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Summary—At 15, 30 and 60 days after denervation, 10 mice were injected (5 controls, S
denervated) at each time period with 0.5 uCi/gm of [*H]-thymidine. Denervated teeth, after 15
and 30 days, were thinner, shorter and narrower with a chalky-white appearance; by 60 days,
the teeth returned to their normal predenervated appearance. The responses of the proliferative
compartments of the mouse incisor varied with time after denervation, and depended on
whether comparison was made to sham controls or the control side of a denervated mouse. The
pre-odontoblasts were most stable in terms of [°H]-thymidine labelling index with a significant
decrease only at 60 days after surgery. This decrease may be due to an alteration of the
inductive influence of the inner enamel epithelium and the nerve resection. The effects of nerve,
resection on the inner enamel epithelium were a reduction in the labelling index on both
control and cenervated sides in comparisons to sham controls and a decrease in labelling index
of the denervated side when compared to contralateral control. Significant differences between
the control and denervated sides of experimental mice were evident 15 days after denervation in
the outer enamel epithelium, inner enamel epithelium, and pulp fibroblasts. Indirect effects (i.e.
chipping of the teeth) may mask neurotrophic influences. There also appears to be a homeosta-
tic or compensatory mechanism for attenuation of the effects of denervation in continuously
erupting teeth. The effects at the early time periods emphasize the need for a study of neuro-
trophic effects on the cellular compartments of the tooth in the period immediately following

denervation.

INTRODUCTION

The inferior alveolar nerve (IAN) has been resected in
several animal species in order to elucidate the role of
neural influences on the growth and maintenance of
the teeth. Most of these studies, from a variety of
experimental animals, suggest that denervation results
in an increase in the eruption rate of the ipsilateral
incisor (Butcher and Taylor, 1951; Taylor and
Butcher, 1951; Brown et al., 1961) although Moral
and Hoseman (1919), Edwards and Kitchin (1938) and
Devoto et al. (1966) found that unilateral resection of
the TAN of the rat resulted in a decrease in the erup-
tion rate of the contralateral incisor although no sig-
nificant alteration in the eruption rate of the ipsi-
lateral incisor when compared to the sham operated
controls. Devoto et al. (1966) reported morphological
changes, including narrowing of the tooth, discoloura-
tion and lack of pigmentation of the enamel in dener-
vated incisors, or in some cases loss of the tooth.
Studies of the effects of denervation on the cellular
products of the incisor have mainly concerned dentine
formation. IAN resection causes an alteration of the
normal pattern and quality of dentine formed in both
the rat and rabbit incisor (Rehak, 1963; Weatherred
et al, 1965; Avery et al, 1974). Avery et al. (1974)
have shown a dramatic increase in reactionary den-
tine formation after IAN denervation associated with
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changes in the ameloblast layer and distortion of the
inner enamel epithelium and stellate reticulum. They
also noted that ameloblasts in the cervical loop area
(pre-secretory ameloblasts) were affected. Denervation
has also caused loss of pigmentation (Weatherred,
1965) and hypomineralization of enamel and replace-
ment of enamel by cellular cementum (Avery et al.,
1974).

There have been no attempts to relate these
changes to alteration of proliferation within the cellu-
lar components of the incisor. Our study was
designed to fill this gap in knowledge.

MATERIALS AND METHODS

We used 75 male CF-1 mice aged 30 days (Car-
worth Division of Charles River Breeding Labs,
Wilmington, Mass.) anaesthetized with sodium pento-
barbital. After retraction of the masseter muscle, the
proximal end of the right mandibular incisor was
exposed. The inferior alveolar nerve was exposed im-
mediately above the end of the root of the incisor by
removing the thin plate of cortical bone. At 30 days of
age, the cortical bone covering the inferior alveolar
nerve was still thin and easily broken and removed
with sharp forceps. The nerve was dissected free from
the inferior alveolar artery and vein, elevated and



84

D. J. Chiego Jr, R. M. Klein and J. K. Avery

Table 1. Mean + standard error of the percentage of labelled cells 1 h after *H-thymidine administration

Quter Inner Fibroblasts
Time after Pre- enamel enamel Periodontal
denervation Group odontoblasts epithelium  epithelium Pulp ligament
15 days Control 147+ 13 162 +29% 153 + 06t 129+ 06f 11.0+ 09%
Denervated 122+ 14 63+07% 84+ 14t 102+07F 120+ 14F
30 days Control 99+ 14 43+ 03 98+07F 94+ 177 98+03
Denervated 11.2+ 1.5 32402 79+07) 93+08F 99108
60 days Control 78 + 1.7% 6.0 + 0.5 115+ 226 128+ 3.1F 1L+ 018
Denervated 8.2 + 2.0 S1+11 116+21 111 +23%7 89+ 14
Sham-controls 1564 53 55413 165417 I51+15 79+ 10

(8C)

* Control and denervated sides differ p < 0.01.

+ Control and denervated sides differ p < 0.05, SC differ from denervated side p < 0.05.
1 Control and denervated sides differ NS, both differ from SC p < 0.05.

§ Control side differs p < 0.01 from SC.

|| All values (operated and unoperated} differ p < 0.05 from SC at 30 and 60 days.

resected. Approximately 2 mm of the nerve was re-
moved to prevent re-innervation within the time
course of the experiment. The masseter muscle and
the skin were re-approximated and sutured with 3-0
surgical silk. After surgery, the animals were returned
to their cages, segregated according to sex, and their
daily weights were determined in order to evaluate
possible alterations in body growth associated with
the denervation procedure.

A sham-operated control animal was one in which
all the above surgical procedures were accomplished
except for resection of the nerve. The contralateral
unoperated jaws of both the experimental and sham-
operated animals were used as controls.

At 15, 30 and 60 days after denervation, 5 dener-
vated and 5 control mice were injected with 0.5 uCi/g
body weight of [*H]-thymidine (*H-TdR) with a
specific activity of 6.7Ci/mmol (New England
Nuclear, Boston, Mass.) and killed 1 h later. The man-
dibles were split in half by cutting through the sagittal
symphysis, fixed in 10 per cent neutral buffered for-
malin, washed, and demineralized in sodium citrate-
formic acid solution for 28 days. After washing for 24 h
in running tap water, the mandibles were dehydrated
in graded concentrations of ethanol, processed rou-
tinely for paraffin-wax embedding, oriented in the
sagittal plane and sectioned through the cervical loop
region of the incisors. Five-micrometre sections were
cut and mounted on glass slides, dipped in NTB-2
{Eastman Kodak Co., Rochester, N.Y.) and stored in
the dark at 4°C for the 21-day exposure period.
Slides were subsequently developed in D-19
developer, washed briefly in distilled water, fixed in
Kodak Fixer, washed in running tap water and
stained lightly with Harris haematoxylin and eosin.
Resulting autoradiographs had an average back-
ground of 1.0 grain/cell.

The percentage of *H-TdR-labelled cells was deter-
mined at each of the 3 time intervals following dener-
vation for incisors from control and denervated sides
and for sham-operated and unoperated controls. The
proliferative compartments of the incisor were defined

as follows:

Pre-secretory ameloblasts were defined as the layer
of ameloblasts from the extreme apical end of the
incisor (the point of maximum convexity; War-
shawsky and Smith, 1974) through the region of
ameoloblasts facing the pulp (odontogenic organ) and
the apical 1/3 of the ameloblasts facing the dentine
{enamel organ; Warshawsky and Smith, 1974). All
other cell types were defined relative to the inner en-
amel epithelium as shown in Fig. 1.

One thousand cells were counted per incisor (right
or left) for each cell type in the incisor. Labelling
indices were compared at the three time intervals for
the denervated versus the contralateral control using
a t-test for paired observation, and an unpaired t-test
for testing the denervated or contralateral control
versus the sham control. ’

RESULTS

Morphology

Denervated teeth appeared shorter, thinner, and
narrower at 15 and 30 days. The enamel had a chalky
white (porcelain) appearance at 15 days after denerva-
tion. At 30 days, the denervated teeth still showed an
abnormal porcelain-like appearance of the enamel
and some teeth were chipped or broken. By 60 days,
the teeth appeared normal with no visible alteration
of length, width, or consistency of the enamel or
dentine.

[3H1-thymidine labelled cells

The results of >H-TdR labelling studies are shown
in Table 1. Labelling index data are compared for
both sham controls and unoperated (contralateral)
controls versus the operated (denervated) incisor. Pre-
odontoblasts of denervated teeth did not show signifi-
cant differences between contralateral control and
denervated incisors but did show a difference when
compared to the sham controls at 60 days after sur-
gery. The cells of the outer enamel epithelium showed
a dramatic increase in contralateral controls at 15
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days when compared to sham controls or denervated.
The presecretory ameloblasts of the inner enamel
epithelium had a decreased labelling index at 15 days
in the denervated animals when compared to the
contralateral controls and were significantly different
at all time periods when tested against the sham con-
trols. Pulpal fibroblasts showed significant differences
between contralateral control and denervated incisors
of IAN-resectioned mice only at 15 days after surgery
and were significantly different from sham controls at
all 3 time periods (15, 30 and 60 days). The dener-
vated periodontal ligament fibroblasts (at 15 days)
had an increased labelling index when compared to
the sham controls.

DISCUSSION

The morphological changes in denervated mouse
incisors were similar to the changes described in other
species possessing continuously erupting incisors
(Taylor and Butcher, 1951; Ronning and Isotupa,
1973) and which Isotupa and Ronning (1977) attri-
buted to interference with the blood supply of the
incisor. However, Taylor and Butcher (1951) found no
alteration of eruption rate after cutting the internal
carotid, but did find an acceleration of incisor erup-
tion rate after IAN resection. In our study, inspection
both during surgery and post mortem revealed no
damage to the blood vessels and no regeneration of
the resected IAN. This would implicate the IAN as a
regulative factor of proliferation in those cellular

compartments with alteration of labelling index after
TAN denervation.

Presecretory ameloblasts (inner enamel epithelium)

Cell production rates and cell kinetics of the inner
enamel epithelium have been related to attrition and
occlusion in the rat incisor after impeded and unim-
peded eruption (Bar-Lev et al, 1977). Under con-
ditions of “low impediment probability” incisor erup-
tion and cell production rates in the inner enamel
epithelium increased (Bar-Lev et al., 1977). Since there
may be a decrease in occlusal forces in the denervated
animals (Taylor and Butcher, 1951) one might expect
an increase in cell division and labelling index within
the inner enamel epithelium. If eruption rate de-
creases in contralateral control (Devoto et al., 1966)
then one would expect a lower labelling index in the
contralateral control as compared to sham control.
The decrease in labelling index which occurs in dener-
vation as compared o contralateral control or sham
control at 15 days, and in both contralateral control
and denervation as compared to sham control at 30
and 60 days after denervation, would seem to indicate
a different effect on the inner enamel epithelium.
However, labelling index is a reflection of several fac-
tors—cell migration, growth fraction, the duration of
DNA synthetic or S phase (Ts) and generation cycle
time (Ty) of the presecretory ameloblast cell cycle
[LL, = growth fraction x LI, where LI, =
(T5/Tc)]. 1t is therefore possible that accelerated erup-
tion in denervation is associated with cells migrating
prematurely in the incisor with a lower growth frac-
tion in the proliferative compartment and a faster rate
of migration to the functional compartment. There-
fore, a shorter § and T period and a decrease in

growth fraction could result in a lower labelling index
within the presecretory ameloblast compartment.
Measurement of these parameters during the tem-
poral sequence of events after denervation may help
elucidate some of the complex changes occurring
between contralateral and ipsilateral incisors after
unilateral IAN resection.

Outer enamel epithelium

Warshawsky and Smith (1974) found only infre-
quent mitoses in this layer of the rat incisor. Hwang
apd Tonna (1965) found only slight [*H]-thymidine
labelling in the outer enamel epithelium, stellate reti-
culum, and stratum intermedium (5.2 per cent). The
function of these layers is unknown although the
outer enamel epithelium is hypothesized to regulate
the flow of tissue fluid to and from the stellate reticu-
lum (Kallenbach, 1978). Only one study has analyzed
cell division in the outer enamel epithelium. Grewe
and Felts (1963) showed that the lack of occlusion
found in neonatal mice incisors could be correlated
with higher rates of DNA labeiling in the outer en-
amel epithelium, stellate reticulum, and stratum inter-
medium. The differences in outer enamel epithelium
labelling indices may be associated with changes in
occlusion or eruption rate which occur immediately
after JAN resection; the effects are not present at 30
or 60 days after surgical denervation. The changes
which occur in the outer enamel epithelium appear to
be unrelated to events in the inner enamel epithelium,
which corroborates the work of Osman and Ruch
(1976) who have shown a dissociation between the
values of mitotic index in the outer and inner enamel
epithelium of developing molars and incisors of mice.
However, the mitotic potential of the outer enamel
epithelium has been noted previously in the rhesus
monkey during amelogenesis (Engler et al., 1965) and
may aid in the adaptation of the incisor to denerva-
tion in the present study.

Pulp and periodontal ligament fibroblasts

Pulp and periodontal ligament fibroblasts differ in
their response to IAN denervation. Although at most
time intervals there are no differences in either group
between contralateral control and the denervated
incisor (except in the pulp at 15 days), pulp fibroblasts
have a lower labelling index and periodontal ligament
fibroblasts have a higher labelling index than sham
control at all time intervals. The possible relation-
ships of pulp and periodontal ligament fibroblast pro-
liferation have not been investigated.

Increases in cell proliferative activity within the
periodontal ligament have been correlated with the
functional demands on the periodontium. Weiss et al.
(1968) found the highest [*H]-thymidine-labelling
indices in the regions of the rat periodontium under
the greatest masticatory, movement and attached
forces (crestal surface of the interradicular septum and
interdental periodontal ligament mesial surface,
mesial root) while the lowest labelling indices values
were obtained along the alveolar ridge, a region sub-
ject to far less functional demand (Weiss et al., 1968).
Attempts to relate cell proliferation in the periodontal
ligament to eruption have used demecolcine adminis-
tration to block dividing cells in metaphase (Chiba et
al., 1968; Berkovitz, 1972a; Main and Adams, 1966).
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Chiba er al. (1968) and Berkovitz (1972a) found a de-
crease in eruption rate after administration of that
stathmokinetic drug. However, the general effects of
demecolcine on all mitotically active cells and on all
microtubular-related functions (including secretion)
prevents any definitive statements on the role of either
periodontal ligament or pulp fibroblasts proliferation
in alteration of eruption rate. In addition, Berkovitz
(1972b) and Pitaru et al. (1976) have shown that re-
moval of the basal {progenitive) area of the periodon-
tal ligament of the rat incisor eliminates a large pro-
portion of the proliferating periodontal ligament
fibroblasts, but does not influence the rate of erup-
tion.

The pulp fibroblasts had consistently lower values
for both the denervated incisors and contralateral
controls when compared to the sham control. At 15
days there was a significant decrease in denervated
control as compared to the contralateral control. De-
creases in pulp fibroblast proliferation are associated
with trauma. Cyclophosphamide in doses of
120 mg/kg produces an acellularity among the rela-
tively undifferentiated mesenchymal cells of the basal
part of the pulp (Adatia, 1975). A similar acellularity
has been found after triethylamine melamine adminis-
tration, which almost completely inhibits mitosis in
the dental pulp (Main and Adams, 1966) although
DNA synthesis appears to continue among the
remaining viable cells (Hendry et al, 1951; Main and
Adams, 1966). Pulp fibroblast labelling indices also
decreases {(62.5 per cent) during increased occlusion
associated with the development of the mouse man-
dibular incisors, although no standard errors or stat-
istical analysis were provided in that study (Grewe
and Felts, 1968).

Pre-odontoblasts

The pre-odontoblasts surprisingly showed no sig-
nificant differences in labelling indices at the 15 and
30 day periods in any of the statistical comparisons.
However, there was significant decrease in the label-
ling index at 60 days after denervation when the
denervated and control were compared to the sham
control. The relationship of the odontoblasts to the
ameloblasts is an extremely complex system where the
differentiation of odontoblasts depends upon the pres-
ence of the inner enamel epithelium, while the matur-
ation of ameloblasts from presecretory ameloblasts
within the inner enamel epithelium depends upon the
inductive influence of the odontoblasts (Marsland,
1951). It is possible that the decrease in pre-odonto-
blast-labelling indices during the duration of the
present investigation is due to an alteration of the
inductive influence of the inner enamel! epithelium by
IAN resection.

Neurotrophism and the proliferative compartments of
the mouse incisor

Although there has been much controversy over the
role of the IAN in altering the eruption rate of the
continuously erupting incisors of several species, most
investigators have viewed the innervation totally from
the viewpoint of loss of sympathetic vasoconstrictor
fibers or loss of sensation within the tooth. In the
present study it appears that there is no clearly
defined role of the IAN in regulation of the prolifera-

tive compartments of the continuously erupting inci-
sors of the mouse. It is probable that mice, through
loss of propricception and sensation in the incisors,
treat their teeth “more carelessly” (Taylor and
Butcher, 1951) producing a rapid attrition and occlu-
sal effect on the incisors. These effects cannot be easily
controlled during a long-term experiment, but may
indirectly produce differences in the adaptation of the
rat incisor to loss of innervation. Neurotrophic effects
in the limited definition of chemical control of growth
by axonal transport of materials from the IAN have
not been analyzed to a great extent in the continu-
ously erupting incisor, except for the affect of inner-
vation on dentine formation. Kroeger (1968) found a
bradykinin-like material in the pulp which he believes
affects the odontoblasts in a trophic manner. Byers
and Kish (1976) measured axonal transport from the
trigeminal ganglion into the dentine; however, this
transport into the odontoblasts does not necessarily
reflect movement of a neurotrophic factor. There has
been other evidence from retrograde horseradish per-
oxidase transport studies of a feedback influence from
the pulp on the innervating neurons (Arvidsson, 1975;
Chiego et al., 1980). The possible role of neurotrophic
influence on the continuously erupting incisor of the
mouse needs to be analyzed further in an attempt to
elucidate a pattern of change in DNA, RNA, and pro-
tein synthesis in different compartments of the mouse
incisor as has been done for the regenerating amphib-
ian limb (Singer, 1974).
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Plate 1.

Fig. 1. The proliferative compartment of the mouse incisor is shown in this photomicrograph. The

compartment is divided into: (A) outer enamel epithelium, (B} stellate reticulum, (C) inner enamel

epithelium, (D) pre-odontoblasts, (E) pulpal fibroblasts, (F) stratum intermedium and (G) periodontal

ligament fibroblasts. The arrow in the bottom right corner indicates an unlabelled fibroblast in telo-
phase. Haematoxylin and eosin. x40
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