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It is well estabhshed that LH action is mediated prlmarrly byi:adenylate
cyclase/ cAMP Conversely, the role of inositol phosphate/ calc1um in LH
signalling has only recently been investigated. We examined the, effects of
gonadotrophms on intracellular calcium mobilisation in HEK293 cells trah-
siently transfected with human wild type or chimeric gonadotrophm receptors
(n=3400). Intracellular free calcium concentration was measured usmg fura-2
microspectroﬂuorirnetric techniques. Human LH (2-4 pug/ml) and CG (10
IU/ml) consistently evoked oscillatory calcium 51gnals in HEK293 cells trans-
fected with hLHr, whereas hFSH (2-4 pg/ml) failed to e11c1t any calc1um re§-
ponses. Both hLH and hFSH failed to elicit a calcium response frorln HEK2§3
cells transfec_ted with hFSHr. Pre-treatment of transfected HEK293§cells Witjh
pertussis toxln (100 ng/ml) or with U-73122 (10 u.lVI), a phospholipase C inhibii—
tor, negated all gonadotrophin-evoked calcium mobilisat_ion. Our Stl;ldy of ch:i-
meric gonh_dotrophin receptor.s; show that the carboxy?terminal thjird of tli\e
hLHr is crucial in evoking intracellular calcium changes., Althouéh VarlOIls
subdivisions of this region is capable of stimulating calcium tran%sients,; an
intact carboxy-terminal third of the receptor is required for normal arld sustairi\-
ed intracellula'r calcium profile. To our khowledge, this ':is the first demonstré—
tion of calcium oscillations in response to the act1vat10n of the hLI—l receptor,

and to unequivocally show that the hLH receptor is coupled to the 1nos1tol

phosphate/calcmm signalling pathway via a pertuss1s toxin- sensrtrve G

protein.




t'

The role of ertracellular ATP in the human ovary remams equlvocal We
demonstrated that P, purmoreceptor agonists evoke osc1llatory 1ntracellular
calcium responses in hGLCs. The cells were responsive to ATP at concentra—
tions ranglng from 1-100 uM. ATP and UTP were more effectxve in st1mulat1ng
calcium mobilisation than ADP. Neither adenosme nor AMP were capable of
inducing intracellular calcium responses. The pos1t1ve responses to adenosme
thlotrlphosphate a non-hydrolysable ATP analogue, 1nd1cate that the ca1c1um
responses were not due to by-products from ATP hydrolysis, and that hGLCs
possess P2U purmoreceptors We have also demonstrated that these pur1nerg1c-

mediated intracellular calcium responses involve both Ca2* influx and Ca2*

mobilisation from intracellular stores.
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Gonadotrophic Hormones

i

LH and FSH regulate gonadal functlon and gametogene51s, and are
critical for normal sexual maturatlon ‘and reproductlve functlon Both
hormones are,synthesrzed in and secreted from p1tu1tary gonadotrophs, under
the regulation of GnRH LH and FSH ha;/e approximate molecular %/veights of
28,000 and 33 000, respectively; the uncertamty in thelr moleculair welghts
result from the heterogeneity of the attached carbohydrate groups and mlnor
differences in amino acid composmon\ These two pituitary glycoproteln
hormones share chemlcal and structural 51m11ar1t1es, both hormones are
heterodimers composed of glycosylated subunlts (o and fs) tlghtly bound 1n a
non-covalent association. The 1nd1v1dual subunlts appear to have no 1ntr1nsxc
biologic act1v1ty, and must be approprlately glycosylated and tlghtly assoc1ated

to act as gonadotrophlns 5 ; < ' |

W1th1n a species, the oc-subunlts of glycoprotem hormones possess the
same amino ac1d sequence. The OL-subumt of the LH/ CG and FSH molecules
common to p1tu1tary glycoprotem hormones, has a molecular welght of 14, 000
The g-subunit of each glycoproteln hormone has a distinct amino ac1d
sequence, and thus dlctates hormone spec1f1c1ty [Pierce and Parsons, 1981] The
human CG B-subumt structurally very similar to the LH B—subumt shows
about 80%- 51m11ar1ty in amino ac1d sequence to the LH B subunlt and confers

almost 1dent1cal blOlOglC propertles when assoc1ated with the o- subunlt The

human CG B-subumt contains an additional 32 amino ac1ds at the carboxy-

terminal, however this has no apparent role in the blologlcal act1v1ty or




metabolism of the human CG molecule LH and CG b1nd to the same receptor

i

to initiate hormone actlon, but w1th dlfferent kinetics. ' 1 -

The’ ma1n dlfference in blbloglcal act1v1ty between human CG and LH is
the more prolonged action of hCG in vivo, because of its slower‘metabollc
clearance and its somewhat h1gher affmlty for the LH receptor sites in 1 the testls
and ovary These features largely result from d1fferent carbohydrate
composmons of the two molecules, in partlcular the much higher 51a11c ac1d

content of hCG [Lambert, et al,, 1998]. : : s

The N llnked ollgosacchandes of these hormones are necessary for
proper foldmg, assembly, secretlon, metabollc clearance and blolog1cal
activity. The carbohydrate content of FSH is greater than that of LH but they
share a s1m1lar structure. Spec1f1c chemical features of the LH, CG and FSH
molecules 1nclude the locat1ons of the carbohydrate moieties: there are two
ollgosacchar1de’ groups on the o-subunit common to the glycoprotem
hormones one in the human LH B subumt and two in the human FSH and CG
B-subumts In add1t10n to the N l1nl<ed ollgosaccharldes, the human CG B-
subunit also contams four O- l1nked ol1gosacchar1des [Matzuk et! 'al 1990]
Deglycosylatlon has little effect on hormone b1nd1ng, but it doeslmarkedly
attenuate the hormones ability to act1vate target cells in the gonads [Salram,
1989]. The carbohydrate m01et1es of the o- subumt and not the £- subumt are
essential for the actlvatlon of the LH receptor and its GTP-bmdlng protem (G-
protem)-coupled adenylate cyclase system [Matzuk, et al 1989; Sa1ram 1989]
The sialic. ac1d content of the glycoproteln hormones varies from twenty

residues perlmolecule in human; CG, five residues in FSH, and only one or two

Co . : : I ) 1 ;
in human LH. Removal of the sialic acid residues drastically shortens the
N ; . |

i
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circulating half life of the hormones, but has little effect on their ablhty to act
|
on their respectrve cellular receptor sites [Lambert, et al 1998]

Luteinising Hormone/Chorionic Gonadotrophin Receptors

LH and CG bind to, and activate, ‘the same cell surface reporter Thls
receptor belongs to the large famlly of G-protem coupled membrane protems
[Loosfelt, et al 1989 McFarland’ et al., 1989]. The ‘LH/ CG receptor is a
glycoprotem consrstmg of a s1ngle polypeptlde chain with six potentlal N—
linked glycosylatlon sites [Kusuda and Dufau, 1988]. The hydrophl_hc amino-

N : v : L -
terminal of the receptor comprises approximately half of the total amino acids.

This extracellular domain is necessary for h1gh affinity bmdmg to
gonadotrophm The transmembrane port10n of the LH/ CG receptor has seven

membrane spanmng segments whlch form three extracellular loops:and three

intracellular loops. The short 1ntracellular carboxy-termlnal domaln contarns

serine, threonine, and tyrosine: residues, suggesting the potential for

modulation of receptor function by the actlon of serme threonme proteln

i
1 !
i :
P

kinases, and tyrosme kinases [Bousfleld et al., 1994] i

Structure functron relatlonshlp studles have demonstrated that the

truncated extracellular amlno-termmal half of the receptor is capable of hlgh
affinity hgand binding w1th0ut cAMP induction, ‘whereas the truncated
carboxy- ~terminal is capable of low afﬁmty binding w1th cAMP 1nduct10n []1
and Ji, 1993; Segaloff et al,, 1990] Binding of the LH ligand to 1ts receptor

l

results in conformatlonal changes leadlng to actlvatlon of the C termmal

Point mutatlon studies [Ji and ]1, 1993; Segaloff and Ascoh, 1993; Shenker et al

i
1

1 .
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, . | |
1993] have demonstrated that' high afflmty receptor blndmg and receptor

activation w1th intracellular signal generatlon are distinct events.

Receptor‘s for LH/CG have be ifound on a variety of tissues 1n
reproductxve systems, 1nclud1ng Leydlg cells, granulosa cells, and luteal cells
[Akamlzu, et al 1990; Ascoli and Segaloff 1989]; they have also been detected
in non—ovarlan cells [Lincoln, et al 1992] This glycoprotem receptor cons1sts
of a smgle polypeptlde chain, and share the same basic structure as the FSH and
TSH receptors a large ammo-termlnal domain, seven transmembrane spanmng
domains, and a short carboxy- termlnal domam [Frazier, et al., 1990; Rodrlguez
and Segaloff, 1990, Strader, et al,, 1995]. Receptors for LH/ CG, FSH_, and TSl—I
belong to the large'family of G;protein-c'oupled ;membrane receptol's, but al‘e
unusual in that they have large extracellular domains (300-400 amino ac1ds) and
bind large llgands (23 -38 kDa) [McFarland et al,, 1989] Other members of the
receptor famlly have small amino- termlnal extracellular domams (30 -50 ammo
acids) and bmd small ligands (200 300 Da) [Dohlman, et al., 1991; ]ackson, 1991
Savarese and Fraser, 1992). Itis the large extracellular domains of the LH/ CG
receptors wh1ch are responsible for the recognltlon and h1gh affinity bmdmg of
the respectlve glycoproteins [Braun, et al., 1991; Xie, et al., 1990]. Desplte the

wide range of llgands that actlvate these receptors, the receptors themselves

i
{ i

share a surprlsmg amount of structural homology , l
DS |

The LH/ CG receptor is hlghly conserved W1th the h1ghest degree of
conservatlon in the transmembrane domams and connectmg loops, followed
by the extracellular amino- termlnal domalns The lowest degree of
conservatlon occurs in the he 1ntracellular carboxy-termmal cytoplasmlc talls

[Segaloff and Ascoh, 1993]. The human receptor is 85% identical to the rat
LH/CG receptor and 87% 1dent1cal to the porcme LH/ CG receptor [Mmeglshl,

-4-;




et al., 1990]. Desplte the high homology between human rat, and porcme the
human LH/ CG receptor has a hlgh degree of species, spec1ﬁc1ty 1t does not
bind equlne LH and CG, rat LH or ovine LH [Jia, et al., 1991]. |

The large extracellular hydrophlllc domain of the LH/ CG receptors
comprises about half the total number of amino acids, and contains 6 potentllal
sites for N—lmked glycosylatlon [Loosfelt et al., 1989; McFarland, ot al., 1989
Minegishi, let.al., 1989]. This extracellular domain contams 14 coples of an
imperfectly repeated sequence of about 25 amino ac1ds, similar to ali repeated
motif called ”leuc1ne rich repeat’ [Leong, et al., 1992]. These repeats allow for
the formatlon of amphlpathehc hehces or f-sheets, wh1ch can 1nteract with both
hydrophlllc and hydrophoblc surfaces [Krantz, et al, 1991], thus prov1d1ng a
basis for the p0551ble interaction of the hydrophrhc extracellular domaln Wlth
the hydrophoblc transmembrane domam of the LH/ CG and also the FSH
receptors [Segaloff and Ascoli, 1993] Leucine-rich repeats 1-6 have also been
shown to be 1nvolved in hormone b1nd1ng [Thomas, et al., 1996]. Involvement
of the carbohydrate moieties of LH/CG receptors, in the recogmtlon and hlgh
affinity b1nd1ng, remains equlvocal Whlle some have 1nd1cated that at lealst
one of the carbohydrate chains is requlred for ligand b1nd1ng [Mmeglshr, et al
1989; Zhang, et al., 1995; Zhang, et al 1991] others have reported that
deglycosylatlon of the LH/CG receptor does not comprom1se 1ts blndlng
ability [Dav1s et al, 1997 Ji, et al,, 1990 Peta]a Repo et al 1991].

: . |

!

The seven transmembrane spannlng domains of the LH/CG receptor are
highly homologous with other receptors belongmg to the famlly of G-protem-
coupled membrane receptors [Baldwm, 1994)]. The seven hydrophoblc
transmembrane spanning domalns are connected by hydrophilic extracellular

and intracellular loops. The transmembrane domain o_f the LH/ CG receptor

:
i
|
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has also be'én implicated in hormone binding. Several studies have shown that
this regio'n: containsla low afﬁnitiy hormone binding sitel[‘]i and Ji, 19§1a; Roche
et al, 1992], and that it may be 1mportant in the actlvatlon of the adenylate
cyclase [Abell and Segaloff, 1997 ]1 and ]1, 1991a, Ji and ]1, 1991b].

!
1
'

The short carboxy-terminal cytoplasmic taﬂ along’ with the thoplasm‘iic
l
loops connectlng the transmembrane domalns, contain ‘potentlal

phosphorylatlon sites, and thus may be a further 51te for the regulatlon of
hormone- receptor function. Two potentlal kinase C phosphorylatlon sites have
been identified, along with a thrrd domain [Loosfelt, et al., 1989]. Mutations of
the carboxyéterrninal cytoplasnaic.tail resulted in the fnon-expressﬁion of rat
LH/CG receptors on the plasma membrane, suggestmg that the carboxy—
terminal cytoplasmlc tail is 1mportant for the trafﬁcklng of receptors to the
plasma membrane [Rodrlguez et al., 1992 Sanchez—Yague, et al,, 1992] and for

i

receptor desens1tlsat10n [Sanchez-Yague etal., 1992]
Desensitisdﬁon of LH/CG Receptors | ; ;
| | | |
ngand blnchng to the LH/ CG receptor results in uncouplmg and down—

regulation. Uncoupling is deﬁned as the agomst—mduced change in the

functional properties of the receptor without a change in the number of

receptors. " This relatively fast phenom;enon occurs Within minutes of the
admlnlstratlon of the agonist, is thought to be due to phosphorylatlon of
1ntracellular amino acid res1dues, thereby attenuating 1ts ability to actlvate the
effector system(s) (i.e. adenylate cyclase, phosphohpase C) [Segaloff and Ascoh
1993]. Down regulation is defined as the actual reductlon in the den51ty of the

receptors at the plasma membrane. This slower phenomenon occurs W1th1n
: 3 H ' ! '




minutes to hours of add1t10n of the agomst and can be caused by a decrease in

'
1

the synthesrs of the receptors an increase in the degradatlon of receptors or by

a combination of both [Segaloff and Ascoh, 1993].

Uncoupling of LH / CG Receptors

I
i ’ o ? !
. i ]

Uncouplmg of the LH/ CG receptor leads to a reductlon in, hormonal
responsweness without a concomitant reduction in the number of LH/ CG
receptors [Reb01s and Fishman, 1986] and without changes to the functlonal
propert1es of ‘G or the catalyt1c subunit of adenylate cyclase [Rebo1s and
Fishman, 1986 Sanchez-Yague, et al., 1993]. Uncouphng of the Ez—adrenerglc
receptor 1nvolves phosphorylatlon of different regions of the receptor catalysed
by the cAMP dependent and Bz adrenerg1c receptor klnases [Dohlman et al
1991; Lefkow1tz et al., 1990]. As both the B-adrenergic . and LH/ CG receptors
belong to the same fam1ly of G-protem-coupled membrane receptors, they w1ll
undoubtedly possess s1m11ar1t1es however, the cAMP- dependent protem kmase
is unl1l<ely to be involved in the phosphorylation and/or uncouphng of
LH/CG receptors because: (1) 1ncreases in cCAMP levels elicited by agents other
than LH/ CG do not uncouple the LH/ CG receptor [Rebo1s and Flshman 1986]
and (2) there are only weak consensus s1tes for the cAMP- dependent protem
kinase- catalysed phosphorylation in the 1ntracellular regions of the rat
porcine, mouse, or human LH/CG receptor [Kennelly and Krebs, 1991]

Maximal uncouphng of the LH/CG ‘receptor also requires guanosme

tr1phosphate (GTP) [Ekstrom ‘and Hunzicker- Dunn, 1989a; Ekstrom and

Hunzrcker—Dunn, 1989b Ezra and Salomon, 1980] , ’




Stud1es have demonstrated that the carboxy-termmal cytoplasm1c tail 1s
involved in the uncoupllng of the LH/ CG receptor [Sanchez-Yague, et al., 1992
Wang, et al 1996]. They have shown that truncation of the carboxy term1nal
cytoplasm1c tall results in a h1gher maximal cAMP response than that observed
with wild- type receptors.  Similarly, the magnitude of hCG-lnduced
uncoupling -is ‘more pronounced in cells expressinig wild—type LH/CC
receptors, than those expressing receptors with truncated cytoplasm1cl tails. The
fact that LH/ CG receptors, w1th truncated cytoplasmic talls, still lose hormonal
respons1veness upon prolonged exposure to its llgand, suggests that
uncoupllng is not the only mechanrsm 1nvolved in desensrtrsatron Truncahon
studies [Rodrrguez, et al., 1992; Sanchez—Yague, et al, 1992] have shown that
receptor uncoupling and receptor internalisation are separate phenomena, w1th
different determmants B gt

i

Down-Regulation of LH/ CG Receptors - : ':

Human CG 1nduced reductlon in, the density of LH/CG receptors 1s
elicited by both an increase in receptors 1nternahsat10n, and by’ decreased
transcr1pt10n of the receptor gene Exposure of LH/ CG receptors to the1r
ligands results in a hme-dependent decrease in the number of membrane
receptors, W1thout changes in receptor aff1n1ty [Freeman and Ascoll, 198{2
Rebois and Flshman 1984]. There is an actual decrease in the number of
receptors, and not a mere red1str1but10n of receptors from the cell surface to an
mtracellular compartment [Ascol1 1985] Studies have shown that the entlre
ligand- receptor complex is 1nternalrsed 1nto endocytic Ve51cles and transferred

into lysosomes without ligand d1ssoc1at10n [Ascoli, 1982 Ascoli, 1984 Freeman

and Ascol1, 1982]. Although only about 50% of internalised receptors follow

H
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this route, the accumulation of these 1nternallsed receptors in lysosomes

prevent receptor recycling, promotes receptor degradatlon and is ult1mately

respons1ble for receptor down—regulatlon [Ascoli, 1982; ‘Ascoli, 1984, Freeman
v ; ; =

1

'

and Ascoli, 1982; Segaloff and Ascoli, 1993]. ; l

Wang et al. [Wang, et al., 1991] demonstrated that llgand-lnduced down—

l

regulation of LH/ CG receptors, in MA-10 cells, consists of 2 distinct phases
(1) the first phase, lastmg 3-4 hrs follow1ng ligand exposure, is characterlsed
by an 80% reductlon in the levels on LH/CG receptors with llttle or no
changes in the level of LH/( CG mRNA Quanhtahvely the most’ 1mportant

phase,: it involves an 1ncreased rate of receptor degradatlon Thls in turn

seems to be due to 1nternahsat10n and lysosomal accumulatlon of the
receptor that occurs during receptor -mediated endocyt051s of LH/ CG.

(2) a further reduction of LH/ CG receptor levels that is accompamed by a 40-
60% reduction in LH/CG receptor mRNA levels ;

; i i
1 B 1

Thus, the process of LH/ CG 1nduced down regulatlon of the LH/ CG
receptor involves an increase in receptor degradatlon and a decrease i m receptor
synthesis, that is secondary to a’ decrease in mRNA [Segaloff and ASCOll, 1993]
It is unknown whether the decrease in receptor synthesrs during the ﬁrst phase,

is die to LH/ CG-mduced changes in the rate of translatlon of the LH/ CG

receptor mRNA | |
! |
H l

i
]
i

Signal Transduction Pathways of LH/CG Receptors
: D SE :

It is well-established that the LH/CG receptor is coupled to the
adenylate cyclase/ cAMP pathway [Dufau and Catt, 1978 Hunz1cker-Dunn and
B1mbaumer, 1985; Leung and Steele 1992] Alternatlvely, it has been reported

|
|
i
|
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that the murme and rat LH receptors are coupled to the phos'phollpase
c/ 1nos1tol 1,4,5-trisphosphate (IP3) pathway [Davis, 1994 Gudermann, et al

1992a; Herrllch et al., 1996; Hlpkm etal, 1993] The ablllty of LH to stlmulate
phosphohpase C act1v1ty is not assoc1ated with the accumulation’ of cAMP
indicating. that the activation of phosphohpase C is not secondary to the
activation of adenylate cyclase. It has been reported that LH increases IP3 and
[Ca2*]; in 1solated bovine luteal cells [Dav1s, et al, 1987] L1kew1se 1nos1tol
phosphates accumulatlon are 1ncreased in porcme granulosa cells followmg LH
treatment [Dlmmo etal., 1987]. In porcme granulosa cells isolated from 5.0 nm
and 1.0 mm diameter ovarian folhcles LH induces a rap1d and transrent [Caz"]1
increment, Wthh is similar to ‘that induced by endothelm 1 [Flores et al

1992b] These data lend support to ‘the notion of a novel 31gnall1ng pathway 1n

LH action, 1nvolvmg adenylate cyclase and phosphollpase C.

Follicle-Stt'hiulating Hormone Réceptors i f

. , | y |

: : : . i
FSH is necessary for gonadal development and maturatlon at puberty
[Chappel- and Howles, 1991]. | . FSH acts by binding to specific receptors,
localised exclusrvely in the gonads The FSH receptor is synthe51zed in

granulosa [Hsueh, et al., 1984] and Sertoli cells [Relchert and Dattatreyamurty
|

1989], and transported to the membrane surface. o ; ‘
| | |

Like?‘the LH/ CG receptor, the FSH receptor belongs to the large family
of G prote’in-coupled membrane’protelns [Abou-dIssa1 and Reichert 197(;]
Unlike the LH/ CG and TSH. receptors, the FSH receptor has not been
comprehenswely 1nvest1gated Like the LH/CG receptor, the human FSH
receptor is a slngle polypept1de cham [Sprengel, et al., 1990] with four potenhal

!“1 1

]
[
1
1
1




N-linked glycosylation sites [Minegishi, et al,, 1991]. Althoﬂgh degl}icosylatidn
of the FSH receptor does not seem to affect ligand blndrng, glycosylatlon is
necessary for the proper foldmg of the glycoprotein hormone, and for 1ts
expresswn on the plasma membrane [Dav1s, et al.,, 1995; Rozzell et al., 1995]
Mutations that prevent receptor foldlng and/or transportahon result in the

i

retention of the receptor protein in the cell.

t i
H :

As aforementmned the FSH receptor also comprlses a large am1no-
terminal domaln seven transmembrane spanmng domains, and a short
carboxy—termlnal domain. The extracellular ammo-termmal domaln contams
14 leucme r1ch repeats, similar to those descrlbed for the LH receptor
[Bousfleld ‘et al,, 1994] Ligand spec1f1c1ty is conferred by the extracellular
domain, and not by the transmembrane domain [Braun, et al., 1991] The
structure of the seven transmembrane spanning domalns is typical of members
belongmg to the. superfamlly of G- -protein-coupled membrane’receptors

[Baldwin, 1994] ' o | ' i

H

Desensitiséztion of FSH Receptors _ : 1 : _ l

As wrth the LH receptors, desen51t15at10n of the FSH receptors can be
d1st1ngurshed into two phases: uncouplmg and down- regulahon Uncouphng
of the FSH receptor from the G protem occurs shortly after hgand receptor
bind. [Grasso and Reichert, 1989] This process occurs via enzymatlc
phosphorylatlon of the carboxy termmal, mtracellular domain of the G—
proteln—coupled receptors and may be due to receptor-spec1f1c klnases or to

effector klnases typical of the receptor system (i.e. protein kinase A or protern

kinase C) [Slmom', et al, 1998]., The down-regulation of receptors :involves‘ga
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decrease in receptor number through 1nternal1sat10n ‘and sequestrahon of
hormone receptor complexes - in lysosomes or reduced receptor protem
“synthesis as a result of both decreased transcrlptlon and /or reduced mRNA
half-life. Themmen et al. [Themmen et al 1991] have shown that the FSH-
induced decrease in FSH receptor mRNA is due to a cAMP dependent post—

transcrlptlonal mechanism.

Signal Transdaction Pathways of FSH Receptors

Unllke the LH receptor, 1n wh1ch dual mgnallmg pathways have been
demonstrated [Dav1s 1994; Gudermann, et al., l992a Herrlich, et al., 1996
Hipkin, et al 1993] the FSH receptor seems to be almost excluswely medlated
by the adenylate cyclase-cAMP pathway [Flores et al., 1992a; Gorczynska et al
1994]. Sertoli cells possess the protein kmase C pathway, and exposure of the
cells to stlmulators of the protein kmase C pathway inhibits FSH- dependent
cAMP productlon [Monaco, et al 1988 Monaco and Conh 1987]. FSH ne1ther
activates [Qulrk and Reichert, 1988] nor inhibits [Monaco, et al. |1988] the
phosphatldyl inositol pathway Studies with chlmerlc human LH/FSH
receptors in HEK293 cells 1nd1catethat 1n051tol productlon upon act1vat10n of

FSH receptors is weak [Hirsch, et al 1996] ' »

FSH increases 1ntracellular calc1um concentrations in Sertoh cells
[Gorczynska and Handelsman, 1991] and granulosa cells [Flores, et al., 1990]
The poss1b1l1ty that FSH receptors mlght act as ligand- gated calc1um channels
was deemed unl1l<ely by Shrbata et al [Shlbata et al, 1992] however FSH may

increase intracellular calcium by stimulating other calc1um channels pre-

ex1stmg on granulosa and Sertoh cells [Grasso, et al., 1991] FSH-inddce‘d

'
i
l
I
!
i
i
1
!

i

12- ; |




elevatlons in mtracellular calc1um concentratlons are 1ndependent of protem

kinase C [Flores et al 1992al]. 5 | E :
: |

Intracellular:Signal:ling in the O‘vary

Normal ovarian funct1on is dependent on d1verse hormones act1ng

through endocrlne, _paracrine, autocrlne, Iand 1ntracr1ne processes Hormonal
1

signals are often translated 1nto cellular activities via signal transductlon
pathways. Ovarian hormones exert their effects through complex s1gnal
transductlon mechanisms, and some may even stimulate multlple second

messenger pathways b i | f

Many signalling pathways comprlse a series of proteins, 1nclud1ng
specific receptors, GTP- bmdmg protems, second messenger generatmg

enzymes, protem kinases, target funct10nal prote1ns, and regulatory protems

Molecular. clon1ng analysis has revealed that almost all of these 51gnall1ng
proteins show extens1ve heterogeneIty and differential tissue expressmn w1th
specific 1ntracellular locallsatlon However, the b1olog1cal 51gn1f1cance of thls

heterogenelty has not always been clear There are diverse 1nteractlons
| x

between s1gnallmg systems. * These 'interactions ‘include potentiation,
cooperatlon, synerglsm, antagomsm, and co-transmlssmn The regulatlon of
cellular funct10ns by hormones and growth factors are dependent upon the

ability of the target cells to d1fferent1ally recognlse and respond to the

!

individual: effector molecules. Such responses can be rap1d (e.g. contractlon,

transmlssmn, secretlon etc.) or long-term (e. g dlfferentlatlon prol1feratlon

death, etc) | ' - E

13-



GTP-Binding Protein-Coupled Receptors ‘
L T |
G-protein-coupled receptors comprise the largest known family of cell
. _ - , |
surface receptors, and are defined by their similarities in structure anjd

function. .These surface receptors mediate cellular responses to a diuerse array
of signalllng molecules, inclu'd.ing: pe.ptide [Flanagan, et al., l997] and
glycopeptide [Davis, et al., 1987] hormones , neurotransmitters [](:)se, et al.,
1990], phos'pholipids [Onorato, et al., 1995], odorants [Flre‘stein and EShepher(ii,
1992}, and ‘p‘hotonS' [LeVine, et al“ 1990l Despite the myriad liglands with
which they 1nteract G-protem—coupled receptors share a surprising amount of
primary and tert1ary structural homology [Strader, et al., 1994]. G-protem—

coupled receptors may be further classified into three subfam111es

rhodopsm/ B-adrenergic, secretm/ Vaso1ntest1nal and metabotroph1c glutamate

receptors [Strader et al., 1995].
. |
G- protem coupled receptor 51gnalhng comprises three components the

surface membrane receptor whlch binds the extracellular l1gand the

heterotr1mer1c G—protem, and the effector system. Surface membrane receptors

known to functlon via G-protein mediation are character1sed by seven
! 1

transmembrane spannlng domains ]omed by e\(tracellular and 1ntracellular
i

I
loops [Dohlman, et al., 1991] Through their 1ntracellular domams, these

l
receptors interact w1th heterotr1mer1c G- prote1ns which in turn modulate the

activity of 3 -various effector systems These effectors generate the 1ntracellular
second messengers which ultimately evoke cellular responses to ;the initial

event of rece:ptoractivation by the ligand.

3 | L R , i
Heterotrimeric G-proteins belong to the superfamily of GTP-bindirg
proteins that:includes ras and‘ras‘-like proteins, as well, as elonghtion and

1
i
i
i
{
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initiation factors of ribosomal protein synthesis . Thls tr1mer1c unit cons1sts df
an o- subunlt which' contains a guamne nucleotlde binding site and 1ntr1nle
GTPase achv1ty and a By—subumt complex [Neer, et al., 1990] The famlly of G-
proteins compr1ses over 20 1soforms with four classes of a-subunits, ﬁve of the
s- subumts, and at least six of the ’y—subumt [Coleman and Sprang, 1996] |

x !
!
!
]

G-protein-mediated signal transduction begins with the acﬁvaﬁon of ajn
ligand-speciﬁc surface membranevreceptor Ligand binding to the recepter
which results in a conformat10nal change that exposes a h1gh—aff1n1ty b1nd1ng
site for the G- proteln in its’ guanosme diphosphate (GDP)—boun_d
heterotrimeric‘ form. the receptor [Rens-Domiano and Hamm 1995]. gMulti-site
interactions between the hgand-receptor complex and G-protein leads to the
'exchange of the o- subumt—bound GDP for guanosine trlphosphate (GTP) [Drat;z
et al., 1993; Hamm;, 1991]. Once GTP-bound, the oc—subunlt of theiG-protelin
dissociates from the ligand-receptor-8y colmplex, and regulates the ai)propriate
effector system The system is inactivated when the 1ntr1n51c GTPase: act1v1ty of
the a-subunit hydrolyses GTP back to GDP; the a-subunlt reverts to its pr1or
conformatlon and _regains hlgh aff1n1ty for the By—complex, and the system

returns to its rest1ng state. Format10n of the heterotr1mer is requ1red for h1gh

aff1n1ty couplmg of- G-protem to. receptor [Cerione, 1991; Fung, 1983]

G-pretein o-subunits interact with a diverse array of second imesseng(‘ier
enzymes a‘nd ionic channels, including' adenylate cyclase, phosphodiesterase,
phosphohpase C, and potassmm and calc1um channels [DeV1vo and Iyengar,
1994]. It was once thought that only the a- -subunit regulates second messenger
effector systems, but studies have demonstrated that the By-complex is also

important -1n the regulation of many second messenger systems, solely, or rn

conjunctiont with the o-subunit l[Claphamf and Neer, 1993; Spiegel, et al., 1992;
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A , ’ i
Tang and G]lman, 1991] The By—complex regulates the yeast matmg response,
both the afsubumt and the By—complex act independently on muscarlne-gated
potassium :chan‘nels,; phospholipase C-a'isoforms, type Iladenylate cyclase, rals'-
mediated extrac'ellular signal—regulated kinases activation, and PI- 3 kinase ln
platelet cytosol and synerg1st1cally in activating adenylate cyclase types I and

v [Clapham and Neer, 1993; Crespo et al., 1994; Thomason et al, 1994] : '

Adenylate C.yclase-LCyclic Adendsitle Monophosphate Pathzlzay i |
Intracellular signalling via 2 the adenylate cyclase—cAMP pathway (F1gure
1) is ublqultous in eukaryotic cells regulatmg myrlad vital funchons energy
metabohsm gene transcr1pt1on, prol1ferat10n, d1fferent1at1on, reproductlve
functlons, secretlon neuronal act1v1ty, memory, contractlhty, and motlhty The
adenylate cyclase—cAMP signal transductlon pathway comprises a cascade of
regulatory lprotems, and many; of them:have the potential to modulate the
magnitude and /or the duration bf signalllng events. ' ; .

l

Actlyatlon of the agonlslt-spec1f1cv plasma membrane receptor, wh1ch
coupled to a heterotr1mer1c G- protem, el1c1ts a conformational change in the
receptor. Two classes of G—protem may be assoc1ated w1th plasma membrane
receptors GS, a st1mulatory G prote1n respon51ble for the actlvatwn of
adenylate cyclase, Gj, an 1nh1b1tory G-proteln respons1ble for the 1nh1b1t10n of
the enzyme. . Agomst—mduced conformahonal changes to the receptor catalyses
the exchange of bound guanosme dlphosphate (GDP) for guanosme trlsphos-
- phate (GTP) Once GTP-bound, the a-subunit of the G-protem d1ssoc1ates from
the B’y—complex, and activates the catalytic unit of the adenylate cyclase. The i

|

-16 - ' ? ;




Figure 1:

Adenylate Cyclase - cAMP Pathway

by

phosphorylate proteins




enzyme hydrolyses ATP to cAMP Wthh then e1ther activates the cAMP-
dependent protem kinase A, or is degraded to 5’AMP by phosphodlesterases
The actlvated protem kinase A can then phosphorylate other protems [Hanley
and Stemer, 1989] : , ; 5 : ,

l
|
i
i
|
l
!

Phospholipt:se C Pathway , | ' :

The assoc1atlon of a Calcmm moblhsmg agonlst with 1ts receptor
activates a phosphodlesterase, phosphohpase C. This enzyme preferentlally
hydrolyses 1n051tol-conta1nmg phosphollplds Phosphomosmdes present 1\n
membranes include phosphatldylmos1tol and its phosphorylated derlvatlves,
polyphosphomosmdes such as phosphat1dy1m051tol 4- phosphate (PIP) and
phosphat1dy11n051tol 4,5- blsphosphate (PIP2) The polyphosphomosmdes
result from the phosphorylatlon of phosphat1dy11nos1tol by ATP in the
presence of spec1f1c kinases at the plasma membrane to form PIP and
subsequently, PIP3. These reactlons are reversible through the hydrolytlc
activities of specific phosphatases These polyphosphomosmdes are the
preferred substrates of the phosphollpase C enzyme. Phosph01n051tol is also
hydrolysed by phospholipase A2 to form phosphatldlc acid and free’ fatty ac1d

usually arachldomc acid. Arachldomc ac1d is the precursor for the blosynthesm

of various elcosan01ds. ;
A : %

The two 1soforms of phosphohpase C trigger dlfferent pathways (Flgure
2). While phosphohpase C-1 hydrolyses membrane-bound PIP; to generate
IP3 and dlacylglycerol phosphollpase C-1 appears to act excluswely on phos-
phatldylchohne, the most abundant phosphollpld in mammalian membrane, to

produce d1acylglycerol and phosphocholme [Berrldge, 1993]
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Figﬁfé 52: . P’hospholipas:e C-81 and Phospholipase C-y1 Pathvjvays
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When a hgand binds to a receptor, the resultlng l1gand-receptor complex
activates the receptor-coupled G- proteln (Figure 3). Once the G-proteln 1s
activated, the a-subunit-bound GDP is released allowmg GTP to blnd in 1ts
place and the a-subunit dlssoc1ates from the Ey—complex The GTP bound oc-
subunit in turn acnvates phosphollpase C-R1. The oc-subumt exh1b1ts 1ntr1ns1c
GTPase act1v1ty capable of hydrolysmg GTP to GDP Once 1nact1vated (1 e.
GDP-bound), the a-subunit re-assoc1ates with the B’y—complex [Berrldge, 1993
Hanley and Steiner, 1989]. Phosphollpase C-81 hydrolysis membrane-bound
PIP; to produce IP3 and DAG wh1ch act as second messengers for the
moblllsatlon of calc1um and act1vatlon of proteln kinase C respectlvely IP3 1s
released 1nto the cytoplasm where it binds IP3 receptors and moblhses 1nternal
calcium stores DAG remains membrane-bound and actlvates protem kmase C
DAG can also be hydrolysed to arachldomc ac1d Protein kinase C and the

increased 1ntracellular calcium levels then promote cellular activities [Berrldge,

1993; Hanley and Steiner, 1989]. ’ ‘ |

!

l
¢

1
i

The tyrosme kinase-linked receptor directly act1vates phosphohpase C-

Y1 (Flgure 2) The tyrosine kmase linked receptor consists of a s1ngle

i

transmembrane protein contalmng a cytoplasmlc tyrosme kmase When a
ligand b1nds to the receptor, it mduces receptor dimerisation, allowmg two
kinase domams to phosphorylate each other at specific tyrosine re51dues, thls
action prov1des a dockmg site for the SH2 domain of phosphohpase C—yl Once
phosphohpase C-ylis phosphorylated, 1t can then hydrolyse PIP; to yield Il?g
andDAG.g"v’ ‘ o -
. , !
At least mne dlstmct protem kinase C 1soenzymes have been 1dent1f1ed

and differ in thelr tissue expression as well as in their mode of activation and

o » !
: !
|
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their substrate speetﬁciﬁes The md1v1dual enzymes w1ll probably prove to
have dlstmct functlons in s1gnal transductlon and in the control of metabohsm,
secretion, dlfferentlatlon, and prollferatlon [Hug and Sarre, 1993]. i | The nme
1soenzymes can .be subd1v1ded mto the conventional calcium- dependent
isoforms (Ot EI BII and ¥) and the calc1um mdependent isoforms (3, e, N, 6, and
€). The former are single polypeptlde chams with catalytlc domains contammg
the ATP and substrate binding sites located in the carboxy-terminal half of the
molecule, and regulatory domains contalmng the calcium, phosphohpld and
DAG/ phorbol ester bmdmg sites in the amino- termmal half. The regulatory

domains are similar among the ca1c1um dependent o, fs, and Y enzymes but the

calcium- mdependent 3-¢ enzymes lack the calc1um blndmg doma1I and C 1s

not actlvated by DAG or phorbol ester [lehlzuka, 1988].‘ [

H
!

The: major lipid activator of proteln kinase C is DAG, actmg in
conjunction w1th PS as a cofactor Followmg ligand- actlvatlon, the calc1um
released from Inng sensitive stores binds to the conventional protem kinase C
1soenzymes and promotes their. translocation to the plasma membrane, where
they are activated by the PS present in the lipid bilayer and the DAG produced
from phosph01nos1t1de hydroly51s Phorbol esters act by mlmlckmg the actlon
of DAG, and lowermg the calcium requirement for enzyme act1vat10n In the
case of calc1um-mdependent protem kinase Cs, phosphoserine and DAG or
other 11p1d derlvatlves are required for activation. Several of the protem kmase
C 1soenzymes are activated by other phospholipid metabolites mcludmg ClS-
unsaturated fatty acids, arachldomc ac1d and its derivatives, and PIPz

Differential activation can also result from DAG produced durlng

phosphatidylcholine breakdown stimulated by certain hormones and

cytokines, and from PIP3 formed during activation of growth factor%receptor?s.




In this manner, the several protem kmase C isoenzymes could be d1fferent1ally
activated by spec1f1c stimuli to phosphorylate their substrates at defmed

cellular loolatlons. - - o : l

Calcium and Cellular Regulation |

Calc1um is the fifth most abundant element in the human body and the
most common of the mmeral ions [Lehnmger 1982] It is also: the most

important structural element, occurring not-only in combination with

phosphate'in bone and teeth, but also with phospholipids and proteins in Cell
membranes where it plays a V1tal role in the mamtenance of membrane

integrity and in controlllng the permeablhty of the membrane to many 1ons

o

including calc1um itself. It is 1nvolved in a myrrad of phys1olog1cal and

b1ochem1cal processes [Lehnmger, 1982] blood coagulatlon, couplmg of
l

muscle excitation and contraction [Ebashi, et al., 1978], regulat1on of nerve
. l

excitabili‘ty:[KatZ, 1966], sperm motility , fert1hsat1on [Epel, 1982] cell
reproduchon [Hepler, 1994; Morrill and Kostellow, 1986], control of enzymatlc
reactions, and as the second, messenger in the many hormone 1nduced
pathways [Berrldge, 1993; Rasmussen, 1989] Because of its 1mportance, many

mechanisms have evolved to preserve body stores of the ion and to ensure a
|

sufficient supply to the organism so that it can ma1nta1n relat1vely constant

l

concentratlons of both intra- and extracellular calcium. It is so Vltal to the
l

body’s normal funct10n1ng that 1f the plasma levels of ionised calc1um falls
below 0.6- 0 7 mmol/L (normal range being 1.10 - 1. 30 mmol/L) then the
neuromuscular system ceases to function normally and bone fails to m1neral1se
properly. On the other hand, abnormally high levels of ionised Calc1um > 1 6
mmol/ L) are toxic to many enzyme systems SO that the level must also be kept

1 }
i |
: l

l
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below this critical upper limit to ‘ensure the continuance of normal cellular

function. Thus a finely tuned mechanism for calcium homeostasis has evolveid

to maintain ia constant extracellular fluid (ECF) concentration of the cation
: - : ! !.

[Lehninger, 1982]. o , E E

| )
P ‘ '

e ; . ) i
Extracellular'ﬂuid calcium homeostasis is achiev'ed by the steady-state

l ]

control of calc1um ﬂuxes into and out of the ECF by a number of hormones,

.namely parathyro1d hormone, calc1tomn, and the actlve metabolites of V1tam1n

|
' | l

D These act on the main target organs for calcium, namely kldney, 1ntest1ne
and bone, of which the l<1dney is by far the most important regulatory organ
for calc1um homeosta51s Dev1at1ons from the normal ECF level of calc1um

occur in certaln disease states, partlcularly those mvolvmg alteratlons in the

c1rculat1nglconcentrat10ns of the aforementioned hormones. :
i

In ‘order to fulﬁll its Various functions, calcium must often be Eransferred

from one body compartment to another or from one cellular compartment to

\
¢

another. The cells involved in the translocat10n of calc1um must be able to

protect themselves agamst a surfext of the cat10n, which, although necessary for
some 1ntracellular activities is tox1c to many others. To achieve both ob]ect1ves,
highly spec1f1c transport and buffermg mechanisms for calcium have had to be

developed w1th1n these cells.

i
}
1
0

1

Modulation of Intracellular Free CalciumiConcentrations i :,

Bemg a cr1t1cal med1ator in a myr1ad of cellular responses the
concentrat1on of free, ionised calc1um in the cytosol 1s carefully : regulated
[Berridge, 1993] Basal intracellular calc1um levels are approx1mately 0.1 uM

and can rlse over 100 fold in response to mﬂux of extracellular calc1um ~1 mM)
|
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or mobilisation of mtracellular calc1um stores in the endoplasmlc retrculum

The elevatlon of cytosohc free calc1um concentrations in a hormone-responswe
; I

tissue can be due to several mechamsms [Meldoles1 and Pozzan 1987] i) 1nﬂux

of extracellular calcium by the actlvat10n and opening of second messenger-
activated channels, receptor- operated ca1c1um channels and/or Voltage-
dependent calcrum channels;! (11) release of calcrum from 1ntracellular
membrane bound stores; (iii) inhibition of calcium extrusion systems such as
the calcxum pump and the Na*t/ Ca2+ ant1port and (iv) release of calc1um from
intracellular bmdmg proteins. These mechamsms may also work in synergy,
as in the process of calcium- 1nduced calcrum response Each of these
mechanlsms has been 1mp11cated in the dlfferent tissues in response to various
calcium- moblhsmg agents. The return of calcium concentratlons to restmg
levels after stlmulatlon is brought about in essence by the reversal of these
events; i.e. by the release of the hormone from its receptor, the destructlon of
1ntracellular second messengers, the act1ve extrusion of calcium frolm the cell
and the sequestratlon of calc1um by mtracellular organelles and blndlng
proteins, Much of the calcium that enters the cytoplasm durmg agomst
st1mulat10n is rap1dly re—sequestrated into the endoplasm1c reticulum via Ca2+
ATPase pumps In addition, agomst-mduced elevat10ns in cytosohc calc1um
often activate the Ca2*-calmodulin-sensitive enzyme Ca2+ Mg2+ ATPase
which extrudes calcium from the cell [Berrldge, 1992] |
Calcium qs !Iniracellular Regulato_r

The 1mportance of calcium as an mtracellular messenger has long been

l

recogmsed but' only in the last decade has the complex1ty of this 51gnalhng

system been fully appreciated. Most of the s1gnall1ng actions of ca1c1um are
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| o
dependent upon its interaction w1th bmdmg proteins such as calmodulm and
1

regulatory enzymes such as protem kinase C. The calcmm—calmodulm complex
regulates the act1v1t1es of numerous enzyme systems, including adenylate and

guanylate cyclase, cychc nucleotlde phosphodlesterase, Ca2+ Mg2+-ATPase, and

[

calcineurin: . By 1nfluenc1ng the cytoplasmlc levels of cychc nucleotldes and

calcium, calmodulm links the intracellular messenger systems as well as

controlling_enzymes' involved in signalling, secretion, and contracﬁlity. |
Calcxum also binds d1rectly to several calcium- dependent enzymes the

most 1mportant of wh1ch is protem kinase C, a calcium- and phosphollp1d—
dependent phosphoklnase The phosphohpase C pathway is the predommant
mechanism of calcium- mob1l1s1ng receptors (Figure 3) Both the G- protein-

linked receptor and the tyrosme k1nase-lmked receptor stlmulate release of IP3

- the G-protem-lmked receptor via phosphollpase C-£1, while the tyrosme
klnase-lmked receptor works through phosphohpase C-‘yl []ayaraman et al
1996]. Once PIP; is converted to IP3 and DAG the latter acts by act1vat1ng

protein kmase C, while IP3 diffuses into the cytosol to release calc1um from

1ntracellular reservo1rs IP3 acts as the intracellular second messenger by
|

binding to the specialised tetrameric IP3 receptor that spans the endoplasmlc
i

reticular membrane and tr1ggers the release of calcium from the ER [Li, et al

1905, o | . | o

Inositol 1,4,57trisphospl1ate and ryafzodine receptors R -

IP3 receptors are located on the nuclear membrane and on certam parts
of the ER. IP3 appear to release only a portlon (usually 30-50%) of the calc1um

from the non-mitochondrial stores [Berrldge and Irvme, 1984] Calc1um that 1s

: | l
it
' |
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sequestered in IP3-insensitive stores may not necessarlly be inert, but may be

released by the processes of calc1um-1nduced calc1um release [Endo, et al 1970]

IP3 and ryanodine receptors are the two prmclpal 1ntracellular calc1um
channels 1nvolved in moblllsatlon of stored calcium [Coronado, et al 1994; L1,
et al,, 1995] ‘Both receptors are tetramers Composed of large subumts (300 and
550 kDa, respectlvely) and share con51derable structural and functlonal
sunllarltles [T51en and Tsien, 1990] A s1gn1f1cant degree of homology exists 1n
the domam located toward the carboxy-termmal that spans the membrane and
partlcxpates in the assembly of the calcium channel. The remamder of the

molecule, where no homology is ev1dent protrudes into the cytosol [Pozzan, et

al,, 1994]. -

IP3 .receptor.channel activity is influenced by ia number of cellul:t:lr
factors: cAMP and guanosine' 3, 5’-cyclic monophosphate (cGMl’) proteln
kinases [Danoff et al., 1991; Komalavﬂas and Lincoln, 1994] proteln kinase C
[Ferris, et al 1991], calc1um / calmodulm—dependent proteln kinase II [Hanson,
et al., 1994] ATP [Bezprozvanny and Ehrlich, 1993], pH etc. Upon bmdmg to
the ligand, the IP3 receptor undergoes a conformat10nal change that 1s thought
to be related to the coupling process leadmg to channel openlng Gatmg of the
IP3 receptor channel by IP3 and intracellular calcium concentratlons are key
factors in calc1um srgnalhng The probab111ty of channel openmg 1ncreases
with the: concentratlon of IP3, and saturates at very high levels of IPg
Enhancement of IP3-induced channel opemng is assoc1ated w1th h1gher

osc1llat10n frequency in cell types exh1b1t1ng agomst-mduced calcrum

oscillations [Berrldge, 1990]. — "v |
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ngands known to open the ryanodme receptor channel and stxmulate

l

calcium release mclude' m1cromolar calcium concentrations, mllllmolar ATP

|
and caffeme [Berrldge, 1993; Coronado, et al., 1994]. These receptors contr1bute

to calc1um 31gnallmg in many' dlfferent cell types: skeletal muscle, cardlac

muscle, neurons, chromaffin cells smooth muscle, pituitary cells, and sea

i
|
! , i
! | I
! i i

{

i

i

urchin eggs [Berridge, 1993].

Calcium mduced calcium’ release is one of the most mterestmg aspect ¢ of
the ryanodme receptor. This positive feedback process allows calc1um to
trigger its own release. A small influx of calcxum through Voltage-operated

calcium channels can trigger an 1arger release of stored mtracellulalr calc1um
This process allows ‘for the amplification of the calcium signal, and p0551b1l1ty

results in the generatlon of repet1t1ve calc1um spikes [Berridge, 1993] Thls

calcium- mduced calcium release property of ryanodme receptors is also

exhibited by IP3 receptors. - . . |

i

_ N : i
Apart from the calcium-sen’sitive regenerative ability of IP3 }receptorfs,

the other intriguing aspect of IPs-induced calcium mobilisation isiits all-or-

none effect. This property is manifested as a sudden or near-maximal release of
’ |
calcium 1f the level of IP3 is gradually mcreased Low concentrahons IP3 w1ll

l

elicit small mtermlttent bursts of calcium release; these calc1um bursts contmue
l

until a threshold concentration of IP; is attained, after which an: exploswe

release of:stored calc1um occurs ‘[Berrldge,_‘ 1993].

l
i
1
r
l
1

Cytosolic Ca'lcium Oscillations L B o E L

, i : |
G1ven the multiplicity of receptors wh1ch stlmulate InsP3 turnover, it |

«
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remains unclear how specific 51gnal 1nformat10n is transmltted tcl) dlffereht
cells, or how single cells dlstmgulsh between different receptor 1nputs _

Cy:to‘slolic calcium oscillations are widespread, occurringE in botih
undifferentiated (eg mouse oo'cytles and hamster eggsl) and specialised cells
(e.g. gonadotrophs and GLCs). The osc1llat10ns are based upon fluctuatlons 1n
cytosolic free calc1um, and are classified by their source of calc1um influx: (1)
membrane oscﬂlators orlglnate from the mﬂux of extracellular calc1um and (11)
cytosolic osc1llators arise from the mobilisation of 1ntracellular calc1um stores
[Berridge and Galione 1988]. Membrane oscillators depend upon the openmg
and closmg of Voltage-dependent calc1um channels in the plasma membrane

Examples of such oscillators are smoatrlal node cells and various pacemaker

neurones 1n the brain where osc1llat10ns are set. Cytosollc osc1llators depend

upon the periodlc release of calc1um from 1ntracellular reservorrs Such
cytosolic calcium osc1llators are frequently associated with st1mul1 that act
through the phosphomosmde 51gnallmg pathway, and they probably reﬂect
the complex feedback 1nteract10ns respon51ble for regulatmg 1ntracellular

calcium. Although considerable progress has been made in understandlng the

mechanism of membrane oscillators, less is known about the cellular basis of
the cytosoli'cioscillators. D | § ;

Intracellular calcium osc1llat10ns can be trlggered by a Variety of st1mu11

Of the natural stimull (neurotransmltters hormones and growth factors) many

are calc1um moblllslng agents that hydrolyse phosphomosmdes to generate

both diacylglycerol and IP3 [Berr1dge, -1987] The 31gmf1cance of receptor
activation . 1s supported by observat1ons that GTPYS can trigger osc1llatory
activity when 1n]ected into hamster eggs or Hel A cells [Berridge and Galione
1988] In both cases, the GTPyS-induced osc1llat10ns were different from those

i
' ' i

-29.




produced by the natural st1mull of fertlllsat1on or histamine These

experlments, nevertheless, 1nd1cate that the activation of a G- proteln can
initiate osc1llatory activity, most llkely by st1mulat1ng the hydrolysw of

phosphoinositides. -
| _ |
I
. CEt . ! I ; ;
Characteristics of Calcium Oscillations | 1_
S ; ‘ l
' l
Calc1um oscillations appear in various forms. Although they may be
spec1ﬁc for any glven cell type, they can vary depending upon the agonlst The
two ma]or oscillation patterns are: transient and sinusoidal osc1llat10ns.

Transient calcium oscillations are characterised by a series of discrete spikes

separated by quiescent phases when the level of calc1um remains close to basal
l

concentrations. Sinusoidal osc1llat10ns are calcium ﬂuctuatlons whereby the

i i
I

osc1llatory cycles are continuous with each other and are usually found r1d1ng
on the elevated plateau level of calc1um ‘Sinusoidal oscillations also dlsplay a

high frequency,'that is mdependent of agonist con.centrahon [Berrldge, 1992]. ;

Calc1um transient proﬂles remain relatlvely constant, in spite « of agomst—
induced changes in frequency. Most calcium profiles may be d1v1ded into three
separate phases the initial slow pacemaker rise, which then leads mto the rapld
upstroke of the spike, followed by the recovery phase. Although the ‘pattern ¢ of
the calc1urn splkes in response to dlfferent agents may vary con51derably, the
calcium translent profile should remain clonstant! for any given celli[Berridg;e,

1992 . . S

e : . : o
! . ;
h

The rapld upstroke of calcium spikes suggests that there is a mechamsm
|

for synchronlslng the 1nd1v1dual calcium stores distributed throughout the

cytosol. Calcium imaging studles have revealed that each calcium splke has a

P . i i
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precise spat1al organisation. A calc1um response is often initiated at one pomt

and then spreads throughout the cell in the form of a wave or tide. [Berrldge,
1990; M1yazal<1, et al., 1986]. l Curlously, there appears to be a loss of
synchromsatlon shortly after the initial response Th1s is man1fested by the

rapid dampenlng of calcium splkes accompamed by a broademng of the

spikes.

Adenosinei Tﬁphosphate and Purinergic Agonists '

Adenosme trlphosphate is a ublqultous nucleotlde and serves as the

|

principal 1mmed1ate donor of free energy in biological systems Intracellular

i
i

ATP is present in millimolar concentratlons, while the mlcromolar-nanomolar
concentratlons of extracellular ATP are maintained by ectonucleotldases and

ectophosphatases [Dubyak, 1991] The source of extracellular ATP is thought to

be mainly neuronal in origin; e1ther from purinergic terminals or co- released
| ;

with tradrtlonal neurotransmltters such as acetylcholme and noradrenalme
[Gordon, 1986 Morel and Meumer, 1981; Morley, et al 1994] Extracellular
ATP and 1ts metabolltes have been 1mp11cated in a myrlad of blologlcal

systems: cardlovascular function [Olsson and Pearson, 1990, neurotransmlssmn

] .
[

[Edwards, et al., 1992], muscle contract10n [Satchell 1990] and 1nsulm secretlon

[Squlres, et al 1994] S j ' - ; '
It has long been estabhshed that the ovaries are well mnervated The

nerves of the ovaries are derlvatlves of the ovarian plexus and uterme nerves.

All vessels and nerves enter the ovary through the hllum Most of the nerves

l

are non- myehnated and sympathehc and supply the muscular coats of

I

arterioles. Some non—myelmated f1bres form plexuses around mulhlammar
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follicles. Whether nerves are assoc1ated also with generallsed smooth muscles

i

cells in the ovary is unknown A few sensory nerve endings have been
described i 1n the ovarian stroma.
|

The pur1nerg1c receptors can be d1V1ded into two main categorles P1

l

purmoreceptors (adenosine receptors) and P> purlnoreceptors (ATP: receptors)
[Burnstock, 1978]. Py purlnoreceptors are more respons1ve to adenosme and
AMP than to ADP and ATP. Pz pur1noreceptors, conversely, are more
responswe ‘to ATP and ADP than to AMP and adenosme [Burnstock 1978
Burnstock and Buckley, 1985; Da121el and Westfall, 1994] P> purlnoreceptors
are heterogeneous [Burnstock, 1978 Da121el and Westfall 1994; Kennedy and
Burnstock, 1985 Kennedy, et al., 1985; Wh1te, et al., 1985] subtypes of P2
pur1noreceptors characterised thus far include: Pot, Pou, Pox, sz, and Pzz

[Dalziel and Westfall 1994]. The P, P2U, and Poy purmoreceptors are coupled

l

to G-protems [Da121el and Westfall, 1994 Lustlg, et al, 1993 Webb, et al., 1993]
The Pox purmoreceptor is an 1ntr1n51c jon channel [Bean, 1992]; whlle the Pzz

pur1noreceptor remams to be fully eluc1dated [Cockcroft and Gomperts, 1979

Cockcroft and Gomperts 1980; Dalzrel and Westfall, 1994] i _ }

Stirnulation of the G protein coupled Py purlnoreceptorg activates
phosphollpase C and phosphatldylmosrtlde hydrolysis, glenerating
d1acylglycerols and IP3, wh1ch activate proteln kinase C and moblllsahon of

mtracellular calcium [Berridge, 1984] ‘Stimulation of the cat10n channel-

l

coupled Pz‘purlnoreceptors also_act1vate calc1um mobilisation. The role of ATP

in the human ovary remains equivocal.




Objectives

The primary objective of this thesis‘was to examine the role of gcalcium as
messenger ln human ovarian cells. Over the last two decades, it has become
evident that the concentration of intracellular calcium 1s critical to the regula-
tion of normal cellular activities. Calc1um plays a p1votal role in med1at1ng the
contractlon of muscles, the secret10n of exocr1ne, endocrme, and neurocrme
products, the metabohc processes of glycogenolysm and gluconeogenes1s, the

transport and secretion of fluids and electrolytes, and the growth of cells

[Rasmussen, 1986]. ‘ - , : 1

Various events occurring over the course of the.menstrual cycle are me-
diated by the two female sex hormones. The LH/CG and FSH receptors belong
to the large gene family known as the seven transmembrane guamne
nucleotide regulatory (&) protem-coupled receptors [Berrldge ancl Gahone,
1988; Loosfelt, et al., 1989; McFarland, Eet al., 1989; Minegishi, et‘: al., 1'9923;
Minegishi, et al,, 1990; Segaloff, et al., 1990; Tsai-Morris, et al., 1990]. It has been
established that both the LH/CG and: FSH receptors are c'oupfed to the
adenylate cyclase/ cAMP pathway [Dufau and Catt, 1978; Hunzmker—Dunn and
Blmbaumer, 1985 Leung and Steele, 1992] That the hormones medlate varlous

events, suggests that they may also act via other signal transduction pathways.;

It h'as long‘ been established that the ovaries are well innervate(g:l.
Adenosine triphosphate is a ub1qu1tous nucleohde and serves as the pr1nc1pa1
immediate donor of free energy in blologlcal svstems Intracellular ATP 1s
present in mllhmolar concentratlons, while the mlcromolar nanomolar

concentratlons of extracellular ATP are mamtalned by . ectonucleotldases and

i
P
1
i
i
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ectophosphatases [Dubyak, 1991] The source of extracellular ATP is 'thought to
be mainly ‘neuronal in origin; elther from purinergic termlnals or co-released
with tradltlonal neurotransmltters such as acetylchollne and noradrenahne

[Gordon, 1986 Morel and Meumer, 1981; Morley, et al 1994]. Extracellular

ATP and 1ts metabohtes have been implicated in a myrlad of blologlcal

L ]
systems: cardlovascular function [Olsson and Pearson, 1990] neurotransm1sswn

[Edwards, et al., 1992], muscle contractlon [Satchell, 1990] and 1nsulln secretlon

[Squlres, et al 1994] The role of ATP in the human ovary remains equlvocal
The role of calcium was'inVestigated in humanggranulosa lutein cells

(GLGs) acqulred from the Unlver51ty of British Columbia In Vitro Fert111sat10n

Programme The cells were obtained from women w1th fertility, 1nclud1ng

endocrine, problems, and who. recently have recelved ‘sufficient amounts of
hCG to 51mulate the natural LH surge As some of the studles 1nvolved the
monitoring of intracellular calc1um concentratlons in response to the actlvahon
of gonadotrophlc receptors, human embryomc kidney 293 (HEK293) cells
transfected w1th wild-type and chlmerlc gonadotrophlc receptors were used 1n
lieu of the human GLGCs. The followmg were studies were conductedi |
1. To 1nvest1gate the possibility that the phosphollpase pathway is also coupl-

ed to the human LH/CG receptor in human granulosa-luteln cells (GLCs)

t

!
i

and in HEK293 cells expressmg the human LH/ CG receptor

2. To 1nvest1gate the p0551b111ty that the phosphollpase C pathway is also

coupled to the human FSH receptor, in HEK293 cells expressmg ’The human

FSH receptor i

-




To investigéte the segment§ of the hLH receptor involved in siénal tranis—

ductioh,?in HEK293 cells e'xptiessing‘ the wild-type and chimexj'ic humén
gonadotrophin receptor. o ‘
To mvestlgate the segments of the hFSH receptor mvolved in 51gnal trans-
ductlon, in HEK293 cells expressmg the wild-type and chlmerlc human
|
gonadotrophln receptor. | :
To mvestlgate the effects of ATP and other purmerglc agomsts on 1ntracel-

lular calc1um signalling in smgle human GLCs. f i i

To investigate the effects of ATP and other purinergic agonists on sterotd
[ ' ! : ' ! i
production in single human GLCs. ' |

, .




Materfals and Methods

L Reagents andlMa‘terials !
: : : . o
Adenosine diphosphate' (ADP), adenosine monophosphate (AMP!)
adenosine 5 -0-(3- thlotrlphosphate) (ATPYS), adenosine tr1phosphate (ATP), 4—
androstene-3 ,17-dione, 8- bromoadenosme 3":5 cyclic monophosphate (8- Br-
cAMP), caffeme, dantrolene, ethylene glycol—bls(ﬁ amlnoethylether) N,N,N’, N’
tetraacetic ac1d (EGTA), human chor1on1c gonadotrophm (hCQG), NN-b1s(2-
hydroxyethyl) -2- ammoethanesulphomc ac1d (BES), N 2. hydroxyethylplpera—
zine-N- 2—ethanesulphon1c acid’ (HEPES), nifidepine, 178- oestrad1ol Percoll
potass1um chlorlde (KCI), progesterone, prostaglandm Foq (PGan) thaps1—
gargin (T PG) verapam1l (VP) were obtamed from Sigma (St Louis, MO U.S. A)
5-bromo-4- chloro 3-indolyl-3-D- -galactoside (X-gal), Dulbecco’s | Mod1f1ed
Eagle’s Med1um (DMEM), Hanks balanced salt solutlon Ca2t-, Mg2+ free

(HBSS), pen1c1llm streptomycm, trypsm were obtamed from GleO BRL

(Burlmgton, ON, Canada). Trltlated oestradlol 1713 and progesterone were
|

obtained from Amersham (Oakv1lle ON Canada). Heat—inactiva'ted foetal

bovine serum (FBS) was obtamed from Professional Dlagomshcs (xxx, xxx,
U.S.A). Fura 2-AM was obtalned from Molecular Probes (Eugene, OR US.A. )

Scintran Cockta11 EX was obtamed from Fisher Scientific (V ancouver, BC

Canada). . . | ; o f |

Rabblt ant1—oestradlol 17[3 and antl progesterone antisera were obtamed

from Dr. D T Armstrong. Human lute1n1s1ng hormone (hLH) and folllcle-
stlmulatmg hormone (hFSH) were obtamed from NIH (Maryland U. S Al). |

1
1 |

‘ i
i

-36-




Falcon culture plates (48-wells) 25 mm circular coverglasses and 12 x 75
|

mm boros111cate glass tubes were obtalned from Flsher Sc1ent1f1c (Edmonton,
AB, Canada) S1mport Plastlcs polyethylene scmtallatlon vials w1th snap- on
caps from VWR-Canlab (Edmonton, AB, Canada) : _ i
\

]

II. Human Cranulosa-Lutein Ce_llsl

The use of human GLCs was approved by the UBC Clmlcal Screemng

- Committee for Research and Other Studies Involvmg Human Sub]ects

Follicular development was stlmulated by - usmg one of several
protocols. One of the more commonly used protocol 1nvolved admlmstermg a
GnRH analogue to down- regulate p1tu1tary functlon Once p1tu1tary down-

regulatlon is achleved human menopausal gonadotrophm was admmlstered to

stimulate folllcular growth. Serum oestrad1ol levels and ultrasound measure-
ments of folllcular size and number were used as mdlcators of oocyte maturlty

Once at least three folhcles exceed 17mm in diameter, 10 000 IU of hCG was

l

I :
i
d

administered and oocyte retrleval was performed 34 to 36 hours later

Human GLCs were harvested from the foll1cular asplrate collected
during oocyte retrieval. Harvested human GLCs were centr1fuged (1000 & 5
min) and re- suspended in DMEM containing 2% pen1c1llm—streptomycm (v/ v)
The cell suspens1on was then layered onto a Percoll HBSS (40:60, v/ V) column
and centrlfuged (1000 g; 5 min). After centrifugation, cells on the surface of the
Percoll:HBSS column were collected and suspended in DMEM This suspenswn
was centrlfuged (1000 g; 5 min) and re-suspended in DMEM contammg 5% FBS
and 2% pemc1llm streptomycin (DMEM/ FBS) Cell v1ab111ty was determlned to

l
be ~ 95% by trypan blue exclusmn

1
1
1
!
i
t
!




I1L. Culture ;nd Drug Treaunel{ts‘ -

Human GLCs were seeded onto 48-well plates at a den51ty of 50, 000
cells/well, and cultured in DMEM / FBS at 37°C in hum1d1f1ed air with 5% C02
Medium was replaced after the 1n1t1al 24 hrs, and then every 48 hrs thereafter
The cells were incubated with serum-free DMEM at least 6 hrs prlor to drug
treatments. Cells were cultured for 7 days prior to drug treatment. Treatment

periods ranged from 22-26 hrs. Treatments were made up in serum-free DMEM

containing androstenedlone 0.5 uM)

'
P i
N

IV. Radioinimunoassays for Oestradiol and Progesterone |

Oestradrol content was determrned ‘using a cla351cal compet1t1ve blndlng
radlormmunoassay The rabbit anti-oestradiol antlsera was raised agalnst 1, 3 5
(lO)—estratlene 3 1713-diol-6- one-6-carboxy-methyl oxime:BSA Con]ugate (Stera-
loids, Wilton, NH). ThlS antisera was used at a final dllutlon of 1: 200 000 (v/ v)

with approx1mately 60% b1nd1ng of label.. :
|

o - | S . | [
Progesterone content was determined using a classical competitive
' ' o | N ! :
binding radioimmunoassay The rabbit anti—progesterone antisera Were raised
I

4—pregnen—6l§ 01-3 20-dione hemlsuccmate bovme serum albumin. ThlS anhsera
was used at a final dilution of 1: 10 000 (V/ v), with approx1mately 50% b1nd1ng
of label. _,{', o o o : |

R : ' : L
A. Reagents{ NI b i L :

The assay buffer used was a 0.1M phosphate buffered saline (PBS 4. 3
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mM NaHzPO4 H>0, 11.7 mM NazHPO4 7Hy0, 13 mM NaCl 0.01% (w / V) thime-
rasol), supplemented with 0.1% gelatm (PBS G; pH 6. 9) ' ,

The tritiated oestradiol (1 ul) with an initial activity of 1 uC1/ ul, was
dissolved in; 1 ml of pure ethyl alcohol The ethanol was evaporated and the
label was then reconstltuted in 15 ml PBS- G yielding ~17 000 cpm/ 100 pl. The
tritiated progesterone (1 b, W1th an 1n1t1al activity of 1 uC1/ ul, was d1ssolved

in 1 ml of pure ethyl alcohol. The ethanol was evaporated and the label was

then reconstituted in 15 ml PBS-G, y1eldmg ~17,000 cpm /100 pl. i

L ' . | :
The steroid standards were serially' diluted with PBS from an initial 0.32

mM stock solutlon which was reconstltuted in d1st111ed absolute ethanol A

standard curve was set up w1th 8 reference concentrations rangmg from 1to 128

. B . l { ) {

The separatlon reagent comprised charcoal (0. 25%, w/V) and dextran
(0.025%, w / V) in PBS-G. This reagent is prepared 24 hrs' pnor to the assay, and
was contmuously stirred at 4°C |

Scintran Cocktail EX was the' scintillation cocktail used.
B. Protocol: . - | | . |

Standards were assayed in triphcate, while the samples were 1n
duplicate. All assays were performed in:12 x 75 mm borosﬂlcate glass tubes

The assays were counted in polyethylene scmtlllatlon V1als with snap- on caps

1. PBS-G was added to all tubes: 300 ul buffer into each of the total counts (T¢) _ »

and non-_specific_binding (NSB) tubes; 200 ul.into each maximuin binding




(Bmax) tubes; and 100 pl into each of the sample and remaining referenee
tubes. * - - - |
R o ¥ -

‘,;'

2. Diluted ant1body solution (100 ul) was added to all tubes except the TC and
NSB tubes 5 |

3. Tritiated oestradiol (100 ul) Was .added.to every tube in the assay.

4. All tubes were vortex gently, and incubate at 4°C for 16-24 hrs. *
|
5. Oestradlol assay followmg the overmght 1ncubat10n at 4°C, 1 ml Charcoal-

dextran separatlng reagent was added to all but the TC tubes. The tubes

were gently vortexed and 1ncubated at 4°C for 15 min. ‘
| | B
Progesterone assay: followmg the overmght mcubatmn at 4°C 0. 5 rnl

i

charcoal dextran separating reagent was added to all but the TC tubes The

tubes were gently vortexed and 1ncubated at 4°C for 15 min. A '

6. All tubes,: except the TC, were centrifuged at 16,000 g for 15 min, a_t 4°C. All

! o ‘ | : | o
' tubes were decanted into scintillation vials immediately after centrifuga-
tion. L | i |

7. Scmtlllatlon cocktail (3 ml) was added to all tubes, mlxed and then allowed

to equ111brate in the counter (LKB Wallace) for 1 hr prlor to countmg

V. Microspectroﬂuorimetry

Cells were seeded onto 25 mm circular coverglasses and mcubated m
l

DMEM/ FBS at 37°C in humldlﬁed air w1th 5% CO, before m1croﬂuor1metr1c

l R [l l} H
measurements . ; - ! i
' ' i ' ' !




o | . -
Intracellular calcium concentratlons were measured using estabhshed
ﬂuor1metr1c techmques [Buchan and Meloche, 1994]. All fura-2 ratio measure-
ments were performed using the AttoﬂuorTM Digital Fluorescence M1croscopy

System (Atto Instruments, Rockv1lle MD US.A)). The temperature-controlled

per1fus10n chamber was connected to a s1x channel perlfusmn system w1th a
flow rate of 1 2 ml/ min. All experrments were completed using the Zeiss 40x

Fluar™ oil immersion objective lens. The cells were illuminated alternately

with light at 340 and 380 nm. Measurements of 1ntracellular free calc1um levels

were collected at 1 2 sec mtervals “All data presented have been corrected for
background ﬂuorescence as determmed from cell-free regions of the cover—

glass. Changes in the fluorescence ratio recorded at 340 and 380 nm correspond

i
to changes in cytosohc free calc1um. _ i i ;

!
i

The' cells were 1ncubated with fura-2-AM loadmg buffer (5 uM) for 15
min at 37°C m humidified air w1th 5% C02 The coverglass was mounted onto
the temperature-clontrolled perifusion chamber and equilibrated for 10 mln
prior to the‘ start of the experiment Furai-2-loaded cells ‘iwere perifuésed withta
balanced salt solution (BSS; 137 mM NaCl 5.36 mM KCl 1.26 mM CaClz, 0. él
mM MgSOy- 7H20 0.34 mM NazHPO4 7H,0, 0.44 mM KH2P04, 4.17 mM
NaHCO3;, 10 mM HEPES 2.02 mM glucose pH 7.4). The treatment 1ntervals
ranged from 2-10 min, whereas the wash intervals var1ed from ;2—15 mm,
depending“’ upon the magnitude of the preceding calcium jresponse. ‘ |

VI Transfection of Human Embryonic Kidney 293 CellsE

A. Transient Trafzsfection of Human Embryonic Kidney 293 Cells

Human gonadotrophin receptor cDNA was subcloned into the pcDNA3,
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]
vector [lesch et al 1996; Kudo, et al., 1996] and transxently transtected 1nto
293 cells der1ved from human embryonlc kidney fibroblasts (HEK293) by the

calcium phosphate method [Raymond et al 1996]. The HEK293 cells were cul—

| tured unt11 80% conﬂuency, then trypsmlsed (0. 0625% in calcium- and magne—

sium-free HBSS) and re-seeded at a den31ty of 1 x 106 cells per 100 mm culture

dish. The HEK293 cells were 1ncubated W1th DMEM/ FBS at 37°C in hum1d1f1ed
air with 5% COQ for 24 hr prlor to transfechon Thirty minutes pr10r to trans—

fection, the HEK293 cells were. 1ncubated at 37°C in humidified air with 3%
C02 Ten to twenty micro- grams of cDNA per 100 mm culture dish Were used|
. : : ! ;

The ‘10-20 ug of cDNA was precipitated with 3 M sodium acetate 1% v/ V)

and 100%. ethanol (1 ml). The cDNA solution was centrlfuged at 4°é at 14, O(lO

rpm for 15 min. The supernatant was discarded and the Cells were washed w1th
1 ml of 100% ethanol The cDNA was re- suspended in 0.1x TE solutlon (450 ul)

and 2.5 mM CaC12 (50 pl) and 2X BES (500 ul). Followmg a 20 min mcubat10n at

room temperature the cDNA solutlon was 1ntroduced into the HEK293 cell

culture,f%m o ! C 1
t ' l i g [
l

Followmg al4 hr 1ncubat10n at 37°C in humidified air with 3% CO,, the
HEK293 cells were washed tw1ce w1th DMEM and then trypsmlsed (0. 0625%
trypsin), as aforementloned The cells were centrlfuged re- suspended ln
DMEM/ FBS, and seeded onto 25 mm circular coverglasses. The tranSIently

» . | : |
transfected cells were assayed 45-80 hr post-transfection. = .

B. Tmnsfection Efficiency . |

To monltor transfection eff1c1ency, the RSV-B gal plasmld was routmely
included 1n  the transfection mlxture and $3-galactosidase act1v1ty was deter-

mined by X—gal staining. Transfected HEK293 cells were washed w1th phos-

42 o |




phate buf'feﬂr j:solution (PBS), incubated at room temperatﬁre with fix
min, and Waéhed again (see Appendix B for formulatioh for PBS an(ji ﬁxativé).

The fixed Cfe;}ls were then incubated at 37°C with the X-gal stain for appro>2i-

mately 12 hrs

!
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Results

Frgure 4 shows that hCG does evoke calcium osc1llat10ns in human GLGCs
cells. As aforemenhoned human GLCs were obtalned from the UBC In Vttl‘o
Fert111sat10n Programme The cells were obtamed from women w1th fert111ty
1nclud1ng endocrme problems, and who have recently rece1ved pharmacologl—
cal doses of: hCG to simulate the natural LH surge. To facilitate the study (!>f
LH- mduced mtracellular calc1um moblllsatlon human wild-type and ch1mer]1c

receptors where transfected into HEK293 cells o : : i

L Gonadotrophm—lnduced Calc1um Osc1llat10ns in HEK293 Cells Express-mg

the Human Lutelmsmg Hormone/Chonomc Gonadotroph1n Receptor
: l
|

A. Speciﬁcity'of the Humdn LH/CG Receptor j

;

|

We have examined the effects of gonadotrophlns in transfected HEK293

cells using. smgle cell dual-excitation m1croﬂuor1metry The control groups
were untransfected HEK?293 cells, and HEK293 cells transfected w1th lac- Z
cDNA and/ or pcDNA3 plasm1d (Table 1) Gonadotrophm treatment falled to
elicit cal- c1um 51gnals in all four control groups. Flgure 5 shows the spec1ﬁc1ty
of the human LH/ CG receptor. Both human FSH and LH were admmlstered at
a dose of 4 ug/ml for a duratlon of 180 sec. Human FSH failed to e11c1t a

calcium r response from the transfected cells (n=42, # =2). Under the same

conditions,’ human LH con51stently evoked oscillatory calcrum 51gnals (n 42
|

#=2). The on- set of the [Ca2*); osc1llat10ns was rapid, well within 15 sec of the

LH treatment o . » L 1
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Figure 4: AEffécts ofl hCG treatmént on human GLCs. Single -cell micré)ﬂuorimé-

tric studies demonstrated that hCG successfully evoked moblllsatlon

( of mtracellular calcium in human GLCs. The cells were loaded w1th o

.Fura -2-AM, and perlfused with a balanced salt solution. All mlcro- o
fluorimetric studies were conducted in a temperature- controlled

(37°C) chamber. The agomst was admmlstered at a Concentratlon of : ‘

10 1U/ml, for a duration of 180 sec. L o o
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1

|

i

’: |

|

: ‘,:?;ntml groups cells image(ii (n) trarr:;lfrergtl?gnzf( #)? i
| t@HEKz_.9I3 57 BN 2
3HEK293/t§—ga1 85 | 2
Hﬁ@93/§cDNA3 | 7 | 2
HEKi93/ﬁ;gai/pcDNA3 -. e . o 1

| o

Table 1: Moblllsatlon of mtracellular calcium in response to gonadotrophm
treatment was 1nvest1gated in HEK293 cells transfected W1th gonado-
trophlc receptors Several control groups were established to demon-
strate that the intracellular calcium response was due to actlvahon of
the transfected gonadotrophxc receptors. The control groups were all
treated with human FSH and LH (2—4 ug/ ml) for a duration of 180 sec
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Flgure 5: Effects of gonadotrophm treatment on human LH receptors’ expressed
‘m HEK293 cells. Only hLH was capable of eliciting an mtracellular
‘calcmm response. The cells were loaded with Fura-2- AM and perl- :
fused with a balanced salt solution. All mlcroﬂuorlmetrlc studles f
‘were conducted in a temperature—controlled (37°C) chamber Trans-
dfected cells were treated with both human FSH (4 pg/ml) and LH (4 }
ug / ml) for a duration of 180 sec. : ' | ’
' |
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B. Effect of Human Chorionic Gonudotrophin »dn [Ca2+],'

i i

The calc1um osc1llat10ns lasted throughout the ent1re treatment period, and

persisted for at least 25 min after the cessation of LH treatment

i

|
l
1
|
1

Flgure 6 shows the concentratxon-response relat10nsh1p between hCG
and [Caz’“]1 Human CG was admlmstered at1, 5 and 10 IU/ml], for a duratlon
of 180 sec. At 1 and 51U/ml (n—54 and 10 respectlvely, # =2 and 1, respectlvely)
hCG e11c1ted baselme calcium osc1llat10ns wh1ch were sustamed even after
treatment w1thdrawal At 10 IU/ml hCG evoked a rise in [Ca2+]1, w1th
osc1llat10ns superlmposed on the qua51-susta1ned plateau phase (n—81 #= 3)

!

The cessatlon of the osc1llatlons is likely due to the depletlon of 1nternal
: :

i " o i ’
! : . . !

calcium stores.

C. Calciumlnﬂuxl vs. Calcium Mobi;'lisation

"l
v

To. determlne the relatlve contr1but10n of calcmm influx VS calc1um

mobilisation of cytosol1c stores in the initiation and malntenance of the

gonadotrophlc response, hCG was admlmstered in the absence of extracellular
calcium. Under calcium- contammg condrtlons, hCG (1 IU/ ml) reproduc1bly
evoked calc1um oscillations, sustained even after treatment w1thdrawal (Flgure
6). Under calc1um-free conditions, in the presence of 1 mM EGTA hCG stlll

evoked calcrum osc1llat10ns, but the response now was tran51ent (n 64, # 2

Figure 7). The second calc1um elevatlon in Figure 7 is due to the influx of
‘ |

extracellular calc1um into the cell followmg a return to calcium- contammg

condrtrons. -
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Figure 7: The 1nvolvement of extracellular ca1c1um on hCG- evoked calc1um
.moblllsatlon In the absence of extracellular calcium, the hCG-lnduc-
ed calcium response was not sustained beyond the treatment perlod
_The calc1um free buffer contamed 1 mM EGTA. The cells were loaded

i w1th Fura-2-AM, and perlfused with a balanced salt solutlon All
’ microfluorimetric studles were conducted in a temperature—control-
g led (37°C) chamber. - | . S |
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cells. . Human CG falls to elicit 1ntracellular calcmm moblhsatlon
when cells are depleted of their endoplasmlc rehcular ca1c1um stores.
The cells were loaded with Fura-2- AM, and perifused with a balanced
salt solution. All microfluorimetric studles were conducted ina
temperature-controlled (37°C) chamber : f o |
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To 1dent1fy the internal calc1um stores mob1llzed in the LH—evoked
calcium response, transfected HEK293 cells were pre-treated with thaps1gargln
(n=83, #= 2) Thap51garg1n is a' plant-derlved lactone, whose mode of actlon
appears to ‘result from the emptymg -of 1ntracellular _calcium | zstores hy
inhibiting sequestrat10n pathways [Thastrup, et al 1989]. Thap51garg1n
spec1f1cally 1nh1b1ts all members of the endoplasm1c and sarcoplasmxc
reticulum calc1um pump famlly [Lytton, et al,, 1991] Followmg thaps1garg1n
pre-treatment (1 uM), hCG falled to el1c1t a calcium response (Flgure 8) The
cells in thls, and all exper1ments, were CO- transfected ‘with §- -gal cDNA ergo,
the presence of the human LH / CG receptor was 1nd1rectly determmed by X-gal

1 ?"l
: ‘

staining. -

To determme the 1nvolvement of 1ntracellu1ar IP3 sens1t1ve calc1um
stores in the hCG-evoked calc1um SIgnals, caffeine was used. H1gh concen—

trations of caffeme have been shown to inhibit the moblllsatlon of non-

l
i

m1tochondr1al IP3-sen51tlve calcrum stores [Toescu, et al 1992] In Flgure 9
hCG treatment produces the usual osc1llatory calc1um signals; the 1ntroduct10n

of 20 mM caffelne erad1cates the calc1um oscﬂlatlons to almost baselme levels

The w1thdrawal of caffeine resulted in an elevatlon in [Ca2+]1, but the

l

4
l

osc1llat10ns are not restored (n= 33 #=2). . . s k |

l H
i . l
1

To determlne whether the human LH/ CG receptor is coupled to calc1um
signalling through the Gl-protem, transfected HEK293 cells were pre—treated
with pertu551s tox1n (PTX). Followmg a 16 hr pre-treatment w1th PTX (100
ng/ml), hCG falled to elicit a calc1um response (n—163 # =4). Agam the cells
were co-transfected with 3-gal cDNA ergo, the presence of the human LH/ CG

receptor was 1nd1rectly determlned by X- gal sta1n1ng
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Figure 9: ‘Effett of caffeine on hCG evoked calcium’ s1gnals in transfected HEK
293 cells. High concentrations of caffeine (20 mM) 1nh1b1ts the mobl-
lisation of non-mitochondrial, IP3 sensitive calc1um stores The cells
were loaded with Fura-2- AM, and perlfused with a balanced salt solu—
tion. All m1croﬂuor1metr1c studles were conducted in a temperature-
controlled (37°C) chamber. o | '
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IL Calcmm S1gnalhng in HEK293 Cells Transfected w1th the Wlld-Type or

Chimeric Human Gonadotrophm Receptors

The twelve chimeric and the two w1ld type gonadotrophln receptors
were 1nd1v1dually transfected 1nt0 HEK293 cells. Gonadotrophln treatment
failed to elicit calcium mob1l1sat10n in five of the fourteen receptor types (Table
2): FFR (n—212 #= 5), LFR (n—189 #=4); LF(5-C)R (n—177 # =3); FL(1-4)FR (n—202
#=4); FL(13-VI)FR (n=143, #=4)., Various agents used in' the experlments wele
dissolved 1n DMSO (20%, v/ V) Figure 10 shows that the Vehlcle, DMSO d1d
not ehc1t a calc1um response in the transfected HEK293 cells (Flgure 10; n= 87
L | |

A. Phospholipase C Involvement in .G'onadotrqphin-lnduced Cdlcium Responses |

To: determme whether adenylate cyclase plays a role in gonadotrophm
stlmulated mtracellular calc1um moblhsatlon, HEK293 cells transfected w1th
‘either the w1ld type human LH receptor or the chimeric human gonadotrophm
receptor FLR were treated with 50 uM forskolln, an adenylate cyclase stlmula—
tor. F1gures 11 and 12 show that forskolin failed to e11c1t 1ntracellular calc1um
signals m HEK293 cells transfected with elther the w1ld-type human'’ LH recep-
tor (Flgure 11 n—98 #=2) or the ch1mer1c human gonadotrophm receptor FLR
(Figure 12; n—93 #=3). Conversely, U- 73122 (10 uM), a phosphohpase C act1va-
tor, was clearly shown to degrade hCG- mduced 1ntracellular calc1um mob1l1sa-

i
i

tion (Figure 13; n=107, #=3). - o | |




Table 2A: Wild-type and chimeric human gonadotrophin receptor schematics
and detectability of intracellular calcium mobilisation. Calcium re-

sponse results are from the experiments documented in this section.

FSH receptor region

LH raceptor region

Receptor Schematic Calcium Response
FFR no

F(14)LR yes

FL(1-4)FR no

FL(7-C)R yes
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Table 2B: Wild-type and chimeric human gonadotrophin receptor schematics
and detectability of intracellular calcium mobilisation. Calcium re-

sponse results are from the experiments documented in this section.

P - SH receplor region

mewmeemee | 1 roCoDLOT region

[FHREEEEA
Receptor Schematic Calcium Response
FL(C)R yes
FL(i3-VI)FR no 5
FL(V-i3)FR yes
FL(V-VDR yes
FL(V/VDR yes
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Table 2C: Wild-type and chimeric human gonadotrophin receptor schematics
and detectability of intracellular calcium mobilisation. Calcium re-

sponse results are from the experiments documented in this section.

[ OH recapior ragion

SAARALLAAAAARY

e | |-\ roCoplor region

[P
Receptor Schematic Calcium Response
FLR yes
LF(5-C)R no
LF(O)R yes
LFR no
LLR yes
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B. Effect ofCOnadotrophin on Chimeric Human Gonadotrophiﬁ;Re‘ceptors : o

LF(C)R (Flgure 14; n= 131 #= 3) the mtracellular carboxy-termmal of the

human LH receptor has been replaced W1th that of the human FSH receptor
-
This alteratrons results in an altered hCG- 1nduced calc1um profile. The calcmm

oscrllatlons are lost and the 51gnal is only sustained for the duratlon of the
l

gonadotrophm treatment Porcme FSH (40 pg/ml) falls to elicit a calc1um

I
l

response from this chimeric receptor i
: l
\
l

FLR (Flgure 15 and 16; n—292 #= 5) the transmembrane and 1ntracellular
portions of the human FSH receptor has been replaced w1th that of the human

LH receptor. The FSH-induced calcium proflle is less cons1stent than that
| -
observed in the wild- -type receptor There is a marked hystere51s in the Varlous

calcium proﬁles of these altered human FSH receptors Human CG (10 I/ ml)

failed to e11c1t a calc1um response . ‘ . }

| o
I
FL(C)R (Flgure 17; n= 156 #=3): the intracellular carboxy term’mal of the
human FSH receptor has been replaced w1th that of the human LH receptor
Porcine FSH (40 ug/ ml) elicits a s1ngle calcium spike. The calcium osc1llat10ns

and sustamed calc1um moblllsatlon is not evident i in the FSH-mduced calcrum
responses for this receptor. . E - B '

I
i

F(1- 4)LR (Flgure 18; n= 143 #= 3) the latter segment (from part bf
extracellular loop two to the end of the carboxy-termlnal) of the human FSH _
receptor has been replaced w1th that of the human LH receptor Porcme FSl‘I
(40 pg/ ml) el1c1ts a' similar calcium proﬁle to that normally observed in the

human LH/ CG activation of the wild- type human LH receptor
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o Figure 10 Effects of pFSH and DMSO on HEK293 cells transfected w1th the ;
:' chimeric human gonadotrophm receptor FLR Porcine FSH (40
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' Flgure 11 Effecta of forskolm treatment on. HEK293 cells transfected ! ,
" P - with the wild- -type human LH receptor Forskolin, an adeny- : :
- . late cyclase stlmulator, was admlmstered at a concentratlon : o
of 50 uM for a duratlon 360 sec, whlle hCG was admlmstered ;
at 10 IU/ml for a duration of 180 sec. The cells were loaded ;
o “with Fura-2-AM, and perlfused with a balanced salt solutlon ?
.+ All micro-fluorimetric studies were conducted in a tempera-
" ture-controlled (37°C) chamber
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Figure 12 Effects of forskolm treatment on HEK293 cells transfected
with the chimeric human gonadotrophm receptor FLR Fors-

c kolm an adenylate cyclase stimulator, was admmlstered ata

- concentration of 50 UM for a duration 360 sec, while hCG was
admlmstered at 10 IU/ml for a duration of 180 sec. The cells

were loaded with Fura-2-AM, and perlfused with a balanced

salt solution. All microfluorimetric studies were conducted ;

in a temperature controlled (37°C) chamber
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Figure 13: Effects of U-73122 treatment on HEK293 cells‘transfected with
- the wild-type human LH receptor. U-73122, a PLC stlmula—

tor, was admmlstered at a concentration of 10 pM for a dura-

~ tion 360 sec, while hCG was administered at 10 U/ ml for a |
'duration of 180 sec.. The cells were loaded with Fura-?_-AM

" and perifused with a balanced salt solution. All mlcroﬂuorl- ’

metric studies were conducted in a temperature controlled
(37°C) chamber.
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Flgure 14 Effects of gonadotrophm treatment on HEK293 cells trans-
~ fected with the chimeric human gonadotrophin receptor ;
" 'LF(O)R. Porcine FSH (40 pg/ml) and hCG (10 IU/ml) were
both admmlstered for a duration of 180 sec The cells were : ;
loaded with Fura- 2-AM, and perifused with a balanced salt [
L solutlon All mlcroﬂuonmetrlc studies were conducted in a
S temperature-controlled (37°C) chamber. ]
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Flgure 15: Effects of gonadotrophm treatment on HEK293 cells trans- ; i :
fected with the chimeric human gonadotrophm receptor FLR. . :
Human FSH was administered at a concentratlon of 0 2ug/ | '

ml _for a duratlon of 180 sec. All mlcroﬂuorlmetrlc studles . ,

were conducted in a temperature- ~controlled (37°C) cha‘mber.. | Y




. . . i
| P i !
. . ; !

SR ' | . ? N
FL(7—C)R (Figure 19; n=97 #=2): the third extracellular loop, the seventh
transmembrane segment, and the carboxy-termmal of the human FSH receptor

have been replaced with those of the human LH receptor FSH is Stlll capable

of e11c1t1ng a calc1um response, but the sustamed oscillatory pattern 1n :

essentially lost although a few oscillations may occasmnally be | observed

There is also a marked hysteresis in the calcium responses in these receptors. 1
FL(V-i3)FR (Figure 20; n=174, #=3): part of the second extracellular loop,

the fifth transmembrane segment, and the third 1ntracellular loop of the human
FSH receptor have been replaced with those of the human LH receptor FSH 1s

still able to elicit calcium tran51ents in’ HEK293 cells transfected with thls

chimeric receptor, however, the calc1um transients are severely attenuated, ,an,d
SR | ~ - | -
no oscillations were observed. ' . ' l
FL(V/ VI)R (Figure 21, n—173 #= 3) the fifth and sixth transmembrane
l
segments of the human FSH receptor have been replaced by those of the human

LH receptor FSH is again able to elicit calcium transients in HEK293 cells

transfected w1th this chlmerlc receptor, however, the calcium response is
attenuated. | o 4 . | ]

1
i l
H l

FL(V —VI)R (Figure 22; n=167, #= 3) the ﬁfth and sixth transmembrane
segments and the third 1ntracellular loop « of the human FSH receptor have been
replaced by those of the human LH receptor. The hgand 1nduced calc1um

mob111sat10n proﬁle is similar that normally expected for hCG—mduced calc1um
: | :
moblhsatlon, however, the calc1um osc1llat10ns have | '

i
1 N
i i
i
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F1gure 16 Effects of gonadotrophm treatment on HEK293 cells trans- ,
! fected with the chimeric human gonadotrophin receptor FLR. | Cod

.- Porcine FSH (40 ug/ ml) and hCG (10 IU/ ml) were adm1ms— i
’ . tered for a duration of 180 sec. The cells were loaded with |
; - Fura-2-AM, and perifused with a balanced salt solut10n All | v
: 'microfluorimetric studies were conducted in a temperature- | G
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Figure 17: . Effects of gonadéfrophin treatment on HEK293 cell§ trans- |
.' fectéd with the }chimeric'ﬁhuman gonvac'lo_trophin réceptor

FL(O)R. Porcine :FSH was Iadministered‘ at a concentraiﬁon of

40 ug/ml for a duration of 180 sec. The_ cells were iloaded

with Fura-2-AM, fand perifgsed with a balanced salt S(t)lution.

" All microfluorimetric studies were conducted in a tempera-

ture-controlled (37°C) chanﬁber. i |
a
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F1gure 18 Effects of gonadotrophm treatment on. HEK293 cells trans-
fected with the chimeric human gonadotrophm receptor F(1-
4)LR. Porcine FSH was administered ata concentratlon of 40
ug/ ml for a durahon of 180 sec. The cells were loaded with
Fura-2-AM, and perlfused with a balanced salt solutlon All
m1croﬂuor1metr1c studies were conducted in a temperature—
controlled (37°C) chamber I
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Flgure 19 Effects of gonadotrophm treatment on HEK293 cells trans- ; ,
L fected with the chlmerlc human gonadotrophln reCeptor i ;
" FL(7-O)R. Porcine FSH (40 ug/ml) and hCG (10 Iu/ ml) were ‘ | :
administered for a duration of 180 sec. The cells were loaded 1 v

with Fura-2-AM, and perlfused with a balanced salt solutlon _
~All microfluorimetric studies were conducted ina tempera-
: ture-controlled (37°C) chamber. ; '
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Figure 20; Effects of gonadetrophin freatxnent on ﬂEK293 cells trans- |
. fected with the chimeric, human gonadotrophm receptor ;

L FL(V-i3)FR. Porcine FSH was admmlstered at a concentra-

. tion of 40 ug/ml for a duration of 180 sec. The cells were

| ‘loaded with Fura-2-AM, and perlfused with a balanced salt
‘solution. All microfluorimetric studies were conducted in a
temperature-controlled (37°C) chamber.
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Figure 21 Effects of gonadotrophin treatment on HEK293 cells transfected
with the chimeric human gonadotrophin receptor FL(V / VI)R

- Porcine FSH was administered at a concentration of 4Q ug/ml

- _for a duration of 180 sec. The cells were loaded withé’Fura-Z-

‘ AM, and perifused with a balanced salt solutlon All mlcroﬂuo- I

: Irlmetrlc studies were conducted in a temperature controlled |
' ;(37°C) chamber. | . b .
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Figure 22: Effects of gonadotrophm treatment on HEK293 cells transfected

.+ ‘with the chimeric human gonadotrophln receptor FL(V VI)R

Porcine FSH was administered at a concentration of 40 ug/ml |

- for a duration of 180 sec. The cells were loaded W1th Fura-2-
AM, and perifused with a balanced salt solution. All mlcroﬂuo-

rimetric studies were conducted in a temperature controlled
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{
IIL PTPuﬁnoreceptor Agonist-Evoked Calcium Oscillations in Single Huma?n
Granulosa-Lute’_ln Cells i

We have exammed the effects of pur1nerg1c receptor agomsts ATP ADP
AMP, adenos1ne, UTP, and the non-hydrolysable analogue ATP'{S on
1ntracellular calcium concentration over a range of concentrations (1- 100 uM) 1n

1solated human GLCs, using the techmques of smgle -cell dual- exc1tat1on
|

m1croﬂuor1metry The data presented are representative of the changes 1n

)
mtracellular calc1um, and are reported as the total number of cells m1aged (TC)

and number of patients (n) for each protocol o | | o

A. Effects of purmergu: receptor agonists on mtmcellular calczum

concentrutzons B : i

ATP cons1stently evoked a marked increase in cytosohc calc1um (TC= 750
n=11). As shown in Figure 23, above m1cromolar levels, the response to ATP
was concentratxon dependent No change in 1ntracellular calc1um concentratlon
was observed at submlcromolar concentratlons wh1lst the plateau phase
produced by 100 uM ATP exh1b1ted part1a1 run-down; a phenomenon consrstent
with desensmsahon at the level of the receptor. The desensmsatlon effect was
1ndependent of the order of adm1n1strat10n The patterns of 1ntracellular
calcium r1ses were generally characterlsed as exther non- osc1llatory (256,
TC= 187 n= 11) or osc1llatory calc1um tran51ents (75%, TC= 563 n= 11)
or1g1nat1ng from a plateau of elevated intracellular calc1um (Figures 23 and 24)

Ina efﬁcacy proﬁle experiment of UTP, ATP, ADP, AMP and adenosme (Flgure
24), cells were exposed to 10 uM . concentratlons (TC=75, n—4) The data in Fig-




00LUM O01pM  1yM  10uM | 100uM

Ratio (340:380 nm)

120 sec
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Figure 23: ATP concentratlon-response relationship. - Submlcromolilr conceﬁ—
“trations of ATP were incapable of calcium moblllsatlon Note the
*osc1llatory pattern at 10 uM ATP. The cells were loaded W1th Fura—
'?2 AM, and perlfused w1th a balanced salt solution. All mlcroﬂuorl-
' metrlc studies were conducted in a temperature-controlled (37°C)
?‘chamber : , K !
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Upper panel: Effects of ATPYS, a non- hydrolysable ATP ana-
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Figure 26: { Upper panel: The involvement of extracellular calc1um on ATP '

’* | -mduced calc1um moblhsatlon ATP was used at a concentra-

| tlon of 10 pM. The calc1um-free buffer contamed 1 mM EGTA. N
. g |

-+~ Lower panel: The involvement of exfracellular caléium on:‘
- ATP-induced calcium mobilisation. ATP was used at a concen-
' tration of 10 uM. The calcium-free buffer contamed 1 mM*

' -7 _ | | ; | : T i




i

I8
i
:

l
l.
{ L
: g
l
l

ure 24 shows that while 10 uM ATP evokes a substantlal signal, there is no

effect of e1ther AMP or adenosme Under the same experlmental cond1t10ns,

ADP (10 uM) cons1stently evoked smaller changes 1n 1ntracellular calc1um

concentrat10n than ATP (TC=50, n—4), whllst UTP was equlpotent (T C 75, n= 4)

| |
! 1
i

B. Eﬂects of ATP'yS on mtracellular calczum concentratwns l

Flgure 25 is a representatwe proflle of the effects of the non-
hydrolysable analogue ATPYS on 1ntracellular calcium levels in human GLCs
(TC=75, n=4). The response to 10 uM ATPYS mirrors that evoked by ATP both
in the time course of the onset of the response and the osc1llat0ry nature of the
sustained plateau phase The amplitude of the change in calcium is comparable
for both ATP and ATPYS. Figure 25 Lower panel shows that the effects of

i

ATPYS are greater than those of ATP and UTP

C. Calctum-mﬂux vs. calczum-mobzlzsatwn - . | ! 3 ,
In order to determine the relat1ve contr1but10n of calc1um‘mﬂux vs
calcium- mob1l1sat10n from cytosol1c stores in the 1n1t1at10n and mamtenance of
the pur1nerg1c response, ATP was added in either the presence or absence of
extracellular calcium. Under calcium-containing condltlons, ATP (10 uM)
reproducibly evokes a sharp rlse in cytosohc calcium, Wh1ch is mamtalned as
either an 0sc1llatory (Figure 26 Upper panel) or smooth (Figure | 26 Lower
panel) plateau in the cont1nued presence of the agomst In calc1um-free
experiments, in the presence of the selective calc1um chelator EGTA (1 mM)

ATP evokes an initial rise in 1ntracellular calc1um levels but the response 1s-

now tran51ent returnmg to basal levels in the contlnued presence of ATP
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on ATP-stimulated calcium mobilisation. Reagents were
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Flgure 28 Upper panel: Effects of PGFQ(, and ATP on mtracellular cal-
cium mobilisation. Reagents were used at a concentratlon of
10 uM. | S
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Lower panel: Effects of PGF,, and ATP on intracellular cal-
-cium mobilisation in human GLCs pretreated with PTX (100
ng/ml) for 18 h prior to experlment PGF2OL and ATP were

used at a concentratlon of 10 uM » (
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However, note how the response still exh1b1ts osc1llat10ns (TC=60, n—3 Flgure

26 Upper panel) |

i !

To determine whether VbCC werej involved in'the inﬂux component bf
the ATP evoked change we used the broad acting blocker verapamll (10 uM)
in an attempt to inhibit the plateau phase of the response As shown in F1gure ‘
27 Upper panel (TC 18, n=4) and 27 Mlddle panel (TC= 36 n=4), Verapamll was
able to block the maintained phase of the response in 33% of the cells. In
‘addition, Verapamll did not prevent an ATP-evoked rlse in cytosol1c calcmm
when added prior to the Pp-purinergic receptor agomst (TC 75 and 75 n=4 and
3; Figure 27 Lower panel) i
|
-

D. Pertussis Toxin Pre-treatmenf !
: . : , | !
To determme whether the ATP evoked calcium response was coupled to
a PTX sens1t1ve G protem we pretreated the cells w1th PTX (100 ng/ ml) for 18
h. PTX falled to alter the proflle of the ATP evoked calc1um response (TC 75

n=3; F1gure 28 Lower panel). PGan was used as the control in determmmg the

effectweness of PTX. o f r i

E. Effects of pufinérgic receptor agom'sts on steroid secretion

Human GLCs were treated after a 7 day 1ncubat10n The data presented
are representahve of the stero1dal responses elicited by the var1ous reagents

the data are presented in this manner because the basal stero1dal concentrahons

varied, at t1me con51derably, amongst the patients. e | C
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Figure 29 Effects of purmerglc agonlsts on basal oestradlol productlon
B ; ~in human GLCs.' The cells were incubated with serum -free

‘ IDMEM at least 6 hrs prior to drug treatments Cells were

" cultured for 7 days prior to drug treatment Treatment‘
periods ranged from 22-26 hrs. Treatments were made up in

serum-free DMEM containing androstenedlone (a =b, p >
005) ‘ ‘
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Flgure 30 Effects of purmerglc agomsts on hCG- stlmulated oestradlol
- production in human GLCs. The cells were 1ncubated with
- serum-free DMEM at least 6 hrs prior to drug treatments
Cells were cultured for 7 days prior to drug treatment o

- Treatment periods ranged from 22-26 hrs. Treatments were y
made up in serum-free DMEM contammg androstenedlone ? .
(a;eb p <0.05) |
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Figuré 31: Effects of purinergic agonists on basal pri)gesterone ﬁroduc-
L “tion in human GLCs. Theicells were Iincubated with Eerum4 |
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Effects of purmerglc agomsts on hCG-mduced progesterone i
produchon in human GLCs. The cells were mcubated with |

serum-free DMEM at least 6 hrs prior to drug treat:ments‘.

; ‘Cells were cultured for 7 days prior to drug treaitment.

- Treatment perlods ranged from 22-26 hrs. Treatmenfs were

made up in serum-free DMEM containing androstenedlone

-85-




;
i

{
i
1
t
{

To determine whether purinergié agoniSts have any effect on basal

steroid secretlon human GLC cultures were treated w1th 1uM concentratlons
of adenosme, AMP ADP ATP, and UTP. The cells were mcubated w1th serum-
free DMEM at least 6 hrs prior to drug treatments. Cells were cultured for 7
days prlor to drug treatment Treatment periods ranged from 22 26 hrs
Treatments were made up in serum-free DMEM contammg androstenedlone

|

The purlnerglc agomsts did not appear to have any effects on basal steroxd
|

productlon, nor:on hCG- stlmulated ster01d production (Flgures 29—32).
o |
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|
B
I}
i

i




Discussion

L Gonadotrophm—lnduced Calc1um Osc1llat10ns in HEK293 Cells Express-lng
|

the Human Lutelmsmg Hormone/Chorlomc Gonadotrophin Receptor '
L | , | |

To our knowledge, this is the  first report of sustamed calc1um
oscillations in response to the actlvatlon of human LH/ CG receptors‘ Prevlous
studies have reported LH/ CG-mduced calcium elevahons in Xenopus oocytes
[Gudermann, et al., 1992b] and in HEK293 cells transfected with the rat LH/ CG
receptor [Lakkakorp1 and Rajaniemi, 1994]. The type of calc1u1n1 response
elicited by the act1vat10n of the rat LH receptor was dependent upon hormone
concentration and the presence of extracellular calc1um Lakkakorp1 et al

[Lakkakorpl and Ra]amem], 1994] observed calcium osc1llat10ns in 72% of the

cells in the presence of extracellular calc1um, and only 33% of cells in the

i
l

absence of extracellular calcmm We observed human CG- 1nduced calc1um
oscillations in all HEK293 cells expressmg the human LH receptor, the pattern
and frequency of oscillation altered w1th 1ncreas1ng concentrauons of the
hormone. In the absence of' extracellular calc1um osc1llat10ns were strll
observed although the frequency was reduced Thus is appears that the human
LH receptor affects mtracellular calc1um levels in"a manner 51gn1f1cantly
different to the rodent receptor. lesch et al. [lesch et al, 1996] have
prev1ously reported that HEK293 cells tran51entlv transfected with the human
LH/CG receptor do exhibit human LH-mduced elevatlons in 1ntracellular IP3

and cAMP.:

|
i

The: 1nduct10n of 1ntracellular osc1llat10ns by transfection of the human

LH receptors mto I—IEK293 cells was s1m1lar to the effect of human CG on
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human granulos'a cells maintained in short term culture. These resuljts indica:te
that the coupling of the human LH receptor to both aderlylate cyclase- and IPé-

mediated osc1llat10ns is a response of the normal target cells as well as
transfected cell llnes Thyrotrophm, structurally related to LH. FSH and hCG
appears to share the ability to actlvate multiple 51gnalmg pathways w1th
LH/ hCG Treatment of human thyr01d cells with thryotrophm results in the
generation of calcium osc1llat10ns [D Arcangelo, et al., 1995] The thyrotrophln
receptor is well known to couple to the adenylate cyclase/ cAMP cascade 1n a
manner SImllar to LH and FSH however, thyrotrophm has been reported to
stimulate the 1nos1tol phosphate/calcmm slgnallng pathway 1ri\ pr1max{'y
cultures of thyr01d cells, thyro1dal cell lines, and transfected cell hnes [Corda
and Kohn, 1986 D’Arcangelo, et al 1995; Hidaka, et al 1994] D’Arcangelo [et
al. [DY Arcangelo, et al., 1995] These results suggest that the 1n051tol phosphate/

|
mtracellular. calcium cascade plays an integral role in the comp!lex signal

transduction pathways in both gonadal and thyroidal cells. | I{
o : ' i |

Intracellular calcium oscillations 'were first described by Prince anéd
Berridge [Prmce and Berridge, 1972] but not apprec1ated until Woods et al
[Woods, et al 1986] described the lmkage between surface membrane receptors
and cellular funct10n Calcium osc1llat10ns are mvolved in the potent1at10n of a
ligand response [Alkon and Rasmussen, 1988; Berr1dge and Gal1one, 1988]
Calcium osc1llat10ns have been reported following the actlvatlon !of several
receptors 1n the reproductive system, notably Pp- purlnoreceptor 1n human
ovarian cells [Lee, et al., 1996; Squlres, et al., 1997] and GnRH receptor m
gonadotrophs [Sto]1ll<ov1c and Catt 1995] Gonadotrophm releasmg hormone

and endothelin-1' induce b1pha51c mtracellular calc1um tran51ents 1n

1

gonadotroph_cell suspensions (measured using the cuvette techmque) but

|
.
i
i
i
{
i
i
i
i
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oscillatory 1 mtracellular calcium’ responses in single gonadotrophs [Sto]llk0V1c

and Catt, 1995] The pattern of oscillations reported in the latter study resemble
l
the LH- mduced intracellular calcium oscxllatlons observed in the present

studies. i
'! j
1 i

Although much remams to be explamed w1th regard to" the1r

| !
51gmf1cance, 1t has been suggested that the calcium osc1llat10ns may code for

multiple 51gnals in the1r amplltudes and frequenc1es It is belleved that the

various calc1urn proflles dlfferentlally actlvate s1gnallng pathways such as gene'

transcr1pt10n by activating the calmodulin pathway and 1ntracellular protem

phosphorylatron by activating the calcium sensitive proteln kinase C 1sozymes

The data presented in thls thesis clearly mdlcates that the blndmg of
LH/CG to the human LH/CG receptor activates the phosphohpase C pathway
In order to determme the source of the calcium dr1V1ng the osc1llatory
behaviour a number of pharmacologlcal mampulahons of the transfected cells
were undertaken ngh concentrahons of caffeine have been shown to mhlblt
the moblllsahon of non—mltochondrlal IP3 sensitive calc1um stores [Toescu et
al., 1992] The data obtained usmg both the pr1mary granulosa cells and the
transfected HEK cells show that the calcium osc1llat10ns 1n1t1ated by
st1mulat10n of the LH receptor were inhibited by caffeme These results would
be consistent w1th activation of the phosphohpase C pathway and generatlon of
IP3 and dlacylglycerol : S )

Inositol 1,4,5- tr1sphosphate st1mulates the release of calc1um frorn
intracellular stores by binding; to and opening the IP3 receptor, a calc1ur|n

l
release channel in the endoplasmlc reticulum. Inositol trlsphosphate receptor

activity is not only sensitive to 1ntracellular IP3 concentrahons, but also to

o
i ! .
'
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intracellular calcium concentrations [lino, 1985’] The IP3- induced rate (f)f
calcium release depends on a feed forward mechanlsm whereby | ’the 1nlt1al
calcium rele‘ased through the channel stimulates opening of addltronal IP3
receptors’ and a further 1ncrease in calc1um levels [Imo, 1990; Iino and Endo,
1992]. Studles have shown that. IP3 is only a partial agomst of the IP3 receptor,
for the full actlvatron of the receptor, both calc1um and IP3 are requlred
[Bezprozvanny, et al., 1991; chh et al,, 1991 Iino, 1990 Iino and Endo 1992]
The LI—I/CG 1nduced calc1um oscillations observed were most probably
generated by the process of calclum induced calcium release The IP3 receptor
functions as a’calcium- 1nduced calcium release channel in the contmued

i k

presence of IP3 [Imo, 1999]. o ; _— ! l

t
i S
{ |

Addltlonal conflrmatlon of the st1mulat10n of phosphollpase C by. the
LH receptor was obtalned usmg thap31garg1n to deplete ER calc1um stores
After thaps1garg1n pre- treatment neither. LH nor human CG were capable of
1n1t1atmg calc1um oscillations. - In addition if thap51garg1n was g1ven after
stimulation of the LH receptors additional calcium release was observed
1nd1cat1ng that human CG did not completely empty the IPj3- sensrtlve
endoplasmrc reticular calcium stores When thapsrgargm was applled f1rst
twin peaks of calcium release were observed suggestmg that more than one
isoform of the IP3 receptor is expressed on the endoplasmlc retlculum The
expression of multlple IP3 is not unusual and many cells types have been
reported to contain at least two of the three known IP3 receptors [Cardy, et al
1997; Flssore, et al., 1999]. The data obtalned from the HEK cells, would be
consistent w1th the initial actlvatlon by thap51garg1n of the high afflnlty IP3
receptor (most probably IP;3 type II) . The presence of thap51garg1n in the

perfusion medlum prevents the re-sequestratlon of released calcrum into the

-90 -




endoplasmlc retlculum, and in. the contlnued presence of IP3 in the cytosol
g

would result in actlvatlon of the second lower affinity IP3 receptor ’ a
Multiple ;subt:ypes of IP3 receptors K(types IE 11, and I10) are expressed inia
tissue- and development-spec1f1c manner [Rosembllt et al., 1999] Calc1um
signalling patterns are dependent on the IP3 receptor subtypes, Wthh dlffer
31gn1f1cantly in the1r responses to agomsts (i.e. IP3, calc1um and ATP) Type I
IP3 receptors are highly sensmve to ATP and med1ate 1rregular calc1um
oscillations’ [Mlyakawa, et al., 1999] The type 1I IP3 receptors form channels
with permeatlon properties s1m11ar to type L However, IP3 and calc1um are
more effectlve at actlvatlng type II IP3 receptors, therefore these channels
mobilise substanhally more calcium than type I channels [Ramos Franco, et al
1998]. Type it IP3 receptor are the most sensitive to IP3 and are requlred for the

: l
long- lastlng, regular calcium osc1llat10ns that occur upon surface receptor

- - activation [Mlyakawa, et al., 1999]. ngh cytoplasmlc calc1um concentratrons

inactivate type I but not type II, IP3 receptors, 1nd1cat1ng that calc1um is not
inherently self-l1m1t1ng thus calcium passmg through an active type II channel
cannot feed back and turn the channel off [Ramos Franco, etal., 1998] Type III
IP3 receptors are the least sensitive to IP3 and calc1um, and tend to generate
monophasm calc1um transients [Mlyakawa et al, 1999] It forms calc1um
channels 51m11ar to those of type I receptors; however, the open probablllty
increases monotonlcally with 1ncreased 1ntracellular calc1um concentratroh
whereas the type I isoform has a bell- shaped dependence on cytoplasmlc
calcium. Type III IP3 receptors provrde pos1t1ve feedback as calcium 1s released
the lack of negatlve feedback allows complete calc1um release from

1

intracellular stores [Hagar, et al 1998] leferentlal expressron of IP3 receptor

subtypes helps to encode IPg-medrated calcium 51gna111ng, thus the complement




|
!

of IP3 receptors in the cell defmes ‘the spatlal and temporal nature of calc1um

signalling in response to st1mulat10n of phosphohpase C

i !
{ !
i

The 31gn1f1cance of mtracellular calcium oscillations remains to be

1

eluc1dated - The unravelling of the mechanisms that give r1se of these

I .

oscillations w1ll prov1de 1ns1ghts into the mechamsms that regulate and set
cytosolic calc1um levels w1th1n physiological 11m1ts Basellne calc1um

osc1llat10ns are deﬁned as rap1dly rlsmg transient increases in mtracellular

concentratlons ' from close to basellne levels. These osc1llat10ns are
character1sed by increased osc1llat10n frequenc1es w1thout concomltant
increases 1n splke amphtude, in response to 1ncreasmg agomst concentrahons
Sinusoidal oscillations are mtracellular calcium osc1llat10ns superlmposed on a
sustained plateau of intracellular calcium. Increased agomst concentratlons

increases the overall ampl1tude of the sinusoidal osc1llat10ns, but not the
[ N

frequency of the osc1llat10ns Baselme osc1llat10ns may contmue throughout
prolonged ‘periods of st1mulat10n while sinusoidal osc1llat1ons tend to
diminish w1th time, generally lasting for only a few mmutes [Putney, 1992]
Clearly the response to stimulation of the LH receptor generates baselme

rather than’ smusmdal osc1llatory responses in the cells examined in the present

¥ : 1 ' ; : ' l ‘
studies. . T : i . : |

l
. L | ;
i
i . P
i : i !

Several 1nvest1gators have suggested that calc1um osc1llat1ons encode

hormone s1gnals ‘Because oscxllatlon frequenc1es can vary w1th agomst
concentratlons, calc1um transients mlght be part of a frequency encoded
signalling system [Berridge and Galione, 1988; Putney, 1992] Calc1um

oscillations mlght encode 1nformat10n to be detected over a broader range than

'

with just sustamed tonic increases. This may be of espec1al 1mportance for

hormones of very low concentrat1ons Prolonged exposure to extremely low
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concentrat1ons vof some phosphohpase C-linked hormones can mduc
biological responses such as changes in gene expression [Stachow1ak et al
1990; Suh, et al.,‘1992] Low_agomst concentrat1ons could evolge agom}st
concentration sensitive calciume oscillationS‘ these low frequency dscillaﬁons
could, over a prolonged 1nterval could be 1ntegrated into a blologlcal
response. Meyer et al. [Meyer, et al, 1992] suggested that the kinetic behav1our
of the calmoduhn/ calcium- calmodulm—dependent protern kinase 1nteract10n
can detect and respond to calc1um osc1llat10ns If calc1um osc1ll|at10ns are
capable of act1vat1ng calmodulm/calcxum-calmodulm—dependent protem

kinase, then a sustained series of oscillations would be suff1c1ent to alter the

expression of proteins encoded by genes regulated by CAM act1v1ty

}
l
i
I
I
l

II. Role of calcium‘_ oscillations in gonadal physiology l
. ! :

! : i
j l

It has long been estabhshed that LH action is medrated pr1mar1ly via the
adenylate cyclase signalling pathway [Dufau and Catt, 1978 Hun21cker—Dunn
and B1mbaumer, 1985; Leung and Steele, 1992] However, recent reports have
raised the possrblhty that the phosphohpase C s1gnal transduchon pathway 1s
also involved in LH action [Dav1s, 1994; Gudermann, et al 1992a; Herrhch et

al., 1996; Hlpkm, et al., 1993] Although the mechamsm underlymg the
bifurcating s1gna1 transduction remains unknown, it has been shown that m
bovine corpora lutea and L cells stably expressmg the murlne LH receptor, LH
st1mulat10n can couple to both G5 and Gl, and the By—subumts released from
cither G proteln contribute to the strrnulatlon of phosphohpase Cfg 1soforn‘\s
[Herrlich, et al 1996] Hipkin et al. [Hipkin, et al., 1993] have shown that the

LH/CG receptor phosphorylatlon is induced by a phorbol ester, but not w1th a




calcium 1onophore Although the phorbol ester-mduced phosphorylatlon of
the LH/ CG receptor can be correlated with uncouplmg, other exper1ments
indicate that human CG-mduced uncoupling of the LH/ CG receptor can occur
under condltlons where the cAMP med1ated receptor phosphorylatlon 1s
greatly reduced or abolished [Hlpkm, et al.,, 1993]. Gudermann et al., haye
shown that L cells stably expressmg murine LH receptors respond to human

CG with an increase in their rate of phosphomos1t1de hydrolys1s, and an

increase in 1ntracellular calcium concentrahons [Gudermann etal, 1992a]

It has been suggested that a smgle LH/CG receptor can couple to both
adenylate cyclase and phosphohpase G and the ab111ty of LH/CG to actxvate
phosphohpase Cis 1ndependent of cCAMP accumulahon [Davis, 1994] The
concentrahons of LH and human CG used in the present study were 1n the same
range as those employed to mduce IP3 accumulatlon assoc1ated with the human
LH receptor [H1rsch etal, 1996] Interestmgly, it has been reported that hlgher
concentratlons of LH are requlred to activate the phosphohpase C pathway
than that wh1ch is required for the adenylate cyclase pathway, at least 1n
rodents. In llght of the data from Zhu et al [Zhu, et al., 1994] the actxvatlon of
the phosphohpase C pathway appears to be associated w1th events surroundmg
ovulation and pregnancy, when c1rculat1ng levels of LH and human cG are
high. Th1s notlon is corroborated by the increase m the number of LH

receptors dur1ng.folllcular maturat1on [Kammerman and Ross 1975]

!

Moreover, recent studles have shown that the ability of LH to mduce ovulatlon

is 1mpa1red by protem kinase C inhibitors [Shlmamoto 1993 #70; rKaufman,
i

1992 #311] further supportmg a role for the phosphollpase C pathway in LH

action durlng the perlovulatory perlod

-94- - |




Calcium 1signals generated by the LH;actlvated phosphblipase C
pathway durmg ovulatory process may also act via protem kinase C Cutler et
al. [Cutler, et al 1993] reported that a calc1um 1ndependent protem kmase C
was 1nvolved in ovulation in the rat; however, th1s does not negate the
p0551b111ty that a calc1um dependent protein k1nase C is 1nvolved in tlle
ovulatory process in other speaes Rodents do not produce a dommant folllcle
during the foll1cular phase and give b1rth to between 12 - 15 pups thus, the
endocrmologxcal dynamlcs regulatmg ovulation will dlffer s1gn1f1cantly from
animals producmg only a smgle offsprmg by ovulahng one folllcle (such as

humans). -

; l

t .

|

| |

i
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Our study shows that the human LH/ CG receptor is specific for LH and
human CG While purified human FSH failed to, elicit calc1um srgnals, humain
LH and CG cons1stently evoked calcium osc1llat10ns that were sustamed even
after treatment withdrawal. The 1n1t1al phase of the human CG evoked
increase in mtracellular calcium’ concentratlons results from the mob1llsat10n of
cytosolic calc1um stores, and is then sustained by an 1nﬂux of extracellular
calcium. The 1ntracellular calc1um stores | 1n question were the 1ntracellular IP‘g-
sensitive calcrum stores in the endoplasmlc reticulum. The human LH/ CG
receptor also appears to be coupled to ‘calcium 31gnallmg through the G
protein, as is the case in the murine LH receptor [Herrhch et al,, 1996] Taken
together with recent report of increased IP3 accumulatlon followmg the
activation of the human LH/ CG receptor [Hirsch, et al 1996, the present
results support the concept that in addltlon to adenylate cyclase, actlvatron of
phosphohpase C is a parallel s1gnalhng pathway coupled to the human LH/ CG

receptor.
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IIL Calc1um Slgnallmg in HEK293 Cells Transfected thh the Wlld-Type or

i
Folllcle stimulating hormone, LH/ CG, and TSH receptors belong to the

Chimeric Human Gonadotrophm Receptors ( _

large gene famrly known as the seven transmembrane spanmng, G protem-
coupled receptors [Lefkowitz and Caron, 1988; McFarland et al 1989]

- Molecular clonlng of cDNAs and genes for protelns of tlus family has revealed
X

that they share a common structure, consmtmg of seven a-helical hydrophoblc

putative transmembrane regions, ]omed by three extra- and 1ntracellular loops
|

that d1splay 31gn1f1cant homology within the famlly - The glycoproteln

hormone receptors for LH, FSH and TSH represent a small subclass of th15

superfamrly that w1th a large extracellular amino- term1na1 region respons1ble

for high afﬁmty binding of the1r large (28 -38 kDa) llgands [Segaloff and ASCOll,
1993; Segaloff et al., 1990; Xie, et al.,, 1990]. The extracellular reg1on of these

receptors is encoded by multlple exons and comprlses approx1mately one-half
i

of the full- length protern The transmembrane carboxy-termmal half of these

l

receptors is encoded by a smgle exon and représents the signal- transduc1ng

!
|
|

component of the glycoproteln [Segaloff and Ascoli, 1993]]

To 'investigate the segments of the human LH receptor involved in signal

transductlon we studied the response of intracellular calcrum concentratrons to
l

gonadotrophln treatment, in HEK?293 cells expressmg the wild- -type and

|

chimeric human gonadotrophln receptor. S | ;
uman go Ehe : : r 1

: ! i

| ?

. } ,

The chlmerlc receptor approach was originally used to 1nvest1gate the
functional domalns of adrenerg1c receptors [Kobllka, et al., 1988] The

advantage of studymg gonadotrophic receptors is that b1nd1ng and act1vat10n

: i
! ]
| o

-96 -



i

v
i

. \ i
i . i
[ . .

R . : | ;
are inter-related but separate ph‘enomena:[Fernandez and Puett, 1996' Ji and ]i,

1991b]. Ryu et al. [Ryu, etal., 1996] have reported that human CG b1ndmg at the

l
high aff1n1ty srte in the amino- -terminal half of the receptor mduces

conformat10nal adjustments. Th1s leads to low affmlty secondary contacts of

|

the complex of the human CG-amino terminal end of the receptor with the

t l

l
carboxy-termmal end of the receptor. This low affmlty secondary contact is

responsible for actlvatmg the receptor Th1s property allows the generahon of
! l

chimeric receptors ‘with alterations in the signal- transducmg transmembrane

l

domains without perturbat1on of ligand bmdmg o K ; ‘

1

It has been confirmed that all the chimeric human gonadotroph1c

receptors are efflc1ently synthesxzed recognise the appropr1ate l1gands, and
respond to hgand activation w1th 1ncreases in cAMP productlon There were no
major d1fferences in cell surface express1on and kq values of various, ' wild- type

and ch1mer1c receptors, ruling out prom1scuous couplmg due to changes m

receptor number [Hirsch, et al.,, 1996]. : . ! i

3 = |
Our f1nd1ngs support the work of Kudo, et ul [Kudo, et al 1996]
Replacing the extracellular domam of the human LH receptor with that of the

human FSH receptor did not alter receptor activation. Apart from the delay 1n

i

calcium response onset, the 1ntracellular calcium profile elicited by the bmdmg

l

of FSH to the human chimeric gonadotrophm FLR receptor is very, similar Ito
that evoked by LH st1mulatron of the human LH receptor. ‘This would suggest

that the extracellular domain of the receptor is important for l1gand bmdmg,
| 1
but is not mvolved in the act1vat10n of the intracellular 51gnallmg pathways It

has prevrously been reported that receptor actlvatlon results in ;a
conformat1onal change to the LH receptor that promotes the bmdmg of the

cytoplasmlc tail to the main body of the receptor The data obtamed usmg the
-97 - ; |
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FLR ch1mer1c receptors indicate. that switching the external binding 51te to that

of the FSH receptor resulted in FSH bmdmg 1n1t1at1ng the conformatlonal
change requlred for C-terminal attachment ; . i
]

Alteratlons in the transmembrane regions of the human LH receptor
results in perturbatxons of the agomst-mduced mtracellular calcium’ proﬁle In

all cases thls resulted in the ablation of the basal calc1um osc1llat10ns Our

. i
! i

findings suggest that the transmembrane regions V through VII are cruc1al 1n
retaining a normal 1ntracellular calc1um profile for gonadotrophm-mduced

activation. Any alteration to these reglons resulted in a 51gn1f1cantly perturbed
| |

calcium profile. These data would be consistent w1th the conclusmn that the
I

carboxy-termlnal th1rd of the human LH receptor medlates the actlvatlon of
phosphollpase C. Although the chimeric receptors contammg transmembrane

regions V and VI were capable of 1n1t1at1ng a tran51ent 1ncrease in 1ntracellular
4 !

calcium levels these were not equlvalent to the sustamed basal osc1llatlons

\

produced by stimulation of the native receptor These results 1nd1cate that the
l
|
intact carboxy—termlnal third of the receptor is requlred to achieve the normal

1ntracellu1ar ca1c1um oscillation proﬁle 3

!

|
\
!
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IV. Py-Purinoreceptor Agonlst-Evoked Calc1um Osc1llat10ns in Smgle Human

GranulosafLuteln Cells

i i

|

‘ i
Adenosme trlsphosphate and other agonists of purmerglc receptors are
known to be potent st1mulators of hormone secretion. Several reports in the

literature have demonstrated that ATP will cause a marked increase 1n cytosohc

calcium concentratlon from endocrlne tlssues [Bertrand et al., 1990; F111pp1n1, et 4

»

al., 1994; Kamada, et al., 1994; Squlres, et al 1994]. It is known that ATP ls co-

i
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localised w1th neurotransmrtters at concentrations in ekcess of 100 mM and is
co- released w1th both adrenaline and acetylcholme [Dubyak and el- Moata551m,
1993; el- Moatassrm, et al., 1992; Gordon, 1986] The sympathetlc 1nnervat10n of
the ovaries 1s extenswe [Dissen, Eet al., 1993] which would prov1de the source of

extracellular ATP within the folhcles

The work presented in th1s thesis clearly demonstrates that human GLCs

possess funct10nal purmoreceptors Oscillatory changes in 1ntracellular calc1um
concentratlons can be trlggered equlpotently by either ATP or UTP and to a
lesser extent by ADP The P;- purmerglc receptor agomsts adenosme and AMP
failed to alter basal levels of 1ntracellular calcium, whllst the non—hydrolysable
analogue ATP’YS evoked a rise 1n \ calcium with a similar potency to ATP These
data suggest -the ex1stence of the. Py class of receptor where
ATP= ATPys UTP>ADP>>AMP adenosme Although the ex1stence of P2U
receptors has been prev1ously reported in smgle ch1cken granulosa cells
[Morley, et al 1994] and in dlssoc1ated human granulosa cells using the cuvette

measuring technlque [Kamada, et al., 1994] this is the ﬁrst study to address the

activity of P2 -purinergic receptor agonists in single 1solated human GLCs

In chlcken granulosa cells, ATP has been shOWn to evoke calc1um
l
osc1llat10ns, wh1ch return to basal Values between successrve splkes whllst in

the one study in human cells to date, the use of populatlons of cells precludes
the 1dent1f1cat10n of oscillatory behav10ur ~Single human GLCs respond to ATP

l

and other P2U purmoreceptor agomsts with calcium osc1llat10ns and that these
transients dlffer from those preV1ously reported in the chlcken In human, the
calcium tran51ents originate from an elevated plateau of 1ntracellular calc1um

Moreover 1t appears that the mechanism driving these transrents dlffers

amongst spec1es Unlike the changes observed in chlcken where only an 1mt1al

i
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spike of reduced amphtude was observed under calcrum—free cond1t10ns, the

calcium osc1llat10ns seen in the present study still occurred in the absence of
extracellular calcium. However, there is a gradual decllne in the osc1llatory
pattern as the cytosohc calcium stores are depleted It therefore appears that

the calc1um tran51ents in human GLCs orlglnate from the release of
| |
mtracellular stores of calcium and are malntalned by the influx of calc1um from

the extracellular medla However, in the chicken, osc1llat10ns are only seen

1
when extracellular calcium is present although the 1n1t1al response mvolves

» oo ‘ o : o l
moblllsatlon of 1ntracellular stores. : | ' :

x«‘ . ‘; . : L . . i
r l - H [

The effect of verapamil on the sustalned phase of the ca1c1um response

was varlable w1th a small proport10n of the cells showmg a decrease wh1ch

returned to plateau levels after removal of the drug In the ma]orlty of the

cells, verapamll had no effect on the alteration in intracellular calc1um levels
l

suggestmg that voltage—dependent calcium channels are not 1nvolved. f
- , :
3 ]
The P2U purlnoreceptors may be coupled to pertu551s tox1n-sen51t1ve
l
and/or -1nsens1t1ve G proteins [Dubyak and el- Moata551m 1993; Rhee, et al

l x
1989; Sternwels and Smrcka, 1992]; both pertus51s toxin- sensmve and

|

—1nsens1t1ve pathways are capable of actlvatlng PLC. The failure of pertus51s

toxin to alter the ATP evoked calc1um changes in human GLCs would suggest

) |

that these cells possess Py purmoreceptors Wthh are coupled to pertuss1s

toxm-msensmve G proteins. Thls observation differs from that of the P2U
l

purmoreceptor of rat Sertoli cells which is pertu551s toxm-sens1t1ve as reported

by F111pp1n1 et al. [Flllpplm, etal.,, 1994] . ' ' | :
The P2-evoked osc1llatory changes in 1ntracellular calcium are distinct

from the calc1um transients prev1ously reported for PGan in these cells
, Co | ,
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[Currie, et al., 1992]. The effect of PGde on human and rat ovarian cells alSo

involved: 1n051tol phosphate metabohsm but was pertuss1s toxm sensmve
[Davis, et al., 1989 Leung, et al., 1986 Rodway, et al 1991] Recent clomng and

expressmns studles of the PGFQa receptor confirmed that like ATP, ‘it acts v1a
|
the phosphohpase C mediated phospho1nos1t1de hydrolys1s /calcium’ s1gnallmg

l
pathway [Abramov1tz, et al., 1994 Kltanaka, et al., 1994 Lake, et al., 1994]
Prostaglandm F2a-st1mulated changes 1n intracellular calc1um arel tran51ent

returning to basellne levels desp1te the contmued presence of the agomst In

l
addition, the concentration related effects of ATP d1ffer from the all-or none
effects PGan on human GLCs [Currie, et al., 1992].. o ‘ !
The pattern of change in 1ntracellular calcium levels and the ability of

human GLCs to 1nst1gate and maintain sophlst1cated calcium osc1llat10ns
|

clearly have 1mportant implications to ovarian physiology; however,}the
precise role of these changes have yet to be eluc1dated The present study. has
conflrmed and extended a prev1ous report suggestmg the ex1stence of P2U-
purmoreceptors ‘on human GLCs Intracellular calc1um s1gnalhng was achleved

via both 1nﬂux and mob1l1sat10n and, for the first time, the cytosol1c release of

calcium has been identified as the so_urce of calcium osc1llat10ns in smgle

i
i

human GLCs. o - s l

Based on the cell culture .experimlents, Py agonlsts: are unliikely.to he
directly 1nvolved 1n stero1dogene51s (Figure 29- 32) However they may be
1nvolved m the mobilisation of stermdogemc precursors, eé via the
sterordogenlc acute regulatory (StAR) protem The StAR protein 1s deemed
essential for the transfer of cholesterol from the outer to the 1nner
| mltochondrlal membrane, where the cytochrome P450)cholesterol s1de chaln

cleavage enzyme is located [Ferguson, 1963 Garren, et al 1965]. Clark et al

-101: .



i S
A o - i
have established a temporal relationship between levels of StAR expression
. . . | . {

and steroidogen‘;es:is [Clark, et al., 1995b] and have shown that agon;jsts whi(%h

increase intracellular calcium also increase the level of the StAR protein [Clar:k,

{ H
i
{ .

et al,, 1995a]. o o |

i

|
V. Summary and Conclusion |

<
{
t

Actlvatlon of the human LH receptor by LH or human CG results 1n the

i

stlmulatlon of at least 2 51gnal transduction pathways The data presented
concernmg 1ntracellular calc1um dynam1cs in stlmulated cells were cons1stent
with the st1mulat10n of the phosphohpase C pathway in addltlon to the
estabhshed l1nkage with adenylate cyclase The human receptors were more
respons1ve to low levels of agomst than was prevmusly reported in 1I~at models
suggesting that low LH levels early in the follicular per1od may play an

i

1mportant role in the function of granulosa cells. . . i

The response of both human granulosa and transfected HEK cells to lotN

agonist levels was characterised by the presence of long lastmg tra1ns of basal

calcium osc1llat10ns This pattern of calcium moblhzatlon could be linked to
modulahon of gene transcrlptlon in both cell types - - : : l
S : 1

. i ;

The stud1es w1th the ch1mer1c receptors showed that the sequence of the
long extracellular portlon of the receptor was not cr1t1cal for st1mulat10n of
phosphohpase C activity but malntalned the specificity of ‘agonist bmdmg The

|
C- termlnal sequence of the receptor is clearly 1mportant for the generahon of

the basal osc1llat10ns but the prec1se extent of the critical sequence has yet to be
l I

identified. : ‘ i X i
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St1mulat10n of both the purinergic and LH receptors in human granulosa
\ l

cells resulted in calcium oscillations, although with clearly different dynamlcls
These results strongly suggest that the precise spatial and temporal regulahon
of 1ntracellular calcium in these cells will be 1mportant in the regulatlon of

cellular functlon Clearly further studies into the physxologlcal s1gn1f1cance of
|

these osc1llat10ns will be requlred 3
!

C '
. I

V1. Future Directions ;

Women differ from the majority of experimental animal speciies in that
late in the follicular phase a Single fbollicle becomes dominant and ‘tll’\e
remaining foll1cles undergo atrophy The precise factors ‘regulating dommance
have yet to be 1dent1f1ed however there is strong support for the folhcle that
develops LH receptors first becoming the Grafﬁan folhcle If this 1s true then
the ability of human Granulosa cells to respond to low LH levels by 1n1t1at1ng

calcium trans1ents could play a cr1t1cal role in the development of the domlnant

follicle. "~ D o :

The dom1nant follicle is character1sed by ‘an. 1ncreased tput of
oestradiol resultlng from the ab1l1ty to produce the stero1d de-novo thhout the
requlrement of androstened1one secreted from the ad]ommg Theca cells. The
ability to synthes1ze oestradiol 1s dependent on the Granulosa cells expressmg
significant levels of P450 side chain cleavage and StAR.: Clearly an: 1mportaht
extension of the present studies will be to determine the effect of LH with and

without concomltant ATP on express1on of the two protems in Granulosa cells.:
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From the two-cell theory of ovarian follicular steroidogenesis,’ we know

that: FSH receptors are present on granulosa cells, and increased - levels are
induced by FSH itself; LH/CG receptors are present on theca cells and m1t1ally

absent on granulosa cells; as the follicle matures, FSH 1nduces the expresswn of
|

LH/CG receptors on the granulosa cells; and FSH mduces aromatase act1v1ty in
|

granulosa c_ells. ! . :

i ‘ %

: : o
Theca cells are characterlsed by LH-induced androgen productloi
During the mlddle of the foll1cular phase pr1or to selection of the dommant

follicle whlle LH concentrat1ons are low, it is poss1ble that a sufﬁc1ent number

of LH/CG receptors are actlvated to evoke intracellular calc1um tran51ents The
I
calcium splkes would form part of a frequency-encoded s1gnalllng system, and

over a perlod of several days, ‘these 31gnals may integrate into a' blologlcal
response such as the expression of the StAR protem Act1vat10n of the calc1um—-
sensitive StAR gene in the theca cell results in the transfer of cholesterol from
the outer to the inner mitochondrial membrane, where cytochrome P4s50 s1de

chain cleavage enzyme is located. ! ;
: | |

The cytochrome P450 side chain cleavage enzyme converts cholesterol to
| . 1

pregnenolone, and is the key steroxdogemc 1ntermed1ate common to all classes
of steroid hormones Both LH and cAMP regulate transcrlptlon of the
cytochrome P450 gene but cAMP is s the more potent of the two. Interestmgly,

FSH receptors activate adenylate cyclase resultmg in‘an 1ncrease in cAMP

|

levels, however in the early follicular stage in the absence of LH receptors,
, a

FSH is mcapable of shmulatmg the expression of P450 51de chain cleavage Thls

l

suggests that a transcrlptlonal repressor must be present in the granulosa cells

1

and that the actlons of this repressor protem are reversed once the cells express

i

LH receptors
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There is at Ppresent no. ev1dence that ATP has a direct’  effect on

ster01dogene51s in human GLCs, but it may be another candldate for regulatlon .

of the StAR protem The p0551b1e effect of P agomsts in this regard warrants

further 1nvest1gat10n . ; R } o i:

: : i
Fmally, the phospholipase C pathway, and protem klnase C in

part1cular has been 1mp11cated in the ovulatory processes in several ammals,

therefore, proteln kinase C could play a role in ovulatlon in women Protem

kinase Cs are subdivided into calc1um-dependent and calcium mdependent

1soforms There is no 1nformat10n avallable concerning wh1ch of the'12 known
isoforms of prote1n l(lnase C are expressed in human GLCs If the cells possess

a calcium- dependent protein kmase C, LH-induced calc1um tran31ents would
function as‘'a co-activator of thls enzyme along w1th the d1acylglycerol
generated by phosphohpld hydroly51s The 1nvolvement of protein kmase C 1n

the ovulatory process suggests that the enzyme may be 1nvolved in, the

t

increased expresswn and secretlon of proteolytlc enzymes required for rupture
of the folllcle In order to test the hypothe31s that the LH-induced osc1llat10ns
activate a calc1um sensitive protem kmase C Wthh in turn 1ncreases

proteolytlc enzyme productlon, the effect of LH on tlssue type plasmmogen
l
activator act1V1ty must be 1nvest1gated in the presence and absence of 1nh1b1tors

protein klnase C '

|
l
l
i
i
!
!

An extensmn of these studles would be to 1dent1fy the subtypes of

protein klnase Cs present in human GLGCs; and if a calc1um-dependent 1soform

is present, t_o 1nh1b1t it and to examme the effects of LH stimulation.
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