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Abstract. Voltage-gated Ca2+ currents in early-passage
rat dental pulp cells were studied using whole-cell patch-
clamp techniques. With Ba2+ as the charge carrier, two
prominent inwardly-directed currents,If and Is, were
identified in these cells that could be distinguished on the
basis of both kinetics and pharmacology.If was acti-
vated by membrane depolarizations more positive than
−30 mV, and displayed fast inactivation kinetics, whileIs

was activated by steeper depolarizations and inactivated
more slowly. At peak current, time constants of inacti-
vation for If andIs were∼17 vs.∼631 msec. BothIf and
Is could be blocked by lanthanum. By contrast, onlyIs

was sensitive to either Bay-K or nifedipine, a specific
agonist and antagonist, respectively, of L-type Ca2+

channels.Is was also blocked by the peptide omega-
Conotoxin GVIA. Taken together, results suggested that
If was mediated by divalent cation flow through voltage-
gated T-type Ca2+ channels, whereasIs was mediated by
L- and N-type Ca2+ channels in the pulp cell membrane.
The expression of these prominent, voltage-gated Ca2+

channels in a presumptive mineral-inductive phenotype
suggests a functional significancevis a visdifferentiation
of dental pulp cells for the expression and secretion of
matrix proteins, and/or formation of reparative dentin
itself.
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Introduction

Dental pulp fibroblasts represent a heterogeneous group
of cells that resides within the pulp chamber of mamma-
lian teeth surrounded by a specialized form of mineral-

ized tissue, i.e., dentin. These cells are thought to play a
pivotal role in the type of mineral induction, i.e., den-
tinogenesis, that represents a protective response of the
dental pulp to injury. That is, the response to certain
pathophysiological cues results in (i) their differentiation
into mineral-producing cells [20, 27, 31] and (ii) the
active deposition of mineralized tissue in the form of
secondary dentin [1, 19, 33]. Although the cellular
mechanisms underlying both differentiation and dentin
formation by pulp cells are as yet unclear, calcium mo-
bilization and transport are thought to be foundational
steps in this process [18, 35].

For mineral-inductive cells, in particular, ionic cal-
cium is perhaps the most critical factor in regulation of
the process of mineralization [6, 9, 23], since it serves
not only as a second-messenger mediating intracellular
signal transduction, but also as a structural component in
the apatite crystal itself [22]. In previous studies, we
have identified several classes of K+ channel and one
neural-like Na+ current in cells derived from human den-
tal pulp [4, 5]. These findings suggested that dental pulp
cells were electrophysiologically more active than might
be expected for nonexcitable connective tissue cells. In
the present study, in order to gain mechanistic insight
into regulation of calcium homeostasis and transport
by dental pulp cells, we examined two very prominent
voltage-gated Ca2+ channel currents in this interesting
phenotype.

Materials and Methods

ISOLATION AND MAINTENANCE OF DENTAL PULP CELLS

All animal care and use protocols were approved by the New York
University Animal Welfare Committee. Dental pulp cells were iso-
lated from adult Sprague-Dawley rats of either sex (200–400 g) by a
method modified from previous experiments using rat odontoblastsCorrespondence to:R.M. Davidson
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[15, 16] and from Kasugai et al. [19] and Nakashima [24]. For each
preparation, following sacrifice of the animal with CO2, incisor teeth
were removed and submerged in sterile phosphate-buffered saline
(PBS). After removing all visible connective tissue and bone frag-
ments adhering to the outside of the tooth, teeth were submerged in
70% (v/v) ethanol for 2 min and then rinsed twice with PBS. Next,
teeth were split with a scalpel blade, and the pulpal connective tissue
was removed with fine forceps and moved to a 10-cm culture dish
containing 2 ml of ECS (seebelow) with 0.02% trypsin. The pulp was
minced and then incubated at 37°C for 30 min. Following incubation,
2 ml of Dulbecco’s modified Eagle’s minimum essential medium
(DMEM, Cellgro, Mediatech, Herndon, VA) supplemented with 10%
(v/v) Fetal Bovine Serum (FBS, Cellgro), 100 IU/ml penicillin, 100
mg/ml streptomycin and 0.25mg/ml amphotericin B was added to the
dish to stop the enzymatic activity. All contents of the dish were trans-
ferred to a 15 ml centrifuge tube and the dish was further rinsed with
8 ml more such medium. The dispersed dental pulp cells centrifuged at
200 g for 10 min at 5°C. The pellet was resuspended with 6 ml DMEM
plus supplements described above and plated in a 25 cm2 flask. Cells
were maintained in a 5% CO2-95% air incubator at 37°C. Fresh me-
dium was changed twice a week and cells reached confluence in ap-
proximately 1–2 months. From the first passage, antibiotics and anti-
mycotics were excluded from the medium. For these studies, 1st and
2nd passage cells were harvested by trypsin-EDTA treatment (0.25%
trypsin, 0.1% EDTA in PBS, Cellgro) and plated on 12 mm #1D glass
coverslips (Fisher Scientific, Pittsburgh, PA) at a density of 1∼2 ×
103/cm2 and experiments were conducted one day following plating
until cells reached confluence.

ELECTROPHYSIOLOGICAL RECORDING

Coverslips with cells were placed in a recording/perfusion chamber
(Model P4, Warner Instrument, Hamden, CT), with a volume of 1 ml,
that was mounted on an inverted microscope (IMT-2, Olympus, Tokyo)
equipped with Hoffman modulation contrast optics (Modulation Op-
tics, Greenvale, NY) or Nomarski differential interference contrast op-
tics (IMT2-NIC, Olympus). Patch pipettes were pulled from borosili-
cate glass tubing (Microcaps-1000, Drummond Scientific, Broomall,
PA) on a multistage P-87 Flaming/Brown microelectrode puller (Sutter
Instrument, Novato, CA), coated with silicone elastomer (Sylgard,
Down Corning, Midland, MI), then fire-polished on an MF-84 micro-
forge (Narishige, Tokyo). When filled with pipette solutions, the tip
resistance of recording pipettes was 0.8 to 1.8MV. The whole-cell
currents were recorded at room temperature using an Axopatch-1C
patch clamp amplifier (Axon Instruments, Foster City, CA). Amplified
currents were first filtered with an eight-pole low-pass Bessel filter (−3
dB at 1 KHz), then digitized at a sampling rate of 5 KHz and stored on
disk for offline analysis. Recording pipette and whole-cell capacitance,
and series resistance were corrected by compensation. Whole-cell ca-
pacitance and series resistance were estimated by cancellation of the
capacitive transient following rupture of the membrane; values for the
total of 158 whole-cell patches were 44.1.5 ± 3 pF and 2.8 ± 0.1MV,
respectively. Liquid-junction potentials between patch pipette and bath
solutions were manually corrected prior to contact with the cell mem-
brane. Leak current was assumed to be linear and was estimated either
by extrapolating the inward linear current evoked by hyperpolarizing
voltage commands before voltage-gated current was detected, or by
completely blocking voltage-gated currents by appropriate channel
blockers. Leak current was digitally subtracted offline as indicated.
Whole-cell currents were measured during 60 to 360 msec step depo-
larizations from a holding potential (Vh) of −60 or −80 mV. Depolar-
izing voltage steps were typically applied in 10 mV increments with a
3-sec interval between each pulse. Voltage step or ramp commands

were computer-generated using pCLAMP6 (Axon Instruments), and
the same suite of software was used for current recording and offline
analysis.

SOLUTIONS

Standard extracellular Na+-rich solution (ECS) was composed of (in
mM): 140 NaCl, 3 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES; pH adjusted to
7.35 with NaOH. Although Ca2+ current could be occasionally de-
tected in ECS, in order to avoid contamination with Na+ and K+ cur-
rents in these recordings and to prevent the possible Ca2+-dependent
inactivation of Ca2+ channels, unless otherwise noted (Figs. 9 and 10),
110 mM isotonic Ba2+ external solution was used in all experiments.
The Ba2+ rich bath solution was composed of: 110 BaCl2, 10 HEPES;
pH 7.35. Pipettes were filled with a Cs+-rich solution containing: 140
CsCl, 1 MgCl2, 2 EGTA, 3 Mg2+-ATP, 10 HEPES; pH adjusted to 7.35
with CsOH.

PREPARATION AND APPLICATION OFREAGENTS

LaCl3 was prepared as a 1M stock solution, then diluted into perfusion
(extracellular) solutions. Nifedipine and Bay-K were dissolved in di-
methylsulfoxide (DMSO) as 50-mM stock solution, stored at −20°C and
diluted into extracellular solutions. Tetrodotoxin (TTX) and omega-
Conotoxin GVIA (GVIA) were first dissolved in distilled water as 1
mM stock solution and stored in frozen aliquots. Drugs were applied to
cells by a multibarrel bath perfusion system. All chemicals in this
study were purchased from Sigma (St. Louis, MO).

STATISTICAL ANALYSIS

Data were represented as the Mean ±SEM. Group means were com-
pared using Student’s paired or unpairedt-test as appropriate, based on
a significance level ofP < 0.05.

Results

IDENTIFICATION OF DENTAL PULP FIBROBLASTS

Dental pulp fibroblasts could be distinguished on the
basis of morphological criteria. Within the first 96 hr,
two predominant phenotypes were seen. The most com-
mon comprised∼50–60% of the total cell population.
These fibroblastlike cells were∼20–30mm in diameter,
rounded in appearance, had fine branching extending in
all directions, i.e., had a stellate appearance, and con-
tacted cells of similar morphology. A second phenotype
(∼20–30%) were typically large (>60mm), flattened cells
that had indistinct borders. By days 12–14 in culture,
subconfluent cells displayed a third general phenotype
which had displaced the larger cells. These cells typi-
cally grew in discrete colonies, and were of smaller size
than the stellate cells. This phenotype comprised∼20%
of the total cell population. An additional cell type was
a spindlelike cell with a long slender process that con-
stituted∼5–10% of the cell population.
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ACTIVATION OF IF AND IS

Depolarizing voltage pulses activated a voltage-gated,
inward Ba2+ current in 96% (108/113) of the fibroblast
cells described above. Although characteristics of both
currents could be seen in many recordings, in 52% (57/
108) of these cells the predominant current displayed
rapid inactivation kinetics that resulted in a fast inacti-
vating, i.e., transient, phase (If). By contrast, in 31%
(33/108) of these cells the predominant current displayed
slow inactivation kinetics, characterized by a sustained,
i.e., steady-state, phase following depolarization (Is). In
17% (18/108) of cells, both currents could be seen.

Figure 1(a and b) illustrates the family of inward
Ba2+ currents obtained from two cells in which either
If(a) or Is(b) was predominantly expressed. In Fig. 1a,
depolarizing the cell to a membrane voltage more posi-
tive than −30 mV activated an inward current that in-
creased in magnitude with increasing depolarization,
reaching peak amplitude at 10 mV. Activation of this
current was quite rapid. In this example, the current
reached a peak of −257 pA within 6.8 msec. Likewise,
current inactivation was quite rapid; in this case, the
current decreased to∼30% of its peak value (−77 pA)
within 30 msec of reaching peak amplitude. In Fig. 1b,
inward current was activated in response to depolarizing
steps more positive than −20 mV, and reached peak am-
plitude at 40 mV. Activation of this current was also
very fast. Once activated, it took only 8.4 msec to reach
peak amplitude. With respect to inactivation, however,
and in contrast to the example in Fig. 1a, this current
displayed negligible decay, decreasing only∼25% from a
peak of −297 to −221 pA over the duration of the depo-
larizing pulse. The current-voltage relation generated
from the data in Fig. 1a andb is shown in Fig. 1c. Typi-
cally, the peak amplitude ofIs was of greater magnitude
than that ofIf. For 57 cells in whichIf was the predomi-
nant current, the peak value ofIf was −164 ± 120 pA.
By contrast, in 33 cells which expressed mainlyIs, the
peak value was −467 ± 66 pA (P < 0.01).

TIME CONSTANT OF DECAY OF IF AND IS

BecauseIf and Is displayed significant differences in in-
activation kinetics, inactivation time constants were ana-
lyzed for cells in which onlyIf or Is was expressed. As
shown in Fig. 2a and b, the inactivation (decaying)
phases of bothIf and Is could be best fitted by a single-
exponential equation:

I 4 Imax[1−exp(−t/t)] (1)

whereI is the current magnitude at timet, Imaxis the peak
value, andt represents the inactivation time constant
(tinact). That both currents showed voltage-dependence

is illustrated in Fig. 2c. In this figure, thetinact of If and
Is are plotted against step potential.

In each case, as the membrane potential approached
the voltage at peak amplitude (Vpeak) for each current,
tinact decreased, indicating an increase in the rate of in-
activation. By contrast, at command potentials more
positive thanVpeak, for each currenttinact increased with
continued increases in potential. With respect to magni-
tude, at all potentialstinact of If was significantly faster
than that ofIs. For example,tinact obtained at peak cur-
rent in 57 cells expressingIf was 17 ± 0.5 msec, which
was significantly faster thantinact Is obtained at a peak
voltage ofIf (631 ± 102 msec;n 4 33; P < 0.001).

VOLTAGE DEPENDENCE OFINACTIVATION

Steady-state inactivation was studied in cells in which
only a single type of current (If or Is) was expressed.
As shown in Fig. 3a and b, currents were evoked by
applying 5 sec conditioning pulses to the membrane over
a range of potentials between −80 and 20 mV, followed
by a step depolarization to either 10 mV forIf(a) or 40
mV for Is(b). In Fig. 3c, we show the analysis of these
two examples. In this figure, current amplitudes, nor-

Fig. 1(a–c) Ca2+ current in dental pulp cells. (a) Typical rapidly in-
activating current (If) obtained in dental pulp cell held at −60 mV.
Depolarizing pulses of 180-msec duration were applied every 3 sec
over a range of voltages between −60 to 60 mV with 10-mV incre-
ments. For clarity, only selected traces from −30 to 60 mV are shown.
(b) Typical slowly inactivating current (Is) obtained from a different
preparation. This cell was also held at −60 mV andIs was activated by
depolarizing steps from −50 to 70 mV. Currents evoked by voltage
steps from −10 to 70 mV are displayed. (c) I-V relations forIf (s) and
Is (d) were generated by plotting peak amplitudes against membrane
potential.
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malized to their peak values, are plotted as a function of
conditioning potential.

The resulting curves were fitted with a Voltzmann
equation of the following form:

I/Imax 4 {1 + exp[(V − V1/2)/k]} −1 (2)

where I/Imax is the current magnitude normalized to its
maximum value,V represents the conditioning voltage,
V1/2 the voltage at whichIf or Is was half-maximum, and
k a slope factor which reflects the voltage-sensitivity of
steady-state inactivation for the current. In this example,
V1/2 andk for If were −39 mV and −5, respectively, and
for Is, the corresponding values were −17 mV and −9.
In general, the steady-state inactivation ofIf occurred at
more negative potentials thanIs. For a total of 8 cells
with complete records,V1/2 andk for If were −38 ± 0.8
mV and −4.7 ± 0.2 (n 4 4), compared to −21 ± 1.1 mV
and −11 ± 1.2 forIs (n 4 4; P < 0.002).

SEPARATION OF IF AND IS

BecauseIf inactivated more rapidly thanIs, and the
steady-state inactivation potentials forIf were ∼20–30

mV more negative than forIs, it was possible to sepa-
rate the two currents by holding cells at specific volt-
ages before depolarizing pulses were applied. An ex-
ample of such an experiment is shown in Fig. 4. This
cell expressed bothIf and Is when held at −60 mV
(Fig. 4a). In Fig. 4c we plotted peak amplitude (s)
and steady-state amplitude (d) vs. step voltage for
the currents shown in 4a to generate two distinctI-V
curves. Subtracting these two curves generated a third
curve, which representedIf, assumingIf was completely
inactivated by 360 msec. From this hybrid curve (m),
it can be seen thatIf activated at −30 mV and reached
peak amplitude at 10 mV. Likewise, theI-V curve
generated by plotting steady-state values representsIs,
which in this example was activated at −20 mV and
reached peak amplitude at 30 mV. By contrast, as shown
in Fig. 4b, holding the cell at −30 mV effectively in-
activated If. In this case,I-V curves (Fig. 4d) gener-
ated from peak amplitudes (s) and those measured at
360 msec (d) were virtually identical. In this example,
the hybrid curve (m) revealed only a small inward cur-
rent.

Fig. 2(a–d) Time constant of current decay. Current traces in (a) and
(b) were obtained from the cells shown in Fig. 1. The decaying phase
of each trace was fitted by a single exponential (see text), and the
resulting fitted curves (solid lines) were superimposed on the raw
traces. Membrane voltage step and time constant for inactivation (tinact)
are shown above each trace. Only three traces are presented for the sake
of clarity. (c) Relation oftinact and voltage forIf (s) and Is (d). (d)
Meantinact for If andIs obtained for the peak current of each series of
recordings. *P < 0.001.

Fig. 3(a and b) Voltage dependence of steady-state inactivation ofIf

and Is. (a) Voltage dependence of steady-state inactivation was deter-
mined by measuring peak currents evoked by a single depolarization to
either 10 mV forIf (left column) or 40 mV forIs (right column) from
a range of holding potentials (Vhold). (b) Steady-state inactivation
curves forIf (d) and Is (j) were derived by plotting peak currents in
(a) againstVhold, and then fitted by a Boltzmann function (Eq. (2);see
text). In this example,V1/2 was −39 mV forIf and −17 mV forIs. Note
that at a membrane potential of −30 mV, approximately 90% ofIf was
inactivated, compared to only∼20% for Is.
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PHARMACOLOGY OF IF AND IS

Lanthanum (La3+) Blocks BothIf andIs

To further characterize these currents, we studied the
effects of a series of classical Ca2+ channel agonists and
blockers. Figure 5 illustrates the effects of La3+, a rela-
tively nonspecific Ca2+-channel blocking agent, onIf(a)
andIs(b) in two separate cells. From a holding potential
of −60 mV, If was activated by a depolarizing step to 10
mV, while Is was activated by a depolarizing step to 30
mV. Under control conditions, these cells were perfused
in Ba2+-rich solution, and in each case, either 3mM or 30
mM LaCl3 was applied to the cell by perfusion. La3+

inhibited bothIf andIs with a similar potency. 3mM La3+

depressed the amplitude of bothIf and Is by nearly one-
half, whereas 30mM La3+ nearly abolished the currents.
The effect of La3+ is summarized in Fig. 5c. In response
to 3 mM La3+, the peak amplitude ofIf decreased by 48
± 6%, from −187 ± 22 pA to −93 ± 10 pA (n 4 10; P <
0.005), and that ofIs decreased 51 ± 5% from −207 ± 32
pA to −96 ± 14 pA (n 4 8; P < 0.001). Likewise, 30mM

La3+ reducedIf by 96 ± 8% to 7.5 ± 5 pA (P < 0.001) and
Is by 92 ± 10% to 17 ± 14 pA (P < 0.005).

Nifedipine and Bay-K AffectIs but notIf

The effect of Bay-K and nifedipine on the two currents
are shown in Fig. 6a and b. As described above, cells
were first perfused with a Ba2+-rich solution, and from a

holding potential of −60 mV,If was activated by a de-
polarizing step to 10 mV andIs was activated by a de-
polarizing step to 30 mV. The bath solution was then
changed to one containing either 5mM Bay-K or 10mM

Fig. 4(a–d) Separation ofIf and Is. Family of
whole-cell currents obtained from a single cell
at a holding potential (Vhold) of −60 mV (a) or
−30 mV (b) and evoked by a series of test
pulses ranging between −60 to 60 mV. (c) I-V
curves were derived from peak amplitudes (s)
and at the end of the 360-msec depolarizing
pulses (d) in (a). The I-V plot representingIf

(m) was obtained by subtraction (seetext).
Similarly, I-V curves in (d) were generated
using data from (b). Note that at a holding
potential of −30 mV,If (m) had been
effectively inactivated, whileIs (d) remained
essentially intact and did not differ from the
peak current (s).

Fig. 5(a–c) Lanthanum blockade ofIf andIs. Traces were recorded in
two separate pulp cells. (a) Lanthanum blocksIf activated by depolar-
izing steps to 10 mV from a holding potential of −60 mV. (b) Lantha-
num blocksIs evoked by step depolarizations to 40 mV. (c) Mean peak
current forIf (right panel;n 4 10) andIs (left panel;n 4 8) in control
conditions (open bar), 3mM La3+ (filled bar) or 30mM La3+ (cross-
hatching). *P < 0.005; **P < 0.001.
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nifedipine. As shown in Fig. 6a, If was insensitive to
both Bay-K and nifedipine, whereasIf was enhanced by
Bay-K and depressed by nifedipine (Fig. 6b). The ef-
fects of Bay-K and nifedipine onIf (n 4 7) andIs (n 4
11) are summarized in Fig. 6c. Peak amplitude forIf

under control conditions was −138 ± 24 pAvs. −144 ±
27 pA (P > 0.2) in the presence of 5mM Bay-K, or −139
± 24 pA (P > 0.2) in the presence of 10mM nifedipine.
By contrast, in response to 5mM Bay-K, Is increased
∼37%, from −195 ± 35 pA to −268 ± 42 pA (P < 0.003),
while 10 mM nifedipine reduced peak amplitude∼62%,
from −268 ± 42 pA to −102 ± 66 pA. In general, these
results clearly suggested thatIf and Is were mediated by
different Ca2+ channels, and in particular, thatIs con-
tained at least a dihydropyridine-sensitive component,
namely, a conductance mediated by L-type Ca2+ chan-
nels.

GVIA AffectsIs but notIf

We then examined the sensitivity ofIf andIs to the pep-
tide omega-Conotoxin GVIA (GVIA), a predominantly
N-type calcium channel blocker from the cone shellCo-
nus geographus[12]. After control peak currents were
obtained as described above, 2mM GVIA was applied to
the bath by perfusion. As shown in Fig. 7a andb, If was

largely insensitive to GVIA, whereasIs was significantly
inhibited. Summary data for this experiment is shown in
Fig. 7c. There was a negligible effect of GVIA onIf (n
4 9). For this current, GVIA reduced peak amplitude
from −284 ± 41 pA to −258 ± 49 pA (P > 0.6). By
contrast, GVIA decreased the peak amplitude ofIs by
∼66%, from −306 ± 59 pA to −105 ± 28 pA (n 4 9; P
< 0.006). This result further confirmed thatIf andIs were
carried by different Ca2+ channels, and strongly sug-
gested thatIs was also mediated by an N-type Ca2+ chan-
nel.

As both nifedipine and GVIA, when applied sepa-
rately, significantly blockedIs but had no effect onIf in
cells which displayed predominantly a single current
type (Figs. 6 and 7), we further tested whether nifedipine
and GVIA had the same effect onIf and Is from cells
expressing both of these current types. One such ex-
ample is shown in Fig. 8. In Fig. 8a we show the family
of currents evoked by a series of 160-msec depolarizing
pulses, from −60 to 60 mV, for control conditions (left
panel), in the presence of GVIA (middle panel), and in

Fig. 6(a–c) Diverse effects of Bay-K and nifedipine. Traces in (a) and
(b) were activated by depolarizing steps to 10 and 40 mV, respectively,
under control conditions, in the presence of 5mM Bay-K or 10 mM

nifedipine. (c) Mean peak amplitudes forIf (n 4 7) andIs (n 4 11)
obtained under control conditions (open bar) and in the presence of
Bay-K (filled bar) or nifedipine (crosshatching). *P < 0.03; **P <
0.005.

Fig. 7(a–c) Sensitivity ofIf andIs to GVIA. Traces in (a) and (b) were
evoked by 360-msec depolarizing steps to either 10 mV (a) or 20 mV
(b) from a holding potential of −60 mV. Compared to control, 2mM

GVIA blocked Is but not If. (c) Summary histograms. ForIf, peak
amplitude did not differ between control (open bar) and GVIA (filled
bar;P > 0.6). By contrast, GVIA significantly reduced peak amplitude
of Is by ∼66%. *P < 0.006.
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the presence of both GVIA and nifedipine (right panel).
Figure 8b shows theI-V relations for these currents, for
both Is, represented by the steady-state amplitude mea-
sured at the end of each pulse (filled symbols), andIf,
generated by subtracting the peak amplitude (open sym-
bols) from that of the steady-state. In 110 mM BaCl2
bath solution,Is (d) was activated at 10 mV and reached
peak amplitude (−204 pA) at 40 mV, whereasIf (s) was
activated at −10 mV and reached a peak amplitude of
−366 pA at 30 mV. By contrast, in the presence of 2mM

GVIA, Is (j) decreased by 71 pA, to −133 pA, whileIf

(h) was virtually unchanged. The subsequent perfusion
of the cell with 2mM GVIA and 10mM nifedipine further
decreasedIs (m) by 122 pA, to −11 pA, whileIf (n) was
unaffected. Summary data for 6 cells that displayed both
If and Is are shown in Fig. 8c. If was effectively insen-
sitive to both GVIA and nifedipine. The averaged am-
plitude was −268 ± 44 pA in the control condition
(open), −281 ± 43 pA when exposed to GVIA (filled),
and −271 ± 41 when exposed to both GVIA and nifed-
ipine (cross-hatch). None of these amplitudes differed
significantly (ANOVA; P > 0.05). By contrast,Is was
sensitive to both GVIA and nifedipine: 2mM GVIA
blocked approximately 41% ofIs, reducing its amplitude
to −118 ± 27 from −199 ± 47 pA (P < 0.014), and
exposing cells to 10mM nifedipine in addition to GVIA
further reduced the current by∼80%, from −118 ± 27 to
−23 ± 9 pA (P < 0.005). These results were consistent
with those obtained from cells predominantly expressing
either If or Is (seeFig. 7), further suggesting thatIs was

mediated by both GVIA and nifedipine-sensitive con-
ductances, and that these conductances could co-exist in
a single cell.

ACTIVATION OF Na+
AND Ca2+ CURRENTS

When cells were perfused with a standard Na2+-rich so-
lution, and recording pipettes were filled with CsCl, a
voltage-gated inward current could occasionally be de-
tected. This inward current consisted of two compo-
nents, with fast and slow activation and inactivation ki-
netics, respectively. The fast component could be abol-
ished by 2 mM TTX, while the slow component
unaffected by TTX, was completely abolished by 100
mM La3+. One such example of this phenomenon is
shown in Figs. 9a and b. It should be noted that when
compared to the majority of cells (seebelow), this ap-
peared to be a uniquely large Ca2+ current. These results
confirmed the existence of a voltage-gated, TTX-
sensitive Na+ current in mammalian pulp cells, as we had
previously described in primary cultures derived from
human dental pulp [5], and demonstrated again, that the
slow component was mediated by Ca2+ channels.

To further characterize the Ca2+ current, additional
experiments were conducted in standard Na+-rich solu-
tion containing 2 mM Ca2+ and 2mM TTX. For 37 cells
tested, 34% (14/34) displayed a detectable inward Ca2+

current under these conditions, with a mean peak ampli-
tude of −60 ± 9 pA. Increasing bath Ca2+ from 2 to 5 mM

Fig. 8(a–c) Effects of GVIA and nifedipine for
cells expressing bothIf and Is. (a) Family of
currents evoked by 160-msec depolarizing pulses
from −20 to 60 mV from a holding potential of
−60 mV obtained in 110 mM BaCl2 (left panel;
“control”), in the presence of 2mM GVIA (middle
panel; GVIA), and with both 2mM GVIA and 10
mM nifedipine (right panel; GVIA + nifedipine) in
the external bath. The open and filled symbols
represent peak and steady-state amplitudes,
respectively. (b) I-V relations were obtained by
plotting peak amplitudes (If; open symbols),
derived by subtracting the steady-state amplitude
from the evoked peak, or steady-state amplitudes
(Is; filled symbols) for the traces in (a) as a
function of test potential. For peak current (s),
compared to control conditionsIf was unaffected
by either GVIA (h) or GVIA supplemented by
nifedipine (n). By contrast, for steady-state
current (d), Is was partially blocked by GVIA
alone (j), and completely blocked by a
combination of GVIA and nifedipine (m). (c)
Summary histograms representing the amplitudes
of If (left panel) andIs (right panel) for a total of
6 cells recorded in 110 mM BaCl2 (open bar), or
after exposure to GVIA (filled bar), or GVIA plus
nifedipine (crosshatching). *P < 0.014; **P <
0.005.
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significantly increased the magnitude of the Ca2+ current
by ∼2.3-fold, to −137 ± 16 pA (P < 0.0002), and subse-
quent addition of 0.2 mM La3+ completely blocked it.
A typical example of one of these experiments is shown
in Fig. 10. In this example, from a holding potential of
−60 mV, inward current was evoked every 3 sec by a
depolarizing step to 10 mV. With 2 mM Ca2+ in the bath,
the amplitude was∼−20 pA, which increased to a peak of
−145 pA with the addition of 3 mM Ca2+. The current
reached a steady-state amplitude of −90 pA, and could be
blocked by adding 0.2 mM La3+ to the bath. Interest-
ingly, for 8/11 cells in which no detectable Ca2+ current
was observed, Ca2+ currents appeared after following the
addition of 3 mM Ca2+ into bath. Taken together, these
results suggested that in dental pulp cells, both amplitude
and incidence of Ca2+ currents were largely dependent
on external Ca2+ concentration.

Discussion

We have identified two classes of inward Ba2+ current,If

andIs, in a distinct subpopulation of fibroblasts found in
1st–2nd passage primary cultures derived from rat dental
pulp. These two currents were mediated by distinct
classes of Ca2+ channel based on voltage-dependent in-
activation kinetics and sensitivity to specific Ca2+ chan-
nel agonists and blocking agents.If currents displayed
voltage-dependent, fast activation and inactivation kinet-
ics, while Is inactivated more slowly (Fig. 1). The inac-
tivation time-constant (tinact) of Is was nearly 40-fold
greater than that ofIf. In addition, both the threshold
activation as well as peak activation potentials ofIf were
∼20–40 mV more negative than those ofIs (Fig.
2). Analysis of steady-state activation and inactivation
of If and Is also revealed that relative to those ofIs, all
voltage-dependent propertiesIf were shifted∼20–40 mV
towards more negative potentials. The gating kinetics of
I f and Is are consistent with those of low voltage-
activated (LVA) and high voltage-activated (HVA) con-

ductances, in particular, T- and L-type Ca2+ currents,
observed in a number of other cell types [14, 25].

If currents were the predominant class in 52% of
dental pulp cells, whileIs predominated in 31% of these
cells. In the remaining 17% of the cells, bothIf and Is

could be observed. In general,Is could be isolated from
If by holding the cell at membrane potentials more posi-
tive than −30 mV, since∼87% of If was inactivated and
only 22% of Is was inactivated at that holding potential
(Figs. 3 and 4). This result strongly confirmed thatIf and
Is were mediated by different classes of Ca2+ channel.

Fig. 9(a and b) Voltage-gated Na+ and Ca2+

currents. This cell was perfused with Na+-rich
saline containing 2 mM Ca2+. (a) From a holding
potential of −80 mV, whole-cell currents were
evoked by 60-msec depolarizing pulses to voltage
steps ranging from −60 to 30 mV. Only traces
from −10, 0 and 10 mV are shown. The inward
current contained two components, with both fast
and slow kinetics (upper panel). The fast
component was abolished by 2mM TTX (middle
panel), and the slow component was effectively
blocked by 100mM La3+ (lower panel). (b) I-V
relation of peak amplitude of the fast (n) and
slow (s) components in the control conditions,
and in the presence of TTX (d) or TTX and La3+

(j).

Fig. 10 (a and b) Enhancement of Ca2+ current by external Ca2+ and
blockade by La3+. (a) Traces were induced by depolarizing steps 10
mV applied to the cell every 3 sec, and recorded under control condi-
tions (i), following addition of 3 mM Ca2+ to the bath (ii, iii), and (iv),
after application of 0.2 mM La3+. (b) Time course of peak inward
currents. Open circles represent peak amplitudes plotted at 0.33 Hz.
Numerals [i–iv] correspond to representative traces in (a). Filled and
open arrows indicate application of Ca2+ and La3+ to the bath. Dashed
lines represent zero-current levels.
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The pharmacology ofIf andIs further confirmed that
they represented different channels. Not surprisingly,
both If andIs showed high sensitivity to La3+, a nonspe-
cific Ca2+ channel blocking agent [21, 26], which de-
pressedIf andIs almost equally.Is was significantly en-
hanced by Bay-K, a specific activator of L-type Ca2+

channels [13, 32] and inhibited by nifedipine, a specific
blocker of L-type Ca2+ channels [14]. By contrast,If was
unaffected by either of these two dihydropyridine deriva-
tives. Furthermore,If was insensitive to blockade by
GVIA, a specific blocker of N-type Ca2+ channel [10,
34], while 40∼ 60% of Is was reduced by this peptide
(Figs. 7 and 8). These findings suggest thatIs was me-
diated by both dihydropyridine-sensitive L-type and
GVIA-sensitive N-type Ca2+ channels. Because N-type
Ca2+ channel may also display sustained, noninactivating
channel activity [2, 29], a characteristic property of L-
type Ca2+ channels, in this study these two components
could not be discriminated by their activation and inac-
tivation kinetics alone.

The existence of N-type Ca2+ channels in the dental
pulp fibroblast probably reflects its neural-crest origin,
since N-type channels are thought to be expressed pre-
dominately in neuronal tissue [3, 7] and N-type Ca2+

channels have not been found in either fibroblasts [11,
28], or bone-forming cells [8]. In addition, we observed
a prominent voltage-gated, rapidly inactivating inward
Na+ current in these cells (Fig. 9), confirming our pre-
vious studies in human dental pulp [5]. In these experi-
ments, isolation of Ca2+ current from Na+ current could
be achieved using micromolar application of TTX [17,
30].

In mammalian dental pulp, undifferentiated fibro-
blastic cells are thought to have the capacity to differen-
tiate into odontoblast-like cells and form mineral, i.e.,
dentin, as a protective response to injury [1, 19, 20, 27,
31, 33]. For presumptive mineral-inductive cells such as
these, calcium embodies a critical extra- and intracellular
signal during the process of mineral formation, and while
exact mechanisms remain unclear, calcium mobilization
and transport are fundamental to this process [18, 35].
Thus, the existence of two very prominent Ca2+ conduc-
tances in these cells, which allows for influx of external
Ca2+ over a wide range of membrane potential and with
an equally broad temporal spectrum, is consistent with a
putative role during reparative dentin formation in mam-
malian dental pulp.

This research was supported by NIH-NIDCR Grant DE11651 to RMD.
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