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Chapter 4
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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
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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



Agonist-induced down-regulation…smooth muscle cells.

83

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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