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Abstract 

In this study, the effects of a substrate-site acting tyrosine kinase inhibitor, 

tyrphostin. on the cyclic nucleotide accumulation in dispersed male rat pinealocytes 

were examined. Treatment with 300 pM tyrphostin 842 increased both the cAMP 

and cGMP accumulation above basal levels. The extent of tyrphostin B42-induced 

cyclic nucleotide accumulation increase was more substantial for cGMP than CAMP. 

suggesting tonic regulation of these nucleotides is different. Activation of the 

adrenergic linked cyclic nucleotide pathway using isoproterenol (1 PM), 

norepinephrine (1 0 PM) or forskolin (1 0 PM) elevated cAMP accumulation, which 

was further elevated in the presence of tyrphostin £342. The use of tyrphostin A l ,  

a less potent tyrosine kinase inhibitor, demonstrated that the observed effects of 

tyrphostin 842 are likely associated with inhibition of tyrosine phosphorylation(s). 

The use of isobutylmethylxanthine (IBMX) (1 PM) to inhibit the phosphodiesterase 

activities revealed that this is one probable site of action of tyrphostin 842. and 

further, that tyrphostin 842 has a second site of action that results in a decreased 

cyclic nucleotide accumulation in adrenergically-stimulated and IBMX-treated 

pinealocytes. This study augments the growing data which demonstrate the involve- 

ment of tyrosine kinase activity in G-protein coupled signal transduction pathways. 

Key Words: Tyrphostin - Tyrosine kinase activity - Cyclic AMP - Cyclic GMP - 

Pineal gland - Male rat 



Acknowledgement 

I would like to acknowledge the Faculty of Medicine 75" Annual Research 

Scholarship, which covered rny initial three-month stipend, and the Heritage Medical 

Research Studentship, which covered the remainder of my graduate studies stipend 

as well as an annual laboratory stipend. Accordingly, I would like to thank the 

Medical Research Council, which paid for the various research expenses, and Dr. 

A.K. Ho for sharing his expertise regarding my project. I would like to thank rny 

entire family, who have continually supported me in my educational endeavours. 

Special thanks to Brenda, for helping to motivate me in the final stages of this 

thesis. I dedicate this research to my father, James Rogers Murdoch, B-Sc., who 

passed away during my graduate studies, and rny son, Xavier James Mitchell 

Murdoch, who was born during my Masters program. 



Table of Contents 

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.1. Pineal Gland 1 

1.2. Cyclic Nucleotides and Signal Transduction . . . . . . . . . . . . . . . . .  4 

1.2.1. The B-Adrenergic Receptor . . . . . . . . . . . . . . . . . . . . . . . .  5 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.2.2. G-Proteins 6 

1.2.3. Adenylyl Cyclases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.2.4. Guanylyl Cyclase 11 

1.2.5. Phosphodiesterases . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  15 

1.3 Cyclic Nucleotides in the Pineal . . . . . . . . . . . . . . . . . . . . . . . . .  17 

1.4 PhosphorylationlDephosphoryIation . . . . . . . . . . . . . . . . . . . . . .  18 

1.4.1. Serinemhreonine Kinases . . . . . . . . . . . . . . . . . . . . . . . .  19 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.4.2. Tyrosine Kinases 22 

1.4.3. The General Tyrosine Kinase Receptor . . . . . . . . . . . . . .  23 

1.4.4. Non-Receptor Tyrosine Kinases . . . . . . . . . . . . . . . . . . . .  25 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.4.5. SH, Domains 26 

1.5. Tyrosine Kinase Inhibitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.5.1. Tyrphostins 28 

1.6. Specific Aim of the Present Study . . . . . . . . . . . . . . . . . . . . . . . .  31 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Materials and Methods 41 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  II.?. Cell Culture 41 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11.2. Drug Preparation 42 



11.3. Drug Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  42 

11.4. Radioimmunoassay Detection of Cyclic Nucleotides . . . . . . . . .  43 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11.5. Statistical Analysis 44 

11.6. Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  44 

I l  Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  47 

III . 1 . Effect of Tyrphostin 842 on CAMP Accumulation . . . . . . . . . . . .  47 

a . Effect of Tyrphostin 842 Alone on basal CAMP 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Accumulation 47 

b . Effect of Tyrp hostin 842 on IsoproterenollP razosin- 
Stimulated CAMP Accumulation . . . . . . . . . . . . . . . . . . . .  48 

111.2. Effect of Tyrphostin 842 on cGMP Accumulation . . . . . . . . . . . .  49 

a . Effect of Tyrphostin 842 Alone on cGMP 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Accumulation 49 

b . Effect of Tyrphostin 842 on lsoproterenollPrazosin- 
Stimulated CAMP Accumulation . . . . . . . . . . . . . . . . . . . .  49 

11 1.3. Dose-Dependent Relationship of cAMP Accumulation in 
. . . . . . . . . . . . . . . . . . .  Response to Tyrphostin 842 Treatment 50 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  a . Tyrphostin Alone 50 

b . Dose-Dependent Nature of Isoproterenol-Stimulated 
CAMP Accumulation to Tyrphostin 842 . . . . . . . . . . . . . .  51 

111.4. Dose-Dependent Relationship of cGMP Accumulation 
toTyrphostinB42 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  52 

a . Dose-Dependent Nature of Basal cGMP Accumulation 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  to Tyrphostin 842 52 

b . Dose-Dependent Nature of Isoproterenol-Stimulated 
cGMP Accumulation to Tyrphostin 842 . . . . . . . . . . . . . .  53 

111.5. Time-Course Study of Tyrphostin 842-lnduced cAMP 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Accumulation 53 



111.6. Tirne-Course Study of Tyrphostin B42-lnduced 
cGMP Accumulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 

11 1.7. Effect of Tyrphostin 842 on Noradrenaline-Stimulated 
CAMP Accumulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 

111.8. Effect of Tyrphostin 842 on Noradrenaline-Stimulated 
cGMP Accumulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 

111.9. Effect of Tyrphostin 842 on Forskolin-Stimulated 
cAMP Accumulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 

1 1  1 O Effect of Tyrphostin B42 on Forskolin-Stimulated 
cGMP Accumulation . . . . . . . . . . . . . . - . . . . . . . . . . . . . . . . . . . 57 

11 1.1 1. Effect of Tyrphostin 842 and Maximal Inhibition of 
Phosphodiesterase on cAMP Accumulation . . . . . . . . . . . . . . . . 58 

111.1 2. Effect of Tyrphostin 842 and Maximal Inhibition of 
P hosphodiesterase on cGMP Accumulation . . . . . . . . . . . . . . . . 59 

111.1 3. Effect of Tyrphostin 842 When Forskolin and lBMX Are 
Used to Potentiate cAMP Accumulation . . . . . . . . . . . . . . . . . . . 60 

1ll.M Effect of Tyrphostin 842 on Cholera Toxin and IBMX- 
Stimulated cAMP Accumulation . . . . . . . . . . . . . . . . . . . . . . . . . 60 

IV. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76 

IV.1. Tyrphostins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

IV.2. Tyrphostin 842 and P-Adrenergically-Stimulateci cAMP 
Accumulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 

1V.3. Tyrp hostin 842 and PAdrenergically-Stimulated cGM P 
Accumulation . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 1 

IV.4. Dose-Dependent Responses of Basal and PAdrenergically- 
Stimulated Cyclic Nucleotide Accumulations . . . . . . . . . . . . . . . 82 

IV.5. Effect of Exposure Tirne of Tyrphostin 842 on Cyclic 
Nucleotide Accumulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 

IV.6. Effect of Tyrp hostin 842 on Norepinep hrine-Treated 
Pinealocytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  86 



. . . . . . . . . . . . .  IV.7. Site(s) of Tyrphostin B42's Modulation of CAMP 87 

IV.8. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  90 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Future Studies 95 

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  96 

Appendices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  118 



List of Tables 

. . . . . . . . . . . . . . . . . .  Table 1.1. Effectors regulated by G-protein subunits 39 

Table 1.2. Regulation of various adenylyl cyclases . . . . . . . . . . . . . . . . . . .  40 

. . . . . .  Table II. 1. Cross reactivity of tyrphostins with RIA of cAMP/cGMP 46 



List of Figures 

. . . . . . . . . . . . . . . . . . .  Figure 1.1. Sympatheticinnervation of pinealocytes 35 

Figure 1.2. The conversion of Tryptophan to melatonin . . . . . . . . . . . . . . . .  36 

. . . . . . . . . . . . . . . . . . . . .  Figure 1.3. Structure of receptor tyrosine kinases 37 

Figure 1.4. Chernical structure of Tyrphostin A l  & 842 . . . . . . . . . . . . . . . .  38 

Figure III. 1. Effect of tyrphostins A l  and 842 on cAMP accumulation in 
pinealocytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 2  

Figure 111.2. Effect of tyrphostins A l  and 842 on pinealocyte cGMP 
accumulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  63 

Figure 111.3. The dosedependent relationship of tyrphostin 842 and 
both the basal- and P-adrenerg ically-stimulated cAMP 
accumulations in rat pinealocytes . . . . . . . . . . . . . . . . . . . . . . . .  64 

Figure 11  1.4. The dose-dependent relations hip of tyrp hostin B42 and 
both the basal- and -adrenerg ically-stimulated cGMP 
accumulations in rat pinealocytes . . . . . . . . . . . . . . . . . . . . . . . .  65 

Figure 111.5. The effect of tyrphostin 842 and duration of incubation on 
the observed basal- and -adrenergically-stirnulated cAMP 
accumulation in rat pinealocytes . . . . . . . . . . . . . . . . . . . . . . . . .  66 

Figure 111.6. The effect of tyrphostin 842 and duration of omcibatopm pm 
the observed basal- and -adrenergically-stirnulated cGMP 
accumulation in rat pinealocytes . . . . . . . . . . . . . . . . . . . . . . . . .  67 

Figure 111.7. The effect of tyrphostin 842 and tyrphostin A l  on 
norepinephnne-stimulated cAMP accumulation in 
rat pinealocytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  68 

Figure 111 .B. The effect of tyrphostin 842 and tyrphostin Al on 
norepinephrine-stimulated cGMP accumulation in 
rat pinealocytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  69 

Figure 111.9. The effect of tyrphostin 842 on forskolin-stimulated 
CAMP accumulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  70 



Figure 111.1 0. The effect of tyrp hostin 842 on forskolin-stimulated 
cGMP accumulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  71 

Figure III. 1 1. The effect of tyrphostin 842 on isoproterenol-stimulated 
CAMP accumulation in the presence of maximal phospho- 
diesterase inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  72 

Figure 111.1 2. The effect of tyrphostin 842 on isoproterenol-stimulated 
cGMP accumulation in the presence of maximal phospho- 
diesterase inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  73 

Figure 111.1 3. Effect of tyrphostin 842 on forskolin-stimulated cAMP 
accumulation in the presence of maximal phospho- 
diesterase inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  74 

Figure 111.14. Effect of tyrphostin 842 on cholera toxin-stimulated cAMP 
accumulation in the presence of maximal phospho- 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  diesterase inhibition 75 

Figure IV.1. Proposed site of tyrp hostin 842 action on cAMP 
accumulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  93 

Figure IV.2. Proposed site of tyrphostin 842 action on cGMP 
accumulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  94 



List of Symbols, Nomenclature and Abbreviations 

a: 

ADP: 

ATP: 

P :  

CAMP: 

cGMP: 

CMEM: 

DMSO: 

FCS: 

fmole: 

FSK: 

g : 

G-p rotein: 

Ga : 

Gw: 

GDP: 

GTP: 

h r: 

IBMX: 

Iso: 

M: 

Alpha 

Adenosine diphosp hate 

Adenosine triphosphate 

Beta 

Adenosine 3'5'-monophosp hate 

Guanosine 3'5'-monophosphate 

Dulbecco's modified eag le medium 

Dirnethyl sulfoxide 

Fetal calf serum 

Femtornoles 

Fors kolin 

Gram 

Guanine-nucleotide binding proteins (hetero trimer) 

a subunit of G-protein 

p and y subunit of G-protein (dimer) 

Guanosine diphosphate 

Guanosine triphosphate 

Hour 

3-lsobutyl-1 -rnethylxanthine 

lsoproterenol 

Molar 



min: 

mL: 

mM: 

NaAc: 

NE: 

NSB: 

PBS: 

PD€: 

pmole: 

Pz: 

RIA: 

SAR: 

SCN: 

SEM: 

TRH: 

Tyr: 

Tyr 42: 

Microgram 

Micromolar 

Minute 

Milliliter 

MiiIirnolar 

Sodium acetate buffer 

Norepinep hrine 

Non-specific binding 

Phosphate buffered saline 

P hosp hodiesterase 

Picornoles 

Prazosin 

Radioimmunoassay 

S heep anti-rabbit antibody 

Suprachiasrnatic nucleus 

Standard error of the mean 

Thyrotropin releasing homone 

Tyrphostins 

Tyrphostin 842 



1. Introduction 

1.1. Pineal Gland 

Although the pineal gland was described nearly 2,300 years ago by Hero- 

philus, the curent understanding of itç function remains a speculative subject. How- 

ever, a modem review realizes that the pineal is a true secretory structure, which 

contains an extraordinary number of biologically active substances, including nor- 

epinephrine (NE), serotonin, dopamine, melatonin, thyrotropin releasing hormone 

and many others (Laitinen et al., 1995). The pineal gland is embryologically 

developed from the ependyma lining of the third ventricle and, in the adult rat, lies 

in the groove between the superior colliculi (Axelrod, 1974). This location makes it 

accessible and well-recognizable for post-humus surgical excision. In lower 

vertebrates, like fish, the pineal gland is a true light-sensitive structure, but in higher 

vertebrates, including mamrnalian species, the development of a bony cranium has 

predicated the pineal's light receptor function to becorne vestigial (Collin, 1971). The 

mammalian pineal is innervated by a postganglionic sympathetic nerve supply from 

the superior sympathetic ganglia (Moore, 1973; Lolley et al., 1992). The mammalian 

pineal is primarily under control of NE message from sympathetic nerveç which 

originate in the superior cemical ganglia (Klein, 1985). The superior cervical 

ganglion is a component of the following neural pathway: retina - retinohypothalamic 

projection - suprachiasmatic nuclei - paraventricular nuclei - superior cervical 

ganglia - nerve conarii - pineal gland (Klein, 1985). This sympathetic nerve inner- 



vation, consisting of noradrenergic fibers that end in the interstitial space of the 

gland or on the pinealocyte plasma membrane. is crucial to the regulation of pineal 

function (see Fig. 1.1). The pinealocytes are organized into cords and rest on a 

basement membrane in relationship to an interstitial space. This is in addition to the 

fenestration of the pineal gland allows exit and entry of large molecules to and from 

the interstitial space of the gland. Thus, the pineal gland is well designed for 

secretory activity (Lolley et al., 1 992). 

The most well charactenzed homone that is synthesized and secreted by the 

pineal is melatonin. Melatonin is synthesized from tryptophan within pineal paren- 

chymal cells via a stepwise synthetic pathway which includes 5-hydroxytryptamine, 

serotonin, and N-acetylserotonin intermediates (see Fig .1.2). 

Although the rnarnmalian pineal is no longer light receptive, it is known that 

melatonin release is still influenced by photoperiod. It has been reviewed that the 

suprachiasmatic nucleus (SCN) receives a direct neural input from the retina, the 

retinohypothalamic tract, and it is via this neural pathway that external light 

regulates the superior cervical ganglia and thus influences pineal activity (Reiter, 

1991). The synthesis and release of melatonin occurs rhythmically on a 24 hr basis 

(Klein, 1985). The sympathetic stimulation of pinealocytes via release of the neuro- 

transmitter, NE, stimulates the intracellular accumulation of cyclic AMP (CAMP) via 

the a-@ -adrenergic-G-protein-adenylyl cyclase-coupled second messenger system. 

The accumulation of CAMP has been demonstrated to stimulate the transcrip- 

tion,translation and stability of N-acetyltransferase, which is the rate-limiting enzyme 



in the synthesis of melatonin (Klein and Weller, 1972; Roseboom and Klein, 1995). 

It has further been suggested that the diumal regulaüon of melatonin synthesis and 

release is at least partially associated with fluctuations in pinealocyte P-adrenergic 

receptor density. Specifically, a 24 hr rhythm in rat pineal P-adrenoceptor density 

was reported such that male rats housed in a 14: 1 0 LD cycle, with lig ht commencing 

at 0600 hr, a consistent pattern of receptor expression was established. The density 

of Padrenoreceptors was low during daytime, wÎth a slight increase prior to lights-off 

and a peak density at 0200 hr, but decreasing abruptly at 0400 hr (Gonzalez-Brito 

and Reiter, 1987). This rhythm corresponds well with the observation that during the 

dark phase (night). melatonin secretion is at its highest (Reiter, 1991). It is 

imperative to understand that the regulation of CAMP within pinealocytes is a 

cornplicated system in which many factors can have an influence. and accordingly 

many different systems are capable of affecting pinealocyte endocrine activity. 

Although the rnost important regulatory stimulus of pineal gland hormone synthesis 

is lighvdark, rnany different signalling pathways such as phospholipase A, and 

phospholipase C (Sugden et al., 1985), and the Ca2'system (Sugden et ai., 1986) 

have been verified as important regulators of pinealocyte CAMP accumulation. Rats 

under a 14:lO LD schedule and a 50% food restriction showed variations in their 

senirn melatonin levels. While the study showed one week of food restriction did not 

alter the serum melatonin concentration, long-term (three week) food restriction 

caused an increase in amplitude of the typical nocturnal melatonin peak and 

additionally extended the duration of this response (Chik et al.. 1987). Therefore, 



there is strong evidence that melatonin synthesis and release and its 24 hr rhythm 

are primarily controlled by environmental LD schedules. but other environmental 

stimuli such as nutrient availabilrty are also associatively responsible for pinealocyte 

function. Thus, the pineal gland represents a sympathetically modulated endocrine 

body which utilizes second messenger systems, especially cyclic nucleotides, to 

regulate the synthesis of its hormone, melatonin, in a diurnal rhythmic nature. It is 

of use to review the vanous aspects of the CAMP signal transduction pathway. 

1.2. Cyclic Nucleotides and Signal Transduction 

The cyclic nucleotide synthesis pathway can be subdivided into three com- 

ponents: the receptor component, the regulatory component and the catalytic com- 

ponent. The rnajority of this thesis pertains to the P-adrenergic receptor, G-protein 

and adenylyl (CAMP) or g uanylyl (cGMP) cyclase. respectively. It is well established 

that utilization of a stepwise activation sequence allows for signal magnification, a 

key aspect of cell signai transduction processes. For instance. the release of a 

sympathetic agonist (ligand) binds to its specific receptor(s). the ligand-bound 

receptor can further activate several regulatory components (G-proteins). The 

activated G-proteins can each interact with the catalytic peptide (adenylyl cyclase: 

CAMP, or guanylyl cyclase: cGMP) and the activated enzyme can subsequently 

convert nucleotide triphosphates to cyclic nucleotide messengers. An elevation in 

cyclic nucleotide accumulation becomes pertinent since this results in changes in 

the respective cells' physiological processes. For instance. an elevation in CAMP 



results in the stimulation of protein kinase A activity. Activated PKA phosphorylates 

target proteins which include enzymes, ion channels and transcription factors, 

resuiting in changes in protein function (Cohen, S. 1985). The subsequent sections 

review each of the signal transduction components. 

1.2.1. The PAdrenergic Receptor 

The pineal body with its sympathetic innervation is a good model of a gland 

which has its secretory activity regulated through adrenergic receptors. It is known 

that activation of the Padrenergic receptor causes an increase in cyclic nucleotide 

accumulation in cultured pinealocytes (O'Dea and Zatz. 1976). The P-adrenergic 

receptor is a plasma membrane protein containing seven transmembrane domains 

with its amino terminus on the extracellular side and carboxy terminus on the cyto- 

plasmic side. The P-adrenoceptor is ubiquitously located in al1 mamrnalian tissues, 

and is typically coupled to the activity of adenylyl cyclase (Stiles et al.. 1 984). One 

mechanism through which cell sensitivity to catecholamines is regulated is via the 

adrenergic receptor, either through alteration of the number of receptors in the 

plasma membrane. or via regulation of the afinity of receptor coupling to other 

components of the adenylyl cyclase system. The latter involves regulation of 

receptor interaction or coupling to the adenylyl cyclase via specific interactions with 

the G-proteins (Stiles et al., 1984). One mechanisrn for a change in the interaction 

between receptor and regulatory component is associated with ligand-induced 

changes in the receptor itself. Of course cell sensitivity to catecholamines is also 



modifieci by post-receptor mechanisms, such as G-protein down regulation. Sibley 

et al. (1 985) and Pitcher et al. (1 992) have demonstrated that, upon ligand binding 

to the receptor, the receptor is phosphorylated. It was demonstrated that the phos- 

phorylation of the receptor parücipates in desensitization by contributing to receptor 

sequestration or reduction in the efficacy of receptor-G-protein interaction (Sibley 

et al., 1984). Furthemore, an example of desensitization was supported by 

evidence that mammalian lung P-adrenoceptors were phosphorylated via a CAMP- 

mediated process (Benovic et al., 1985). In surnmary. the P-adrenoceptor is a 

cornponent of the CAMP second messenger pathway that can be regulated. F urther- 

more, receptor phosphorylation is a modification induced by its ligand that is in part 

responsible for receptor down-regulation and desensitization. The phosphorylation 

process affects the receptor's affinity or ability to interact with the regulatory 

component of the cyclic nucleotide pathway, the G-protein (Pitcher et al., 1992). The 

G-proteins are the next component of the cyclic nucleotide signal transduction 

process and, as such, will subsequently be reviewed briefly. 

1.2.2. G-Proteins 

G-proteins are a family of guanine nucleotide-binding proteins that are 

membrane bound and sewe as a functional regulatory component between receptor 

and effector subunits of signal transduction pathways. The first suggestion that a 

G-protein may be involved in transmembrane signalling was initiated by the realiza- 

tion that guanosine triphosphate (GTP) was required for hormonal induction of 



adenylyl cyclase (Rodbell et al.. 1980). Moreover, an extension of this discovery 

was that systems were activated upon binding of GTP, whereas GTP hydrolysis 

was correlated with deadivation (Cassel and Selinger, 1976). An additional obser- 

vation that resulted in the development of useful pharmacological tools was the 

capacity of bacterial toxins, cholera toxin and pertussis toxin, to activate specific G- 

proteins. The G-protein is actually a hetero-trirneric complex which functions as a 

unit in the transmission of extracellular signals to intracellular second messenger 

signal. The subunits are classified as a, P and y, and variations in these subunits 

are correlated with differences in their respective functions. The hetero-trimeric G- 

protein responsible for stimulation of adenylyl cyclase is referred to as the G, 

protein. The interaction of G, with an appropriate ligand-bound receptor promotes 

the binding of GTP the a subunit of G,. The a subunit then dissociates from the G, 

p and y subunits and interacts with adenylyl cyclase to stimulate its activity 

(Robishaw et al., 1986). Currently there are about twenty different known 

rnammalian a subunits (Wilkie et al., 1991): four P and six y subunits (Iniguez-Lluhi 

et al., 1992). Thus, G-proteins cycle between an inactive GDP-liganded forrn and 

an active GTP-liganded form. All isofons of a subunits are GTPases, but their 

kinetics for GTP hydrolysis Vary from one type of a subunit to another (Carty et al., 

1990). Upon GTPase activity, the GTP moiety is degraded into GDP, which allows 

for recoupling of the G, alpha subunit with G, beta-gamma and inactivation of the 

regulatory component. It is the G, protein that is activated via cell exposure to 

cholera toxin, and this procedure was utilized in some of the experiments contained 



in this thesis. The cholera toxin covalently links an ADP-ribose to the G-protein, 

which inactivates the GTPase activity of that G-protein. Since the GTPase can no 

longer function, the G, a subunit is not inactivated after it is bound to GTP and thus 

continues to activate adenylyl cyclase. This site specific action of cholera toxin is a 

useful tool for investigations into the complex regulation of the CAMP signal trans- 

duction pathway. It has also been reported that a subunits of G-proteins may be 

released from the plasma membrane following activation. Treatment of myoblasts 

with cholera toxin over periods of greater than 4 to 8 hr resulted in a down- 

regulation of G, in the membranes (Miiligan et ai., 1989). 

It has been verified that the rat pineal contains an abundance of Ga sub- 

units, including those specific for G,, Gi and Go proteins (Babila et al.. l992), which 

is indicative of their importance in this tissue. Furthemore. examination of the 

ontogeny of Ga expression in rat pineals demonstrated neonatal expression; thus. 

it is transcribed and translated early in life (Babila et al.. 1992). 

There is currently a diverse group of effectors coupled to G-protein regu- 

lators, and Table 1.1 summarizes some known G subunit variants and some of their 

effectors (Conklin and Bourne, 1993). 

It has now become evident that many effectors. including adenylyl cyclases, 

are regulated by both the Ga and GPy moieties. G-proteins function as complex 

reg ulators of many effectors and. as such. modulate the action of many extracellular 

messages in ternis of their cellular effect. Given the complexity and the ubiquitous 

expression of G-proteins, it is not surprising that they are potential sites of defects 



in signal transduction in some pathophysiolog ical conditions. Bacterial toxins, such 

as cholera and pertussis, result in covalent modifications of G-proteins that are the 

basis of the clinical manifestations of such infections. An inherited hormone 

resistance syndrome, pseudohypoparathyroidisrn (PHO), was shown to be due to 

a deficiency in the Gs protein, the regulator of adenylyl cyclase (Spiegel, 1992). 

Therefore, the physiological role of G-proteins is essential in the maintenance and 

modulation of effector components of many signal transduction pathways and, as 

such, is a critical component of cell response and adaptation to extracellular 

messages. It is one site of action that a drug might influence downstream of cyclic 

nucleotide accumulations. 

The next level in the CAMP signal transduction pathway is the effector. 

adenylyl cyclase, which will be subsequently reviewed. 

1.2.3. Adenylyl Cyclases 

Adenylyl cyclases exist as a molecularly diverse group of at least six different 

marnmalian variants. These mammalian adenylyl cyclases plus two non-mammalian 

isomers are further grouped into five distinct families (lyengar, 1993). The various 

adenylyl cyclases do exhibit many common properties, not the least of which 

includes stimulation by the G,-protein and similarly activation by exposure to for- 

skoiin. The adenylyl cyclases are the primary enzymes that convert ATP to CAMP. 

and as a group are under the control of a variety of hormones, neurotransmitters 

and other intrinsic modulators, such as Ca2+/calmodulin. The first adenylyl cyclase 



cloned, type 1 adenylyl cyclase, was purified from bovine brain membranes by 

Pfeuffer et ai. (1991). It was expressed and shown to exhibit adenylyl cyclase 

enzyrnatic activity that was inducible by forskolin and Ca2+/calmodulin (Tang and 

Gilman, 1 992). Adenylyl cyclase isoforrns are al1 approximately 1 50,000 MW 

glycosylated proteins. The generalized structure of the six marnrnalian isofoms 

show well conserved domains (Gilman, 1987). The generalized structure consists 

of a short amino terminal region followed by an intensely hydrophobic region 

containing six transmembrane helices. A cytoplasmic loop separates another 

hydrophobic region very similar to the pflor, and again a cytoplasmic loop which is 

very similar to the first (Tang and Gilman. 1992). The catalytic domains are located 

in the cytoplasmic loops and the activity of the adenylyl cyclases is such that 

perturbations or mutations in either of these loops typically compromises the 

catalytic activity (Chinkers and Garbers, 1991). The two sets of six transmembrane 

regions serve to orient the two cytoplasmic loops, but it is also believed to be within 

the hydrophobic regions that forskolin exerts its effects so as to activate the adenylyl 

cyclase activity (Gao and Gilman, 1991). 

As was eluded to previously, the various subtypes of adenylyl cyclases show 

variations in their respective regulation by both extracellular and intracellular modu- 

lators. The ability to transfect cells with these various types of adenylyl cyclase has 

allowed for the characterization of their respective regulatory mechanisms. A 

summary of the various mechanisms of regulation of the marnmalian adenylyl 

cyclase subtypes is reviewed in Table 1.2. Of the known adenylyl cyclases, no two 



are regulated in the exact same fashion. Furthemore, many of the isoforms exhibit 

properües of regulation in both stimulatory and inhibitory manners such that it can 

be imagined that their responsiveness to differing signals would allow fine-tuned 

regulations of the resultant CAMP accumulations. Thus, the complexity of the 

reg ulation of the adenylyl cyclases is consistent with the expected sig nificance of 

their intrinsic modulation of CAMP and the downstream processes that this second 

messenger influences. Therefore, the oscillations in intracellular cAMP accumula- 

tion can be precisely regulated via specific properties of the adenylyl cyclase. 

Adenylyl cyclase is therefore another obvious site through which a substance may 

alter cAMP accumulation. 

lnsofar as I have reviewed the CAMP second messenger pathway, it is now 

useful to review the effector component of the cGMP second messenger system, 

g uanylyl cyclase. 

1.2.4. Guanylyl Cyclase 

The guanylyl cyclase enzymes that catalyze cGMP formation from GTP can 

also be grouped into multiple families. The guanylyl cyclase enzymes are found 

associated with the plasma membrane of cells as well as in the cytosol, and these 

characteristics establish the two families of guanylyl cyclases. The enzymatic 

activaies of the guanylyl cyclases are stimulated via their direct binding of a variety 

of specific activators. In fact, g uanylyl cyclases represent complete signal trans- 

ducing moieties. with combined signal receptor, signal transducer and enzymatic 



effector capacities (Fulle and Garbers, 1994). The membrane associated family of 

guanylyl cyclases contains at least three isomers, and Iikely a fourth associated with 

photoreceptors. These guanylyl cyclases range in size from about 1 12 kD to about 

121 kD, and their extracellular domains act as receptors for the peptide hormones 

such as atrial natriuretic peptide (ANP; (Tang and Gilrnan, 1992). There is a short 

transmembrane domain followed by the intracellular domain which has both a 

protein kinase-like domain and a catalytic domain (Yuen and Garbers, 1992). 

The soluble guanylyl cyclase family consists of two subunits, a and P. Both 

subunits contain a cyclase catalytic dornain but do not possess a tyrosine kinase- 

like domain nor a transrnembrane domain (Garbers, 1992). Coexpression of both 

a and B subunits is required for catalytic activity, the functional unit being a dimer. 

The cytosolic g uanylyl cyclases are modulated by nitric oxide (NO) accumulations, 

such that an increase in NO results in activation of the soluble guanylyl cyclases 

(Mayer, 1994). It is also known that precursors to nitric oxide have the capacity to 

activate the soluble guanylyl cyclases, and other agents used phannacologically to 

stimulate guanylyl cyclases include sodium nitroprusside and nitroglycerin (Yuen 

and Garbers, 1992). There are at least two different enzymes involved in the 

synthesis of NO. NO is generated frorn L-arginine together with L-citrulline by 

enzymes referred to as NO synthases. One of these requires Ca2'/calrnodulin for 

its activity, and upon cloning from rat brain, the 150 kD protein was found to be 

homologous to cytochrorne P-450 reductase (Bredt et al., 1991). The peptide 

contains several domains for NADPH, Ravin and calmodulin binding, and a potential 



CAMP-dependent protein kinase phosphorylation site (Bentley and Beavo. 1 992). 

There are several interesting aspects of guanylyl cyclase functionai design, 

which include observed desensitization of the membrane-bound guanylyl cyclases, 

the formation of catalytic domain dimerizations, as well as the potential role of the 

known kinase-like domains in the membrane-associated guanylyl cyclases. AI1 of 

these aspects have been studied in recent years (Fulle and Garbers, 1994). 

Biochemical investigation has demonstrated that sea urchin guanylyl cyclase is a 

p hosp hoprotein that is activated by binding of peptides, which also results in 

dephosphorylation (Bentley et al., 1986). The dephosphorylated membrane- 

associated guanylyl cyclase is correspondingly desensitized to further stimulation 

by its peptide ligands (Bentley et al., 1986). Therefore, the guanylyl cyclase 

receptorlenzymatic activity is regulated, at least in the sea urchin model, by 

dephosphorylation events. Additionally, serine and threonine residues are known 

to be phosphorylated in the GC-A type isozyrne (Fulle and Garbers, 1994). It is not 

yet verified whether this phosphorylation may be associated with homologous 

desensitization processes in this mammalian g uanylyl cyclase; however, AN P has 

been shown to reduce the phosphate content of the GC-A isozyme (Potter and 

Garbers, 1992). The guanylyl cyclases also contain other potential sites of phos- 

phorylation, including a tyrosine in the kinase-like domain, which rnay represent 

other sites that possibly regulate guanylyl cyclase enzyme activity (Garbers, 1992). 

The role of the dirnerization observed by guanylyl cyclases is undoubtedly 

associated with their catalytic activity, given the observation that only dimers of the 



cytosolic guanylyl cyclases display catalytic activity (Yuen and Garbers, 1992). It is 

not yet clear whether the formation of heterodimers results in a single functional 

catalytic unit or if the dirnerization simply allows for proper tertiary orientation of the 

peptide subunits to activate their respective catalytic domains (Fulle and Garbers, 

1994). There is also some evidence to suggest that membrane-associated guanylyl 

cyclases rnay exist as monodimers to establish their functional catalytic domains. 

The GC-A isozyme is believed to function as a homodimer, with specific dimeri- 

zation in the carboxyl terminal domain where the catalytic domain is hypothesized 

(Thorpe et al., 1991). A possible role for the protein kinase-like domain has been 

suggested upon the discovery that, in order for atnal natriuretic peptide to optirnally 

activate guanylyl cyclase, the presence of rnillimolar ATP is required (Chinkers et 

al., 1991). This concentration of ATP is within the appropriate expected range of 

intracellular ATP; therefore, ATP may directly modulate the activation of GC-A by 

ANP. Site-specific mutagenesis has demonstrated that this ATP modulation is 

associated with the kinase-like domain (Chinkers and Garbers, 1989). 

Guanylyl cyclase isozymes can be paralleled to the receptor-G-protein 

adenylyl cyclase components of the CAMP pathway. Both possess the means 

through which accumulation of the cyclic nuclectide rnessengers can be well 

modulated. The guanylyl cyclase isozymes contain the receptor domain, regulatory 

domain and catalytic domain (Fulle and Garbers, 1994). 

The last several sections have reviewed 

nucleotide pathways, and these are, of course, key 

the cornponents of the cyclic 

sites in the modulation of cyclic 



nucleotide accumulation. Alternatively, other than manipulation of the rate and 

amount of cyclic nucleotide formation, the other means of varying their accumulation 

is by modulation of the enzymes responsible for their degradation, the phospho- 

diesterases (PDEs). Since my experiments pertain to changes in the cyclic 

nucleotide accumulations, it is relevant to briefiy review sorne known properties of 

PDEs. 

1.2.5. Phosphodiesterases 

Since CAMP and cGMP initiate a cascade of intracellular events, it is crucial 

that the intracellular concentrations are tightly controlled. Modulation of cyclic 

nucleotide synthesis is important in the maintenance of cell homeostasis, but 

equally important is the regulation of cyclic nucleotide degradation. Phosphodiester- 

ases catalyze the degradation of CAMP and cGMP to their respective 5'-nucleoside 

monophosphates. Phosphodiesterases not only regulate the steady state (basal) 

levels of cyclic nucleotide second messengers, but also serve as important modu- 

lators of the amplitude and duration of cyclic nucleotide signais (Beavo, 1995). 

Mammalian phosphodiesterases include an extensive group of structurally 

related isozymes, which are further categorized into seven current, distinct though 

related gene farnilies (Manganiello et al., 1995). It is established that, among the 

identified mammalian phosphodiesterases, there are many cornmon structural 

features. Especially well consewed is the C-terminal region of the enzymes (Conti 

et al.. 1991). Most phosphodiesterases are isolated as dimers or multimeric enzyme 



complexes, and the dimerizations are typically present in the regulatory dornains 

which are one of the conserved portions (Beltman et al., 1993). 

There are seven PDE families, these categorizations correspond to variations 

in the PDE substrate preference, selecüvity and modulation (Manganiello et al., 

1995). 

The reg ulation of the various p hosp hodiesterases is well correlated with 

phosphorylation events and, as such, lend themselves to modulation by kinases. 

Variations in phosphodiesterases may be associated with many pathological condi- 

tions. Given the critical nature of their function, variations andlor abnormalities in 

phosphodiesterases are probable candidates for potential cell dysfunction. 

Clinical use of phosphodiesterase inhibitors has been implemented in 

attempts to treat certain pathological conditions associated with phosphodiesterase 

hyperactivity. The development of numerous selective inhibitors for al1 of the 

phosphodiesterase fami!ies has been useful, as has the identification of non- 

selective phosphodiesterase inhibitors, such as 3-isobutyi-1-rneihylxanthine (IBMX). 

The latter phamacological tool has been useful in several of the experiments con- 

tained within this thesis, since at millirnolar concentrations, it will non-specifically 

block all phosphodiesterase activity within exposed cells. 

The phosphodiesterases isolated from mammalian species share a comrnon 

generalized structure: especially well consetved is a region of 270 arnino acids, 

which is the 

(Conti et al., 

domain corresponding to the phosphodiesterases catalytic domain 

1991). This catalytic domain is typically associated with the central 



portion of the enzyme between a regulatory domain on its amino terminal side and 

an extended carboxy end, which as of yet has its function is unknown. There is 

evidence to support that the cyclic nucleotide phosphodiesterases contain sites that 

may be responsive to the actions of homone-induced phosphorylation (Beltman et 

al., 1993), and the associated role of tyrosine kinases can thus be important in the 

regulation of cyclic nucleotide metabolism. Therefore tyrosine kinase inhibiton 

unsurprisingly influence the activities of phosphodiesterases, and likely illicit this 

effect through interferhg with phosphorylation events. The role of phosphorylationl 

dephosphoiylation as a means of regulating peptide function will be briefly reviewed 

in a later section. 

1.3 Cyclic Nucleotides in the Pineal 

Adrenergic regulation of pineal cGMP levels is mediated by bath a, and P- 

adrenergic receptors, as is CAMP accumulation (Sugden, 1989). Furthermore, the 

pinealocyte cGMP accumulation induced by NE treatment requires P-adrenoceptor 

activation and is potentiated by a,-adrenoceptor activation (Vanacek et al., 1985, 

Ho et al., 1987). It appears that intact sympathetic innervation and a normal light- 

dark cycle are essential for pineal cGMP responsiveness (Klein et al., 1981). 

Specifically, the cGMP response disappean within a week following pineal 

sympathetic denervation or constant light (Klein et al., 1981). It has been reported 

that constant light reduces guanylyl cyclase activity as a result of decreased NO 

synthase activity (Schaad et al., 1994). On top of the evidence for the presence of 



NO-sensitive guanylyl cyclases in the pineal, it has recently been published that 

there is evidence of the presence of membrane-bound guanylyl cyclase receptors 

in rat pinealocyte monolayer cultures (Olcese et al., 1 994). 

1.4. PhosphorylationlDephosphorylation 

Phosphorylation is a post-translational modification used by cells to control 

the properties of a wide variety of proteins, including enzymes, receptors and ion 

channels, as well as structural proteins. The true usefulness of protein phosphoryl- 

ation as a regulatable modification is ernbodied in its reversibility. It is logical that 

the steady-state level of phosphorylation of a protein is attributed to the ratio of its 

rate of phosphorylation and dephosphorylation. It is essential to the usefulness of 

phosphorylation as a structural modification that rnodulates protein function; that this 

ratio of phosphoryiation/dephosphorylation is itself modifiable and reversible. These 

rates are respectively dependent on the intrinsic activities of two classes of 

enzymes, the ceIl kinase(s) and phosphatase(s) for the respective protein or amino 

acid-specific substrate. Protein kinase(s) are phosphotransferases which catalyze 

the transfer of an active phosphoryl group of ATP to an amino acid side chain in the 

presence of cofactor ions (Le. Mg2+). The recipient phosphoryl acceptors include 

alcohol groups of serine and threonine, or the phenol group of tyrosine residues. 

Alternatively, phosphatase enzymes are responsible for catalysis of the removal of 

phosphoryl groups from these amino acid residues, and thus are the antagonist 

enzymes of the kinase(s). Therefore, if the endogenous activity of an enzyme is 



dependent upon its state of phosphorylation/dephosphorylation, the regulation of 

the balance of its specific kinase and phosphatase enzymes is clearly a reversible 

mechanism by which a cell can modify its respective enzyme, receptor or channel 

activities. The kinase enzymes can be subclassified into serine/threonine kinases 

and tyrosine kinases. depending upon which amino acid phosphorylation they 

catalyze. 

1.4.1. SerineIThreonine Kinases 

The serinelthreonine kinases represent a large group of cellular kinases 

which correspondingly have a wide variety of regulatory rnechanisms. For instance, 

protein kinase A is regulated by CAMP levels, protein kinase C is regulated by phos- 

phatidyl serine, diacylglycerol, free fatty acids and calcium (Blackshear et al.. 1 988; 

Huang et al.. 1993). Additionally, a large group of seine/threonine kinases contain 

regulatory domains sensitive to Ca2+/calmodulin, the majority of which are thus 

referred to as CaM kinases. The rnyosin light chain kinases (MLCK) are also within 

this group (Hunter, 1995). As would be expected, the serinelthreonine kinases 

retain a conserved catalytic domain (Girault, 1994). 

The serinelthreonine kinases have been demonstrated to directly induce 

gene promotors, as well as the activities of other cellular proteins, and thus serve 

as an important mediators of cell response. One of the important substrates of PKA, 

for example, is the transcriptional factor called CAMP response element-binding 

protein (CREB) (Hunter, 1995). CREB binds to a CAMP-regulated enhancer region 



in CAMP-inducible genes. PKA phosphorylates a serine residue within the CREB 

moiety which significantly promotes its DNA bindirig activity so as to induce 

transcription of CAMP-responsive genes (Hagiwara et al., 1993)- This example 

illustrates how the elevation of cellular CAMP accumulation can resutt in initiation of 

a physiological response by the ceIl, in this case an increase in gene transcription. 

Though not al1 serine/ threonine kinase activity results in transcriptional events, 

others are involved in receptor down-regulation, channel regulation and a myriad 

of other cellular responses. 

Another important class of serinelthreonine kinases is the PKCs, which are 

not only activated via cell-hormone interaction, but also translocated to various cell 

surfaces. Prior to cell stimulation, PKC is present in the cytosol, and when the ceIl 

is stimulated with either phorbol ester, calcium, or PIPI, or hormones that elevate 

intracellular diacylglycerol, the PKC is translocated to various membranes through- 

out the cell (Mochly-Rosen, 1995). In fact, individual activated PKC isozymes are 

differentially compartrnentalized, which can be seen to suggest that they mediate 

distinct cellular functions within the realm of their trarislocated sites (Muhl and 

Pfeilschifter. 1994). The roles of the various PKC isozymes are not well 

characterized, but they have been localized to many specific brain regions and 

certain specific ceIl types, which suggests that they reg date specific cellular 

functions. Both a and p isozymes are known to be present within the pineal gland; 

therefore, the PKC family likely plays an important role in the regulation of at least 

some aspect of pinealocyte function (Blackshear et al., 1988). The activation of PKC 



is usually associated with cell multiplication, and the action of many oncogenes 

involves an abnomal hyperactivation of PKC (Girault, 1994). However PKC is also 

found in cells that do not multiply, like pinealocytes for instance, and can be 

associated with numerous cell functions, such as the modulation of guanylyl 

cyclase. Current research is atternpting to better understand al1 aspects of the PKC 

pathway, both in normal and abnormal cell states, as it is obviously of considerable 

importance to the maintenance of cell homeostasis. 

Although there are many other examples of serine/threonine kinase which 

are involved in a correspondingly broad array of cellular responses and regulatory 

mechanisms, the tyrosine kinase family is more relevant to my thesis work. Before 

completing this bief introduction to the serinelthreonine kinases, it is important to 

emphasize that the action of the serinekhreonine kinases are intertwined with the 

functions of other transduction processes, including those of the tyrosine kinases. 

For instance, it has been found in P lymphocytes that activation of phospholipase 

C is associated with tyrosine phosphorylation, and since PLC activation increases 

[Ca2+], and DAG, which activate PKC, this is an example of association of tyrosine 

kinase and serinenhreonine kinase pathways (Padeh et al., 1991; Roifman and 

Wang, 1992). Correspondingly, erbstatin and tyrphostins, tyrosine kinase inhibitors 

block protein serine kinase activation in sea star oocytes (Daya-Makin et ai.. 1991). 

It has further been suggested that PKC could reduce tyrosine phosphorylation in rat 

pinealocytes (Ogiwara et al.. 1997). This suggestion is supported by the studies 

dernonstrating PKC mediated phosphorylation of EGF and insulin receptors 



resulting in a reduction in their respective tyrosine kinase activities (Cochet et al., 

1 984, Takayama et al., 1 988). 

1.4.2. Tyrosine Kinases 

The tyrosine kinase group is sometimes subdivided into the non-receptor 

tyrosine kinases and the receptor tyrosine kinases. Both of these groups of tyrosine 

kinase peptides have their place in the functional aspects of cellular signal trans- 

duction processes. The receptor protein tyrosine kinase (RPTK) family is involved 

in the control of cell growth, differentiation and metabolism. The RPTKs are acti- 

vated by polypeptide ligands which are specifically referred to as growth factors or 

cytokines. The defining component of the RPTKs is their intrinsic protein tyrosine 

kinase activity that is regulated specifically via their interaction with their respective 

ligands. RPTKs contain many common structural features, such that a description 

of a generic RPTK can be established. The N-terminus of the RPTK is outside the 

cell and has a signal sequence which targets the protein for membrane insertion 

(Girault, 1994). Also on the extracellular portion of the peptide, one or more 

cysteine-rich regions are found which serve as the ligand-binding domain for the 

RPTK (Hunter, 1995). The transmembrane domain consists of a sequence of hydro- 

phobie residues. The catalytic domain is located on the cytoplasmic side of the ceil 

and is a well consewed domain that is not only obsetved in the non-receptor tyro- 

sine kinase group, but also in the protein-serinelthreonine kinases (Blackshear et 

al., 1988). This catalytic dornain is typically about 250 amino acids, with compara- 



tive homologies as high as 95% between RPTKs (van der Geer et al., 1994). 

The RPTKs are known to be the recepton for insulin, epidemal growth factor 

(EGF). fibroblast growth factor (FGF). nerve g rowth factor (NGF), platelet-derived 

growth factor (PDGF), and many other peptide hormones (van der Geer et ai., 

1994). For simplicity, a brief description of the insulin receptor tyrosine kinase will 

be used to represent the typical RPTK. The function of a given RPTK can be 

attributed to the specific cells where it is expressed and the arnount of receptor 

expressed. Additionally, the RPTK function is dependent upon its affinity for its 

ligand and the existence of the given cells regulatory processes. 

1.4.3. The General Tyrosine Kinase Receptor 

The insulin receptor was first shown to have the capacity of autophosphoryl- 

ation in the early eighties, and that this autophosphorylation was associated with its 

tyrosine kinase activity (Rosen et al., 1983), since then this has been recognized as 

a common property of al1 RPTK's. Subsequent to the primary arnino acid sequence 

analysis, several possible sites for this regulatory autophosphorylation were 

discovered. Specifically, thirteen tyrosine residues located in the cytoplasmic portion 

of the subunit of the insulin receptor were described as candidates for tyrosine 

autophosphorylation (Blackshear et ai., 1988). ln vitm studies revealed that at least 

six of these tyrosine residues were autophosphorylated and, perhaps more 

importantly, that this phosphorylation was stimulated by insulin treatment (Tornquist 

et al., 1988). Therefore. this was direct evidence showing how a RPTK interacts 



with its ligand and is subsequently activated by its own autophosphorylation of 

specific tyrosine residues. There has been some evidence that the term autophos- 

phorylation is a misnomer in that the formation of receptor dimers and reciprocal 

phosphorylation might be the actual means of tyrosine phosphorylation (van der 

Geer et al., 1994). What is essential is the evidence supporthg ligand activation of 

receptor tyrosine kinase activity via tyrosine phosphorylation. Furthemore, it is 

important to remember that the activation of an RPTK via its interaction with its 

ligand is a result of tyrosine phosphorylation, which is a transient event, allowing for 

the activation to be of regulatable amplitude and duration (Hunter, 1995). Once 

activated, the RPTKs can influence a number of cellular peptides via their ability to 

phosphorylate tyrosine residues, therefore the downstream effects of RPTK 

activation influence many signalling pathways such as phosphlipase C, mitogen- 

activated protein kinase and others. lt is within the past decade that a better 

understanding of how this interaction between an activated receptor may interact 

with another substrate peptide via an Src hornology dornain (Blackshear et al., 

1988). Src Homology domain, SH, dornain will be briefly discussed following a short 

introduction to non-receptor tyrosine kinases, ais0 referred to as soluble tyrosine 

kinases. Before the next brief review, it rnay be useful to refer to Fig. 1.3. showing 

the structure of vanous RPTKs so as to illustrate how the description of the insulin 

receptor might be similar to other RPTKs on the basis of conserved domains. 

1.4.4. Non-Receptor Tyrosine Kinases 



As was reviewed earlier, the catalytic domain of the non-receptor tyrosine 

kinases is a conserved domain with many homologies to the RPTK catalytic domain 

(Blackshear et al., 1988). The first protein tyrosine kinase to be discovered, and 

perhaps the most well characterized, was a product of the Rous sarcorna virus 

oncogene, named "v-src" (Ogawa et al., 1994), and 1 will utilize this in my general 

review of non-receptor tyrosine kinases. The discovery and cornparison of v-src with 

a homologous tyrosine kinase with different activities, c-src, has assisted in 

clariiing how these cytosolic tyrosine kinases are regulated (van der Geer, 1995). 

Structural cornparisons between these two kinases showed that, in c-src, 19 amino 

acids in the carboxyl terminus are replaced with a different sequence of twelve 

amino acids (Blackshear et a/. , 1 988). Additionally, the p hosphorylation sites were 

also quite different, such that in vivo v-src was typically phosphorylated at tyrosine 

residue 41 6, whereas c-src was phosphorylated at tyrosine residue 527, for which 

there is no structural homologue in v-src (Snyder et al., 1983). Point mutation 

studies have assisted in the clarification of the significance of these two tyrosine 

sites with regard to the protein kinase activity of the v-src and c-src peptides. The 

conclusions drawn were that phosphorylation of src kinase in vivo at tyrosine 

residue 416 (Kmiecik et al., 1987) is important in the activation of the intrinsic kinase 

activity and. additionally, phosphorylation of site 527 in c-src conversely reduces the 

tyrosine kinase activity (Hunter, 1987). Therefore, phosphorylation of tyrosine 

! moiety is important in the regu- 

in the RPTKs. This is not sur- 

residues within the cytosolic protein tyrosine kinase 

latory activity, similar to that which was observed 



prising, given the structural similarities between the RPTKs and the non-receptor 

tyrosine kinases. The understanding that both classes of tyrosine kinases are 

thernselves regulated through phosphorylation events. substantiates the importance 

of phosphorylation events on cellular function. Fig. 1.3 shows the generalized 

structure of several non-receptor tyrosine kinases (Girault, 1 994). 

Another important region which is conserved within the family of src kinases 

has been described as the src homology 2 domain (SHJ. Realization that this SH, 

domain is observable in many of the tyrosine kinase proteins and other cellular 

peptides has promoted a plethora of research into the possibility of this domain 

serving a functional importance in kinase substrate recognition. The following 

section will pertain to some of the current literature published on the significance of 

SH, domains. 

1.4.5. SH, Domains 

SH, domains are about 100 amino acid residues in length and were first iden- 

tified in the src kinase, outside the catalytic domain (van der Geer et al., 1994). The 

significance of these conserved domains was clarified by the finding that SH, 

domains bind specifically to p hosphorylated tyrosine residues (Mayer et al., 1991 ) 

and that this binding was of high affinity. Subsequent analysis has demonstrated 

that the SH, 

sine with a 

1992). Also 

domain binding affinity is a result of the interaction of the phosphotyro- 

pocket containing lysine and 

important is the interaction of 

arginine residues (Pawson and Gish, 

arnino acid residues directly on the C- 



terminal side of the phosphorylated tyrosine residues, and these residues establish 

vadations in selectivity for specific SH, domains (Fantl el al., 1992). It is well docu- 

mented that SH, dornaincontaining proteins have the ability to bind phosphorylated 

tyrosine residues associated with both the RPTKs and the non-receptor tyrosine 

kinase family , which irnplicates SH, as reg ulators of protein-protein interactions in 

these signal transduction processes (Clark et al., 1992). Support for this discovery 

is added by the identification of SH, conserved domains in a diverse group of cyto- 

plasmic sig nalling proteins. 

The RPTKs are able to interact with the SH, domain containing proteins 

following their own ligand-induced autophosphorylation. This binding of RPTK to 

SH, domains can facilitate tyrosine phosphorylation of the SH2-containing peptide 

(van der Geer et al., 1994). Alternatively, binding of SH,-containing peptides with 

phosphotyrosine groups may allosterically affect that protein's activity and may also 

serve as a mechanism of localizing the SH2-containing peptide to a particular site 

within the cell. Therefore, SH, dornains physiologically function to increase specifi- 

city, efficiency and localization of the substrates of tyrosine kinase enzymes. 

With the accumulation of evidence that tyrosine kinase activities are 

important to the actions of many growth factors, and that in hyperactivity, tyrosine 

kinase is often associated with neoplasias (Maminta et al., 1 W2), the investigation 

into the effects of tyrosine kinase inhibitors became an important area of research. 

1.5. Tyrosine Kinase Inhibitors 



Enhanced tyrosine kinase acüvity has been implicated in both malignant pro- 

liferative diseases and in non-malignant proliferative diseases, such as athero- 

sclerosis and psoriasis (Levitzki and Gazit, 1995). Therefore, development of tyro- 

sine kinase inhibitors may be quite useful physiological and phamacological tools 

for the study of the tyrosine kinase signal transduction pathway and the treatment 

of pathological conditions associated wlh  thern, respectively. The potential utiliza- 

tion of PTK inhibitors as antiproliferative drugs was suggested as early as 1 98 1 , 

when quercetin was used to suppress protein kinase activity in tumour cells (Grazi- 

ani et al., 1981). Quercitin was the first natural protein tyrosine kinase blocker dis- 

covered, but it also inhibits othet ATP-requiring enzymes, such as PKA and PKC. 

Another Ravone compound. genistein, has been shown to be somewhat more 

selective towards PTKs than quercitin, but is also functions via cornpetitive inhibition 

with ATP (Gazit et al., 1989). In the attempt to synthesize PTK inhibitors that 

competitively inhibit the PTKs through a mechanism not directly involving ATP. 

several compounds were generated from the benzylidenemalononitrile (BMN) 

nucleus (Gazit et a/., 1989). This family of synthetic PTK blockers was narned the 

tyrphostins and are the primary phanacological tool used in this research project. 

1.5.1. Tyrphostins 

As various synthetic compounds were generated and tested for their respect- 

ive efficacy of inhibiting EGF receptor kinase activity, the introduction of cyano-, 

keto- and amide- groups was found to be beneficial with regard to tyrphostin poten- 



cies (Levitzki, 1992). Tyrphostin 842, N-benzyl-3,4-dihydroxybenzylidene cyano- 

acetamide is the tyrphostin compound that is the focus of my research project and 

its structure is shown with that of tyrphostin Al ,  4-methoxybenzylidene malonitnle 

as a comparison (Fig. 1.4). The use of tyrphostin A l  in my experiments serves as 

a compound of similar structure to tyrphostin 842, that is shown to be a less 

effective tyrosine kinase inhibitor. Therefore when assurnptions are made 

suggesting observed effects of tyrphostin 842, and these effects are correlated with 

tyrosine kinase inhibition, support is conferred by an observation of smaller or 

neg ligible effects with tyrp hostin A l  treatment. 

Various tyrphostins have been used in the treatment of a wide array of ce11 

types as tools to reveal the correlations between tyrosine kinase activity and the 

actions of growth factors and signal transduction pathways. For instance, tyrosine 

phosphorylation is an essential component of the actions of rnany growth factors, 

and tyrphostin treatment has been shown to inhibit mitogenic actions of PDGF 

(Bilder et al., 1991; Seckl and Rozengurt, 1993). Since PDGF is believed to be 

signifkant in the development of vascular srnooth muscle disease, such as athero- 

sclerosis, the inhibition of PDGF-induced DNA synthesis in srnooth muscle cells by 

tyrphostin may be of clinical relevance (Bilder et al., 1991). Tyrphostins have further 

been shown to inhibit cell functions rnediated by follicle-stimulating homone (FSH) 

(Gomberg-Malool et al., 1993; Orly et al., 1994), nerve growth factor (Ohmichi et al., 

1993), epiderrnal growth factor (Yaish et al., 1988; Lyall et al., 1989; Osherov et al., 

1993; Miyaji et al., 1994; Stephan and Dziak, 1994) and rnany other peptide 



hormones. These are just a few examples demonstrating the significance of tyrosine 

phosphorylation on the mechanisms of action of nurnerous peptide hormones, and 

how a tyrphostin can influence the signalling induced by these peptides in cells. 

Additionally, tyrphostins have been key tools, used in conjunction with other 

tyrosine kinase inhibiton, to establish ceIl processes that utilize tyrosine kinase 

activity to orchestrate ceIl responses. Tyrphostins were utilized in the demonstration 

that Plymp hocyte (Padeh et al.. 1991) and T-lymp hocyte activation (June et al., 

1990) are dependent upon protein tyrosine phosphorylation, implicating tyrosine 

kinase enzymes as an essential element in these respective cell signal transduction 

pathways. 

Other studies have discovered the involvement of tyrosine phosphorylation 

in the generation of other second messengers as a result of the utilization of 

tyrphostins as pharmacological tools. For instance, the accumulation of nitric oxide 

can be suppressed via tyrphostin treatment in neuronal and glial cells (Feinstein et 

al., 1994; Rodriguez et al., 1994), as well as in macrophages (Dong et al., 1993). 

Tyrphostins also inhibit inositol triphosphate (IP,) production and action (Conti et al., 

1991) in pancreatic cells (Piiper et al., 1994) and have also been shown to 

attenuate intracellular Ca2+ accumulation (Lee et al.. 1993; Yule et ai., 1994). Other 

studies have illustrated significant associations between tyrosine kinase-linked 

pathways with G-protein pathways, such as the influence of EGF receptor kinase 

on cardiac adenylyl cyclase (Nair et al., 1993). Given the diversity of cellular 

physiologic responses that are amliated with the phosphorylation of tyrosine, be 



they induced through cell exposure to peptide hormones, or other agents, the 

potential of tyrphostins as an investigative tool is proportionately diverse. There are 

a multitude of diseases associated with hyperactivrty or hyper-expression of tyrosine 

kinases which may be targets for tyrphostin drug implementation (Levitzki and 

Gazit, 1995). 

Given the multitude of different tyrphostins commercially available an initial 

screening of several different tyrphostin compounds was perforrned resulting in the 

selection of the most potent tyrphostin tested, tyrphostin 842. Conversely the low 

potency tyrphostin A l  was selected as a control comparison for my subsequent 

experiments, as is typical in many tyrosine kinase inhibitor studies. 

1.6. Specific Aim of the Present Study 

The rat pineal gland and cultured rat pinealocytes are good models for exam- 

ination of signal transduction pathways, and further represent a rnodel for a 

functional endocrine gland or cell, respectively. It has been demonstrated that the 

accumulation of CAMP stimulates the activity of serotonin N-acetyltransferase, 

which is the rate-controlling enzyme for the pineal's synthesis of its hormone, 

melatonin (Deguichi and Klein, 1973; Roseboom and Klein, 1995). The regulation 

of the pineal gland via innervation by sympathetic ganglia suggests that adrenergic 

stimulation is at least one mechanism by which the pinealocyte activity may be 

modulated. It has been demonstrated that adrenergic regulation of cGMP is 

mediated by both a, and P adrenergic receptors in the plasma membrane of 



pinealocytes (Vanecek et a1.,1 985; Sugden et al., 1989). Similarly, CAMP accumu- 

lation within pinealocytes is also elevated in response to adrenergic stimulation 

(Vanecek et a1.,1985 ; Ho et al., 1987). The concentrations of cyclic nucleotide 

accumulation within cells is a product of the balance of cyclic nucleotide synthesis 

and cyclic nucleotide degradation. Therefore, the regulation of the components of 

the cyclic nucleotide synthesis pathways, as well as the regulation of 

phosphodiesterase activities, are critical to the endogenous activities of the 

pinealocytes that are reg ulated via cyclic n ucleotide second messengers. 

It has recently been reviewed that one of the key mechanisms through which 

intracellular receptors, channels, modulator peptides and enzymatic peptides are 

regulated is through phosphorylation events (van der Geer et al.. 1994). Addition- 

ally, many of the rnechanisms through which second rnessengers themselves 

induce physiological changes in response to signals is through activation of kinases 

and/or phosphatases. More specifically, the phosphorylation of tyrosine residues is 

known to be a primary mechanism in the activation sequence of growth factor 

receptors and cytosolic kinases. 

When considering the signficance of both cyclic nucleotides and phosphoryl- 

ation of tyrosine residues in the regulation of cell function, it was hypothesized that 

tyrosine phosphorylation may play an important role in cellular cyclic nucleotide 

accumulation. It is well established that tyrosine kinase is important in general signal 

transduction processes, as in receptor tyrosine kinases. Even more specifically it 

is established that tyrosine kinases are important in the regulation of G-prctein 



coupled signal transduction, as is documented for G-protein coupled receptor 

kinases (Premont et al., 1995). It is also docurnented that tyrosine kinase activity is 

a mechanism for the activation of PKC such that it has been inhibited in platelet 

cells using genistein as the tyrosine kinase inhibitor (Dhar et al., 1990). Further- 

more, PKC is known to be involved in the pineal CAMP accumulation (Sugden et ai., 

1985), and pineal cGMP accumulation (Ho and Klein.. 1987). More recently, it was 

shown that in pinealocytes, pituitary adenylate cyclase-activating polypeptide 

(PACAP) increases CAMP accumulation in association with a,-adrenergic and PKC 

mechanisms that fail to elevate cGMP accumulation (Chik and Ho, 1995). This 

result demonstrates a difference in pineal cAMP and cGMP regulation. To 

summarize, it is apparent that tyrosine kinase activity influences cellular signal 

transduction, including G-protein-coupled pathways. Tyrosine kinase also influences 

PKC activity, and PKC is known to be involved in cyclic nucleotide regulation in 

cells, including pinealocytes. It was not known whether tyrosine kinase activity 

influenced cyclic nucleotides in pineal cells. Hence. it became relevant, and the 

objective of this thesis, to determine whether tyrosine kinase activity in pineaiocytes 

infiuenced cyclic nucleotide accumulation. Therefore, with the availability of the 

tyrphostins, protein tyrosine kinase inhibitors, we decided to investigate if a 

relationship between cyclic nucleotide accumulation and tyrosine phosphorylation 

was present in rat pinealocytes. Specifically, this research project was designed to 

investigate (1) the effect of tyrphostin 842 on the accumulation of cAMP and cGMP 

in rat pinealocytes; (2) the effect of tyrphostin 842 on the accumulation of cyclic 



nucleotides in cultured rat pinealocytes stimulated with isoproterenol/prazosin and 

norepinephrine; (3) the site(s) of action of tyrphostin 842 with regard to its effect on 

the pineal cyclic nucleotide accumulations; (4) the effect of tyrphostin 842 in the 

presence of activators of the CAMP synthetic pathway, cholera toxin and forskolin; 

(5) whether tyrphostin 842 resulted in the modulation of cyclic nucleotide synthesis 

and/or degradation; and (6) whether the obsewed effects of tyrphostin 842 were the 

same for CAMP accumulation and cGMP accumulation. 



Noradrenergic Nerve 
Terminal 

Plnealocyfe 

Figure 1.1. A schematic representation of the sympathetic innervation of pinealo- 
cytes and the receptor-activated intracellular metabolisrn that is infiuenced by 
norepinephrine. A P adrenergic receptor is coupled by a G-protein to adenylyl 
cyclase that converts ATP to CAMP. Cellufar mechanisms for protein synthesis are 
activated by CAMP-dependent reactions, elevating levels of N-acetyltransferase 
and, thereby. the synthesis of melatonin. An a, adrenergic receptor that is coupled 
via a G-protein to phospholipase C is activated also. a, adrenergic receptor 
activation potentiates the accumulation of CAMP and the synthesis and release of 
melatonin. (from Lolfey et al., 1992, Neurochem. Res. 17(1): 85.) 



Figure 1.2. The conversion of tryptophan to melatonin. (from Klein, 1985. ClBA 
Symp. 1 17: 40.) 



Structure of receptor tyrosine kinacez. 
- 

Figure 1.3. Structure of receptor tyrosine kinases. (from Girault. 1994, Neuro- 
transmissions X(3): 1-6.) 



Figure 1.4. Chernical structure of tyrphostin A l  and tyrphostin 842. 



a Subunits 

K+ channel (I,,, 

K+ channel (bTP) 

Adenylyl cyclase I 

Adenylyl cycfase II (IV) 

Aden ylyl cyclase I l 1 

Phospholipase C 1 

Phospholipase C 2 

p Subunits 

K' channei 

- 

Adenylyl cyclase I 

Adenylyl cyclase II (IV) 

- 

Phospholipase C 1' 

Phospholipase C 2 

- Receptor kinases ( -adrenergic, muscarinic 

cGMP Phosphodiesterase - 

- Phosphoiipase A, 

Calcium channei Calcium channel (?) 

- Yeast pheromone response pathway 

Table 1.1. Effectors regulated by G protein subunits (modified from Conklin and 
Boume, 1993, Cell73: 632). 



Reg ulatory Mode of Adeny ly l Comments 
entity reg ulaüon cydase types* 

G2-a 

G-ct 

G-QV 

Forskolin 

Ca2+/CaM 

Ca2+ 

Adenosine 

Stimulatory 

lnhibitory 

Direct stimulation in 
the presence of a, 

Direct inhibition 

No direct effect 

Stimulatory 

Stimulatory 

In hibitory" 

Direct inhibition 
(P-site ligands) 

Protein kinase C Stimulation 

ProteinkinaseA Inhibition 

' Currently no functional properties o 

AI1 types may be inhibited 
Inhibition could be direct 

Type 7 may also be stimulated 
because it is like 2 and 4 

Forskolin binds directfy to type 1-6 
adenylyl cyclases 

CaM binds directiy to type 1 
enzyme 

Effect is not through CaM; 
probably directiy on the enzyme 

Though types 2.3 and 4 have not 
been tested, they are also Iikely to 
be inhibited 

Srnaller stimulatory effects are 
also seen on type 1 and 3 
enzymes. Protein kinase C 
suppresses a, inhibition of type 2 

Direct effect not yet reported 

if types 7 and 8 adenylyl cyclases are known, because full- 
length functional clones have not been maintained and expressed 

" This refers to inhibition at low (PM) Ca2' concentrations. At higher (-1 00 PM) concentrations, 
al1 adenylyl cyclases are inhibited like other Mgdependent enzymes 

Table 1.2. Regulation of various adenylyl cyclases (modified frorn Tang and Gilman. 
1992, Cell 70: 869). 



II. Materials and Methods 

11.1. Cell Culture 

Male Sprague-Dawley rats (180 to 200 g) were decapitated and the pineal 

bodies were excised and collected in ice-cold phosphate buffered saline (Appendix 

1). The pineal stock was removed and the glands were then washed three times 

with phosphate buffered saline (PBS). The pineal glands were then transferred to 

a digestion medium consisting of Dulbecco's Modified Eagle Medium (DMEM), 

trypsin (1 mg/ml) and DNAse (0.01 %). The glands were incubated in a 37°C water 

bath while shaking for 8 min. The trypsinization reaction was then stopped via a 

quenching addition of fetal calf serum (FCS). The solution was centrifuged for 8 min 

at 650 g. The supernatant was aspirated and discarded, while the pellet was 

resuspended in PBS. The cells were then triturated using a glass pipette to com- 

plete the cell dissociation. The cells were then recentrifuged for 8 min at 800 g, and 

the supernatant was aspirated and discarded. The pellet was resuspended in 

DMEM supplemented with 10% FCS. The cells were subsequently counted and 

evaluated for viability using the trypan blue dye exclusion method. A typical cell 

count of about 4.5 million viable cells was obtained from 25 excised pineal glands. 

The pinealocytes were then incubated in a humidified 5% CO, incubator at 37'C 

overnig ht. 

The following day, the pinealocytes were washed three times in DMEM with 

FCS and were aliquoted into microcentrifuge 

-41 - 

tubes at a known cell concentration, 



which was typically 20,000 cells per 400 pl DMEM with FCS. The aliquoted cells 

were allowed an hour stabilization pnor to administration of experimental drugs. 

11.2. Drug Preparation 

isoproterenol, norepinephrine and choiera toxin were prepared in solutions 

of distilled and deionized water, whereas tyrphostins and forskolin were prepared 

in a solution of dimethyl sulfoxide (DMSO). If multiple drugs were being utilized 

which were in DMSO solutions, their respective concentrations were adjusted such 

that the DMSO concentration within the test microcentrifuge tube was minimized to 

< 1 % , or a DMSO control was created ai the same comparable concentration. 

11.3. Drug Treatrnent 

The pinealocytes were aliquoted into microcentrifuge tubes at a concentra- 

tion of 16,000 to 25,000 per tube. Each test group comprised four of these tubes 

such that quadruplicate samples were generated for the drugs. The typical drug 

exposure time was 15 min; however, some drugs required pretreatments or longer 

incubation times, which are indicated. Ail incubations were at 37°C in a humidified, 

dark. 5% CO, atmosphere incubator. After the drug exposure and incubation, the 

microcentrifuge tubes were spun for 3 minutes and the supernatant was aspirated 

and discarded, leaving the pinealocytes as a srnaIl pellet. Each tube received 100 

pl cold 5 mM acetic acid solution. to lyse the pinealocytes, and was frozen over dry 

ice. The tubes were then boiled for 5 min in a water bath so as to prevent the 



bacterial degradation of the cyclic nucleotides prior to the assay. 

11.4. Radioirnmunoassay Detecüon of Cyclic Nucieoüdes 

After the pinealocytes were lysed in 5 mM acetic acid and altemating freezing 

and thawing, the samples were ready for cyclic nucleotide radioimmunoassay (RIA) 

analysis. The cyclic nucleotide assay protocol requires that the samples are acetyl- 

ated prior to the implementation of the double antibody RIA protocol (Harper and 

Brooker, 1 975). 

Standard curves. ranging from 2,000 to 2 fmole known concentration, were 

generated for CAMP and cGMP in glass test tubes. Separate assay tubes were set 

up for each sample for analysis of CAMP and cGMP accumulation. An aliquot of 40 

pl was taken frorn each sample for CAMP and the same arnount for cGMP sample 

analysis. To ail the sample and standard test tubes, sodium acetate buffer (NaAc; 

see Appendix) was added in conjunction with normal rabbit serum and Il2' radio- 

labelled ligand. Additionally, al1 test tubes, other than the "TotalJ1 and the "Non- 

specific binding (NSB)" tubes, received the appropriate first antibody. The tubes 

were then covered and incubated at 4'C overnight in a laboratory refrigerator. 

The next day, each tube. except the "Total", received a 50 pl aliquot of the 

second antibody, sheep anti-rabbit (SAR). These tubes were subsequently incu- 

bated under 4°C refrigeration for a minimum of 1 hr. After this incubation period, 

polyethylene glycol was added to al1 tubes except the "Total", and those tubes were 

centrifuged at 3000 g for 45 min at 4°C. The supernatant was decanted and dis- 



carded. and the pellet precipitate was counted using a gamma counter (Cobra Auto- 

Gamma. Canberra Packard. Mississauga, Ontario). The counts were then con- 

verted into a value of pmoles cyclic nucleotides per 100,000 cells, via a cornputer 

extrapolation in fmoles as compared to the standard curve. The value for each tube 

in fmoles was multiplied by a correction factor detemined by the proportion of 

sample volume used. the number of cells, and the unit conversion from femto- to 

picornoles. 

11.5. Statisücal Analysis 

The data presented are those of rneans I the standard error of the mean 

(SEM) of the amount of cyclic nucleotide in a minimum of four replicates of cell 

samples. The expenments were repeated at least twice with cells from different cell 

preparations to verify that the results obtained were consistent. The statistical 

stringency was placed at p < 0.05 using a two-tailed unpaired t-test. The final results 

were expressed in pmoIes1100,000 pineal cells. 

11.6. Materials 

Trypsin, DNAase, albumin and trypsin inhibitor for the cell preparations were 

obtained from Sigma Chemical Corp. (St. Louis. MO). Dulbecco's modified eagle 

medium (DMEM) was purchased frorn Gibco (Grand Island, NY). Cholera toxin, iso- 

butylmethylxanthine, fetal bovine serum, isoproterenol, norepinephnne and dimethyl 

sulfoxide were obtained from Sigma Chemical Corp. (St. Louis, MO). Forskolin. 



tyrphostin 842, tyrphostin A l ,  tyrphostin A25, tyrphostin B44 and tyrphostin 848 

were obtained from Calbiochem (La Jolla, CA). 

Antibodies for the RIA of CAMP and cGMP were gifts from Dr. A. Baukal 

(National Institutes of Health, Bethesda, MD). '251cAMP and 1251~GMP were obtained 

from ICN (Costa Mesa, CA.). 



Tyrphostin 
Cross-Reacüvity 

Table II. 1. Cross reactivity of tyrphostins with RIA of cAMPfcGMP 



III .  RESULTS 

111.1. Effect of Tyrphosün 842 on cAMP Accumulation 

a. Effect of Tyrphostin 842 Alone on cAMP Accumulation 

Tyrosine kinase inhibitors have been shown to influence intracellular levels 

of cAMP in a variety of cell types (Ohno et ab, 1993). In this study, the effect of 

tyrphostin 842 on intracellular CAMP accumulation in male rat pinealocyte cells was 

examined and measured using radioimmunoassay and comparison to standard 

curves generated using known cyclic nucleotide concentrations (Fig . III. 1 ). The 

basal cAMP level measured in rat pinealocytes was .05*.01 prnoles1100,OOO cells. 

Although addition of tyrphostin A l  (300 PM) did not result in a significant change in 

the cAMP accumulation, it was observed that treatment with tyrphostin 942 (300 

PM) caused a significant elevation in the measured CAMP accumulation. The CAMP 

accumulation measured subsequent to 28 min of pinealocyte exposure to tyrphostin 

642 (300 PM) treatment was -211.02 pmoles1100,000 cells. This is a moderate 

increase in CAMP accumulation, but was demonstrated consistently over repeated 

experiments (n>4). Furthemore, this is a different result than that published f ~ r  

another structurally different tyrosine kinase inhibitor, genistein, which did not 

increase pinealocyte CAMP accumulation signifïcantly above basal levels (Ogiwara 

et al., 1995). 



b. Effect of Tyrphosün 842 on IsoproterenollPrazosinSümulated cAMP 

Accumulation 

isoproterenol is an adrenergic agonist, established as a means of stimulating 

cAMP production. When used in combination with prazosin. it serves as a specific 

P-adrenoceptor ligand. Throug h increases in CAMP accumulation, pinealocytes are 

able to respond to adrenergic ligand interaction. Therefore. this study assessed the 

effect of tyrphostins on the adrenergically-initiated increase in cAMP accumulation 

(Fig. 111.1). Exposure of pinealocytes to isoproterenollprazosin (1 PM) for 13 min 

resulted in an increase in pinealocyte cAMP accumulation to a significant extent 

(pc.05) above the basai pinealocyte CAMP level. Padrenergic activation of pinealo- 

cytes resulted in a measured CAMP accumulation of 2.91 I.16 pmoles1100.000 cells. 

Treatment of the adrenergicaliy-stimulated pinealocytes in combination with 

tyrphostin resulted in further significant increases in measured cAMP accumu- 

lations. The pinealocyte exposure to tyrphostin A l  (300 FM) and adrenergic stimu- 

lation resulted in a measured cAMP accumulation of 5.85k.81. and an even larger 

increase induced by tyrphostin 842 (300 PM) measured as 9.68k1.45 

prnoles1100.000 cells. Therefore, tyrphostin 842 increases the cAMP both on its 

own above basal levels. and aiso increases the isoproterenol-stimulated cAMP 

accumulation in rat pinealocytes. The observed increase in CAMP accumulation can 

be attributed to either an increase in cAMP synthesis, a reduction in cAMP 

breakdown, or a combination of both. 



111.2. Effect of Tyrphosün 642 on cGMP Accumulation 

a. Effect of Tyrphostin 642 Alone on cGMP Accumulation 

The measurement of cGMP in pinealocytes paralleled the CAMP determin- 

ations; therefore the pretreatment time and the incubation tirnes were the same (Fig. 

111.2). The basal pinealocyte cGMP accumulation was detemined to be 0.051.01 

pmoles1100,000 cells, and treatment of pinealocytes with tyrphostin 642 resulted 

in a dramatic increase in the measured cGMP accumulation. Following a 28 min 

incubation of the pinealocytes exposed to tyrphostin 842 (300 PM), the cGMP 

content was determined to be 1.891.16 pmoles1100,000 cells. It is evident that this 

increase is substantially larger in proportion to that previously cited for CAMP. 

Moreover, the large significant @<.05) stimulation observed in the cGMP 

accumulation induced by tyrphostin 842 suggests that pinealocyte basal cGMP is 

possibly modulated to a large extent by tyrosine kinase activity. Further support for 

these results was published for other mechanistically and chernically distinct 

tyrosine kinase inhibitors, such as genistein and erbstatin (Ogiwara et al., 1995). 

Again the obsenred increases in cGMP as with CAMP may be atîributed to either an 

increase in synthesis or a decrease in metabolism . or a combination of the two 

processes. 

b. Effect of Tyrphostin 642 on lsoproterenollPrazosin5timulated 

cGMP Accumulation 

The activation of the pinealocyte P-adrenergic pathway through treatment 



with isoproterenoUprazosin (1 HM) elevated the cGMP accumulation about ten-fold 

above the basal cGMP to O.64*.lQ pmoles/100.000 cells (Fig.111.2). This stimulation 

of cGMP accumulation was shown to be further potentiated through treatment with 

tyrphostin 842 (300 PM), such that the measured cGMP was 3.321t.19 pmolesl 

100,000 cells. These results illustrate that treatrnent of pinealocytes with tyrphostin 

842 elevates the cGMP accumulation above basal and padrenergically-stimulated 

levels in pinealocytes (pc.05). 

The results obtained for the increases in adrenergically-activated cAMP and 

cGMP accumulation following treatment with the tyrosine kinase inhibitor. tyrphostin 

842. support previously published results of similar action for other tyrosine kinase 

inhibitors (Ho et a/., 1995; Ogiwara et al., 1995). Intuitively, in combination with 

these previous publications, the results suggest that the intracellular accumulation 

of cyclic nucleotides in pinealocytes is modulated by tyrosine kinase activity under 

both basal states and adrenergically-stimulated conditions. 

111.3. Dose-Dependent Relationship of cAMP Accumulation in Response to 

Tyrphostin 842 Treatment 

a. Tyrphostin Alone 

An examination of the pinealocyte response in ternis of t he  measured cAMP 

accumulation when exposed to a range of tyrphostin 842 concentrations revealed 

a dosedependent association (Fig.111.3). This study found that the cAMP accumu- 

lation was increased in a modest, though significant @-=.OS), fashion when the 



concentration of tyrphostin 842 was varied frorn 0.2 pM to 300 PM. Additionally, the 

CAMP increase was consistent @c.05), though modest throug h ail concentrations 

tested. This result becomes especially interesting when compared to the dose- 

dependent cGMP response, discussed later in this section. 

6. Dose-Dependent Nature of IsoproterenolStimulated cAMP 

Accumulation to Tyrphostin 842 

The potentiation in the B-adrenergically stimulated cAMP accumulation 

induced through tyrphostin 842 treatment was also observed to behave in a dose- 

dependent fashion (Fig.111.3). Furthemore, the increases in cAMP content in P- 

adrenergically stimulated pinealocytes were rnuch larger in magnitude than the 

modest increases observed in CAMP in the tyrphostin 842 alone experiments, within 

the concentration range investigated. Therefore, the modulation of both the basal 

and adrenergicaily-stimulated cAMP accumulation in pinealocyte c m  both be 

hypothesized to be associated with the relative actions of tyrosine kinase, such that 

treatment of pinealocytes with tyrphostin 842 results in dose-ciependent potentia- 

tions. Although the kinetics of the effect of tyrphostin 842 alone and P-adrener- 

gically-stimulated CAMP are different, both accumulations are potentially modifiable 

by the actions of a tyrosine kinase inhibitor. 



111.4. Dose-Dependent Relationship of cGMP Accumulation to Tyrphostin B42 

a. Dose-Dependent Nature of Basai cGMP Accumulation to 

Tyrphostin 842 

This study revealed a rnarkedly different pinealocyte response to tyrphostin 

842 treatment in ternis of magnlude of increase in cGMP accumulation ccmpared 

to increased cAMP accumulation above the respective basal levels (Fig. 111.4 and 

Fig. 111.3 respectively). The pinealocyte cGMP was elevated dose-dependently and 

in an exponential manner with increasing tyrphostin 842 concentrations from 0.2 pM 

to 300 PM. The cornparison of the less dramatic, more moderate response of 

pinealocytes in terms of cAMP accumulation to the response curve observed with 

increasing concentrations of tyrphostin 842 for cGMP suggests an intrinsically 

different and kinetically different pinealocyte modulation of the basal accumulations 

of these h o  cyclic nucleotides. 

These results support the published suggestion that the basal turnover of 

cGMP in pinealocytes is inherently greater than the basai turnover of cAMP (Ho et 

al., 1990). The effect of adding increasing concentrations of tyrphostin to pinealo- 

cytes increased the accumulations of both cyclic nucleotides above basal levels, but 

proportionally shows greater efficacy in increasing that of cGMP on its own. It can 

be assumed that this difference is representative of an inherent difference in the 

extent through which tyrosine kinase activity funciions to maintain relatively low 

basal accurnulations of both cyclic nucleotides. 



b. Dose-Dependent Nature of IsoproterenolStimulated cAMP 

Accumulation to Tyrphostin B42 

IsoproterenoVprazosin (1 0 PM) treatrnent of pinealocytes in the presence of 

a range of tyrphostin 842 concentrations resulted in a dosedependent rise in cGMP 

content. However, when the tyrphostin 842 alone treated and P-adrenergically- 

stimulated cGMP curves are compared, 1 appears that isoproterenol treatment has 

simply an additive effect over the tyrphostin 642-induced cGMP accumulation (Fig. 

111.4). The majority of the rise in cGMP accumulation induced by tyrphostin 842 (300 

PM) concentration and isoproterenol/prazosin can be attributed to the effect of the 

tyrphostin 842 on pinealocytes. This is a different result than that obtained for 

pinealocyte CAMP, which again illustrates the different and independent modulation 

of these two cyclic nucleotides. Therefore, although treatment of pinealocytes with 

the tyrosine kinase inhibitor, tyrphostin 842, increases the accumulations of both 

cyclic nucleotides, it has recognizably different efiects upon measured nucleotide 

comparison. This study thus shows that the modulation of both cyclic nucleotide 

accumulations rnay involve the actions of tyrosine kinases, under both basal- and 

P-adrenergically-stimulated conditions, but also that cAMP and cGMP are 

modulated d ifferently. 

111.5. Tirne-Course Study of Tyrphosün 642-lnduced cAMP Accumulation 

The results demonstrate that the isoproterenol-induced cAMP accumulation 

increases rapidly within 5 min of isoproterenol treatment to 1.851.34 pmolesl 



100,000 cells (Fig. 111.5). However, the isoproterenol-induced cAMP normally 

declines with longer incubations due to desensitization, such that after 60 min of 

pinealocyte treatment, the measured CAMP accumulation is 0.551.07 pmoles/ 

100,000 cells. Also of importance was that at al1 incubation times, the 

adrenergically-stimulated CAMP accumulation was greater in the presence of 

tyrphostin 842 (300 pm) meaning that the effect of tyrphostin 842 was sustained 

over the time course. The 5 min isoproterenol treatment in the presence of 

tyrphostin B42 (300 PM) (pretreated for 15 min) resulted in a cAMP content of 

5.021.40 pmoles/l00,000 cells. Furthemore, the potentiation of the CAMP accumu- 

lation induced by tyrphostin 842 was maintained, even at the longest incubation 

time, still at 2.35I.19 pmoles1100,000 cells. Therefore. the duration of the effect of 

tyrphostin 842 on the isoproterenol-stimulated pinealocyte cAMP concentration is 

maintained over a duration of 60 min. 

111.6. Time-Course Study of Tyrphostin 642-lnduced cGMP Accumulation 

When basal cGMP was examined in regard to incubation time of pinealo- 

cytes with tyrphostin 842 (300 PM), it was demonstrated that the potentiation 

occurred quickly and was maintained for up to 75 min (Fig. 111.6). After a 20 min 

incubation of the pinealocytes with tyrphostin 842 (300 FM), the measured cGMP 

accumulation was 2.89k.26 pmole, and after 75 min was still 2.36i.38 pmoles/ 

100,000 cells. The exposure of pinealocytes to tyrphostin 842 resulted in a signifi- 

cant potentiation of the basal cGMP accumulation in a rapid and reasonably long- 



lasting manner. 

Additionally, tyrphostin B42 was shown to be as effective at increasing the 

cGMP accumulation over the incubation times tested in the presence or absence 

of isoproterenol stimulation, when al1 time points are considered. 

111.7. Effect of Tyrphostin 842 on NoradrenalineStimulated cAMP 

Accumulation 

When both a, and Padrenergic receptor pathways are stimulated via treat- 

ment with norepinephrine (10 PM), there is a significant increase, up to fifty-fold, in 

the pinealocyte CAMP accumulation (Fig. 111.7). Since the a, adrenergic receptor is 

associated with the activation of the protein kinase C pathway, it was important for 

this study to examine the effect of tyrphostin 842 when norepinephrine was used 

as the adrenergic agonist. In the presence of norepinephrine (10 PM), the cAMP 

content afier 13 min of incubation was 24.6913.80 prnoles/100,000 cells, and in this 

experiment was potentiated in cells pretreated with tyrphostin A l  (300 PM) to 

29.4613-90 pmoles1100,000 cells, and tyrphostin 842 (300 FM) to 48.121.40 

pmoles/100,000 cells (pc.05). The results obtained demonstrate a consistent 

potentiation of P-adrenergically stimulated CAMP with tyrphostin 842, but not 

tyrphostin A l .  Therefore. treatmen t of adrenergically-stimulated pinealocytes results 

in an increase in cAMP accumulation that can be further increased by treatment 

with the tyrosine kinase in hibitors, tyrphostin 842 and genistein(resu1ts not shown). 

Thus, even with the activation of both a, and P-adrenergic pathways, inhibition of 



tyrosine kinase activty further elevates pinealocyte cAMP accumulations. 

111.8. Effect of Tyrphostin 842 on Noradrenaline-Stimulated cGMP 

Accumulation 

Norepinephrine treatment of pinealocytes does not increase cGMP 

accumulation to the same magnitude as CAMP, which further illustrates differences 

in the regulation of these cyclic nucleotides (Fig. 111.8). This study found that 

tyrphostin 842 further potentiated the cGMP accumulation in pinealocytes, and 

tyrp hostin A l  did not significantly increase the measured cGMP accum dation. The 

tyrphostin 842 effect was consistent in repeat experiments. The pinealocyte cyclic 

nucleotide accumulations can be elevated by tyrphostin treatrnent when either 

adrenergic alone or a, and P-adrenergic pathways are stimulated. 

111.9. Effect of Tyrphostin 842 on ForskolinStimulated cAMP Accumulation 

By using less than maximal concentrations of forskolin (10 PM) to activate 

adenylyl cyclase and stimulating pinealocyte cAMP accumulation, it is possible to 

make inferences about the site of action of tyrphostin 842 (Fig. 111.9). Pinealocytes 

incubated for 13 min with forskolin (10 PM) had a cAMP content of 0.60k.01 

pmoles/100,000 cells. When pinealocytes were treated with forskolin (1 0 PM) and 

tyrphostin B42 (300 PM), the cAMP was increased significantly above that of 

forskolin alone, to 1.831.06 pmoles/100.000 cells. Alternatively, tyrphostin A l  

treatment did not significantly increase the forskolin-stimulated CAMP accumulation. 



The tyrphostin 842 potentiation of fonkolin-stimulated CAMP is suggestive of a site 

of action at the level of adenylyl cyclase andior at the level of phosphodiesterase. 

The tyrphostin 842 would thus be further activating adenylyl cyclase to increase the 

arnount of cAMP synthesized and/or could be inhibiting the activity of 

phosphodiesterase such that the decrease in cAMP metabolism results in an 

observed increased accumulation. This part of the study does not necessarily 

exclude other sites where tyrphostin 842 may be acting, but rather acts as evidence 

that one site of tyrphostin 842 activity would be at the sites aforernentioned. 

111.10. Effect of Tyrphostin 842 on ForskolinStimulated cGMP Accumulation 

Forskolin does not activate guanylyl cyclase to the same degree as it 

activates adenylyl cyclase, which is apparent by the results of rneasured cGMP 

accumulation induced by forskolin (Fig. 111.10). Forskolin (10 PM) only increased 

cGMP accumulation to .171.02 pmoles/100,000 cells. whereas tyrphostin 842 (300 

PM) itself increased the measured cGMP content up to l.891.l6 prnoles/1 00,000 

cells. Further, the results did show that combined treatment of pinealocytes with 

both forskolin (10 FM) and tyrphostin 042 (300 PM) resulted in significantly higher 

cGMP accumulations above either alone. The cGMP content was 2.72k.22 pmolesl 

100,000 cells in pinealocytes treated with both forskolin and tyrphostin 842. Thus, 

a similar inference can be drawn about the site of action of tyrphostin 842 for 

potentiation of cGMP accumulation as was previously made for the cAMP 

potentiation, that is, tyrphostin 842 likely had at least one site of action at either or 



both, the level of guanylyl cyclase to increase cGMP synthesis and/or phospho- 

diesterase to reduce the cGMP breakdown. 

111.1 1. Effect of Tyrphostin B42 and Maximal Inhibition of Phosphodiesterase 

on cAMP Accumulation 

The non-specific phosphodiesterase inhibitor, IBMX, is another useful tool 

in studies designed to make inferences about the site of action of drugs within the 

cAMP and cGMP pathways. By using a high concentration of IBMX (1 mM), it is 

possible to maximally block the phosphodiesterase activity, resulting in cessation 

of the breakdown of cyclic nucleotides. Thus, if tyrphostin 842's one and only site 

of action was exclusively at the level of phosphodiesterase, we would expect that 

it would have no additional abiiity to potentiate cAMP accumulation above that in 

pinealocytes treated with IBMX. An interesting obsewation was made when iso- 

proterenol (1 PM) and tyrphostin 842 (300 PM) were used in the presence or 

absence of IBMX. Although treatment of pinealocytes with IBMX elevates cAMP 

above basal and also isoproterenol-stimulated cAMP accumulation through its 

inhibition of phosphodiesterase activity, when IBMX was used in conjunction with 

isoproterenol and tyrphostin 842, an in hibition of cAMP accumulation was noticed 

(Fig 111.1 1). It is thus inferred that this result is demonstrative of a second tyrphostin 

842 effect, which is only apparent when the phosphodiesterases are non- 

specifically inhibited by IBMX (1 mM). It appears that tyrphostin 842 may have at 

least one inhibitory action at some site in the signal transduction pathway for the 



synthesis process of CAMP. This inhibitory site might be at the receptor, G-protein 

andfor the adenylyl cyclase components of this signal transduction pathway. The 

possible explanation of this result is that isoproterenol and tyrphostin B42-induced 

cAMP accumulation of 9.6811 -45 pmoles/I 00,000 cells was reduced to 6.1 81-86 

pmoles1100.000 cells when the phosphodiesterases were inhibited by IBMX. This 

suggests that tyrphostin 842 has multiple sites of action within the cAMP trans- 

duction pathway in pinealocytes, one that resuits in observations of increased cAMP 

accumulations and one that yields decreased CAMP accumulations only noticeable 

when treatment is combined with P-adrenergic stimulation and maximal phospho- 

diesterase in hibition. 

111.12. Effect of Tyrphostin 842 and Maximal Inhibition of Phosphodiesterase 

on cGMP Accumulation 

A similar pattern of tyrphostin B42-rnediated inhibition was observed for 

cGMP accumulation in the presence of isoproterenol and IBMX as that for cAMP 

accumulation. When isoproterenol (1 FM) and IBMX (1 mM) were used to treat 

pinealocytes, the cGMP content was established as 8.1011.65 prnoles/I 00,000 

cells, but when isoproterenol, IBMX and tyrphostin 842 (300 PM) were used, a signi- 

ficantly lower (pe.05) cGMP accumulation, 3.891.27 prnoles/100,000 cells, was 

observed (Fig. 111.12). Therefore, tyrphostin 842 likely has multiple sites of action 

within the cGMP pathway of pinealocytes. 



111.13. Effect of Tyrphosün 842 When Forskolin and IBMX Are Used to 

Potentiate cAMP Accumulation 

By stimulating adenylyl cyclase using forskolin (1 0 PM) while at the same 

time maximally blocking phosphodiesterase activity using lBMX (1 mM), this study 

was able to make more inferences about the site(s) of action of tyrphostin 842. As 

expected, when forskolin and IBMX are used to treat the pinealocytes, cAMP 

accumulation was sig nificantly increased to a calculated value of 2.741.3 1 pmolesl 

100,000 cells (Fig. 111.1 3). If tyrphostin 842 works at the site of adenylyl cyclase and 

activates it, we would expect that addition of tyrphostin B42 to pinealocytes with 

forskolin and IBMX would result in further increases in cAMP accumulation. 

However, the pinealocytes treated with forskolin, IBMX and tyrphostin had a 

measured cAMP accumulation of 2.671.10 pmoles1100,000 cells, which is not 

significantly different from the forskolin and IBMX-induced cAMP accumulation. It 

is thus possible to conclude that at least one probable site of action of tyrphostin 

842 is an inhibition of phosphodiesterase activity, such that when iBMX is used to 

maxirnally biock phosphodiesterase, no further increase in cAMP accumulation is 

induced by tyrphostin 842 treatment. 

111.14. Effect of Tyrphostin 842 on Choiera Toxin and IBMX-Stimulated cAMP 

Accumulation 

%y using a 45 min incubation of pinealocytes with cholera toxin (10 pglml) to 

activate the G,protein and stimulate CAMP accumulation, it was the purpose of this 



study to determine what other site of action of tyrphostin 842 resulted in the 

reduction of CAMP in the presence of isoproterenol and IBMX (Fig. llI.-l4). These 

experiments also demonstrated an inhibitory action of tyrphostin 042 within the level 

of CAMP synthesis. The CAMP accumulation detected in pinealocytes treated with 

cholera toxin and IBMX was 3.1 &A6 pmoles1100.000 cells. which was significantly 

higher than that in pinealocytes treated with cholera toxin. IBMX and tyrphostin 842, 

which was measured as 2.061.08 prnoles/I 00,000 cells. These results allude to a 

second site of action of tyrphostin 842 at the level of G-protein andlor adrenergic 

receptor, and that this action is an inhibitory one that is typically masked by the 

more prominent inhibition of phosphodiesterase that yields elevated CAMP 

accumulation in the pinealocytes. 



Control 

Figure III. 1. Effect of tyrphostin A l  (TYAI) and tyrphostin 842 (TY42) on cAMP 
accumulation in pinealocytes. Both tyrphostin alone and P-adrenergically-stimulated 
cAMP are plotted. Pinealocytes were pretreated for 15 min with tyrphostins (300 
PM) in the absence and presence of an additional 13 min of isoproterenol/prazosin 
(IsolPz) (1 vM) exposure (subsequent Iso=lso/Pz). At the completion of the 
incubation, the cellular cAMP content was determined. Each point represents the 
mean f SEM of cAMP deteminations on four samples of cells. 'Significantly 
different (~14.05) from corresponding control. 'Significantly different @<.05) from 
corresponding control. 



Figure 111.2. Effect of tyrphostins Al and B42 on pinealocyte cGMP accumulation. 
Both tyrphostin alone and P-adrenergically-stimulated cGMP are plotted. Standard 
15 min tyrphostin pretreatrnents were utilized for adrenergically-stimulated 
pinealocytes. Tyrphostin A l  w A 1 )  (300 FM) and tyrphostin 842 (r(42) (300 PM) 
were exposed for a total of 28 min. P-adrenergic stimulation was achieved by the 
inclusion of isoproterenol/prazosin (1 PM) for the final 13 min of incubation. At the 
end of the exposure tirne, the cellular cGMP content was determined. Each point 
represents the mean f SEM of cGMP determination on four samples of cells. 
'Significantly different (pc.05) from corresponding control. Significantly different @< 
.05) from corresponding control. 



Figure 111.3. The dose-dependent relationship of tyrphostin 842 and both the basal- 
and P-adrenergically-stimulated cAMP accumulations in rat pinealocytes. Pinealo- 
cytes were exposed to graded concentrations of tyrphostin 842. with and without 
isoproterenol(1 PM) stimulation, for 28 min. At the completion of the incubation, the 
cellular CAMP content was determined. Each point represents the mean * SEM of 
cAMP deteninations on four samples of cells. 



Figure 111.4. The dose-dependent relationship of tyrphostin 642 and both the basal- 
and P-adrenergically-stimulated cGMP accumulations in rat pinealocytes. Pinealo- 
cytes were exposed to graded concentrations of tyrphostin 842, with and without 
isoproterenol (1 PM) stimulation, for 28 min. At the completion of the incubation, the 
cellular cGMP content was detemined. Each point represents the mean I SEM of 
cGMP deteminations on four sarnples of cells. 



m i n u t e s  

Figure 111.5. The effect of tyrphostin B42 (300 PM) and duration of incubation on the 
observed basal- and P-adrenerg ically-stimulated cAMP accumulation in rat 
pinealocytes. The time represents the total incubation period for pinealocyte 
tyrphostin 842 (300 PM) exposure, which in al1 cases included 15 min of 
pretreatment of pinealocytes with tyrphostin 542. The f3-adrenergic agonist was 
isoproterenol (1 PM). At the end of the incubation, the cellular cAMP content was 
determined. Each point represents the mean I SEM of cAMP determinations on 
four samples of cells. 



minutes 

Figure 111.6. The effect of tyrphostin 842 (300 PM) and duration of incubation on the 
obsewed basal- and P-adrenergically-stimulated cGMP accumulation in rat pineaio- 
cytes. The time is representative of the total tyrphostin 842 exposure time, which 
includes the pretreatment tirne of 15 min and the addition of isoproterenol (1 PM) 
where appropriate. At the end of the incubation, the cellular cGMP content was 
detemiined. Each point represents the mean f SEM of cGMP determination on four 
samples of cells. 
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Figure 111.7. The effect of tyrphostin B42 (r(42) (300 FM) and tyrphostin A l  (lYA1) 
(300 PM) on norepinephrine(NE) (10 PM) -stimulated cAMP accumulation in rat 
pinealocytes. Rat pinealocytes were pretreated with tyrphostins (300 PM) for 15 min 
and then administered norepinephrine (NE)(10 PM) and incubated for an additional 
13 min. At the end of the incubation, the cellular cAMP content was determined. 
Each point represents the mean I SEM of cAMP determinations on four samples 
of cells. *Significantly different @<.OS) from control. 'Significantly different (pe.05j 
from norepinep h rine. 



Figure 111.8. Effect of tyrphostin 842 CP/42)(300 PM) and tyrphostin A l  (TYAI ) (300 
PM) on norepinephrine (NE) (1 0 PM) -stirnulated cGMP accumulation in rat pinealo- 
cytes. Rat pinealocytes were pretreated with tyrphostins (300 PM) for 15 min and 
then administered norepinephrine (NE)(10 PM) and incubated for an additional 13 
min. At the end of the incubation, the cellular cGMP content was detenined. Each 
point represents the mean I SEM of cGMP deteninations on four samples of cells. 
'Significantly different @<.OS) from control. 'Significantly different (pc.05) from 
norepinephrine. 
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Figure 111.9. The effect of tyrphostin 842 on forskolin-stimulated CAMP accumulation. 
Rat pinealocytes were pretreated for 15 min with tyrphostins (300 PM) where 
appropriate and subsequently stimulated by forskolin (FSK) (10 PM) treatment for 
13 min. At the end of the incubations, the cellular cAMP content was determined. 
Each point represents the mean I SEM of cAMP determinations on four samples 
of cells. 'Significantly different (pe.05) from control. 'Significantly different (pc.05) 
when compared to forskolin. 
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Figure 111.10. The effect of tyrphostin 842 on forskolin-stimulated cGMP accumu- 
lation. Rat pinealocytes were pretreated for 15 min with tyrphostins (300 PM) and 
subsequently stirnulated by forskolin (FSK) (1 0 PM) treatrnent for 13 min. At the end 
of the incubations, the cellular cGMP content was detenined. Each point 
represents the rnean * SEM of cGMP determinations on four samples of cells. 
'Significantly different (pc.05) from control. 'Significantly different (pe.05) when 
cornpared to fonkolin. significantly different @ .05) when compared to each other. 



Figure 111.1 1. The effect of tyrphostin 842 (300 PM) on isoproterenol-stirnulated 
CAMP accumulation in the presence of maximal phosphodiesterase inhibition. Rat 
pinealocytes were incubated with tyrphostin 842 (300 PM) and isoproterenol (1 PM) 
in the presence or absence of a phosphodiesterase inhibitor, IBMX (1 mM). At the 
end of the incubations, the cellular content of CAMP content was detennined. Each 
point represents the rnean f SEM of CAMP determinations on four samples of cells. 
'Significantly different @ .05) from corresponding control. %ignificantly different @c 
,051 from each other. 



Figure 11 1.12. The effect of tyrphostin B42 (300 FM) on isoproterenol-stimulated 
cGMP accumulation in the presence of maximal phosphodiesterase inhibition. Rat 
pinealocytes were incubated with tyrphostin 842 (300 FM) and isoproterenol (1 FM) 
in the presence or absence of a phosphodiesterase inhibitor, IBMX (1 mM). At the 
end of the incubations, the cellular content of cGMP was detemined. Each point 
represents the mean I SEM of cGMP deteninations on four samples of cells. 
'Significantly different (pe.05) from corresponding control. 



Figure 111.1 3. Effect of tyrphostin 842 on forskolin-stimulated CAMP accumulation 
in the presence of maximal phosphodiesterase inhibition. Rat pinealocytes were 
incubated with tyrphostin 842 (300 PM) and forskolin (FSK) (1 0 PM) in the presence 
or absence of a phosphodiesterase inhibitor, IBMX (1 mM). At the end of the incu- 
bations, the cellular CAMP content was deterrnined. Each point represents the mean 
I SEM of CAMP determinations on four samples of cells. 'Significantly different @< 
.05) from corresponding control. 'Significantly different (p<.05) from each other. 



Figure 111.1 4. Effect of tyrphostin B42 on cholera toxin-stimulated(Ch.tox) cAMP 
accumulation in the presence of maximal phosphodiesterase inhibition. Rat 
pinealocytes were pretreated for 45 min with cholera toxin(Ch.tox) (1 0 mg/mi), then 
another 15 min following addition of tyrphostin 842 (300 PM) and then additional 13 
min after IBMX (1 mM) was added. At the end of the incubation. the cellular cAMP 
content was determined. Each point represents the mean i SEM of cAMP 
determinations on four samples of cells. 'Significantly different (pc.05) from 
corresponding control. 'Significantly different (pe.05) from each other. 



IV. DISCUSSION 

Intracellular CAMP is perhaps the most well characterized second 

messenger, and more recently cGMP has also becorne the focus of much research 

indicative of their physiological relevance to signal transduction processes and ceIl 

function. In pinealocytes, the production and accumulation of intracellular cyclic 

nucleotides is regulated through adrenergic pathways, such that in the presence of 

Padrenergic and al-adrenergic receptor activation, the cyclic nucleotide accumula- 

tions increase drarnatically (Klein, 1985; Vanecek et al., 7985). Selective stimulation 

of P-adrenergic receptors increases the accumulation of both cyclic nucleotides, but 

to a lesser magnitude than when both a,and Padrenergic receptors are activated. 

Selective activation of a,-adrenergic recepton results in no observed effect on the 

measured cyclic nucleotide accumulations (Vanecek et al., 1985; Chik and Ho, 

1989). Thus the activation of al-adrenergic receptors can not initiate increases in 

cyclic nucleotide accumulation on its own, but can potentiate the elevation induced 

by P-adrenerg ic activation. 

Serine/threonine phosphorylation has been implicated in modulation of 

several levels of cyclic nucleotide accumulation, including B-adrenoceptors (Benovic 

et al., l985), G-proteins (Bail et ai., 1 990) and phosphodiesterases (Manganiello et 

al., 1995). Additionally, there are known associations between activation of 

serinelthreonine kinases and 

(Padeh et al., 7 991 ; Roifrnan 

tyrosine kinase activity, as demonstrated in p ceils 

and Wang, 1992) and oocytes (Daya-Makin et al., 



1991). Tyrosine phosphorylation events are critical to the transmission of growth 

factor messages, such as insulin, within receptive cells. Since some growth factor 

effects involve cyclic nucleotide pathways, as in insulin's influence on 

p hosphodiesterase (Weler et al., 1 98 1). it seems plausible that tyrosine kinase 

activity within a cell might influence the cyclic nucleotide signal transduction 

pathways also. Indeed, it has been published that nitric oxide synthase, a major 

inducer of cGMP production, is altered by exposure to tyrosine kinase inhibitors in 

macrophages (Dong et al., 1993) and in neurons (Rodriguez et al., 1994). 

In the first part of this study, the intent was to examine the effect of a tyrosine 

kinase inhibitor, that functions via direct inhibition at the substrate binding site of 

kinases rather than the ATP binding site, on the measured accumulation of cyclic 

nucleotides. The tyrosine kinase inhibitors selected from an initial screening of 

several different commercially available tyrphostins were tyrphostin 842, N-benzyl- 

$4-dihydroxybenzylidenecyano acetamide (Levitzki and Gilon, 1 99 1 ), and 

tyrphostin A l ,  Cmethoxybentylidene malonitrile. The reason for selecting these two 

tyrphostins was due to their respective potencies in inhibiting EGF receptor kinase 

activity (as per Calbiochem published reports) as well as effecting cyclic nucleotide 

accumulation in pinealocytes. In my initial experiments tyrphostin 842 was the most 

potent at elevating pinealocyte cyclic nucleotides and tyrphostin A l  showed low 

potency, of the various tyrphostins that were screened. Furthemore, it has become 

commonplace to utilize a substance with a low relative potency as a negative 

control in many tyrosine kinase studies. Male rat pinealocytes were selected as the 



cells to be utilized since they represent a good mode1 of a functional endocrine celi 

and some initial characterization of the cyclic nucleotide signal transduction 

mechanisms had already been documented, not the least of which included some 

of my supervisoh research. 

IV.1. Tyrphostins 

Following exposure to 300 pM tyrphostin 842, the cAMP and cGMP 

accumulations were measured and compared to control pinealocytes exposed for 

the same time period to dimethyl sulfoxide (DMSO). It was found that tyrphostin B42 

increased the cAMP accumulation, measured by radioirnmunoassay, significantly 

above the CAMP accumulation detemined for the control. Although the increase in 

cAMP accumulation induced by tyrphostin 842 exposure can be categorized as only 

moderately above the basal level, this still represents a consistent effect of this 

kinase inhibitor on pinealocyte CAMP. This increase in CAMP accumulation was not 

observed for pinealocytes treated with another tyrosine kinase inhibitor that 

competes with ATP. genistein (Ogiwara et al.. 1995). The reason for these contrast- 

ing observations may have one or more of several explanations: (1) the mechanism 

of inhibition of tyrosine kinases is different for genistein than it is for tyrphostin in 

that genistein competes with the ATP binding site (Akiyama et al.. 1987), therefore 

the specific kinases that are inhibited by these two different inhibitors may be 

different both in type and extent, which rnay include different classes of kinases for 

each respective inhibitor; (2) the potency and specificity of tyrosine- kinase inhibition 



are quite probably different. Treatment of the pinealocytes with 300 PM tyrphostin 

A l ,  a protein tyrosine kinase inhibitor that has been characterized as a less potent 

inhibitor of EGF-receptor kinase activity, did not result in significant increase in 

CAMP accumulations which demonstrates that a less potent tyrosine kinase inhibitor 

can fail to elevate the cyciic nucleotide. Furthemore. if the primary difference 

between the structurally similar tyrphostin 842 and tyrphostin A l  is their different 

ranking potency to inhibit tyrosine kinase activity, we are better able to attribute the 

effect of tyrphostin B42 to an inhibition of a tyrosine kinase activity. 

The experiments dernonstrated a statistically significant increase in cGMP 

accumulation in the pinealocytes exposed to 300 pM tyrphostin B42. The concen- 

tration of measured cGMP accumulation in the rat pinealocytes was increased 

roughly 100-fold, with tyrphostin 642 treatment. An increase in cGMP accumulation 

has been observed in pinealocytes exposed to other tyrosine kinase inhibitors. 

genistein and erbstatin (Ogiwara et al., 1995). but the increase in cGMP 

accumulation was far greater in cells exposed to tyrphostin 842. 

These results suggest that the basal concentrations of CAMP and cGMP are 

modulated by specific tyrosine phosphorylation events such that the introduction of 

inhibitors to these protein tyrosine kinase(s) results in significant increases in cyclic 

nucleotide accumulation. The fact that the proportional increase in cGMP accumu- 

lation as compared to CAMP accumulation was far larger is indicative of a more 

suppressed cGMP accumulation normally induced by tyrosine phosphorylation. 

Furthemore, support for this effect being attributable to a phosphorylation of 



tyrosine residue(s) is conferred by the observed cGMP accumulation induced by 

treatment with tyrosine kinase inhibitors with different structure but similar effect as 

tyrphostin 842. The noticeable differences in the cyclic nucleotide accumulations 

observed with tyrphostin 842 treatment may suggest that perhaps the basal 

turnover of cAMP in the pineal is lower than that of cGMP, since the rneasured 

intracellular basal accumulation of cyclic nucleotides is a function of their basal 

synthesis and their breakdown. There are several possible sites of action that the 

tyrosine phosphorylation rnay be affecting such that protein tyrosine kinase 

inhibitors change the balance in favor of larger basal cyclic nucleotide 

accumulations. It rnay be found that the cGMP accumulation may be inherently 

more sensitive than CAMP accumulation to phosphodiesterase inhibition if the basal 

levels of synthesis of cGMP are higher than that for CAMP. 

IV.2. Tyrphostin B42 and P-Adrenergically-Stimulateci cAMP Accumulation 

In cultured pinealocytes stimulated via P-adrenoceptors using 1 pM 

isoproterenollprazosin treatment, it was shown that treatment with tyrphostin 842 

elevated cAMP accumulation three- to six-fold over batch matched controls. This 

is consistent with recently published data showing potentiation of stimulated cAMP 

accumulation by other tyrosine kinase inhibitors in rat pinealocytes (Ho et al., 1995) 

and insulin-stirnulated cAMP in MIN6 cells (Ohno et a1.,1993). Treatment of 

pinealocytes with isoproterenollprazosin specifically activates the P-adrenoceptor 

on the pineal plasma membrane, which correspondingly activates adenylyl cyciase 



activity via the G-protein-coupled reaction. resulting in increased cAMP 

accumulation. The observed potentiation of this agonist-induced increase in cAMP 

accumulation by tyrphostin 842 indicates that at least one component of the cAMP 

synthesis pathway is inhibited to some degree via a phosphorylation event on a 

tyrosine residue, andlor the activity of phosphodiesterase(s) are potentiated by a 

tyrosine residue phosphorylation. The increase in cAMP accumulation was shown 

with the administration of genistein in adrenergically stirnulated pinealocytes (Ho et 

ai.. 1995). which supports the hypothesis that the effect of tyrphostin 842's 

administration is associated with inhibition of one or more protein tyrosine kinases. 

IV.3. Tyrphosün 842 and P-AdrenergicalIyStirnulated cGMP Accumulation 

These studies of P-adrenergically-stirnulated cGMP accumulation demon- 

strated that tyrphostin 842 also increased the cGMP accumulation above that of the 

untreated controis. One important feature is that the increase in cGMP accumulation 

induced by tyrphostin 842 treatment was attributable to a greater proportion of 

cGMP accumulation than isoproterenol when used as a comparison. Whereas 

isoproterenol treatment alone increased the cGMP accumulation, tyrphostin 842 

alone elevated cGMP accumulation more than twice as much. When tyrphostin 842 

and isoproterenol were used in conjunction, the measured cGMP accumulation was 

only slightly greater than strictly additive of the two treatments alone. The 

significance of this observation becomes apparent when a comparison of dose- 

dependent cyclic nucleotide responses to tyrphostin 842 treatment is made, since 



the observed effects of tyrphostin 842 are different for CAMP than cGMP. 

Accordingly, it can be interpreted that the differences in the cyclic nucleotide 

accumulations can be correlated to inherent differences in the normal modulation 

of the respective cyclic nucleotides. It has been previously documented that pineal 

cAMP and cGMP are modulated differently, as was observed with PACAP-induced 

cAMP accumulation, but no increase in cGMP production in pineals exposed to 

PACAP (Chik and Ho, 1995) and other tyrosine kinase inhibitors (Ogiwara et al., 

1995). 

IV.4. Dose-Dependent Responses of Basal and p-Adrenergically-Stimulated 

Cyclic Nucleotide Accumulations 

Treatment of pinealocytes with tyrphostin 642 within the concentration range 

of O to 300 pM exhibited dosedependent increases in both cAMP accumulation and 

cGMP accumulation. The comparisons between the increasing tyrphostin dose 

effect when it is used alone and when the pinealocytes were B-adrenergically- 

stimulated was different in terms of the cAMP accumulation. VVhereas the cAMP 

accumulation displayed a moderate type increase within the .2 PM to 300 FM 

tyrphostin 842 exposure, the agonist-stimulated cAMP accumulation was 

potentiated in a more pronounced fashion by increased doses of tyrphostin 842, 

yielding a more distinguishable change in measured accumulation with each 

consecutively larger dose. This is very different from the cGMP dose response 

curves where, in fact. both the tyrphostin alone cGMP and eadrenergically- 



stimulated cGMP curves were characterized by more substantial increases with 

increasing tyrphostin 842 dose. Therefore, the effect of increasing concentrations 

of tyrphostin B42 is fundionally different for CAMP accumulation as compared to 

cGMP accumulation. This, of course, indicates that the effect of tyrosine p hosphory- 

lation is also very different in terrns of the modulation of accumulation of each of 

these cyclic nucleotides. The CAMP dose response cutve suggests that the effect 

of inhibiting tyrosine kinase activity with increasing concentrations of tyrphostin 842 

only results in moderate increases in CAMP accumulation. Although similar cAMP 

increases were not observed in previous genistein experiments in pineal celis 

(Ogiwara et al., 1995), genistein has been reported to increase CAMP accumulation 

in MIN6 cells (Ohno et al., 1993). Therefore, the tyrosine kinase(s) activity that is 

specifically inhibited by tyrphostin 842 and is responsible for the modulation of 

cAMP accumulations under unstirnulated conditions does not reduce the cAMP 

accumulations that drarnatically. In contrast, when the pinealocyte is adrenergically 

stimulated, the tyrosine kinase(s) activity is important in modulating the magnitude 

of the CAMP accumulation. Thus, if we assume that increasing concentrations of 

tyrphostin 842 administration, more specifically inhibits the actions of some tyrosine 

kinase(s), then the observed dose response curve indicates that the tyrosine 

phosphorylation(s) effectively moderates the magnitude of cAMP accumulation. 

Since both the tyrphostin alone treated and agonist-stimulated cGMP dose 

response curves were of comparable magnitude and shape, this supports the 

concept that tyrosine kinase activity modulates cGMP accumulation in a much 



different rnanner than CAMP accumulation. The pinealocyte rnust inherently have 

the propensity to synthesize cGMP, which is nonally modulated by one or more 

tyrosine phosphorylations that act to suppress the intracellular accumulation. 

Hence, the administration of increasing doses of tyrphostin might inhibit the tyrosine 

phosphorylation that serves to rnaintain the basal cGMP accumulation at its typical 

low concentration. The cornparison of the two cGMP dose response curves demon- 

strates that the curves are nearly parallel, indicating that the P-adrenergic stimu- 

lation appears to be additive in nature with respect to the elevation in cGMP 

induced through pinealocyte treatment with tyrphostin 842. This is more evidence 

to suggest basal cGMP synthesis and degradation rates in pinealocytes rnay be 

larger than CAMP, but balance to yield a somewhat lower basal concentration 

normally. These results are additionally supported by similar dose responses of 

pinealocytes to treatrnent by the protein tyrosine kinase inhibitor. genistein (Ogiwara 

et al., 1995). Evidence that both genistein and tyrphostin 842 increase basal cGMP 

accumulation in a dosedependent manner further substantiates the hypothesis that 

cGMP accumulation in pinealocytes is modulated through protein tyrosine kinase 

activity. Moreover, the effective modulation of pinealocyte CAMP by tyrosine 

phosphorylation is different than modulation of pinealocyte cGMP. These results 

support the hypothesis that both cyclic nucleotide accumulations are tonically 

regulated by tyrosine phosphorylation(s). 



I V 5  Effect of Exposure Time of Tyrphostin 842 on Cyclic Nucieotide 

Accumulations 

The time courses include tyrphostin treatments ranging from O to 75 min., 

under both unstimulated and adrenergically-stimulated scenarios. The study clearly 

demonstrates that, in spite of the decreasing efficacy of IsolPz-induced cAMP 

accumulation, in the presence of tyrphostin 642 the potentiation of the cAMP 

accumulation in the pinealocytes is maintained and persists over the 75 min. period. 

Mechanistically this suggests that the effect of the tyrosine kinase inhibitor is 

independent of the effect of Iso activation. Of further significance, is that when the 

time course of cGMP unstirnulated and P-adrenergically-stimulated pinealocytes are 

compared, not only does the tyrphostin-induced increase persist over the 75 min 

trial period, but at 75 min the decreasing potentiation attributable to the adrenergic 

stimulation falls to such an extent that there is no statistical difference between the 

lsoproterenol and tyrphostin 842 and the tyrphostin 842 alone. It can be concluded 

that the observed potentiations of pinealocyte cyclic nucleotide accumulations 

induced by tyrphostin B42 are maintained for durations of at least 75 min and that 

the tyrosine kinase inhibitor acts independently of the Iso effect. Again, these results 

agree with results obtained for genistein exposures of 60 min to P-adrenergically- 

stirnulated pinealocytes (Ho et al.. 1995; Ogiwara et al., 1995). The obsewation that 

tyrphostin 842 enhances cyclic nucleotide accumulations in a time-dependent 

manner suggests that the inhibitor may be working. in part, through modulation of 

cyclic nucleotide metabolism. 



IV.6. Effect of Tyrphostin 842 on Norepinephrine-Treated Pinealocytes 

Norepinephrine is an adrenergic ligand for both the P-adrenoceptor and a,- 

adrenoceptor (Strada et al.. 1971; Vanecek et al., 1985; Chik and Ho, 1989). 

Treatment of pinealocytes with norepinephrine substantially elevates both cAMP 

and cGMP accumulation, and the activation of the a,-adrenoceptor also results in 

activation of phospholipase C, and hence protein kinase C, and intracellular calcium 

(Sugden et al.. 1985; Zatz. 1985), which potentiates the cyclic nucleotide response. 

Genistein has been documented as potentiating. in a dose-dependent fashion, the 

NE-stimulated cAMP accumulation (Ho et al.. 1995) and NE-stimulated cGMP 

accumulation (Ogiwara et al., 1995). The importance of NE as an adrenergic 

agonist for the pinealocyte is emphasized by the demonstration that, in organ 

culture, NE regulates melatonin production via the CAMP response element-binding 

protein (CREB) (Roseboom and Klein, 1995). thus in vivo NE is the rnost important 

regulator of pineal endocrine function. Furthemore it allowed the assessrnent of 

whether the tyrosine kinase inhibitors effect would persist even when PKC and 

intracellular calcium are activated. My study has shown that both cAMP and cGMP 

accumulations stimulated by treatment with 10 pM NE are potentiated by treatrnent 

of pinealocytes with 300 pM tyrphostin 842. This indicates that the cyclic nucleotide 

accumulation is modulated such that treatment with a protein kinase inhibitor 

increases the intracellular accumulation when the pinealocyte is stimulated with 

either a pure P-adrenergic agonist (Iso) or a Pa, adrenergic agonist. This excludes 

the possibility that the increase in the cyclic nucleotide accumulation upon tyrphostin 



B42 treatment was solely a result of a,-adrenergic activation and corresponding 

PKC stimulation and calcium mobilization. Furthemore, tyrphostin 642 potentiation 

of both Iso- and NE-induced cyclic nucleotide accumulation strengths the likelihood 

that the observed effects of the tyrosine kinase inhibitors are associated with 

phosphorylation events occuring within the metabolic pathways of cyclic 

nucleotides. 

1V.7. Site(s) of Tyrphostin 642's Modulation of CAMP 

The use of forskolin and cholera toxin to activate adenylyl cyclase and G- 

protein, respectively and to elevate cAMP accumulation in pinealocytes, was used 

to determine whether tyrp hostin 842 acted at a post-receptor site in its modulation 

of cyclic nucleotides. Since tyrphostin 842 potentiated the observed cAMP 

accumulation in both forskolin- and cholera toxin-stimulated pinealocytes, it can be 

concluded that at least one of the sites of tyrphostin 842 action is at a post-receptor 

site. Furthenore, the forskolin data suggest that a site of tyrphostin 842 action is 

at the adenylyl cyclase or phosphodiesterase level. The next experimental design 

was to establish whether the elevation in cAMP accumulation was at the level of 

phosphodiesterase inhibition, by using a high dose treatment of non-specific 

phosphodiesterase inhibitor, IBMX. 

The pinealocytes stimulated with Iso in the presence of lBMX showed cAMP 

accumulations above those observed for pinealocytes only treated with Iso. as 

would be expected. However, when tyrphostin 842 was added in combination with 



Iso and IBMX, the surprising result was a reduction in the cAMP accumulation 

below that observed for pinealocytes treated with isoproterenol and lBMX alone. 

This suggests that tyrphostin 842 must also have an inhibitory effect at some site 

within activation of CAMP synthesis. 

Through the utilization of forskolin-stimulated pinealocytes in the presence 

of IBMX. the addition of tyrphostin 842 did not reduce the cAMP accumulation, as 

was obsewed for isoproterenol-stimulated pinealocytes with IBMX. Therefore, the 

inhibitory effect of tyrphostin 842 appears to be upstream of adenylyl cyclase at the 

receptor or G-protein level of the signal transduction pathway. Perhaps more 

significantly, this result suggests that one site of tyrphostin 842 action is the 

inhibition of phosphodiesterase since the tyrosine kinase inhibitor did not further 

elevate the cAMP accumulation above the forskolin+lBMX level. Therefore the 

maximal inhibition of phosphodiesterase by IBMX(1 rnM) treatrnent resulted in the 

obscurment of the tyrphostin effect in pinealocytes activated at the level of adenylyl 

cyclase using fors kolin. Thus phosphodiesterase inhibition by tyrphostin 842 is 

responsible for the increases in cyciic nucleotide accumulation obsewed in 

stimulated pineaiocytes and most probably the potentiation observed in cyclic 

nucleotides in tyrphostin alone treated pinealocytes as well. The increase in cAMP 

induced by genistein in MIN6 cells was suggested to be a result of 

phosphodiesterase inhibition (Ohno et al., 1993), as was the increases in cGMP in 

cells (Ogiwara et al.. 1995). 

When choiera toxin was used in the presence of IBMX, tyrphostin 842 



treatment was found to inhibit the cAMP accumulation, similar to that observed for 

isoproterenol plus IBMX pinealocytes. These results would indicate that the second 

site of activity of tyrphostin 842 is most probably a srnall inhibition at the G-protein 

andlor the receptor. Since this type of inhibition has not been observed for other 

tyrosine kinase inhibitors, it cannot be assumed that this obsewation is necessariiy 

associated with a tyrosine phosphorylation. Some support for the hypothesis that 

tyrosine phosphorylation is involved is gained by the results of pinealocyte treatment 

with tyrphostin Al .  Since tyrphostin A l  represents a low potency tyrosine kinase 

inhibitor of similar structure , then the effects of its exposure on pinealocytes should 

be less than those treated with tyrphostin 642 if they are associated with tyrosine 

kinase inhibition, 

Tyrphostin 842 appears to have multiple sites of action, such that it 

modulates the cyclic nucleotide accumulations at several levels. The potentiation 

of both tyrphostin alone treated and adrenergically-stimulated nucleotide 

accumulation induced by tyrp hostin 842 treatment is most probably indicative of an 

inhibition of protein tyrosine kinase activity at the level of phosphodiesterase. This 

is supported by the previously cited observation that other tyrosine kinase inhibitors, 

genistein and erbstatin, induced a similar effect (Ho et al., 1995; Ogiwara et al., 

1995). This study suggests that, in cultured rat pinealocytes, both cAMP and cGMP 

are normally modulated by the phosphorylation of one or more tyrosine residues 

that function to increase the intrinsic phosphodiesterase activity. When tyrosine 

kinase inhibitors are added, it is obsewed as an increase in cyclic nucleotide 



accumulation manifested through an inhibition of phosphodiesterase activity. 

However, it is also apparent that tyrphostin 842 has at least one other site 

of action which is associated with decreasing CAMP synthesis in -adrenergically- 

stimulated pinealocytes. This effect is usually rnasked by the inhibition of 

phosphodiesterase, but becomes apparent when phosphodiesterases are 

maxirnally inhibited using IBMX. The suspected site of this inhibition appears to be 

at the G-protein andlor receptor, but 1 has not been fully varified whether this is due 

to the inhibition of a phosphorylation of tyrosine residue(s) or whether it is another 

phannacological action of tyrphostin not associated with its inhibitory properties 

against protein tyrosine kinases. These results showing the effects of tyrphostin 842 

on a G-protein-mediated pathway are supported by another study on equine 

platelets and the inhibition of thrornbin, which acts via a G-protein-coupled receptor, 

by tyrphostin 842 and tyrphostin 846 treatment (Dillon and Heath, 1995). This study 

confers supportive evidence for the involvement of tyrosine phosphorylation in cell 

signal transduction pathways. including those utilizing G-protein-coupled ancilor 

cyclic nucleotide-rnediated responses. 

IV.8. Sumrnary 

Treatment of cultured rat pinealocytes with tyrphostin 842, a protein tyrosine 

kinase inhibitor, modulates basal accumulation of both cyclic nucleotides. The 

extent of this modulation are different for CAMP and cGMP; however, both 

nucleotide accumulations rise in a dose-dependent fashion to tyrphostin 842 



treatment. The modulation of accumulation these cyclic nucleotides is a function of 

a tyrosine phosphorylation at the level of phosphodiesterase, as is supported by 

results of maximal inhibition of phosphodiesterase using IBMX and published results 

(Ogiwara et al., 1995). Inhibition of the protein tyrosine kinase activity in pinealo- 

cytes through treatment with genistein and tyrphostin 842, results in inhibition of 

phosphodiesterase and an increase in cGMP (Ogiwara et al., 1 995). Similarly, the 

magnitude of cyclic nucleotide accumulations, especially for CAMP, following adren- 

ergic stimulation appears to be a function of tyrosine phosphorylation as well. 

Tyrphostin 842 dose-dependently induces a potentiation of the cyclic nucleotide 

accumulations activated by P-adrenergic stimulation, and this potentiation is 

persistent over a period as long as 75 min. Treatment of pinealocytes with 

tyrphostin 842 increased the CAMP accumulation in pinealocytes stimulated by Iso. 

NE, FSK and Ch.tox. which are ail consistent with, but not exclusive to. the tyrosine 

kinase inhibitor acting at the level of phosphodiesterase. 

The other observed tyrphostin 842 action is an inhibition at the level of 

receptor andlor at the G-protein level which results in a decrease in CAMP. This 

effect is only observed when the cells are stimulated adrenergically or at the G- 

protein level with Ch.tox., in the presence of IBMX and was not observed with other 

tyrosine kinase inhibitors such as tyrphostin A l  or genistein. Since this effect was 

not observed in pinealocytes stimulated with FSK, it is unlikely that the second site 

of action is adenylyl cyclase, but probably upstrearn. It is not known whether this 

effect is correlated with protein tyrosine kinase inhibition, or is a result of another 



chernical or pharmacological action of tyrphostin 842. A summary figure appears 

at the end of this section. 

The increases in cGMP accumulation induced by tyrphostin 842 and 

genistein are due to the inhibib'on of phosphodiesterases (Ogiwara et al., 1995), and 

a more recent study has established that neither tyrosine kinase inhibitor increases 

PKC activity (Ogiwara et al., 1997). Therefore one effect of tyrphostin 842 ,a 

tyrosine kinase inhibitor, is the inhibition of the metabolism of cGMP and also CAMP 

metabolism. An extension of this finding is that one inherent function of tyrosine 

kinase(s) within the pinealocytes is the modulation of cyclic nucleotide 

accumulations. Since it is known that PKC can influence pinealocyte cyclic 

nucleotide accumulations (Chik and Ho, 1989), and that PKC influences receptor 

tyrosine kinase activities in other ce11 types (Cochet et al., 1984; Takayama et a/., 

1988). Perhaps the cross-talk of the PKC and cyclic nucleotide pathways are a 

property of the EGF and IGF receptors known to be present on the pinealocyte cell 

surface andfor the non-receptor tyrosine kinases within the pinealocytes. 

This study further establishes that tyrosine kinase inhibitors are a useful 

pharmacological tool in the physiological study of signal transduction pathways in 

neuroendocrine tissues, and these inhibitors may play an important role in 

elucidating the complexities of homeostatic regulation of second messengers. 





Figure IV.2. Proposed site of tyrphostin 842 action on cGMP accumulation. 



V. FUTURE STUDIES 

(a) Determine if the inhibitory effect of tyrphostin 842 is, in fact, at receptor 

andlor G-protein level, and if it is attnbutable to a protein kinase activity. 

(b) Establish which protein tyrosine kinase(s) is inhibited by tyrphostin 842 and 

is responsible for the modulation of phosphodiesterase activity, and hence 

cyclic nucleotide accumulation. 

(c) Determine whether tyrphostin 842 rnay have clinical uses in the treatment 

of diseases association with dysfunction of protein tyrosine kinase activity. 

(d) Examine the effects of tyrphostin 842 in modulation of the physiological 

effects induced in cells by growth factors utilizing protein tyrosine kinase 

activity in their signal transduction process. 

(e) Test other tyrosine kinase inhibitors, especially other tyrphostins, to ascertain 

the specific activaies and potencies of these pharmacological agents. 
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Appendix 1. Drug Actions 

Forskolin: 

IBMX: 

Cholera toxin: Activates G, protein via ADP ribosylation and inhibition of G,,- 

ATPase activity. 

Activates adenylyl cyclase, resulting in an increase in CAMP 

accumulation. Soluble in DMSO, stable for 4 months. 

Broad spectrum inhibitor of phosphodiesterases. Soluble in 

DMSO. 

Isoproterenol: Activates both a and B adrenoceptors, but is more specific for 

at low concentrations. Results in an increase in cAMP and 

cGMP accumulation. Soluble in water. 

Norepinephrine: Equally potent agonist for and adrenoceptors. Results in 

increased cAMP and cGMP. Soluble in water. 

Prazosin: Antagonist o f ,  adrenoceptors. Used in conjunction with iso- 

proterenol to selectively activate adrenoceptors. Soluble in 

water with sonication. 

Inhibitors of tyrosine kinase phosphorylation activity. Result in 

interfering with regulatory processes which utilize tyrosine 

phosphorylation as a means of signal modulation. Soluble in 

DMSO. 

Tyrp hostins: 




