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Abstract

The effects of ruthenium red (RR) on inositol 1,4,5-trisphosphate (InsP3)-induced responses were studied in rat bone marrow
megakaryocytes with the patch-clamp whole-cell recording technique in combination with fura-2 microfluorometry. Internal application of
InsP3 (100 mM) increased intracellular Ca21 concentration ([Ca21]i) and activated the Ca21-dependent K1 current. Administering InsP3
together with RR (100–500mM) inhibited InsP3-induced responses (both Ca21 and current responses) in a dose-dependent fashion.
Pretreatment of megakaryocytes with extracellular RR (50mM) also inhibited InsP3-induced responses. Intracellular and extracellular
application of RR reduced ADP-induced increases in [Ca21]i. In contrast, in isolated single pancreatic acinar cells, RR had no effect on
InsP3-induced responses. Taken together, these results suggest that the site of the inhibitory action of RR is at the InsP3 receptor, or its
closely associated proteins. In addition, we have shown that RR is a useful pharmacological tool with which to examine the InsP3-mediated
responses of megakaryocytes. © 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

Two classes of intracellular Ca21 release channels, the
InsP3 receptor and the RyR, are located mainly on ER/SR
membranes. These channels play an important role in the
regulation of intracellular Ca21 signaling [1–5]. Some
agents that were thought to act specifically on one class of
release mechanism have been used to characterize Ca21

signaling [3]. However, recent observations indicate that the
situation is more complex. Caffeine, which is known to
activate RyR Ca21 release, has been shown to inhibit IICR
[6–8]. Bezprozvannyet al. have demonstrated that heparin,
a potent competitive inhibitor of InsP3 binding to the InsP3
receptor, activates RyR Ca21 release [9]. These data suggest
that the traditional tools used for characterizing intracellular
Ca21 release channels need to be re-evaluated.

Isolated ER/SR membranes from various types of cells
have been used to study intracellular Ca21 release mecha-
nisms. While these preparations are very useful, it has been
pointed out that the results obtained are not always consis-
tent with those obtained using cells and/or tissues [10, 11].
Although we can provide no precise reason for this discrep-
ancy, several workers have suggested that it may be due to
the modifications of proteins that may occur during the
purification procedures [10, 11]. Therefore, the mechanisms
underlying the intracellular Ca21 release observed using the
purified ER/SR membranes also require further investiga-
tion at the cell and/or tissue Ca21 level.

RR was originally thought to be a specific inhibitor of
RyR Ca21 release among the two classes of intracellular
Ca21 release mechanisms [3, 12–15]. However, Adunyah
and Dean have reported that RR inhibits IICR in purified
platelet membranes [16]. Vites and Pappano have also
shown that RR selectively prevents InsP3-induced atrium
contractures [11]. Although these data suggest that RR acts
on IICR in certain types of cells, including platelets and
atrial cells, the effects of RR on IICR at a cellular Ca21

level remain to be elucidated.
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Several studies have indicated that the features of
megakaryocytes and their descendent platelets are similar,
in terms of their responses to agonists and their ion channel
distributions [17–20]. It has been shown that megakaryo-
cytes contain the InsP3 receptor and lack functional RyR
Ca21 release [7, 20]. Therefore, we examined the inhibitory
effects of RR on InsP3-induced responses in rat megakaryo-
cytes, using the patch-clamp whole-cell recording technique
in combination with fura-2 microfluorometry.

2. Materials and methods

2.1. Cell preparation

Male Wistar rats (6–10 weeks old) were purchased from
Japan SLC Inc. and used in all of the experiments. Animals
were stunned and then bled to death quickly and painlessly.
The cell preparation procedures performed are similar to
those described previously [7, 21]. Briefly, the femoral
bones were removed and the bone marrow flushed out with
PSS and dispersed by repetitive pipetting. After the removal
of large pieces of tissue, cells were washed twice by gentle
centrifugation for a short time and then resuspended in a
PSS. This isolation procedure was completed within 15 min.
The megakaryocytes were used within 1.5 hr of isolation.
Single acinar cells were freshly isolated from the pancreas
of rats using serial treatment with collagenase (200 U/mL,
Wako Pure Chemicals) and trypsin (1.5 mg/mL, Sigma type
XI). The acinar cells were used within 1 hr of isolation. The
PSS had the following composition (in mM): 140 NaCl, 4
KCl, 2 MgCl2, 1 CaCl2, and 5 HEPES. The pH was adjusted
to 7.2 using NaOH. The Ca-free PSS was made by elimi-
nating CaCl2 and adding 2 or 5 mM EGTA.

2.2. Whole-cell injection and microfluorometry

We monitored the [Ca21]i of cells using fura-2 microflu-
orometry combined with patch-clamp whole-cell recordings
at room temperature (around 25°), described in our previous
paper [7, 17]. Briefly, InsP3 (synthetic, Dojindo Laborato-
ries) and/or RR (Sigma) were passively loaded into the cells
using a tight seal whole-cell configuration (EPC-7, List). In
order to adjust the similar intracellular condition in both
megakaryocytes and acinar cells, we used a common PS as
an intrapipette solution. The PS contained (in mM): 140 K
glutamate, 4 KCl, 2 MgCl2, 0.2 EGTA, and 5 HEPES. The
pH was adjusted to 7.2 using KOH. To monitor [Ca21]i and
Ca21-dependent K1 currents simultaneously, the holding
potential was set at240 mV for the megakaryocytes [7, 18].
In preliminary experiments with the PS and PSS, we only
observed small Ca21-dependent currents (both monovalent
and Cl2 currents) of acinar cells at a holding potential of
240 mV, because the Cl2 equilibrium potential was near
280 mV under these conditions. Therefore, we used a
holding potential of 40 mV in the acinar cells to monitor

[Ca21]i and Ca21-dependent currents simultaneously [21].
When filled with a PS, the pipette resistance ranged from 2
to 6 MV. The access resistance between cells and pipettes
was around 6 MV for the megakaryocytes and around 15
MV for the acinar cells. The input capacitance of the cells
was 60–180 pF for the megakaryocytes and 7–9 pF for the
acinar cells. The current responses were monitored on a
chart recorder (WR7700, Graphtec) or a pulse code modu-
lated data recorder (RD101T, Teac) through a low-pass
filter of 10–20 Hz. The cells were loaded with 10mM
fura-2/acetoxymethyl ester (Dojindo Laboratories) for 15
min at 37°. The loaded cells were then excited alternately at
340 and 380 nm, and the resulting fluorescence was mea-
sured at 510 nm (OSP-3, Olympus). The [Ca21]i was cal-
culated from the ratio of the fluorescence intensity at the
two excitation wavelengths (F340/F380).

2.3. Drug application

Extracellular ADP (Oriental Yeast) was puff-applied to
isolated single megakaryocytes from a nearby pipette of
15–20mm in diameter. Each application was achieved by
bringing the pipette to the setting point (within 30mm of the
cell) from the outside of the bathing solution. The puff
pressure was adjusted to achieve rapid and effective ADP
application. To study the effect of externally applied RR on
the InsP3- and ADP-induced responses, two bathing cham-
bers (test and control) were placed on the stage of an
inverted microscope (IMT-2, Olympus). One chamber con-
tained a batch of cells immersed in RR dissolved in PSS
(test chamber), and the other contained the batch of cells
immersed in the PSS alone (control chamber). All other
chemicals and reagents used in these experiments were
purchased from either Sigma or Wako Pure Chemicals.

2.4. Data analysis

Data are expressed as means6 SE. Statistical compari-
sons of means between two groups were performed using
Student’st-test; Dunnett’s method was used to test compar-
isons of means between three groups.

3. Results

3.1. Effect of RR on fura-2 fluorescence

RR is a polyvalent cation [11, 22], so this agent may be
able to bind to the anionic fura-2. Hence, we studied the
effects of RR on the ratio method using fura-2in vitro.
Figure 1A shows that RR decreases both fluorescence in-
tensities, F340 and F380, at two excitation wavelengths,
340 nm and 380 nm, in a pCa 7 solution. These deteriora-
tions were RR concentration-dependent. In contrast, the
F340/F380 ratio was fairly constant in various concentra-
tions of RR.
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Next, we checked the effect of RR on the pCa–ratio
relationshipin vitro. RR (500mM) had no effect on the
pCa–ratio relationship at Ca21 concentrations of 0.01 and 1
mM, which may have physiological relevance (Fig. 1B).
Furthermore, we compared theKd z b value in the absence
of RR to that in the presence of RR, because the Ca21

concentration that gives (Rmin 1 Rmax)/2 is Kd z b but not
Kd: whereKd stands for the apparent dissociation constant
of fura-2 for Ca21, Rmax and Rmin are F340/F380 ratio
values in the presence of an excess amount and a virtual
absence of Ca21, respectively, andb refers to the ratio of
the fluorescence intensity coefficient at 380 nm in the virtual
absence of Ca21 to that in the presence of an excess amount
of Ca21. The Kd z b value in the presence of RR was 2.0
mM, similar to that in the absence of RR (2.1mM). On the
basis of these data, we concluded that it would be feasible

to use the fluorescence ratio method using fura-2 to measure
the [Ca21]i in the presence of RR.

3.2. Effect of RR on IICR in megakaryocytes

We passively loaded 100mM InsP3 into megakaryocytes
through the patch pipettes during whole-cell configuration.
Upon establishment of the whole-cell dialysis, [Ca21]i rap-
idly developed to a peak within 2–3 sec, and then gradually
decreased (upper trace of Fig. 2A). Simultaneous recordings
of membrane currents showed increases of outward cur-
rents, which were mostly parallel to the increase in [Ca21]i

Fig. 1. Effects of RR on fura-2 fluorescence intensities, F340 and F380, and
its ratio (F340/F380). A Ca–EGTA solution containing 5mM fura-2 in the
absence or presence of various concentrations of RR (0.05–1 mM) was
excited by alternating excitation beams of 340 nm and 380 nm, and the
resulting emissions were collected at 510 nm at room temperature (around
25°). The Ca–EGTA solution contained 75.19 mM KCl, 60.17 mM KOH,
20 mM PIPES (piperazine-N-N’-bis(2-ethanesulfonic acid)), 1.44 mM
MgCl2, 10 mM EGTA, pH 7.20, and around 1027 M free Ca21 (A). The
ratio (F340/F380) in the absence or presence of 500mM RR was plotted
against calculated pCas in a solution comprised of 147 mM KCl, 19.7 mM
HEPES/HEPESNa-KOH, 1 mM MgCl2, 1 mM EGTA, 5mM fura-2, pH
7.20, and various concentrations of free Ca21 at room temperature (B). The
method used for calculating pCa was that of Oiki and Okada [23].

Fig. 2. Effects of intracellularly applied RR on the changes in fura-2 signals
(upper trace) and membrane currents (lower trace) induced by InsP3.
Megakaryocytes were dialysed with PS containing 100mM InsP3 (A), 100
mM InsP3 1 100 mM RR (B), or 100 mM InsP3 1 500 mM RR (C).
Whole-cell dialyses were established at the points indicated by the arrow-
heads. D and E, effects of intracellularly applied RR on the maximum
changes in InsP3-induced responses. Bar graphs show the maximum devi-
ations of the [Ca21]i (D) and membrane current (E) from each basal level
after whole-cell dialysis with 100mM InsP3 (control; N 5 10), 100mM
InsP3 1 100mM RR (100mMRRi; N 5 4), or 100mM InsP3 1 500mM
RR (500mMRRi; N 5 8). Values are presented as means6 SE. NS, not
significant. *P , 0.05 and ***P , 0.001 vs.control (Dunnett’s method).
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(lower trace of Fig. 2A). In some cases, transient small
inward currents (,8 pA) were observed immediately after
the establishment of whole-cell dialysis (lower trace of Fig.
2A). Although the exact reason for this response is not clear,
the following might be one possible explanation. We pre-
viously observed small outward currents at a holding po-
tential of 40 mV immediately after the establishment of
whole-cell dialysis in rat pancreatic acinar cells [24]. There-
fore, it is conceivable that these small currents were due to
membrane leakage. These InsP3 responses are in good
agreement with our previous observations, and we have also
reported that InsP3-induced responses of megakaryocytes
are equally observable in the absence of external Ca21,
indicating that this InsP3-induced increase in [Ca21]i is due
mainly to the release of Ca21 from internal Ca21 stores [7].
When we passively loaded 100mM InsP3 together with RR
(100–500mM) into megakaryocytes through the patch pi-
pettes, reduced responses of InsP3 were observed. Figure 2,
D and E summarizes the results obtained from six batches of
cells. Intracellular RR significantly reduced both the InsP3-
induced [Ca21]i increases and the Ca21-dependent K1 cur-
rents in a concentration-dependent fashion.

Megakaryocytes were immersed in PSS alone or PSS
containing 50mM RR for 24–45 min and were subse-
quently administered with InsP3 (100 mM) intracellularly.
Figure 3C summarizes the results obtained from three
batches of cells. Similarly, extracellular RR significantly
reduced the InsP3-induced [Ca21]i. Although not of statis-
tical significance, current responses in the presence of ex-
tracellular RR also tended to decrease (peak value: control;
62.96 20.3 pA; N5 4, 50mM RR; 22.46 8.0 pA; N 5
4). However, under this condition, externally applied RR
did not affect the basal [Ca21]i level (Fig. 3C).

3.3. Effect of RR on the ADP-induced response in
megakaryocytes

It has been suggested that megakaryocytes possess
metabotropic purinoceptors and that stimulation of these
receptors by ADP induces an increase in [Ca21]i [17, 19].
The majority of this [Ca21]i increase is thought to be me-
diated by IICR [17, 25]. Therefore, we tested the effect of
RR on the ADP-induced [Ca21]i increase in the absence of
extracellular Ca21. An addition of 1 mM ADP to
megakaryocyte induced a transient increase in [Ca21]i 5
min after establishment of the whole-cell dialysis. This
response was in good agreement with previous reports [20].
Internal dialysis of megakaryocytes with 500mM RR for 5
min partially reduced the ADP-induced increase in [Ca21]i

(Fig. 4, A and B). Figure 4C summarizes the results ob-
tained from three batches of cells. Intracellular RR signifi-
cantly reduced the ADP-induced [Ca21]i increase.

Megakaryocytes were immersed in PSS alone or PSS
containing 50mM RR for 30–35 min and subsequently

stimulated with ADP (1mM). Figure 4D summarizes the
results obtained from three batches of cells. The ADP-
induced [Ca21]i increase without whole-cell dialysis (Fig.
4D, control) was slightly larger than that with whole-cell
dialysis (Fig. 4C, control). Reduced ADP responses with
whole-cell dialysis appeared to be due to intracellular Ca21

chelation, because we used a PS which contained 0.2 mM
EGTA. In the presence of extracellular RR, the ADP-in-
duced [Ca21]i increase was also partially but significantly
inhibited (Fig. 4D).

Fig. 3. Effects of extracellularly applied RR on the changes in fura-2
signals (upper trace) and membrane currents (lower trace) induced by
InsP3. Megakaryocytes were incubated without (A) or with 50mM RR (B).
Each whole-cell dialysis with InsP3 (100mM) was established at the points
indicated by the arrowheads. C, bar graph showing the basal (before
whole-cell dialysis with InsP3) and peak [Ca21]i level (after whole-cell
dialysis with 100mM InsP3) in the absence (open column; N5 4) or
presence of extracellular 50mM RR (solid column; N5 4). Values are
presented as means6 SE. *P , 0.05 vs.control (Student’st-test).
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3.4. Effect of RR on IICR in pancreatic acinar cells

A detailed description of InsP3-induced responses in pan-
creatic acinar cells was reported by us previously [24].
Therefore, we used pancreatic acinar cells to examine the
effect of RR on the InsP3-induced response of another cell
type. When introduced into the cells via whole-cell dialysis,
InsP3 induced transient [Ca21]i increases (Fig. 5)and Ca21-
dependent currents (peak value: 179.16 69.6 pA; N5 5).
Administering RR (500mM) together with InsP3 (50 mM)
resulted in a failure to inhibit both the InsP3-induced [Ca21]i

(Fig. 5) and current responses (peak value: 145.76 52.5
pA; N 5 5).

4. Discussion

Although RR is known to be an inhibitor of RyR Ca21

release [3, 12–15], we clearly showed that RR inhibited the
InsP3-mediated responses of the megakaryocytes. The pos-
sible mechanisms for this inhibition include: i) involvement
of RyR Ca21 release in the IICR of megakaryocytes; ii) a
depletion of Ca21 in the intracellular Ca21 stores; and iii) a

direct action of RR on the InsP3 receptor or its closely
associated proteins. We have reported that the IICR of
megakaryocytes was inhibited by caffeine, a potentiator of
RyR Ca21 release, and was not affected by procaine, which
is known to be an inhibitor of RyR Ca21 release [7]. Un-
eyamaet al. have also shown that ryanodine, a modulator of
RyR Ca21 release, has no effect on the ATP-induced Ca21

response, which is probably a result of the liberation of
Ca21 from intracellular stores [20]. Thus, functional RyR
Ca21 release does not appear to occur in megakaryocytes. In
the present study, externally applied RR did not change the
basal [Ca21]i level, suggesting that RR has little effect on
the Ca21 content in the intracellular Ca21 stores. Further-
more, a concomitant acute administration of RR with InsP3

fully inhibited the InsP3-mediated responses. Taking all
these observations together, it is likely that the inhibitory
effects of RR on InsP3-induced responses are mediated by
mechanism 3.

Recently, Sienaertet al. have shown that RR binds to the
fusion proteins that contain a fragment of type 1 InsP3

receptor [26]. Although further studies, including a study of
the binding of RR to the native InsP3 receptor and other
types of InsP3 receptors, are needed, these data may support

Fig. 4. Effect of RR on the ADP-induced response. A and B, ADP-induced [Ca21]i responses recorded after whole-cell dialysis without (A) or with 500mM
RR (B). The bar below each record indicates ADP (1mM) application. C, bar graph showing the maximum deviations of [Ca21]i in response to ADP from
each basal level after whole-cell dialysis without (open column; N5 5) or with RR (solid column; N5 5). D, bar graph showing the maximum deviations
of [Ca21]i in response to ADP from each basal level in the absence (open column; N5 5) or presence of extracellular 50mM RR (solid column; N5 5).
Values are presented as means6 SE. *P , 0.05 vs.control (Student’st-test).
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the above-mentioned hypothesis. In addition, the same
group has also revealed that the pattern of RR binding to an
isolated subdomain of the InsP3 receptor is in part similar to
that observed with45Ca21 binding [26, 27]. These data
suggest that the inhibitory effect of RR on IICR is mediated
by the binding of RR to the Ca21-regulating sites of the
InsP3 receptor, because IICR has been reported to be mod-
ulated by both cytosolic and luminal Ca21 [13, 27–29].

In the present study, RR did not affect the IICR of
pancreatic acinar cells. Other groups have also reported
similar observations. van de Putet al. have shown that RR
does not change the affinity of InsP3 receptor for InsP3 in
permeabilized rabbit pancreatic acinar cells [30]. Thornet

al. have observed that RR, when infused together with
InsP3, fails to inhibit InsP3-induced initial Ca21 spikes in
mouse pancreatic acinar cells [31]. Therefore, it is likely
that RR cannot directly affect the InsP3 receptor of pancre-
atic acinar cells. In contrast, the IICR of the megakaryocytes
was sensitive to RR. One possible mechanism for this dis-
crepancy is thought to be the different diffusion rate of RR,
which is a polyvalent cation, into the cells, because the
holding potential of megakaryocytes (240 mV) was differ-
ent from that of acinar cells (40 mV). However, in the
above-mentioned report by Thornet al., pancreatic acinar
cell was held at a holding potential of230 mV [31]. In
addition, in our preliminary experiments, when the patch
pipette contained mainly KCl (140 mM), enabling us to
observe the Ca21-dependent currents at a holding potential
of 240 mV in pancreatic acinar cells, RR (50mM) had little
effect on InsP3-induced Ca21-dependent currents in pancre-
atic acinar cells. Thus, this discrepancy does not seem to be
due to the use of a different holding potential.

Recent examinations of the distribution of InsP3 receptor
subtypes have indicated that 12-o-tetradecanoylphorbol-13-
acetate-differentiated CMK cells, which have properties of
mature megakaryocytes, contain type 1 and 2 InsP3 recep-
tors [32], and all subtypes of InsP3 receptor (types 1, 2, and
3) are present in pancreatic acinar cells [33]. These data
suggest that the different sensitivity of IICR to RR between
megakaryocytes and acinar cells may be due to the differ-
ential distribution of InsP3 receptor subtypes. However, a
quantitative analysis of InsP3 receptor subtypes in connec-
tion with functions has not been fully undertaken. Further-
more, it has been demonstrated that functional InsP3 recep-
tors are tetramers [5]. In order to explore this point, further
function-related quantitative analyses of the tissue distribu-
tion of InsP3 receptor subtypes and the pharmacological
characterization of both heterotetrameric and homotet-
rameric InsP3 receptor complexes need to be performed.

van de Putet al. have observed that RR causes the rapid
release of Ca21 from the InsP3-sensitive store in permeabil-
ized rabbit pancreatic acinar cells [30]. However, Thornet
al. [31] and our group have observed that administering
InsP3 together with RR did not affect the initial IICR of
pancreatic acinar cells. The reason for this discrepancy is
still not clear. However, one possible explanation may be
that IICR precedes the RR-induced Ca21 release when
InsP3 and RR are administered together to the cells using
whole-cell patch-clamp dialysis, thereby masking the RR-
induced Ca21 release with IICR. In fact, van de Putet al.
have also observed that InsP3 releases stored Ca21 at a
faster rate than does RR [30].

In the present study, we clearly demonstrated that a
cell-permeable RR was able to inhibit InsP3-induced
[Ca21]i elevation in megakaryocytes. This observation is in
good agreement with results obtained using purified platelet
membranes [16]. Furthermore, we also showed that RR
inhibited agonist-induced [Ca21]i elevation using ADP.
Thus, RR will be a useful pharmacological tool with which

Fig. 5. Effects of intracellularly applied RR on the changes in fura-2 signals
induced by InsP3 in rat pancreatic acinar cells. Acinar cells were dialysed
with pipette solution containing 50mM InsP3 (A) or 50 mM InsP3 1 500
mM RR (B). Whole-cell dialyses were established at the points indicated by
the arrowheads. C, bar graph showing the maximum deviations of [Ca21]i

from each basal level after whole-cell dialysis with 50mM InsP3 (open
column; N5 5) or 50mM InsP3 1 500 mM RR (solid column; N5 5).
Values are presented as means6 SE. NS, not significant.
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we may acquire a better understanding of the mechanism of
IICR in megakaryocytes/platelets.
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