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ABSTRACT During renewal of the enamel organ in the rat incisor cohorts
of epithelial cells are transported sequentially through presecretory, secretory
and maturation zones to the gingival margin where the life cycles of these cells
terminate. This process was examined kinetically by determining the absolute
flux of cells within each of these zones of amelogenesis. It was found that the
eflux of ameloblasts, stratum intermedium and papillary layer cells from the
presecretory zone was about equal to the efflux plus expected growth within the
secretory zone. However, between the secretory and maturation zones about 50%
more ameloblasts entered the maturation zone than were required to account
for the egress at the gingival margin and the expected growth. Since there was
no similar imbalance between these zones for papillary layer cells, it was con-
cluded that this discrepancy must represent a 50% reduction in the size of the
ameloblast population during the maturation stage of amelogenesis. It was cal-
culated that a little over 25% of the loss occurred immediately at the start of
maturation within the region of postsecretory transition and the remaining 25%
of the loss occurred throughout the subsequent regions of the maturation zone.
In addition to the kinetic analysis graphic reconstructions, or surface maps, of
ameloblast nuclei were prepared. These maps illustrated the characteristics of
ameloblast nuclear packing within the three zones of amelogenesis and they pro-
vided quantitative confirmation that as ameloblasts progress through the matu-
ration zone, there is aloss of cells in an amount predicted by the kinetic analysis.

The process of cellular renewal in the
continuously erupting rat incisor has been
the subject of much interest because it
characterizes the sequence of developmen-
tal steps that ultimately lead to the produc-
tion of dl the hard tissues of the tooth.
The stud)(1 of renewal ap|oly|ng conven-
tional techniques of "population kinetics'
(Cleaver, '67) however, has not been ex-
plored fully in this system. The application
of these techniques requires not only a pre-
cise definition for the limits between pro-
liferative and functional compartments of
renewing cell populations but it aso re-
quires a complete understanding of the
process of growth in the incisor which
occurs with increasing body weight. The
fact that the rat incisor grows larger while
being renewed ultimately complicates gg
kinetic analysis since this tooth as a "cdll
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renewal system" is not in_a steady state
(Smith and Warshawsky, '75b). o
With the availability of new data it is
feasible at this time to attempt a kinetic
analysis of cdl turnover in the enamel
organ of the rat incisor. That is, the bound-
aries of the cellular compartments com-
prising the enamel organ have been well
defined (Warshawsky and Smith, '74;
Smith and Warshawsky, '75a, '76) and the
transit times for cohorts of cells moving
through these compartments have been
established (Smith and Warshawsky, '75b,
'76). Moreover, such a study of cell flux
in the enamel organ would provide a de-
finitive means to establish conclusively
whether or not al cells of the enamel organ
egress at the gingival margin. It has been
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suspected that some ameloblasts and cdls
of the stratum intermedium degenerate
during postsecretory transition. This was
first suggested by Symons ('62) who noted
that some debris seen in the cells of this
region contains Feulgen positive material.
Moe and Jessen ('72) concluded from their
morphological study that cells of the stra-
tum intermedium do not themselves degen-
erate but rather contain phagocytosed ma-
terial from degenerating ameloblasts. In
addition, these authors proposed that be-
tween 10% and 15% of the ameloblast
population dies during postsecretory transi-
tion.

The purposes of this investigation are
twofold: first, to examine the dynamics of
cel turnover within each functional com-
partment of the enamel organ using con-
ventional kinetic techniques (Cleaver, ‘672
and the second, to illustrate by means o
graphic reconstruction the organizational
changes which occur as a cohort of amelo-
blasts is transported with the erupting in-
cisor towards the gingival margin. Both of
these techniques ﬂrowde quantitative evi-
dence suggesting that the size of the amelo-
blast population is reduced during the ma-
turation stage of amelogenesis but in
greater numbers than supsected previously.

MATERIALS AND METHODS
Kinetic analysis

The data required for this anaysis was
obtained from experimental material used
in previous investigations %VarshaNsky
and Smith, '74; Smith and Warshawsky,
'"75a,b, 76). Briefly, male Sprague-Dawley
rats were employed throughout. Most ani-
mals received a single injection of 1 pCi/
gm_ body we%ht of °H-thymidine intra-
peritonealy. They then were sacrificed b
Intracardiac perfusion with 2.5% glutaral-
dehyde at intervals from 1 hour to 32
days after injection. The jaws were decal-
cdfied in disodium EDTA and the teeth
were prepared for sectioning in their longi-
tudinal or cross %%Csttlfongld axekz)s The 'ioo';h
specimens were ixed subsequently in
osmium tetroxide, dehydrated in graded
acetone and embedded in Epon. One mi-
cron thick serial cross and longitudinal
sections of the incisor were cut and the
sections were prestained and processed for
radioautography. The procedures for mea

suring lengths from histological sections
and for obtaining mean nuclear counts
from longitudinal and cross sections were
as descri previoudy (Smith and War-
shawsky, '75b,'76).

Construction of surface maps of
ameloblast nuclei (fig. 3)

Surface maps represent a modified ver-
sion of graphic reconstruction in which the
three dimensional ameloblast nuclei are re-
constructed but "compressed” into a two
dimensional planar image viewed as if it
were from the dentino-enamel junction
g;l)g. 7). To Prepare these maps four male
rague-Dawley rats weighing 108 + 5
grams were injected intraperitoneally with
2 single dose of 1 pCi/g body weight of
H-thymidine and sacrificed a 12 hours,
2, 8 and 16 days after this injection. The
lower right incisors from each rat were
prepared for sectioning in their longitudi-
nal axes (Smith, '74();. However, in this
case the segments were cut dlightly lateral
to the midline and the lateral halves were
discarded. The mesial half-segments were
embedded in Epon, longitudinal sections
were cut and radioautographs were pre-
pared. The fronts of labeled ameloblasts
were identified and the blocks which con-
tained these fronts were retrimmed to
about 5 mm length with the boundary be-
tween labeled and unlabeled ameloblasts
in the center of the blocks. The specimens
were then sawed from the Epon blocks and
reoriented at 90° o that sections could be
cut tangential to the enamel organ (per-
Bendlcu ar to the long axis of the amelo-

last). Serial 1 pm thick tangential sections
were cut until the entire length of the la-
bial surface of the specimen was reduced
to the dentino-enamel junction. The sec-
tions were transferred to glass slides and
kept in serial order following the procedure
of Merzel ('71). All sections were pre-
stained for radioautography with Regaud's
hematoxylin  (Smith and  Warshawsky,
"75b), dipped in Kodak NTB2 liquid emul-
sion, exposed for 60 days and then devel-
oped (Kopriwa and Leblond, '62). The sec-
tions which cut through the nuclear zone of
the ameloblasts in the area of the labeled
front were identified and, starting with the
first section in the series, montage photo-
graphs were taken of al the nuclear frag-
ments in every third section of the series.
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Prints were made to a final magnification
gf X 1152. Nuclear fragments containing
H-thymidine label were identified in the
microscope and correspondingly marked
with ink on the montaged prints. Once this
identification was completed the outlines
of all nuclear fragments in each montage
were copied onto acetate sheets, a separate
sheet being used for each montage. From
this acetate reconstruction the ameloblast
nuclei could be identified as positioned
either close to the stratum intermedium
("low" level nucleus) or positioned more
towards the apex of the ameloblast ("high"
I%%I n(L:JcIeus: STnitr]l and Vr\](arshaw Y,
‘ . Conseguently, for graphic purposes
ame?oblast SJneL?cIei v%//e_re coo?—pcodeoFI) sopthat
red represented a "high" level nucleus po-
stioned at least three-fourths of its length
above those closest to the stratum inter-
medium. The "low" level nuclei were col-
ored black. Finaly, the surface maps were
prepared using the acetate reconstruction
as a guide. A circle representing the mid-
point diameter of each oblong ameloblast
nucleus was traced onto graph paper while
maintaining the correct spatial "coordi-
nate" of the nucleus relative to adjacent
nuclei. This procedure was continued until
al of the ameloblast nuclei were repre-
sented within the two dimensiona plane
of thg graph paper. Then, nuclei labeled
with “H-thymidine were indicated on the
map as "solid" circles.

RESULTS

Kinetic analysis of the rates of
cell turnover in the
enamel organ

Definitions

~ The enamel organ of the rat incisor con-
sists of a sheath of epithelial cells covering
the labial surface of the tooth. It extends
from the odontogenic organ at the apical
end from which it arises, to the gingival
margin at the incisal end where it termi-
nates V\SWarshawsky and Smith, '74; Smith
and Warshawsky, '75b, '76). The enamel
organ is delimited aong the mesial and
lateral sides of the incisor by the cemento-
enamel g’unctions. Based on the steps in
enamel formation the length of the enamel
organ is divisible into three major cellular
compartments which represent (a) that
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portion of the presecretory zone devoted to
the differentiation of ameloblasts, (b) the
secretory zone where the enamel is synthe-
Szed, and (c) the maturation zone where
the composition of the enamel is altered.
These mgjor cellular compartments aso
can be divided into subcompartments
based on the morphology of the ameloblast
(Warshawsky and Smith, '74).

~ The enamel organ is essentially a strati-
fied epithelium formed by three distinct
layers or cdl lineages: ameloblasts, stra-
tum intermedium and papillary layer (com-
bined stellate reticulum and outer dental
epithelium). The stratum intermedium is
a transitory layer which maintains a dis-
tinct morphology prior to and during
enamel secretion. Once enamel secretion is
com[)leted this Iaéglr becomes a part of the
papillary layer. | division is restricted
to precursor cells forming the odontogenic
organ and to some cells in each layer at
the apical limit of the enamel organ. Thus,
practically the entire length of the enamel
organ represents non-dividing cell com-
partments.” Renewa consists in the uni-
directional eruption of the incisor which
carries cohorts of ameloblasts, stratum in-
termedium and papillary layer cells sequen-
tially through each compartment of the
enamel organ. On reaching the ?lnglval
margin these cells are presumably shed
into the oral cavity. Since there is ho evi-
dence that any of the cellsin an advancing
cohort linger behind others when entering
or leaving a compartment, al compart-
ments seem to be completely renewed.
However, growth or increase in the overal
sze of the enamel organ occurs with in-
creasing body weight of the rat (APPENDIX).
Finally, it is suspected that some amelo-
blasts, and perhaps cells of the stratum in-
termedium, die during postsecretory tran-
dtion (Symons, '62; Reith, '70; Moe and
Jessen,'72).

Kinetic parameters
The equations given in figure 1 summa-

~ °Kallenbach ('72) reported finding mitotic figures
in the papillary layer within the region of pigmenta-
tion in hooded rats. In this study no mitoses were ob-
served in this region in the upper and lower incisors
of Sprague-Dawley rats nor was there any incorpora-
tion of “H-thymidine_into papillary layer cells at one
hour after injection. There was, however, considerable
Brollferatlve activity throughout the maturation zone
y the_endothelial “cells lining the capillaries which
are intimately associated with the papillary layer.
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rize the theoretical considerations behind
thiskinetic analysis. If the enamel organ as
a"cdl renewal system” were in the steady
state, then there must be equality between
the rate at which cells leave the presecre-
tory zone (Kou(PS)), and the rate at which
cells enter (ki,) and leave (Kou) the secre-
tory (S) and maturation §M) zones. Under
these conditions the eflux of epithelia
cells from the presecretory, set_:retorg and
maturation zones could be obtained by de-
termining the total number of cells (Ny)
in the non-proliferative part of the region
of ameloblasts facing dentin and in the
secretory and maturation zones and divid-
ing these totals by the corresponding tran-
sit time (T) of cdls through the compart-
ments ﬁkout = N+1/T: Quastler, '63). Once
the dflux from these compartments is
known it should be possible to establish
both the presence and the magnitude of
any cdl loss internal to the enamel organ
since cell loss would upset the steady state
balance. That is, for a compartment in
which cell loss occurs the influx would be
greater than the eflux and the magnitude
of the loss (k.) would represent the differ-
ence between these two values (k. = kin
- kout)'

Such a method for establishing and
quantitating cell loss becomes problemétic,
however, when there is growth of the
enamel organ. Under conditions of re-
newal plus growth in the size of cedlular
compartments the kinetic equation is not
one of a balanced flux between adjacent
compartments, but this equation must in-
clude a value for growth rate (kg) in each
expanding compartment. Although the -
flux from a given compartment still repre-
sents the influx for the next adjacent com-
partment (e.9., kKow(PS) = kin (S)), this
Influx must be greater than the correspond-
ing eflux from the same compartment be-
cause the influx must account for efflux
aswdl asthe growth (e.g., kin(S) = Igom($¥
+ ks(S)). Consequently, to determine i
there is aloss of cells each value represent-
|r§; influx, efflux and growth rate must be
caculated separately (k. = kin — (Kox +
kg)), and each compartment must be ana-
lyzed independently of the others.

Determination of parameters

The APPENDIX to this report contains de-
scriptions of the quantitative analyses car-

ried out to establish a convenient and repro-
ducible method for estimating the absolute
number of cdls filling any compartment of
the enamel organ. The absolute number of

cells (Ny) contained within any compart-
ment of the enamel organ was determined
by muIt|pIy|n? a value representing the
number of cells occupying the "length” of
the compartment (N, ) times a value repre-
senting the number of cells occupying the
"width" of the same compartment (Nc)
(i.e.,, Nt = N_ x N¢). The value for N. was
obtained directly by nuclear counts from
longitudinal sections of the incisor, while
the value for Nc was obtained graphically
by plotting nuclear counts from serial cross
sections against seria distance (APPENDIX).
Transit time (T) for cels through any
compartment of the enamel organ repre-
sented the time interval between when a
front of *H-thymidine labeled cells entered
and left the compartment (Smith and War-
shawsky, '75b, '76). Efflux of cells (Kou)
from any compartment of the enamel or/ql_aq
was determined using the ratio N+/T.

Finaly, the growth rate (kg) for any com-
partment of the enamel organ over the
weight range examined (100 to 300 grams
of body weight) was determined by sub-
tracting the value for Nt of the compart-
ment a 100 grams from the value for Ny
of the same compartment at 300 grams and
dividing the difference by the time taken
for the rat to increase in weight from
100 to 300 grams (i.e.,, kg = Ny

Nrqogfime for body weight 1o change
from dO to 300 grams). This approxima-

tion assumed linear growth.

“TheTprocedure of determining efflux using the ra-
tio N¢/T is intended for cell compartments in which
influx (kj,) and efflux (ko,) are balanced (i.e., no
cell division within the compartment and no growth
in population size). When there is growth in the size
of a compartment due to an increasingly greater in-
flux than efflux, the direct proportionality between
population size and transit time is lost (Quastler, '63)
and ratio N +/T may yield a significant error in esti-
mating efflux if the” component of growth is large
within “the interval of one transit time. In attempting
to calculate the efflux of cells from an expanding com-
partment the ratio N1/T always overesimates the
"true" efflux (i.e., the output at the exact instant
cells leave the compartment). This is because the ra-
tio actually determines the mean, or average, efflux
from the compartment over the interval of one transit
time. It can be established graphically how much the
"true" efflux is being overestimated "by plotting the
population size (Nt) at the two extremés of one tran-
sit time against the transit time (Lala, '71). As de-
termined by this technique, the percentage overestima-
tion of "true" efflux using the ratioN /T is negligible
for efflux from the presecretory and secretory zones
and the region of postsecretory transition. However,
the data in the far right-hand column of table 4 rep-
resents about a 15% overestimation of the "true"
efflux at the gingival margin.
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TABLE 1

Total number (N+) of ameloblasts and papillary layer® cells (nuclei) filling each of four
adjacent compartments into which the enamel organ was divided

B By zone: Presecretory ~ Secretory Maturation
weight Incisor Cell layer ! 2
By region: (Ad) (Ales + Aoes) (Al) ( A+ Apg + Ar)
Ameloblast 186,300 952,812 90,903 591,650
Upper
Papillary * 61,460 267,360 35,230 399,569
100 grams
Ameloblast 160,239 1,076,532 84,150 847,500
Lower
Papillary * 57,931 366,366 38,451 551,529
Ameloblast 218,700 1,081,764 106,446 1,338,200
Upper
Papillary * 69,445 300,080 41,554 955,116
300 grams
Ameloblast 204,160 1,419,528 107,745 1,436,382
Lower
Papillary * 73,632 446,154 46,722 933,840

! Includes stratum intermedium.

2 Incisal one-half of this region (Ad) only. Values re resentin;g( N. and Nc¢ were initially "corrected" using

the equation of Modak et al. ('72) as discussed in the

Results of the calculation for parameters
(N7),(kout) and (kg)

Tables 1 to 4 explain the steps leading to
the final calculations shown in tables 5 and
6. A separate analysis was made for upper
and lower incisors at two different body
weights in order to demonstrate the effect
of growth on the rates of cdl turnover
within the enamel organ of the same in-
cisor, as well as to provide a greater pool
of data for evaluating the accuracy and
reproducibility of the techniques used.

The kinetic parameters considered for
the purposes of this study were the follow-
ing (fig. 1):

(1) the éflux of cels from the pre-
secretory zone, Kou(PS)

(2) the eflux and growth rate for the
secretory zone, Kou(S) + Ka(S)

(3) the dflux and growth rate fer the
region of postsecretory transition,” Ky
(A) + Kg(Ay) .

4) the eflux from the maturation
zone, Kou(M) _

(5) the combined growth rate for the
regions of maturation proper, pigmenta-
tion and reduced ameloblasts EG%AM +
Ay + A)).

Table 1 shows the absolute number of
cells filling each of the four "adjacent com-

partments” into which the enamel organ
was divided (fig. 1). For the presecretory

PPENDIX.

zone, population sizes (N1) were estimated
for only the incisal haf of the region of
ameloblasts facing dentin (non-prolifera-
tive portion). The vaues for Ny in the
secretory and maturation zones, however,
represented estimations of the entire cell
populations filling these compartments.
Table 2 shows the transit time (T) of
cells through each of these "compart-
ments." There was no change in transit
time through the presecretory zone, secre-
tory zone and region of postsecretory tran-
sition > between 100 and 300 grams of body

®It is important to restate the limits of the region
of postsecretory transition since there are conceptual
differences between what is referred to as "postsecre-
tory transition" in this report and what is described
as "postsecretory transition” in the reports by Wasser-
man (‘44)7, Fleming ('58, '61), Reith (‘70), Moe and
Jessen ('72) and Kallenbach ('74). The region of
postsecretory transition is considered to form the first
portion of the maturation zone of amelogeneﬂs (War-
shawsky and_Smith, '74). This region begins at the
point where Tomes' processes of outer enamel secre-
tion are_not seen at the apices of the ameloblasts
(Reith, '70; sllghtlg apical but very close to the "first
angle" described by Kallenbach, *74) and ends in-
cisally at a point where the ameloblasts no longer
change in_height ("second angle" described by Kal-
lenbach, '74). According to this definition, the region
of postsecretory transition encompasses a slight func-
tional overlap "at the apical and incisal limits by in-
cluding steps_leading to the complete cessation of
enamel secretion and steps leading to the beginning
of full maturation activity (Reith, '70; Kallenbach,
'74). As measured from 1" pm thick longitudinal sec-
tions of the incisor, the length of this region in the
lower incisors of male Sprague-Dawley rats weighing
105 + 10 grams 610 animals) is 466 42 pm and in
rats welghlng 300 + 16 grams (7 animals) is 489 %
27 um. Since there is no growth. in the length of this
region with increasing body weight, the transit time
of cells remains constant (table 2).
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TABLE 2

Transit times (T) for ameloblasts and papillary layer * cells through four adjacent
compartments of the enamel organ — expressed in hours

Cell compartment represented

Bc \ inci By zone:  Presecretory Secretory Maturation
wei ncisor )
g By reglon: (Ad)2 (Aies + Aoes) (At) (Amat + APQ + Af)

Upper 26 156 21 289

100 grams
Lower 25 180 19 365
Upper 26 156 21 531

300 grams
Lower 25 180 19 533

Y Includes stratum intermedium.
2 |ncisal one-half of this region only.

TABLE 3

Growth rate (k) ® for the cell layers of the enamel organ between 100 and
300 grams of body weight — expressed in cells per hour

Cell compartment represented

) By zone: Secretory Maturation
Incisor Cell layer .
By region:  (Aies + Aces) (Ay) (Amat + Apg + Ar)

Ameloblast 161 19 933

Upper
Papillary 2 41 8 694
Ameloblast 429 29 736

Lower
Papillary 2 100 478

10
t f Total number of cellsin the Total number of cellsin the / Time required for
compartment at 300 gramsJ ~— \ compartment at 100 grams change in weight

2 Includes stratum intermedium.

TABLE 4

Efflux (Kow) * of ameloblasts and papillary layer ? cells from four adjacent compartments
of the enamel organ — expressed in cells per hour

Maturation zone

Presecretor Secretory Efflux from tran- Efflux a gin-
B zone effl zone eflix sitional region gival margin
weight Incisor Cell layer kout(PS) kout(S) kout(A¢) kout (M)
Ameloblast 7,275 6,108 4,288 2,045
Upper
Papillary 2 2,400 1,714 1,662 1,381
100 grams
Ameloblast 6,290 5,981 4,429 2,322
Lower
Papillary 2 2,277 2,035 2,024 1,511
Ameloblast 8,540 6,934 5,021 2,521
Upper
Papillary 2 2,712 1,924 1,960 1,799
300 grams
Ameloblast 8,025 7,886 5,671 2,695
Lower .
Papillary 2 2,894 2,479 2,459 1752

1 f Total number of cells -
( in the compartment ) / (Transit time).

2 Includes stratum intermedium.
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weight. There was, however, a marked
change elsewhere in the maturation zone
gor the combined regions of Ay + Ay +

r). Since growth effected transit time in
the maturation zone (Ama + Ay + Ar), the
values given in this table represented the
transit time for cells leaving the "compart-
me_ntt'; at the gingival margin at each body
welght.

T%ble 3 shows the results obtained from
the calculation of growth rate (kg) for
"compartments' in the secretory and ma-
turation zones. There was a marked differ-
ence in growth rate between the secretory
zone, where only "width" (N¢) was affected
by growth, and the maturation zone (Aya +
Ay + A)), where both "length" &NL) and
"width" (N¢) increased because of growth.
Moreover, the secretory zone in the lower
incisor appeared to have a higher growth
rate than in the upper incisor while the
reverse was seen for the maturation zone
(Ama + Ay + A)).

Table 4 shows the results obtained from
the calculation of efflux (ko) from each of
the adjacent "compartments” of the enamel
organ. From this table it can be seen that
between the presecretory zone (Kqu(PS))
and the gingival margin (_kout(M)e)_f there
was a progressive decrease in the eflux of
cells from each "compartment,” a differ-
ence of about 1,000 cells per hour for the
pat%lcl)ary layer and between 4,000 and
5, cells per hour for the ameloblast
layer. If this analysis had been made under
the assumption of steady state renewadl
with no consideration of growth, then this
decrease in efflux might have been attrib-
uted entirely to cell Toss. Also, if growth
rates were not independently determined
then these differences in eflux might have
been attributed to growth. Table 4 further
illustrates that even though the efflux of
ameloblasts decreased considerably
tween the secretory zone (Kqu:(S)) and the
region of postsecretory transition (kOUI(A?]),
there was no correspondi (r:lg decrease In the
efflux for papillary layer cells. Moreover, it
can be seen from table 4 that for the same
cell layer, the same "compartment” and at
the same body weight the values for efflux
were very similar in upper and lower in-
cisors. Lastly, in both upper and lower in-
cisors there was an increase in the eflux
from the same "compartment" between 100
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and 300 grams of body weight which
was caused by growth.

Final calculation to establish kinetically
that there was a loss of cells prior
to the gingival margin

Table 5 shows the results from the final
steP in this analysis. Assuming no loss of
cells between the presecretory zone and the
gingival margin, then the &flux from the
presecretory zone should equal the sum of
the eflux and growth rate in each "adja
cent compartment” (i.e., Kou(PS) = komeS)
+ Ka(S) = Kou(Ay) + kG(AtR = Kou(M) +
Ks(Ama + Apg + Ar)). In table 5 two major
discrepancies were found, both for the
ameloblast layer. One was between the se-
cretory zone (S) and the region of post-
secretory transition (At) and the other be-
tween the region of postsecretory transition
and the "rest" of the maturation zone (Ana
+ Ay + A)). In both cases there were
marked decreases between these "compart-
ments." Since there were no corresponding
increases in values for papillary layer cells,
these decreases were interpreted as indicat-
ing that a loss of ameloblasts occurred
within these "compartments’ (A; and Apx
+ Ay + A). Despite the crudeness of the
analysis, the fluxes in the other "compart-
ments" were roughly balanced. There was
a tendency for values in the papillary layer
to decrease dightly towards the gingival
margin. This could be interpreted as indic-
ative of a cdl loss in the papillary layer,
but these differences were not large and
they were within the limits of the error ex-
Pected for this analysis. Finally, the results
or upper and lower incisors were amost
exact gj the same at both body weights ex-
amined.

Rate of loss (k.) of ameloblasts in the
maturation zone

Table 6 shows the results obtained from
the calculation for rate of loss of amelo-
blasts as determined by the imbalance be-
tween the influx and the efflux plus growth
rate in the maturation zone. As indicated
in the left-hand column, the rate of loss
of ameloblasts represented about a 50%
decrease relative to the influx from the se-
cretory zone. The middle column shows
that alittle over 25% of the loss occurred
within the region of postsecretory transi-
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CELL TURNOVER IN THE ENAMEL ORGAN OF THE RAT INCISOR

tion (At), and the right-hand column shows
that the remainder of the loss occurred
throughout the "rest" of the maturation
zone (Ama + Ay + A)).

Changes in nuclear packing within the
ameloblast layer during renewal of
the enamel organ as visualized
by graphic reconstruction
(surface map)

It was felt that the results from the
kinetic analysis did not demonstrate fully
all that happens as a cohort of ameloblasts
is carried from the presecretory zone to-
wards the gingival margin. Consequently,
graphic reconstructions of the ameloblast
nuclei were prepared for each of the pre-
secretory, secretory and maturation zones
figs. 2, 3 and perspective drawing in fig.

). In preparing these maps °H-thymidine
was used to achieve comparability between
animals. Since rats with initialy equal

a%hts had received a single injection of

H-thymidine a the same time of day, the
front of labeled ameloblasts could be con-
sdered as representative of the same co-
hort of ameloblasts in transit aong the
length of incisor. In addition, the arrange-
ment of ameloblast nuclei at "high" and
"low" levels (Smith and Warshawsky, "75b)
was depicted in these maps (figs. 2, 3).

Nuclear packing at the beginning of
amelablast differentiation
(fig. 3: map A)

At 12 hours after injection of *H-thymi-
dine the front of labeled ameloblasts was lo-
cated about one-quarter of the way through
the region of ameloblasts facing dentin
(fig. 2 Ag?. By this time the front of la-
beled ameloblasts had passed through
the M phase of the last division cycle (Za-
jicek and Bar-Lev, '71). Map A in figure 3
showed that both "high" and "low" level
nuclei of the ameloblasts were packed quite
closely together. In addition, it appeared
that "high" and "low" level nuclei were or-
ganized into partial rows in_the mesal-
lateral dlgecnon of the map. The distribu-
tions of “H-thymidine labeled nuclei was
spotty with alternating clumps of labeled
and unlabeled nuclei. As the leading edge
of the labeled front was approached, there
was a decrease in the number of labeled
nuclei and a corresponding increase in the
"sze" of the clumps of unlabeled nuclei.
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aring of labeled nuclei at the front
jous at this time interval after in-

Also,
was O
jection.

Nuclear packing at the start of inner
enamel secretion
(fig. 3: map B)

By two days after *H-thymidine injection
the front of labeled ameloblasts had en-
tered the region of inner enamel secretion
(fig. 2: Aies). From Map B in figure 3 there

peared to be fewer "high" level nuclei
and these seemed farther apart than was
the case a the start of differentiation (fig.
3: map A). Also, there appeared to be an
increase in the number of "low" level nu-
clei and these were packed fairly close to-
gether. At this time the ameloblasts were
organized into distinct rows in the mesial-
lateral direction and each row contained
ameloblasts with "high" or "low" level nu-
clel. The overal distribution of labeled nu-
clei appeared more "diffusg’ and near the
leading edge of the labeled front large cir-
cular clumps of unlabeled nuclei appear
to be enclosed by labeled nuclei.

Nuclear packing near the end of outer
enamel secretion
(fig. 3: map C)

At eight days after injection the front of
*H-thymidine [abeled ameloblasts was about
one-haf the way through the region of
outer enamel secretion |%. 2. Axs). Map
C infigure 3 showed that there was further
decrease in the number of "high" level nu-
cle. "Low" level nuclei remaned numer-
ous and closdy packed. The organization
of the "high" and "low" level nuclei into
mesial-lateral rows was less pronounced
than it had been at the start of inner
enamel secretion (fig. 3: pap B). Al-
though the distribution of °H-thymidine
labdled nuclei till gave the map a spottly
and diffuse appearance, there seemed to be
less clustering of the labeled nuclei and
more instances where labeled nuclei were
separated by unlabeled ones.

Nuclear packing after completing about
one-half of the maturation stage
of amelogenesis
(fig. 3: map D)
By 16 days the front of *H-thymidine la-
beled ameloblasts had moved about one-
half of the way through the maturation
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zone and the ameloblasts at the labeled
front showed the morphological character-
istics of cells in the region of maturation
proper (fig. 2: Ama?]. Map D in figure 3
demonstrated that there had been severd
changes. First, only the occasional amelo-
blast nucleus was positioned at a "high"
level. Second, "low" level nuclei, though
still numerous, were not packed as closdy
together as was the case near the end of
enamel secretion (flg. 3: map C). This
combined with the decreased number of
"high" level nuclei gave the map an appear-
ance of being composed of fewer nuclei
than at any of the preceding times gfl .3
maps A, B, C). The organization of "Tow"
level nuclel into_mesial-lateral rows was
barely apparent. Finaly, although the dis-
tribution of “H-thymidine labeled nuclei
was comparable to the pattern seen at
eight days (fig. 3: map C) there seemed
to be considerably fewer labeled nuclei and
many of the labeled nuclei appeared singly
as opposed to being paired.

Quantitative analysis of the surface maps

The maps in figure 3 were analyzed
quantitatively by superimposing over each
map a rectangle of fixed dimensions
(representing 300 pm length x 142 pm
width). The rectangle was positioned so
that the nuclei at the labeled front were in
=i the middle of the rectangle. The number of
nuclear centers falling within this rec-
tangle were counted and scored as indi-
cated in each column of table 7. This table
summarizes quantitatively the organiza-
tional changes that occurred within a co-
hort of ameloblasts during amelogenesis.

According to table 7, within a cohort of
4,019 ameloblasts undergoing differentia-
tion (fig. 3: 12 hours, map A% haf of the
ameloblasts had "high" level nuclei while
the other half contained"low" level nuclei.
By the time these ameloblasts began to
secrete the enamel matrix (fig. 3: 2 days,
map 583 it appeared as though 12% fewer
or 3,536 ameloblasts covered an area for-
merly occuped by 4,019 ameloblasts at
the Start of differentiation. This apparent
reduction in the sze of the cohort per unit
area was associated with a change in nu-
clear position such that more ameloblasts
had “low" level nuclei and considerably
fewer had "high" level nuclei. When the

212 013

1,662

1651

completed enamel

secretion
maturation stage

When ameloblasts
have completed

one-half the

42,600 pum?.

16 days
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ameloblast had amost finished secreting
the enamel matrix gig. 3: 8 days, map
C), there seemed to be a further reduction
in the size of the cohort such that by this
point 12% fewer or 2,967 ameloblasts cov-
ered an area formerly occupied by 3,536
ameloblasts at the start of enamel secre-
tion. In addition, within the cohort more
of the ameloblasts had "low" level nuclei
whereas the number of "high" level nuclei
decreased sharply. By the time the first
haf of the maturation stage of amelogen-
esis was completed (fig. 3: 16 days, map
D) the sze of the cohort had decreased
considerably and 44% fewer or 1,662
ameloblasts covered an area formerly oc-
cupied by 2,967 ameloblasts a the end of
the secretory stage. The number of "high"
and "low" level nuclel both decreased
markedly and less than 1% of al ameo-
blasts in the cohort had their nuclei at the
"high" level. Findly, the data in the two
columns at the right-hand side of table 7
demonstrated that between map A and
m?o D (fig. 3) there was no sgnlflcant
difference in the proportion of labeled and
unlabeled nuclei (labeling index) even
though the total number of nuclei per unit
area decreased. Hence, whatever caused
the reduction in cohort size was not influ-
enced by the presence of “H-thymidine la-
bel and the reduction was uniform for both
labeled and unlabeled nuclei.

DISCUSSION

This report has presented new data per-
taining to cellular renewa within the
enamel organ of the rat incisor. Although
the results have provided a definitive dem-
onstration that ameloblasts are lost prior
to the gingival margin, the finding that this
loss represents a 50% reduction in the size
of the total ameloblast population was un-

expected.
Kinetic analysis

The critical step in the kinetic analysis
was finding a reproducible method for esti-
mating the absolute numbers of amelo-
blasts, stratum intermedium and papillary
layer cdls filling each regional compart-
ment of the enamel organ. The serial sec-
tioning method for determining popula:
tion 9ze (Nt) using parameters N_. and
N¢ proved satisfactory. Once Nt was known

the onl aswrgptions made were that
growth had no effect on cellular organiza-
tion and any increase in the size of a com-
partment occurred uniformly with increas-
Ing body weight. More detailed studies of
the growth process will be necessary to
establish the validity of these assumptions.

The values given in tables 3, 4 and 6
for parameters kg, ko« and k. represent ap-
proximations of absolute rates and these
should not be considered as the true abso-
lute rates. The values for gt:owth rate (Kg)
assume linear growth which remains to be
confirmed. The vaues for dflux a the
gingival margin (k..«(M)) are dight over-
estimates of the true efflux (see footnote 4,
p. 66) and the values for rate of loss of
ameloblasts within the "rest” of the matura-
tion zone (k. (Ama + Ay + A;)) are prob-
ably dight underestimates of the true rate,
and thus, indicate only the minimum
loss from this compartment. Nevertheless,
these approximations for the absolute -
flux, growth rate and rate of cel loss pro-
vide an appreciation of the enormity of
cell turnover in the entire enamel organ.
To extrapolate these absolute rates into
more familiar terms consider the amelo-
blasts in the secretory zone of the lower
incisor in the 100 gram rat. In absolute
terms the dflux of ameloblasts from this
zone was found to be about 6,000 cells per
hour (table 4). This flux represents a
turnover rate of only about 0.5% per hour
of the total ameloblast Population_ filling
the secretory zone (calculated by dividin
kout(S) by N+(S)). AS seen in a single
pum thick longitudinal section, this works
out to be an eflux from the secretory zone
of about nine ameloblasts per hour.

Advantages of using absolute rates com-
pared to relative rates of
cell turnover

The importance of determining kinetic
parameters using a three dimensional ap-
proach was the ahility of taking into ac-
count growth changes throughout the en-
tire enamel organ and the ability to dem-
onstrate that the absolute rates of efflux
and cdl loss are not constant but increase
as long as there is growth of the incisor.
For the purposes of illustrating this point
consider a divison of the enamel organ
into three compartments representing (a)
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the region of ameloblasts facing dentin
%A ), (b) the secretory zone (S) and (c)
the maturation zone (M) (fig. 12]. In terms
of a single longitudinal section through the
enamel organ, the relative rates of efflux
from these compartments (A4, S, M) can
be established by dividing parameter N, by
the transit time for the compartment. Be-
cause only parameter N, is being used in
this calculation, the balanced kinetic equa
tion would read:

kout(Ag) = kout(S) = kout(M) + k(M) + k. (M)

(since there is no growth in the length
of Agor S, avalue for kg in these compart-
mentsis not used: Smith and Warshawsky,
‘75b?. Based on the above equation the
results obtained for the ameloblast layer in
the lower incisor of rats weighing 100 and
300 grams are:

100 grams: 9 cells/hr = 9 cells/hr = 5 cells/
hr + 1 cell/hr + 3 cells/hr

300 grams: 9 cells/hr = 9 cells/hr = 5 cells/
hr + 1 cell/hr + 3 cells/hr

As can be seen, the two dimensiona
analysisis capable of demonstrating a loss
of ameloblasts in the maturation zone but
the percentage loss is less than predicted
(table 6: 33% vs. 50%). However, it is
unable to demonstrate on its own any in-
crease in Ky or k. with increasing
weight since much of this change results
from growth within the "width" of the
enamel organ. This is an extremely im-
portant point especidly if one considers
what the kinetic analysis predicts regard-
ing cdl production from proliferative com-
partments. Disregardi ng% any small fluctua-
tions which may arise from diurna varia-
tion (Gasser et d., '72; Mantell,'73; Kidy
and Wilde, '74), the kinetic caculation
based on a two dimensional analysis pre-
dicts that a cumulative cell production rate
of nine ameloblasts per hour would be suf-
ficient to account for the turnover in the
enamel organ. However, any change in this
production rate remains unidentified be-
tween 100 and 300 grams of body weight.
Based on three dimensional analysis the
kinetic calculation predicts that a cumu-
lative cell production rate of greater than
6,000 ameloblasts per hour is required to
account for turnover in the enamel organ
as wel as the future growth within pro-
liferative compartments of the 100 gram

rat (table 5). Moreover, it predicts that
this production rate will increase to well
over 8,000 ameloblasts per hour by the
time the rat weighs 300 grams. These find-
ings demonstrate that any two dimensional
analysis of cell turnover in the rat incisor
must be "corrected” for changes in rates of
cell production, cell flux and cell loss by
values derived from three dimensional
analysis. In addition these results do not
agree with the sug estion by Lavelle ('68)
that the rate of cell proliferation in the rat
incisor decreases with advancing age.
The reports by Zgjicek et a. ('72) and
Michaeli et a. ('72) have indicated that the
relative rate of cel production in the
lower incisor of rats weighing about 100
%:ams is 21 ameloblasts (inner enamel epi-
thelial cells) per hour under normal condi-
tions ("control"). This value clearly does
not agree with the one given above of nine
ameloblasts per hour. It is likely that this
discrepancy can be explained simply by
the fact that Zgjicek et a. ('72) routinely
use paraffin sections whereas in the pres-
ent study semi-thin Epon sections were
used. There are two theoretical consider-
ations which indicate that the value of nine
ameloblasts per hour is Perhaps closer to
the true relative rate of cel production
than the value of 21 ameloblasts per hour.
First, because renewal in the enamel organ
is achieved by movement of cohorts of cells
(Hwang and Tonna, '65; Smith and War-
shawsky, '75b, '76), it should be possible
to derive avalue for the theoretical relative
flux of ameloblasts within each zone of
amelogenesis by multbplyln the mean rate
of cel migration (650 pm/day or 27 pm/
hour) times the number of ameloblasts per
100 pm "length" of zone (Smith and War-
shawsky, '75b). This gives a theoretical
relative flux of ameloblasts in the lower in-
cisor of 8.87 ameloblasts per hour in the
region of ameloblasts facing dentin (Ag),
8.91 ameloblasts per hour in the secretory
zone (S), and 5.4 ameloblasts per hour in
the maturation zone (M). These values
match closdly those cited earlier for efflux
from these compartments (Ad, S, M), and
aso agree with the predicted relative rate
of cel production of nine ameloblasts per
hour. Second, it is possible to calculate the
maximum relative number of ameloblasts
which could be transferred from dividing
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to nondividing compartments. This is done
by multiplying the rate of cell migration
E 7 pm/hr) times the nuclear diameter

3.6 um: unpublished data) times the num-
ber of levels of nuclel present at the incisal
limit of the proliferative compartment (2
levels, map A: flg. 3). The result thereb
obtained is only 15 ameloblasts/hour whic
is halfway between both reported values.

Zgicek et a. ('72) dso have concluded
that the rate of cell production can be cor-
related to the rate of incisor eruption.
From this concept they have derived the
"eruption/|EE cdll production ratio" which
they have determined as 1:1 for the amelo-
blasts in rats weighing about 100 grams.
Using this concept with absolute rates the
following ratios are determined; 1:222 in
the lower incisor of the 100 gram rat and

1:296 in the lower incisor of the 300 gram
rat. Thus, such a correlation is meaning-
less in terms of absolute rates of cell pro-
duction particularly because this rate in-
creases as long as there is growth of the
incisor.

_Finally, this study showed an apf)arent
similarity in the absolute rates of cell turn-
over for both upper and lower incisors
(tables 4-6). Considering the many histo-
metric differences which exist between
these two teeth it would not be apparent
immediately that the epithelial tissues in
the upper and lower incisor renew at the
same rate. Moreover, there appears to be
little direct relationship between the for-
mation of gross incisor differences and
the absolute rate at which epithelial cells
are produced.

The loss of ameloblasts during the
maturation stage of amelogenesis

The results from this study revealed an
enormous cell loss, 50% of the total amelo-
blast population in the course of the mat-
uration stage of amelogenesis. The sSg-
nificance of this loss will remain obscure
until more information is available about
enamel maturation and the roles which
ameloblasts and papillary layer cells play
in this process. However, one fact is quite
clear. Considerably fewer ameloblasts par-
ticipate in enamel maturation than are
required for secretion of the enamel matrix.
The same does not seem to be true for
papillary layer cells as a uniform number
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of these cells remain associated with both
stages of amelogenesis.

What happens to the ameloblasts
which are lost?

There are three Aoossible ways in which
ameloblasts can disappear: (1_% migra-
tion of ameloblasts into the papillary lay-
er; (2) migration of ameloblasts outside
the enamel organ; or, (3) cel death within
the ézélyer. “The kinetic analysis demon-
strated no increase in values for papillary
layer cells corresponding to the marked de-
crease in values tor ameloblasts in the mat-
uration zone (table 5), (_:onse%luently_ rul-
ing out the first explanation. There is no
morphological evidence indicating that
ameloblasts migrate outside the enamel
organ (i.e., into the surrounding connec-
tive tissue). Thus, the most likely cause for
cell loss in the ameloblast layer is by cell
death and in situ degeneration. Except for
afew phagosomes and autophagic vacuoles
found within the region of postsecretory
transition gymons, '62; Elwood and Bern-
stein, '68; Reith, '70; Garant,'72; Moe and
Jessen, '72; Kdlenbach, '74), there is little
direct histologica evidence indicating that
ameloblasts degenerate in the large num-
bers suggested by the kinetic analysis. This
can be explained in the following ways.
First, it would seem from the kinetic analy-
Ss that more ameloblasts die within the
maturation zone than egress at the gingi-
val margin (e.g., in the 100 gram rat Ky

M) = 2,300 ameloblasts’hour while kg
M) = 2,900 ameloblasts/hour). However,
the value for kot (M) represents the num-
ber of amelobasts which leave en masse
from one dite in the maturation zone (the
Ein ival margin), whereas the value for
L %M) represents the number of amelo-
blasts which die throughout the entire mat-
uration zone (over alength of about 10,615
um in the 100 gramrat). Second, although
the absolute rate of ameloblast loss I%)IO
pears quite Iardge, in relative terms k. (M)
represents a depletion rate of only about
0.2% per hour of the total ameloblast pop-
ulation filling the maturation zone, or a
loss of between three and four ameloblasts
loer hour relative to a single 1 pm thick
ongitudinal section cut along the length
of the entire maturation zone. Consder-
ing that two out of these four ameloblasts
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degenerate within the region of postsecre-
tory transition (table 6), it is unlikely that
the other two degenerating ameloblasts
could be identified among the numerous
cells making uq_the remainder of the mat-
uration zone. Third, it appears from the
Kinetic analysis that about the same num-
ber of ameloblasts die per hour in the re-
gion of postsecretory transition as in the
"rest" of the maturation zone. Why then
are the same morphological manifestations
of this equal death not observed in both
sites? This likely is because considerably
more ameloblasts pass through the region
of postsecretory transition per unit time as
through the "rest" of the maturation zone
(Ama + Ay +A,). For example, in the 100
ram rat a cohort of 6, ameloblasts
eaving the secretory zone would traverse
the length of the region of postsecretory
transition within about 19 hours (a dis
tance of 466 + 42 um; see footnote 5 Bé67)
and the sze of this cohort would re-
duced by 25% or by 1500 ameloblasts.
As this partialy reduced cohort of 4,500
ameloblasts is carried dong the remain-
ing length of the maturation zone, another
1500 ameloblasts are removed by the time
the cohort reaches the gingival margin.
However, this second group of 1,500 amelo-
blasts is lost over a period of about 400
hours as opposed to the 19 hours taken to
eliminate the firs 1,500 cells. This "con-
centration effect” of losng ameloblasts
raﬁldly over a short distance may explain
why degenerative debris is an obvious
feature of the region of postsecretory tran-
sition and not of other regions in the mat-
uration zone. Finaly, it would be exceed-
ingly difficult to distinguish natural degen-
eration from artifacts of poor fixation if
there is no degenerative debris to act as
an indicator of ameloblast death. Conse-
quently, it is likely that dying amelobasts
have been observed in the regions of mat-
uration proper, pigmentation and reduced
ameloblasts but these may have been a-
tributed to poor fixation. Moreover, it is
not entirely true that cellular debris is
never seen in these regions éAma + Ag +
A)). Elwood and Bernstein ('68) and Ka-
lenbach ('68) both noted that some amelo-
blasts and papillary layer cells within the
region of maturation proper contain auto-
phagic vacuoles ("cytosomes'), and Ka-

lenbach ('70) aso reported phagosomes
and "digestive vacuoles’ within papillary
layer s and reduced ameloblasts.

The results of the kinetic analysis have
supported fully the conclusion of Moe and
Jessen ('72) that within the region of post-
secretory transition cells of the stratum
intermedium phagocytose debris from de-
generating ameloblasts but themselves re-
main viable. What happens to the products
from degenerating ameloblasts within the
remaining regions of the maturation zone
remains to be established.

How do the viable amel oblasts compen-
sate for the cells lost by death’

With the loss of at least 50% of the total
ameloblast population during the matura-
tion stage of amelogenesis several adjust-
ments must be made by the remaining am-
eloblasts in order to maintain a continuous
covering at the enamel surface. The first
portion of the loss characteristically is as-
sociated with a marked reorganization of
the entire enamel organ. This includes a
shrinkage of the ameloblast height and a
decrease in the crowding between adjacent
celelds_, dlsor%aﬂlzatlon oh thfe strahum |Inter-
medium and hypertrophy of papillary layer
cells(Reith, 7(¥ Kalenbach, "74; Warshaw-
sy and Smith, '74). Further reorganization-
a changes do not seem to occur until the
r%mn of reduced ameloblasts is reached
(Kalenbach, '70). Consequently, cell loss
between the regions of postsecretory transi-
tion and reduced ameloblasts is presum-
ably compensated for by "local" redistribu-
tion of remaining ameloblasts. For exam-
ple, consider map D in figure 3. There are
about 44% fewer ameloblast nuclei per
unit areain this map than in map C, a dif-
ference which compares favorably with
the loss expected up to this point in the
maturation zone. The ameloblasts have
accommodated to such areduction in Ipop
ulation size by three changes in celular
organization (compare to map C: fig. 3);
(68 a reduction in the number of "high"
level nuclei, (b) a dight increase in the
cell diameter as indicated by the larger nu-
clear width, and (c) awider separation be-
tween adjacent nuclei. Note, however,
there are sites in map D (fig. 3) where
the ameloblast nuclei still appear closely
packed and other places where there are
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rather large spaces between nuclei. Con-
sider next what will happen in map D (fig.
3) between this point and the gingival
mgro%l n. In the entire map there are about
3,000 nuclei. If @l of these nuclei form a
single advancing cohort, then only about

more nuclel” will be "removed” by the
time the gingiva margin is reached. The
remaining 2,600 ameloblasts could easily
accommodate this loss since they need
only "spread apart” from their present posi-
tion in map D gflg. 3) by afactor of 0.15
to compensate for the entire loss.

Surface maps

_The surface maps have contributed sig-
nificantly to the kinetic analysis by servin
as a reliable means to test the vdidity o
the method used for approximating %(()JO
lation Sizes (APPENDIX TABLE'S). In addi-
tion, the surface maps emphasize the struc-
tural organization of ameloblast nuclel at
"high" and "low" levels, a phenomenon
which is not an artifact of plane of section-
ing (based on three dimensional recon-
structions; unpublished results). The sur-
face maps (fig. 3) and datain table 7 have
demonstrated that the positioning of amelo-
blast nuclei at different heights undergoes
sequential changes in the course of amelo-

enesis. That is, prior to differentiation the
ow columnar ameloblasts contain nuclel
which are equally distributed between the
"high" and "low" levels (fig. 3: map A). It
is not clear, however, whether this dso
means the ameloblasts are organized into
two distinct layers (Moe, '71). During dif-
ferentiation the ameloblasts not only re-
verse their polarity and elongate, but there
is also an apparent shift of about one-half
of the "high" level nuclei down to the "low"
level (fig. 3: maps A, B). Thus, by the start
of enamel secretion only 26% of amedo-
blast nuclei remain at the "high" level. As
the ameloblasts secrete the enamel matrix
there appears to be a continued reposition-
ing of nuclei from "high" to "low" leves
such that by the end of outer enamel secre-
tion fewer than 9% of ameloblast nuclei
are found at the "high" level (fig. 3: map
C). Findly, after postsecretory transition
and throughout the "rest” of the matura-
tion stage fewer than 0.1% of ameloblast
nuclel are located at the "high" levd (fig.
3: map D).
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Although caution is required in extra-
polating from nuclear compartments to the

ices of the ameloblasts, the data in table

implies that there may be a relationship
between the shifting nuclear levels and the
area covered by a cohort of ameloblasts.
Consider the cohort of 4,019 ameloblasts
indicated in table 7 which are beginnin
to differentiate. According to the metho
of anaysis, this coport occupies an area
of about 42,600 um” a the newly formed
dentin surface. Since there is no cell loss
between the presecretory zone and the end
of the secretory zone, the fact that gnly
3,536 ameloblasts occupy 42,600 um” at
the start of enamel secretion must mean
that during differentiation the origina
group of 4,019 ameloblasts move farther
ggart from one ar210ther and come to occupy

out 47,700 um* at the dentin surface. As
can be seen by comparing maps A and B
(f|gH 3%, this change in area is associated
with the appearance of distinct rows of
ameloblasts across the mesial-lateral axis
of the enamel organ (Kallenbach et .,
'65; Kalenbach, '73). Consequently, it ap-
pears that the formation of rows of differ-
entiated ameloblasts creates an increased
areafor distribution of cells and, as aresult
more "room" becomes available for some of
the nuclel situated at the "high" leve to
move down to the "low" level.

Between the start and finish of enamel
secretion (table 7; fig. 3: maps B, C) a
second increase in area of ameloblast dis-
tribution aso must occur. Thus, the cohort
of 4,019 a|31eloblasts which occupied about
47,700 um” at the start of enam Secretior)
must eventually cover about 52,800 pm
by the time they complete enamel secre-
tion. Therefore, it would seem that the
ameloblast cell body must somehow in-
crease in diameter in the course of enamel
secretion (at least at the leve of the nu-
clear compartment). It is likely that this
change in area of distribution is related to
the appositional growth of the enamel ma-
trix. That is, as the ameloblasts secrete the
enamel they move away from the dentin
surface upon which they were originaly
applied. Since the dentin surface is curved
the radius of curvature at the surface must
increase as the enamel is deposited. Con-
sequently, the area occupied by the amelo-
blasts dong the enamel surface must be
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greater than originally occupied at the
entin surface (Provenza, '72). From these
observations it is concluded that during
secretion of the enamel matrix ameloblasts
become distributed over a larger area and,
as this happens, additional "room" becomes
available for some of the "high" leve nuclei
to shift to the "low" level. This interpreta-
tion aso implies that ameloblasts are dis-
placed from their origina position at the
start of enamel secretion. When amelo-
blasts begin secreting the enamel the cells
are already aligned into rows across the
mesial-lateral axis of the enamel organ.
Since each row is formed by ameloblasts
containing either a "high" or "low" level
nucleus and if during secretion most of the
"high" level nuclei move to a "low" level
position, then the rows must elongate in a
mesial-lateral direction. This interpretation
offers some support for the notion that rows
of ameloblasts move during secretion of the
inner enamel matrix (Watson and Avery,
'54; Butcher, '56; Kallenbach, '73; BOY‘ e,
'69; Reith and Ross, '73). However, unlike
the origina hypothesis which is based on
a uniform size and shape for al amelo-
blasts and an equal displacement of the
entire cell, this report suggests that the
diameter of the bases of ameloblasts are
not uniform and the displacement of the
lgell may not be equal a both apex and
ase,

Returning to the cohort of 4,019 amelo-
blasts situated at the end of the secretory
zone, it is the conclusion of this report that
any further change in cell number per unit
area between the start and finish of the
maturation stage is due to death of amelo-
blasts and is not the result of any major
change in the area of ameloblast distribu-
tion at the enamel surface. Consequently,
at the end of enamel secretion a cohort of,
4,019 ameloblasts covers about 52,800 um
whereas only 2,251 ameloblasts remain to
cover the same area one-hdf the way
through the maturation zone (fig. 3: m
D). It can be seen by comparing maps
and D in figure 3 that the loss of amelo-
blasts within the first half of the matura-
tion zone is associated with the almost com-
[IJ_Iete disappearance of "high" level nuclei.

he data In table 7 demonstrate, however,
that the total numbers of "low" level nuclei
are reduced as are the numbers of labeled

C. E. SMITH AND H. WARSHAWSKY

and unlabeled nuclei. Such data suggest
that there may be no sdectivity in dictat-
ing which of the ameloblasts will die.
Nevertheless, this data does not rule out
completely the possibility that such death
may be "programmed.”
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APPENDIX

Method for determining the absolute number
of cells filling any compartment of
the enamel organ

The theoretical considerations behind this meth-
od are schematically illustrated in figure 4. When
the entire enamel organ is viewed in graphic pro-
jection (fig. 4A), the division of the enamel organ
into the region of ameloblasts facing dentin and
into the zones of enamel secretion and maturation
forms compartments of a peculiar shape (Smith

and Warshawsky, '76). These compartments are
delineated at their apical and incisal ends by
curved, "C"-shaped lines and along the mesial
and lateral sides by the fairly straight limits of
the enamel organ at the cemento-enamel junc-
tions. The method used to estimate the absolute
number of epithelial cells filling these compart-
ments in effect ignores the "C"-shaped boundaries
and makes each compartment a "theoretical rec-
tangle" (fig. 4B). This theoretical rectangle is ob-
tained by counting from histological sections the
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APPENDIX TABLE 1

Comparison of two methods for determining the overall
relative to the ameloblast

compartment

"size"
layer

of a regional

Overall "size" (cellsx pm)

Regional compartment
Incisor = sample% Expected * Observed 2 % difference
Upper Ameloblasts facing 1,669,800 1,674,000 0%
100 grams dentin
Lower Ameloblasts facing 1,242,900 1,455,000 - 17%
100 grams dentin
Ameloblasts facing 1,532,910 1,642,920 - 7%
dentin
Inner enamel 3,547,420 3,347,333 + 6%
Lower secretion
300 grams Outer enamel 725,648 619,800 + 17%
secretion
Postsecretory 326,500 325,570 0%
transition

! Determined by multiplying "peak” number of ameloblasts (N¢) x length of region.
2 Determined by integrating "area” under curves in figure 5 using Simpson's one-third rule.

number of nuclei occupying the apical-incisal
"length" of the compartment (N ) and the num-
ber of nuclei occupying the mesial-lateral "width"
of the same compartment (Nc). The total number
of nuclei in the rectangular compartment (N 1) is
then the product of these two values (Nt = N_
X Ng; fig. 4C). The validity of this approach lies
in establishing that (1) the "size" or area of the
theoretical rectangle reasonably approximates the
"true size" or area of the irregularly shaped com-
partment, and (2) the product N, X N¢ gives a
reasonable approximation of the total number of
cells filling each regional compartment of the
enamel organ.

Obtaining the value for parameter N_

In preparing the rat incisor for cutting in the
longitudinal axis the entire tooth is first divided in-
to three or four large segments (Smith, '74). Each
of these segments is then split into mesial and
lateral halves, the exposed surfaces becoming the
block faces. This procedure more or less assures
that the slice will bisect the enamel organ along
its entire length and the slice will cross the cen-
tral labial part of each "C"-shaped curve (indi-
cated by the black "dots" in fig. 4A). Conse-
quently, the value for parameter N, is obtained
directly from longitudinal sections by nuclear
counting.

Obtaining the value for parameter Nc

The value for parameter Nc is more difficult to
obtain for two reasons. First, adjacent compart-
ments of the enamel organ abut one another along
a "C"-shaped curve. Consequently, there is only a
limited distance over the length of a compartment
where a cross section can be made and all of the
epithelial cells in the cross sectional profile of the
enamel organ belong to the same compartment
(fig. 4B). Second, for some regional compartments
of the enamel organ such a cross section is im-
possible to obtain because these compartments

have a short apical-incisal length (e.g., the region
of ameloblasts facing dentin, region of outer
enamel secretion in the lower incisor, region of
postsecretory transition and the region of reduced
ameloblasts). As a result, an indirect approach
involving the use of serial cross sections of the
incisor is required to obtain a value for parameter
N¢ in these compartments. Figures 5 and 6 illus-
trate this technique. Briefly, a series of 1 um thick
serial cross sections are cut along the length of
the incisor. At intervals of every 100 sections (or
um) nuclear counts are made, for example, of the
number of ameloblast nuclei in the cross sec-
tional profile of the enamel organ. In doing these
counts a regional classification is used to divide
the cross sectional profile into respective cell com-
partments (fig. 5: Smith and Warshawsky, '76).
The data from the nuclear counts are then plot-
ted against serial distance. Figure 6 shows the re-
sults obtained for the ameloblast layer in the
lower incisor of rats weighing 100 and 300 grams.
For each regional compartment there is a place
at some point in the series where the number of
ameloblast nuclei "peaks" relative to the maxi-
mum "width" of that compartment. These "peak’
values are considered to represent parameter Nc
for regional compartments at the given body
weights.

Rationale for assuming that the product of
N. X Nc gives a reasonable approxi-
mation of the overall "size"
of a compartment

The overall "size" of a regional compartment
relative to the ameloblast layer can be estimated
from figure 6 by applying Simpson's one-third rule
to integrate the "area" under any of the curves
which touch the abscissa at two ends (in units of
cells x pm). This integration was done for a few
of the regional compartments in figure 6 and the
results are shown in Appendix table 1 (column
under observed). Assuming the procedure of mak-
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ing the regional compartment a "theoretical rec-
tangle" is valid, then a similar "area" should be
obtained by multiplying parameters N. X N¢ for
the same compartment. In this case parameter N_
must be a value of measured length (um) while
parameter Nc is the "peak” number of ameloblasts
determined in figure 6. This procedure was fol-
lowed to obtain the results shown in Appendix
table 1 (column under expected). It is clear that
the product of N X N¢ is similar to the integrated
value, and hence, it is concluded the "theoretical
rectangle" reasonably approximates the "true size"
of the regional compartment.

Rationale for assuming that the product of
N. X Nc gives a reasonable approxi-
mation of population size in all re
gional compartments of the
enamel  organ

It remains to be demonstrated that the product
of N_ x Nc approximates the true total number
of nuclei, or cells, contained within a given re-
gional compartment. Consider figure 7 which
shows a small segment of the enamel organ taken
from the region of inner enamel secretion. The
total number of ameloblast nuclei filling a volume
delineated by 100 pum on a side could be deter-
mined by making serial cuts tangential to the am-
eloblast layer, reconstructing all of the nuclear
fragments on acetate sheets and then graphically
compressing the image of each ameloblast nucleus
into a two dimensional surface map. This is ex-
actly the procedure followed in making the sur-
face maps shown in figure 3. Provided the formula
Nt = N. X Nc is valid, then it should be possible
using values for parameters N and N¢ which rep-
resent the number of ameloblast nuclei per 100
um "length" and "width" of a regional compart-
ment to approximate a value obtained from the
surface maps by superimposing over the maps a
square having a proportional length of 100 um on

a side and counting the total number of nuclear
centers falling within this square. Appendix table
2 compares the results using these two methods in
several different regional compartments of the
enamel organ. In addition, since the values for
(NL)100 ym @and (N¢)i00 ym More or less represent
"crude nuclear counts" (Abercrombie, '46), a col-
umn has been included in which "crude nuclear
counts" are converted to "true nuclear counts." As
can be seen, values without correction give a rea-
sonable approximation of the total indicated by
the surface maps (observed) for all of the re-
gional compartments sampled except the region
of ameloblasts facing dentin which is grossly over-
estimated. However, with correction the values
give a good estimate of the total indicated by the
surface map for the region of ameloblasts facing
dentin but noticeably underestimated the total in
all of the other regional compartments. This dis-
crepancy could arise because the formula for cor-
recting "crude nuclear counts" applies best to nu-
clei which are spherical. However, Abercrombie
('46) pointed out that the theoretical argument be-
hind the formula's derivation "applied statistically
to nuclei of any size or shape" provided the nuclei
are randomly distributed within the section thick-
ness. In the case of ameloblasts the packing of
nuclei in three dimensional space shows varying
degrees of order and thereby precludes the use of
the correction formula for compartments in the
most ordered zones such as enamel secretion and
maturation. From the results in Appendix table 2
it is concluded that the formula Nt = N_. x N¢
without correction of the nuclear counts for pa-
rameters N and N¢ gives an acceptable approxi-
mation of the true total number of nuclei filling
all regional compartments of the enamel organ
except the region of ameloblasts facing dentin
where parameters N. and N¢c must be converted
to "true nuclear counts" using an equation such
as that given by Modak et al., '72.
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Abbreviations

A, Region of ameloblasts facing pulp,

! Ling, Lingual
osterior portion Mes, Mesial

A, Region of ameloblasts facing pulp, Nc, Number of cells occupying the "width"

anterior portion ) i (mesial-lateral) of acompartment
Ad, Region of ameloblasts facing dentin N., Number of cells occupying the "length”
Aies, Region of inner enamel secretion (apical-incisal) of a compartment
Ao, _Region of outer enamel secretion N+, Total number of cells filling a compart-
A, Region of postsecretory transition ment having N. X N¢ cells on aside
Anma, Region of maturation proper ("population size" )
Ay Region of pigmentation T, Transit time of cells through a
A\, Region of reduced ameloblasts compartment
B, Bulbous part of the odontogenic organ kin, Rate at which cells enter a compart-
Hy, "High" level nucleus in the ameloblast ment ("Influx")

ayer ) kout, Rate at which cells leave a compart-
La, "Low" level nucleusin the ameloblast ment ("Efflux")

layer ks, Growth rate of a compartment
Lab, Labial k., Rateof cell losswithin acompart-
Lat, Lateral ment

PLATE 1

EXPLANATION OF FIGURE

1 Schematic explanation of the structural and theoretical considerations
behind the kinetic analysis. The epithelial tissue covering the labial
surface of the incisor is depicted by the rectangle at the top of the
figure. Operationally, this tissue is divided into the small odontogenic
organ (hatched area) which forms the apical end of the tooth and
surrounds the apical foramen and the much larger enamel organ
which extends from the pdontofqenlc organ to the glnzglval margin
and is limited along the sides of the tooth by the mesial and lateral
cemento-enamel junctions (MCEJ and LCEJ). Based on the develop-
mental steps in énamel formation the epithelial tissue is divisible into
compartments which represent the zones of amelogenesis and, based
on the morphology of the ameloblast and the relationships at its apex,
the zones of amelogenesis are further subdivided into regional com-
partments. Cells undergoing mitosis are seen only in the odontogenic
organ and at the apical limit of the enamel organ.

In kinetic terms cellular renewal of the enamel organ is defined by
equations which express equality in the flow of cells between adjacent
zonal or regional compartments. Under conditions of steady state re-
newal there is simple equality between the rates at which cells enter
and leave these compartments (ki = Kout). However, with growth the
rate at which cells enter a compartment must be greater than the rate
at which cells leave by an amount equal to the growth rate (Kin = Kou
+ Kkg). Any cell loss internal to a compartment is detected by calcu-
lating the influx, efflux and growth rate separately for each compart-
ment and testing for any imbalance in these values.
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ZONES OF | 5
AMELOGENESIS E PRESECRETORY SECRETORY | MATURATION :
E (PS) ' (S) ; (M) :
opicol ' : MCEJ : ] 'incisol end
REGIONS: fB *Ap Ay Ajes ' Ages A,g Amat gqus A, .
4/ H : i gingival
LCEJ margin
L Dividing [ Non - dividing ]
0Odontogenic E | - organ
orggr ] name rga J
e T T

STEADY STATE
By Zone: kgyy (PS) = kin (S) = kgyy (S) = ki (M) = kgyy (M)
By Region: kot (Ag) = ki (Ajes) = Koyt (Ajeg) = Kin (Ages) =koyr (Ajes) = Kin (Ay) =
Kout (Ap) = kin (Apgr) = Koyt (Amar) = ki (Apg) = koui(Apg) = Kin (A[) = gyt (A))

WITH GROWTH
By Zone: kgyr (PS)=kin {S) = kgyy (S) = ki (M) = kgyy (M)

+ +
kg(S) kg(M)
By Region: kour (Ag) = kin (Ajes) = Koyt {Ajeg) = ki (Ages) = Kout (Aoes) = kin (A4) = koyy (Ay) =
+ + t
kG (Aies) kG (Aoes k(5 (At)

Kin (Amat) = Kout (Amar} = Kin (Apg) = k out (Apg) = ki (A, )‘kout (A;)

+
@ ke (Amqt) kG(A ) kG(A )
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