interact with the 

negative head group of the membrane phospholipids and substitute for palmitoylation of 

the carboxy terminus. The azC AR has a group of five basic arginines (Figure 4.1) 

immediately following phenylalanine 452, which could participate in this type of membrane 

interaction. 

F452—>C illustrates that a cysteine, which is likely palmitoylated, disrupts the 

function of the aiC AR. F452—>G indicates that the receptor did not develop another 

method for interaction with the membrane through the hydrophobic side chain of 



phenylalanine. It is also clear that this is not simply a case of a single amino acid being 

changed evolutionarily, without consequence, because the amino acid does not play a 

significant role in receptor function. From the data presented, cysteine is not tolerated in 

the carboxy terminus of the azC AR and palmitoylation of this cysteine may contribute to 

the disruption of functional coupling and ligand binding of this mutant a2C AR. 

In transmembrane domain 7 (TM7), another well conserved region of the a2C AR 

(Figure 4.1), one of three consecutive phenylalanines was deleted at position 420 (F420 

deletion). Only the fish aa-AR lacks the third phenylalanine in TM7. The F420 deletion 

mutant was evaluated for expression and function. Interestingly, deletion of phenylalanine 

420 in TM7 of the a2C AR disrupted receptor signal transduction. Although the receptor 

was expressed, it did not respond to agonist treatment nor did it bind [^H]rauwolscine. 

The fact that TM7 has been shown to be involved in antagonist binding may explain the 

lack of [^H]rauwoiscine binding (Suryanarayana et al., 1991). However, this does not 

necessarily explain why a mutation in TM7 should affect functional coupling of the 

receptor. 

The carboxy terminus of GPCRs has been shown to be involved with coupling to 

G-proteins while TM7 has been shown to be involved with antagonist binding (Kobilka ei 

al., 1988). Disruption of receptor function by separate mutations in TM7 and in the 

carboxy terminus, indicates that conformational changes are communicated between the 

two regions (Figure 4.13). Disruption of function by the F420 deletion mutation in TM7, 
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Figure 4.13 Communication between the carboxy terminus and the seventh 
transmembrane domain of the azC AR. 
Ligand binding in the transmembrane domains induces a conformational change which is 
communicated to the carboxy terminus of the receptor. This also functions in reverse, 
such that G-protein coupling in the carboxy terminus induces a conformational change 
which is communicated to the transmembrane domains of the receptor. 



is evidence that ligand binding in the transmembrane domains of the receptor induces a 

conformational change which is communicated by TM7 to the carboxy terminus. The 

reverse is also true based on the mutation in the carboxy terminus which disrupts ligand 

binding. Therefore, conformational changes are communicated from the carboxy terminus 

to TM7 and from TM7 to the carboxy terminus. This communication may play a role in 

signal transduction and receptor desensitization and/or down-regulation. 

Several other mutations were made in the carboxy terminus of the (X2C AR in the 

course of evaluating the lack of function of the mutant receptors. It was not clear at first, 

if palmitoylation was responsible for the lack of function of F452—>C because the deletion 

mutation in TM7 also disrupted fijnction. If a conformational change had been induced by 

both mutations, a double mutation might restore function to the receptor. Therefore, an 

F452—>C/F420 deletion mutant was constructed. This mutant was also non-functional. At 

this point, another region of the carboxy terminus of the azC AR was identified which has 

a unique amino acid sequence compared to the other two subtypes of aa-AR. Seven amino 

acids prior to phenylalanine 452 there is a serine-proline in the aiC AR (Figure 4.1). The 

other two subtypes of ai-AR have arginine-alanine at this position. Because of the unique 

structure of proline and the conservation of arginine-alanine in the other two subtypes of 

a2-AR, it was thought that this might represent a region of the ajC AR which impacts 

receptor structure and fiinction. Therefore, a double PS-^RA mutation was introduced 

into the carboxy terminus of the azC AR. This again resulted in a non-fiinctional receptor. 



The triple mutation, F452->C/PS—>RA was also made to determine if these three unique 

features of the aiC AR subtype, could, all together, restore function to the receptor. 

However, this was not the case and another non-fiinctional mutant was produced. Other 

point mutations were also made at position 452 in the carboxy terminus of the aiC AR to 

determine if the lack of function of the cysteine mutant was unique. Mutation of 

phenylalanine to serine (a polar amino acid) or tryptophan (another amino acid with a 

hydrophobic side chain like phenylalanine), which does introduce significant changes into 

the carboxy terminus of the a2C, also produced non-functional receptors. Clearly, the 

carboxy terminus of the aiC AR is a very important region of the receptor because most 

amino acid changes in this region eliminated receptor function. In addition, the overall 

structure of the carboxy terminus appears to be very important and may explain the loss of 

function with the F420 deletion in TM7 which is so closely associated with the carboxy 

terminus. It was at this point that the palmitoylation of cysteine in F452—>C, became the 

focus of attention. JEG-3 cells transfected with F452^C were treated with hydroxylamine 

in an attempt to restore function of this mutant receptor, however, the JEG-3 cells lifted 

off of the plate after just minutes of hydroxylamine treatment. Hydroxylamine was then 

used to treat F452->C transfected COS-7 cell membranes prior to binding experiments, 

restoring ligand binding and indicating that palmitoylation was likely responsible for the 

lack of function of this particular mutant receptor. 
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Several other interesting observations were made about the function of the a2-ARs 

in the course of evaluating the receptor mutants. Originally, F452—>C was thought to be a 

constitutively active receptor coupled to the inhibitory G-protein, G;. If the data showing 

inhibition of forskolin-stimulated CAT activity is plotted as a percent of WT a2C activity, 

F452—>C activity is consistently lower than that of the WT receptor. This was initially 

interpreted to be constitutive activation of G; by the mutant receptor, F452—>C. In order 

to determine if this was in fact constitutive activity, several experiments were performed. 

There was no effect of pertussis toxin on the activity of F452-^C indicating that its lower 

basal activity was not due to coupling to G,. Furthermore, there was no decrease in overall 

"constitutive" activity of the WT receptor with co-transfection of the mutant receptor. 

Together, these data indicate that the mutant F452—>C is not constitutively active but 

instead, inactive. 

In the course of determining that the F452—>C mutant was not active, the basal 

activity of the different receptors was evaluated. It was found that the WT aiC AR has a 

consistently higher basal activity than any of the mutant receptors which did not bind 

ligand or couple to second messenger. Interestingly, the basal activity of F452—>G, a 

functional mutant, is at the level of the WT aiC AR. Several explanations are possible for 

this phenomenon. First, a2-ARs are coupled to Gi, an inhibitory G-protein. It may be that 

an increase in basal levels of cAMP in the presence of the receptor precedes activation of 

the receptor. This would serve to amplify the decrease in cAMP that follows receptor 



activation. A second possibility lies in the ability of a2-ARs to pre-couple to G-proteins 

(Tian et al., 1994). It has been shown that az-ARs are able to couple to the stimulatory G-

protein, G, in a recombinant system (Pepperl and Regan, 1993). Precoupling to G, could 

also explain the increase in basal activity seen with flinctional receptors. In either case, it is 

important to remember that the receptors are generally considered to be overexpressed in 

recombinant transient transfection systems and this too, could contribute to basal changes. 

However, even the non-fiinctional receptors are overexpressed, as assessed by 

immunofluorescence microscopy, and they do not increase basal activity in this system so 

at least some component of this affect is attributable to a functional receptor. 

An observation was also made concerning hydroxylamine treatment of WT ctjC 

transfected COS-7 cell membranes prior to [^H]rauwolscine binding. There was an 

unexpected four fold increase in [^H]rauwolscine binding after treatment with 

hydroxylamine, with no increase in non-specific binding. The effect of hydroxylamine on 

the WT a2C binding is probably different fi^om the eflfect on F452->C binding. The effect 

on F452->C is likely attributable to palmitoylation of the mutant receptor. The wild type 

aiC AR does not have the expected palmitoylation site in its carboxy terminus nor does it 

have any other cysteines in its carboxy terminus that could be potential palmitoylation 

sites. In addition, there is no eflfect of hydroxylamine on non-specific binding, which 

indicates that the effect is not simply a membrane effect. However, it is possible that a 



change in membrane structure could be responsible for a change in receptor conformation 

which exposes previously inaccessible binding sites. 

There is also an alternative explanation for the increase in [^HJrauwolscine binding 

to the WT aiC AR. There is evidence that ai-ARs are able to precouple to G-proteins and 

that this precoupling may prevent antagonist binding. An increase in the affinity and Bma.x 

of [^H]rauwolscine binding was seen in a2B transfected PC-12 cell membranes treated 

with pertussis toxin, indicating that precoupling may preclude ligand binding (Shi and 

Deth, 1994). In addition, there is evidence that G-protein palmitoylation plays a role in 

membrane association of the G-protein (Wedegaertner et al., 1995). Inhibitory G-proteins 

have also been shown to be myristoylated (Milligan et al., 1995b). However, in contrast to 

palmitoylation, myristoylation alone is not sufficient to provide membrane anchoring of the 

protein (Wedegaertner et al., 1995). Therefore, the increase in specific binding after 

treatment of the WT aaC AR transfected membranes with hydroxylamine is possibly due 

to removal of palmitic acid from G-proteins, thus removing the G-proteins from the 

membrane, disturbing receptor precoupling and exposing heretofore unavailable binding 

sites. 

The elevated basal activity of the WT a2C as well as increased specific binding to 

the WT aaC after hydroxylamine treatment, along with previous studies, suggest that a2-

ARs have the ability to precouple to G-proteins. Precoupling may play a role in a2-AR 

signal transduction. Therefore, the action of negative antagonists which theoretically 
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prevent precoupling, may serve a physiological function, eliminating basal constitutive 

activity of the ai-ARs. 

In summary, mutations in the carboxy terminus and the seventh transmembrane 

domain of the a2C AR interfere with ligand binding and signal transduction. This indicates 

that there is likely a functional communication that occurs between these two regions of 

the receptor which are involved in ligand binding and G-protein coupling. Thus, ligand 

binding is communicated fi^om TM7 to the carboxy terminus for signal transduction and 

G-protein coupling is communicated from the carboxy terminus to TM7, possibly for 

receptor desensitization and down-regulation. 
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CHAPTERS 

CO-EXPRESSION OF ALPHA-2 ADRENERGIC RECEPTOR SUBTYPES 

5.1 INTRODUCTION 

There is evidence to suggest a very broad physiological role for a2-ARs. Although 

the a2-ARs were originally thought to be simply pre-junctional receptors which regulated 

the release of neurotransmitter, these receptors have since been shown to be expressed in 

many diverse tissues and cell types. For example, the a2A subtype was purified and cloned 

from human platelets (Regan et al., 1986; Kobilka et al.^ 1987a). Some of the 

physiological roles of the a2-ARs include platelet aggregation, vascular smooth muscle 

contraction and lipolysis (RufiFolo Jr. et al., 1993). However, because cell types which 

express the a2-ARs are still being identified, the total picture of the physiological role that 

these receptors play is not yet completely clear. 

Generally, single receptor subtypes are thought to be expressed in single cell type. 

However, recent data from our laboratory has suggested that expression of multiple o-z-

AR subtypes in a single cell type may be a common occurrence. If co-expression of a2-

ARs is a common occurrence, it may be important to consider the effect of co-expression 

on a2-AR signal transduction. It is possible that co-expression of aa-AR subtypes could 

produce a different pattern of signal transduction than expression of single a2-AR 

subtypes. 
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Each individual human ai-AR receptor subtype has a unique pattern of signal 

transduction; the azA is biphasic, the a2B is mostly stimulatory and the a2C is mostly 

inhibitory in a recombinant system which measures cAMP-responsive CAT reporter gene 

activity. Although individual subtypes in a recombinant system stimulated cAMP 

formation, there is no evidence that endogenous ai-ARs stimulate cAMP formation. This 

suggests that co-expression may produce a different pattern of signal transduction. In 

addition, mice which do not express the a2C subtype, develop normally. Therefore, there 

may be a redundancy of a2-AR subtype function. These experiments were designed to 

determine if there is a different pattern of signal transduction with co-expression of aj-

ARs subtypes and/or if there is a redundancy of subtype function. 

Transient transfection was utilized to evaluate the impact of co-expression of the 

human a2-AR subtypes on receptor signal transduction. Co-expression of two subtypes as 

well as all three subtypes of a2-ARs was analyzed. All combinations were treated with a 

dose range of epinephrine and dexmedetomidine. The dose response to agonist in the 

presence of more than one subtype was evaluated and compared to the dose response of 

the individual a2-ARs subtypes. 
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5.2 MATERIALS AND METHODS 

5.2.1 Alpha-2 AR Expression in Rat KupfTer Cells 

KupfFer cells were isolated from rat liver using countercurrent centrifugation in an 

elutriator rotor (Knook and Sleyster, 1976). After 24 hours in culture the cells were fixed 

in phosphate buffered 4% paraformaldehyde for immunofluorescence microscopy 

essentially as described (Huang et al, 1995). Briefly, after fixation, the cells were washed 

with PBS and then treated with sodium borohydride (I mg/ml) for 10 minutes and washed 

again. Cells were permeabilized with a 0.05% saponin in PBS containing 10% goat serum. 

After permeabilization, cells were incubated for one hour at room temperature with 

primary antibody specific for the azA (1:500), a2B (1:25) and the aiC (1:25) ARs. After 

washing, the cells were incubated for one hour in darkness with a fluorescein labeled 

rabbit anti-chicken IgG (Pierce, Rockford, IL). The cells were washed with PBS and 

mounted on slides with p-phenylenediamine. Micrographs were taken using an Olympus 

BH-2 equipped for FITC fluorescence. 

5.2.2 JEG-3 Cell Culture and Transfections 

JEG-3 human choriocarcinoma cells were cultured in MEM medium supplemented 

with 5% fetal calf serum, 100 units/ml penicillin and 100 [xg/ml streptomycin at 37"C 

under 5% CO2. The human a2AR constructs were expressed in JEG-3 cells for functional 
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coupling studies. Transient transfections were performed using the calcium phosphate 

method and DMSO shock (Grahm and van der Eb, 1973). Cells were plated in 100 mm 

dishes 1-2 days prior to transfection and were transfected with 10 |j,g each of two or three 

subtypes of human aa-AR plasmid DNA and 10 ng of TESgIIICRE(+)dNHSE reporter 

plasmid DNA encoding a cAMP-responsive chloramphenicol acetyl transferase activity 

(Delegeane et ai, 1987). Two days after transfection, the cells were rinsed twice with 

MEM and drugs were added in 5 ml of MEM. Four hours later the cells were harvested 

for [^H]chloramphenicol acetyl transferase (CAT) assay. 

5.2.3 Chloramphenicol Acetyltransferase (CAT) Assay 

The measurement of flinctional coupling using a CRE-CAT reporter was done 

essentially as described by Pepperl and Regan (1993). After a four hour drug incubation, 

cells were washed two times with PBS and then scraped into I ml of cold buffer 

containing 40 mM Tris, pH 7.5, 1 mM EDTA, 150 mM NaCl. The cells were spun down 

and resuspended in 0.2 ml of 0.25 M Tris, pH 7.5. After three cycles of fi-eeze thaw, the 

membranes were spun down and CAT assays were performed at 37''C for one hour using 

50 |il of cytosol, 300 mM butyryl CoA and 200 nCi [^Hjchloramphenicol. The reaction 

was stopped with 200 |j.l of mixed xylenes and the xylenes were back extracted two times 
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Figure 5.1 Expression of az-AR subtypes in rat Kupfler cells. 
Panel A shows autofluorescence in the absence of primary and secondary antibodies. Cells 
were labeled as described in Materials and Methods with antibodies developed in chickens 
specific for a2A (B), 026 (C), and a2C (D). The secondary antibody was a FITC-
conjugated rabbit anti-chicken IgG. Original magnification is 60X. This experiment was 
repeated 4 times. 



105 

with 100 |il of 10 raM Tris, pH 8.0, 1 mM EDTA. Radioactivity was measured by liquid 

scintillation counting using a Beckman LS 5000TD. 

5.3 RESULTS 

Figure 5.1 shows expression of the three subtypes of aa-AR in rat Kupflfer cells, 

the resident macrophage of the liver. The level of yellow autofluoresence of this cell type 

is high. However, the green specific labeling of a2A, a2B and a^C in these cells is clear. 

Therefore, Kupflfer cells express all three subtypes of aa-ARs. 

Figure 5.2 shows the activity of the human a2K 0128 and a2C co-expressed in 

JEG-3 cells in response to epinephrine or dexmedetomidine treatment. Maximal inhibition 

is approximately 100% at 10 nM epinephrine and 63% at O.l nM dexmedetomidine. There 

is no stimulation of activity above forskolin-stimulated activity at any dose tested. 

Figure 5.3 shows the activity of cljA. and a2B co-expression in response to 

epinephrine or dexmedetomidine treatment. Maximal inhibition is about 50% at 10 nM 

epinephrine and 15% at 0.1 nM dexmedetomidine. There is some stimulation of activity at 

higher doses of dexmedetomidine. 

Figure 5.4 shows the activity of a2B and aaC co-expression in response to 

epinephrine or dexmedetomidine treatment. Maximal inhibition is about 70% with 10 nM 

epinephrine and 57% with 0.1 nM dexmedetomidine. There is no stimulation with either 

agonist. 



106 

•o 
OS 
3 

V3 U ,o 
o 

125-

100-
>» 

75-

u 
ea 50-
H 
< 
U 25-

0-

FSK 
'I i I I i I I 

-12 -11 -10 -9 -8 -7 -6 

log(epinephrine| (M) 

FSK -12 -11 -10 -9 -8 -7 -6 -5 

log[dexmedetomidine| (M) 

Figure 5.2 Functional coupling of a2A, ajB and azC co-expressed in JEG-3 cells 
using a CAT reporter gene assay. 
Transiently transfected cells were treated with 10 (iM forskolin and either epinephrine (A) 
or dexmedetomidine (B) and then CAT assays were performed as described in Materials 
and Methods. The data are expressed as the mean +/- SEM for at least four plates per 
point from at least three separate experiments. 
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Figure 5.3 Functional coupling of azA and a2B co-expressed in JEG-3 ceils using 
a CAT reporter gene assay. 
Transiently transfected cells were treated with 10 ^iM forskolin and either epinephrine (A) 
or dexmedetomidine (B) and then CAT assays were performed as described in Materials 
and Methods. The data are expressed as the mean +/- SEM for at least four plates per 
point from at least three separate experiments. 
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Figure 5.4 Functional coupling of azB and aiC co-expressed in JEG-3 cells using 
a CAT reporter gene assay. 
Transiently transfected cells were treated with 10 |j,M forskolin and either epinephrine (A) 
or dexmedetomidine (B) and then CAT assays were performed as described in Materials 
and Methods. The data are expressed as the mean +/- SEM for at least four plates per 
point from at least three separate experiments. 
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Figure 5.5 Functional coupling of azA and azC co-expressed in JEG-3 cells using 
a CAT reporter gene assay. 
Transiently transfected cells were treated with 10 |iM forskolin and either epinephrine (A) 
or dexmedetomidine (B) and then CAT assays were performed as described in Materials 
and Methods. The data are expressed as the mean +/- SEM for at least four plates per 
point from at least three separate experiments. 
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Figure 5.5 shows the activity of ajA. and a2C co-expression in response to 

epinephrine or dexmedetomidine treatment. Maximal inhibition is approximately 90% with 

10 nM epinephrine and 73% with 1 nM dexmedetomidine. 

5.1 DISCUSSION 

Rat Kupflfer cells express all three subtypes of aa-ARs as assessed by 

immunofluorescence microscopy. This is just one example of co-expression of a2-AR 

subtypes in a single cell type. Other examples have also been identified in our laboratory. 

Multiple subtypes of a2-AR are expressed in the anterior segment of the eye (Huang et al., 

1995) and two subtypes of a2-AR are co-expressed in fetal cardiac myocytes (see Chapter 

6). This suggests that co-expression may be a common occurrence. However, it is unclear 

what role co-expression plays in the activity of the a2-ARs. To determine if co-expression 

results in a different pattern of signal transduction and/or if there is a redundancy of a2-AR 

subtype function, the human a2-AR subtypes were co-expressed in a recombinant 

expression system using a cAMP-responsive CAT reporter gene. The activity of each 

combination of receptor subtypes was measured in response to a dose range of 

epinephrine or dexmedetomidine and compared to the activity of each subtype expressed 

individually. 

It is generally accepted that co-transfection introduces all plasmids into each cell 

that is transfected. In addition, the same amount of DNA was transfected for each 
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receptor subtype expressed in these experiments. It is possible that dififerent levels of 

individual subtype expression occurred in the cells co-transfected with the a2-AJl 

subtypes. The level of receptor expression was not determined in these experiments. 

However, the data presented represent the mean +/- standard error of the mean from at 

least three separate experiments. If expression levels in individual cells differed from 

experiment to experiment or affected the activity of the aa-ARs, it would be expected that 

combination of experimental data would not be possible. Also, experiments with individual 

subtypes require co-transfection of receptor and reporter plasmid and result in a very 

consistent dose-dependent activity using this CAT reporter gene assay. Therefore, it is 

assumed that the level of expression of the individual subtypes is comparable in a single 

cell. 

The pattern of activity of each of the human aa-AR subtypes, when expressed 

individually in the cAMP-responsive CAT reporter gene system, is quite distinct. Each 

subtype of ai-AR was evaluated individually (Table 5.1), using the CAT reporter gene 

system, by Pepperl and Regan (1993). The (XiK exhibits a biphasic response with low 

doses of agonist inhibiting activity while higher doses stimulated activity above the level of 

forskolin alone. Maximal inhibition is 60% of forskolin-stimulated CAT activity at 10 nM 

epinephrine with maximal stimulation at 250% with 10 |iM epinephrine. Maximal 

inhibition is 60% at 1 nM dexmedetomidine and there is no stimulation of activity at any 

dose tested up to 10 |iM. The a2B is predominantly stimulatory with low doses of some 
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T A B L E  5 . 1  C O - E X P R E S S I O N  O F  A L P H A - 2  A D R E N E R G I C  
R E C E P T O R  S U B T Y P E S  

tti-AR Epinephrine 
subtypes Inhibition 

Epinephrine 
Stimulation 

Dexmedetomidine 
Inhibition 

Dexmedetomidine 
Stimulation 

Individual subtypes 

*A 60% 10 nM 250% 10 ^iM 60% 1 nM -

250% 1 |iM - 215% 1 nM 
*C 80%0.1|iM - 85% 1 nM -

Co-expression 

A,B,C 100% 10 nM - 63% 0.1 nM -

A,B 50% 10 nM 120% 10 ^iM 15% 0.1 nM 160% 0.1 laM 
A,C 70% 10 nM - 57% 0.1 nM -

B,C 90% 10 nM - 73% 1 nM -

Values are percent maximal inhibition or maximal stimulation of forskolin-stimulated CAT 
activity and the dose of the maximal effect. 
(*Pepperl and Regan, 1993) 
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agonists causing a minimal inhibition while higher doses stimulate activity above the level 

of forskolin alone. However, there is no inhibition of forskolin-stimulated CAT activity 

with either epinephrine or dexmedetomidine in aaB transfected JEG-3 cells. Maximal 

stimulation is 250% with 1 piM epinephrine and 215% with 1 |jM dexmedetomidine. The 

CLjC is predominantly inhibitory with only very high doses causing a reversal that never 

reaches the level of forskolin alone. Maximal inhibition is 80% with 0.1 ^iM epinephrine 

and 85% at I nM dexmedetomidine. 

In contrast to individually expressed aa-AR subtypes, all combinations of aa-AR 

subtype co-expression result in a very similar biphasic activity with very little stimulation 

above the level of forskolin-stimulated CAT activity (Table 5.1). With epinephrine 

treatment, the rank order of inhibition is ABC>BC>AC>AB. With dexmedetomidine 

treatment, the rank order of inhibition is slightly different; BC>ABC>AC>AB. The most 

inhibition, 100%, is observed with 10 nM epinephrine treatment when ajK, aaB and a2C 

are co-expressed. Treatment with I nM dexmedetomidine only inhibited forskolin-

stimulated CAT activity by 73% when a2B and a2C were co-expressed. Therefore, in this 

recombinant system, epinephrine is more eflScacious than dexmedetomidine in terms of 

inhibition of forskolin-stimulated CAT activity with all combinations of a2-AR co-

expression. Dexmedetomidine is more potent than epinephrine. However, no dose of 

dexmedetomidine was able to inhibit activity to the extent which epinephrine can. 
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Only one a2-AR combination produced an increase in forskoiin-stimulated CAT 

activity; a2A and aiB. Dexmedetomidine is both more efficacious and 100-fold more 

potent in terms of increasing forskoiin-stimulated CAT activity when compared to 

epinephrine. Stimulation of activity with co-expression of a2A and a2B only reached 

160% with 0.1 |iM dexmedetomidine in contrast to the 215% with the a2B subtype alone. 

Therefore, the predominant activity of co-expressed a2-ARs is inhibition of forskoiin-

stimulated CAT activity in contrast to singly expressed receptors. Interestingly when the 

a2-ARs are co-expressed, the a2C subtype predominates. Maximal inhibition occurs with 

both epinephrine and dexmedetomidine only when the ajC subtype is expressed. 

It is possible that there are differential effects on pathways other than cAMP 

formation. Thus, inhibition of cAMP levels does not always correlate with the 

physiological effects of a2-AR activation. For example, there are reports of the activation 

of ion channels and the increase of intracellular calcium associated with a2-ARs 

(Lomasney e/cr/., 1991). 

The data presented here show that co-expression of a2-ARs results in a different 

pattern of signal transduction when compared to expression of the individual subtypes. All 

of the a2-AR combinations result in a biphasic activity with low doses of both epinephrine 

and dexmedetomidine inhibiting forskoiin-stimulated CAT activity and higher doses 

reversing this inhibition. Only when a2A and a2B, two subtypes capable of stimulating 

activity individually, are co-expressed is there any stimulation of activity. Interestingly, 
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epinephrine and dexmedetomidine have very different effects in this system. Epinephrine is 

more efficacious when there is inhibition of activity and dexmedetomidine is more 

efficacious when there is stimulation of activity. However, dexmedetomidine is a more 

potent drug in either case. 

Because ail combinations of a2-AR subtype co-expression result in a very similar 

pattern of signal transduction, it is likely that there is some redundancy of these receptors. 

Redundancy is suggested by the study in which mice which do not express the aiC 

subtype, develop normally (Link et ai, 1995). However, these studies have shown subtle 

differences in the magnitude of inhibition and stimulation of activity which appear to be 

sensitive to the agonist used. If a2-AR subtype co-expression is shown to be 

commonplace, then drug selection and dose may be critical and subtle differences in effect 

may be complicated. 



116  

CHAPTER 6 

ALPHA-2 ADRENERGIC RECEPTORS IN THE FETAL RAT HEART 

6.1 INTRODUCTION 

Myocardial a2-ARs have been functionally demonstrated on presynaptic 

sympathetic nerve terminals (RufFolo et ai, 1987) and in the coronary artery (Seitelberger 

et al., 1988). However, it has been suggested that adult cardiac myocytes are virtually 

devoid of postsynaptic a2-ARs (Slotkin et al., 1986; Benfey, 1990). Recent findings have 

shown that the adult human ventricle contains mRNA from both the aaB and a2C 

subtypes (Berkowitz et al., 1994). In addition, small amounts of mRNA for 0.2^ and a2B 

have been detected in the rat myocardium (Lorenz et al., 1990; Handy et al., 1993). We 

too have obtained evidence, using the polymerase chain reaction (PGR), that all three 

subtypes are present in the guinea pig heart (Svensson et al., 1996). However, there is no 

conclusive functional evidence that a2-AR proteins are being expressed in the adult heart 

of any species. 

Previous radioligand binding data indicate that a2-ARs are expressed at high levels 

early on in the fetal rat heart (Lin et al., 1992). However, the authors could show no 

function for these receptors. Our interest was in identifying the specific subtype(s) of a^-

AR expressed by these cells and the signal transduction pathway that the receptors 

activate. 
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Using subtype-specific polyclonal chicken antibodies, the expression of two of the 

three subtypes of a2-AR; a2A and clzC, was demonstrated in our laboratory by Samuel 

Svensson. The a2-AR subtype labeling was localized to isolated cardiac myocytes from 

embryonic day 17 or 18 (El7, El8) by dual labeling with an antibody specific for 

sarcomeric myosin. W. Daniel Stamer then corroborated the expression of the a2A 

subtype in fetal rat heart membranes by Western blot. 

Dr. Svensson was also able to show that a2-AR activation promoted an increase in 

organization of the actin cytoskeleton. This is the first indication that a2-ARs influence 

cytoskeleton organization as well as the first indication of a role for a2-ARs in the fetal rat 

heart. As mentioned previously, the signal transduction pathway activated by the a2-ARs 

responsible for cytoskeleton rearrangement in the fetal rat heart has not been identified. In 

addition, the expression of the ajC subtype in the fetal rat heart has not been corroborated 

by Western blot analysis. Previous studies suggest that cAMP levels can influence 

cytoskeleton organization ((Seliah et al., 1995; Han el ai, 1996). The most common 

second messenger pathway activated by the a2-ARs is inhibition of cAMP (Regan and 

Cotecchia, 1992). Therefore, the efifect of a2-AR activation on cAMP levels was 

measured in fetal rat heart. In addition, to confirm expression of the a2C subtype originally 

identified by immunofluorescence microscopy, fetal rat heart membranes were subjected to 

Western blot analysis. 
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6.2 MATERIALS AND METHODS 

6.2.1 cAMP Measurement 

Isolated hearts from E14 fetal rats were placed into 500 |j,l of Minimum Essential 

Medium (MEM, GEBCO/BRL, Grand Island, NY) pH 7.4, supplemented with 5% fetal 

bovine serum, 100 units/ml penicillin and 100 |ig/ml streptomycin at ZTQ. Within 1 hour 

of harvest the hearts were transferred to 500 fil of MEM without serum, containing 0.1 

mg/ml of 3-isobutyl-l-methyl xanthine (Sigma, St. Louis, MO) at 37°C and drugs were 

added. Two hearts were used per condition. Antagonists were added for 10 minutes prior 

to addition of agonists. Agonist treatment proceeded for 15 minutes at SVC. The medium 

was then removed and 500 |JI of ice cold Tris/EDTA buffer (50 mM Tris-HCl, 4 mM 

EDTA pH 7.5 at 25°C) were added. The hearts were placed on ice and homogenized. The 

homogenized hearts were then boiled for 10 minutes. cAMP was measured by saturation 

assay according to the method of Brown et al. (1971) with protein kinase A as the cAMP 

binding protein. 

6.2.2 Western Blot Analysis 

Membranes were prepared from two isolated fetal hearts from E14-E18 rats. The 

hearts were horaogeruzed in TME buffer (50 mM Tris, 10 mM MgCl2, 1 mM EDTA, pH 

7.5) using a Polytron and then centrifuged at 48,000 x g for 20 minutes. The resulting 
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membrane pellet was resuspended in 1 ml of TME buflFer and repelleted in a 

microcentrifuge at 12,000 rpm for 10 minutes. The entire pellet was then suspended in 30 

pil of loading buffer (4% SDS, 125 mM Tris, 20% glycerol), electrophoresed into a 12% 

polyacrylamide gel with 0.1% SDS and blotted onto nitrocellulose using the Transblot 

system (BioRad, Hercules, Ca). The blots were preincubated for 2 hours at room 

temperature in blocking buffer consisting of Tris buffered saline and 0.2% Tween (TBS-

T) with 5% non-fat powdered milk. The blots were then probed with an affinity-purified 

fusion protein antibody against the amino terminus of the ajC (1:2000) overnight at 4°C. 

Antibodies were preincubated with a 10 fold excess concentration of specific antigen 

(fusion protein) overnight at 4°C for blocking of specific labeling. The blots were washed 

three times in TBS-T for 1 hour each. Next, blots were incubated in blocking buffer 

containing goat anti-chicken/alkaline phosphatase-conjugated secondary antibody 

(1:2000) (Sigma, St. Louis, MO) for 2 hours at room temperature with rotation after 

which they were washed with TBS-T three times for twenty minutes each. The 

chemiluminescent substrate (SuperSignal, Pierce, Rockford, IL) was added for 1.5 

minutes after which the blot was exposed to film. 

6.2.3 Data Analysis 

Four separate experiments were performed using two fetal rat hearts per condition 

to determine if a2-ARs modulate cAMP levels in fetal rat heart. Because the hearts were 
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harvested from animals of the same age, it was assumed that the hearts were comparable 

in size. Cyclic-AMP data from the four experiments were combined and analyzed using a 

Student's t-test with significance determined when p < 0.05. Isoproterenol treatment was 

compared to basal levels of cAMP. Isoproterenol plus dexmedetomidine treatment was 

compared to isoproterenol alone. Rauwolscine treatment was compared to 

dexmedetomidine plus rauwolscine. 

6.3 RESULTS 

Figure 6.1 shows a Western blot corroborating the presence of the aaC AR in fetal 

rat heart membranes prepared from El8 rats. COS-7 cell membranes transiently 

transfected with ajC were used as a positive control. Immunoreactive protein of about 75 

kilodaltons is visible in membranes prepared from El8 fetal rat hearts as well as COS-7 

cell membranes. The mass of the protein is comparable to what has been previously 

shown for the aiC AR by SDS-PAGE (Regan and Cotecchia, 1992). 

Figure 6.2 shows the effect of the a2-selective agonist dexmedetomidine on 

isoproterenol-stimulated cAMP levels in fetal rat heart. There is a 30% decrease in 

isoproterenol-stimulated cAMP levels in hearts treated with dexmedetomidine. This is 

completely reversed with the addition of rauwolscine, an a2-selective antagonist. 
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Figure 6.1 Western blot analysis showing a2C AR expression in fetal rat heart 
(E14). 
Membranes were prepared from fetal rat heart and from COS-7 cells transiently 
transfected with the a2C AR as described in Materials and Methods. Panel A is specific 
labeling with an a2C-selective antibody. Panel B is blocking of specific labeling by 
preincubation of antibody with specific antigen. The arrow indicates the position of the 
a2C band at approximately 75 kilodaltons. Molecular size markers are shown to the left of 
the blots. These are representative blots which were repeated two times. 
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Figure 6.2 Inhibition of cAMP formation by a2-AR activation in fetal rat hearts. 
Levels of cAMP were determined as described in Materials and Methods either in the 
absence of drug (Basal); or following exposure to either 0.5 |iM isoproterenol (ISO), 0.5 
|iM isoproterenol and 10 |a.M dexmedetomidine (ISO+DEX), or 0.5 [iM isoproterenol 
plus 10 nM dexmedetomidine and 100 |j.M rauwolscine (ISO+DEX+RW). The data 
represent the mean +/- S.E.M. from 4 separate experiments. Treatments were analyzed by 
Student's t-test (p<0.05); *significantly different from isoproterenol alone, **significantly 
different from isoproterenol + dexmedetomidine. 
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6.4 DISCUSSION 

There has never been a demonstration of post-synaptic aa-ARs in the adult heart. 

However, the expression of a2-ARs was demonstrated in fetal rat heart by Lin e( al. 

(1992). Their study failed to show any signal transduction pathway(s) activated by the a.2-

ARs. Therefore, we became interested in identifying the specific subtypes of a2-AR 

expressed in fetal rat heart and the biochemical consequences of their activation. Previous 

work in our laboratory showed that oliA and qliC are expressed in cardiac myocytes by 

immunofluorescence microscopy. The aaA subtype was also identified by Western blot 

analysis. Furthermore, activation of the a2-ARs was shown to be responsible for an 

increase in cytoskeleton arrangement in fetal cardiac myocytes. Expression of the aaC 

subtype had not been shown by Western blot analysis in the fetal rat heart. In addition, the 

second messenger pathway activated by the ai-ARs was not known. 

The a2-AR subtype-selective antibodies used for the Western blot analysis have 

been extensively characterized as previously described in Chapter 4. These antibodies, 

produced in chickens using fusion protein constructs, do not cross react with other 

subtypes of a2-ARs and immunoreactivity is blocked by specific antigen; however, they do 

react with the same subtype of a different species (Huang et al., 1995). Therefore, 

immunoreactive proteins labeled in these Western blots are specifically labeled. Blocking 

of the ttaC AR immunoreactivity on the Western blot, by preincubation of the antibody 

with specific antigen eliminates all of the labeled proteins. This is further evidence of the 
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specificity of the aa-AR antibody labeling. In addition, these antibodies do not recognize 

proteins in untransfected COS-7 cells by immunofluorescence microscopy suggesting that 

the antibodies are selective for the aa-AR subtypes and do not recognize other cellular 

proteins. 

Historically, it has not been easy to obtain a Western blot of a G-protein coupled 

receptor (GPCR). There are more immunoreactive proteins present on the Western blots 

than would be expected. There are several possible explanations for this. First, the platelet 

a2A AR constitutes less than 0.00001% of the membrane protein, making it difficult to 

obtain enough protein to analyze (Regan et al., 1986). Therefore, these Western blots use 

membranes prepared from cells or tissues lysed by homogenization in a dilute buffer and 

centrifligation at 48,000 x g. A primary low speed centrifugation to pellet nuclei prevents 

the recovery of enough membrane for analysis of a2-ARs by Western blot. Therefore, the 

membrane preparation contains more than simply plasma membrane. A more inclusive 

membrane preparation may be preferable because the az-AR subtypes appear to have 

different subcellular localization, with the a2A and aaB being primarily located at the 

plasma membrane and the a2C AR having a more intracellular localization by as assessed 

by immunofluorescence microscopy (Richman et al., 1996). In addition, because GPCRs 

constitute such a low percentage of the total membrane protein, incubation with the 

chemiluminescent substrate as well as time of exposure to film must be increased, which 

can create problems with background. 
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A second factor which affects Western blotting of GPCRs is post-translational 

modifications, including palmitoyiation and glycosylation, which affect the size of the 

labeled protein.. Both the AAA and the cliC ARS have two sites in their amino terminus 

which have been shown to be glycosylated; however, there is no glycosylation site in the 

ajB AR (Regan and Cotecchia, 1992). Palmitoyiation is a dynamic process, therefore 

palmitoylated and non-palmitoylated forms of the aiA and a2B ARs are always present in 

a membrane preparation. Because the membrane preparation used for these experiments 

contains more than just plasma membrane, there will be multiple forms of the ai-ARs on 

each Western blot that will be recognized by the subtype-selective antibodies. 

Other factors may also affect the success of Western blotting of GPCR. For 

example, smaller break dovm products of the ai-ARs have been identified by SDS-PAGE 

(Regan and Cotecchia, 1992). The membrane preparations used for these Western blots 

do not contain any protease inhibitors, which may explain the presence of immunoreactive 

proteins which are smaller than the expected size of the a2-AR subtypes. Immunoreactive 

proteins which are larger than the expected size of the a2-ARs are often aggregates of the 

specific receptor which are probably formed because of the large amount of protein that is 

loaded in each lane. It is apparent that much of the protein loaded does not enter the gel 

by the large band at the top of the gel. 

In spite of the difficulties of GPCR Western blot analysis, expression of the a2C 

subtype was confirmed in fetal rat heart by Western blot analysis using an a2C-specific 



126  

antibody produced in chicken to a fiision protein containing the amino terminus of the 

human aaC. The glycosylated form of the aiC AR is the expected size of 75 kilodaltons as 

previously shown by SDS-PAGE (Regan and Cotecchia, 1992). 

The a2-ARs are generally thought to couple to G; to inhibit cAMP formation 

(Regan and Cotecchia, 1992). Thus the efifects of fetal rat heart a2-ARs on isoproterenol-

stimulated cAMP levels were measured. It proved very difficult to show an effect of aj-

AR activation on cAMP formation in dissociated fetal rat myocytes preparations. 

Therefore, whole fetal rat hearts were treated with a2-selective drugs after which the 

hearts were homogenized and cytosolic cAMP was measured. 

Dexmedetomidine produced a 30% decrease in isoproterenol-stimulated cAMP 

formation in fetal rat heart. The effect of a2-ARs on cAMP was completely antagonized 

by rauwolscine. It has been shown that stimulation of P-ARs or addition of forskolin 

attenuates F-actin formation in T-cells (Seliah et al., 1995). In addition, recent evidence 

suggests that increases in cAMP facilitate the disruption of actin filaments and focal 

adhesions in murine Y1 adrenal cells (Han et al., 1996). Therefore, we speculate that the 

decrease in cAMP formation caused by a2-AR activation may be responsible for the 

increase in cytoskeleton arrangement seen in the fetal rat myocytes. The a2-AR mediated 

decrease in cAMP could also be involved with other developmental events such as 

transformation of progenitor cells to cardiac myocytes. Thus, it has been shown that in the 
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heart, a signal transduction pathway involving a pertussis toxin-sensitive G-protein is one 

of the factors required for this cellular transformation (Runyan et al., 1990). 

Lin el al. (1992) were unable to show an effect of a2-AR activation on either 

forskolin- or isoproterenol-stimulated cAMP formation in fetal or neonatal rat heart. 

These experiments were done with clonidine and membrane preparations from rat hearts at 

embryonic day 19 and 21, as well as postnatal day 1 and 3. In contrast to Lin et al. (1992) 

our experiments were done using dexmedetomidine and whole hearts from fetal rats at 

embryonic day 14. The dissimilar preparations, agonists and perhaps even the age of the 

rats used in these experiments may explain the differences in resuUs. 

The heart is the first functional organ in the developing embryo (Kamino, 1991) 

and evidence suggests that catecholamines play an important role in the development of 

the highly organized cellular structure required for synchronized contraction of the heart. 

For example, in mice where gene knockouts have been used to take out key enzymes 

required for the biosynthesis of norepinephrine, it has been shown that catecholamines are 

necessary for normal heart development and cytoskeleton organization (Thomas et al., 

1995; Zhou et al., 1995). It is not clear what receptor type mediates the effects of 

catecholamines in the developing heart. However, the effect of the a2-ARs on the 

cytoskeleton along with the transient fetal expression of these receptors, suggests that aj-

ARs may be involved in the effect of catecholamines on the heart. Because a2-ARs 

increase organization of the cytoskeleton, these receptors may play a specific role in the 
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stnictural development of the heart. It would be interesting to experiment with the effect 

of an a2-AR antagonist on cardiac structure to determine if blocking these receptors could 

be linked to any particular congenital heart defect. 

The ontogeny of a2-ARs is not well characterized. However, several examples of 

developmental regulation of a2-AR expression have been identified in addition to the fetal 

heart. For example, a2-ARs are transiently expressed at high levels in the fetal kidney 

(Gitler et al., 1991), as well as the developing cerebral cortex of the Rhesus monkey 

(Lidow and Rakic, 1994). Furthermore, a2-ARs seem to be expressed at high levels in the 

immature brainstem and may be involved with the regulation of neonatal respiration 

(Errchidi et al., 1991). In addition, the neonatal rat lung is the prototype tissue for the 0.28 

subtype (Bylund et al., 1992). This suggests that fetal and neonatal a2-AR populations 

play different roles than they play in the adult. In fact, expression of these receptors may 

be common early in development, indicating an essential role for a2-AR signaling in the 

development of several tissue types. It remains to be seen if the a2-ARs are linked to the 

development of structural characteristics of the heart, lung or brain by their regulation of 

organization of the cytoskeleton. 
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CHAPTER? 

ALPHA-2 ADRENERGIC RECEPTORS IN RAT ALVEOLAR MACROPHAGES 

7.1 INTRODUCTION 

The function of the immune system is modulated by catecholamines. Many 

different ceil types of the immune system have been shown to express functional ARs 

which mediate the effects of catecholamines (Madden et al., 1995). Kupffer cells, the 

resident macrophage of the liver, express all three subtypes of a2-AR (Figure 5.1). 

Tissue macrophages are found in various organs of the body including the liver and 

the lung. One type of pulmonary macrophage is found in the alveoli. Alveolar 

macrophages are thought to be derived by extravasation of blood monocytes, however, 

there is also some evidence that alveolar macrophages are able to proliferate (Lohmann-

Matthes et al., 1994). These macrophages, which are exposed to air, provide the first line 

of defense for the lung fi-om airborne irritants, viruses and bacteria. In this role, alveolar 

macrophages produce many cytokines including interleukin-1 (IL-1), IL-6 and tumor 

necrosis factor-a (TNF-a) (Lohmann-Matthes et al., 1994). In fact, the primary source of 

TNF-a in the body is monocytes and macrophages. TNF-a, a proinflammatory cytokine, 

is highly cytotoxic, has systemic effects and can be measured in the blood in response to 

endotoxin exposure (Kelley, 1990). 
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Alpha-2 AR antagonists can regulate the production of cytoicines during 

endotoxemia. There is a systemic decrease in TNF levels and an increase in levels of the 

anti-inflammatory cytokines IL-6 and corticosterone during endotoxemia after treatment 

with an aa-selective antagonist. This was attributed to blockade of pre-junctional a2-ARs 

increasing the release of norepinephrine, as well as the blockade of a2-ARs on 

macrophages decreasing the inhibition of cAMP production. Therefore, the decrease in 

TNP-a levels, after aa-AR antagonist treatment, was due to activation of P-ARs on the 

macrophages and the associated increase in cAMP (Hasko et ai, 1995). This suggests that 

adrenergic receptors and catecholamines can modulate the function of macrophages. 

Peritoneal macrophages express functional oli- and P-ARs. Activation of a2-ARs 

in peritoneal macrophages has been shown to increase TNF production (Spengler et al., 

1990), while activation of P-ARs decreases lipopolysaccharide (LPS) induced TNF 

production (Spengler el al., 1994). Interestingly, a2- and P-AR antagonists alone have the 

opposite effect of agonist when added to LPS-stimulated macrophages. In addition, it has 

been shown that peritoneal macrophages accumulate norepinephrine (Baiter and Schwartz, 

1977). Although the mechanism of uptake is unknown, the macrophage may release the 

store when stimulated with LPS, thereby altering its responsiveness to adrenergic receptor 

activation (Spengler et al., 1994). These studies suggest that the function of peritoneal 

macrophages is modulated by adrenergic receptors and catecholamines. 



131  

Very little work has been done with adrenergic receptors in alveolar macrophages. 

However, there is a report showing that human alveolar macrophages express (32-ARs by 

radioligand binding. The P2-ARS expressed on human alveolar macrophages are capable of 

increasing cAMP in vitro (Liggett, 1989). 

The expression of adrenergic receptors on alveolar macrophages is especially 

important in light of current treatments for asthma. P-selective agonists are commonly 

used as inhalants to relax bronchial smooth muscle. Over the counter medications often 

contain epinephrine which is an agonist at both olz- and P-ARs. In addition, theophylline, a 

phosphodiesterase inhibitor, also used for the treatment of asthma, suppresses the function 

of human alveolar macrophages. These studies indicate that there may be a critical role for 

cAMP levels in the modulation of macrophage activity and a2-ARs are coupled to an 

inhibition of cAMP production. Therefore, the study of the role of receptors coupled to 

changes in intracellular cAMP, such as 0.2- and P-ARs, may be important in understanding 

the role that alveolar macrophages play in the physiology of the lung. The purpose of this 

study is to identify the subtype(s) of a2-ARs that are expressed by rat alveolar 

macrophages and the signal transduction pathway with which these receptors interact. 



7.2 MATERIALS AND METHODS 

7.2.1 Alveolar Macrophage Isolation and Culture 

Rat alveolar macrophages were isolated by bronchioalveolar lavage using Hank's 

buffered salt solution (HBSS), no or Mg^\ and spun down at 500 x g for 15 minutes 

at room temperature. Cells were plated in basal RPMI-1640 medium (GIBCO, Grand 

Island, N.Y.) pH 7.4, supplemented with 5 mg/100 ml gentamycin and incubated at 37°C 

under 5% CO2 for 2 hours at 400,000 cells/well in 48 well plates. Media was then changed 

to RPMI-1640 pH 7.4 with 5 mg/100 ml gentamycin and 10% heat inactivated fetal 

bovine serum. Experiments were performed 24 hours after isolation. 

7.2.2 Immunofluorescence Microscopy 

After 24 hours in culture, the alveolar macrophages were fixed in phosphate 

buffered 4% paraformaldehyde for immunofluorescence microscopy essentially as 

described (Huang et ai, 1995). Briefly, after fixation, the cells were washed with PBS and 

then treated with sodium borohydride (1 mg/ml) for 10 minutes and washed again. Cells 

were permeabilized with a 0.05% saponin in PBS containing 10% goat serum. After 

permeabilization, cells were incubated for one hour at room temperature with primary 

antibody specific for the a2A (1:500), aaB (1:25) and the a2C (1:25) (Huang et ai, 1995). 

All antibodies were made using a fusion protein construct including the third intracellular 
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loop. After washing, the cells were incubated for one hour in darkness with a flourescein 

labeled rabbit anti-chicken IgG (Pierce, Rockford, IL). The cells were washed with PBS 

and mounted with /?-phenylenediamine. Micrographs were taken using an Olympus BH-2 

(Olympus Company, Lake Success, N. Y.) equipped for FITC fluorescence. 

7.2.3 Western Blot Analysis 

Alveolar macrophages from two Sprague Dawley rats (approximately 8 million 

cells) were isolated by bronchioalveolar lavage in HBSS, no Ca^^ or Mg^"^, and spun down 

at 500 X g for 15 minutes at room temperature. The cells were then resuspended in 20 ml 

TME buffer (50 mM Tris, 10 mM MgCl2, 1 mM EDTA, pH 7.5) and homogenized using 

a Polytron and then centrifliged at 48,000 x g for 20 minutes. The resulting pellet was 

resuspended in 1 ml of TME buffer and repelleted in a microcentrifuge at 12,000 rpm for 

10 minutes. The pellet was then suspended in 80 |a.l of loading buflfer (4% SDS, 125 mM 

Tris, 20% glycerol). Twenty microliters (membranes from approximately 2 million cells) 

were electrophoresed on a polyacrylamide gel (12% polyacrylamide gel with 0.1% SDS) 

and blotted onto nitrocellulose using the Transblot system (BioRad, Hercules, Ca). The 

blots were preincubated for 2 hours at room temperature in blocking buflfer consisting of 

Tris-buffered saline and 0.2% Tween (TBS-T) with 5% non-fat powdered milk. The blots 

were then probed with affinity-purified fusion protein antibodies produced in chickens 
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against the third intracellular loop of the a2A AR (1:500), against the second extracellular 

loop of the ttaB AR (1:100) or against the amino terminus of the azC AR (1:2000) 

overnight at 4°C. The blots were washed three times in TBS-T for 1 hour each. Next, 

blots were incubated in blocicing buffer containing goat anti-chicken/alkaline phosphatase-

conjugated secondary antibody (1:2000) (Sigma, St. Louis, MO) for 2 hours at room 

temperature with rotation after which they were washed three times for twenty minutes 

each with TBS-T. The chemiluminescent substrate (SuperSignal, Pierce, Rockford, EL) 

was added for 1.5 minutes after which the blots were exposed to film. 

7.2.4 MAPK Assay 

Alveolar macrophages were cultured for 24 hours, after which the culture medium 

was replaced with basal RPMI for stimulation. Antagonists were added 1 hour prior to 

stimulation with agonist. Stimulation was at 37°C for the time indicated. MAPK activity 

was measured as previously described (Burkey and Regan, 1995). Briefly, after 

stimulation, the media was removed and the cells washed with ice cold PBS after which 

cells were scraped into ice cold lysis buffer (50 mM P-glycerophosphate, 1 mM EGTA, 2 

mM MgCb, 100 |iM sodium vanadate, 0.5% triton X-100, I m dithiothreitol, 1 mM 

PMSF, 20 |iM pepstatin, 20 [iM leupeptin, pH 7.2) and centrifliged at 12,000 x g for 15 

minutes. MAPK activity was determined using 10 |il of supernatant with myelin basic 

protein (MBP) as a substrate (1 mg/ml MBP, 12.5 mM MgCl2, 25 pig/ml protein kinase A 
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inhibitor, 50 |jM [y-^^P] ATP (2200 CPM/mmoi) in a final volume of 40 |ii). After 15 

minutes at 37°C the reaction was terminated by the addition of 10 [il of 25% 

trichloroacetic acid and 25 pil fi-om each reaction was spotted on p-81 phosphocellulose 

paper. The paper was washed with four changes of 75 mM phosphoric acid for 5 minutes 

each, then washed one time with acetone for 2 minutes. The filters were dried and 

radioactivity measured by scintillation counting. The protein content of the supernatant 

was measured using the BioRad protein assay (BioRad, Hercules, N.Y.). The counts were 

normalized to protein content of the supernatant. 

7.2.5 Data Analysis 

Six separate MAPK experiments were performed on six different alveolar 

macrophage isolations. MAPK activity was normalized to cell lysate protein to 

compensate for differences in plating of the alveolar macrophages. The data fi-om the six 

experiments were combined and analyzed using a Student's t-test with significance 

determined when p < 0.05. LPS treatment was compared to basal MAPK activity. 

Dexmedetomidine treatment was compared to basal MAPK activity. Rauwolscine plus 

dexmedetomidine treatment was compared to basal and to dexmedetomidine alone. 
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7.3 RESULTS 

Figure 7.1 shows immunofluorescence microscopy of unlabeled rat alveolar 

macrophages and alveolar macrophages labeled with antibodies specific for a2A, aiB and 

ttiC AR. There is a very high level of alveolar macrophage autofluorescence in the 

absence of both primary and secondary antibody which has been previously reported 

(Edelson et al., 1985) making it difficult to identify specific labeling by 

Immunofluorescence microscopy. In the case of the alveolar macrophages, it is especially 

difficult to interpret labeling with the aaB and clzC subtypes, possibly due to the sensitivity 

of the antibody. However, green labeling with the a2A subtype is clearly different from 

yellow autofluorescence and indicative of specific labeling. 

To overcome the problem with autofluorescence. Western blot analysis was used 

in conjunction with immunofluorescence to confirm expression of the a2-AR subtypes in 

rat alveolar macrophages. Figure 7.2, shows transiently transfected COS-7 cells and rat 

alveolar macrophages expressing the a2A, a2B and a2C subtype. COS-7 cells transiently 

transfected with each receptor subtype were used as positive controls. The sizes of the 

AR subtypes, as determined by SDS-FAGE, have been previously reported (Regan and 

Cotecchia, 1992). In Panel A, a 67 kilodalton protein is labeled in both the COS-7 cell 

membranes and the alveolar macrophage membranes which corresponds to the expected 

size of the a2A AR. This indicates that rat alveolar macrophages express the a2A subtype, 

and confirms the results of the immunofluorescence microscopy. In Panel B, there is 



137  

# . 

Figure 7.1 Expression of az-AR subtypes in rat alveolar macrophages. 
Panel A shows the autofluorescence in the absence of primary and secondary antibodies. 
Cells were labeled as described in Materials and Methods with antibodies developed in 
chickens specific for a2A (B), 028 (C), and a2C (D). The secondary antibody was a FITC-
conjugated rabbit anti-chicken IgG. Original magnification is 60X. This experiment was 
repeated 3 times. 
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Figure 7.2 Western blot analysis showing aiA (A), azB (B) and azC (C) AR 
expression in rat alveolar macrophages. 
Membranes were prepared from alveolar macrophages as described in Materials and 
Methods. In each blot. Lane 1 contains membranes prepared from rat alveolar 
macrophages and Lane 2 contains membranes from COS-7 cells transiently transfected 
with the specific a2-AR subtype. The arrow indicates the position of the a2-AR subtype. 
Molecular size markers are shown to the left of each blot. These are representative blots 
which were repeated two times. 
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Figure 7.3 Stimulation of MAPK activity in rat alveolar macrophages by ai-ARs. 
Alveolar macrophages were treated with 1 ng/ml lipopolysaccharide (LPS) for 15 

minutes, 1 jiM dexmedetomidine (DM) or I piM dexmedetomidine and 100 |j.M 

rauwolscine (DM+RW) for 5 minutes and then MAPK activity was measured as described 

in Materials and Methods. MAPK activity is expressed as fold induction over basal. Bars 

represent the mean +/-SEM from at least 6 different experiments. * Significantly different 
from basal **Significantly different from dexmedetomidine treated. 
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labeling of a 45 kilodalton protein, the expected size of the aiB AR, in the COS-7 cell 

membranes only. Based on this and the immunofluorescence microscopy, rat alveolar 

macrophages probably do not express the a2B AR. In Panel C there is labeling of a 75 

kilodalton protein in both the COS-7 cells and the alveolar macrophages. Although the 

immunofluorescence microscopy was difficult to interpret, the Western blot data suggests 

that rat alveolar macrophages do express the azC subtype. 

Figure 7.3 shows induction of MAPK activity in rat alveolar macrophages. LPS, 

which has been shown to activate MAPK in this cell type, was used as a positive control 

(Weinstein e( al., 1992). LPS, at 1 |ig/ml for 15 nainutes, elicits a 2.30 +/- 0.19 fold 

induction of MAPK activity which is significantly different fi-om basal. Dexmedetomidine 

treatment, at a concentration of 1 |iM for 5 minutes, elicits a 1.56 +/- 0.14 fold induction 

of MAPK activity which is also significantly different fi'om basal. The effect of 

dexmedetomidine is blocked by a 30 minute pretreatment with 100 [iM rauwolscine, an 

a2-specific antagonist. Thus, MAPK activity is 1.12 +/- 0.13 fold over basal in the 

presence of rauwolscine which is not significantly different fi'om basal but is significantly 

different from dexmedetomidine treatment alone. 

7.4 DISCUSSION 

Although alveolar macrophages have been shown to express 32-ARs (Liggett, 

1989), there has been no identification of a2-ARs on this cell type. In the present study. 
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the expression of a2-AR subtypes was demonstrated by immunofluorescence microscopy 

and Western blot analysis. Immunofluorescence microscopy was hampered by the high 

level of autofluorescence of alveolar macrophages. Western blot analysis is hampered by 

low levels of a2-AR expression and post-translational modifications of the receptors (see 

Chapter 6). However, the combination of these two methods, provided evidence that rat 

alveolar macrophages co-express the a2A and the aaC AR subtypes. It is not completely 

clear whether rat alveolar macrophages express the a2B AR subtype. There is an 

immunoreactive protein around 80 kilodaltons present in both COS-7 cells and alveolar 

macrophages. This is not the expected size of the a2B AR, however it could be an 

aggregate protein and could indicate some expression of a2B in rat alveolar macrophages. 

This is another example of multiple subtypes of a2-AR being expressed by a single 

cell type. Although there may be differences in the function of Kupffer cells and alveolar 

macrophages, they both express multiple subtypes of a2-ARs suggesting that other types 

of macrophages may also express these receptors. Therefore, catecholamines may 

modulate the immune system, at least in part, through an effect on macrophage function. 

The activation of the MAPK pathway by a2-ARs was investigated based on a 

report that LPS is able to activate this pathway in macrophages (Weinstein et al., 1992). 

The a2-ARs expressed by rat alveolar macrophages are flmctional receptors which are 

coupled to the stimulation of MAPK in this cell type. GPCRs coupled to inhibition of 

cAMP through the inhibitory G-protein Gi, have been shown to activate MAPK pathways 
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similar to those activated by growth factor/tyrosine kinase receptors (Johnson and 

Vaillancourt, 1994). Although aa-ARs have been shown to activate MAPK in recombinant 

expression systems (Flordellis et al., 1995), this is one of the first demonstrations of the 

activation of MAPK by endogenous a2-ARs. The MAPK pathway can be involved in 

several cellular processes including proliferation, mitogenesis and differentiation. It is not 

clear whether alveolar macrophages have the ability to proliferate or are replaced by 

extravasation of blood monocytes. It is possible that the MAPK pathway activated by ai-

ARs could be involved in cellular proliferation. The effect of aa-AR activation on 

proliferation of alveolar macropahges would provide another method for answering the 

question of whether or not alveolar macrophages have the ability to proliferate. 

To date we have no evidence for the alteration of TNF production by activation of 

tti-ARs in rat alveolar macrophages. Increased cAMP levels decreased TNF production 

and a2-AR activation increased TNF production in peritoneal macrophages (Spengler et 

al., 1990; Spengler et al., 1994). Therefore, we expected that a2-ARs would increase 

TNF production in alveolar macrophages. It is unclear if there is a problem with our 

experimental design, or if in fact, there is no influence of these receptors on the production 

of this cytokine in alveolar macrophages. However, there could be an affect of aa-ARs on 

other cytokines or reactive oxygen species produced by alveolar macrophages. It is also 

possible that the activation state of the macrophage, when challenged with a2-AR agonists 

or antagonists, may play a role in responsiveness. 
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In summary, rat alveolar macrophages express multiple functional a2-ARs. The 

precise role of the aa-ARs in the function of alveolar macrophages is still unknown. 

However, there are several reasons why these receptors are worthy of future study. 

Treatments used for asthma, such as epinephrine, can activate a2-ARs. When the 

treatments are administered by inhalation, the alveolar macrophage is exposed in the lung. 

Agonist activation of a2-ARs is coupled to the MAPK pathway which could be involved 

in proliferation of the macrophages. Although we have yet to show an affect of these 0.2-

ARs on TNF production, there are other cytokines, such as PGE2, produced by 

macrophages which may be affected by aa-ARs. 
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CHAPTERS 

SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS 

The overall goals of this work were to show a novel role for a2-AR signal 

transduction and to attempt to identify some of the differences that exist among the three 

subtypes, ajA, 0^26 and a2C, with respect to signal transduction. At the start of this work, 

the a2-ARs had just recently been cloned and the molecular mechanisms of signal 

transduction were just beginning to be elucidated. The data presented here contribute 

several new findings to our understanding of a2-AR signal transduction. 

Three guinea pig a2-AR homologues isolated from an atrial cDNA library were 

shown to couple to a cAMP-responsive reporter gene like the human subtypes. The gp-

a2A is biphasic in its response to norepinephrine. The gp-a2B is mostly stimulatory. The 

gp-a2C is mostly inhibitory. Although there are structural and pharmacological differences 

between the human and the guinea pig a2-ARs, these do not translate into differences in 

signal transduction in this recombinant system. This was unexpected as there was evidence 

from previous studies for a subtype with novel characteristics (Oriowo et ai., 1991). 

Therefore, there may still be a novel subtype expressed in the guinea pig atrium which has 

yet to be cloned. 

Several mutations were made in the a2C AR in search of structural characteristics 

of this receptor which contribute to signal transduction activity. Two regions of the 

receptor involved in signal transduction are the carboxy terminus and the seventh 
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transmembrane domain (TM7). The introduction of a cysteine as a potential palmitoylation 

site, in place of phenylalanine 452 in the carboxy terminus of the aiC AR, produced a 

receptor which was not capable of binding ligands or coupling to G-protein, although the 

mutant receptor was expressed. Interestingly, this palmitoylation site is present in most 

other adrenergic receptors. By treating membranes expressing the mutant receptor with 

hydroxylamine, which selectively hydrolyzes thioester linkages, some specific binding of 

[^H]rauwolscine was restored. In contrast, replacing phenylalanine 452 with glycine did 

not disrupt receptor function. These data indicate that cysteine, which is most likely 

palmitoylated, is not tolerated by the ol^C AR and that the large hydrophobic side chain of 

phenylalanine is not necessary for membrane interaction. It is clear that this amino acid 

was not changed without consequence to the auiC AR, through the normal evolutionary 

process. It may be that membrane interaction of the carboxy terminus is not necessary for 

this subtype of ai-AR or that it has developed a different method for this interaction. For 

example, the five basic arginines following phenylalanine 452 in the carboxy terminus may 

interact with the negative phospholipid head groups in place of the membrane interaction 

mediated by palmitoylation. 

Three phenylalanines in the seventh transmembrane domain was the site of a 

deletion mutation in the ajC AR. The structure of the fish a2-AR, which does not contain 

a third phenylalanine in TM7, is most like the 0L2C AR. However the pharmacology of the 

fish a2-AR is a combination of the human a2A and a2C ARs. Thus, the third phenylalanine 
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in the human aiC AR at position 420 was deleted. This produced a receptor which did not 

bind ligand or respond to agonist although the mutant receptor was expressed. 

Together these mutants indicate that a conformational communication takes place 

between transmembrane domain seven, the region of the receptor involved in ligand 

binding, and the carboxy terminus, the region of the receptor which interacts with G-

proteins. It appears that even conservative amino acid changes affect this interaction in the 

ajC AR. Ligand binding in the transmembrane domains affects G-protein coupling and G-

protein coupling in the carboxy terminus affects ligand binding. Consequently, these 

regions may play a critical role in transmitting information required for ligand binding and 

desensitization and/or down-regulation of the receptor. 

The study of these mutant receptors also led to some interesting information 

regarding precoupling of the a2-ARs. For example, there appears to be an increase in basal 

activity of the CAT reporter gene construct used for these experiments when active 

receptors are expressed. None of the inactive mutants caused this increase. This could 

indicate a precoupling of the receptors to a stimulatory G-protein which would amplify the 

decrease in cAMP upon receptor activation. The possibility also exists that a G-protein Py 

subunit is responsible for the increase in basal cAMP levels. In addition, hydroxylamine 

treatment of COS-7 cell membranes expressing the wild type ajC increased specific 

binding of [^Hjrauwolscine by four fold. Because the receptor does not have a 

palmitoylation site, hydroxylamine is probably affecting the G-protein. Palmitoylation is 
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required for membrane association of the G-protein, so that this treatment would remove 

the G-protein from the membrane preparation. Thus, precoupling would be eliminated and 

binding sites exposed. This is further evidence for precoupling of the receptor to G-

protein, although it does not indicate to which type of G-protein the receptor is 

precoupling. 

Investigation of the signal transduction capabilities of co-expressed a2-AR 

subtypes was prompted by the frequent observation that co-expression occurs in many 

diverse cell types including rat Kupflfer cells, fetal rat myocj^es and alveolar macrophages. 

Co-expression of the a2-AR subtypes in a recombinant expression system indicates that 

there is some redundancy of function of these receptors. However, there are subtle 

differences in signal transduction when the receptors were co-expressed. For example, 

there was only a limited increase in forskolin-stimulated CAT activity and only when both 

of the stimulatory subtypes, azA. and a2B were expressed. The stimulation was 

substantially below the level of stimulation seen with expression of only one subtype and 

was evident only at high agonist concentrations. Therefore, if co-expression is common, it 

would be expected that the in vivo activity of endogenous a2-ARs would be mostly 

inhibitory of cAMP levels which is in fact, what is observed. 

The investigation of two different cell types expressing endogenous a2-ARs also 

suggests again that co-expression may be common. Both fetal rat heart cells and rat 

alveolar macrophages express multiple a2-ARs. In the fetal rat heart there is expression of 
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aaA and qliC in the myocyte population and these receptors are coupled to inhibition of 

cAMP which is most likely responsible for the actin cytoskeleton rearrangement observed 

after a2-AR activation. Interestingly, aa-AR expression decreases after birth so that there 

is virtually no expression of these receptors in the adult heart. This, and data showing that 

other cell types differentially express ai-ARs early in development, suggests that aj-ARs 

play a role in development. Development is an area that has not yet been explored with 

regard to az-ARs function. 

Immunofluorescence microscopy and Western blot analysis suggest that rat 

alveolar macrophages express the AR. Because of alveolar macrophage 

autofluorescence, only Western blot analysis could be used as evidence for expression of 

the ajC subtype in rat alveolar macrophages. There is probably very little, if any, 

expression of the a2B subtype in rat alveolar macrophage based on immunofluorescence 

microscopy and Western blot analysis. The a2-ARs are ftinctionally coupled to the MAPK 

pathway in rat alveolar macrophages. It is possible that a2-ARs, through the MAPK 

pathway, are involved in proliferation of this cell type. However, it is unclear if these cells 

have the ability to proliferate or what the role of the MAPK pathway is in macrophages. 

Because LPS, which activates macrophages, can stimulate the MAPK pathway it may also 

be that the a2-ARs are involved in the activation of macrophages. This will require fiarther 

study as the role that the MAPK pathway plays in alveolar macrophage function becomes 

clearer. 
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In summary, we have shown subtype-specific structural characteristics of the a2C 

AR which have evolved to regulate signal transduction activity in the only aa-AR subtype 

which is purely inhibitory to cAMP. Furthermore, we have identified two cell types which 

endogenously express multiple a2-AR subtypes. In the fetal rat heart, expression of ai-

ARs may be involved in development and specifically in the normal structural organization 

of the heart. This is based on the lack of a2-AR protein in the adult heart and the 

functional inhibition of cAMP formation which is likely responsible for the effect of the 

a2-ARs on the cytoskeleton. The identification of a2-AR expression in rat alveolar 

macrophages which activate the MAPK pathway, is one of the first examples of 

endogenous a2-AR activation of this pathway. In addition, the a2-ARs, through MAPK, 

may be involved in cellular proliferation in alveolar macrophages. Both developmental 

regualtion and the activation of MAPK by endogenous receptors are novel roles for ai-

ARs. 

In the future, it will be interesting to pursue the role a2-ARs play in development 

of cardiac myocytes and cellular proliferation of alveolar macrophages. Furthermore, there 

may be many other cell types which express multiple subtypes of a2-AR based on our data 

with fetal cardiac myocytes and alveolar macrophages. The subtype selective antibodies 

developed in our laboratory will be useful in the identification of endogenous a2-ARs in 

other cell types. 



The development of subtype-selective agonists and antagonists will also be crucial 

to further studies with az-ARs. At this point, although there exist a2-selective compounds, 

there are none which distinguish between the three subtypes. Evidence to date fi-om our 

co-transfection studies and mice which do not express the a.2-C AR, indicates that there 

may be a redundancy of a2-AR flinction. However, expression of a single subtype of cti-

AR does result in a different pattern of signal transduction, including stimulation of cAMP 

formation, which does not occur with any of the combinations of co-expressed receptors. 

Therefore, subtype selective drugs may change the pattern of signal transduction in a given 

cell type thus changing the cellular effect. In addition, it is not yet completely clear exactly 

which cell types express which subtypes of a2-AR, so that subtype selective compounds 

could be useful in eliminating the side effects of current drugs which target all three 

subtypes. Selective drugs will be useflil in the laboratory towards further delineation of the 

physiological roles that a2-ARs play. In addition, these compounds will be clinically useflil 

as the role of a2-AJls becomes clearer. The further investigation of the physiological 

activity of negative antagonists will also be potentially useful, both for basic research and 

clinically, to inhibit the activity of pre-coupled receptors. In addition, these compounds 

could be useful in treating diseases which are caused by constitutively active G-protein 

coupled receptors. 

Mice have been produced which lack a single subtype of a2-AR, the ajC AR, 

without significant physiological consequence. Perhaps the data presented here, indicating 
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some redundancy of aj-AR function, explains why there are no obvious physiological 

consequences of the loss of a single subtype of a2-AR. A more pertinent experiment may 

be to suppress expression of multiple a2-AR subtypes. In this way, it should be possible to 

determine what roles a2-AR subtypes play in normal growth and development. For 

example, the ajA and a2C AR subtypes may play a specific role in development of the 

heart. 

The cell-specific physiological roles of the aa-ARs are yet to be defined. The 

cellular localization of the a2-ARs is also not yet clear. Further study of the molecular and 

cell-specific activity of these receptors will ultimately lead to this knowledge and the 

clinical application of a2-selective drugs. 
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