National Library
of Canada

-
[ 4
g

v

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

305 Wellington Street
Ottawa, O:tano
K1A ON4 K1A ON4

NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for  microfilming.
Every effort has been made to
erisure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c¢. C-30, and
subsequent amendments.

Canada

395, rue Wellington
Ottawa (Ontano)

Yow fie Votre tefeverce

O e Nolze releeengce

AVIS

La qualité de cette microforme
dépend grandement de la qualite
de la thése soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S’il manque des pages, veuillez
communiquer avec ['université
qui a conféré le grade.

La qualité d'impression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont été
dactylographiées a laide d’'un
ruban usé ou si 'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, méme partielle,
de cette microforme est soumise
a la Loi canadienne sur le droit
d’auteur, SRC 1970, c. C-30, et
ses amendeinents subséquents.



University of Alberta

Intracellular calcium and growth hormone releasing hormone (GHRE)-
stimulated adenosine 3'5’-monophosphate (CAMP) accumulation in
anterior pituitary cells

B

y
Donald J. Hartt @

A thesis submitted to the Faculty of Graduate Studies and Research Fulfillment
in partial fulfilment of the requirements for the degree of
Master of Science

Department of Physioiogy

Edmonton, Alberta

Fall, 1995



g

National Library
of Canada

Acquisitions and
Bibliographic Serviceés Branch

335 Wellington Street
Ottawa, Ontario

Bibliothégie nationale
du Canada

Direction des acquisitions et
des sarvices biblivgraphiques

395, rue Wellngton
Ottawa {Ontario)

K1A ON4 K1A ON4

THE AUTHOR HAS GRANTED AN
IRREVOCABLE NON-EXCLUSIVE
LICENCE ALLOWING THE NATIONAL
LIBRARY OF CANADA TO
REPRODUCE, LOAN, DISTRIBUTE OR
SELL COPIES OF HIS/HER THESIS BY
ANY MEANS AND IN ANY FORM OR
FORMAT, MAKING THIS THESIS
AVAILABLE TO INTERESTED
PERSONS.

THE AUTHOR RETAINS OWNERSHIP
OF THE COPYRIGHT IN HIS/HER
THESIS. NEITHER THE THESIS NOR
SUBSTANTIAL EXTRACTS FROM IT
MAY BE PRINTED OR OTHERWISE
REPRODUCED WITHOUT HIS/HER
PERMISSION.

I5SBN 0-612-06480-8

Canadi

Your e \olre rélerence

Our e Nole 18ldrence

L'AUTEUR A ACCORDE UNE LICENCE
IRREVOCABLE ET NON EXCLUSIVE
PERMETTANT A LA BIBLIOTHEQUE
NATIONALE DU CANADA DE
REPRODUIRE, PRETER, DISTRIBUER
OU VENDRE DES COPIES DE SA
THESE DE QUELQUE MANIERE ET
SOUS QUELQUE FORME QUE CE SOIT
POUR METTRE DES EXEMPLAIRES DE
CETTE THESE A LA DISPOSITION DES
PERSONNE INTERESSEES.

L'AUTEUR CONSERVE LA PROPRIETE
DU DROIT D'AUTEUR QUI PROTEGE
SA THESE. NI LA THESE NI DES
EXTRAITS SUBSTANTIELS DE CELLE-
CINE DOIVENT ETRE IMPRIMES OU
AUTREMENT REPRODUITS SANS SON
AUTORISATION.



University of Alberta
Release form

Name of author: Donald J. Hartt

Title of thesis: Intracellular calcium and growth-hormone releasing
hormone (GHRH)-stimuilated adenosine 3’5'-
monophosphate (CAMP) accumulation in anterior pituitary

cells
Degree: Masters of Science

Year this degree granted: 1995

Permission is hereby granted to the University of Alberta Library to reproduce
single copies of this thesis and to lend or sell such copies for private, scholarly or
scientific research purposes only.

The author reserves all other publication and other rights in association with the
copyright in the thesis, and except as hereinbefore provided neither the thesis nor
any substantial portion thereof may be printed or otherwise reproduced in any
material form whatever without the author’s written permission.

Ton Martl

Donald J. Hartt

1 Canterbury Court
Sherwood Park
Alberta, T8H 1E4

Date: July 31, 1995.



University of Alberta

Faculty Of Graduate Studies And Research

The undersigned certify that they have read, and recommend to the Faculty of
Graduate Studies and Research for acceptance, a thesis entitled Intracellular
calcium and growth-hormone releasing hormone (GHRH)-stimulated
adenosine 3'5’-monophosphate (CAMP) accumulation in anterior pituitary
cells submitted by Donald J. Hartt in partial fulfillment of the requirements for the

degree of Master of Science.

Date: June 20, 1995.

e J

Dr. AK Hc{(Supe\ns%r)

Sl .

Dr. E. Karpinski

A A T

gr M. Duszyk

A

',/j/{ ,({

"l

Dr. L. Kline

kit

e S

Dr. C. Benishin (Committee Chair)



Abstract

Iri this study, the effect of thapsigargin (Tg), an intracellular Ca®*-mobilizing
agent, on growth hormone-releasing hormone (GHRH)-stimulated cAMP
accumulation in rat anterior pituitary cells was investigated. It was found that
treatment with GHRH (0.1 M) stimuleted cAMP accumulation £5-fold in dispersed
anterior pituitary cells. Concurrent treatment with Tg (20 uM) further increased the
GHRH-stimulated cAMP accumutation 2-fold. This effect of Tg was concentration-
dependent, persisted in the presence of a phosphodiesterase inhibitor,
isobutylmethy!xanthine (1 mM), and was not affected by the duration of
pretreatment (0 - 150 min). A similar effect of Tg was observed when the pituitarv
cells were stimulated with pituitary adenylate cyclase-activating polypeptide (0.1
uM), forskolin (1 pM), or cholera toxin (20 ng/ml). The potentiating effect of Tg
wes also observed in the pituitary-derived GH, tumour cell lire on cnclera toxin-
and forskolin-stimulated cAMP accumulation. Pretreatment with BAPTA-AM (0.1
mM) and EGTA (0.5 mM) blocked the potentiating effect of Tg on agonist-
stimulated cAMP accumulation, indicating that this effect is dependent on elevation
of intraceliular Ca?*. Studies on the involvement of protein kinases showed that
the effect of Tg was blocked by W7 (75 uM), but not by H7 (0.1 mM) or calphostin
C (1 uM). Therefore, a Ca®*/calmodulin dependent protein kinase rather than
protein kinase C appears to be involved in the action of Tg. These observations
suggest that Tg enhances GHRH-stimulated cAMP accumulation by increasing the

rate of cAMP synthesis through activation of a Ca®* /calmodulin dependent



adenylate cyclase. Also, to determine if the potentiating effect of Tg on the GHRH-
stimulated cCAMP accumulation was comparable to other Ca?* elevating agents, a
depolarizing concentration of K* (30 mM) was used. However, it was observed
that K* did not have an increasing effect on the GHRH-stimulated cAMP
accumulation. Instead, K* (30 mM) inhibited the GHRH-stimulated cAMP
response. This suggests that K* and Tg affect the GHRH-stimulated cAMP
pathway differently through different mechanisms, possibly due to the level of
intracellular Ca®* mobilized by each agent, which may in turn activate different

adenylate cyclase isoforms or Ca?*-dependent phosphodiesterases.
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. Introduction

Intracellular Ca2* ([Ca?*]i), in addition to having a direct role in the release
of growth hormone in anterior pituitary somatotrophs (Frohman et al., 1986), has
also been shown to interact directly with the synthesis of CAMP (Brazeau et al.,
1982). Depending on the cell type, elevation of [Ca®*]i can either increase or
decrease agonist-stimulated cCAMP accumulation. For example, in rat pinealocytes
(Chik et al., 1988), human colonic cells (HT29-cl. 19A) (Warhurst et al., 1994), and
rat renal papillary collecting tubule cells (Ishikawa et al., 1992), elevation of [Ca®*]i
potentiates the agonist-stimulated CAMP accumulation, while in cardiac myocytes
(Yu et al., 1993) and Cg-glioma cells (Lin et al., 19393}, elevation of [Ca®*]i has an
inhibitory effect. This suggests that the interaction between CAMP accumulation
and [Ca®*]i is complex, and may involve multiple sites and mechanisms (Abou-
Samra et al., 1987). Apart from the reported direct effect of Ca?* on the adenylate
cyclase activity (Amiranoff et al, 1983; Caldwell et al., 1992), and
phosphodiesterase activity (Meeker et al., 1982; Van Sande et al., 1979), other
possible mechanisms include the "cross-talk” between Ca?* and cAMP which could
be mediated indirectly through Ca®*-dependent protein kinases, such as protein
kinase C (Warhurst et al., 1994) or Ca®* /calmodulin dependent protein kinases
(Scettini et al., 1984; Hansen et al., 1982; Sharma et al., 1984; Charbonneau et al.,
1986: Rossi et al., 1988; Kincaid et al., 1983). In most cases, the precise sites and

mechanisms of the synergistic interaction between cAMP and Ca®* effector



pathways have not been clearly characterized.

.1 Adenylate cyclases and the interaction between calcium and cAMP

signalling

The concept of signalling by second messengers originated with the
discovery of the role of CAMP (Robison et al., 1968). The cAMP-dependent protein
kinase (PKA) has been shown to be important for the hormonal regulation of
hormone secretion, such as growth hormone {Narayanan et al., 1989; Spence et
al., 1980; Labrie et al., 1983; Sheppard et al., 1979), as well as other cellular events
such as glycogenolysis, lipolysis, and catecholamine biosynthesis (Walsh et al.,
1994). Studies in adenylate cyclase activity have opened the field of G-protein
involvement in cAMP production, as well as many other regulatory processes

(Rodbell, 1980; Gilman 1987).

Intracellular Ca®?* appears to have at least an equally vital role in cellular
events as does cAMP (Berridge, 1993). Intracellular Ca?* plays an important role
in neurotransmitter release, such as acetyicholine (del Castillo et al.,, 1952),
hormonal and neurosecretion, such as PTH (Pocotte et al., 1991), GH (Frohman
et al., 1986), or insulin (Ashcroft et al., 1994), neuronal excitation, survival of cells,
and many other neuronal and r.cn-neuronal functions (Hofmann et al., 1994). As

with cAMP, there are Ca?*-initiated cascades (Nishizuka, 1988), such as



Ca?* /calmodulin activated protein kinases; however Ca®* appears to more directly
modify other aspects of cellular function, such as GH release (Penner et al., 1988).
Studies have shown the importance of G-proteins in adenylate cyclase activity;
however current studies suggest other factors, particularly [Ca?*]i may also be

important to adenylate cyclase activity (Cooper et al,, 1995).

The adenylate cyclase is the prototypical second messenger generator
(Cooper et al., 1995). Cellular cAMP levels have been shown to be modulated by
the level of [Ca®*]i. Such findings suggested that [Ca®*]i and CAMP levels are
inextricably interwined. The complexity of this intricate interrelationship between
cAMP accumulation and [Ca®*]i was revealed when it was found that there are at
least eight adenylate cyclase isoforms, which were multiply regulated (Cooper et
al., 1995). It was also found using functional and ultrastructural investigations that

adenylate cyclases are intimately associated with sites of Ca?* entry into the cell

(Cooper et al., 1995).

1.1.1 Structure of the adenylate cyclase

The cloning of the first adenylate cyclase revealed that the enzyme is a very
large, complex structure (Krupinski, 1989). It consists of 1080 - 1248 amino acid
residues and are predicted to cross the plasma membrane 12 times, consisting of

2 segments of 6 transmembrans-spanning domains, with each segment followed



by a large cytosolic domain (Feinstein et al., 1991; Bakalyar et al., 1990; Gao et
al., 1991; Yoshimura et al., 1992; Premont et al., 1992, Ishikawa, 1992; Katsushika,
1992; Krupinski et al., 1992; Glatt et al., 1993; Wallach et al., 1994; Cali et al.,
1994). Although adenylate cyclases resemble ion channels and membrane
transporters, there is little or no sequence homology between their transmembrane
domains. Also, there is very little sequence homology between each of the eight
adenylate cyclases, which may reflect their distinct differences in sensitivity to
changing levels of [Ca?*]i (Chen , 1986; Riordan, 1989; Catterall, 1994). Each of
the two large cytoplasmic domains contains putative binding sites for ATP. These
two binding sites are homologous to one another, and are also homologous
between the eight cloned adenylate cyclases (50 - 92%) (Tang et al, 1992;
lyengar, 1993). One proposed functional domain thought to be the site of
Ca®* /calmodulin binding to type | adenylate cyclase, a Ca**-stimulated species,
is thought to be in the first cytoplasmic loop, adjacent to the plasma membrane

(Vorherr, 1993; Wu et al., 1993).

1.1.2 Multiple regulatory influences of the adenylate cyclases

Of the eight adenylate cyclases that have been cloned and expressed, most,
if not all are multiply regulated (Cooper et al., 1995). Conflicting views on universal
regulatory mechanisms of adenylate cyclase activity have been dissipated with the

discovery of unique multiple influences on each individual adenylate cyclase



isoform. The widely held view that the G, subunits are the most important
regulatory influence on adenylate cyclase activity is being superceded by the fact
that protein kinase C, Ca?*, and By subunits of G-proteins can stimulate or inhibit

particular adenylate cyclases far more effectively than the G-protein a-subunits

(Tang et al., 1992; lyengar, 1993).

Studies with cells that are transfected with the various adenylate cyclase
isoforms have revealed much of this information. For example, phorbol esters
(PKC activator) have been shown to increase the stimulation of transfected type
Il adenylate cyclase twice that of the G, (Jacobowitz et al., 1993; Lustig et al.,
1993). Receptors found to stimulate the G, subunit were founc to minimally
stimulate type | or type VIII adenylate cyclases, whereas Ca?* was found to
increase the type | and type VIII adenylate cyclases four-fold (Yoshimura et al,,
1992; Cali et al., 1994). G-linked receptors were only found to inhibit the type VI
adenylate cyclase to the same extent that that elevations in [Ca®*]i inhibited the

same adenylate cyclase (Boyajian et al., 1991; DeBernardi et al., 1991).

Elevationin [Caz*]i, PKC, the By-subunit of the G-protein, and the a-subunit
of the G-protein have all been shown to have different effects on the eight different
cloned adenylate cyclases. The focus of this study is the regulation of adenylate
cyclase activity by elevation in [Ca®*]i. An increase in [Ca?*]i was found to

stimulate type I, type Ill, and type VIII adenylate cyclases. Elevated [Ca®*]i was



found to have no effect on the type II, type IV, and type VIl adenylate cyclases,
while in type V and type VI adenylate cyclases, elevated [Ca®*]i was found to
inhibit adenylate cyclase activity. Members of each one of these groupings share
regulatory features. However, within these groupings, there is a considerable
amount of difference in the range of responses that are generated from increases
in [Ca®*]i. For example, the concentration of Ca?®* that stimulates type | adenylate
cyclase is in the normal physiological range (0.1 - 1 uM), whereas type lll is
stimulated by supraphysiological or supra-normal Ca?* concentrations (> 1000
nM) (Yoshimura et al., 1992; Choi et al., 1992). Of the eight isoforms, no two are
regulated in precisely the same manner. As shown in Table 1 (Cooper, 1995,
Nature 374:422), there is little redundancy in either the regulation or expression of

the multiple isoforms so far detected (Cooper et al., 1995).

The stimulation by Ca?* in types I, lll, and VIl adenylate cyclases is
mediated through calmodulin, which can be readily removed and added back to
restore the Ca* stimulation of adenylate cyclase activity (Bakalyar et al., 1990;
Yoshimura et al., 1992; Tang et al., 1991). It is not sure how Ca®* interacts with
types V and VI adenylate cyclases to inhibit activity because there is no
recognizable Ca®*-binding sequence, and it does not appear to be working

through calmodulin either (Yoshimura et al., 1992; Boyajian et al., 1991).

Some data show that in many cell types there is an organized co-



Table I-1. Properties of cloned mammalian adenylate cyclases grouped by structural
relatedness

Adenylate cyclase Ca?* effect
isoform

1 Stimulation
HI Stimulation
Vil Stimulation
11 No effect
v No effect
Vil No effect
\" Inhibition
VI Inhibition

(Cooper, 1995, Nature 374:422)



localization of adenylate cyclases and Ca?* entry channels, suggesting that the
adenylate cyclase sequences include domains that target them to Ca**-entry sites
(Cooper et al., 1995). Where the Ca®" release and entry processes have been
separately «nalyzed, it appears that only Ca®* entering the cell as a result of store
depletion, and not Ca®* released from intracelluiar stores can regulate these
adenylate cyclases (Chiono et al., 1995). It remains unclear, in the case of
Ca®* /calmodulin-stimulated adenylate cyclases, whether there is a relationship
between the apparent concentration of adenylate cyclases and Ca®'-entry sites.
Again, see Table 1 (Cooper, 1995, Nature 374:422) for a summary of the

regulation of the multiple adenylate cyclase isoforms.

.2 Phosphodiesterases and the interaction between calcium and cAMP

signalling

Early studies on the classification and characterization of phosphodiesterase
activity extracted from several tissues soon led to the discovery that multipie
phosphodiesterase forms are expressed in mammalian cells (Conti et al., 1991).
It is now accepted that there are at least five major families of cyclic nucleotide
phosphodiesterases (Table 2; Conti, 1991, Endocr. Rev. 12:220). The
Ca®* /calmodulin phosphodiesterases are homodimeric proteins which hydrolyze
cGMP with a higher affinity than cAMP, and are activated by Ca®*/calmodulin

dependent protein kinase phosphorylation (Hansen et al., 1982; Morril et al., 1979;



Tahle 2. Phosphodiesterase families of isoenzymes

Family Intracellular Hormones
(Abbreviation) modulator regulating
activity
1. Ca%*/calmodulin PDE’s Ca?*/CaM phosphorylation Muscarinic
(CaM-PDE) cholinergic
agonists
GnRH
1. ¢cGMP-stimulated PDE'’s cGMP ANF
(cGS-PDE)
lil. ¢cGMP-inhibited PDE’s ¢GMP phosphorylation Tnsulin
(cGI-PDE) Glucagon
Dexame-
thasone
IV. cAMP-specific PDE’s cAMP FSH
(cAMP-PDE) PGE,
TSH
B-Adren-
ergic
agonists
V. ¢cGMP-specific I ./ E’s Transducin Light
(cGMP-PDE) cGMP?7?

(Conti, 1991, Endocr. Rev. 12:220)



Sharma et al., 1984; Hansen et al., 1986; Charbonneau et al., 1986).

1.2.1 Structure of phosphodiesterases

There is a consensus that the phosphodiesterases present in mammalian
cells have a common structure (Fig. 1; Conti, 1991, Endocr. Rev. 12:221). In the
catalytic domain, 270 amino acids are remarkably conserved, suggesting that
these residues have an important function (Charbonneau, 1990; Le Trong et al.,
1990; Sass et al., 1986; Conti et al., 1990). Proteolysis of a Ca®*/calmodulin
dependent phosphodiesterase purified from bovine brain results in a proteolytic
fragment that can still hydrolyze nucleotides, but cannot be regulated by a
Ca®* /calmodulin complex (Charbonneau, 1990; Tucker et al., 1981; Kincaid et al.,
1985), indicating that the catalytic domain can be separated from the regulatory

domains.

1.2.2 Phosphodiesterase activation by intraceliular ca®*

In membrane preparations, Ca®*/calmodulin phosphodiesterase forms,
which have been isolated and characterized (Sharma et al., 1980; Kincaid et al.,
1983), have been shown to be activated by Ca** /calmodulin complexes, thereby
decreasing cAMP levels. Changes in [Ca%*]i levels produce changes in

Ca?* /calmodulin dependent phosphodiesterase activity, and consequently

10
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Celmodulin binaing
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Figure I-1. Structure of the cyclic nucleotide phosphodiesterases
(Conti, 1991, Endocr. Rev. 12:221)
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fluctuations in intracellular cAMP accumulation (Fig. 2; Conti, 1991, Endocr. Rev.
12:227). In several cell types, such as 1321N, human astrocytoma cell lines or
dog thyrcid slices, intracellular cAMP levels were shown to be inhibited by Ca®'-
mobilizers, such as muscarinic cholinergic agonists (Harden et al., 1985; Meeker
et al., 1982, hieeker et al., 1983) and carbachol (Erneaux et al., 1985; Van Sande
et al.,, 1977; Van Sande et al., 1979), respectively. These two Ca?*-mobilizers
involve phosphatidyl inositol turnover, which causes an increase in [Ca®']i, and
activation of a Ca®* /caimodulin dependent phosphodiesterase. A similar increase
in the rate of CAMP degradation was obtained using the Ca®*-ionophore, A23187,
in astrocytoma cells, indicating that increases in [Ca?*]i do play a role in the
activation of Ca?*-calmodulin dependent phosphodiesterases, when conducted in
certain cell types (Meeker et al., 1982; Van Sande et al., 1979; Miot et al., 1984;
Tanner et al., 1986). Again, Table 2 (Conti, 1991, Endocr. Rev., 12:220)

summarizes the regulation of the various forms of phosphodiesterases.
1.3 Interaction between Ca®* and GHRH-stimulated cCAMP accumulation

Cyclic AMP and [Ca®*]i have been shown to be interrelated in the regulation
of secretory processes for a variety of hormones, such as prolactin (Schettini et
al., 1983), insulin (Valverde et al., 1979), and MSH (Tsuzata et al., 1982). Many
of the regulatory functions of Ca®~ are medizated through a Ca®"/calmodulin

dependent kinase (Rasmussen , 1§81; Cheung. 19€0; Means et al., 1980). For
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and intracellular calcium

(Conti, 1991, Endocr. Rev. 12:221)
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example, Ca®* /calmodulin dependent protein kinase mediates the stimulation by
Ca?* of the adenylate cyclase in brain (Brostrom et al., 1975; Cheung et al., 1975),
adrenal medulla (LeDonne et al., 1979), pancreatic islet (Valverde et al., 1979), and

the pituitary gland (Schettini et al., 1984).

In the case of anterior pituitary cells, the effect of [Ca®*li on the growth
hormone-releasing hormone (GHRH)-stimulated cAMP accumulation appears to
be very controversial (Frohman et al., 1886). However, it seems certain that ca®*
is necessary for the GHRH-stimulated cCAMP accumulation (Frohman et al., 1986).
While it has been shown that the Ca?*-ionophore, A23187, enhanced the GHRH-
stimulated cAMP response (Schettini et al., 1984), low Ca?" medium also resulted
in a similar effect (Lussier et al., 1987). Also, Ca®* has been reported to produce
& concentration-dependent inhibition of basal- and GHRH-stimulated adenylate
cyclase activity (Narayanan et al., 1989). This suggests that the regulation of the
GHRH-stimulated cAMP accumulation by [Ca®*]iis very complex. Different [Ca®*)i
elevating agents may have distinct effects on the cAMP system depending on the
mechanism through which [Ca®*]iis elevated by these agents. Furthermore, since
the A23187-induced elevation of [Ca®’]i is commonly above the range of
physiological relevance (Warhurst et al., 1994), other Ca®*-dependent enzymes,

which normally do not participate in the regulation of CAMP, may be activated.
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1.4 Thapsigargin and the activation of Ca®* entry

Tg is a sesquiterpene lactone tumour promoter isolated from the
umbelliferous plant Thapsia garganica L. (Apiaceae) (Rasmussen et al., 1978). Tg
has been shown to induce Ca®*-dependent responses in a variety of cell types
(Takemura et al., 1990). Also, Tg elevates [Ca?*]i by @ mechanism that involves
mobilization of intracellular Ca?* stores (Thastrup et al., 1987; Patkar et al., 1979).
Tg was found to act in a different manner than Ca?*-ionophores, such as A23187
(Thastrup et al., 1989). Thapsigargin mobilizes a pool of Ca?* that was shared by
bradykinin. However, unlike bradykinin, Tg did not stimulate inositol phosphate
formation (Jackson et al., 1988). More recently, Tg has been shown to specifically
release Ca®* from microsomes by the inhibition of the Ca?*-ATPase and active
transport responsible for the accumulation of Ca?* into a non-mitochondrial (1,4,5)

IP;-sensitive intracellular pools (Thastrup et al., 1989).

1.4.1 History of thapsigargin

Tg and thapsigarcin are two major active components (resins) that are
found in the root extracts of the umbelliferous plant, Thapsia garganica
(Rasmussen et al., 1978). This root extract had been used as a counter-irritant for
the relief of rheumatic pains, joint inflammation, and treatment of sore muscles.

Chemical investigations, using NMR, circular dichroism spectroscopy, and
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crystallographic methods, have revealed that the major active constituent of
Thapsia garganica is a sesquiterpene lactone of the guaianolide type (Christensen,
1983; Christensen, 1985). This alcohol extract of the root Thapsia garganica had
a molecular weight of 650, and mainly consisted of carbon, oxygen, and hydrogen,
but not nitrogen (Patkar et al., 1978). The compound that was extracted was
named thapsigargin (Fig. 3; Sabala, 1993, Acta Bioch. Pol. 40:310). Tg has been
shown to elicit Ca®*-dependent responses in a variety of cell types, such as
platelets (platelet activation) (Thastrup et al., 1987), mast cells (histamine release)
(Patkar et al., 1979; Jacobsen et al., 1987; Ali et al., 1985), neutrophils (Kano et

al., 1987), and NG115-401L neuronal cells (Jackson et al., 1988).

1.4.2 Mechanisms of action of thapsigargin

Tg, as previously mentioned, has been shown to induce elevated [Ca?*]iin
cells by a mechanism involving emptying of intracellular stores. Tg, also as stated
before, is not a structurally distinct Ca®* ionophore. This possibility was ruled out

by several lines of evidence.

(1) Tg cannot transfer Ca®* from an aqueous phase into an organic
phase, thus allowing Ca?* to pass through the plasma membrane.
(2) Tgis not able to induce Ca?* release of K* from erythrocytes

(3) Tg does not saturate the trapped intracellular divalent cation-
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sensitive probes, Quin-2 or Fura-2 (Jackson et al., 1988; Thastrup et al.,

1989)

Tg is able to induce tumours (second stage carcinogenesis in mice) through
the elevation of [Ca®*]i in a manner that is independent of activation of protein
kinase C or a protein phosphatase (Jackson et al., 1988; Fuijiki et al., 1986).
Therefore, Tg is called a non-PMA type tumour promoter because PMA activates
protein kinase C, which in turn promotes tumours (Jackson et al., 1988; Fujiki et
al., 1986). We will now look at the specific mechanisms of action of Tg in several

cell types.

1.4.3 Thapsigargin’s effect on cytoplasmic Ca®* concentrations

In platelets, hepatocytes, and neuronal cells, Tg produced a pronounced
increase in [Ca®*)i (Thastrup et al., 1989). However, each of these types of cells
reacted differently to Tg. In platelets and hepztocytes, there was a [Ca®*]i
increase, which was, in turn maintained at this new elevated state. In the neuronal
cells, there was a transient [Ca®*]i-rise, which returns to basal level. The sustained
plateau of [Ca®*]i, as observed in platelets and hepatocytes, is most likely due to
a change in steady state levels of Ca®* by either Ca?*-entry from the extracellular
space into the cytoplasm, or Ca®* from the intracellular stores (Thastrup et al.,

1989). The removal of extracellular Cca®*, by the Ca?"-chelator, EGTA, showed that
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the initial, pronounced part of the Tg-induced [Ca®*])i rise is obtained by the
discharge from internal Ca?* stores (Thastrup et al., 1989). Additional stimulated
entry, or the new sustained levels of [Ca?*]i, by Tg was substantiated by the ability
of Tg to induce the influx of extracellular Ca®*. In this particular study, Mn®* was
used as a marker because Mn?*, it was believed, competes with Ca®* in passing
through agonist opened Ca?* channels (Merritt et al., 1988), and then may be
readily detected over Ca?* because Mn?* binds with higher affinity to the indicator
dye, Fura-2 AM. Therefore, Merritt et al. (1988) suggested that the extracellular
influx component of the Tg-induced [Ca®*]i-rise is secondary or delayed in
comparison to the initial, transient intraceliular Ca?* mobilizing component (Fig. 4;

Takemura, 1990, J. Biol. Chem. 264:12270).

The absence of this secondary or extracellular influx of Ca®* is seen in
neuronal cells (Jackson et al., 1988; Hanley et al. 1988). This is indicated by the
return of the [Ca®*]i signal to baseline level. This implies that in the neuronal cells
Ca?*-influx from the extracellular space is absent. This effect of Tg may have
important implications, in that different cells may have different mechanisms for the
induction of Ca®*-entry. Thus, Tg may be used as a tool to better understand
refiling of the depleted intracellular Ca2* stores, without the concomitant formation

of inositol phosphates (Thastrup et al. 1989).
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1.4.4 Thapsigargin’s effect on the hydrolysis of phospho-inositides

To answer the question of whether breakdown of phospho-inositides and
the resulting production of inositol phosphates were involved in the Ca?*-mobilizing
activity of Tg, Tg was examined first by its ability to induce phosphorylation of
platelet proteins. This study by Thastrup et al. (1989) compared the effects of
thrombin and Tg on the phosphorylation of these platelet proteins. They found
that Tg's phosphorylation was less intense than thrombin, and also developed
more slowly. Since thrombin was well documented in its activation of PKC through
PIP, breakdown into diacylglycerol and 1,4,5-1P3 production, it was thought that
perhaps Tg activated PKC, as well as Ca®*-mobilization in its platelet activating
effect. However, pretreatment of the platelets with acetylsalicylic acid strongly
inhibited the Tg-induced phosphorylation of the characteristic 47 kDa protein
substrate for PKC, without significant effect on the 20 kDa protein substrate for the
Ca?*-calmodulin kinase. These findings by Thastrup et al. (1989) suggest that Tg
may be selectively targeted to mobilization of intracellular Ca?* alone, and not the
hydrolysis of PIP,, which is needed for protein kinase C production. The inhibitory
action of aspirin (phospholipase A2 inhibitor), on the other hand, suggests that the
phospholipase A2 enzyme may be activated as a result of [Ca®*]i elevations alone,

wl ich in turn activates PKC.

Studies with cloned mammalian neural cell line NG115-401L indicated that
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although Tg provoked an intracellular Ca?*-discharge, it did not provoke a
concomitant production of any inositol phosphates (Jackson et al., 1988). Jackson
et al. (1988) showed clearly that there was no production of ®H-inositol phosphate
by Tg when compared to the 1,4,5-1P3 production by bradykinin. Thus, it appears
Tg does not act via the phospholipase C pathway. Also, Tg does not appear to
activate any plasma membrane receptor, G, protein, or catalytic unit, such as

phospholipase C or adenylate cyclase (Thastrup et al., 1989).

1.4.5 Thapsigargin's discharge of intracellularly sequestered Ca®*

The ability of Tg to evoke release of Ca®* from an intracellular pool,
suggests that it may share a common site of action with 1,4,5-1P3. One such site
could be an associated endoplasmic reticulum (ER) channel (Thastrup et al.,
1989). Thastrup et al. (1989) added Tg to Ca?*-loaded microsomal membrane
vesicles, which led to a rapid and complete release of the sequestered ca®*. Tg
was seen to release essentially all Ca*, whose uptake was ATP-dependent
(Thastrup, 1990). Overwhelming evidence that Tg emptied Ca?* from overlapping
microsomal Ca®* pools was seen where the Ca?*-releasing ability of GTP and
1,4,5-IP3 are abolished by Tg pretreatment. The amount of Tg-releasable ca®*
was also decreased by pretreatment with either GTP or 1,4,5-1P3. Tg and 1,4,5-
IP3, in contrast to GTP, released Ca®* immediately from Tg-sensitive pools.

However, the initial rate of Ca®*-release was found to be much faster for 1,4,5-1P3
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than Tg (Thastrup et al., 1989). Evidence for a common intracellular Ca®* store
is also seen in the study by Takemura et al. (1990). In this study, rat acinar cells,
in the absence of extracellular Ca?* were treated with methacholine, an agonist
which micbilizes Ca?* through 1,4,5-IP3 production. This inhibited the response
of the cells to Tg. Likewise, pretreatment of the cells with Tg inhibited the
response of the cells to methacholine. The simultaneous addition of Tg and
methacholine produced a greater initial release of Ca?* than either themselves, but
they were not additive in the sustained phase of Ca?* mobilization. These results
demonstrate, again, that Tg and methacholine share the same intracellular store
for the initial release of Ca®*. Also shown by this study was that both Tg and
methacholine induced the influx of Ca®* from the extracellular space (Takemura et
al., 1990). Tg shows that it is the depletion of the intracellular pool that mediates
the Ca%*-mediated Ca?* influx. This is consistent with the "capacitative model",
which states that the entry of Ca®* from the extracellular space is initiated by the
depletion of the intracellular inositol 1,4,5-trisphosphate-sensitive Ca®* pools

(Putney, 1986).

1.4.6 The inhibitory effect of thapsigargin on Ca®*-ATPase activity

The ATP-driven accumulation of Ca®* into microsomes was completely
blocked by Tg pretreatment, suggesting that the effects of Tg were to inhibit

uptake of Ca?* into 1,4,5-IP3-sensitive poois, rather than a direct stimulation of an
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efflux process, like 1,4,5-IP3. Support for this possibility was provided by Thastrup
et al. (1989) using a hexokinase/glucose treatment, which uses up all the ATP
present, which, in turn, also induced Ca®* release, with kinetics and maximum
effect very similar to those produced by Tg, suggesting that Tg is acting on a
process which is ATP dependent (Fig. 5; Thastrup, 1990, Proc. Natl. Acad. Sci.
USA 87:2468). Direct measurement of Ca?*-ATPase activity also revealed that Tg
dose-dependently inhibited the Ca®*-ATPase activity directly (Fig. 6; Thastrup,

1990, Proc. Natl. Acad. Sci. USA 87:2468) (Thastrup et al., 1990).

This inhibitory effect of Tg on the 1,4,5-1P3 sensitive ER Ca?*-ATPase is
highly specific, as basal Mg?*-ATPase in this membrane fraction was unaffected.
Also, Tg produced no inhibitory effect on Ca®* efflux from loaded plasma
membrane vesicles. Tg, therefore, must interact with a specific domain on the ER

Ca?*-ATPase (Thastrup et al. 1990).

Furthermore, this led into another study, in which Tg potently inhibited the
ER Ca®*-ATPase, but it was a much less potent inhibitor of cardiac sarcoplasmic
reticulum Ca®*-ATPases, and is apparently ineffective against the enzymes from
skeletal muscle sarcoplasmic reticulum and plasma membrane Ca®*-ATPases
(Thastrup et al., 1990). This suggests Ca®*-ATPases of the ER differ significantly

from other isoforms. It has been shown that the ER Ca%*-ATPase is
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immunologically similar to the cardiac enzyme and differs significantly from skeletal
muscle sarcoplasmic reticuum Ca’*-ATPases and plasma membrane Ca?*-
ATPases (Lytton, 1988). Cloning of the multiple molecular forms of Ca®*-ATPases
has revealed that the predominant form likely corresponding to the ER Ca®*-
ATPase (Lytton, 1988), has an extended C-terminal tail with another
transmembrane region. This extended C-terminus of the ER Ca?*-ATPase may
provide some answers as to the specificity of the interaction of Tg and ER Ca®*-
ATPases, rather than the plasma Ca’*-ATPases, cardiac sarcoplasmic reticulum
Ca?*-ATPases, or the skeletal muscle Ca®*-ATPases. At present it is not known
whether Tg induces the ER Ca®*-ATPase itself to act as a direct pathway for ca®*
release, or whether there is a permanent Ca®* leakage pathway present, likely

situated at a separate molecular site in the ER.

1.4.7 Thapsigargin as a pharmacological tool

Tg provides us with a pharmacological tool that is able to specifically
modulate the levels of [Ca®*]i, without interrupting other signa!l transduction
pathways inside the cell (ie. generation of inositol phosphates, protein kinase C,
or diacylglycerol). There are many different examples of how Tg is used as an ER
Ca®*-ATPase inhibitcr, to elicit elevated levels of [Ca®*]i within a physiologically
relevant range, unlike many Ca®* ionophores, and create a physiological response

(Warhurst et al., 1994).
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1.5 Thapsigargin and the cAMP signal transduction pathway

Other studies have shown that the administration of Tg to C6 glioma cells
simultaneously with isoproterennl, which stimulates cAMP accumulation, inhibited
the isoproterenol-stimulated CAMP synthesis by 68% (Lin et al., 1993). This study
by Lin et al. (1993) suggested that it is possible that Tg's Ca?*-depleting activity
of the ER was somehow responsible for the inhibition of the adenylate cyclase
activity. Also suggested by this study was that by administering 3-isobutyl-1-
methylxanthine (IBMX), the phosphodiesterase inhibitor, that the inhibitory effects
of Tg on cAMP production could be partially due to a Ca®*-dependent stimulation

of phosphodiesterase activity.

1.6 Specific aim of the present study

Several intracellular pathways have been shown to be involved in the release
of GH. Increased cAMP accumulation, via a cAMP dependent protein kinase,
converts non-functional Ca?* channels to a functional form, which leads to a large,
rapid increase in [Ca®*]i, thus promoting the release of GH via the process of
" exocytosis (Lussier et al., 1991). Studies with anterior pituitary cells have
demonstrated that dibutyryl cAMP-mediated GH release was biphasic: an initial
rapid rate of hormone release at 15 to 20 minutes which was followed by a second

release beginning at 60 min (Stachura, 1976). Such phasic rélease was consistent
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with similar observations by other investigators with other secretagogues and other
hormones held in granular storage (insulin, glucagon, vasopressin, and luteinizing
hormone), and suggested the availabilty for release of two pools of stored
horinone (Stachura, 1982). The first or labile pool was available for immediate
release, while the second pool was available for prolonged release at an increased
rate under constant stimulation. It has also been found that, in addition to [Ca®*]i
having a direct role in the release of growth hormone (Frohman et al., 1986),

[Ca?*]i has been shown to interact directly with the synthesis of CAMP (Brazeau

et al., 1982).

With these findings in mind, it was decided to study the effects of [Ca?*]i,
using different [Ca®"* Ji mobilizing agents, on the regulation of the GHRH-stimulated
cAMP patihway in rat anterior pituitary cells. Rat anterior pituitary cells were
chosen because both [Ca®*]i and cAMP have been found to play important roles
in the release of GH (Frohman et al., 1986). Tg was chosen as the [Ca®*]i
elevating agent because, unlike other [Ca?*]i elevating agents, like Ca®*-
ionophores, Tg elevates [Ca®*]i within a physiologically relevant range. Also, using

Tg as a pharmacological tool allows minimal interference with other physiological

pathways, such as inositol phosphates formation or PKC activation.

Therefore, the purpose of this thesis is to examine the effect of elevation of

[Ca?*]i on the GHRH-stimulated cAMP accumulation using the Ca®*-mobilizer, Tg.
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Specifically, this study examined: (1) the effect of Tg on [Ca®*]i in anterior pituitary
cells; (2) the effect of Tg on GHRH-, PACAP-, cholera toxin-, and forskolin-
stimulated cAMP accumulation; (38) the sites of action of Tg on the GHRH-
stimulated CAMP accumulation; (4) the mechanisms through which Tg modulated
the GHRH-stimulated cAMP accumulation, in particular, whether protein kinase(s)
were involved in the effect of Tg on GHRH-stimulated cAMP accumulation; (5) the
effect of Tg versus another Ca®* elevating agent, K*, on [Ca®']i and GHRH-

stimulated cAMP accumulation; and (8) the effect of Tg and K* on GH release.
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il. Materials and Methods

i1.1 Materials

Synthetic rat GHRH and pituitary adenylate cyclase-activating polypeptide
1-38 (PACAP) were obtained from Peninsula Laboratories (San Carlos, CA).
Synthetic rat GHRH was initially dissolved and stored in sterile double-distilled
water at a concentration of 10° M. Further dilutions were made in sterile double-
distiled water. Trypsin, DNAase, albumin, and trypsin inhibitor for the cell
preparation were obtained from Sigma Chemical Corp. (St. Louis, MO). The
acetoxy-methyl ester of fura-2 (fura-2 AM) and BAPTA (BAPTA-AM), which are both
cell permeable, were purchased from Molecular Probes Inc. (Eugene, OR).
Dulbecco’s medified eagle medium (DMEM) were purchased from Gibco (Grand
Isiand, NY). Ciolera toxin, isobutylmethylxanthine (IBMX), (1-(5-
isoquinolinesulfonyl)-2-methylpiperazine (H7), N-(6-aminohexyl)-5-chloro-1-
naphthalenesulfonamide (W7), culture medium, and fetal bovine serum, Triton X-
100, EGTA, and dimethyl sulfoxide (DMSO) were obtained from Sigma Chemical
Corp. (St.Louis, MO). Forskolin and calphostin C were obtained from Calbiochem
(La Jolla, CA). Tg was obtained from Research Biochemicals International
(Natick,MA). ['2I]cAMP was obtained from ICN Immunobiologicals (Lisle, IL). '*°I-

labelled Nal for iodination of GH was obtained from Amersham (Oakville, Ontario).

All other drugs and chemicals were obtained from commercial sources and were
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of the purest grade available. Antibodies for the RIA of CAMP were gifts from Dr.
A. Baukal (National Institute of Health, Bethesda, MD). The antigen, antiserum,
and the reference preparation for the RIA of GH were obtained from the National
Institute for Arthritis, Diabetes, Digestive and Kidney Disease (NIADDK, Baltimore,
Maryland). Sheep anti-monkey antiserum and normal monkey serum were kind

gifts of Dr. G.M. Brown (Clark’s Institute of Psychiatry, Toronto, Ontario).

1.2 Cell Culture

a) Enzymatic dissocation by trypsinization

Male Sprague-Dawley rats (180-200g) were decapitated, the pars nervosa-
intermedia were discarded, and the anterior pituitary glands were collected in ice-
cold phosphate-buffered saline (Appendix 1). The glands were washed 3 times
with phosphate-buffered saline (PBS) and then minced into small fragments. The
fragments were then transferred to the digestion medium consisting of Dulbecco’s
Modified Eagle Medium (DMEM) with trypsin (1 mg/ml) and DNAase
(0.01%,vol/vol). The glands were allowed to incubate in the medium at 37°C in a
shaking water bath. After 12-15 min, the reaction was stopped with fetal calf
serum (10%, vol/vol). The entire solution was then centrifuged at 1500 x g for 8
min. The supernatant was discarded and the pellet was resuspended in PBS.

Dispersion was carried out by triturating the glands with a pipette. The chunks
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were allowed to settle down and the supernatant was transferred to a centrifuge
tube. The trituration was repeated until all the tissue was dispersed. The cell
suspension was then centrifuged at 1500 x g for 8 min. The supernatant was
discarded and the pellet was resuspended in culture medium (DMEM with 10%
Fetal Calf Serum [FCS]). The cells were washed twice and resuspended in the
culture medium. Cell count and viability were determined using trypan blue dye
exclusion method. Cell count was about 10°/gland. Viability was about 80%. The
cells were then plated onto muiti-welled dishes at a density of 1.25-1.50 X 10°
cells/well in 0.3 ml of culture medium. The cells were then incubated under a
humidified atmosphere of 95% air/ 5% CO, at 37°C. After 48 h, the cells were
washed three times with DMEM (without FCS) and equilibrated for 30 min before

performing the experiments.

1.3 Drug treatment

The pituitary cells plated at a concentration of 1.25-1.50 x 10° cells per well
were treated with various drugs. Drugs were dissolved in 200X concentrated
solution in water or DMSO before diluting to the final concentration in DMEM with
0.1% bovine serum albumin (pH 7.4). The plated cells were washed a third time,
and then the medium bathing the cells was replaced medium in which the drugs
were dissolved to the required concentration. The treatment period was 15 min

unless indicated otherwise. At the end of the treatment period, the medium was
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removed and assayed for GH release. Acetic acid (5mM) was then added to the
plate and frozen on dry ice immediately. The plated cells were lysed by alternate
freezing and thawing in 5 mM acetic acid and intracellular accumulation of cAMP

was measured.

il.4 Radioimmunoassay for cAMP

For cAMP measurements, the medium was bioiled for 5 min and assayed
using a radioimmunoassay procedure in which samples are acetylated prior to
analysis (Harper et al., 1975; Ho et al, 1989). For the RIA of cAMP, a 2-day
double antibody radioimmunoassay protocol was used. On the first day, the
standards and the samples were added to glass test tubes followed by the sodium
acetate (NaAc) buffer. The radiolabelled ligand was added to all the tubes, while
the first antibody (B4) was added to all the tubes except for the total and the non-
specific binding tubes. The tubes were then allowed to incubate at -4°C for 24h.
On the second day, the second antibody (sheep anti-rabbit), the carrier (normal
rabbit serum), and polyethylene glycol were added. After incubation for 1h, the
tubes were centrifuged at 3200 x g for 45 min at 4°C. The supernatant was
discarded and the precipitate (pellet) was assessed using a gamma counter
(Cobra Auto-gamm, Canberra Packard, Mississauga, Ontario). Intra- and
interassay coefficients of variation were < 10%. All data are presented as mean

+ /- standard error of the mean (SEM) of cAMP concentration levels in four
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aliquots of wells. The results are expressed as picomoles,/300,000 cells.

iI.5 Radioimmunoassay for Growth Hormone

Growth hormone was assayed using the National Institute for Arthritis,
Diabetes, Digestive, and Kidney disease rat radioimmunoassay kits. Growth
hormone was assayed in quadruplicate by the double antibody RIA and the results
are expressed as nanograms / 300,000 cells. For the RIA of GH, a 3-day double
antibody radioimmunoassay protocol was used. On the iirst day, the standards
and the samples were added to glass test tubes followed by the GH buffer (1%
BSA in 0.025 M EDTA phosphate-buffered saline, pH 7.5, Appendix 2). The
antibody (monkey anti-rGH) was then added and allowed to incubate at -4°C for
24 h. On the second day, the radiolabelled ligand was added to all tubes, which
were then allowed to incubate at room temperature overnight. On the third day,
the second antibody (sheep anti-monkey gamma globulin) and the carrier (normal
monkey serum) were added and allowed to incubate at room temperature for 3 h.
Polyethylene glycol was then added, and the remaining steps were identical to

those used in the cAMP radioimmunoassay procedure.

IL6 Determination of intracellutar Ca®*

Intracellular Ca?* was determined using a fluorescent Ca?* indicator fura-2
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(Rink et al., 1982; Ho et al., 1991). Cells (5 x 10°) were pelleted and resuspended
in culture medium (DMEM with FCS, pH 7.2). The cells were loaded by incubation
with 5uM fura-2 AM for 45 min at 37°C. The cells were then pelleted, washed
twice and resuspended in a fresh buffered salt solution which contained (in mv,.
NaCl 140, KClI 5, CaCl, 2, MgCl, 1.2, KH,PO, 1.2, HEPES 25, and glucose 6: pH
7.2. Aliquots of this suspension (1.5 ml) were transferred to a cuvette for the
fluorometric determination of [Ca®*]i, using @ SLM Aminco DMX1000 fluorescence
spectrophotometer with a thermostatically controlled cell holder fitted with a
magnetic stirrer. Intracellular Ca®* of pituitary cells was determined by monitoring
the ratio of the fluorescence emission signal at 510nm, with the excitation
wavelengths set at 380 nm and 340 nm. The temperature was maintained at 37°C.
Fluorescence signals were recorded continually with a computer. Free ca®*
concentration was calculated according to the equation established by Poenie et
al. (Poenie et al., 1985): [Ca®*]i = Ky x Fy/F, x (R-R,)/(R¢-R) where K, is the
dissociation constant of fura-2-Ca®* complex (225nM), F, and F, are the
fluorescence intensities at 380 nm for free (0) and Ca®*-saturated (s) dye, and R,
R,, and R; are the ratio of the dye fluorescence intensities at 340 nm and 380 nm
for unknown, free and Ca?*-saturated dye respectively. Both F, and R, were
determined by lysing the cells with Triton X-100 (0.1%) while F, and R, were

determined by addition of 10mM EGTA to the lysed cell suspension.
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1.7 Statistical analysis

Data are presented as the means + /- SEM of the arr.ount of cAMP and GH
in four aliquots of cells. Each experiment was repeated at least three times from
different cell preparations which generated consistent results.  Statistical
comparisons were analyzed by unpaired-t tests for cAMP determination and
paired-t tests for [Ca®*]i measurements. Statistical significance was set at P <

0.05.
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lll. Results

I.1. Effect of Tg and GHRH on [Ca®*]i

a) Effect of Tg on [Ca®*]i

Tg has been shown to elevate [Ca®*)i in a variety of cell types. In this
study, the effect of Tg on [Ca?*]i in rat anterior pituitary cells was examined using
fura-2 AM. The resting [Ca®*]i of anterior pituitary cells was 189 +/- 12.9 nM (n
= 4). Addition of Tg (20 M) caused a large transient increase in 'Ca®*]i followed
by a small and sustained increase which lasted at least 10 min (Fig. 7). The peak
[Ca?*]i was 460 + /- 15.9 nM and the sustained component was 263 + /- 14.3 M.
The Tg mediated increase in [Ca®*]i was concentration-dependent (between 0.2
£M to 20 pM). The initial peak of [Ca®*]i for Tg (20 uM) occurred immediately

after addition, while the initial peak for Tg (2 uM and 0.2 pM) was not apparent.

b) Effect of GHRH on [Ca®*]i

GHRH is one of the primary neuropeptides stimulating GH release (Frohman
et al., 1988). Through increased cAMP levels, GHRH is thought to convert voltage
dependent Ca®* channels from a non-functional to a functional form, which in turn

causes a rapid increase in [Ca®*]i, thereby promoting the release of GH via
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exocytosis (Lussier, 1991). In this study, the resting [Ca?*]i of anterior pituitary
cells was 155 +/- 10.4 nM (n = 4). Addition of GHRH (0.1 uM) caused a rapid,

sustained increase in [Ca?']i, which plateaued at 186 + /- 11.5 nM and lasted for

at least 10 minutes (Fig. 8).

c) Effect of Tg on [Ca®*]i in the presence of GHRH

This study determined whether the increase in [Ca?*]iby Tg and GHRH was
additive or non-additive. The increase in [Ca®*]i by GHRH (0.1 pM) and Tg (20
uM) (p < 0.05; Fig. 9) was shown to be not significantly different than that by Tg
alone (p < 0.05; Fig. 7). Neither the initial peak of [Ca®*]i nor the sustained level
of [Ca®*]i were different than Tg's (20 uM) [Ca**]i profie. Therefore, in the

presence of Tg, GHRH did not further elevate [Ca®*]i.

.2 Effect of Tg on basal and GHRH-stimulated cAMP accumulation

The effect of the Ca?*-mobilizer, Tg, on the GHRH-stimulated cAMP
accumulation was examined. Treatment of rat anterior pituitary cells with GHRH
(0.1 M) caused a 55-fold increase in cAMP accumulation (p < 0.05; Fig. 10). Tg
(20 pM) caused a small increase in basal CAMP accumulation, while lower
concentrations of Tg had no effect. Addition of Tg increased the GHRH-stimulated

cAMP accumulation in a concentration-dependent manner. At 20 uM, Tg
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increased the GHRH-stimulated cAMP accumulation by 120% (p < 0.05; Fig. 10).
Pretreatment with Tg for up to 150 minutes did not influence the effect of Tg on the
GHRH-siimulated cAMP accumulation (p < 0.05; Table 3). Therefore, the anterior
pituitary cells do not need to be pretreated with Tg because the effect of Tg on

GHRH-stimulated cAMP accumulation is very rapid.

1.3 Effect of Tg on pituitary adenylate cyclase-activating polypeptide-,

cholera toxin-, and forskolin-stimulated CAMP accumulation

To investigate the possible site(s) of action of Tg, pituitary adenylate
cyclase- activating polypeptide (PACAP), another peptide hormone that also
interacts with a G-protein coupled receptor in anterior pituitary cells (Canny et al.,
1992), cholera toxin, which activates Gs (Cuttler et al., 1993), and forskolin, which
directly activates adenylate cyclase (Downs et al., 1991), were used to stimulate
cAMP accumulation. Treatment with PACAP (0.1 uM) caused a 5-fold increase in
basal cAMP accumulation (p < 0.05; Table 4). Tg (20 uM) further increased the
PACAP-stimulated CAMP accumulation 75% (Table 4). Treatment with cholera
toxin (20 pg/ml) or forskolin (1 pM) increased cAMP accumulation by 6- and 21-
fold, respectively (p < 0.05; Table 4). Tg remained effective in enhancing the
cholera toxin- and forskolin-stimulated cAMP responses by 68% and 155%,
respectively (p < 0.05; Table 4). These observations suggest that the effect of Tg

is not limited to the GHRH-stimulated cAMP accumulation, and that the adenylate:
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cyclase may be one possible site of action for Tg.

.4 Eftfect of Tg on cholera toxin- and forskolin-stimulated cAMP

accumulation in GH, cells

Since the anterior pituitary consists not only of somatotrophs, but a variety
of cell types, a more homogeneous cell type, the pituitary-derived GHj cells, were
used. Cholera tcxin (20 ug/ml) and forskolin (1 kM) both increased basal CAMP
levels by 17-fold (p < 0.05; Table 5). Tg (20 uM) potentiated the cholera toxin-
stimulated cAMP accumulation by 100% and the forskolin-stimulated cAMP
accumulation by 150%, respectively (p < 0.05; Table §). These results suggest
that Tg is effective in potentiating both the cholera toxin- and forskolin-stimulated
cAMP accurnulation in a more homogeneous cell type, GH, cells, at the level of

adenylate cyclase.

1.5 Effect of Tg on GHRH-stimulated cAMP accumulation in the presence

of maximal phosphodiesterase inhibition

To examine the point of interaction between Tg and the GHRH-stimulated
cAMP accumulation, the effect of Tg was determined in the presence of a
phosphodiesterase inhibitor, IBMX. IBMX increased basal and GHRH-stimulated

cAMP accumulation 6- and 2.4-fold, respectively. In the presence of IBMX, Tg
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remained effective in potentiating the GHRH-stimulated cAMP accumulation by 23%
(p < 0.05; Fig. 11), indicating that the effect of Tg is not due to the inhibition of the
phosphodiesterase and that Tg may potentiate CAMP at a point upstream of the
phosphodiesterase. The small increase in basal CAMP by Tg also persisted in

IBMX-treates « s (p < 0.05; Fig. 11).

1.6 Effect of Ca®*-chelators, EGTA and BAPTA-AM, on [Caz*]i and cAMP

accumulation

a) Effect of Tg on [Ca®*]i in the presence of the Ca”* chelator, EGTA

The effect of Tg on [Ca®*]i was examined in the presence of EGTA, a Ca®*-
chelator. ECGTA, in high concentrations, has been shown to "leach” [Ca®*]i out of
essential intracellular Ca?* pools in anterior pituitary cells (Lussier et al., 1988). In
the presence of EGTA (0.5 mM), basal [Ca®*]i decreased to 60 +/- 1.4 nM (n =
4) (Fig. 12). EGTA also inhibited the large and rapid increase of [Ca®*]i evoked
by Tg. In addition to inhibiting the initial rapid rise in [Ca®*}i, EGTA inhibited the
secondary sustained eievated [Ca®*]i evoked by Tg. This suggests that EGTA

inhibits the [Ca®*]i elevating effect by Tg.
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b) Effect of Tg on GHRH-stimulated cAMP accumulation in the presence of

the Ca®*-chelator, EGTA

To determine if the potentiating effect of Tg on the GHRH-stimulated cAMP
accumulation was dependent on the elevation of [Ca®*]i, EGTA, a Ca®* chelator,
was used. EGTA (0.5 mM) was effective in abolishing the increase in [Ca®*]i by
Tg as shown in Fig. 12. Under this condition, the effect of Tg on GHRH-stimulated
CcAMP accumulation was reduced by 63% (p < 0.05; Fig. 13), indicating that the
effect of Tg cn cAMP is mediated through the elevation of [Ca®*]i. Treatment with
EGTA alone also enhanced basal- and GHRH-stimulated cAMP accumulation by
136% and 71%, respectively (p < 0.05; Fig. 13), suggesting that [Ca®*]i may have
a dual effect on GHRH-stimulated cAMP accumulation with basai [Ca?*]i inhibiting
the GHRH-stimulated cAMP accumulation, and high levels of [Ca®*]i potentiating

the GHRH-stimulated cAMP accumulation.

c) Effect of Tg on [Ca**]i in the presence of the intracellular Ca®* chelator,

BAPTA-AM

The effect of Tg on [Ca®*]i was examined in the presence of the membrane
permeable, intracellular Ca®*-chelator, BAPTA-AM. In the presence of BAPTA-AM
(0.1 mM), basal [Ca®*}i decreased to 154 + /- 16.7 nM (n = 4) (p < 0.05; Fig. 14).

BAPTA-AM also inhibited the large and rapid increase of [Ca?*]i by Tg (Fig. 14).
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In addition, a gradual increase of [Ca®*]i was observed, which plateaued at 261
+/-27.5nM (0 = 4), 2 min after Tg treatment. These results suggest that BAPTA-
AM, reduced the large, rapid surge in [Ca®*]i, and significantly suppressed the

gradual increase in [Ca?*]i (p < 0.05; Fig. 14).

d) Effect of Tg on forskolin-stimulated cAMP accumulation in the presence

of the intracellular Ca%*-chelator, BAPTA-AM

To determine if the effect of Tg on the forskolin-stimulated cAMP
accumulation was dependent on elevation of [Caz*]i, BAPTA-AM, an intracellular
Ca®* chelator, was used. Pretreatment with BAPTA-AM (0.1 mM) for 10 min was
effective in abolishing the increase in [Ca®*]i by Tg as shown in Fig. 14. Jnder
this condition, the effect of Tg on forskolin-stimulated cAMFP accumulation was
reduced by 75% (p < 0.05; Fig. 15), indicating that the effect of Tg on CAMP is
mediated through the large, rapid surge in [Ca®*]i. Pretreatment with BAPTA-AM
alone also enhanced basal- and forskolin-stimulated cAMP accumulation by 76%
and 53%, respectively (p < 0.05 for woth; Fig. 15), agair suggesting that [Ca®*]i

may have a dual effect agonist-stimulated cAMP accumulation.
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1.7 Eftect of Tg on GHRH- or forskolin-stimulated CAMP accumulation in the

presence of protein kinase inhibitors

Activation of protein kinase C, a Ca®*-dependent enzyme, has been shown
to enhance the GHRH-stimulated cAMP accumulation (French et al., 19838). To
examine the possible involvement of protein kinase C on the Tg potentiation of
GHRH-stimulated cAMP accumulation, H7, a non-specific protein kinase C inhibitor,
and calphostin C, a more specific inhibitor of protein kinase C, were used. Neither
H7 (0.1 mM) nor calphostin C (0.1 pM) alone had an effect on basal cAMP
accumulation (data not shown). As shown in Tabie 6, H7 had no effect on the Tg
potentiation of the GHRH-stimulated cAMP accumulation. Similarly, calphostin C

also did not affect the Tg potentiation of the forskolin-stimulated cAMP

accumulation (Table 6).

.8 Effect of W7 on the Tg potentiation of GHRH-stimulated cAMP

accumulation

The possible involvement of Ca?* /calmodulin on the increasing effect of Tg
on GHRH-stimulated cAMP accumulation was determined using W7, a specific
inhibitor of Ca?*/calmodulin dependent protein kinases (Schettini et al., 1984).
GHRH (0.1 uM) increased basal cAMP accumulation by 65-fold (p < 0.05; Fig. 16).

W7 (75 pM), which had no effect on basal or the GHRH-stimulated cAMP
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accumulation (p < 0.05; Fig. 16), abolished the potentiating effect of Tg on the
GHRH-stimulated cAMP accumulation (p < 0.05; Fig. 16), suggesting that the
pctentiation of the GHRH-stimulated cAMP accumulation by Tg is mediated

through a Ca®*/calmodulin dependent mechanism.

.9 Effect of K* on [Ca®*]i and cAMP accumulation

a) Effect of K* on [Ca®*]i

K*, in depolarizing concentrations, has been shown to elevate [Ca®*]iin a
variety of cell types, including anterior pituitary cells (Lussier, 1988). In this study,
the effect of K* on [Ca?*]i in rat anterior pituitary cells was examined using fura-2
AM, so that K* could be compared to the [Ca®']i elevation evoked by the
intracellular Ca?*-mobilizer, Tg. The resting [Ca®*]i of anterior pituitary cells was
189 +/- 12.9 nM (n = 4). Addition of K* (30 mM) caused an increase of [Ca®*]i

to a sustained level of 248 +/- 8.6 nM (n = 4) (Fig. 17).

b) Effect of K* on GHRH-stimulated cAMP accumulation

To determine if other Ca®* elevating agents had a similar potentiating effect
on cAMP accumulation similar Tg, a depolarizing concentration of K* was used.

K*, as shown in Fig. 17, was shown to elevate {Ca®*}i in anterior pituitary
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somatotrophs, by inducing the influx of Ca®* across the plasma membrane
(Lussier et al., 1988). K* (30 mM) was shown to inhibit basal levels of CAMP
accumulation by a small, yet significant amount (p < 0.05; Fig. 18). K* (30 mM)
was shown to inhibit the GHRH-stimulated CAMP accumulation by 85% (p < 0.05;
Fig. 18). Thus, the two Ca®* elevating agents, Tg and K*, were shown to have

very different effects on the GHRH-stimulated cAMP accumulation.

.10 GHRH- and FSK-stimulated cAMP accumulation in the presence of

lower concentration ranges of Tg

Since K* was shown to have inhibitory effects on the GHRH-stimulated
CAMP pathway, and K* (30 mM) was shown to increase [Ca®*]i to lower elevations
than Tg (20 M), the possibility that differeit concentrations of [Ca®*]i effect
adenylate cyclase activity differently was examined. To determine if Tg may have
a dual effect on adenylate cyclase activity, the effect of Tg on the GHRH-, PACAP-,
and forskolin-stimulated cAMP accumulation was investigated over a wider range
of concentrations. Tg, 20 uM, was shown to enhance the GHRH-stimulated CAMP
accumulation by 92%; while Tg, 0.02 M, inhibited the GHRH-stimulated cAMP
accumulation by 43% (p < 0.05; Table 7). Also, Tg, 20 uM, was found to
potentiate the forskolin-stimulated cCAMP accumulation by 81% (p < 0.05; Table 7),
while Tg, 0.2 uM, was found to inhibit the forskolin-stimulated cAMP response by

45% (p < 0.05; Table 7). Finally, Tg, 20 uM and 2 uM, were found to increase the
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PACAP-stimulated cAMP accumulation by 75% and 71%, respectively, while Tg
(0.02 M) was shown to inhibit the PACAP-stimulated cAMP levels by 54% (p <

0.05; Table 7).

.11 Effect of Tg, K*, and GHRH on GH release

Increases in [Ca®*]i have been shown to release GH via the process of
exocytosis (Lussier et al., 1991). This study examined the effect of Tg, K*, and
GHRH on GH release from rat anterior pituitary somatotrophs. All three Ca?*
elevating agents were expected to and were found to increase the release of GH.
Basal levels of GH released from the rat anterior pituitary somatotrophs were found
to be 94.3 + /- 38.9 ng/well (n = 4). Tg (20 uM) increased GH release by 3.5-fold,
while K* (30 mM) increased the GH release by 3-fold (p < 0.05; Fig. 20). GHRH
(0.1 uM), the primary neuropeptide responsible for the release of GH, increased
basal GH release by 2.8-fold (p < 0.05; Fig. 20). Tg (20 uM) increased the GHRH-
stimulated GH release by 65%, while K* (30 mM) increased GHRH-stimulated GH

release by 25% (p < 0.05; Fig. 20).
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Figure IlI-1. Effect of thapsigargin (Tg) on [Ca?*]i in anterior pituitary cells. Cells
were loaded with fura-2 and treated with varicus concentrations of Tg (a = 20 uM,
b = 2 uM, and ¢ = 0.2 uM). Ratio of the fluorescence emission signal at 510 nm
with the excitation wavelengths set at 340 and 380 nm was continually recorded
and calibrated as described. The tracing is representative of at least 3

experiments.
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Figure lll-2. Effect of GHRH on [Ca®*]i in anterior pituitary cells. Cells were
loaded with fura-2 and treated GHRH (0.1 uM). Ratio of the fluorescence emission
signal at 510 nm with the excitation wavelengths set at 340 and 380 nm was
continually recorded and calibrated as described. The tracing is representative of

at least 3 experiments.
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Figure Mi-3. Effect of GHRH and Tg on [Ca®*]i in anterior pituitary cells. Cells
were loaded with fura-2 and treated with Tg (20 uM) and GHRH (0.1 gM). Ratio
of the fluorescence emission signal at 510 nm with the excitation wavelengths set
at 340 and 380 nm was continually recorded and calibrated as described. The

tracing is representative of at least 3 experiments.
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Figure IlI-4. Effect of Tg on GHRH-stimulated cAMP accumulation. Rat anterior
pituitary were incubated with GHRH (0.1 pM) in the presence of graded
concentrations of Tg. At the end of 15 min, the cellular cAMP content was
determined. Each point represents the mean + /- SEM of cAMP determinations
on four samples of cells.
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Table 1-3. Effect of duration of pretreatment with Tg on GHRH-stimulated cAMP

accumulation

Treatment

Duration of Pretreatment
with Tg (min)

cAMP
(pmoles/108 cells)

Control

GHRH (100 nM)

GHRH (100 nM) + Tg (1 uM)
GHRH (100 nM) + Tg (1 uM)
GHRH (100 nM) + Tg (1 pM)
GHRH (100 nM) + Tg (1 gM)

GHRH (100 nM) + Tg (1 uM)

30
60

150

1.31 +/- 0.23
52.17 /- 6.82
74.48 +/- 2.30°
73.86 +/- 1.67
76.32 +/- 2.34"
82.52 +/- 11.89°

81.4] +/- 5.86"

Each value represents the mean +/- SEM of ¢cAMP determination done on four samples of

cells.

* Significantly different from treatment with GHRH (100 nM); p < 0.05. There was no
difference in cAMP accumulation among the groups with different duration of pretreatment.
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Table I-4. Effect of Tg on PACAP-, cholera toxin-, and forskolin-stimulated cAMP

accumulation

Treatment cAMP
(pmol/ 108 cells)

Control 2.09 +/- 0.30

PACAP (0.1 pM) 10.40 +/- 0.66

PACAP (0.1 pM) + Tg (20 pM) 18.22 +/- 1.72°

Cholera toxin (20 pg/ml)

Cholera toxin (20 pg/ml) + Tg (20 uM)
Forskoiin (1 gM)

Forskolin (1 pM) + Tg (20 uM)

22.35+/- 0.79°
44.05 +/~ 1.75

113.50 +/- 14.95°

Each value represents the mean +/- SEM of ¢cAMP determination done on four samples of

cells.

* Significantly different from the corresponding treatment without Tg; P < 0.05.
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Table 1-5. Effect of Tg on cholera toxin- and forskolin-stimulated cAMP accumulation in
GH, cells

Treatment cAMP
(pmol/ 108 cells)
Control .95 +/-0.38
Tg (20 uM) 4.15 +/- 0.24
Cholera toxin (20 pg/ml) 68.09 +/- 4.70
Cholera toxin (20 pg/ml) + Tg (20 uM) 129.38 +/- 9.72"
Forskolin (1 pM) 65.5! +/-3.18
Forskolin {1 uM) + Tg (20 p) 164.15 +/- 21.6"

Each value represents the mean +/- SEM of cAMP determination done on four samples of
cells.

" Significantly different from the corresponding treatment without Tg; P < 0.05.
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Figure 11I-5. Effect of Tg on GHRH-stimulated cAMP accumulation in the presence
of maximal phosphodiesterase inhibition. Rat anterior pituiiary cells were incubated
with GHRH (0.1 pgM) and Tg (20 uM) in the presence or absence of a
phosphodiesterase inhibitor, IBMX (1 mM). At the end of 15 min, the cellular
cAMP content was determined. Each point represents the mean +/- SEM o
cAMP determinations on four sampic. of cells.
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Figure I-6. Effect of Tg on [Ca”™*]i pretreated with the Ca®*-chelator, EGTA, in
anterior pituitary cells. Cells were loaded with fura-2 and treated with Tg (26 uM)
in the preseince of EGTA (0.5 mM). Ratio of the flucrescence emission signal at
510 nm with the excitation wavelengihs set at 340 and 380 nm was continually
recorded and calibrated as described. The tracing is representative of at least 3
experiments.
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Figure l1I-7. Effect of Tg on GHRH-stimulated cAMP accumulation in the presence
of the Ca2*-chelator, EGTA. Rat anterior pituitary cells were incubated :»ith GHRH
(0.1 M) and Tg (20 uM) in the presence or absence of the extracellular Ca®*
chelator, EGTA (0.5 mM). At the end of 15 min, the cellular cAMP content was
determined. Each point represents the mean + /- SEM of cCAMP determinations

on four samples of cells.
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Figure Il-8. Effect of Tg on [Ca?*]i in the presence of the intracellular Ca®*
chelator, BAPTA-AM, in anterior pituitary cells. Cells were loaded with fura-2 and
treated with Tg (20 uM) in the presence or absence of BAPTA-AM (0.1 mM).
BAPTA-AM required a 10 min pretreatment period (a = 7g; b = Tg + BAPTA-AM.
Ratio of the “.orescence emission signal at 510 nm with the excitation wavelengths
set at 340 and 3.: nm was continually recorded and calibrated as described. The

tracing is representative of at texst 3 experiments.
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Figure 1lI-9. Effect of Tg on forskolin-stimulated cAMP accumulation in the
presence of the intracellular chelator, BAPTA-AM. Rat anterior pituitary celis were
incubated with forskolin (1 uM) and Tg (20 uM) in the presence or absence of the
intraceliular Ca2*-chelator, BAPTA (0.1 mM). BAPTA-AM required a 10 min
pretreatment period. At the end of 15 min, the cellular caMP content was
determined. Each point represents the mean +/- SEM of cAMP determinations

on four samples of cells.
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Table 1-6. Effect of calphostin C and H7 on the potentiation of Tg on GHRH- and

forskolin-stimulated cAMP accumulation

cAMP

Treatment
(pmoles/lO6 cells)

Experiment i

Control 1.59 +/- 0.18
GHRH (100 nM) 30.96 +/~ 3.45
GHRH (100 nM) + H7 (0.1 mM) 29.79 +/- 2.85
GHRH (100 nM) + Tg (20 pM) 55.95 +/- 6.15°
GHRH (100 nM) + H7 (0.1 mM) + Tg (20 pM) 52.50 +/- 7.02°
Experiment II
Control 1.06 +/- 0.12
Forskolin (1 gM) 38.32 +/- 4.96
Forskolin (1 pM) + Calphostin C (1 uM) 33.64 +/- 2.30
Forske in (1 pM) + Tg (20 uM) 86.38 +/- 7.66
Forskolin (1 gM) + Calphostin C (1 pM® r Tg (20 pM) 97.42 +/- 17.107

Each value represents the mean +/- SEM of cAMP determinations done on four samples of
cells.

" Significeatly different from treatment without Tg; P < 0.05.
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Figure IlI-10. Effect of Tg on GHRH-stimulated cAMP accumulation in the
presence of a Ca®*/calmodulin inhibitor, W7. Rat anterior pituitary cells were
incubated with GHRH (0.1 uM) and Tg (20 eMj in the presence or absence of a
Ca®* /calmodulin inhibitor, W7 (75 M). At the end of 15 min, the cellular CAMP
content was determined. Each point represents the mean +/- SEM of CAMP
determinations on four samples of cells.
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Figure ll1-11. Effect of K* on [Ca?*]i in anterior pituitary cells. Cells were loaded
with fura-2 and treated with a depolarizing concentration of K* (30 mM). Ratio of
the fluorescence emission signal at 510 nm with the excitation wavelengths set at
340 and 380 nm was continually recorded and calibrated as described. The
tracing is representative of at least 3 experiments.
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Figure li-12. Effect of K* on GHRH-stimulated cAMP accumulation. Rat anterior
pituitary cells were incubated with and K* (30 mM) in the presence or absence of
GHRH (0.1 uM). At the end of 15 min, the cellular cAMP content was determined.
Each point represents the mean + /- SEM of cAMP determinations on four samples
of cells.
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Table I-7. GHRH-stimulated cAMP accumulation in the presfuce’ 1ower concentrations

of Tg

Treatment

cAMP

(pmol/ 108 cells)

Experiment I
Control
GHRH (100 aM)
GHRH + Tg (20 pM)
GHRH + Tg (2 pM)
G''RH + Tg (0.2uM)

GHRH + Tg (0.02uM)

Experiment 11
Control
Forskolin (1 pM)
Forskolin + Tg (20 uM)
Forskolin + Tg (2 pM’

Forskolin + Tg (0.2 pM)

Experiment III
Control
PACAP (100 nM)
PACAP + Tg (20 uM)
PACAP + Tg (0.2 pM)

PACAP + Tg (0.02 uM)

1.48 +/- 0.39
78.23 +/- 1.51
149.93 +/- 11.71°

89.37 +/- 6.80
57.75 +/- 10.85

44.74 +/- 2.54"

0.53 +/- 0.16
26.72 +/- 1.21
48.26 +/- 5.18"
24.48 +/- 2.48
14.86 +/- 1.47*

0.71 +/- .003
5.20 +/- 0.33
9.11 +/- 0.86
8.88 +/- 1.03°

2.37 +/- 0.67F

Each value represents the mean +/- SEM of cAMP determinations done on four samples of

cells.
i

) Significantly higher than treatment with GHRH, FSK, or PACAP; P < 0.05.
* Significantly lower than treatment wiith GHRH, FSK, or PACAP; P < 0.05.
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Figure 111-13. Effectof Tg and K* on GH release. Rat anterior pituitary cells were
incubated with Tg (20 uM) and K* (30 mM) in the presence or absence of GHRH
(0.1 uM). At the end of 15 min, the medium was removed and assayed for GH
levels. Each point represents the mean + /- SEM of GH determinations done in

duplicated on four samples of cells.
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Discussion

Intracellular Ca®* has been long recognized as a potentially important
modulator of the cAMP / adenylate cyclases system (Warhurst et al., 1994).
Functional interactions between elevation of [Ca®*]i and adenylate cyclases have
been reported in several studies (Amiranoff et al., 1983; Caldwell et al., 1992).
Incubation of membranes from several cell types with micromolar concentrations
of Ca®* stimulates a significant increase in adenylate cyclase activity Amiranoff et
al., 1983; Caldwell et al., 1992). Indeed, more and more data suggest that Ca®*
can stimulate or inhibit particular Ca®*-sensitive adenylate cyclase isoforms as, or

more, effectively than G-protein a-subunits (Tang et al., 19¢2: lyengar, 1993).

In this study, the interaction between Ca?* and GHRH-stimulated cAMP
accur- ition in rat anterior pituitary cells was investigated using the Ca?*-
mobilizer, Tg. It was found that Tg potentiated the GHRH-stimulated cAMP
accumulation in a concentration-dependent manner. Since Tg selectively elevates
[Ca®*]i without promoting the breakdown of phosphatidy! inositols, the effect of Tg
on the GHRH-stimulated cAMP accumulation was likely mediated by Ca?*, either
directly or indirectly through a Ca®*-calmodulin dependent protein kinase, rather
than through phosphatidylinosito! turnover or translocation of protein kinase C
(Thastrup, 1990; Houslay, 1991; van den Berghe et al., 1992). A similar effect on

the GHRH-stimulated cAMP accumulation has been observed with the Ca?*-
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ionophore, A23187 (Schettini et al., 1984).

IV.1 Thapsigargin and intracellular Ca*

Tg's effect on [Ca®*]i in rat anterior pituitary cells is similar to its effect on
other cell types, such as hepatocytes, platelets, and parotid acinar cells (Takemura
et al.,, 1990; Thastrup et al.,, 1989). Previous studies, in these cell types, have
shown that Tg mobilizes [Ca®*]i in two phases: (1) the early phase of [Ca®']i
derived from mainly the intracellular Ca®* pool; (2) the secondary or sustained
phase, which is dependent on extracellular Ca?* moving across the plasma
membrane (Takemura et al., 1990). In our study, Tg is also shown to increase
[Ca?*]i biphasically. There was first a rapid, initial increase from 189 to 460 nM,
followed by a sustained increase in [Ca®*]i (263 nM). The first phase was
presumably due to the inhibition of the 1,4,5-IP3 sensitive ER Ca?*-ATPase by Tg,
which was immediately followed by the efflux of Ca?* through "leakage” channe's
on the membrane of the ER. Pretreaimant v the intraceliular Ca?* chelator,
BAPTA, blocked the initial, rapid increase in [Ca®*]i by Tg. The second phase was
probably due to Ca®* influx across the plasma membrane triggered by thz
emptying of the intracallular Ca2*-stores (possibly due to Ca®*-mertiated Ca®"
channels). The Ca®* chelator, EGTA, was found to inhibit the second or sustained
phase of Ca®*-entry. These experiments provide support for the mos? tundarmental

concept of the "capacitance Ca?*-entry model", which states that the Ca®* content
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of agonist- and 1,4,5-IP3-regulated intracellular Ca®* pool is the primary
deterrminant of the rate of Ca?* entry across the plasma membrane (Putney, 1986).
In other words, it seems that, in anterior pituitary cells, Tg acts az a useful
pharmacoiogical marker in understanding Ca®* influx which adheres to the
capacitative entry model. Our proposed model of Ca’*-entry from the extracellular
space appears to be a highly-regulated Ca?*-signalling systern through which the
rate of entry of Ca?* across the plasma membrane can be closely co-ordinated
with the extent of depleticn of intracellular Ca?* stores, unlike some other cell
sypes, such as NG115-401!. neuronal cells (Jackson et al, 1988), in wh' n ca*”

entry in dependent ori the formation of inositol phosphates.
IV.2 Intraceilular Ca®* elevation; the key to thapsigargin’s effect

With respect to the mechanism through which Tg mediates ctfect on
GHRH- or agonist-stimulated CAMP accumulation, our results strongly indicate e
involvement of increased [Ca®*}i levels. Tg has been repcrted to have Ce “
independent actions in rat anterior pituitary cells (Pepparell ei al., 1990). However,
pretreatment with the intracellular Ca®* chelsior, BAPTA, which, as stated
praviously, blocked the initial, rapid elevetion of [Ca™*]i, and was also efiective in
inhibiting the potentiating effect of Tg on agonist-stimulated CAMP accumulation,
which suggests that the initial, rapid mobilization of Ca®* from intracellular stores

by Tg is necessary for its potentiation of the agonist-stimulated cAMP
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accumulation. EGTA, the Ca®’, chelator was also successful in attenuating the
ernhzncement of agorist-stimulated cAMP response by Tg suggesting that
extre lar Ca®* may also be a necessary component of Tg's potentiating eifect.
#though some reported effects of Tg have been attributed solely to the depletion
of intraceliular Ca®* stores (Ghosh et &', 1991), our results indicate that this is an

unlikely explanation since the durz:on of pretreatment did not alter the effect of Tg.

IV.3 The site: ¢f interaction b2+ .n thapsigargin and the agonist-stimuiated

CAMP pathway

An interesting aspect of the interaction between CAMF . ~d Ca®* in anterior
pituitary cells is that Tg, which elevates {Ca**]i within a physiciogically relevant
range, unlike many Ca®* ic ~~phores (Warhurst et al., 1994}, appears to "sensitizs"
or increase wne rate of agonist-stimulated cAMP synthesis. Several observations
suggest that at least one site of interaction between Tg and the agonist-stimulated
cAMP pathway is at the level of the adenylate cyclase. First, the potentiation by
Tg of the @HRH- and PACAP-stimulatec cAMP accumulaiinn suggesting that Tg
probably interacts with the cAMP signal transduction paiiway downstream of the
GHRH and ' ACAP receptors. The reascn being is that GHRH receptors and
PACAP receptcrs share common downstream components, such as the G-
proteins and the adenylate cyclases, along the cCAMP signal transduction pathway

(Canny et al., 1992). However, there is a very small possibility that Tg interacts at
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ti, - receptor level for both the GHRH- and PACAP-stimulated cAMP accumulation

because GHRH and PACAP receptors have been shown to share sequence

homology.

The second line of evidenca that Tg acts at the level of adenylate cyclase
is thet Tg remained effective in potentiating the cholerz toxin- and forskolin-
stimulated cAMP accumulation. This result was also shown in the pituitary-deriver
GH, tumcur cells, which are a much more homogeneous population of cells than
anterior pituitary cells. This suggests thet Tg muct act downstream of the G-
protein, and that at least one point of interacton between Tg and the agonist-

stimulated c¢..>1P pathway must be the adenylat. .~ycie

The third obs: vaticn that strongly sucgested that Tg acted at the ievel of
adenylate cyicse was that the effect of i) persisted in the presiince of maximal
phosphodiesterase inhibition using IBMX, suggesting that the =ffect of Tg on
agonist-stimulated cAMP accumulation is mediated through increased synthesis of
c.\MP through adenylate cyclase activation rather than an inhibition of the

hydrolysis ot cAMP, which is mediated through ph. - ..0diesterase activation.

71



IV.4 Calmodulin; an intracellular mediator of thapsigargin’s effect

Frctein kinase C has been implicated as an important modulator in several
cell types (Warhurst et al., 1994). Protein kinase C was shown to potentiate basal-
and syonist-stimulated cAMF accumulation in GH, pituitary ceils (Quilliam et ai.,
1989), p-lymphocytes (W-- -er et al., 1238), and rat pin2=ics, s (Sugden et al.,
1985). Also, elevation of |Ca®*]i was shown to activate piotein kinase C and
protein kinase C activators have been shown to increase GHRH-stimulated cCAMP
accumulation (French et a'.,, 1989). Tg, as stated vefore, selectively raises [Ca®']i
without activating phosphatidyl inositol or translocation of proteirs kinase C
(Thastrup, 1990; van den Berghe et al., 1992). However, elevated [Ca®*]i has
been shown to activate protein kinase C on its own, and Tg has been shown to
increase protein kinase C, via elevated [Ca%*)i. in some cell “pes, such as
platelets (Thastrup et al., 1989). Therefore, to determine if Tg mediated its
p. envating effect on agonist-stimulate.. CAMP accumulation via the activation of
protein kinase C, protein kinase C inhibitors, H7 and calphostin C (a more specific
protein kinase innibitar), were used. Our results indicate that the potentiating effect
of Tg is independerit of protein kinase C activation. This is based on the

observations that H7 and calp.0stin C do not affect the Tg potentiation of agonist-

stimulated cAMP accumulation.

Although a direct effect of [Ca?*]i on adenylate cyclase activity has been

72



reported in several cell types (Cooper et al., 1995), our resuits strongly indicate
that the action of Tg is radiated through a Ca?*/calmodulin dependent protein
kinase since W7, a specific Ca®* /calmodulin inhibitor, abolished the potentiating
sifect of Tg on the agonist-stimulated cAMP accumulation. Indeed, it has been
well established that the stimulation of types |, Ill, and VIl adenylate cyclases is
mediated by calmodulin, which can be removed or added back, restoring Ca®*
sensitivity (Bakalyar st al., 1990; Yoshimura et al., 1992; Tang et al., 1892). Itis
most likely that Tg. via elevated [Ca®*]i, activates the type | adenylate cyclase
(Ca®* /calmodulin dependent adenylate cyclase), since it has been shown that the
concentration of Ca?* that stimulates the type } adenylate cyclase is in the normal
p* siological range (0.1 - 1 uM), whereas the stimulation of types Ili and type Vil
is by supra-physiological Ca®* ccncentrations (> 1xM) (Yoshimura et al., 1992;
Choi et di, 1992). Consistent with these observations is a previous report
demii srraiing that submicromolar Ca?*-concentrations were stimulatory to the
pituitary adenylate cyclase and that exogenously added calmodulin enhanced ca®t
stimulation of the adenylate cyclase in pituitary cell membranes (Schettini et al.,
1984). Other studies, by Warhurst et al. (1994), have shown in broken cell
preparations that calmodulin in the presence of > 1 uM free Ca?* caused
stimulation of forskolin-activated adenylate cyclase (Warhurst et al., 1994). The
precise mechanism through which Tg activates the Ca®* /caimoduin dependent
protein kinase, which in turn modulates £he anterior pituitary adenylate cyclases

remains to be investigated.
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IV.5 Intracellular Ca?* and agonist-stimulated cAMP accumulation

Another interesting observation, in the present study, is that pretreatment
with BAPTA was found to enhance basal- and forskolin-stimulated cAMP
accumulation suggesting that reducing [Ca®*]i could also erhance agonist-
stirnulated cAMP accumulation. EGTA, in our study, was also found to increase
basal- and GH3H-stimulated cAMP accumulation. !creases in basal- and GHRH-
stimulated cAMP accumulation has been previously observed with a Ca**-free
medium or treatment with EGTA in anterior pituitary cells (Lussier et al., 1988}
Therefore, Ca?* appears to have a dual effect on agonist-stimulated cAMP
accumulation. At [Ca®*]i elevations around basal level, [Ca®*)i inhibits basal- and
agenist-stimulated cAMF accurnuiadon, and higher concentrations of [Ca®*]i
potentiating basal- and agonist-stimulated CAMP accumulation. This biphasic effect
of Ca2* on adenylate cyclase activity has =lso been observed iin siudies using
several cell-‘ree systems (Warhurst et al., Tuv4; Amiranoff et al.. 1983, Caldwell et

al., 1992; MacNeil et al., 1985).

There are various possible explanations for the dual effect of [Ca®*}i on
cAMP accumulation in rat anterior pituitary cells. It is possible that at basal or
slighty elevated levels of [Ca®*]i that there is no activation of the Ca®* -calmodulin
dependent kinase. Therefore, the Ca?* /camoduiin dependent adenylate cyclase

is not activated. However, at these levels of tasal or slightly elevated [Ca®']i
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levels, such as with K* (30 mM) or Tg (lower concentration ranges such as 0.2 or
0.02 uM), it is possible that [Ca®*]i activates a Ca?* /calmodulin dependent
phosphodiesterase, thereby decreasing agonist-stimulated cAMP accumulation
(Conti et al., 1991). A further possibility is that, at basal or slightly elevated [Ca®*]i,
there is a Ca?®'-dependent inhibition of adenylate cyclase activity (adenylate
cyclase V or VI, which are Ca?*-inhibitable adenylate cyclases isoforms), in which
calmodulin does not seem to be mediating this inhibitory effect (Yoshimura et al.,
1992; Boyajian et al., 1991). This inhibition of adenylate cyclase activity by ca®*
could also acrount for the decrease in cAMP accumulation. Therefore, when
BAPTA and EGTA are added, the decreased basal [Caz“]i enhances CAMP
accumulation by removing the inhibitory effect of basal or siightly elevated levels
of I~~2*% nn a Ca?*-inhibitable adenylate cyclase isoform or a Ca®* /calmodulin

‘hosphodiesterace, thus increasing cAMP accumulation. This inhibition
ot .. snist-stimulated cCAMP accumulation by lower zlevatiors of [Ca®*li has been
reported in anterior pituitary cells (Narayanan et al., 1689) and in other cell types

(Yu et al., 1993).

In comparison, a large elevation of [Ca®*]i, such as thot mobilized by Tg or
A23187 (Schettini, 1984}, potentiates the adenylate cyciase pathway by activating
a Ca?*-calmodulin dependent adenylate cyclase isoform (Type |, lll, or viil
adenylate cyclase isoforms), and thus increasing the rate of synthesis of CAMP.

Another possibility could be that [Ca?*]i at all concentrations activates a
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£3a%* /calmodulin dependent phosphodiesterase or Ca®*-inhibitable adenylate
syalase isoform, thereby decreasing CAMP accumulation, and only at higher levels
of [Ca"*'}i. such as that evoked by Tg, is the rate of activation of the
Ca?* /calmodulin dependent adenylate ¢ /clase greater than the rate of hydrolys’'s
of cAMP caused by the Ca®* /calmodulin Jspendent phosphodiesterase or the
inhibition of CAMP formation caused by a Ca®*-inhibitatile adenylate cyclase
isoform (Type V or VI adenylate cyclase isoforms), thus resulting i <. increase in

basal- and agonist-stimulated CAMP accumulation.

Indeed, it has been shown in varicus studies that there are multiple
adenylate cyclase isoforms expressed in one cell type (Yu et al., 1993) and there
is an optimal concentration of [Ca?*]i needed for activation of each of the different
adenylate cyciase isoforms (Cooper et al., 1995; Ishikawa et al., 1992) and
activation of the Ca2*-calmodulin dept. ¥~ * chosphodiesterase (Conti et al.,
1991). An interesting characteristic of some or ine adenylate cyclase isoforms is
that, in some cell types, the Ca?*-inhibitable adenylate cyclase isoforms are
inhibited in a similar concentration range that Ca®* activates the Ca®* /calmodulin
adenylate cyclase isoforms (Yu, 1993). Therefore, we suggest that the regulation
of CAMP accumulation by {Ca®*]i in rat anterior pituitary cells is very complicated
because there inay be different isoforms of the adenylate cyclase present, which
are activated and inhipited by different elevations of [Ca‘?*]i. The situation is further

complicated by the possible role of Ca?* in activating the Ca?* /calmodulin
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dependent phosphodiesterase, thus promoting the hydrolysis of cAMP (Fig. 20).

IV.6 intracellular Ca®* and growth hormone release

It is expected that vesicle or peptide hormone release from most
secretagogues is dependent on Ca?* (Schettini, 1984), therefore it came as no
surprise that Tg and K* both increased the basal-  'd GHRH-stimulated GH
release due to increased [Ca?*]i levels. Tg slightly enhanced GH release more
than K*. However, these results should be viewed with caution because it is very
difficult to differentiate between the direct effects of [Ca®*]i on growth hormone
release and the indirect effects of {Ca®*]i on growth hormone release, such as the

poientiation or inhibition of CAMP accumulation.

V.7 suramary

In summary, the synergistic interaction between the Ca’*-signalling pathway
and agonist-stimulated cAMP accumulation in rat anterior pituitary cells was
characterized using Tg. Tg, as a novel pharmacological tool, allowed us 10
examine the interaction of [Ca®*]i and agonist-stirnutatec: cCAMP accumulation, with
minimal interference of other signal transduction pathways. This study raised the
possibility of multiple mechanisms, which appéar to be involved in the interaction

between these two signalling systems. In addition to the possible direct effects of
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Ca%* on cAMP metabolism, such as a Ca®*-inhibitable adenylate cyclase iscform,
a Ca®* /calmodulin dependent protein kinase also appears to be invoived in the
increased rate of activity of a Ca®*/calm..i.lin-stimulated ader:'ate cyclase
isoform, thus - “nictn] the increase in cANMP accumulation. A C= ~ ‘calmodulin
dependent ++z..n kinase may also be involved in the activation of a
phosghodiesterase. The interaction between different levels of [Ca?*]i and the
GHRH- and other agonist-stimulated cAMP accumulation could play a crucial role
in the understanding of the regulation of growth hormone release in anterior

pituitary somatotrophs, and hormone secretion in many other cell types.
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SUMMARY

os AC or PDE cAMP
Treatment [Ca=T]i activity accumulation
Tg (20 uM) High stimulates AC . increased
(> 300 nM) (Type I, IIl, VIII AC)
+
K(30 mM) Basal or inhibits AC
Tg (0.2 uM) ) (Type V or Vi AC) )
Tg (0.02 uM) slightly vecreased
elevated stimulates
Control (150 aM - 300 nM) » DE
BAPTA (0.1 mM} stimulates AC
(Type V or VI AC)
Low increased
(< 150 nM) inhibits
EGTA (0.5 mM) DL

Figure 1IV-1. Summary: hypothetical model for regulation

cAMP accumulation by [Ca?*]i.
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V. Future studies

a) Effects of Ca2* and calmodulin on adenylate cyclase activity and

phosphodiesterase activity

It has been determined that Tg, via the elevation of [Ca®*]i, potentiates the
GHRH-stimulated cAMP accumulation and also stimulates GH release from rat
anterior pituitary cells. The exact poini and mechanism of interaction between
[Ca?*}i, or a Ca?*/calmodulin dependent protein kn~se, and the cAMP signal
transduction pathway (hormone-receptor-G, protein-adenylate cyclase) remains to
be determined. A study of the effects of Ca?*, the Ca®* /calmoaulin complex, and
Tg, by itself, on the pituitary acenylate cyclase and the pituitary phosphodiesterase

would likely prove tc be a useful study.

b) Isolation and purification cf adenylate cyclase isoforms in anterior

pituitary cells

It has been determined that it is likely that Tg, via a Ca?* /calmodulin
dependent protein kinase, activates an adenylate cyclase. K* was shown ta irhibit
cAMP accumulation, possibly via a Ca?*-inhibitable adenylate cyclase isoform. It
would be a useful study to isolate and purify different adenylate cyclase isoforms

in anterior pituitary cells to explain the biphasic efiects or [Ca®*]i or agonist-
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stimulated cAMP accumulation. It miay be possit.2 to isolate and purify a
Ca?* /calmodulin dependent protein kinase (Types I, IIl, Vill adenylate cyclases)
to explain Tg's potentiation of agonist-stimulated cAMP accumulation, and it may
also be possible to isolate and purify & Ca?*-inhibitable adenylate cyclase isoform
(Types V and VI adenylate cyclases) to explain the inhibition by K* of agonist-

stimulated cAMP accumulation.
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Appendix 1

Phosphate-Buffered Saline

Sodium Chloride 140 mM
Potassium Chioride 2 mM
Sodium Phosphate Dibasic 10 mM
Potassium Phosphate Monobasic 2 mM
pH 7.4
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Appendix 2

Buffer for GH RIA

Sodium Phosphate Dibasic 10 mM
Sodium Chloride 145 mM
Disodium Ethylenediamine Tetracetate 25 mM
Bovine Serum Albumin 10 g
Merthiolate 200 mg
pH 7.6

95



Appendix 3

Fura 2 Medium

Sodium chloride 140 mM
Potassium chloride 5mM
Calcium chloride 2 mM
Magnesium chloride 1.2 mM
Potassium phosphate monobasic 1.2 mM
HEPES 25 mM
Glucose 6 mM
pH 7.2
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