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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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2.1 Introduction:
Receptors are the eyes and ears of the cell. Even the simplest of life forms
possess receptors, enabling them to respond to changes in chemical
concentration, oxygen levels, pH, the intensity or wavelength of light,
temperature and in some cases even the Earth's magnetic field (Armitage,
1992).
In multicellular organisms, intercellular communication is also mediated
through receptors, e.g. for hormones, growth factors, morphogens and
neurotransmitters.
Besides their function in detecting changes in the cell’s environment, receptors
are also important for intracellular communication, e.g. the intracellular
receptor for inositol 1,4,5-trisphosphate plays a central role in this thesis.
Although the genetic content is identical for all somatic cells, not every cell-
type expresses the same set of receptors. In addition, the expression of a given
receptor within one cell-type fluctuates over time during embryogenesis,
homeostasis or disease. Therefore, studying receptor expression and regulation
is of paramount importance in understanding biological systems and disease.
Receptor regulation can be achieved through changes in its synthesis, changes
in its properties and by changes in its rate of degradation (Fig. 1.). In this
chapter, an overview will be given of these three basic mechanisms of receptor
regulation. Although similarities exist with prokaryotic receptor regulation,
only eukaryotic receptor regulation will be discussed.
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Fig. 1 Life of a receptor A) Receptor levels can be regulated through changes in the rate of synthesis.
1) The information stored in the receptor gene is transcribed onto a mRNA molecule. 2) The mRNA
molecule is subsequently exported from the nucleus to the ribosomes. 3) In a process called translation,
the information stored on the mRNA molecule is translated into a polypeptide. 4) The polypeptide is
processed into a mature receptor. B) Receptor function can be regulated by changing its properties. 5)
The receptor can be desensitized by phosphorylation. C) Receptor levels can be regulated through
changes in its rate of degradation. 6) The plasma membrane receptor gets internalized. 7-8) The
internalized fragment of plasma membrane containing the receptor is transported to an endosome. In
the process of endosomal sorting, the receptor may be directed to a lysosome for degradation (9) or it
may be recycled (10-11). En, endosome; Ly, lysosome; Np, nuclear pore; Nu, nucleus; Pm, plasma
membrane; Rb, ribosome.
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2.2 Receptor synthesis
To understand the mechanisms of receptor regulation, it is important to
understand the basic mechanisms of protein synthesis. In short, the aminoacid
sequence of proteins is encoded on the DNA in the form of genes. These genes
are grouped together in complex structures called chromosomes, which reside
within the nucleus of the cell. In a process called transcription, the genetic
information of the gene is copied onto a messenger RNA (mRNA) molecule.
The mRNA molecule is then transported from the nucleus to the ribosomes,
which reside in the cytosol. In a process called translation, the genetic
information on the mRNA molecule is translated into a polypeptide chain. This
polypeptide may then be processed, resulting in a mature protein or receptor.

2.2.1 Chromatin structure

The building plans of proteins, including receptors, are encoded by genes,
which reside on chromosomes. These chromosomes are made of chromatin, a
complex structure of DNA molecules and proteins. Chromatin has a beadlike
appearance due to the presence of nucleosomes, regular complex structures of
histone proteins and DNA.
Early electron microscope studies already showed that alterations in the
chromatin structure is associated with active genes (Hill, 1979; Trendelenburg,
1983; Gottesfeld and Butler, 1977). Therefore, the first step in receptor
regulation is controlled by the accessibility of the chromatin for the factors
involved in transcription.
Highly complexed or condensed chromatin does not seem to allow efficient
gene transcription, whereas open chromatin or euchromatin is associated with
active gene transcription. The less complexed structure of euchromatin also
makes the DNA in the chromatin susceptible to the action of
deoxyribonuclease I (DNAse I). This property of euchromatin has enabled the
exact mapping of structural changes within the chromatin.
Structural chromatin changes at the time of transcription have been reported for
a number of genes, including the genes that code for the acetylcholine receptor.
E.g. during myogenesis, the transcription of the different subunits of the
acetylcholine receptor was associated with structural changes of the
corresponding chromatin (Crowder and Merlie, 1988).
 Several signaling systems have been implicated in the mechanisms leading to
changes in chromatin structure, including the steroid/ nuclear receptor signaling
pathway. These steroid receptors interact directly with proteins in the
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condensed chromatin and are able to recruit the necessary activities for
chromatin remodeling (Hager et al., 1998)
The main function of the transition from condensed chromatin to euchromatin
is to enable the binding of proteins involved in transcription to the DNA
(Rusterholz et al., 1999). Although DNA is less condensed in euchromatin,
nucleosomes may play an important role in transcriptional regulation as
nucleosomes seem to facilitate the binding of transcription factors to the DNA
at specific sites of the gene (Ioshikhes et al., 1999).

2.2.2 Gene transcription: from DNA to mRNA

Once the gene within the chromatin is accessible, transcription may commence.
Basically, a gene consists of two elements, the coding sequence (CDS) and
regulatory domains. The coding sequence codes for the aminoacid sequence of
the protein, whereas the regulatory domains control the transcriptional rate of
the gene. The regulatory domains that control transcription can be divided into
three elements: the promoter, repressors and enhancers.

2.2.3 The promoter

The promoter is the site where RNA polymerase binds to the gene and is
usually situated directly upstream of the CDS. The majority of eukaryotic
peptide encoding genes are transcribed by the enzyme RNA polymerase II and
therefore only the regulation of these genes will be discussed.
The function of the promoter is to faciltate the formation of the transcription
initiation complex, a complex structure of RNA polymerase II and several
transcription factors. Eukaryotic promoters exhibit a complex architecture and
usually consist of a number of distinct promoter elements. These elements are
specific nucleotide sequences or motifs that can bind specific transcription
factors. Some elements are commonly found in promoters like the so-called
TATA-box, the cap signal, the CCAAT-box and the GC-box (Bucher,
1990)(Table 1).

Table 1.
Promoter elements that are commonly found in eukaryotic promoters.
Promoter element: Nucleotide sequence*: Transcription factor:

TATA box TATAWAW TFIID, TBP and TAFs

Cap signal CANYYY -

CCAAT box CCAAT CBF, NF-Y, CP-1 and alpha-CP1

GC box GGGCGG Sp-1

* Nucleotide sequence in IUPAC code
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The TATA-box is found in the majority of promoters and is characterized in
part by the nucleotide sequence TATA (Xu et al., 1991). An early study on the
TATA-box showed that the transcription factor TFIID binds to the TATA-box
(Matsui et al., 1980).
TFIID is a multiprotein complex consisting of TATA-binding protein (TBP, for
review see (Goodrich and Tjian, 1994)) and TBP-associated factors (TAFs, for
review see (Verrijzer and Tjian, 1996)). Binding of TBP to the TATA-box
induces dramatic distortion of the DNA helix (Kim et al., 1993; Kim et al.,
1993) and therefore TFIID seems to be essential for the formation of the
preinitiation complex and the recruitment of RNA polymerase II. However,
several studies have demonstrated that TFIID is also involved in regulating
TATA-less promoters (Pugh and Tjian, 1991; Wiley et al., 1992; Yoganathan
et al., 1993; Yoganathan et al., 1992). It seems that TAFs but not TBP are
required for transcription initiation of these TATA-less promoters (Martinez et
al., 1994).
The cap signal, a CA motif followed by several cytosine and/ or thymidine
nucleotides, is present in about 60% of all promoters. Although the cap signal
is usually found near the initiation site, its function is still obscure.
The CCAAT and GC box are elements that are active in either orientation and
are found at variable distances from the initiation site.
The CCAAT box is named after its nucleotide motif and is recognized by the
transcription factors CBF, NF-Y, CP-1 and alpha-CP1. The involvement of the
CCAAT box in receptor regulation has been demonstrated for a number of
receptors, including the type II transforming growth factor β receptor (Kelly et
al., 1998), the platelet-derived-growth-factor β receptor (Takata et al., 1999;
Kitami et al., 1998; Ishisaki et al., 1997) and the very low density lipoprotein
receptor (Kreuter et al., 1999).
The GC-box is a G rich motif and is recognized by the ubiquitously expressed
transcription factor Sp-1. The involvement of Sp-1 in gene transcription has
been demonstrated for many receptor genes, e.g. the type II TNF receptor
(Bethea et al., 1997).
Although TATA-box, the cap signal, the CCAAT-box and the GC-box can be
found in many genes, specific receptor regulation can be achieved through
these generalized elements as demonstrated by the cAMP-induced transcription
of the progesterone receptor through the GC- and CCAAT-box (Park-Sarge and
Sarge, 1995).
Besides these generalized transcription factors, many other transcription factors
are involved in regulating gene expression. Although the overall transcriptional
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regulation is the result of the complex interaction of many transcription factors,
the function of a number of transcription factors seems more specific.
An example of such transcription factors is the cAMP-response-element-
binding protein (CREB). Increased levels of the second messenger cAMP
activates cAMP-dependent protein kinase (protein kinase A). Subsequently,
protein kinase A activates CREB by phosphorylation (Gonzalez et al., 1989).
Activated CREB then binds as a homodimer to the motif TGACGTCA, known
as the cAMP-response-element (CRE). In addition, several variants of the CRE
have been described (Benbrook and Jones, 1994). Upon binding, the
CRE/CREB complex is bridged to the basal transcriptional apparatus by the co-
activator protein CREB-binding-protein (Andrisani, 1999), contributing to
activation of the promoter.
The involvement of CREB in regulating transcription has been demonstrated
for many genes, including the rat adrenergic receptor gene (Yang et al., 1997).
Although the characterization of promoters can be a time-consuming task, the
isolation and cloning of promoters gave researchers the tools to easily monitor
gene expression through the use of promoter reporter constructs. Using
recombinant DNA techniques, the gene of an easily measurable protein (called
reporters) can be placed under control of the promoter of interest. When
reintroduced into cells, these constructs enable easy monitoring of gene
expression. Commonly used reporters are chloramphenicol acetyltranferase, β-
galactosidase, firefly luciferase and green fluorescent protein. The latter even
allowed monitoring of gene expression in living organisms and has greatly
facilitated the study of the genes that are involved in development.
Although reporter gene constructs allow easy monitoring of gene expression,
care should be taken in interpreting the results of such experiments, as the
regulation of isolated promoters may differ from the endogenous promoter.
These differences may arise from several causes. First, the isolated promoter
may not be complete and may therefore lack regulatory upstream elements.
Secondly, the isolated promoter may no longer be under the influence of an
enhancer (see chapter 2.2.5). Finally, differences in the chromatin structure of
the reintroduced promoter and the endogenous promoter may cause differences
in gene regulation.

2.2.4 Repressors or silencers

Repressors or silencers are negative regulators of transcription. They are so
called trans-acting control elements, meaning that they are not confined in their
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binding to the DNA that carries their genetic information. Repressors usually
bind within the promoter region and thus block binding of RNA polymerase.
A well-studied repressor is the Neuron-restrictive Silencer factor/RE1-silencing
transcription factor (NRSF/REST). NRSF/REST is thought to be a master
negative regulator of neurogenesis, although recent studies suggested that
NRSF/REST also has a role in neuronal activity-implied processes (Palm et al.,
1998). The element that binds NRSF/REST has been found in the promoter of a
number of neuronal genes, including the rat m4 muscarinic acetylcholine
receptor gene (Mieda et al., 1997). Upon binding, NRSF/REST does not simply
block the binding of RNA polymerase, but appears to exert its silencing effect
through the interaction with positive transcription factors (Mieda et al., 1997).

2.2.5 Enhancers

Enhancers are positive regulatory elements of transcription and can be situated
far from the promoter, either downstream or upstream of the promoter. The
motifs of enhancers are usually larger than those of transcription factors and
can be active in either orientation.
An example of a classic powerful enhancer has been described in the human
bradykinin B1 (BKB1) receptor gene (Yang et al., 1998), in which a 100 bp
motif strongly enhanced gene transcription. Further, the cell-type specific
expression of the human BKB1 receptor gene seemed to be controlled by this
enhancer.

2.2.6 From primary RNA to mRNA.

Transcription will start when the transcription initiation complex, consisting of
RNA polymerase II, TFIID and many other transcription factors, is complete.
During transcription, the genetic information stored in the gene is copied onto a
primary RNA transcript. This primary transcript is then converted to a mature
mRNA molecule by removing the introns (see chapter 2.2.7) and by the
addition of a poly(A) tail and a 7-methylguanosine cap structure.

2.2.7 Intron-exon structure

The intron-exon structure of a gene allows the synthesis of receptor peptides
with alternative aminoacid sequences.
Within a gene, the CDS is usually situated directly downstream of the
promoter. The CDS codes for the aminoacid sequence of the protein and those
parts of the gene that contain CDS are called exons. The CDS does not need to
be continuous but can be interrupted by noncoding introns. The number of
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exons can vary extensively. For example, the CDS of the gene encoding the
human angiotensin II type 1 receptors is situated on 1 exon (Furuta et al.,
1992), whereas the human ryanodine receptor is encoded by 106 exons
(Phillips et al., 1996).
During transcription, the DNA sequence of the introns and exons is copied onto
a primary RNA transcript (Fig. 2.). Then, in a poorly understood process called
splicing, the exons within the primary RNA transcript of a gene are fused
together.

Fig. 2 Intron-exon splicing. The peptide sequence of proteins is stored within genes on
exons. These exons are interrupted by noncoding regions called introns. During transcription,
both the intron and exon sequences are copied onto a primary transcript. A) In a process
called splicing, the exons are joined together, resulting in a mature mRNA. B) Dependent on
cell type and developmental phase, the primary transcript may be  alternatively spliced,
allowing the synthesis of different receptor proteins from one gene.

Two types of splicing processes have been described: constitutive splicing and
alternative splicing. In the process of constitutive splicing (Fig. 2A), the fusion
of exons is mainly determined by consensus donor and acceptor splice
sequences. In alternative splicing (Fig. 2B), the rearrangement of exons is
dependent on cell type and developmental phase, allowing the synthesis of
different proteins from one gene. For example, the 1,4,5-inositol trisphosphate
receptor type I contains two alternative splice sites, SI and SII (Mignery et al.,
1990; Nakagawa et al., 1991). Although the exact function of these splice
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forms are not fully understood, the alternative splicing of SI and SII seems to
be neuron specific (Schell et al., 1993). Further, the presence of introns within
a gene seems to increase the rate of transcription (Brinster et al., 1988).
Besides enabling the formation of different proteins from one gene, the exon-
intron structure of the primary RNA transcript may also influence mRNA
export processes as has been demonstrated in C. elegans (MacMorris et al.,
1999).
Although the noncoding introns are removed, the mature mRNA usually still
contains two regions that do not get transcribed or translated. These regions are
the so-called 5’ and 3’ untranslated regions (UTR) and they play an important
role in regulating mRNA stability (see chapter 2.2.8) and translation (see
chapter 2.2.10).

2.2.8 mRNA stability

The rate of receptor synthesis is also influenced by the half-life or stability of
the mRNA. The majority of mature mRNAs possess a 7-methylguanosine cap
structure and a 3’poly(A) tail of up to 200 adenosine residues in length. Both
the cap and the poly(A) tail are stabilizing elements, protecting the mRNA
from the action of exonucleases.
The stability of mRNA molecules can be influenced through three mechanisms.
The first major pathway involves shortening of the poly(A) tail or
deadenylation. After deadenylation, the cap is removed, leaving the mRNA
susceptible to the action of 5’-3’ exonucleases. Alternatively, the mRNA can
be destabilized through deadenylation and subsequent 3’-5’ exonuclease
degradation. Degradation of specific mRNAs can be mediated through specific
sequence elements (AU-rich elements) on the mRNA by enhancing rapid
deadenylation. For example, the stability of the human Β2-adrenergic receptor
mRNA is mediated through specific AU-rich elements (Danner et al., 1998).
The second pathway involves deadenylation-independent decapping of the
mRNA and subsequent 5’-3’ exonuclease degradation. This mechanism
appears primarily involved in the degradation of incorrectly processed intron
containing mRNAs (Muhlrad and Parker, 1994).
Finally, mRNA can also be degraded by endonucleolytic cleavage of the
mRNA by specific endonucleases. For example, endonuclease cleavage sites
have been identified in the 3’ untranslated region of the mRNA of the human
transferrin receptor (Binder et al., 1994).
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2.2.9 Nuclear export

Once a mature mRNA is formed, it is exported from the nucleus and
transported to the ribosomes. Although specific signals in the mRNA may
influence these processes (MacMorris et al., 1999), the significance of nuclear
export pathways has not been explored to its full capacity yet..

2.2.10 Translation

The rate of receptor synthesis may also be controlled by the rate of translation.
During translation, the CDS of the mRNA is translated into a peptide and the
efficiency of this process depends largely on the structure of the 5’ UTR of the
mRNA. For example, the expression of the human α folate receptor is in part
determined by the composition and length of its 5’ UTR (Roberts et al., 1997).
The translation process is characterized by three stages: initiation, elongation
and termination (Fig. 3.).

Fig. 3 Translation. In the process of translation, the information stored on the mRNA
molecule is translated into a polypeptide. This process is characterized by three stages:
initiation, elongation and termination. The rate of protein and receptor translation may be
controlled through regulation of each of these stages. (1-4) Initiation: 1) the first step in
initiation is the binding of the first transfer RNA (Met-RNA) to the small ribosomal subunit, a
process that is under control of initiation factor eIF2. 2) Upon formation, this complex binds
to the cap-binding factor eIF4E, which facilitates the binding to the 7-methylguanosine cap of
the mRNA. 3) The initiation complex moves towards the initiation codon. 4) Subsequent
binding of the large ribosomal subunits results in a active translation complex. (5-6)
Elongation: the rate of protein (and receptor) synthesis is controlled by the rate of elongation.
In most eukaryotes, the rate of elongation is controlled by the elongation factors eEF-1 and
eEF-2. (7-8) Termination: translation is terminated by the two eukaryotic release factors eRF1
and eRF3.
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The initiation factors eIF2 and eIF4E play crucial roles in translational control.
The main function of eIF2 is to form a complex with the first transfer RNA
(Met-tRNA) and the 40S ribosome. Upon formation, this complex binds to the
cap-binding factor eIF4E, which facilitates the binding to the 7-
methylguanosine cap of the mRNA. When transcription is complete, eIF2 is
recycled from its inactive form eIF2:GDP to the active form eIF2:GTP by the
factor eIF2B. This initiation step can be regulated at different levels. Active
eIF2:GTP can be phosphorylated in response to several stress conditions or by
release of calcium from intracellular stores (Reilly et al., 1998).
Phosphorylation of eIF2:GTP results in a higher affinity for eIF2B, leaving less
eIF2B available for recycling inactive eIF2:GDP. This mechanism leads to a
generalized down-regulation of protein synthesis. Further, eIF2B itself may be
regulated through phosphorylation.
The function of eIF4E may be regulated through eIF4E levels, through
phosphorylation of eIF4E and by specific inhibitors of eIF4E.
Regulation of the translation initiation factors mainly controls generalized
protein synthesis rather than that of specific transcripts. However, specific
regulation of individual transcripts may occur if these transcripts differ in their
dependence on eIF4E. This has been demonstrated for heat shock proteins
(Joshi-Barve et al., 1992), but to date it is unclear whether the same mechanism
is employed in the regulation of receptors.
Translational initiation may also be regulated through structural elements in the
UTRs of the mRNA molecule. RNA molecules may form secondary structures
known as hairpin-loops or stem-loops. The interaction of RNA binding-
proteins with these RNA loops may effectively block the binding or function of
the translation initiation complex. A classic example of this mechanism is the
regulation of the transferrin receptor by iron response elements or IREs (Haile
et al., 1989). IREs are specific stem-loop structures in the 5’ and 3’ UTR of the
transferrin receptor. The IRE binding protein (IRE-BP) binds to the IRE and
acts as a translational repressor. In addition, binding of IRE-BPs to the IREs
also controls the mRNA stability of the transferrin receptor by blocking an
endonucleolytic nuclease site (Haile et al., 1989).
Once the translation initiation complex has recognized the AUG start codon,
synthesis of the polypeptide chain can commence. In most eukaryotes, the
protein elongation factors eEF-1 and eEF-2 are required for elongation. The
rate of elongation may be controlled through phosphorylation of eEF-1 and
eEF-2.
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eEF-2 is phosphorylated by a specific Ca2+/calmodulin-dependent eEF-2 kinase
(Ryazanov and Spirin, 1990), which demonstrates that intracellular calcium not
only regulates translation through phosphorylation of the initiation factor
eIF2:GTP, but also through phosphorylation of the elongation factor eEF-2.
Again, this mechanism is yet another example of a unexplored mechanism in
receptor research.
Once the elongation complex has recognized a stop codon, translation is
terminated by the two eukaryotic release factors, eRF1 and eRF3. To date it is
unclear whether the rate of translation is actively modulated through regulation
of eRF1 and eRF3.

2.2.11 Protein processing

Once the receptor polypeptide is synthesized it needs to be converted to its
biological active form. This may involve folding the polypeptide into the
correct secondary and tertiary structure, the addition of sugar residues
(glycosylation), the addition of fatty acid chains, proteolytic cleavage, addition
of disulfide bonds, phosphorylation and polymerization of subunits.
Further, newly synthesized protein needs to be transported to the correct
location in the cell, a process that is largely determined by signal peptides and
signal patches within the protein.
Although receptors may be regulated through regulation of each or these
mechanisms, phosphorylation and polymerization seem to be the mechanisms
that predominately control receptor function once the polypeptide has been
assembled. As phosphorylation of newly synthesized proteins is almost
identical to phosphorylation processes of mature proteins, this will be discussed
in chapter 2.3.2.

2.2.12 Polymerization of proteins.

Receptor function may also be controlled through the interaction of different
subunits.
Some receptors, like the epidermal growth factor receptor, are made of a single
polypeptide chain. However, many receptors consist of more than one subunit.
These polymeric receptors can be composed of either identical subunits
(homomeric) or different subunits (heteromeric). For example, the ryanodine
receptor is a homo-tetramere, while the muscle nicotinic acetylcholine receptor
is a hetero-pentamere.
Regulation of receptor function can be mediated through the subunit
composition of heteromeric receptors. For example, the embryonic muscle
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acetylcholine receptor has an α12β1γδ composition, while the adult form has an
α12β1εδ composition. In addition to its role in development, it has been
demonstrated that the nicotinic receptor reverts to its embryonic form in
denervated muscle tissue (Moss et al., 1987), a process that is modulated
through subunit specific regulation by the MyoD and myogenin transcription
factor family (Eftimie et al., 1991).
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2.3 Changes in receptor properties
Once a mature and functional receptor is synthesized, it can be regulated
through a number of processes. First, the receptor itself may be altered. This is
usually achieved by phosphorylation (see chapter 2.3.2) and dephosporylation
of the receptor (see chapter 2.3.2). Alternatively, receptors may bind regulating
factors (see chapter 2.3.3). Further, the function of the receptor might be
regulated through changing its location in the cell, a process known as receptor
redistribution (see chapter 2.3.4). Finally, processes downstream of receptor
activation may be regulated, e.g. through changes in G-protein function or
changes in signal transducing cascades. Below, only the processes that directly
influence the function of receptors will be discussed.

2.3.1 Phosphorylation: Protein kinases

In general, phosphorylation leads to desensitization of the receptor and is
mediated through enzymes known as protein kinases. These protein kinases can
be divided into two families, tyrosine-specific kinases and serine/threonine
specific protein kinases.
Tyrosine-specific protein kinases are the catalytic domains of a famlily of
receptors known as tyrosine kinase receptors. Examples of this family are the
epidermal growth factor receptor, the platelet derived growth factor receptor
and the insulin-receptor. These receptors are characterized by a protein kinase
domain within the cytoplasmic region of the receptor. Upon stimulation of the
receptor, the protein kinase domain phosphorylates tyrosine residues in target
proteins. In addition, these receptors can phosphorylate themselves. In case of
the insulin receptor, autophosphorylation stimulates the tyrosine kinase activity
of the receptor (Kasuga et al., 1982; Herrera and Rosen, 1986).
The aminoacid residues serine and threonine in a receptor can be
phosphorylated by serine/threonine-specific protein kinases. This mechanism
of phosphorylation has proven to be important for the regulation of the large
family of seven transmembrane spanning receptors. Unlike the tyrosine-
specific kinases, the serine/threonine-specific protein kinases are not part of the
receptor. Examples of serine/threonine-specific protein kinases are protein
kinase C (PKC), protein kinase A (PKA), calmodulin-dependent protein
kinases and G-protein coupled receptor kinases, although many others exist.
PKC is activated through stimulation of the inositol phospholipid pathway and
may lead to the direct phosphorylation of receptors. For example,
phosphorylation by PKC and subsequent desensitization of the seven
transmembrane spanning receptor for histamine (Fujimoto et al., 1999) has
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been reported recently. In addition, PKC can also desensitize tyrosine-kinase
receptors, like the insulin receptor, through phosphorylation of a serine residue
(Bollag et al., 1986). Further, PKC mediated phosphorylation has been reported
for the neuronal inositol 1,4,5-trisphosphate receptor (Nucifora et al., 1995)
where alternative splicing generated an extra PKC phosphorylation site.
PKA is activated by increased levels of the second messenger cAMP. Like
PKC, PKA mediated phosphorylation of numerous receptors families have
been described, including tyrosine-kinase receptors (Barbier et al., 1999) and
seven transmembrane spanning receptors (Paradiso and Brehm, 1998).
The family of calmodulin-dependant protein kinases, of which Ca-kinase II is
the most prominent, is thought to mediate most of the phosphorylation-related
actions of intracellular Ca2+ signaling. An integral part of these protein kinases
is the small molecule calmodulin. After activation by increased intracellular
free calcium, calmodulin binds and activates the calmodulin-dependant protein
kinases. For example, the function of the epidermal growth factor receptor can
be regulated through phosphorylation by Ca-kinase II (Feinmesser et al., 1999).
In addition to binding to protein kinases, calmodulin can influence receptor
function by binding directly to receptors (see chapter 2.3.2).
The last example of protein kinases that control receptor function is the family
of G-protein coupled receptor kinases. Once a seven transmembrane spanning
receptors is in its active state, it may be recognized and desensitized by
receptor specific G-protein coupled receptor kinases. For example, the α1B-
adrenergic receptor can be desensitized both by a G-protein coupled receptor
kinases and by PKC (Diviani et al., 1997). Further, phosphorylation of G-
proteins by specific G-protein coupled receptor kinases facilitates the binding
of negative regulatory proteins known as arrestins (see chapter 2.3.3)
As mentioned earlier, in addition to regulating receptors through the direct
phosphorylation of receptors, protein kinases may also regulate the
transcription factors that control the transcription of receptor genes, e.g. the
transcription factors CREB (Andrisani, 1999) and MyoD (Eftimie et al., 1991).

2.3.2 Dephosphorylation: Protein phosphatases

Phosphorylation of receptors by protein kinases is a process that can be
reversed by a group of enzymes called protein phosphatases. These protein
phosphatases are characterized by the aminoacid residues that they can
dephosphorylate. First, the protein tyrosine phosphatases can dephosphorylate
tyrosine residues of several proteins, including tyrosine kinase receptors. The
second class of protein phosphatases can dephosphorylate serine and threonine
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residues and are therefore called the serine/threonine protein phosphatases (for
review see (Wera and Hemmings, 1995)). Finally, some protein phosphatases
are able to dephosphorylate both tyrosine and serine/ threonine residues and are
called the dual-specificity protein phosphatases.
At present, some 50 mammalian protein tyrosine phosphatases (PTPs) have
been described. However, the total number of PTPs in the human genome has
been estimated at 500 (Tonks and Neel, 1996). One of the first PTPs described
is CD45, a transmembrane PTP that is expressed on the surface of all nucleated
hematopoietic cells. In addition to transmembrane PTPs, some PTPs are
present in the cytosol or in the endoplasmic reticulum.
The PTPs can be divided into two groups, the “classical” PTPs and the low
molecular weight PTPs. The “classical” PTPs are characterized by one or more
conserved ~250 amino-acid catalytic domains and represents the largest family
of PTPs. An example of “classical” PTP mediated receptor regulation is given
by the dephosphorylation of the insulin receptor by PTP1B (Seely et al., 1996).
The low molecular weight PTPs (LMPTPs) are characterized by their low
molecular weight and are highly conserved in evolution (Ramponi and Stefani,
1997). Little is known about the physiological role of LMPTPs, although
LMPTP mediated modulation of the platelet-derived growth factor receptor
(Berti et al., 1994) and insulin receptor (Chiarugi et al., 1997) has been
described.
Based on their biochemical properties, the serine/ threonine phosphatases can
be divided into two classes, type-1 protein phosphatases (PP1) and type-2
protein phosphatase (PP2). PP1 can be inhibited by two heat stable inhibitors,
called inhibitor-1 and inhibitor 2, whereas PP2 is insensitive to these inhibitors.
The class PP2 can be subdivided into spontaneously active (PP2A), Ca2+-
dependent (PP2B) and Mg2+-dependent (PP2C) classes.
PP1 is involved in many cellular processes and PP1 mediated receptor
dephosphorylation has been demonstrated for a number of receptors, including
the ryanodine receptor (Hain et al., 1994; Zhao et al., 1998) and the glutamate
receptor (Snyder et al., 1998). PP1 exists in several isoforms, which are
regulated by different mechanisms. The glycogen-bound PP1 from skeletal
muscle is primarily regulated through phosphorylation by PKA, binding of the
type 1 inhibitor DARPP-32, binding of inhibitor 2 and by dephosphorylation by
PP2A, PP2B and PP2C. Glycogen-bound PP1 from liver is primarily regulated
through phosphorylase a. Finally, the nuclear isoform of PP1 can be activated
by PKA and casein kinase II mediated phosphorylation of its inhibitor NIPP-1.
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The involvement of the spontaneously active PP2A in regulating receptor
function, has been demonstrated for a number of receptors, including the
ryanodine receptor (Herrmann-Frank and Varsanyi, 1993), the guanylyl
cyclase-A receptor (Potter and Garbers, 1992), the transferrin receptor
(Runnegar et al., 1997) and opioid receptor (Muranyi et al., 1997). PP2A can
be regulated through phosphorylation by tyrosine kinases, the epidermal
growth factor and insulin receptor. In addition, PP2A is regulated by
methylation of a C-terminal sequence by a carboxymethyltransferase. Besides
directly dephosphorylating receptors, PP2A may also regulate receptor levels
through regulation of transcription factors like CREB (Muranyi et al., 1997).
The Ca2+-dependent PP2B is also known as calcineurin. PP2B can bind to
calmodulin and has structure similar to calmodulin. PP2B is regulated by
intracellular Ca2+ levels and is active at lower Ca2+ concentrations than the
calmodulin-dependant protein kinases. The involvement of PP2B in regulating
receptors has been demonstrated for several receptors, including the type-1
inositol 1,4,5-trisphosphate receptor (Genazzani et al., 1999; Cameron et al.,
1997; Cameron et al., 1995a), the 5-HT3 receptor (Boddeke et al., 1996) and
the P2X3 receptor (King et al., 1997).
The protein phosphatase PP2C has been characterized as a Mg2+ dependent
enzyme. However, the involvement of PP2C in regulating receptors has not yet
been described.
Examples of dual-specificity protein phosphatases are the human VHR and the
MAP kinase phosphatases. Although the human VHR is expressed in most
tissues, little is known about its physiological role. However,
dephosphorylation of both tyrosine and serine residues by VTR has been
observed for the keratinocyte growth factor receptor (Ishibashi et al., 1992).
The MAP kinase phosphatases are a class of protein phosphatases that are
specific for MAP kinases. MAP kinases are serine/ threonine protein kinases
that are activated as an early response to stimuli involved in cell growth and
differentiation. The involvement of MAP kinases/ MAP kinase phosphatases in
receptor regulation is primarily at the level of transcriptional control, as is
demonstrated for the transcriptional activation of acetylcholine receptor
subunits (Si and Mei, 1999)

2.3.3 Receptor-binding factors.

Receptors may also be regulated by binding regulatory factors. For example, it
has been demonstrated recently that binding of calmodulin to the type I inositol
1,4,5-trisphosphate receptor inhibits the binding of inositol 1,4,5-trisphoshate
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to its receptor (Sipma et al., 1999). Calmodulin binding sites have also been
identified in a distant relative of the inositol 1,4,5-trisphosphate receptor
family, the ryanodine receptor (Menegazzi et al., 1994). As both the inositol
1,4,5-trisphosphate receptor and the ryanodine receptor are calcium release
channels, calmodulin provides feedback regulation of Ca2+ on receptor
function.
Another example of a regulatory protein that can bind to receptors is the family
of FK506-binding proteins (FK506BP). FK506BP are the intracellular targets
for FK506, an immunosuppressive drug that prevents T-cell activation.
FK506BP is widely expressed in eukaryotic cells and can bind to several
receptors including the ryanodine (Qi et al., 1998) and inositol 1,4,5-
trisphosphate receptor (Cameron et al., 1995b). FK506BP presumably
modulate receptor function by stabilizing its closed or inactive conformation
(Mayrleitner et al., 1994). In addition, it has been shown that FK506BP
facilitate the binding of calcineurin (also known as PP2B, see chapter 2.3.2) to
the inositol 1,4,5-receptor, resulting in receptor phosphorylation and a
modulated Ca2+ response.
The last example of regulatory proteins is the family of arrestins. After receptor
activation, many G-protein coupled receptor receptors (GPCR) are rapidly
phosphorylated by G-protein coupled receptor kinases (see chapter 2.3.1).
Phosphorylation dramatically increases the affinity of the receptor for arrestins,
as has been demonstrated for the β2-adrenergic receptor (Lohse et al., 1992;
Gurevich et al., 1995). To date, four mammalian arrestins have been described;
visual arrestin and cone arrestin are restricted to the phototransduction
pathway, whereas β-arrestin and β-arrestin-2 are ubiquitously expressed.
Arrestins uncouple the receptor from its G-protein by binding to its
intracellular loops, thus interfering with the signaling between the GPCR and
the G-protein (Gurevich et al., 1994). The uncoupling of the receptor results in
desensitization of the receptor. In addition to uncoupling of GPCRs, arrestins
may also serve as adapters for the binding of clathrin (Goodman et al., 1996), a
component important for endocytosis of GPCRs (see chapter 2.4.2).
In addition to the regulation by regulatory proteins, receptor function may also
be influenced by binding smaller molecules like ATP and inositol 1,3,4,5-
tetrakisphosphate (InsP4) or even by ions like Ca2+.
For example, ATP and Ca2+ can bind to the inositol 1,4,5-trisphosphate
receptor and stimulate this receptor at low concentrations of ATP and Ca2+,
whereas at high concentrations it inhibits the receptor (Missiaen et al., 1997;
Missiaen et al., 1997).
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2.3.4 Receptor redistribution

The location of receptors within a cell is to a large extent controlled by signal
peptides and signal patches within the protein. However, the position of a
receptor may change over time. The movement of a receptor to a new position
in the cell in a process called translocation may enable the cell to adapt to
changing conditions. Alternatively, the receptors may be moved from their
original positions to degrading organelles, a process that will be discussed in
chapter 2.4.
Translocation from the cytosol into the nucleus is an important regulatory
mechanism for steroidreceptors. For example, the glucocorticoid receptor
resides primarily in the cytoplasm in its inactivated form. After binding a
steroid, the glucocorticoid receptor undergoes a conformational change and
translocates to the nucleus, where it influences gene transcription.
In order to enter or exit the nucleus, receptors need to pass the nuclear pore
complex (NPC), a complex protein structure spanning the inner and outer
nuclear membrane. Although small molecules may pass the NPC passively by
diffusion, larger molecules require energy-dependent processes to enter the
nucleus. Therefore, regulation of nuclear-translocating receptors may be
controlled by the mechanisms that control the active transport of proteins
across the NPC. However these mechanisms are still not well investigated.
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2.4 Proteolytic degradation/ recycling of receptors
The final mechanism in receptor regulation is the regulation of receptor
degradation by proteolytic pathways. Three major pathways have been
identified in the degradation of proteins and receptors. First, lysosomal
degradation is an important proteolytic pathway for degradation of
plasmamembrane receptors. Because lysosomes are intracellular organelles,
receptor internalization is required for the degradation of plasmamembrane
receptors by this pathway. Secondly, the ubiquitin/ proteosome pathway
represents an important proteolytic pathway for the degradation of both
cytosolic and membrane bound receptors. Finally, the calpain proteolytic
pathway is important for the patrial degradation of membrane associated
receptors.

2.4.1 Endocytosis of receptors: degradation or recycling.

Activation of many receptors results in endocytosis, a process also known as
internalization. In this process, small patches of plasmamembrane bud from the
plasmamembrane to form small intracellular vesicles. These vesicles may
contain membrane-associated proteins, including plasmamembrane receptors.
Several receptors, like the EGF receptor, are quickly aggregated into clathrin-
coated pits upon ligand binding (Lamaze et al., 1993). Other receptors are
clustered in the clathrin-coated pits and internalized regardless of receptor
ligand binding. Examples of such receptors are the transferrin and mannose-6-
phosphate receptor.
The best characterized endocytic pathway is through clathrin-coated pits,
although non-coated vesicle pathways have been described (for review see
(Lamaze and Schmid, 1995)).
Endocytosis through the clathrin-coated vesicle pathway is mediated through
specialized regions of the plasma membrane that contain lattices of clathrin.
Clathrin has a trimeric structure, which enables the formation of both flat and
rounded lattices. Electron micrographs revealed that the eukaryotic
plasmamembrane contains areas of both flat clathrin lattices as well as
invaginated rounded lattices, known as clathrin-coated pits.
Clathrin can self-assemble into cage-like structures. However, under
physiological conditions, the presence of adapter molecules facilitates the
formation of the cage-like structure. In addition, these adapter proteins mediate
the binding of clathrin to the plasmamembrane and to plasmamembrane
receptors. Recent studies suggest that arrestins may also function as adapter
proteins (Goodman et al., 1996).
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Endocytosis mediated through clathrin coated pits, is achieved through the
invagination of the clathrin-coated pits and the subsequent budding into
intracellular vesicles. Although the regulation of this process is still poorly
understood, several regulatory molecules have been identified. For example,
dynamin is thought to act as a collar around deeply invaginated coated pits,
which then closes to form free clathrin-coated vesicles. In addition,
phospholipase D seems to regulate the binding of adapter protein 2 (AP-2) to
the plasmamembrane and to endosomal compartments (West et al., 1997).
Further, the adapter function of both AP-2 and arrestins is controlled by their
phosphorylation status (Wilde and Brodsky, 1996; Lin et al., 1997) as well as
by binding phosphoinositides (Timerman et al., 1992; Gaidarov et al., 1999)
Upon formation, the endocytic vesicles fuse with intracellular organelles
known as endosomes. The endocyted receptors are then processed through
several endosomal compartments known as early, intermediate and late
endosomes. In a process known as endosomal sorting, the proteins in the
endosomes are sorted into a fraction that is to be recycled to the
plasmamembrane and a fraction that is to be degraded in the lysosome.
Although the mechanisms of endosomal sorting is still largely obscure, it has
been demonstrated that the fate of receptors in these endosomes depends on
specific signals within the cytoplasmic tail of receptors (White et al., 1998) and
receptor-occupancy (Herbst et al., 1994).
Endosomal sorting provides an elegant way of receptor down-regulation as has
been demonstrated for the EGF receptor. The EGF receptor is constantly
internalized at a stable rate, but is also rapidly recycled. However, occupied
EGF receptors are recycled at a much lower rate due to retention within
recycling endosomes (Herbst et al., 1994), resulting in down-regulation of EGF
receptors.
The last step in endocytosis is the fusion of the late endosomes with lysosomes,
resulting in the degradation of the endosomal content.

2.4.2 lysosomal degradation of receptors.

Lysosomes are specialized organelles that contain a mixture of proteases,
peptidases and hydrolases. The lysosomal proteases that are responsible for the
degradation of receptors and other proteins are collectively known as
cathepsins.
In order to be degraded, receptors need to be transported to the lysosomes,
which can be achieved through several mechanisms, including endocytosis (see



Chapter 2

38

chapter 2.4.1), autophagy and direct protein transport through the lysosomal
membrane.
Autophagy is the process in which a region of the cytoplasm is surrounded by a
membrane. The content of newly formed compartment is subsequently
degraded after fusion with a lysosome. In the liver, autophagy is one of the
main pathways for the degradation of intracellular macromolecules and
organelles. Although intracellular receptors may be affected by autophagy,
specific regulation of receptors by autophagy has not been described.
Finally, proteins may be transported to the lysosome through direct protein
transport mechanisms. Substrate proteins for direct transport to the lysosome
are recognized by the aminoacid sequence KFERQ (Dice and Chiang, 1989).
Binding of the cytosolic chaperone hsc73 to the KFERQ motif directs the
complex towards the lysosome. There, the complex is recognized by a receptor
(Cuervo and Dice, 1996), internalized and degraded. Although the KFERQ
sequence is present in about 30% of all intracellular proteins (Dice and Chiang,
1989), the involvement of the direct protein transport pathway in receptor
regulation has not yet been described.

2.4.3 Proteosomal degradation: protein stability

In addition to the KFERQ sequence, the stability of proteins is also determined
by the first aminoacid residue on the aminoterminal side. The aminoresidues
Met, Ser, Thr, Ala, Val, Cys, Gly and Pro are stabilizing residues, while the
remaining twelve aminoacids enhance degradation. As all newly synthesized
proteins are generated with an initial stabilizing Met residue, these proteins
needs to be processed in order to obtain a different aminoterminal residue. The
Met residue can be removed by specific aminopeptidases. Alternatively, a
destabilizing residue can be added to the aminoterminal residue by the enzyme
aminoacyl-tRNA protein transferase.
To date, it is unknown whether receptors are regulated by changing the first
aminoacid residue

2.4.4 Proteosomal degradation: ubiquitin dependent protein degradation.

One of the best studied cytosolic proteolytic pathways is the ubiquitin
dependent protein degradation by the 26S proteosome. The ubiquitin pathway
involves two distinct and successive steps. First, proteins to be degraded are
tagged by the convalent binding of 8.6 kDa proteins called ubiquitin molecules.
Secondly, the ubiquitin tagged proteins are degraded by either proteosomes or
in some cases in lysosomes.
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The “tagging” of proteins with ubiquitin molecules, is performed by a complex
machinery of enzymes that can be divided into three groups. The first group of
enzymes are the ubiquitin activating enzymes that activate ubiquitin in its C-
terminal Gly. The second group consists of ubiquitin transfer enzymes that
transfer activated ubiquitin to the third group of enzymes, the ubiquitin
conjugating enzymes. The ubiquitin conjugating enzymes have diverse
characteristics and “tagging’ of specific proteins is achieved through the use of
conjugating enzymes that are specific for certain substrates.
Recognition sites for ubiquitin-conjugating enzymes may be the first N-
terminal aminoacid residue that controls protein stability (see chapter 2.4.4).
Alternatively, the ubiquitin conjugating enzymes may recognize modified
proteins (for example phosphorylated proteins) or ancillary proteins. Ubiquitin
may also be attached to itself, forming a multiubiquitin chain on a substrate
protein.
The effect of the ubiquitin conjugating enzymes can be reversed by enzymes
that remove the ubiquitin groups, enabling the proteins to be recycled instead
of degraded.
Once a substrate molecule is polyubiquitinated it can be degraded by the 26S
proteosome, a complex of the 20S proteosome and several regulatory proteins.
Protein degradation by the 26S proteosome is dependent on ATP, however the
exact mechanisms involved are not well understood yet.
Although ubiquitin dependent protein degradation by the 26S proteosome is
important for the degradation of short-lived and abnormal proteins, several
studies have shown that receptor degradation is also mediated by this pathway.
For example, the involvement of the ubiquitin/ proteosome pathway in the
degradation of receptor proteins has been demonstrated for the inositol 1,4,5-
trisphosphate receptor (Bokkala and Joseph, 1997; Oberdorf et al., 1999), the
progesterone receptor (Syvala et al., 1998), the EGF receptor (Mori et al.,
1997; Galcheva-Gargova et al., 1995), the growth hormone receptor (Strous et
al., 1996), the PDGF receptor (Mori et al., 1995) and the Met tyrosine kinase
receptor (Jeffers et al., 1997).

2.4.5 Calpain mediated protein degradation.

The second major cytosolic proteolytic pathway is dependent on calpains or
calcium-dependant proteases. Calpains are involved in the partial degradation
of membrane and cytoskeletal proteins.
Calpains in the cytosol are usually bound to an inhibitor molecule called
calpastatin, which inactivates the calpains. Upon an increase of intracellular
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calcium, calpain is dissociated from calpastatin and translocated to a cellular
membrane where it is activated by autolysis.
Receptor degradation by calpains has been demonstrated for a number of
receptors including the inositol 1,4,5-trisphosphate receptor (Sipma et al.,
1998), the NMDA receptor (Bi et al., 1998), the common cytokine receptor
(Noguchi et al., 1997), the retinoid X receptor (Matsushima-Nishiwaki et al.,
1996), the glutamate receptor (Bi et al., 1996), the EGF receptor (Gregoriou et
al., 1994), and the insulin receptor (Smith et al., 1993). Calpain degradation of
inositol 1,4,5-trisphosphate receptor may provide a negative feedback loop of
inositol 1,4,5-trisphosphate receptor mediated Ca2+

 release on inositol 1,4,5-
trisphosphate receptor levels.
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2.5 Future directions:
In this chapter, an overview has been given on the mechanisms that regulate
receptor synthesis, receptor properties and receptor degradation. From this it
can be concluded that receptors can be regulated through many different
mechanisms. Although some mechanisms have received a lot of attention this
does not necessarily mean that these mechanisms are well-understood. E.g.
numerous articles have reported on intron-exon splice sites in receptor genes,
but the mechanisms that control splicing are still not well-understood.
Studies on receptor synthesis have focused primarily on transcription, either by
studying mRNA levels or promoter activity. Historically, the transcriptional
rate of a receptor gene was determined by measuring receptor mRNA levels
using techniques like RNA protection assays, competitive PCR and Northern
blotting. With the cloning of promoter sequences, transcription may now also
be studied using promoter-reporter assays (see 2.2.3).
Several mechanisms that may control receptor synthesis have been poorly
investigated. E.g. the mechanisms that control the export of the mRNA out of
the nucleus are still poorly understood. Further, specific regulation of receptor
mRNA’s by translational mechanisms may deserve more attention.
Receptor regulation through changing receptor properties has primarily focused
on phosphorylation/ dephosphorylation mechanisms and on regulatory factors.
However, translocation or redistribution of receptors within the cell is still a
relatively unexplored field. Recent research indicated that signaling events at
the cell surface are compartmentalized and integrated by caveolae. These
caveolae are specialized receptor-rich plasmalemmal microdomains that are
distinct from clathrin coated pits. Regulation of receptor translocation to and
from these caveolae may prove to be an important mechanism in receptor
regulation.
Proteolytic degradation of receptors has received considerable scientific
attention. Although many studies have reported on receptor regulation through
enhanced degradation, the underlying processes are still poorly understood.
E.g. endocytosis through clathrin-coated pits has been studied extensively but
endocytosis through non-coated vesicle pathways (i.e. through caveolae) have
not been elucidated. Further, the processes that control receptor degradation
and recycling are still largely unknown.
In conclusion, receptors can be regulated through many different mechanisms.
Some of these mechanisms have remained relatively unexplored and may
therefore provide new insights into receptor regulation and receptor
intervention.
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Abstract
In humans at least three types of the inositol (1,4,5)-trisphosphate receptor
(InsP3R) are present. The gene encoding type 1 InsP3R (InsP3R-I) is expressed
in all cell types, although expression predominates in Purkinje cells. To study
the regulation of the human InsP3R-I gene we isolated and characterized a 2.1
kb 5’ flanking region. In transient expression assays using a rat cell line,
analysis of various deletion mutants demonstrated that a fragment of only 86 bp
5’ of the putative tsp displayed promoter activity similar to that of the 2.1 kb
fragment. Also, we compared the sequence of the human InsP3R-I promoter
with the sequence of the mouse InsP3R-I promoter. Considerable sequence
homology is present in four distinct domains, which include several conserved
putative binding sites for transcription factors. Further, we demonstrate a
decrease in the activity of the isolated human InsP3R-I promoter and of the
endogenous InsP3R-I promoter after 48 hours of treatment with retinoic acid.
Analysis of deletion constructs of the human promoter indicates that the
decreased promoter activity in response to retinoic acid is likely to be mediated
by a conserved AP-2 binding site.
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Introduction
Inositol (1,4,5)-trisphosphate (InsP3) is a second messenger formed in response
to stimulation of a wide variety of seven transmembrane spanning receptors.
InsP3 can bind to and activate a family of intracellular Ca2+ permeable channels,
the InsP3 receptors (InsP3Rs) (Berridge, 1993). Cloning and sequencing studies
have shown that several types of InsP3R exist. At least three types (InsP3R-I, -II
and -III) have been found in human (Maeda et al., 1989; Miyawaki et al., 1990;
Yamada et al., 1994; Yamamoto et al.,1994), rat (Mignery et al., 1990) and
mouse tissue (Marks et al., 1990; De Smedt et al., 1997).
Recent studies have shown that the ratios at which type I, II and III InsP3Rs are
expressed differ considerably between cell types (Sugiyama et al., 1994, De
Smedt et al., 1994; Wojcikiewicz, 1995), both on protein and mRNA levels.
InsP3R-I is expressed in all cell types studied (De Smedt, 1994; Wojcikiewicz,
1995) and found at exceptionally high levels in Purkinje cells (Maeda et al.,
1989). The expression of InsP3R-II and -III isoforms has been found along with
the InsP3R-I isoform in many nonneural cell types (De Smedt et al., 1994;
Wojcikiewicz et al., 1995). Besides differences between different cell types, a
considerable degree of variance in relative mRNA levels of the three InsP3R
types have been observed in human myometrial (Morgan et al., 1996) and
human atrial muscle (Deelman, unpublished). The widespread expression of
InsP3Rs underscores the important role of these receptors in cellular signalling.
Nevertheless, little is known about significant functional differences of the
isoforms, although it has been suggested that substrate affinity and possibly the
interaction with cytoskeletal elements vary between the InsP3R type expressed
(White et al., 1993). At present, the molecular mechanisms responsible for gene
expression of the different InsP3R types are still unclear.
The aim of the present study was to isolate and characterize the human InsP3R-I
promoter and to compare its structure with the mouse InsP3R-I promoter
(Furutama et al., 1996).

Results and discussion
Isolation and sequence of the 5’-flanking region of the human InsP3R-I gene.

The 5’-flanking region of the human InsP3R-I gene was isolated using a PCR
based method (Fig. 1). The sequence data of the 2.1 kb fragment obtained from
the EcoRV library, was aligned with sequence data of the mouse InsP3R-I
promoter region (Furutama et al., 1996). The human InsP3R-I promoter regions
from -1497 to -1433, from -816 to -569, from -469 to -315 and from -149 to
+145 are highly homologous to regions of the mouse InsP3R-I promoter (Fig.
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2). The TATA box and the CAAT box are well conserved between species,
suggesting that the tsp is also identical in both species. However, in addition to
the TATA box, CAAT box and the E box, none of the putative binding sites
reported for the mouse sequence (Furutama et al., 1996) are present at
corresponding positions in the human sequence. A homology search of the
transcription factor database compiled by Dr. D. Ghosh (National Institute of
Health, USA) showed the presence of putative conserved transcription factor
binding sites (Table 1). A putative binding site for C/EBP, a positive-acting
transcription factor found in a limited number of cell types, is present in both
sequences. Besides hepatocytes, C/EBP is found in regions of the hippocampus,
in cerebellar Purkinje cells and in part of the cortex in the adult brain of mice
(Kuo et al., 1990). Because the C/EBP binding site is outside of the region
(from -528 to +169) capable of inducing normal expression patterns in
transgenic mice (Furutama et al., 1996), C/EBP can not be responsible
exclusively for the predominate expression of the InsP3R-I gene in the CNS.
Both in the human and mouse promoter, putative binding sites for transcription
factors sensitive to retinoic acid were found. Possibly, the increased expression
of the InsP3R-I gene in human leukaemic cells in response to retinoic acid
(Bradford and Autieri, 1991), is mediated through these sites. A potential
retinoic acid response element (RARE) is present in both the human and mouse
sequence. This putative RARE is a repeat of two half-site recognition
sequences, ERE and H-2RIIBP, spaced by 5 bp, resembling the artificial
RAREs DR+3 (Naar et al., 1991) and DR-5 (Umesono et al., 1991). Further, a
binding site for AP-2, a retinoic acid-regulated transcription factor during
development, is also present in both sequences at identical positions.
In the human sequence a gap is present at position -523 to -511 relative to the
mouse sequence. At this position, the mouse sequence contains a putative
binding site for transcription factor TF-Vβ (Seal et al., 1991). The binding site
of this transcription factor was originally found in the promoter of the chicken
vitellogenin II gene and has been shown to be occupied in vivo in response to
estrogen. However at present no data exist indicating the involvement of
estrogen or TF-Vβ in the regulation of the InsP3R-I gene in human or mouse.
A comparison between the human InsP3R-I promoter region and the promoter
region of two other mouse Purkinje cell specific genes, L7-pcp-2 (Smeyne et
al., 1991) and PEP-19 (Sangameswaran and Morgan, 1993), did not reveal
common transcription factor binding sites.
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Fig. 1 Gel of secondary PCR reaction products. The secondary PCR reaction resulted in a
2.1 kb fragment for the EcoRV library (lane 3), a 3.5 kb fragment for the ScaI library (lane
4), a 200 bp fragment for the DraI library (lane 5), a 500 bp fragment for the PvuII library
(lane 6) and a 2.4 kb fragment for the SspI library (lane 7). Lane 1: 1-kb ladder of DNA size
marker, lane 2: 100 bp ladder of DNA size marker. Methods: The PromoterFinder DNA
Walking kit (Clontech) was used to obtain the 5’ flanking region of the human InsP3R-I gene.
The kit contains 5 libraries of human genomic DNA. Each library was constructed by
digesting genomic DNA with 1 of 5 restriction enzymes (EcoRV, ScaI, DraI, PvuII and SspI)
and by adding an adaptor containing 2 primer-binding sites to both ends of all DNA
fragments. PCR is performed on the five libraries using a gene-specific primer (GSP) and an
adapter primer (AP).
Two gene-specific primers (GSP1 & GSP2) were designed based upon the 5’ untranslated
region of the human InsP3R-I mRNA (GSP1; 5’-GAAGAGGGAGCTCGTTCCGTTAGG-3’,
GSP2; 5’- GGAACACCCACACCTCCTCTCGG-3’, primer postions in genbank acc. nr.
D26070 are 59-82 and 28-50, respectively). A primary PCR was performed on the five
supplied libraries. The amplification reaction mixtures (50 µl) contained 1 µl library, 17.5
nmol dNTP, 10 pmol adapter primer 1 (AP1), 10 pmol GSP1, 2.6 units Expand DNA
polymerase (Boehringer Mannheim) in the supplied buffer 1. Temperature cycling was
performed in 0.5 ml thin-walled tubes in a thermal cycler (DNA thermal cycler, Perkin
Elmer) using a touchdown protocol of 7 cycles of 30 sec denaturation at 94 °C and 4 min
annealing and extension at 72 °C, followed by 36 cycles of 30 sec denaturation at 94 °C and
4 min annealing and extension at 67 °C. This resulted in faint single bands for all libraries
(data not shown). To enhance specificity, a secondary or “nested” PCR reaction was
performed on diluted primary reaction mixtures. The amplification reaction mixtures (50 µl)
contained 1 µl 50* diluted primary reaction mixture, 17.5 nmol dNTP, 10 pmol adapter
primer 2 (AP2), 10 pmol GSP2, 2.6 units Expand DNA polymerase (Boehringer Mannheim)
in the supplied buffer 1. The touchdown PCR protocol included 5 cycles of 30 sec
denaturation at 94 °C and 4 min annealing and extension at 72 °C, followed by 20 cycles of
30 sec denaturation at 94 °C and 4 min annealing and extension at 67 °C. PCR products were
analysed on a ethidium-bromide stained 1 % agarose gel.
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Table 1. Putative transcription factor binding sites present in both the
mouse-and human InsP3R-I receptor promoter region.

Transcription
factor

recognition
sequence

orientation position in
human
sequence

position in mouse
sequence

AABS_CS2 GTGNNGYAA + -1 -1
alpha-INF.2 AARKGA - -663 -695
AP-1 GAGAGGA + 59 59

+ 125 125
AP-2 CCCMNSSS - -396 -401

+ -123 -122
- 45 49

bA-globin.3 CCAAT + -695 -524
C/EBP TKNNGYAAK + -1012 -1012
c-mos_DS1 TGGTTTG + -800 -831
CF1 ANATGG - 9 9
CTCF CCCTC + -169 -175

+ -97 -98
ER GGTCA + -736 -768

GGTCA - -458 -471
GCF SCGSSSC - -433 -409

- -80 -79
H-2RIIBP/T3R GAGGTC + -726 -758
H2A_conserved YCATTC - -1030 -1079
H4TF-1 GATTTC + -427 -440
H4TF-2 GGTCC - -544 -573
HC3 CCACCA - 80 77
HIS4_US TGACT - -677 -709
LVc CCTGC + -1277 -1321

- -504 -531
MyoD CACCTG + -320 -326
NF-IL6 TKNNGNAAK + -1035 -1084

+ -1012 -1012
- -426 -439
- -369 -376

PEA2 GACCGCA + -457 -470
PEA3 AGGAAR - 33 33
PEBP2 GACCGC + -457 -470
PU.1 GAGGAA - 34 34
PuF GGGTGGG + -386 -400
rRNA-T2/T3 GACTTGC - -680 -712

TFIIIA CNGGNYNGAR + -733 -765
TGGCA-BP TGGCA + -1493 -1509

+ -1063 -1112
UCE.2 GGCCG - -33 -32
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Mouse                                                                  -1948 AGGGTCAA-AGGGACTTGGAA-AGTGGATCAGGT -1917
                                                                             |  || || |   | ||||   | |  |  || |
Human                                                                  -1948 ATCGTGAACACAAACTTTGTCTATTTCAAGAGCT -1915

Mouse-1916 TGTTTTTATCGGGGAAAGGAAAAAACAACAGATATGAA-AGGTG--TGGATTCCTCTGTGGTGACAAGTTGGGGTTTTTCCCGAGGACAGACAGGCAGCT -1820
           |       ||  |||  |  |  ||   |  || |||  |||    |  | | | |  || | |||  ||||||   |  | |||   ||      ||
Human-1914 TTGCCCCTTCCTGGACTGACATTAAATGCTTATCTGAGCAGGCAAATACAGTGCACA-TGTTTACA--TTGGGGAGGTAGCGGAGACTAGTAGTTTAGGA -1818

Mouse-1819 TGAAGCATCCCCACTTGCCTCCTAGATTGCCAACGGTGCCTTTGGATATAACTAACCT---GCATGCCTTTAGCTTTC-CAT--GTCGTATCGGCTGAA- -1727
             | |  ||   |||   ||  | |  || |   || |    |  || ||| |  | |   ||   || | || |||| |||  ||   |  |||| ||
Human-1817 CCAGGGTTCAAGACTCAGCTATTTGTGTGACTTTGGAGGAAGTA-ATTTAA-TCGCTTTGTGCCCCCCCTCAGTTTTCTCATAAGTAAAAATGGCTTAAT -1720

Mouse-1726 ATGATCTACTTAAAT--TACTTAGAAA----------CAATGCCTGGGCCACAGGACGCACCCGTGTGATGCCCCTAAT---GGTTAGGTTGAGCACTAA -1642
           | ||| || |||  |  ||   |||||          |||||||||   ||  | |  |||||      || |  ||||   | || | ||  ||| ||
Human-1719 AGGATTTAATTAGGTGCTATACAGAAAGAGTTTAGACCAATGCCTGACACATGGCATTCACCCAATAAGTGTCAATAATTATGATTCGTTTTGGCATTAT -1620

Mouse-1641 -ATAT--GCAATAATTGTTACCTATTTTGC-CCTCTA--TTGTTCTTAAAGTTTCACGAGAGGAGGCAAGGCTGTTGAATCACGTAATAGGAAAAGAGAA -1548
            || |  | ||||| | ||| ||||  | | ||||||  |||||| |||||||||| ||||   |       | ||  || | | |||      | | |
Human-1619 TATGTCAGTAATAACTATTAGCTATGATTCTCCTCTAATTTGTTCCTAAAGTTTCATGAGACTCGA------TTTTATATTAAGGAATCCTGCTAAAAAG -1526

Mouse-1547 CAGGCAAACATTAATGAGTATCGAATCCCTCTCTAGATGGCAAACCTGGGGTAAAGAGTTCAAGGTGATTTGCCTAAGGGCTTAGAGGCTGCTCCTAAAA -1448
            || || |   |||| || ||    ||| ||   |||||||||| |||||| |||||| | ||  ||| ||||| ||||||| ||||||||||||||||
Human-1525 TAGACATATTCTAATAAGAATT---TCCTTC--- AGATGGCAAAACTGGGGCAAAGAGATGAAAATGACTTGCCCAAGGGCTCAGAGGCTGCTCCTAAAT -1432

Mouse-1447 TAGGAGGGGCTCC-TTTAAGGAGGTGGTGATGGAGGTCCCAATGGGCAAGTGCTTAGTATAGGTACAGGTTGGAGTTGCAAAGGAGACCAAAG---TTAA -1352
             |||| |   |  |||||||   ||| | ||||  |||| |  | |||| | ||  || | ||| ||  ||||   | |    || |   |    ||||
Human-1431 GGGGAGAGAGGCTATTTAAGGCAATGGCGGTGGATTTCCCCAAAGACAAGGGTTTCATACACGTAGAGTCTGGAACGGGAGTCCAGGCTGTACCACTTAA -1332

Mouse-1351 CCTGACTTGTC--------------CTG--TTCTTTG-GCCTT--AT-----ACCTGCTGTATACAAAGAGGTTACAAACCCAGAATCAGTGACACTCAA -1276
           |  ||   |||              |||  |||| || ||| |  ||     ||||||   ||| | | |    | | ||| | | |  || | ||||||
Human-1331 CTCGAGGGGTCATTTGGGAAGTTACCTGATTTCTCTGAGCCCTGGATTGTGCACCTGCCAAATAGATATAATAAATATACCTACAGTTGGTAAAACTCAA -1232

Mouse-1275 TAGCATGCTGTACAGAAA--GCAGGTAGGCTGAGCTCTGTAGAA---------CCATT---TGTTTTCATTACAAGGATTACTGTTA--ACAGGTCTTTA -1192
           |||||||  | |   |||  ||| || | ||| ||||  || ||         |||||   | || ||||||  |  | || |||||  |||| ||||||
Human-1231 TAGCATGACGCATGAAAACTGCATGTGGTCTGGGCTCAATAAAATCAGCCTCCCCATTGATTATTATCATTATTATTACTATTGTTATAACAGATCTTTA -1132

Mouse-1191 G-CGGTAGCAGACAGACCCCCATTTAGGATGTTATGATATATTTTGGAGAGCTCTCATATCCTGGCACAGTGCCTGGCCTGGCACCCAGATGACACCCGG -1093
           | |||   |||  ||  ||   | | ||||| ||| ||   ||| |   | | ||   ||   | | ||| |||||||     ||| ||   |||| | |
Human-1131 GGCGGCGTCAGGAAGTGCCTG-TCTGGGATGCTATAATGCGTTTGGCTCACCACT---AT---GCCCCAGCGCCTGGC-----ACCTAGTAAACACTCAG -1044

Mouse-1092 GGAAAGTTTGTGGAATGAATACGTGCAGTCTAGTTTGTAGGGTGGGATGGGGAAGGAGACAGTAGGATAACTTTGCCTGTGATGCAAGCTCTTCTTCCCA -993
           | || ||||| ||||||||||  | | ||| | |||| |||   | |  ||| ||  | | |   |    |   | ||  | | |   | || ||| | |
Human-1043 GAAACGTTTGAGGAATGAATA--TAC-GTC-A-TTTG-AGGCAAG-ACAGGGCAGTCGGCTGACTGCCTCC--GGGCTTAGCT-CTTCCCCTCCTTGCAA -954
                                                C/EBP                                       C/EBP
Mouse-992  AGACCAAAGTTCTATGCACTTTGCAGCCTGG-AGCCTA--CACTATTTTCTGGTGTGTGGAAATCCATTTCAGCCCAGAGGCTTGGGTTGAAGACTCGCA -896
           |  ||  ||  ||| |||   || |||| || |||| |  || || ||    | | ||| ||| |||  |   ||||     || ||   |   || | |
Human-953  AAGCCGGAGCCCTAAGCAGCGTGTAGCCCGGGAGCCCAGGCATTACTTGGCAGCGGGTG-AAACCCACCTTGCCCCA-----TTCGG---AGCTCTTGGA -863

Mouse-895  GCACGCCTCGCCTGGACGCACTCATCTTAGTATAAGCAGTTTTCTCTGAAGCCCTTATTTTTTTGGTTTGCGGTTTATTTACTTTAGCGTTTACAGATTC -796
           |  |||| |||||||| || |  ||||  || | ||| | | | ||  |||||||||||||| ||||||||||||||||||||| ||| ||||||| | |
Human-862  GAGCGCCCCGCCTGGATGCGC--ATCTCTGTGTGAGCGGCTCTTTCCTAAGCCCTTATTTTTCTGGTTTGCGGTTTATTTACTTAAGCATTTACAGCTCC -765

Mouse-795  CAGGAGCATAGGGG-TCTTAGAAGCGGGGTCAGGACCGAGGTCGCGGTTTGTATTTCTTTCCTGCTTCGCGATCACAACATCAGCAAGTCACAACATGGT -697
           |||||||| ||||| |  |||| |   ||||||||| ||||||||||||||||||| ||| ||||  | | ||| ||    | ||||||||||||| ||
Human-764  CAGGAGCAGAGGGGCTGCTAGAGGTACGGTCAGGACTGAGGTCGCGGTTTGTATTTATTTTCTGCCCCCCAATCTCAGAGCCGGCAAGTCACAACACGGC -665
                                            RARE
Mouse-696  TCCTTTATTTGCTCACTCGTCAGGGTAGCGTTTCTTTTACCTCCTACCGGGCGACGAAAGACAGACCCAGCTCGAATTCAGAAAAGGGCTCTCACACGAT -597
           |||||||||||  |||  |  |||   || ||||||| |||||||  |||||||  ||||||| | | | ||||   ||||||||| |||||||| |||
Human-664  TCCTTTATTTGTGCACCGGAGAGGTCTGCCTTTCTTT-ACCTCCTCACGGGCGATAAAAGACA-AGCAA-CTCGGGCTCAGAAAAGTGCTCTCACGCGAC -568

Mouse-596  TACCCCGCATCCTCAATAGCAGGGACCACCCCATTTCCAGACTTAGTTTTTCATGCAGACACTAGCAGGATCCAATAAAAAACTAGACCAGATTTAATAA -497
           |  || |  ||  |  | ||  |||||  | |  | |||| ||| |||| || |||| || | ||||||                || |||||| |||||
Human-567  TTGCCTGTGTCTCCGCTTGCGTGGACCGTCGC--TCCCAGGCTTGGTTTCTCGTGCAAACCCGAGCAGGGCG-------------GAGCAGATTAAATAA -483
                                                                                       TF-V β
Mouse-496  AGACAAACTTGTTTCTTTAATCCTTGACCGCAAACACTGGCGTTTTTGTGCCTCGGATTTCTGAAATTCTTGGCTCCAGGACACAGGGCGCGCGGGGGTG -397
           |||||  || |   |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||||  |||  || |||    ||||| |
Human-482  AGACAC-CTCGCGCCTTTAATCCTTGACCGCAAACACTGGCGTTTTTGTGCCCCGGATTTCTGAAATTCTTGGCTCGGGGAACCAAGGC---AGGGGGAG -387

Mouse-396  GGTAAATAGCTTGTAAAAACTTCCCGAAGCAGTAATCCGAGCTCTTCCTCTCTCTCCGGACCCTAGTGACACCTGACTTTAGGAAGGGAAGATACA-AGT -298
           |||     ||||||||||||||||| |||||| ||||||||||| |   | ||| |||| ||| |||||||||||  ||     |||||||      ||
Human-386  GGTGG---GCTTGTAAAAACTTCCCAAAGCAGAAATCCGAGCTCCTAGCCCCTCCCCGG-CCCCAGTGACACCTGGATT---CCAGGGAAGGGGGGCAGC -294
                                                                                 E-BOX
Mouse-297  CAAAAGAGAAGGGTTCACAGAGGTAGGGGACA-TACCCAGTGGGTCGGGCTTGCCAAACCTGGGGAGTCCGGTGTTCAGACACAAGTTCGCAACCCGAGC -199
           |  | |||| | || | ||  ||| | || |  | ||||| ||||  | |||   |   ||||      |  |   | ||| | ||      | | |
Human-293  CGGAGGAGAGGCGTCCCCAAGGGTTGCGGGCGCTTCCCAG-GGGT--GACTTTGAACGGCTGGTCCAAGCCTTA--CCGACCCCAGCCAAGGAACAGGCT -199

Mouse-198  CTTCAGCCTGGGCGCCTCTTCCCC-CTCCCACCCCTGGTCAGCGCGCGGGAGTCTATTTAGAACCCAGCCCCGGAGCCCAGGGGATTCTGGGACTTGTAG -100
           |  |||||||   ||||   |    | |||  |||  |||  ||| ||   ||||||||||  ||||| || || |||||||||||||||||||||||||
Human-198  CAGCAGCCTGAAAGCCTTCGCAGGACGCCCCTCCCCTGTCCCCGCACGC--GTCTATTTAGGGCCCAGTCCGGGCGCCCAGGGGATTCTGGGACTTGTAG -101
                                                                                         AP-2
Mouse-99   TCCCTCTGCGCAGCCCCAGGCGCCGGCACGACCTGGGACTCGGACTACATTGCCCAGGGAGCTTCCCGGCCTATATAAGCGGTC-GGCGCTGCTTCAAAG -1
           ||||||  ||||||| ||||||||| ||||||| |  ||| |||||||||||||||||||||||||||||||||||||||   | || || |||| ||||
Human-100  TCCCTCCCCGCAGCCTCAGGCGCCGCCACGACCCGCTACTTGGACTACATTGCCCAGGGAGCTTCCCGGCCTATATAAGCCACCCGGAGCCGCTTTAAAG -1
                                                          CAAT-BOX                  TATA-BOX
Mouse-1    TGCAGTAACCATGTGGATGTTCTGCTGAAGCGTTTCCTCAAGCCTGCCGGGGTGGGAGGAGAGGAGGAGGTGGTGGTGGTGGAGGAGGTGGAGGCAGAGG 100
           |||||||||||||||||||| ||||||||||||||||||||||  || |||||||||||||||||||||| |      |||| ||||| |||||||| ||
Human-1    TGCAGTAACCATGTGGATGTGCTGCTGAAGCGTTTCCTCAAGCTCGCTGGGGTGGGAGGAGAGGAGGAGGAGNNNNNNGTGGTGGAGGAGGAGGCAGGGG 100
              CAP
Mouse101   GTGGAGAGAGAGAAAGCGCACGCCGAGAGGAGGTGTGGGTGTTCC 145
           |||||||||||||||||||||||||||||||||||||||||||||
Human101   GTGGAGAGAGAGAAAGCGCACGCCGAGAGGAGGTGTGGGTGTTCC 145
                              3’-GGCTCTCCTCCACACCCACAAGG-5’
                                        GSP2

Fig. 2 Alignment of the nucleotide sequences of the promoter region of the human- and
mouse InsP3R-I gene. Numbering is based on the tsp (+1) of the mouse sequence.
Underlined regions indicate potential transcription factor binding sites. N indicates an
arbitrary base. High homology regions are displayed in bold characters. The position of the
nested gene specific primer (GSP2) is also shown. The sequence of the promoter region of
the human InsP3R-I gene has been deposited in the GenBank database (accession no.
U88725). Methods: PCR products were inserted into pGEM-T (Promega) and sequenced on
both strands by dideoxy chain termination using universal and gene specific primers.
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Promoter activity of the 2.1 kb EcoRV PCR fragment.

To determine the promoter activity, the 2.1 kb PCR fragment was fused to a luc
reporter gene and transfected into rat embryonic aorta cells (A7r5). In addition,
A7r5 cells were transfected with a number of 5’ deletion mutants (Fig. 3). Cells
were co-transfected with pRL-CMV (Promega) and promoter activity was
normalized to pRL-CMV expression. Transfections with each construct,
including the construct containing only 86 bp upstream of the putative tsp,
resulted in significant Luc activity (P<0.01) compared to a promoterless luc
gene. Thus, the region from -86 to +145 contains the basal promoter elements
of the human InsP3R-I gene.

Luc Assay

Fig. 3 Luciferase assay of the human InsP3R-I promoter region. InsP3R-I promoter-
reporter constructs are illustrated at the left, with numbers indicating the distance to the
putative tsp. The hatched region indicates the coding region of the luc gene. A: Relative
promoter activity of the human InsP3R-I promoter-reporter constructs. The relative activity is
normalized to an internal pRL-CMV control (Promega). B: Percentage inhibition in promoter
activity of the InsP3R-I promoter-reporter constructs after treatment with 0.5 µM retionic acid
for 48 hours. Methods: The following reporter constructs were created by ligating fragments
of the InsP3R-I promoter region upstream from a promoterless luc reporter gene in the pGL3
vector (Promega): -1948 to +145, -1832 to +145, -782 to +145, -138 to +145 and -86 to +145.
Reporter constructs were cotransfected with pRL-CMV into embryonic rat aorta cells (A7r5)
cells in a ratio of 25:1. A7r5 were grown in Delbecco’s modification of Eagle’s medium
supplemented with 10% foetal calf serum at 37°C in a 5% CO2 incubator. Twenty-four hours
prior to transfection, cells were seeded at 5*104 cells/ cm2 in a six wells cluster. For each dish
4 µg of plasmid DNA was diluted in 88 µl 0.1*TE (pH 8.0) and 100 µl 2*HBS (280 mM
NaCl, 10 mM KCl, 1.5 mM Na2HPO4, 12 mM dextrose, 50 mM Hepes, pH 7.05). While
vortexing, 12.4 µl 2M CaCl2 was slowly added. This suspension was incubated at room
temperature for 30 minutes. Medium was removed and the suspension was added to the cells.
After an incubation period of 15 minutes at room temperature, 3 ml medium was added and
the cells were returned to the incubator. After 24 hours, medium was replaced with fresh
medium. To study the effect of retinoic acid on InsP3R-I promoter activity, cells tranfected
with the InsP3R-I promoter reporter constructs, were grown in medium supplemented with
0.5 µM retinoic acid. 48 hours after transfection promoter activity was determined using the
Dual Luciferase Reporter assay System (Promega). Means ± S.E. for three experiments are
shown.
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Regulation of promoter activity by retinoic acid

Because of the presence of conserved putative binding sites for transcription
factors sensitive to retinoic acid, the activity of the InsP3R-I promoter-reporter
constructs in response to retinoic acid was examined. A7r5 cells, transfected
with the promoter-reporter constructs, were treated with a high dose of retinoic
acid (0.5 µM) for 48 hours (Rohrer et al., 1991). Retinoic acid did not affect
Luc expression of the construct containing the region from -86 to +145, but
decreased (p<0.01) Luc expression of all longer constructs by approximately 30
% (Fig. 3).
Because the putative RARE (Fig. 2) is absent from the retinoic acid sensitive
region from -139 to + 145, the retinoic acid induced reduction of human
InsP3R-I promoter activity in A7r5 cells can not be mediated by the RARE.
However, compared to the retinoic acid sensitive region from -139 to +145, the
insensitive region from -86 to +145 is lacking the putative retinoic acid
sensitive AP-2 binding site (Fig. 2). Therefore these results indicate that the
retinoic acid induced reduction of human InsP3R-I promoter activity is most
likely mediated by AP-2 . Although AP-2 is generally assumed to be a
transcriptional activator (Luscher et al., 1989), several studies have also
reported an AP-2 mediated decrease in transcription (Luscher et al., 1989; Chen
et al., 1996, Wanner et al., 1996). Such negative transcriptional effects are
possibly due to reduced AP-2 levels following prolonged treatment with
retinoic acid (Wanner et al., 1996) or by the transmodulatory effect of AP-2 on
other transcription factor binding sites (Chen et al., 1996).
To determine whether the endogenous InsP3R-I promoter is also sensitive to
retinoic acid, A7r5 cells were treated with 0.5 µM retinoic acid for 48 hours.
Changes in the expression of InsP3R-I were analyzed by co-amplification of
cDNA from InsP3R-I and the housekeeping gene GAPDH in a single PCR
reaction. The expression of GAPDH was not affected by treatment with retinoic
acid, suggesting that basic properties in transcription and translation are
unchanged by the treatment with retinoic acid (densitometry values in retinoic
acid treated cells: 105 ± 13 % of control values, n=3). However, the ratio
InsP3R-I / GAPDH PCR product was significantly decreased (p<0.01) by
approximately 20 % after treatment with retinoic acid, indicating that the
expression of the endogenous rat InsP3R-I promoter is also decreased by
retinoic acid (Table 2).
In contrast to A7r5 cells, expression of the endogenous inositol 1,4,5-
trisphosphate receptor is increased in human leukaemic (HL-60) cells
differentiated with retinoic acid (Bradford and Autieri, 1991). However, A7r5
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cells do not differentiate upon stimulation with retinoic acid. Possibly, the
upregulation of InsP3R-I in HL-60 cells is not caused directly by retinoic acid,
but is caused by the differentiation process. Furthermore, some studies report
that the response to retinoic acid is altered upon differentiation (Wanner et al.,
1996, Suryawan and Hu, 1997).

Table 2. The relative expression level of endogenous InsP3R-I mRNA in
A7r5 cells treated with retinoic acid.

InsP3R-I / GAPDH mRNA ratio

A7r5 control cells (n=3) 0.73 ± 0.02
A7r5 cells treated with 1 µM retinoic acid (n=3) 0.59 ± 0.03

A7r5 cells were seeded at 5*104 cells/ cm2 in a 6 wells cluster and were grown in Delbecco’s
modification of Eagle’s medium supplemented with 10% foetal calf serum at 37°C in a 5%
CO2 incubator. retinoic acid treated cells were grown in medium containing 1 µM retinoic
acid. After 48 hours total RNA was isolated using the RNeasy mini kit (Qiagen). First strand
cDNA was synthesized using the RT-PCR CORE kit (Perkin Elmer). During a semi
quantitative polymerase chain reaction the mRNA of the InsP3R-I gene and the mRNA of the
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were coamplified
in a single PCR reaction. A 50 µl PCR reaction mixture contained 0.5 units Taq polymerase
(Eurogentec), 5 µl of the supplied buffer, 17.5 nmol dNTP, 2 mM MgCl2, 1 µl of cDNA
mixture and 40 pmol of sense (5’-CAGGTTCAACTGCTGGTTACTAGCC-3’, pos. Genbank
acc. nr. J05510: 3624-3648) and antisense (5’-GGTCACGCTCGGACCGCATC-3’, pos.
Genbank acc. nr. J05510: 4400-4419) InsP3R-I primer, 40 pmol of sense (5'-
CCCATCACCATCTTCCAGGAGCG-3', pos. Genbank acc. nr. M17701: 241-263) and
antisense GAPDH primer (5'-GGCAGGGATGATGTTCTGGAGAGCC-3', pos. Genbank
acc. nr. M17701: 627-651, 4 mismatches). Temperature cycling was performed in 0.5 ml
thin-walled tubes in a thermal cycler (DNA thermal cycler, Perkin Elmer) using a protocol of
25 cycles of 45 sec. denaturation at 94 °C , 1 min. annealing at 56 °C and 1 min. extension at
72 °C. PCR products were separated on a 1.5% agarose gel by gel-electrophoresis and stained
with ethidium bromide. The gels were quantified by densitometry. The relative expression
level of InsP3R-I mRNA in A7r5 cells is expressed as the ratio of InsP3R-I and GAPDH PCR
products.

Conclusions
(1) We have cloned the promoter region of the human InsP3R-I gene.
Functional analysis in A7r5 cells has demonstrated that basal promoter activity
of the human InsP3R-I gene was contained in the region from -86 to +145
relative to the putative tsp.

(2) A comparison of the sequences of the human and mouse InsP3R-I promoter
revealed that the promoters share a high degree of homology in four domains.
In particular, the area around the putative tsp is well conserved between
species.
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(3) The activity of the isolated human InsP3R-I promoter is decreased by
approximately 30 % after treatment with 0.5 µM retinoic acid for 48 hours.
This decrease in human InsP3R-I promoter activity is likely to mediated through
the AP-2 binding site.

(4) Endogenous InsP3R-I mRNA is downregulated in A7r5 cells after treatment
with 0.5 µM retinoic acid for 48 hours, indicating that the endogenous rat
InsP3R-I promoter is also sensitive to retinoic acid.
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Abstract

Prolonged stimulation of rat A7r5 aortic smooth muscle cells with 3 µM
vasopressin, or of hamster DDT1 MF-2 smooth muscle cells with 10 µM
bradykinin or 100 µM histamine led within 4 h to a 40 to 50 % down-regulation
of the type 1 InsP3 receptor (InsP3R-1) and of the type 3 InsP3 receptor (InsP3R-
3). InsP3R down-regulation was a cell- and agonist-specific process, since
several other agonists acting on PLC-coupled receptors did not change the
expression level of the InsP3R isoforms in these cell types and since no agonist-
induced down-regulation of InsP3Rs was observed in HeLa cells. Down-
regulation of InsP3Rs was prevented by an inhibitor of proteasomal protease
activity, N-acetyl-Leu-Leu-norleucinal (ALLN). The Ca2+ channel blocker
verapamil (2 µM) also induced InsP3R-1 down-regulation (43 %) in A7r5 cells,
which was inhibited by ALLN. In A7r5 cells transiently transfected with a
cDNA construct, bearing a luciferase coding sequence under control of the rat
InsP3R-1 promoter, reduced luciferase activity could be demonstrated upon
stimulation of cells with vasopressin or verapamil. Thus, besides enhanced
protein degradation, a reduction of InsP3R promoter activity might contribute to
the down-regulation of InsP3Rs in A7r5 cells. We next investigated the effect
of InsP3R down-regulation on Ca2+ responses in A7r5 cells. A rightward shift in
the dose-response curve for InsP3-induced Ca2+ release was observed in
permeabilized monolayers of vasopressin-pretreated A7r5 cells (EC50 630 nM
and 400 nM for pretreated and non-pretreated cells, respectively). The Ca2+

response to threshold doses of vasopressin were markedly reduced in intact
vasopressin-pretreated cells. We conclude that prolonged agonist-exposure
leads to down-regulation of InsP3Rs in A7r5 and DDT1 MF-2 smooth muscle
cells. The mechanism of down-regulation likely involves proteasomal
degradation and reduction of InsP3R promoter activity. Moreover, down-
regulation of InsP3Rs resulted in desensitization of Ca2+ release from InsP3
sensitive stores.
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Introduction
Stimulation of plasma membrane PLC-coupled receptors leads to the formation
of inositol 1,4,5-trisphosphate (InsP3), which interacts with the InsP3R and
thereby induces the release of Ca2+ from intracellular stores (Berridge, 1993).
Three InsP3R isoforms that differ in structure and properties have been
identified (Joseph, 1996). Most cell types express more than one of these
isoforms in significant amounts (De Smedt et al., 1994; De Smedt et al., 1997;
Newton et al., 1994; Sugiyama et al., 1994; Wojcikiewicz, 1995). However,
whether the InsP3R isoforms have different functions remains to be established.
Evidence has been presented that the InsP3R-1 would play a dominant role in
Ca2+ release, while the InsP3R-3 would play a role in store-operated or
capacitative Ca2+ entry (DeLisle et al., 1996; Khan et al., 1996; Putney, 1997).
Long-term stimulation of plasma membrane PLC-coupled receptors can cause
reduction of the Ca2+ response. Besides the well-known inactivation of the
PLC-coupled receptors (Lefkowitz, 1993), also inactivation of the downstream
Ca2+ release mechanism due to down-regulation of InsP3Rs might be involved
in this process (Wojcikiewicz, 1995; Wojcikiewicz and Nahorski, 1991;
Wojcikiewicz et al, 1994; Wojcikiewicz and Oberdorf, 1996; Simpson et al.,
1994; Honda et al., 1995; Bokkala and Joseph, 1997; Sharma et al., 1997). It
was proposed that this down-regulation was due to degradation of InsP3Rs via
the Ca2+-dependent protease, calpain (Wojcikiewicz and Oberdorf, 1996) or via
activation of the proteasomal pathway (Bokkala and Joseph, 1997).
We investigated the mechanism of InsP3R down-regulation in two smooth
muscle cell-lines. Prolonged stimulation of A7r5 cells from rat aorta with
vasopressin and of DDT1 MF-2 cells from hamster vas deferens with
bradykinin or histamine resulted in down-regulation of both InsP3R-1 and
InsP3R-3. In addition, an inhibitor of L-type voltage-gated Ca2+ channels
verapamil, appeared to induce a pathway of InsP3R-1 down-regulation in A7r5
cells. InsP3R down-regulation could be mediated by proteasomal degradation in
these cells, whereas a reduction of InsP3R-promoter activity might also
contribute to this phenomenon.
Since A7r5 express readily detectable amounts of InsP3R-1 and InsP3R-3, it is a
suitable model to investigate the involvement of these InsP3R types on Ca2+

release and Ca2+ entry. Therefore, the effect of InsP3R down-regulation on
InsP3-induced Ca2+ release from permeabilized cells and on Ca2+ signalling in
intact single cells was studied. It was found that agonist-induced reduction of
InsP3R-1 and InsP3R-3 did affect Ca2+ release but not Ca2+ entry in A7r5 cells.
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Materials and Methods
Cell culture

A7r5 cells and DDT1 MF-2 cells were grown in Dulbecco's modified Eagle
medium and HeLa cells were cultured in HAM-F12 medium at 37 oC in 5 %
CO2 . All media were supplemented with 10 % fetal calf serum, 85 IU/ml
penicillin and 85 µg/ml streptomycin. Medium was replaced every 2-3 days.
For preparation of microsomes, A7r5 cells, DDT1 MF-2 cells and HeLa cells
were seeded in 180 cm2 culture flasks. Cells were confluent at the time of
agonist-treatment and harvesting. For confocal laser scanning microscopy,
A7r5 cells were plated at a density of 15000 cells/cm2 in coverglass chambers
(Nunc Inc., USA) and routinely investigated after 5 days, DDT1 MF-2 cells
were plated at 12500/cm2 and routinely investigated after 3-4 days. For 45Ca2+

fluxes, A7r5 cells were seeded at a density of 10000/cm2 in 12 well dishes (4
cm2, Costar, USA). Experiments were carried out with confluent monolayers of
cells on the 5th or 6th day after plating. For transfection experiments, A7r5 cells
were cultured to 70 % confluency and plated in 6 wells clusters (9.5
cm2,Costar, USA) at a density of 40000 cells/cm2, 24 h before transfection.

Antibodies and Western blotting

InsP3R-1 was detected with a specific polyclonal antibody raised against the
unique C-terminus of InsP3R-1 (Parys et al., 1995). InsP3R-3 was detected with
a specific monoclonal antibody raised against the amino-terminal region (De
smedt et al., 1997), which was obtained from Transduction Laboratories
(Lexington, KY, USA). SERCA2b Ca2+ ATPase was detected with an isoform-
specific polyclonal antibody (Wuytack et al., 1989).
Total microsomes from A7r5 cells, DDT1 MF-2 cells and HeLa cells were
prepared according to Parys et al., 1995. Protein was determined, using  bovine
serum albumin as standard (Lowry et al., 1951).
Microsomal proteins were analysed by SDS-PAGE (Laemmli, 1970) on a 3-12
% linear gradient and transfered to Immobilon-P (Millipore Corporation, USA).
Blots were blocked for 1 h in a buffer containing  KH2PO4, 10 mM; NaHPO4,
30 mM (pH = 7.5); NaCl, 153 mM; Tween-20, 0.1 %; milkpowder 5% and
incubated with primary antibodies for 1 h in the same buffer without
milkpowder. Alkaline phosphatase-coupled anti-rabbit or anti-mouse antibodies
were used as secondary antibodies. The immunoreactivity was visualized by
conversion of the substrate into a fluorescent probe (VistraTM, ECF Western
Blotting kit, USA) and quantified with the Storm 840 FluorImager, equipped
with the Imagequant NT4.2 software (Molecular Dynamics, USA). Linearity of
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the fluorescent signal was verified by blotting different amounts of the same
protein batch, as described previously (Vanlingen et al., 1998).

Isolation of the 5' upstream region of the rat InsP3R-1 gene

A 1 kb fragment upstream of the rat InsP3R-1 gene was isolated using the
polymerase chain reaction (PCR). PCR primers were synthesized based upon
homologous regions between the promoter region of the mouse (Furutama et
al., 1996) and human (Deelman et al., 1998) InsP3R-1 gene. A 50 µl PCR
reaction mixture contained 0.5 units Taq polymerase (Eurogentec, Belgium), 5
µl of the supplied buffer, 17.5 nmol dNTP, 2 mM MgCl2, 50 ng rat genomic
DNA, 40 pmol of sense primer (5'-AAGCCCTTATTTTTCTGGTTTGCGG-3',
pos. 1133-1157 in genbank. acc. nr. U88725) and 40 pmol of antisense primer
(5'-GAAGAGGGAGCTCGTTCCGTTAGG-3', pos. 59-82 in genbank. acc. nr.
D26070). Temperature cycling was performed in 0.5 ml thin-walled tubes in a
thermal cycler (DNA thermal cycler, Perkin Elmer, USA) using a protocol of
30 cycles of 45 sec denaturation at 94 oC, 1 min annealing at 56 oC and 1 min
extension at 72 oC. The 1 kb PCR fragment was inserted into the vector pGEM-
T (Promega, USA) and sequenced on both strands by dideoxy chain termination
using universal primers.

Construction of promoter-reporter constructs

The 1 kb fragment was cut out of pGEM-T with restriction endonuclease
BstZ1. Sticky ends were converted to blunt ends using Klenow DNA
polymerase. The 1 kb fragment (Genbank access nr: AF027681) was inserted
into the Sma1 site of vector pGL-3 basic (Promega, USA), and was called
pGL3-InsP3R-promorat. In this way, the Photinus pyralis (firefly) luciferase
coding sequence was placed under control of the 5' upstream region of the rat
InsP3R-1 gene. pRL-CMV (Promega, USA), bearing Renilla reniformis (sea
pansy) luciferase under control of a cytomegalovirus promoter, was used as
internal standard during transfections.

Transfection of A7r5 cells

A7r5 cells were transiently transfected with liposomes (DOSPER) as described
by the manufacturer (Boehringer Mannheim, Germany). In brief, medium was
replaced by 1 ml medium without fetal calf serum and after 1 h, a transfection
mixture containing 2 µg pGL3-InsP3R-promorat, 80 ng pRL-CMV and 6 µl
DOSPER in 100 µl HBS (Hepes, 20 mM, pH 7.4; 150 mM NaCl) was added
slowly. After 6 h at 37 oC, 5 % CO2, the transfection medium was replaced by
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growth medium containing 10 % fetal calf serum. Cells were cultured for 48 h
before starting agonist treatment.

Determination of luciferase activities

After the indicated times of agonist-pretreatment, cells were washed twice in
Ca2+-and Mg2+-free PBS (KH2PO4, 10 mM; NaHPO4, 30 mM; NaCl, 153 mM)
and lysed in 0.5 ml of passive lysis buffer (15 min, 20 oC, Promega, USA) and
stored at -70 oC. Luciferase activities were measured with a commercial kit
(Dual luciferase assay, Promega, USA).

45Ca2+ -flux experiments
45Ca2+ fluxes on permeabilized cells were done on a thermostatically controled
plate at 25 oC. The culture medium was aspirated and replaced by 1 ml
permeabilization medium containing 120 mM KCl, 30 mM imidazole/HCl (pH
6.8), 2 mM MgCl2, 1 mM ATP, 1 mM EGTA and 20 µg/ml saponin. The
saponin-containing solution was removed after 10 min and the cells were
washed with a similar saponin-free solution. 45Ca2+ uptake into the non-
mitochondrial Ca2+ stores was accomplished by incubation for 60 min in 2 ml
of loading medium containing 120 mM KCl, 30 mM imidazole/HCl (pH 6.8), 5
mM MgCl2, 5 mM ATP, 0.44 mM EGTA, 10 mM NaN3, and 100 nM free
45Ca2+. After this phase of 45Ca2+ accumulation, the monolayers were incubated
in 1 ml of efflux medium containing 120 mM KCl, 30 mM imidazole/HCl (pH
6.8), 1 mM ATP, 1 mM EGTA and 2 µM thapsigargin. The first 6 min of efflux
were not monitored. From the sixth min onwards, the efflux medium containing
increasing concentrations of InsP3 was collected and replaced every 6 s. At the
end of the experiment the 45Ca2+ remaining in the stores was released by
incubation with 1 ml of a 2 % SDS solution for 30 min.

Ca2+ imaging

Single-cell [Ca2+]i measurements using a laser-scanning confocal system
(MRC-1024, BIO-RAD, UK) coupled to a Nikon Diaphot 300 inverted
epifluorescence microscope were, performed as described by Missiaen et al.,
1993. In brief, cells were loaded with 5 µM Indo-1-AM for 30 min in a
modified Krebs solution containing 135 mM NaCl, 5.9 mM KCl, 1.5 mM
CaCl2, 1.2 mM MgCl2, 11.6 mM Hepes (pH 7.3) and 11.5 mM glucose. Cell
monolayers were maintained in medium without Indo-1-AM for 45 min.
Emitted light at 405 nm and 480 nm was collected by two photomultipliers
under computer-controlled gain and black level. During the experiment, cells
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were continuously superfused with modified Krebs solution at 20 oC (flow rate
2 ml/min). Agonists used for pretreatment of cells were present during the
Indo-1-AM-loading period and 45 min afterwards. Pretreatment of cells was
stopped 15 min before collecting images. Calibration of the fluorescence signal
was seriously hampered by photobleaching. Therefore, data are presented as
ratio F405/F480.

Statistics

Data are represented as means ± s.e.mean. Data were considered significantly
different when P < 0.05 by use of Student's unpaired t test.

Chemicals

[Arg8]vasopressin, bradykinin, histamine, phenylephrine, N-acetyl-Leu-Leu-
norleucinal (ALLN), thapsigargin, ionomycin, saponin and trypsin, were from
Sigma (USA). Adenosine 5' triphosphate, EGF, FGF and D-myo inositol 1,4,5-
trisphosphate were from Boehringer Mannheim (Germany). Carbachol was
obtained from BDH chemicals (England). Verapamil was from Knoll AG
(Germany). BstZ1 was purchased from Promega (USA). Streptomycin and
penicillin were from Gibco BRL (Scotland). Indo-1-AM was obtained from
Molecular Probes (USA). 45Ca2+ was from Amersham International (UK). All
chemicals used were of analytical grade.

Results
The effect of prolonged agonist exposure of several clonal cell lines on
expression of the InsP3R-1 and InsP3R-3 was quantified using Western blotting.
The different subtypes of the InsP3R were recognised with specific antibodies
raised against the C-terminus of the InsP3R-1 (Parys et al., 1995) or the N-
terminus of the InsP3R-3 (De Smedt et al., 1997).
A7r5 aorta smooth muscle cells are known to express 73 % InsP3R-1, 26 %
InsP3R-3 and hardly any InsP3R-2 (De Smedt et al., 1994). Exposure of A7r5
cells to vasopressin leads to stimulation of a single class of vasopressin
receptors (V1A) coupled to activation of PLC, phospholipase D (PLD) and
phospholipase A2 (PLA2) (Thibonnier et al., 1991). Treatment of A7r5 cells
with vasopressin (3 µM) induced a decrease in InsP3R-1 and InsP3R-3
immunoreactivity, which started after one hour and was maximal after 4-6
hours (Fig. 1A, B).
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Fig. 1 The effect of vasopressin
on the expression level of
InsP3R-1 and InsP3R-3 in A7r5
cells. A) InsP3R immunoreactiv-
ity in A7r5 cells after exposure to
vasopressin (3 µM) for 0 h (C) 1
h (1), 2 h (2), 3 h (3), 4 h (4), 6 h
(6) (typical experiment). B) The
vasopressin-induced decrease in
InsP3R-1 (open symbols) and
InsP3R-3 (closed symbols) immu-
noreactivity, expressed as per-
centage of reactivity in non-pre-
treated cells. The insert shows the
prolonged time-scale of down-
regulation (up to 20 h). From 3 h
onwards, InsP3R immunoreactiv-
ity was significantly different (P
< 0.05) from reactivity in non-
treated cells, n = 4.
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A low dose of vasopressin (10 nM), giving rise to a small Ca2+ response in
intact cells (shown later), already elicited near-maximal down-regulation of
InsP3Rs (Fig. 2). Other PLC-activating agonists, like histamine (100 µM, 4 h),
ATP (1 mM, 4 h), carbachol (1 mM, 4 h) or bradykinin (10 µM, 4 h), did not
induce InsP3R down-regulation in A7r5 cells (n=2, data not shown). Down-
regulation of InsP3Rs by vasopressin might be the result of an non-specific
process that affects several different proteins. However, treatment of A7r5 cells
with vasopressin (3 µM, 4 h) did not change the expression of the type 2b
isoform of endoplasmic reticulum Ca2+-ATPase (SERCA2b, 82 ± 10 % of
control expression, n=3), as measured by Western blotting using an antibody
raised against SERCA2b (Wuytack et al., 1989). It was suggested previously
that agonist-induced down-regulation of InsP3Rs might be caused by enhanced
protein degradation (Wojcikiewicz and Oberdorf, 1996; Bokkala and Joseph,
1997). In agreement with these observations, the calpain inhibitor and inhibitor
of proteasomal protease activity ALLN, largely prevented the down-regulation
of InsP3R-1 and InsP3R-3 induced by vasopressin in A7r5 cells (Fig. 2). Since
several studies have reported increased cell death after prolonged exposure to
inhibitors of the proteasomal pathway (Sharma et al., 1992; Inoue et al., 1993;
Gazos Lopes et al., 1997), the effect of the protease inhibitor might have been
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caused by general cytotoxicity. However, treatment of A7r5 cells with the
protease inhibitor for 6 h did not reduce the effectiveness of vasopressin (3 µM)
to increase [Ca2+]i (data not shown), showing that its effect on the expression
level of the InsP3R was most likely related to inhibition of protease-activity and
not due to impairment of Ca2+ signalling.
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Fig. 2 The effect of vasopressin, verapamil and the protease inhibitor ALLN on the
expression level of InsP3R-1 and InsP3R-3 in A7r5 cells. InsP3R-1 (left panel) and InsP3R-3
(right panel) immunoreactivity is shown after treatment with vasopressin (AVP, 3 µM and 10
nM, 4 h), verapamil (ver, 2 µM, 4 h) and the protease inhibitor ALLN (inh, 100 ng/ml, 8 h)
or combinations thereof. Cells were pretreated with the inhibitor for 4 h before adding other
agonists. * Significantly different from immunoreactivity in non-pretreated cells, P < 0.05, n
= 4.

A7r5 cells exhibit spontaneous Ca2+ oscillations, which are mediated by L-type
voltage-gated Ca2+ channels (Byron and Taylor, 1993) and are blocked by a
high dose of vasopressin (Missiaen et al., 1994; Byron, 1996). Since inhibition
of Ca2+ spiking might be involved in the mechanism of InsP3R down-regulation
by vasopressin, we investigated whether verapamil, which also blocks
spontaneous Ca2+ oscillations in A7r5 cells, induced a similar down-regulation
of InsP3Rs. Remarkably, exposure of A7r5 cells to verapamil (2 µM, 4 h)
evoked a down-regulation of InsP3R-1 but not of InsP3R-3 (Fig. 2). Neither was
SERCA2b affected (78 ± 10 % of control expression, n=3). Down-regulation of



Chapter 4

74

InsP3R-1 by verapamil did not add to the effect of vasopressin and was also
prevented by ALLN (Fig. 2).
In order to investigate the effect of the agonists on transcription-initiation from
the InsP3R promoter, a promoter-reporter construct was made containing
Photinus luciferase under control of the rat InsP3R-1 promoter sequence (see
Materials and Methods). This construct was transiently expressed in A7r5 cells,
together with a cDNA construct bearing Renilla luciferase under control of the
cytomegalovirus (CMV) promoter. Since these luciferase activities can be
quantified independently of each other and since Renilla luciferase expression
was not affected by agonist treatment (data not shown), the latter could be used
as an internal standard. Vasopressin (3 µM), carbachol (100 µM) and verapamil
(2 µM) were tested for their effect on Photinus luciferase activity for up to 24
h. Vasopressin (4 h and 24 h time points) and verapamil (24 h time point)
caused a significant reduction in Photinus luciferase activity, whereas carbachol
was without effect (Fig. 3). These results strongly suggest that vasopressin and
verapamil can induce a reduction of InsP3R-1 promoter activity in A7r5 cells.
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Fig. 3 The effect of vasopressin, carbachol and verapamil on InsP3R-1 promoter activity
in A7r5 cells. A7r5 cells were transiently transfected with pGL3-InsP3-promorat (Photinus
luciferase) and pRL-CMV (Renilla luciferase, see Materials and Methods). Two days after
transfection, cells were treated with vasopressin (3 µM), carbachol (100 µM) or verapamil (2
µM), for the indicated time period, and both luciferase activities were measured separately.
Data are expressed as the ratio of Photinus luciferase and Renilla luciferase activity after
substraction of background activity. * Significantly different from non-pretreated cells (P <
0.05, n=3).
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We also investigated agonist-induced down-regulation of the InsP3R-1 and the
InsP3R-3 in DDT1 MF-2 smooth muscle cells, derived from hamster vas
deferens. In these cells the PLC-activating agonists histamine (100 µM, 4 h and
20 h) and bradykinin (10 µM, 4 h and 20 h) caused a down-regulation of
InsP3R-1 and InsP3R-3 (Fig. 4). For ATP (1 mM, 4 h and 20 h), no significant
reduction of InsP3Rs was observed (Fig. 4). SERCA2b expression was not
altered by histamine or bradykinin treatment (88 ± 9 % and 109± 21 %, of
control expression respectively, n=3). As observed for A7r5 cells, ALLN
inhibited the down-regulation of InsP3R-1 by histamine and bradykinin (Fig. 4).
The results obtained for the InsP3R-3 were difficult to interpret since the
calpain inhibitor itself seemed to cause a reduction in InsP3R-3 expression. In
the presence of the calpain inhibitor, histamine and bradykinin did however not
further reduce InsP3R-3 expression. The inhibitor did not interfere with Ca2+

signalling induced by histamine or bradykinin (data not shown). DDT1 MF-2
cells do not express voltage-operated Ca2+ channels (Nelemans et al., 1990).
Accordingly, verapamil (2 µM, 4 h) had no effect on the expression of InsP3R-1
or InsP3R-3 (86 ± 7 % and 79 ± 10 % of control expression, respectively, n =
4).
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Fig. 4 The effect of agonist pretreatment on the expression level of InsP3R-1 and
InsP3R-3 in DDT1 MF-2 cells. InsP3R immunoreactivity remaining after treatment of cells
with histamine (his, 100 µM, 4 h and 20 h), bradykinin (brady, 100 µM, 4 h and 20 h), ATP
(1 mM, 4 h and 20 h) or the protease inhibitor ALLN (inh, 100 ng/ml, 8 h) or combinations
thereof is presented as a percentage of the reactivity in non-pretreated cells. Cells were
pretreated with ALLN for 4 h before adding other agonists. * Significantly different from
non-pretreated cells, P < 0.05, n = 4.
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In order to find out whether these responses were cell-type specific, we tested
whether InsP3R down-regulation could be elicited in HeLa human epithelial
carcinoma cells. No down-regulation of InsP3Rs was however observed with
any of the agonists tried (ATP 1 mM, 3 h and 16 h; histamine 100 µM, 3 h and
16 h; bradykinin 10 µM, 3 h and 16 h; vasopressin 3 µM, 3 h and 16 h;
epidermal growth factor 100 ng/ml, 3 h and 16 h; fibroblast growth factor 50
ng/ml, 3 h and 16 h, n=2, data not shown).
A7r5 cell monolayers represent an excellent experimental model for a
quantitative analysis of InsP3-induced Ca2+ fluxes (Missiaen et al., 1992). We
therefore investigated the effects of down-regulation of InsP3Rs on Ca2+

responses in these cells. As a measure for Ca2+ release, InsP3-induced 45Ca2+

efflux from preloaded stores was determined in permeabilized A7r5 cells. Since
InsP3Rs exhibit no intrinsic desensitization in A7r5 cells, the dose-response
relationship between [InsP3] and 45Ca2+ release could be determined by adding
InsP3 in a cumulative manner (Sienaert et al., 1997). Pretreatment of A7r5 cells
with vasopressin (3 µM, 4 h) increased the EC50 for InsP3-induced Ca2+ release
from 400 nM ± 4 nM in non-pretreated cells to 630 nM ± 12 nM (Fig. 5). Hill
coefficients were 2.0 ± 0.0 for non-pretreated cells and 1.8 ± 0.0 for
vasopressin pretreated cells. Vasopressin-pretreatment did not affect basal leak
from Ca2+ stores or total loading of the stores, which was defined as the amount
of ionomycin (10 µM)-releasable Ca2+ (data not shown). Moreover, the relative
amount of Ca2+ that could be released by a maximal dose (20 µM) of InsP3 (95
% of total loading) was not changed by InsP3R down-regulation (data not
shown).

Fig. 5 45Ca2+ release from
permeabilized A7r5 cells af-
ter pretreatment with vaso-
pressin. The non-mitochon-
drial stores of non-pretreated
cells (closed symbols) and
vasopressin-pretreated cells
(open symbols) were loaded to
steady state with 45Ca2+ and
then incubated in efflux me-
dium containing progressively
increasing [InsP3]. The [InsP3]
was increased logarithmically
in steps each lasting 6 s. The
extent of Ca2+ release was
normalized to that induced by
5 µM InsP3. These tracings are
typical for 3 separate experi-
ments.[InsP3] (nM)
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The effect of InsP3R down-regulation on [Ca2+ ]i in intact single A7r5 cells was
measured using confocal laser scanning microscopy. Vasopressin-pretreated
A7r5 cells were washed for 30 min before the start of the experiments Since
vasopressin pretreatment had an effect on spontaneous Ca2+ oscillations (shown
later), these oscillations were blocked with verapamil (2 µM) prior to exposure
to agonist (Fig. 6, arrows). Vasopressin pretreatment shifted the threshold for
vasopressin-induced Ca2+ release to higher agonist concentrations (Fig. 6). A
low dose of vasopressin (1 nM) did not evoke a Ca2+ signal in pretreated cells,
while a small response was observed in the majority (86 %) of non-pretreated
cells (Fig. 6A). The amplitude of the response to 10 nM vasopressin was
strongly reduced and the latency enhanced in vasopressin pretreated cells (Fig.
6B). A maximal concentration of vasopressin (3 µM) however, induced an
increase in [Ca2+ ]i with similar latency and amplitude as observed for cells that
were not previously exposed to vasopressin (Fig. 6C). It was noticed that the
sustained vasopressin-induced increase in [Ca2+]i, representing a balance
between Ca2+ entry and Ca2+ extrusion, was slightly reduced in vasopressin
pretreated cells.
It has been suggested that the type 3 InsP3R is involved in store-operated Ca2+

entry from the extracellular environment (DeLisle et al., 1996; Khan et al.,
1996; Putney, 1997). Store-operated Ca2+ entry, induced by adding 1.5 mM
extracellular Ca2+ to cells pretreated with thapsigargin (2 µM) in nominally
Ca2+-free solution (Missiaen et al., 1994) was neither delayed in time nor
reduced in amplitude in A7r5 cells pretreated with vasopressin (3 µM, 4 h, Fig.
7).
Spontaneous Ca2+ oscillations were observed in 85 % of non-pretreated A7r5
cells (Fig. 6C and 8, left panels), whereas in 15 % of the cells, spontaneous
Ca2+-spiking was hardly recognisable (Fig. 6A,B, left panels). In the majority of
A7r5 cells pretreated with vasopressin (54 %), regular spontaneous Ca2+-
spiking resumed with lower frequency after washing out the agonist (Fig. 8,
right panel). Ca2+-spiking was irregular, with low-frequency-spiking and non-
spiking periods in 32 % of the cells (Fig. 6B,C, right panel), whereas the
frequency of spiking was normal in 14 % of the cells (Fig. 6A, right panel). On
average, the frequency of Ca2+ spiking was 10.8 ± 1.1 min-1 in control cells (28
fields) and 5.9 ± 0.4 min-1 in vasopressin-pretreated cells (30 fields, non-
spiking periods not included). The dependence of these effects on protease
activity could not be investigated, since Ca2+ oscillations were completely
blocked after pretreatment of cells with ALLN (100 ng/ml, 4 h, data not
shown).
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Fig. 6 Effect of vasopressin-pretreatment on vasopressin-induced increases in [Ca2+]i in
A7r5 cells. Vasopressin induced changes in [Ca2+]i are shown in non-pretreated cells (left
panels) and in vasopressin (3 µM, 4 h)-pretreated cells (right panels) in the presence of
extracellular Ca2+ and after blocking Ca2+ oscillations with verapamil (2 µM, arrow). Cells
were stimulated with vasopressin (solid bar) at a concentration of A) 1 nM, B) 10 nM and C)
3 µM. Each tracing is representative for at least 60 cells.
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Discussion
In this study, we showed that prolonged treatment of smooth muscle cells with
agonists of PLC-coupled plasma membrane receptors can lead to down-
regulation of the type 1 and 3 InsP3R. Down-regulation of InsP3Rs was
observed in A7r5 aorta smooth muscle cells after exposure to vasopressin and
in DDT1 MF-2 vas deferens smooth muscle cells after treatment with histamine
and bradykinin. This down-regulation seemed to be specific for InsP3Rs and did
not involve a general degradation of ER-resident proteins because InsP3R-
downregulating agonists did not significantly affect the expression level of
SERCA2b Ca2+-ATPase in A7r5 cells and DDT1 MF-2 cells. In HeLa cells, no
effect of prolonged agonist-exposure on InsP3R levels could be demonstrated.
Thus the mechanism causing the reduced expression of InsP3Rs seemed to be
cell-specific as well as agonist-specific. Agonist-induced down-regulation of
InsP3Rs was most likely mediated by protease activity, since an inhibitor
(ALLN) of calpain and proteasomal protease activity abolished the down-
regulation. This finding is in agreement with other observations indicating that
agonist-induced down-regulation of InsP3Rs in SH-SY5Y neuroblastoma cells
(Wojcikiewicz and Oberdorf, 1996) and in WB rat liver epithelial cells
(Bokkala and Joseph, 1997) is also inhibited by ALLN. Bokkala and Joseph
(Bokkala and Joseph, 1997) have shown, by using more selective protease
inhibitors and by demonstrating enhanced ubiquitination of InsP3Rs upon
prolonged agonist exposure, that down-regulation was mediated by the
proteasomal pathway. It is conceivable that this mechanism is also responsible
for degradation of InsP3Rs in A7r5 and DDT1 MF-2 cells. An unexpected
finding was that verapamil also caused down-regulation of the InsP3R-1 in
A7r5 cells. This downregulatory pathway might involve inhibition of L-type
voltage-operated Ca2+ channnels and (or) spontaneous Ca2+ oscillations, since
verapamil did not reduce the expression level of InsP3Rs in DDT1 MF-2 cells,
which lack these channels and do not oscillate spontaneously (Nelemans et al.,
1990). Verapamil-induced down-regulation of InsP3R-1 was also largely
blocked by ALLN, suggesting a similar pathway for down-regulation induced
by vasopressin and verapamil. It should be noticed however, that verapamil did
not increase but rather decreased [Ca2+]i in A7r5 cells (Fig. 6). Therefore, a
Ca2+-independent pathway might be involved in down-regulation of InsP3R-1
by verapamil. A Ca2+-independent mechanism was recently proposed to be
responsible for TGFß1-induced enhancement of InsP3R-1 degradation in mouse
mesangial cells (Sharma et al., 1997).
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Treatment of A7r5 cells with vasopressin for 4 h and 24 h caused reduced
activity of transiently expressed Photinus luciferase, placed under control of the
rat InsP3R-1 promoter. Since the time-dependency of the effect of vasopressin
on InsP3R-1 protein level and InsP3R-1 promoter activity correlated well it can
be proposed that besides enhanced protein degradation also reduced InsP3R-
promoter activity is involved in the mechanism of down-regulation of the
InsP3R-1 by vasopressin. However, when the reported half-life of the InsP3R-1
in WB rat liver epithelial cells (11 h, (Joseph, 1994) or in SH-SY5Y
neuroblastoma cells (> 8 h, (Wojcikiewicz et al., 1994) is taken into
consideration, it may be expected that reduced promoter activity is not the
major determinant causing down-regulation of InsP3Rs. To explain the
observed rate of down-regulation an enhanced rate of degradation of the protein
seems to be required. The lack of an effect of carbachol on InsP3R-1 promoter
activity was in agreement with the absence of InsP3R down-regulation in
carbachol-treated A7r5 cells. The reduction of promoter activity induced by
verapamil (24 h) may have an effect on the InsP3R protein level on the longer
time scale. A reduction of the InsP3R-1 mRNA level might also be involved in
InsP3R down-regulation in SH-SY5Y cells treated with carbachol
(Wojcikiewicz et al., 1994) and in mouse mesangial cells treated with TGF-ß1
(Sharma et al., 1997).
Maximal down-regulation of InsP3Rs in A7r5 cells and DDT1 MF-2 cells
(about 40 % for InsP3R-1 and 45-50 % for InsP3R-3) was smaller than in
cerebellar granule cells (64 % for InsP3R-1 (Simpson et al., 1994)), and much
smaller than observed for SH-SY5Y human neuroblastoma cells (>90 % for
InsP3R-1 (Wojcikiewicz et al., 1994)), AR4-2J rat pancreatoma cells (>90 %
for InsP3R-1 and InsP3R-3 and 60 % for InsP3R-2, (Wojcikiewicz, 1995)), WB
rat liver epithelial cells (88 % for InsP3R-1 and 80 % for InsP3R-3 (Bokkala
and Joseph, 1997)), and mouse mesangial cells (97 % for InsP3R-1 (Sharma et
al., 1997)). Therefore, the machinery mediating down-regulation of InsP3Rs, if
potentially present in all cell types, exhibits alternative efficiencies among
different cell types, ranging from zero percent (HeLa cells) to almost hundred
percent. It was proposed that the extent of down-regulation of InsP3Rs is
primarily dependent on prolonged production of inositol phosphates, due to
only small desensitization of the plasma membrane PLC-coupled receptor
concerned. In this way, the continuous presence of InsP3 would lead to a
constant flow of Ca2+ through the InsP3R channel, resulting in localized
activation of Ca2+-dependent proteasomal proteases (calpain) (Wojcikiewicz,
1995). However, the difference in the maximal extent of InsP3R degradation
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between cell types and between InsP3R isoforms in one cell type suggests that
other factors might also be involved. Heterogenous localization of components
of the PLC-Ca2+ release signalling cascade, such as plasma membrane receptors
and InsP3R subtypes, different subcellular localization of Ca2+ stores, or
localized expression of proteases could also explain alternative patterns of
down-regulation in various cell types. Coupling of plasma membrane receptors
to their own specific subset of downstream effectors and InsP3R channels was
already proposed for pancreatic acinar cells (Xu et al., 1996). Remarkably in
DDT1 MF-2 cells, histamine and bradykinin are more effective in reducing the
expression of InsP3R-1 and InsP3R-3 than ATP. This observation cannot be
explained solely by a difference in inositol phosphate production, since an acute
response to ATP with respect to InsP3 and [Ca2+]i is larger than the response to
histamine (Sipma et al., 1995) and the ATP response does not exhibit rapid
desensitization (Hoiting et al., 1990). A7r5 cells express vasopressin-V1A

receptors coupled to PLC, PLD and PLA2 (Thibonnier et al., 1991). It cannot be
excluded, that also signalling pathways other than PLC-Ca2+ are involved in
downregulation of InsP3Rs in these cells.
Down-regulation of InsP3Rs directly affected Ca2+ responses in A7r5 cells. The
decreased InsP3R density resulted in a reduction of the fraction of Ca2+ release
at each submaximal [InsP3] and hence in an apparent shift of the EC50. Total
loading and the relative amount of Ca2+ that could be released by InsP3 was not
changed, suggesting that down-regulation of InsP3Rs did not change the size of
the InsP3-releasable Ca2+ pool. In contrast, InsP3R down-regulation decreased
the relative amount of InsP3-releasable Ca2+ in SH-SY5Y neuroblastoma cells
(Wojcikiewicz and Nahorski, 1991) and in CHO cells (Wojcikiewicz et al.,
1994). Both in permeabilized cells as well as in intact A7r5 cells, the shift in
sensitivity was most prominent at low agonist concentrations (InsP3 and
vasopressin, respectively). It is conceivablele that also in intact cells, the effect
on the Ca2+ response is primarily caused by the decrease in InsP3Rs. However,
we cannot exclude that homologeous desensitisation of vasopressin receptors
may contribute to the reduction of the Ca2+ response in intact cells.
It has been postulated that InsP3Rs, located at or near the plasma membrane
might play a role in (store-operated) Ca2+ entry (Berridge, 1995). In particular,
the InsP3R-3 has been implicated in Ca2+ entry (DeLisle et al., 1996; Khan et
al., 1996; Putney, 1997). In contrast herewith, in a recent report on ß-cells
where all three InsP3R-types were genetically deleted, store-operated Ca2+ entry
could still be elicited (Suguwara et al., 1997). In agreement with the latter
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study, down-regulation of InsP3Rs did not result in a decrease in store-operated
Ca2+ entry in A7r5 cells.
Unexpectedly, vasopressin pretreatment reduced the frequency of spontaneous
Ca2+ oscillations in A7r5 cells. Likely, this effect of vasopressin is not related
to InsP3R down-regulation, since these Ca2+ oscillations did not depend on the
release of intracellular Ca2+ (Byron and Taylor, 1993). On the other hand it may
be possible however, that the InsP3R could influence the activity of the
dihydropyridine receptor (DHPR) by a physical interaction with the DHPR,
independent of its Ca2+ releasing capacity. Such a physical interaction between
InsP3Rs and DHPRs was was previously proposed in adrenal glomerulosa cells
(Hunyady et al., 1994; Spät et al., 1994).
In summary, this study shows cell- and agonist-specific down-regulation of
InsP3R-1 and InsP3R-3. Down-regulation is limited to a subpopulation of these
InsP3Rs and is most likely mediated by proteasomal activity and in addition by
a reduction of InsP3R promoter activity. In A7r5 cells, the down-regulation of
InsP3Rs resulted in a reduction of Ca2+ release at submaximal InsP3 doses.
Therefore, down-regulation of InsP3Rs might form a feedback mechanism by
which cells adapt to long-term exposure to agonists.
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Abstract
Stimulation of PLC-coupled plasma membrane receptor leads to activation of
the inositol 1,4,5-trisphosphate receptor (InsP3R). Prolonged stimulation of rat
A7r5 smooth muscle cells with the PLC activating agonist vasopressin led to
down-regulation of the type 1 InsP3 receptor (InsP3R-1) and of the type 3 InsP3

receptor (InsP3R-3). Pre-treatment with the Ca2+ channel blocker verapamil
induced InsP3R-1 down-regulation without down-regulation of InsP3R-3. The
effects of InsP3R down-regulation on Ca2+ responses were investigated in
permeabilized A7r5 cells. Pre-treatment with vasopressin resulted in impaired
Ca2+ release at submaximal InsP3 concentrations. Pre-treatment with verapamil
did not affect Ca2+ release. Since the differences in Ca2+ efflux in the
vasopressin and verapamil pre-treated group seem to arise from differences in
the regulation of InsP3R-3, we further investigated the regulation of InsP3R-3.
Therefore, the intracellular distribution of InsP3R-3 in A7r5 cells in response to
long-term agonist treatment was determined using immuno-electron
microscopy. We show that InsP3R-3 labeling is strongly clustered on structures
that appear to be regions of specialized endoplasmic reticulum, wherase most
of the endoplasmic reticulum did not show InsP3R-3 labeling. Pre-treatment
with vasopressin resulted in a dramatic reduction of InsP3R-3 staining and
clustering, whereas exposure to verapamil resulted in dispersion of the InsP3R-
3 clusters. We conclude that down-regulation of both InsP3R-1 and InsP3R-3 in
A7r5 cells by vasopressin results in impaired Ca2+ release. Further, dispersion
of InsP3R-3 clusters may involve a mechanism to compensate for down-
regulation of InsP3R-1, resulting in unchanged Ca2+ responses in verapamil pre-
treated A7r5 cells.
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Introduction:
Stimulation of PLC-coupled plasma membrane receptor leads to the formation
of the second messenger inositol 1,4,5-trisphosphate (InsP3). InsP3 interacts
with the intracellular inositol 1,4,5-trisphosphate receptor (InsP3R), resulting in
the release of Ca2+ from intracellular stores (Berridge, 1993). Cloning studies
showed that three types of InsP3R (InsP3R-1, InsP3R-2 and InsP3R-3) exist in
rat tissue (Mignery et al., 1990). Most cell types express more than one InsP3R
type, but the ratio at which those are expressed differ considerably between cell
types (Sugiyama et al., 1994; De Smedt et al., 1994a; Wojcikiewicz, 1995).
The functional differences of InsP3Rs are still not completely elucidated.
However, InsP3R-3 is thought to be situated near the plasma membrane and has
been implicated in store operated Ca2+ entry (Berridge, 1995b; DeLisle et al.,
1996; Khan et al., 1996; Putney, 1997).
The objective of the present study was to further investigate the function and
regulation of InsP3Rs. We therefore aimed at obtaining an experimental model
in which we could down-regulate specific InsP3R types.
Previously, we demonstrated that rat A7r5 smooth muscle cells express
predominately InsP3R-1 and InsP3R-3 and hardly any InsP3R-2 (De Smedt et
al., 1994b). Further, we demonstrated that InsP3R-1 and InsP3R-3 were
differentially susceptible to down-regulation in A7r5 cells in response to long-
term agonist pre-treatment (Sipma et al., 1998). Therefore, A7r5 cells seem to
represent a good model for studying the function and regulation of InsP3Rs.
In addition to down-regulation of InsP3Rs, evidence has emerged that the
function of InsP3R-2 and InsP3R-3 may also be regulated through clustering of
these receptors. Clustering of InsP3R-2 and InsP3R-3 has been observed in
several non-smooth muscle cell lines (Wilson et al., 1998), a mechanism that
seems to function independently of InsP3R down-regulation. However, the
function of InsP3R clustering is still unknown.
To further investigate the regulation and function of InsP3Rs in smooth muscle
cells, we investigated down-regulation of InsP3Rs and InsP3 mediated Ca2+

release in A7r5 smooth muscle cells in response to long-term agonist treatment.
To determine a possible relation with clustering of InsP3R-3, we determined the
intracellular distribution of InsP3R-3 using immunoelectron microscopy.
In this study, we demonstrate down-regulation of InsP3R-1 and InsP3R-3 in
A7r5 smooth muscle cells in response to long-term pre-treatment with
vasopressin which was accompanied by an impaired InsP3-induced release of
Ca2+ in permeabilized cells. Pre-treatment with verapamil, a blocker of L-type
Ca2+ channels, resulted in down-regulation of only InsP3R-1 without an effect
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on Ca2+ release. Clustering of InsP3R-3 is abolished by pre-treatment with
vasopressin and verapamil, implicating that redistribution of InsP3R-3  is
independent on down-regulation.

Material and Methods:
Cell culture

A7r5 cells were grown in Dulbecco’s modified Eagle Medium (Life
technologies, USA) and were cultured at 37°C in 5% CO2 in air. Medium was
supplemented with 10% fetal calf serum, 100 IU/ml penicillin (Life
technologies, USA) and 100 IU/ml streptomycin (Life technologies, USA). For
preparation of microsomes, A7r5 cells were cultured in 180 cm2 culture flasks
(Costar, USA). For immunoelectron microscopy, cells were cultured in 24 well
clusters (1.9 cm2, Costar, USA). For 45Ca2+ fluxes, A7r5 cells were cultured in
12 well dishes (4 cm2, Costar, USA). Medium was replaced every 2-3 days.
Cells were confluent at the time of experiments.

Antibodies

InsP3R-1 was detected with a specific polyclonal antibody raised against the
unique C-terminus of InsP3R-1 (Parys et al., 1995). InsP3R-3 was detected with
a specific monoclonal antibody, which was obtained from Transduction
Laboratories (Lexington, KY, USA). SERCA 2b Ca2+ ATPase was detected
with an isoform-specific polyclonal antibody (Wuytack et al., 1989).

Western blotting

Total microsomes from A7r5 cells were prepared according to Parys et al.
(Parys et al., 1995). Protein content was determined, using bovine serum
albumin as standard (Lowry et al., 1951). Microsomal proteins were analyzed
by SDS-PAGE (Laemmli, 1970) on a 3-12 % linear gradient and transferred to
Immobilon-P (Millipore, USA). Blots were blocked for 1 h in a buffer
containing  KH2PO4, 10 mM; NaHPO4, 30 mM (pH = 7.5); NaCl, 153 mM;
Tween-20, 0.1 %; milkpowder 5% and incubated with primary antibodies for 1
h in the same buffer without milkpowder. Alkaline phosphatase-coupled anti-
rabbit or anti-mouse antibodies were used as secondary antibodies. The
immunoreactivity was visualized by conversion of the substrate into a
fluorescent probe (Vistra, ECF Western Blotting kit, USA) and quantified with
the Storm 840 FluorImager, equipped with the Imagequant NT4.2 software
(Molecular Dynamics, USA). Linearity of the fluorescent signal was verified
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by blotting different amounts of the same protein batch, as described previously
(Vanlingen et al., 1997).

45Ca2+ -flux experiments
45Ca2+ fluxes on permeabilized cells were done on a thermostatically controlled
plate at 25 oC as described previously (Sipma et al., 1998) Briefly, the culture
medium was replaced by 1 ml permeabilization medium containing 120 mM
KCl, 30 mM imidazole/HCl (pH 6.8), 2 mM MgCl2, 1 mM ATP, 1 mM EGTA
and 20 µg/ml saponin. The saponin-containing solution was removed after 10
min and the cells were washed with a similar saponin-free solution. 45Ca2+

uptake into the non-mitochondrial Ca2+ stores was accomplished by incubation
for 60 min in 2 ml of loading medium containing 120 mM KCl, 30 mM
imidazole/HCl (pH 6.8), 5 mM MgCl2, 5 mM ATP, 0.44 mM EGTA, 10 mM
NaN3, and 100 nM free 45Ca2+. Thereafter, cells were incubated in 1 ml of
efflux medium containing 120 mM KCl, 30 mM imidazole/HCl (pH 6.8), 1
mM ATP, 1 mM EGTA and 2 µM thapsigargin. The efflux solutions
supplemented with increasing concentrations of InsP3 were replaced every 6
sec until 8.5 min had elapsed. At the end of the experiment the 45Ca2+

remaining in the stores was released by incubation with 1 ml of a 2% sodium
dodecyl sulfate solution for 30 min.

Immunocytochemistry and electron microscopy

Cells were fixed in the culture wells by gently removing the medium and
adding a mixture of freshly prepared 2% paraformaldehyde and 1%
glutaraldehyde in 0.1M sodium cacodylate buffer, pH 7.4, at room temperature.
After 5-10 min. the wells were rinsed with tris buffered saline, quenched in 1%
sodium borohydride, rinsed five times in TBS and preincubated in 5 % normal
goat serum (Nordic, Netherlands) for 30 min., washed and incubated for two
hours at room temperature in InsP3R-3 antibodies, diluted 1:2000 in TBS and
supplemented with 12.5mM Triton X100. Subsequently the wells were
thoroughly rinsed with TBS and the cells were incubated according the ABC
method (Vectastain Elite ABC Kit, Vector laboratories, USA). Cells were
reacted with DAB according to standard procedures. After the DAB procedure
a gold substituted silver peroxidase enhancement reaction was performed to
improve the visibility of the reaction product (van den Pol and Gorcs, 1986). In
a control series the primary antibody has been omitted from the incubation
procedure, endogenous peroxidase reactivity was suppressed by washing cells
in 1% hydrogen peroxide in methanol
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After the incubation procedure the cells were osmicated and dehydrated in
graded series of ethanol and propylen oxide and embedded in epon, in the
culture wells. After polymerization the wells were broken and the epon blocks
were trimmed to fit in the ultramicrotome. Ultrathin sections were contrasted
with uranyl acetate and lead citrate.

Chemicals

Carbachol, [Arg8]vasopressin and verapamil were from Sigma (USA). All
chemicals used were of analytical grade.

Statistics

Data are represented as means ± s.e.mean. Data were considered significantly
different when P < 0.05 by use of Student's unpaired t-test.

Results:
In order to obtain an experimental model in which specific InsP3R types are
down-regulated, A7r5 cells were exposed to several PLC-activating agonists.
The expression of InsP3R-1 and InsP3R-3 in response to long-term agonist
treatment was quantified by Western blotting. Treatment of A7r5 cells with
vasopressin (3 µM) induced an about 50% down-regulation of both InsP3R-1
and InsP3R-3. Down-regulation started after one hour and was maximal after 4-
6 hours (Fig. 1A, B and Fig.2). Down-regulation of both InsP3R-1 and InsP3R-
3 was still apparent after 20 hours of vasopressin treatment. Other PLC-
activating agonists in A7r5 cells, including ATP (1 mM, 4 h), bradykinin (10
µM, 4 h), carbachol (1 mM, 4 h) or histamine (100 µM, 4 h) did not result in
down-regulation of InsP3R-1 or InsP3R-3 in A7r5 cells (data not shown).
A7r5 cells exhibit spontaneous Ca2+ oscillations, which are mediated by L-type
voltage-gated Ca2+ channels (Byron and Taylor, 1993) and are blocked by a
high dose of vasopressin (Missiaen et al., 1994; Byron, 1996). Because
inhibition of Ca2+ spiking might be involved in the mechanism of InsP3R down-
regulation by vasopressin, we investigated whether the Ca2+ channel blocker
verapamil induced a similar down-regulation of InsP3Rs. Exposure of A7r5
cells to verapamil (2 µM, 4 h) resulted in down-regulation of InsP3R-1 similar
to the down-regulation of InsP3R-1 by vasopressin (Fig. 2). In contrast to
vasopressin, exposure to verapamil did not result in down-regulation of InsP3R-
3 (Fig. 2).
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Fig. 1 The effect of vasopressin on the expression levels of InsP3R-1 and InsP3R-3 in A7r5
cells. A) InsP3R-1 and InsP3R-3 immunoreactivity in A7r5 cells after exposure to vasopressin
(3 µM) for 0 h (C) 1 h (1), 2 h (2), 3 h (3), 4 h (4), 6 h (6) (typical experiment). B) The
vasopressin-induced decrease in InsP3R-1 and InsP3R-3 immunoreactivity, expressed as
percentage of reactivity in non-pretreated cells. From 3 h onwards, InsP3R-1 and InsP3R-3
immunoreactivity was significantly different (P < 0.05) from reactivity in non-treated cells, n
= 4.
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Fig. 2 The effect of vasopressin and verapamil on the expression level of InsP3R-1 and
InsP3R-3 in A7r5 cells. InsP3R-1 (left panel) and InsP3R-3 (right panel) immunoreactivity is
shown after treatment with vasopressin (AVP, 3 µM, 4 h) and verapamil (vera, 2 µM, 4 h).
* Significantly different from immunoreactivity in non-pretreated cells, P < 0.05, n = 4.
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The down-regulation of InsP3Rs by vasopressin and verapamil might result
from a non-specific process that affects several different endoplasmic reticulum
proteins. However, treatment of A7r5 cells with vasopressin and verapamil did
not significantly change the expression of the type 2b isoform of endoplasmic
reticulum Ca2+-ATPase (SERCA 2b, 82 ± 10 % and 78 ± 10 % of control
expression for vasopressin and verapamil, respectively, n=3) as measured by
Western blotting using an antibody raised against SERCA 2b (Wuytack et al.,
1989).
Prolonged exposure to vasopressin and verapamil may provide a good
experimental model to determine the functional differences of InsP3R-1 and
InsP3R-3, since exposure to vasopressin resulted in down-regulation of both
InsP3R-1 and InsP3R-3, and exposure to verapamil resulted in down-regulation
of only InsP3R-1. To investigate the effects of down-regulation of InsP3Rs on
Ca2+ responses in A7r5 cells, 45Ca2+ efflux from preloaded stores was
determined in permeabilized A7r5 cells. Pre-treatment with vasopressin
resulted in impaired 45Ca2+ release at submaximal InsP3 concentrations (Fig.3).
In contrast, pre-treatment with verapamil did not result in significant changes in
45Ca2+ release in permeabilized A7r5 cells (Fig. 3). Exposure to vasopressin
and verapamil did not affect basal leak from Ca2+ stores or total loading of the
stores or the relative amount of Ca2+ that could be released by a maximal dose
of InsP3 (20 µM) (data not shown).
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Fig. 3 45Ca2+ release from permeabilized A7r5 cells after pre-treatment with vasopressin and
verapamil. The non-mitochondrial stores of control cells, vasopressin-pretreated cells and
verapamil treated cells were loaded to steady state with 45Ca2+ and then incubated in efflux
medium containing progressively increasing [InsP3]. The [InsP3] was increased
logarithmically in steps each lasting 6 s. The extent of Ca2+ release was normalized to that
induced by 5 µM InsP3. These tracings are typical for 3 separate experiments. * P<0.05, n=3.
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Since the differences in Ca2+ efflux in the vasopressin and verapamil pre-
treated group seem to arise from differences in the regulation of InsP3R-3, we
further investigated the regulation of InsP3R-3. We therefore determined the
intracellular distribution of InsP3R-3 in A7r5 cells in response to long-term
agonist treatment using immunoelectron microscopy.
In untreated A7r5 cells, InsP3R-3 labeling appeared strongly clustered on
structures that seem to be regions of specialized endoplasmic reticulum (Fig.
4A, 4B), while the remainder of the endoplasmic reticulum showed little or no
labeling.

Fig. 4 The intracellular distribution of InsP3R-3 in untreated A7r5 smooth muscle cells. A)
InsP3R-3 labeling is strongly clustered in untreated A7r5 cells (arrows indicate InsP3R-3
clusters). Diffuse labeling of InsP3R-3 is present throughout the cytoplasm and on the dense
areas of chromatin. B) Detail of a InsP3R-3 cluster. Clusters of InsP3R-3 are always associated
with smooth endoplasmic reticulum. AF: actin filaments, ER: endoplasmic reticulum, Mt:
mitochondria.

The clusters of InsP3R-3 labeling were predominately present in the perinuclear
region. From this area, there was a gradient of decreasing clustering. In
addition, diffuse InsP3R-3 labeling was observed throughout the cytoplasm.
Mitochondria and actin filaments were mostly free of label. Although most
cells showed InsP3R-3 immunoreactivity, some cells were free of labeling
(<10%). These cells differed in their ultrastructural characteristics: they were
spherical and more electron-dense. On the whole, untreated A7r5 cells did not
display any abnormal morphological characteristics.
To determine a possible relation between agonist-mediated down-regulation of
InsP3R-3 and clustering of InsP3R-3, we determined the intracellular
distribution of InsP3R-3 in reponse to prolonged treatment with PLC activating
agonists and verapamil.
Treatment of A7r5 cells with vasopressin (3µM, 12 h) resulted in the almost
complete abolishment of InsP3R-3 clustering (Fig. 5A). In addition, diffuse
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cytoplasmic InsP3R-3 labeling was reduced when compared to untreated cells.
The endoplasmic reticulum was dilated. No other morphological changes were
observed.
Although treatment of A7r5 cells with verapamil (2µM, 12 h) did not result in
down-regulation of InsP3R-3 immunoreactivity as measured by Western
blotting, verapamil treatment resulted also in an almost complete abolishment
of the InsP3R-3 clusters (Fig. 5B). However, diffuse InsP3R-3 labeling was
strongly increased when compared to control cells (Fig. 5C). Morphological
inspection of verapamil-treated A7r5 cells revealed a poor cellular
ultrastructure. The cytoplasm was fragmented and highly granular. In addition,
dilated membranes were observed.

Fig. 5 The effect of carbachol, vasopressin and verapamil on the distribution of InsP3R-3 in
A7r5 cells. A) Exposure to vasopressin (3µM, 12 h) also resulted in an almost complete
abolishment of the InsP3R-3 clusters. B) Cells treated with verapamil (2µM, 12 h) have a poor
cellular ultrastructure. InsP3R-3 clustering has almost completely disappeared. C) Detail of a
cell treated with verapamil. Strong diffuse labeling can be observed. D) Exposure to
carbachol (1mM, 12 h) did not result in a strong reduction of InsP3R-3 clusters. Nu: nucleus.

Treatment of A7r5 cells with carbachol (1mM, 12 h) resulted in similar InsP3R-
3 labeling patterns as for control cells (Fig. 5D). Again, InsP3R-3 labeling was
strongly clustered on structures that appeared to be regions of specialized
endoplasmic reticulum. In addition, diffuse labeling was found in the
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cytoplasm. Besides a slightly dilated endoplasmic reticulum, no morphological
changes were observed.It has been suggested that InsP3R-3 situated at or near
the plasma membrane, might play a role in (store operated) Ca2+ entry
(Berridge, 1995b; DeLisle et al., 1996; Khan et al., 1996; Putney, 1997).
However, no aggregation of InsP3R-3 was observed near the plasma membrane
in any of the observed A7r5 cells.
In a control series the primary InsP3R-3 antibody was omitted from the
incubation procedure. Some labeling was observed on the chromatin-dense
regions within the nucleus (data not shown), indicating that labeling of the
chromatin-dense regions arose from non-specific labeling. However, no non-
specific labeling was observed either on clusters or diffusely in the cytoplasm
(data not shown), indicating the specificity of the InsP3R-3 labeling reaction.

Discussion:
In this study, we demonstrate down-regulation of InsP3R-1 and InsP3R-3 in
A7r5 smooth muscle cells in response to long-term exposure to vasopressin,
whereas exposure to verapamil resulted in down-regulation of only InsP3R-1.
Vasopressin pre-treatment resulted in impaired Ca2+ release from InsP3
sensitive stores whereas verapamil pre-treatment did not affect Ca2+ release.
Further, we show that InsP3R-3 labeling was strongly clustered on structures
that appeared to be regions of specialized endoplasmic reticulum. Surprisingly,
most of the endoplasmic reticulum did not show InsP3R-3 labeling. Pre-
treatment with vasopressin and verapamil resulted in a dramatic reduction of
InsP3R-3 clusters, suggesting that redistribution of InsP3R-3 is independent on
InsP3R-3 down-regulation.

Down-regulation of specific InsP3Rs types

In the present study, we investigated the function and regulation of InsP3R-1
and InsP3R-3. We therefore aimed at obtaining an experimental model in which
specific InsP3R types could be down-regulated. Long-term exposure of A7r5
cells to vasopressin resulted in down-regulation of both InsP3R-1 and InsP3R-3.
Exposure to verapamil resulted in down-regulation of only InsP3R-1. The
extent of down-regulation of InsP3R-1 was similar for vasopressin and
verapamil pre-treatment. From this, we conclude that A7r5 cells may provide a
good model for studying the regulation and function of specific InsP3R types.
Down-regulation of InsP3Rs was not the result of a non-specific process that
affected several different proteins, as the expression of SERCA 2b did not
differ statistically from controls in vasopressin or verapamil treated cells.
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Despite the lack of statistic significance, SERCA 2b expression seemed slightly
decreased in both vasopressin and verapamil treated cells. However, SERCA
2b expression levels were identical for vasopressin and verapamil treated cells,
indicating that down-regulation of InsP3R-1 in vasopressin and verapamil
treated cells is comparable.
Down-regulation of InsP3R-1 and InsP3R-3 in A7r5 cells was observed by
long-term treatment with vasopressin in a time-dependent manner. Treatment
with the PLC-activating agonists ATP, bradykinin, carbachol or histamine did
not result in down-regulation of InsP3Rs. Therefore, the down-regulation of
InsP3R-1 and InsP3R-3 by PLC-activating agonists seems to be agonist specific.
Down-regulation of InsP3Rs by specific PLC-activating agonists has also been
described previously. Chronic treatment of WB rat liver epithelial cell with AII
resulted in down-regulation of InsP3R-1 and InsP3R-3, whereas vasopressin,
bradykinin or 12-O-tetradecanoylphorbal-13-acetate was without effect
(Bokkala and Joseph, 1997). Further, down-regulation of InsP3Rs by chronic
carbachol treatment has been described for SH-SY5Y human neuroblastoma
cells (Wojcikiewicz et al., 1994). Therefore, the down-regulation of InsP3R-1
and InsP3R-3 by PLC-activating agonists seems to be agonist specific as well
as cell type specific.
Exposure of A7r5 cells to verapamil resulted in down-regulation of InsP3R-1 to
a similar extent as in vasopressin treated cells. In contrast, pre-treatment with
verapamil did not result in down-regulation of InsP3R-3. Therefore, inhibition
of spontaneous Ca2+ spiking by verapamil only seems to affect InsP3R-1
expression in A7r5 cells.

Functional consequences of specific InsP3R down-regulation

As InsP3R-1 and InsP3R-3 can be differentially down-regulated in A7r5 cells,
functional differences between InsP3R-1 and InsP3R-3 may be determined in
vasopressin and verapamil pre-treated A7r5 cells. InsP3 mediated Ca2+ release
was impaired in vasopressin pre-treated A7r5 cells, whereas InsP3 mediated
Ca2+ release in verapamil pre-treated cells was unchanged. Therefore, the
differences in InsP3 mediated Ca2+ release seem to arise from differences in the
regulation of InsP3R-3.
Pre-treatment with vasopressin resulting in a down-regulation of both InsP3R-1
and InsP3R-3 was accompanied by a reduction of Ca2+ release at submaximal
InsP3 concentrations without changes in total loading and the relative amount of
Ca2+ that could be released by InsP3. These results indicate that the impaired
Ca2+ responses in vasopressin treated cells were caused by down-regulation of
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InsP3Rs and not by changes in the size of the InsP3-releasable Ca2+ pool. As all
Ca2+ flux experiments were performed in the presence of the SERCA blocker
thapsigargin, impaired Ca2+ responses were not caused by differences in
SERCA 2b levels.
As impaired Ca2+ release was accompanied by down-regulation of InsP3R-1
and InsP3R-3 whereas downregulation of only InsP3R-1 was without affect, one
might speculate that the impaired Ca2+ release is caused primarily by down-
regulation of InsP3R-3. However, the role of InsP3R-1 in Ca2+  release from
intracellular stores is well established. In addition, as InsP3R-1 is expressed
most abundantly in A7r5 cells (De Smedt et al., 1994a), it seems unlikely that
down-regulation of InsP3R-1 does not affect Ca2+ release from InsP3 sensitive
stores.
Possibly, InsP3R-3 may compensate for down-regulation of InsP3R-1 in
verapamil pre-treated A7r5 cells, resulting in unchanged Ca2+ responses.
Down-regulation of both InsP3R-1 and InsP3R-3 in vasopressin pre-treated cells
may therefore no longer enable compensatory mechanisms, resulting in
impaired Ca2+ release. Such a compensatory mechanism has been demonstrated
in B-cells. There it was demonstrated that B-cells in which a single type of
InsP3R had been deleted still mobilized calcium from internal stores (Sugawara
et al., 1997). Calcium release was only abrogated in B-cells lacking all three
types of InsP3Rs, suggesting that InsP3R types are functionally redundant.

Intracellular distribution of InsP3R-3

To our knowledge this is the first time that the intracellular location and
clustering of InsP3R-3 is described in vascular smooth muscle cells using
immunoelectron microscopy.
Although the impaired Ca2+ release may be the consequence of down-
regulation of both InsP3R-1 and InsP3R-3,  the differences in InsP3 mediated
Ca2+ release in vasopressin and verapamil treated cells seem to arise from
differences in the regulation of InsP3R-3. We therefore determined the
intracellular distribution of InsP3R-3 in A7r5 cells in response to long-term
agonist treatment using immunoelectron microscopy.
Although immunoelectron microscopy only allows for a semi-quantitative
evaluation of InsP3R-3 labeling, the results obtained with immunoelectron
microscopy were identical to those obtained with Western-blotting. Similar
amounts of InsP3R-3 labeling were observed in control cells, carbachol treated
cells and verapamil treated cells, whereas InsP3R-3 labeling was strongly
reduced in vasopressin pre-treated cells. Using Western-blotting, we
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demonstrated that InsP3R-3 is maximally down-regulated by about 64% in
vasopressin treated cells. Immunoelectron microscopy demonstrated an almost
complete abolishment of InsP3R-3 labeling in A7r5 cells. However, because of
the semi-quantitative nature of immunolabeling, the reduction in InsP3R-3
labeling may reflect the 64% down-regulation as observed by Western-blotting.
InsP3R-3 labeling was strongly clustered on structures that appeared to be
regions of specialized endoplasmic reticulum. We concluded this from the fact
that the clusters of InsP3R-3 labeling were always associated with the
endoplasmic reticulum. Further, several studies have demonstrated that InsP3Rs
are situated on endoplasmic reticulum membranes (Ross et al., 1989), allthough
some studies suggest that InsP3Rs are also present on the plasma (Fujimoto et
al., 1992) and nuclear membrane (Humbert et al., 1996; Stehno-Bittel et al.,
1995; Malviya, 1994).
Exposure to vasopressin resulted in a dramatic reduction of InsP3R-3 clusters.
As carbachol treatment was without effect, the reduction of InsP3R-3 clustering
in A7r5 cells is not only controlled by an increase of InsP3 and Ca2+ release.
Pre-treatment with the Ca2+ channel blocker verapamil also resulted in an
almost complete abolishment of clustering. As high dosages of vasopressin and
verapamil result in the inhibition of spontaneous Ca2+ spiking through L-type
calcium channels (Byron and Taylor, 1993; Sipma et al., 1998), the
redistribution of InsP3R-3 in A7r5 cells seems to depend on Ca2+ entry through
L-type Ca2+ channels. Previously, in experiments performed on RBL-2H3 cells
in absence of extracellular calcium, it has been demonstrated that redistribution
of InsP3R-2 is also dependent on Ca2+ entry (Wilson et al., 1998). In A7r5 cells,
Ca2+ entry evoked by low concentrations of vasopressin is mediated largely by
arachidonic acid (Broad et al., 1999). Therefore, the redistribution of InsP3R-3
might be regulated through the PLC/ diacylglycerol lipase/ arachidonic acid
pathway rather than the PLC/ InsP3/ Ca2+ pathway.
Exposure of A7r5 cells to verapamil resulted in an almost complete
abolishment of the InsP3R-3 clusters. The abolishment of InsP3R-3 clusters was
accompanied by a strong increase of diffuse staining. However, exposure of
A7r5 cells to verapamil did not result in a decrease of InsP3R-3 as measured by
Western-blotting. Since InsP3R-3 was quantified by Western-blotting on
proteins from a microsomal fraction, the diffusely labeled InsP3R-3 should still
be bound to endoplasmic reticulum membrane. However, the cytoplasmic
granulation and dilation of membranes in verapamil treated A7r5 cells, strongly
hampered the visualization of intracellular membranes. Thus, we conclude that
exposure to verapamil results in dispersion of the InsP3R-3 clusters, implicating
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that  redistribution of InsP3R-3 in verapamil-treated cells is independent on
down-regulation. On the light-microscopic level, redistribution of InsP3R-3
without down-regulation has also been suggested for InsP3R-3 in hamster lung
fibroblast E36(M3R) cells and for InsP3R-2 in rat basophilic leukemia (RBL-
2H3) cells, indicating that this process is not cell or species specific (Wilson et
al., 1998).
In the present study, we observed clustering of the InsP3R-3 using
immunoelectron microscopy. At the light microscopic level, clustering of
InsP3R-3 has also been described in hamster lung fibroblast E36(M3R) cells
(Wilson et al., 1998), whereas InsP3R-2 clustering has been observed in rat
basophilic leukemia (RBL-2H3) cells and rat pancreatoma (AR4-2J) cells
(Wilson et al., 1998). Allthough the results obtained at the light microscopic
level suggested that the InsP3R clusters were associated with the endoplasmic
reticulum, this is the first study demonstrating that InsP3R-3 clusters are
attached to the endoplasmic reticulum. In E36(M3R) cells, increased InsP3R-3
clustering was observed after exposure to carbachol whereas in A7r5 smooth
muscle cells, exposure to vasopressin and verapamil resulted in a decrease of
InsP3R-3 clustering. However, the comparison of redistribution of InsP3R-3 in
E36(M3R) and A7r5 cells is hampered by the differences in the techniques
used. E.g. small clusters might not be detected by immunofluorescence
microscopy since the resolution of this technique is lower than for
immunoelectron microscopy. Besides technical differences, differences in
InsP3R clustering may have arisen from the fact that E36(M3R) cells were only
stimulated with carbachol for 10-60 minutes whereas A7r5 cells were exposed
to vasopressin and verapamil for 12 hours. In addition, E36(M3R) do not
express muscarinic receptors and as hamster E36(M3R) cells were transfected
with the human m3-muscarinic receptor, InsP3R-3 clustering in E36(M3R)
cells may not reflect normal physiologal conditions. Further, we can not
exclude that the regulation of redistribution of InsP3R-3 is cell type specific.
The fuctional properties of InsP3R-3 clustering are unknown. In the present
study we suggest that InsP3R-3 may compensate for down-regulation of
InsP3R-1. Possibly, the diffuse redistribution of InsP3R-3 in verapamil treated
cells may reflect the compensatory function of InsP3R-3. Alternatively, for
pancreatic acinar cells, it has been suggested that plasma membrane receptors
are coupled to their own specific internal Ca2+ stores. Possibly the clusters of
InsP3R-3 may reflect such receptor-specific Ca2+ stores in A7r5 cells.
Although InsP3R-3 clusters might be operated by specific plasma membrane
receptors, the regulation of InsP3R-3 clustering appears to be similar for all
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clusters, as vasopressin treatment results in a nearly complete abolishment of
all InsP3R-3 clusters. Further, if the abolishment of clustering is the result of
InsP3-mediated Ca2+ release, this would imply that vasopressin receptors are
coupled to all clusters.
In addition to InsP3R-3 clustering on the endoplasmic reticulum, we found
diffuse InsP3R-3 labeling throughout the cytoplasm in untreated, carbachol
treated and vasopressin treated A7r5 cells. The diffuse cytoplasmic InsP3R-3
labeling was not associated with any membrane or organelle. Therefore, these
receptors do not appear to be functional Ca2+ release channels. Possibly, the
diffuse cytoplasmic labeling may reflect InsP3R-3 degradation products. It has
been demonstrated that cytosolic InsP3R-I fragments can be stably expressed in
NG108-15 neuroblastoma cells (Miyawaki et al., 1991) and in 3T3
fibroblasts(Fischer et al., 1994). Surprisingly, these fragments could still bind
InsP3 and had a marked effect on cell-growth and transformation. Possibly,
InsP3R degradation products may compete for InsP3 binding or act as specific
signaling peptides.
It has been suggested that InsP3R-3 situated at or near the plasma membrane,
might play a role in store-operated Ca2+ entry (Berridge, 1995b; DeLisle et al.,
1996; Khan et al., 1996; Putney, 1997). However, no aggregation of InsP3R-3
could be observed near the plasma membrane in any of the studied groups. In
addition, we previously demonstrated that down-regulation of InsP3R-1 and
InsP3R-3 in A7r5 cells did not affect store-operated Ca2+ entry (Sipma et al.,
1998). Further, store operated Ca2+ entry remained intact in B cells lacking all
three types of InsP3R (Sugawara et al., 1997). From this, we conclude that
InsP3R-3 is unlikely to be involved in store-operated Ca2+ entry in A7r5 cells in
general.
Although most cells showed InsP3R-3 immunoreactivity, some cells were
virtually free of labeling. These cells differed in their ultrastructural
characteristics: they were spherical and more electron-dense. From these
morphological features it appears that these cells were engaged in mitosis. This
observation could implicate that InsP3R-3 is involved in mitosis. Although,
InsP3Rs are involved in cell proliferation (for review see (Berridge, 1995a)), it
is unknown whether InsP3R-3 is down-regulated in mitotic cells.
In conclusion, we demonstrated down-regulation of InsP3R-1 and InsP3R-3 in
A7r5 smooth muscle cells in response to long-term exposure to vasopressin,
whereas exposure to verapamil resulted in down-regulation of only InsP3R-1.
Vasopressin pre-treatment resulted in impaired Ca2+ release from InsP3
sensitive stores whereas verapamil pre-treatment did not affect Ca2+ release.
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Further, we show that InsP3R-3 labeling is strongly clustered on structures that
appear to be regions of specialized endoplasmic reticulum, wherase most of the
endoplasmic reticulum did not show InsP3R-3 labeling. Pre-treatment with
vasopressin and verapamil resulted in a dramatic reduction of InsP3R-3
clusters, implicating that redistribution of InsP3R-3 is independent on InsP3R-3
down-regulation.
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Abstract
Impaired vasoconstriction to angiotensin II (AII) in diabetes may be related to
impaired calcium mobilization via the inositol 1,4,5-trisphophate receptors
(InsP3R). As TGF-β downregulates the InsP3Rs in cell culture we determined
whether anti-TGF-β antibody (anti-T) treatment in diabetic rats reverses the
effects of diabetes on aortic contractions to AII. Three groups (n=6 per group)
were evaluated at week 2: rats made diabetic with streptozotocin, anti-T treated
diabetic rats, and control rats. Blood glucose and body weights were similar in
both diabetic groups. In diabetic rats, maximal isometric aortic contractions to
AII were decreased by 50% (p<0.05 vs. control), without a significant change
in EC50. Treatment of diabetic animals with anti-T completely restored AII
mediated contractions. Semi-quantitative RT-PCR was performed to evaluate
levels of the InsP3R isoforms and AT1R mRNA in the aortic samples. InsP3R-1
and InsP3R-3 mRNA levels were decreased in diabetic animals (-25% and -
38%, respectively, p<0.05 vs. control). Treatment with anti-T normalized
InsP3R-1 mRNA levels and partially restored InsP3R-3 mRNA levels. AT1R
mRNA levels increased in the diabetic group and increased further with
antibody treatment.
In conclusion, impaired aortic contractions to AII in diabetes is associated with
a decrease in InsP3R-1 and InsP3R-3 mRNA levels and an increase in AT1R
levels. Anti-T treatment restored InsP3R-1 levels and AII-induced aortic
contraction. We suggest that hyperglycemia in diabetes attenuates AII response
through TGF-β mediated down regulation of InsP3R-1.
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Introduction:
Vascular dysfunction is a common complication of diabetes. In early and
uncomplicated stages of diabetes, reduced peripheral resistance (Mathiesen et
al., 1985; Thuesen et al., 1988) and increased blood flow in retina (Kohner et
al., 1975), kidney (Mogensen, 1972) and skin (Houben et al., 1992) have been
described. Enhanced blood flow may be explained by an increase in the
production or effect of vasodilatory mediators such as nitric oxide (Graier et
al., 1993) and/or by a decrease in the production or sensitivity to
vasoconstrictive agents. With respect to macrovessel function, impaired
responses to vasoconstrictors such as angiotensin II (AII) (Cavaliere and
Taylor, 1981; Beenen et al., 1996; Turlapaty et al., 1980) and endothelin
(Utkan et al., 1998) has been observed in aortas of diabetic rats. This would
suggest that sensitivity to vasoconstrictors contribute to the vasodilation of
early diabetes.
The vasoconstrictive properties of AII are mediated through the AT1R, a G-
protein coupled seven transmembrane spanning receptor (Furuta et al., 1992).
Stimulation of AT1R results in the formation of diacylglycerol and inositol
1,4,5-trisphosphate (InsP3)(Griendling et al., 1988). InsP3 binds to intracellular
receptors (InsP3R) situated on internal calcium stores and thus releases calcium
into the cytosol (Berridge, 1993). In smooth muscle cells this calcium release
results in contraction (Griendling et al., 1988). Cloning studies have shown that
three types (InsP3R-1, -2 and -3) are expressed in both rat and human tissue
(Newton et al., 1994; Miyawaki et al., 1990; Yamamoto et al., 1994). Although
various tissues exhibit discrete distribution of the various InsP3R isoforms, little
is known about their functional differences. We have recently found that
kidneys from diabetic rats exhibit decreased expression of the type I InsP3R
isoform (Sharma et al., 1999), therefore we speculate that the impaired AII
mediated vasoconstriction in diabetic animals may be caused by
downregulation of InsP3Rs.
Several observations suggest a role for Transforming Growth factor (TGF)-β in
mediating diabetic vascular dysfunction. Up-regulation of TGF-β has been
reported in mouse and rat models of diabetic kidney disease (Sharma et al.,
1999) and in high glucose treated cultured mesangial cells (Hoffman et al.,
1998). In a murine model of diabetic kidney disease, administration of
neutralizing anti-TGF-β antibodies (anti-T) resulted in prevention of
glomerular hypertrophy (Sharma et al., 1996). As diabetic glomerular
hypertrophy is associated with increased glomerular blood flow it is possible
that TGF-β may have effects on vascular regulation. In support of a possible
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role for TGF-β to regulate vascular function in diabetes, prior studies have
established that TGF-β has an important role in regulating NO production
(Perrella et al., 1996a; Perrella et al., 1994; Junquero et al., 1992) and TGF-β
receptors have been found to be increased in the aortic walls from diabetic
patients (Kanzaki et al., 1997).

One of the observed effects of TGF-β is down-regulation of InsP3R-1 in mouse
mesangial cells, smooth muscle-like cells of the glomerulus (Sharma et al.,
1997), which is associated with impaired InsP3-mediated calcium release
(manuscript under review). We have also observed down-regulation of InsP3R-
1 and InsP3R-3 by TGF-β in rat renal vascular smooth muscle cells
(unpublished data). Based on the above we hypothesize that the impaired aortic
contraction to AII in diabetic rats is caused by TGF-β mediated downregulation
of InsP3Rs. Therefore in the present study we determined the effects of anti-T
treatment on aortic contractions to AII in streptozotocin–induced diabetic rats.
In addition, we investigated mRNA levels of the three isoforms of the InsP3R
and AII receptor type I (AT1R) in isolated aortic rings.

Materials and Methods:
Animals

Sprague-Dawley rats (n=12) weighing 220-260 g were made diabetic by a
single intraperitoneal injection of STZ (65 mg/kg body wt) in 10 mmol/l
sodium citrate, pH 5.5. Controls were injected with buffer alone (n=6). The
levels of blood glucose were determined 2 days after injection and rats with
blood glucose >16 mmol/l were used as diabetic rats. The diabetic rats were
treated with 1-2 units of Humulin (70/30 preparation) subcutaneously each day
to maintain glycemic levels between 300-500 mg/dl and avoid marked wasting.
The diabetic rats were divided into two groups of 6 with one group receiving
vehicle and the other group receiving anti-T. anti-T was administered
intraperitoneally at a dose of 3 mg on alternate days over a 14 day period.
Diabetic and nondiabetic rats were given standard rodent diet and water ad
libitum. Animals were housed separately and maintained in a temperature- and
light-controlled environment. All protocols in this study were approved by the
Institutional Animal Care and Use Committee.

Antibody generation

Neutralizing anti-TGF-β antibody was harvested from ascitic fluid of mice
injected with the 2G7 hybridoma cell line (kindly provided by Genentech,
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South San Francisco, Ca2+), and purified by affinity chromatography on Protein
A columns. Reactivity of the antibody was evaluated using a mink lung
bioassay (Sharma et al., 1996). The bioassay employing mink lung cells that
were stably transfected with the TGF-β responsive PAI-1 promoter linked to a
luciferase reporter gene was kindly provided by Dr. Daniel Rifkin (New York
University) (Abe et al., 1994). Antibody preparations were sterile filtered and
administered in buffered saline.

Harvesting of tissue

Rats were killed by cervical dislocation. After excision, rat thoracic aortas were
cut into rings and randomly used for either contraction measurements or
mRNA extraction. Rings to be used for aortic contraction measurements were
transferred to oxygenated Krebs medium, while the rings for mRNA isolation
were immediately frozen in liquid nitrogen and stored at -85°C.

Aortic ring preparation and isometric contraction measurement

Aortic rings of approximately 3 mm wide were mounted in a 10 ml organ bath
containing Krebs buffer. Buffer was maintained at 37°C and continuously
gassed with 95% O2 / 5% CO2. Rings were equilibrated for 30 minutes using a
resting tension of 1g, during which the buffer was changed every 10 minutes.
Dose response curves to AII were constructed by cumulative addition of small
volumes of stock solution. Rings were maximally contracted with the
thromboxane A2 (TxA2) analog U46619 (1µM).

RNA isolation and cDNA synthesis

Total RNA was isolated from frozen aortas using Tri-reagent (Molecular
Research Center, Cincinnati, OH). Gel analysis confirmed RNA sample
integrity by the presence of 18S and 28S ribosomal bands. First strand cDNA
was synthesized from 1 µg total RNA, using a RT-PCR CORE kit (Perkin
Elmer, Norwalk, CT).

Semi-quantitative PCR

A semi-quantitative PCR analysis was performed to determine InsP3R-1 and
AT1R expression levels. During a semi quantitative polymerase chain reaction
the mRNA of the gene of interest and the mRNA of the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were coamplified in a
single PCR reaction. A 50 µl PCR reaction mixture contained 0.5 units Taq
polymerase, 5 µl of the supplied buffer, 17.5 nmol dNTP, 2 mM MgCl2, 1 µl of
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cDNA mixture and 40 pmol of each gene specific primers (Table 1) and 20
pmol of each GAPDH PCR primer (Table 1). Temperature cycling was
performed in 0.5 ml thin-walled tubes in a thermal cycler (DNA thermal cycler,
Perkin Elmer, Norwalk, CT) using a protocol of 30 cycles of 1 min.
denaturation at 94 °C , 1 min. annealing at 56 °C and 1 min. extension at 72 °C.
PCR products were separated on a 1.5% agarose gel by electrophoresis and
stained with ethidium bromide. The gels were quantified by densitometry. The
relative expression level of AT1R and InsP3R-1 mRNA was expressed as the
ratio of InsP3R-1 or AT1R and GAPDH PCR products.

Table 1.

PCR primers

Target

template:

Primer

name:

Primer sequence (5’→3’): Product

Size:

Primer

Position:

Genbank

Ac. #.:

Rat InsP3R-1 IP3rodent-F CAGGTTCAACTGCTGGTTACTAGCC 796 3624-3648 J05510

IP3rodent-R GGTCACGCTCGGACCGCATC 4400-4419 J05510

Rat InsP3R-1,2,3 Isotype-F GACCTCCTBTTCTTCTTCAT 295 8034-8053

7807-7826

7620-7639

1:J05510

2:X61677

3:L06096

Isotype-R TGATCATCTSWGCCACGTA 8310-8328

8083-8101

7896-7914

1:J05510

2:X61677

3:L06096

Rat AT1R AT1-F ACGTGTCTCAGCATCGACCGCTACC 278 629-653 X62295

AT1-R AGAATGATAAGGAAAGGGAACAAGAAGCCC 877-906 X62295

Rat GAPDH GAPDH-F CCCATCACCATCTTCCAGGAGCG 412 234-256 AF106860

GAPDH-R ATGCAGGGATGATGTTCTGGGCTGCC 620-645 AF106860

Primers pairs used for the amplification of InsP3R-1, InsP3R-2, InsP3R-3, AT1R and GAPDH.
The characters ‘B’ in primer Isotype-F and ‘S’ and ‘W’ in primer Isotype-R are IUPAC
ambiguous codes (B= not A, S=C or G and W= A or T). Ambiguous nucleotides were used in
order to obtain a complete match for each target template. The coordinates for localization
refer to the sequences indicated by genbank accession numbers.

Ratio reverse transcriptase PCR

Ratio reverse transcriptase PCR (De Smedt et al., 1994) was used to determine
the relative expression of InsP3R-1, InsP3R-2 and InsP3R-3. Using one primer
set (Table 1), we were able to co-amplify all three InsP3R isoforms, taking
advantage of the similarity of the primer-template sequences. A 50 µl PCR
reaction mixture contained 0.5 units Taq polymerase, 5 µl of the supplied
buffer, 17.5 nmol dNTP, 2 mM MgCl2, 1 µl of cDNA mixture and 40 pmol of
each primer. Temperature cycling was performed in 0.2 ml thin-walled tubes in
a thermal cycler (DNA thermal cycler 9700, Perkin Elmer, Norwalk, CT) using
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a protocol of 35 cycles of 30 sec. denaturation at 94 °C , 30 sec. annealing at 56
°C and 30 sec. extension at 72 °C. Radioactive labeling was done by diluting
20 µl of the reaction product in a new 50 µl PCR mixture containing 0.5 units
Taq polymerase, 5 µl of the supplied buffer 2 mM MgCl2 40 pmol of each
primer, supplemented with 10nCi/µl [α-32P]dCTP. Incorporation of
radiolabeled dCTP was achieved by performing 3 additional cycles. The
amplified products were discriminated by digestion with restriction enzymes
BclI and BglII. PCR products were cut overnight at 37°C and the fragments
were separated on a 6% polyacrylamide gel and quantified by means of the
PhosphorImager model 425 (Molecular Dynamics, CA).

Materials

Fresh solutions of AII were made daily from stock solutions. AII and U46619
were purchased from Calbiochem (San Diego, CA). STZ was obtained from
Sigma (St. Louis, MO). The restriction enzymes BclI and BglII were purchased
from Promega (Madison, WI). All PCR primers were synthesized by
Eurogentec (Seraing, Belgium). The RT-PCR CORE kit and Taq DNA
polymerase were purchased from Perkin Elmer (Norwalk, CT).
[α-32P]dCTP was obtained from Amersham (Arlington Heights, IL). Tri
reagent was purchased from Molecular Research Center (Cincinnati, OH). All
chemicals used were of analytical grade.

Statistics

Results are presented as mean ± s.e.mean unless indicated otherwise.
Differences between concentration-response curves were analyzed using
repetitive measurement ANOVA (SigmaStat 1.01, Jandel Scientific, Germany)
and considered significant at p < 0.05. Differences in other variables were
tested using Student t-test, or Chi-square test as indicated.

Results:
Body weight and blood glucose levels

Blood glucose levels (Table 2) were significantly higher (p<0.01) for both the diabetic

rats and the anti-T treated diabetic rats. Anti-T treatment did not affect blood glucose

levels of diabetic rats. Body weights at the time of experiments are shown in Table 2.

Body weights of the diabetic rats were significantly lower than those of control

animals (P<0.01). Body weights of anti-T treated diabetic rats were intermediate of

those of diabetic and control animals, but did not differ significantly from either

group.
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Table 2
Summary of results.

Control (n=5) Diabetic (n=6) Diabetic
Anti-T (n=5)

Body Weight (g) 268 ± 13 182 ± 13* 223 ± 19
Blood sugar (mg/dl) 119 ± 12 470 ± 37* 486 ± 50*

Emax AII (% of U46619) 14.5 ± 2.1 7.4 ± 1.3* 12.6 ± 1.9
EC50 AII (nM) 19.2 ± 2.9 24.8 ± 5.4 15.0 ± 4.1

Emax U46619 (g) 1.2 ± 0.3 1.0 ± 0.1 0.9 ± 0.2

AII Emax values are expressed relative to the maximal contraction to U46619.*P < 0.05 vs.

control, # P<0.05 vs. diabetic

Vasoconstrictive effect of AII on rat aortic rings

Cumulative dose-response curves to AII were constructed (Fig. 1) to investigate the

effect of short-term diabetes on aortic ring resposiveness to AII. Responses are

expressed relative to the maximal contraction to the thromboxane A2 analog, U46619.

Maximal contraction to U46619 did not vary among groups (table 2). Dose-response

curves to AII were significantly decreased in diabetic animals (Fig. 1). The EC50

values did not differ between groups (Table 2). Anti-T treatment of diabetic animals

restored the AII induced aortic contractions to control levels.
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FIG. 1 Dose-response
curves of aortic rings of
control animals (●),
diabetic rats (■) and anti-T
treated diabetic rats (▲) to
angiotensin II. Relative
maximal contractions for
control animals, diabetic rats
and anti-T treated diabetic
rats were 14.5 ± 2.1 %, 7.4 ±
1.3 % and 12.6 ± 1.9%,
respectively. Results are
expressed as a percent of
maximal contraction to
u46619 and presented as
mean ± s.e.mean. *P < 0.05
vs. control and anti-T treated
diabetic rats.
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InsP3R isoform mRNA levels in rat aorta.

To investigate whether the impaired vascular contractility in diabetic animals is
associated with changes in InsP3R-1 expression, InsP3R-1 mRNA levels were
determined (Fig. 2A and Table 2). InsP3R-1 mRNA levels were significantly
decreased in diabetic animals compared to control animals. anti-T treatment
restored InsP3R-1 mRNA levels to those of control animals. GAPDH levels
were identical for all groups.
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FIG. 2 Bar graph showing InsP3R-1 (A), InsP3R-2 (B) and InsP3R-3 (C) mRNA levels
relative to GAPDH mRNA levels in rat aortic tissue. (A) InsP3R-1 mRNA levels are
significantly decreased in diabetic animals. anti-T treatment restored InsP3R-1 mRNA levels
to those of control animals. (B) InsP3R-2 mRNA levels are not different between groups. (C)
InsP3R-3 mRNA levels are significantly decreased in diabetic animals when compared to
control animals. InsP3R-3 mRNA levels of the anti-T treated group are intermediate to those
of control and diabetic animals, but did not differ significantly from either group. Results are
presented as mean ± s.e.mean. *P < 0.05 vs. control.

To investigate whether the impaired vascular contractility in diabetic animals is
associated with changes in the relative expression levels of InsP3R isoforms,
we performed ratio reverse transcriptase PCR (Fig. 3). InsP3R-2 and InsP3R-3
mRNA levels (Fig. 2B and 2C) were calculated by combining the data on the
expression pattern of InsP3R isoforms with the data on InsP3R-1 mRNA levels.
InsP3R-2 mRNA levels did not differ between groups and was expression was
much decreased in abundance in relation to InsP3R-1 or InsP3R-3. InsP3R-3
mRNA levels were significantly decreased in diabetic animals when compared
to control animals. InsP3R-3 mRNA levels of the anti-T treated group were
intermediate to those of control and diabetic animals, but did not differ
significantly from either group.

AT1 receptor mRNA levels in rat aorta.

To investigate whether the impaired vascular contractility in diabetic animals is
caused by downregulation of AT1 receptors, we determined AT1 receptor
mRNA levels (Fig. 4). AT1R mRNA levels were significantly increased in
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FIG. 4 Bar graph showing AT1R mRNA
levels relative to GAPDH mRNA levels in
rat aortic ti ssue. AT1R mRNA levels are
significantly higher in diabetic rats when
compared to control animals. anti-T treat-
ment resulted in significantly higher AT1R
mRNA levels when compared to untreated
diabetic rats. *P < 0.05 vs. control. †P <
0.05 vs. diabetic rats.

diabetic rats when compared to control animals. anti-T treatment resulted in a
further increase of AT1R mRNA levels when compared to untreated diabetic
rats (P<0.05).

CON DIA DIA anti-T

A
T

1
R

 m
R

N
A

 le
ve

ls
 (

%
 o

f 
G

A
P

D
H

0

25

50

75

100

125

150

175

200 †*

*

Discussion:
In this study, we investigated whether TGF-β is involved in diabetes-induced
changes in macrovascular tone. We found impaired aortic contractions to AII
with no change in EC50 in diabetic animals. InsP3R-1 and InsP3R-3 mRNA
levels were decreased whereas AT1R mRNA levels were increased in diabetic
animals. Anti-T treatment restored AII mediated contractions and InsP3R-1
mRNA levels to control levels. anti-T treatment further increased AT1R
mRNA levels. We suggest that hyperglycemia in diabetes attenuates the AII
response through TGF-β mediated downregulation of InsP3R-1.
The impairment of aortic contractions to AII in diabetic animals is in good
agreement with previously reported results of impaired AII contractions

FIG. 3  Gel showing typical results for
determination of the expression pattern of
the three InsP3R isoforms in rat aorta
tissue. Total RNA was reverse transcribed
as described under “Methods”. Using a
single primerset (Table 1), three cDNA
targets with similar primer-template
sequences were amplified. The amplifi ed
targets were discriminated by digestion with
restriction enzymes with a cleavage site
specific to InsP3R-1 and InsP3R-3. The
intensities of the fragments were quantified
by means of the PhosphorImager. Lane 1:
undigested 295 bp InsP3R-1, InsP3R-2 and
InsP3R-3 PCR product. Lane 2-4: double
digestion with BclI and BglII.  InsP3R-1 is
cleaved into a 189 bp, 106 bp and a 6 bp
fragment. InsP3R-2 is cleaved into a 289 bp
and a 6 bp fragment. InsP3R-3 is cleaved
into a 234 bp, a 55 bp and a 6 bp fragment.
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(Beenen et al., 1996) and might be explained by an increase in basal NO
production. Increased NO production has been reported in early diabetes (Bank
and Aynedjian, 1993), although impaired basal NO production has also been
found in later stages of streptozotocin induced diabetes in rats (Bolego et al.,
1999). TGF-β has been found to inhibit synthesis and production of NO via the
inducible form of nitric oxide synthase (Perrella et al., 1996b), however TGF-β
may also enhance production of NO via the endothelial NOS (Ying and
Sanders, 1998). If NO production was affected by anti- TGF-β antibodies it
would be expected that an increase in basal NO production would also have
affected U44619 mediated contractions, which was not the case in our study.
The observation that U44619 mediated contraction remains intact despite
reduced InsP3R levels suggests that this effect of U44619 is not solely
dependent on InsP3-mediated calcium release. It has been previously reported
that U44619 stimulates calcium influx independent of phospholipase C
activation (Pulcinelli et al., 1998) and InsP3 production (Suganuma et al.,
1992).
The restoration of impaired aortic contractions to AII in diabetic animals by
anti-T treatment could be related to normalization of hyperglycemia or by
restoring AT1 receptors. Although TGF-β may play a role in glucose uptake
(Kitagawa et al., 1991) and insulin release (Sekine et al., 1994) anti-T treatment
did not seem to affect the diabetic state per se, as blood D-glucose levels were
identical for diabetic animals and antibody treated diabetic animals. Several
studies have found altered expression of AII receptors in diabetes with
inconclusive results (reviewed in (Brown and Sernia, 1994)). Our finding that
the AT1a receptor mRNA is increased in the aorta of diabetic rats is consistent
with the reported upregulation of AII receptors in cardiac, liver and adrenal
gland tissue of STZ induced diabetic rats (Brown et al., 1997). The
upregulation of AT1a receptor mRNA would suggest that down-regulation of
AT1a receptor is not the cause of impaired AII vasoconstriction of aortic rings
from diabetic rats. Whether the effect of anti-T to further increase AT1a
receptor mRNA levels in the diabetic rats plays a role in restoring AII
contraction remains possible.
Induction of diabetes resulted in a significant downregulation of InsP3R-1 and
InsP3R-3 mRNA levels. The downregulation of InsP3R-1 is in good agreement
with the downregulation of renal InsP3R-1 mRNA and protein in STZ induced
diabetic rats and mice (Sharma et al., 1999). Although mRNA levels do not
need to reflect protein expression, we previously demonstrated a good
correlation between InsP3R-1 mRNA and InsP3R-1 protein levels (Sharma et
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al., 1999) and between InsP3R-1 promoter activity and InsP3R-1 protein levels
(Sipma et al., 1998). Therefore, it is likely that the downregulation of InsP3R-1
mRNA levels reflects downregulation of InsP3R-1 protein levels in aortic tissue
of diabetic animals. The relation of InsP3R levels and calcium release and
contraction has been previously demonstrated. In cultured cells a clear relation
exist between InsP3R levels and Ca2+ release (Sipma et al., 1998; Bokkala and
Joseph, 1997). In cultured rat fetal aorta smooth muscle cells (A7r5 cells), a 40-
50% reduction in InsP3R-1 and InsP3R-3 protein levels was associated with a
40-50% decrease in Ca2+ release at 400 nM InsP3 (Sipma et al., 1998). That
aortic contraction is dependent on InsP3R is supported by the observation that
aortic contractions were impaired when InsP3R’s were blocked by intracellular
administration of the InsP3R blocker heparin (Brailoiu et al., 1993). In our
present study, downregulation of InsP3R-1 and InsP3R-3 mRNA levels (-25%
and -38%, respectively) was associated with a 50% decrease in maximal
contraction to AII. Therefore the magnitude of InsP3R downregulation in
diabetic animals is likely to have an marked effect on Ca2+ homeostasis and
contraction. Further, since InsP3R mRNA levels were measured in aortic
sections containing multiple cell types, the down-regulation of InsP3R-1 and
InsP3R-3 mRNA levels in aortic sections may reflect an even larger down-
regulation of InsP3R mRNA levels in smooth muscle cells. From this, we
suggest that the impaired aortic contraction to AII in diabetic rats is mediated,
at least in part, by down-regulation of InsP3R-1 and InsP3R-3.
In our prior studies we had found that TGF-β reduces InsP3R-1 expression in
mesangial cells (Sharma et al., 1997) and that suppression of InsP3R-1 in the
diabetic kidney was associated with up-regulation of TGF-β1 mRNA (Sharma
et al., 1999). The results of the present study demonstrating that neutralization
of TGF-b with antibodies restores the level of expression of InsP3R-1 to control
levels in diabetic rats is in good agreement with our previous investigations.
The mechanisms underlying TGF-β induced reduction of InsP3R-1 is unclear
but may be related to phosphorylation and proteasomal degradation at the
protein level as well as transcriptional control at the level of the promoter.
These studies are presently underway in our lab.
In summary, anti-T treatment to diabetic rats restored aortic responsiveness and
InsP3R-1 mRNA levels to nondiabetic control values. As the impaired
contraction to AII is associated with downregulation of InsP3R-1 expression
and both contraction to AII and InsP3R-1 expression is restored by anti-T, we
conclude that TGF-β mediated downregulation of InsP3R-1 contributes to
macrovascular dysfunction of diabetes.
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Abstract

To study the transcriptional regulation of inositol 1,4,5-trisphophate receptors
(InsP3Rs) in human cardiac disease, we determined the expression of the three
known InsP3R isoforms in atrial tissue from patients with chronic atrial
fibrillation (CAF). Using semi-quantitative PCR and competitive PCR we
found that absolute InsP3R-1 mRNA levels were decreased by about 60% in
CAF patients compared to controls. InsP3R-2 and InsP3R-3 mRNA levels were
down-regulated similarly in CAF.
We also investigated the expression of the cardiac sarcoplasmic-endoplasmic
reticulum Ca2+-ATPase (SERCA2) gene. The expression of the SERCA2 gene
was decreased by 50% in CAF patients compared to controls. GAPDH
expression was identical for CAF and SR patients. No significant correlation
was present for InsP3R-1 and SERCA2 expression within the SR and CAF
group. Therefore, the expression of the InsP3R-1 and SERCA2 genes do not
appear to be tightly coupled.
Up-regulation of InsP3R-1 was reported in ventricular tissue obtained from
patients with heart failure. The opposite regulation of InsP3R in CAF and heart
failure patients may reflect specific regulatory mechanisms of the respective
myocytes. InsP3Rs might regulate Ca2+-induced Ca2+ release by modulating
Ca2+ release from internal Ca2+ stores and by modulating Ca2+ entry through the
intercalating discs. Down-regulation of InsP3Rs may be a compensatory
mechanism to prevent rate-induced Ca2+ overload in CAF.
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Introduction
Two types of structurally related intracellular calcium release channels are
expressed in the heart: the ryanodine receptor (RyR) and the inositol 1,4,5-
trisphosphate receptor (InsP3R). The RyR is activated by the entry of calcium
via voltage gated Ca2+ channels and serves as the primary Ca2+ release channel
(Gyorke and Fill, 1993; Smith et al., 1988). The InsP3R is activated by inositol
(1,4,5)-trisphosphate (InsP3), a second messenger formed in response to
stimulation of a wide variety of G-protein coupled receptors.
The function of the InsP3R in cardiac tissue is still unclear. In general, InsP3

signaling has been recognized in regulating Ca2+-induced Ca2+ release by
increasing the concentration of cytoplasmic Ca2+ (Berridge, 1997) and may
thus contribute to Ca2+ cycling in the myocyte. Indeed, stimulation of alpha-
adrenoceptors has been shown to increase InsP3 production and resulted in
increased contraction of the rat heart (Scholz et al., 1988). InsP3Rs may also
play a role in propagation of intercellular Ca2+ signals, as InsP3Rs were found
to be localized on intercalated discs in rat cardiomyocytes (Kijima et al., 1993).
Therefore, InsP3Rs may regulate Ca2+-induced Ca2+ release by modulating Ca2+

release from internal Ca2+ stores and by modulating Ca2+ entry through the
intercalating discs. Thus, the InsP3R may be involved in the induction and
maintenance of atrial fibrillation (AF).
Cloning studies demonstrated that several types of InsP3R exist. Three types
(InsP3R-1, -2 and -3) were reported in human tissue (Maeda et al., 1989;
Miyawaki et al., 1990; Yamamoto et al., 1994) and several studies showed that
the ratios at which isoform I, 2 and 3 InsP3Rs are expressed differ considerably
between cell types (Sugiyama et al., 1994; De Smedt et al., 1994;
Wojcikiewicz, 1995). The predominant InsP3R isoform expressed in rat whole
heart is InsP3R-1 (Perez et al., 1997) and is highly concentrated in the majority
of Purkinje myocytes of the conduction system (Gorza et al., 1993). However,
InsP3R-2 may be the predominate isoform in ‘working’ ventricular myocytes
(Perez et al., 1997).
The involvement of the InsP3R and its transcriptional control mechanisms has
been studied in human heart failure. In end-stage heart failure patients,
ventricular InsP3R-1 mRNA levels were up-regulated by 123% (Go et al.,
1995), whereas the ryanodine receptor was down-regulated by 31%. This up-
regulation of InsP3R-1 mRNA in the failing human ventricle is proposed to be a
compensatory response of the myocyte, providing an alternative pathway for
mobilizing intracellular Ca2+. The involvement of InsP3R isoform 2 and 3 in
these or other diseases have not been studied yet.
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Chronic atrium fibrillation shares a number of characteristics with heart failure,
i.e. increased cytosolic Ca2+ levels (Ca2+ overload) (Goette et al., 1996; Lee and
Clusin, 1987; Schouten and Morad, 1989), reduction of contractile elements
(Ausma et al., 1997) and loss of contractility (Sun et al., 1998). The observed
upregulation of InsP3R-1 mRNA in the failing ventricle may reflect a response
of the cardiac myocyte to pathological conditions. Therefore similar changes in
InsP3R expression might be anticipated in atrial tissue from patients with
chronic atrium fibrillation.
To investigate the involvement of the InsP3R in CAF, we studied the
expression of all known InsP3R isoforms in human atrial tissue. To extend the
comparison between heart failure and CAF, we investigated whether the
cardiac sarcoplasmic-endoplasmic reticulum Ca2+-ATPase (SERCA2) is down-
regulated in CAF patients as in patients suffering from heart failure (Mercadier
et al., 1990; Arai et al., 1993).

Materials and Methods
Patients

The study was approved by the Institutional Review Board, and written
informed consent was obtained from all patients. Prior to surgery, presence,
type and duration of AF were assessed by patient’s complaints and previous
electrocardiograms. In addition, medication use and exercise tolerance
according to the New York Heart Association classification were determined.
Right atrial appendages were obtained from 7 patients with CAF and 8 control
patients. For inclusion into the study, patients needed to be scheduled for open
cardiac surgery with cardio-pulmonary bypass. Exclusion criteria were duration
of AF, stability of AF, paroxysmal atrium fibrillation, renal, liver or cerebral
disease.

Harvesting of tissue, RNA isolation and cDNA synthesis.

Open cardiac surgery with cardio-pulmonary bypass was performed using
standardized surgical and anesthesiological procedures. Just before insertion of
the right atrial canula, right atrial appendages were excised and immediately
frozen in liquid nitrogen and stored at -85°C. Total RNA was isolated using an
adaptation to the standard guanidinium thiocyanate lysis method (Chomczynski
and Sacchi, 1987). Frozen appendages were crushed into smaller fragments and
were homogenized on ice in 2 ml GIT buffer (4 M guanidium thiocyanate, 25
mM sodium citrate, 0.5 % N-lauroylsarcosine and 1% β-mercaptho-ethanol)
using a rotor stator homogenization device. 200 µl of 2 M sodium acetate (pH
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4.0) was added and mixed. 200 µl of water saturated phenol was added and the
suspension was allowed to incubate on ice for 20 min. The suspension was then
centrifuged at 10.000*g for 10 min. The supernatant was transferred to a new
tube and 1 volume of 100% ethanol was added. The solution was passed
through a RNeasy spin column (RNeasy miniprep kit, Qiagen, Germany) by
centrifugation. The column was washed twice with 0.5 ml buffer RPE (Qiagen,
Germany) and RNA was eluted in 50 µl DEPC treated water. Gel analysis
confirmed RNA sample integrity by the presence of 18S and 28S ribosomal
bands . First strand cDNA was synthesized from 1 µg total RNA, using the RT-
PCR CORE kit (Perkin Elmer, USA).

Table 1.
PCR primers

Target

 template:

Primer name: Primer sequence (5’→3’): product

size (bp):

Genbank

Ac. number:

Primer

Position:

InsP3R-1 IP3for CAACACAGATAACAGAAGAGGTCCGG692 L38019 5844-5869

IP3rev TTCCACTTCACCTTGCATGTAGGC 6512-6535

GAPDH GAPDHfor CCCATCACCATCTTCCAGGAGCG 411 J02642 218-240

GAPDHrev GGCAGGGATGATGTTCTGGAGAGCC 604-628

InsP3R-1/

InsP3R-2

HIP3(1,2)for CTTCAT(A/C)GTCCTGGTGAAAGT 256 L38019/ 1: 8065-8085

2: 8200-8220

HIP3(1,2)rev CTTCCTTTGTTCTGTCATCTG D26350 1: 8300-8320

2: 8435-8455

InsP3R-1/

InsP3R-3

HIP3(1,3)for AGTGAGAAGCAGAAGAAGG 243 L38019/ 1: 7928-7946

3: 7808-7826

HIP3(1,3)rev CATCC(T/G)GGGGAACCAGTC D26351 1: 8153-8170

3: 8033-8050

SERCA2 Serca for TGTTCATTCTGGACAGAGTGGAAGG 657 M23115 1100-1124

Serca rev TTAATAAAGTTGGCAGAGTCCTCAAGG 1731-1757

Primers pairs used for the amplification of InsP3R-1, InsP3R-2, InsP3R-3, GAPDH and
SERCA2. The slashes in primers HIP3(1,2)for and HIP3(1,3)rev indicate the use of a mixture
of two primers (wobble) in order to obtain a complete match for each target template. The
coordinates for localization refer to the sequences indicated by genbank accession numbers.

Semi-quantitative PCR.

A semi-quantitative PCR analysis was performed to determine whether
SERCA2 and InsP3R-1 expression in patients with CAF differed from controls.
During a semi quantitative polymerase chain reaction the mRNA of the gene of
interest and the mRNA of the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were coamplified in a single PCR reaction. A 50 µl
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PCR reaction mixture contained 0.5 units Taq polymerase (Eurogentec,
Belgium), 5 µl of the supplied buffer, 17.5 nmol dNTP, 2 mM MgCl2, 1 µl of
cDNA mixture and 40 pmol of each SERCA2 primer (Table 1) or of each
InsP3R-1 primers (IP3for and IP3rev, Table 1) and 40 pmol of each GAPDH
PCR primer (Table 1). Temperature cycling was performed in 0.5 ml thin-
walled tubes in a thermal cycler (DNA thermal cycler, Perkin Elmer, USA)
using a protocol of 30 cycles of 1 min. denaturation at 94 °C , 1 min. annealing
at 56 °C and 1 min. extension at 72 °C. PCR products were separated on a
1.5% agarose gel by electrophoresis and stained with ethidium bromide. The
gels were quantified by densitometry. The relative expression level of SERCA2
and InsP3R-1 mRNA in human atrial tissue cells was expressed as the ratio of
SERCA2 or InsP3R-1 and GAPDH PCR products.

Competitive PCR.

Competitive PCR was used to validate the results obtained from the semi-
quantitative PCR analysis. A competitive template was constructed by inserting
the InsP3R-1 PCR product obtained with primers IP3for and IP3rev (Table 1),
into the cloning vector pGEM(t) (Promega, USA). This construct was
transformed into E.coli strain JM109 (Promega). After propagation in JM109,
the vector containing the InsP3R-1 insert was isolated (Plasmid miniprep kit,
Qiagen, Germany). The vector was linearized by cutting in the InsP3R-1 insert
with restriction enzyme EcoO109 (Life technologies, USA). The sticky ends
generated by EcoO109, were converted to blunt ends using Mung Bean
nuclease (Promega, USA), resulting in the loss of the EcoO109 site. The vector
was subsequently recircularized and transformed into JM109 (Promega, USA).
10 PCR reactions were performed on a colony containing the vector with the
mutated InsP3R-1 insert, using primers IP3for and IP3rev (Table 1).
Temperature cycling was performed in 0.5 ml thin-walled tubes in a thermal
cycler (DNA thermal cycler, Perkin Elmer, USA) using a protocol of 20 cycles
of 1 min. denaturation at 94 °C , 1 min. annealing at 52 °C and 1 min.
extension at 72 °C. After pooling of the PCR reactions, the mutated
competitive InsP3R-1 template was isolated from the reaction mixture (PCR
clean up kit, Qiagen, Germany) and its concentration was determined by optical
densitometry.
For each patient, 12 PCR reactions were performed. Each 50 µl PCR reaction
mixture contained 0.5 units Taq polymerase (Eurogentec, Belgium), 5 µl of the
supplied buffer, 17.5 nmol dNTP, 2 mM MgCl2, 1 µl of cDNA mixture and 40
pmol of each InsP3R-1 PCR primer (IP3for and IP3rev, see table 1). The amount
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of competitive template ranged from 5*10-12 g to 5*10-18 g per reaction.
Temperature cycling was performed using a protocol of 32 cycles of 1 min.
denaturation at 94 °C, 1 min. annealing at 52 °C and 1 min. extension at 72 °C.
PCR products were cut overnight at 37°C in a 25 µl reaction volume containing
2 units EcoO109, 2.5 µl of the supplied React buffer 2 and 15 µl PCR reaction
mixture. PCR products were separated on a 1.5% agarose gel and stained with
ethidium bromide. The PCR products were quantified by densitometry.

Ratio reverse transcriptase PCR.

Ratio reverse transcriptase PCR (De Smedt et al., 1994) was used to determine
the relative expression of InsP3R-1, InsP3R-2 and InsP3R-3. Using two different
primer sets (Table 1), we were able to co-amplify either InsP3R-1 and InsP3R-2
or InsP3R-1 and InsP3R-3, taking advantage of the similarity of the primer-
template sequences. A 50 µl PCR reaction mixture contained 0.5 units Taq
polymerase (Eurogentec, Belgium), 5 µl of the supplied buffer, 17.5 nmol
dNTP, 2 mM MgCl2, 1 µl of cDNA mixture and 40 pmol of each primer.
Temperature cycling was performed in 0.5 ml thin-walled tubes in a thermal
cycler (DNA thermal cycler, Perkin Elmer, USA). The co-amplification of
InsP3R-1 and InsP3R-2 was achieved using a protocol of 35 cycles of 1 min.
denaturation at 94 °C , 1 min. annealing at 56 °C and 1 min. extension at 72 °C.
The protocol for the co-amplification of InsP3R-1 and InsP3R-3 was identical.
The amplified products were discriminated by digestion with restriction
enzymes with a cleavage site specific to one of the InsP3R isoforms. AvaII and
PstI were used to discriminate between InsP3R-1 and InsP3R-2. For the
discrimination between InsP3R-1 and InsP3R-3 EarI and PstI were used. PCR
products were cut overnight at 37°C and the fragments were separated on a 2%
ethidium bromide stained agarose gel. The fragments of the three InsP3R
isoforms were quantified by densitometry.

Statistics

All data in the tables and figures are expressed as mean ± standard deviation
(SD). For statistical comparison of clinical characteristics between the chronic
AF group and the sinus rhythm group a chi-square test with continuity
correction, Fisher exact test, Wilcoxon-Mann-Whithey test or Student’s t-test
were used when appropriate. For all statistical analysis performed, a P value
less then 0.05 was considered significant.
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Results
Patients

The patients characteristics of the CAF and SR group were not different except
for the use of Beta blockers (Table 2).

Table 2.
Clinical characteristics of patients.

Chronic AF Sinus rhythm

N 7 8
age at surgery: 70 ± 9 65 ± 10
Male/ female: 3/4 7/1

Previous duration of AF:
< 6 months 43%
> 6 months 29%
unknown 29%

Underlying heart disease:
Coronary artery disease 43% 63%
Valve disease 86% 38%
Hypertension 42% 38%

Functional class for
Exercise tolerance:
NYHA I 0 2
NYHA II 1 3
NYHA III 4 3
NYHA IV 2 0

Medication:
Digitalis 71% 38%
Calcium entry blocker 29% 25%
Beta blocker 0 63%*
Ace-inhibitor 57% 13%
AF, atrial fibrillation; NYHA, New York Heart Association.

Statistically significant differences (P<0.05) in patients characteristics are indicated by *.

The relative expression of InsP3R-1.

The mRNA of InsP3R-1 was coamplified with the mRNA of GAPDH in a
single PCR reaction. The obtained PCR products were separated using gel
electrophoresis (Fig. 1) and the intensities of the PCR products were
determined by optical densitometry. The average relative expression levels of
InsP3R-1, defined as the intensity of InsP3R-1 PCR products relative to the
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Fig. 2 Graph showing the relationship
between the relative InsP3R-I expression
and the absolute InsP3R-I levels
calculated using competitive PCR. (z)
indicates CAF patients, (ο) indicates SR
patients. A significant positive correlation
(r2=0.89 and P=0.016) is present between
the two parameters.

intensity of GAPDH PCR products are shown in Table 3. In CAF patients, the
relative expression of InsP3R-1 is decreased by 61% ± 35% when compared to
SR patients. GAPDH levels were identical for CAF and SR patients.

Competitive PCR

Competitive PCR was performed on a subset of patients (n=6) to validate the
results obtained with the semi-quantitative PCR method. The relationship
between the relative InsP3R-1 expression and the amount of calculated InsP3R-
1 by the competitive PCR method is shown in Fig. 2. There was a significant
positive correlation (r2=0.89 and P=0.016) between the two parameters.

Fig. 1 Gel showing the results of the semi-quantitative InsP3R-1 PCR reaction. The
mRNA of the InsP3R-1 gene was co-amplified with the mRNA of the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). NC: negative control; no cDNA
added to reaction. Last lane: 100 bp size marker. GAPDH levels were identical for CAF
patients and SR patients.
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Expression pattern of InsP3R isoforms in human atrial tissue.

Quantification of the relative levels of the two amplified isoforms obtained in
the same PCR reaction was performed by restriction analysis in triplo: (1) using
a restriction enzyme specific for one of both isoforms, (2) using a restriction
enzyme specific for the other isoform and (3) double digestion with both
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enzymes. Double digestion of all amplified products always resulted in
complete digestion.
A gel showing the results of a typical experiment is shown in Fig. 3. From
determination of the ratios InsP3R-1/ InsP3R-2 and InsP3R-1/ InsP3R-3 from the
two reactions, the relative expression pattern of the three isoforms can then be
obtained (Fig. 4). We observed minor differences for the average expression
patterns between CAF and SR tissue. In CAF patients, the relative levels of
InsP3R-1 mRNA are increased (+4%) at the cost of InsP3R-3 mRNA levels (-
4%).

Fig. 3  Gel showing typical results for
determination of the expression
pattern of the three InsP3R-1 isoforms
in human atrial tissue. Total RNA was
reverse transcribed as described under
“Methods”. Using a single primerset
(Table 1), two cDNA targets with similar
primer-template sequences were
amplified. The amplified targets were
discriminated by digestion with
restriction enzymes with a cleavage site
specific to one of the targets. The

intensities of the fragments were determined by optical densitometry. (A) Gel showing the
PCR products of the coamplification of InsP3R-1 and InsP3R-2. (Numbering from left to
right) Lane 1: double digestion with AvaII and PstI. InsP3R-1 is cleaved by PstI into a 167 bp
and a 89 bp fragment.  InsP3R-2 is cleaved by AvaII into a 213 bp and a 43 bp fragment. Lane
2: 100 bp size marker. Lane 3: undigested 256 bp InsP3R-1 and InsP3R-2 PCR product. (B)
Gel showing the PCR products of the coamplification of InsP3R-1 and InsP3R-3. Lane 1:
digestion with EarI results in the cleavage of InsP3R-1 into a 152bp, a 75bp and a 16bp
fragment (not visible). Lane 2: digestion with AvaII results in the cleavage of InsP3R-3 into a
149bp and a 94bp fragment. Lane 3: 100 bp size marker. Lane 4: total digestion using EarI
and AvaII. Lane 5: undigested 243 bp InsP3R-1 and InsP3R-3 PCR product.
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Fig. 4 Bar graph showing the average
relative expression pattern of the three
InsP3R isoforms in human atrial tissue.
In CAF patients, the relative levels of
InsP3R-I mRNA are increased (+4%) at
the cost of InsP3R-III mRNA levels (-
4%). Values are means ± S.D. for 7
(CAF) and 8 (SR) measurements.
Statistically significant differences are
indicated by p-values.
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The relative expression of SERCA2.

In addition to InsP3R-1 expression, we investigated the gene expression of the
cardiac sarcoplasmic-endoplasmic reticulum Ca2+-ATPase (SERCA2). The
mRNA of SERCA2 was coamplified with the mRNA of GAPDH in a single
PCR reaction (Fig. 5). In CAF patients, the relative expression of SERCA2 is
decreased by 50% ± 38% when compared to SR patients (Table 3). Again,
GAPDH levels were identical for CAF and SR patients.
The relationship between InsP3R-1 and SERCA2 expression for individual
patients is shown in Fig. 6. No significant correlation was present within the
CAF (r2 =0.001, P=0.93) and SR (r2 =0.001, P=0.93) groups.

Fig. 5 Gel showing the results of the semi-quantitative SERCA2 PCR reaction. The
mRNA of the SERCA2 gene was coamplified with the mRNA of the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). NC: negative control; no cDNA in
reaction. Last lane: 100 bp size marker. GAPDH levels were identical for CAF patients and
SR patients.

Table 3.
The relative gene expression of InsP3R-1 and SERCA2.

CAF patients (n=7) SR patients (n=8)
InsP3R-1 expression (% of GAPDH) ± SD 24 ± 8 63 ± 7
SERCA2 expression (% of GAPDH) ± SD 16 ± 4 31 ± 7
The relative expression of both InsP3R-1 and SERCA2 is decreased in CAF patients
compared to SR patients (p<0.01). A semi-quantitative PCR analysis was performed to
determine SERCA2 and InsP3R-1 expression. During a semi quantitative polymerase chain
reaction the mRNA of the gene of interest and the mRNA of the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were coamplified in a single RT-PCR
reaction.
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Discussion
The present study demonstrates that: 1) all known InsP3R isoforms and
SERCA2 mRNA levels are down-regulated in CAF patients and 2) the three
isoforms of InsP3R are expressed in the human atrium at about equal levels.
This study demonstrates that all three InsP3R isoforms are down-regulated in
CAF patients. In human heart, InsP3R-1 levels have been described earlier in
ventricular but not in atrial tissue. In contrast to the substantial down-regulation
found in human atrial tissue (this study), InsP3R-1 levels were found up-
regulated by 123% in the failing human ventricle (Go et al., 1995). This
upregulation was proposed as a compensatory response of the myocyte,
providing an alternative pathway for mobilizing intracellular calcium. The
opposite regulation of atrial and ventricular InsP3R expression is quite
remarkable, as myocytes from tissue in heart failure and atrium fibrillation
share quite a number of fundamental cellular changes, including loss of
contractility (Sun et al., 1998), reduction of contractile elements (Ausma et al.,
1997) and increased cytosolic calcium levels (calcium overload) (Goette et al.,
1996; Lee and Clusin, 1987; Schouten and Morad, 1989). Therefore, the
opposite regulation of InsP3R in atrial and ventricular tissue may reflect
specific regulatory mechanisms of the respective myocytes.
Several studies have demonstrated rate-induced Ca2+ overload in response to
atrial fibrillation (Goette et al., 1996; Lee and Clusin, 1987; Schouten and
Morad, 1989). Previously, we demonstrated down-regulation of the voltage
gated L-type Ca2+ channel and unchanged expression of the Ryanodine receptor
type 2 (RyR2) (Brundel et al., 1999) in CAF. In general, depolarization of a
cell is detected by the L-type Ca2+ channel. In cardiac tissue, L-type Ca2+

channels do not directly associate with RYR2s but coupling is achieved using
Ca2+ as an intermediate. The action potential opens the L-type Ca2+ channel
resulting in a pulse of Ca2+ that is able to activate a small group of RYR2s. The
release of Ca2+ from a group of RYR2s may induce Ca2+ release from
neighboring groups of RYR2s resulting in a Ca2+ wave through the myocyte.
This model of Ca2+-induced Ca2+ release has been proposed both for RYR2s
and InsP3Rs (Berridge, 1997), suggesting that Ca2+ release by InsP3Rs may
modulate the initiation of a Ca2+ wave. Indeed, the increased contraction of the
rat heart in response to stimulation of alpha-adrenoceptors (Scholz et al., 1988),
is most likely modulated by InsP3 mediated Ca2+ release. Down-regulation of
InsP3Rs may result in lower cytoplasmic Ca2+ concentrations, impairing the
initiation of Ca2+ waves in response to opening of L-type Ca2+ channels.
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Therefore, down-regulation of both InsP3Rs and L-type Ca2+ channels may be a
compensatory mechanism to counteract rate-induced Ca2+ overload in CAF.
In addition to Ca2+ entry through L-type Ca2+ channels, Ca2+ waves may also be
initiated by Ca2+ entry through gap-junctions. The gap-junctions enable
intercellular Ca2+ signaling and reside within structures known as intercalated
discs. Previously, it has been demonstrated that InsP3Rs were localized on
intercalated discs in rat cardiomyocytes (Kijima et al., 1993), suggesting a role
of InsP3Rs in intercellular Ca2+ signaling in cardiomyocytes. The involvement
of the InsP3R in intercellular calcium signaling has been demonstrated for
many cell types, including rat astrocytes (Venance et al., 1997), rat
somatosensory cortex (Rorig and Sutor, 1996), rat pancreatic acini (Deutsch et
al., 1995) and Xenopus laevis follicle cells/ oocytes (Sandberg et al., 1992).
Injection of heparin, which selectively blocks InsP3Rs, inhibited intercellular
Ca2+ signaling in Xenopus follicular oocytes (Sandberg et al., 1992). Therefore,
down-regulation of InsP3Rs may impair Ca2+ entry through gap-junctions,
impairing the initiation of Ca2+ waves in cardiomyocytes. Again, down-
regulation of InsP3Rs could serve as a compensatory mechanism to counteract
rate-induced Ca2+ overload in CAF.
In the present study, we describe down-regulation of InsP3Rs in atrial tissue,
which may be composed of several cell types other than myocytes, e.g.
endothelial cells, smooth muscle cells, neuronal cells and fibroblasts. However,
myocytes account for about 80% of the mass of the heart (Wientzek and Katz,
1991). In addition, previous immunolocalization experiments on dog and rat
hearts have demonstrated that InsP3Rs are highly concentrated on the
intercalating discs of cardiac myocytes (Kijima et al., 1993). Therefore, it is
likely that the InsP3R mRNA levels obtained from atrial tissue predominately
reflects InsP3R mRNA levels of atrial myocytes.
Down-regulation of both InsP3Rs and SERCA2 might reflect changes in the
composition of cell types in the atrium of CAF. The extensive down-regulation
of InsP3R and SERCA2 in CAF (50-60%) should therefore result from
dramatic changes in cell type composition in CAF. However, histological
studies on atrial tissue of CAF patients (Brundel et al, unpublished data) and on
atrial tissue of an animal model of CAF (Li et al., 1999), did not reveal such
changes. Therefore, it seems most likely that down-regulation of InsP3Rs and
SERCA2 is caused by a decreased rate of transcription.
Down-regulation of the InsP3R in CAF was determined using a co-
amplification PCR technique. In a subset of patients, we validated the data
obtained with the co-amplification PCR technique by competitive PCR. Both
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methods showed an excellent correlation between the InsP3R-1 mRNA
expression determined as well as identical levels of down-regulation of InsP3R-
1 mRNA. Thus, the co-amplification PCR technique proved a valid method to
determine InsP3R-1 expression levels. The main advantage of the co-
amplification over the competitive PCR technique is the large reduction in the
number of PCR reactions per patient sample. Therefore, only minimal amounts
of cDNA are required, thus saving time, money and scarce biopsy material.
Further, in the co-amplification PCR experiments, expression levels of GAPDH
mRNA were identical for CAF and SR patients, suggesting that basic
properties of transcription are unchanged in CAF.
Using ratio reverse transcriptase PCR (De Smedt et al., 1994) we showed that
InsP3R isoform I, 2 and 3 are expressed in the human heart at almost equal
levels. CAF only slightly affected isoform expression. However, the relevance
of this significance may be questioned. As double digestion with enzymes
specific for one of the two amplified products always resulted in complete
digestion of the amplified product, only the anticipated isoforms were
amplified.
In view of the considerably decreased expression of InsP3R-1 found in CAF,
we conclude that the expression of all three isoforms of InsP3R are down-
regulated to a similar extend in CAF. The InsP3R exists as a tetrameric
complex to form a functional InsP3-gated calcium channel (Maeda et al., 1991).
The assembly of InsP3R isoforms into a tetrameric complex may result in either
a complex of identical isoforms (homotetramers) (Maeda et al., 1991; Nakade
et al., 1994) or of different isoforms (heterotetramers) (Nucifora et al., 1996;
Joseph et al., 1995; Monkawa et al., 1995). Possibly, the similar down-
regulation of all InsP3R isoforms in CAF might reflect a heterotetrameric
composition of InsP3Rs in the human atrium. However, the heterotetrameric
InsP3R composition has not been described in the human heart. At present,
speculation on the common factor inducing InsP3R down-regulation of all
isoforms in CAF is hampered by the fact that only the promoter of the type-1
InsP3R (Deelman et al., 1998; Sipma et al., 1998; Furutama et al., 1996) and
mouse type 2 InsP3R promoter (Morikawa et al., 1997) has been cloned so far.
The expression pattern found here for human biopsy material of right atrial
appendages is in reasonably good agreement with patterns described in freshly
isolated whole rat heart or ventricular myocardium (Perez et al., 1997). There,
InsP3R-1 and InsP3R-2 are the most prominent isoforms with a lower level of
InsP3R-3 (Perez et al., 1997). Care should be taken not to interpret our data
from the SR group as a standard for expression levels of InsP3R isoforms in the
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human atrium, as the material was obtained from patients undergoing open
heart surgery. Therefore, factors including underlying disease, medication and
hemodynamics may have influenced InsP3R expression in the SR group.
In addition to InsP3Rs, we used the co-amplification PCR to study mRNA
levels of the sarcoplasmic reticulum calcium ATPase (SERCA2). A similar
down-regulation of SERCA2 mRNA levels (50% ± 38% of SR patients) in
patients with CAF was observed as found with InsP3R-1. This is in good
agreement with previous results showing down-regulation of SERCA2 in CAF
(Brundel et al., 1999). In addition down-regulation of SERCA2 mRNA levels
were also observed in end stage heart failure (Mercadier et al., 1990; Arai et al.,
1993). In contrast to InsP3R, SERCA2 down-regulation may underlie both CAF
and chronic heart failure.
The relationship between the relative expression of InsP3R-1 and SERCA2 for
individual patients revealed two distinct groups, a group containing only CAF
patients and a group containing only SR patients (Fig. 6). Within the SR and
CAF groups no significant relationship between InsP3R-1 and SERCA2
expression was found, suggesting that the expression of the InsP3R-1 and
SERCA2 genes are not tightly coupled. In agreement, independent regulation
of InsP3R -1 and SERCA expression has been reported in long-term agonist
treated A7r5 cells (Sipma et al., 1998).
Although the patients characteristics of the CAF and SR group were not
significantly different except for the use of Beta blockers, differences between
the two groups may be obscured by the low number of patients in each group.
However, the relationship between the relative expression of InsP3R-1 and
SERCA2 revealed a group containing only CAF patients and a group
containing only SR patients. We therefore believe that CAF is the main factor
influencing InsP3R-1 and SERCA2 expression.
In conclusion, this study shows a down-regulation of mRNA of all isoforms of
InsP3R in CAF. This finding is opposite to the down-regulation of InsP3R-1
reported in heart failure. Down-regulation of InsP3Rs may serve as a
mechanism to prevent rate-induced calcium overload.
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rats. Renal ACE and AT2R expression is controlled by systemic rather

than local factors

L.E. Deelman, R.H. Henning, E. de Boer, G.J. Navis, M. Wietses, P.E. de Jong and D.
de Zeeuw
Submitted



Chapter 8

144

Abstract

The intrarenal effects of glomerular protein leakage appear to be involved in the
development of proteinuria associated renal damage. However, we recently
demonstrated that systemic nephrotic alterations can considerably enhance the renal
damage elicited by intrarenal protein leakage.
In the present study, we questioned whether both the intrarenal effects of proteinuria
as well as the systemic effects of nephrosis on the kidney are mediated through
changes in the renal expression of renin-angiotensin system components. To this
purpose we studied rats with nephrotic syndrome elicited by unilateral versus bilateral
adriamycin-induced proteinuria. These procedures result in models in which kidneys
with similar protein leakage are exposed to systemic nephrosis of different severity.
We demonstrate that angiotensin-converting enzyme (ACE) expression is up-
regulated, angiotensin type 1 receptor (AT1R) expression is unchanged and that both
angiotensin type 2 receptor (AT2R) and inositol 1,4,5-trisphosphate type 1 receptor
(InsP3R-1) expression are down-regulated in adriamycin-induced nephrotic rats. These
changes in ACE and AT2R expression are most likely mediated by the systemic
effects of nephrosis. Although not affected by proteinuria, the expression of AT1R
and InsP3R-1 is also most likely controled by systemic factors. Further, down-
regulation of InsP3R-1 expression and impaired down-regulation of AT2R expression
are associated with the severity of the systemic effects of adriamycininduced
nephrosis.
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Introduction
Proteinuria has been linked to progressive renal failure and is besides an early marker
also claimed to be the leading cause for the development of progressive renal failure
in both humans (Remuzzi and Bertani, 1990) and animals (de-Keijzer MH et al.,
1989). However, the exact causal mechanisms leading to focal segmental sclerosis, the
alleged final common pathway of proteinuria-associated renal function loss are still
incompletely elucidated.
The intrarenal effects of glomerular protein leakage to the proximal tubule and
interstitium appear to be involved in the development of proteinuria associated renal
damage (Remuzzi and Bertani, 1990). However, we recently demonstrated that
systemic nephrotic alterations can considerably enhance the renal damage elicited by
intrarenal protein leakage (de Boer et al., 1999). Therefore factors associated with
systemic nephrosis, such as hypercholesterolemia, may be important triggers as well.
Several studies have demonstrated that angiotensin-converting enzyme inhibitors
(ACEIs) are successful in reducing proteinuria and protect against progressive renal
damage (Apperloo et al., 1991; Wapstra et al., 1996). Furthermore, angiotensin II type
1 receptor (AT1R) antagonists (Zoja et al., 1997) have similar antiproteinuric effects
as ACEIs (Gansevoort et al., 1994).  This strongly suggests that the renin-angiotensin
system (RAS) plays an important role in proteinuria-associated progressive renal
function loss.
The effector hormone angiotensin II (AngII) is generated by cleavage of angiotensin I
by the angiotensin converting enzyme (ACE) and exerts its effects through the
angiotensin type 1 (AT1R) and the angiotensin type 2 receptor (AT2R). These effects
include vasoconstriction, hypertrophic effects (Gray et al., 1998) and growth
modulatory effects (Gibbons et al., 1992).
The vasoconstrictive effects of AngII are mediated by intracellular calcium release
channels, the inositol 1,4,5-trisphosphate receptors (InsP3Rs)(Griendling et al., 1988),
while the hypertrophic and growth modulatory effects of AngII are thought to be
mediated by the autocrine and paracrine production of TGF-β (Gibbons et al., 1992;
Gray et al., 1998). Since TGF-β is able to down-regulate InsP3R expression in
cultured mesangial cells (Sharma et al., 1997), TGF-β may also influence renal
vasoconstriction and the function of mesangial cells.(Sharma et al., 1996)
In the present study, we questioned whether both the intrarenal effects of proteinuria
as well as the systemic effects of nephrosis on the kidney are mediated through
changes in the renal expression of RAS components. In particular, we focused on
renal expression of ACE, AT1R, AT2R and InsP3R-1. To this purpose we studied rats
with nephrotic syndrome elicited by unilateral versus bilateral adriamycin-induced
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proteinuria. These procedures result in models in which kidneys with similar protein
leakage are exposed to systemic nephrosis of different severity.

Methods
Animal groups: BAP, UAP, DCA and CON group.

Animals were divided into four groups, a bilateral adriamycin-induced proteinuria
group (BAP), a unilateral adriamycin-induced proteinuria group (UAP), a double
clipped adriamycin treated group (DCA) and a control group (CON). BAP animals
weighing 309 ± 2 g (n=12) were studied as the classical adriamycin nephrosis model,
i.e. with urinary protein leakage from both kidneys. UAP animals weighing 304 ± 3 g
(n=12) were studied as a model with adriamycin induced urinary protein leakage from
one kidney and the contralateral kidney not being exposed to adriamycin. DCA
animals weighing 298 ± 8 g (n=12) were studied as a control for the efficacy of the
clipping procedure to prevent renal toxicity of adriamycin. Control rats weighing 326
± 3 g (n=11) underwent no surgery or adriamycin injection and served as a healthy
control group.

Experimental design

All experiments were conducted in accord with the NIH guide for the care and use of
laboratory animals and approved by the Committee for Animal Experiments of the
University of Groningen. Throughout the experiment, animals were housed separately
in metabolic cages, which allowed for 24-h urine collection. Rats were maintained in a
temperature- and light-controlled environment and were fed a low sodium diet (0.05%
NaCl, 20% protein; Hope Farms Inc., Woerden, Netherlands). Water and food were
given ad libitum.
Animals (exept controls) were anaesthetized with isoflurane/O2 (4% induction, 1.5%
during O.K., O2 1l/min) and the abdominal cavity was opened through a midline
incision. A clamp was placed on the left renal artery in UAP and on the left and right
renal artery in DCA. The adriamycin nephrosis was induced by an i.v. injection of
adriamycin (1.5 mg/kg body wt, Pharmachemie BV, Haarlem, Netherlands) in the
penis vein. Adriamycin was injected and twelve minutes after injection clamps were
removed and the abdominal incision was sutured.
Body weight, blood pressure, plasma cholesterol concentration and proteinuria were
determined weekly. Rats were perfused with saline and killed by cervical dislocation
in week 12. The overall mortality throughout the experiment was 8%, 17%, 8% and
0% for BAP, UAP, DCA and CON, respectively.
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Proteinuria and cholesterol measurement

Urinary protein concentration was determined by a biuret method (Bioquant, Merck).
Proteinuria per kidney was estimated as 50% of total proteinuria in BAP and as total
proteinuria in UAP (de Boer et al., 1999). Plasma cholesterol concentration was
determined by an enzymatic colorimetric test (CHOP-PAP, Boehringer Mannheim,
Germany).

Blood pressure measurement

All animals were trained to be accustomed to handling and to blood pressure
measurements. Systolic blood pressure were measured in conscious rats with an
automated multichannel system using tail cuffs and photoelectric sensors (Apollo 179,
IITC life science, Woodland Hill, Ca, USA) as described in detail previously (Wapstra
et al., 1996). The blood pressure was determined as the mean of three measurements.

Harvesting of tissue

Rats were sacrificed and perfused with saline in week 12 and both kidneys were
excised and cut into slices. Slices to be used for RNA isolation were immediately
frozen in liquid nitrogen and stored at -85°C. Total RNA was isolated using an
adaptation to the standard guanidinium thiocyanate lysis method (Chomczynski and
Sacchi, 1987). Frozen kidneys were crushed into smaller fragments and were
homogenized on ice in 2 ml GIT buffer (4 M guanidium thiocyanate, 25 mM sodium
citrate, 0.5 % N-lauroylsarcosine and 1% β-mercaptho-ethanol) using a rotor stator
homogenization device. 200 µl of 2 M sodium acetate pH 4.0 was added and mixed.
200 µl of water saturated phenol was added and the suspension was allowed to
incubate on ice for 20 min. The suspension was then centrifuged at 10.000*g for 10
min. The supernatant was transferred to a new tube and 1 volume of 100% ethanol
was added. The solution was passed through a RNeasy spin column (RNeasy miniprep
kit, Qiagen, Germany) by centrifugation. The column was washed twice with 0.5 ml
buffer RPE (Qiagen, Germany) and RNA was eluted in 50 µl DEPC treated water. Gel
analysis confirmed RNA sample integrity by the presence of 18S and 28S ribosomal
bands. First strand cDNA was synthesized from 1 µg total RNA, using the RT-PCR
CORE kit (Perkin Elmer, USA).

Semi-quantitative PCR

A semi-quantitative PCR analysis was performed to determine AT1R, AT2R, ACE
and InsP3R-1 expression levels. During a semi quantitative polymerase chain reaction
the mRNA of the gene of interest and the mRNA of the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were coamplified in a single
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PCR reaction. A 50 µl PCR reaction mixture contained 0.5 units Taq polymerase
(Eurogentec, Belgium), 5 µl of the supplied buffer, 17.5 nmol dNTP, 2 mM MgCl2, 1
µl of cDNA mixture and 40 pmol of each gene specific primers (Table 1) and 20 pmol
of each GAPDH PCR primer (Table 1). Temperature cycling was performed in 0.5 ml
thin-walled tubes in a thermal cycler (DNA thermal cycler, Perkin Elmer, USA) using
a protocol of 30 cycles of 1 min. denaturation at 94 °C, 1 min. annealing at 56 °C and
1 min. extension at 72 °C. PCR products were separated on a 1.5% agarose gel by
electrophoresis and stained with ethidium bromide. The gels were quantified by
densitometry. The relative expression levels of AT1R, AT2R, ACE and InsP3R-1 were
expressed relative to GAPDH PCR products and normalized for controls.

Table 1.
PCR primers

Target template: Primer name: Primer sequence (5’→3’): Product

size (bp):

Primer

Position:

Genbank

Ac. number:

Rat ACE ACE-F TGGTCCAACATCTATGACTTGGTG 757 2703-2726 U03734

ACE-R CGTGGAACTGGAACTGGATGATG 3437-3459

Rat AT1R AT1-F ACGTGTCTCAGCATCGACCGCTACC 278 629-653 X62295

AT1-R AGAATGATAAGGAAAGGGAACAAGAAGCCC 877-906

Rat AT2R AT2-F CTGTGGCTGACTTACTCCTT 637 399-418 D16840

AT2-R GCCAGGTCAATGACTGCTAT 1016-1035

Rat InsP3R-1 IP3rodent-F CAGGTTCAACTGCTGGTTACTAGCC 796 3624-3648 J05510

IP3rodent-R GGTCACGCTCGGACCGCATC 4400-4419

Rat GAPDH GAPDH-F CCCATCACCATCTTCCAGGAGCG 412 234-256 AF106860

GAPDH-R ATGCAGGGATGATGTTCTGGGCTGCC 620-645

Primers pairs used for the amplification of ACE, AT1R, AT2R, InsP3R-1 and GAPDH. The

coordinates for localization refer to the sequences indicated by genbank accession numbers

Statistics

Data are represented as means ± s.e.mean. Data were considered significantly
different when P < 0.05 by use of Student's unpaired t-test.

Results
Growth rates, blood pressure, plasma cholesterol and proteinuria.

To investigate whether local renal or systemic factors are involved in proteinuria-
associated changes in the expression of RAS components, we investigated four
groups; a group of healthy control rats (CON), bilateral adriamycin-induced
proteinuria (BAP), unilateral adriamycin-induced proteinuria (UAP) and a double
clipped adriamycin treated group (DCA).
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Growth rates, blood pressure, plasma cholesterol and proteinuria in week 12 are
shown in Table 2. Growth rates and blood pressures did not differ between groups. In
BAP and UAP, exposure to adriamycin resulted in gradual rise in proteinuria that
remained stable from weeks 6 through 12 (data not shown). In week 12, proteinuria
and plasma cholesterol concentrations were significantly increased over controls in
both the BAP and UAP group, indicating a successful induction of renal nephrosis by
the adriamycin treatment. Hypercholesterolemia, as an index of systemic nephrosis,
was more severe in BAP than in UAP. Proteinuria in the BAP group was
approximately twice of that in UAP. Proteinuria in the DCA group was slightly
increased over control values but lower than for the BAP and UAP group (P<0.05),
but cholesterol was normal, indicating that this slight proteinuria was not able to elicit
a state of systemic nephrosis.

Table 2
Animal data at week 12.

CON (n=11) BAP (n=10) UAP (n=11) DCA (n=11)

Growth (% of weight week 1) 153 ± 2 150 ± 3 151 ± 2 157 ± 2
Blood pressure (mm Hg) 140 ± 3 142 ± 2.5 142 ± 3 135 ± 3
Plasma cholesterol. (mmol/l) 2.2 ± 0.1 6.5 ± 0.7*# 3.1 ± 0.3*# 2.3 ± 0.2
Proteinuria (mg/ 24h) 32 ± 7 531 ± 63*# 222 ± 33*# 89 ± 22.4*
*p<0.05 vs. CON, #p<0.05 vs. DCA.

ACE, AT1R, AT2R and InsP3R-1 mRNA levels in rat kidney.

To investigate the role of the regulation of RAS components in proteinuria-associated
renal damage, we determined mRNA levels of ACE, AT1R, AT2R and InsP3R-1 in
bilateral adriamycin-induced proteinuria. The average relative expression levels are
shown in Table 3.

Table 3
Renal expression levels of ACE, AT1R, AT2R and InsP3R-1.

CON (n=10) BAP (n=11) UAP (n=11)
affected

UAP (n=11)
nonaffected

DCA (n=11)

ACE (%) 100 ± 19 146 ± 11* 134 ± 17* 152 ± 16* 71.2 ± 7
AT1R (%) 100 ± 4 103 ± 4 113 ± 12 109 ± 5 120 ± 2*#
AT2R (%) 100 ± 15 48 ± 7 * 21 ± 5 *# 25 ± 5 *# 96 ± 27#
InsP3R-1 (%) 100 ± 14 81 ± 2* 109 ± 9# 108 ± 9# 112 ± 9#

The relative expression levels of AT1R, AT2R, ACE and InsP3R-1 were expressed relative to
GAPDH expression levels and normalized for controls. * significantly different from controls
(p<0.05); # from BAP (p<0.05).
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ACE expression was significantly increased in BAP as compared to controls. In BAP,
AT1R expression did not differ from controls whereas AT2R expression was
decreased. Further, InsP3R-1 expression was decreased in BAP when compared to
controls. GAPDH cDNA densities did not differ between groups for all genes
amplified (data not shown).
To discriminate between local intrarenal effects of protein-leakage and the effects of
systemic nephrosis on the expression of these RAS components we compared rats
with nephrotic syndrome elicited by unilateral versus bilateral adriamycin-induced
proteinuria.
Changes in gene expression of ACE, AT1R and AT2R in the affected kidney of UAP
were similar to those in BAP. ACE expression was similarly increased in the affected
kidney of UAP as in BAP. Again, AT1R expression did not differ from controls.
Down-regulation of AT2R expression was also observed in the affected kidney of
UAP but this down-regulation was stronger than in BAP. In contrast to BAP, InsP3R-1
expression was not down-regulated in the affected kidney of UAP.
Remarkably, the gene expression patterns of ACE, AT1R, AT2R and InsP3R-1 in the
nonaffected kidney of UAP were identical to those found in the affected kidney of
UAP. Again, ACE expression was up-regulated, AT1R expression was at control
levels, AT2R was down-regulated and InsP3R-1 expression was at control levels in the
nonaffected kidney of UAP.
DCA animals were studied as a control for the efficacy of the clipping procedure to
prevent renal toxicity of adriamycin. Although slightly decreased, ACE expression did
not differ significantly from controls of BAP. AT1R was slightly increased compared
to controls and BAP. In DCA, AT2R and InsP3R-1 expression did not differ from
controls.
To explore whether gene expression was similarly regulated in the affected and non-
affected kidney of UAP, we studied the correlation between gene expression in
individual rats comparing the affected and non-affected kidney (Fig. 1). In UAP,
ACE, AT1R and InsP3R expression correlated well between the affected and
nonaffected kidney. AT2R expression did not correlate between the affected and
nonaffected kidney.
To investigate whether changes in gene expression are associated with proteinuria or
with the severity of systemic effects of nephrosis, we analyzed the correlation between
gene expression and proteinuria (Fig. 2) and between gene expression and plasma
cholesterol levels (Fig. 3), respectively. Correlations were only present in BAP.
AT2R expression correlated with proteinuria per kidney only in BAP (Fig.2). ACE,
AT1R and InsP3R-1 expression did not correlate with proteinuria in any group (data
not shown).
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AT2R expression correlated with plasma cholesterol only in BAP (Fig. 3A). Further,
InsP3R-1 expression correlated with plasma cholesterol only in BAP (Fig. 3B). ACE
and AT1R expression did not correlate with plasma cholesterol in any group (data not
shown).
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Fig. 1 Correlations between mRNA levels in the affected and nonaffected kidney of UAP. ACE
(panel A), AT1R (panel B) and InsP3R-1 (panel D) expression correlate well between the affected and
nonaffected kidney of UAP (R2=0.64 p<0.01, R2=0.84 p<0.01 and R2=0.84 p<0.01, respectively).
AT2R expression did not correlate between the affected and nonaffected kidney of UAP (R2=0.03
p=NS).
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Discussion

In the present study, we demonstrate that ACE expression is up-regulated, AT1R
expression is unchanged and that both AT2R and InsP3R-1 expression are down-
regulated in adriamycin-induced nephrotic rats. Interestingly, these changes in ACE
and AT2R expression are most likely mediated by the systemic effects of nephrosis
since the same changes were also observed in the non-proteinuric kidney of the
unilateral model. Although not affected by proteinuria, the expression of AT1R and
InsP3R-1 is also most likely controled by systemic factors. Further, down-regulation
of InsP3R-1 expression and impaired down-regulation of AT2R expression are
associated with the severity of the systemic effects of adriamycin-induced nephrosis.

Fig. 2 Correlations between AT2 mRNA
levels and proteinuria per kidney in BAP.
AT2 expression correlates well with
proteinuria per kidney in BAP (R2=0.83 and
p<0.01).

Fig. 3 Correlations between mRNA levels and plasma cholesterol levels in BAP. AT2 (panel
A) and IP3R-1 (panel B) expression correlate well with plasma cholesterol concentrations (R2=0.82,
p<0.01 and R2=0.37, p=0.04, respectively).
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Proteinuria was significantly increased in both the BAP and UAP group, indicating a
successful induction of renal nephrosis by the adriamycin treatment. Proteinuria in the
UAP group was approximately halve of that in BAP. From this and from previous
nephrectomy data (de Boer et al., 1999), we conclude that a similar protein leak per
kidney was present in BAP and in the affected kidney of UAP.
The DCA group was included as a control for the efficacy of the clipping procedure.
A slight proteinuria was present in some rats of the DCA group without signs of
systemic nephrosis. This may indicate that in some rats the 12 minute clipping
procedure did not completely protect the kidneys from adriamycin. The similarities
between the DCA and control group demonstrate that surgery and systemic
adriamycin exposure did not influence gene expression apart from a slight increase in
AT1R expression.
In our study we measured cholesterol as an index of the severity of the state of
systemic nephrosis. Plasma cholesterol concentrations were higher in BAP than in
UAP. Therefore, although proteinuria per kidney is identical for both kidneys of BAP
and the affected kidney of UAP, the systemic effects of nephrosis are more severe in
BAP than in UAP.
ACE expression was increased over controls for BAP. This is in good agreement with
the reported up-regulation of ACE expression in protein overload induced proteinuric
rats (Largo et al., 1999). ACE expression in the DCA group did not differ from
controls, indicating that neither clipping of the kidneys nor the systemic effects of
adriamycin affected renal ACE expression. Regulation of ACE expression has not yet
been fully explored, although feedback regulation of AngII on ACE activity and ACE
mRNA expression has been demonstrated for rat pulmonary ACE (Schunkert et al.,
1993).
AT2R expression was decreased in BAP. Although little is known about the function
of renal AT2R in relation to proteinuria, it has been suggested that angiotensin II
operating through the AT2R exerts an antifibrotic effect on the kidney in contrast to
the profibrotic effects of angiotensin II operating through the AT1R (Morrissey and
Klahr, 1999). The down-regulation of AT2R but unchanged AT1R expression in
adriamycin-induced nephrosis seems to be in agreement with this.
Previously, an association between AT2R expression and renal ACE activity has been
demonstrated (Stoneking et al., 1998). There, the genetic disruption of AT2R
expression resulted in elevated renal ACE activity. Further, this combination led to
increased renal damage during ureteral obstruction in mice. Therefore, up-regulation
of ACE combined with down-regulation of AT2R might play an important role in
proteinuria-associated renal damage.
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AT1R expression in BAP did not differ from controls. This is in good agreement with
a previous study showing unchanged AT1R expression in protein overload induced
proteinuric rats (Largo et al., 1999). This strongly suggest that adriamycin-induced
proteinuria does not affect renal AT1R expression, neither by local effects of protein
leakage nor by systemic nephrosis.
InsP3R-1 expression was decreased in BAP when compared to controls. Although
little is known about the relationship between InsP3R-1 expression and proteinuria, it
has been demonstrated that the InsP3R-1 may be involved in the processes that lead to
glomerular hypertrophy and hyperfiltration (Sharma et al., 1997; Sharma et al., 1999).
Possibly, down-regulation of InsP3R-1 results in impaired renal vasoconstriction and
impaired contraction of mesangial cells, which may contribute to processes that lead
to renal disease. Our results suggest that down-regulation of InsP3R-1 expression
results in impaired vasoconstriction to AII, which may be involved in the development
of adriamycin-induced nephrosis.
Further, we investigated whether the changes in expression of RAS components are
caused by the systemic exposure to adriamycin, by intrarenal effects of proteinuria or
by systemic nephrotic effects of proteinuria.
To investigate the role of systemic exposure to adriamycin, we studied the expression
of RAS components in the DCA group. ACE, AT2R and InsP3R-1 expression in DCA
did not differ from controls, indicating that neither clipping of the kidneys nor the
systemic effects of adriamycin affected renal ACE, AT2R and InsP3R-1 expression.
However, we found a moderate but significant increase in AT1R expression in DCA.
Because AT1R expression in BAP did not differ from controls, it is very unlikely that
the modest up-regulation of AT1R in DCA is caused by either systemic or renal
damage due to adriamycin treatment. Although this is not significant, AT1R
expression is also slightly increased in the nonaffected (clipped) kidney of UAP. Thus,
it cannot be excluded that the clipping procedure induced the up-regulation of AT1R
in DCA.
To discriminate between local intrarenal effects of protein-leakage and the effects of
systemic nephrosis on renal expression of RAS components, we compared the
expression patterns of these components in UAP and BAP rats.
ACE expression was similarly up-regulated in BAP and in the affected and
nonaffected kidney of UAP. Further, ACE expression correlated well between the
nonaffected and affected kidney of UAP. From this we conclude that a systemic factor
is involved in up-regulation of renal ACE expression in adriamycin-induced
proteinuric rats.
AT2R expression was decreased in BAP with a further down-regulation in both the
nonaffected and affected kidney of UAP. This strongly suggests that renal AT2R
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expression is also decreased by a systemic factor. Surprisingly, we did not find a good
correlation between AT2R expression in the nonaffected and affected kidney of UAP.
However, AT2R down-regulation in UAP resulted in very low expression levels that
were close to the detection limit of the PCR assay employed by us. Thus, we cannot
exclude that the correlation between AT2R expression in the affected and nonaffected
is lost because of the inaccuracy of values obtained near the detection limit of the PCR
assay.
AT1R expression did not differ for BAP and the affected and nonaffected kidney of
UAP. However, AT1R expression correlated well between the nonaffected and
affected kidney of UAP. From this we conclude that although AT1R expression is not
affected by adriamycin-induced proteinuria, AT1R expression is equally regulated in
the affected and nonaffected kidney of UAP.
InsP3R-1 was down-regulated in BAP. However, InsP3R-1 was unchanged in the
affected and nonaffected kidney of UAP. Therefore, as proteinuria per kidney was
identical for BAP and the affected kidney of UAP, we conclude that the more severe
systemic nephrosis in BAP may be associated with down-regulation of InsP3R-1. In
addition, InsP3R-1 expression correlated well between the nonaffected and affected
kidney of UAP. From this we conclude that although InsP3R-1 expression was
unchanged in UAP, InsP3R-1 expression is equally regulated in the affected and
nonaffected kidney of UAP.
To investigate whether changes in gene expression are associated with the severity of
proteinuria or with the severity of systemic effects of nephrosis, we analyzed the
correlation between gene expression and proteinuria and between gene expression and
plasma cholesterol levels, respectively.
Surprisingly, AT2R expression correlated positively with both proteinuria and plasma
cholesterol in BAP. Therefore, the severity of systemic and/or renal nephrosis seems
to counteract the down-regulation of AT2R by the systemic factor in BAP. Such an
association could explain why AT2R expression is less down-regulated in BAP than
in UAP, as plasma cholesterol levels are only slightly increased in UAP.
The positive correlation between proteinuria and AT2R expression and down-
regulation of AT2R expression in proteinuric rats seems paradoxical. However, AT2R
expression levels were determined in whole kidneys. Regulation of AT2R expression
may be different for different tissue types of the kidney. Therefore, although AT2R
expression is decreased for the whole kidney in proteinuric kidneys, our results might
indicate that AT2R expression is up-regulated in specific cell types of the kidney.
However, such a regulation of AT2R has not been described before. The complexity
of AT2R regulation may also explain why we did not find a good correlation for
AT2R expression between the affected and nonaffected kidney of UAP. Although our
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results on the regulation of AT2R expression are not conclusive, it does demonstrate
that AT2R expression is down-regulated in the whole kidney of proteinuric rats and
that changes in AT2R expression may be involved in adriamycin-induced nephrosis.
The paradoxical regulation of AT2R expression in whole kidney, guides further work
towards studying AT2R expression in proteinuric kidneys using in situ hybridization
techniques.
InsP3R-1 expression was down-regulated only in BAP. Further, we found a negative
relationship between InsP3R-1 expression and plasma cholesterol only in BAP.
However, InsP3R-1 expression did not correlate with proteinuria in either BAP or
UAP. As systemic nephrosis was more pronounced in BAP, we conclude that down-
regulation of renal InsP3R-1 expression is associated with systemic nephrosis.
In the present study, we determined the mRNA levels of components of the RAS
system in adriamycin-induced nephrotic rats. Although many proteins are controlled
by the rate of mRNA synthesis, the mRNA levels found by us do not need to reflect
renal ACE activity or AT1R, AT2R and InsP3R-1 protein levels. Further limitations
may arise from the fact that all experiments were performed on rats that were fed a
low sodium diet.
In conclusion, we demonstrate that ACE expression is up-regulated, AT1R expression
is unchanged and that both AT2R and InsP3R-1 expression are down-regulated in
adriamycin-induced nephrotic rats. Interestingly, these changes in ACE and AT2R
expression are most likely mediated by the systemic effects of nephrosis since the
same changes were also observed in the non-proteinuric kidney of the unilateral
model. Although not affected by proteinuria, the expression of AT1R and InsP3R-1 is
also most likely controled by systemic factors. Further, down-regulation of InsP3R-1
expression and impaired down-regulation of AT2R expression are associated with the
severity of the systemic effects of adriamycin-induced nephrosis.
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Introduction
This thesis describes the regulation of the Inositol 1,4,5-trisphosphate receptor
(InsP3R). The mechanisms of InsP3R regulation were investigated after cloning
of the promoters of the human and rat InsP3R-1 gene and visualization of
subcellular distribution of InsP3R-3 by immunoelectron microscopy (chapters
3-5). Studies employing prolonged stimulation with agonists showed that
InsP3R levels are both under transcriptional and proteolytic control. In addition,
it was found that the clustering of InsP3R-3 is abolished by such treatment.
Finally, down-regulation of InsP3Rs was demonstrated to affect calcium
homeostasis.
Further, we investigated the regulation of InsP3Rs in pathological conditions:
diabetes mellitus and nephrotic syndrome in rats, and atrial fibrillation in
humans (chapters 6-8). In all studies we observed marked down-regulation of
InsP3Rs mRNA. In addition, levels of the different InsP3R isoforms were
affected equally.
Thus, these studies showed extensive regulation of InsP3R expression under
pathologic conditions and identified several mechanisms that are likely to be
involved.
The second section of this chapter will describe the results from the chapters 3-
8 in detail. The final section will address the following questions:
• Which regulatory elements of the promoter are used to accomplish InsP3R

regulation?
• Are InsP3R isoforms regulated by the same transcription factor(s)?
• Down-regulation of InsP3R was associated with a reduced Ca2+ release. Is

the opposite true (up-regulation→ increased Ca2+ release)?
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Summary
Chapter 3) The promoter of the human InsP3R-1 gene was isolated and
characterized. Functional analysis in A7r5 cells demonstrated that basal
promoter activity of the human InsP3R-1 gene was contained in the region from
-86 to +145 relative to the putative tsp. A comparison of the sequences of the
human and mouse InsP3R-1 promoter revealed that the promoters share a high
degree of homology, especially in the area of the putative tsp. The
responsiveness to regulatory signals of the isolated and endogenous human
InsP3R-1 promoter was demonstrated.
Chapter 4) Prolonged treatment of smooth muscle cells with agonists of PLC-
coupled plasma membrane receptors led to down-regulation of InsP3R-1 and
InsP3R-3. Down-regulation of InsP3Rs was observed in A7r5 aorta smooth
muscle cells after exposure to vasopressin and in DDT1 MF-2 vas deferens
smooth muscle cells after treatment with histamine and bradykinin. Down-
regulation of InsP3Rs in A7r5 cells resulted in an impaired calcium release. The
mechanism causing the reduced expression of InsP3Rs seemed to be cell-
specific as well as agonist-specific and involves both proteasomal degradation
and reduction of InsP3R promoter activity.
Chapter 5) We demonstrated down-regulation of InsP3R-1 and InsP3R-3 in
A7r5 smooth muscle cells in response to long-term exposure to vasopressin,
whereas exposure to verapamil resulted in down-regulation of only InsP3R-1.
Vasopressin treatment resulted in impaired Ca2+ release from InsP3 sensitive
stores whereas verapamil treatment did not affect Ca2+ release. Further, we
show that InsP3R-3 labeling is strongly clustered on structures that appear to be
regions of specialized endoplasmic reticulum. Treatment with vasopressin and
verapamil resulted in a dramatic reduction of InsP3R-3 clusters, implicating that
redistribution of InsP3R-3 is independent on InsP3R-3 down-regulation.
Chapter 6) We investigated whether TGF-β mediated down-regulation of
InsP3R is involved in diabetes mellitus induced changes in contractile
properties of isolated rat aorta. We found a reduced maximal contraction in
response to angiotensin II with no change in EC50 in diabetic animals. InsP3R-
1 and InsP3R-3 mRNA levels were decreased whereas mRNA levels of the
angiotensin II receptor type 1 (AT1R) were increased in diabetic animals.
Treatment with neutralizing TGF-β antibodies (anti-T) restored angiotensin II
mediated contractions and InsP3R-1 mRNA levels to control levels. Anti-T
treatment further increased AT1R mRNA levels. We suggest that
hyperglycemia in diabetes attenuates the AII response through TGF-β mediated
down-regulation of InsP3R-1.
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Chapter 7) We investigated the involvement of InsP3Rs in chronic atrial
fibrillation (CAF). Down-regulation of mRNA of all InsP3R isoforms was
observed in CAF. This finding was opposite to the down-regulation of InsP3R-
1 reported in heart failure. The down-regulation of InsP3Rs may serve as a
mechanism to prevent rate-induced calcium overload.
Chapter 8) The involvement of InsP3Rs in adriamycin-induced nephrosis was
investigated in rats. We found that both InsP3R-1 and angiotensin II type 2
receptor (AT2R) expression are down-regulated. Further, ACE expression is
up-regulated and, AT1R expression is unchanged in adriamycin-induced
nephrosis. The changes in ACE and AT2R expression were most likely
mediated by the systemic effects of nephrosis.
Down-regulation of InsP3R-1 expression and down-regulation of AT2R
expression were associated with the severity of the systemic effects of
adriamycin-induced nephrosis.
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Discussion
Which elements of the promoter are used to accomplish InsP3R regulation?

In previous studies it was shown that TGF-β reduces the expression of IP3R-1
(Sharma et al., 1997) and InsP3R-3 (Sharma et al., unpublished results) in
mouse mesangial cells. In addition, we demonstrated that TGF-β down-
regulates InsP3R-1 and InsP3R-3 in aortic smooth muscle cells (chapter 6).
However, the mechanism of TGF-β induced InsP3R down-regulation is not
completely elucidated. Further, it has been demonstrated that TGF-β enhances
phosphorylation of the IP3R-1 through protein kinase A (PKA) (Wang et al.,
1998). Therefore, impaired transcription of the InsP3R-1 gene may be
modulated by PKA. Indeed, preliminary results indicate that the rat and human
InsP3R promoters transfected into A7r5 cells are modulated by stimulators and
inhibitors of PKA (Fig. 1)(Deelman, 1999).
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PKA modulates the transcriptionfactors CREB (Gonzalez et al., 1989) and
C/EBP (Roesler et al., 1998; Vallejo et al., 1995). As the human and rat InsP3R
promoters do not contain CREB elements, experiments focussed on the
conserved C/EBP site (see chapter 3). Fig. 2 shows an gel-shift experiment
indicating that exposure of A7r5 cells to the PKA stimulator 8-bromo-cAMP
results in enhanced levels of C/EBP. Although these experiments are not
conclusive, they illustrate that attenuation of InsP3R transcription in mesangial
cells may be mediated through a TGF-β/ PKA/ C/EBP pathway.
Is the down-regulation of InsP3Rs by vasopressin and bradykinin in A7r5 and
DDT1 MF-2 cells, respectively, also mediated by activation of PKA? It has
been demonstrated that exposure of A7r5 cells to vasopressin does not result in
increased cAMP levels (Pon et al., 1993). Further, exposure of DDT1 MF-2
cells to bradykinin led to decreased cAMP levels (Sipma et al., 1995). Both
findings indicate that down-regulation of InsP3Rs in A7r5 cells and DDT1 MF-

Fig. 1 The activity of the rat InsP3R-
1 promoter is modulated by protein
kinase A (PKA). InsP3R-1 promoter
activity is decreased by the PKA
stimulator 8-bromo-cAMP (8-bromo),
whereas the PKA inhibitor pki
stimulates InsP3R-1 promoter activity
in A7r5 rat aorta smooth muscle cells
(promoter activity is normalized to an
internal pRL-CMV control). Means ±
S.E. for four experiments are shown.
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2 cells by PLC-activating agonists is unlikely to be mediated by activation of
the cAMP-dependent PKA.
From this, we conclude that the transcriptional regulation of InsP3Rs involves
multiple regulatory elements in the promoter. Additional electrophoretic
mobility shift assays and/ or DNAse footprinting assays are needed to identify
transcription factors involved in the regulation of expression following
prolonged agonist stimulation.

Are InsP3R isoforms regulated by the same transcription factor(s)?

Similar down-regulation of both InsP3R-1 and InsP3R-3 has been described by
several studies, both on the protein and mRNA level. At the protein level, it has
been demonstrated that InsP3R-1 and InsP3R-3 are both similarly down-
regulated by specific PLC activating agonists in A7r5 and DDT1 MF-2 cells
(chapter 4). Previously, a similar down-regulation of both InsP3R-1 and

Fig. 2 Stimulation of protein kinase A increases the
transcriptionfactor C/EBP in A7r5 cells. An
electrophoretic mobilty shift assay (EMSA) was
performed using nuclear protein from untreated and 8-
bromo-cAMP treated A7r5 cells. Lane 1: Without the
addition of nuclear protein no shift of the C/EBP oligo is
observed. Lane 2: the addition of nuclear protein from
untreated A7r5 cells resulted in the formation of a
C/EBP complex (indicated by arrow A). Lane 3: The
intensity of the C/EBP complex is increased by addition
of nuclear protein from 8-bromo-cAMP treated A7r5
cells. Lane 4+5: C/EBP antibody was added to the
reactions shown in lane 3 and 4 to check the specificity
of the reaction. A faint supershift of the C/EBP complex
is visible in lane 4 (arrow B), whereas a strong supershift
can be observed in lane 5.
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InsP3R-3 was observed in WB rat liver epithelial cells in reponse to chronic
stimulation with angiotensin II (Bokkala and Joseph, 1997).
At the mRNA level, similar down-regulation of mRNAs of both InsP3R-1 and
InsP3R-3 in diabetic aortic tissue is described in chapter 6. In addition, similar
down-regulation of the mRNAs of all three InsP3R isoforms was demonstrated
in patients suffering from chronic atrial fibrillation (chapter 7). Therefore, the
regulation of InsP3R isoforms appear to be similarly regulated both at the
protein and transcriptional level.
Similar regulation of InsP3R-1 and InsP3R-3 at the protein level is likely as the
aminoacid sequences of InsP3R-1 and InsP3R-3 share a high degree of
homology (~63%). Since proteolytic degradation by the ubiquitin/ proteosome
pathway (see chapter 2.4.4) only requires a limited number of aminoacid
residues for ubiquitination, both InsP3R isoforms may be similarly regulated
through conserved ubiquitin signals.
Analyses on similar transcriptional regulation of InsP3R isoforms is strongly
hampered by the fact that the promoter of InsP3R-3 gene is not cloned yet.
Comparison of the nucleotide sequences of the promoters of the mouse InsP3R-
1 (Furutama et al., 1996) and InsP3R-2 (Morikawa et al., 1997) genes, revealed
a putative C/EBP site in both promoters although overall homology is low.
Comparison of the 5’ untranslated regions of the three InsP3R isoforms also did
not reveal significant homology. From this, it seems unlikely that the promoters
of InsP3R-1 and InsP3R-3 share considerable homology. However, the presence
of C/EBP sites in the promoters of InsP3R-1 and InsP3R-2 and the identical
transcriptional regulation of the three InsP3R isoforms, suggest that the
promoter of the InsP3R-3 gene may also contain a C/EBP site in addition to
other conserved transcriptionfactor binding sites.

Down-regulation of InsP3R was associated with a reduced Ca2+ release. Is the

opposite true (up-regulation→ increased Ca2+ release)?

Down-regulation of InsP3Rs is described in chapters 3 to 8, whereas up-
regulation of InsP3Rs was never observed in any of our experiments. As down-
regulation resulted in impaired Ca2+ release, we and others have wondered
whether the opposite was also true. Therefore overexpression of the InsP3R-1
was attempted through various strategies and in various cell-lines. So far, these
attempts have all been rather unsuccessful. Both transient and stable
transfection of InsP3R-1 constructs in A7r5 cells resulted in a modest (about 3-
fold) increase of InsP3R mRNA levels (Deelman, 1999). However, substantial
increases in InsP3R protein levels could never be detected. This discrepancy
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between InsP3R mRNA and InsP3R protein levels indicate that increased
InsP3Rs protein levels can be prevented by post-transcriptional regulatory
mechanisms.
In chapter 2 an overview is given on the many mechanisms employed in
receptor regulation. Some of those may be responsible for regulating InsP3R
protein levels. Translation, protein polymerization and proteolytic receptor
degradation are some of the post-transcriptional mechanisms that may prevent
InsP3R over-expression.
As discussed in chapter 2.2.10, translation is amongst others controlled by
signals in the 5’ and 3’ untranslated region (UTR) of the mRNA molecule.
Therefore, InsP3R-1 overexpression may be prevented by regulatory signals in
the UTRs of the InsP3R-1 mRNA molecule. However, the replacement of these
UTRs with the UTRs of the luciferase gene did not result in increased InsP3R-1
protein levels (Deelman, 1999). It seems therefore unlikely that overexpression
of InsP3R-1 is prevented by translational mechanisms.
Protein polymerization may underlie the inability to overexpress InsP3R-1 in
A7r5 cells. As discussed in chapter 1, the InsP3R exists as a tetrameric complex
to form a functional InsP3-gated calcium channel (Maeda et al., 1991). The
assembly of InsP3R subunits may result in a complex of identical subunits
(homotetramers) (Maeda et al., 1991) or in a complex of different subunits
(heterotetramers) (Nucifora et al., 1996; Joseph et al., 1995; Monkawa et al.,
1995). Formation of a heterotetramere not only depends on the synthesis of
InsP3R-1 subunits, but is also dependent on the synthesis of InsP3R-2 and/ or
InsP3R-3 subunits. Although not confirmed in A7r5 cells, the inability to
overexpress InsP3R-1 in A7r5 cells may therefore reflect a heterotetrameric
organization of InsP3R subunits in A7r5 cells.
Finally, proteolytic degradation pathways may underlie the inability to
overexpress InsP3R-1 in A7r5 cells. In chapter 4 it is demonstrated that down-
regulation of InsP3R-1 and InsP3R-3 is in part mediated by proteolytic
degradation. InsP3R degradation may involve enhanced ubiquitination of the
protein and degradation by the proteasome pathway (Bokkala and Joseph,
1997). In addition, InsP3Rs may be regulated by calpains (Wojcikiewicz and
Oberdorf, 1996). As discussed in chapter 2.4.5, calpains are activated by
increases in cytoplasmic calcium. As overexpression of InsP3Rs likely results
in increased cytoplasmic calcium concentrations, overexpression of InsP3Rs
may be prevented by enhanced InsP3R degradation by calpains.



Summary and discussion

167

In conclusion, the prevention of InsP3R overexpression is most likely mediated
by protein polymerization mechanisms and/ or proteolytic degradation
pathways.

Conclusions:

This thesis demonstrates that the InsP3R is under transcriptional control and
subject to proteolytic degradation. Regulation of the InsP3R may underlie
cardiovascular and kidney disease. Further, it is demonstrated that InsP3R
clustering and redistribution are exciting new mechanisms for the regulation of
InsP3R function.
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Nederlandse samenvatting
De fysiologie van verscheidene celtypen wordt gestuurd door de intracellulaire
calciumconcentratie. Een belangrijk mechanisme voor het genereren van
intracellulaire calcium signalen is het fosfolipase C/ Inositol 1,4,5-trisfosfaat
(PLC/ InsP3) systeem. Het PLC/ InsP3 systeem wordt geactiveerd na stimulatie
van plasmamembraan-receptoren en resulteert in de afgifte van calcium uit
intracellulaire calcium compartimenten (calcium release). Calcium release uit
de intracellulaire compartimenten geschiedt door middel van gespecialiseerde
kanalen: de inositol 1,4,5-trisfosfaat receptoren (InsP3Rs). In de mens, muis en
rat zijn tenminste drie typen InsP3Rs bekend (InsP3R type 1, 2 en 3).
Calcium release door InsP3Rs kan gereguleerd worden door verschillende
moleculen en ionen (zie Hoofdstuk 1). Daarnaast kan de functie van InsP3Rs
gereguleerd worden door regulatie van de dichtheden van InsP3Rs op de
intracellulaire compartimenten. Echter de mechanismen die de dichtheden van
InsP3Rs bepalen zijn grotendeels onbekend.
Dit proefschrift beschrijft de regulatiemechanismen van InsP3R dichtheden en
toont aan dat veranderingen in InsP3R expressie zijn geassocieerd met hart- en
vaatziekten alsmede nierziekten.

De belangrijkste bevindingen van dit proefschrift zijn hieronder samengevat:
Een algemene inleiding tot InsP3R regulatie is beschreven in hoofdstuk 1. In
hoofdstuk 2 is een overzicht gegeven van algemene proteïne- en receptor
regulatiesystemen.
In hoofdstuk 3 is de isolatie en karakterisatie van de promoter van het humane
InsP3R type 1 gen beschreven. Uit de functionele analyse van de geïsoleerde
promoter in A7r5 gladde spiercellen bleek dat de basale promoter activiteit van
het humane InsP3R-1 gen was gelokaliseerd in een gebied van –86 tot +145
basenparen ten opzichte van het transcriptie initiatie punt. Vergelijking van de
humane en muize InsP3R-1 promoter toonde aan dat beide promotoren sterk
homoloog waren, vooral in de buurt van het transcriptie initiatie punt. Verder
bleek dat zowel de geïsoleerde als de endogene humane InsP3R-1 promoters
gevoelig zijn voor vitamine A zuur.
In hoofdstuk 4 werd aangetoond dat langdurige stimulatie van PLC-
gekoppelde receptoren leidde tot down-regulatie van InsP3Rs in gladde
spiercellen. Langdurige behandeling van A7r5 en DDT1 MF-2 gladde
spiercellen met respectievelijk vasopressine en histamine/ bradykinine leidde
tot down-regulatie van zowel InsP3R-1 als InsP3R-3. Deze down-regulatie van
InsP3Rs in A7r5 cellen resulteerde in verminderde calcium release uit
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intracellulaire compartimenten. Het mechanisme van InsP3R down-regulatie
was gebaseerd op verhoogde receptor afbraak alsmede op verminderde
promoteractiviteit.
In hoofdstuk 5 werd de clustering van InsP3R-3 bestudeerd. Langdurige
behandeling van A7r5 cellen met vasopressine leidde tot down-regulatie van
InsP3R type 1 en type 3. Behandeling met verapamil leidde echter tot down-
regulatie van alleen InsP3R type 1. A7r5 cellen zijn hierdoor mogelijk een goed
model om de functionele verschillen van InsP3Rs te bepalen. Langdurige
behandeling met vasopressine resulteerde in verminderde calcium release.
Echter, calcium release werd niet beïnvloed door behandeling met verapamil.
Daar het verschil in calcium release bleek te berusten op verschillen in
regulatie van InsP3R-3, werd de regulatie van InsP3R-3 verder onderzocht. Uit
elektronenmicroscoop studies bleek, dat InsP3R-3 is geclusterd op
gespecialiseerde stukken endoplasmatisch reticulum. Langdurige behandeling
met vasopressine   resulteerde in een dramatische afname in InsP3R clusters.
Echter, behandeling met verapamil leidde tot dispersie van de InsP3R-3
clusters. Dispersie van InsP3R-3 clusters is mogelijk een mechanisme die de
down-regulatie van InsP3R-1 compenseert.
In hoofdstuk 6 werd bestudeerd of de InsP3R een rol speelt bij de verminderde
contractie van de aorta van diabete ratten. In celkweken leidde toevoeging van
de cytokine TGF-β tot down-regulatie van InsP3Rs. Onderzocht werd of TGF-β
gemedieerde down-regulatie van InsP3Rs verantwoordelijk is voor de
verminderde aorta contractie van diabete dieren.
In diabete ratten werd een verminderde maximale contractie op angiotensine II
(AII) waargenomen. Tevens was de expressie van zowel InsP3R-1 als InsP3R-3
afgenomen in aorta weefsel van diabete ratten.
Behandeling van diabete ratten met TGF-β blokkerende antilichamen herstelde
de AII gemedieerde samentrekking van de aorta. Tevens herstelde de expressie
van InsP3R type I. De verminderde AII gemedieerde aorta contractie werd
daarom waarschijnlijk veroorzaakt door TGF-β gemedieerde down-regulatie
van InsP3R-1.
In hoofdstuk 7 werd onderzocht of InsP3Rs betrokken zijn bij humaan
chronisch atrium fibrilleren (CAF). InsP3Rs reguleren mogelijk calcium-
geïnduceerde calcium release in cardiomyocyten. Down-regulatie van alle
types InsP3Rs werd waargenomen in atrium weefsel van CAF patiënten. Dit is
in tegenstelling tot de eerder beschreven up-regulatie van InsP3Rs in hart falen.
Down-regulatie van InsP3Rs is wellicht een compensatie mechanisme om
calcium-overload door calcium- geïnduceerde calcium release tegen te gaan.
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In hoofdstuk 8 werd onderzocht of de intrarenale effecten van eiwitlek en de
systemische effecten van nefrose op de nier gemedieerd worden door
veranderingen in de expressie van het renine-angiotensine systeem. De
expressie van de RAS componenten AT1R,  AT2R, ACE en InsP3R-1 werd
bestudeerd in een diermodel in welke de nieren met een zelfde eiwitlek,
blootgesteld werden aan systemische nefrose met verschillende ernst. Zowel
InsP3R-1 als angiotensine II type 2 receptoren (AT2R) waren down-gereguleerd
in nefrotische nieren. Up-regulatie van ACE en onveranderde AT1R expressie
werd waargenomen in nefrotische nieren. De veranderingen in de expressie van
ACE en AT2R werden waarschijnlijk veroorzaakt door een systemische factor.
De down-regulatie van InsP3R type I en AT2R waren geassocieerd met de ernst
van de systemische effecten van adriamycine-geïnduceerde nefrose.

Conclusies:

Dit proefschrift demonstreert dat InsP3R dichtheden worden gereguleerd door
trancriptionele- en receptor afbraak mechanismen. Regulatie van de InsP3R is
mogelijk betrokken bij hart- en vaatziekten alsmede nierziekten. Clustering en
redistributie van InsP3Rs zijn nieuwe regulerende mechanismen van InsP3R
functie.
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Nawoord:
Het laatste en tevens meest gelezen deel van een proefschrift is het nawoord of
dankwoord. Het schrijven van een dankwoord is echter niet eenvoudig en zit
vol kleine en soms grotere problemen. Ten eerste, na het schrijven van het
proefschrift, hebben veel onderzoekers het gevoel dat zij met hun computer
vergroeid zijn. Helaas kan hierdoor de animo om nog eens wat leuks en
persoonlijks te gaan typen wel eens wat tegenvallen. Verder kan het bepalen
van de volgorde waarin mensen bedankt moeten gaan worden moeilijk zijn.
Verschillende volgordes zijn al geprobeerd. Ten eerste is daar natuurlijk het
hiërarchische model: eerst de hoogleraar bedanken en als laatste wellicht de
koffiedame. Een andere volgorde is een volgorde waarin de mensen die het
meest hebben bijgedragen tot het proefschrift als eerste genoemd worden. Soms
betekent dit dat de koffiedame als eerste bedankt wordt en als laatste wellicht
de hoogleraar.
Om al dit soort problemen uit de weg te gaan heb ik gekozen voor een andere
volgorde: namelijk de volgorde waarin ik meestal de mensen tegenkom op de
afdeling Klinische Farmacologie.
Eén van de eerste mensen die ik meestal tegenkom is Rob Henning. Reeds als
student, gaf hij mij de ruimte en het vertrouwen om zelfstandig proeven te
doen. Ik heb dan ook veel waardering voor zijn grenzeloze enthousiasme en
zijn pragmatische instelling. Als referent heeft hij onmisbaar bijgedragen aan
dit boekje. Maar ik wil Rob ook bedanken voor die dingen die niks met het
werk te maken hebben. Ik herinner mij nog goed, dat je direct na mijn
‘aanvaring met een eend’, met een computerspel op de proppen kwam om de
tijd te doden. Ook de Schotse verjaardagscadeaus heb ik enorm gewaardeerd.
Ik ben ervan overtuigd dat we tijdens mijn Postdoc periode leuk en interessant
onderzoek gaan doen.
Eenmaal aangekomen op de zogenaamde AIO kamer zie ik dan mijn
lotgenoten. Als eerste wil ik Anton noemen. Hem wil ik natuurlijk bedanken
voor al die gein die we ‘getrapt' hebben tijdens het werk, de kerstparty’s, de
spontane feestjes en natuurlijk de donderdagavonden. Wat zou het toch een
stuk saaier zijn geweest zonder Anton en Descent. Bianca, tevens een geducht
Descent speler, wil ik bedanken voor alle gemutlichkeit in Keulen en
Groningen. Peter Paul wil ik voornamelijk bedanken voor die momenten dat hij
net even anders uit zijn ogen kijkt. Marijke, Simone, Soesja, Ard, Catalin en
natuurlijk Hendrik wil ik bedanken voor de gezellige donderdagavonden en de
goede sfeer op het werk.
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Op weg naar de koffiemachine, kom ik vaak het ‘koffiespoor’ van Ad op de
trap tegen. Ad wil ik bedanken voor zijn hulp toen we nog electro-farmacologie
bedreven. Maar ook in recente jaren, heb ik veel aan zijn kennis van receptoren
gehad.
Eenmaal gearriveerd bij de koffiemachine, zie ik meestal één of meer
secretaresses.  Alexandra, Ardy en Paula wil ik bedanken voor de enthousiaste
‘Goedemorgens’, maar ook voor hun hulp bij het verkrijgen van de juiste
reisdocumenten.
Op het moleculair lab tref ik meestal een aantal mensen aan. Als sinds het
begin maakt Marry deel uit van het moleculair lab. Marry wil ik bedanken voor
alle hulp bij het weefselkweken en voor de goede sfeer op het lab. Cécile,
Edith, Marion, en Mirian (en ook Bianca en Marry) wil ik bedanken, vooral
voor het afscheid dat ik heb gehad voor mijn vertrek naar Philadelphia. Het is
ergens jammer dat ik nog minimaal twee jaar moet wachten om eventueel weer
in aanmerking te kunnen komen voor zo’n afscheid. Hoewel niet meer
werkzaam bij ons, wil ik ook Marion Franke bedanken voor de gezellige sfeer
op het lab. Rudolf wil ik bedanken voor zijn humor en humeur.
Ook mijn promotores Dick de Zeeuw en Wiek van Gilst kom ik vaak tegen.
Dick wil ik uiteraard bedanken voor alle discussies en inzichten betreffende het
onderzoek. Ondanks dat Dick pas later mijn promotor werd, heb ik veel van
hem geleerd. Wiek wil ik bedanken voor het corrigeren van artikelen en voor
het ter beschikking stellen van zijn tuin voor de barbecue.
En dan zijn daar natuurlijk de mensen, die ik niet elke dag zie. Als eerste wil ik
Luigi (Gigi) Jonk noemen. Tijdens mijn stage bij ontwikkelings genetica heb ik
enorm veel van hem geleerd. Maar ook tijdens mijn AIO periode heb ik veel
‘tips and tricks’ van hem gekregen. Daarnaast, wil ik Gigi vooral bedanken
voor onze vriendschap.
De leden van de promotiecommissie, Prof. H. de Smedt, Prof. P.J.M. van
Haastert en Prof. W. Kruijer wil ik bedanken voor het doornemen van het
manuscript. Bovendien wil ik Prof. W. Kruijer bedanken voor de stage die ik
bij zijn vakgroep heb genoten.
I’m very grateful to all members of the Department of Nephrology in
Philadelphia, USA. Foremost, I would like to thank Prof. Kumar Sharma for
the wonderful period that I was able to work in his lab. Stephen Dunn has
helped me enormously with all computer problems. Yanqing Zhu and Lewei
Wang have been extremely helpful to me, as well as good friends. I would also
like to thank Tracy Mc Gowan and Sam Buksbaum for showing me the town
and for all the social invitations. Mohamed Hassan has been invaluable for his
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humor and friendship. Dana Wames has helped me with all sorts of problems
but I want to thank her in particular for all the homemade cookies, chocolate
and cake. Finally, I’m grateful to John Kanalas, for letting me use his lab and
equipment.
Het Laboratorium voor Fysiologie van de Katholieke Universiteit Leuven te
België wil ik  bedanken voor de genoten gastvrijheid en samenwerking. In het
bijzonder wil ik noemen Humbert de Smedt, Jan Parys, Ludwig Missiaen en
Henk Sipma. Zij hebben allen veel bijgedragen aan de totstandkoming van dit
boekje.
De medewerkers van de vakgroep Celbiologie en Elektronenmicroscopie, in
het bijzonder Han van de Want, wil ik bedanken voor de goede samenwerking.
Voor de samenwerking op het gebied van de ‘hartoortjes’ wil ik Isabelle van
Gelder en Anne Epema van respectievelijk de afdelingen Cardiologie en
Anesthesiologie bedanken. Gerjan Navis en Erik de Boer van de afdeling
Nephrologie wil ik bedanken voor de samenwerking op het gebied van het
adriamycine model. Natuurlijk wil ik alle medewerkers van de vakgroep
Klinische Farmacologie bedanken voor de gezellige tijd en goede
samenwerking.
Als laatste wil ik mijn ouders bedanken. Beste Pap en Mam, ik wil jullie
bedanken voor de jarenlange opvoeding, catering en huisvesting. Maar ik wil
jullie toch vooral bedanken voor het goede gezinsleven waardoor zowel Berth-
Jan als ik ‘goed terecht zijn gekomen’.



Nawoord

178



179

Abbreviations
A7r5, rat embryonic aorta cells
ACE, angiotensin converting enzyme
ACEi, angiotensin-converting enzyme inhibitor
ADR, adriamycin
AII, angiotensin II
anti-T, Anti TGF-β antibody
AP, adaptor primer
AP-2, activator protein 2
AT1R, Angiotensin II receptor type 1
AT2R, Angiotensin II receptor type 2
BAP, bilateral adriamycin-induced proteinuria
bp, base pair(s)
C/EBP, CAAT/enhancer binding protein
CAF, chronic atrial fibrillation
CON, controls
DCA, double clipped adriamycin
dNTP, deoxyribonucleotide triphosphate
ERE, estrogen response element
GAPDH, glyceraldehyde-3-phosphate dehydrogenase
GSP, gene specific primer
H-2RIIBP, retinoid X receptor beta
InsP3, inositol (1,4,5)-trisphosphate
InsP3R, inositol (1,4,5)-trisphosphate receptor
kb, kilobase(s) or 1000 bp
L7-pcp-2, gene encoding Purkinje cell protein 2
Luc, firefly luciferase
NYHA, New York Heart Association
PCR, polymerase chain reaction
PEP-19, gene encoding neuron-specific protein PEP-19
pRL-CMV, vector containing gene encoding Renilla luciferase driven by CMV
promoter
RA, retinoic acid
RARE, retinoic acid response element
RAS, renin-angiotensin system
RyR, ryanodine receptor
SERCA2, sarcoplasmic reticulum calcium ATPase type 2
SR, sinus rhythm
STZ, streptozotocin
TGF-β, Transforming Growth Factor Beta
tsp, transcription start point(s)
UAP, Unilateral adriamycin-induced proteinuria
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Addendum
Nucleotide sequences

Human InsP3R-1 promoter: U88725
Rat InsP3R-1 promoter: AF027681
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LOCUS       HSU88725     2093 bp    DNA             PRI       19-MAR-1998
DEFINITION  Human type 1 inositol 1,4,5-trisphosphate receptor gene,

promoter region and exon 1.
ACCESSION   U88725
NID         g1857947
VERSION     U88725.1  GI:1857947
KEYWORDS    .
SOURCE      human.
  ORGANISM  Homo sapiens
            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Mammalia;
            Eutheria; Primates; Catarrhini; Hominidae; Homo.
REFERENCE   1  (bases 1 to 2093)
  AUTHORS   Deelman,L.E., Jonk,L.J. and Henning,R.H.
  TITLE     The isolation and characterization of the promoter of the human
            type 1 inositol 1,4,5-trisphosphate receptor
  JOURNAL   Gene 207 (2), 219-225 (1998)
  MEDLINE   98172755
REFERENCE   2  (bases 1 to 2093)
  AUTHORS   Deelman,L.E., Jonk,L.J. and Henning,R.H.
  TITLE     Direct Submission
  JOURNAL   Submitted (06-FEB-1997) Clinical Pharmacology, University of
            Groningen, A. Deusinglaan 1, Groningen 9713 AV, The Netherlands
FEATURES             Location/Qualifiers
     source          1..2093
                     /organism="Homo sapiens"
                     /db_xref="taxon:9606"
     promoter        1..1948
     TATA_signal     1922..1927
     exon            1949..2093
                     /number=1
                     /product="type 1 inositol 1,4,5-trisphosphate receptor"
BASE COUNT      504 a    517 c    554 g    512 t      6 others
ORIGIN
        1 atcgtgaaca caaactttgt ctatttcaag agctttgccc cttcctggac tgacattaaa
       61 tgcttatctg agcaggcaaa tacagtgcac atgtttacat tggggaggta gcggagacta
      121 gtagtttagg accagggttc aagactcagc tatttgtgtg actttggagg aagtaattta
      181 atcgctttgt gccccccctc agttttctca taagtaaaaa tggcttaata ggatttaatt
      241 aggtgctata cagaaagagt ttagaccaat gcctgacaca tggcattcac ccaataagtg
      301 tcaataatta tgattcgttt tggcattatt atgtcagtaa taactattag ctatgattct
      361 cctctaattt gttcctaaag tttcatgaga ctcgatttta tattaaggaa tcctgctaaa
      421 aagtagacat attctaataa gaatttcctt cagatggcaa aactggggca aagagatgaa
      481 aatgacttgc ccaagggctc agaggctgct cctaaatggg gagagaggct atttaaggca
      541 atggcggtgg atttccccaa agacaagggt ttcatacacg tagagtctgg aacgggagtc
      601 caggctgtac cacttaactc gaggggtcat ttgggaagtt acctgatttc tctgagccct
      661 ggattgtgca cctgccaaat agatataata aatataccta cagttggtaa aactcaatag
      721 catgacgcat gaaaactgca tgtggtctgg gctcaataaa atcagcctcc ccattgatta
      781 ttatcattat tattactatt gttataacag atctttaggc ggcgtcagga agtgcctgtc
      841 tgggatgcta taatgcgttt ggctcaccac tatgccccag cgcctggcac ctagtaaaca
      901 ctcaggaaac gtttgaggaa tgaatatacg tcatttgagg caagacaggg cagtcggctg
      961 actgcctccg ggcttagctc ttcccctcct tgcaaaagcc ggagccctaa gcagcgtgta
     1021 gcccgggagc ccaggcatta cttggcagcg ggtgaaaccc accttgcccc attcggagct
     1081 cttggagagc gccccgcctg gatgcgcatc tctgtgtgag cggctctttc ctaagccctt
     1141 atttttctgg tttgcggttt atttacttaa gcatttacag ctcccaggag cagaggggct
     1201 gctagaggta cggtcaggac tgaggtcgcg gtttgtattt attttctgcc ccccaatctc
     1261 agagccggca agtcacaaca cggctccttt atttgtgcac cggagaggtc tgcctttctt
     1321 tacctcctca cgggcgataa aagacaagca actcgggctc agaaaagtgc tctcacgcga
     1381 cttgcctgtg tctccgcttg cgtggaccgt cgctcccagg cttggtttct cgtgcaaacc
     1441 cgagcagggc ggagcagatt aaataaagac acctcgcgcc tttaatcctt gaccgcaaac
     1501 actggcgttt ttgtgccccg gatttctgaa attcttggct cggggaacca aggcaggggg
     1561 agggtgggct tgtaaaaact tcccaaagca gaaatccgag ctcctagccc ctccccggcc
     1621 ccagtgacac ctggattcca gggaaggggg gcagccggag gagaggcgtc cccaagggtt
     1681 gcgggcgctt cccaggggtg actttgaacg gctggtccaa gccttaccga ccccagccaa
     1741 ggaacaggct cagcagcctg aaagccttcg caggacgccc ctcccctgtc cccgcacgcg
     1801 tctatttagg gcccagtccg ggcgcccagg ggattctggg acttgtagtc cctccccgca
     1861 gcctcaggcg ccgccacgac ccgctacttg gactacattg cccagggagc ttcccggcct
     1921 atataagcca cccggagccg ctttaaagtg cagtaaccat gtggatgtgc tgctgaagcg
     1981 tttcctcaag ctcgctgggg tgggaggaga ggaggaggag nnnnnngtgg tggaggagga
     2041 ggcagggggt ggagagagag aaagcgcacg ccgagaggag gtgtgggtgt tcc
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LOCUS       AF027681     1009 bp    DNA             ROD       22-SEP-1998
DEFINITION  Rattus norvegicus type I inositol 1,4,5-trisphosphate receptor
            gene, promoter region and exon 1.
ACCESSION   AF027681
NID         g3641612
KEYWORDS    .
SOURCE      Norway rat.
  ORGANISM  Rattus norvegicus
            Eukaryota; Metazoa; Chordata; Vertebrata; Mammalia; Eutheria;
            Rodentia; Sciurognathi; Muridae; Murinae; Rattus.
REFERENCE   1  (bases 1 to 1009)
  AUTHORS   Sipma,H., Deelman,L., Smedt,H.D., Missiaen,L., Parys,J.B.,
            Vanlingen,S., Henning,R.H. and Casteels,R.
  TITLE     Agonist-induced down-regulation of type 1 and type 3 inositol
            1,4,5-trisphosphate receptors in A7r5 and DDT1 MF-2 smooth

muscle cells
  JOURNAL   Cell Calcium 23 (1), 11-21 (1998)
  MEDLINE   98231525
REFERENCE   2  (bases 1 to 1009)
  AUTHORS   Deelman,L.E., Jonk,L.J., De Smedt,H. and Henning,R.H.
  TITLE     Direct Submission
  JOURNAL   Submitted (01-OCT-1997) Department of Clinical Pharmacology,
            University of Groningen, A. Deusinglaan 1, Groningen 9713 AV,

The Netherlands
REFERENCE   3  (bases 1 to 1009)
  AUTHORS   Deelman,L.E., Jonk,L.J., De Smedt,H. and Henning,R.H.
  TITLE     Direct Submission
  JOURNAL   Submitted (22-SEP-1998) Department of Clinical Pharmacology,
            University of Groningen, A. Deusinglaan 1, Groningen 9713 AV,

The Netherlands
  REMARK    Sequence update by submitter
COMMENT     On Sep 22, 1998 this sequence version replaced gi:2605778.
FEATURES             Location/Qualifiers
     source          1..1009
                     /organism="Rattus norvegicus"
                     /strain="DB1X"
                     /db_xref="taxon:10116"
                     /cell_line="A7r5"
                     /tissue_type="aortic smooth muscle"
     promoter        1..832
     TATA_signal     806..811
     mRNA            833..>1009
                     /product="type I inositol 1,4,5-trisphosphate receptor"
     exon            833..>1009
                     /note="type I inositol 1,4,5-trisphosphate receptor"
                     /number=1
BASE COUNT      233 a    265 c    285 g    226 t
ORIGIN
        1 aagcccttat ttttctggtt tgcggtttat ttacttgagc atttacagat tccaggagca
       61 aagggggtcc tagaagcggg gtcaggacca ggtcgcggtt tgtatttctt tcctgcttcg
      121 cgatcacaac atcagcaagt cacaacatgg ttcctttatt tgctcactcg aaagggttgc
      181 gttcctttta cctcccaccg ggcgacgaaa gacagacaca gctcggattc agaaaagggc
      241 tttcacacga ttaccccgca tcctcgatag cagggaccac ctcattgcca gacttttcat
      301 gcagacacta gcaggatcca ataaagaact ggaacagatt taataaagac aaacttgctt
      361 ctttaatcct tgaccgcaaa acactggcgt ttttgtgcct cggatttctg aaattcttgg
      421 ctccaggaca caggacgcgc gggggtgggt aaacagcttg taaaaacttc ccaaagtagt
      481 aatccgagct cctcctctct ctctggcccc tagtgacacc tgactttaga aaagggacag
      541 tcaaaagaga agggttcaca ggggtaaggg acaccctgtg gatcgggctt gccaaacctg
      601 gggagttcgc tgcttagaca caggttcgca gccccagcct tcccgctcgg cgcccctccc
      661 ccgaccctgg tcagtgcgcg ggagtctatt tagaacccag ccccagagcc cagggcattc
      721 tgggacttgt agtccttctg cgcagtccca ggcgccggca ggacctggga atcggactac
      781 attgcccagg gagcttccgg gcctatataa gcggccggga gctgcttcaa agtgcagtaa
      841 ccatgtggat gttctgctga agcgtttcct caagcctgcc ggggtgggag gagaggagga
      901 ggaggtggtg gtggaggagg tggaggcagg gggtggagag agagaaagcg cacgccgaga
      961 ggaggtgtgg gtgttccgct cccatcctaa cggaacgagc tccctcttc
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