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Purinoceptor-induced cytoplasmic calcium oscillation in megakaryocytes

Chikako Uneyama*

Megakaryocytes isolated from rat bone marrow respond to externally applied ATP and ADP, showing a
periodic K+ current that reflects oscillation in cytoplasmic calcium concentration. The agonist selectivity
of the purinoceptor on the megakaryocyte is unique. In addition, the intracellular mechanism of calcium
oscillation and the effects of many modulating factors were investigated.
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Fig.1. ATP-induced oscillatory currents at various external K* concentration ([K*].). A, ATP-evoked oscillatory currents recorded in standard exter-
nal solution containing 5 mM-K* at VHs from-100mV to-20mV. Horizontal bars indicate the duration of application of 10mM-ATP. All records
were obtained from the same cell. B, current-voltage (I-V) relationships for ATP response at various [K*].. All current amplitudes were normal-
ized to the peak amplitude of the first oscillatory current induced byl0mM ATP in external solution containing 5 mM K* at a VH of-40mV
(% ). Each point represents the mean SEM. of four to five measurements. C, relationship between EATP and [K*}.. Each point is the average
of five to seven cells. A straight line has a slope of 59. 9mV for al0-fold change in [K*}o.
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Fig.2. Comparison of conventional (A) and nystatin-perforated (B) whole-cell patch preparations. A, current traces obtained by conventional whole

-cell mode with pipette filled with internal solution containing 0.3 (upper panel) or 1.0 (lower panel) mM of EGTA. Recordings were obtained
at least 3 min after establishment of whole-cell configuration. The VH was -40mV and hyperpolarizing pulses to -60mV were superimposed
every 4 s. Closed horizontal bars under the current traces indicate a period of ATP application. Application of ATP was repeated at 2 min inter-
val. Double-headed arrows indicate the residual current after removal of ATP. The current traces in the same row were obtained from the
same cell, and they are typical ones from 3 cells examined. B, current traces obtained by whole-cell mode with EGTA-free internal solution at a
VH of-40mV. ATP was applied repeatedly during the period indicated by closed horizontal bars. The current traces shown here are from single

cells and typical ones of four experiments.
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Fig. 3. Concentration-dependency of the oscillatory K* outward currents induced by ADP and ATP. A, typical oscillatory K* outward currents acti-

vated by ATP (upper panel) and ADP (lower panel) . All recordings were obtained from the same cell. Horizontal bars indicate the application
period of each agonist. B, concentration-response relationships of ATP (@) and ADP (O) to the maximum frequency. Each point and bar in-
dicate the average frequency and the range of measured values, respectively. Number of measurements was four to seven for each point.

Table 1. Oscilatory K* outward currents induced by purinoceptor agonists

n pD2 maximum frequency Imax
ATP 8 5.51 1.0* 1.0°
ADP 8 6.98 1.07£0.09 1.05+0.06
2 -methylthioATP 5 8.02 1.20+0.17 0.95x0.07
adenosine 5 <3 - -
UTP 5 <3 - -
AMP-CPP 5 <3 - -
ATP-y-S 4 5.90 1.30%0.20 0.97£0.02

Effects of various purinoceptor agonists on megakaryocytes. Frequency and amplitude of oscillatory K* outward currents were normalized to those of
ATP(10uM) -induced ones [max frequency, 0. 21 +0. 02sec " (n=7) , max amplitude, 637. 5+68. 8pA (n=8) 1. Each value represents mean+S.E.M.
from four to eight cells. pD2 was calculated as described in Methods. n, number of cells.
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Fig.4.

A Effect of extracellular Ca**concentration ([Ca®*],) on the ATP-induced oscillatory K* currents. a, typical current traces in each condition from

single cell. Standard external solution was substituted by test solutions which have various [Ca?*], before the application of ATP. b, relationship
between maximum current amplitude (Imax) and [Ca?]s. c, relationship between frequency and [Ca?*], . d, relationship between latency and
[Ca**],.Inb, c and d, each point represents the mean normalized value of five to seven measurements. The point used as standard was indi-
cated by a symbol (%) in the respective figures. The concentrations of ATP*“were calculated by the equation described in Methods. B, Effect
of extracellular Mg?* (a) and Ca?* (b) concentration on the ADP-induced oscillatory K* current. Standard external solution containing 1 mM
Mg?* and 2 mM Ca?* was substituted by test solutions without each of divalent cation before the application of ADP as indicated by open hori-
zontal bars. ADP was applied during the period indicated by closed horizontal bars. The current traces indicated here are the typical ones from

four experiments.
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Fig.5.

Effect of suramin on ATP-induced K* current oscillation of rat megakaryocyte. A, effects of 1, 10 and 30uM suramin on10uM ATP-induced K*
current. ATP was applied during a period indicated by closed bars. Suramin at each concentration was applied 2 min prior to the application of
ATP. The application was repeated at least 2 min after wash out. The current traces were obtained from single cell, and a typical one of 5 cells
examined. B, concentration-dependency of the inhibitory effect of suramin on10uM ATP-induced K* current oscillation. The value of frequency
and maximum current amplitude (Imax) were normalized to the value obtained byl0uM ATP alone. Each value represents the mean £S.EM. of
five to seven cells. C, concentration-response relationships of ATP with (A) or without (O) 3uM suramin. Each value represents mean=+S. E. M.
of normalized values of four or five cells. The mark ( * ) indicates the value used to normarization.
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Fig.6.

Effects of Reactive Blue {(RB) s on ATP-induced K* current oscillation of rat megakaryocyte. A, effects of 30uM RBs (a) and lower concentra-

tions of RB-2 (b) on 10uM ATP-induced K* current oscillation. ATP was applied during a period indicated by closed horizontal bars. Each drug
was applied 2 min prior to the application of ATP. Current traces in a and b were from single cell, respectively. B, concentration-dependent in-
hibitory actions of RBs. C, effect of 1 pM RB- 2 on the concentration response relationships of ATP.
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Effects of thapsigargin and A23187 on megakaryocyte perfused with external solution with or without 2 mM-Ca?*. The current traces were ob-

tained by nystatin perforated whole-cell patch-clamp mode under voltage-clamp condition at a holding potential (VH) of-40mV. Extracellular
solution was exchanged as indicated by upper horizontal bars. Drugs were applied during a period shown by lower horizontal bars. In each ex-
periment, the first application of ATP in standard external solution was to confirm the activity of the cell. Then, the external solution was ex-
changed to Ca?*-free solution and the drugs were applied successively as indicated. The current traces are typical one of five experiments.
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Effect of intracellular application of IPs. All current traces in this figure were obtained by conventional whole-cell recording at a Vi of-40mV.

Whole-cell recordings were started at the point indicated by arrows. In A, 30uM of IP; was dissolved in internal solution and recording pipette
was filled with the solution containing IPs. In B, the pipette tip was filled with internal solution (LS. ) without IPs and the rest portion of pipette
was filled with the internal solution containings 30uM IPs. In this configuration, IP3 gradually diffused into the cell interior. In the same way, pi-

pette tip was filled with internal solution containing 1 mg/ml heparin (C) or 1 mM BAPTA (D) ,

and the rest portions of pipettes was filled with

internal solution containing IPs plus heparin or IPs plus BAPTA, respectively. The current traces in A-D are typical ones from individual five cells
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Effects of PKC modulators on ATP-induced Ikca oscillation. Recordings were made by nystatin-perforated mode. ATP and other drugs were ap-
plied during a period indicated by horizontal bars. Staurosporin and PMA were applied at least 30 sec prior to the application of ATP. The cur-
rent traces during pretreatment time were excluded from the traces. The ATP application was made with 2 min intervals. The current traces in

Fig.9.

A are typical ones from six cells, and those in B and C are from five cells.
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w—

. L R
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after wash out

B Trifluoperazine
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ATP
10 uM
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Fig.10. Effects of CaM antagonists on ATP-induced Ik oscillation. Recordings were by nystatin-perforated mode. ATP was applied during a period indi-
cated by horizontal bars. W- 7 and trifluoperazine were applied at least 30 sec prior to the application of ATP. The application interval was 2

min. The current traces in A are typical ones from six cells, and those in B are from three cells.
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Effect of intracellular application of GTP-¥-S. Recordings were made by conventional whole-cell mode. Recording pipettes were filled with in-

ternal solution containing 30 (A) or 100uM (B) of GTP-y-S. Note some delay before the first oscillation appeared.
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Fig.12. Effect of cAMP on ATP-induced lxca oscillation. Drugs were applied during a period shown by horizontal bars. A, Effect of 1mM forskolin. B, Ef-
fect of IBMX. a, Typical current traces indicating the inhibitory effect of IBMX. b, ¢ and d are concentration-dependent effect of IBMX on10mM
ATP-induced response. The frequency is the number of spikes observed per one second(b), the maximum current amplitude (Imax) is the larg-
est current amplitude (c)and the latency is the period required to activate the K* channel after ATP application (d).Each value is normalized to

that of 10mM-ATP-induced response (frequency, 0.21 £0. 02sec™ (n=7); Imax,637. 5+ 68. 8pA (n=8); latency, 0.96£0. 19

represents mean=+SEM. from five to seven cells.
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Fig.14. Effects of 20mM NH.Cl and 20mM NaOAc on thel0uM ATP-induced oscillatory K*-currents. The current traces were obtained by nystatin per-
forated patch recording configuration at a holding potential of - 40mV. Each drug was applied during a period indicated by horizontal bars. The
current traces are typical ones from nine (A) and seven (B) experiments.
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Fig.15. Concentration-dependent enhance by adenine of the ATP-induced lkca oscillation. A; Typical current traces obtained from the same cell. Vi was
-40mV. Adenine at each concentration was applied 1 min prior to the application of ATP. The current traces were obtained from single cell, and
a typical one of 5 cells examined. B; Quantitative results obtained from A. The value of frequency and maximum current amplitude (Inax) were
normalized to the value obtained by 3 uM ATP alone. Each value represents the mean®SEM. of five to six cells.
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Fig.16. Scannig electron micrograph of megakaryocyte treated with agonists. The treatments were as follows: standard external solution for 30 min
(A), ATP 30 puM for 30 min (B), thrombin 10U/ml for 30 min (C)and H- 8 3 uM for 2 hours (D). The horizontal bars in the each photomicro-

graph represent 10um.
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Agonist

ATP

Fig.17. Schematic representation for ATP-induced Ikca oscillation in megakaryocyte. The * marks on the arrow indicate the signal which act to raise
[Ca?*]i, and - marks indicate the signal which act toreduce [Ca?*]i, This diagram does not depict entry and exit pathways for Ca**across the
plasma membrane to avoid complexity. AC = adenylate cyclase, CaM = calmodulin, G = GTP-binding protein, DG = diacylglycerol, IPs=D-myo-~

inositol triphosphate, PKC = protein kinase C, PLC = phospholipase C, PM = plasma membrane, R = receptor.
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