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Abstract. Historically, odontoblasts have been isolatedwere isolated using a standard preparation [13]. However,
from rat incisor using a surgical curette to separate thesan adequate seal was virtually impossible to achieve using
cells from the dentin. Isolation of odontoblasts using thisthis preparation, perhaps due to the granular surface of the
approach typically resulted in cells with membrane proper-cell’'s membrane (Fig. 1a). Indeed, during isolation of odon-
ties that made the application of patch-clamp electrophysitoblasts using this procedure, the dentinal process is typi-
ological techniques prohibitive. The studies here describe aally sheared off, possibly resulting in physical damage to
new procedure for isolating mature odontoblasts from adulthe overall membrane. Accordingly, an alternative protocol
rat incisor to obtain enriched populations of intact, viablewas developed to isolate odontoblasts from rat incisor. This
odontoblasts that can be readily studied using patch-clampew method resulted in dissociated cells with a smooth,
methodologies. Identification of isolated cells as odonto-nongranular surface and surprisingly intact processes (Fig.
blasts was confirmed usirig situ mRNA hybridization for ~ 1b), and most importantly, the ability to obtain the requisite
expression of dentin sialoprotein, osteocalcin, bone siahigh-resistance seal on a routine basis. Positive identifica-
loprotein, and type | collagen, and calcium flux was moni-tion of these cells as odontoblasts was confirmed uging
tored in these cells by means of fura-2 microfluorometry.situ mMRNA hybridization, and a characteristic fluorescent
We suggest that either single odontoblasts or clusters dmage could be obtained by incubating these cells with
these cells isolated by this new method would be an idedlura-2 acetoxymethyl ester (fura-2 AM), a calcium-binding
preparation for the study of odontoblast properties usingluorochrome.

electrophysiological techniques, situ hybridization and/or

microfluorometry.
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sialoprotein — Osteocalcin — Fura-2. All animal care and use protocols were approved by the New York
University Animal Welfare Committee. Adult Sprague-Dawley
rats of either sex weighing 200—400 g were used in these studies.
Animals were killed by placing them in an air-tight chamber filled
Odontoblasts are perhaps the most striking cells of the deryith CO,. Gingiva and periodontal connective tissues were dis-
tal pulp, forming a morphologically distinct and well- sected along the tooth surface, the tooth was elevated using a No.
defined monolayer lining its periphery. Functionally, odon- 22 scalpel blade (Becton-Dickinson, Rutherford, NJ), and the in-

) 4 . isor was removed from its alveolus using a curved hemostat.
toblasts play a key role in the formation, maintenance, aneynicaly. all four incisors were extracted within 5-10 minutes

repair of dentin; in response to the appropriate cue, thesgjiowing sacrifice of the animal, and the extracted incisors were

cells produce an extracellular matrix that subsequently minimmediately submerged in cold (3-5°C) extracellular saline
eralizes to form either primary or secondary dentin [1]. In(ECS), consisting of (in mM) 140 NaCl, 3 KCI, 1 CaCl MgCl,
addition to its critical role in dentinogenesis, it has long 10 HEPES, adjusted to pH 7.3-7.4 with NaOH. After all connec-
been postulated that the odontoblast may also be involved ifive tissues, bone, and blood adhering to the outside of the tooth
sensory transduction in teeth [2]. were carefully removed with a small piece of sterile gauze, the

Though mechanisms remain unclear, recent Studiegﬁronal half of the tooth was clamped to the specimen chuck of an

strongly suggest that odontoblast ion channels may have FOMET Low Speed Saw (Buehler, Lake Bluff, IL), and sectioned

; ; h : : nsversely through the pulp at a speed of 100 RPM. During
functional role in dentin metabolism [3—6], in the I€SPONSEsactinning, the tooth/blade interface was continually bathed in cold

to injury to teeth [7-9], as well as in the transduction of ecs . sjices were individually collected with a fine forceps imme-
sensory stimulation of dental pulp [10]. Thus, to confirm thediately after sectioning, and placed in a 35 mm culture dish (Fal-
existence of such channels in the odontoblast membrane ardn, Franklin Lakes, NJ) filled with cold ECS. Approximately
to study their functional properties, patch-clamp recordingl0-15 slices, each500 pum thick, were obtained from each inci-
techniques were applied to these cells [11]. The first step isor. Prior to enzyme treatment, slices were rinsed three times with
patch-clamp recording is to form a high-resistance electrica¢old ECS. _ o . .

seal, i.e., a gigaOhm seal, between the patch pipette and,a "or S50 BIPREICR: LUl s TR0 Bk e e
cell's membrane [12], and in initial studies, odontobIastssolution (see below) in a 15 ml polypropylene tube (Falcon) and
incubated for 10-20 minutes in a water bath at 35-37°C. Follow-
_ ing incubation, the suspension containing the dentin slices was
Correspondence toR. M. Davidson passed through a series of four Pasteur pipettes of successively
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smaller tip diameters, ranging from approximately 2.0 to 0.5 mm.active probes were hydrolyzed at 60°C in 40 mM NaH{B0 mM
This effectively separated the dentin from the odontoblast cellsNaCQ, to a target length of 150 bp.
and also disaggregated odontoblast cells from pulpal connective For in situ hybridization, cells were plated on glass chamber
tissues. The suspension was then transferred to a fresh polyprelides (Lab-Tek, Naperville, IL), allowed to settle for 3 minutes,
pylene tube and ECS was added to a volume of 15 ml. After gentlghen fixed with 2% paraformaldehyde (PFA) and 0.2% triton-X
agitation, the suspension was centrifuged at 200 g for 3 minutest00 at room temperature for 30 minutes. The fixative was aspirated
After centrifugation, the supernatant was discarded and the pell@ff completely and 3x phosphate-buffered saline (PBS) was added
was resuspended in 2 ml ECS and stored at 3-5°C until required®r 2 minutes to stop the reaction. Following this, cells were rinsed
The entire isolation procedure was typically completed within 40With 1 x PBS twice, 2 minutes each, and dehydrated with 50%,
minutes after sacrifice of the animal. 70%, 95%, and twice with 100% ethanol for 5 minutes each. The
The standard enzyme solution consisted of collagenase IA (glides were then allowed to dry completely at room temperature for
mg/ml) and protease | (0.25 mg/ml) in €aand M¢*-free ECS, 30-60 minutes, and stored at —70°C until used. Cells fixed on
filtered, and stored in 2 ml aliquots at —20°C for up to 2 weeks. Inchamber slides were rehydrated, then acetylated, followed by
several experiments, the following modifications were carried outdradual dehydration in ethanol. Hybridization was performed over-
in an attempt to improve both isolation and maintenance of odonlight at 50°C in a humid chamber, %nd cells were overlaid with a
toblasts: (1) ECS was replaced by Dulbecco’s modified Eag@ybrldlzatlon solution containing 50% formamide x hybridiza-
medium (DMEM) (Life Technologies, Grand Island, NY) with ton buffer (10 mM Tris, 0.3 M NaCl, 1 mM EDTA, pH 7.5), 1 x
addition of heat-inactivated fetal bovine serum (15%), penicillin D€nhardt's solution, 10Q.g/ul sheared salmorg sperm DNA, 500
(220 pg/ml), and streptomycin (20Q.g/ml); (2) the standard en- ng/pl of tRNA, 10 mM DTT (dithiothreitol), 10% dextran sulfate,
zyme solution was replaced by a mixture of i) 2 mg/ml collagenasétd 10 cpm of probe/10Qul. After posthybridization washes in 4
IA, 1 mg/ml trypsin 1 and 0.5 mg/ml elastase (Worthington Bio- X SSC, cells were treated with RNase A and then washed sequen-
chemical Co., Freehold, NJ), ii) 3 mg/ml collagenase IA and 0.25tially with decreasing concentrations of SSC containing 1 mM
mg/ml elastase, iii) 1 mg/mi protease I, or ivp2/ml DNAase |,  DTT, finally incubating in 0.1 x SSC with 1 mM DTT at 60°C for
100 pg/ml hyaluronidase IS or 1 mM sodium-pyruvic acid were 30 minutes. Following the high stringency incubation, slides were
added to the standard enzyme solution; (3) slices were perfusedghydrated quickly in ascending concentrations of ethanol, dried,
with O, during the incubation or (4) the final suspension was and exposed to X-ray film for 1-3 days to determine efficiency of
stored in CQ incubator at 37°C with Gug/ml insulin, 50g/ml hybridization. Slides were then coated with NTB-2 emulsion from
ascorbic acid, 10 nM dexamethasone, 10 rﬁl\.gly,cerolphos- Kodak and stored in a dark desiccated container at 4°C for an
phate, and 1 mM pyruvic acid in DMEM medium. To promote appropriate time, determined by X-ray film results, usually 1 week
attachment of odontoblasts, surfaces were coated with (1) Cell-Taf 1 month. Slides were developed using Kodak D-19 developer
(Collaborative Biomedical, Bedford, MA), (2) Sigmacote, 0.1%, and rapid fixer, and were counterstained with hematoxylin/eosin.
(3) Fibronectin, (4) Collagen I, or poly-L-lysine. Unless otherwise
noted, all reagents, chemicals, and enzymes were purchased frdResults
Sigma Chemical Corp (St. Louis, MO). Odontoblasts were iden-
tified on the basis of their characteristic morphology. Criteria for Enzyme Treatment and Cell Attachment

selection includedi) a columnar or cuboidal cell body ranging .
from 15 to 25um. (i) a 1- to 2-m-thick process extending from Because odontoblasts are surrounded by an intricate array of

the distal aspect of the cell body at least 2 to 3 times the length ofollagen fibrils [21, 22], collagenase 1A was used as the
the cell, and i{i) a single, polarized nucleus. For patch-clamp Principal enzyme in this protocol; elastase, DNAase I, hy-
recording (Fig. 2a), cells were stored at 3-5°C in ECS, transferre@luronidase 1S, and the nonspecific proteolytic enzymes
to a 35 mm culture dish precoated with 0.01% poly-L-lysine, andtrypsin | and protease | were employed to digest the proteins
allowed to settle for 2—4 minutes prior to recording. Both bath andinsensitive to collagenase. Among combinations of en-
pipette solutions contained an intracellular-like solution (ICS), zymes, 3 mg/ml collagenase IA and 0.25 mg/ml protease |
consisting of 5 NaCl, 140.'?53" 1Cagll Mgc]llz and 10 HEPES,  vie|ded the largest quantity of well-isolated and relatively
2efluztues 't[aongignlgf_ Zfomébggglvsgst mllrgtr((e)duc())r?):;n eiggsag/ershj tact odontoblasts. Though adding trypsin | typically re-
p P 9 ulted in adequate isolation of these cells, many odonto-

precoated with 0.01% poly-L-lysine. Cells were allowed to settle
for 3 minutes at room temperature, then incubated withN2 blasts appeared to spread and most had a granular surface

fura-2 AM (Molecular Probes, Eugene, OR) in ECS at 37°C for 30Suggesting damage to the membrane. Replacing protease |
minutes. After loading, cells were rinsed three times with ECS andvith elastase also produced many intact odontoblasts, but
then placed in a perfusion chamber mounted on the stage of atihese cells had a tendency to remain in clusters and did not
inverted microscope (IMT-2, Olympus, Inc., Tokyo, Japan) andfirmly adhere to the substrate. Likewise, 1 mg/ml protease |
viewed using a 40x objective. Cells were illuminated at wave-resulted in odontoblasts that attached to the substrate, yet a
lengths of 340 and 380 nm using a 70W xenon bulb as a lighhjgh-resistance seal was difficult to form in these cells.
source, and the emitted light was fed into a photomultiplier via anAdding DNAase or hyaluronidase IS to the standard mix-

ultraviolet dichroic mirror and 510 nm interference filter (lonOptix e : . :
Corp, Milton, MA). Measurements of fluorescent intensity of posi- ture, substituting ECS with DME, or perfusion with,O

tively identified odontoblasts were obtained at a rate of 33/secondduring incubation did not give rise to any significant im-
and the 340/380 ratio was computed using dedicated softwarBrovement in isolating these cells. One objective in devel-
(lonOptix Corp) to calculate the calcium concentration, as de-Oping a new isolation procedure was to improve attachment
scribed by Grynkiewicz et al. [14]. of odontoblasts cells to either glass or plastic surfaces; with-
_ Standardn situ hybridization procedures were used [15], with out first immobilizing cells, application of patch-clamp
slight modifications. Specific probes included (1) dentin sialopro-methodologies is difficult to achieve. In general, odonto-
tein (DSP): the 1.2 kb rat full-length DSP cDNA cloned into pjast cells did not readily attach to either plastic or glass,

pGEM-7z(+) vector [16, 17] (a gift from Dr. H. Ritchie and Dr. ; .
W. T. Butler, University of Texas, Houston); (2) bone sialoprotein and to promote adherence, surfaces were coated with Cell

(BSP): PM-BSP consists of 1-kb of mouse cDNA in PCR [l [1g] 2K, Sigmacote, fibronectin, collagen |, or poly-L-lysine. Of
(a gift from Dr. M. Young, NIH/NIDCR); (3) osteocalcin (OCN): ~ these treatments, only 0.01% poly-L-lysine effectively pro-
400 bp of mouse OCN cDNA cloned into pSP65 C|0ning Vectormoted Odontoblast attaChment W|th0ut damage to the Ce“
[19]; (4) collagen type I: 1 kb of bovine type | collagen cloned into itself.

Bluescript [20] (a gift from Dr. M. Young, NIH/NIDCR). Appro-

priate promoters in these vectors were utilized to generate antiviorphology and In Situ Hybridization

sense (AS) and sense (S) probes using the Riboprobe Gemini Il

system (Promega) and situ grade3>S-UTP (Amersham). Radio- A typical example of a well-isolated odontoblast is shown in
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Fig. 2. Examples of(a) patch-clamp electrophysiology arfd,c)
microfluorometry in odontoblastg¢a) Single-channel currents in

an excised, outside-in patch containing a singfesilective chan-

nel. Inward (positive) currents are shown as upward deflections,
and the open state of the channel is indicated by the dashed line.
The patch pipette had a tip resistance of 2.2 Mhich increased

to 20 ) after formation of the high-resistance seal. Horizontal
scale: 20 ms; vertical scale: 1 pf) Effects of high potassium on
intracellular calcium in a single odontoblast. In this experiment,
ECS was replaced with ICS (solid bar) to depolarize the cells,

Fig. 1. Odontoblasts isolated usin@) a conventional technique
and(b) as described in the present stu¢g). Odontoblasts isolated

from rat maxillary incisor using a surgical curette. Note the gran“'%gsulting in calcium influx via voltage-gated channéts. Photo-

lar surface of the cells’ membrane and truncated processes thaf: ;
extend from the distal end of each cell (white arrowheads). Tthilt%r?grrngh %fcg?eoggrr?tgg%s.t that had been loaded for 30 minutes

nuclei can be seen at the base of each cell (black arrowhi@gd).

A well isolated odontoblast shows an intact process that measured
B0 pm; this cell had a smooth surface and the distal end of the
process displayed fine branching (arrowheéche) Expression of

DSP mRNA in isolated odontoblast&) Low-power, dark-field
photomicrograph of odontoblasts shows expression of B&pP.
Sense control for expression of DSE) Higher magnification of

K*-selective ion channel. In addition to electrophysiological
studies, microfluorometric techniques were used to monitor
internal calcium in these cells. The effect of membrane

(c) shows expression of DSP in a single odontoblast. Scale bargepolarization on [C&]i is shown in Figure 2b. In this

c—d: 100pm; a—b, e: 1Qum.

experiment, the cell was perfused with a potassium-rich

solution, resulting in an increase in internal calcium, prob-
£bly the result of activation of voltage-gated®€ahannels

Figure 1b. Characteristic morphological features, includin nd influx of external C&. A fluorescent image of a fura-

size and shape of the cell, length and diameter of the pr 2-loaded single odontoblast is shown in Figure 2c¢, with its

cess, and polarization of the nucleus distinguished odont . y : -
blasts from all other cell types found in final suspensions,dent'nal process clearly visible, extending from the apical

including erythrocytes, fibroblasts, endothelial cells, and?SPect of the cell (arrowheads).

dendritic cells. Further identification of these cells as odon-

toblasts was confirmed using situ mMRNA hybridization . .

for expression of dentin sialoprotein (DSP) (Fig. 1 c—e), ad!scussion

well as bone sialoprotein (BSP), osteocalcin (OCN), and

collagen | (data not shown). Distribution of DSP mRNA in This study describes a new method for isolating odonto-
the total suspension of cells is shown in Figure 1 c—d, andblasts from incisors of adult rat using a combination of
localization within a single odontoblast is illustrated in Fig- proteolytic enzymes followed by mechanical trituration.
ure le. Typically, DSP expression was limited to the odon-Odontoblasts isolated using this method typically had a co-
toblast cell body, although in many cases, signal includedumnar or cuboidal cell body, a uniform appearance to the
the dentinal process; in the example shown in Figure 1e, aell's surface, and an intact process. Typically, these cells
dense signal can be seen overlying the cell body. could not be maintained under conventional tissue culture
conditions, yet could survive for up to 24 hours after isola-
tion in ECS or DME medium when stored at 3-5°C. In
addition, though cells did not readily attach to either plastic
or glass, coating the surface of the substrate with 0.01%
Odontoblasts isolated with this method were suitable for thgoly-L-lysine predictably resulted in attachment of cells
application of standard patch-clamp techniques routinelywithout damaging their membrane.

used in our laboratory [11]. Indeed, the success rate for In addition to morphological criteria, cells were identi-
formation of a high resistance seal was characteristic ofied as odontoblasts usirig situ mMRNA hybridization for
connective tissue cells in general, and ranged from 40 texpression of both odontoblast-specific, i.e., DSP (Fig. 1
80% in odontoblasts. An example of a typical recording isc—€), as well as nonspecific markers, including BSP, OCN,
shown in Figure 2a, in this case, obtained 6 hours afteand collagen I. The selection of these markers for charac-
isolation of the odontoblast; this patch contained a 139 pSerizing the odontoblast phenotype was based on previous

Electrophysiology and Microfluorometry
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immunocytochemical andn situ hybridization studies vides an interesting and valuabie vitro preparation for
which demonstrated that sialic acid-rich glycoproteins, in-continued study of these two important processes.

cluding BSP and DSP, as well as the glutamic acid-
containing protein OCN, are expressed by odontoblasts at
specific stages of tooth development [1, 23-25].

BSP is considered an excellent marker for mineralize
tissues in general because of its relative specificity for these
tissues, where it is found at high levels in bone and cemen-

cknowledgmentsThis research was supported by grant
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tum, with lower levels noted in dentin [25]. Evidence to dateé geferences

supports a role for this molecule in the initiation of biomin-
eralization [26—28] and in the promotion of cell adhesion
[29]. DSP expression, on the other hand, is a characteristicl:
feature of the odontoblast, and is not expressed by osteo-
blasts, cementoblasts, or fibroblasts. Recent data indicat
that dentin phosphoprotein (DPP), also considered a dentin-
specific protein, and DSP are expressed from a single cDNA
transcript [30]. The exact function of these molecules is 3.
unknown, although suggested roles include as a modulator
of hydroxyapatite formation and as a signaling molecule.
Osteocalcin, also known as bone ‘gla’ protein, is restricted
to mineralized tissues including bone, dentin, and cemen-
tum. Data suggest that OCN may play a role in regulating
crystal growth and also in recruiting osteoclast progenitor
cells to regions of bone resorption [31]. In addition, cells 5.
were also examined for expression of type | collagen, the
major collagen associated with odontoblasts [23]. 6.
Application of single-channel patch clamp techniques to
individual odontoblasts isolated using this new protocol has
provided direct evidence for high-conductance potassium-
and chloride-selective ion channels in the odontoblast mem-
brane [11]. Among other functional properties, in nonexcit-
able cells like the odontoblast, these two classes of iong,
channel regulate membrane potential and cell volume [32,
33]. We have also used fura-2 microfluorometry to monitor
intracellular calcium levels in single odontoblasts, and show 9.
evidence for a voltage-gated calcium transient in these cells.

7.

In the odontoblast, a change in intracellular calcium ma
result from activation of voltage-sensitive and voltage-
insensitive calcium channels [4, 6], a &d\a" antiporter
[34], and/or an ATP-dependent calcium pump [35], and
represents one of the earliest signals in a cascade of events’
leading to the expression and release of extracellular matrix
proteins prior to mineralization [36]. Further, during min-
eralization itself, the transport of calcium from the serum to13.
the mineralizing front is critical [5], and recent studies in-
dicate an important role for a number of calcium-conducting
pathways in the odontoblast during this stage of the procesk*
[36, 37]. Indeed, the fact that odontoblast calcium (and
other) channels may be important during dentinogenesis ifs
consistent with the important role that osteoblast ion chan-
nels play in mineral formation in bone. The osteoblast mem-
brane contains a diverse population of such channels [38,
39], and the activity of these channels is linked to a variety
of events related to mineralization [40, 41]. 16.
In summary, this study describes a new isolation proce-
dure for odontoblasts that results in mature, intact cells that
represents a distinct advantage over previous methods in
that it preserves the dentinal process, perhaps the most

11.

unigue anatomical feature of these cells. Moreover, cells '
isolated with this technique were suitable for the application
of electrophysiological, molecular, and microfluorometric
techniques. Although exact mechanisms have yet to be dée-"
fined, odontoblasts are known to play a critical role during
the formation of mineralized tissue in developing and ma-1g.
ture teeth and may also contribute to sensory transduction in
dental pulp. This new method to isolate odontoblasts pro-
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