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Abstract

Inositol 1,4,5-trisphosphate receptor (IPsR) plays a crucial role in generating Ca®* signaling and three subtypes of IPsR have been
identified. In spite of a high degree of similarity among these subtypes, their effects on spatio-temporal Ca>' patterns are specific and
diverse; therefore the physiological significance of the differential expression levels of IP;R subtypes in various tissues remains unknown.
Here, we examined the relative contribution of the specific subtype of IP3Rs to the agonist-induced Ca®* signaling and contraction in
IP;R-deficient vascular smooth muscle cells and found that IP3R1 deficient cells exclusively showed less sensitivity to the agonist, com-
pared to those from the other genotypes. We also found that IP3R1 dominantly expressed in vascular aortae on a consistent basis, and
that phenylephrine (PE)-induced aortic muscle contraction was reduced specifically in IP;R1-deficient aortae. Taken together, we con-

cluded that IP;R1 plays a predominant role in the function of the vascular smooth muscle in vivo.

© 2008 Elsevier Inc. All rights reserved.
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Inositol 1,4,5-trisphosphate receptor (IP;R) is an
important channel that controls Ca?" signaling with vari-
eties of spatio-temporal patterns [1]. To date, three mam-
malian IP3R isoforms have been identified, which share
60-70% amino acid homology [2] and almost all tissues
and cell lines express the three IP;R subtypes to varying
degrees [3]. However, the difference in their functional
significance in vivo has been only partially understood.
Gene targeting is one of the powerful tools used to
reveal the functional role of a specific IP3;R subtype in
tissues of interest. IP3R1 is highly expressed in the cen-
tral nervous system, particularly in the cerebellum [4]
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and the targeted deletion of IP;R1 gene in mice caused
ataxia and epileptic seizures, followed by a premature
death, highlighting the importance of IP;R1 for brain
function [5]. IP3R2 and IP3R3 are involved in exocrine
secretion, as inferred by a double deficiency of IP3;R2
and IP3R3 showing deficit of saliva and pancreatic juice
secretion [6].

An important step in the vascular smooth muscle con-
tractile process is an increase in the intracellular Ca®* con-
centration. It is now well established that the major
pathway for increasing intracellular Ca®* in smooth muscle
is the activation of phospholipase C (PLC) via activation of
a plasma membrane receptor, which leads to the produc-
tion of IP3. IP; then binds to IP3Rs on the sarcoplasmic
reticulum (SR) membrane and triggers the release of
Ca", thereby inducing contraction [7]. Thus, IPs-induced
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calcium release is an important triggering step for excita-
tion-contraction coupling in the smooth muscles.

In vascular smooth muscle cells, expression of IP3R sub-
types is controversial; some reported IP3R1 and IP;R3
expression [3,8,9], whereas others reported the expression
of IP;R1 and IP;R2 [10] in vascular muscle. In A7r5, a cell
line derived from embryonic rat aorta, IP;R1 and IP;R3
are expressed with the type 1 isoform being predominant
(~80% of IP3Rs) [11]. In addition, IP;R1 is shown to be
more important than IP;R3 for IPs-induced Ca®" release
(IICR), capacitative calcium entry (CCE), and prolifera-
tion in A7r5 cells [11]. However, there has been no direct
evidence showing the functional roles of specific IP;R sub-
type in the intact vascular smooth muscle, such as primary
cultured cells or in situ isolated muscle preparation. In this
study, we investigated the agonist-induced Ca*" responses
and aortic muscle contraction in specific IP;R-deficient
mice and determined the relative contribution of specific
IP3R subtype to IICR and stimulus-contraction in the aor-
tic vascular smooth muscle.

Materials and methods

Animals. TP3R1 knockout (KO), IP;R2KO, IP;R3KO, IP;R2/3KO
were described as previously [5,6].

The primary culture of mouse thoracic aorta vascular smooth muscle cells
(TASMCs). Mouse TASMCs were isolated from thoracic aorta as previ-
ously described [12,13]. Mice (P15) were anesthetized with ethyl ether,
killed by cervical dislocation, and thoracic aorta was quickly removed from
all mice. Blood vessels were carefully cleaned of connective tissue, the
tunica adventitia, and removed the endothelium by gently rubbing with a
sterile cotton swab. Then, the remaining part of the aorta was cut into small
pieces. The pieces of aorta were incubated in HBSS supplemented with
2 mg/ml collagenase, 0.5 mg/ml elastase, and 0.5 mg/ml trypsin inhibitor
for 25 min at 37 °C. Enzymatic digestion was terminated by the addition of
5.0 ml CS-C Medium. The cell suspension was centrifuged, and the pellet
was resuspended in CS-C medium containing 10% fetal bovine serum,
100 U/ml of penicillin G, and 10 mg/ml of streptomycin. The cell suspen-
sion was grown on 35-mm glass-bottom dishes at 37 °C in a humidified
atmosphere of 5% CO, for 5-7 days until the cells became subconfluent.

Immunoblot analysis. Tissue samples of thoracic aorta were prepared as
described above. The smooth muscle layer was teased away from the outer
connective tissue layer and cut into pieces. Then, the pieces of tissue were
homogenized for 90s in homogenization medium [0.32 M sucrose,
1.0 mM EDTA, 5 mM Tris—HCI (pH 7.5)]. The homogenate was centri-
fuged for 5 min at 5000 rpm. The protein concentration of supernatants
was determined and the proteins were separated by a 4.5-10% gradient
SDS-PAGE and transferred to PVDF membrane. Primary antibodies
used were 4C11 for IP;R-1, ABsII for IP;R-2 (king gift from Dr. A.
Tanimura), anti-IP;R3 antibody (Transduction Laboratories, BD Bio-
sciencesfor), and anti-B-actin antibody. The membrane was incubated with
horseradish peroxidase (HRP)-conjugated anti-mouse IgG (Amersham)
for IP;R1, IP3R3, B-actin and HRP-conjugated anti-rabbit IgG for IP;R2
as the secondary antibody. After washing with PBS-T, the immunoreac-
tive bands were visualized by ECL-plus (for IP3Rs) and ECL (for B-actin)
detection system (Amersham Pharmacia Biotech).

The expression of IP3; sponge in TASMCs. The expression vector for
GFP-tagged IP; sponge was described previously [14]. For the transfection
experiments, primarily cultured TASMCs were grown on 35-mm glass-
bottom micro-well dishes and transfected by using TransIT transfection
reagents (Mirus) according to the manufacturer’s instructions. Five days
after transfection, the cells were used for Ca®* imaging.

Ca®* imaging. Twenty-four hours before each experiment, the culture
medium containing 10% FBS was substituted for the serum-free medium

to arrest cell growth, allowing for establishment of steady state cellular
events independent of cell division to prevent a false estimate of intra-
cellular Ca>" concentration. TASMCs were washed twice with BSS [(in
mM) NaCl 125, KC1 5, MgSO, 1.2, glucose 11, CaCl, 1.8, and HEPES 25,
at pH 7.4 adjusted with NaOH]. TASMCs were then loaded with 3 uM
fura2-AM and 0.1% bovine serum albumin (BSA) in BSS for 45 min at
room temperature. Then, the fura-2-loaded cells were then placed on the
stage of an inverted fluorescence microscope (IX-70; Olympus, Japan) and
perfused continuously at a rate of 1.0 ml/min with BSS. Image capturing
and processing were done using a PC-driven software (Argus 50/CA;
Hamamatsu Photonics, Japan). With alternate illumination at 340 and
380 nm excitation, pairs of the fluorescence images through an emission
filter (510-550 nm) were obtained every 10s using a silicon-intensified-
target video camera (C2400-8; Hamamatsu Photonics, Japan), and digi-
tized by an image processor (Argus50; Hamamatsu Photonics, Japan). For
Ca®"-free solution, CaCl, was omitted from BSS, and 2 mM EGTA was
added.

Force measurement in isolated mouse aorta. Aortic vessel preparations
were prepared from 16-20-day-old mice lacking specific subtype of IP;R
and age-matched WT littermates. Following sacrifice by heart puncture
under deep anesthesia with diethylether, thoracic aortas were immediately
dissected, rinsed in ice-cold PBS, and then connective tissue and fat were
removed. Thoracic aorta rings in 2 mm length were taken, mounted in a
chamber bath containing 5 ml Krebs—Henseleit solution [(in mM) NaCl
119, KCI 4.6, NaHCO; 15, CaCl, 1.5, MgCl, 1.2, NaH,PO, 1.2, glucose
5.5, pH 7.4], and connected to a Harvard apparatus differential capacitor
force transducer (UFER magnus system, UFER medical instrument). The
physiological salt solution was bubbled continuously with a mixture of
95% O, and 5.0% CO, at 37 °C. The segments were equilibrated at
125 mgf resting tension for 30 min. For recording a cumulative response-
curve, increasing concentrations of PE in the range of 105 to 107¢ M were
added, respectively, following the recording of high (30 mM) K*-stimu-
lated contraction, after each response reached a steady state. The extent of
PE-induced contraction was expressed as a percentage of high K'-stim-
ulated contraction.

Results
Agonist-induced Ca’* increases in cultured TASMCs

We cultured WT TASMCs and examined the nature of
the ATP-induced [Ca®']; increases in them. About 90% of
the cultured cells were a-actin positive, confirming the cells
to be smooth muscle cells (Fig. 1A). Application of ATP to
the cultured TASMCs induced Ca®" signals, which was
inhibited by 100 uM of 2-Aminoethyl diphenylborinate
(2-APB) that is known to inhibit IICR (Fig. 1B). ATP-
induced Ca”" signals were also inhibited by the expression
of IPs;-sponge, an IPs-absorbent, into the cells (Fig. 1C)
and by the PLC inhibitor, U-73122 (Fig. 1D), but not by
U73343, a negative control for U73122 (data not shown).
Based on these results, we concluded that the ATP-induced
[Ca®'] increases in the cultured TASMCs were mediated
by IPs-induced Ca®" release. We also tried to assess the
responsiveness of the cultured TASMCs to several other
agonists—PE, endothelin-1, and vasopressin—but only
ATP reproducibly induced robust [Ca®']; increases in a
dose-dependent manner in WT-cultured TASMCs. This is
presumably due to somewhat phenotypic conversion to
the de-differentiated properties, which is observed in the
cultured smooth muscle cells in the proliferative phase
[15,16], and thus we decided to use ATP as an agonist to
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Fig. 1. Agonist-induced Ca®>" increases in cultured WT TASMCs. (A) Immunostaining of cultured WT TASMCs with anti-a-actin antibody (Green) and
PI (Red). (B) The effect of 2-APB on ATP-induced [Ca®"}; responses. ATP-induced [Ca®"}; responses were recorded in the presence of 0.1% DMSO (black)
or 100 uM 2-APB (red), in the Ca>*-free buffer containing 2 mM EGTA. (C) Effect of the expression of IP;-sponge on ATP-induced [Ca*"]; responses. The
red and black traces represent Ca>" signals in TASMCs with and without IP5-sponge, respectively. (D) Effect of U73122 on ATP-induced Ca*" release in

the presence of extracellular Ca*".

quantitatively analyze the Ca®" signals in vascular smooth
muscle cells in the following study.

IP;RI1 plays important role in ATP-induced Ca’* signals in
TASMCs

Next, we used IP;3RKO TASMCs to determine the IPsR
subtype responsible for Ca®" signals in the vascular smooth
muscle. There were no significant morphological difference
between cultured WT and IP;RKO TASMCs. Immuno-
staining of cultured cells with anti-smooth muscle a-actin
antibody and propidium iodide revealed that about
92.95%, 93.84%, 94.74%, 94.89%, and 96.03% of the cells
were o-actin positive in cultured IP;R1KO, TP;R2KO,
IP;R3KO, and IP;R2/3KO cells, respectively, indicating
that the lack of IP;Rs did not profoundly affect on the
smooth muscle differentiation (Supplemental Fig. 1).

We stimulated cultured WT TASMCs with various con-
centrations of ATP (1.0, 3.0, 10, and 100 uM) and exam-
ined the intracellular Ca”*" signals in the absence of
extracellular Ca®" (Ca?'-free BSS with 2mM EGTA).
WT TASMCs dose-dependently responded to ATP from
1.0 to 100 uM. Cultured IP;R2KO, IP;R3KO, and
IP;R2/3 double KO TASMCs also showed Ca’* signals
in response to 1.0, 3.0, 10, and 100 pM ATP similar to

those in the WT cells, whereas IP;R1KO TASMC:s failed
to respond to 1.0 uM ATP as shown in Fig. 2. In addition,
the peak amplitude in response to 3.0 and 10 uM ATP was
significantly decreased in IP;R1KO TASMCs compared to
WT cells. Thus, these results demonstrated that IP;R1
plays a predominant role in Ca®" signaling in response to
ATP.

IP3R1 was predominantly expressed in aorta

We next examined the expression level of each IP;R sub-
type in aorta using the subtype-specific anti-IP;R antibod-
ies and pan-IP;R antibody that recognizes all IP;R
subtypes in a similar level [17]. We used P15 WT and
IP;RKO mice, because IP;R1KO mice die within 21 days.
In aortae from P15 WT mice, we detected the expression of
all subtypes of IP;Rs with subtype-specific anti-IP;R anti-
bodies (Fig. 3A). Anti-Pan-IP;R antibodies detected two
bands corresponding to IP;R1 (upper band) and IP;R2
or IP;R3 (lower bands) (Fig. 3A). The upper band was
stronger than the lower one in WT aortae, indicating that
IP;R1 was predominantly expressed in aortae. The lower
band was detected in IP3R2KO aorta in a similar level to
WT, but disappeared in IP;3R3KO aortae. Thus, these
results indicated that aorta expressed each subtypes of
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Fig. 2. ATP-induced Ca>" signals in WT and IP;R-deficient TASMCs. (A) Traces are the average responses to various concentration of ATP in at least 50
individual cells from a single experiment and are representative of more than three independent experiments. (B) Mean peak amplitude of Ca®* signals in

response to various concentration of ATP.
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Fig. 3. The expression level of each IP;R subtype in aortic vascular tissue.
The expression level of each IP;Rs in P15 (A) or adult and cultured (B)
thoracic aorta vascular smooth muscle from WT and various IP;3RKO
mouse. The experiments were performed three times and the representa-
tive data are shown.

IP;Rs in the order of IP;R1 > IP;R3 >> IP3;R2 in P15, and
the expression level of IP3R2 is very small among the three
subtypes of IP3Rs. We also examined the IP;R expression

in adult aortae and the cultured TASMCs. As shown in
Fig. 3B, all subtypes of IP3Rs were again detected in both
adult aortae and cultured TASMCs but in different ratio
compared to P15 mice. Expression of IP;R1 was increased
and that of IP;R3 was decreased as mice became older
from P15 to adult (Fig. 3B). In cultured TASMCs, we
detected a lesser amount of IP3R1 expression and a greater
amount of IP;R3 expression as compared to P15 WT aor-
tae (Fig. 3B).

Reduced phenylephrine-induced aorta contraction in
IP;RIKO mice

Finally, we examined the role of specific IP;R subtypes
in the stimulus-induced contraction of the vascular smooth
muscle in vivo using the aortae. There were no significant
histological differences in thoracic aorta tissue structures
between WT and IP;RKO mice, suggesting that IP3R defi-
ciency in any subtype did not significantly affect the devel-
opment of the arterial vascular smooth muscles in vivo
(Supplemental Fig. 2). Nevertheless, there was a possibility
that further analysis will reveal a subtle difference. We first
stimulated aortic rings of IP;RKO and WT mice with high
K" (30 mM) and after the high K" -induced contraction
was returned to the baseline level, cumulative concentra-
tions (107® to 107°M) of PE were applied (Fig. 4A).
Because force generation actually varies among the aortae
used, we used these two stimuli to evaluate the contractility
of the aorta and presented the PE-induced contraction to
the percentage of the high K'-induced contraction that
exhibits maximal contraction. The normalization allowed
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Fig. 4. Decreased PE-induced isometric force in IP3R1KO aorta. (A) KCl-dependent contraction (left) and PE-dependent contraction (right) in aortic
rings isolated from aorta of WT and various IP;R KO mice. (B) Comparison of the isomeric force evoked by KCl and PE in WT and mutant aortas. Upper
panel: high KCl-induced vascular smooth muscle cell contraction. Lower panel: dose-dependent PE-induced contraction. Data are expressed as a
percentage of 30 mM K Cl-induced contraction. Data represents the mean + SEM (WT, n = 8; IP;1KO, n = 7; IP32KO, n = 6; IP;3KO, n = 7; IP32/3K O,

n = 6). "Statistically significant (p < 0.05, r-test).

us to quantitatively compare the difference in PE-induced
contractility between each genotype of mice. As shown in
Fig. 4A, we found that the aorta isolated from IP;R1KO
mice failed to respond to low concentrations of PE up to
1.0 uM, whereas those from other genotypes responded
dose-dependently (Fig. 4B, upper panel). The KCl-induced
aortic contraction in IP;R1 deficient aorta was observed to
be similar to the level in WT (Fig. 4A). The reason for the
decreased contractility of TP;R2/3 double KO aortae in
response to high K™ stimulation was unknown, but may
be related to the malnutrition seen in IP3R2/3 double KO
mice [6]. Nevertheless, the IP3R2/3 double KO aorta con-
tracted in response to low concentrations of PE as similar
to that seen in WT aortae (Fig. 4B, lower panel), support-
ing the predominant role of IP3;R1 in PE-induced contrac-
tility. Thus, although the machinery contributing to muscle
contraction, such as the acto-myosin system, seemed to be
fully functional, agonist-induced contraction was impaired
in IP3;R1KO aorta, indicating the predominant role of the
IP;R1 in the stimulus-contraction coupling mechanism in
vascular smooth muscles.

Discussion

In this study, we examined the functional role of a spe-
cific IP;R subtype in vascular smooth muscle by examining
the difference in ATP-induced Ca>" responses between WT
and IP;RKO. We found that the 1.0 uM of ATP-induced
an intracellular Ca®" increase in IP3R2KO and IP;R3KO

TASMCs similar to that seen in WT cells, but not in
IP;R1KO cells. Moreover, peak amplitude of Ca®" signals
in response to 3 and 10 pM ATP stimulation was appar-
ently decreased in IP;R1IKO TASMCs. Notably, the
TASMCs cultured from IP;R2/3 double KO mice were
able to induce Ca*" signals in response to stimulation with
1.0 uM ATP. Consistent with this, we demonstrated the
reduced stimulus-contraction in IP;RIKO aorta. Since
the expression levels of TP3;R2 and 3 subtypes were not sig-
nificantly changed (Fig. 3), the lower sensitivity of IP3R1
KO aorta to PE was not due to the changes in the expres-
sion levels of the other IP;R subtypes. These results indi-
cate a preferential role of IP3;R1 in the induction of
[Ca®'] signaling in the vascular smooth muscle cells.

The expression of IP;R subtypes in mouse aortae
(Fig. 3) in our study was virtually similar to the previ-
ous data on rat aortae [3,8,9]. The IP;R subtype expres-
sion changed during postnatal development, with IP;R3
being predominant in neonate and young vascular
smooth muscle and IP;R1 being increased during devel-
opment. In our culture condition, the level of IP;R1
expression was lower than that in P15 and adult, but
nevertheless IP3;R1 expression was highest among the
three types of IP3;Rs (Fig. 3). Because the preferential
role of IP;R1 in Ca®" signaling was still observed even
under the culture condition where IP;R1 was down-reg-
ulated, the role of IP;R1 in adult aortac when IP3;R1
expression increases would be inevitable. It has been
known that IP;R1 has a higher IP; binding affinity than
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IP;R3 and that the threshold of Ca®" concentration
facilitating IP;R activity is lower for IP;R1 than for
IP;R3 [18]. Presumably, because of these properties,
the IP;R1 subtype has a lower threshold for agonist
concentration in inducing IICR.

While the IPsR1KO aorta showed high K'-induced
contraction indistinguishable from IP;R2KO and
IP;R3KO aortae, it failed to respond to low concentra-
tions of PE. The data indicated that although the
machinery contributing to muscle contraction, such as
the actin-myosin system, was intact in IP;R1KO aorta,
contraction induced by low concentration of agonists
was impaired. This indicates the predominant involve-
ment of IP;R1 subtype in the stimulation—contraction
coupling mechanism in vascular smooth muscles. This
idea is further strengthened by the data that the aortae
isolated from IP3R2/3-double KO mice normally con-
tracted in response to low concentrations of PE,
although it showed decreased K'-induced contraction.
Since the IP;R1 expression level in the adult aorta was
higher than that in P15 (Fig. 3B), the IP;R1 may poten-
tially play a more predominant role in adult aorta func-
tion than in P15 mice tested in the present study.

Using the A7r5 cells, Wang et al. showed the critical role
of IP3;R1 in the proliferation of vascular smooth muscle
cells [11]. On the other hand, Tasker et al. described that
IP;R3 has an important role as a predominant subtype
during the developing period in the vascular smooth mus-
cle cell growth [9]. However, we did not observe the signif-
icant retardation of cell growth in the IP;RI1KO cells,
besides, TP;R2, IP3R3, or IP3R2/3 double KO cells (data
not shown). Consistently, the aortae were normally formed
in any genotypes of the IP;R-deficient mice, suggesting a
redundant role of IP3R subtypes in the growth of vascular
smooth muscle cells (Supplemental Fig. 2). Most likely, any
subtypes of IP;R can redundantly work for cell growth, as
long as a sufficient amount of the receptors necessary for
proliferation are functionally expressed. Otherwise, the
increased expression of IP3R3 in the primary cultured vas-
cular smooth muscle cell (Fig. 3) would lead to no retarda-
tion of cell growth in the IP;R1KO cells, unlike A7r5 cells.

It is known that IP;R1-deficient mice die within 21
days after birth [5,6]. The lack of the functional role of
IP;R1 in smooth muscle may be one of the reasons for
the early death of IP;R1KO mice. Further analysis using
tissue specific IP;R1-deficient mice will elucidate the rela-
tionship between the role of IP;R1 in various tissues and
the phenotype of IP;R1KO mice.
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