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Insulin-like growth factor-I (IGF-I) is a pleiotrophic
polypeptide which appears to have roles both as a
circulating endocrine hormone and as a locally syn-
thesized paracrine or autocrine tissue factor. IGF-I
plays a major role in regulating the growth of cells in
vivo and in vitro and initiates metabolic and mitogenic
processes in a wide variety of cell types by binding
to specific type I receptors in the plasma membrane.
In this study, we report the distribution of IGF-I recep-
tors in odontogenic cells at the ultrastructural level
using the high resolution protein A-gold technique. In
the pre-secretory stage, very little gold label was visible
over the ameloblasts and odontoblasts. During the se-
cretory stage the label was mostly seen in association
with the cell membranes and endoplasmic reticulum
of the ameloblasts. Lysosome-like elements in the post-
secretory stage were labelled as well as multivesicular
dense bodies. Very little labelling was encountered in
the ameloblasts in the transitional stage, where apop-
totic bodies were clearly visible. The maturation stage
also exhibited labelling of the secretory-like granules
in the distal surface. The presence of gold particles
over the plasma membrane is an indication that IGF-I
receptor is a membrane-bound receptor. Furthermore,
the intracellular distribution of the label over the en-
doplasmic reticulum supports the local synthesis of
the IGF-I receptor. The absence of labelling over the
transitional ameloblasts suggests that the transitional
stage may require the non-expression  of IGF-I as a
prerequiste or even a trigger for apoptosis.
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Introduction

In many ontogenetic sequences, insulin-like growth
factors are important for cell growth and cell
differentiation. Insulin-like growth factor-I is a
pleiotrophic polypeptide which appears to have
roles both as a circulating endocrine hormone and
as a locally synthesized paracrine or autocrine tissue
factor1. The factor plays a major role in regulating
the growth of cells in vivo and in vitro2 and initiates
metabolic and mitogenic processes in a wide variety
of cell types by binding to specific type I receptors
in the plasma membrane. The type-I IGF receptor
(IGFR-I) is a membrane-bound tyrosine kinase with
significant homology to the insulin receptor3–5 and
consists of two α and two β subunits linked by
disulphide bridges.6 At present, the precise post-
receptor signalling pathway of the type-I IGF
receptor is not well defined. However, based on
previous studies on the insulin receptor, it is as-
sumed that the tyrosine-kinase activity of the type-I
IGF receptor probably plays an important role in
mediating many of the biologic actions of IGF-I.6

The rat incisor is unique in that, simultaneously,
all stages of the complex life cycle of the ameloblasts
are represented along the enamel-forming aspect of
the tooth. Ameloblasts from rat incisors have been
studied extensively7–9 and a series of sequential
stages of ameloblasts in an incisor can be divided
into two phases. In the first phase, the cells differ-
entiate into ameloblasts and secrete the enamel
matrix. In the second phase the ameloblasts func-
tion in enamel maturation which is achieved by an
increase in inorganic material and resorption of
organic components and water from the enamel.
The distinct interphase  between  the  two phases
corresponding to the secretion and maturation
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stages is referred to as the zone of transition. Cell
death at this zone has been described by Smith and
Warshawsky10 in their quantitative studies of cell
turnover in the rat incisor. This zone is short and
ameloblasts pass through this stage in only 19–21
h. The transition zone is characterized by pro-
grammed cell death of approximately 25% of the
ameloblast population.

Growth factors have important roles in the regu-
lation of  cell division, differentiation and tissue
growth. They also have an important role in the
regulation of apoptosis. The viability of most cells
is dependent on the presence of growth factors.
Haematopoietic cells in particular are exceedingly
susceptible to apoptosis if deprived of their respec-
tive trophic growth factors.11 Similarly, withdrawal
of growth factors in vivo, for example by hormone
ablation, can induce atrophy and apoptosis. There
is an increasing amount of data suggesting that
growth factors acting through tyrosine kinase re-
ceptors are important survival factors suppressing
apoptosis.12 However, our understanding of the spe-
cific molecular mechanisms by which growth
factors prevent apoptosis is limited.

Recent studies13 from our laboratory have local-
ized the distribution of IGF-I receptor in the
odontogenic cells by immunohistochemistry. The
distribution and intensity of IGF-IR expression var-
ied with the phenotypic stages of the ameloblasts.
The absence of staining over the transitional
ameloblasts, some of which undergo apoptosis, sug-
gests that the transitional stage may require the
non-expression of IGF-I which may be a prerequiste
or even a trigger for apoptosis.13 That this status is
accompanied by apoptosis of 25% of the population
makes the changing distribution of the IGF-IR in
the ameloblast life cycle an exciting biological ob-
servation. We have also localized the gene associated
with apoptosis, sulphated glycoprotein-2 (SGP-2)
in the transitional ameloblasts, where IGF-I recep-
tor expression was found to be absent, providing
further evidence for a role of IGF-I in apoptosis.14

Much could be learned, for example about the
varying relationships of the receptor to cell organ-
elles at the ultrastructural level, when the light
level findings are of a change from a diffuse to a
granular staining pattern. Is this an example of
endocytotic membrane-receptor processing? What
is the sequence of IGF-I receptor synthesis when
the cells embark on enamel maturation after emerg-

ing from the transitional state? This curious se-
quence of events, with respect to the distribution
of IGF-IR in the ameloblast life cycle, is clearly
worthy of further investigation by immunocyto-
chemistry at the ultrastructural level.

There is little information concerning the form
of apoptosis in tooth development which occurs in
highly specialized post-mitotic ameloblasts. Apop-
totic bodies and associated enzyme profiles have
been described in the zone and hence the main aim
of this study is to investigate the distribution of
the IGF-I receptor at the ultrastructural level in
the odontogenic cells of the rat incisor ameloblasts.
The study was planned to give further insight into
the mechanism of action of IGF-I in tooth devel-
opment by detecting the presence of IGF-I receptors
during different stages of tooth formation.

Materials and methods

Animals

Ten, four week old male Lewis rats, obtained from
the Central Animal Breeding House, The Univer-
sity of Queensland were used in this study. Animals
were caged in a room at 22°C with a 12 h
(0600–1800 h) light–dark cycle and were fed ad
libitum with commercial rat pellets. The guidelines
for animal experimentation prescribed by National
Health and Medical Research Council of Australia
were followed and the project had the approval of
the Institutional Ethics Committee.

Electron microscopy

Animals were anaesthetized by an intra-peritoneal
injection of 0.1 ml/100 g sodium pentobarbitone
and perfused intracardially with phosphate buffered
saline (PBS, pH 7.4), followed by 1.25% glutaral-
dehyde and 0.2% picric acid solution in 0.066 M
cacodylate buffer, pH 7.2. The mandibles were dis-
sected and post-fixed by immersion in the same
fixative for 4 h. The tissues were then processed
and embedded in L R white resin (Bio-Rad, Mi-
croscience Division, Hemel Hempstead, UK)
according to the methods of Nanci et al.15 Semi-thin
sections (1–2 µm) in the coronal plane, transversely
through the enamel organ of the incisor teeth were
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cut on an Ultracut E ultramicrotome (Reichert-
Jung, Austria) and stained with toluidine blue for
light microscopy. Ultra-thin sections were also cut
(60–70 nm) from selected blocks and stained with
uranyl acetate for electron microscopy.

The high resolution protein A-gold immuno-
cytochemical technique was followed.15 Briefly,
grid mounted tissue sections were washed with
distilled water, floated on to Tris buffered saline in
1% BSA (TBS/BSA, pH 7.2) and then transferred
and incubated for 2 h at room temperature on a
drop of diluted rabbit anti-human IGF-I receptor
antibody. The specificity of this antibody has been
described elsewhere.13,16 After incubation, sections
were rinsed with TBS/BSA, followed by incubation
for 60 min at room temperature with 10 nm protein
A-gold complex (Bio Cell, Cardiff, UK). The tissue
sections were then washed thoroughly with
TBS/BSA, rinsed with distilled water and air dried.
For control experiments, sections were incubated
with (i) protein A-gold alone and (ii) nonimmune
serum.

Results

Figure 1 shows a high magnification lightmicro-
graph of the transitional ameloblasts in odontogenesis.
The ameloblasts decrease in height, and the zone is
characterized by the presence of large, round,
darkly-stained bodies in the proximal ends of the

ameloblasts and in the adjacent papillary cells. Fig-
ure 2 shows an ultrastructural view of the apoptotic
bodies. These cytologically identifiable bodies are
the apoptotic bodies. It is noteworthy that apoptotic
bodies were most discernible in this transitional
zone.

At the ultrastructural level, gold particles were
found in ameloblasts involved in enamel secretion
and maturation and was definitively localized in
specific cytoplasmic organelles. Only low back-
ground labelling was present over the nuclei and
extracellular matrix. In the pre-secretory stage, very
little gold label was visible over the pre-ameloblasts
and pre-odontoblasts (data not shown). During the
secretory stage, the label was mostly seen in asso-
ciation with the outer cell membranes (Figure 3A)
and endoplasmic reticulum (Figure 3B) of the
ameloblasts. Lysosome-like elements of the post-
secretory stage were labelled as were multivesicular
dense bodies (Figure 3C). Only background level

Figure 1 . This haematoxylin and eosin stained section shows the
topography of the principal cells studied in the rat incisor. The
ameloblasts (A) in the zone of transition are illustrated here. The
ameloblasts (A) are reduced to approximately half their original
length and apoptotic bodies (AP) (arrow heads) are found within
the cytoplasm of the ameloblasts.

Figure 2. Ultrastructural micrograph showing phagosomes (PS)
from an ameloblast in the transitional zone. These are hetero-
phagosomes and contain ribosomes (R) and profiles of
endoplasmic reticulum (ER).
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Figure 3 . Ultrastructural localization of IGF-I receptor in rat ameloblasts using gold label. (A) Electron micrograph of an ultra-thin section
of the rat incisor tooth in the secretory stage. The section was labelled with rabbit antiserun to IGF-I receptor and thereafter with protein
A-gold complex (10 nm). Gold label is present (arrowheads) over the outer cell membranes of the ameloblasts. (B) Electron micrograph
of an ultra-thin section in the secretory stage of tooth development. Gold label is present over the endoplasmic reticulum (ER)
(arrowheads). (C) Electron micrograph of an ultra-thin section in the post-secretory stage of odontogenesis. Lysosome-like elements
(L) and multivesicular dense bodies (MVD) showing gold labelling (arrowheads). (D) Electron micrograph of an ultra-thin section from
the rat incisor in the zone of transition. Transitional stage ameloblasts showing apoptotic bodies (AP) engulfed in a phagosome. There
was no gold label visible at this stage. (E) Electron micrograph of an ultra-thin section from the rat incisor. IGF-I receptor is visualized
by immuno-gold staining technique. Gold label is present in the secretory granules (SG) in the maturation stage of tooth development.
(F) Electron micrograph of an ultra-thin section of the rat incisor. The section has been immuno-gold stained by omitting incubation
with antiserum to IGF-I receptor. There was no gold label visible.
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labelling was found in the ameloblasts in the tran-
sitional stage, and apoptotic bodies were not
specifically labelled (Figure 3D). In contrast, the
ameloblasts of the maturation stage exhibited la-
belling in granular bodies associated with the
surface of the maturing enamel (Figure 3E). Control
sections in this study showed no labelling (Figure
3F).

Discussion

Insulin-like growth factor receptor has been dem-
onstrated in a wide variety of tissues and cell lines
by competitive binding and affinity crosslinking
studies17–21 and more recently by means of molecular
hybridization techniques. This suggests that IGF-I
has widespread and varying effects. Resnicoff et al.22

have demonstrated a definite role for IGF-I receptor
in programmed cell death in various tumour cell
lines. They found that a decrease in the number of
IGF-IRs causes massive apoptosis in vivo in several
transplantable tumours, either from humans or ro-
dents.

The concentration of gold label within the or-
ganelles of secretory and maturation ameloblasts
has enabled us to explain the pattern of staining
found with the IGF-I receptor antibodyat the light
microscopic level. The presence of gold particles
over the plasma membrane in secretory ameloblasts
is an indication that IGF-I receptor is a membrane-
bound receptor. Furthermore, the intracellular
distribution of the label over the endoplasmic
reticulum suggests that there is local synthesis of
the IGF-I receptor. The presence of label in
lysosomes and multivesicular bodies in the post-
secretory stage suggests that the granular deposits
seen in the post-secretory ameloblasts at the light
level13 represent internalization of the receptor.

By quantitative electron microscopic ra-
dioautography and subcellular fractionation, a
number of investigators have obtained clear evi-
dence for IGF-IR internal izat ion23,24 a n d
recycling.24,25 Thus the IGF-I-receptor complex is
not only mobile at the plasma membrane but also
moves through the cell volume by endocytosis. In
a part of this journey, the IGF-I-receptor complex
remains intact, but at a certain point the complex
enters an acidic environment that results in its
dissolution. The receptor is then recycled back to

the cell surface whereas the ligand is degraded.26–28

Like that of other peptide hormones, gold labelling
for IGF-I receptor in the cytoplasm during odon-
togenesis may relate to receptor-mediated
internalization and recycling, or it might represent
an intracellular site for the action of IGF-I.

Whereas it is widely accepted that binding of the
IGF-I ligand to the receptor extracellular domain
results in activation of its tyrosine kinase domain,
the molecular mechanism by which this event is
then transduced into specific biologic responses still
remains elusive.4 Receptor aggregration has been
proposed as a possible mechanism by which the
insulin receptor29 and the epidermal growth factor
receptor30 initiate the cascade of intracellular events,
which will eventually culminate in a biological
effect. Similarly, recent studies suggest that recep-
tor-mediated endocytosis of the IGF-I ligand and
receptor aggregate represent a potential mechanism
by which IGF-I action is exerted.28 Thus, internali-
zation of the receptor-ligand complex may be
occurring continually during enamel matrix secre-
tion.

Accordingly, the change in pattern of the gold
labelling of ameloblasts which are now terminating
enamel matrix secretion, and the gradual reduction
of gold label prior to the non-expression of IGF-I
receptor in the transitional zone, is a finding of
intrinsic significance. It may be that this relates to
the slowing down of matrix secretion or that the
IGF-I receptor may be sequestered and broken down
by lysosomes as the events of transition approach.
Conceivably this phenomenon could result in the
observed elimination of IGF-I receptor expression
in the transitional zone. An alternative explanation
for this could be that  an inhibition of receptor
biosynthesis occurs in cells entering the transitional
stage.

Non-expression of the IGF-I receptor in transi-
tional ameloblasts is also accompanied by apoptosis.
Approximately 25% of the ameloblast population
undergoes programmed cell death in the normal
life cycle of the ameloblast.39,40 This mostly occurs
in the region of post-secretory transition which
occupies a period of 19 h in the 30-day life-cycle
of the ameloblast population.10 At the light micro-
scopic level , apoptotic ameloblasts can be
recognized readily as pyknotic nuclear fragments
within and between adjacent ameloblasts or in the
stratum intermedium.39,41 Ultrastructurally, the ef-
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fete ameloblasts are phagocytosed by their neigh-
bours and appear as  phagolysosomes within the
ameloblast cytoplasm.41,42 The activities of lysoso-
mal enzymes such as dipeptidyl peptidase II in this
zone have been described.42 Various studies have
shown that the enzyme, tissue transglutaminase, is
a reliable marker for cells undergoing apop-
tosis.43,44,45

The absence of labelling over the transitional
ameloblasts suggests that the transitional stage may
require the non-expression of IGF-I as a prerequiste
or even a trigger for apoptosis. Accordingly, it is
tempting to speculate that apoptosis of a proportion
of the transitional ameloblasts is one further exam-
ple in developmental biology of programmed cell
death associated with a depletion of endocrine
stimulation. In this case it would be depletion of
IGF-I, predicated upon by down-regulation of its
receptor.

It is unknown how apoptosis of ameloblasts is
triggered. However, we have shown by in situ hy-
bridization, that the mRNA for sulphated
glycoprotein-2 (SGP-2), a marker protein for apop-
tosis is expressed specifically over the transitional
zone.14 The expression of several oncogenes and
tumour suppressor genes such as c-myc, bcl-2, fas
and p53 are known to modulate apoptosis in various
tissues.46 The interaction of intracellular proteins
modulate the apoptotic process. Several of these
proteins have been identified including p35, bcl-2
and its related family members (e.g., bclx, bax and
bak) and the bcl-2 binding protein, bag-1. Involve-
ment of these oncogenes in the apoptotic processes
of ameloblasts remains to be clarified.

Apoptosis31 is a basic cellular phenomenon
whereby cells are deleted from living tissues in a
physiological manner.32 Apoptosis is a feature of
several and, perhaps, all cell and tissue systems and
occurs when it appears necessary or beneficial for
the host organism.33 Moreover, some growth factors
and hormones have been shown to induce or sup-
press apoptosis, as well as to stimulate mitosis.34–37

There is also evidence that apoptosis is an active
process of gene-directed cellular self-destruction
and that in most of the circumstances in which it
occurs, it serves a biologically meaningful, homeo-
static function.33,38 Thus, apoptosis of ameloblasts
deserves further investigation as to its relation to
its possible growth factor dependence.
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