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SUMMARY

1. The whole-cell voltage-clamp mode of the patch-clamp technique was used to
investigate the presence of voltage-gated inward currents in osteoblasts from new-
born rat calvaria.

2. In K+-free solutions, three kinds of inward currents could be activated by
depolarization: a voltage-gated Na+ current and two different types of Ca21
currents.

3. The Na+ current was activated by depolarization above -40 mV in all the cells.
It was reduced by half by 10 nM-TTX (tetrodotoxin).

4. In an isotonic Ba2+ external solution containing TTX, and with a Cs-EGTA
internal solution buffered at pCa 8, depolarizing jumps induced both a transient
Ba21 current and a sustained Ba21 current. The relative proportions of these two
currents varied greatly among cells.

5. The transient and sustained Ba2+ currents differ with respect to their time
course and their voltage dependence.

6. The depolarization-activated inward currents were also observed under more
physiological conditions, in the presence of only 2 mM-external Ca2+ and with a K+
internal solution buffered at pCa 7.

7. A few records obtained in current clamp showed that it is possible to induce
action potentials in osteoblasts.

INTRODUCTION

Osteoblasts are the cells responsible for bone matrix formation and recent studies
have shown that they are also involved in the hormonal control of bone resorption
(Chambers, 1980; Rodan & Martin, 1981). Since the initial suggestions that some
bone-resorbing hormones, like parathormone (PTH), might stimulate the uptake of
Ca21 ions into osteoblasts (Dziak & Stern, 1975; Nijweide, 1975; Marcus & Orner,
1980), several studies have suggested that the intracellular Ca2+ concentration might
vary during hormonal responses (see Wong, 1986 for a review). Direct measurements
of the intracellular Ca2+ concentration have been made by using the fluorescent
Ca2+ indicator quin-2 in different cultures of 'osteoblasts' (osteoblast-like cell lines or
primary cultures). Some of these studies have shown that the intracellular Ca2+
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concentration of osteoblasts does vary during stimulation with bone-resorbing
hormones (L6wik, van Leeuwen, van der Meer, van Zeeland, Scheven & Hermann-
Erlee, 1985; Lieberherr, 1987 but see Boland, Fried & Tashjian, 1986). Furthermore,
in one osteoblast-like cell line (ROS25/1). but not in some others, it was shown that
increasing the extracellular K+ concentration increases the intracellular Ca2+
concentration. suggesting that osteoblasts might have voltage-dependent Ca2+
chaimels (BolanId et al. 1986).

In the present study. by uisinlg the patch-clamp technique, we demonstrate the
existenice of two different kinds of voltage-gated Ca2+ currents and a TTX-sensitive
voltage-gated Na' current in osteoblasts from newborn rat calvaria.

METHODS

The experiments were performed at room temperature on primary cultures of newborn rat
osteoblasts in the whole-cell configuration of the patch-clamp technique (Hamill, Marty, Neher,
Sakmann & Sigworth, 1981).

Cell preparation. Osteoblastic cells were isolated from newborn rat calvaria. While holding the
animal gently on a polystyrene sheet the head was removed instantaneously with one stroke of a
razor blade. As is the case in most laboratories studying bone cells, the use of anaesthetics was
avoided, since they are known in particular to modify the calcemia and the alkaline phosphatase
activity. The central parts of parietal bones were excised and the periosteal tissues carefully
stripped away. Bones were incubated at 37 °C during two sequential 10 min periods in a
Ca2+-Mg2+-free Earle solution containing 05 mg trypsin/ml (Worthington) and 4 mM-EDTA.
Isolated cells were harvested, washed and seeded at about 10000 cells/dish (35 mm Falcon) in BGJ
medium (Flow Laboratories) supplemented with 10% fetal calf serum (Flow Laboratories),
fungizone (25 jug/ml), penicillin (100i.u./ml) and streptomycin (50,ug/ml). Experiments were
performed on isolated cells from day 3 to day 5 in culture.

Using the Sigma kit no. 85-1, approximately 90% of the attached cells were shown to have
intense alkaline phosphatase reactivity, a well-known indicator of the osteoblastic phenotype
(Rodan & Rodan, 1984).

,Solutions. The culture dish was continuously perfused with the Na+-5 K+-1 Ca2+_ 1 Mg2+ solution
described in Table 1. In each experiment, the cell from which the current was recorded was locally
perfused with a given external solution, by using a pipette of about 300 /sm diameter placed at
about 50 ,um from the cell. This pipette was connected to the output of a two-way plastic tap. The
compositions of the external and internal solutions are given in Table 1.

In many experiments designed for the study of the voltage-gated Ca2+ conductances, we used the
isotonic Ba2+ external solution, usually supplemented with 200 nM-TTX, and the Cs-EGTA
internal solution buffered at pCa 8 (Table 1). Both these solutions were K+ free and only contained
about 3 mM-Na+, thus making very unlikely a contamination of the records by K+ or Na+
currents.
Even though it was possible to detect convincing transient and sustained Ca2+ currents in the

presence of 2 mM-Ca2+ ions (Figs 1 and 7), the use of a high concentration of external Ba2+ ions
greatly enhanced both currents flowing through Ca2+ channels, in particular the sustained current
(see Fig. 7), thus allowing us to minimize possible difficulties related to the subtraction of the leak
current (see below). The use of Ba2+ rather than Ca2+ ions also prevented the possible Ca2+-
dependent inactivation that would occur, in spite of the presence of a very high concentration of
internal EGTA, if local intracellular Ca2+ concentration changes transiently occurred following
Ca2" entry. Thus, the isotonic Ba2+ solution facilitated the separation of the two Ca2+ currents and
the comparison of their voltage sensitivity.

In a few experiments the CsCl internal solution, also buffered at pCa 8, was used instead of the
Cs-EGTA solution and very similar results were obtained. The Cs-HEDTA or K-HEDTA
solutions buffered at pCa 7 were also used in some experiments. ATP and Mg2+ were introduced in
all internal solutions since their presence has been reported to slow (Forscher & Oxford, 1985;
Byerly & Yazejian, 1986) the 'run-down' of Ca2+ currents which often occurs after internal
dialysis.
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TABLE 1. Composition of solutions (mM)

CaC12
NaCl KCl MgCl2 (or BaCl2) CsCI EGTA HEDTA

Na4-5 K+-1 Ca24-1 Mg2+ 140 5 1 1
Na+-5 K+-2 Ca2+-i Mg2+ 140 5 1 2
Na+-2 Ca2+_l Mg2+ 140 0 1 2
Ca2+ 0 0 0 105
Ba2+ 0 0 0 108 (BaCl2)
Cs-EGTA, pCa8 0 1 6 0 (145) 64 0
CsCl, pCa8 0 1 1 117 (140) 10 0
Cs-HEDTA, pCa7 0 1 1-5 57 (140) 0 40
K-HEDTA, pCa7 56 (130) 1 1-5 0 0 40

The external solutions were all buffered at pH 7-6 with 10 mM-HEPES (N-2-hydroxyethyl-
piperazine-N'-2-ethane sulphonic acid-NaOH). In a few experiments, the NaCl (140 mM) of the
Na+-2 Ca2+_1 Mg24 solution was replaced by Tris (tris-(hydroxymethyl)-amino-methane-HCI)
(154 mM) or N-methyl-glucamine-HCl (140 mM). The Na+A-5 Ca2+-2 5 Mg2+, Na+-0 Ca2+ 1 Mg24
and Na+-0 Ca2+-3 Mg24 solutions contained 140 mM-NaCl and the concentrations of CaCl2 and
MgCl2that are indicated (mM) by the names of the solutions (no EGTA (ethyleneglycol-bis-(fl-
amino-ethyl-ether)-N,N'-tetraacetic acid) added). The internal solutions all contained 2 mM-ATP
(adenosine-5'-triphosphate disodium salt); they were all buffered at pH 7-3 with 10 mM-
HEPES-NaOH. EGTA or HEDTA (N-hydroxyethyl-ethylene-diamine-triacetic acid) was added
from solutions which were previously buffered at this pH with either CsOH (Cs-EGTA and
Cs-HEDTA solutions) or KOH (K-HEDTA solution). The final concentration of Cs+ or K+ ions
in each internal solution is indicated in parentheses. In most experiments, the internal solutions
described in this Table were diluted by 10% with distilled water.

Bay K8644 (kind gift of Dr Franckowiak, Bayer AG, F.R.G.) was first diluted to 10 mm in DMSO
(dimethyl sulphoxide) and (+ )-PN-200- 110 (kind gift of Dr Hof, Sandoz, Switzerland) was diluted
to 1 mM in 95% ethanol. These stock solutions were then diluted in the Ba2+ solution and the
corresponding concentration of DMSO or ethanol was added to the Ba2+ solution for controls.

Recording and analysis. Patch-clamp micropipettes were made from soft glass; the shank of each
pipette was covered with Sylgard and the tip was slightly fire polished. The typical pipette
resistance was about 4 MQ when filled with the usual Cs-EGTA internal solution. The bath was
grounded via an agar bridge. The junction potential between the bath and the tip of the pipette
was measured and was taken into account as explained in Fenwick, Marty & Neher (1982). The
current output of an EPC7 List amplifier (filtered at 3 kHz) was stored on magnetic tape (Racal).
The records were then analysed off-line; they were filtered with an 8-pole low-pass Bessel filter (cut-
off frequency usually 1 kHz, and 2 kHz in the case of a few experiments on Na+ currents), and
digitized (with a sampling frequency 4 times higher than the filter frequency) for computer analysis
(PDP 11-23). Note that the cascaded filters used give final cut-off frequencies close to 0-75 and
1-2 kHz.
Although we tried to use analog compensation of capacitive currents during the experiment, the

compensation was generally not satisfactory because the access resistance to the cell interior had
a tendency to increase continuously with time. This continuous drift often prevented the use of the
series resistance compensation. At the beginning of the experiment, the series conductance value
indicated by the analog compensation of the EPC7 List amplifier was generally between 0-15 and
03 /is. We terminated most experiments before this parameter became smaller than 0- I s. Since
the recorded current rarely exceeded 500 pA, the voltage drop across the series resistance was
usually smaller than 5 mV. Furthermore, possible kinetic changes in the voltage-dependent
currents were checked systematically, and the experiments during which such changes occurred
were discarded. The high reproducibility of the current-voltage (I-V) curves of the voltage-gated
currents studied suggests that the errors due to the series resistance were small.
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In view of the drift described above, we corrected the current recorded during a depolarizing
voltage jump for both the leak and the residual capacitive currents by alternating between a
depolarizing jump and a 20 mV 'control' voltage jump, which was either hyperpolarizing or
depolarizing depending upon the difference between the holding potential and the threshold of the
voltage-gated current. This procedure had the advantage of allowing us to take into account
possible changes with time of both the leak and the capacitive currents. The voltage-jump duration
was 50 ms and the frequency of the depolarizing voltage jumps never exceeded 0 5 Hz. During
analysis, the current records obtained during successive identical voltage jumps were averaged
and, assuming a linear leak, the average of the corresponding 'control' traces was multiplied by the
appropriate factor and subtracted from the average of the current traces recorded during the test
depolarization.
We have some evidence that the leak was indeed linear at least up to + 30 mV and in some cases

even above. In most experiments performed in the Na+-0 Ca2+-3 Mg2+, Na+-0 Ca2+-1 Mg2+ and
Na+-05 Ca2+-25 Mg2+ external solutions (see Figs 1, 2 and 3 A), and in the few experiments
performed in the presence of 5 mM-Co2+ (not shown), the current value measured at the end of a
50 ms duration voltage jump was linearly related to the membrane potential value. Furthermore,
the leak was indeed linear in the voltage range where it was systematically measured below the
threshold of the voltage-gated currents (from -87 to -27 mV in the experiments of Figs 4 and 5
and from -67 to -27 mV in the experiments of Figs 6 and 7A as indicated in each Figure by the
zero value of the Ba2+ currents obtained at -27 mV after correction for a linear leak). Note that
if, for very strong depolarizations, the leak became larger than assumed by the linear leak-
subtraction procedure, we would have underestimated the amplitude of the sustained inward
current activated by depolarization.
With the exception of the records shown in Fig. 3B, all the depolarization-activated inward

currents illustrated have been corrected by the leak-subtraction procedure described above.
However, in the isotonic Ba2+ solution, the Ba2+ currents were usually very large compared to the
leak and could be detected even without leak subtraction (see legends of Figs 4-7). Note that since
the number of averaged test or control traces was usually around four, the noise level of the
depolarization-activated currents that have been illustrated is not representative of the noise
actually induced by channel openings.

The cells used in most experiments were very flat; the diameter of their soma was often of the
order of 70 ,um and some of them showed long processes extending from their cell body. This
geometry probably explains why a small delay was often observed between the onset of the
depolarization and that of the voltage-gated currents. Consequently, we did not draw conclusions
concerning detailed kinetic properties of these currents. In the younger, smaller round cells which
were used in some experiments, the currents showed a more rapid onset and gave I-V curves
similar to those illustrated. However, in these cells the currents were generally smaller and the
sustained Ca2+ current was less frequently observed.

All the curves were drawn by eye.

RESULTS

K+-free solutions
In the absence of external K+ ions and in the presence of almost physiological

external concentrations of Na+, Ca2+ and Mg2` ions (Na+-2 Ca2+_1 Mg2+ external
solution), whole-cell current recordings revealed the existence of at least two types
of inward currents activated by depolarization (Fig. 1). The initial current was a very
brief transient one, that was not blocked by the substitution of external Ca21 ions by
Mg21 (Fig. IA) (but could be inactivated after suppression of Ca2+ ions if the holding
potential was not negative enough: see Fig. LB and Figure legend); this initial
current appeared to be a TTX-sensitive, voltage-dependent Na+ current (see Fig. 3).
Depending upon the cell and the characteristics of the depolarizing jump, the later
inward current appeared either to be transient (Fig. 1A) or to show a sustained
component (Fig. 1B), but in both cases, it could be blocked by the suppression of
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A B

0 Ca2+-3 Mg2+ | Ca2+_ 1 Mg2+

22 Ca2L _ n 2 Ca +-1 Mg2+

62 pA

25 ms

Fig. 1. Inward currents activated by depolarization in the Na+-2 Ca2+-1 Mg2+ solution. A,
inward currents successively activated by depolarization from - 107 to -12 mV in the
Na'-2 Ca2+-1 Mg2+ and Na+-0 Ca2+-3 Mg2+ external solutions. In the Na+-2 Ca2+_1 Mg2+
solution, the depolarizing jumps activated two transient inward currents, an initial one
which persisted in the 0 Ca2+ solution (and which was blocked by TTX (not shown)), and
a second one, which could no longer be detected in the 0 Ca2+ solution. Note also the
absence of sustained current at the end of the depolarizing jumps; this observation, which
was done for even stronger depolarizations, indicates that the leak-subtraction procedure
was satisfactory (see Methods). Whole-cell resistance below -60 mV: 2 GQ in both
solutions. B, inward currents successively activated by depolarization from -67 to
-7 mV in another cell in the Na+-2 Ca2+-1 Mg2+ and Na+-0 Ca2+-1 Mg2+ external
solutions. In the Na+-2 Ca2+_1 Mg2+ solution, the depolarizing jumps induced both an
initial transient current (very similar to that illustrated in A) and a sustained inward
current which was still detectable after a 50 ms depolarization. In the Na+{- Ca2+-1 Mg2+
solution, the sustained current was no longer detected, which shows that the leak-
subtraction procedure was correct, and indicates that this sustained current is a Ca2+
current. The apparent blockade of the initial inward current in the Na+-0 Ca2+_1 Mg2+
solution actually resulted from a shift towards more negative membrane potentials in the
voltage dependence of the inactivation of this current (shift induced by the lowering of the
external concentration of divalent cations); the initial inward current was still activated
by depolarization in the Na+-0 Ca2+_1 Mg2+ solution, when the holding potential was
made more negative (not shown). In this experiment, the capacitive currents were not
completely suppressed by the usual subtraction procedure, because there was a too large
drift of the series resistance. Whole-cell resistance below -60 mV: 5 and 3-3 GfQ in the
presence and absence of Ca2+.

external Ca2+ ions and persisted in the presence of 200 nM-TTX (see below); thus,
whether transient or sustained, the later current appears to be carried by Ca2+ ions.
As demonstrated below by the experiments performed with the isotonic Ba2+
solution, this current could be broken down into two distinct components, the
relative amplitudes of which varied from cell to cell.

The Na+ current
An external K+-free solution containing only 0-5 mM-Ca2+ ions (the

Na+-0-5 Ca2+-2 5 Mg2+ solution) was used in a few experiments in order to study
the initial transient inward current while minimizing contamination by the two other
depolarization-activated inward currents. As shown by Fig. 2A and B, the threshold
of activation of the initial transient inward current was close to -45 mV (a result
confirmed in four similar experiments). Very similar results were obtained in the
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Fig. 2. Voltage-gated Na' current in the Na+-05 Ca2+-25 Mg2+ external solution. A,
current activated by depolarizing jumps from -97 to -47, -42, -37, -32 and -27
mV. B, I-V curve of the peak inward current activated by depolarization in the
experiment illustrated in A. C, voltage dependence of the steady-state inactivation of the
Na+ current of another cell. The cell was maintained at -97 mV between voltage jumps,
and every 10 s, a 50 ms depolarizing jump to -17 mV was applied, either directly from
-97 mV or at the end of 1 s pre-pulse to a variable membrane potential, V. The peak
inward current activated at -17 mV by depolarization from the potential V is plotted as

a function of V, after normalization with respect to its value in the absence of pre-pulse.
Whole-cell resistance below -50 mV: 2-5 GQ.

Na+-2 Ca2+_1 Mg2+ solution in three cells which did not show large Ca2+ currents,
and in other experiments performed with K+-containing solutions (see Fig. 8).
The voltage dependence of the steady-state inactivation of the Na+ current is

illustrated in Fig. 2C. The peak inward current activated by a test pulse to -17 mV
was measured after a 1 s duration pre-pulse of variable amplitude. This current,
normalized to its value in the absence of a pre-pulse, was plotted as a function of the
pre-pulse membrane potential. In the two experiments in which such measurements
were made, half-inactivation was observed around -65 mV.
As shown above, the initial transient inward current was not blocked by the
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A Control TTX Wash

10 nM

125 pA

18 ms

B 200 nlm

250 pA

18 ms

Fig. 3. TTX sensitivity of the initial transient inward current activated by depolarization
in the Na+-05 Ca2+-25 Mg2" external solution. A. half-blockade bv 10 nM-TTX of the
inward current activated by depolarization from -97 to - 17 mV. WVhole-cell resistance
below -50 mV: 2-5 GQ. B, complete blockade by 200 nM-TTX of the inward current
activated in another cell by depolarization from -97 to -27 mV. In this case, the current
traces which are illustrated are the original ones, uncorrected for the leak current (it is
evident that the cell deteriorated slightly during wash); the capacitive transients were
roughly compensated before the recording, but have not been corrected by the usual
subtraction procedure.

external Ca2+-Mg2+ substitution; neither was it blocked by addition of 5 mM-Co2+ to
the external Na+-2 Ca2+_1 Mg2+ solution. However, it was completely blocked by
the substitution of external Na+ ions by Tris or N-methyl glucamine (not illustrated).
Furthermore, this current was TTX (tetrodotoxin) sensitive. It was reduced by half
in solutions containing 10 nM-TTX (Fig. 3A) and was completely blocked by 200 nm-
TTX (Fig. 3B). The complete blockade of this current by 200 nM-TTX was observed
in ten experiments.
These results clearly show that the initial transient inward current is a classical

TTX-sensitive voltage-gated Na+ current.

The Ca2+ currents
Voltage-dependence in the isotonic Ba2+ solution. The isotonic Ba2+ solution was used

in order to enhance the current flowing through Ca2+ channels and to prevent
intracellular Ca2+ accumulation (known to induce inactivation of sustained Ca2+
currents in other cell types) (see also Methods). As shown below, in most osteoblasts,
two Ba2+ currents were detectable: a transient one and a sustained one. However,
their relative amplitude varied greatly among cells (see Discussion). We shall first
describe the extreme cases, in which one of these two currents is clearly predominant.

Figure 4A illustrates the case in which the predominant Ba2+ current is the
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A B
Voltage (mV)

-40 -20 0 +20 +40 +60
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C 100 -
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Fig. 4. Voltage dependence of the sustained inward current activated by depolarization
in the isotonic Ba2+ solution. A, inward currents activated by depolarizing jumps from
-67 to -7, + 13, +23, +33 or +53 mV. B, I-V curve of the sustained Ba2+ current in
the experiment illustrated in A. The current value which is plotted is the current
measured at the end of each depolarization (after correction for the leak current). In this
experiment, the transient Ba2+ current was less than 20% of the total depolarization-
activated Ba2+ current (estimation obtained from the decrease of the depolarization-
activated inward current during depolarizations around +10 mV). Up to +40 mV, the
sustained Ba2+ current increases with depolarization although the driving force for Ba2+
ions decreases; above + 40 mV, the sustained Ba2+ current decreases with depolarization.
Generally, above +60 mV, the Ba2+ currents could no longer be measured precisely
because of the slow activation of an outward current. The whole-cell resistance
corresponding to the linear leak observed below -20 mV was 6-7 GQ. Thus, for the
maximum Ba2+ current of 160 pA (obtained here with a 100 mV voltage jump), the
change in leak current would be only 15 pA.

sutained Ba2+ current. In five such cells, I-V curves of the sustained Ba2+ current
were obtained using a holding potential of -67 mV, by measuring the current
activated by depolarization at the end of each voltage jump (Fig. 4B). The sustained
Ba2+ current reaches its maximum at about +40 mV.

Figure 5A illustrates the case in which the predominant Ba2+ current is the
tranient Ba2+ current. Above 0 mV, the inward current remaining at the end of a
given depolarization was only a small fraction of the peak current activated by this
depolarization (I at + 3 and + 13 mV, 7 at + 23 mV). Thus, in this cell, the
peak inward current activated by depolarization to around +10 mV was only
slightly contaminated by the sustained Ba2+ current. Figure 5B shows the I-V curve
of this peak current. It is clear that the transient Ba2+ current reaches a maximum
at about + 10 mV. This result was confirmed in six similar experiments performed in
cells showing a predominant transient Ba2+ current, and in four experiments in which
two series of depolarizing voltage jumps were successively applied from two different
holding potentials (-87 or -67 and -32 or -27 mV) (see below). Thus, the
membrane potential corresponding to the maximum transient Baa+ current is about
30 mV less depolarized than the membrane potential corresponding to the maximum
sutained Ba2+ current.
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Fig. 5. Voltage dependence of the transient Ba2+ current activated by depolarization in
the isotonic Ba2+ solution containing 200 nM-TTX. A, inward currents activated by
depolarization from -67 to -27, -17, -7, +3, +13 and +23 mV in a cell showing a
predominant transient Ba2+ current (see text). Although the records have been corrected
by the usual subtraction procedure, small capacitive currents are still visible; furthermore,
there is an apparent delay between the onset of the depolarization and the onset of the
current, which is not observed in all cells and is probably artifactual (see Methods). B,
I-V curve of the peak Ba2+ current recorded in the experiment illustrated in A. As found
in all the cells showing a transient Ba2+ current, the threshold of the Ba2+ current which
is activated by depolarization in this experiment was close to -25 mV and the maximum
value of the transient Ba2+ current was observed at about + 10 mV. The whole-cell
resistance corresponding to the linear leak observed below -20 mV was 3-6 GQ. Thus, for
the maximum Ba2+ current of 550 pA (obtained here with a 70 mV voltage jump) the
change in leak current would be only 20 pA. C, voltage dependence of the steady-state
inactivation of the transient Ba2+ current (same cell as in A and B). Between voltage
jumps, the cell was held at -67 mV, and every 10 s, a 50 ms depolarizing jump to
+ 3 mV was applied either directly from -67 mV or at the end of a 1 s pre-pulse to a
variable membrane potential, V. The peak inward current activated at + 3 mV by
depolarization from the potential V is plotted as a function of V, after normalization with
respect to its value in the absence of pre-pulse.

Because of the difference in time course of the two Ba2+ currents present during
strong depolarizations, they have been labelled the 'transient' and 'sustained' Ba2+
currents respectively. However, even in cells in which the 'transient' inward current
is dominant during a strong depolarizing jump, that same current type activated by
a small depolarizing jump (one close to the threshold of activation of the total Ba2+
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a

Voltage (mV)
-30 -10 +10

I

0

100 _

c

T

200 _

300 L

Fig. 6. Comparison of the voltage dependence of the two Ba2+ currents in a given cell. A,
inward currents activated by depolarization in the isotonic Ba2+ solution containing
200 nM-TTX, first during voltage jumps from -67 towards -17, -7, +3, + 13, +23 and
+33 mV (a) and then, after changing the holding potential, during voltage jumps from
-27 towards -7, +3, + 13, +23 and +33 mV (b). In a, both a transient Ba2+ current
and a sustained Ba2+ current are detected whereas in b, the transient component is
markedly reduced. (The sustained component is also slightly reduced, which might result
directly from the holding potential change, but is likely to result from a slight 'run-down'
over time of the sustained Ba2+ current.) B, I-V curves of the transient (T,) and
sustained (S, ) Ba2+ currents in the experiment illustrated in A. The sustained current
was measured from the records obtained from -27 mV, either at the end of the
depolarizing jumps (up to + 30 mV), or both at the end of the depolarizing jumps and at
the maximum of the depolarization-activated inward current (above + 30 mV). Indeed,
for membrane potentials more depolarized than +30 mV, the current measured at the
end of the depolarization seemed to be slightly contaminated by a depolarization-
activated outward current which became larger with stronger depolarizations. The
transient Ba2+ current was estimated, above -7 mV, as the difference between the
maximum and final values of the depolarization-activated inward current, and below
-7 mV, as the maximum depolarization-activated inward current. At -7 mV, it
was estimated as the difference between the maximum inward current activated from
-67 mV and the sustained inward current activated from -27 mV. Whole-cell resistance
below -20 mV: 16 GQ.

bA

B +30 +50

300

a
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current) looks like a 'sustained' current during the 50 ms duration of the
depolarization (see the record obtained at -17 mV in the experiment illustrated by
Fig. 5). Note that this observation has also been made in other cell types (see for
example Fig. 12 in Carbone & Lux, 1987). Thus, the evaluation of the relative
contributions of the two Ba2" currents close to the threshold of activation of the total
Ba2+ current requires a specific blockade of one of these two currents (see below
Fig. 6).
The voltage dependence of the steady-state inactivation of the transient Ba2+

current is illustrated in Fig. 5C. The peak inward current activated by a test pulse
to + 3 mV was measured after a 1 s duration pre-pulse of variable amplitude. (Note
that in this cell, at + 3 mV, the sustained Ba2+ current represents at most 10% of the
peak current.) The transient current, normalized to its value in the absence of a pre-
pulse is plotted as a function of the pre-pulse membrane potential. It decreases as the
pre-pulse amplitude increases. In five similar experiments, half-inactivation was
observed at about -35 mV. In two of these experiments, very similar steady-state
inactivation curves were obtained with pre-pulses of either 1 or 10 s duration.

In order to determine the contributions of each of the two Ba2+ currents in cells
in which these two currents seem to have similar amplitudes, we took advantage of
the possibility of inactivating the transient current by depolarization. The currents
obtained using two different holding potentials were compared. Such an experiment
is illustrated by Fig. 6. The records shown in Fig. 6Aa were obtained by applying
depolarizing jumps from a holding potential of -67 mV; the inward current
activated during these voltage jumps was clearly a mixture of sustained current and
transient current (the transient current was particularly large around + 10 mV). The
records shown in Fig. 6Ab were obtained from the same cell during depolarizing
jumps from -27 mV; this holding potential strongly inactivated the transient Ba2+
current so that the remaining inward current was predominantly a sustained Ba2+
current. (Note that in this case, the transient current was inactivated by about 83%
by a holding potential of -27 mV (compare Fig. 6Aa and b), and that in the
experiment of Fig. 5C, this degree of inactivation was induced by a pre-pulse to
-23 mV; this small difference could result from a slight error in the estimate of the
actual membrane potential and/or from the difference between the protocols used in
these two experiments.)

In the experiment of Fig. 6, in order to completely inactivate the transient Ba2+
current, it would have been necessary to maintain the cell at a membrane potential
even more depolarized than -27 mV (see Fig. 5C). However, this might have
prevented a reliable measurement of the threshold of activation of the sustained
Ba2+ current. Thus, we rather held the cell at -27 mV and measured the sustained
current at the end of the depolarizing jumps.
The I-V curve thus obtained shows that in the isotonic Ba2+ solution the threshold

of activation of the sustained inward current is close to -10 mV (a result confirmed
in three other similar experiments), whereas this current is maximal at around
+40 mV (as already shown by using depolarizing jumps from a more negative
membrane potential, in cells showing a predominant sustained Ba2+ current (see
Fig. 4)).
The I-V curve of the transient Ba2+ current was obtained from the current traces
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during depolarizing jumps from -67 mV (Fig. 6B (@)). Above 0 mV, the transient
Ba2+ current was measured as the difference between the maximum and final values
of the depolarization-activated inward current. This current was maximal around
+ 10 mV. Below -10 mV (threshold of activation of the sustained Ba2+ current), the
transient Ba2+ current is identical to the total inward current activated from
-67 mV.
Note that because of the high threshold of the sustained Ba2+ current, the

threshold of activation of the transient Ba2+ current is the threshold of activation of
the total Ba2+ current. In the isotonic Ba21 solution, this threshold was always close
to -25 mV (more than ten experiments).

In summary, the 'sustained' and 'transient' currents could also be named the
'high-threshold' and 'low-threshold' currents. In order to reach the threshold or the
maximum of the current, it is necessary to apply larger depolarizations in the case
of the sustained current than in the case of the transient current. Thus, osteoblasts
show two different kinds of voltage-gated Ca2+ currents, which differ by their time
course, by their sensitivity to depolarizing pre-pulses and by the voltage dependence
of their activation curve.

Preliminary experiments indicate that the total Ca21 current of osteoblasts is
sensitive to both Bay K8644 (Schramm, Thomas, Towart & Franckowiak, 1983) and
(+)-PN 200-110 (Hof, Hof, Ruegg, Cook & Vogel, 1986). In three experiments
performed in the isotonic Ba2+ solution, 50 nM-Bay K8644 strongly enhanced the
Ba2+ current measured at the end of a depolarizing jump from -67 to + 3 mV (by
a factor of 16, 9 and 15). In three other experiments, also performed in the isotonic
Ba2+ solution, 10 nM-( + )-PN 200-110 reduced by a factor of about 4 (4-2, 3-6 and 4 2)
the Ba2+ current measured at the end of a depolarizing jump from -67 to + 33 mV;
this effect was half-reversible after a few minutes wash.

Physiological concentrations of external divalent cations. The two TTX-insensitive
inward currents activated by depolarization could also be observed in the
Na+-2 Ca2+-1 Mg2+ external solution (see Fig. 1). In the experiment illustrated in
Fig. 7A, the sustained current activated by depolarization was very large in the
isotonic Ba2+ solution; thus it could be clearly detected in the Na+-2 Ca2+-1 Mg2+
external solution, although its maximum value was about 15 times smaller than in
the isotonic Ba2+ solution. Note that a small transient current was also present in this
cell. I-V curves for the sustained Ba2+ current measured in the same cell in the
isotonic Ba21 solution and in the Na+-2 Ca2+_1 Mg2+ solution are shown in Fig. 7C.
Replacing the isotonic Ba2+ solution by physiological concentrations of Na+, Ca2+
and Mg2+ shifted the I-V curve of the sustained current by about 30 mV towards
less-depolarized membrane potentials. In the Na+-2 Ca2+-1 Mg2+ solution, the
maximum value of the sustained Ca2+ current was reached at about + 10 mV.

In the experiment illustrated in Fig. 7B, the transient current was larger than the
sustained current in the isotonic Ba2+ solution, and was clearly the predominant
current in the Na+-2 Ca2+-1 Mg2+ solution. Note that the transient current of
Fig. 7B was much less reduced than the sustained current of Fig. 7A by the
substitution of the isotonic Ba2+ solution by the Na+-2 Ca2+_1 Mg2+ solution.
The activation and steady-state inactivation curves of the transient current

recorded in the Na+-2 Ca2+-1 Mg2+ solution in the experiment of Fig. 7 B are
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Fig. 7. Sustained (S, A and C) and transient (T, B, C and D) currents activated by
depolarization in the Na+-2 Ca2+_1 Mg2+ solution. Comparison with the currents recorded
in the isotonic Ba2+ solution. TTX (200 nM) was present in both solutions. A, sustained
currents activated in a given cell by depolarization from -67 to -27, -7, + 3, + 13, + 23
and + 33 mV in the Ba2+ solution (left records) and by depolarization from -87 to -37,
-17, -7 and +13 mV in the Na+-2 Ca2+ 1 Mg2+ solution (right records). Note the
unusually large amplitude of the sustained Ba2+ current (maximum value close to 1 nA).
In the isotonic Ba2+ solution, the whole-cell resistance corresponding to the linear leak
observed below -20 mV was 1-6 GQ. Thus, for the maximum Ba2+ current of 1000 pA
(obtained here with a 100 mV voltage jump), the change in leak current would be only
60 pA. In the Na+-2 Ca2+-1 Mg2+ solution, the whole-cell resistance measured below
-40 mV was 1 GQ. B, transient currents activated in another cell by depolarization from
-97 to + 13 mV in the isotonic Ba2+ solution (left record) and by depolarization from
-97 to -67, -57, -47, -27 and -7 mV in the Na+-2 Ca2+_1 Mg2+ solution (right
records). In the isotonic Ba2+ solution, the whole-cell resistance corresponding to the
linear leak observed below -20 mV was 3-2 GQ. Thus, for the maximum Ba2+ current of
200 pA (obtained here with a 110 mV voltage jump), the change in leak current would be
only 34 pA. In the Na+-2 Ca2+_1 Mg2+ solution, the whole-cell resistance measured below
-60 mV was 2-1 GQ. C, I- V curves of the sustained inward current (measured at the end
of the depolarizing jumps) in the isotonic Ba2+ (0) and Na+-2 Ca2+_1 Mg2+ (El) solutions,
in the experiment illustrated in A; I-V curve of the peak inward current recorded in the
Na+-2 Ca2+ 1 Mg2+ solution in the experiment illustrated in B (0). Note the shift induced
by the substitution of the isotonic Ba2+ solution by the Na+-2 Ca2+_1 Mg2+ solution, and
the difference in activation voltage range between the two types of Ca2+ currents observed
in the Na+-2 Ca2+_1 Mg2+ solution. D, voltage dependence of the steady-state inactivation
of the transient Ca2+ current recorded in the Na+-2 Ca2+_1 Mg2+ solution, in the
experiment illustrated in B (holding potential -97 mV, test pulse to -27 mV; see the
method described in Fig. 5 legend).
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illustrated in Fig. 7( (0) and D. WNhen compared to the curves obtained in the
isotonic Ba2" solution (see Fig. 5), both the activation curve and the steady-state
inactivation curve appear to be shifted towards less-depolarized membrane
p)otcIetials (by 3:0 35 mV'). In the Na'-2 Ca2+-1 Mg2+ solution, the threshold and
the maximum of the transient current were reached at about -60 and -25 mV
respectively; half-inactivation was observed around -65 mV.

Internal pCa 7. The internal solution used in all the above experiments was
buffered at pCa 8. This choice was made in order to facilitate the detection of voltage-
gated Ca21 currents since it is known that the sustained Ca2+ current of most cell
types is particularly sensitive to the internal Ca2+ concentration (see Eckert & Chad,
1984). However, experiments using the Ca2+ indicator quin-2 have suggested that the
physiological concentration of intracellular Ca2+ in osteoblasts is of the order of
10' M (L6wik et al. 1985). We thus performed a few experiments using the isotonic
Baa2+ solution and the internal Cs-HEDTA solution buffered at pCa 7 (see Methods).
In these experiments, the transient Ba2+ current was always observed and its
activation and steady-state inactivation curves were very similar to those presented
above. The sustained Ba2+ current was still present but was more difficult to detect
than with the Cs-EGTA internal solution. (In a cell showing a pure sustained
current, the threshold and the maximum amplitude (330 pA) of this current were
reached respectively at about -10 and + 40 mV, as was usually found with the
Cs-EGTA internal solution.)

Physiological solutions
The results presented above were all obtained in the absence of internal and

external K+ ions. A few experiments were performed using the Na+-2 Ca2+_
1 Mg2+-5 K+ external solution and the K-HEDTA internal solution buffered at
pCa 7, in order to know whether, in the presence of physiological concentrations of
K+ ions, the depolarization-activated inward currents would still represent an
appreciable fraction of the total current and could give rise to regenerative
depolarizations similar to the action potentials of excitable cells.

Under voltage clamp, the depolarization-activated Na+ and Ca2+ currents could
still be detected and, up to - 10 mV, these Na+ and Ca2+ currents represented in at
least some cells a large fraction of the total current (Fig. 8A). The Na+ current could
be estimated by the difference between the current records obtained successively in
the absence and presence of 200 nM-TTX, whereas the peak Ca2+ current was
measured in the presence of TTX; the I-V curves of these two currents are plotted
in Fig. 8B. With the physiological solutions used in this experiment the threshold of
activation of the Na+ current was close to -45 mV; the threshold of activation of the
total Ca2+ current (which seems to be mostly a transient Ca2+ current) was close to
-60 mV and its maximum value was reached at about -25 mV. These results agree
with those which were obtained from experiments performed with the K+-free Na+-
2 Ca2+_l Mg2+ external solution and the Cs-EGTA internal solution (see above).
Under current clamp, it was possible to induce action potentials in osteoblasts

(Fig. 8C). Similar regenerative depolarizations could also be observed in the presence
of 200 nM-TTX (not shown).
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Fig. 8. Voltage-clamp and current-clamp records obtained with physiological solutions
(Na'-5 K+-2 Ca2+_1 Mg2' external solution, K-HEDTA internal solution). A, currents
activated by depolarization from -84 to -44, -24, - 14 or -4 mV; for each of these
depolarizations, the current traces successively obtained from the same cell in the absence
and presence of 200 nM-TTX are superimposed. Note that it is only above -10 mV that
an outward current is detectable at the end of the depolarizing jump. In the absence of
TTX, at -4 mV, the amplitude of this outward current is only 15% of that of the peak
inward current (in the presence of TTX, it is only 50% of the peak inward current).
Whole-cell resistance below -60 mV of about 2-4 GQ in the presence or absence of TTX.
B, I- V curves of the peak Ca2+ current ('Ca) measured in the presence of TTX in the
experiment illustrated in A (@) and of the Na' current ('Na) of the same cell, which was
estimated by taking the difference between the records obtained in the absence and
presence of TTX (A). The open lozenges (O) indicate the I-V curve of the peak inward
current which was activated by depolarization from -84 mV in the absence of TTX in
another cell (when using voltage clamp in the experiment illustrated in C). This curve has
been normalized with respect to the current value obtained at -24 mV (147 pA in this
cell, 72 pA in the cell illustrated in A), so that the current scale is correct only for the I-V
curves of the experiment illustrated in A. C, voltage traces obtained in current clamp in
the absence of TTX during depolarizing current pulses of 500 ms duration and various
amplitudes (20, 30, 40 and 70 pA). 0 mV is indicated by the dotted line. Strong current
pulses were able to induce action potentials, the threshold of which seems to be close to
-45 mV. In this cell voltage-clamp records were also obtained during depolarizing
voltage jumps from -84 up to -24 mV and showed mostly Caa2+ currents (see B (O)).
Whole-cell resistance below -60 mV: 1-5 GQ.
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DISCUSSION

We have shown the existence of three kinds of depolarization-activated inward
currents in osteoblasts from newborn rat calvaria: a TTX-sensitive Na+ current and
two different kinds of voltage-gated Ca2+ currents.

Na+ current
Voltage-gated Na+ channels have been most thoroughly studied in nerve and

muscle cells and were traditionally considered as specific for these 'excitable' cells. In
such cells, at least two kinds of depolarization-activated Na+ channels, showing
different TTX sensitivities, have been described. Na+ currents that are much less
sensitive to TTX than are the classical TTX-sensitive Na+ channels (Narahashi,
1974) have been described in cardiac cells (see for example Cohen, Bean, Colatsky &
Tsien, 1981), neurones (see Gallego, 1983 and Bossu & Feltz, 1984), or skeletal muscle
cells at certain stages of their development (see Weiss & Horn, 1986 and included
references). Biochemical data also indicate the existence of several classes of Na+
channels (see Barchi, 1987 for a review). The affinity for TTX of 'TTX-sensitive'
Na+ channels corresponds to a Kd (dissociation constant) of a few nanomoles whereas
that of the 'TTX-resistant' Na+ channels corresponds to a Kd of about 1 UM.
Voltage-gated Na+ currents have also been detected in other cell types such as
Schwann cells (Chiu, Schrager & Ritchie, 1984), glial cells (Nowak, Ascher, Berwald-
Netter & Couraud, 1983; Bevan, Chiu, Gray & Ritchie, 1985; Nowak, Ascher &
Berwald-Netter, 1987) and lymphocytes (rarely in human peripheral T lymphocytes
or thymocytes (Cahalan, Chandy, DeCoursey & Gupta, 1985; Schlichter, Sidell &
Hagiwara, 1986 a), more frequently in murine T lymphocytes or in some human cell
lines (DeCoursey, Chandy, Gupta & Cahalan, 1985; Schlichter, Sidell & Hagiwara,
1986b; DeCoursey, Chandy, Gupta & Cahalan, 1987)). A voltage-gated Na+ current
responsible for regenerative depolarizations has also been detected in fibroblasts, but
only in the presence of veratridine (Frelin, Lombet, Vigne, Romey & Lazdunski,
1982). While the TTX sensitivity of the Na+ currents found in glial cells is rather low
(half-blockade requires 400-500 nM-TTX (Bevan et al. 1985; Nowak et al. 1987)), the
Na+ current of Schwann cells (Chiu et al. 1984), the Na+ current occasionally found
in human peripheral T lymphocytes (Cahalan et al. 1985) and the Na+ current found
in an erythroleukemic cell line (Schlichter et al. 1986b) are highly TTX sensitive. The
voltage-gated Na+ current found in osteoblasts, which is half-blocked by 10 nM-TTX
and almost completely blocked by 200 nM-TTX, is a highly TTX-sensitive Na+
current. Its threshold of activation is close to -45 mV, that is closer to the threshold
of the Na+ current of Schwann cells than to the threshold of the Na+ current of the
Ranvier node (Shrager, Chiu & Ritchie, 1985).

Ca2+ currents
Voltage-gated Ca2+ currents have been described not only in classical excitable

cells but also in other cell types including several types of secretory cells (see
Hagiwara & Byerly, 1981). More recently, the existence of at least one kind of
voltage-gated Ca2+ current was also shown in myeloma or hybridoma secreting
immunoglobulins (Fukushima & Hagiwara, 1983; Fukushima, Hagiwara & Saxton,
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1984), in spermatogenic cells (Hagiwara & Kawa, 1984) and in glial cells (MacVicar,
1984; Newman, 1985).
In the present study, it was shown that in osteoblasts, depolarizing jumps induce

voltage-gated Ca2+ currents in addition to a Na+ current. Voltage-gated Ca21
currents could be detected in the presence of 2 mM-external Ca21 ions (Figs 1, 7 and
8) but were more easily studied in the isotonic Ba21 solution. Using this solution and
200 nM-TTX, two different kinds of voltage-gated Ba2+ currents could be clearly
observed, with much larger amplitudes than the leak, and without any intracellular
Ca2+ accumulation. These currents differed strikingly from each other by their time
course, voltage dependence of activation and steady-state inactivation. One is a
sustained current, with a maximum around +40 mV, the other is a transient
inactivating current, with a maximum around + 10 mV. The relative proportions of
these two currents varied greatly among cells, which facilitated the study of each of
them.

In some cells, the current flowing through Ca2+ channels was predominantly a
sustained current (Figs 4 and 7A), whereas in other cells, it was primarily a transient
current (Fig. 5). However, in most cells, both a transient component and a sustained
component were clearly present (Fig. 6).

In cells showing comparable transient and sustained depolarization-activated
Ba2+ currents, the sustained component could be isolated by using a depolarizing
holding potential which inactivated the transient component. By comparing the I-V
curves of the depolarization-activated inward currents obtained in such cells from
two different holding potentials, it was established that the threshold of activation
of the transient current is more negative (by at least 15 mV) than the threshold of
activation of the sustained current (Fig. 6); this result agrees with those obtained
from cells showing a predominance of one of the two Ba2+ currents. Thus, the
transient Ba2+ current observed in osteoblasts was more similar to the 'T' (or 'SD')
current observed in many other cell types (Nilius, Hess, Lansman & Tsien, 1985;
Bean, 1985 (cardiac cells); Armstrong & Matteson, 1985; Matteson & Armstrong,
1986 (pituitary cells); Cognard, Lazdunski & Romey, 1986; Beam, Knudson &
Powell, 1986 (skeletal muscle cells); Carbone & Lux, 1986; and Miller, 1985 (reviews
concerning neurones)) than to the 'N' current, thus far only detected in neurones
(Nowycky, Fox & Tsien, 1985).
A variability in the amplitude of Ca2+ currents has already been reported in the

case of several other cell types including cell lines (Fukushima et al. 1984; Matteson
& Armstrong, 1986; Narahashi, Tsunoo & Yoshii, 1987) and primary cultures (Cota,
1986 (adult rat pituitary cells); Yaari, Hamon & Lux, 1987 (embryonic rat
hippocampal neurones)). In the two latter studies, it has been shown that the ratio
of the sustained current amplitude over the transient current amplitude increases
with the age of the culture. In the present study we saw the same tendency when
comparing the results obtained on day 3 and day 5 after plating, but some variability
existed even within a given culture dish. The variability in the amplitude of Ca2+
currents is usually considered as being related either to the phase of the cell cycle or
to the state of differentiation of the cell. The understanding of this variability would
obviously require further studies.
As reported above, in the isotonic Ba2+ solution, the threshold of activation and
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the maximum value of the Ca21 currents of osteoblasts were reached respectively at
about -25 and +10 mV for the transient current, and at about -10 and + 40 mV
for the sustained current. In external solutions containing physiological con-
centrations of divalent cations, the I-V curves of these currents are clearly shifted
towards more negative membrane potentials (see also, for example, Carbone & Lux,
1987); the maximum of the sustained current is reached at about + 10 mV (Fig. 7),
whereas the threshold of activation and the maximum value of the transient current
are reached respectively at about -60 and -25 mV (Figs 7 and 8). Thus, these
currents might be activated under physiological conditions. Note, however, that in
order for the transient current to be activated during a depolarizing stimulus, the
membrane potential would first have to be lower than -50 mV, in order to avoid
complete inactivation. Sufficiently negative resting potentials have already been
observed in osteoblasts (Edelman, Fritsch & Balsan, 1986).
Our results suggest that under certain conditions, osteoblasts can produce action

potentials. The regenerative depolarizations that we have observed were due most
probably to the activation of Ca2+ (rather than Na+) currents (being observed in the
presence of 200 nM-TTX, and in cells showing only a small Na+ current).

It has been shown previously that osteoblasts can be depolarized by PTH
(Edelman et al. 1986). Although the precise mechanism responsible for this PTH
response remains to be determined, it seems possible that the PTH-induced
depolarization leads to a Ca2+ entry through the voltage-gated Ca2+ channels
carrying the currents described in the present paper. This would be in agreement
with the observation that PTH can stimulate Ca2+ influx and can increase, at least
transiently, the intracellular Ca2+ concentration in osteoblasts (Lowick et al. 1985).

In osteoblasts as in other cell types, Ca2+ influx through voltage-gated Ca2+
channels could affect both contraction and secretion.
The osteoblasts which line the bone matrix in a continuous cell layer retract in

response to PTH (Jones & Boyde, 1976; Jones & Ness, 1977); this effect is supposed
to facilitate the degradation of the matrix by exposing the bone surface to the action
of osteoclasts.

Furthermore, osteoblasts might be considered as 'secretory cells'. PTH rapidly
induces the liberation of collagenase from osteoblasts (Puzas & Brand, 1979;
Sakamoto & Sakamoto, 1986), and a major intermediary between the PTH receptors
present on osteoblasts and the activation of osteoclasts (a not yet completely
identified factor) has been found recently in conditioned medium from PTH-treated
osteoblasts (McSheehy & Chambers, 1986; Perry, Skogen, Chappel, Wilner, Kahn &
Teitelbaum, 1987).
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