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Introduction:

The intracellular calcium level controls the physiology of many cell types. A
key pathway for generating an intracellular calcium signal in response to extra-
cellular signals is the phospholipase C/ inositol 1,4,5-trisphosphate (PLC/InsP3)
pathway (Berridge, 1993). This signaling pathway leads to calcium release
from intracellular stores in response to activation of plasma membrane recep-
tors (Fig. 1). Upon binding a receptor-specific ligand, plasma membrane re-
ceptors activate a G-protein, which in turn activates the enzyme phospholipase
C (PLC). Subsequently, PLC catalyzes the hydrolysis of phosphatidyl 4,5-
biphosphate (PIP2), resulting in the formation of the second messengers InsP3

and diacylglycerol (DAG). InsP3 in turn activates the InsP3 receptor (InsP3R), a
ligand-gated calcium channel situated in the endoplasmic reticulum, resulting
in the release of calcium from these intracellular calcium stores.

Fig.1 Receptor activated calcium release. Receptor activation leads to activation of Phos-
pholipase C. Phospholipase C hydrolyzes PIP2, resulting in the formation of the second mes-
sengers InsP3 and DAG. Binding of InsP3 to the InsP3 receptor (InsP3R) results in the release
of calcium from intracellular stores.
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Seven transmembrane spanning (7TM) receptors

The plasma membrane receptors that lead to activation of the PLC/InsP3 path-
way are part of a family of receptors that are coupled to the G-protein Gq. This
family of receptors is characterized by their structure: they pass the plasma
membrane seven times and are therefore called seven transmembrane spanning
(7TM) receptors. Gq-protein coupled 7TM receptors most relevant to this thesis
are shown in Table 1. Their function is diverse, ranging from smooth muscle
contraction to secretion and neurotransmission. Cells may express more than
one type of 7TM receptor, however stimulation of different 7TM receptors
does not need to result in a similar calcium release. These differences may arise
from many different receptor regulation processes. E.g. some 7TM receptors
are rapidly desensitized, resulting in a fast transient release of calcium, whereas
other receptors remain active for a sustained period. Recent results indicate that
plasma membrane receptors are coupled to their own specific internal calcium
stores (Xu et al., 1996). Therefore, receptor specific calcium release may also
result from the coupling of plasma membrane receptors to specific InsP3R
populations.

Calcium release/ entry

Activation of the PLC/InsP3 pathway leads to the release of calcium from intra-
cellular stores into the cytoplasm, a process known as calcium release. In addi-
tion to calcium release, cytoplasmic calcium can be increased by an influx of
calcium from the extracellular fluid, a process known as calcium entry. Often
calcium release is coupled to calcium entry. Calcium entry may be mediated
via voltage dependent or voltage independent calcium channels in the plasma
membrane. Voltage dependent calcium entry is initiated by depolarization of
the cell. Voltage independent calcium entry is initiated by depletion of intra-
cellular stores (capacative calcium entry), by ligand operated calcium channels
or by second messenger operated calcium channels.

Structure of the InsP3R

InsP3Rs are commonly localized in the endoplasmic reticulum (Ross et al.,
1989; Kume et al., 1993) but have also been identified in the nuclear (Humbert
et al., 1996; Stehno-Bittel et al., 1995; Malviya, 1994) and plasma membrane
(Fujimoto et al., 1992; Kijima et al., 1993). The InsP3R exists as a tetrameric
complex to form a functional InsP3-gated calcium channel (Maeda et al., 1991).
Cloning and sequencing studies demonstrated that several types of InsP3R sub-
units exist. At least three types (InsP3R-1, -2 and -3) can be found in human
(Maeda et al., 1989; Miyawaki et al., 1990; Yamada et al., 1994; Yamamoto et
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al., 1994), rat (Mignery et al., 1990a) and mouse tissue (Marks et al., 1990; De
Smedt et al., 1997). The assembly of InsP3R subunits into a tetrameric complex
may result in either a complex of identical subunits (homotetramers) (Maeda et
al., 1991; Nakade et al., 1994) or of different subunits (heterotetramers)
(Nucifora et al., 1996; Joseph et al., 1995; Monkawa et al., 1995). The structure
of each InsP3R subunit is similar and consists of three domains: a ligand bind-
ing domain near the amino-terminus, a coupling domain and a transmembrane
domain near the carboxyl-terminus (Furuichi et al., 1989; Mignery and Sudhof,
1990b; Miyawaki et al., 1991; Sudhof et al., 1991). Although the InsP3R sub-
units have similar specificity for InsP3, they have different affinities for InsP3

with the following order of relative affinities: InsP3R-1> InsP3R-2> InsP3R-3.

Table 1.

PLC-activating seven transmembrane receptors relevant to this thesis.

Receptor: function: cell type:

Angiotensin II AT1 Vasoconstriction, modulation cardiac
contraction, proliferation and cell mi-
gration, glomerular filtration and ma-
trix formation (Gavras and Gavras,
1993).

Mesangial cells (Amiri and Garcia,
1999), vascular smooth muscle
(Freeman and Tallant, 1994), heart
(Haywood et al., 1997), liver epithelial
cells (Bokkala and Joseph, 1997) and
endothelial cells (Pueyo et al., 1996).

Bradykinin B2 Proliferation and migration endothelial
cells, vasodilatation, modulation aortic
contraction, release histamine from
mast cells, sensory nerve excitation
and release of cytokines (Gavras and
Gavras, 1996).

DDT1 MF-2 (Munoz et al., 1993), fibro-
blast (Dalemar et al., 1996), smooth
muscle (Den Hertog et al., 1988), en-
dothelial cells (Keravis et al., 1991) and
mast cells (Gavras and Gavras, 1996).

Endothelin ETa, ETb Vasoconstriction (Sokolovsky, 1995) A7r5 (Cioffi and Garay, 1993), endo-
thelial cells (Hirata et al., 1993) and
smooth muscle (Takuwa et al., 1990).

Histamine H1 Vasoconstriction and vascular perme-
ability (Mitsuhashi and Payan, 1992;
Timmerman, 1992)

DDT1 MF-2 (Van der Zee et al., 1995),
endothelial cells (Lo and Fan, 1987) and
smooth muscle (Hill et al., 1977).

Muscarinic acetylcholine

m1, m3, m5

Vasoconstriction, neurotransmission,
modulation cardiac contraction and
secretion (Caul-field, 1993).

A7r5 (Satoh, 1996), smooth muscle
(Uchida et al., 1983), brain (Levey,
1996), heart (Gibson et al., 1983) and
glands (Levey, 1993).

Purinoceptors

P2Y1, P2Y2, P2Y4, P2Y6

Vascular smooth muscle contraction
and relaxation, neurotransmission and
secretion (Burnstock, 1990; Dubyak
and el-Moatassim, 1993).

DDT1 MF-2 (Molleman et al., 1989),
smooth muscle (Pediani et al., 1999),
skeletal muscle cells (Henning et al.,
1992), leukocytes (Jin et al., 1998),
endothelial cells (Jin et al., 1998), brain
(Simon et al., 1995) and pancreas
(Simon et al., 1995).

Vasopressin V1A, V1B Vasoconstriction, neurotransmission
and secretion (Thibon-nier et al., 1998)

A7r5 (Thibonnier et al., 1991), vascular
smooth muscle (Vallotton et al., 1986),
liver (Ostrowski et al., 1992), brain
(Lolait et al., 1995) and adrenal cortex
(Grazzini et al., 1998)
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Expression patterns of InsP3R isoforms

Recent studies have shown that the proportions in which type 1, 2 and 3
InsP3Rs are expressed differ considerably between cell types (Sugiyama et al.,
1994; De Smedt et al., 1994; Wojcikiewicz, 1995), on both protein and mRNA
levels. InsP3R-1 is expressed in all cell types studied (De Smedt et al., 1994;
Wojcikiewicz, 1995) and found at exceptionally high levels in cerebellar
Purkinje cells (Maeda et al., 1989). The expression of InsP3R-2 and -3 isoforms
has been found in many non-neural cell types, alongside expression of the
InsP3R-1 isoform (De Smedt et al., 1994; Wojcikiewicz, 1995). The wide-
spread expression of InsP3Rs underscores the important role of InsP3Rs in cel-
lular calcium signaling.

Modulation of the InsP3R

InsP3R represent an important target to control cellular calcium levels. The
number of InsP3R levels present have been demonstrated to affect calcium re-
lease (Bokkala and Joseph, 1997). In addition, InsP3R function can be modu-
lated by various other mechanisms:
Although Inositol 1,4,5-trisphosphate is the most effective agonist, the InsP3R
may also be opened by Inositol 2,4,5-trisphosphate and Inositol 1,3,4,5-
tetrakisphosphate.
Opening of the InsP3R channel can be inhibited by the InsP3 antagonist heparin.
Heparin strongly competes for the binding site of InsP3. However, the effect of
heparin is not specific as heparin also stimulates L-type calcium channels
(Knaus et al., 1990), inhibits InsP3 3-kinase (Takazawa and Erneux, 1989) and
uncouples G-proteins (Dasso and Taylor, 1991) and Ca2+ ATPases (de Meis
and Suzano, 1994). These effects of heparin limits its utility as a selective an-
tagonist of the InsP3R in intact cells.
Opening of the InsP3R channel is also modulated by the adenine nucleotide
ATP. Recently, it has been demonstrated that ATP activates gating of the
InsP3R by stabilizing open channel state(s) and destabilizing the closed state(s)
(Mak et al., 1999).
The InsP3R is also regulated by binding regulatory proteins. Recently, it has
been demonstrated that binding of calmodulin to the InsP3R-1 inhibits the
binding of InsP3 to its receptor (Sipma et al., 1999). Another example of a
regulatory protein that can bind to the InsP3R is the family of FK506-binding
proteins (FK506BP). FK506BP are the intracellular targets for FK506, an im-
munosuppressive drug that prevents T-cell activation. FK506BP is widely ex-
pressed in eukaryotic cells and can bind to the InsP3R (Cameron et al., 1995b),
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thereby stabilizing its closed or inactive conformation (Mayrleitner et al.,
1994). In addition, it has been shown that FK506BP facilitate the binding of
calcineurin to the InsP3R (Genazzani et al., 1999; Cameron et al., 1997; Cam-
eron et al., 1995a), resulting in receptor dephosphorylation and a modulated
calcium response.
Cytoplasmic calcium has a biphasic effect on the InsP3R: at low concentrations
it enhances opening of the InsP3R channel whereas at high concentrations it in-
hibits the channel opening (Bootman and Berridge, 1995). Other ions like Mg2+

and H+ also modulate the function of the InsP3R (White et al., 1991), presuma-
bly by non-competitive inhibition of InsP3 binding.
Finally, the InsP3R may be modulated through phosphorylation/ dephospho-
rylation by different protein kinases/ phosphatases. E.g. PKC mediated phos-
phorylation has been reported for the neuronal InsP3R (Nucifora et al., 1995),
whereas dephosphorylation by calcineurin has been reported for the InsP3R-1
(Genazzani et al., 1999; Cameron et al., 1997; Cameron et al., 1995a). In gen-
eral, phosphorylation of the InsP3R results in a decreased sensitivity for InsP3.
Despite these elaborate studies on modulators of the InsP3R, knowledge on the
regulation of InsP3R levels is still underdeveloped.

Aims of this thesis

This thesis focuses on the mechanisms through which InsP3R levels are regu-
lated. As receptor levels may be regulated through many different pathways,
an overview on receptor regulation is given in chapter 2.

To investigate InsP3R regulation the following issues were addressed:
• Transcriptional regulation of the InsP3R, following cloning and characteri-

zation of the promoters of the human and rat InsP3R genes.
• Proteolytic control of InsP3R degradation.
• The intracellular localization of the InsP3R-3.
• The effects of prolonged stimulation of PLC-coupled 7TM receptors on

InsP3R regulation.
• The effect of InsP3R down-regulation on calcium release.

Further, regulation of InsP3R regulation was investigated in a number of dis-
eases:
• The contraction of vascular smooth muscle cells is mediated through

InsP3Rs. Therefore, the involvement of InsP3Rs in rat diabetic vascular dis-
ease was investigated.
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• InsP3Rs may also influence cardiac contractility and intercellular calcium
signaling. Therefore, the involvement of InsP3Rs in human atrial fibrillation
was investigated.

• Down-regulation of InsP3Rs may be an important factor influencing dia-
betic kidney disease (Sharma et al., 1999). We investigated the role of
InsP3R down-regulation in proteinuria-associated nephrosis.
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