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Summary Objectives. To investigate the changes in morphology and activity of pulp
odontoblasts in response to cavity restoration variables and patient factors.
Methods. Class V non exposed cavities were prepared in the intact 1st or 2nd

Odontoblast

premolar teeth of 27 patients, aged between 9 and 17 years-old. Following tooth
extraction, the area of reactionary dentine and the area of the odontoblasts were
measured using computerised histomorphometry.

Results. The cytoplasm to nucleus ratio of the odontoblasts was found to increase
beneath cut dentinal tubules, following the secretion of reactionary dentine.
However, none of the patient or preparation variables were found to be correlated
with changes in the odontoblast cytoplasm to nucleus ratio.

Conclusions. Morphological changes in human odontoblasts is directly related to
their capacity to repair dentine injuries and provide pulp protection. Changes in
odontoblast morphology reflect secretory activity.

Introduction

The repair and maintenance of tooth dentine is a
well-established function of a single layer of
odontoblast cells that secrete an extracellular
matrix and regulate dentine mineralisation. Odon-
toblasts are highly differentiated post-mitotic cells
that are capable of secreting primary, secondary
and tertiary dentin matrix.” With their peripheral
location in the dental pulp and their cellular

processes into dentine, the odontoblasts have
been demonstrated to detect and respond to
dentine injury following caries and restorative
dental procedures. The deposition of a tertiary
dentine matrix is the main pulpal repair response to
injurious events.?”® Unlike primary or secondary
dentine that forms along the entire pulp-dentin
border, tertiary dentine is focally secreted by
odontoblasts in response to primary and secondary
dentine injury. The process of tertiary dentine
secretion can be classified as being reactionary or
reparative in origin, depending on the severity of
the initiating response and the conditions under
which the newly deposited dentine matrix was
formed. In general, reactionary dentin is secreted
by preexisting odontoblasts, and reparative dentine
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is secreted by newly differentiated odontoblast-like
cells.”’® The secretion of reactionary dentine is the
main postoperative odontoblast repair response to
the presence of a cavity carefully cut into
the dentine of a tooth. The difficulty with measur-
ing odontoblast responses to a cavity cut into
dentine is that their reactions and secretory
behaviour are the end result of the effect of the
caries lesion, and all the cavity preparation and
restoration events. The odontoblast responses to
each of these events can be hard to separate but
among the factors involved are the method of
cavity preparation,’ condition of the dentine cavity
wall,'® presence of bacteria,'" application method
of the restoration material,'?"® and pulpal inflam-
mation. ' The relative importance of these multiple
events probably varies from one cavity restoration
to another and this may explain why there has been
great difficulty in trying to correlate the mor-
phology of odontoblasts with their tertiary dentino-
genic secretory behaviour.? Nevertheless, the
successful resolution of restorative treatments is
dependent upon harnessing and utilising the natural

dentine repair responses of the odontoblasts.'
There is no artificial material that can be placed
into a tooth that provides better protection for the
pulp than dentine.'® Although the numbers of
odontoblasts have been found to be critical to
accomplish dental repair,’” information about the
effect of odontoblast morphology is limited. Hence
despite the complexity of odontoblast reactions,
responses, and activities, there is a clear need to
investigate the precise nature of the control of
dentinogenesis. For these reasons, the purpose of
this work was to investigate the quantitative
relationship between changes in odontoblast mor-
phology and reactionary dentine secretory activity,
and to examine the effects of patient factors and
cavity restoration variables.

Materials and methods
Twenty-seven patients aged between 9 and 17

years of age, had class V preparations into intact
first or second premolars that were scheduled for

Table 1 Pathohistometric information from 27 patients.

A B C D E 7 G H | J K
3.977 2.528 17 39 2.788 (++) Dycal F Md 0.627 2.318
3.753 2.616 11 28 0.472 (++) Dycal M Mx 1.056 1.233
3.106 2.753 14 28 0.945 (+) Dycal M Mx 0.878 1.800
4.754 2.673 14 32 0.977 (++) Dycal M Mx 0.294 0.294
5.293 2.926 17 35 0.740 (+) Dycal M Md 0.841 0.335
4,554 2.866 11 33 0.331 (+) Dycal M Md 1.381 1.513
2.488 2.255 11 33 0.000 (+) Dycal M Md 1.694 1.527
3.784 2.776 14 57 1.575 (+) Dycal F Mx 1.104 1.392
3.885 3.043 14 56 1.827 (+) Dycal M Mx 0.878 0.686
3.918 3.110 9 150 0.472 (++) Dycal F Md 1.381 0.372
3.649 2.833 10 85 1.496 (+) Dycal M Mx 1.129 1.412
3.989 2.911 10 56 0.977 (+) Dycal F Mx 1.030 0.918
2.787 2.520 11 74 0.000 (+) Dycal F Md 1.631 1.261
2.638 2.735 11 163 0.000 (+) Dycal M Mx 1.004 1.713
4.000 3.032 10 124 0.787 (+) Dycal M Mx 0.960 2.059
3.638 3.084 11 84 0.536 (+) Dycal F Mx 0.765 0.730
2.716 2.578 10 28 0.000 (++) IRM M Md 2.237 2.237
4.381 2.842 12 77 1.272 (++) IRM F Mx 0.567 1.544
4.792 2.828 12 28 0.238 (++) IRM F Md 1.600 0.159
4.589 2.733 12 123 0.120 (++) ZOE M Mx 1.224 2.105
4.166 2.774 10 127 0.155 (++) ZOE F Mx 1.565 1.651
4.068 2.728 10 90 0.034 (+) ZOE F Md 1.615 1.408
2.423 2.467 16 61 0.000 (++) ZOE F Mx 1.451 0.956
2.616 2.551 10 29 0.000 (+) ZOE F Mx 0.947 1.663
2.947 2.807 10 28 0.000 (+) ZOE F Md 0.947 2.732
2.453 2.622 10 28 0.000 (++) ZOE M Md 0.984 0.000
3.221 2.444 10 154 0.353 (+++) Dycal F Md 0.782 1.619

A, The mean cytoplasm to nucleus ratio of 25 odontoblasts beneath the cut dentinal tubules of cavity preparations; B, The mean
cytoplasm to nucleus ratio of 25 odontoblasts opposite and independent of the cavity preparations; C, Age of patient (years); D,
Time elapsed since surgery; E, Reactionary dentine area; F, Inflammation (+, slight, ++, moderate, +++, severe); G, Restoration
material; H, Sex of patient (M, male, F, female); |, Tooth position (Md, mandibular, Mx, maxillary); J, Remaining dentine thickness;

K, Restoration volume.



extraction, at the Dental Hospital of Marseille
(Table 1). The Class V preparations were placed
in the buccal surface, 1 mm above the level of
the cemento-enamel junction. Preparations were
cut using an intermittent application of the
Airotor with water spray to remove the enamel
followed by cutting with a Maillefer 129, ISO 010
bur using the least possible pressure at a drill
speed of 4000 rpm with water spray coolant. The
preparations were cut into the dentine to a range
of remaining dentine thickness (RDT) between
0.294 and 2.237 mm, and axial floor widths with
a mean of 2.27 mm. These parameters were
measured from histological sections. The floor
of the preparations was maintained curved and
parallel to the outer surface of the tooth. The
walls of the preparations were immediately
conditioned with a 17% Disodium ethylene dia-
mine tetraacetate solution pH 8 (Roth Inter-
national, Chicago, USA), for 15s, flushed with
sterile water for 5s, and dried with an extremely
light airstream for 2s. Teeth were randomly
assigned to three experimental groups for restor-
ation (Table 1). Amalgam (Contour, Kerr, Italy)
was used to restore 17 preparations, in conjunc-
tion with a calcium hydroxide lining material
(Dycal, Dentsply Caulk, Milford, DE, USA). A
further seven preparations were restored with
zinc-oxide eugenol (ZOE) (Kalzinol, Dentsply
Caulk, Milford, DE, USA) as well as a further
three preparations with the Intermediate Restor-
ation Material (IRM) (De Trey Dentsply, Zurich,
Switzerland). All materials were prepared and
used, strictly according to manufacturers’
instructions. At the end of the post-operative
interval, the extracted teeth were fixed in 10%
neutral-buffered formalin for 24 h, demineralised
in a sodium formic acid solution (3.4% HCOONa in
15% Formic acid) for 21 days, and then routinely
processed and embedded in paraffin wax for
histological examination. Sections were cut at
6 pum and routinely stained with haematoxylin
and eosin. The pulpal inflammatory responses
were categorised as slight, moderate or severe
according to Federation Dentaire Internationale
standards and criteria published previously.'>'7-18
The area of reactionary dentine was estimated
histomorphometrically at x 100 magnification,
using a grid eyepiece graticule.” The cytoplasm
to nucleus ratio?® was calculated by automated
computer image analysis, by tracing the odonto-
blast nucleus and odontoblast cell cytoplasm
membrane at X 670 magnification (Seescan,
Ltd, UK). Fifty odontoblasts that were cut long-
itudinally to the plane of tooth section were
analysed in each tooth section. The raw data

from all the experiments was examined using
linear regression analysis of variance (LRANOVA)
tests for data containing regression and analysis
of variance (ANOVA). The statistical tests com-
pared the difference between means (Statview,
SAS Inc Cary, NC, USA) at a significance of
p = 0.05. ANOVA post hoc tests?' were used to
compare the differences between variables.
These methods have been claimed to be the
most versatile and most conservative multiple
comparison statistical tests.?

Results

Pathohistometric analysis

Pathohistometric raw data collected from
twenty-seven restored teeth. For each tooth,
the cytoplasm to nucleus ratio, age of patient,
time elapsed since surgery, reactionary dentine
area, inflammation, restorative material, sex of
patient, tooth position, RDT and cavity volume is
shown in Table 1.

Identification of reactionary dentine

A histomorphological evaluation of the extracted
premolar specimens, revealed the presence of a
tertiary dentine matrix beneath dentinal tubules
cut by preparations, showing tubular continuity
between the secondary dentine matrix and the
preexisting odontoblasts (Fig. 1). These obser-
vations were necessary to classify the secreted
dentine matrix as being reactionary in origin.?

A = primary and secondary cut dentinal tubules
B = reactionary dentine matrix

C = odontoblasts secreting reactionary dentine
D = odontoblasts secreting primary and secondary dentine

Figure 1 The histology of reactionary dentine beneath
cut dentinal tubules.
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Figure 2 Odontoblast morphology associated with reac-
tionary dentin matrix secretion.

Odontoblast morphology

Odontoblasts beneath cut dentinal tubules associ-
ated with reactionary dentine secretion were found
to have an increased cytoplasm to nucleus ratio
(Fig. 2), in comparison with odontoblasts indepen-
dent of the cavity preparation ANOVA p = 0.0001
(Table 2) (Fig. 3). The cytoplasm to nucleus ratio of
odontoblasts beneath cut dentinal tubules associ-
ated with reactionary dentine, increased by
approximately one third over less active odonto-
blasts (Fig. 4).

Area of reactionary dentine secreted

The area of reactionary dentine secreted beneath
cut dentinal tubules were found to be related to the
odontoblast cytoplasm to nucleus ratio (Table 2).
The size of the odontoblast cytoplasm to nucleus
ratio was greater in odontoblasts which had
secreted larger areas of reactionary dentine, in

Table 2 Sequence of the correlation between the under-
lying odontoblast cytoplasm to nucleus ratio and cavity
preparation and restoration factors.

Variable measured p-Value
Mean odontoblast cytoplasm to nucleus ratio 0.0001
independent of cut dentinal tubules

Area of reactionary dentine secreted 0.0003
Time elapsed since surgery after 28 0.0541
days

Pulpal inflammatory reaction 0.277
Gender of patient 0.251
Age of patient 0.324
Remaining dentine thickness 0.493
Restoration material 0.542
Premolar position 0.636
Restoration volume 0.805

Figure 3 Odontoblast morphology independent of the
site of cavity preparation, and with an absence of
reactionary dentine matrix secretion.

comparison with odontoblasts which secreted small
areas or no reactionary dentine matrix (Fig. 5).

Time elapsed since surgery

The odontoblast cytoplasm to nucleus ratio of
odontoblasts involved in reactionary dentine
secretion appeared to decrease slightly between
40 and 160 days since surgery (Fig. 6), although the
sample size was too small to be statistically
significant (Table 2). Reactionary dentine secretion
were found to be almost fully formed at 28 days
since surgery, this would suggest that after the
secretion of reactionary dentine has terminated,
the cytoplasm to nucleus ratio of odontoblasts
decreases slightly over time, to resume their pre-
reactionary dentine morphology (Fig. 6).

61 Odontoblasts
[[] Beneath cut dentinal tubules

57 | | Independent of cut dentinal tubules

Mean odontoblast cvtoplasm to nucleus
w
L

Presence Absence

Reactionary dentine matrix

Figure 4 Reactionary dentine matrix secretion and
odontoblast morphology.
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24-35

36-52

Mean odontoblast cvtoplasm to nucleus ratio

Figure 5 Reactionary dentine area and odontoblast
morphology.

Variables with an insignificant correlation
to the reactionary dentine response

The following variables were found to have an
insignificant correlation with the cytoplasm to
nucleus ratio of odontoblast cells; age of the
patient; time elapsed since surgery; restoration
variables such as the floor surface area, depth,
volume, width, and RDT; pulpal inflammatory
reaction; gender of patient; choice of Dycal, IRM
or ZOE cavity restoration material and premolar
tooth position (Table 2).

Controls

The RDT of all the cavity restorations was examined
within each of the test groups to remove the
possible influence of differences in RDT of the
cavity preparations (Table 1). No statistical differ-
ences p =0.05 were observed for; age of the
patient at treatment (ANOVA p=0.661);
restoration material (ANOVA p = 0.519); pulpal
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Figure 6 Time elapsed since surgery and odontoblast
morphology.

inflammatory activity (ANOVA p = 0.513); Gender
of patient (ANOVA p = 0.412); Time elapsed since
restoration (ANOVA p = 0.574); and mandibular or
maxillary premolar tooth position (ANOVA
p = 0.700).

Discussion

The analysis of variance (LRANOVA) used in this
study to examine odontoblast morphology, has
been able to separate the effects of the cavity
preparation, restoration and patient factor vari-
ables. The complexicity of these variables, has
caused the analysis of clinical data to be proble-
matic, hence aside from ethical and regulatory
considerations, there has been a reliance on less-
complex animal and laboratory experimentation to
evaluate cavity restoration materials and restor-
ation techniques.?*?> LRANOVA methods have
shown the potential in this study to provide
information about the morphological behaviour of
human odontoblasts in response to restoration and
patient factor variables. Furthermore, the tech-
nique of measuring the area of odontoblast cyto-
plasm, and dividing this, by the area occupied by
the cell nucleus, proved to be a reliable and stable
indicator of morphological changes occurring within
each odontoblast cell. The cytoplasm to nucleus
ratio was found to be in the range of 3-1, this
confirms the findings of previous studies.?%:2¢27
The quantitative relationship between dentine
injury by cavity preparation, the secretion of
reactionary dentine, and the cytoplasm to nucleus
of the odontoblast cell, was demonstrated. Firstly,
the cytoplasm of the odontoblast cells was
increased as a proportion of the nucleus, secondly,
the deposition of a reactionary dentine matrix was
observed, and this was related to the cytoplasm to
nucleus ratio. Thirdly, the odontoblasts that
responded in this manner were located beneath
cut dentinal tubules, and not at any pulpal locations
independent of the cavity preparation. The
increase in the cytoplasm to nucleus ratio in
odontoblasts which had secreted a reactionary
dentine matrix, suggested an inherent structural
versatility of the odontoblast to increase its
cytoplasmic organelles, and in doing so, to upregu-
late its capacity to synthesise and secrete reac-
tionary dentine matrix. The increased cytoplasmic
volume of the secretory odontoblast is character-
ised by an extensive rough-surface endoplasmic
reticulum, a highly developed Golgi complex, and
the presence of specific secretion granules.?® In the
present study, up-regulation of secretory activity as



measured by the area of reactionary dentine
secreted by odontoblasts beneath cut dentinal
tubules, has been found to be related to the
cytoplasm to nucleus ratio. The fact that the size
of the cytoplasm to nucleus ratio of odontoblasts,
which had secreted reactionary dentine, was
greater than odontoblasts that did not have this
activity, suggests that the secretory capacity of the
odontoblast was up-regulated in response to
increases in its cytoplasmic area. Therefore, any
increase in size of the cytoplasmic area is pre-
sumably as a direct result of the increased size of
the dentine synthetic and secretory apparatus.

The cytoplasm to nucleus ratio of the odonto-
blasts beneath cut dentinal tubules had a tendency
to decrease after reactionary dentine secretion was
accomplished. The secretion of reactionary dentine
matrix is rapid and highly regulated.® Therefore,
the secretory odontoblasts appeared to have a
slightly reduced cytoplasm to nucleus ratio,
between 26 and 163 following surgery, probably
associated with the fact that reactionary dentine
was probably no longer being secreted. In the
absence of an active dentine injury stimulus, the
secretory activity of these odontoblasts would
probably decrease to their normal resting state.®
The reason for this cell behaviour is uncertain, but
the ability to increase cellular synthetic and
secretory apparatus, explains observations of the
ability of the odontoblasts to respond to subsequent
dentine injuries more rapidly and to secrete larger
quantities of tertiary dentine.?®3° Reparative den-
tinogenesis on the other hand, which requires the
replacement of damaged odontoblasts and the
differentiation of a new generation of odonto-
blast-like cells, has been reported to have a lag
time period, before its tertiary dentine secretory
activity could be fully activated and completed.®'
Because of the episodic nature of dental caries, it is
likely that the tertiary dentine beneath a carious
lesion may often comprise both reactionary and
reparative dentines superimposed upon one
another.®

The morphological appearance of the odonto-
blast has been observed to vary widely throughout
its life cycle.3? 34 Despite this, the cytoplasm to
nucleus ratio of odontoblasts in permanent pre-
molar teeth did not appear to be correlated with
the age of the patient between 9 and 17 years of
age. Although maturation related physiologic and
pathologic changes occur within the dental pulp
tissue,®®> in the present study, these maturation
changes did not include observable alterations in
the cytoplasm to nucleus ratio of the odontoblast
cells. These observations may reflect the limited
age of the tooth specimens examined, in which

the odontoblasts might have been expected to be
within the secretory phase of their life cycle.®?

Nevertheless, pulpal maturation-related changes
have been observed at the molecular level,*® and
this could explain age-related changes in the
dentine secretory activity of the odontoblasts.
Age has been observed to have a role in the
secretion of reactionary, physiologic sclerotic and
reparative dentine.?” The dentinogenic response
potential of teeth could be expected to reach a
maturation plateaux and thereafter diminish into
old age.*®3 But in this present study, the cyto-
plasm to nucleus ratio of the odontoblasts was not
found to a good indicator of their age-related
dentine secretory capacity. Similarly, there was
little observable difference in the odontoblast
cytoplasm to nucleus ratio between female and
male patients, in response to a cavity cut into
dentine. This was despite the fact that premolar
eruption can be observed more than 1 year earlier
in females, than in males.*® Other measured
variables such as the pulpal inflammatory reaction,
cavity restoration variables, choice of restoration
material and the premolar tooth position, were also
found not to be significant indicators of odontoblast
morphology. This evidence would suggest that
these variables have comparatively little effect.
Above all else, the prime function of the odonto-
blast appeared to be to detect dentine injury and to
repair this injury by secreting a reactionary or
tertiary dentine matrix. The exact mechanism of
dentine injury transduction to the odontoblast cells
that causes their dentinogenic capacity to be up
regulated is not clear. Some possibilities may
include, firstly, the odontoblast process has a
clearly defined role in the transport of secretory
vesicles and their release into the extracellular
space.*"*? However, the role of the process in
communicating injury to the odontoblast cells is
controversial, because some studies have suggested
that the processes extends through only one-third
of the whole length of the dentine tubules,*® whilst
other studies have suggested that the process
transverses the whole length of dentine and
projects into tooth enamel.**

In reality, the length of the odontoblast process is
probably variable, and so the operation of this dentin
injury transduction system in isolation, would not
adequately explain the ability of the odontoblasts to
respond to peripheral dentin carious lesions. Despite
the considerable controversy regarding the odonto-
blast process, and even the contents of the tubule
lumen,* the role of these structures in forming some
part of the dentin injury transduction system cannot
be discounted. Secondly, the tooth pulp is also
densely innervated,*®*” and the intradentinal



nerves may be able to mediate signals*® of dentine
damage to the odontoblast cells. Thirdly, the
molecular stimulus for the process of reactionary
dentinogenesis, could be an effector molecule(s),
perhaps a growth factor, which has been solubilised
from the reservoir of endogeneous growth factors
contained within the dentine matrix.*’">° Recently,
the transforming growth factor (TGF) p1 and B3
isoforms have been demonstrated to up-regulate
odontoblast dentinogenic activity at local sites of
application.”" Indeed, the use of growth factors is
expected to provide future clinicians with additional
options for the treatment of substantially damaged
or diseased vital teeth.’? The important relation-
ships between cavity restoration variables and
dental repair, and odontoblast numbers and dental
repair, have recently been characterised.’"”
Nevertheless, much remains to be accomplished in
order to better understand the mediators of denti-
nogenesis and the role played by the odontoblast.
However, when this knowledge becomes available,
it may permit improved treatment modalities for the
injured pulp to be devised.>*>*
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