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1 The aim of the present study was to identify the sources of Ca2+ contributing to acetylcholine (ACh)-
induced release of endothelium-derived hyperpolarizing factor (EDHF) from endothelial cells of rat
mesenteric artery and to assess the pathway involved. The changes in membrane potentials of smooth
muscles by ACh measured with the microelectrode technique were evaluated as a marker for EDHF
release.

2 ACh elicited membrane hyperpolarization of smooth muscle cells in an endothelium-dependent
manner. The hyperpolarizing response was not a�ected by treatment with 10 mM indomethacin, 300 mM
NG-nitro-L-arginine or 10 mM oxyhaemoglobin, thereby indicating that the hyperpolarization is not
mediated by prostanoids or nitric oxide but is presumably by EDHF.

3 In the presence of extracellular Ca2+, 1 mM ACh generated a hyperpolarization composed of the
transient and sustained components. By contrast, in Ca2+-free medium, ACh produced only transient
hyperpolarization.

4 Pretreatment with 100 nM thapsigargin and 3 mM cyclopiazonic acid, endoplasmic reticulum Ca2+-
ATPase inhibitors, completely abolished ACh-induced hyperpolarization. Pretreatment with 20 mM

ca�eine also markedly attenuated ACh-induced hyperpolarization. However, the overall pattern and
peak amplitude of hyperpolarization were una�ected by pretreatment with 1 mM ryanodine.

5 In the presence of 5 mM Ni2+ or 3 mM Mn2+, the hyperpolarizing response to ACh was transient,
and the sustained component of hyperpolarization was not observed. On the other hand, 1 mM nifedipine
had no e�ect on ACh-induced hyperpolarization.

6 ACh-induced hyperpolarization was nearly completely eliminated by 500 nM U-73122 or 200 mM 2-
nitro-4-carboxyphenyl-N,N-diphenylcarbamate, inhibitors of phospholipase C, but was unchanged by
500 nM U-73343, an inactive form of U-73122. Pretreatment with 20 nM staurosporine, an inhibitor of
protein kinase C, did not modify ACh-induced hyperpolarization.

7 These results indicate that the ACh-induced release of EDHF from endothelial cells of rat mesenteric
artery is possibly initiated by Ca2+ release from inositol 1,4,5-trisphosphate (IP3)-sensitive Ca

2+ pool as
a consequence of stimulation of phospholipid hydrolysis due to phospholipase C activation, and
maintained by Ca2+ in¯ux via a Ni2+- and Mn2+-sensitive pathway distinct from L-type Ca2+ channels.
The Ca2+-in¯ux mechanism seems to be activated following IP3-induced depletion of the pool.
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Introduction

In a variety of blood vessels, acetylcholine (ACh) causes re-
laxations of smooth muscle cells indirectly by releasing some
vasorelaxing mediators from the endothelium. These media-
tors include endothelium-derived nitric oxide (EDNO), pros-
tacyclin (PGI2) and endothelium-derived hyperpolarizing
factor (EDHF) (Furchgott & Vanhoutte, 1989; Suzuki et al.,
1992; Garland et al., 1995). The release of EDNO and PGI2
from endothelial cells is believed to be triggered by an increase
in cytosolic Ca2+ concentration ([Ca2+]i) (Long & Stone, 1985;
Hallam et al., 1988).

However, in bovine cultured aortic endothelial cells EDNO
release correlates most closely with transmembrane Ca2+ in¯ux
rather than Ca2+ release from intracellular pools, while PGI2
release is entirely dependent on Ca2+ release from the pools
(LuÈ ckho� et al., 1988). Parsaee et al. (1992) have shown that
higher levels of [Ca2+]i are required for PGI2 release than for
EDNO release. Furthermore, inhibition of intracellular Ca2+

mobilization by TMB-8 attenuated bradykinin-induced PGI2
release (Whorton et al., 1987), while exerting a minimal e�ect
on EDNO release (Peach et al., 1984). Thus, there is a di�erence
in Ca2+ sources required for the release of EDNO and PGI2.

The elevation of [Ca2+]i in endothelial cells has been also pro-
posed to be essential for the release of EDHF (Chen & Suzuki,
1990). This hypothesis has been supported by the ®ndings that
the Ca2+-ionophore A23187 induces endothelium-dependent
membrane hyperpolarization (Chen & Suzuki, 1990; Nagao &
Vanhoutte, 1992; Nakashima & Vanhoutte, 1993). However,
the involvement of either transmembrane Ca2+ in¯ux, as
EDNO, or Ca2+ release from intracellular pools, as PGI2 for
EDHF release remains questionable.

The elevation of [Ca2+]i in endothelial cells induced by
agonists such as ACh is the result of both Ca2+ release from
intracellular stores and transmembrane Ca2+ in¯ux through
non-voltage-gated channels (Newby & Henderson, 1990). The
release of Ca2+ from intracellular stores is mainly initiated by
inositol 1,4,5-trisphosphate (IP3), which is generated from
phosphatidylinositol 4,5-bisphosphate breakdown by phos-
pholipase C upon activation of the receptor with agonist, but a
ca�eine-sensitive Ca2+-induced Ca2+ release mechanism may
contribute to the release of Ca2+ to lesser extent (Lesh et al.,
1993). The release of Ca2+ from intracellular stores is generally
accompanied by transmembrane Ca2+ in¯ux (Berridge, 1993).
The linkage between these two events is intriguingly proposed
as the capacitative model (Putney, 1986) in that transmem-
brane Ca2+ in¯ux is controlled by the extent of ®lling of in-1Author for correspondence.
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tracellular Ca2+ stores. Recent evidence suggests that depletion
of intracellular Ca2+ stores may trigger Ca2+ in¯ux through a
novel messenger named `Ca2+-in¯ux factor' (Randriamampita
& Tsien, 1993). Other results imply that Ca2+ in¯ux may be a
direct consequence of receptor activation (Xiong et al., 1991;
Graier et al., 1992), or it may result from agonist-induced
formation of 1,3,4,5-tetrakisphosphate (IP4) (LuÈ ckho� &
Clapham, 1992). It remains to be elucidated which of the
above-mentioned putative mechanisms for agonist-induced
increases in [Ca2+]i in endothelial cells play a key role in
EDHF release.

This study focused on clarifying which is the more im-
portant source of Ca2+ for ACh-induced release of EDHF,
Ca2+ released from intracellular stores or Ca2+ in¯uxed from
the extracellular medium. We measured ACh-induced en-
dothelium-dependent hyperpolarization in rat mesenteric ar-
tery as a marker for EDHF release. We examined how ACh-
induced hyperpolarization is modi®ed by Ca2+ removal from
the extracellular medium and by the substances acting on in-
tracellular Ca2+ stores or transmembrane Ca2+ in¯ux. In order
to determine whether EDHF release is linked to ACh-induced
stimulation of phospholipase C and subsequent activation of
protein kinase C, the e�ects of the inhibitors of phospholipase
C and protein kinase C on ACh-induced hyperpolarization
were also examined.

Methods

Male Wistar rats, 250 ± 350 g, were anaesthetized with diethyl
ether. The main branch of the superior mesenteric arteries
(diameter; average 0.98 mm) was carefully removed and
cleaned of the surrounding fat and connective tissue in oxy-
genated physiological salt solution (PSS) at room temperature.
The artery was cut into rings, 3-mm in length, opened long-
itudinally and mounted on a chamber (capacity 3 ml) with tiny
pins with endothelial side facing up. The tissue was superfused
with warmed (378C) PSS aerated with 95% O2 and 5% CO2 at
a constant ¯ow rate of 7 ml min71 and allowed to equilibrate
for at least 60 min before the start of recordings. Where in-
dicated, the endothelial cells was removed by gently rubbing
the intimal surface of the vessel with a moistened cotton ball.
Glass capillary microelectrodes ®lled with 3 M KCl (tip re-
sistances 40 ± 80 MO) were impaled into the smooth muscle
cells from the intimal side. The microelectrode was coupled by
a Ag/AgCl junction to a high impedance capacitance neu-
tralizing ampli®er (Nihon Kohden, MEZ-8201, Tokyo, Ja-
pan). An agar bridge containing 3 M KCl was used as a
reference electrode. Electrical signals were continuously mon-
itored on a oscilloscope (Nihon Kohden, VC-10, Tokyo, Ja-
pan) and recorded on a chart recorder (Watanabe Sokki
WR3101, Tokyo, Japan). After a stable membrane potential
for at least 2 min, application of ACh was commenced. We
compared the hyperpolarizing responses to ACh before and
after application of various interventions. When the tissues
were pretreated with the drugs, they were added to the medium
15 ± 25 min before the second challenge with ACh. We con-
®rmed that repeated determinations did not a�ect the overall
pattern of the hyperpolarizing response to ACh if the second
challenge with ACh was given at 5 min or more after the ®rst
challenge.

The composition of PSS was as follows (in mM): NaCl 118.2,
KCl 4.7, CaCl2 2.5, MgCl2 1.2, KH2PO4 1.2, NaHCO3 25.0
and glucose 10.0. For Ca2+-free PSS, Ca2+ was omitted and
0.2 mM EGTA was added. When NiCl2 or MnCl2 was used,
HCO3

7 was substituted by HEPES-NaOH. The HEPES so-
lution was gassed with 100%O2 and the pH of the solution was
adjusted to 7.4. The composition of the HEPES solution was as
follows (in mM); NaCl 143.0, KCl 5.4, CaCl2 2.5, MgCl2 0.5,
NaH2PO4 0.33, HEPES 5 and glucose 5.5.

The following drugs were used: ACh chloride, ca�eine,
staurosporine and 3-isobutyl-1-methyl-xanthine (IBMX)
(Wako, Osaka, Japan); thapsigargin (TSG) (Calbiochem-No-

vabiochem, San Diego, CA, U.S.A.); U-73122 (1-(6-((17b-3-
methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl) - 1H - pyrrole-
2,5-dione) and U-73343 (1-(6-((17b-3-methoxyestra-1,3,5(10)-
trien - 17 - yl)amino)hexyl) -2,5 - pyrrolidine-dione) (BIOMOL
Research, Plymouth Meeting, PA, U.S.A.); ryanodine (Pro-
gressive Agri Systems, Wind Gap, PA, U.S.A.); pinacidil
(Shionogi, Osaka, Japan); and indomethacin, NG-nitro-L-ar-
ginine (L-NOARG), cyclopiazonic acid (CPA), 2-nitro-4-car-
boxyphenyl-N,N-diphenylcarbamate (NCDC) and nifedipine
(Sigma Chemical, St. Louis, MO, U.S.A.). ACh was dissolved
in distilled water. Staurosporine, ryanodine, ca�eine, CPA, U-
73122, U-73343, IBMX and indomethacin were dissolved in
dimethyl sulphoxide. TSG and NCDC were prepared in di-
methyl sulphoxide and diluted in ethanol. Pinacidil and L-
NOARG were dissolved in 0.2 N HCl. Nifedipine was dis-
solved in ethanol. Further dilutions were made with PSS.
Oxyhaemoglobin was prepared according to the method of
Martin et al. (1985). The experiments with nifedipine were
performed in the dark.

All values are expressed as the means+s.e.mean. For sta-
tistical evaluation, Student's paired t test was used. Values of
P50.05 were considered signi®cant.

Results

Endothelium-dependent hyperpolarization by ACh

Resting membrane potential of the mesenteric arterial smooth
muscle cells were 753.2+0.5 mV (n=85). In tissues with en-
dothelium, 1 mM ACh hyperpolarized the membrane potential
by 715.8+0.3 mV (n=64). In tissues without endothelium,
ACh produced no signi®cant change in the membrane poten-
tial (Figure 1a). Treatment with 10 mM indomethacin, 300 mM
L-NOARG or 10 mM oxyhaemoglobin did not a�ect the rest-
ing membrane potentials or ACh-induced membrane hy-
perpolarizations (Figure 1b ± d).

Extracellular Ca2+ and ACh-induced hyperpolarization

As described previously (Fukao et al., 1995a), the hyperpolar-
izing response to ACh was composed of two components; i.e.,
an initial transient component followed by a sustained one. In
most of the preparations, the initial transient component
smoothly merged in the sustained one. Occasionally, a brief
depolarizing notch helped to separate these components. The
initial component appeared immediately after the addition,
reaching a maximum level within 10 s. The sustained compo-
nent following the initial component reached a maximum level
about 60 s later, and decayed with a very slow time course.

When the preparations were exposed to Ca2+-free PSS, the
resting membrane potentials gradually depolarized. The mem-
brane potentials were depolarized by 6.2+0.9 and 13.5+2.1
mV (n=6) at 5 and 10 min after exposure to Ca2+-free PSS,
respectively. In Ca2+-free PSS, ACh produced only a transient
hyperpolarization lasting for about 1 min (Figure 2). The peak
amplitude of hyperpolarization was 715.2+1.1 mV (n=6).
Five min after the initial application of ACh in Ca2+-free PSS,
subsequent application of ACh produced virtually no hy-
perpolarization (Figure 2). The membrane potentials were re-
polarized to the original level 5 min after the reintroduction of
normal PSS. Then application of ACh produced sustained hy-
perpolarization that was almost similar to the control response,
but the initial component of hyperpolarization only partially
recovered (Figure 2). The same hyperpolarizing response to
ACh as the control one was observed 10 min after the re-
introduction of PSS containing normal Ca2+ (data not shown).

Intracellular Ca2+ stores and ACh-induced
hyperpolarization

TSG and CPA reduce intracellular Ca2+ stores by inhibiting
the Ca2+-pump ATPase of the endoplasmic reticulum
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(Georger et al., 1988; Seidler et al., 1989; Thastrup et al., 1990).
As demonstrated in our previous study (Fukao et al., 1995a),
TSG and CPA elicited endothelium-dependent hyperpolar-
ization. When 100 nM TSG and 3 mM CPA were applied, the

membrane potentials were hyperpolarized by 711.7+1.0 mV
(n=6) and711.7+1.9 mV (n=6), respectively. In spite of the
continuous presence of TSG or CPA, the membrane potential
returned to the resting level with a very slow time course. After
the membrane potential had nearly reversed to the resting level
(usually 20 min), application of 1 mM ACh failed to produce
any detectable change in the membrane potentials (Figure 3a
and b). Thus, pretreatment with TSG and CPA completely
blocked ACh-induced hyperpolarization. In contrast, the hy-
perpolarizing response induced by pinacidil, a ATP-sensitive
K+ channel opener, was not inhibited by pretreatment with
TSG and CPA (Figure 3c).

Ca�eine initially enhances the release of Ca2+ from in-
tracellular stores and subsequently inhibits Ca2+ uptake,
thereby depleting the stores (Weber & Herz, 1968). The
changes in the membrane potential induced by 20 mM ca�eine
were usually biphasic. Thus, ca�eine produced a transient
hyperpolarizing e�ect (76.3+1.1 mV, n=6) followed by a
sustained depolarizing e�ect (10.2+1.4 mV, n=6). In the
presence of 20 mM ca�eine, the hyperpolarizing response to
1 mM ACh was nearly completely eliminated (Figure 4a). The
peak amplitude of hyperpolarization was 716.6+0.6 and
70.7+0.3 mV (n=6) before and after treatment with ca�eine,
respectively. Because ca�eine also acts as a phosphodiesterase
inhibitor (Leijten & van Breemen, 1984), we examined the ef-
fect of phosphodiesterase inhibitor IBMX on ACh-induced
hyperpolarization. IBMX signi®cantly attenuated ACh-in-
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ACh 1 µM

ACh 1 µM

ACh 1 µM

ACh 1 µM

Control

Control
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ACh 1 µM

L-NOARG 300 µM

Oxyhaemoglobin 10µM

10 mV

1 min

Figure 1 E�ects of endothelium removal (a), 10 mM indomethacin
(b), 300 mM L-NOARG (c) and 10 mM oxyhaemoglobin (d) on
membrane hyperpolarization induced by 1 mM ACh in rat mesenteric
artery. Indomethacin, L-NOARG, oxyhaemoglobin were added to
the bath 15 ± 25 min before ACh. Removal of endothelium,
indomethacin, L-NOARG or oxyhaemoglobin had no e�ect on the
resting membrane potentials.
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Figure 2 E�ect of extracellular Ca2+ concentrations on ACh-
induced hyperpolarization in rat mesenteric artery. Initially,
1 mM ACh was applied in normal PSS. Then, the tissue was exposed
to Ca2+-free PSS and ACh was applied with an interval of 5 min.
Subsequently, the response to ACh was obtained 5 min after the
reintroduction of normal PSS.
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Figure 3 E�ects of (a) thapsigargin (TSG) and (b) cyclopiazonic
acid (CPA) on cell membrane potential and ACh-induced hyperpo-
larization and (c) on pinacidil-induced hyperpolarization in rat
mesenteric artery. (a and b) Application of 100 nM TSG or
3 mM CPA produced hyperpolarization. After pretreatment with
TSG or CPA for 20 min, the hyperpolarizing response to 1 mM ACh
was abolished. (c) Pinacidil elicited endothelium-independent hyper-
polarization of the smooth muscle cells. Pretreatment with TSG or
CPA had no e�ect on pinacidil-induced hyperpolarization.
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duced hyperpolarization; the peak amplitude of the hyperpo-
larizing response to 1 mM ACh was 717.6+1.5 and
79.2+4.0 mV (n=5, P50.05) before and after treatment
with 500 mM IBMX, respectively.

Ryanodine depletes intracellular Ca2+ stores by opening
Ca2+ release channels and making the endoplasmic reticulum
leaky to Ca2+ (Hwang & van Breemen, 1987). Figure 4b shows
the hyperpolarizing response to 1 mM ACh before and after
treatment with 1 mM ryanodine. Ryanodine had no e�ect on
the resting membrane potential (before: 753.7+1.8, after
753.5+2.2, n=6). Furthermore, the overall pattern of ACh-
induced hyperpolarization was unchanged in the presence of
ryanodine. The peak amplitude of hyperpolarization was
715.8+0.5 and 716.0+0.6 mV (n=6) before and after
treatment with 1 mM ryanodine, respectively. Even when ex-

posed to a higher concentration of ryanodine (10 mM), the
hyperpolarizing response to ACh was una�ected (data not
shown).

Inhibition of transmembrane Ca2+ in¯ux and ACh-
induced hyperpolarization

Figure 5a shows the e�ect of the dihydropyridine Ca2+ channel
antagonist nifedipine on ACh-induced hyperpolarization. The
resting membrane potential was unaltered by treatment with
1 mM nifedipine (before:754.0+1.9, after:754.2+1.2, n=6).
Nifedipine did not alter the overall pattern of hyperpolariza-
tion produced by 1 mM ACh. The peak amplitudes of hy-
perpolarization were the same before and after treatment with
nifedipine (716.3+1.1 and 716.8+0.9 mV, n=6).

Ca2+ antagonistic cations Ni2+ and Mn2+ caused sustained
depolarization of the membrane. The amplitudes of depolar-
ization (measured at the peak) produced by 5 mM Ni2+ and
3 mM Mn2+ were 4.5+1.2 (n=6) and 2.6+0.7 mV (n=6),
respectively. In the experiments with Ni2+ and Mn2+, the
HEPES solution was used in order to prevent precipitation.
The hyperpolarizing response to 1 mM ACh remained un-
changed in the HEPES solution: the peak of hyperpolarization
was717.2+0.8 mV (n=12) in the HEPES solution. However,
in the presence of Ni2+ or Mn2+, ACh produced only transient
hyperpolarization and the sustained component of hyperpo-
larization was not generated (Figure 5b and c).

E�ects of phospholipase C and protein kinase C
inhibitors on ACh-induced hyperpolarization

As shown in Figure 6a, 500 nM U-73122, a phospholipase C
inhibitor (Smith et al., 1989), nearly completely inhibited the
hyperpolarizing response to 1 mM ACh without a�ecting the
resting membrane potential. Another phospholipase C in-
hibitor, NCDC 200 mM (Walenga et al., 1980), also abolished
ACh-induced hyperpolarization (n=6). On the other hand, in
the presence of 500 nM U-73343, an inactive form of U-73122
(Smith et al., 1989), ACh elicited hyperpolarization in a
manner similar to the response obtained before its treatment
(Figure 6b). U-73122 did not a�ect membrane hyperpolariza-
tion induced by pinacidil (data not shown).

The e�ect of 20 nM staurosporine, a putative protein kinase
C inhibitor (Tamaoki et al., 1986), on ACh-induced hy-
perpolarization was also tested. Pretreatment with staur-
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ACh 1 µM

ACh 1 µM

Caffeine 20 mM

10 mV

1 min

Ryanodine 1 µM

Figure 4 E�ects of (a) ca�eine and (b) ryanodine on cell membrane
potential and ACh-induced hyperpolarization in rat mesenteric
artery. Application of 20 mM ca�eine caused transient hyperpolariza-
tion followed by sustained depolarization, but 1 mM ryanodine
produced no signi®cant change in membrane potential. The
hyperpolarizing response to 1 mM ACh was eliminated 5 min after
exposure to ca�eine. Treatment with ryanodine for 15 min had no
signi®cant e�ect on the response to ACh.

ACh 1 µM

ACh 1 µM ACh 1 µM

Nifedipine 1 µM

a

b c

Ni2+5 mM Mn2+3 mM

1min

10 mV

Figure 5 E�ects of (a) nifedipine, (b) Ni2+ and (c) Mn2+ on cell
membrane potential and ACh-induced hyperpolarization in rat
mesenteric artery. Application of 1 mM nifedipine had no e�ect on
membrane potential, and the hyperpolarizing response to 1 mM ACh
was una�ected by its treatment for 15 min. Membrane potentials
were depolarized by 5 mM Ni2+ and 3 mM Mn2+. In the presence of
Ni2+ or Mn2+, the hyperpolarizing response to ACh was transient.
The experiments with Ni2+ and Mn2+ were performed in HEPES
solution.

ACh 1 µM

ACh 1 µM

U73122 500 nM

U73343 500 nM

1 min

10 mV

a

b

Figure 6 Modulation by (a) U-73122 and (b) U-73343 of ACh-
induced hyperpolarization in rat mesenteric artery. Application of
500 nM U-73122 or 500 nM U-73343 produced no change in
membrane potential. The hyperpolarizing response to 1 mM ACh
was abolished by U-73122 but una�ected by U-73343. A pretreat-
ment period of at least 15 min was allowed before challenge with
ACh.
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osporine had no e�ect on the overall pattern of hyperpolar-
ization produced by 1 mM ACh. The peak amplitude of hy-
perpolarization was 716.2+0.1 and 716.0+0.9 mV (n=6)
before and after treatment with staurosporine, respectively.

Discussion

As demonstrated in our previous study (Fukao et al., 1995a),
ACh caused endothelium-dependent hyperpolarization in rat
mesenteric artery. ACh-induced hyperpolarization was not
a�ected by pretreatment with 300 mM L-NOARG, which can
almost completely inhibit NO synthase activity in endothelial
cells (Moore et al., 1990). Oxyhaemoglobin, which inhibits
NO-mediated responses by scavenging NO, had no e�ect on
ACh-induced hyperpolarization. In addition, there are several
studies showing that exogenous NO is unable to produce hy-
perpolarization in blood vessels in which endothelium-depen-
dent hyperpolarization is observed (BeÂ ny & Brunet, 1988;
Brayden, 1990; Komori et al., 1988). Pretreatment with in-
domethacin also had no e�ect on ACh-induced hyperpolar-
ization. Hence, it is reasonable to conclude that endothelium-
dependent hyperpolarization produced by ACh in rat mesen-
teric artery is not mediated by EDNO or prostanoids but is
presumably by EDHF.

The present results con®rm our previous ®ndings that ACh-
induced endothelium-dependent hyperpolarization in rat me-
senteric artery is composed of two components di�ering in the
time course and dependency on extracellular Ca2+ (Fukao et
al., 1995a). This observation is also consistent with the results
of Chen & Suzuki (1990) obtained in the rabbit carotid artery.
The transient component of ACh-induced hyperpolarization
was less sensitive to extracellular Ca2+ than the sustained
component. The two components were clearly distinguishable
during the course of the reintroduction of the medium having
normal Ca2+. In cultured endothelial cells, the increase in
[Ca2+]i elicited by agonists such as ACh and bradykinin also
consists of two components, and only the transient increase in
[Ca2+]i is generated in Ca2+-free medium (Hallam & Person,
1986; Colden-Stan®eld et al., 1987; Danthuluri et al., 1988). In
addition, the Ca2+ ionophore A23187 can induce endothelium-
dependent hyperpolarization (Chen & Suzuki, 1990; Nagao &
Vanhoutte, 1992; Nakashima & Vanhoutte, 1993). Therefore,
it appears likely that the increased [Ca2+]i would trigger a re-
lease of EDHF from endothelial cells, thereby leading to en-
dothelium-dependent hyperpolarization of smooth muscle
cells. Thus, the increase in [Ca2+]i in endothelial cells seems to
have a crucial role in EDHF release.

When extracellular Ca2+ was removed, ACh generated only
a transient hyperpolarizing response, indicating that EDHF
causing the transient hyperpolarization is highly dependent on
Ca2+ released from intracellular stores. This Ca2+ release from
intracellular stores is presumably due to an increase in in-
tracellular IP3 following ACh stimulation. As demonstrated in
a variety of cells (Nathanson, 1987), stimulation of muscarinic
receptors with ACh accelerates the hydrolysis of inositol
phospholipids via phospholipase C activation in endothelial
cells. In the present study, the phospholipase C inhibitors U-
73122 and NCDC nearly completely eliminated ACh-induced
hyperpolarization. Our ®ndings clearly indicate that ACh-in-
duced hyperpolarization is closely associated with the forma-
tion of hydrolysis products. Furthermore, this concurs with the
widely held belief that IP3 formation triggers the release of
Ca2+ from intracellular stores (Berridge, 1993). Pretreatment
with TSG or CPA, to deplete intracellular Ca2+ stores, also
abolished ACh-induced hyperpolarization. These results imply
that the intracellular Ca2+ pool mobilized by TSG or CPA in
endothelial cells includes the IP3-sensitive Ca

2+ pool.
The existence of a ca�eine-sensitive Ca2+ pool, which is

di�erent from the IP3-sensitive Ca
2+ pool, in endothelial cells

has been suggested (Chen & Cheung, 1992). It has now been
demonstrated that the ryanodine receptor functions as a Ca2+-
release channel in this ca�eine-sensitive Ca2+ pool (McPherson

et al., 1991; Bezprozvanny et al., 1991). The ryanodine-sensi-
tive Ca2+ stores may operate as a part of an agonist-sensitive
intracellular Ca2+ pool (Ziegelstein et al., 1994). In this study,
when the ca�eine-sensitive pool was depleted by long exposure
to ca�eine, the hyperpolarizing response to ACh was found to
be markedly suppressed. An inhibitory action of ca�eine on
ACh-induced hyperpolarization has been found by other in-
vestigators (Chen & Suzuki, 1990; Chen & Cheung, 1992).
However, it seems unlikely that a ca�eine-sensitive Ca2+-in-
duced Ca2+ release mechanism contributes to the increase in
[Ca2+]i resulting in the release of EDHF in response to ACh.
We found that pretreatment with ryanodine, which is believed
to abolish the capacity of the ca�eine-sensitive pool to hold
Ca2+ in smooth muscle cells (Iino, 1990), had no e�ect on
ACh-induced hyperpolarization. One possible explanation for
the inhibition by ca�eine of ACh-induced hyperpolarization
may be related to its action as a phosphodiesterase inhibitor
(Leijten & van Breemen, 1984). Agents that elevate in-
tracellular 3':5'-cyclic monophosphate (cyclic AMP) have been
shown to reduce [Ca2+]i in endothelial cells (Parsaee et al.,
1992). We observed that the phosphodiesterase inhibitor
IBMX signi®cantly attenuated ACh-induced hyperpolariza-
tion. Thus, the increased level of cyclic AMP may reduce ACh-
stimulated rises in [Ca2+]i in endothelial cells, thereby a�ecting
the biosynthetic pathways of EDHF. An alternative explana-
tion is that ca�eine may have a direct e�ect on the membrane
currents in smooth muscles. Ca�eine has been shown to block
voltage-dependent Ca2+ channels (Hughes et al., 1990) and
a�ect many other ionic channels including K+ channels
(Akaike & Sadoshima, 1989). Thus, ca�eine might directly
modify the K+ channel which is involved in ACh-induced
endothelium-dependent hyperpolarization. Finally, we cannot
exclude the possibility that ca�eine inhibits IP3-induced Ca2+

release from intracellular stores (Hirose et al., 1993).
Altogether our data support the notion that ACh-induced

hyperpolarization is largely dependent on Ca2+ release from
the IP3 sensitive Ca

2+ pool. However, it should be kept in mind
that, in the presence of the phospholipase C inhibitors or the
endoplasmic reticulum Ca2+-pump ATPase inhibitors, ACh
failed to generate the later sustained hyperpolarization, which
is considered to be mediated by transmembrane CA2+ in¯ux.
As demonstrated in our recent study (Fukao et al., 1995a),
TSG and CPA caused a relatively sustained endothelium-de-
pendent hyperpolarization which was abolished in Ca2+-free
medium. We have interpreted the results with TSG and CPA
to indicate that both TSG and CPA deplete intracellular Ca2+

stores in endothelial cells and the emptying of the Ca2+ stores
generates an intracellular signal to trigger Ca2+ in¯ux from the
extracellular medium, thereby leading to the generation of an
endothelium-dependent hyperpolarization (Fukao et al.,
1995a). Thus, if IP3-induced Ca2+ release from intracellular
stores precedes Ca2+ in¯ux from the extracellular medium,
ACh-activated Ca2+ in¯ux could no longer occur when the
IP3-sensitive Ca

2+ pool had been depleted with TSG or CPA.
One may argue that ACh could generate a second messen-

ger responsible for transmembrane Ca2+ in¯ux as a con-
sequence of phospholipase C activation. It has been proposed
that IP4, possibly in conjunction with the presence of IP3, is
integral to the later and typically sustained in¯ux of external
Ca2+ (Berridge, 1993). Recently, IP4 has been shown to open
Ca2+-permeate channels in membranes isolated from en-
dothelial cells (LuÈ ckho� & Clapham, 1992). In this regard, it is
unlikely that Ca2+ in¯ux required for ACh-induced EDHF
release is directly regulated by inositol phosphates, because the
generation of sustained hyperpolarization by ACh was com-
pletely dependent on the extent of ®lling on intracellular Ca2+

stores. Furthermore, the involvement of protein kinase C
subsequent to phospholipid hydrolysis is ruled out by the small
e�ect of staurosporine, a putative protein kinase C inhibitor
(Tamaoki et al., 1986), on ACh-induced sustained hyperpo-
larization. Staurosporine at the concentration used in this
study nearly completely inhibited the contraction induced by
the protein kinase C activators phorbol esters in rat mesenteric
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artery, as previously demonstrated in rat aorta (Hattori et al.,
1995). Hence, it seems most likely that phospholipase C in-
hibitors suppress ACh-induced sustained hyperpolarization
simply by blocking the initiation of IP3 formation and subse-
quently hindering IP3-induced depletion of intracellular Ca2+

pools. The inhibitory e�ects of TSG, CPA and U-73122 on
ACh-induced hyperpolarization are not a result of a direct
action on K+ channel in smooth muscle cells, because the
hyperpolarizing response to pinacidil, an endothelium-in-
dependent K+ channel opener (Fukao et al., 1995b), was not
modi®ed by these agents.

ACh-activated Ca2+ entry for EDHF release appears to
occur exclusively via a nifedipine-insensitive pathway. This
®nding is consistent with the lack of L-type Ca2+ channels in
endothelial cells of conducting vessels (Himmel et al., 1993).
The possible pathway for Ca2+ entry into endothelial cells is
thought to be nonspeci®c cation channels (Nilius, 1990). It has
been shown that depletion of intracellular Ca2+ stores by TSG
and CPA activates nonspeci®c cation channels in human um-
bilical vein endothelial cells (Gericke et al., 1993; Zhang et al.,
1994). In the presence of Ni2+ or Mn2+, ACh produced only a
transient hyperpolarization which was similar to that obtained
in Ca2+-free medium. In view of the concept that the Ca2+

entry activated by TSG and CPA is indistinguishable from the
in¯ux activated by receptor-mediated mechanisms in en-
dothelial cells (Dolor et al., 1990), it may be possible that Ni2+

and Mn2+ block the Ca2+ in¯ux pathway through nonspeci®c
cation channels, thereby causing ACh-induced hyperpolariza-
tion to be transient. However, the mechanism for Ca2+ entry
may involve Na+-Ca2+ exchange, because Ni2+ is known to
block the Na+-Ca2+ exchange current (Kimura et al., 1986).
The involvement of Na+-Ca2+ exchange in ACh-induced Ca2+

entry in endothelial cells is uncertain, but, if important, it must
be activated in response to mobilization of intracellular Ca2+

stores.
In summary, this study demonstrates the importance of an

elevation of endothelial [Ca2+]i in ACh-induced EDHF release
from endothelial cells and the resulting hyperpolarization of
smooth muscle cells of the rat mesenteric artery. The initial
and transient component of the ACh-induced hyperpolariza-
tion appears to be related to Ca2+ release from an IP3-sensitive
Ca2+ pool, whereas the late and sustained component of hy-
perpolarization is probably associated with activation of a
Ni2+- and Mn2+-sensitive Ca2+ in¯ux mechanism other than
L-type Ca2+ channels, which is presumably initiated by IP3-
induced depletion of the pool.
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