
Non-excitable cell types are characterized by an inability to

generate all-or-none action potentials in response to

depolarizing stimuli due to a lack of voltage-gated Na¤ or

Ca¥ channels (Rink & Jacob, 1989; Fewtrell, 1993;

Clapham, 1995; Berridge, 1997). Consequently, membrane

potential changes are proposed to influence [Ca¥]é responses

mainly by altering the driving force for Ca¥ entry through

ligand-gated or second messenger-operated channels. Indeed,

several reports have shown that depolarization results in a

decrease in [Ca¥]é and hyperpolarization causes an increase

of [Ca¥]é during activation of mast cells, lymphocytes and

related cell lines (Penner et al. 1988; Lewis & Cahalan,

1989; Demaurex et al. 1992).

Previous electrophysiological recordings from rat bone

marrow-derived megakaryocytes have failed to detect

voltage-dependent inward currents, which implies that this

is a non-excitable cell type (Uneyama et al. 1993a;
Somasundaram & Mahaut-Smith, 1994; Hussain & Mahaut-

Smith, 1998). We now report that, during stimulation of

metabotropic purinoceptors, membrane depolarization

evokes an increase in [Ca¥]é, primarily due to release of

Ca¥ from intracellular stores. Brief reports of this work

have appeared elsewhere in abstract form (Mahaut-Smith et
al. 1998a,b).

METHODS

Male Wistar rats (150—300 g) were killed by COµ asphyxiation or

cervical dislocation. Megakaryocytes were isolated from femoral

and tibial marrow as previously described (Hussain & Mahaut-

Smith, 1998) with the exception that the marrow extract was not

filtered through nylon mesh. The standard external saline

contained (mÒ): 145 NaCl, 5 KCl, 1 CaClµ, 1 MgClµ, 10 Hepes, 10

ª_glucose, titrated to pH 7·35 with NaOH. For Ca¥-free saline,

CaClµ was replaced by an equal concentration of MgClµ; 0·5 mÒ

EGTA was also included in some experiments. The standard

pipette saline contained (mÒ): 150 KCl, 2 MgClµ, 0·1 EGTA, 0·05

NaµGTP, 0·05 KÛfura_2, 10 Hepes, adjusted to pH 7·2 with KOH.

Membrane potentials have not been corrected for the small offset

(approximately −3 mV) that results from the liquid—liquid junction

potential between internal and external salines. ADP was applied

either from a nearby puffer pipette under the control of a PLI-100

picolitre injector (Medical Systems, Greenvale, NY, USA) or by

bath perfusion. KÛfura_2 was obtained from Molecular Probes and

heparin (average molecular weight 6000) from Sigma.

Journal of Physiology (1999), 515.2, pp.385—390 385

Rapid Report

Depolarization-evoked Ca¥ release in a non-excitable cell, the

rat megakaryocyte

Martyn P. Mahaut-Smith, Jamila F. Hussain and Michael J. Mason

Department of Physiology, University of Cambridge, Downing Street,
Cambridge CB2 3EG, UK

(Received 17 November 1998; accepted after revision 14 January 1999)
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one or more spikes of Ca¥ increase (peak increase: 714 ± 95 nÒ) during activation of

metabotropic purinoceptors by 1 ìÒ ADP.

3. The depolarization-evoked Ca¥ increase was present in Ca¥-free medium and also following

removal of Na¤. Thus depolarization mobilizes Ca¥ from an intracellular store without a

requirement for altered Na¤—Ca¥ exchange activity.

4. Intracellular dialysis with heparin blocked the depolarization-evoked Ca¥ increase,

indicating a role for functional IP× receptors.

5. Under current clamp, ADP caused the membrane potential to fluctuate between —43 ± 1 and

−76 ± 1 mV. Under voltage clamp, depolarization from −75 to −45 mV evoked a transient

[Ca¥]é increase (398 ± 91 nÒ) during exposure to ADP.

6. We conclude that during stimulation of metabotropic purinoceptors, membrane

depolarization over the physiological range can stimulate Ca¥ release from intracellular

stores in the rat megakaryocyte, a non-excitable cell type. This may represent an important

mechanism by which electrogenic influences can control patterns of [Ca¥]é increase.
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Conventional whole-cell patch clamp recordings were carried out

using an Axopatch 200A amplifier with CV202 headstage (Axon

Instruments) in either voltage clamp or slow current clamp mode.

pCLAMP 6.0 (Axon Instruments) was used to generate voltage step

protocols. Patch pipettes were pulled from borosilicate glass tubing

(Clark Electromedical Instruments, UK). Cell capacitance and

series resistance (Rs) were in the range 80—408 pF and 2·5—12·5 MÙ,

respectively and up to 75% Rs compensation was achieved. A Cairn

Spectrophotometer System (Cairn Research Ltd, UK) coupled to a

Nikon Diaphot TMD inverted microscope (Nikon, Japan) was used

to measure fura_2 fluorescence as previously described (Mahaut-

Smith, 1998). Briefly, light from a 75 W xenon arc lamp passed

through a spinning filter wheel containing bandpass interference

filters to provide alternating 340 and 380 nm excitation. A ²40 1·3

NA Nikon fluor lens focused excitation light onto the cells within a

saline-filled chamber. Fluorescence emission from a rectangular

area slightly larger than the patch-clamped cell was collected by a

photomuliplier tube and sampled at 60 Hz, together with the

electrophysiological signals, using Cairn fluorescence software. An

emission bandwidth of 480—600 nm was achieved using a 600 nm

dichroic mirror together with a 480 nm long pass filter. Data were

further averaged to give a final acquisition rate of 15 or 30 Hz and

exported for analysis within Microcal Origin (Microcal Software

Inc., Northampton, MA, USA). For presentation, 7 point

smoothing was applied using a Savitzky-Golay filter within Origin;

measurements of [Ca¥]é and latency were from unsmoothed traces.

The 340 nmÏ380 nm ratio under Ca¥-free conditions (Rmin) and

that when Fura-2 was saturated with Ca¥ (Rmax), were obtained

extracellularly since it was difficult to clamp [Ca¥]é at high levels in

the megakaryocyte. A calibration kit (Molecular Probes) was used

to derive a Kd for fura_2 (258 nÒ). After application of a viscosity

correction factor (0·85) to Rmin and Rmax (Poenie, 1990),

background-corrected 340 nmÏ380 nm values were converted to

[Ca¥]é as described by Grynkiewicz et al. (1985). All recordings
were made at the ambient temperature (20—25°C) and statistical

values are expressed as the means ± s.e.m.

RESULTS

In unstimulated rat megakaryocytes under whole-cell patch

clamp, depolarization to 0 mV (Fig. 1A; n = 46) or −45 mV

(not shown; n = 10) from a holding potential of −75 mV

had no effect on [Ca¥]é, consistent with a lack of voltage-

dependent Ca¥ influx in this cell type. This finding is in

agreement with previous electrophysiological studies of rat

megakaryocytes which failed to detect voltage-dependent

inward currents under K¤ current-free conditions

(Somasundaram & Mahaut-Smith, 1994, 1995; Hussain &

Mahaut-Smith, 1998). Application of 1 ìÒ ADP with the

cell clamped at −75 mV evoked a large, transient increase in

[Ca¥]é, followed by a sustained plateau level of raised

[Ca¥]é (Fig. 1A). In other cells (Fig. 1B), [Ca¥]é oscillated for

a variable duration prior to settling at a raised plateau level.

In contrast to the unstimulated condition, depolarization to

0 mV during the plateau phase evoked an increase of [Ca¥]é

(Fig. 1A and B). This response was observed in all cells

tested, although the pattern varied, from a single transient

elevation of [Ca¥]é (Fig. 1B) to multiple [Ca¥]é spikes

(Fig. 1A). The amplitude of the [Ca¥]é increase showed

considerable variation between cells; in 13 cells the peak

increase during the initial spike ranged from 322 to

1648 nÒ (714 ± 95 nÒ). A clear delay was observed from

depolarization to the first detectable increase in [Ca¥]é; in

13 cells this latency ranged from 0·5 to 1·4 s (0·8 ± 0·1 s).

The other ionic events activated during cell depolarization in

the megakaryocyte include a large outward current

(Fig. 1A) due to activation of a voltage-dependent K¤

conductance (Kapural, 1995; Romero & Sullivan, 1997),

which was largely unaffected during the plateau phase of

the Ca¥ increase evoked by ADP. As the voltage-dependent

K¤ conductance decayed, a smaller Ca¥-dependent K¤

current (Uneyama et al. 1993a) was seen to be activated by
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Figure 1. Depolarization-evoked [Ca¥]é increases

during exposure to ADP

A and B, simultaneous recordings of [Ca¥]é and membrane

potential (Em) under whole-cell voltage clamp; the whole-cell

current is also shown in A (middle trace). The bars indicate

extracellular application of 1 ìÒ ADP. A and B are from two

different megakaryocytes representing the range of [Ca¥]é

responses to ADP and depolarization.



the voltage-dependent Ca¥ spikes of larger amplitude. The

induction of the depolarization-dependent Ca¥ increase by

ADP was completely reversible, as shown in Fig. 1.

To assess whether the voltage-dependent Ca¥ increase

observed during stimulation by ADP was the result of Ca¥

influx or release from intracellular Ca¥ stores, the

experiment was repeated in Ca¥-free saline. As shown in

Fig. 2, depolarization from −75 to 0 mV in Ca¥-free

(EGTA) saline still evoked a large, transient increase in

[Ca¥]é. This effect was seen in nine other cells in Ca¥-free,

EGTA-containing saline, and in eight cells perfused with

nominally Ca¥-free saline. The [Ca¥]é increase evoked by a

depolarization from −75 to 0 mV in the absence of external

Ca¥ showed a wide variation in amplitude; in 13 cells the

peak increase ranged from 127 to 1031 nÒ (478 ± 78 nÒ).

The delay from depolarization to the first detectable [Ca¥]é

increase was 1·2 ± 0·2 s (n = 13; range 0·6—2·5 s). These

data are consistent with a major role for Ca¥ release from

an intracellular storage site in the depolarization-evoked

increase of [Ca¥]é. Alternatively, voltage modulation of the

electrogenic Na¤—Ca¥ exchanger may underlie the response.

However, in Na¤-free (Na¤ replaced by N-methyl-
ª_glucamine (NMDG)) external saline, depolarization in the

presence of ADP was still able to evoke an increase in

[Ca¥]é (n = 9; data not shown). Taken in concert, these

data indicate that, in the presence of ADP, depolarization is

able to stimulate Ca¥ release from internal stores without a

requirement for Na¤—Ca¥ exchange activity or Ca¥ influx.

Previous studies in rat megakaryocytes have shown that

dialysis of the cytoplasm with heparin, a blocker of IP×

receptors, inhibits the ADP-evoked [Ca¥]é increase

(Somasundaram & Mahaut-Smith, 1995), consistent with

the coupling of this class of purinoceptor to phospholipase C

(PLC) and the generation of IP×. In our experiments,

heparin also blocked the depolarization-evoked increase in

[Ca¥]é induced during exposure to ADP (Fig. 3; n = 6).

Heparin with an average molecular weight of 6000 was used

in these experiments, and therefore several minutes of

dialysis were required to observe complete block. In Fig. 3,

two sections of the [Ca¥]é and membrane potential

recording are shown, starting at 53 and 228 s after

transition to the whole-cell mode with 10 mg ml¢ of

heparin in the pipette. The first trace shows that this cell

Non-excitable cell voltage-dependent Ca¥ releaseJ. Physiol. 515.2 387

Figure 3. Heparin blocks the [Ca¥]é increase evoked by

ADP and depolarization

Two sections of simultaneous [Ca¥]é and membrane voltage

recordings from a single voltage clamp experiment are shown,

starting at 53 and 228 s after transition to the whole-cell

configuration. The [Ca¥]é axis range was limited in order to

clearly illustrate the depolarization-evoked response. The

pipette contained 10 mg ml¢ heparin. The bars indicate

application of 1 ìÒ ADP.

Figure 2. Depolarization-evoked [Ca¥]é increase

induced by ADP in Ca¥-free saline

Simultaneous recording of [Ca¥]é and membrane potential in

Ca¥-free saline with 0·5 mÒ EGTA. The cell was clamped at

either −75 or 0 mV, except for two brief periods prior to the

second step to 0 mV, when compensation for whole-cell

capacitance and series resistance were checked using a 5 mV

pulse at line frequency. The bar indicates application of 1 ìÒ

ADP.



displayed a single transient [Ca¥]é increase in response to

both ADP and depolarization. After a further 175 s, the

[Ca¥]é response to the second application of ADP was

greatly reduced and the response to depolarization was

completely blocked. The loss of response was not the result

of receptor desensitization or time-dependent run-down

since in the absence of heparin, [Ca¥]é responses to ADP

and depolarization could be obtained at least twice in the

same cell (n = 19) and depolarization could evoke an [Ca¥]é

increase more than 8 min after transition to the whole-cell

mode (n = 12). The ability of heparin to block the voltage-

dependent Ca¥ increase is consistent with a requirement for

functional IP× receptors to observe the response.

The physiological relevance of the depolarization-evoked

Ca¥ increase is dependent upon the megakaryocyte

undergoing membrane potential changes that are capable of

activating the response. Figure 4A is an example of a

current clamp recording during exposure to 1 ìÒ ADP.

Prior to stimulation, the cell resting potential was steady at

−41 mV; the mean value in 13 cells was −43 ± 1 mV. In

response to ADP, the cell showed either a single transient

hyperpolarization or oscillations of membrane potential

(Fig. 4A) consistent with previous observations that a Ca¥-

gated K¤ channel is the major conductance activated during

agonist-evoked Ca¥ elevations in the rat megakaryocyte

(Uneyama et al. 1993a). In a total of 13 cells, the most

negative potential reached during a hyperpolarization

measured −76 ± 1 mV. Therefore, following each membrane

hyperpolarization to approximately −75 mV, the cell is

subjected to a depolarization of approximately 30 mV. In

the experiment of Fig. 4B, the cell was initially exposed to

ADP under current clamp and then voltage clamped at

−75 mV. Three separate potential steps to 0 mV each evoked

an [Ca¥]é transient, demonstrating the repeatable nature of

the depolarization-evoked Ca¥ increase. Importantly, a step

to −45 mV also elicited a rise in [Ca¥]é. Thus, membrane

potential changes over the physiological range are also

capable of inducing the response. In six cells exposed to

1 ìÒ ADP, the peak [Ca¥]é increase evoked by a step from

−75 to −45 mV was 398 ± 91 nÒ.

DISCUSSION

Previous studies in non-excitable cells have concluded that

depolarization leads to a reduction in [Ca¥]é during

activation of Ca¥ signalling pathways primarily due to a

decrease in the electrical driving force for Ca¥ entry

(Penner et al. 1988; Lewis & Cahalan, 1989; Demaurex et al.
1992). This is consistent with the fact that the Ca¥-

permeable channels in these cells are not gated by

depolarization, in contrast to nerve, muscle and other

excitable cells (Fasolato et al. 1994; Clapham, 1995). In the

rat megakarycoyte, a cell type lacking voltage-dependent

Ca¥ channels (Uneyama et al. 1993a; Somasundaram &

Mahaut-Smith, 1994, 1995), we now present evidence that

depolarization during stimulation of metabotropic purino-

ceptors evokes a large increase in [Ca¥]é. The response was

observed in Ca¥-free and Na¤-free salines, and therefore

involves Ca¥ release from internal stores and does not

require Na¤—Ca¥ exchange activity. Although the peak

increase in [Ca¥]é upon depolarization to 0 mV was smaller

in Ca¥-free saline (478 ± 78 nÒ) than in 1 mÒ Ca¥ saline

(714 ± 95 nÒ), it was not possible to accurately assess the

contribution of Ca¥ influx to the response due to the large

variation in amplitude in both the presence and absence of

external Ca¥; furthermore, the stores will lose a significant

amount of their Ca¥ content in Ca¥-free salines (Uneyama

et al. 1993b). The delay from depolarization to intial [Ca¥]é

increase was slightly longer in Ca¥-free saline (1·2 ± 0·2 s)

than in the presence of external Ca¥ (0·8 ± 0·1 s); however,

this small difference may also reflect reduced store and

cytosolic Ca¥ levels rather than the timing of contribution

of Ca¥ influx. Although store-dependent Ca¥ entry

(Somasundaram & Mahaut-Smith, 1994) will be activated

during the Ca¥ response evoked by depolarization, this

influx will be secondary to the release mechanism. In

addition, at depolarized potentials, Ca¥ influx will be small

due to the reduced inward driving force for Ca¥ and
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Figure 4. Depolarization over the physiological range

evokes an [Ca¥]é increase

A,whole-cell current clamp recording of membrane potential
during application of 1 ìÒ ADP (bar). B, simultaneous
recording of [Ca¥]é and membrane potential during exposure

to 1 ìÒ ADP (bar) under whole-cell current clamp or voltage

clamp as indicated by the double-ended arrows below. During

voltage clamp, the cell was held at −75, −45 or 0 mV.



inwardly rectifying properties of the underlying conductance

(Somasundaram & Mahaut-Smith, 1994). Therefore, the

depolarization-evoked Ca¥ increase is mainly the result of

Ca¥ release from intracellular stores rather than Ca¥ influx.

At present, we cannot identify the precise site of the

voltage sensor that transduces a depolarization of the

plasma membrane into stimulation of Ca¥ release from

intracellular stores, although it clearly requires prior

activation of plasma membrane purinoceptors and functional

IP× receptors. The ADP receptor that stimulates Ca¥

mobilization in the megakaryocyte has not been well

characterized, but several pieces of evidence suggest that it

is a G-protein-coupled receptor linked to phospholipase Câ.

Firstly, heparin, a blocker of IP× receptors (Bezprozvanny &

Ehrlich, 1995), prevents the [Ca¥]é increase activated by

ADP (Somasundaram & Mahaut-Smith, 1995; this study).

Secondly, intracellular dialysis with IP× or GTPãS evokes

intracellular Ca¥ oscillations similar to those activated by

ADP (Uneyama et al. 1993b; Hussain & Mahaut-Smith,

1998). Thirdly, megakaryocytes lack Ca¥-induced Ca¥

release via ryanodine receptors (Uneyama et al. 1993b).
Depolarization may affect one or more stages in the

signalling pathway, including the purinoceptor itself, its

G-protein or phospholipase C. Several of the molecules

required for, or consumed within, the purinoceptor-evoked

pathway are highly polar, including ADP, GTP and phospha-

tidylinositol 4,5-bisphosphate. Therefore, depolarization

may affect their binding and consequently the efficacy of

IP× generation. Stimulation of IP× formation would result in

increased Ca¥ release and hence adequately explain the

depolarization-evoked response. Evidence that IP× formation

can be increased by depolarization has been provided in

skeletal muscle (Vergara et al. 1985). In addition, hyper-

polarization has been suggested to reduce IP× generation

during agonist activation of rabbit mesenteric artery (Itoh et
al. 1992). An alternative explanation for the depolarization-

evoked Ca¥ release in the megakarocyte is that a form of

configurational coupling develops between the plasma

membrane and intracellular stores during IP×-dependent

Ca¥ release which allows voltage changes to control internal

Ca¥ release. This type of coupling allows action potentials

in skeletal muscle to gate Ca¥ release through ryanodine

receptors in skeletal muscle (Schneider & Chandler, 1973). A

configurational coupling mechanism has also been proposed

to account for activation of a Ca¥ influx pathway by

depletion of intracellular Ca¥ stores (Irvine, 1990). However,

depolarization during thapsigargin-evoked store depletion

resulted in either a decrease in [Ca¥]é or a slowing of the

Ca¥ increase, as expected from a reduction in driving force

for Ca¥ entry (M. P. Mahaut-Smith & M. J. Mason

unpublished data). Therefore a lowering of store Ca¥

content, which triggers Ca¥ influx in megakaryocytes and

other non-excitable cells (Putney, 1986; Fasolato et al. 1994;
Somasundaram & Mahaut-Smith, 1994), is not by itself the

signal that induces voltage-dependent Ca¥ release. This

does not rule out the possibility that during stimulation by

ADP, Ca¥ is sequestered into another storage site which is

directly sensitive to the plasma membrane voltage. A

depolarization-evoked Ca¥ release similar to that which we

describe here has been reported in one excitable tissue,

coronary artery smooth muscle, during stimulation of

metabotropic cholinergic receptors (Ganitkevich & Isenberg,

1993). Interestingly, Marty & Tan (1989) reported that

muscarinic cholinergic receptor-evoked Ca¥ release in rat

lacrimal acinar cells is voltage dependent, but, in contrast to

coronary artery smooth muscle, depolarization leads to a

decrease in the amplitude and increase in the delay of the

initial ACh-induced [Ca¥]é increase. The effect of voltage

was not observed at saturating levels of the agonist response

in both acinar cells and coronary artery smooth muscle

(Marty & Tan, 1989; Ganitkevich & Isenberg, 1996). On the

basis of this result and arguments that neither the

G_protein nor PLC can sense the voltage field, Marty & Tan

(1989) concluded that the receptor protein is the site of the

voltage dependence. However, this interpretation is difficult

to reconcile with the fact that depolarization has the

opposite effect on the magnitude and kinetics of the ACh-

evoked Ca¥ increase in acinar versus smooth muscle cells

(Marty & Tan, 1989; Ganitkevich & Isenberg, 1996). In

addition, in smooth muscle cells (Ganitkevich & Isenberg

1993), depolarization-evoked Ca¥ release was induced by

intracellular GTPãS, suggesting that a voltage-dependent

site exists downstream of the receptor. Clearly, further

studies are required to determine the mechanism(s)

underlying the agonist-dependent depolarization-evoked

Ca¥ increase in both the rat megakaryocyte and coronary

artery smooth muscle.

At present, the importance of the ADP-induced,

depolarization-dependent Ca¥ release in the megakaryocyte

remains speculative. The mechanism can be repetitively

stimulated and is active over the range of potentials evoked

by ADP under current clamp (approximately −75 to

−45 mV), thus it may be involved in controlling the patterns

of [Ca¥]é increase during oscillations. The present study and

previous patch clamp investigations of rat megakaryocytes

(Uneyama et al. 1993a,b; Hussain & Mahaut-Smith, 1998)

show that [Ca¥]é oscillations can occur during clamp of the

membrane voltage to a single potential, even during

maximum possible correction for voltage errors across the

series resistance (Hussain & Mahaut-Smith, 1998; this

study). Therefore, voltage-dependent Ca¥ release is not a

requirement for purinoceptor-evoked [Ca¥]é oscillations in

the megakarycoyte, but may instead represent a means by

which cells can control temporal or spatial patterns of [Ca¥]é

increase. Our data provide evidence that the depolarization-

evoked Ca¥ increase is larger when the membrane is

stepped from −75 to 0 mV (714 ± 95 nÒ) compared with a

step from −75 to −45 mV (398 ± 91 nÒ). Therefore this

phenomenon may play an important role in Ca¥ signalling

if present in cells that display larger changes in membrane

potential. For example, certain non-excitable cells such as

rat basophilic leukaemia cells show rapid fluctuations in

membrane potential between two zero current states within

the current—voltage relationship, approximately −80 and
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−25 mV (Mason et al. 1997). Finally, this mechanism could

be extremely important in excitable cells that exhibit an

IP×-dependent Ca¥ release since larger voltage changes will

be frequently experienced. Further experiments are

required to investigate how widespread voltage control of

Ca¥ release is during stimulation of metabotropic receptors

in excitable and non-excitable tissue.

In conclusion, we have shown that stimulation of

metabotropic ADP receptors in a non-excitable cell, the rat

megakarycoyte, leads to an ability of membrane

depolarization to evoke [Ca¥]é increases due predominantly

to release of intracellularly stored Ca¥. Depolarization was

able to stimulate Ca¥ mobilization in a repetitive manner

and was effective over the physiological potential range.

This mechanism may have important consequences for

control of Ca¥ signalling by stimuli that invoke an

electrogenic influence.
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