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Abstract. Voltage-gated C& currents in early-passage ized tissue, i.e., dentin. These cells are thought to play a
rat dental pulp cells were studied using whole-cell patch-pivotal role in the type of mineral induction, i.e., den-
clamp techniques. With B4 as the charge carrier, two tinogenesis, that represents a protective response of the
prominent inwardly-directed current$; and I, were  dental pulp to injury. That is, the response to certain
identified in these cells that could be distinguished on thepathophysiological cues results in (i) their differentiation
basis of both kinetics and pharmacolody.was acti- into mineral-producing cells [20, 27, 31] and (ii) the
vated by membrane depolarizations more positive thamctive deposition of mineralized tissue in the form of
-30 mV, and displayed fast inactivation kinetics, wHile secondary dentin [1, 19, 33]. Although the cellular
was activated by steeper depolarizations and inactivatechechanisms underlying both differentiation and dentin
more slowly. At peak current, time constants of inacti- formation by pulp cells are as yet unclear, calcium mo-
vation forl; andl  were117 vs.[631 msec. Both; and  bilization and transport are thought to be foundational
I could be blocked by lanthanum. By contrast, ohly steps in this process [18, 35].
was sensitive to either Bay-K or nifedipine, a specific For mineral-inductive cells, in particular, ionic cal-
agonist and antagonist, respectively, of L-type?Ca cium is perhaps the most critical factor in regulation of
channels.l; was also blocked by the peptide omega-the process of mineralization [6, 9, 23], since it serves
Conotoxin GVIA. Taken together, results suggested thahot only as a second-messenger mediating intracellular
I; was mediated by divalent cation flow through voltage- signal transduction, but also as a structural component in
gated T-type C& channels, wheredswas mediated by the apatite crystal itself [22]. In previous studies, we
L- and N-type C&" channels in the pulp cell membrane. have identified several classes of Khannel and one
The expression of these prominent, voltage-gatet” Ca neural-like Nd current in cells derived from human den-
channels in a presumptive mineral-inductive phenotypedal pulp [4, 5]. These findings suggested that dental pulp
suggests a functional significaneis a visdifferentiation  cells were electrophysiologically more active than might
of dental pulp cells for the expression and secretion obe expected for nonexcitable connective tissue cells. In
matrix proteins, and/or formation of reparative dentinthe present study, in order to gain mechanistic insight
itself. into regulation of calcium homeostasis and transport
by dental pulp cells, we examined two very prominent
Key words: Dental pulp — C&" current — Dihydro-  Voltage-gated C4 channel currents in this interesting
pyridine — Lanthanum — Conotoxin — In vitro phenotype.

Introduction Materials and Methods

Dental pulp fibroblasts represent a heterogeneous group
of cells that resides within the pulp chamber of mamma-SOLATION AND MAINTENANCE OF DENTAL PuLp CELLS
lian teeth surrounded by a specialized form of mineral-
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
Correspondence taR.M. Davidson method modified from previous experiments using rat odontoblasts
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[15, 16] and from Kasugai et al. [19] and Nakashima [24]. For eachwere computer-generated using pCLAMP6 (Axon Instruments), and

preparation, following sacrifice of the animal with GOncisor teeth  the same suite of software was used for current recording and offline

were removed and submerged in sterile phosphate-buffered salinanalysis.

(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, SOLUTIONS

teeth were split with a scalpel blade, and the pulpal connective tissue

was removed with fine forceps and moved to a 10-cm culture dishStandard extracellular Naich solution (ECS) was composed of (in

containing 2 ml of ECSgeebelow) with 0.02% trypsin. The pulp was mm): 140 NacCl, 3 KCI, 1 MgCJ, 2 CaC}, 10 HEPES; pH adjusted to

minced and then incubated at 37°C for 30 min. Following incubation,7.35 with NaOH. Although C& current could be occasionally de-

2 ml of Dulbecco’'s modified Eagle’s minimum essential medium tected in ECS, in order to avoid contamination with*Nand K cur-

(DMEM, Cellgro, Mediatech, Herndon, VA) supplemented with 10% rents in these recordings and to prevent the possibfé-@zpendent

(v/v) Fetal Bovine Serum (FBS, Cellgro), 100 IU/ml penicillin, 100 inactivation of C&* channels, unless otherwise noted (Figs. 9 and 10),

wg/ml streptomycin and 0.2pg/ml amphotericin B was added to the 110 mv isotonic B&* external solution was used in all experiments.

dish to stop the enzymatic activity. All contents of the dish were trans-The B&™ rich bath solution was composed of: 110 BgCll0 HEPES;

ferred to a 15 ml centrifuge tube and the dish was further rinsed withpH 7.35. Pipettes were filled with a Gsich solution containing: 140

8 ml more such medium. The dispersed dental pulp cells centrifuged aCsCl, 1 MgCl, 2 EGTA, 3 Mg™*-ATP, 10 HEPES; pH adjusted to 7.35

200 g for 10 min at 5°C. The pellet was resuspended with 6 ml DMEM with CsOH.

plus supplements described above and plated in a Z5lask. Cells

were maintained in a 5% C&95% air incubator at 37°C. Fresh me-

dium was changed twice a week and cells reached confluence in agPREPARATION AND APPLICATION OF REAGENTS

proximately 1-2 months. From the first passage, antibiotics and anti-

mycotics were excluded from the medium. For these studies, 1st anglaCl, was prepared as atlstock solution, then diluted into perfusion

2nd passage cells were harvested by trypsin-EDTA treatment (0.25%extracellular) solutions. Nifedipine and Bay-K were dissolved in di-

trypsin, 0.1% EDTA in PBS, Cellgro) and plated on 12 mm #1D glass methylsulfoxide (DMSO) as 50-imstock solution, stored at —20°C and

coverslips (Fisher Scientific, Pittsburgh, PA) at a density bR X diluted into extracellular solutions. Tetrodotoxin (TTX) and omega-

10%cm? and experiments were conducted one day following plating Conotoxin GVIA (GVIA) were first dissolved in distilled water as 1

until cells reached confluence. 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).

ELECTROPHYSIOLOGICAL RECORDING

Coverslips with cells were placed in a recording/perfusion chamberSTATISTICAL ANALYSIS

(Model P4, Warner Instrument, Hamden, CT), with a volume of 1 ml,

that was mounted on an inverted microscope (IMT-2, Olympus, Tokyo)Data were represented as the Measet. Group means were com-
equipped with Hoffman modulation contrast optics (Modulation Op- pared using Student’s paired or unpaitddst as appropriate, based on
tics, Greenvale, NY) or Nomarski differential interference contrast op-a significance level oP < 0.05.

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 (SutterResults

Instrument, Novato, CA), coated with silicone elastomer (Sylgard,

Down Corning, Midland, Ml), then fire-polished on an MF-84 micro-

forge (Narishige, Tokyo). When filled with pipette solutions, the tip |pENTIEICATION OF DENTAL PULP FIBROBLASTS

resistance of recording pipettes was 0.8 to 1@. The whole-cell

currents were recorded at room temperature using an Axopatch-1 . _ .
patch clamp amplifier (Axon Instruments, Foster City, CA). Amplified (bental pulp fibroblasts could be dIStmnghed on the

currents were first filtered with an eight-pole low-pass Bessel filter (-3 0@sis of morphological criteria. Within the first 96 hr,
dB at 1 KHz), then digitized at a sampling rate of 5 KHz and stored ontwo predominant phenotypes were seen. The most com-
disk for offline analysis. Recording pipette and whole-cell capacitance, mon comprised 60-60% of the total cell population.
and series resistance were corrected by compensation. Whole-cell cghese fibroblastlike cells werg20-30pum in diameter,
pacita_n_ce and s_eries resi_stance were estimated by cancellation of they ;nded in appearance, had fine branching extending in
capacitive transient following rupture of the membrane; values for theaII directions, i.e., had a stellate appearance, and con-

total of 158 whole-cell patches were 44k 3 pF and 2.8 + 0.4, d cells of simil hol A d oh
respectively. Liquid-junction potentials between patch pipette and bathtacte Cells ot similar morphology. second phenotype

solutions were manually corrected prior to contact with the cell mem-(L20—-30%) were typically large (>60m), flattened cells

brane. Leak current was assumed to be linear and was estimated eithfiat had indistinct borders. By days 12-14 in culture,
by extrapolating the inward linear current evoked by hyperpolarizingsubconfluent cells displayed a third general phenotype
voltage commands before voltage-gated current was detected, or byhich had displaced the larger cells. These cells typi-
completely blocking voltage-gated currents by appropriate channeba”y grew in discrete colonies, and were of smaller size

blockers. Leak current was digitally subtracted offline as indicated. . . 0
Whole-cell currents were measured during 60 to 360 msec step depot-han the stellate cells. This phenotype compris2d%

larizations from a holding potentia¥() of 60 or —80 mV. Depolar-  Of th? tOta;I cell pop_ulat|on. An additional cell type was
izing voltage steps were typically applied in 10 mV increments with a & _spmdlehke cell with a long Slenqer process that con-
3-sec interval between each pulse. Voltage step or ramp commandstituted[(5—10% of the cell population.
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ACTIVATION OF | AND |

Depolarizing voltage pulses activated a voltage-gatedfcsrss
inward B&* current in 96% (108/113) of the fibroblast ||/
cells described above. Although characteristics of both 'f
currents could be seen in many recordings, in 52% (57/ 50 pAL_
108) of these cells the predominant current displayed 40 ms
rapid inactivation kinetics that resulted in a fast inacti-
vating, i.e., transient, phasé;)( By contrast, in 31% 50 pA
(33/108) of these cells the predominant current displayed . 100 - pA
slow inactivation kinetics, characterized by a sustained, | 190 me
i.e., steady-state, phase following depolarizatigh (In -75 -50 -25 25 5% 75
17% (18/108) of cells, both currents could be seen.
Figure 1@ and b) illustrates the family of inward
Ba®* currents obtained from two cells in which either
I{(@) or I(b) was predominantly expressed. In Fig, 1
depolarizing the cell to a membrane voltage more posi-
tive than —30 mV activated an inward current that in- i
creased in magnitude with increasing depolarization, -300 -
reaching peak amplitude at 10 mV. Activation of this
current was quite rapid. In this example, the currentFig. 1(a—) C&* current in dental pulp cellsa] Typical rapidly in-
reached a peak of —257 pA within 6.8 msec. Likewise'activatin_g_current 19 obtained in dentalhpulp cell held_ at —60 mV.
current inactivation was quite rapid; in this case, theDepolanzmg pulses of 180-msec duration were applled every_3 sec
current decreased tB0% of its peak value (77 pA) over a range o_f voltages between —60 to 60 mV with 10-mV incre-
L . . . ments. For clarity, only selected traces from —30 to 60 mV are shown.
within 30 msec of reaching peak amplitude. In Fi), 1 1) Typical slowly inactivating currentlg) obtained from a different
inward current was activated in response to depolarizingreparation. This cell was also held at -60 mV anwas activated by
steps more positive than =20 mV, and reached peak aniepolarizing steps from -50 to 70 mV. Currents evoked by voltage
plitude at 40 mV. Activation of this current was also steps from ~10 to 70 mV are displayed) (-V relations forl; (O) and
very fast. Once activated, it took only 8.4 msec to reacHs (®) were generated by plotting peak amplitudes against membrane
peak amplitude. With respect to inactivation, however,Potential
and in contrast to the example in Figa,lthis current

displayed negligible decay, decreasing oiB% froma s jjiystrated in Fig. 2. In this figure, ther, o, of I; and
peak of —297 to —221 pA over the duration of the depo-lS are plotted against step potential.

larizing pulse_. The current.—voltage _relgtion gene_rated In each case, as the membrane potential approached
from the data in F|g..aandb is shown in Fig. t. Typ|— the voltage at peak amplitudd(.,) for each current,
cally, the peak amplitude df was of greater magnitude . qecreased, indicating an increase in the rate of in-
than that ofl. For 57 cells in which; was the predomi- 4ctivation. By contrast, at command potentials more
nant current, the peak value pfwas —164 + 120 pA.  gjtive tharV,,.,, for each current,,,. increased with
By contrast, in 33 cells which expressed maiflythe  ¢qniinyed increases in potential. With respect to magni-
peak value was -467 + 66 pA°(< 0.01). tude, at all potentials;,.., of I; was significantly faster
than that ofl,. For exampler;,..; Obtained at peak cur-
TiME CONSTANT OF DECAY OF I, AND |, rent in 57 cells expressingwas 17 + 0.5 msec, which
was significantly faster tham,,,; | obtained at a peak

Because, and|. displayed significant differences in in- VOltage ofl; (631 £ 102 msecn = 33; P < 0.001).
activation kinetics, inactivation time constants were ana-

lyzed for cells in which onlyl or I, was expressed. AS VoLTAGE DEPENDENCE OFNACTIVATION

shown in Fig. 2 and b, the inactivation (decaying)

phases of botl and| could be best fitted by a single- Steady-state inactivation was studied in cells in which

PO ST
Mol Ml lhas o

exponential equation: only a single type of currentl{or |) was expressed.
As shown in Fig. & and b, currents were evoked by
I = Inall-exp(tr)] (1)  applying 5 sec conditioning pulses to the membrane over

a range of potentials between —80 and 20 mV, followed
wherel is the current magnitude at tinid,,.is the peak by a step depolarization to either 10 mV figfa) or 40
value, andr represents the inactivation time constantmV for I(b). In Fig. 3, we show the analysis of these
(Tinacy- That both currents showed voltage-dependencéwo examples. In this figure, current amplitudes, nor-
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Fig. 2(@a—d) Time constant of current decay. Current tracesajnand Fig. 3(@ and b) Voltage dependence of steady-state inactivatiol of
(b) were obtained from the cells shown in Fig. 1. The decaying phaseandl.. (a) Voltage dependence of steady-state inactivation was deter-
of each trace was fitted by a single exponentsetext), and the  mined by measuring peak currents evoked by a single depolarization to
resulting fitted curves (solid lines) were superimposed on the raweither 10 mV forl; (left column) or 40 mV forl (right column) from
traces. Membrane voltage step and time constant for inactivatjgaX a range of holding potentialsV{,y). (b) Steady-state inactivation
are shown above each trace. Only three traces are presented for the sakeves forl; (@) andl, (l) were derived by plotting peak currents in

of clarity. (c) Relation of7;,,; and voltage forl; (O) and|, (@). (d) (a) againstV,,,q, and then fitted by a Boltzmann function (Eq. (8ge
MeanT;,, for I; andl obtained for the peak current of each series of text). In this exampleY,,, was =39 mV forl; and =17 mV forl,. Note
recordings. P < 0.001. that at a membrane potential of —~30 mV, approximately 90% whs

inactivated, compared to ony20% for I,

malized to their peak values, are plotted as a function of
conditioning potential. ) i ]
The resulting curves were fitted with a Voltzmann MY more negative than fok, it was possible to sepa-

equation of the following form: rate the two currents by holding cells at specific volt-
ages before depolarizing pulses were applied. An ex-
I ax = {1 + exp[(V - Vi,)/K} (2)  ample of such an experiment is shown in Fig. 4. This

cell expressed both; and I, when held at =60 mV
wherel/l ..., is the current magnitude normalized to its (Fig. 4a). In Fig. 4 we plotted peak amplitudeQ)
maximum valueV represents the conditioning voltage, and steady-state amplitud®) vs. step voltage for
V1, the voltage at whicll or I was half-maximum, and  the currents shown ina4to generate two distinck-V
k a slope factor which reflects the voltage-sensitivity of curves. Subtracting these two curves generated a third
steady-state inactivation for the current. In this examplecurve, which representdd assuming; was completely
V3, andk for I were =39 mV and -5, respectively, and inactivated by 360 msec. From this hybrid curu)(
for I, the corresponding values were =17 mV and -9.it can be seen thdf activated at —30 mV and reached
In general, the steady-state inactivationigbccurred at  peak amplitude at 10 mV. Likewise, theV curve
more negative potentials thdn For a total of 8 cells  generated by plotting steady-state values represents
with complete recordsy,, andk for I; were =38 £ 0.8 \yhijch in this example was activated at ~20 mV and
mV and -4.7 £ 0.21f = 4), compared to 21+ 1.1 MV eached peak amplitude at 30 mV. By contrast, as shown
and -11 + 1.2 fols (n = 4; P < 0.002). in Fig. 4b, holding the cell at =30 mV effectively in-

activatedl;. In this case,l-V curves (Fig. 4) gener-
SEPARATION OF | AND | ated from peak amplitudesD] and those measured at

360 msec @) were virtually identical. In this example,
Becausel; inactivated more rapidly thamh, and the the hybrid curve 4) revealed only a small inward cur-
steady-state inactivation potentials fgrwere [20-30  rent.
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a. b.

Vh =-60 mV Vh =-30 mV

C d Fig. 4(@—d) Separation of; andl,. Family of
' ) whole-cell currents obtained from a single cell
60 -40 -20 ] 20 40 60mV -60 -40 20 40 60mV  at a holding potential\{,,,) of =60 mV (a) or

-30 mV (b) and evoked by a series of test
pulses ranging between -60 to 60 m'¢) (-V
curves were derived from peak amplitudés) (
and at the end of the 360-msec depolarizing
pulses @) in (a). Thel-V plot representind;
(A) was obtained by subtractiosdetext).
Similarly, I-V curves in ¢) were generated
using data fromlf). Note that at a holding
potential of =30 mV |l; (A) had been
effectively inactivated, whild, (®) remained
essentially intact and did not differ from the
peak current®).

-300- pA

PHARMACOLOGY OF I AND I a. b.
\-30 pM lanthanum

— 30 uM
Lanthanum (L&") Blocks Bothl; andl f‘ f

To further characterize these currents, we studied the
effects of a series of classical €ahannel agonists and
blockers. Figure 5 illustrates the effects of’l'aa rela-
tively nonspecific C&"-channel blocking agent, di(a)
andl(b) in two separate cells. From a holding potential
of —60 mV, |; was activated by a depolarizing step to 10
mV, while I was activated by a depolarizing step to 30 C.
mV. Under control conditions, these cells were perfused
in Ba?*-rich solution, and in each case, eithei@ or 30

uMm LaCl; was applied to the cell by perfusion. t'a
inhibited bothl; andl  with a similar potency. 3w La**
depressed the amplitude of bdtrandlg by nearly one-
half, whereas 3@um La®>* nearly abolished the currents.
The effect of L&" is summarized in Fig.& In response *ok
to 3 um La*, the peak amplitude df decreased by 48 0 =
+ 6%, from 187+22pAt0 -93 1+ 10 pA(= 10;P < | fa
0.005), and that off, decreased 51 + 5% from —207 + 32 Fig. 5(@—9 Lanthanum blockade dt andl Traces were recorded in
pA to —96 + 14 pA 0 = 8;P<0.001). Likewise, 3Qum two separate pulp cellsay Lanthanum blocksl;f activated by depolar-

3+ + 90 + < izing steps to 10 mV from a holding potential of -60 m) Lantha-
reducedf by 96 £8%10 7.5+ 5 pAR < 0.001) and num blocksl, evoked by step depolarizations to 40 me) llean peak

control

current (pA)
*
*

s by 92+10%to 17 + 14 DAR < 0'005)' current forl; (right panel;n = 10) andl, (left panel;n = 8) in control
conditions (open bar), 3m La®* (filled bar) or 30 um La®* (cross-
Nifedipine and Bay-K Affedt, but notl, hatching). ¥ < 0.005; **P < 0.001.

holding potential of =60 mVJ; was activated by a de-
The effect of Bay-K and nifedipine on the two currents polarizing step to 10 mV antl, was activated by a de-
are shown in Fig. & andb. As described above, cells polarizing step to 30 mV. The bath solution was then
were first perfused with a B-rich solution, and from a  changed to one containing eithefu Bay-K or 10 pm
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100 pA

GVIA 100 ms

40 pA

40 ms

L’j:““:i."i,/""-/

control

nifedipine
control control
Bay-K b J
Bay-K
C. 300
4 control
= — 200 pA
E -200 p I
< . C. 100 ms
[
5 -100 -400—
° -
] E‘ -300
) ) | fast Islow ) 1= ]
Fig. 6(a—¢ Diverse effects of Bay-K and nifedipine. Traces & &nd © 200
(b) were activated by depolarizing steps to 10 and 40 mV, respectively,§ | %*
under control conditions, in the presence ofula Bay-K or 10 um
nifedipine. €) Mean peak amplitudes fd¢ (n = 7) andlg (n = 11) -100—
obtained under control conditions (open bar) and in the presence of -
Bay-K (filled bar) or nifedipine (crosshatching)P*< 0.03; **P <

0.005. |
. . Ifast | slow .
Fig. 7(@—0 Sensitivity ofl; andl to GVIA. Traces in &) and ) were
evoked by 360-msec depolarizing steps to either 10 m)\of 20 mV
nifedipine. As shown in Fig. & I; was insensitive to (b) from a holding potential of -60 mV. Compared to controlp@
h Bav-K and nifedipine. wher W nhan GVIA blocked I but notl;. (c) Summary histograms. Fdg, peak
BOt K aynd 3 dr Eddp be,nif ziei?]ﬁ ani € Bihced fli)y amplitude did not differ between control (open bar) and GVIA (filled
ay-r a ep esse_ _y_ edipine ( d)) ee bar; P > 0.6). By contrast, GVIA significantly reduced peak amplitude
fects of Bay-K an_d mfgdlpl_ne oh(n=7) andls (n= of I_ by (56%. *P < 0.006.
11) are summarized in Fig.c6 Peak amplitude fot;

under control conditions was —-138 + 24 pA&.-144 + . . L
27 pA (P > 0.2) in the presence of Gm Bay-K, or —139 largely insensitive to GVIA, wheredswas significantly

+ 24 pA (P > 0.2) in the presence of 10m nifedipine.  INhibited. Summary data for this experiment is shown in
By contrast, in response to M Bay-K, I, increased Fig. 7c. There was a negligible effect of GVIA dp (n
[B7%, from —195 + 35 pA to —268 + 42 pAP(< 0.003) = 9). For this current, GVIA reduced peak amplitude
while 10 wm nifedipine reduced peak amplitud&296, ~ TOM —284 + 41 pA to -258 + 49 pAR > 0.6). By
from —268 + 42 pA to —102 + 66 pA. In general, these contrast, GVIA decreased the peak amplitudel oby
results clearly suggested tHaand|, were mediated by 66% from —306 + 59 pA to -105 + 28 pn(= 9; P
different C&" channels, and in particular, thag con- <0.006). This result further confirmed thaandl were

tained at least a dihydropyridine-sensitive componentcaied by different C& channels, and strongly sug-
namely, a conductance mediated by L-typéCehan-  9ested thalywas also mediated by an N-type Tahan-
n

nels. el. e e .
As both nifedipine and GVIA, when applied sepa-

rately, significantly blocked, but had no effect o in
GVIA Affectsls but notl; cells which displayed predominantly a single current

type (Figs. 6 and 7), we further tested whether nifedipine
We then examined the sensitivity hfandlg to the pep- and GVIA had the same effect dpand I, from cells
tide omega-Conotoxin GVIA (GVIA), a predominantly expressing both of these current types. One such ex-
N-type calcium channel blocker from the cone si@k  ample is shown in Fig. 8. In Fig.288wve show the family
nus geographu§l?]. After control peak currents were of currents evoked by a series of 160-msec depolarizing
obtained as described aboveud GVIA was applied to  pulses, from —60 to 60 mV, for control conditions (left
the bath by perfusion. As shown in Figa@ndb, I was  panel), in the presence of GVIA (middle panel), and in
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Fig. 8(@a—¢) Effects of GVIA and nifedipine for
cells expressing both andlg. (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 m BaCl, (left panel;
a. “control”), in the presence of am GVIA (middle
control GVIA + nifedipin panel; GVIA), and with both 2um GVIA and 10
wM nifedipine (right panel; GVIA + nifedipine) in
the external bath. The open and filled symbols
represent peak and steady-state amplitudes,
respectively. If) I-V relations were obtained by
plotting peak amplituded{ open symbols),
derived by subtracting the steady-state amplitude
from the evoked peak, or steady-state amplitudes
(I filled symbols) for the traces irgj as a
function of test potential. For peak curref@);
compared to control conditiorig was unaffected
C. by either GVIA () or GVIA supplemented by
nifedipine (A). By contrast, for steady-state

300 current @), I was partially blocked by GVIA
| alone @), and completely blocked by a
I -200- combination of GVIA and nifedipine&). (c)
o . * Summary histograms representing the amplitudes
~ .100- of I; (left panel) andg (right panel) for a total of
i . 6 cells recorded in 110 mBaCl, (open bar), or
after exposure to GVIA (filled bar), or GVIA plus
0 nifedipine (crosshatching).P*< 0.014; *P <

| fast | slow 0.005.

the presence of both GVIA and nifedipine (right panel). mediated by both GVIA and nifedipine-sensitive con-
Figure & shows thd-V relations for these currents, for ductances, and that these conductances could co-exist in
both I, represented by the steady-state amplitude meaa single cell.

sured at the end of each pulse (filled symbols), &nd

generated by subtracting the peak amplitude (open sym- . .

bols) from that of the steady-state. In 110anBaCl, ~ ACTIVATION OF Na" AND C&" CURRENTS

bath solution) (®) was activated at 10 mV and reached

peak amplitude (—204 pA) at 40 mV, wherdagO) was ~ When cells were perfused with a standard*Nach so-
activated at -10 mV and reached a peak amplitude ofution, and recording pipettes were filled with CsCl, a
—-366 pA at 30 mV. By contrast, in the presence @il  voltage-gated inward current could occasionally be de-
GVIA, |, (M) decreased by 71 pA, to -133 pA, while  tected. This inward current consisted of two compo-
(O) was virtually unchanged. The subsequent perfusioments, with fast and slow activation and inactivation ki-
of the cell with 2um GVIA and 10um nifedipine further  netics, respectively. The fast component could be abol-
decreased (A) by 122 pA, to —11 pA, whild; (A) was ished by 2um TTX, while the slow component
unaffected. Summary data for 6 cells that displayed bothunaffected by TTX, was completely abolished by 100
l; and | are shown in Fig. & I; was effectively insen- pm La®". One such example of this phenomenon is
sitive to both GVIA and nifedipine. The averaged am- shown in Figs. & andb. It should be noted that when
plitude was -268 + 44 pA in the control condition compared to the majority of cellséebelow), this ap-
(open), —281 + 43 pA when exposed to GVIA (filled), peared to be a uniquely large €a&urrent. These results
and -271 + 41 when exposed to both GVIA and nifed-confirmed the existence of a voltage-gated, TTX-
ipine (cross-hatch). None of these amplitudes differedsensitive Na current in mammalian pulp cells, as we had
significantly (ANOVA; P > 0.05). By contrast], was  previously described in primary cultures derived from
sensitive to both GVIA and nifedipine: gam GVIA human dental pulp [5], and demonstrated again, that the
blocked approximately 41% df, reducing its amplitude slow component was mediated by Cahannels.

to -118 + 27 from -199 + 47 pAK < 0.014), and To further characterize the €acurrent, additional
exposing cells to 1@ nifedipine in addition to GVIA  experiments were conducted in standard#Neh solu-
further reduced the current iy80%, from =118 + 27 to  tion containing 2 m1 Ca&* and 2um TTX. For 37 cells
-23 + 9 pA P < 0.005). These results were consistenttested, 34% (14/34) displayed a detectable inwar@’ Ca
with those obtained from cells predominantly expressingcurrent under these conditions, with a mean peak ampli-
eitherl; or I (seeFig. 7), further suggesting thagtwas  tude of -® + 9 pA. Increasing bath C&from 2t0 5 mm
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Fig. 9(@a and b) Voltage-gated Naand C&*

a. control currents. This cell was perfused with Nach
j saline containing 2 m C&*. (a) From a holding
o) potential of =80 mV, whole-cell currents were
evoked by 60-msec depolarizing pulses to voltage
100 pA l steps ranging from —60 to 30 mV. Only traces
0ms from —-10, 0 and 10 mV are shown. The inward
current contained two components, with both fast
A and slow kinetics (upper panel). The fast
q TTX component was abolished bypas TTX (middle
TR panel), and the slow component was effectively
W blocked by 100um La®* (lower panel). ) I-V
relation of peak amplitude of the fasth\] and
[ J ) L
TTX + lanthanum slow (O) components in the control conditions,
“"\ and in the presence of TTX®) or TTX and L&*
u (mm).
significantly increased the magnitude of the’?Ceurrent a.
by [(2.3-fold, to —137 + 16 pAR < 0.0002), and subse- l J
quent addition of 0.2 m La®>" completely blocked it. -t====== \
A typical example of one of these experiments is shown i r v

in Fig. 10. In this example, from a holding potential of
—-60 mV, inward current was evoked every 3 sec by a i sopAl
depolarizing step to 10 mV. With 2mCa" in the bath, i 40ms
the amplitude wa&-20 pA, which increased to a peak of

-145 pA with the addition of 3 m C&*. The current b. . 3mMCa2 0.2 mM La 3*
reached a steady-state amplitude of —90 pA, and could be
blocked by adding 0.2 m La®* to the bath. Interest-
ingly, for 8/11 cells in which no detectable €aurrent
was observed, C4currents appeared after following the
addition of 3 m C&* into bath. Taken together, these
results suggested that in dental pulp cells, both amplitude

and incidence of G4 currents were largely dependent -200+———r——

on external C& concentration. 0 50 100 150 200 250
time (s)

Discussion

Fig. 10 (@ and b) Enhancement of G4 current by external G4 and
blockade by L&". (a) Traces were induced by depolarizing steps 10
We have identified two classes of inwardzBar,urrent,If mV applied to the cell every 3 sec, and recorded under control condi-

andl,, in a distinct subpopulation of fibroblasts found in tions (i), following addition of 3 m Cz* to the bath (ii, i), and (iv),

1st-2nd passage primary cultures derived from rat dentgfter application of 0.2 m La®. (b) Time course of peak inward
currents. Open circles represent peak amplitudes plotted at 0.33 Hz.

pulp. Thesg%;wo currents were mediated by dlsm.wtl\lumerals [i-iv] correspond to representative tracesajn Filled and
classes of channel based on voltage-dependent In'open arrows indicate application of €aand L&"* to the bath. Dashed

aCt'Vat'On klnetICS and SenSItIVIty tO SpECIfIC %‘.‘:a:ha.n' lines represent zero-current levels.

nel agonists and blocking agents.currents displayed

voltage-dependent, fast activation and inactivation kinet-

ics, whilel inactivated more slowly (Fig. 1). The inac- ductances, in particular, T- and L-type Taurrents,
tivation time-constantt,,..) of I was nearly 40-fold observed in a number of other cell types [14, 25].
greater than that of.. In addition, both the threshold I currents were the predominant class in 52% of
activation as well as peak activation potential$;afere  dental pulp cells, whilé, predominated in 31% of these
[20—40 mV more negative than those bf (Fig. cells. In the remaining 17% of the cells, badthand I

2). Analysis of steady-state activation and inactivationcould be observed. In generél,could be isolated from
of I; andlg also revealed that relative to thoselgfall I; by holding the cell at membrane potentials more posi-
voltage-dependent propertigsvere shifted 20-40 mV  tive than =30 mV, sincéB7% ofl; was inactivated and
towards more negative potentials. The gating kinetics obnly 22% of | was inactivated at that holding potential
I and I, are consistent with those of low voltage- (Figs. 3 and 4). This result strongly confirmed thaind
activated (LVA) and high voltage-activated (HVA) con- |, were mediated by different classes of?Cahannel.
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The pharmacology df andl further confirmed that 2.
they represented different channels. Not surprisingly,
both 1, andl showed high sensitivity to 134, a nonspe-
cific Ca?* channel blocking agent [21, 26], which de-
pressed; andlg almost equally.l; was significantly en-
hanced by Bay-K, a specific activator of L-type Ta a4
channels [13, 32] and inhibited by nifedipine, a specific
blocker of L-type C&" channels [14]. By contrast,was 5.
unaffected by either of these two dihydropyridine deriva-
tives. Furthermore); was insensitive to blockade by
GVIA, a specific blocker of N-type G4 channel [10, &
34], while 40060% of I was reduced by this peptide
(Figs. 7 and 8). These findings suggest thatias me-
diated by both dihydropyridine-sensitive L-type and
GVIA-sensitive N-type C& channels. Because N-type
C&"* channel may also display sustained, noninactivating
channel activity [2, 29], a characteristic property of L-
type C&" channels, in this study these two components 8.
could not be discriminated by their activation and inac-
tivation kinetics alone.

The existence of N-type Gachannels in the dental
pulp fibroblast probably reflects its neural-crest origin,
since N-type channels are thought to be expressed prgy
dominately in neuronal tissue [3, 7] and N-type®Ca
channels have not been found in either fibroblasts [11,

7.

9.

28], or bone-forming cells [8]. In addition, we observed 11.

a prominent voltage-gated, rapidly inactivating inward

Na“ current in these cells (Fig. 9), confirming our pre- 12.

vious studies in human dental pulp [5]. In these experi-
ments, isolation of C& current from N4 current could
be achieved using micromolar application of TTX [17, 1
30].

In mammalian dental pulp, undifferentiated fibro-

blastic cells are thought to have the capacity to differen- 4

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 asi5.

these, calcium embodies a critical extra- and intracellular

signal during the process of mineral formation, and whilel6-

exact mechanisms remain unclear, calcium mobilization
and transport are fundamental to this process [18, 35],
Thus, the existence of two very prominent®Caonduc-

tances in these cells, which allows for influx of external
Ca&* 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- 19,

malian dental pulp.

20.
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