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Abstract

Introduction: Although accumulating evidence within the past five years strongly supports the
importance of platelet P2X; receptors in hemostasis and thrombosis, P2X; receptors of platelet and /or
its progenitor cell, megakaryocyte, have not been fully characterized. The aim of this study was to
electrophysiologically and pharamacologically characterize the functional P2X; receptors on mouse
megakaryocytes.

Materials and Methods: The currents in response to nucleotides were examined using the patch-clamp
whole-cell recording.

Results: The agonist profile of megakaryocyte P2X; receptors was ATP > a,3-methyleneATP >
B,y-methyleneATP. The P2X; receptors exhibited substantial monovalent as well as divalent cation
permeability and the ratios of Na* to Cs* and Ca®* to Cs* permeability were 1 and 2.5, respectively.
P2X receptor antagonists except suramin significantly inhibited the P2X; responses with an ICs, values
of 0.4 uM for pyridoxal-phosphate-6-azophenyl-2’,4’-disulphonate (PPADS), 0.3 uM for
2’,3’-0-(2,4,6-trinitophenyl)- adenosine 5’-triphosphate (TNP-ATP), 20 uM for reactive blue 2 (RB2),
or 160 uM for 8,8’-(carbonylbis(imino-3,1-phenylene carbonylimino)bis(1,3,5-naphthalenetrisulfonic
acid) (NF023), respectively. Suramin had no significant effect on the P2X; responses. In rat
megakaryocytes, suramin similarly had no significant effect on the P2X; responses, but abolished the
P2Y receptor-mediated responses, indicating that the suramin was active under present experimental
condition.

Conclusions: These results provide the basic properties of mouse megakryocyte P2X; receptors and

would be helpful to examine the P2 receptor signaling in platelets and megakaryocytes. (220 words)
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Introduction

Extracellular adenine nucleotides bind to P2 receptors on the plasma membrane and play an
important role in widespread biological responses including platelet aggregation, vascular contraction,
neurotransmission, mitosis and apoptosis [1]. lonotropic P2X receptor is one family of the P2 receptors
and on the basis of molecular cloning, seven P2X receptor (P2X;- P2X 7) subunits have been identified
[2]. These seven homomeric receptors have been characterized electrophysiologically and
pharmacologically. The P2X; and P2X3 receptors are stimulated by the ATP analogue,
o,B-methyleneATP (af-meATP), and rapidly desensitized even in the continued presence of agonist.
In contrast, the other P2X receptors are less sensitive or insensitive to af-meATP and do not markedly
desensitize [2, 3]. B,y-methyleneATP (By-meATP) is an agonist of P2X; but not of the P2X5, P2X3 and
P2X7 receptors. Suramin and pyridoxal-phosphate-6-azophenyl-2’,4’-disulphonate (PPADS) can
inhibit the P2X;- P2X 3 and P2Xs receptors, but is ineffective or weakly antagonistic towards P2X,
P2Xs and P2X5 receptors[2, 3]. 2°,3’-0-(2,4,6-trinitophenyl)-ATP (TNP-ATP) is a potent antagonist of
P2X; and P2Xj3 receptors [2, 3].

Among seven P2X receptor subunits, P2X; receptors are known to be expressed in platelets [4,
5]. The role of platelet P2X; receptors in hemostasis and thrombosis was not defined for many years
because of lack of potent and selective P2X; receptor antagonists and its rapid desensitization property.
However, accumulating evidence with specific antagonists and genetically-altered animals within the
past five years strongly suggests the importance of platelet P2X; receptor in thrombosis. Hechler et al.
[6] have reported with P2X;-deficient mice that P2X; receptor contributes to the platelet thrombus
formation in small arteries where shear forces are high. This notion was extended by a recent study
with the specific P2X; antagonist, NF449 [7]. Furthermore, studies with transgenic mice
over-expressing the P2X; receptors have revealed that platelet P2X; receptor plays an important role in
collagen- and/or shear stress- mediated hemostasis and thrombosis [8].

Megakaryocytes are the progenitors of platelets. Because the size of megakaryocyte is larger
than that of platelet, it is easier to use megakaryocytes for characterizing receptors and ion channels,
compared to the tiny, fragile platelets [5]. Indeed, studies with megakaryocytes have helped understand
the features of receptors and ion channels of platelets, such as P2Y; receptors [5, 9-11], Ca**

-dependent K* channels [12, 13], inositol 1,4,5-trisphosphate receptors [14] as well as P2X; receptors



as mentioned below. Thus, certain types of receptors and ion channels in megakaryocytes are now
recognized as a bona fide model for those in platelets [5].

So far, in order to characterize platelet/megakaryocyte P2X; receptors, several studies with
megakaryocytes have been performed and these studies have revealed that P2X; receptors in
megakaryocytes are permeable to Ca®*, activated by a-meATP, and inhibited by high doses of
suramin derivatives [5, 10, 11, 15]. However, a relative Ca®* to monovalent ion permeability ratio is
not known and, dose-response relations for agonists and those for atagonists including suramin
derivatives remain obscure. In this study, to further characterize platelet/megakaryocyte P2X; receptors,
which include the analysis of agonist and antagonist profiles and relative Ca** permeability,
electrophysiological and pharamacological experiments were conducted. The results show that the
most features of the P2X; receptors on megakaryocytes do match those of the homomeric P2X;
receptors expressed heterologously in Xenopus laevis oocytes except the sensitivities to some

antagonists including suramin, TNP-ATP, and NF023.



Methods

Cell preparation and solutions

Animals were housed and cared for in accordance with the Guide for the Care and Use of Laboratory
Animals [DHEW (DHHS) Publication No. (NIH) 85-23, revised 1996, Office of Science and Health
Reports, DRR/NIH, Bethesda, MD 20205]. Procedure using laboratory animals were approved by the
Institutional Animal Care and Use Committee of University of Miyazaki. The cell preparation
procedure performed in this study was similar to those described previously [9, 14]. Briefly, mouse or
rat bone marrow was flushed out with Na*-rich external solution (Na'-ES) and dispersed by repetitive
pipetting. After removal of large pieces of tissue, the cells were washed twice by gentle centrifugation
for a minute and resuspended in Na*-ES including apyrase (6 U/ml) except for the experiment with
TNP-ATP which is known to be degraded by nucleotidases. The cells were used within 2 h of isolation.
The Na'-ES contained 150 mM NaCl, 2 mM MgCl,, and 10 mM HEPES. The pH was adjusted to 7.2
using NaOH.

In order to block the K* channels reported to be present on megakaryocytes [13, 16], Cs*-rich
internal solution (Cs*-1S) was used as an intrapipette solution for whole-cell recording in most studies.
The Cs*-IS contained 150 mM CsCl, 2 mM MgCl,, 1 mM ethylene glycol
bis(B-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA) and 10 mM HEPES. The pH was adjusted
to 7.2 using CsOH. K*-rich internal solution (K*-1S) with a low-Ca®*-buffer was used as an intrapipette
solution only when the effect of suramin on the Ca®*-dependent K* channels was studied in rat
megakaryocytes. The K*-IS contained 150 mM KCI, 2 mM MgCl,, 0.1 mM EGTA and 10 mM HEPES.
The pH was adjusted to 7.2 using KOH. To measure the permeation of Ca** through a channel,
Ca**-rich external solution (Ca®*-ES) was used as a bath solution. The Ca**-ES contained 110 mM
CaCl; and 10 mM HEPES. The pH was adjusted to 7.2 using tetraethylammonium hydroxide. Junction
potentials were measured using a 3 M KCI bridge in the bath to eliminate changes in the reference
electrode potential. The measured junction potential between Cs*-IS versus Na*-ES or Ca®*-ES was
about —2 or -6 mV, respectively. The errors caused by junction potentials were corrected as described
previously [17].

All chemicals and reagents used in this study were purchased from either Sigma (St. Louis,

MO) or Wako Pure Chemicals (Osaka, Japan).



Electrophysiological experiment

The patch-clamp experimental procedures were similar to those described previously [16, 17].
Briefly, the experiments were performed in the tight seal whole-cell configuration (with EPC-7, List,
Darmstadt, Germany) at room temperature (around 25°C). The pipette resistance, after filling with IS,
ranged between 2 MQ and 4 MQ. Most of the current responses were evaluated at -62 mV. The input
capacitance of megakaryocytes used in this study ranged from 60 to 280 pF. The reversal potential was
obtained by clamping the cell from a holding potential to a run of three increasing steps in 30 mV
increments with 35 ms in duration of each step at 1.5 Hz. The current responses were monitored on a
chart recorder (WR7700, Graphtec, Tokyo, Japan) or a PCM data recorder (RD101T, Teac, Yokohama,

Japan) through a low-pass filter of 200 Hz.

Drug application

Extracellular ATP or its analogue was puff-applied without apyrase to isolated single
megakaryocyte by a nearby pipette of 30-35 um diameter. Each application was achieved by bringing
the pipette to the setting point quickly (within 30 um of the cell) from outside the bathing solution. The
puff pressure was adjusted to achieve agonist application rapidly and effectively. The dose-response
relationships for nucleotide-induced currents were determined by administering one dose of nucleotide
in one megakaryocyte to avoid any desensitization of the response [18].

To study the effect of externally applied P2 receptor antagonist on the nucleotide-induced
responses, two bathing chambers (test and control) were placed on the stage of an inverted microscope
(IMT-2, Olympus, Tokyo, Japan). One chamber contained a batch of cells immersed in Na*™-ES
containing test materials (test chamber), and the other contained the same batch of cells immersed in

Na'-ES alone (control chamber).

Data analysis
Data are expressed as means * standard error of the mean (SEM). Statistical comparisons of
means between two groups were performed using Student's t-test; Dunnett's method was used to test

comparisons of means between three or more groups.



The relative ionic permeability of Ca** was calculated from the reversal potential using the
modified Goldman-Hodgkin-Katz equation. In this calculation, values of 25.2 mV for RT/F, 0.75 for

monovalent ion activity and 0.25 for divalent ion activity were used [19].



Results

Dose-response relationships for nucleotide-induced currents

When the cells were immersed in Na*-ES and the patch pipette contained Cs*-1S, 0.1, 1 or 10 uM ATP
was challenged at a holding potential of -62 mV (Fig. 1A, B & C). At an ATP concentration of 0.01
1M, the current responses were not observed. However, at an ATP concentration of 0.1 1M or more,
all of the cells tested responded to ATP. Increasing the dose increased the peak amplitude of the
ATP-induced inward currents. The rapid inward current induced by a higher concentration of ATP (1
1M or more) peaked within 100 ms and then decayed in the continued presence of ATP (Fig. 1B & C).
The half-decay time, defined as the time to 50% of the peak amplitude of the current from the peak,
was about 400 ms at ATP concentrations of 1 and 10 uM.

A similar rapid inward current was also observed when o3-meATP or By-meATP was applied
to the cell (Fig. 1E & Fig. 2Aa). However, somewhat reduced maximal currents in response to either
of-meATP or By-meATP were observed compared with the maximum ATP response (Fig. 1E),
suggesting that a3-meATP and By-meATP are partial agonists.

UTP (100 uM) is known to activate an inward current in other types of cells [1], but had no
effect on the holding (-62 mV) current in mouse megakaryocytes (3 of 3 cells, Fig. 1D).

The means = SEM of the current amplitude at each dose of nucleotides was plotted against a
logarithmic scale of dose (Fig. 1E). After the relative amplitude at each dose of nucleotide had been
calculated with reference to the mean maximum response induced by 30 uM ATP, 30 uM of3-meATP
or 1 mM By-meATP, each concentration-response relationship was fitted by the Hill equation using the
least-squares method as described previously [20]. Based on the relationship, the EC50 values for ATP,
o-meATP and By-meATP were 2.2, 5.9 and 25.4 1M, respectively, and the corresponding Hill

coefficients were 0.7, 1.2 and 0.8, respectively.

Current-voltage relationships for nucleotide-induced currents

In preliminary experiments, a ramp-voltage protocol was used to obtain the current-voltage
(1-V) relationship for the nucleotide-induced rapid current. However, the nucleotide-induced rapid
current during the ramp-protocol was superimposed by a large capacitative current which was due to

the large size of the megakaryocyte. Therefore, the I-V relationship was examined by measuring the



nucleotide-induced currents at membrane voltages of —42, -12, 18 and 48 mV. When a megakaryocyte
was immersed in Na*-ES, typical recordings before (open circles) and during (solid circles) application
of 30 uM ap-meATP to the cell are shown in Fig. 2A. Figure 2Ac shows a representative
of-meATP-sensitive current that is the difference between the solid and open circles in Fig. 2Ab. This
recording clearly indicates that the reversal potential for the a3-meATP-induced current was between
—12 and 18 mV. Typical I-V relationships for a3-meATP- and ATP-induced currents are shown in Fig.
2B. These graphs indicate that each nucleotide-induced current had a mild inward rectification and a
reversal potential near 0 mV. The means + SEM of reversal potentials for the nucleotide-induced
currents from three batches of cells were 4.4 + 2.4 mV for a3-meATP (n =8) and 8.3 £ 1.5 mV for

ATP (n = 6). From these values, the ratio of Na* to Cs" permeability was almost 1.

Ca** permeation for nucleotide-induced currents

The permeability of the channels to Ca** was then examined. Cells were immersed in Ca?*-ES
within 10 min and subsequently stimulated with a-meATP (100 uM) or ATP (1 mM), because the
nucleotide-induced responses from cells that were bathed in Ca**-ES for over 10 min could not be
detected. A typical example of this experiment is depicted in Fig. 3A. In Ca**-ES, the amplitude of
each nucleotide-induced current seemed reduced compared with that observed in Na'-ES (See also Fig.
1B, 1 C & Fig. 2Aa). The amplitude of the af-meATP or ATP-induced current was 92.4 + 34.8 (n =
7) or 82.5 + 34.5 pA (n = 5), respectively. Furthermore, with Ca**-ES, the nucleotide-induced currents
had a much slower time course than those observed in Na'-ES (see also Fig. 1). This depressive
phenomenon may have been due to a reduction in the proportion of the free form of nucleotide in this
medium and/or inhibition of receptor-agonist binding by a high concentration of Ca** [18].

Figure 3B demonstrates the typical I-V relationship for the a3-meATP-induced current under
the same voltage-clamp protocol as that shown in Fig. 2. This graph indicates that the
af-meATP-induced current in Ca?*-ES had mild inward rectification. The mean + SEM of the reversal
potentials for the af-meATP-induced currents was 3.3 £ 2.0 mV (n = 3), corresponding to relative

selection for Ca** over Cs* of 2.5 according to the modified Goldman-Hodgkin-Katz equation [19].

Effects of suramin and its derivative on nucleotide-induced inward current
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The effect of suramin on the nucletotide-induced inward currents was studied. Cells were
immersed in Na'-ES alone or Na*-ES containing 100 pM or 1 mM suramin for 41-83 min, and
subsequently stimulated with ATP (1 uM). Figure 4A summarizes the effect of suramin on the
amplitudes of ATP-induced currents. Suramin did not have any inhibitory effect on the current.

NF023, a derivative of suramin [2, 21], was examined. Figure 4B shows an example of paired
control and test recordings, obtained from the same batch of cells, and Fig.4C summarizes the effects
of NF023 on the amplitudes of ATP-induced currents. NFO23 reduced ATP-induced currents in a
dose-dependent manner with an 1C50 value of 160 uM.

Suramin is known to be an inhibitor of ecto-nucleotidase [1, 21]. Since af3-meATP is stable
ATP analogue against the nucleotidase, the effect of suramin on the amplitude of a3-meATP-induced
currents was also examined. As shown in Fig. 4D, suramin (1 mM) had no significant effect on the
op-meATP-induced currents. In this experiment a3-meATP concentration was 6 1M, because it

produced a response comparable to those of 1 uM ATP (Fig. 1E).

Effect of PPADS, TNP-ATP, or RB2 on nucleotide-induced inward current

PPADS is known to inhibit certain types of P2X receptors [1-3, 21]. Figure 5A summarizes the effects
of PPADS on the amplitudes of the ATP (1 uM) -induced currents from three batches of cells. PPADS
inhibited the ATP—induced currents with an IC50 value of 0.4 uM.

TNP-ATP is known to inhibit homomeric P2X; and P2X3 receptor [1-3, 21]. Figure 5B
summarizes the effects of TNP-ATP on the amplitudes of the ATP (1 uM) -induced currents.
TNP-ATP inhibited the ATP—induced currents with an IC50 value of 0.3 uM.

RB2 is a non-competitive P2 receptor antagonist [1, 22]. Figure 5C summarizes the effects of
RB2 on the amplitudes of the ATP (1 uM) -induced currents. RB2 inhibited the ATP—induced currents
with an IC50 value of 20 uM.

Effect of suramin on ATP-induced currents in rat megakaryocytes
In previous studies with rat megakaryocytes, externally applied ATP induced periodic K*
channel activation which reflected oscillation of the cytoplasmic free Ca®* concentration [23]. This

Ca®" increase was thought to be mediated by a suramin-sensitive P2 receptor coupled to G protein-PLC



11

system [24]. On the other hand, Kawa has described the failure of mouse megakaryocytes to activate
the K* channel after exposure to A23187, a calcium ionophore, and commented that this failure was
probably due to a low density or complete lack of the Ca®*-dependent K* channels on the mouse
megakaryocyte plasma membrane [18]. Therefore, in order to determine whether the less sensitivity of
P2X; receptor to suramin is conserved across species and whether suramin can inhibit the P2 receptor
coupled to a G protein-PLC system under the present experimental conditions, the effects of suramin
on both ATP-induced outward and inward currents of rat megakaryocytes were examined.

When the membrane was held at —42 mV and the patch pipette contained K*-1S with a low
Ca®" buffer, the addition of ATP (10 1M) to the cells immersed in Na*-ES alone evoked an early small
transient inward current followed by an obvious periodic outward current (Fig. 6Aa). The observed
pattern of this response was similar in all of the cells tested (6 cells) and was in good agreement with
previous report [18]. In contrast, addition of ATP (10 M) to the cells immersed in Na*-ES containing
suramin evoked only a larger transient inward current. In the presence of suramin, none of the cells
tested activated a periodic outward current in response to ATP (4 cells). With K*-IS, the mean
amplitude of the inward current in the presence of suramin (945.3 + 167 pA, n = 4) was significantly
larger than that in its absence (62.0 + 21.5, n = 6, P < 0.05). These results suggest that suramin inhibits
the outward current activated through a P2 receptor-G protein-PLC system on rat megakaryocytes.

Next, with Cs*-1S, the effect of suramin on the ATP-induced inward currents in rat
megakaryocytes was examined. When the membrane was held at —-42 mV and the patch pipette
contained Cs*-IS, addition of ATP (1 uM) to the cells immersed in Na*-ES alone evoked a transient
inward current. In contrast to with K*-IS, none of the cells tested activated the outward current with
Cs*-IS (4 cells). The mean + SEM of the amplitude of the inward current was shown in Fig. 6B. The
inward currents with Cs*-1S in the absence of suramin was obviously larger than that obtained with
K*-1S (Fig. 6Aa), suggesting that superimposition of the outward current on the inward current is
responsible for the reduced response to ATP with K*-IS. With Cs*-IS, suramin (100 1M) did not have
significant effect on the amplitude of the inward current in rat megakaryocytes (Fig. 6B), as shown

earlier with mouse megakaryocytes (Fig. 4A).
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Discussion

In platelets, the presences of P2X; receptor protein and mRNA [25-28] as well as the
functional inward currents induced by ATP [29-30] were reported. In freshly isolated megakaryocytes
that are the progenitors of platelets, ATP and a3-meATP were also shown to activate rapid inward
currents and this current appeared to be involved in a rapid cellular Ca?* increase [15, 31]. Furthermore,
RT-PCR studies revealed that no other P2X receptor subunit other than the P2X; subunit was detected
in human platelets [27]. These data strongly suggested that platelet/megakaryocyte lineage expressed
functional P2X; receptors. In 2002, patch clamp studies with megakryocytes from P2X;-deficient mice
clearly showed that ap-meATP-induced rapid inward currents were mediated by P2X; receptors [10].
The following studies with P2X;-deficient mice also confirmed that P2X; receptor was only receptor
responsible for Ca®" influx in response to a-meATP in platelets [6]. Therefore, it is now recognized
that P2X; receptor is only functional isoform among a P2X receptor family in platelet/megakaryocyte
lineage.

The homomeric P2X; receptor has been well-characterized with the Xenopus laevis oocyte
expression system [1-3, 22]. The heterologously expressed homomeric P2X; receptor produced the
rapid inward current in response to a3-meATP and then decayed rapidly in the continued presence of
of-meATP. The agonist profile of the receptor is ATP > af-meATP > By-meATP with the EC50
values of 0.1-1 uM for ATP, 1-3 uM for af-meATP, and 10 uM for By-meATP and the corresponding
Hill coefficients were 0.8, 0.8 and 0.6, respectively. In the quantitative experiments on Ca**
permeability, heterologously expressed P2X; receptor is permeable to Ca®* with the relative selection
for Ca** over Na* of ~5. In the present study, mouse megakaryocyte P2X; receptors were characterized.
The megakaryocyte P2X; receptors were rapidly activated and desensitized in response to nucleotides.
The agonist profile was ATP > af3-meATP > By-meATP with the EC50 values of 2.2 uM for ATP, 5.9
uM for af3-meATP, and 25.4 uM for By-meATP and the corresponding Hill coefficients were 0.7, 1.2
and 0.8, respectively. The megakaryocyte P2X receptors also exhibited substantial Ca** permeability
and the calculated Pc,/Pc ratio was 2.5. These data clearly show that the properties of the mouse
megakaryocyte P2X; receptor accord closely with the recombinant P2X; homomeric receptor.

Wildman et al. [22] reported that the both a3-meATP and By-meATP were partial agonists at

homomeric rat P2X; receptors expressed heterologously in Xenopus laevis oocytes. In the present
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study, the partial agonist profiles of both a3-meATP and By-meATP at mouse megakaryocyte P2X;
receptors were also observed. Again, these data indicate that there is very similarity between the mouse
megakaryocyte P2X; receptor and the homomeric P2X; receptor.

Antagonist sensitivities at homomeric P2X; receptors expressed heterologously in Xenopus
laevis oocytes have also been characterized [1-3, 21, 22]. Suramin, PPADS, TNP-ATP, RB2, and
NF023 inhibited the ATP (1 uM)-induced currents with 1C50 values of 1-2 uM, 0.1-1 uM, 0.001-0.006
uM, 2.3 uM and 0.2 uM, respectively. These antagonist sensitivities to megakaryocyte P2X; receptors
were examined in the present study and the IC50 value of each antagonist to ATP (1 uM) -induced
response was > 1 mM for suramin, 0.4 uM for PPADS, 0.3 uM for TNP-ATP, 20 uM for RB2, or 160
uM for NF023, respectively. These data clearly show the remarkable insensitivities ( > 50-fold less
potent) of megakaryocyte P2X; receptors to suramin, TNP-ATP, and NF023, compared with
homomeric P2X; receptors.

It has been reported that TNP-ATP was a very week antagonist of of3-meATP-induced
contraction in rat mesenteric artery rings and the authors described that the reduced potency of
TNP-ATP in whole tissue experiments probably reflects the breakdown of TNP-ATP by endogenous
nucleotidases [32]. It is not clear whether this is the case for the present result which shows the week
antagonistic activity of TNP-ATP for megakaryocyte P2X; receptors. Since other types of cells
including erythrocytes and leukocytes existed in the recording chamber, it is possible that the
breakdown of TNP-ATP occurs under the present experimental condition. In order to explore this point
further studies are needed.

Suramin analogues are known to be large polyanionic molecules [33]. Actually, NF449, a
suramin analogue, has been observed to be 1000-fold less potent in rat vas deferens than in homomeric
P2X; receptors expressed heterologously in Xenopus laevis oocytes [33]. Therefore, the loss of
suramin analogue activities might be explained by the interaction with various non-P2 receptor sites.
However in the experiments for verifying the suramin activity, 100 uM suramin could completely
inhibit the P2 receptors coupled to a G protein-PLC system under the present experimental condition
(Fig. 6). Therefore it is likely that the insensitivities of megakaryocyte P2X; receptors to suramin and
NF023 do not result from the lowered effective concentrations of the suramin derivatives around

megakaryocytes but is caused by an intrinsic feature of murine megakaryocyte P2X; receptor.
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Recently, the ICsp values of suramin and NF023 for inhibiting a.f-meATP(1 uM)-induced
[Ca®*] increase in human platelets were reported [34]. The reported ICso values were 2.8 uM for
suramin and 2.9 uM for NF023, respectively. Even though the NF023 was slightly less potent, the I1Cs
value of suramin is in reasonable agreement with that at homomeric rat P2X; receptors expressed
heterologously in Xenopus laevis oocytes [22]. The reason for the apparent loss in potency of suramin
and NF023 at mouse megakaryocyte P2X; receptors compared with the human platelet as well as
recombinant homomeric P2X; receptors, is not clear at present. One possible explanation for this
discrepancy is the different plasma membrane structure between megakryocytes and platelets (as well
as Xenopus laevis oocytes). Megakaryocytes have a well-developed demarcation membrane system
which is a large complex of intracytoplasmic channels formed by the invagination of the plasma
membrane and this membrane system is thought to be the precursor of the platelet plasma membrane
and open canalicular system [5]. If a significant amount of P2X; receptors localizes on this membrane,
polyanionic molecules cannot easily reach to the target molecules. In order to explore this points,
further studies including a careful elucidation of the subcellular localization of P2X; recceptors in
megakaryocytes need to be carried out.

In conclusion, this study has characterized the functional P2X; receptors on native
megakaryocytes both pharmacologically and electrophysiologically, and the most features of the P2X;
receptors on megakaryocytes do match those of the homomeric P2X; receptors expressed
heterologously in Xenopus laevis oocytes except the sensitivities to some antagonists including
suramin, TNP-ATP, and NF023. These results provide the basic properties of mouse megakryocyte
P2X; receptors and would be helpful to investigate P2 receptor signaling in platelets and

megakaryocytes.
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Fig. 1.

Inward currents evoked by externally applied nucleotides

Currents were recorded in Na'-rich external solution (Na*-ES) using a whole-cell patch electrode
containing Cs*-rich internal solution (Cs*-IS) at a holding potential of -62 mV. Nucleotide was applied
during the time indicated by the bar above each trace. (A-C) Typical examples of ATP-induced inward
currents. Applied doses of ATP were 0.1 (A), 1 (B) and 10 uM (C). (D) A typical recording when UTP
(100 uM) was applied to a megakaryocyte. UTP had no effect on the holding current. (E)
Dose-response relationships for ATP (open circle), af-meATP (solid circle) , By-meATP (solid
triangle), and UTP (solid square). Symbols are means of the peak amplitudes and vertical lines show
SEM. Sigmoidal lines represent the best fit to a least-square curve-fitting routine [20]. Numbers in

parentheses are the numbers of cells tested.

Fig. 2.

Current-voltage relationships of the nucleotide-induced currents

(A) A typical recording in which application of a3-meATP (30 uM) evoked a rapid inward current to
membrane voltage. The cell was held at —42 mV and a series of three voltage steps whose protocol was
shown in (b) were applied every 0.75 s. The bar above the trace in (a) indicates the application of
of-meATP. Open and solid circles denote the before and during the application of ap-meATP,
respectively, during the series of three voltage steps on the holding potential. The arrowhead in (a)
indicates the level of the holding current. The current trace of (a) is presented with a faster time scale in
(b). The rectangular line above the trace represents the voltage clamp protocol. Open and closed circles
correspond with those in (a). The dotted line is the zero current level. The arrows indicate the holding
current levels before and after the series of three voltage steps at solid circle and almost the same level
of the arrows indicate that the contamination of the receptor desensitization on the current responses
during the voltage steps is minimum. (c) The a3-meATP-induced current is expressed as the difference
between the currents before (open circle) and during (solid circle) addition of a3-meATP. The dotted
line is the zero current level. (B) Typical examples of current-voltage relations of nucleotide-induced

currents (a, 30 uM af3-meATP; b, 20 uM ATP) measured at the ends of the voltage steps. The voltage
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protocol was the same as in (A). Each point was plotted after leakage subtraction (see Ac).

Fig. 3.

Nucleotide-induced currents in Ca?*-rich external solution

(A) Typical recordings of a3-meATP (a) and ATP (b)-induced inward currents. Currents were
recorded in Ca®*-rich external solution (Ca?*-ES) using a whole-cell patch electrode containing Cs*-1S
at a holding potential of —46 mV. Applied doses of af-meATP and ATP were 100 uM and 1 mM,
respectively. Nucleotide was applied during the time indicated by the bar above each trace. The upper
end of the vertical scale bar is the zero current level. Preincubation of cells with Ca?*-ES had no effect
on the holding current. (B) A typical ap-meATP-induced current-voltage relation, representing 3
megakaryocytes. The voltage protocol was the same as in Fig. 2A. Each point was plotted after leakage

subtraction.

Fig. 4.
Effects of suramin and NF023 on nucleotide-induced currents

(A) Effect of suramin on ATP-induced currents is summarized. Symbols are means of the peak
amplitudes and vertical lines show SEM. Applied dose of ATP was 1 uM. (B) Typical recordings of
ATP-induced inward currents in the absence (a) or presence of NF023 (b). (C) Effect of NF023 on
ATP-induced currents is summarized. Symbols are means of the peak amplitudes and vertical lines
show SEM. Applied dose of ATP was 1 uM. (D) Effect of suramin on a-meATP-induced currents is
summarized. Values are presented as mean = SEM. Applied dose of a3-meATP was 6 uM. Numbers
in parentheses are the numbers of cells tested. *P < 0.05 and ***P < 0.001 vs. response in the absence

of drug (Dunnett's method). NS, not significant (Student's t-test)

Fig. 5.
Effects of PPADS, TNP-ATP and RB2 on ATP-induced currents
Effects of PPADS (A), TNP-ATP (B) and RB2 (C) on ATP-induced currents are summarized.

Symbols are means of the peak amplitudes and vertical lines show SEM. Applied dose of ATP was 1
MM. Numbers in parentheses are the numbers of cells tested. *P < 0.05 and ***P < 0.001 vs. response

in the absence of drug (Dunnett's method).
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Fig. 6.

Effects of suramin on ATP-induced currents in rat megakaryocytes

(A) Typical recordings of ATP-induced currents using a whole-cell patch electrode containing K*-IS at
a holding potential of =62 mV in Na*-ES alone (a) or Na*-ES containing 100 uM suramin (b). Applied
dose of ATP was 10 uM. (B) Data from the ATP-induced inward current recordings using a whole-cell
patch electrode containing Cs*-IS in Na*-ES alone (a) or Na'-ES containing 100 pM suramin (b) are
summarized. Applied dose of ATP was 1 uM. Numbers in parentheses are the numbers of cells tested.

NS, not significant (Student's t-test).
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