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Abstract The dentin-pulp complex is capable of repair after tooth injuries including
dental procedures. However, there are few available data concerning aged changes in
pulpal reactions to such injuries. The present study aimed to clarify the capability of
defense of aged pulp by investigating the responses of odontoblasts and class 11 major
histocompatibility complex (MHC)-positive cells to cavity preparation in aged rat
molars (300-360 d) and comparing the results with those in young adult rats (100 d).

In untreated control teeth, intense heat-shock protein (HSP)-25- and
nestin-immunoreactivity (IR) was found in the odontoblasts, whereas class II
MHC-positive cells were densely distributed in the periphery of the pulp. Cavity
preparation caused the two types of pulpal reactions showing the different extent of
damage in the aged rats. In the case of severe damage, the destruction of the
odontoblast layer was conspicuous at the affected site. Twelve h after cavity
preparation, numerous class |1 MHC-positive cells appeared along the pulp-dentin
border, but subsequently disappeared together with HSP-25-immunopositive cells, and
finally newly differentiated odontoblast-like cells took the place of the degenerated
odontoblasts and acquired HSP-25- and nestin-IR by postoperative 3 d. In the case of
mild damage, there seemed no remarkable changes in the odontoblasts after operation,
and some could survive through the experimental stages. These findings indicate that
aged pulp tissue still possesses the defense capacity, and that a variety of reactions could
occur depending on the difference in the status of dentinal tubules and/or odontoblast

processes in individuals.

Key words dental cavity preparation; heat-shock proteins; histocompatibility antigens

class Il; odontoblasts; rats (Wistar).



Introduction

A unique feature of dentin is that it is a mineralized tissue that surrounds the pulp, an
unmineralized tissue. Dental pulp not only functions to provide nutritional and
sensory properties to dentin, but also has its own reparative capacity (Goldberg and
Smith 2004). Thus, the dentin-pulp complex is capable of repair after tooth injuries
such as caries, attrition, abrasion, and dental procedures including cavity preparation.
According to the aging of the individuals, the dentin-pulp complex undergoes
age-related changes, resulting in a decreasing volume of the pulp chamber and root
canal, decrease in cell density, reduction in sensitivity, occurrence of dystrophic
calcification, gradual reduction in the dentinal tubule diameter, retraction of the
odontoblast processes, and so on (Morse 1991; Fried 1992; Murray et al. 2002;
Lovschall et al. 2002; Nanci 2003). These age-related changes may influence the
competent pulp tissue capable of repair following tooth injuries. An understanding of
the exact biological properties of aged pulp is valuable for the proper dental treatment
of aged teeth. However, there are few available data concerning aged changes in
pulpal reactions to tooth injuries.

The procedure of cavity preparation induces destructive changes in
odontoblasts at the affected site as well as an acute inflammatory reaction (Ohshima
1990). If the odontoblasts survive, they are capable of depositing further reactionary
dentin. I not, pulpal mesenchymal cells take the place of the degenerated
odontoblasts to differentiate into odontoblast-like cells resulting in the formation of
reparative dentin (Smith 2002). This phenomenon may indicate that dental pulp stem
cells (Gronthos et al. 2002) exist in the pulp tissue. A recent study has provided

evidence that the pulpal defense reaction to cavity preparation in aged rats did not differ



markedly from that in young adult rats (Izumi et al. 2002). In such study, an
accumulation of immunocompetent cells occurred along the pulp-dentin border in aged
rats as well as young adult rats. The most abundant immunocompetent cells in the
dental pulp are those cells with the class Il major histocompatibility complex (MHC)
antigen (Jontell et al. 1987, 1988, 1991, 1998; Jontell and Bergenholtz 1992; Okiji et al.
1992; Ohshima et al. 1994). These class Il MHC-positive cells show characteristic
reaction patterns under various experimental conditions such as tooth grinding
(Ohshima et al. 1995, 2003), tooth replantation (Rungvechvuttivittaya et al. 1998,
Shimizu et al. 2000; Nakakura-Ohshima et al. 2003) and carious teeth (Yoshiba et al.
1996; Izumi et al. 1996; Kamal et al. 1997; Sakurai et al. 1999). However, how tooth
injury affects the odontoblasts and the regenerative properties of the pulp tissue remains
to be elucidated in aged pulp tissue.

Heat-shock protein (HSP)-25 is a small molecular protein that belongs to a
family of small HSPs and is a homolog of human HSP-27 (HSP-25 is applied to its
homologue in this paper) (Arrigo and Préville 1999). HSP-25 synthesis is transiently
induced in cells in the response to the many physiological and environmental stresses
they encounter. HSP-25 functions as a molecular chaperone (Jakob et al. 1993), a
suppresser of apoptosis (Mehlen et al., 1996, 1997), an inhibitor of actin polymerization
(Miron et al., 1991), and a modulator of actin dynamics (Lavoie et al., 1993; Huot et al.,
1996). In addition to stressful and normal conditions, the transient expression of
HSP-25 has been reported in various cells during development and cell differentiation
(Arrigo and Préville 1999). The odontoblasts also show a stage-specific expression
pattern of HSP-25-immunoreactivity (IR) in intact teeth (Ohshima et al. 2000, 2002)

and under experimental conditions (Ohshima et al. 2001a, 2001b, 2003;



Nakakura-Ohshima et al. 2003; Suzuki et al. 2004; Tate et al. 2006), suggesting that this
protein is a useful marker for the differentiation of odontoblasts during the pulpal
healing process. This notion is supported by the our recent study that odontoblast- and
ameloblast-lineage cells acquire HSP-25-IR after they complete their cell division,
suggesting that this protein acts as a switch between cell proliferation and
differentiation during tooth development (Nakasone et al. 2006). On the other hand,
the intermediate filament nestin could be used as a specific marker for the odontoblasts
(Terling et al. 1995), because nestin is exclusively expressed in matured odontoblasts in
the erupted tooth and its surrounding tissue. Furthermore, odontoblast processes also
show nestin-IR in addition to their cell bodies (About et al 2000) and it is conceivable
that there is no unique phenotypic marker of secretory odontoblasts (Goldberg and
Smith, 2004). Thus, the combination of plural cellular makers such as HSP-25 and
nestin may be valuable for monitoring the degeneration/regeneration of odontoblasts
during healing process after tooth injury.

To date, the responses of immunocompetent cells to cavity preparation in aged
pulp have been reported to be almost identical to those in young adult pulp (Izumi et al.
2002). However, the cellular events in the pulpal healing process following cavity
preparation in aged rats remain to be fully understood. This study was therefore
undertaken to examine the initial responses of odontoblasts and class 11 MHC-positive
cells to cavity preparation in aged rat molars by immunocytochemistry for HSP-25,

nestin, and the class I MHC antigen.



Materials and methods

Procedure of cavity preparation

All experiments were performed following the Guidelines of the Niigata University
Intramural Animal Use and Care Committee. Thirty six Wistar rats, 100 and 300-360
d old, were used in this study. Under anesthesia by an intraperitoneal injection of
chloral hydrate (350 mg/kg), a groove-shaped cavity (the thickness of the remaining
dentin being around 150-200 um) was prepared on the medial surface of the upper-left
first molar by an air turbine with a tungsten carbide bur (diameter of 0.6 mm) under
water-cooling after gingivectomy. The cavity received no further treatment such as air
drying, etching, or filling. The upper-left first molar of the same animal was used as a
control.  The region selected for observation was the periphery of the pulp tissue in the

mesial coronal portion beneath the dentinal tubules that would suffer damage (Fig 3d).

Histological procedure

Materials were collected in groups of five animals at intervals of 0, 6, 12 and 24 h, and
3, and 5 d from 300-360 d rats and three animals at intervals of 12 h, and 3 d from 100 d
rats after cavity preparation. At each stage, the animals were anesthetized by an
intraperitoneal injection of chloral hydrate (350 mg/kg) and transcardially perfused with
physiological saline followed with 4% paraformaldehyde in a 0.1 M phosphate buffer
(pH 7.4). The maxillae including both the prepared and control teeth were removed en
bloc and immersed in the same fixative for an additional 12 h. Following
decalcification in a 4.13% ethylenediaminetetraacetic acid disodium salt (EDTA-2Na)
solution for 6 wk at 4°C, the samples were processed for either embedding in paraffin or

cryosection.  The tissue blocks for cryosection were equilibrated in a 30% sucrose



solution for cryoprotection.  The specimens were cut sagittally at a thickness of 25-50
um with a freezing microtome (FX-801: Yamato Kohki Co. Ltd., Tokyo, Japan),
collected into cold phosphate-buffered saline (PBS), and treated as free-floating sections.
The paraffin-embedded teeth were cut sagittally at about 4 um. The paraffin sections
were mounted on MAS-coated glass slides and stained with Goodpasture Gram stain in
addition to immunohistochemical analysis. Throughout the experimental stages, there
were no Gram-positive bacteria in the dental pulp, although Gram-positive cocci were

recognized in the prepared cavity (Fig 1).

Immunohistochemical analysis
For the immuno-peroxidase procedure, frozen sections were processed for the
avidin-biotin peroxidase complex (ABC) method using either an anti-HSP-25
polyclonal (diluted 1:5000; StressGen Biotechnologies Corp., Victoria, BC, Canada), an
anti-nestin monoclonal (diluted to 1:2000; Chemicon International Inc, Temecula, CA,
USA), or an OX6 monoclonal (diluted 1:2000; Serotec Ltd., Oxford, UK) antibody.
Our protocol for HSP-25- and OX6-immunohistochemistry has been shown in previous
reports (Ohshima et al. 2000; Shimizu et al. 2000). The immunostained sections were
thaw-mounted onto silane-coated glass slides, and stained with 0.03% methylene blue.
The paraffin sections were processed for nestin-immunohistochemisry, and our
immunohistochemical protocol was basically the same as the above protocol.

For immunocytochemistry for HSP-25 at the electron microscopic level, the
immunostaining procedure was the same as described above, except for the inhibition of
endogeneous peroxidase. The immunostained sections were subsequently postfixed in

1% OsO4 reduced with 1.5% potassium ferrocyanide, dehydrated in an ascending series



of ethanol, and finally embedded in Epon 812 (Taab, Berkshire, UK). Plastic sections
(1 wm in thickness) were stained with 0.03% methylene blue.  Ultrathin sections (70
nm in thickness) were doubly stained with uranyl acetate and lead citrate, and examined
with a Hitachi H-7100 transmission electron microscope.

Immunohistochemical controls were performed by: 1) replacing the primary
antibody with non-immune serum or PBS; and 2) omitting the anti-rabbit IgG, the
anti-mouse IgG or the ABC complex. These immunostained sections did not contain

any specific immunoreactions.

Statistical analysis of OX6-IR

We compared the OX6-IR at the periphery of the aged pulp with that of the young adult
pulp (control, 12 h, and 3 d groups). The immunostained sections with 25 um in
thickness were used for statistical analysis. Quantitative analysis was performed in 2-4
sections for each group. We selected the grid (300 x 150 um?) including the predentin
and the odontoblast and subodontoblastic layer (Figs 2b, d, f, 3e, 4f, j), and the
immunoreactive area fractions (%) of each specimen were calculated using
image-analysis software (WinRoof: Mitani Corp Ltd, Fukui, Japan). All data were
presented as the means and standard deviations (SD) of each group. The comparisons

among two groups (aged and young adult pulp) were performed by Student’s t-test.



Results

Pulpal responses in young adult rats

In the control, HSP-25-immunohistochemistry in the dental pulp demonstrated intense
IR in the odontoblasts, but a weak one in other cellular elements including nerve fibers
and blood vessels (Fig 2a). Many OX6-immunopositive cells were widely distributed
throughout the dental pulp of the rat molars, predominantly at the periphery of the pulp
tissue. Most of the subodontoblastic immunopositive cells exhibited dendritic profiles,
and some of them extended their processes into the odontoblast layer (Fig 2b). Twelve
h after cavity preparation, the pulp-dentin border completely lost the IR for HSP-25, in
spite of the occurrence of some cells there. HSP-25-immunopositive cells were
discernible beneath the degenerated odontoblasts (Fig 2c). In contrast,
OX6-immunopositive cells accumulated at the affected area along the pulp-dentin
border; they frequently extended their processes into the dentinal tubules (Fig 2d).
Three d after operation, HSP-25-immunoreactive plump cells, newly differentiated
odontoblast-like cells, lined up in the proper odontoblast layer (Fig 2e).
OX6-immunopositive cells with dendritic profiles were exclusively located beneath the

odontoblast-like cells (Fig 2f).

Controls in aged rats

HSP-25-IR in the dental pulp was almost identical with that in the young adult rats
except for the weak positive cells in the pulp floor. The progressive attrition, tertiary
dentin formation at the enamel-free areas, and considerable cementum deposition were
easily recognized as age-related changes, resulting in the shallow occlusal grooves (Fig

3a, ¢). The immunoreaction within odontoblasts was observed in the cell bodies and



cell processes limited within the predentin (Fig 3e). Many OX6-immunopositive cells
were widely distributed throughout the dental pulp, predominantly at the periphery of
the pulp tissue (Fig 3b). Most of the subodontoblastic immunopositive cells displayed
dendritic profiles, and the pulpo-dentinal border zone including the odontoblast cell
layer and predentin contained OX6-positive cells in the untreated control teeth (Fig 3d).
OX6-immunopositive cells in the periphery were considerably decreased in number in
the root region (Fig 3f). Intense nestin-IR was observed in the all odontoblasts and
their cellular processes, and the odontoblast layer at the pulp floor lacked continuity in

addition to losing the subodontoblastic cell-rich zone (Fig 3g, h).

Immediately after cavity preparation in aged rats

Cavity preparation caused the two types of pulpal reactions showing the different extent
of damage in the early stages: severe (Figs 4a-j, 5d, f, h) and mild (Fig 5a-c, e, g). In
the case of mild damage, the odontoblast layer showed no changes in the IR for HSP-25
through all the experimental stages (Fig 5a), whereas OX6-positive cells temporarily
aggregated along the pulp-dentin border at 12-24 h (Fig 5b). In the case of severe
damage, the odontoblasts under the prepared cavity suffered severe damage; many
odontoblasts at the affected site lost HSP-25-immunoreaction (Fig 4a, ¢). However,
HSP-25-positive cells intermingled in the damaged odontoblast cell layer (Fig 4c).

The OX6-immunopositive cells showing a dendritic appearance at the affected site

shifted inwards together with the damaged odontoblasts (Fig 4b, d).
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Six h after cavity preparation in aged rats

In the case of severe damage, the damaged odontoblasts with HSP-25-IR showed a
round profile in the impaired odontoblast layer (data not shown). In the case of mild
damage, the odontoblast layer maintained cell continuity at the light microscopic level
(Fig 5e), but some odontoblasts suffered degeneration and presumably dendritic cells
with tubulovesicular structures and polymorphonuclear leukocytes migrated into the

exposed dentinal tubules at the electron microscopic level (Fig 5g).

Twelve h after cavity preparation in aged rats

In the case of severe damage, the damaged odontoblast layer appeared to be almost the
same as those in the previous stage (Fig 4e). In contrast, the OX6-immunopositive
cells accumulated at the affected area along the pulp-dentin border and frequently
extended their processes deep into the dentinal tubules (Figs 4f). The electron
microcopy demonstrated that presumably dendritic cells with tubulovesicular structures
and polymorphonuclear leukocytes accumulated at the pulp-dentin border, and that
odontoblasts that suffered damage showing a round appearance maintained their IR for
HSP-25 (Fig 5f, h).  In the case of mild damage, on the other hand, the odontoblast
looked quite normal in the IR for HSP-25 (Fig 5a), whereas numerous
OX6-immunopositive cells aggregated at the pulp-dentin border and extended their
cellular processes into the dentinal tubules (Fig 5b). Nestin-IR clearly demonstrated
the distinction between severe (Fig 5d) and mild (Fig 5c) damage; the odontoblasts that
suffered damage lost their IR for nestin in both the cell bodies and cellular processes in

the case of severe damage.
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Twenty-four h after cavity preparation in aged rats

No apparent immunoreaction for HSP-25 persisted at the pulp-dentin border, whereas
HSP-25-1R remained in the subodontoblastic layer apart from the predentin (Fig 4g).
OX6-immunopositive cells remained along the pulp-dentin border, but were reduced in

number from the previous stage (Fig 4h).

Three to 5 d after cavity preparation in aged rats
After 3-5 d, the HSP-25-immunoreactive odontoblast-like cells lined up in the proper
odontoblast layer, while the OX6-immunopositive cells were located beneath the newly

differentiated odontoblast-like cells (Fig 4i, j).

Statistical analysis of OX6-IR
Statistical analysis of OX6-IR showed that the fractions of the immunoreactive area at
the periphery of the pulp tissue in aged molars were significantly larger than those in

young adult molars in the control and 3 d after cavity preparation (Fig 6).
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Discussion

The present immunocytochemical study clearly demonstrated the pulpal reaction to
cavity preparation in aged rat molars by using the antibodies to HSP-25, nestin, and
class Il MHC antigen, and that cavity preparation caused the two types of pulpal
reactions showing the different extent of damage. In the case of severe damage, most
odontoblasts, otherwise probably all, in the area that suffered damage were degenerated,
newly differentiated odontoblast-like cells arranged at the pulp-dentin border judging
from the results in IR for HSP-25 and nestin, and class 11 MHC-positive cells
temporarily appeared at the pulp-dentin border during the pulpal healing process
following cavity preparation. These chronological changes in both the
odontoblast-lineage and class 1l MHC-positive cells in aged rats in this study is
consistent with those in young adult rats in the present and previous studies (Ohshima et
al. 2003; Nakakura-Ohshima et al. 2003).  Our previous experimental studies have
repeatedly provided evidence that the appearance of class |1 MHC-positive dendritic
cells at the pulp-dentin border is necessary for proper pulpal healing after tooth injuries
such as cavity preparation and tooth replantation, suggesting the possibility that these
dendritic cells play an regulatory role in the differentiation of odontoblast-lineage cells
(Shimizu et al. 2000; Ohshima et al. 2003; Nakakura-Ohshima et al. 2003; Suzuki et al.,
2004; Tsukamoto-Tanaka et al. 2006) after the damaged odontoblasts degenerate
immediately after surgery (Ohshima 1990; Bronckers et al. 1996; Kitamura et al. 2001)
and are phagocytized by class Il MHC-positive and negative macrophages (Ohshima et
al. 2003).  Another experimental study using aged molar teeth also reported the
appearance of immunocompetent cells including class Il MHC-positive cells at 1 d after

cavity preparation (Izumi et al. 2002).  Furthermore, our electron microscopic
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observation confirmed that presumably dendritic cells with a tubulovesicular structure,
which is a characteristic cell organelle in the dendritic cells (Ohshima et al. 1994, 1999),
appeared at the pulp-dentin border at 6-12 h after tooth drilling.  Thus, the regenerative
properties of the dentin-pulp complex and the cellular responses of immunocompetent
cells including dendritic cells after tooth injury are maintained even in aged dentin-pulp
complex.

Our most noteworthy finding is that the odontoblast layer showed no changes
in the IR for HSP-25 through all experimental stages in the case of mild damage, but
that OX6-positive cells temporarily aggregated along the pulp-dentin border at 12-24 h
as well as those in the case of severe damage. This difference in tissue reaction
between severe and mild damage may be explained by the differences in the status of
dentinal tubules and/or odontoblast processes depending on the aged individual. The
issue of the exact length of odontoblastic cell processes in the dentinal tubules is still
controversial (Holland 1990; Ten Cate 1998). Some researchers have claimed that
they extend to the dentino-enamel junction or peripheral dentin (Gunji and Kobayashi
1983; Sigal et al. 1985; Frank and Steuer, 1988), whereas others demonstrated that they
are limited to the inner pulpal third of the dentin (Thomas and Carella 1984; Byers and
Sugaya 1995; Yoshiba et al., 2002). Whether it is true or not, the extent of odontoblast
processes differs depending on the location of the dentin, the age of the teeth (Tsuchiya
et al. 2002), and the species. Under the current experimental model, the drilling of
teeth essentially influenced the dentinal tubules and/or the odontoblast processes clearly
demonstrated by the loss of HSP-25-IR in the Figure 4a, and that the thickness of the
remaining dentin being around 200 um totally destroyed all affected odontoblasts in the

young adult teeth (Ohshima 1990; Ohshima et al. 2001b, 2003). However, a variety of
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reactions could occur even under the same experimental model in aged teeth.
Furthermore, mild responses (odontoblasts retain HSP-25-1R) also occur at the shallow
edges of severe injuries, indicating that odontoblast processes may not extend to the
dentino-enamel junction. Thus, it is reasonable that the differences in the status of
dentinal tubules and/or odontoblast processes in individuals could induce a variety of
damage in the dental pulp. Interestingly, even in the case when the odontoblast layer
shows continuous HSP-25-immunoreaction at the light microscopic level, some
odontoblasts are degenerated following cavity preparation, and inflammatory reactions
occur in the pulp-dentin border at the cellular level. Individual odontoblasts may
suffer a variety of damage depending on the length of their cellular processes (Fig. 7).
The current results confirmed the age-related changes in the dental pulp:
progressive attrition, reparative dentin formation at the enamel-free areas, and
considerable cementum deposition, resulting in shallow occlusal grooves. Previous
studies reported that the density of class 11 MHC-positive cells was maintained at a
relatively high level in aged rats (Okiji et al. 1996; Izumi et al., 2002).  The results are
basically the same as the findings of the present study where the fractions of the class Il
MHC-immunoreactive area in aged molars were significantly larger than those in young
adult molars in the control and 3 d after operation, although how to take the image data
from the sections for quantitative analysis was different between the present and
previous studies. Furthermore, the existence of class II MHC-positive cells in the
predentin reminds us of human dendritic cells in the matured dental pulp (Ohshima et al.
1999). Further study is needed to clarify whether or not the dendritic cells make

contact with the several odontoblast processes as they do in human dental pulp, because
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these cells are supposed to have certain regulatory functions on the odontoblasts under
physiological conditions (Ohshima et al. 1999).

Another notable age-related change is that the odontoblast layer lost its
continuity in addition to losing the subodontoblastic cell-rich zone in the pulp floor.
Since the odontoblast-lineage cells are supposed to reside in the subodontoblastic layer
(Ruch 1995), the loss of odontoblasts is attributed to the lack of a progenitor cell pool.
The evidence that coronal odontoblasts maintain cell continuity and class Il
MHC-positive cells are densely distributed at the periphery of coronal pulp tissue is
attracting interest in the defense mechanism in dental pulp, indicating that the portion
susceptible to exogenous challenges is equipped with regenerative capability and the
competency to recruit dendritic cells at the pulp-dentin border after tooth injury. In
conclusion, aged pulp tissue still possesses the same rapid rate of recovery as that in the
young adult teeth, and the current results will provide fundamental knowledge for the

proper dental treatment of aged teeth.
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Figure legends

Fig.

Fig.

1. Goodpasture Gram staining in the injured tooth after 12 h from the aged rat. a.
The marked aggregation of Gram-positive bacteria (*) is observed in the prepared
cavity (C). b. Higher magnification of the bacteria mass in the prepared cavity.
Gram-positive cocci were recognized in the mass (arrows). c. Higher
magnification of the boxed area labeled by c ina. Numerous irregular shaped
cells (arrows) aggregate along the pulp-dentin border. There are no
Gram-positive bacteria in the dental pulp. D dentin, DP dental pulp, bars 100 um

(@), 25 um (c), 10 um (b).

2. HSP-25- (4, c, ) and OX6-immunoreactivities (b, d, f) in the control (a, b) and
injured teeth after 12 h (c, d) and 3 d (e, f) from the young adult rats. a. Intense
immunoreaction for HSP-25 is found in the odontoblasts, but not in the odontoblast
processes except at their bottoms within the predentin. b. OX6-immunopositive
cells are located predominantly beneath the odontoblast layer and extend their
processes between the odontoblasts (arrow). c. HSP-25-immunoreactive cells are
recognized beneath the degenerated odontoblast layer. d. OX6-immunopositive
cells accumulate along the pulp-dentin border and extend their processes deep into
the dentinal tubules (arrows). e. HSP-25-immunoreactive odontoblast-like cells
are arranged in the proper odontoblast layer. f. OX6-immunopostive cells are
located beneath the newly differentiated odontoblast-like cells. D dentin, DP
dental pulp, OB odontoblasts or odontoblast-like cells, * odontoblast layer that has

suffered damage, bars 50 um.
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Fig. 3. HSP-25- (a, c, e), OX6- (b, d, f) and nestin-immunoreactivity (IR) (g, h) in the
control teeth from the aged rats. a. The progressive attrition and considerable
cementum deposition (arrows) are recognized as age-related changes, resulting in
the shallow occlusal grooves (arrowheads). b. OX6-immunopositive cells are
densely distributed in the coronal dental pulp. c. Higher magnification of the
boxed area labeled by c ina. Corresponding to the enamel-free area, tertiary
dentin formation is observed (*). Intense IR for HSP-25 is recognizable in the
odontoblasts except for the weak positive cells in the pulp floor (arrows), and some
nerve fibers and blood vessels show weak HSP-25-immunoreaction. d. Higher
magnification of the boxed area labeled by d in b.  OX6-immunopositive cells are
predominantly located at the periphery of the pulp tissue. Most of the
subodontoblastic immunopositive cells appear to have a dendritic shape, and some
are located in the predentin (arrows). e. Higher magnification of the boxed area
labeled by e inc. Odontoblasts in the coronal pulp are intensely immunoreactive
for HSP-25 in their cytoplasm.  Their cell processes in the predentin are seen to be
immunoreactive. f. Higher magnification of the boxed area labeled by f in b.
OX6-immunopositive cells in the periphery are considerably decreased in number
in the root region.  The red dotted lines show the boundary between the crown and
root. g. Intense nestin-IR is exclusively observed in the coronal odontoblasts and
their processes (arrowheads). h. The odontoblasts and their processes in the pulp
floor also show intense nestin-IR, although these cells lack cell continuity in
addition to losing the subodontoblastic cell-rich zone. AB alveolar bone, D dentin,
DP dental pulp, OB odontoblasts, bars 500 um (a, b), 200 um (c), 50 um (d, e, ),

25 um (g, h).
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Fig. 4. HSP-25- (4, c, e, g, i) and OX6-immunoreactivities (b, d, f, h, j) in the injured
teeth after O (a-d), 12 (e, f) and 24 h (g, h), and 3d (i, j) from the aged rats. a. The
odontoblasts under the prepared cavity suffer severe damage, whereas the intact
cells retain intense HSP-25-IR.  b. OX6-immunopositive cells shift inwards
together with the odontoblasts that have suffered damage. c. Higher
magnification of the boxed area labeled by c inb. The cells, round in shape
without cell processes, retain the Hsp 25-IR.  d. Higher magnification of the
boxed area labeled by d ina. OX6-immunopositive cells still display a dendritic
appearance at this region. e. Most immunoreactive cells appear round in shape.

f. OX6-immunopositive cells accumulate along the pulp-dentin border and extend
their processes deep into the dentinal tubules (arrows). g. No apparent
immunoreaction for HSP-25 persists at the pulp-dentin border, whereas HSP-25-1R
remains in the subodontoblastic layer apart from the predentin. h.
OX6-immunopositive cells remain along the pulp-dentin border, but are reduced in
number from the previous stage. i. HSP-25-immunoractive odontoblast-like cells
line up in the proper odontoblast layer. j. OX6-immunopostive cells are located
beneath the newly differentiated odontoblast-like cells. The red dotted lines show
the boundary between the dentin that has suffered damage and the intact dentin.

C prepared cavity, D dentin, DP dental pulp, OB odontoblasts or odontoblast-like
cells, * odontoblast layer that has suffered damage, bars 200 um (a, b), 50 um

(C-)).
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Fig. 5. Cryo- (a, b), paraffin- (c, d) and semithin-sections (e, f) and electron
micrographs (g, h) of HSP-25- (a, e-h), OX6- (b) and nestin-IR (c, d) in the mild (a,
b, c, e, g) and severe (d, f, h) cases of injured teeth after 6 h (e, g) and 12 h (a-d, f,
h) from the aged rats. a. The odontoblast layer shows no changes in the IR for
HSP-25. b. Numerous OX6-immunopositive cells aggregate at the pulp-dentin
border and extend their cellular processes into the dentinal tubules. c. The
odontoblasts and their processes retain nestin-IR even in the area that suffered
damage. d. No intense nestin-IR is recognized in the odontoblasts and their
processes in the area that suffered damage. e. HSP-25-immunopositive
odontoblasts retain their cell layer. f. Numerous HSP-25-immunonegative cells
appear along the pulp-dentin border. g. The odontoblasts retain immunoreaction
for HSP-25 in their cytoplasm, but a presumably dendritic cell with a
tubulovesucular structure and a polymorphonuclear leukocyte are observed in the
pulp-dentin border. h. A presumably dendritic cell with tubulovesicular structures
and a polymorphonuclear leukocyte are located at the pulp-dentin border, and
odontoblasts that have suffered damage showing a round appearance maintain their
IR for HSP-25. D dentin, OB odontoblasts or odontoblast-like cells, PD predentin,

PML polymorphonuclear leukocyte * presumably dendritic cell, bars 50 um (a-d),

25 um (e, ), 5 um (g, h).

Fig. 6. Comparison between the OX6-immunoreactive fractions at the periphery of

young adult pulp and those of aged pulp in the control and injured teeth after 12 h

and 3d. The fractions of immunoreactive area in aged molars were significantly
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Fig.

larger than those in young adult molars in the control and 3 d after cavity

preparation.

7. A schematic diagram indicating the possible hypothesis concerning the pulpal
reactions to cavity preparation in the aged tooth. Cavity preparation (a) caused
the two types of pulpal reactions showing the different extent of damage in the
early stages: severe (b, c) and mild damage (d, e). A variety of reactions in aged
teeth under the current experimental model may be attributed to differences in the
status of dentinal tubules and/or odontoblast processes in individuals. In the case
of severe damage (b, c), most odontoblasts that suffered damage disappear from the
pulp-dentin border and numerous dendritic cells accumulate at the pulp-dentin
border and extend their processes into the dentinal tubules. In the case of mild
damage (d, e), some odontoblasts are degenerated and the dendritic cells appear at
the pulp-dentin border. Individual odontoblasts may suffer a variety of damage
depending on the length of their cellular processes. DC dendritic cells, OB

odontoblasts.
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