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Following a Single Injection of 3H-Thymidine

C.E. SMITH
Department of Anatomy, Faculty of Medicine and Department of Oral Biology,
Faculty of Dentistry, McGill University, Montréal, Québec, Canada H3A 2B2

ABSTRACT Turnover of cells within the odontogenic organ was studied in
three dimensions by preparing serial sections of incisors from young male rats
killed at various times following a single intraperitoneal injection of 1 µCi/g
body weight of 3H-thymidine. Radioautographs showed that at 1 hour after
injection labeled cells were present in all cell layers throughout the entire depth
of the odontogenic organ. They were encountered frequently within the inner
dental epithelium and stratum intermedium but appeared less abundant within
the stellate reticulum and outer dental epithelium. With time, the frequency of
labeled cells in each layer declined progressively, and more rapidly at the
anterior and labial side of the odontogenic organ than toward its posterior and
lingual side. Hence labeled cells were observed over the longest time interval in
regions where cell layers were in closest proximity to the opening of the apical
foramen, that is, near the apical and cervical loops. By 32 days after injection,
numerous labeled cells could still be identified within the outer dental epithelium
and stellate reticulum near the apical loop (bulbous part of the odontogenic
organ) and the outer dental epithelium near the cervical loops ("U"-shaped part
of the odontogenic organ). These findings support the hypothesis that cells
originate within the bulbous part of the odontogenic organ and migrate anteriorly
through the "U"-shaped and root sheath parts of the odontogenic organ during
renewal of the incisor. It appears that individual stem cell compartments may
be maintained for surface (outer/inner dental epithelium) and intermediate
layers (stellate reticulum/stratum intermedium) in the odontogenic epithelium.

Numerous investigators have used tritiated
thymidine (3H-TdR) to study proliferation
within the stratified epithelium that forms the
odontogenic organ of the continuously erupt-
ing rodent incisor (reviewed in Michaeli and
Greulich, '72; Smith and Warshawsky, '75a, b,
'76; Osman and Ruch, '76, '78; Michaeli et al.,
'78; Zajicek et al., '79). Parameters such as
labeling index and length of the phases of the
cell cycle have been estimated, most notably
for inner dental epithelium, and alterations in
these parameters that arise through regional
and/or diurnal variations, or from changes in
the occlusal status of the tooth, have been
investigated (Hwang and Tonna, '65; Sasaki,
'65; Hwang et al., '66; Chiba et al., '67; Shibata
and Stern, '68; Zajicek and Bar-Lev, '71 ; Gas-
ser et al., '72; Michaeli and Greulich, '72;
Michaeli et al., '72, '78; Zajicek et al., '72, '79;
Bar-Lev et al., '76; Osman and Ruch, '76, '78).

Little attention has been focused, however,
on the eventual turnover of labeled cells that
occurs throughout the odontogenic organ fol-
lowing an injection of 3H-TdR. Hunt and Payn-
ter ('63), working with guinea pig molars,
reported that labeled cells appear to migrate
from the stratum intermedium into the stel-
late reticulum over a 2-day interval following
injection. Other investigators have noted that
there is rapid dilution of label from cells
forming the inner dental epithelium and stra-
tum intermedium along the labial side of the
tooth (Hwang and Tonna, '65; Hwang et al.,
'66; Zajicek and Bar-Lev, ' 71 ; Michaeli et al.,
'78). Shibata and Stern ('68) reported that
labeled cells can be identified within the inner
dental epithelium at the "basal tip" of the root
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sheath along the lingual side of the tooth for
up to 9 days after injection of 3H-TdR.

The purpose of this investigation was to
obtain information about the origin and move-
ment of cells within the odontogenic organ
during renewal of the incisor. This study at-
tempts to visualize the movement of cells by
following alterations in the spatial distribu-
tion of labeled cells within the odontogenic
organ at various times after injection of 3H-
TdR through graphic reconstructions from se-
rial sections.

MATERIALS AND METHODS

Specimen preparation

The teeth used in this study had been pre-
pared in the course of previous investigations
(Smith and Warshawsky, '75b, '76, '77). Brief-
ly, 37 male Sprague-Dawley rats weighing
103 ± 5 grams were given a single intraperi-
toneal injection of 1 µCi/g body weight of 3H-
TdR (specific activity, 20 Ci/mM) at the same
relative time of day (9:00 AM EST). They were
killed in groups of two to four animals at
intervals from 1 hour to 32 days after this
injection, by intracardiac perfusion with 2.5%
glutaraldehyde in phosphate buffer (War-
shawsky and Moore, '67). The jaws were re-
moved and decalcified at 4°C for 2 weeks in
4.13% disodium EDTA, after which the inci-
sors were prepared for cutting along their
cross or longitudinal axes (Smith, '74). The
specimens were postfixed in 1% osmium
tetroxide, dehydrated in graded acetone, and
embedded in Epon 812. One-µm-thick serial
sections were cut with glass knives. The sec-
tions were placed in serial order on glass
slides, prestained with iron hematoxylin and
dipped in Kodak NTB 2 liquid emulsion, ex-
posed, and developed (Kopriwa and Leblond,
'62).

Radioautographic exposures

The reader is cautioned that the exposure
times used in this study were different; they
varied from 30 days, for sections from animals
at 1 hour after injection, to 180 days for
sections from animals at 32 days after injec-
tion (Table 1). This was done in an attempt to
assess whether labeled cells accumulated at
any site within the odontogenic organ, taking
into account isotope dilution from repeated
cell divisions. It must be emphasized that 30
days' exposure for sections from animals at 1
hour after injection was sufficient time to
reveal all of the labeled cells. Hence, while

longer exposures (60–180 days) of sections
from animals at 1 hour after injection resulted
in a heavier radioautographic reaction over
nuclei, there was no obvious change in label-
ing index or in the spatial distribution of
labeled cells as shown by graphic reconstruc-
tions (data not shown).

Scoring labeled cells

The identification of labeled cells was not
difficult since background counts were exceed-
ingly low at all exposure times used in this
study (Table 1). Two criteria were used to
score cells as labeled, in sections from animals
at 1 hour after injection: 1) the number of
silver grains over a section cut through the
nucleus had to be higher than background,
and 2) silver grains had to be present over the
nucleus in consecutive serial sections. At later
times after injection, when isotope dilution
became a factor (1 day to 32 days after injec-
tion), cells were considered labeled if there
were five or more silver grains above back-
ground over a section cut through the nucleus.
This value represented the average number of
silver grains per nuclear section in cells show-
ing the weakest radioautographic reaction in
sections from animals at 1 hour after injection
(data not shown).

Labeling indices

The labeling index at 1 hour after injection
was estimated by the conventional technique
of counting labeled and unlabeled nuclei in
each cell layer of the odontogenic organ (Table
2) (Cleaver, '67). Both cross and longitudinal
sections of the tooth were used, and data were
pooled to calculate a single mean value for the
labeling index shown in Table 2. A minimum
of 5,000 labeled nuclei were counted per cell
layer in each of the bulbous, "U"-shaped, and
root sheath parts of the odontogenic organ.

Graphic reconstructions

Graphic reconstructions of the spatial dis-
tribution of labeled cells within the bulbous
and "U"-shaped parts of the odontogenic organ
(Fig. 1) were made at various times following
injection of 3H-TdR, using radioautographs of
serial sections (Figs. 18–23). Lateral views
(Fig. 18) were prepared from 50 serial sections
(1µm thick) cut within the longitudinal axis of
the tooth, while anterior views (Figs. 20–22)
and lingual views (Fig. 23) were prepared
from 545 ± 65 serial sections (1 µm thick) cut
within the cross sectional axis of the tooth, for
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TABLE 1. Summary of radioautographic procedures

Time after injection
of 3H-TdR

Length of exposure
for radioautographs

Background counts1,2

(number of silver
grains/100 µm2

± SD)

1 hour
1 day, 2 days
4 days, 8 days, 16 days
32 days

30 days
60 days
90 days

180 days

0.58 ± 0.16
1.10 ± 0.22
1.48 ± 0.25
2.09 ± 0.57

SD = Standard deviation. 1Counted over the lumens of blood vessels.
2All slides were dipped in the same batch of emulsion.

TABLE 2. Mean labeling index in cell layers of the
odontogenic organ1 at 1 hour after injection of 3H-TdR (lower

incisor)

A. For entire cell layer
Bulbous part

Outer dental epithelium
Stellate reticulum

"U"-shaped part
Outer dental epithelium
Stellate reticulum
Stratum intermedium
Inner dental epithelium

Root sheath part
Outer dental epithelium
Stellate reticulum
Inner dental epithelium

B. At selected sites
Apical loop

Outer dental epithelium
Stellate reticulum
Stratum intermedium
Inner dental epithelium

Cervical loop
Outer dental epithelium
Stellate reticulum
Inner dental epithelium

Labeling index
0.03
0.03

0.05
0.11
0.29
0.24

0.03
0.12
0.15

0.05
0.10
0.36
0.30

0.05
0.30
0.30

1 As defined by Smith and Warshawsky ('75a).

each reconstruction. Both upper and lower in-
cisors were analyzed.

Each reconstruction was made by projecting
the microscopic image of the odontogenic or-
gan, in every fifth section in a sequence of
serial sections, at 250 x enlargement, onto
separate sheets of photographic paper, which
were then developed routinely. The positions
of labeled cells in these sections were marked
on the corresponding photographs in colored
inks. A single sheet of tracing paper was
placed over the first photograph and the out-
line of the odontogenic organ was drawn on
the tracing paper, along with reference points
(blood vessels and nerves) needed for the
alignment of the tracing paper in subsequent
photographs. The positions of labeled cells
were then copied on the tracing paper from

the photograph (Fig. 19). The tracing paper
was placed on the next photograph in the
sequence, the reference points were aligned,
and the positions of labeled cells were copied
as above, thereby adding to the total number
of labeled cells recorded on the tracing paper.1

This procedure was repeated with each pho-
tograph until all labeled cells within the seg-
ment of the odontogenic organ being recon-
structed had been recorded on the same sheet
of tracing paper.

Lingual views of the odontogenic organ (Fig.
23) were prepared from radioautographs of
serial cross sections (Fig. 19), using the tech-
nique of point-plotting reconstruction de-
scribed by Gaunt ('71).

RESULTS

Distribution of labeled cells within the
odontogenic organ at 1 hour after injection of

3H-TdR

At 1 hour after injection, labeled cells were
found within all cell layers forming the bul-
bous, "U"-shaped, and root sheath parts of the
odontogenic organ (Fig. 1) (Table 2) (Figs. 2,
6, 7, 10). They were observed with low frequen-
cy throughout the outer dental epithelium and
stellate reticulum in the bulbous part of the
odontogenic organ (Table 2) (Figs. 2, 18–23),
and the outer dental epithelium that covers
the "U"-shaped and root sheath parts of the
odontogenic organ (Table 2) (Figs. 6, 7, 10,
18–23). Labeled cells were encountered more
frequently throughout the inner dental epi-
thelium, stratum intermedium and stellate

1 Recording the same labeled cell twice because there were pieces
of its nucleus in two consecutive photographs proved easier to avoid
than the recording of different labeled cells closely abutting one
another. In making the graphic reconstructions in Figures 18 and
20–23, "points" that overlapped between two consecutive photographs
were scored as one labeled cell, while "points" tha t overlapped
between the first and third photographs in the sequence were repre-
sented as two separate labeled cells.
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reticulum in the "U"-shaped part of the odon-
togenic organ (Table 2) (Figs. 6, 7, 18–23), and
the inner dental epithelium and stellate retic-
ulum in the root sheath part of the odontogen-
ic organ (Table 2) (Fig. 10).

Graphic reconstructions indicated that la-
beled cells were fairly evenly distributed
throughout cell layers in the bulbous and "U"-
shaped parts of the odontogenic organ (Figs.
18–23). However, in the case of the outer
dental epithelium, labeled cells appeared more
abundant near the anterior tip than toward
the posterior tip of the bulbous part (Figs. 1
and 23), and more abundant near the cervical
loops than toward the labial side of the "U"-
shaped part of the odontogenic organ (Figs. 1
and 22). Furthermore, in the stellate reticu-
lum of the "U"-shaped part of the odontogenic
organ, labeled cells appeared more numerous
beneath the stratum intermedium than where
this layer abutted the outer dental epithelium
(Figs. 1, 18, 19).

Turnover of labeled cells during renewal of
the odontogenic organ

Bulbous Part. Labeled cells were observed
within both the outer dental epithelium and
the stellate reticulum of the bulbous part of
the odontogenic organ at all time intervals
investigated (Figs. 3, 4, 12, 13, 18, 20–23).
Over early time intervals after injection (1
hour to 4 days) there appeared to be transient
increases and decreases in the frequency of
labeled cells within each cell layer (Figs.
20–23), and labeled cells in the outer dental
epithelium appeared to become more evenly
distributed along the long axis of the bulbous
part (Fig. 23, 4 days). In addition, by 2 days
after injection a few cells in the outer dental
epithelium and the stellate reticulum were
found to contain 3H-TdR within phagosomes
(Fig. 5). Over more prolonged time intervals
after injection (4 days to 16 days) the frequen-
cy of labeled cells declined progressively
throughout the bulbous part, but more rapidly
within the outer dental epithelium than with-
in the stellate reticulum (Figs. 3, 4, 18, 20–23).
By 32 days after injection most labeled cells
in each layer were found near the central
region along the long axis of the bulbous part
(Figs. 12, 13, 20–23).

"U"-shaped part. A rapid turnover of la-
beled cells was observed at most sites within
the "U"-shaped part of the odontogenic organ
(Figs. 8, 9, 14–16, 18, 20–23). Between 1 hour
and 2 days after injection there was a marked

decline in the frequency of labeled cells from
the inner dental epithelium and stratum in-
termedium along the anterior and labial as-
pect of the "U"-shaped part (Figs. 1, 18, 20,
21). By two days after injection the frequency
of labeled cells in the inner dental epithelium
and stratum intermedium was greatly reduced
at all sites except near the apical and cervical
loops (Figs. 1, 18, 20, 21). Labeled cells were
frequently observed, however, throughout the
stellate reticulum and outer dental epithelium
(Figs. 9,18,20–22.) From 4 days to 16 days after
injection, the frequency of labeled cells de-
clined progressively throughout the "U"-shaped
part (Figs. 18, 20–23), and labeled cells were ob-
served over the longest time interval in re-
gions where cell layers were in closest prox-
imity to the apical and cervical loops (Figs. 1,
8, 18, 20–23). By 32 days after injection,
labeled cells were still present within the
outer dental epithelium, and rarely within the
inner dental epithelium, near the cervical
loops (Figs. 1, 14–16, 20–22).

Root sheath part The pattern of turnover of
labeled cells within the root sheath part of the
odontogenic organ was similar to that of the
"U"-shaped part (Figs. 11, 17, 24). Thus the
frequency of labeled cells declined more rap-
idly within the inner dental epithelium and
stellate reticulum than within the outer den-
tal epithelium. There was also a more rapid
decline in the frequency of labeled cells in
regions of the root sheath which abutted
the future cemento-enamel junctions (Fig. 1)
than in regions of the root sheath in closest
proximity to the opening of the apical foramen
(Figs. 1, 11, 17, 24). By 32 days after injection,
a few labeled cells could still be found within
the outer dental epithelium, and rarely within
the inner dental epithelium, in regions where
the root sheath was nearest the cervical loops
of the "U"-shaped part of the odontogenic
organ (Figs. 17 and 24).

DISCUSSION

The results of this study are consistent with
the hypothesis that the bulbous part of the
odontogenic organ represents the stem cell
compartment for the entire epithelial compo-
nent of the tooth (Smith and Warshawsky,
'75a, '76). This conclusion is supported by the
findings that the cell layers forming this struc-
ture undergo proliferation (Table 2, outer den-
tal epithelium and stellate reticulum), and
that they give rise to daughter cells which
appear either to remain locally or to migrate



CELL TURNOVER IN THE ODONTOGENIC ORGAN 325

anteriorly to form the "U"-shaped and root
sheath parts of the odontogenic organ (Figs.
20–24).

There is general agreement between the
turnover studies (Figs. 18–24) and the pattern
of decline in the frequency of labeled cells
from each layer of the odontogenic organ that
is predicted on the basis of labeling indices
(Table 2). Hence, actively proliferating cell
layers such as inner dental epithelium and
stratum intermedium (Ness and Smale,
'59; Hwang and Tonna, '65; Sasaki, '65;
Chiba et al., '66, '67; Shibata and Stern, '68;
Zajicek and Bar-Lev, '71; Michaeli and Greu-
lich, '72; Osman and Ruch, '78) showed, for
the most part, a rapid decline in the frequency
of labeled cells, while less actively proliferat-
ing cell layers such as stellate reticulum and
outer dental epithelium (Ness and Smale, '59;
Hwang and Tonna, '65; Chiba et al., '67; Shi-
bata and Stern, '68; Osman and Ruch, '78)
showed the presence of labeled cells over more
prolonged time intervals. Regardless of the
time involved, the decline in the frequency of
labeled cells occurred more rapidly at the
anterior and labial side of the odontogenic
organ than toward its posterior and lingual
side, where labeled cells were present in outer
dental epithelium and stellate reticulum of
the bulbous part at all time intervals inves-
tigated (Figs. 18–24). This is in keeping with
a pattern of progressive decline in the fre-
quency of labeled cells within the odontogenic
organ that would be expected if labeled cells
migrated from the bulbous part and under-
went subsequent cell divisions as they moved
anteriorly through the "U"-shaped and root
sheath parts of the odontogenic organ (Fig.
24).

Evidence for movement of cells away from
the bulbous part of the odontogenic organ is
also provided by the observation that there
was no apparent tendency for labeled cells to
accumulate within this structure. That is,
exposure times for radioautographs were
lengthened considerably over the course of
this investigation (Table 1), and it is possible
that the frequency of labeled cells within less
actively proliferating cell layers such as the
outer dental epithelium and stellate reticulum
of the bulbous part might have appeared to
increase with time as the labeled cells divided
unless some of the labeled daughter cells
moved away from the bulbous part. Although
an increase in the frequency of labeled cells
was observed within the outer dental epithe-
lium and stellate reticulum of the bulbous

part between 1 hour and 2 days after injection
(Figs. 20–22), a net decline in the frequency
of labeled cells was apparent thereafter (Figs.
18–23). Hence the labeled cells that were seen
along the junctional surfaces between the bul-
bous and "U"-shaped parts of the odontogenic
organ (in the area of the apical and cervical
loops) at more prolonged times after injection
could represent the progeny of others origi-
nally located in the bulbous part at earlier
time intervals. The finding of 3H-TdR within
phagosomes of some cells in the outer dental
epithelium and stellate reticulum (Fig. 5) sug-
gests that cell death also accounted for part of
the net loss in labeled cells from the bulbous
part observed in this study. While this death
may have been induced by radiation damage
(Cheng and Leblond, '74), it should be noted
that phagosomes are found in cells of bulbous
part of the odontogenic organ in animals not
injected with 3H-TdR (Smith and Warshawsky,
'75a).

One finding that is difficult to rationalize
on the basis of a direct movement of cells
between the bulbous and "U"-shaped parts of
the odontogenic organ was the continued pres-
ence of labeled cells within inner dental epi-
thelium near the cervical loops, for up to 32
days after injection (Figs. 8, 16, 17). Table 2
shows that the labeling indices for inner den-
tal epithelium and for outer dental epithelium
in the regions of the apical and cervical loops
are comparable, that is, 30% and 5% labeled
cells, respectively. The turnover studies clear-
ly showed, however, that the decline in the
frequency of labeled cells from inner dental
epithelium was almost complete at the apical
loop by 8 days after injection (Figs. 4, 18, 20),
yet labeled cells persisted within the inner
dental epithelium near the cervical loops for
substantially longer time intervals (Fig. 16).
Since the decline in the frequency of labeled
cells from the inner dental epithelium at the
cervical loops to a large extent paralleled the
pattern observed for the adjacent, but less
actively proliferating, outer dental epithelium
(Figs. 8, 14–16, 22, 23), the continued presence
of labeled cells in inner dental epithelium
could be explained by proposing that cells of
the outer dental epithelium move around the
cervical loops to occupy a position within the
inner dental epithelium (Baume et al., '54).
This is similar to the type of movement that
is suspected to occur between outer dental
epithelium and inner dental epithelium in the
region of the apical loop (Fig. 24).

The existence of a population of putative
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stem cells, capable of retaining label over
prolonged time intervals after injection of 3H-
TdR, has been reported in other types of re-
newing epithelia. For example, Huckins ('71)
showed that labeled stem cells (spermatogon-
ia) persist in the seminiferous tubules for up
to 26 days after injection, and Potten and co-
workers ('78) showed that labeled stem cells
can be identified within intestinal epithelium
near the base of regenerating crypts for up to
28 days after injection. Huckins ('71) conclud-
ed that label was retained in the stem cells of
the seminiferous epithelium because they pro-
gressed slowly through the cell cycle (long-
cycling). Potten and co-workers ('78) postulat-
ed, however, that stem cells in the intestinal
crypts remained labeled because they selec-
tively kept the older of the two parental DNA
strands during successive divisions, that is,
those containing the label. While it is not
clear from the techniques used in this study
which, if either, of these interpretations ap-
plies to the odontogenic epithelium, it is no-
teworthy that persistently labeled cells were
found in relation to each of the two cell layers
suspected of constituting precursors to surface
and intermediate layers in the stratified odon-
togenic epithelium—the outer dental epithe-
lium and the stellate reticulum of the bulbous
part of the odontogenic organ, respectively
(Fig. 24). It remains to be determined if reu-
tilization of 3H-TdR (Heiniger et al., '71) ac-
counted for any of the prolonged labeling of
cells observed in this investigation.
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Ant, anterior
af, apical foramen
al, apical loop
CEJ, cemento-enamel junction
cl, cervical loop
ds, mesenchyme of the dental sac
IDE, inner dental epithelium
Lab, labial
Lat, lateral

Mes, mesial
ODE, outer dental epithelium
ph, phagosome
Post, posterior
O, odontoblast
P, pulp
SI, stratum intermedium
SR, stellate reticulum
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Fig. 1. Schematic representation of the histological and three-dimensional appearance of the odontogenic organ at the
posterior aspect of the apical foramen in the lower incisor. Cell layers comprising the bulbous part (ODE and SR) and the
"U"-shaped part (ODE, SR, SI, and IDE) of the odontogenic organ are depicted within the longitudinal and cross-sectional
faces of the drawing. Inset: Schematic representation of the entire apical end of the lower incisor, showing the location of
the bulbous, "U"-shaped, and root sheath parts of the odontogenic organ in relation to the apical foramen. The division of
the epithelial component into odontogenic organ and enamel organ is indicated by the dotted line. Lines A, B, and C
indicate the approximate level of cutting for the cross sections shown in Figures 2 and 3 (line A), Figures 6-9 (line B), and
Figures 10 and 11 (line C). The coordinates depict anatomical planes for both figures.
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Figs. 2 and 3. Cross sections, bulbous part of the odontogenic organ in the lower in-
cisor at 1 hour (Fig. 2) and 16 days (Fig. 3) after injection of 3H-TdR. One-µm-thick
Epon sections. Iron hematoxylin. x 440.

At 1 hour after injection (Fig. 2) labeled cells (arrowheads) are found scattered
throughout the outer dental epithelium (ODE) and stellate reticulum (SR) layers. By
16 days after injection (Fig. 3) labeled cells (arrowheads) can still be identified in both
cell layers (ODE and SR).
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Fig. 4. Longitudinal secton, anterior tip of the bulbous part of the odontogenic organ
in the lower incisor at 16 days after injection of 3H-TdR. One-µm-thick Epon section.
Iron hematoxylin. x 440.

At this time interval, labeled cells (arrowheads) within the stellate reticulum (SR)
often appear in clusters. Few cells are labeled in the adjacent outer dental epithelium
(ODE) and inner dental epithelium (IDE) of the apical loop (al) (arrowheads).

Fig. 5. Cross section, bulbous part of the odontogenic
organ in the lower incisor at 2 days after injection of 3H-
TdR. One-µm-thick Epon sections. Iron hematoxylin. x
1,000 (including inset.)

Some cells of the outer dental epithelium (ODE) and the
stellate reticulum (SR) normally contain large dense bodies
resembling phagosomes (inset, ph). By 2 days after injec-
tion, 3HTdR can be identified within these dense bodies
(arrow with asterisk).


