
Localization of alpha-2 adrenergic receptor
subtypes using subtype-specific antibodies.

Item Type text; Dissertation-Reproduction (electronic)

Authors Huang, Yi.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:23:14

Link to Item http://hdl.handle.net/10150/187223

http://hdl.handle.net/10150/187223


INFORMATION TO USERS 

This manuscript ,has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may 

be from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedtbrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely. event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note wiD indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

contimdng from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 

to order. 

UMI 
A Bell & Howell Information Company 

300 North Zeeb Road. Ann Arbor. MI48106-1346 USA 
3131761-4700 800:521-0600 



" 



LOCALIZATION OF ALPHA-2 ADRENERGIC RECEPTOR SUBTYPES 

USING SUBTYPE-SPECIFIC ANTIBODIES 

by 

Yi Huang 

A Dissertation Submitted to the Faculty of 

PHYSIOLOGICAL SCIENCES 

In Partial Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1995 



OMI Number: 9603371 

OMI Microform 9603371 
Copyright 1995, by OMI Company. All rights reserved. 

This microform edition is protected against unauthorized 
copying under Title 17, United States Code. 

UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by Vi Huang 
----------~--------------------------

entitled Localization of A1pha-2 Adrenergic Receptor Subtypes 
--------------------~----------~~----~------~~---------

Using Subtype-Specific Antibodies 

and recommend that it be accepted as fulfilling the dissertation 

the Degree of ___ D_o_ct_o_r_o_f_P_h_i _1 o_s_o-'-p_h.::;..y _______ _ 

Date ) 

Date 7 

William R. Roeske Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 

2 

direction an that it be accepted as fulfilling the dissertation 

Date 
5/30/1995 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under rules of the Library. 

Brief quotations from this dissertation are allowable without special 
permission, provided that accurate acknowledgment of source is made. 
Requests for permission for extended quotation from or reproduction of 
this manuscript in whole or in part may be granted by the head of the 
major department or the Dean of the Graduate College when in his or her 
judgment the proposed use of the material is in the interests of scholarship. 
In all other instances, however, permission must be obtained from the 
author. 

SIGNED:_---l(z'--._p_·_~...g...-



4 

ACKNOWLEDGMENTS 

I wish to express my deepest and most profound gratitude to my 
mentor Dr. John W. Regan, who has provided advice, insight and guidance, 
and has contributed to my professional development. I am especially 
grateful for his continued interest and support of my scientific career. 

I deeply appreciate the guidance that I have received from Dr. 
Ronald M. Lynch. I am thankful for his input and expertise in the field of 
immunohistochemistry. I would also like to extend my appreciation to my 
other committee members, Drs. Patricia B. Hoyer, Josephine Lai and 
William R. Roeske, who have been helpful and supportive of my 
dissertation efforts. 

I could not have completed this project without the support, 
encouragement and friendship from the people in Dr. Regan's lab. Special 
thanks to Dr. Patrick Vanscheeuwijck, Daniel Schullery and Daniel Stamer 
for their wonderful collaboration of antibody generation. Thanks to Drs. 
Patrick Vanscheeuwijck and Samuel Svensson, and Daniel Stamer and Amy 
Porter for their significant contribution to the ideas and comments on this 
dissertation and manuscripts. Thanks to Tom Bailey for his assistance of 
molecular techniques. Thanks to Kristen Pierce, David Pepped, Peter 
Chase, Jeremy Richman and Linda Shen for their helpful assistance in the 
lab. In general, it was a pleasure working with these people. Sharing 
different cultures, I have learned things that I wouldn't have learned in the 
Chinese culture. 

My sincere gratitude is extended to Dr. Paul St. John who has 
provided me the opportunity for the collaboration on the neuronal project. 
I am very grateful for his support and constructive criticism of my work. 
I would also like to thank Melissa Langston for her constant help in the 
preparation of neuronal cultures and David Kumar for his help with RT
PCR work. 

Fellow students in the Department of Physiology, Drs. PeiPei Ping, 
Ningzhong Wu, Jodi Flaws and Lisa Springer have been best friends 
throughout graduate school. They deserve my appreciation for reminding 
me that there is life outside of science. 

I would like to thank my parents, my brothers Jing, Bo and his 
loving wife Mei for their love and support. 

Finally, I am especially grateful to my husband Beixing Liu, whose 
sharing of this journey into Graduate School has been loving ... 



DEDICATION 

To my parents whose life inspired my work 

And to my husband who inspired me 

5 



6 

TABLE OF CONTENTS 

Page 

LIST OF FIGURES ............................................................................ 10 

LIST OF TABLES ............................................................................. 13 

ABSTRACT ...................................................................................... 14 

CHAPTER 1 
INTRODUCTION AND AIMS ................................................... 16 
1.1 INTRODUCTION .............................................................. 16 
1.2 AIMS ................................................................................ 19 

CHAPTER 2 
REVIEW OF THE LITERATURE ............................................. 20 
2.1 HISTORICAL SYNOPSIS OF ADRENERGIC 

RECEPTORS ..................................................................... 20 
2.2 ALPHA-2 ADRENERGIC RECEPTORS .............................. 24 

2.2.1 Heterogeneity of a,2ARs ............................................. 24 
2.2.2 Second Messenger Systems ......................................... 29 
2.2.3 Agonist-Promoted Regulation of a,2ARs ...................... 30 
2.2.4 Tissue Distribution and Physiological 

Functions of a,2ARs ................................................... 32 
2.3 LOCALIZATION OF ALPHA-2 ADRENERGIC 

RECEPTOR SUBTyPES .................................................... 36 
2.3.1 Histochemical Techniques for Receptor Detection ......... 36 
2.3.2 Literature Review on Localization of a,2ARs ................ 39 

2.4 RATIONALE FOR THE STUDY ....................................... .42 

CHAPTER 3 
GENERATION OF ALPHA-2 ADRENERGIC RECEPTOR 
SUBTYPE-SPECIFIC ANTIBQDIES ........................................ .43 
3.1 INTRODUCTION .............................................................. 43 
3.2 MATERIALS AND METHODS ......................................... .45 

3.2.1 Construction of pGEX-2T/a,2AR-i3 Expression 
Vectors ................................................................... 45 

3.2.2 Expression and Purification of the GST/a,2AR-i3 
Fusion Proteins ......................................................... 47 

3.2.3 Immunization of Chickens and Purification of 
Antibodies ................................................................ 48 

3.2.4 Transient Transfection of a,2ARs in COS-7 Cells ......... .48 
3.2.5 Indirect Immunofluorescence on Transfected 

COS-7 Cells .............................................................. 49 



7 

TABLE OF CONTENTS-Continued 
Page 

3.3 RESULTS ......................................................................... 51 
3.3.1 Construction of Recombinant Expression Plasmids 

pGEX-2T/<X2ARs-i3 and Expression of 
GST/<X2ARs-i3 Fusion Proteins ................................... 51 

3.3.2 Characterization of Subtype-Specific Antibodies ........... 56 
3.4 DISCUSSION .................................................................... 66 

CHAPTER 4 
CELLULAR CO-LOCALIZATION OF ALPHA-2 
ADRENERGIC RECEPTOR SUBTYPES IN PRIMARY 
CULTURES OF RAT SPINAL CORD NEURONS ....................... 71 
4.1 INTRODUCTION .............................................................. 71 
4.2 MATERIALS AND METHODS .......................................... 73 

4.2.1 Tissue Dissociation and Cell Culture ............................ 73 
4.2.2 Immunofluorescence Procedures ................................. 73 
4.2.3 Reverse Transcription-PCR ........................................ 75 
4.2.4 cAMP Assay ............................................................. 76 

4.3 RESULTS ......................................................................... 78 
4.3.1 Cross-Reactivity of Antibodies Raised Against 

Human <X2AR with Rat <X2AR Proteins ......................... 78 
4.3.2 Distribution of <X2ARs in Primary Cultures of the 

Rat Spinal Cord ......................................................... 81 
4.3.3 Co-Localization of <X2A and <X2B Subtypes ................... 88 
4.3.4 Reverse Transcription-PCR ........................................ 93 
4.3.5 cAMP Assay ............................................................. 96 

4.4 DISCUSSION .................................................................... 98 

CHAPTER 5 
LOCALIZATION OF ALPHA-2 ADRENERGIC RECEPTOR 
SUBTYPES IN THE ANTERIOR SEGMENT OF THE EYE ...... 103 
5.1 INTRODUCTION ............................................................ I03 
5.2 MATERIALS AND METHODS ......................................... I05 

5.2.1 Immunofluorescence Procedure ................................ 1 05 
5.2.2 Reverse Transcription-PCR ...................................... I06 
5.2.3 Radioligand Binding Study ....................................... l06 

5.3 RESULTS ........................................................................ 108 
5.3.1 Localization of <X2AR Subtypes in the Cornea 

of Human of Rabbit Eyes .......................................... 108 
5.3.2 Localization of <X2AR Subtypes in the Ciliary 

Process of the Human and Rabbit Eyes ....................... 113 
5.3.3 Reverse Transcription-PCR ...................................... 118 
5.3.4 Radioligand Binding Study ....................................... 121 



8 

TABLE OF CONTENTS-Continued 
Page 

5.4 DISCUSSION ................................................................... 125 

CHAPTER 6 
DIFFERENTIAL SUBCELLULAR LOCALIZATION OF 
ALPHA-2 ADRENERGIC RECEPTOR SUBTYPES AND 
THEIR INTRACELLULAR SORTING DURING AGONIST-
PROMOTED INTERNALIZATION ......................................... 130 
6.1 INTRODUCTION ............................................................ 130 
6.2 MATERIALS AND METHODS ......................................... 132 

6.2.1 Transient Transfection of a2ARs in COS-7 Cells ........ 132 
6.2.2 Immunofluorescence Procedures ............................... 132 

6.3 RESULTS ........................................................................ 133 
6.3.1 Subcellular Distribution of a2AR Subtypes in COS 

-7 Cells Transfected with DNA Encoding a2ARs ........ 133 
6.3.2 Subcellular Redistribution of a2AR Subtypes in 

COS-7 Cells after Short Term and Long Term 
Treatments with Norepinephrine ............................... 136 

6.4 DISCUSSION ................................................................... 149 
6.4.1 Differential Subcellular Localization of a2AR 

Subtypes ................................................................. 149 
6.4.2 Agonist-Promoted Internalization of a2AR 

Subtypes ................................................................. 150 

CHAPTER 7 
CONFIRMATION OF CYTOPLASM ORIENTATION 
OF THE THIRD INTRACELLULAR LOOP OF 
ALPHA-2A RECEPTOR USING ANTIBODY ........................... 154 
7.1 INTRODUCTION ............................................................ 154 
7.2 MATERIALS AND METHODS ......................................... 156 
7.3 RESULTS ........................................ : ............................... 157 
7.4 DISCUSSION ................................................................... 160 

CHAPTER 8 
CONCLUSIONS ..................................................................... 163 

APPENDIX A: Fusion Protein Induction and Purification .................. 165 
APPENDIX B: Immunization of Chickens ........................................ 169 
APPENDIX C: Purification of Chicken Antibodies Against a2ARs ...... 170 
APPENDIX D: Chemical Cross-Linking of Fusion Proteins to 

Agarose Columns .................................................... 173 
APPENDIX E: Immunofluorescence Procedures on COS-7 Cells 

(or Tissue Sections) ................................................. 175 



9 

TABLE OF CONTENTS-Continued 

APPENDIX F: Immunofluorescence Procedures on Primary 
Cultures of the Rat Spinal Cord ................................. 177 

APPENDIX G: DEAE-Dextran Transient Transfection of COS-7 
Cells ....................................................................... 179 

APPENDIX H: PCR ProtocoL ........................................................ 181 
APPENDIX I: cAMP Assay for the Primary Cultures of the Rat 

Spinal Cord ............................................................. 183 

REFERENCES ................................................................................ 185 



10 

LIST OF FIGURES 

Figure Page 

1. Phylogenetic relationship among the cloned human 
adrenergic receptor subtypes ........................................................ 23 

2. Deduced amino acid sequence of the human CJ.2A adrenergic 
receptor ..................................................................................... 26 

3. Deduced amino acid sequence of the human CJ.2B adrenergic 
receptor ..................................................................................... 27 

4. Deduced amino acid sequence of the human CJ.2C adrenergic 
receptor ..................................................................................... 28 

5. Schematic representation of the construction of the expression 
vector pGEX-2T/CJ.2AR-i3 ........................................................... 46 

6. SDS-PAGE after induction of expression of an CJ.2A fusion 
protein and a fragment of glutathione-S-transferase ........................ 53 

7. SDS-PAGE following solubilization of GST/CJ.2B fusion 
protein and after affinity purification with glutathione 
column chromatography ............................................................. 55 

8. Dot Blot showing recognition of the GST/CJ.2B fusion protein 
by yolks from chickens pre- and post-immunized with 
GST/CJ.2B fusion protein ............................................................... 59 

9. Immunofluorescence photomicrograph of COS-7 cells that 
are either untransfected or transfected with DNA encoding 
the CJ.2A and labeled with CJ.2A antibodies ........................................ 61 

10. Immunofluorescence photomicrograph of COS-7 cells 
transfected with the human CJ.2ARs and probed with CJ.2AR 
antibodies ................................................................................... 63 

11. Immunofluorescence photomicrograph of COS-7 cells 
transfected with the human CJ.2A and labeled with CJ.2A antibodies 
that had been preincubated with CJ.2AR fusion proteins ..................... 65 

12. Immunofluorescence photomicrograph of COS-7 cells 
transfected with the rat CJ.2ARs and labeled with antibodies 
generated against fusion proteins containing the i3 loops of 
the human CJ.2AR ......................................................................... 80 



LIST OF FIGURES-Continued 

13. Immunofluorescence photomicrograph of neurons from 
primary cultures of embryonic rat spinal cord labeled 

11 

with a2AR antibodies ................................................................... 83 

14. Immunofluorescence photomicrograph of neurons from 
primary cultures of embryonic rat spinal cord labeled with a2B 
antibodies that have been preincubated with fusion proteins ............. 85 

15. Immunofluorescence photomicrograph of neuritic processes 
from primary cultures of embryonic rat spinal cord labeled 
with a2A and a2B antibodies ........................................................ 87 

16. Dual-immunofluorescence photomicrograph of neurons from 
primary cultures of embryonic rat spinal cord labeled with a2B 
antibodies showing control for dual labeling .................................. 90 

17. Dual-immunofluorescence photomicrograph of neurons from 
primary cultures of embryonic rat spinal cord labeled with 
a2A and a2B antibodies ............................................................... 92 

18. Expression of a2A, a2B and a2C receptor subtypes in primary 
cultures of rat spinal cord neurons as analyzed by RT-PCR 
followed by restriction enzyme analysis ......................................... 95 

19. Effects of agonist and antagonist of a2ARs on forskolin
stimulated cAMP production in primary cultures of the rat 
spinal cord .................................................................................. 97 

20. Immunofluorescence photomicrograph of the human corneal 
epithelium labeled with anti-a2AR antibodies ............................... 110 

21. Immunofluorescence photomicrograph of the rabbit corneal 
epithelium labeled with anti-a2B antibodies .................................. 112 

22. Immunofluorescence photomicrograph of the human ciliary 
process labeled with anti-a2AR antibodies .................................... 115· 

23. Immunofluorescence photomicrograph of the rabbit ciliary 
process labeled with anti-a2AR antibodies .................................... 117 

24. a2AR subtypes present in a transformed cell line of human 
nonpigmented epithelium and rabbit iris-ciliary body as 
analyzed by RT-PCR followed by restriction enzyme analysis 
and dot-blot hybridization .......................................................... 120 



LIST OF FIGURES·Continued 

25. Saturation curve of the specific binding of [3H] rauwolscine 
to membranes prepared from bovine corneal epithelium and 

12 

retinal membranes ..................................................................... 122 

26. Agonist and antagonist competition for the binding of [3H] 
rauwolscine to membranes prepared from bovine corneal 
epithelium and retinal membranes ............................................... 124 

27. Immunofluorescence photomicrograph of COS-7 cells 
transfected with DNA encoding a2ARs and labeled with 
anti-a2AR antibodies .................................................................. 135 

28. Localization of a2A receptor in COS-7 cells after short and 
long term treatments with norepinephrine .................................... 138 

29. Localization of a2B receptor in COS-7 cells after short and 
long term treatments with norepinephrine .................................... 140 

30. Localization of a2C receptor in COS-7 cells after short and 
long term treatments with norepinephrine .................................... 142 

31. Differential interference contrast (DIC) imagings of COS-7 
cells untreated and treated with 100 /-lM of norepinephrine ............ 144 

32. Localization of a2A receptor in COS-7 cells after long term 
treatment with norepinephrine .................................................... 146 

33. Localization of a2B receptor in COS-7 cells after long term 
treatment with norepinephrine .................................................... 148 

34. Immunofluorescence photomicrograph of fJ..2A receptor 
transfected COS-7 cells that were either unpermeabilized or 
permeabilized with Triton X-100 and labeled with anti-a2A 
antibodies ................................................................................. 159 

35. The hydropathicity profile of the deduced amino acid 
sequence of the human fJ..2A receptor ........................................... 162 



13 

LIST OF TABLES 

Table Page 

1. Characteristics of the human a2ARs .............................................. 29 

2. Histochemical techniques for the receptor detection ........................ 36 

3. Expected molecular weights of a2AR fusion proteins ....................... 52 

4. Number of identical amino acids and percentage of homology 
between each of the fusion proteins ............................................... 67 



14 

ABSTRACT 

Three subtypes of alpha-2 adrenergic receptors (<X2AR) have been 

identified: <X2A, <X2B and <X2C. <X2ARs are known to mediate a number of 

functions in many tissues. It is not clear, however, what the distribution of 

<X2AR subtypes is in these tissues. The distribution of <X2AR sUbtypes is 

fundamental to understanding receptor function and the development of 

more effective and specific <X2-adrenergic agents for therapeutic use. The 

working hypothesis for this dissertation is that there are specific subtypes 

of a2ARs in tissues and in cells that have discrete localizations and may 

subserve different physiological function. 

To test this hypothesis two specific aims have been raised. The first 

aim was: the generation of subtype-specific antibodies. Experiments were 

conducted to express fusion proteins containing part of the third 

intracellular loop of each <X2AR. Chickens were immunized with fusion 

proteins and antibodies were purified from the yolk of the chicken eggs. 

The antibodies have complete subtype specificity as characterized by 

immunofluorescence studies on COS-7 cells transfected with DNA 

encoding the <X2ARs. 

The second aim was: the immunohistochemical localization of a2AR 

subtypes in the primary culture of rat spinal cord, anterior segments of 

human and rabbit eyes and transfected COS-7 cells. Experiments were 

conducted to localize the <X2AR SUbtypes in cultured cells and tissues using 

indirect immunofluorescence techniques. The immunofluorescence results 

were confirmed by alternative approaches, e.g. reverse transcription-PCR, 
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ligand binding and cAMP assay. The experimental results showed that 

multiple <l2AR sUbtypes are expressed in one tissue and that specific 

subtypes of <l2ARs are expressed in different tissues. Using a dual-labeling 

technique, two subtypes were co-localized in the same neuronal cell of the 

rat spinal cord. Furthermore, the immunofluorescence studies on the 

transfected COS-7 cells showed that the three subtypes of <l2ARs displayed 

different subcellular localization. 

Taken together the results of the studies presented in this dissertation 

provide evidence in support of the working hypothesis. The present work 

has provided a new opening in the study of the localization of <l2A R 

subtypes using immunohistochemical approach. This information provides 

new insights into the understanding of <l2AR functions in tissues. 
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CHAPTER 1 

INTRODUCTION AND AIMS 

1.1 INTRODUCTION 

The action of epinephrine, the adrenal hormone and central 

neurotransmitter, and norepinephrine, the peripheral sympathetic and 

central neurotransmitter, are mediated through alpha-I, alpha-2 and beta

adrenergic receptors. Alpha-2 adrenergic receptors (<X2ARs) are widely 

distributed in both peripheral organs and the central nervous system and 

mediate a multitude of physiological functions. Little is known about the 

actual cellular and subcellular localization of <X2ARs in these tissues, 

especially the localization of <X2AR subtypes, even though this is 

fundamental to the understanding of receptor function and the development 

of more effective and specific <X2-adrenergic agents for therapeutic use. 

The goal of the present study was to histochemically localize the 

<X2AR subtypes at the cellular and the subcellular levels. The experiments 

were designed to immunohistochemically localize the <X2ARs in ocular 

tissue, primary cultures of spinal cord and transfected COS-7 cells using 

subtype-specific antibodies raised against recombinant fusion proteins 

containing part of the <X2ARs. 

To better understand the background about the <X2AR a review of the 

literature on the general features and physiological function of <X2ARs is 

provided in Chapter 2. In this chapter, the previous studies of 
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histochemical localization of u2ARs are discussed and the hypothesis and 

aims for the present study are stated. Chapter 3 describes the generation of 

the recombinant fusion proteins containing the third intracellular loops of 

u 2ARs, the· immunization of animals and the purification and 

characterization of subtype-specific antibodies. 

Using these antibodies in immunofluorescence studies, the cellular· 

localization of u2AR SUbtypes in the primary culture of embryonic rat 

spinal cord is discussed in Chapter 4. Furthermore, two subtypes of u2ARs 

were co-localized in the same neuronal cell using a dual-labeling technique. 

Using the same techniques the cellular localization of u2AR subtypes in the 

anterior segments of the human and rabbit eyes is discussed in Chapter 5. 

In these two chapters, the immunofluorescence results were further 

confirmed by alternative approaches, e.g. reverse transcription-PCR, 

ligand binding and cyclic adenosine monophosphate assay. The significance 

of the subtype-specific cellular localization of u2ARs in these tissues is 

discussed. 

Chapter 6 presents the results of the subcellular localization on COS-

7 cells transfected with DNA encoded u2ARs in the immunofluorescence 

studies. The redistribution of u2ARs on COS-7 cells after short term and 

long. term treatments with norepinephrine is discussed. These results are 

combined with other relevant findings from the literature to implicate the 

property of ligand-promoted receptor regulation, especially internalization. 

In Chapter 7, anti-u 2A antibodies were used in an 

immunofluorescence study to probe the third intracellular loop of the U2A 

to confirm the orientation of this membrane protein. 
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In Chapter 8, results from Chapter 3,4,5,6 and 7 are combined to 

summarize our findings on the localization of a,2AR sUbtypes. Other 

relevant findings from the literature are added to relate our current 

findings on the localization of a,2AR sUbtypes. The future directions for 

this study are also raised. 
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1.2 AIMS 

The working hypothesis for this study is that there are specific 

subtypes of a2ARs in tissues and in cells that have discrete cellular 

localizations and may subserve different physiological functions. This 

study was directed toward advancing our understanding of the localization 

of <X2AR subtypes. The localization of <X2AR subtypes will lead to 

important contributions to the understanding of receptor functions In 

tissues and the development of more effective and specific <X2-adrenergic 

agents for therapeutic use. 

The research plan aims to: 

1. Generation of subtype-specific antibodies against recombinant 

fusion proteins containing the third intracellular loops of a2ARs. 

2. Localization of a2AR subtypes by immunohistochemical 

techniques in the primary culture of rat spinal cord, the anterior 

segments of the human and rabbit eyes, and COS-7 cells 

transfected with DNA encoded a2ARs. 

Some of these work has appeared in publication or manuscript form 

(Vanscheeuwijck et aI., 1993; Huang et aI., 1993; Huang et aI., 1995a; 

Huang et aI., 1995b). 
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CHAPTER 2 

REVIEW OF THE LITERATURE 

In this Chapter, historical background of adrenergic receptors, 

specially the C(2ARs, are reviewed in order to appreciate how they might 

influence the present studies on the cellular and subcellular localization of 

a.2AR subtypes in tissues and cells. A historical synopsis of adrenergic 

receptors is considered first, followed by a discussion on heterogeneity of 

a.2ARs and a review on previous studies on C(2ARs localization. The final 

section in this Chapter provides a rationale for the studies. 

2.1 HISTORICAL SYNOPSIS OF ADRENERGIC RECEPTORS 

Adrenergic receptors are the receptors for which the natural 

catecholamines, norepinephrine and epinephrine, act as agonists. The 

classification of adrenergic receptors into a. and P was suggested by 

Ahlquist (Ahlquist, 1948), who reported two distinct types of adrenergic 

receptors as determined by their relative responsiveness to the six 

sympathominetic amines structurally most related to epinephrine. The 

a. ARs are associated with most of the excitatory functions 

(vasoconstriction, stimulation of uterus, nicitating membrane, ureter and 

dilator pupillae) and one inhibitory function (intestinal relaxation). The 

PARs are associated with most of the inhibitory functions (vasodilation, 
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inhibition of the uterine and bronchial musculature) and one excitatory 

function (myocardial stimulation). 

The ~ARs were further subdivided into ~ 1- (predominant in the 

heart) and ~2- (predominant in the trachea) subtypes by comparing the 

rank order of potency of 12 different agonists in several isolated organ 

systems (Lands et aI., 1967). An atypical ~-receptor subtype (later defined 

as ~3) was characterized in adipocytes by comparing the potency of several 

new agonists (Arch et aI., 1984). 

The identification of aAR subtypes has been much more difficult, 

due to the more complex physiological responses elicited through aARs 

and to the slower development of sUbtype selective drugs. The initial 

subclassification was based on the presumed anatomic localization of the 

receptors with the suggestion that the a 1 subtype was found post

synaptically whereas the a2 subtype was found pre-synaptically (Langer, 

1974). It appears now that not all pre-synaptic ARs are of the a2 sUbtype. 

There are many examples of a2 receptors with post-synaptic or un-synaptic 

localization, for example on platelets with the same pharmacological 

properties (Bylund and U'Prichard, 1983). With the development of 

radioligand binding techniques in the early 1980s, aARs were distinguished 

pharmacologically based on their affinities for the antagonists prazosin or 

yohimbine. Prazosin was more potent for a I-receptors while yohimbine 

was more potent for a2-receptors (Bylund and U'Prichard, 1983). Each of 

these major subtypes can be further subdivided into alA/D, alB (Morrow 

and Creese, 1986; Schwinn et aI., 1995) and ale (Schwinn et aI., 1990); 

a2A, a2B and a2C (Bylund, 1985). 
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The emergence of molecular biological techniques in the study of 

receptor structure and function in late 1980s has yielded data concerning 

the definitive evidence for the biochemical subclassification of adrenergic 

receptors. Between 1986 and 1989, the genes for the hamster P2- (Dixon 

et aI., 1986), turkey Pl- (Yarden et aI., 1986) and human P3AR (Emorine 

et aI., 1989) were cloned and sequenced. Hydropathy analysis revealed that 

these proteins contain seven hydrophobic domains similar to the rhodopsin 

receptor. Subsequently, three sUbtypes of alARs (Cotecchia et aI., 1988; 

Schwinn et aI., 1990; Lomasney et aI., 1991) and a2ARs (Kobilka et aI., 

1987; Regan et aI., 1988; Lomasney et aI., 1990) were cloned and 

sequenced. The following phylogeny tree summarizes the classification of 

the human adrenergic receptors. 
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Figure 1. Phylogenetic relationship between the cloned human adrenergic 

receptors. The cloned human adrenergic receptor sequences were obtained 

from Genbank (Review by Strasser et aI., 1992). Phylogenetic analysis was 

done to compare the relative evolutionary distance between related amino 

acid sequences using the program described in (Kumar et aI., 1993). 
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2.2 ALPHA-2 ADRENERGIC RECEPTORS 

2.2.1 Heterogeneity of a,2-Adrenergic Receptors 

Pharmacological evidence of the heterogeneity of the a,2AR was 

obtained by Bylund (Bylund, 1985). Based on the differential affinity of 

prazosin and oxymetazoline, he proposed a definition of the a,2A R 

subtypes. Prazosin has a lower affinity for a,2A subtype in human platelets 

and a higher affinity for a,2B sUbtype in the neonatal rat lung. A third 

subtype, the a,2C, was defined by comparing the affinities of 49 drugs in 

the opossum kidney cell with their affinity for the a,2A and a,2B (Blaxall et 

al., 1991). Recently, pharmacological studies have defined the fourth 

subtype a,2D and this subtype possibly represents a species variation of the 

a,2A (Link et al., 1992). 

Molecular biological methods have defined three human subtypes of 

the a,2ARs: a,2-C10, a,2-C2 and a,2-C4. The numbers refer to the 

chromosome localization of these genes. The first human genomic clone 

a,2-C 1 0 was isolated using a partial amino acid sequence from the purified 

human platelet a,2AR (Kobilka et al., 1987). The second a,2AR clone (a,2-

C4) was isolated by screening human kidney cDNA library with cloned 

a,2C-10 DNA (Regan et al., 1988). The third subtype, a,2-C2, was cloned 

from human placental genomic library using oligonucleotide primers 

homologous to conserved regions of the a,2-C10 and a,2-C4 in the 

polymerase chain reaction (PCR) (Lomasney et al., 1990). Some of the 

rat, mouse, pig and fish homologues of the human a,2AR genes have also 

been cloned (Svensson et al., 1993; Review in Ref (Strasser et al., 1992)). 
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The comparison between pharmacologically defined subtypes and 

subtypes identified by molecular cloning was done using ligand binding 

studies of the three human <X2ARs expressed in COS-7 cells (Bylund et aI., 

1992). Correlation analysis of ligand binding studies indicated that the 

<X2A, <X2B and <X2C subtypes correspond to the cloned human <X2-C10, <X2-

C2 and <X2-C4 receptor subtypes, respectively. In this dissertation, the 

<X2A, <X2B and <X2C will be used in referring to the different <X2A R 

subtypes. 

The deduced amino acid sequences of the human <X2A, <X2B and <X2C 

are shown in figure 2, 3 and 4, respectively. In figures 2,3 and 4, the 

circles represent individual amino acids with single letter code. Sites for 

potential N-linked glycosylation are indicated by arrows. 
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Figure 1. The deduced amino acid sequence of the human Cl2A adrenergic receptor. 
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Figure 2. The deduced amino acid sequence of the human roB adrenergic receptor. The shaded circles 
are the conserved sequences between a,2A, roB and roC receptors (Regan and Cotecchia, 1992). 
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Figure 3. The deduced amino acid sequence of the human a2C adrenergic receptor. The shaded 
circles are the conserved sequences between a2C and a2A adrenergic receptors (Regan et.a!. 1988). tv 

00 



29 

Some of the characteristics of the <X2ARs are summarized in Table 1. 

Table 1. Characteristics of the human <X2ARs 
Subtype Chromosomal Amino acids Glycosylation Major G Effector system 

location Total i3 loops protein 

a.2A 
a.2B 
a.2C 

10 
2 
4 

450 
450 
461 

158 
179 
151 

2.2.2 Second Messenger Systems 

yes 
no 
yes 

Gi Adenylyl cyclase 
Gi PhospholipaseC,A2,D 
Gi MAP kinase 

Adrenergic receptors belong to the superfamily of guanine 

nucleotide-binding protein (G protein-coupled) receptors. They all 

transduce an extracellular stimulus into an intracellular response via one of 

the various G proteins (Hille, 1992). This superfamily includes the 

following receptor classes based on the structural characteristics of the 

ligands: 1) Protein (large peptide) receptors: for example glycoprotein 

hormone receptors; 2) Small peptide receptors: for example opioid 

receptors; 3) Lipid receptors: for example prostaglandin receptors; 4) Low 

molecular weight hydrocarbons: for example odorant receptors. They all 

are integral membrane proteins with seven membrane spanning domains. 

The intracellular loops of the receptors are ~elieved to be coupled to the G 

proteins. 

In the adrenergic receptor subfamily, all three ~ARs are coupled via 

the stimulatory G protein, Gs, to the activation of adenylyl cyclase (Strader 

et aI., 1987) thereby leading to elevated level of intracellular cyclic 

adenosine monophosphate (cAMP). The activation of a cAMP-dependent 

protein kinase results in the phosphorylation of the intracellular proteins. 
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The (XIARs are believed to be coupled to the G protein, Gq (Wu et aI., 

1992). Stimulation of this system leads to the hydrolysis of 

phosphoinositide through the activation of phospholipase C (Han et aI., 

1987; Tsujimoto et aI., 1989). The resulting products of phosphoinositide 

hydrolysis, including 1P3 and diacylglycerol, increase intracellular calcium 

and activate protein kinase C, respectively. 

The signal transduction system of the (X2AR has been traditionally 

thought to be coupled to the inhibitory G protein, Gi (Cotecchia et aI., 

1990). The inhibition of adenylyl cyclase by Gi results in a reduced level 

of intracellular cAMP. However, a potential ability to regulate adenylyl 

cyclase in a biphasic fashion was observed (Eason et aI., 1992; Pepped and 

Regan, 1993). On the basis of these observations it has been hypothesized 

that (X2ARs couple selectively to Gi but they also exhibit a weaker 

interaction with Gs. Moreover, agonist activation of a variety of 

phospholipases: Phospholipase C (Cotecchia et aI., 1990), a 

phosphatidylcholine-directed phospholipase D (MacNulty et aI., 1992) and 

phospholipase A2 (Jones et aI., 1991) and regulation of p2FuS and the 

mitogen-activated protein (MAP) kinase cascade (Alblas et aI., 1993) have 

also been recorded for (X2ARs. 

2.2.3 Agonist-Promoted Regulation of (X2ARs 

During continuous exposure to stimulatory ligands, a number 

of G protein-coupled receptors display desensitization that results in a 

decrease of their function despite the continuous presence of such ligands. 

Desensitization may involve a number of different processes: 
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phosphorylation, uncoupling, internalization and down-regulation. Upon 

agonist binding phosphorylation occurs in some of the adrenergic 

receptors. Uncoupling refers to a decrease of agonist-promoted coupling 

between receptor and G protein. Phosphorylation is the primary 

mechanism for uncoupling. Internalization is a process by which a 

redistribution of cells surface receptor into intracellular compartment 

occurs after ~gonist binding. Down-regulation is defined as a decrease in 

the total number of cellular receptors. 

Of the adrenergic receptors, desensitization of the <X2ARs has been 

characterized and this desensitization exhibits a subtype-specific manner 

(Eason and Liggett, 1992; Kurose and Lefkowitz, 1994). Desensitization 

of the <X2A and <X2B receptors during short term exposure to agonist is 

primarily due to phosphorylation of the receptors by the ~-adrenergic 

receptor kinase (~-ARK) or a ~-ARK-like kinase. <X2C receptor doesn't 

undergo short term desensitization. Desensitization of all three subtypes 

during long term exposure to agonist is due to a decrease on the amount of 

cellular of Gi. A down-regulation of <X2A and <X2B level is also contribute 

to this long term desensitization. The agonist-promoted internalization of 

<X2ARs observed by whole cell binding studies (Eason and Liggett, 1992; 

Liggett et aI., 1992) has been considered to be one of the mechanism for 

the desensitization. This internalization of <X2ARs, however, hasn't been 

very well characterized, histochemically. Histochemical studies done on 

other G protein-coupled receptors, for example the ~AR and thrombin 

receptor, showed the agonist-promoted internalization of the receptors 

(von Zastrow et aI., 1993; von Zastrow and Kobilka, 1994; Hein et aI., 
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1994). It is suggested that upon agonist binding both ~AR and thrombin 

receptors are internalized into endosome. Subsequently, ~AR may recycle 

back to the cell surface whereas thrombin receptors may be delivered into 

the lysosome to be degraded. 

2.2.4 Tissue Distribution and Physiological Functions of <X2ARs 

<X2ARs are widely distributed in both peripheral organs and the 

central nervous system and mediate a multitude of physiological functions. 

They have been characterized in the central nervous system, cardiovascular 

system, eye, pancreatic islets, adipose tissue, kidney, platelets, 

gastrointestinal tract and genital system (Ruffolo et al., 1993). However, 

the nature of the particular sUbtypes of <X2ARs is not known at present in 

most cases. 

<X2ARs play prominent roles in the cardiovascular system to regulate 

blood pressure and heart rate, and in the central nervous system to control 

the affective state. Stimulation of the central <X2ARs in the ventrolateral 

medulla induces a reduction in sympathetic outflow to the periphery, which 

results in a reduction in arterial blood pressure accompanied by 

bradycardia (Gillis et aI., 1985). Central <X2AR stimulation has been 

utilized clinically for many years in the treatment of hypertension. One of 

the prominent side effects in the antihypertensive therapy is sedation which 

results from a reduction in locus coeruleus activity by these centrally acting 

<X2-adrenergic hypotensive drugs. However, this sedation effect caused by 

<X2-adrenergic agents produces analgesia in both experimental animal and in 

human subjects (Yasuoka and Yaksh, 1983). Many studies have shown <X2-
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adrenoceptor agonists to be potent analgesic agents. The involvement of 

spinal <X2ARs in the analgesic action of <X2-adrenergic agents has also been 

reported (Yaksh, 1985). 

In the spinal cord <X2ARs have been shown to modulate nociceptive 

processing, blood pressure and spinal reflex (Yaksh, 1985; Maze and 

Tranquilli, 1991). More information about <X2ARs in the spinal cord is 

discussed in Chapter 5. 

<X2ARs are known to mediate a number of functions in the eye. The 

activation of <X2ARs has been shown to reduce intraocular pressure (lOP) 

by decreasing the rate of aqueous humor production from ciliary 

epithelium (Chiou, 1983) and enhancing the uveoscleral outflow (Toris et 

aI., 1994). A selective <X2-adrenoceptor agonist, para-aminoclonidine, is 

now in clinical use for the topical treatment of glaucoma (J ampel et aI., 

1988). <X2-Adrenoceptor agonist was found to reduce stroma-to-tear 

unidirectional cr flux in frog corneal epithelium (Chu and Candia, 1988). 

More information concerning <X2ARs in the anterior segment of the eye is 

discussed in Chapter 4. <X2ARs are also present in the retina and they 

appear to be responsible for modulating dopamine turnover by suppressing 

aromatic L-amino acid decarboxylase activity in amacrine cells (Rossetti et 

aI., 1989). The functional role of <X2ARs in the cornea and retina is not 

clearly understood at this time. 

<X2ARs appear to regulate metabolism through pancreatic islet, 

adipose tissue and gastrointestinal tract. <X2ARs have been characterized in 

the pancreatic islet to inhibit insulin secretion from ~ cells (Nakaki et aI., 

1980). The insulin secretion is, in part, under tonic inhibition by activation 
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of pancreatic a2ARs and tonic stimulation by activation of pancreatic 

~ARs. <l2-Adrenoceptor antagonists have been found to potentiate glucose

induced insulin secretion in the rat (Hieble et aI., 1992). A potent and 

selective <l2-adrenoceptor antagonist, SL 84,0418, is being developed as an 

oral hypoglycemic agent for noninsulin-dependent diabetes (Hulbron et aI., 

1990). <l2ARs appear to co-localize with ~ARs in adipose tissue to mediate 

a reciprocal adrenoceptor-mediated regulation of lipolysis, with ~ and <l2-

adrenoceptor stimulation resulting in the stimulation and inhibition of 

lipolysis, respectively (Stralfors et aI., 1987). Studies have shown that <l2-

adrenoceptor agonists can mediate several responses at different levels of 

the gastrointestinal tract, such as the promotion of intestinal fluid 

absorption and the inhibition of intestinal motility (Fondacaro et aI., 1989). 

Almost thirty decades ago it was demonstrated that epinephrine 

induces aggregation of human platelets and potentiates aggregation induced 

by other agents, such as ADP and thrombin (Thomas, 1967). However, the 

functional role of <l2AR-mediated platelet aggregation has not been clearly 

understood by now. It has been suggested that the elevated catecholamines 

in the systemic circulation during stress and myocardial ischemia may 

produce platelet aggregation. The a2ARs in platelets have been purified 

(Regan ·et aI., 1986), and the partial aminq acid sequence of this purified 

<l2ARs was used in molecular cloning, showing that the a2AR in platelets is 

<l2A subtype (Kobilka et aI., 1987). 

The kidney receives a dense noradrenergic innervation, with a great 

amount of <l2ARs in the renal cortex, particularly in the proximal tubules 

(Stephenson and Summers, 1985). Studies on the role of <l2ARs in renal 
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function demonstrated that <X.2ARs mediate the inhibition of vasopressin

induced sodium and water reabsorption, leading to a natriuresis and 

diuresis (Smyth et aI., 1985). 

In the genital system, density of the <X.2ARs in the uterus and uterine 

is regulated by plasma levels of gonadal steroids (Bottarie et aI., 1983). It. 

has been suggested that <X.2ARs regulate some aspect of cellular metabolism 

important for uterine function, and that the steroid-induced changes in 

<X.2AR number mediate changes in the metabolic activity of the uterus 

during the menstrual cycle and pregnancy. 



2.3 LOCALIZATION OF ALPHA-2 ADRENERGIC RECEPTOR 

SUBTYPES 

2.3.1 Histochemical Techniques for Receptor Detection 
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There are two approaches that are commonly used for the study of 

histochemical receptor detection: first is the detection of the receptor 

mRNA and second is the detection of receptor protein. The methods have 

been developed for both approaches, with in situ hybridization 

histochemistry for mRNA detection, and autoradiographic histochemistry 

and immunohistochemistry for protein detection. These three techniques 

are summarized in Table 2. 

Table 2. Histochemical Techniques for Receptor Detection 

Technique Detected Molecules Mechanism Detection Probe 

Tn situ hybridization 

autoradiography 

rnRNA 

receptor ligand 
binding domains 

nuclei acid hybridization RNA or DNA 

receptor ligand radioactive ligand 
binding 

immunohistochemistry receptor protein antibody binding antibody 

In situ hybridization histochemistry It is the technique to visualize 

the cells expressing mRNAs coding for the receptors. In situ hybridization 

detects the presence of the receptor mRNA sequence. At what rate the 

gene is transcribed, where or not the gene is translated and where or not 

the gene is translated as an active receptor protein can't be determined 

using this technique. Only in studies concerning regulation of the receptor 

mRNA expression can be necessary. 
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Other alternative approache for the receptor mRNA detection are 

Northern blotting, Southern blotting after peR amplification of mRNA, 

RN ase protection. However, these approaches do not provide the 

histochemical information. 

Autoradiographic histochemistry It is the technique to visualize the 

receptor ligand binding domain using radioactively labeled ligands that are 

selective for a given receptor. Receptor protein distribution has been 

studied with ligand binding techniques for a number of years. The initial 

approach has been the use of radioactive ligands to measure binding to 

tissue homogenates. Such binding studies have been extended to the 

analysis of tissue sections and the detection of binding by autoradiography. 

It has been used for the detection of neurotransmitter binding receptors in 

tissues (Kuhar, 1978). With respect to the distribution of receptors and 

their cellular localization, several limitations have emerged in recent years. 

First of all, autoradiography detects receptor ligand binding domain. 

Hence, a complete image of receptor localization cannot be provided by 

this technique. Furthermore, the detection for some receptors, especially 

the detection for highly related receptor subtypes, is limited by the lack of 

the high affinity ligands. Finally, the receptor mapping autoradiography 

does not provide the degree of resolution required to identify the receptor 

at a subcellular level. 

Immunohistochemistry It is the technique to identify the receptor 

proteins in cells and tissues using labeled antibodies raised against receptor 

proteins. The advantages of immunohistochemistry are: First, an antibody 

detects a protein antigen regardless of whether or not the antigen can bind 
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a ligand. Therefore, an inactive receptor or parts of the receptor 

molecule, for example, during synthesis or degradation, can be localized 

with appropriate antibodies. Second, the most important advantage of 

immunohistochemistry in the localization of receptor sUbtypes is that it is 

easier to obtain a subtype specific antibodies than it is to obtain a highly 

selective radioligands. Third, The immunohistochemical localization of 

receptors usually provides high resolution capability. This allows 

immunohistochemical localization of antigen at the subcellular level. 

It is difficulty to obtain the receptor proteins for the generation of 

antibodies against specific receptors in the immunohistochemistry. The 

earliest approaches were the use of purified natural proteins for 

immunization. The problems with this approach have been two: 1, Cellular 

concentration of receptor tends to be low; 2, Some receptor proteins are 

unstable. Both make receptor isolation rather difficult. An alternative 

approach towards the generation of anti-rec~ptor antibodies has been the 

use of synthetic peptides of the receptors as immunogens. The major 

disadvantage of the use of peptides as antigens is that antibodies to the 

peptides may not recognize the native receptor proteins. A more recent 

approach towards the generation of antibodies has been the use of 

recombinant DNA technology to express receptor proteins in either 

prokaryotic or eukaryotic expression systems. The" generation of 

antibodies from expressed receptor proteins is more efficient and 

economical. Recently, antibodies against muscarinic receptor subtypes 

have been obtained using bacterial expressed proteins as antigens (Levey et 

aI., 1990). 
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These histochemical techniques for receptor detection described 

above have both their disadvantages and advantages. However, 

immunohistochemistry offers advantages over in situ hybridization and 

autoradiography mainly because of the refined histochemical localization 

for the receptor protein. Recently, immunohistochemistry has been widely 

used for the receptor detection, for example the detection of muscarinic 

receptor (Dorje et aI., 1991), dopamine receptor (Boundy et aI., 1993) and 

adrenergic receptor (Guyenet et aI., 1994), largely due to the availability 

of specific antibodies against receptors. 

2.3.2. Literature Review on Localization of a,2ARs 

Pharmacological and biochemical analysis, for example radio ligand 

binding, Northern blot, and RNase protection, have been used since the 

1970s and 1980s to characterize the pharmacological and biochemical 

properties of a,2ARs. Histochemical detection of the a,2ARs in tissues and 

cultured cells was started at late 1970s. The information of receptor 

localization in target tissues at cellular and subcellular level provides more 

detailed understanding of a,2ARs function. The first autoradiographic 

histochemistry of a,2AR was done using a,2AR selective ligand [3H]-para

aminoclonidine by Young and Kuhar in 1979 (Young and Kuhar, 1979). 

Some information concerning the gross localization of a,2ARs in different 

tissues has been maded since then. But the information on the specific 

localization of the individual a,2AR subtypes is not known. Histochemical 

detection of a,2ARs by in situ hybridization was not started until three 

subtypes of a,2ARs had been cloned in the late 1980s. Studies done by in 
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situ hybridization provide information of the mRNA expression of <X2AR 

subtypes in tissues. 

For the past decades, immunohistochemical detection of <X2ARs has 

received little attention. Lack of such studies is due mostly to the difficulty 

of purifying the receptor proteins for generating antibodies, especially as it 

concerns highly related <X2AR subtypes; although, some monoclonal 

antibodies against the synthetic peptides have been developed, such as those 

to the ~2AR (Aoki, 1992). The cost and time required for generating these 

antibodies, and the fact that these antibodies may not recognize the native 

receptor have prevented them from being widely used. Now, it is possible 

to generate antibodies to <X2ARs by taking advantage of recombinant DNA 

technology since all three subtypes of <X2ARs have been cloned. In our 

study, antibodies against three sUbtypes of <X2AR have been generated from 

expressed receptor proteins (Vanscheeuwijck et aI., 1993; Huang et aI., 

1995 a). With these antibodies, it is possible to localize the <X2A R s 

immunohistochemically, especially the receptor subtypes, in the tissues and 

cultured cells at both cellular and subcellular levels. 

In review of the histochemical detection of <X2ARs in different tissues 

at cellular level, the localization of' <X2ARs has been well characterized in 

the human and rat brain by autoradiograph (Wamsley et aI., 1992; Pascual 

et aI., 1992), in situ hybridization (Zeng and Lynch, 1991; Scheinin et aI., 

1994) and immunohistochemistry (Rosin et aI., 1993; Aoki et aI., 1994). 

These studies showed that <X2ARs are widely distributed in different area of 

the brain, with subtype-specific localization. In some areas, more than one 

subtype of <X2ARs can co-localize in the same cells. Only studies by 
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autoradiography have been done to localize the a2ARs in cardiovascular 

system (Wilson, 1991), kidney (Neumann et aI., 1993), and eye (Matsuo 

and Cynader, 1992). The information of a2AR subtype localization in 

these tissues is lacking. 

In review of the histochemical detection of a2ARs at subcellular 

level, the localization of a2ARs has been characterized, mainly by 

immunohistochemistry, in brain tissues (Aoki et aI., 1994) and in cells 

transfected with DNA encoding a2ARs (von Zastrow et aI., 1993). These 

studies provide some information concerning the subtype-specific 

localization at subcellular level. However, the subcellular localization for 

all three sUbtypes is not fully characterized. 
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2.4 RATIONALE FOR THE STUDY 

The hope of molecular and cellular physiology and pharmacology on 

a,2ARs is that the experimental approaches and results will eventually 

advance our understanding of the functions of <X2ARs in the cells, especially 

the differential functions of receptor subtypes. The localization of a,2AR 

subtypes at the cellular and the subcellular level provides functional 

implication for certain subtypes in these cells. It also provides further 

evidence to distinguish between subtypes. In the first part of this study, 

specific experiments were conducted on the distribution properties of 

a,2AR at cellular level in the ocular and spinal cord tissues. Once this 

information is available, it should provide the insight into the functions 

mediated by certain sUbtypes of <X2AR in the eye and the spinal cord. 

It is also hoped that the experimental approaches and results will 

provide information for our understanding of the regulation of a,2ARs 

inside the cells, especially the subtype-specific intracellular trafficking of 

the receptor protein induced by ligand binding. In the second part of this 

study, specific experiments were conducted on the properties of agonist

promoted subcellular redistribution of a,2AR subtypes on COS-7 cells 

expressing a,2ARs. This experimental result will be correlated with other 

results of ligand binding, phosphorylation and functional assays obtained by 

other investigators. This information should have important insight into 

the trafficking behavior of a,2ARs. It should also provide an important 

feature for other G protein-coupled receptors. 
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Part of the studies presented in this chapter has been published in 

(Vanscheeuwijck et aI., 1993) and (Huang et aI., 1993). 

3.1 INTRODUCTION 

<X2ARs are not abundant membrane proteins in the tissues and the 

purification of these proteins from tissues becomes difficult. For example, 

only 1 f..lg of purified <X2AR could be obtained out of 9 g of membrane 

protein (Regan et aI., 1986). By taking advantage of recombinant DNA 

techniques, it is possible to obtain sufficient amount of the receptor protein 

using heterologous expression of cloned eukaryotic genes in bacteria. 

Generally, this eukaryotic DNA encoding the protein of interest is cloned 

in-frame downstream of the DNA encoding a leader protein. When 

expressed, the resultant protein will be a "fusion protein" containing leader 

protein and the protein of interest. The functional domain of leader 

protein is useful for the purification of fusion protein. One example of the 

expression plasmids that have been developed for the fusion protein 

expression is pGEX whose leader proteins contain portions of glutathione

S-transferase (GST). In this plasmid the GST gene is under the control of 

a tae promoter and induction of gene expression by IPTG (isopropyl-~-D-
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thiogalactopyranoside) yields the fusion protein. pGEX-2T has been used 

successfully for the expression of the third intracellular loops of the 

muscarinic receptor fusion proteins (Levey et aI., 1990). 

The third intracellular loop (i3) of the <X2AR was selected as part of 

the receptor to be expressed because of their low degree of homology 

between sUbtypes of <X2ARs. This is considered a good immunogen due to 

the long sequences and hydrophylicity. Comparing monoclonal and 

polyclonal antibodies; preparation of polyclonal antibodies is less time

consuming and more economic than monoclonal antibodies. They are 

usually a good choice for immunohistochemical studies (Harlow and Lane, 

1988). A wide range of vertebrate species have been used for the 

production of polyclonal antibodies. Chickens have been used successfully 

because the yield of chicken antibodies is high (Gottstein and Hemmeler, 

1985) and they are economical. Antibodies produced in chickens are 

secreted into egg yolks and animal bleeding has been avoided. 

In this chapter, study has been centered on the generation of sUbtype

specific antibodies raised against recombinant fusion proteins containing 

the third intracellular loops of <X2ARs in chickens. 



45 

3.2 MATERIALS AND METHODS 

3.2.1 Construction of pGEX-2T/cx2AR-i3 Expression Vectors 

PCR was used to amplify nucleotides corresponding to the i3 loop of 

each of the human cx2ARs. The following primers were used in the PCR 

reactions: 

cx2A sense: 5'-CCCTGCGGATCCATGATCCTGGTCTACGTGCGCATC 

TAC-3' Cnt 692-715 at 5th transmembrane and i3 loop). 

cx2A antisense: 5'-ACGAGAATTCCCATGACCACGGCCAGCACGAAC 

GT -3' Cnt 1175-1198 at i3 loop and 6th transmembrane). 

cx2B sense: 5 '-CAAAGGATCCAACCGCAGAGGTCCCAGGGCCAAG-3 , 

Cnt 717-740 at i3 loop) 

cx2B antisense: 5'-CAGGATCCGAATTCGGAGATGCCCCACAAACACC 

CTCCTT-3' Cnt 963-989 at i3 loop) 

CX2C sense: 5'-CGGGATCCGAGATGCGCGCCCCCGTGGGCCCC-3' Cnt 

774-797 at i3 loop) 

CX2C antisense: 5'-CGGAATTCGGGCCACCTTGCGGCGGCACACGCT-

3' (nt 1131-1155) at i3 loop) 

The cloned DNA encoding the human cx2ARs (Kobilka et aI., 1987; 

Regan et aI., 1988; Lomasney et aI., 1990) were used as ~he templates. The 

restriction sites for BamH I and EcoR I shown as bolded nucleotides were 

included into the sense and antisense primers at 5' ends, respectively. The 

corresponding PCR products were sub cloned into the BamH I-EcoR I 

multiple cloning sites in a bacterial expression vector pGEX-2T 
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(Pharmacia). The following schematic diagram illustrates the subc10ning 

of the <X2AR i3 PCR DNA into pGEX-2T vector: 

EcoRI BamHI 

/ 
EcoRI BamHI 

pGEX·2T 

4900 bp 

a2AR-i3 peR DNA 

Figure 5. Schematic representation of the construction of the expression 

vector pGEX-2T/<X2AR-i3 

The <X2AR i3 loop fragments were positioned downstream from the 

gene encoding glutathione-S-transferase (abbreviation GST, from the 

helminth Schistosoma japonicum). These expression plasmids were then 

transformed into E. coli (XLI-blue, Stratagene). The expression of the 

plasmid is stimulated by IPTG which activates the promoter region in the 

lacZ gene and yields fusion protein which contains GST at the amino 

terminus and i3 loop of <X2ARs at the carboxyl terminus. PCR conditions 

are described in Appt?ndix H. The standard procedures were used for the 
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isolation, restriction and subc10ning of the PCR DNA (Sambrook et aI., 

1989). 

3.2.2 Expression and Purification of the GST/a,2AR-i3 Fusion Proteins 

Fusion proteins induction and purification was described In 

Appendix A. Briefly, E. coli strain, XL-1 Blue, transformed with plasmid 

DNAs pGEX-2T/a,2AR-i3 were grown in Luria Broth. The fusion protein 

expression were induced with 1 mM IPTG. Cultures were harvested. The 

three-step solubilization of the cultures by 1 % Triton X-100, freeze/thaw 

and 0.5% SDS yielded three supernatants named S 1, S2 and S3. 

At the process of fusion protein purification, GST/a,2B and GST/a,2C 

fusion proteins and the unmodified GST protein were found in the S2 

fraction as opposed to the S3 fraction in which GST/a,2A fusion protein was 

found. GST/a,2B, GST/a,2C fusion proteins and GST protein were further 

purified from the supernatant S2 by affinity chromatography over 2 ml of 

reduced glutathione-agarose beeds (Sigma Chemical Co.) (Appendix A). 

The fusion proteins were eluted with 2 ml of 10 mM reduced glutathione. 

Further purification for GST/a,2A fusion protein was achieved by 

preparative 12% SDS-PAGE with S3 fraction, excision of the fusion 

protein bands and electroelution (BioRad) (Appendix A). All three fusion 

proteins were then desalted into 2 ml of phosphate buffer saline (PBS) by 

repeated concentration and dilution with a Centricon (Amicon) and were 

analyzed by SDS-polyacrylamide gel electrophoresis. 

3.2.3 Immunization of Chickens and Purification of Antibodies 
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Mature hens (White Leghorns) were injected intramuscularly.in the 

breast with 50-100 flg of each of fusion proteins in Freund's complete 

adjuvant and were given subsequent injections with fusion proteins in 

incomplete adjuvant at two-week intervals (Appendix B). Eggs were 

collected daily. Those eggs collected two weeks after the first inoculation 

were for the antibody purification. The procedure for chicken antibody 

purification is described in Appendix C. Briefly, the crude Ig Y fractions 

were prepared from the yolks using polyethylene glycol precipitation. The 

crude Ig Y fractions were passed through an agarose column chemically 

immobilized with GST (See Appendix D for the procedure of 

immobilization) to remove anti-GST antibodies. Antibodies specific 

against the i3 loops of u2A, u2B and U2C were purified using agarose 

columns of the chemically immobilized fusion proteins (Le., GST/u2A

agarose, GST/u2B-agarose and GST/u2C-agarose, respectively. See 

Appendix D for the procedure of immobilization). The specific antibodies 

were eluted with 100 mM glycine (pH 2.8) and were immediately 

neutralized with 1 M Tris·HCI (pH 9.1), and were desalted into 1.5 m1 of 

PBS by repeated concentration and dilution with a Centricon-30, and were 

stored at -70°C until further use. 

3.2.4 Transient Transfection of u,ARs in COS-7 Cells 

COS-7 cells (African green monkey kidney cells) were grown in 10 

cm cell culture dishes in which 10 of the 22 mm round glass coverslips 

were placed. The cells were grown as monolayers in Dulbecco's modified 

Eagle medium (DMEM) (Gibco) with 100 units/ml penicillin, 100 flg/ml 
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streptomycin and 5-10% fetal bovine serum (Hyclone Labs). Transient 

transfection was carried out by DEAE-dextran procedure (Appendix G), 

using 25 J..lg of CJ.2A, or CJ.2B, or CJ.2C DNA inserted into the eukaryotic 

expression vector pBC12BI as described (Regan et aI., 1988). pBC12BI 

contains an SV40 origin of replication (SV40 ori) and the powerful Rous 

sarcoma virus (RSV) long terminal repeat (L TR) transcription control 

region (Cullen, 1987). CJ.2ARs coding sequences were inserted between the 

unique Hind III and BamH I sites. For indirect immunofluorescence, COS-

7 cells on covers lips were processed as described below. 

3.2.5 Immunofluorescence Procedures on Transfected COS-7 Cells 

(Appendix E) 

Three days after transient transfection COS-7 cells on coverslips 

were fixed with filtered 4% paraformaldehyde in PBS for 15 min., 

quenched twice with 100 mM glycine (pH 7.5) and p~rmeabilized with 

0.1 % Triton X-100 in 30 mM sodium citrate/300 mM NaCI (pH 7.4) for 

15 min. The COS-7 cells were incubated with affinity purified primary 

antibodies (-0.03 mg/ml) for 1 hr, washed and then incubated with 

fluorescein isothiocyanate (FITC) labeled rabbit anti-chicken IgG (Pierce) 

for 1 hr and washed. N on-specific controls included omission of primary 

antibody and omission of both primary and secondary antibodies. ~fter 

antibodies incubation coverslips were mounted on slides. Samples were 

examined either using a 20x or 40x objective lens on an Olympus BH-2 

microscope with a fluorescein filter (excitation, 470-490 nm; emission, 515 

nm), or using a 60x oil immersion objective lens (N.A., 1.4) on an inverted 
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mIcroscope (Olympus INT -2) equipped with fluorescein filter. 

Photomicrographs were taken with Kodak Tmax p400 black and white 

film. 
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3.3 RESULTS 

3.3.1 Construction of Recombinant Expression Plasmids pGEX-

2T/cx2ARs-i3 and Expression of GST/cx2ARs-i3 fusion proteins 

The third intracellular loops of cx2A, cx2B and CX2C DNA were 

obtained in PCR reactions using the respective sense and antisense primers 

with cloned DNA encoding the human cx2ARs as their templates. These 

PCR DNA were then subcloned into expression vector pGEX-2T to yield 

pGEX-2T/cx2A-i3, pGEX-2T/cx2B-i3 and pGEX-2T/cx2C-i3. In the addition 

of the inducer IPTG, bacteria transformed with each of these recombinant 

vectors yielded about 5-10 J.lg/ml of bacterial culture medium for each of 

the fusion proteins. An example of the bacterial expression with these 

vectors is shown in figure 6. In figure 6, the bacteria E. coli transformed 

either with pGEX-2T (lanes 2-5) or with pGEX-2T/cx2A-i3 (lanes 6-9) 

were induced with IPTG, and samples of cultures were collected at the time 

indicated. The expression of both GST and GST/cx2A fusion protein is 

observed within 1 hour of the addition of IPTG. They migrated at the 

molecular weights which are predicted from their primary sequences 

(Table 3). Both of them were not expressed prior to the addition of IPTG.· 

This indicates ,that the expressed proteins were clearly encoded by the 

recombinant vectors, therefore, represented GST and GST/cx2A fusion 

protein. 

The requirement of detergents for the solubilization of three fusion 

proteins varies. For the solubilization of GST/cx2B and GST/cx2C fusion 

proteins only mild detergent Triton X-lOa is required. These fusion 
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proteins were obtained in S2 fraction as shown in figure 7. Not only 

Triton X-IOO but also strong detergent SDS are required for the 

solubilization of GST/a,2A fusion protein. This fusion protein was obtained 

in S3 fraction during solubilization procedure. 

Table 3. Expected molecular sizes of a,2AR fusion proteins 

a2AR-i3 Fusion Proteins 

Name aNuc1eotides bAmino acids Name Sizes (Da) 

GST Insert Total 

a2A-i3 692-1198 168 GST/a2A-i3 27500 17652 45152 
a2B-i3 716-989 91 GST/a2B-i3 27500 9223 36723 
a2C-i3 774-1155 127 GST/a2C-i3 27500 12793 40293 

a The nuc1eotides positions correspond to the designation of the human sequences in the 
GenBank data base (with the cloned 5' untranslated sequence starting as base 1), 
b The number of amino acids encoding in the subc10ned regions of the i3 loops. 

Figure 6. SDS-PAGE after induction of expression of a,2-CIO (a,2A) 

fusion protein (47 kDa) and a fragment of glutathione-S-transferase (26 

kDa). E. coli transformed with either pGEX-2T (encoding GST) or 

pGEX-i3-CIO (encoding GST/i3-CIO) were induced with IPTG and 

samples of the cultures were taken at 0, 1, 2 and 4 hours. The samples 

were centrifuged and the pellets were solubilized with SDS-PAGE sample 

buffer. They were electrophoresed on a 10% gel and Coomassie-stained. 

Molecular weight markers (low range, BioRad) are present in lane 1. 
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Figure 7. SOS-P AGE following solubilization of GST/a,2B fusion protein 

(panel A) and after affinity purification with glutathione column 

chromatography (panel B). E. coli transformed with pGEX-2T/a2B-i3 

were either non-induced (panel A, lanes 1,3,5) or induced (panel A, lanes 

2,4,6) with IPTG and samples of the cultures were taken from the 

supernatant of fractions S. (lanes 1,2), S2 (lanes 3,4) and S3(lanes 5,6). The 

samples were diluted with SOS-PAGE sample buffer and electrophoresed 

on a 12% gel. In panel B, 10 ml of S2 supernatant from sample induced 

with IPTG were purified by affinity chromatography over 2 ml of a 

reduced glutathione-agarose column. Aliquots (l0 ml) of S2 before (panel 

B, lane 1) and after (panel B, lane 2) passing through glutathione column 

and after washing column with high a concentration salt (panel B, lane 3) 

and after elution with reduced glutathione (panel B, lane 4) were 

electrophoresed on a 12% SOS-PAGE. Lanes "Std" loaded with protein 

low molecular size maker (BioRad). 
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3.3.2 Characterization of Subtype-Specific Antibodies 

Chicken antibodies were raised against each of three purified 

GST/cx2AR-i3 fusion proteins. On immunodotblot shown in figure 8, egg 

yolk obtained from GST/cx2B fusion protein immunized chicken showed the 

ability to immunoreact with GST/CX2B fusion protein, while the egg yolk 

obtained from pre-immunized chicken did not. This demonstrated that the 

fusion protein was immunogenic. Same results were obtained in the 

similar experiments using egg yolks from chickens immunized with 

GST/cx2A and GST/cx2C fusion proteins (Data not shown). 

Subtype specificity of chicken antibodies was tested by indirect 

immunofluorescence on COS-7 cells transient transfected with DNA 

encoding each of the three SUbtypes of human cx 2AR. High level 

constitutive expression of cx2ARs in COS-7 cells was made after DEAE

dextran transfection with pBCI2BI-cx2ARs. The membranes from COS-7 

cells in one 15 cm cell culture dish yielded 2-4 mg of protein and receptor 

densities of 3-8 pmole/mg protein for each SUbtype. COS-7 cells grown on 

coverslips were processed for immunofluorescence labeling. Figure 9 

shows the photomicrograph of two COS-7 cells. The one on the left is 

untransfected and the one on the right is transfected with DNA encoding 

cx2A subtype. Both have been exposed to the affinity purified chicken 

antibody raised against GST/cx2A fusion protein. This antibody 

immunolabeled COS-7 cell transfected with DNA encoding cx2A subtype, 

but not the untransfected COS-7 cell which showed only the background 

labeling. The results suggested that antibody generated from GST/cx2A 

fusIon protein immunized chicken, immunoreacted with the specific 
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epitope, a2A receptor, in COS-7 cell transfected with DNA encoding a2A 

receptor. Heterologous expression of each of the human a2AR subtypes in 

COS-7 cells followed by indirect immunofluorescence labeling, was used to 

characterize the receptor recognition properties of the antibodies and 

whether or not antibodies to receptor subtype cross-reacted with the other 

subtypes. Figure 10 shows the immunofluorescence photomicrographs of 

COS-7 cells transfected with full length clone of plasmid DNA encoding 

either the a2A (panels A,D,G), the a2B (panels B,E,H) or the a2C (panels 

C,F,I) and then labeled with antibodies raised against the corresponding 

GST/a2A (panels A,B,C), GST/a2B (panels D,E,F) fusion proteins. 

Following application of the affinity purified Ig Y the cells were washed 

and an FITC-Iabeled rabbit anti-chicken IgG was applied. The results show 

that each of the antibody preparations strongly labeled the COS-7 cells 

transfected with the DNA of the corresponding a2AR SUbtype; e.g., 

antibodies raised against the GST/a2A fusion protein only labeled a2A 

transfected cells (panel A), but not labeled a2B (panel B) and a2C (panel 

C) transfected cells. Antibodies raised against the GST/a2B fusion protein 

only labeled a2B transfected cells (panel E), but not a2A (panel D) and 

a2C (panel F) transfect'ed cells. Analogous result was obtained with 

antibodies raised against the GST/a2C fusion protein (panel G,H,I). Thus, 

only those cells transfected with the corresponding receptor were labeled 

(panel I). 

This labeling could be blocked by preincubation of the affinity 

purified Ig Y with the corresponding fusion protein but not with the 

noncorresponding fusion proteins. One example of this is shown in Figu,re 
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11. Figure 11 shows the photomicrographs of COS-7 cells transiently 

transfected with DNA encoding Cl.2A sUbtype in all panels. COS-7 cells in 

first panel from left have been exposed to antibodies generated from 

GSTICl.2A fusion protein immunized chicken. COS-7 cells in the rest of the 

panels have been exposed to Cl.2A antibodies which have been preincubation 

with GSTICl.2A, GSTICl.2B fusion proteins and unmodified GST, 

respectively. The specific immunolabeling of Cl.2A antibody (first panel 

from left) was blocked by preincubation of the antibody with GSTICl.2A 

fusion protein (second panel from left), but was not blocked by the 

heterologous fusion protein (third panel from left), nor by the unmodified 

GST (fourth panel from left). 

Figure 8. Dot Blot showing recognition of the GSTICl.2B fusion protein by 

yolks from chickens pre- (panel A) and post-immunized (panel B) with 

GSTICl.2B fusion protein. Yolks were diluted (1:10) with 5% dry milk in 

Tris buffer saline (TBS) solution and were hybridized with nitrocellulose 

membranes to which 30 ng (dots 1,3) and 300 ng (dots 2,4) of Cl.2B fusion 

proteins had been loaded. The membranes were washed with TBS and 

incubated with 5% dry milk in TBS containing alkaline phosphatase 

conjugated rabbit anti-chicken IgG (1:2500 dilution from stock). Finally, 

the membranes were washed and incubated with the substrates (nitro blue 

tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate) and washed again. 
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Figure 9. Immunofluorescence photomicrograph of COS-7 cells that are 

either untransfected or transfected with DNA encoding the fJ.2A and labeled 

with <X2A antibodies. COS-7 cells were grown on coverslips and were 

either untransfected or transfected with plasmid DNA encoding the <X2A. 

The cells were fixed, quenched, permeabilized and treated with affinity 

purified IgY raised against GST/fJ.2A fusion protein followed by incubation 

with FITC conjugated rabbit anti-chicken IgG. (X 930) 
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Figure 10. Immunofluorescence photomicrograph of COS-7 cells 

transfected with DNA encoding the human a,2ARs and labeled with a,2AR 

antibodies. COS-7 cells grown on coverslips were transfected with the 

plasmid DNA encoding the human a,2A (panels A,D,G), a,2B (panels 

B,E,H) and a,2C (panels C,F,I). The cells were fixed, quenched, 

permeabilized and treated with affinity purified Ig Y raised against 

GST/a,2A (panels A,B,C), GST/a,2B (panels D,E,F) and GST/a,2C (panels 

G,H,I) fusion protein followed by incubation with FITC conjugated rabbit 

anti-chicken IgG. (X 150) 
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Figure 11. Immunofluorescence photomicrograph of COS-7 cells 

transfected with the DNA encoding the human cx2A and labeled with cx2A 

antibodies that had been preincubated with cx2AR fusion proteins. COS-7 

cells grown on coverslips were transfected with the plasmid DNA encoding 

the human cx2A. The cells were fixed, quenched, permeabilized and treated 

with CX2A antibodies (first panel from left) or cx2A antibodies that had been 

preincubated with GST/cx2A fusion protein (second panel from left), 

GST/cx2B fusion protein (third panel from left) and unmodified GST 

(fourth panel from left). "Ab" refers to antibodies. "Fsp" refers to fusion 

protein. (X 250) 
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3.4 DISCUSSION 

a2ARs are members of the family of G protein coupled receptors. 

The putative transmembrane domains of these receptors are the regions 

that exhibit the highest degree of homology within the three sUbtypes. 

Amino acid identities with a2B in the putative transmembrane domains of 

each of the human a2ARs are: a2A 74%, a2C 75%. The i3 loops of a2ARs 

have the least degree of homology (around 20%) between each subtype. 

The numbers of identical amino acids and percentage of homology between 

each of the fusion proteins is listed in Table 4. These identical amino acids 

are not in a continuous sequence, instead they are separated by the non

identical amino acids. Therefore, the i3 loops are the ideal region for 

generation of the subtype specific antibodies. These also provide long 

sequences (ranging from 151-179 amino acids) to use as a good 

immunogen for the generation of antibody. Synthetic peptides are usually 

limited in length of 20-30 amino acids. This larger immunogen, and 

possibly a larger protein fragment could have a conformation that more 

closely resembles that of the native protein. 



Table 4. Number of identical amino acids and percentage of homology 

between each of the fusion proteins 

Fusion Proteins 

a,2A Fsp 

a,2B Fsp 

a,2C Fsp 

Subtypes Identical Number of Identical 
with Amino Acids 

a,2B Fsp 34 
a,2C Fsp 37 
a,2A Fsp 11 
a,2C Fsp 14 
a,2A Fsp 13 
a,2B Fsp 14 

Percentage of 
Identities 

19% 
21% 
12% 
15% 
10% 
11% 
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Expression system pGEX has been used successfully for the 

heterologous expression of cloned eukaryotic genes in bacteria (Levey et 

aI., 1990). Our GST/a2A, GST/a2B and GST/a2C fusion proteins were 

expressed with the induction of IPTG, and the sizes of these- fusion proteins 

are at a range of expected size based on their primary sequences (Table 3). 

Although the reason is not clear, it has been demonstrated that fusion 

protein usually accumulates intracellulady in E. coli, in the form of soluble 

protein or insoluble protein as an inclusion body (Marston, 1986). In the 

case of GST/a2B and GST/a2C fusion proteins, the intracellular 

accumulation of these fusion proteins appeared to be in the form of soluble 

protein. The solubilization and purification of these fusion proteins were 

done by mild detergent Triton X-I 00 and freeze/thaw. Fusion proteins 

were obtained in S2 fractions. GST/a2A fusion protein accumulated in an 

insoluble form in S3 fraction. Strong ionic detergents, such as SDS, is 

required for the solubilization of this fusion protein from the inclusion 

body in E. coli. 
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The reason why cx2B and CX2C fusion proteins are expressed as 

soluble protein while cx2A fusion protein is expressed as insoluble protein is 

not clear. The component of different amino acid residues, such as polar 

or nonpolar, in the fusion proteins might be suspected. 30% of the amino 

acid residues in the i3 loop region of GST/cx2A fusion protein are polar 

residues whereas there are 40% of GST/cx2B and GST/cx2C fusion proteins. 

Studies have been done to characterize the requirement of different 

detergents for the solubilization of fusion protein from inclusion bodies of 

E. coli (Huang et aI., 1993), and showed that an ionic detergent, such as 

SDS, was required for insoluble fusion protein solubilization. It has been 

proposed that the coaggregation of recombinant fusion protein with the 

bacterial outer membrane results in the formation of inclusion body during 

bacterium expression (Frankel et aI., 1991). Strong ionic detergent is 

required to interact with this coaggregation. 

The yolk of eggs laid by immunized chickens has been recognized as 

an excellent source of polyclonal antibodies for over a decade (Polson et 

aI., 1980). These antibodies are called IgY, which refers to the antibodies 

purified from the yolk. The major immunoglobulin in IgY is IgG 

(Larsson et aI., 1993). The properties of this IgG are slightly different 

from those of mamm~lian IgG. The protein has an molecular weight of 

180,000 Da, which consists of two subunits: a heavy chain of 67,000-

70,000 Da and a light chain of 22,000-30,000 Da (Leslie and Clem, 1969; 

Song et aI., 1985). Antibodies produced in chickens offer several important 

advantages over antibodies produced in other mammals. First, the 

quantitative advantage of raising Ig Y has been presented by Gottstein and 
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Hemmeler (Gottstein and Hemmeler, 1985), who showed that the amount 

of purified Ig Y produced in one month in a chicken is 18 times higher than 

that of IgG produced in a rabbit. During affinity purification of subtype 

specific antibodies against cx2AR in our study, approximately 0.15-0.2 mg 

of chicken Ig Y can be obtained from a single egg. Second, due to the 

phylogenetic distance between birds and mammals, there is greater 

potential of producing a specific antibody against mammalian antigens 

when using chickens (Jensenius et aI., 1981). Third, chicken IgY does not 

cross react with mammalian IgG and does not bind to bacterial or 

mammalian Fc receptors (Larsson et aI., 1993), non-specific binding is 

reduced. This is important for later studies of immunohistochemistry 

using our chicken antibodies. Finally, the purification of Ig Y does not 

require animal bleeding. The eggs from immunized chickens provide a 

continual, daily source of poly clonal antibodies. The disadvantage for 

using chicken Ig Y is two: First, chicken Ig Y doesn't bind to protein A very 

well. This limits the protein A immunoprecipitation study using chicken 

Ig Y; Second, the supply for conjugated secondary antibodies against 

chicken IgY is limited commercially. 

The specificity of our chicken antibodies against the i3 loops of 

cx2AR have been established by immunofluorescence on COS-7 cells 

transiently transfected with DNA encoding cx2ARs. Several observations 

support the conclusion that the affinity purified chicken antibodies 

generated from GST/cx2A, GST/cx2B and GST/cx2C fusion proteins can 

specifically recognize their respective subtype of cx2ARs, without cross 

reacting with the other subtypes. The first of these is that only egg yolk 
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obtained from immunized hen, but not the egg yolk from pre-immunized 

hen, can immunoreact with fusion protein from which antibody have been 

raised (figure 8). Second, the affinity purified antibodies immunolabeled 

COS-7 cells transfected with DNA encoding their respective <X2AR subtype, 

but not the other sUbtypes (figure 10), nor untransfected COS-7 cells 

(figure 9). Third, the immunolabeling on COS-7 cells could be blocked by 

preincubation of affinity purified antibodies with the respective fusion 

protein, not by preincubation of antibodies with fusion proteins from the 

other subtypes, nor by preincubation with unmodified GST protein (figure 

11). Thus, the studies demonstrated that our affinity purified chicken 

antibodies generated against recombinant i3 loops fusion proteins were able 

to bind <X2AR with virtually complete subtype specificity. 



CHAPTER 4 

CELLULAR CO-LOCALIZATION OF ALPHA-2 

ADRENERGIC RECEPTOR SUBTYPES IN PRIMARY 

CULTURES OF RAT SPINAL CORD NEURONS 
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A manuscript for the study presented in this chapter has been 

submitted for the publication in the J oumal of Neuroscience. 

4.1 INTRODUCTION 

a,2ARs are known to mediate a number of physiological functions in 

the central nervous system and are the targets of a number of 

therapeutically useful drugs. In the spinal cord a,2ARs have been shown to 

modulate nociceptive processing, blood pressure and spinal reflex (Yaksh, 

1985; Maze and Tranquilli, 1991). For example, a,2AR agonists, such as 

xylazine, c10nidine and dexmedetomidine, have been used as premedicants 

in veterinary patients (Green and Thurmon, 1988) and in human patients 

(Tamsen and Gordh, 1984; Coombs et aI., 1985) to produce analgesia and 

sedation. 

The identification and cellular localization of the a,2AR subtypes in 

the spinal cord will be important for understanding the physiological 

functions subserved by the a,2ARs in this tissue and could lead to the 

development of more effective and specific drugs for analgesia and 

sedation. Previous studies of the rat and human spinal cords by functional 
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and radioligand binding studies have suggested that the C1.2A and C(2C 

sUbtypes are present (Uhlen et aI., 1992; Lawhead et aI., 1992). With 

respect to the rat spinal cord, the presence of the C(2A but not the C(2C has 

been corroborated by Northern blot analysis (Zeng and Lynch, 1991). 

Thus, it is still not clear what sUbtypes are present and where they are 

localized. 

In the study described in this chapter, we have used these antibodies 

to examine primary cultures of embryonic rat spinal cord for the presence 

and localization of C( 2AR sUbtypes. The results of both 

immunofluorescence microscopy and reverse transcription-PeR indicate 

that C(2A and C(2B subtypes are present in the spinal cord neurons and may 

be expressed together in the same cell. 
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4.2 MATERIALS AND METHODS 

4.2.1 Tissue Dissociation and Cell Culture 

Timed-pregnant Sprague-Dawley rats (Harlan) were used for all 

experiments. The day follawing an overnight mating was counted as 

embryonic day 0 (EO). On day E14, the rats were killed and the 

embryonic spinal cords were dissected, dissociated, and cultured in 

Dulbecco's modified Eagle medium with 10% fetal bovine serum as 

previously described (St. John and Stephens, 1992). 

For immunofluorescence microscopy, neurons were plated at a 

density of -200 x 103 cells per well in specially constructed culture dishes 

which contained a smaller 8 mm well within a larger 35 mm well of a 6 

well culture dish. These dishes were made essentially as described by 

Hawrot and Patterson (1979) by drilling a hole 8 mm in diameter through 

the bottom of the dish and sealing it with a glass coverslip glued to the 

bottom of the dish with Sylgard (Dow-Corning). In this way a smaller 

well of -50 mm2 was created in which the neurons were cultured, attached 

to the coverslip. 

4.2.2 Immunolabeling Procedures 

Primary cultures of rat spinal cord neurons were plated as described 

above and after 3-9 days in culture the cells were rinsed with Hank's 

balanced salt solution (HBSS, GIBCO). The procedure for 

immunofluorescence labeling on these neuronal cultures is described in 

Appendix F. Briefly, the cells were fixed with 4% paraformaldehyde, 
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permeabilized with 0.1 % saponin, incubated with the affinity purified 

primary antibodies and washed, followed by incubation with FITC labeled 

secondary antibody (FITC-rabbit anti-chicken IgG, Pierce). Cells were 

immersed in the mounting solution and were examined by fluoresecence 

microscopy as described in more detail below. 

For experiments involving dual-labeling, the procedures for fixation, 

permeabilization and labeling were essentially the same as described above 

with an additional blocking reaction and incubation with a second set of 

antibodies. Thus, following fixation and permeabilization the cells were 

first incubated with primary antibodies to the cx2B and then with FITC

labeled secondary antibodies. This was followed by a blocking reaction in 

which the cells were incubated with HBSSIBSA containing an excess of 

unlabeled secondary antibody (60 Jlg/ml rabbit anti-chicken IgG). The 

cells were then washed with HBSS/BSA (0.1 % bovine serum albumin in 

HBSS) and incubated with primary antibodies to the cx2A followed by an 

incubation with rhodamine labeled secondary antibodies (rhodamine-rabbit 

anti-chicken IgG, 1 :500 dilution; Pierce). The cells were washed, 

mounting solution was added and the cells were examined by fluorescence 

microscopy, first with a blue filter (FITC) and then with a green filter 

(rhodamine). As a control experiment, to determine the effectiveness of 

the blocking reaction, the labeling reactions were done as described except 

that the primary antibodies against the CX2A were omitted and the extent of 

any nonspecific labeling by the rhodamine labeled secondary antibodies was 

determined. 
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Samples were examined using a 100x oil immersion objective (N.A., 

1.3) on an inverted microscope (Nikon Diaphot) equipped with 

fluorescence filters and phase-contrast optics. Photomicrographs were 

taken with Kodak Ektachrome p800/1600 film. Dual-labeling samples 

were examined and photomicrographed with the appropriate filter blocks 

for FITC (excitation, 470-490 nm; emission, 530/30 nm) and rhodamine 

(excitation, 550/23 nm; emission, 590 nm). 

4.2.3 Reverse Transcription-PCR 

Total RNA was isolated from 3-day old neuronal cell cultures using 

guanidinium thiocyanate/phenol-chloroform extraction as described by 

Chomczynski (1993). Reverse transcription (RT) of total RNA was done 

using random hexamers as primers. For each RT reaction, total RNA (5 

/J.g) was heated to 65°C for 3 min, chilled on ice and the following was 

added: 3 /J.g of random hexamers (GIBCO/BRL), 13 units of RNase 

inhibitor (Promega), 375 units of Moloney murine leukemia virus reverse 

transcriptase (USB) and lOx RT buffer providing final concentrations of 

10 mM Tris·HCI (pH 8.3), 50 mM KCI, 4.5 mM MgCh, and 1 mM each of 

dATP, dGTP, dTTP and dCTP. The reaction mixtures were incubated at 

37°C for 1 hour and were terminated by heating them to 95°C for 5 min. 

After the RT reaction, two sets of primers were used for PCR. One 

set, which was used to amplify cDNA encoding the rat U2B subtype, 

consisted of the following sense and antisense primers which corresponded 

to nuc1eotides representing the amino terminus and third intracellular loop 

of the rat U2B, respectively (Zeng et aI., 1990). 



Sense: 5'-ATGGACCATCAGGAGCCCT ACTC-3' 

Antisense: 5'-TGCAGTCGCCCCACT AGTCCCCTT -3' 
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The second set of primers were used to amplify cDNA encoding both 

the rat a2A and a2C and it consisted of the following degenerate primers 

representing conserved regions of the second and fifth transmembrane 

domains of these receptors (Lanier et aI., 1991). 

Sense: 5'-TGCGGGATCCACAGAACCTCTT(Crr)CT(C/G)GTI(T/ A)(C 

/G)I(C/T)T -3' 

Antisense: 5'-CGT AGAATTCCATGATGAGGCAIGG(G/ A/T/C)GC(G/ A) 

AA(G/A)A-3' 

In each PCR reaction 2 ~l from the RT reaction was diluted to 50 ~l 

in a mixture containing 0.4 ~M each of the sense and antisense primers and 

lOx PCR buffer providing the same final concentrations of salts and 

nucleotides as the lOx RT buffer (above). The samples were placed in a 

thermal cycler (Perkin-Elmer/Cetus), and following an initial incubation 

for 3 min at 80°C, the PCR was started by the addition of Taq polymerase 

(2.5 units, Perkin Elmer/Cetus). The PCR protocol consisted of the 

following: 3 min at 94°C; 30 cycles of 1 min at 94 °CIl.5 min at 59°C/ 2 

min at 72°C and a final incubation for 10 min at 72°C. Samples of the 

reactions (10 ~l) were electrophoresed on 2% agarose gels and visualized 

by ethidium bromide staining. 

4.2.4 cAMP Assay 

The dissection and dissociation of rat E 14 spinal cords is described 

above. The neuronal cultures were plated at a density of -100 x 103 cells 
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per well in 96-well plates. After 3 days in culture, the culture medium was 

removed, and replaced with 100 J.Ll serum free medium, and preincubated 

with 100 J.Ll serum free medium containing 0.5 mM 3-isobutyl-l

methylxanthine (a phosphodiesterase inhibitor) for 2 min at 37°C. 

Forskolin (10 J.LM) and an a2AR agonist and antagonist were added at 37 

°C. After 10 min of incubation, medium was immediately removed and the 

reactions were terminated by the addition of 60 Jll TrislEDT A (50 mM 

Tris/4 mM EDTA, pH 7.5) and cells were scraped and boiled at 100 DC for 

10 min. Cells were span down and an aliquot of 50 III cytosol was then 

assayed to determine the accumulation of cAMP using [3H]-cAMP in the 

immunoassay (See Appendix I for the procedure of cAMP assay). 
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4.3 RESULTS 

4.3.1 Cross-Reactivity of Antibodies Raised Against Human <X2AR with 

Rat <X2AR Proteins 

COS-7 cells were transiently transfected with DNA encoding the rat 

<X2-AR sUbtypes to determine the potential cross reactivity of antibodies to 

the human <X2-AR subtypes to their corresponding rat homologues. 

Because the antibodies were raised to fusion proteins which incorporated 

the third intracellular loops of these receptors, and because for any given 

subtype there is approximately 80% amino acid identity in the third 

intracellular loops between the human and rat receptors, it was 

hypothesized that the antibodies would cross react. Following transfection, 

the cells were fixed and were incubated with antibodies raised against 

either the GST/<X2A, GST/a2B or GST/a2C fusion proteins. The cells were 

incubated with a FITC-Iabeled secondary antibody and were examined by 

immunofluorescence microscopy as shown in Figure 12. For untransfected 

COS-7 cells there was no significant labeling by any of the antibodies, 

however, in cells transfected with each of the rat a2-AR receptor sUbtypes 

there was positive immunoreactivity by antibodies against the 

corresponding human sUbtype but not with antibodies to the other sUbtypes. 

For example, antibodies raised against a fusion protein incorporating the 

third intracellular loop of the a2A recognized rat a2A transfected COS-7 

cells (Figure 12, panel B) but not cells transfected with either the rat a2B 

or rat a2C (data not shown). 
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Figure 12. Immunofluorescence photomicrograph of COS-7 cells 

transfected with the rat cx2A (panel A,B), cx2B (panel C,D) and CX2C (panel 

E,F) subtypes and labeled with antibodies generated against fusion proteins 

containing the third intracellular loops of the human cx2-A (panel B), cx2B 

(panel D) and CX2C (panel F) subtypes. Figures show the same field both in 

phase-contrast (A,C,E) and in fluorescence with a FITC filter (B,D,F). (X 

850). 
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4.3.2 Distribution of cxoARs in Primary Cultures of Rat Spinal Cord 

Figure 13 shows the results of phase contrast microscopy and 

immunofluorescence microscopy following labeling of primary cultures of 

the rat spinal cord neurons with antibodies to the U2A (panels a,b), U2B 

(panels c,d) and U2C (panels e,f) AR subtypes. The phase contrast 

microscopy shows a typical morphology for these cultures in which there 

are groups of neurons with round to slightly oval cell bodies -8 J-lm in 

diameter. Although it cannot be appreciated in these viewing fields, glial 

cells underlie the neurons. Also, neurites are present consisting of 

cytoplasm extensions that arise from the neuronal cell bodies and connect 

with other neurites and cell bodies (see Figure 15). Panels band d of 

Figure 13 show, respectively, that antibodies to the U2A and U2B AR's 

produced a broadly distributed immunofluorescence on the neuronal cell 

bodies, whereas, antibodies to the U2C AR (panel f) were negative. This 

positive immunofluorescence could be blocked by preincubation of the 

antibodies with the corresponding fusion protein that was used to generate 

the antibodies. An example of this is shown in Figure 14 in which primary 

cultures of neurons were immunolabeled with antibodies to the U2B 

following preincubation of the antibodies with either the GST/u2A fusion 

protein (panel a), the GST/u2B fusion protein (panel b), the GST/u2C 

(panel c) or GST alone (panel d). The specificity of the 

immunofluorescence is clearly indicated by the results which show that 

only the GST/u2B fusion protein blocked the labeling (panel b). 

When used singly, the anti-u2A and anti-u2B antibodies 

immunolabeled approximately 80% of the neurons in primary cultures of 
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the embryonic rat spinal cord. In addition, nonneuronal cells including 

glia and fibroblasts did not appear to be specifically labeled. For both the 

anti-a2A and anti-a2B antibodies, labeling was present on the cell bodies 

and on the neurites, however, differences were noted particularly with 

respect to the labeling of the neurites. An example of this is shown in 

Figure 15 which shows phase contrast and immunofluorescence labeling 

following incubation of the primary cell cultures with antibodies to the 

a2A (panels a,b) and a2B (panels c,d). For the anti-a2A antibodies, the 

immunofluorescence labeling of the neurites was punctate consisting of dots 

that were generally less than 1 J..lm in diameter. On the other hand, for the 

anti-a2B antibodies, the immunofluorescence labeling had the appearance 

of a broken line consisting of segments from 2 to 7 J..lm in length and -1 

J..lm across. Interestingly, in the case of the a2B, this pattern of labeling 

was only present in the neurites and did not extend into the cell bodies. 

This immunolabeling of the neurites could be blocked by preincubation of 

the antibodies with their corresponding but not by other receptor fusion 

proteins or GST alone (data not shown). 

Figure 13. Immunofluorescence photomicrograph of primary cultures of 

embryonic rat spinal cord neurons labeled with anti-a2A (panels a, b), anti

a2B (panels c, d) and ariti-a2C (panels e, t) antibodies. Cells were cultured 

for 9 days and were processed for microscopy as described in Methods. 

Figures show the same field both in phase-contrast (a,c,e) and in 

fluorescence with a FITC filter (b,d,t). Bar = 4 J..lm. 
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Figure 14. Specificity of immunofluorescence labeling of primary cultures 

of embryonic rat spinal cord neurons by the anti-a2B antibodies following 

preincubation of the antibodies with either the GST/a2A (panel a), 

GST/a2B (panel b) or GST/a2C (panel c) fusion proteins or GST alone 

(panel d). Cells were cultured for 9 days and were processed for 

immunofluorescence microscopy as described in "Materials and Methods". 

All panels show the labeling observed under fluorescence conditions using 

a FITC filter. Bar = 4 !lm. 
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Figure 15. Immunofluorescence photomicrograph of neurites labeled with 

anti-a.2A (panels a, b) and anti-a.2B (panels c, d) antibodies in primary 

cultures of embryonic rat spinal cord neurons. Cells were cultured for 9 

days and were processed for immunofluorescence microscopy as described 

in "Materials and Methods". Figures show the same field both in phase

contrast (a, c) and in fluorescence with a FITC filter (b,d). Arrows indicate 

the punctate labeling in panel b and the broken line labeling in panel d. 

Bar = 7.3 J.lm. 
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4.3.3 Co-Localization of (J.,2A and (J.,2B Subtypes 

To examine the possible co-localization of the (J.,2A and (J.,2B AR 

sUbtypes in the same neurons, a dual labeling procedure was employed. 

U sing a 9 day culture of spinal cord neurons, a control experiment was 

initially done to be sure that nonspecific labeling by the rhodamine-labeled, 

second secondary antibody did not occur. Thus, cells were exposed to anti

(J.,2B antibodies, FITC-labeled secondary antibody, unlabeled blocking 

antibody and rhodamine-labeled secondary antibody but not to anti-(J.,2A 

antibodies. Figure 16 shows a phase contrast photomicrograph of these 

cells (panel a) and the fluorescence observed using a rhodamine filter 

(panel b) and an FITC filter (panel c). The fluorescence observed in panel 

c indicates labeling by the anti-(J.,2B antibodies, whereas, the lack of 

fluorescence in panel b shows that the blocking reactions used in the 

protocol prevented nonspecific labeling by the rhodamine-labeled 

secondary antibody. Figure 17 represents essentially the same experiment 

except that the cells were now exposed to the anti-(J.,2A antibodies following 

the initial labeling with the anti-(J.,2B antibodies and the FITC-labeled 

secondary antibody. Now, in panel b, rhodamine immunofluorescence is 

present corresponding to labeling by the anti-(J.,2A antibodies as well as the 

FITC immunofluorescence observed in panel c which corresponds to 

labeling by the anti-(J.,2B antibodies. Thus, positive immunoreactivity to 

both the (J.,2A and (J.,2B ARs is present on these cells. 
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Figure 16. Control for Figure 17 to determine the possible extent of 

nonspecific labeling by the rhodamine labeled secondary antibody. Cells 

were cultured for 9 days and were processed for dual immunofluorescence 

labeling by the anti-a2A and anti-a2B antibodies as described in Methods. 

In this experiment the anti-a2A antibodies were omitted and the succession 

of antibody labeling reactions were as follows: anti-a2B antibodies; FITC 

labeled secondary antibodies; blocking reaction; and rhodamine labeled 

secondary antibodies. Figures show the same field in phase-contrast (a) 

and in fluorescence with a rhodamine filter (b) and with a FITC filter (c). 

Bar = 3.1 /lm. 
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Figure 17. Dual immunofluorescence labeling of primary cultures of 

embryonic rat spinal cord neurons by anti-a2A (panel b) and anti-a2B 

(panel c) antibodies. Cells were cultured for 9 days and were processed as 

described in "Materials and Methods ". In this experiment the succession of 

antibody labeling reactions were as follows: anti-a2B antibodies; FITC 

labeled secondary antibodies; blocking reaction; anti-a2A antibodies; and 

rhodamine labeled secondary antibodies. Figures show the same field in 

phase-contrast (a) and in fluorescence with a rhodamine filter (b) and with 

a FITC filter (c). Bar = 4.3 ~m. 
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4.3.4 Reverse Transcription-PCR 

To further confirm the above immunofluorescence data, reverse 

transcription-PCR was used to determine if mRNA encoding <l2A R 

subtypes could be detected in these cells. Reverse transcription was 

performed using total RNA isolated from 3 day cultures and PCR was used 

to amplify resulting cDNA's. Using primers specific for the rat <l2B a 

product was obtained (Figure 18A, lane 1) whose size (881 bp: base pairs) 

was the same as that obtained using plasmid DNA encoding the rat <l2B as a 

template (Figure 18A, lane 4). This product was not obtained when the 

neuronal RNA was treated with RNase (Figure 18A, lane 2) and when 

cleaved with a restriction enzyme specific for the rat <l2B, fragments of the 

appropriate size were obtained (Figure 18A, lane 3). 

Using degenerate primers which could amplify the rat <l2A and <l2C 

AR subtypes, a product was obtained (Figure 18B, lane 1) whose size was 

comparable to the products obtained using plasmid DNA encoding the rat 

<l2A (Figure 18B, lane 5, size 440 bp), <l2C (Figure 18B, lane 6, size 429 

bp) and <l2B (Figure 18B, lane 7). This product was not obtained when the 

neuronal RNA was treated with RNase (Figure 18B, lane 2). When the 

PCR product in lane 1 (Figure 18B) was cleaved with a restriction enzyme 

specific for the rat <l2A, fragments of the appropriate size were obtained 

(Figure 18B, lane 3), whereas, they were not obtained when a restriction 

enzyme for the rat <l2C was used (Figure 18B, lane 4). Restriction 

fragments were also not obtained when an enzyme specific for the rat <l2B 

was used (data not shown) indicating that either these primers could not 

amplify the endogenous <l2B message or the yield was too low to be seen on 
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the gel. The results shown in lane 7 (Figure 18B) indicate that these 

degenerate primers did not give a good yield of product when plasmid 

DNA encoding the rat a,2B was used as a template (cf., Figure 7 A, lane 4). 

Figure 18. Reverse transcription (RT) followed by PCR of total RNA 

from primary cultures of embryonic rat spinal cord neurons with primers 

specific for the rat a,2B (panel A) and with degenerate primers for the a,2A 

and a,2C subtypes (panel B). Cells were cultured for 3 days and total RNA 

was isolated and RT/PCR was done as described in "Materials and 

Methods". Samples in panel A are: lane 1, PCR products from total RNA; 

lane 2, PCR products from total RNA digested with RNase; lane 3, 

digestion of the products in lane 1 with a restriction enzyme specific for 

the rat a,2B; lane 4, PCR products from plasmid DNA encoding the a,2B; 

lane 5, PCR products from plasmid DNA encoding the a,2A; PCR products 

from plasmid DNA encoding the <X2C; lane 7, digestion of the products in 

lane 4 with a restriction enzyme specific for the rat a,2B. Samples in panel 

B are: lane 1, PCR products from total RNA; lane 2, PCR products from 

total RNA digested with RNase; lane 3, digestion of the products in lane 1 

with a restriction enzyme specific for the rat a,2A; lane 4, digestion of the 

products in lane 1 with a restriction enzyme specific for the rat a,2C; lane 

5, PCR products from plasmid DNA encoding the a,2A; lane 6, PCR 

products from plasmid DNA encoding the a,2C; lane 7, PCR products from 

plasmid DNA encoding the a,2B. Std represents the molecular size 

standards. 
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4.3.5 cAMP Assay 

To further confirm the above immunofluorescence results cAMP 

accumulation was measured to determine if there are functional <X2ARs in 

the primary cultures of the rat spinal cord. A forskolin stimulated cAMP 

aCGumulation in responses to <X2AR agonist and antagonist were examined. 

As shown in Figure 19, about 55% of forskolin (at 10 JlM) stimulated 

cAMP production was inhibited by <X2AR selective agonist medetomidine 

(at 0.1 JlM concentration), and this inhibition could be reversed (to about 

84%) by co-incubation with <X2AR antagonist atipamezole (at 1 JlM 

concentration). This assay indicates that <X 2ARs detected by 

immunofluorescence labeling could functionally couple to inhibitory G 

protein and result in the reduction of cAMP production in the primary 

cultures of the rat spinal cord. 
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Figure 19. Effects of agonist medetomidine and antagonist atipamezole on 

forskolin-stimulated cAMP production in primary cultures of rat spinal 

cord. Assays were performed as described in "Materials and Methods" 

with cells stimulated with 10 mM forskolin in the presence of 0.1 11M 

medetomidine, or 0.1 11M medetomidine and 1 11M atipamezole. Data 

shown were derived from single assays performed in 5 replica, 

representative of 3 separate experiments. Standard errors represent intra

assay variability. 
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4.4 DISCUSSION 

Several lines of evidence suggest that more than one sUbtype of the 

<X2ARs are present in the rat, cat and human spinal cords. In general there 

is a growing body of evidence, including the present results, which 

indicates that the <X2A subtype is present. The exact nature of the other 

subtype(s), however, is not clear. For example, while Northern blot 

analysis only demonstrated the presence of <X2A message in RNA from the 

rat spinal cord (Zeng and Lynch, 1991), in vivo functional studies with rats 

suggest that <X2-agonists produce antinociceptive effects by way of an <X2A 

sUbtype and another "non-A" sUbtype (Takano et ai., 1992). Radioligand 

binding studies with membranes from adult rat spinal cord also suggest that 

two sUbtypes may be present. Thus, using the <X2-selective antagonist 

[3H]MK912, Uhlen et ai. (1992) proposed that the <X2A and <X2C subtypes 

were present with the <X2A being far more predominant (172 fmollmg 

protein vs. 7.4 fmollmg protein, respectively). 

The use of selective antibodies for immunohistochemical studies of 

cellular proteins is a well established and powerful methodology for both 

the identification of specific cellular proteins and for their cellular and 

subcellular localization. Until recently, selective antibodies for the <X2-

adrenergic receptor subtypes have not been available but using recombinant 

DNA approaches several laboratories have now developed such antibodies 

(Vanscheeuwijck et ai., 1993; Rosin et ai., 1993; Kurose et ai., 1993; 

Huang et ai., 1995a). With respect to the <X2AR subtypes in the spinal cord, 

Rosin et ai. (1993) found evidence for the presence of the <X2A in both the 
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brain stem and spinal cord of the adult rat but did not examine these tissues 

with antibodies to the other sUbtypes. In the present study, we have now 

determined that both the fJ.2A and fJ.2B subtypes are present in primary 

cultures from prenatal rat spinal cord. Furthermore, in at least some of 

the neurons, these receptors appear to be co-localized. 

There have been relatively few studies of the immunohistochemical 

localization of G protein-coupled receptors, especially as it concerns the 

native cells and tissues of the nervous system. Two families of G protein 

-coupled receptors that have been studied are the muscarinic acetylcholine 

(Levey et aI., 1991) and ~2-adrenergic receptors (Aoki et aI., 1987). In 

both cases the immunolabeling is uniformly distributed on the plasma 

membrane but there is also diffuse labeling on what appears to be the 

intracellular structures. Considerably more work has' been done with 

neurotransmitter receptors from the other superfamilies, such as the 

ligand-gated ion channels as represented by the glycine and nicotinic 

cholinergic receptors. For example, using both a radioligand to the adult

type strychnine-binding glycine receptor (GlyR) and an antibody to this 

receptor, it has been found that the GlyR forms distinct focal clusters on 

the cell bodies and neurites of cultured rat spinal cord neurons (e.g., St. 

John and Stephens, 1993). This is similar to the labeling observed for the 

nicotinic cholinergic' receptor on cultured rat myotubes (Bloch and 

Froehner, 1986) and is believed to represent interactions with specialized 

cytoskeletal components. 

In the present experiments the immunolabeling that we have obtained 

with antibodies to the fJ.2AR subtypes for the most part is broadly 
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distributed over the cell bodies and neurites and appears to be associated 

with the plasma membrane. In the neurites, however, there does appear to 

be an additional focal localization which varies between the subtypes. In 

the case of labeling by the <X2A antibody, this focal labeling is punctate, 

whereas, for the <X2B antibody this labeling has the appearance of a broken 

line. The significance of this focal labeling in the neurites is presently 

unknown, although one possibility is that it is associated with some type of 

transport. A second observation that we have with respect to the labeling 

of these spinal cord neurons is that at least some of the neurons appear to 

contain both the <X2A and <X2B AR subtypes. The functional significance of 

this is again unknown but one possibility would be that it is a form of 

redundancy to protect the organism from an inactivating mutation of one 

of the subtypes. 

It is also possible that the functional co-localization of two sUbtypes 

has the effect of yielding a different pattern of signal transduction as 

compared to a neuron containing either subtype alone. For example, using 

a CAT reporter gene it has been shown that the pattern of second 

messenger signaling differs between the sUbtypes (Pepped and Regan, 

1993). Thus, the agonist activation of the <X2A gives a biphasic response in 

which low concentrations of agonist inhibit cAMP formation and high 

concentrations of agonist cause a reversal. Agonist activation of the <X2B, 

on the other hand, causes mainly stimulation of cAMP formation. The 

presence of both subtypes in a cell, therefore, would be expected to 

produce an effect on cAMP formation whereby low concentrations of 

agonist would inhibit cAMP formation but slightly higher concentrations 
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would cause a very sharp reversal perhaps causIng a more limited 

response. It has been hypothesized that both 4-aminopyridine-sensitive 

potassium channels (Doze et ai., 1990) and voltage-gated calcium channels 

(Holz et ai., 1986) may be involved in mediating the spinal analgesic 

actions of <X2-agonists. While the direct coupling of <X2AR subtypes to these 

responses has not been shown, the presence of more than one sUbtype in the 

spinal cord would allow the possibility of coupling to more than one 

molecular response. 

As mentioned above, a previous radioligand binding study suggested 

that the <X2A and <X2C sUbtypes are present in the adult rat spinal cord. In 

the present studies, there was no evidence for the presence of the <X2C as 

determined by both immunofluorescence labeling and RT-PCR. One 

possible explanation for this difference may be developmental in that the 

present studies were done with cells obtained from embryonic animals 

whereas the binding studies were done with adult tissues. There is some 

precedent for this with other rat tissues. Thus, the <X2B subtype is present 

in the neonatal rat lung (Bylund, 1985) but it cannot be detected in the 

adult rat lung (Lorenz et ai., 1990). It is also possible that the process of 

culturing the cells may change the expression of the receptor subtypes. In 

the present immunofluorescence labeling studies, the cells were routinely 

examined after 9 days in culture but they have also been examined after 3 

and 6 days and at all times immunofluorescence labeling with anti-<X2A and 

anti-<X2B antibodies was obtained (data not shown). Thus, there does not 

seem to be a pronounced effect of the present culturing conditions on the 

expression of the <X2A and <X2B subtypes. Future studies, perhaps using 
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immunofluorescence microscopy as well as other approaches will be of 

interest in determining the exact nature of <X2AR sUbtypes present in the 

adult rat spinal cord. 

In summary, we have demonstrated the immunofluorescence 

localization of <X2A and <X2B subtypes in neuronal cells from primary 

cultures of embryonic rat spinal cords using subtype-specific antibodies. 

RT-PCR analysis also revealed the presence of mRNA encoding the <X2A 

and <X2B subtypes, thus confirming the immunological identification. This 

study supports previous radioligand binding, in situ hybridization and 

Northern blot analysis indicating that the <X2A subtype is present in cells of 

the spinal cord and has shown for the first time that the <X2B SUbtype is 

present as well. Dual labeling studies also suggest that both SUbtypes may 

be present in the same neurons. The functional significance of the co

localization of these subtypes remains to be determined and will be of 

importance with respect to our understanding of the role of <X2ARs In 

neuronal signaling. 
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CHAPTER 5 

LOCALIZATION OF ALPHA-2 ADRENERGIC RECEPTOR 

SUBTYPES IN THE ANTERIOR SEGMENT OF THE EYE 

A manuscript for the study presented in this chapter has been 

submitted for publication in the Investigative Ophthalmology & Visual 

Science. 

5.1 INTRODUCTION 

<X2ARs are known to mediate a number of functions in the anterior 

segment of the vertebrate eye. For example, in several species the 

activation of the <X2ARs has been shown to reduce intraocular pressure 

(lOP) by decreasing the rate of aqueous humor production (Serle et aI., 

1991; Lee et aI., 1984; Chiou, 1983). The primary site of action for this 

effect on lOP is presumed to be the ciliary epithelium (Mittag and Tormay, 

1985; Kintz et aI., 1988; Jin et aI., 1989); however, <X2-adrenergic 

modulation of neurotransmitter release in the ciliary body (Jumblatt et aI., 

1987; Crosson et aI., 1992) may also contribute to the ocular hypotensive 

response. 

The <X2ARs are known to be present in many tissues where they 

mediate a diverse array of physiological effects, but with the exception of 

the <X2A on human platelets, the cellular localization and function of the 

individual sUbtypes is not well characterized. This is especially true of 
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ocular tissues. For example, autoradiography has shown that there are 

binding sites for radiolabeled <X2-selective ligands in ocular tissues (Elena 

et aI., 1989; Matsuo and Cynader, 1992). However, characterization of the 

receptor subtypes by pharmacological criteria was hampered by the lack of 

highly selective ligands. Using subtype-specific antibodies in the study 

described in this chapter, the localization of subtypes of the <X2ARs in the 

anterior segments of the human and rabbit eyes were revealed. 
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5.2 MATERIALS AND METHODS' 

5.2.1 Immunofluorescence Procedures 

Human eyes were obtained from the Arizona Lions Eye Bank within 

12 hours of death and were segmentally dissected and quick-frozen in a 2-

methyl butane bath. The segments were imbedded in O.C.T. compound 

and frozen at -70°C. New Zealand White rabbits were sacrificed and their 

eyes were immediately removed, segmentally dissected, and fixed 

overnight at 4°C with 4% paraformaldehyde. Tissues were soaked 

overnight in 25% sucrose at 4°C and were frozen in O.C.T. compound in 

dry ice. Both human and rabbit eye blocks were sectioned onto poly-L

lysine coated coverslips with a cryostat (Hacker-Bright, NJ). 

The sections (12 ~ m) were then processed for the 

immunofluorescence microscopy (Appendix E). Briefly, the sections were 

fixed with 4% paraformaldehyde, were quenched with 100 mM glycine 

(pH 7.4) and were permeabilized with 0.5% Triton X-100. The sections 

were then incubated sequentially with: the affinity-purified primary 

antibody (-20 Ilg/ml) for 16-18 hrs at 4°C; washing buffer; and the 

fluorescein (FITC) labeled rabbit anti-chicken IgG (Pierce) for 2-4 hrs at 

22°C and washing buffer. The coverslips were mounted on slides. 

Samples were examined using 20x, 40x and 60x oil immersion (N.A., 1.4) 

objective lens on an Olympus BH-2 microscope equipped with a fluorescein 

filter (excitation, 470-490 nm; emission, 515 nm) and a DIC. Photographs 

were taken with Kodak Tmax p400 black and white film. 

5.2.2 Reverse Transcription-peR 
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Total RNA from rabbit iris-ciliary body (RICB) and from a 

transformed cell line of human nonpigmented epithelium (HNPE) was 

provided by Allergan Inc. (Irvine, California). These RNA were isolated 

using guanidinium thiocyanate/phenol-chloroform extraction. Reverse 

transcription (RT) of total RNA was done using random hexamers as 

primers. Each of the RT reaction was conducted in a final volume of 20 JlI 

and contained 2 Jlg of total RNA, 1 nM of random hexamer, 625 JlM each 

of dATP, dGTP, dTTP and dCTP, 10 unites of RNase inhibitor, RT 

reaction buffer (10 mM Tris·HCI, pH 8.3, 50 mM KCI, 2.5 mM MgCh) 

and 20 units of AMV (Avian Myeloblastosis Virus) reverse transcriptase. 

The reaction mixtures were preincubated for 10 min at room temperature 

and then incubated for 60 min at 42°C. The reactions were terminated by 

incubation for 5 min at 94 °C and stored at 4°C. For amplification of 

cDNA, each RT reaction was diluted to 50 J.lI in a mixture containing 

reagents for PCR reaction which is described in Appendix .H. The same set 

of the degenerate primers as used to amplify cDNA encoding <X2ARs in the 

spinal cord neuronal cell cultures ("Materials and Methods" in Chapter 4) 

was used. 

5.2.3 Radioligand Binding Studies 

Bovine eyes from freshly killed cow were provided by Wi1l90X 

slaughter house. The corneal epithelium was scraped from cornea using a 

scalpel and the retina was easily peeled from uveosc1eral membrane. Both 

corneal epithelium and retina were added into TME solution (50 mM Tris· 

HCI, 10 mM MgClz, ImM EDTA, pH 7.4). The lysate was prepared with 
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a tissue homogenizer. Membranes of corneal epithelium and retina were 

diluted into TME with protein concentration of 1.0 mg/ml and 0.4 mg/ml, 

respectively. Binding assays contained 400 J.lI of diluted membrane 

preparation in a final volume of 500 J.ll. Assays were started by incubation 

of membranes with ligand at 22°C for 60 min, and ended by filtration 

through Whatman GFIB filters followed by rinsing with cold phosphate 

buffer saline. For saturation curve analysis, nonspecific binding was 

measured in the presence of 10 J.lM of phentolamine. For competition 

curve analysis, assays contained a final concentration of 4 nM of eH] 

rauwolscine. 
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5.3 RESULTS 

5.3.1 Localization of cx2AR Subtypes in the Cornea of Human and Rabbit 

Eyes 

Previous studies have indicated that cx2ARs are present in the 

anterior segment of the human eye, however, the identity of the sUbtypes 

and their cellular localizations could not be determined (Elena et aI., 1989; 

Matsuo and Cynader, 1992). Using the presently developed cx2-subtype 

selective antibodies, we examined several areas of the human anterior eye 

by immunofluorescence microscopy. 

Figure 20 shows photomicrographs of the human cornea after a 

primary incubation with each of the sUbtype selective antibodies followed 

by a wash and a secondary incubation with FITC-Iabeled rabbit antibodies 

raised against chicken IgG light chains. Panels AlB, CID and ElF represent 

primary incubations with antibodies raised against the GST/cx2A, the 

GST/cx2B and GST/cx2C fusion proteins, respectively. Panels A, C and E 

represent the total immunofluorescence and panels B, D and F represent 

the nonspecific labeling that was observed after preincubation of each of 

the primary antibodies with its corresponding fusion protein. The white 

arrows clearly show labeling of cells in the corneal epithelium (Ep) but not 

in the stroma (St) by each of the antibody preparations. Preincubation of 

the primary antibodies with an excess of the corresponding homologous 

fusion protein (panels B, D and F) blocked this labeling. The labeling of 

the corneal epithelial cells was not blocked by the heterologous fusion 

proteins or by the unmodified GST showing that it was specific. Specific 
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immunofluorescence labeling of the corneal endothelium was not observed 

(data not shown). Analogous results of immunofluorescence labeling on 

the rabbit cornea were obtained using a2AR subtype-specific antibodies. 

A microscopy of higher magnification combined with differential 

interference contrast (DIC) imaging provided .better intracellular 

localization of the immunofluorescence labeling. Figure 21 shows the 

immunofluorescence labeling of the rabbit corneal epithelium with 

antibodies raised against the GST/a2B fusion protein. Top panel shows 

photomicrographs of the DIC imaging of rabbit corneal epithelium (Ep) 

and stroma (St). Bottom panel shows the immunofluorescence labeling of 

the same field in panel A by the a2B subtype selective antibody. The 

specific immunofluorescence labeling was located in the perinuclear area 

and plasma membrane. 

Figure 20. Immunofluorescence labeling of the human corneal epithelium 

with antibodies raised against the GST/a2A (panels A,B), GST/a2B (panels 

C,D) and GST/a2C (panels E,F) fusion proteins, respectively. Labeling 

was done as described in "Materials and Methods" with panels B,D and F 

showing the labeling that was obtained after preincubation of the primary 

antibodies with the corresponding fusion proteins for 16-18 hrs at 4°C. 

Arrows indicate the labelling in the epithelium. (X 330) Ep, epithelium; 

St, stroma. 
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Figure 21. Immunofluorescence labeling of the rabbit corneal epithelium 

with antibodies raised against the GSTla 2B fusion protein. 

Immunofluorescence labeling in panel B was done as described in 

"Materials and Methods". Two images were obtained in the same field by 

DIe (Top panel) and immunofluorescence microscopy (Bottom panel) (X 

850). Ep, epithelium; St, stroma. 
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5.3.2 Localization of a,2AR Subtypes in the Ciliary Process of the Human 

and Rabbit Eyes 

Figure 22 shows photomicrographs of the immunofluorescence 

labeling of the human ciliary process by each of the a,2-subtype selective 

antibodies. Panels AlB, C/D and ElF represent incubations with primary 

antibodies raised against the GST/a,2A, the GST/a,2B and GST/a,2C fusion 

proteins, respectively. Panels A, C and E represent the total 

immunofluorescence and panels B, D and F represent the nonspecific 

labeling after preincubation of the primary antibody with its corresponding 

fusion protein. In the nonpigmented epithelium (NP) specific labeling of 

cells (large arrows) was observed with antibodies raised against the 

GST/a,2B and GST/a,2C fusion proteins but not with antibodies raised 

against the GST/a,2A fusion protein. Portions of the ciliary muscle also 

appeared to be specifically labeled (small arrows). Thus, specific labeling 

was observed with the anti-a,2B and -a,2C antibodies but not with the anti

a,2A antibodies. The immunofluorescence present in the basal lamina 

(BL) was endogenous and was observed even in the absence of both the 

primary and secondary antibodies. 

Recently, radioligand binding studies have suggested that the a,2A 

sUbtype is present in rabbit ciliary body (Jin et aI., 1994). Using the 

cloned rat a,2ARs, we have found that each of the present antibodies to the 

human a,2AR subtypes cross-reacts with its rat homologue (Huang et aI., 

unpublished). Immunofluorescence microscopy, therefore, was done with 

the rabbit ciliary body and the results are shown in Figure 23. Panels AlB, 
-. 

CID and ElF represent incubations with primary antibodies raised against 
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the human GST/a,2A, the GST/a,2B and GST/a,2C fusion proteins, 

respectively. Panels A, C and E represent the total immunofluorescence 

and panels B, D and F represent the nonspecific labeling after 

preincubation of the primary antibody with its corresponding fusion 

protein. In contrast to the human nonpigmented epithelium (NP), the 

rabbit NP was specifically labeled by antibodies to the GST/a,2A fusion 

protein. This labeling was blocked (Panel B) by preincubation of the 

antibodies with the GST/a,2A fusion protein. Antibodies to the GST/a,2B 

and GST/a,2C fusion proteins also produced clear labeling (Panels C, E) of 

the rabbit NP that was blocked (Panels D, F) by preincubation with the 

corresponding fusion protein. 

Figure 22. Immunofluorescence labeling of the human ciliary process 

with antibodies raised against the GST/a,2A (panels A,B), GST/a,2B (panels 

C,D) and GST/a,2C (panels E,F) fusion proteins, respectively. Labeling 

was done as described in "Materials and Methods" with panels B,D and F 

showing the labeling that was obtained after preincubation of the primary 

antibodies with the corresponding fusion proteins for 16-18 hrs at 4°C. 

Big arrows indicate the labeling in non-pigmented epithelium and small 

arrows indicate the labeling in the ciliary smooth muscle. (X260). NP, 

nonpigmented epithelium; PE, pigmented epithelium; BL, basal lamina. 
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Figure 23. Immunofluorescence labeling of the rabbit ciliary process with 

antibodies raised against the human GST/u2A (panels A,B), GST/u2B 

(panels C,D) and GST/u2C (panels E,F) fusion proteins, respectively. 

Panels B ,D and F show the labeling that was obtained after preincubation 

of the primary antibodies with the corresponding fusion proteins for 16-18 

hrs at 4°C. Arrows indicate the labeling in the epithelium. (X990). NP, 

nonpigmented epithelium. 
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5.3.3 Reverse Transcription-PCR 

To further confirm the immunofluorescence data, reverse 

transcription-PCR and dot blot analysis were used to determine if mRNA 

encoding a2AR subtypes could be detected in the cornea and ciliary 

process. In Figure 24, total RNA prepared from rabbit iris-ciliary body 

(RICB) and from a transformed cell line of human nonpigmented 

epithelium (HNPE) were used in reverse transcription-PCR. In these 

experiments, the same set of degenerate primers was capable of amplifying 

all three a2AR subtypes. Because of this, the PCR products were all of 

similar size (429-441 bp) and, therefore, the analysis of the specific 

subtypes that were present was done by further restriction enzyme 

digestion (panels A, B) and dot-blot hybridization (panel C). 

Lane 1 of panels A and B shows the products of the original PCR 

reaction with RNA prepared from HNPE and RICB, respectively. These 

products were in the expected size range and control reactions with RNase 

and DNase indicated that they did not derive from genomic DNA (data not 

shown). Lane 2 of panels A and B shows the products obtained after 

digestion of the original PCR products with enzymes that are specific for 

the a2B and a2C sUbtypes. In both cases the original PCR products were 

cleaved indicating that DNA encoding these subtypes was present. This 

was corroborated by the dot blot analysis (panel C, dots 1, 2) which 

showed that the PCR products from the HNPE and RICB contained DNA 

encoding the a2B and a2C sUbtypes. Lane 3 of panels A and B shows the 

products obtained after digestion of the original PCR products with an 

enzyme that is specific for the a2A. In the case of the HNPE (panel A) the 
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PCR products were not cleaved, whereas, with the PCR products from the 

RICB (panel B) were cleaved. This is consistent with the presence of DNA 

encoding the CJ.2A in the RICB but not in the HNPE and was further 

corroborated by the dot blot analysis (panel C, dots 3) which showed a 

positive hybridization signal with the PCR products from the RICB but not 

from the HNPE. 

Figure 24. CJ.2-Adrenergic receptor sUbtypes present in a transformed cell 

line (Wax and Coca-Prados, 1989) of human nonpigmented epithelium 

(HNPE) and rabbit iris-ciliary body (RICB) as analyzed by reverse 

transcription-PCR (RT-PCR) followed by restriction enzyme analysis 

(panels A,B) and dot-blot hybridization (panel C). Total RNA from the 

HNPE and RICB was used for RT-PCR using degenerate primers to 

conserved regions of the second and fifth transmembrane domains of the 

CJ.2ARs. The expected sizes of the PCR products were 441 bp for the CJ.2A, 

432 for the CJ.2B and 429 for the CJ.2C. Panels A (HNPE) and B (RICB) 

show the original R T -PCR products before (lane 1) and after digestion 

with restriction enzymes specific for the CJ.2B1CJ.2C (lane 2) and for the CJ.2A 

(lane 3). Panel C shows the results of the hybridization of the [32P]-labeled 

PCR products with plasmid DNA encoding the CJ.2B (lane 1), the CJ.2~ (lane 

2) and the CJ.2A (lane 3). The RT-PCR products shown in lane 1 (panels 

A,B) were isolated from the agarose gels and were end-labeled with [32p] 

and were hybridized with nitrocellulose membranes containing plasmid 

DNA encoding the CJ.2AR SUbtypes. The membranes were washed and 

autoradiographs were obtained. 
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5.3.4 Radioligand Binding Studies 

To further confirm the immunofluorescence data, radioligand 

binding studies were used to determine if functional <X2ARs are present in 

the corneal epithelium. Saturation of the specific binding of [3H]_ 

rauwolscine and competition for the binding of [3H]-rauwolscine to 

membranes prepared from bovine corneal epithelium were shown III 

Figure 25 and Figure 26, respectively. The analysis of radioligand binding 

to membranes prepared from bovine retina were used as a control study to 

compare the binding results obtained from corneal epithelium. N on

specific binding of [3H]-rauwolscine to membranes prepared from bovine 

corneal epithelium were observed in both saturation and competition curve 

analyses. 
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Figure 25. Saturation curve of the specific binding of [3H] rauwolscine to 

membranes prepared from bovine corneal epithelium and retinal 

membranes. Nonspecific binding was measured in the presence of 10 flM 

of phentolamine. 
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Figure 26. Agonist and antagonist competition for the binding of [3H] 

rauwolscine to membrane prepared from bovine corneal epithelium and 

retinal membranes. Nonspecific binding was measured in the presence of 

10 JlM of phentolamine. Assays contained a final concentration of 4 nM of 

[3H] rauwolscine. Med = Medetomidine; Epi = Epinephrine; Praz = 
Prazosin; Y oh = Yohimbine. 
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5.4 DISCUSSION 

Drugs acting on u- and ~-adrenergic receptors are known for their 

clinical usefulness in the treatment· of glaucoma. Epinephrine, which 

activates both u- and ~-adrenergic receptors, decreases intraocular 

pressure by a mechanism which increases the outflow of aqueous humor 

from the eye. The ~-adrenergic antagonist timolol and the u2-adrenergic 

agonist c10nidine can also lower intraocular pressure by decreasing the 

secretion of aqueous humor by the ciliary body. The cellular localization 

of these receptors in the ciliary body is presumed to be the nonpigmented 

epithelium but direct evidence for this is lacking. In addition, the nature of 

the specific receptor subtype that is involved is unclear. In this study we 

have developed and characterized u2-subtype selective antibodies and have 

used these antibodies to localize and identify the u2-receptor subtypes in 

the human anterior eye. 

Antibodies that were raised against fusion proteins representing the 

human U2A, U2B and U2C adrenergic receptor SUbtypes were initially 

characterized by indirect immunofluorescence microscopy of COS-7 cells 

transfected with each of the SUbtypes. The findings showed that each of the 

antibody preparations recog~ized their corresponding receptor subtype and 

that they did not cross react with the other SUbtypes. The labeling of the 

transfected cells could also be blocked appropriately by preincubation of 

the antibodies with the corresponding fusion proteins. Preincubation of an 

antibody preparation with the noncorresponding fusion proteins (e.g., anti

GST/u2A antibodies with the GST/u2B or GST/u2C fusion proteins) did 
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not block labeling nor did preincubation with the unmodified GST. 

Consistent with the transfection efficiency of the DEAE/dextran procedure, 

somewhere between 5-20% of the cells showed strong immunofluorescence 

labeling while the other cells showed a low level of background labeling 

(Cullen, 1987). 

Although previous studies with antibodies raised to the GST/a,2A 

fusion protein were used successfully for immunoblot analysis of COS-7 

cells transfected with the CJ.2A (Vanscheeuwijck et aI., 1993), similar 

studies with the antibodies to the GST/a,2B and GST/a,2C fusion proteins 

did not give useful results in spite of some effort. Furthermore, none of 

the antibody preparations were useful for immunoblotting a,2AR SUbtypes 

present in native tissues. Reasons for this appear to be a combination of 

the low abundance of the receptors, microheterogeneity of receptor size 

(because of post-translation modifications resulting in broad bands), and 

perhaps low affinity of the antibodies for the receptor. Work with 

purified fusion proteins indicates that as little as 3 ng can be detected which 

should be sufficient for detection of the receptor. For the present studies, 

however, immunoblot analysis could not be used to confirm the findings of 

immunofluorescence microscopy. 

In the human ciliary body, specific immunofluorescence labeling of 

non-pigmented epithelium and ciliary muscle was obtained with antibodies 

to the a,2B and CJ.2C fusion proteins but not with antibodies to the CJ.2A. 

This supports previous functional and radioligand studies (Serle et aI., 

1991; Lee et aI., 1984; Chiou, 1983; Elena et aI., 1989; Matsuo and 

Cynader, 1992), which have demonstrated the presence of a,2ARs in these 
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tissues and now show that, in fact, more than one <x'2-subtype is present. 

Recently, Jin et aI. (Jin et aI., 1994) examined the binding of [125I]_p_ 

iodoc1onidine (PIC) and [3H]rauwolscine to membranes prepared from the 

rabbit ciliary body and reported that the <X.2ARs present in this tissue were 

of the <X.2A subtype. Our examination of the rabbit ciliary body by 

immunofluorescence microscopy confirmed the presence of the <X.2A 

sUbtype but showed that the <X.2B and <X.2C sUbtypes were also present. This 

was corroborated by our PCR findings in which products representing all 

three <X.2AR subtypes were obtained with RNA from the rabbit iris-ciliary 

body. Interestingly, PCR analysis of RNA from a transformed cell line of 

human nonpigmented epithelium only yielded products representing the 

<X.2B and <X.2C sUbtypes. Thus, both PCR and immunofluorescence 

microscopy only detected the <X.2B and <X.2C subtypes in the human ciliary 

body. It is possible, therefore, that species differences exist with respect to 

the <X.2AR sUbtypes that are present in the ciliary body and raises some 

concern about the use of the rabbit eye as a model for the development of 

ocular drugs for humans. 

In the human cornea, immunofluorescence labeling of the epithelium 

was obtained with antibodies raised against the GST/<X.2A, GST/<X.2B and 

GST/a2C fusion proteins. This labeling was specific in that it was blocked 

by the corresponding fusion protein but not by the unmodified GST or by 

the noncorresponding fusion proteins. A similar pattern of labeling was 

also observed with rabbit and bovine corneal epithelium (data not shown). 

At present, the significance of this labeling is unknown since a functional 

a.2-adrenergic response has not been described for this tissue and we were 
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unable to corroborate these findings either by radioligand binding with 

membranes prepared from bovine corneal epithelium (Figure 25,26) or by 

the inhibition of adenylyl cyclase activity in primary cultures of rabbit 

corneal epithelium (data not shown). 

A functional <X.2-adrenergic response, however, has been described 

for the frog corneal epithelium (Chu and Candia, 1988). Thus, the <X.2-

selective agonist, UK14304, was found to reduce stroma-to-tear 

unidirectional CI- flux and to inhibit forskolin-stimulated adenylyl cyclase 

activity. UK14304 was effective from either side of the cornea but acted 

quicker from the tear side and its effects could be specifically blocked by 

yohimbine. Although <X.2ARs have not been previously characterized in the 

human corneal epithelium, muscarinic cholinergic receptors have 

(Walkenbach and Ye, 1991). By radioligand binding the muscarinic 

receptors could not be detected in fresh membranes but they were found in 

significant numbers in cultured epithelium. It was speculated that these 

receptors might only be present on the mitotically active basal epithelial 

cells which would make the detection of these receptors difficult in 

preparations of fresh epithelium. The immunofluorescence that we 

observed in the human corneal epithelium with our <x'2-fusion protein 

antibodies appeared to be on the basal epithelial cells. Clearly, future 

studies will be needed to establish a role for <X.2ARs in the human cornea. 

In summary of this study, subtype-specific anti-<x'2ARs antibodies 

were used in the immunofluorescence studies on the anterior segments of 

the human and rabbit eyes. In the cornea of both human and rabbit eye all 

three subtypes of <X.2AR are present in the epithelium. In the ciliary body 
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of the human eye <X2B and <X2C, but not <X2A, adrenergic receptors are 

present in the nonpigmented epithelium and ciliary muscle. Whereas in the 

ciliary body of the rabbit eye all three subtypes of <X2AR are present. PCR 

analysis confirmed the immunofluorescence studies on the ciliary process. 

Knowledge of the identity and cellular localization of these ocular <X2ARs 

will assist in understanding their physiological functions and in future drug 

development. 
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CHAPTER 6 

DIFFERENTIAL SUBCELLULAR LOCALIZATION OF <X2AR 

SUBTYPES AND THEIR INTRACELLULAR SORTING 

DURING AGONIST-PROMOTED INTERNALIZATION 

6.1 INTRODUCTION 

All three sUbtypes of the <X 2AR bind to the endogenous 

catecholamines epinephrine and norepinephrine. However, the different 

biochemical and pharmacological properties of the subtypes may result in 

their ability to mediate different cellular responses, their coupling to 

different G proteins and their binding to ligands with different affinity. 

These observations raise the question of whether other properties, in 

addition to effector system, G protein-coupling selectivity and ligand 

binding, may also distinguish receptor sUbtypes. Using subtype-specific 

antibodies raised against the third intracellular loops of the <X2ARs, we have 

compared the subcellular distribution of the <X2A, <X2B and <X2C receptor 

subtypes in COS-7 cells transfected with DNA encoding these <X2ARs. 

The agonist-promoted internalization of <X2ARs has been observed in 

whole cell binding studies using hydrophilic and lipophilic ligands (Eason 

and Liggett, 1992; Liggett et aI., 1992). Both the <X2A and <X2B were found 

to undergo internalization, but <X2C undergoes little or none. This 

internalization of <X2ARs, however, has not been very well characterized, 

histochemically. To further investigate subtype-specific internalization of 
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cx2AR, anti-cx2ARs antibodies were used in our studies to characterize the 

histochemical redistribution of the receptor after exposure to an cx2A R 

agonist. 
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6.2 MATERIALS AND METHODS 

6.2.1 Transient Transfection of a,2ARs in COS-7 Cells 

COS-7 cells were prepared as described in "Materials and Methods" 

in Chapter 3. Transient transfection of the DNA encoded human a,2ARs 

was done using the DEAE-Dextran transfection method (Appendix G). 

Prior to immunofluorescence labeling, coverslips containing COS-7 cells 

were transferred to 6-well dishes. Norepinephrine (Sigma) was added to 

each well at a final concentration of 100 flM. COS-7 cells were incubated 

at 37°C for the time indicated. The ligand interaction was terminated by 

transferring coverslips onto a ceramic coverslip holder which had been 

placed in a 250 ml beaker containing PBS buffer. 

6.2.2 Immunofluorescence Procedures 

After rinsing with PBS, COS-7 cells were processed for 

immunofluorescence labeling (Appendix E) by fixation, permeabilization, 

primary antibody incubation and secondary antibody incubation. Finally, 

COS-7 cells were examined using 40x and 60x oil immersion (N.A., 1.4) 

objective lens on an Olympus BH-2 microscope equipped with a fluorescein 

filter (excitation, 470-490 nm; emission, 515 nm) and a DIC device. 

Photomicrographs were taken with Kodak Ektachrome p800/1600 film. 
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6.3 RESULTS 

6.3.1 Subcellular Distribution of a,2AR Subtypes III COS-7 Cells 

Transfected with DNA Encoding a,2ARs 

A difference of subcellular distribution of a,2AR subtypes has been 

noted by immunofluorescence studies on COS-7 cells expressing each of the 

a,2AR subtype. a,2A (Figure 27, panel B) and a,2B (Figure 27, panel D) 

receptors were localized in both the plasma membrane and intracellular 

vesicles. However, a,2C receptors were present predominantly in 

intracellular vesicles that mainly localize in the perinuclear area (Figure 

27, panel F). This difference in subcellular localization of the receptor 

sUbtypes does not reflect an artifact of receptor overexpression in COS-7 

cells, because the same expression vectors were used for each sUbtype of 

a,2AR. Transfection efficiencies had previously been assessed by [3H] 

rauwolscine binding using membranes prepared from COS-7 cells. The 

receptor density for each subtype is around 3-8 pmoles/ mg protein. The 

difference in subcellular localization of the receptor sUbtypes does not 

reflect an artifact of immunofluorescence technique. First, antibodies are 

all generated against the third intracellular loop of each subtype, and they 

were generated in exactly the same manner. Second, the immunolabeling 

procedures with all three antibodies were exactly the same. 
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Figure 27. Immunofluorescence photomicrograph of COS-7 cells 

transfected with DNA encoding a2A (panels A,B), a2B (panels C,D) and 

a2C (panels E,F) and labeled with anti-a2A (panel B), anti-a2B (panel D) 

and anti-a2C (panel E) antibodies. Cells grown on coverslips were 

processed for microscopy as described in "Materials adn Methods". 

Figures show the same field both in DIC (panels A,C,E) and fluorescence 

with an FITC filter (panels B,D,F). (X 850). 
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6.3.2 Subcellular Redistribution of <X2AR Subtypes in COS-7 Cells after 

Short Term and Long Term Treatments with Norepinephrine 

Following the exposure to adrenergic agonist (100 J..l M 

norepinephrine), <X2ARs were redistributed in COS-7 cells after both short 

term and long term treatment. After incubation of COS-7 cells with 100 

J..lM norepinephrine for 15 min at 37°C, the receptor density decreased as 

indicated by a strong reduction of fluorescence intensity of the COS-7 cells 

expressing <X2A (Figure 28, middle panel) or <X2B receptors (Figure 29, 

middle panel). A punctate pattern was observed in COS-7 cells expressing 

<X2A receptor SUbtype. No significant reduction of fluorescence intensity 

has been noted on COS-7 cells expressing the <X2C receptor subtype after 

incubation with norepinephrine for 15 min (Figure 30, middle panel). The 

same observation was made for <X2C after short term exposure to a 

hydrophobic ligand clonidine (data not shown). 

After overnight (12 hours) incubation of COS-7 cells with 100 J..lM 

norepinephrine, an intense staining of vesicular structures was observed in 

the cytoplasm, mainly in the perinuclear area of COS-7 cells expressing 

<X2A (Figure 28, bottom panel) or <X2B receptors (Figure 29, bottom 

panel). The diffuse labeling in the plasma membrane disappeared after 

overnight treatment. No significant changes has been noted on the COS-7 

cells expressing the <X2e receptor after overnight incubation with 

norepinephrine (Figure 30, bottom panel). 

DIC (differential interference contrast) imaging was used to 

determine if there was any morphology changes in COS-7 cells after long 
--

term treatment with norepinephrine. As shown in Figure 31, the nucleus 
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in both control (Figure 31, panel A) and norepinephrine treated (Figure 

31, panel B) eOS-7 cells were the same, and no significant changes have 

been noted in the other cellular structures. Figure 32 showed the DIe and 

the immunofluorescence labeling of eOS-7 cells expressing a2A labeled 

with anti-a2A antibody after overnight incubation with norepinephrine. 

The labeling is located in the perinuclear area. Figure 33 shows the 

analogous DIe and immunofluorescence labeling of eOS-7 cells expressing 

a2B receptors labeled with a2B antibody after overnight incubation with 

norepinephrine. The labeling is again located in the perinuclear area. 

Figure 28. Localization of a2A receptor in eOS-7 cells after short and 

long term treatments with norepinephrine. eOS-7 cells were transfected 

with DNA encoding a2A. Sixty hours after transfection, eOS-7 cells in the 

bottom panel were treated with 100 /lM norepinephrine for 12 hours. 

Seventy two hours after transfection, eOS-7 cells in the middle panel were 

treated with 100 /lM norepinephrine for 15 min. eOS-7 cells in the top 

panel were not treated with norepinephrine. All cells were then processed 

for microscopy as described in "Materials and Methods". (X 400). 
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Figure 29. Localization of (X,2B receptor in COS-7 cells after short and 

long term treatments with norepinephrine. COS-7 cells in all three panels 

were transfected with DNA encoding (X,2B. Sixty hours after transfection, 

COS-7 cells in the bottom panel were treated with 100 JlM norepinephrine 

for 12 hours. Seventy two hours after transfection, COS-7 cells in the 

middle panel were treated with 100 JlM norepinephrine for 15 min. COS-7 

cells in the top panel were not treated with norepinephrine. All cells were 

then processed for microscopy as described in "Materials and Methods". 

(X 400). 
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Figure 30. Localization of <X2C receptor in COS-7 cells after short and 

long treatments with norepinephrine. COS-7 cells in panel A,B,C were 

transfected with DNA encoding <X2C. Sixty hours after transfection, COS-7 

cells in panel C were treated with 100 J.!M norepinephrine for 12 hours. 

Seventy two hours after transfection, COS-7 cells in panel B were treated 

with 100 J..lM norepinephrine for 15 min. COS-7 cells in panel A were not 

treated with norepinephrine. All cells were then processed for microscopy 

as described in "Materials and Methods". (X 400). 
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Figure 31. Differential interference contrast (DIC) imagings of COS-7 

cells untreated (panel A) and treated (panel B) with 100 Jl M of 

norepinephrine. COS-7 cells transfected with a.2A were either untreated 

(panel A) or treated (panel B) with 100 JlM of norepinephrine for 12 

hours. (X 850). 
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Figure 32. Localization of <l2A receptor in COS-7 cells after long term 

treatment with norepinephrine. COS-7 cells were transfected with DNA 

encoding <l2A. Sixty hours after transfection, COS-7 cells were treated 

with 100 J..lM norepinephrine for 12 hours. Cells were processed for 

microscopy as described in "Materials and Methods". Figures were taken 

at the same field both DIC (panel A) and fluorescence (panel B). (X 850) 
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Figure 33. Localization of cx2B receptor in COS-7 cells after long term 

treatment with norepinephrine. COS-7 cells were tr~nsfected with DNA 

encoding cx2B. Sixty hours after transfection, COS-7 cells were treated 

with 1 00 ~M norepinephrine for 12 hours. Cells were processed for 

microscopy as described "Materials and Methods". Figures were taken at 

the same field both DIC (panel A) and fluorescence (panel B). (X 850). 
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6.4 DISCUSSION 

6.4.1 Differential Subcellular Localization of a2AR Subtypes 

To investigate the subcellular distribution of a2AR sUbtypes in the 

steady state, COS-7 cells were transien~ly transfected with each of the 

receptor subtypes. In a series of experiments, subcellular localization 

among the three sUbtypes was observed by immunofluorescence 

microscopy. The experimental results demonstrated that Cl.2A and a2B 

subtypes were located in both the plasma membrane and intracellular 

vesicles, whereas the a2C subtype was present predominantly in 

intracellular vesicles. This suggests that a2A and a2B sUbtypes are 

predominantly targeted to both the plasma membrane and the intracellular 

compartment, whereas the a2C sUbtype resides in the intracellular 

compartment when expressed in COS-7 cells. It is not clear what these 

intracellular compartments are and whether these intracellular 

compartments are the same. 

Studies have been reported to characterize the discrete subcellular 

localization of isoforms of other membrane proteins and enzymes, e.g. 

glucose transporter (Thomas et a!., 1993), protein kinase C (Lehel et a!., 

1994) and cytochrome (D'Arrigo et a!., 1993). The mechanism for this 

discrete localization of the isoforms, including a2AR subtypes, is currently 

unknown. Different post-translational targetting for each sUbtype of a2AR 

in COS-7 cells may result in their differential subcellular localization. 

COS-7 cells may lack specific signal proteins, or modifying enzymes for 

post-translational processing of a2C subtype. 
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The functional implications of differential subcellular localization of 

the C(2AR subtypes could be as follows. Receptor sUbtypes may interact 

with different types of G proteins, which can, in turn, mediate different 

cellular effects (Ross, 1989). These multiple types of G proteins and 

cellular effector systems may distribute in different cellular compartments, 

such that receptor, G protein and effector system are restricted into 

functional units. Alternatively, it has been reported that more than one 

SUbtype of C(2AR are expressed in the same tissues (Eason and Liggett, 

1993; Lorenz et aI., 1990) and in the same cells as described in Chapter 4. 

The intracellular receptor could serve as a reservoir receptor to replace 

receptors in the plasma membrane following desensitization, sequestration 

and down-regulation. 

In an immunofluorescence study using antibodies against an epitope

tagging-peptide, the differential subcellular distribution of C(2A and C(2C 

has also been reported in COS-7 cells expressing the epitope-tagged C(2AR 

(von Zastrow et aI., 1993). They reported that C(2A was localized in the 

plasma membrane, while C(2C was found both in the plasma membrane and 

in a population of intracellular vesicles. This different observation 

obtained by our study and von Zastrow's study could be due to differences 

between wild type and epitope-tagged receptors expressed in COS-7 cells. 

6.4.2 Agonist-Promoted Internalization of C(2AR Subtypes 

Our experimental results indicate that C(2ARs expressed in COS-7 

cells undergo a redistribution in a subtype-specific manner in response to 

short term and long term exposure to the C(2-agonist norepinephrine. The 
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density of intracellular CJ..2A and CJ..2B receptors decreased after short term 

exposure, while no significant change was observed for CJ..2C. After long 

term exposure fX2A and CJ..2B receptors were redistributed into intracellular 

vesicles mainly in the perinuclear area, while no significant redistribution 

was observed for fX2C, The redistribution of CJ..2A and fX2B receptors was 

not blocked by inhibition of protein synthesis (as assessed using 

cycloheximide, data not shown), indicating that the agonist-promoted 

redistribution affected only the existing cellular receptors and that the 

synthesis of new receptors was not required. 

In preVIOUS studies agonist-promoted desensitization, 

phosphorylation and internalization of fX2ARs has been reported. Eason et. 

al. (Eason and Liggett, 1992) reported that a marked decrease in inhibition 

of adenylyl cyclase was observed for the fX2A and fX2B receptors but not 

for the CJ..2C receptor when Chinese hamster ovary cells stably expressing 

each of the three receptors were incubated with epinephrine for 30 min. 

After 24 hours of agonist exposure, all CJ..2AR sUbtypes underwent 

desensitization, and the primary mechanism of this desensitization was 

found to be a decrease in the amount of cellular Gi. However, CJ..2A and 

fX2B underwent down-regulation of receptor levels, while fX2C did not. 

Kurose et. al. (Kurose and Lefkowitz, 1994) reported the same observation 

in inhibition of adenylyl cyclase. They also found that fX2A and CJ..2B 

receptors, but not fX2C receptors, underwent a -3-fold increase in receptor 

phosphorylation after incubation with epinephrine for 20 min. 

In our histochemical studies using subtype-specific antibodies the 

reduction of fX2A and CJ..2B receptor density and punctate receptor 



152 

redistribution in the intracellular vesicles after short term exposure to 

agonist might represent down-regulation and internalization. Taken 

together our study and the previous studies (Eason and Liggett, 1992; 

Kurose and Lefkowitz, 1994), it is possible that the desensitization of the 

<X2ARs after short term exposure to agonist is caused by phosphorylation, 

internalization and down-regulation of the receptors. The disappearance of 

cell surface receptors and perinuclear localization after long term exposure 

to agonist could represent profound internalization of <X2A and <X2B. No 

marked internalization of <X2C receptor was observed in our study. This 

result is in agreement with the previous studies (Eason and Liggett, 1992; 

Kurose and Lefkowitz, 1994), showing that <X2C doesn't undergo short 

term desensitization and phosphorylation. To further characterize the 

agonist-promoted regulation of the <X2ARs, radioligand binding on whole 

COS-7 cells and fractionated cell membranes, and functional assays, e.g . 

. cAMP assay, need to be done to correlate with the immunofluorescence 

results. In an immunofluorescence study using antibodies against epitope

tagging peptides, von Zastrow et ai. (von Zastrow et aI., 1993) found no 

significant redistribution of <X2A and <X2C receptors in transfected COS-7 

cells after short term exposure to norepinephrine. Compared with our 

study, the different observation with <X2A receptors might again be due to 

the epitope-t~gged receptor expressed in COS-7 cells. 

A limitation of the studies using transfected cells is that these 

transfected cells express a larger amount of <X2AR than is found in native 

cells. Thus, these cells may not represent exactly the physiological 

regulation of the receptors that occurs in the native cells. However, this 
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cell line provides an advantageous system for studying the cell biology and 

molecular mechanisms underlying the process of receptor internalization. 

Agonist-promoted internalization of the P2AR (Raposo et aI., 1989; 

Lohse et aI., 1990; von Zastrow and Kobilka, 1992) and the thrombin 

receptor (Hein et aI., 1994) has also been proposed on the basis of 

functional assay and immunofluorescence studies. It is suggested that the 

P2AR undergoes agonist-promoted internalization, and the internalized 

receptors may be recycled back to the cell surface. The endosomal 

membrane system is involved in the constitutive recycling of the receptors. 

The thrombin receptor is also a G protein-coupled receptor but is activated 

by the irreversible proteolytic cleavage of the amino-terminal of the 

receptor by thrombin. The new amino terminus then serves as a tethered 

peptide ligand, binding to sites within the body of the receptor to affect 

receptor activation. It is suggested that the thrombin receptor undergoes 

different agonist-promoted receptor internalization. After internalized into 

endosome, the activated thrombin receptor is delivered to lysosomes. 

Following thrombin stimulation, a pool of newly synthesized thrombin 

receptors in an intracellular compartment is translocated to the cell surface. 

It is not yet clear through which pathway <X2ARs are internalized after 

exposure to agonists. 



154 

CHAPTER 7 

CONFIRMATION OF CYTOPLASM ORIENTATION OF THE 

THIRD INTRACELLULAR LOOP OF THE ALPHA-2A USING 

ANTIBODY 

The study presented in this chapter has been published In 

(Vanscheeuwijck et aI., 1993). 

7.1 INTRODUCTION 

Molecular cloning has revealed the primary sequences of most of the 

G protein-coupled receptors which contain a single polypeptide chain. The 

hydropathicity profiles suggest that these receptors span the lipid 

membrane seven times with the N-terminal region in the extracellular 

space and the C-terminal region in the intracellular compartment of the 

cell. Physical and biochemical studies, e.g. high resolution electron 

microscopy and proteolytic analysis, have been used to verify this 

topography of G protein-coupled receptors. In respect to adrenergic 

receptor the topography of ~2AR has been very well characterized by 

proteolytic analysis (Dohlman et aI., 1987) and immunological probing 

(Wang et aI., 1989). The topography of the a2ARs, however, has not been 

well studied. 

To verify the topography of the a2ARs the immunological approach 

was used in the study described in this chapter. Anti-a2A antibodies raised 
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against the recombinant fusion protein containing the i3 loop of (J.2A 

receptor was used in the immunofluorescence study. Under different 

permeabilization conditions the immunofluorescence labeling on (J.2A 

transfected COS-7 cells revealed the intracellular localization of the i3 

loop. 
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7.2 MATERIALS AND METHODS 

COS-7 cells were grown on coverslips and were transiently 

transfected with DNA encoded human a2A subtype by DEAE-dextran 

procedure (Appendix G). Three days after transfection COS-7 cells were 

processed for indirect immunofluorescence which includes fixation, 

permeabilization, incubation with anti-a2A antibody and incubation with 

FITC conjugated rabbit anti-chicken IgG (Appendix E). Finally, COS-7 

cells were examined using 60x oil immersion (N.A., 1.4) objective lens on 

an Olympus INT -2 inverted microscope equipped with a fluorescein filter. 

Photomicrographs were taken with Kodak Tmax p400 black and white 

film. The population of fluorescein labeled COS-7 cells on each slide was 

counted in the area with the same size when using lOx objective lens. 
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7.3 RESULTS 

To investigate the topography of putative i3 loop of the a2A 

receptor, antibodies raised against fusion protein containing i3 loop of the 

a2A were used as a probe for the orientation of i3 loop in indirect 

immunofluorescence on COS-7 cells transfected with the a2A receptor. 

Initially, different fixation conditions in the immunofluorescence 

procedure were investigated. Examples of these conditions included 

fixation with 4% paraformaldehyde, fixation with 2% paraformaldehyde in 

0.01 M periodate and 0.075 M lysine buffer, fixation with 50:50 acetone 

and methanol. The membrane structure of COS-7 cells fixed with different 

conditions was compared under light microscopy. The results showed that 

4% paraformaldehyde fixation was the optimum condition for preserving 

the intact cellular membrane structure. 

After being fixed with 4% paraformaldehyde, a2A transfected COS-

7 cells were then subjected to immunofluorescence labeling without or with 

permeabilization using 0.1 % Triton X-IOO. When unpermeabilized very 

few cells were labeled when compared to those that were permeabilized. 

For example, after counting microscopic fields with the same size, 10 of 

the unpermeabilized cells were labeled whereas 200 of the permeabilized 

cells were labeled. In order to exclude the possibility that 

permeabilization occurs during fixation with 4% paraformaldehyde the 

same immunofluorescence procedure was done without fixation. U sing this 

procedure, labeling was not observed in unpermeabilized cells, but was in 

the permeabilized cells. Figure 34 showed two COS-7 cells transfected 



158 

with DNA encoded human CI. 2A receptor and subjected to 

immunofluorescence labeling without permeabilization (Figure 34, left 

panel) or with permeabilization using 0.1 % Triton X-lOO (Figure 34, right 

panel). Thus, for antibodies directed against the i3 loop, permeabilization 

of the cells with detergent revealed the antigenic sites. This result indicated 

that the antigen is not lost during the process of indirect 

immunofluorescence but rather is made accessible by permeabilization of 

the cells, i.e. the antigen is localized intracellularly. 

Figure 34. Immunofluorescence photomicrograph of the Cl.2A receptor 

transfected COS-7 cells that were either unpermeabilized or permeabilized 

with 0.1 % Triton X-lOO and labeled with anti-Cl.2A antibodies. (X930) 



159 



160 

7.4 DISCUSSION 

The membrane protein of Halobacterium halobium, known as 

bacteriorhodopsin, displays seven hydrophobic domains (Khorana, 1988). 

High resolution electron diffraction studies have demonstrated that these 

seven hydrophobic domains are· membrane spanning, arranged as a bundle 

with the N terminus extracellular and the C terminus intracellular 

(Henderson and Unwin, 1975). This model is supported by proteolytic 

mapping, chemical modification studies and physical analyses including 

spectroscopic microscopy and X-ray scattering (Ovchinnikov, 1982; 

Ovchinnikov, 1987; Mullen and Akhtar, 1983; Nathans, 1987). Several 

models proposed for G protein-coupled receptors have been adapted from 

bacteriorhodopsin. 

The first G protein-coupled receptor that had been cloned and 

sequenced is the hamster P2AR (Dixon et ai., 1986). Using the hydropathy 

analysis method of Kyte and Doolittle (Kyte and Doolittle, 1982), P2AR 

yielded a profile with seven o,-helices spanning the lipid bilayer. Support 

for the 7 -transmembrane topography of the P2AR comes from proteolysis 

experiments and immunological probing (Dohlman et ai., 1987; Wang et 

ai., 1989). 

However, little data have been yielded to verify the topography of 

the o,2ARs. Using the hydropathy analysis method of Kyte and Doolittle, 

o,2A subtype also yields a profile with seven transmembrane domains as 

shown in Figure 35. Using antibodies raised against the fusion protein 

containing the putative third intracellular loop of o,2A ~n our 
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immunofluorescence studies, COS-7 cells expressing the a.2A receptor 

required to be permeabilized for the immunofluorescence labeling. Thus, 

this indicates that the putative third intracellular loop is, indeed, localized 

intracellularly. This result was consistent with the model proposed for the 

~2AR in which the putative third cytoplasm loop is intracellular. This 

provides the first evidence for the confirmation of the topography of the i3 

loop of a.2A receptor. 

Figure 35. The hydropathicity profile of the deduced amino acid 

sequence of the human a.2A receptor. The hydropathicity profile in panel 

B was obtained by using the Kyte and Doolittle's hydropathy analysis of the 

deduced amino acid sequence of the human a.2A receptor in panel A. TM 

indicates the seven potential transmembrane domains. 
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CHAPTER 8 

CONCLUSIONS 

The goals of this study was to generate subtype-specific antibodies 

raised against recombinant fusion proteins containing the third intracellular 

loops of the Cl2ARs and to immunohistochemically localize the Cl2A R 

subtypes in different tissues and cultured cells using these antibodies. From 

these studies, the following findings were made: 1) Subtype-specific 

. antibodies have been generated and characterized with complete subtype 

specificity. These antibodies were used successfully in the 

immunohistochemical studies. 2) The rat spinal cord contains Cl2A and Cl2B 

SUbtypes. These subtypes are present in the neuronal cells and could be co

localized in the same cell. 3) Both human and rabbit corneal epithelium 

contain Cl2A, Cl2B and Cl2C subtypes. These three subtypes are present in 

the ciliary body of the rabbit eye whereas only Cl2A and Cl2B subtypes are 

present in the ciliary body of the human eye. 4) The three subtypes of the 

Cl2AR display a subtype-specific subcellular distribution in COS-7 cells 

transfected with DNA encoding the Cl2ARs. Cl2A and Cl2B SUbtypes were 

found in plasma membrane and intracellular vesicles whereas Cl2C was 

found mainly in intracellular vesicles. When treated with an Cl2-adrenergic 

agonist, Cl2A and Cl2B subtypes were redistributed into the intracellular 

compartments whereas no significant redistribution was observed for Cl2C 

subtype. 5) Using the immunological probing the intracellular localization 

of the third cytoplasm loop of the Cl2A receptor was confirmed. 
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From the above findings, the following conclusions can be made: 1) 

Multiple u2AR subtypes are expressed in one tissue. There are specific 

subtypes of the u2ARs in different tissues. For example, u2A and U2B 

subtypes are present in the primary culture of rat spinal cord whereas U2B 

and U2C are present in the human ciliary body. 2) More than one sUbtype 

of u2AR can be expressed in the same cell. 3) u2ARs possess subtype

specific subcellular distribution in COS-7 cells transfected with DNA 

encoding the u2ARs. 4) The agonist-promoted redistribution of the u2AR 

in the COS-7 cells is subtype-specific. 

The future studies could include: first, immunohistochemical 

localization of the u2AR subtypes in other tissues, e.g. heart, pancreatic 

islet, kidney etc. Second, subcellular localization of the u2AR subtypes in 

the native cells, e.g. the neuronal cells of primary culture of rat spinal 

cord. The results could be compared with the findings in the transfected 

COS-7 cells. Third, ligand binding studies and cAMP assays could be done 

on fractionated COS-7 cell membranes or whole COS-7 cells to further 

confirm the immunofluorescence results on the agonist-promoted receptor 

redistribution. 



165 

Appendix A 

Fusion Protein Induction and Purification 

I. Fusion protein induction and solubilization 

Materials 

Luria Broth (LB, Gibco): 1 liter of LB contains 10 g tryptone, 5 g yeast 
extract and 10 g NaCI, pH to 7.5 

LB-Amp: LB containing 50 J.lg/ml of ampicillin (Sigma) 

Isopropyl-b-D-thiogalactopyranoside (IPTG, Sigma) 

Tris buffer: 100 mM Tris.HCI, pH 8.0 
1 mMEDTA 
2mMEGTA 
Protease inhibitors: 1 mM phenylmethylsulfonyl fluoride 

1 mM benzamedine 
10 Ilg/ml leupeptin 
2.5 J.lg/ml chymostatin 
5 Ilg/ml pepstatin 

Triton X-100 (BioRad) 

Sodium dodecyl sulfate (SDS, USB) 

Centrifuge rotors: J A 14 and J A 20 (Beckman) 

Procedure 
. 

1. Pour 50 ml of LB-Amp into a 250 ml flask. Inoculate with a 
toothpick of bacterial glycerol stock transformed with pGEX-
2T/<X2AR-i3 plasmid DNA. Grow overnight at 37 DC with shaking at 
250 rpm. 

2. Pour 250 ml of LB into a 1 liter flask. Inoculate with 12.5 ml of the 
overnight culture. Grow culture at 37 DC with shaking. Check OD. 

3. When OD reaches 0.6, add 60 mg of IPTG. Incubate for 2-4 hours at 
37 DC with shaking. 
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4. Centrifuge the culture at 8,000 rpm for 15 min in a JA 14 rotor. 

5. Resuspend bacterial pellet in 10 ml Tris buffer containing 10 mg 
lysozyme and 1% Triton X-100 on ice. Incubate with gentle shaking 
for 30 min at 4 DC. 

6. Centrifuge at 18,000 rpm for 15 min in a JA 20 rotor. Save the 
supernatant (which is called SI) and store at 4 DC. 

7. Resuspend pellet in 10 ml of Tris buffer containing 1 % Triton X-I 00 
on ice. Sonicate the suspension on ice using a probe sonicator. Freeze 
the suspension in dry-ice/ethanol. Thaw at a water bath at room temp. 

8. Repeat the freeze-thaw procedure three more times. 

9. Centrifuge at 18,000 rpm for 15 min in a JA 20 rotor. Save the 
supernatant (which is called S2) and store at 4 DC. 

10. Resuspend pellet in 10 ml of 0.5% SDS in Tris buffer. Sonicate on ice 
and centrifuge at 18,000 rpm for 15 min in a JA 20 rotor. Save the 
supernatant (which is called S3) and store at 4 DC. 

II. Fusion proteins purification 

A. GST/a2B and GST/a,2C fusion proteins purification 

Materials 

4% Reduced glutathione-agarose beeds (Sigma) 

10 mM reduced glutathione (Sigma) 

Tris Buffer: The same Tris buffer as for the' fusion protein induction and 
solubilization 

Disposable 5 ml polystyrene columns (Pierce) 

Centric on 10 (Amicon) 

Procedure ' 
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1. Weight out 150 mg of 4% glutathione-agarose beeds to make 2 ml bed 
volume column. Let beeds swell in 5 ml of Tris buffer in column for 
1 hour. 

2. Preequilibrate column with 10 ml of Tris buffer. 

3. Add 5 ml of supernatant S2 to the column. Mix by end-over-end 
rotation for 15 min at cold room. Collect the effluent and reapply to 
the column. Drain the column. 

4. Wash column subsequently with 20 ml of Tris buffer, 20 ml Tris 
buffer containing 33 mM N~Cl, and then 20 ml of Tris buffer. 

5. Elute column by adding 2 ml of 10 mM glutathione and rotate for 10 
min. Collect the effluent containing purified fusion proteins. 

6. Regenerate column by washing with 20 ml Tris buffer and store in 
0.05% NaN3 at 4°C. 

7. Concentrate and dilute purified fusion proteins with PBS uSIng 
Centric on 10. Store fusion proteins in small aliquot at -70°C. 

B. GST/u2A fusion protein purification 

Materials 

SDS-PAGE apparatus (BRL) 

Electroluter assembly (BioRad) 

Electrolution buffer: 192 mM glycine 
25 mM Tris·HCl, pH 8.0 

Procedure 

Preperative 12% SDS-PAGE gel 

1. Cast 3 mm thick preperative 12% SDS-PAGE according to the 
standard SDS-PAGE protocol. 

2. Mix 4.5 ml of S3 with 1.5 ml of 4 x SDS-P AGE sample loading buffer 
and load on the well. 
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3. Electrophorese overnight for 16 hours at 20 rnA at room temp. 

4. Cut off marker lanes. Stain it with Coomassie stain and Destain. Place 
marker and gel body in 20% glycerol for 30 min 

5. Estimate the position of fusion protein in the gel body using marker as 
a guide. Cut off the fusion protein from the gel body. Cut the band 
into 0.5 cm3 gel pieces. 

Electroelution 

1. Transfer gel pieces into electroeluter glass tubes. Electroelute gel 
pieces in the electro elution buffer at 60 rnA for 12 hours. 

2. Collect eluent. Concentrate and dilute with PBS using a Centric on 30. 
Bring the final volume up to 1 ml with PBS. 

3. Store fusion protein in small aliquot at -70°C. 
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Appendix B 

Immunization of Chickens 

Materials 

Antigens: GST/a2A-i3, GST/a2B-i3 and GST/a2C-i3 fusion proteins were 
prepared according to the "Materials and Methods" described in Chapter 3. 
Fusion proteins were concentrated and diluted with PBS (Centricon 30, 
Amicon) and brought to a concentration of -lmg/ml. 

Adjuvant: Freund's complete and incomplete adjuvant (Sigma). 

Emulsifier: Arlacel A (Mannide monoolaeate) (Sigma). 

PBS: Phosphate Buffered Saline: 2.7 mM KCI 

Procedure 

1.5 mM KH2P04 
0.5mMMgCh 
137 mM NaCI 
8.1 mM Na2HP04, pH 7.4 

1. Preparation for emul~ion: Create an emulsion by mIxIng 25 % 
Freund's Complete Adjuvant (for initial inoculation, or Freund's 
Incomplete Adjuvant for boosting inoculation), 30% Arlacel A, and 
45% PBS (containing 100 ~g of antigen per chicken to be inoculated) 
using a pair of syringes connected by a double female adapter. Mix 
the emulsion by passing it through the syringes for 5 min. 

2. Initial inoculation: Using a 23112g needle, inject 2 ml of this emulsion 
into mature hens (white leghorns) intramuscularly at 4-6 random sites 
of the chicken's breast about one half inches deep. 

3. Boosting inoculation: Each hen needs to be boosted every two weeks 
with 100 ~g of antigen in the Freund's Incomplete Adjuvant. 

4. Egg preparation: Collect eggs from each hen one week prior to initial 
inoculation. Eggs should be kept at 4°C. The antibody production is 
being monitored by dot blot using crude yolks. 
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Appendix C 

Purification of Chicken Antibodies Against <X2A Rs 

This procedure for chicken antibody purification is modified from 
(Polson et aI., 1980; Polson et aI., 1985; Harlow and Lane, 1988). 

I. Crude Ig Y isolation 

Materials 

Polyethylene glycol (PEG, MW 6000 or 8000, Sigma) 

Working buffer: Dilute the following 200 mM phosphate buffer 1 :20, and 
add 0.1 M NaCI and 0.01 % NaN3. 

200 mM phosphate buffer: 10.76 g monobasic sodium phosphate 
17.32 g dibasic sodium phosphate 
pH to 7.5, H20 to 1 liter 

Procedure 

1. Collect the yolks (without egg whites) of 10-12 positive eggs and 
measure their volume in a grausted cylinder (about 15 ml per yolk, 
usually). Add 4 volumes of buffer and stir slowly. To this mixture 
add 0.175 x (the original yolk volume) grams of PEG. Stir slowly for 
5 min. 

2. Centrifuge for 20 min at 6000 rpm at 4°C using a JA-14 rotor 
(Beckmen). Discard pellet and top lipid layer if present. Centrifuge 
the supernatant again in fresh containers. 

3. Pass the supernatant through a 0.45 J.lm filter (Millipore) with suction. 
Twice. 

4. Measure the filtrate volume and add 0.085 x (this volume) grams of 
PEG. Stir slowly for 10 min. Centrifuge as before. 

5. Discard the supernatant and resuspend the pellet in 2.5 x the original 
yolk volume of buffer. Gentle sonication and slow stir alternately will 
help to resuspend the pellets. 
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6. Add PEG to make a 12% final concentration. Stir slowly for 10 min. 
Centrifuge as before. 

7. Resuspend the pellet in the original yolk volume by alternating 
sonication and stir. . 

8. Store this c.rude IgY at 4°C. It should be good for 6 months. 

II. Affinity purification of IgY against <X2AR-i3 

Materials 

Chromotography columns: Agarose columns amino-linked with GST 
Agarose columns amino-linked with 

GST/<X2AR-i3 fusion proteins 
(See Appendix D for column preparation) 

Wiz peristaltic pump (Is co, Inc.) 

Buffer: The same as used in crude IgY isolation 

PBS: Phosphate Buffered Saline 

0.1 M Glycine pH 2.8 (Gibco) 

1 M Tris·HCI pH 9.1 

Procedure 

A. Substracting anti-GST /g Y 

1. Apply agarose column amino-linked with GST (2 ml bed volume) to 
the Wiz peristaltic pump. Preequilibrate the column with the buffer. 
S~t the flow rate at 12 mllhr. 

2. Run crude IgY through the peristaltic pump system. Be careful not to 
generate any air bubble in the column. The crude Ig Y should pass 
through the column four times. 

3. Remove the GST agarose column from the peristaltic pump system. 
Elute anti-GST IgY with 10 ml of 0.1 M Glycine, pH 2.8. Wash the 
column with 20 ml buffer. Store column at 4°C for later use. 
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B. Affinity purification of /gY against a2AR-i3 

1. Concentrate 10 ml of the crude IgY whose anti-GST IgY has been 
substracted to 2 ml using a CentriCell-30 (Polyscience). 

2. Pre equilibrate an agarose column amino-linked with GST/u2AR-i3 
fusion protein (2 ml bed volume) with 20 ml buffer. 

3. Apply the concentrated Ig Y from step 1 to the column. Mix by gentle 
end-over-end rotation at 4°C for 1 hour. Pass the crude IgY through 
the column and collect the elution. Pass the elution through the 
column one more time. 

4. Wash column with 20 ml buffer. Wash again with 20 ml of 33 mM 
NaCI buffer. Wash again with 20 ml buffer. Collect an aliquot of the 
wash and check protein content at A2so. More wash is needed if the 
protein content is high. 

5. Elute the column with 10 ml of 0.1 M Glycine, pH 2.8. Collect the 
elution in 1 ml fractions. To each fraction, 50 JlI of 1 M Tris·HCI (pH 
9.1) is added to neutralize the pH. 

6. Monitor the protein content of each elution. Pool three fractions with 
the highest protein content. 

7. Wash the column with 20 ml of buffer and store at 4°C for later use. 

8. Concentrate and dilute the affinity purified IgY with PBS containing 
0.01 % NaN3 using a Contricon 30 (Amicon). A final concentration 
of 0.1-0.5 mg/ml is usually obtained. 

9. Store the antibodies in small aliquots at - 70°C. 
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Appendix D 

Chemical Cross-Linking of Fusion Proteins to Agarose Columns 

Materials 

GST/a2AR-i3 Fusion proteins: GST/a2A-i3, GST/a2B-i3 and GST/a2C-i3 
fusion proteins were prepared according to the "Materials and Methods" 
described in Chapter 3. Fusion proteins were concentrated and diluted 
with PBS (Centric on 30, Amicon) and brought to a concentration of -1 
mg/m!. 

Amino-link gel (Pierce) 

Coupling buffer: 0.1 M Phosphate buffer, pH 7.4 

Working reducing solution: 1.0 M Sodium Cyanoborohydride (NaCNBH3) 

Quenching buffer: 1.0 M Tris· HCI, pH 7.4 

Washing buffer: 1.0 M N aCI 

Disposable 5 ml polystyrene columns (Pierce, No. 29922) 

Procedure 

1. Transfer Amino-link gel slurry into a disposable polystyrene column 
to make a column with 2 ml bed volume when gel settles. 

2. Elute storage buffer. Wash column with 6 ml coupling buffer. 

3. Add 2 ml of GST/a2AR-i3 fusion protein (around 1 mg/ml 
concentration) to the column. Add 0.2 ml of Working reducing 
solution. 

4. Mix by gentle end-over-end rotation at room temp for 2 hours. Let 
column stand at 4°C for 4 hours. 

5. Collect effluent. Wash column with 4 ml coupling buffer. Combine 
with effluent. Equilibrate column with 4 ml quenching buffer. 

6. Add 2 ml of quenching buffer and 0.2 ml of Working reducing 
solution to column. Mix at room temp for 30 min as before. Collect 
effluent. 
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7. Wash column with 20 ml of washing solution and then with 20 ml of 
0.05% NaN3. Store at 4°C. 

8. Determine coupling efficiency by comparing the amount of fusion 
protein on a SDS-PAGE gel to which aliquots of fusion protein and 
effluents from step 5 and step 6 have been loaded. 
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Appendix E 

Immunofluorescence Procedures on COS-7 Cells (or Tissue 
Sections) 

Materials 

Ceramic coverslip holder (Thomas Scientific) 

Affinity purified Ig Y: See Appendix C for the preparation of antibodies 

FITC or rhodamine conjugated rabbit anti-chicken IgG (Pierce) 

4% Paraformaldehyde: It has to be made freshly. Heat 100 ml PBS to 65 
°C. Add 4 g of paraformaldehyde (Sigma). Stir and heat until the solution 
is almost clear. Add a drop of 0.1 N NaOH to clarify. Filter through a 
whatman #1 filter paper. Allow to cool before use. 

100 mM Glycine, pH 7.4 

Clear nail polish 

Permeabilization buffer: 30 mM Sodium citrate 
300 mM NaCI 
0.1 % (for COS-7 cells, 0.5% for tissue 
sections) Triton X-lOO 

Antibody dilution buffer: 30 mM Sodium citrate 
300 mM NaCI 
2 % goat serum 
1 % Bovine serum albumin 
0.05% Triton X-lOO 
0.02% NaN3 

Antibody washing buffer: 30 mM Sodium citrate 
300 mM NaCI 
0.05% Triton X-lOO 

Mounting solution: 1 ml PBS 
9 ml glycerol 
10 mg p-Phenylene diamine 
2 mg NaN3 
Keep the solution in the dark in a small aliquot 
at - 80°C 
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Procedure 

1. Fixation: Add 100 ml of fresh 4% paraformaldehyde into a 250 ml 
beaker. Place the ceramic coverslip holder into the beaker. Carefully 
transfer coverslips onto the holder with cell-side facing the same 
direction. Incubate cells for 15 min at room temp. 

2. Paraformaldehyae quenching: Transfer coverslip holder to a new 250 
ml beaker containing 100 ml of 100 mM Glycine, pH 7.4. Incubate 
cells for 5 min at room temp. Repeat this step one more time. 

3. Permeabilization: Transfer coverslip holder to another 250 ml beaker 
containing 100 ml of permeabilization buffer. Incubate cells for 15 
min at room temp. 

4. Primary antibody incubation: Dilute affinity purified IgY 1: 100 with 
antibody dilution buffer. Load 40 Jll of the diluted antibody onto 
parafilm which has been cut to fit on the bottom of a petri dish. 
Carefully transfer coverslips onto parafilm with cell-side facing down. 
Be sure there are no bubbles in the antibody solution. Incubate cells 
for 1 hour at room temp (Incubate tissue sections for 12 hours at 4°C). 

5. First antibody wash: Transfer coverslips with cell-side facing down 
into 6-well culture plate containing 3 ml of antibody washing buffer in 
each well. Incubate 5 min at room temp. Aspirate off buffer and 
rinse again for two additional times. 

6. Secondary antibody incubation: Dilute FITC (or rhodamine) 
conjugated rabbit anti-chicken IgG 1 :500 with antibody dilution 
buffer. Load 40 Jll onto parafilm and transfer coverslips onto this 
parafilm as described in step 4. Incubate cells for 1 hour at room 
temp(Incubate tissue sections for 4 hours at room temp). 

7. Second antibody wash: Rinse cells as step 5. 

8. Mounting coverslips: Load 10 Jll of mounting solution onto a 
microscope slide. Carefully place coverslip with cell-side down onto 
the slide. There should not have bubbles in the mounting solution. 
Seal coverslip with clear nail polish. Place slides into a dark box. 
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Appendix F 

Immunofluorescence Procedures on Primary Cultures of the Rat 
Spinal Cord 

Material 

Affinity purified Ig Y: See Appendix C for the preparation of antibodies 

FITC or rhodamine conjugated rabbit anti-chicken IgG (Pierce) 

4% Paraformaldehyde: The preparation is described in Appendix E. 

HBSS: Hank's buffered saline solution (GIBCO) 
5 mMKCI 
0.3 mM KH2P04 
138 mM NaCI 
0.1 mMNaHC03 
0.3 mM Na2HP04 
10mMHepes 

HBSSIBSA: HBSS with 0.1 % bovine serum albumin 

0.1 % Saponin (Sigma) in HBSSIBSA: This solution is unstable and is good 
for only a few hours. 

Mounting solution: The content is the same as the mounting solution 
described in Appendix E. 

Procedure 

The primary cultures of spinal cord from embryonic day 14 rat 
were prepared by Dr. Paul St. John's lab. Neurons were plated on a 
specially constructed 35 mm cell culture dish where a hole of about 8 mm 
in diameter was drilled on the bottom and a square glass coverslip was 
sealed from under-neath. After 3 to 9 days in culture, cells were processed 
for the following indirect immunofluorescence. 

1. Fixation: Rinse cultures with 1 ml of HBSS once. Add 400 JlI of 4% 
paraformaldehyde and incubate for 30 min at room temp. Remove the 
fixation solution and rinse the cultures with 1 ml of HBSSIBSA for 5 
min 3 times. 
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2. Permeabilization: Add 400 III of 0.1 % saponin in HBSSIBSA and 
incubate for 5 min. Remove the saponin and rinse the culture with 1 
ml of HBSSIBSA for 5 min 3 times. 

3. Primary antibody incubation: Dilute affinity purified Ig Y 1: 100 with 
HBSSIBSA buffer. Add 400 III of the diluted antibody to the cultures 
and incubated for 1 hour at room temp. 

4. First wash: Remove antibody solution and rinse cultures with 1 ml of 
HBSSIBSA for 5 min 3 times. 

5. Secondary antibody incubation: Dilute FITC (or rhodamine) 
conjugated secondary antibody 1 :500 with HBSSIBSA buffer. Add 
400 Jll of the diluted antibody to the cultures and incubated for 1 hour 
at room temp. 

6. Second wash: Remove antibody solution and rinse cultures with 1 ml 
of HBSSIBSA for 5 min 3 times. 

7. Add 400 III of mounting solution to the wells. Store the cultures in the 
dark at 4 °C if they are not processed for microscopy immediately. 
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Appendix G 

DEAE·Dextran Transient Transfection of COS·, Cells 

Materials 

Culture medium: Dulbeeeo's modified Eagle medium (DMEM) (Gibco) 
containing 100 units/ml penicillin and 100 /lg/ml streptomycin (Gibco), and 
5% fetal calf serum (FCS) (Hyclone labs) 

0.01 % Trypsin-EDTA (Gibco) 

10 mg/ml DEAE-Dextran (Pharmacia) in PBS 

100 mM Chloroquine (Sigma): light sensitive solution 

Dimethyl sulfoxide (DMSO) (Sigma) 

PBS: Phosphate buffered saline 

Expression plasmids: pBC12BI-<X2A, pBC12BI-<X2B and pBC12BI-<X2C are 
described in "Materials and Methods" in Chapter 3. 

Procedure 

A. Cell preparation 

1. Grow COS-7 cells in 15 em plates to 90% confluency in DMEM with 
5% FCS. 

2. Wash each plate with 10 ml prewarmed PBS and add 2 ml of 0:01 % 
trypsinlEDTA. Mix and incubate for 1 min at 37°C. Aspirate trypsin 
and rock dish. 

3. Add 10 ml of DMEM with 5% FCS to each plate and resuspend cells 
gently. 

4. For immunofluorescence labeling on COS-7 cells, 9 round coverslipes 
are placed on a 10 em plate. Add 8 ml of DMEM with 5% FCS to 
each plate. Add 2 ml of resuspended cells and mix gently. Grow the 
cells to 70-80% eonfluency. 
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B. Transient Transfection 

1. Prepare DNAlDEAE-dextran mix: this mix contains 5 ml PBS, 250 J.lI 
DEAE-dextran and 25 J.lg expression plasmid DNA. 

2. Aspirate culture medium. Wash cells with 4 ml prewarmed PBS 
twice. 

3. Add 4 ml DNAlDEAE-dextran mix and incubate for 20 min at 37°C. 
Aspirate DNAlDEAE-dextran mix. 

4. Add 4 ml chloroquine mix (containing 10 J.lII00 mM chloroquine and 
10 ml DMEM with 5% FCS). Incubate for 2.5 hours at 37°C. 
Aspirate chloroquine mix. 

5. Add 4 ml DMSOIDMEM solution (containing 1 ml DMSO and 10 ml 
DMEM with 5% FCS). Incubate for 2.5 min at 37°C. Aspirate 
DMSOIDMEM solution. 

6. Feed cells with 10 ml DMEM with 5% FCS and grow cells for 72 
hours. Change culture medium 24 and 48 hour after transfection. 
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peR Protocol 

Materials 

DNA Taq polymerase (Perkin Elmer Cetus) 

10 mM dATP, dGTP, dTTP and dCTP (Perkin Elmer Cetus) 

DMSO (Sigma) 

10 x PCR buffer: (Perkin Elmer Cetus) 
SOOmM KCI 
100 mM Tris·HCI, p 8.3 (at room temp) 
lSmMMgCl2 
0.1 % (w/v) gelatin 
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20 IlM Sense and antisense primers: The DNA sequences for 
oligonucleotide primers are described in the "Materials and Methods" in 
Chapter 4. 

DNA templates: 0.1 ng/Ill plasmid DNA containing <X2AR sequences and 
cDNA synthesized by reverse transcription reaction are described in the 
re~pective chapter. 

Mineral oil 

Programmable thermal controller (MJ Research) 

Procedure 

1. Prepare a mixture in a final volume of SO III containing 2S0 11M each 
of dATP, dGTP, dTTP and dCTP, 2 11M each of sense and antisense 
primers, 0.01 ng/1l1 template DNA (or cDNA), 1 x PCR buffer and 
10%DMSO. 

2. Add 2.S units of DNA taq polymerase to the mixture. Load SO III of 
mineral oil on the top of solution. 

3. PCR reaction was conducted using the following thermal profile by a 
programmable thermal controller: 

30 sec at 97°C 



1 min at 45°C 
1 min at 50°C 
1 min at 55 °C 
3 min at 72°C 
for 10 cycles 
40 sec at 94°C 
3 min at 50 °C 
3 min at 72°C 
for 30 cycles 
Store at 4°C. 
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Appendix I 

cAMP Assay for the Primary Cultures of the Rat Spinal Cord 

Materials 

TrislEDT A buffer: 

TrisIEDTAlO.1 % BSA 

Protein kinase A 

cAMP Standard 

[3H]cAMP 

2% BSAlcharcoal 

Procedure 

50 mM Tris·HCI 

4 mM EDTA pH 7.5 

Dissolve the 0.1 % BSA in the above buffer 

0.06 mg/ml protein kinase A (Sigma) in 
TrislEDT AlB SA buffer 

128 pmol cAMP (Sigma) in TrislEDTA 

Dilute 0.9 pmol cAMP (NEN, 30-50 
Cilmmole, 1 mCilm!) in 50 III of TrislEDT A 

2% BSA and 2.6% activated charcoal in 
TrislEDT A buffer 

1. Prepare duplicate microfuge tubes and label 1 to 12 for standard 
curve. In another set of tubes labeled 1 to 12, dilute 200 III of 128 
pmol standard cAMP 1: 1 with 200 III TrislEDT A buffer. Continue 
this 1:1 serial dilution down to 0.125 pmol and tubes #1 and #12 have 
o pmol cAMP. Add 50 III of the dilution to assay tubes on ice. 

2. 50 III of cytosol of neuronal culture of rat spinal cord (See "Material 
and Methods" in Chapter 4 for its preparation) were added to 
microfuge tubes on ice. 

3. Add 50 III of [3H]cAMP to each sample including standard and 
experimental. Add 50 III of [3H]cAMP to scintillation vials for direct 
counts. 

4. Add 100 III of cold protein kinase A to tubes except tube #12. Tube 
#12 receives 100 III of TrisIEDTAIO.l % BSA to determine non
specific protein kinase A in the cells. Incubate for two hours at 4 DC. 
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5. Add 100 JlI of BSAlCharcoal solution. Vortex and spin for 1 min. 
Transfer 200 JlI of supernatant to scintillation vials for counting. 
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