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Abstract

Osteoblasts play a major role in bone formation. Osteoblasts employ intracellular 
Ca2+ as a second messenger modulating hormonal responses and a cofactor for bone 
mineralization. Voltage-dependent Ca2+ channels (VDCCs) are most commonly present 
in excitable cell membranes. They are also present at lower levels even in most non-
excitable cells too. In both types of cell, they mediate the influx of Ca2+ in response to 
membrane depolarization. Prepulse facilitation is a phenomenon in which a long and 
strong depolarizing pulse induces a form of VDCC that exhibits an increased opening  
probability. We believe this to be the first study to demonstrate that strong depolarization  
prepulses both increase and decrease VDCCs in osteoblasts.

Key words: Osteoblast — Voltage-dependent Ca2+ channels — Prepulse facilitation —  
Patch clamp experiment

Short Communication

33

Bull Tokyo Dent Coll (2012) 53(1): 33–36

Introduction

In cells of osteoblastic lineage, intracellular 
Ca2+ signals coordinate cell behavior, which  
translates into systemic control of Ca2+ homeo-
stasis and maintains normal bone mineral 
density.

Voltage-dependent Ca2+ channels (VDCCs) 
serve as crucial mediators of membrane 
 excitability14) and many Ca2+-dependent func-
tions such as growth of bone4), regulation of 
proliferation13), enzyme activity16) and gene 
expression15). The key cell surface sensor  

of mechanical transduction and control of  
intracellular Ca2+ concentration in osteoblasts  
is the L-type VDCC.

Prepulse facilitation is a phenomenon in 
which a train of depolarization, or a long and 
strong depolarizing pulse, induces a form of 
VDCC that exhibits an increased opening 
probability in response to a given test poten-
tial; and this persists for several seconds after 
repolarization3,9). However, prepulse facilita-
tion of VDCCs in osteoblasts has not been 
clarified. Consequently, the purpose of this 
study was to investigate prepulse facilitation 
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of VDCCs in osteoblasts.

Materials and Methods

Murine osteoblastic MC3T3-E1 cells were  
cultured at 37°C in a 5%(v/v) CO2 atmosphere  
with α-modified minimal essential medium  
(α-MEM; Gibco BRL, Grand Island, NY, U.S.A).  
Unless otherwise specified, the medium 
contained 10%(v/v) heat-inactivated fetal 
bovine serum (FBS), 100 U/ml penicillin and  
100 mg/ml streptomycin. Cell culture medium  
was changed every 2–3 days. For patch-clamp 
experiments, cells were harvested using a 
0.05% trypsin/0.02% EDTA solution, when 
cells reached confluence. Cells were plated  
at very low density in 35 mm tissue culture 
dishes. Prior to recordings, the cells were  
washed at least three times with Krebs solution  
of the following composition (in mM): 136  
NaCl; 5 KCl; 2.5 CaCl2; 0.5 MgCl2; 10.9 glucose;  
11.9 NaHCO3 and 1.1 NaH2PO4. The pH was 
7.3–7.4. Cell culture reagents were purchased 
from Sigma (Tokyo, Japan).

Voltage-clamp recordings were obtained 
using whole-cell configuration patch-clamp 
technique5). Fabricated recording pipettes 
(2–3 MΩ) were filled with internal solution  
of the following composition (in mM): 150 
CsCl, 5 EGTA, 10 D-glucose, and 10 HEPES. 
The pH was adjusted to 7.3 with CsOH. After 
the formation of a giga seal, in order to  
record VDCC current (ICa) carried by Ba2+ 
(IBa), the extracellular solution was replaced 
changing Krebs solution for a solution con-
taining the following (in mM): 115 BaCl2 and 
20 HEPES. The pH was adjusted to 7.4 with 
TEA-OH. Command voltage protocols were  
generated with a computer software pCLAMP  
version 10 (Axon Instruments, Union City, 
CA, U.S.A) and transformed to an analogue  
signal using the DigiData1440A interface  
(Axon Instruments). The command pulses 
were applied to the cells through an L/M- 
EPC7 amplifier (HEKA Elektronik, Lambrecht,  
Germany). The currents were recorded with  
an amplifier and the computer software  
pCLAMP10 acquisition system. Access resis-

tance (<15 MΩ) was determined by transient 
responses to voltage commands.

Results

Representative examples of superimposed 
IBa traces are shown in Fig. 1A and B. To 
 investigate the prepulse facilitation of IBa,  
we used a double-pulse voltage protocol as 
shown in Fig. 1. Paired IBa were evoked from 
a holding potential of 180 mV by a 100 ms 
voltage step to 0 mV. An intervening strong 
depolarizing prepulse (100 mV, 30 ms) ended  
5 ms prior to the second IBa; without prepulse.

As shown in Fig. 1A, a strong depolarization  
prepulse increased the amplitude of IBa from  
177 pA (first IBa; without prepulse) to 1109 pA  
(second IBa; with prepulse). When prepulse 
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Fig. 1 Typical superimposed IBa traces recorded using 
double-pulse voltage protocol

Paired IBa were evoked from holding potential of 180 mV  
by 100 ms voltage step to 0 mV. Intervening strong depo-
larizing prepulse (100 mV, 30 ms) ended 5 ms prior to 
second IBa.
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increased the IBa, the amplitude of IBa was  
70.3±67.8 pA (first IBa) to 127.0±61.6 pA  
(second IBa), (n=6).

In contrast, as shown in Fig. 1B, a strong  
depolarization prepulse decreased the ampli-
tude of IBa from 1170 pA (first IBa) to 170 pA 
(second IBa) in other cells. When the prepulse  
decreased the IBa, the amplitude of IBa was  
159.2±27.1 pA (first IBa) to 99.7±28.9 pA  
(second IBa), (n=4).

Discussion

In this study, it was demonstrated that a  
strong depolarization prepulse both increased  
and decreased IBa in osteoblasts. We believe 
this to be the first study to report that 
 depolarization of prepulses decrease IBa in 
osteoblasts.

There are at least two distinct forms of 
prepulse facilitation of VDCCs. One type, 
prepulse facilitation of N- and P/Q-type 
VDCCs, is mediated by direct interactions  
between GTP-binding protein (G-protein)  
βγ subunits and VDCCs7,18). In this model, 
VDCCs are tonically inhibited by G-proteins 
βγ subunits6,10). Application of a prepulse may 
release G-proteins βγ subunits from VDCCs. 
Another type, prepulse facilitation of L-type 
VDCCs of thalamic neurons, is independent 
of G-proteins and phosphorylation11). Similar 
to previous suggestions that direct conforma-
tional changes in L-type VDCCs underlies the  
mechanism for voltage-dependent facilitation  
in smooth muscle L-type VDCCs12), these 
authors concluded that no chemical modifi-
cation is necessary to produce the facilitated 
state of VDCCs.

A possible explanation for the discrepancy 
in these results is that the contribution of 
 different splice variants of VDCCs α and β 
subunits may affect the kinetic properties  
of IBa. VDCCs are hetero-oligomers consisting 
of a number of subunits: α1 subunits, the 
 pore-forming subunit; and several accessory 
subunits, including α2 δ and β2 subunits. It has 
been demonstrated that prepulse facilitation  
of IBa was observed in HEK293 cells expressing  

the α1C subunit, the α1C-a β2a complex, but not 
in cells expressing the α1C-a β2a α2 δ-1 or the 
α1C-a β2a α2 δ-3 complex12). In osteoblasts, L-type 
VDCCs are composed of the α1, α2 δ- and 
β-subunits but are devoid of a γ -subunit2).

It is assumed that VDCCs exist in two  
modes (i.e., different gating patterns): the 
“willing” mode and the “reluctant” mode. In 
the willing mode, VDCCs are opened readily 
by small depolarizations (first IBa), whereas  
in the reluctant mode, VDCCs require much 
larger depolarizations to open (second IBa)

1). 
In addition, it has been suggested that G- 
protein can inhibit VDCCs (tonic inhibition)8).  
It has been reported that a strong depolariza-
tion prepulse relieves the tonic inhibition of 
VDCCs produced by G-protein activation17). 
We believe that the presence of the increasing 
versus decreasing response on IBa is more likely 
due to expression of different G-proteins 
and/or channel modes. The kinetic mecha-
nisms of VDCCs must be investigated in more 
detail in further study.

References

 1) Bean BP (1989) Neurotransmitter inhibition 
of neuronal calcium currents by changes in  
channel voltage dependence. Nature 340: 
153–156.

 2) Bergh JJ, Shao Y, Akanbi K, Farach-Carson  
MC (2003) Rodent osteoblastic cells express 
voltage-sensitive calcium channels lacking a 
γ -subunit. Calcif Tissue Int 73:502–510.

 3) Dolphin AC (1996) Facilitation of Ca2+ current  
in excitable cells. Trends Neurosci 19:35–43.

 4) Duriez J, Flautre B, Blary MC, Hardouin P 
(1993) Effects of the calcium channel blocker 
nifedipine on epiphyseal growth plate and 
bone turnover: a study in rabbit. Calcif Tissue 
Int 52:120–124.

 5) Hamill OP, Marty A, Neher E, Sakmann B, 
Sigworth FJ (1981) Improved patch-clamp  
techniques for high-resolution current record-
ing from cells and cell-free membrane patches.  
Pfugers Arch 391:85–100.

 6) Herlitze S, Garcia DE, Mackie K, Hille B, 
Sheuer T, Catterall WA (1996) Modulation of  
Ca2+ channels by G-protein βγ subunits. Nature  
380:258–262.

 7) Hille B (1994) Modulation of ion-channel  



36

function by G-protein coupled receptors. Trends  
Neurosci 17:531–535.

 8) Holz GG, Rane SG, Dunlap K (1986) GTP-
binding proteins mediate transmitter inhibi-
tion of voltage-dependent calcium channels. 
Nature 319:670–672.

 9) Ikeda SR (1991) Double-pulse calcium channel  
current facilitation in adult rat sympathetic 
neurons. J Physiol 439:181–214.

 10) Ikeda SR (1996) Voltage-dependent modula-
tion of N-type calcium channels by G-protein 
βγ subunits. Nature 380:255–258.

 11) Kammermeier PJ, Jones SW (1998) Facilitation 
of L-type calcium current in thalamic neurons.  
J Neurophysiol 79:410–417.

 12) Kleppisch T, Pedersen K, Strubing C, Bosse- 
Doenecke E, Flockerzi V, Hofmann F, Hescheler  
J (1994) Double-pulse facilitation of smooth 
muscle α1-subunit Ca2+ channels expressed in 
CHO cells. EMBO J 13:2502–2507.

 13) Loza J, Stephan E, Dolce C, Dziak R, Simasko  
S (1994) Calcium currents in osteoblastic cells: 
dependence upon cellular growth stage. Calcif  
Tissue Int 55:128–133.

 14) Miller RJ (1987) Multiple calcium channels 
and neuronal function. Science 235:46–52.

 15) Murphy TH, Worley PH, Baraban JM (1991)  
L-type voltage-sensitive calcium channels medi-
ate synaptic activation of immediate early 
genes. Neuron 7:625–635.

 16) Reuter H (1983) Calcium channel modula-
tion by neurotransmitters, enzymes and drugs.  
Nature 301:569–574.

 17) Scott RH, Dolphin AC (1990) Voltage-dependent  
modulation of rat sensory neurone calcium 
channel currents by G protein activation: 
effect of a dihydropyridine isolated adult rat 
superior cervical ganglion neurons. Pfugers 
Archiv 411:481–490.

 18) Zamponi GW, Snutch TP (1998) Modulation 
of voltage-dependent calcium channels by 
G-proteins. Curr Opin Neurobiol 8:351–356.

Reprint requests to:  
Dr. Takayuki Endoh 
Department of Physiology,  
Tokyo Dental College, 
1-2-2 Masago, Mihama-ku,  
Chiba 261-8502, Japan 
Tel: +81-43-270-3771 
E-mail: tendoh@tdc.ac.jp

Endoh T et al.


