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ABSTRACT: The formation rates of mineral in developing enamel were determined by microweighing of
incisors of mice and rats. Computations indicated that a large excess of hydrogen ions would result from
creating apatite at the calculated rates. Enamel organ cells (ameloblasts), therefore, likely excrete bicarbonate
ions to prevent pH in fluid bathing enamel from becoming too acidic.

Introduction: Protons (H+) are generated whenever calcium and phosphate ions combine directly from
aqueous solutions to form hydroxyapatite. Enamel is susceptible to potential acid loading during development
because the amount of fluid bathing this tissue is small and its buffering capacity is low. The epithelial cells
covering this tissue are also believed to form permeability barriers at times during the maturation stage when
crystals grow at their fastest rates. The goal of this study was to measure the bulk weight of mineral present
in rodent enamel at specific times in development and estimate the amount of acid potentially formed as the
apatite crystals mature.
Materials and Methods: Upper and lower jaws of mice and rats were freeze-dried, and the enamel layers on
the incisors were partitioned into a series of 0.5 mm (mouse) or 1.0 mm (rat) strips along the length of each
tooth. The strips were weighed on a microbalance, ashed at 575°C for 18–24 h to remove organic material, and
reweighed to determine the actual mineral weight for each strip.
Results and Conclusions: The data indicated that, despite differences in gross sizes and shapes of maxillary and
mandibular incisors in rats and mice, the overall pattern and rates of mineral acquisition were remarkably
similar. This included sharply increasing rates of mineral acquisition between the secretory and maturation
stages, with peak levels approaching 40 �g/mm tooth length. Computer modeling indicated that quantities of
H+ ions potentially generated as apatite crystals grew during the maturation stage greatly exceeded local
buffering capacity of enamel fluid and matrix proteins. In other systems, bicarbonate ions are excreted to
neutralize highly acidic materials generated extracellularly. Data from this study indicate that ameloblasts, and
perhaps cells in other apatite-based hard tissues, use similar bicarbonate release mechanisms to control excess
acid arising from mineral formation.
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INTRODUCTION

THE MINERAL IN tooth enamel develops through a series
of progressive steps that take days, weeks, or several

months to complete, depending on species and crown
size.(1) Among the earliest events to occur during enamel
development is the formation and stabilization of thin apa-
tite crystals within an organic-rich extracellular matrix com-
posed predominately of amelogenins.(2,3) This happens as
ameloblasts move away from the dentinoenamel junction

and build up enamel thickness by appositional growth.(4)

Newly formed apatite crystals initially grow slowly in size
until ameloblasts begin their cyclic modulations at the
enamel surface during the maturation stage.(4) This triggers
a phase of accelerated protein degradation by matrix resi-
dent serine proteinases (currently called kallikrein 4
[KLK4]), which occurs as a prelude to more rapid volumet-
ric growth of the apatite crystals, especially in terms of their
thickness.(4–7) The crystals eventually expand to occupy at
least 80% of the volume of the enamel layer and comprise
about 95% of mature enamel by weight.(8) In rat incisors, it
takes ameloblasts about 7.5 days to secrete the enamel layer
and another 12–14 days for the enamel crystals to mature.(9)The authors have no conflict of interest.
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Protons are generated whenever apatite crystals grow in
aqueous solutions at biological pH.(10) This is because pre-
cursor forms of phosphate consumed in the chemical reac-
tion at pH 7.0–7.4 are protonated either in the monobasic
(H2PO4

−), or more commonly, the dibasic (HPO4
2−)

form.(11) In creating 1 mol of new apatite anywhere from 4
to 8, to as much as 14, moles of hydrogen ions can be
released into the local environment. The exact amount
formed depends on the phosphate precursor used and the
stoichiometric amount of acid phosphate (v) and carbonate
(w) incorporated into the forming apatitic mineral phase
[generalized as Ca10(PO4)6(OH)2 versus Ca10 − x

(HPO4)v(CO3)w(PO4)6 − x(OH)2 − x where x � v + w, when
acid phosphate and carbonate contents are consid-
ered].(10–12) Whereas quantities vary by species, there is
always some acid phosphate and carbonated apatite present
in enamel, especially at early times when the enamel first
forms.(8,13,14) Protons are also released when transient min-
eral species such as octacalcium phosphate convert into hy-
droxyapatite in aqueous solution at biological pH.(15,16) The
chemistry of these chemical reactions are so predictable
that one well-accepted method for showing the formation
of apatite from aqueous solutions involves simply monitor-
ing the quantity of base (hydroxyl ions) required to keep
solution pH at a constant level.(10,17)

There is presently little information about how cells in
various hard tissues deal with the acidification that occurs
as a natural consequence of creating apatite crystals along a
mineralization front. A common assumption is that the pro-
tons released by this process diffuse away or are rapidly
neutralized by the high buffering capacity inherent to tissue
fluids and blood. Whereas this could be true for bone, den-
tin, and cementum, developing enamel has a much higher
potential for acid loading, because in addition to creating
new apatite crystals as part of the appositional growth pro-
cess, enamel is the only mammalian hard tissue where con-
siderable postvolumetric expansion of crystals occurs after
the appositional growth phase is completed.(4) Also, based
on findings from the only study reported to date, the
amount of fluid bathing enamel is extremely small, its ionic
composition is different from normal tissue fluid, and it
possesses low buffering capacity.(18) Although the epithelial
cells covering developing enamel are known to be leaky to
ions and various small molecules and proteins at certain
times during amelogenesis, this epithelium otherwise main-
tains reasonably tight permeability barriers along the
enamel surface, which restricts the free flow of ions into, or
out of, enamel.(4) This permeability barrier is associated
with most of the secretory stage when the crystals are
seeded and undergo their initial elongation and most of the
maturation stage when the crystals actively grow in volume
“underneath” ameloblasts that have highly invaginated api-
cal ruffled borders.(4,19,20)

The purpose of this study was to determine the weight of
mineral acquired at sequential steps of amelogenesis in ro-
dent incisors, and assuming that the mineral added is pre-
dominately hydroxyapatite,(8,12) to use these values to esti-
mate the amount of acid potentially generated as enamel
crystals form and mature. A second goal was to compare
results on mineral acquisition for mandibular incisors to

those for maxillary incisors that have differences in timing
of enamel development and in the ratios of the inner and
outer portions of enamel rods eventually formed.(9,21) A
third goal was to compare results in rat to those for mice,
which more commonly serve as an animal model for genetic
manipulations of amelogenesis.(22,23)

MATERIALS AND METHODS

Tissue preparation

All aspects in the handling, care, and usage of animals
were done under guidelines specified by governmental
agencies in the United States and Canada, and they were
carried out under specific protocols approved by local ani-
mal care committees of McGill University and the Forsyth
Institute. A group of 12 juvenile male Wistar rats (95 ± 5 g)
and 6 adult C57BL6 mice of mixed sex were anesthetized
with halothane and killed. Hemimandibles and hemimaxil-
lae were removed, rapidly cleaned of adhering tissues, and
immersed in liquid nitrogen for 5–7 h. The samples were
freeze-dried at –55°C for 48 h (Labconco, Kansas City, MO,
USA). The bone and enamel organs covering the incisors
were removed, and the exposed enamel surfaces were
wiped with Kimwipes (Kimberly-Clark Corp., Roswell,
GA, USA). The enamel layer on each incisor was tran-
sected into a series of 0.5- (mice) or 1.0-mm-long (rats)
strips from the apical aspect (least mature) to a point on the
incisal (most mature) side of the tooth where the enamel
was too hard to cut with a scalpel blade.(8) The strips were
removed, placed in separate 12-mm-diameter aluminum
dishes (Thermo Electron Corp., Waltham, MA, USA), and
further dried for about 12 h at 50°C.

Microweighing and ashing

Each enamel strip was weighed on a Mettler MT5 or
UM2 microbalance (Mettler Toledo Canada, Mississauga,
Ontario, Canada) and placed in a precleaned 15 × 15-mm
Coors crucible (1.3 ml capacity; Fisher Scientific, Nepean,
Ontario, Canada). The crucibles were heated in a muffle
furnace (Fisher Scientific) at 575°C for 18–24 h. The
samples were cooled, and the residual material was re-
weighed (referred to as “ashed weight”). This procedure
was done to remove organic material and bound water
present in the enamel strips.(8) Heating under these condi-
tions is not known to cause any significant effect on hy-
droxyapatite,(24) although some CO2 may be released from
carbonated apatite(10) and minor changes may occur to
some crystal lattice parameters.(25) The “ashed weight” as
determined by the above procedure therefore represents
the amount of pure mineral present in a given enamel strip.
Some ashed strips were dissolved in 0.5 M acetic acid, and
the amounts of calcium and phosphorus were estimated
spectrophotometrically as described by Hiller et al.(8)

Alignment of strips to the stages
of enamel development

Enamel strips from mandibular incisors of rats and mice
were aligned to the stages of amelogenesis using a molar
reference line as described previously.(26) Enamel strips
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from maxillary incisors were aligned by initially cutting
away the apical portions of the tooth at a distance of 1.0 mm
(mice) and 1.8 mm (rats) from the apical loop before the
enamel organs were removed and making the strip dissec-
tions sequentially forward from this reference position once
the enamel layer was exposed and cleaned.

Calculations from mineral weight data

Raw ashed weight values were used to compute changes
in mineral weight per strip by progressive subtraction (e.g.,
weight change from strips 1→2 plotted at strip 2 location �
ashed weight of strip 2 minus ashed weight of strip 1). These
numbers were computed individually for each tooth and
averaged together to derive means and variances. Titration
curves were created from computer simulations using a pre-
viously described ion speciation software program.(27) The
ionic composition of enamel fluid in rodent enamel is pres-
ently unknown and was therefore modeled using the only
values currently available, which are for secretory stage pig
enamel.(18) This included 0.5 mM Ca2+, 0.8 mM Mg2+,
140 mM Na+, 20 mM K+, 146 mM Cl−, 3.9 mM PO4

2−, and
12 mM HCO3

− at a starting pH of 7.26.(18) The amount of
fluid in enamel was estimated using values previously re-
ported for rat.(4) Fluid flow rates were arbitrarily expressed
as mean fluid volume per millimeter (50 nl) per hour. The
proton binding capacity of proteins in each enamel strip was
computed from the following formula: (total weight of pro-
teins in �g/molecular mass of amelogenin in nmoles) × 15.
This formula was based on a report by Ryu et al.(28) that
1 mol of recombinant amelogenin (rM179) binds 11–15 mol
of protons. This approach slightly overestimated the poten-
tial contribution to proton binding made by the ∼10% of
matrix proteins that are nonamelogenins,(3,4,11) because
these proteins have a lower weight percent of histidine resi-
dues compared with amelogenins.(11,29,30) The total weight
of proteins in enamel strips was computed by subtracting
the after-ashing weight from the starting dry weight of each
strip. Because the molecular weights of amelogenins vary
considerably in vivo (15,768–22,296 Da by MALDI mass
spectrometry),(31) an average mass value between the heav-
iest and lightest component of the main amelogenin group
was used in this calculation (19,032 Da).(31,32) This value is
very close to the known mass of the main R180 isoform of
amelogenin present in rat incisor enamel (20,373 Da by
mass spectrometry).(31) The amounts of acid released when
creating stoichiometric hydroxyapatite with HPO4

2− as pre-
cursor was computed from the following formula: (weight
change per strip in micrograms/molecular mass of hydroxy-
apatite in nanomoles) × 8, assuming that all 8 mol of hy-
drogen ions are released directly for each mole of hydroxy-
apatite formed and the molecular mass of stoichiometric
hydroxyapatite is 1004.64 [Ca10(PO4)6(OH)2].(10,11) Correc-
tion factors for amounts of acid phosphate and carbonated
apatite present in developing enamel, which lowered esti-
mates of hydrogen ions released from 8.00 to 5.52–7.06 mol/
mol of mineral formed, were derived from speciation for-
mulas reported by Aoba and Moreno(12) for pig enamel
(none are available for rat enamel). Correction factors for
permeability changes related to the ameloblast modulation

cycle were derived from duration and percentage values for
ruffle-/smooth-ended phases previously reported for rat.(33)

RESULTS

Strip dissections

As expected, fewer enamel strips of equal length were
obtained from maxillary incisors compared with mandibu-
lar incisors in rats (9 versus 12) and mice (7 versus 9), but
the strip number ratio (max:man) was about equal at 1:1.3
in both species (Fig. 1). Fewer enamel strips were distrib-
uted over a much shorter tooth length in mouse incisors
compared with rat incisors (Fig. 1). This was consistent with
differences in absolute incisor lengths, which were about
1:2.3 comparing mice to rats (Fig. 1).(21)

Bulk changes in mineral content of enamel strips

The gross amount of mineral present in each enamel strip
increased markedly from first to last strip of a series on all
incisors (Fig. 2). No plateau in weight as described by oth-
ers(8,34) was reached before it was impossible to remove
strips by freehand dissection (Figs. 1 and 2). Typically,
about one-half of the total mineral weight change detected
occurred almost exclusively within the last (most incisally
positioned) three to four strips of a series on all incisors
(Fig. 2). The weight of mineral present in the last (most
mature) enamel strip of each series was slightly greater on
mandibular incisors compared with maxillary incisors in
rats and mice (differences were not significant; Fig. 2). The
gross weight of mineral in the last enamel strip of each
series were about 1.45 times greater in rat incisors com-
pared with mouse incisors when raw values for mice were
normalized on a per millimeter basis (Fig. 2). Ca:P molar
ratios for rodent incisor enamel strips (data not shown)
ranged from 1.5 to 1.7 and showed the same trends as those
described by Hiller et al.(8) for mandibular rat incisors.

Stepwise changes in mineral content of enamel strips

Plots of sequential changes in mineral weight across each
series of strips indicated that the net mineral gain per strip
was about four times greater at its peak level in the matu-
ration stage compared with the secretory stage in all teeth
examined (Fig. 3). Interestingly, the value at which mineral
gain peaked within the maturation stage was similar on
both maxillary and mandibular incisors in rats (∼40 �g/mm
in rats; Fig. 3, top panels). This value was only slightly
greater compared with peak levels estimated for mouse in-
cisors when raw values were normalized on a per millimeter
basis (∼36 �g/mm in mice; Fig. 3, bottom panels). There was
a trend to reach a peak by the last (most mature) enamel
strip in maxillary incisors of rats and mice (Fig. 3, left pan-
els). In mandibular incisors of rats and mice, a peak was
seen within one or two strips before the last (most mature)
enamel strip in a series (Fig. 3, right panels).
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Buffering capacity of enamel fluid and amounts
of acid produced as apatite crystals grow

The left panel of Fig. 4 shows computer-generated esti-
mates of the buffering capacity for increasing volumes of
enamel fluid having ionic compositions as reported by
Aoba and Moreno(18) for porcine enamel. Plotted along the
abscissa are estimates of the quantity of protons that would
be released when forming 1 �g of new hydroxyapatite in
aqueous solution. Estimates were derived using the two
ionic forms of phosphate relevant at biological pH (H2PO4

−

and HPO4
2−; see Simmer and Fincham(11)). The right panel

of Fig. 4 shows strip-by-strip estimates of the total amount

of acid that theoretically would be formed over about 37 h
(1 mm � 37 h of renewal time in mandibular rat inci-
sors(9)), creating hydroxyapatite from a HPO4

2− precursor.
Acid calculations were based on mineral weight gain. Data
shown in the top right panel of Fig. 3. Figure 4 clearly
suggest that the amount of protons released as a result of
enamel mineral growth is greater than the local buffering
capacity of enamel fluid or, when present, the buffering
capacity of the matrix proteins. This is especially true dur-
ing the mid-/late maturation stage when enamel fluid ca-
pacity is at its lowest and most of the proteins have been
removed. However, this first approximation of acid produc-
tion does not take into account certain key factors that

FIG. 1. Schematic representations of the
embedded portions of maxillary (MAX) and
mandibular (MAN) incisors from rats and
mice showing the locations where enamel
strips (numbered boxes) were soft enough to
be removed from the tooth relative to the
stages of amelogenesis (PS, presecretion,
where cells differentiate; SEC, secretion,
where the enamel layer is created to its full
thickness; MAT, maturation, where apatite
crystals grow markedly in size). The three
numbers along the top of each long rect-
angle show the approximate starting and
ending positions of the stages in millimeters
relative to the apical loop (AL) (EM, point
marking start for appositional growth of the
enamel matrix; NTP, point marking the area
where Tome’s processes are no longer vis-
ible on ameloblasts; GM, gingival margin).
(Inset) Mesial views of the left hemimaxilla
and hemimandible of a rat showing the ref-
erence locations for AL and GM and transi-
tion from SEC to MAT (5.6 mm on MAX
and 7.2 mm on MAN from the AL).

FIG. 2. Means plots ± SD of the average
weight of mineral present in each enamel
strip cut along the length of maxillary (�)
and mandibular (�) incisors of rats (left
panels) and mice (right panels) (see Fig. 1
for illustration of strip locations). Data in
the top row are plotted by strip number,
whereas data in the bottom row have been
normalized by strip number to account for
differences in tooth length between maxil-
lary and mandibular incisors (strip number ×
1.3). Data in the bottom right panel for
mouse have also been normalized to express
weight on a per millimeter basis (raw value ×
2). The vertical line on the abscissa of each
graph indicates the approximate boundary
line between secretory and maturation
stages on mandibular incisors.
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directly influence the amount of protons actually formed or
the amount of protons retained within the enamel layer.
These issues are addressed in Fig. 5. This figure shows what
happens when the first approximation of acid production
(line 1) is corrected for amounts of acid phosphate and
carbonate normally present in developing enamel (line 2)
and then corrected for local protein and enamel fluid buff-
ering including the assumption of replenishment of the
enamel fluid at a rate of 50 nl/mm/h (line 3). The final
correction (line 4) takes into account free diffusion of pro-
tons that could occur relative to leaky smooth-ended am-
eloblast during maturation stage modulation cycles (see
Discussion section). Despite these corrections, excess acid
is still predicted to exist across sequential 37-h intervals of
the maturation stage that must be neutralized locally by
enamel organ cells so that mineralization can proceed nor-
mally. Table 1 summarizes several aspects of mineral

growth, including consumption rates of calcium and phos-
phate ions needed to support apatite growth rates and pre-
dicted levels of acid produced during amelogenesis.

DISCUSSION

The value estimated in Table 1 for the weight of mineral
present in a 1-mm-long strip of mature enamel on mandibu-
lar incisors of rats (230 �g/mm or 2.113 mg/mm3) compares
favorably with mean mineral concentrations previously re-
ported with other analytical approaches for these teeth by
Hiller et al.(8) (2.507 mg/mm3) and Wong et al.(34) (2.2–2.4
g/cm3). The “mature” enamel strip referred to in Table 1 is
located about 2 mm away from the gingival margin (Fig. 1;
strip 12 + 1 mm). It is expected this strip would gain some
additional mineral in addition to this amount(34) until the
yellow iron-based pigment typical of rodent incisors is

FIG. 3. Box plots (mean, square; SE, box
around mean; SD, whiskers) of the weight
changes in each enamel strip in the series in
the maxillary (left panels) and mandibular
(right panels) incisors of rats (top row) and
mice (bottom row). The vertical line on the
abscissa of each graph indicates the approxi-
mate boundary line between secretory and
maturation stages.

FIG. 4. Acid production vs. buffering po-
tential. (Left panel) Computer simulations
of changes in solution pH that would occur
in various volumes of enamel fluid (5, 50,
and 100 nl and 1 �l) after addition of amounts
of hydrogen ions indicated along the abscissa
(see Materials and Methods section). (Right
panel) A box plot (mean [solid square] ± SE
[box] and ± SD [whiskers]) of the total
amount of hydrogen ions that could be gen-
erated over a 37-h period based on mineral
weight gain data plotted in the top right
panel of Fig. 3 for mandibular rat incisors
assuming pure HA is formed using HPO4

2−

as phosphate source (1 mm � 37 h of re-
newal time for this incisor(9)). Plotted on the
same graph are estimates of the buffering
capacities associated with amounts of
enamel fluid (triangles) and matrix proteins
(circles) present within each strip.
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TABLE 1. MINERAL ACQUISITION, ION UPTAKE, AND POTENTIAL AMOUNT OF ACID RELEASED DURING AMELOGENESIS

Rat (per mm) Mouse (per 0.5 mm)

Max Man Max Man

Amount mineral acquired by stage (µg ± SD)
Secretion 38.8 ± 3.2 34.2 ± 4.4 7.0 ± 3.0 13.3 ± 3.0
Early maturation 39.4 ± 3.8 47.0 ± 7.1 24.3 ± 3.5 23.8 ± 6.3
Mid/late maturation 110.8 ± 11.7 119.2 ± 18.1 29.4 ± 6.1 32.2 ± 10.2

Total 189.0 ± 15.0 200.4 ± 15.8 60.7 ± 10.0 69.3 ± 9.1
Percent mineral by weight for Total* 87.5 ± 3.7% 88.3 ± 3.3% 88.4 ± 6.3% 87.9 ± 3.4%
Estimated mature weight† 226 �g 230 �g 76 �g 80 �g

(per volume:) (2.113 mg/mm3)‡

Rate parameters
Transition distance for change (mm)§

Secretion 4 5 1.5 2
Early maturation 2 3 1 1
Mid/late maturation 3 4 1 1.5

Total 9 12 3.5 4.5
Transition time (days)¶

Secretion 6.7 7.3 4.7 5.5
Early maturation 3.6 4.7 3.1 2.7
Mid/late maturation 5.4 6.2 3.1 4.1

Total 15.7 18.2 10.9 12.3
Acquisition rate of mineral (�g/day)

Secretion 5.79 4.68 1.49 2.42
Early maturation 10.94 10.00 7.84 8.81
Mid/late maturation 20.52 19.23 9.48 7.85

Total 37.25 33.91 18.81 19.08
(per volume:) (312 �g/mm3/day)

Consumption rate of calcium (nmol/day)**
Secretion 57.64 46.59 14.83 24.09
Early maturation 108.90 99.54 78.04 87.70
Mid/late maturation 204.26 191.42 94.37 78.14

Total 370.80 337.55 187.24 189.93
(per volume:) (3.102 �mol/mm3/day)

Consumption rate of phosphate (nmol/day)**††

Secretion 34.58 27.95 8.90 14.45
Early maturation 65.34 59.72 46.82 52.62
Mid/late maturation 122.55 114.85 56.62 46.88

Total 222.47 202.52 112.34 113.95
(per volume:) (1.861 �mol/mm3/day)

Minimum acid output (H+ ions released) (nmol/day)‡‡

Secretion 33.08 26.74 8.51 13.83
Early maturation 70.13 64.10 50.26 56.47
Mid/late maturation 144.20 135.14 66.62 55.17

Total 247.41 225.98 125.39 125.47
(per volume:) (2.076 �mol/mm3/day)

* Percent mineral by weight � (post-ashed weight/pre-ashed weight) × 100.
† The final mature weight for the enamel strips was estimated by computing the amount of mineral that would be added in advancing one additional

strip position in an incisal direction (1 mm for rats and 0.5 mm for mice) and acquiring mineral at a rate indicated in the “Rate Parameters” column under
“Acquisition rate of mineral—Mid/late maturation.” The formula for this calculation � existing weight + ([distance/renewal rate] × mineral acquisition rate).

‡ Volumetric data are presently known only for mandibular incisors of rats; the volume of a 1-mm-long strip of almost mature enamel in these incisors
� 0.10883 ± 0.0006 mm3 (see Fig. 4 in Smith(4)); the theoretical maximum weight of hydroxyapatite per cubic millimeter of enamel at 80% mineral by
volume � density of HA (3.156 g/cm3) × 0.8 � 2.525 mg/mm3.

§ Shown in Fig. 1 as the number of strips (squares or rectangles) counted across each stage (×1 for rats or ×0.5 for mice).
¶ Based on incisor renewal rates given by Smith and Warshawsky(9) for rats and Hwang and Tonna(52) for mice.
** Assuming the mineral that is ultimately formed exists predominately as hydroxyapatite (only about 2% of rat enamel is carbonated as estimated by

Hiller et al.(8)); the weight of calcium in hydroxyapatite � HA weight × 0.398948.
†† The weight of phosphate in hydroxyapatite � HA weight × 0.567188.
‡‡ The amount of protons (H+ ions) that would be released with HPO42− as phosphate source expressed in nmoles � ((HA weight/1.00464) × 8) ×

correction factor for amount of acid phosphate and carbonate present at stage of amelogenesis. Correction factors used were 0.7175 for secretion, 0.805
for early maturation, and 0.8825 for mid/late maturation based on data and speciation formulas determined in pig enamel by Aoba and Moreno(12) (e.g.,
for mid/late maturation state enamel (M2), 9.26 Ca2− + 5.48 HPO4

2+ + 0.50 HCO3− + 1.26 H2O <-> Ca9.26(HPO4)0.22(CO3)0.50(PO4)5.26(OH)1.26 + 7.06
H+; correction factor � 7.06/8.00 � 0.8825).
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added at its surface(35,36) and this patch of enamel is carried
forward by eruption into the oral cavity.(9) Hence, although
our mineral weight graphs did not reach plateaus (Fig. 2),
we are confident that the weight values shown in Fig. 2,
which form the basis of all acid release calculations pre-
sented in this study, are in good agreement with existing
data for rodent incisors.

For the acid loading calculations (Figs. 4 and 5; Table 1),
several assumptions had to be made and a number of vari-
ables had to be taken into account to make these estimates
as reasonable as possible. These included selecting the form
of phosphate most likely to be consumed in the chemical
reactions leading to apatite (HPO4

2− versus H2PO4
−), esti-

mating buffering capacities of enamel fluid and matrix pro-
teins, accounting for mineral incorporation of acid phos-
phate and for substitutions of carbonate for phosphate or
hydroxide, as well as possible fluid flows and ion diffusion
occurring in this system (Fig. 5). Results from this study
would differ if the ionic composition of fluid in maturation
stage enamel eventually proves to be different from secre-
tory stage enamel or if the ionic composition of mouse and
rat enamel fluid proves to be significantly different from
that present in secretory stage pig enamel,(18) on which all
calculations were based. Even so, the data presented in Fig.
5 show unequivocally that the amount of acid potentially

released within the enamel layer as apatite crystals mature
is substantial. It occurs in quantities large enough, in fact, to
possibly terminate the mineralization process during
enamel maturation unless additional local buffering capac-
ity is provided by the epithelial cells covering this hard
tissue.

Two general mechanisms exist by which enhanced extra-
cellular buffering of free acid could be achieved in this sys-
tem. One is by continuous circulation and replacement of
the enamel fluid throughout the entire depth of the enamel
layer to keep levels of bicarbonate ions at their maximum.
This mechanism is most likely to occur in areas where the
enamel organ cells maintain leaky junctional complexes
such as during postsecretory transition or for brief periods
during the maturation stage when ameloblasts lack the api-
cal ruffled border and appear smooth-ended.(4) Data in the
left panel of Fig. 4 suggest that, for continuous fluid flow to
compensate for acid stress arising during maturation, there
would have to be at least 1 �l of fresh enamel fluid provided
for each microgram of new apatite created or up to 30 �l of
replacement enamel fluid per day in rat incisors based on
the mineral acquisition rate data given in Table 1 for matu-
ration stage enamel. This amount of enamel fluid is 60 times
greater than the total volume of fluid estimated to be pres-
ent throughout the entire enamel layer in vivo for rats,(4)

and it represents a very high fluid flow rate of ∼20 nl/min. In
addition, the volume of fluid filled spaces in the enamel
layer decrease as the apatite crystals expand and mature.(4)

Therefore, the rate of replenishment of the enamel fluid
would have to increase substantially over the course of
enamel maturation to maintain optimum buffering effi-
ciency. These large quantities of enamel fluid and fast flow
rates seem to exclude fluid circulation as a practical and
efficient method for neutralizing the excess acid.

A second, and in our opinion more likely, mechanism to
supplement local buffering capacity is by continuous/
periodic release of bicarbonate ions from ameloblasts di-
rectly into the enamel layer in amounts required to neutral-
ize the excess hydrogen ions (H+ [product of mineral
formation] + HCO3

− [excreted from cells] ←→ H2O +
CO2).(4) Such a mechanism implies that these cells not only
must be able to “sense” local pH(37) and respond accord-
ingly to the acid stress, but they also must have at the mini-
mum one or more solute carrier proteins associated with
bicarbonate transport(38,39) embedded in their plasma
membranes. They would also need one or more members
of the carbonic anhydrase family of proteins to generate
bicarbonate ions from CO2 and water (reverse of reaction
given above).(40)

Biological precedents exist for “on demand” excretion of
bicarbonate ions. The most notable example is in the gas-
trointestinal tract, where duct cells of the pancreas release
enormous quantities of bicarbonate ions as a method to
neutralize the highly acidic material exiting from the stom-
ach.(41) The duct cells use the high efficiency CA2 form of
cytoplasmic carbonic anhydrase(40) to generate free bicar-
bonate ions that pass through the apical membranes
through bicarbonate/chloride exchangers.(41) The counter
hydrogen ions formed from the reaction of CO2 and water
are moved out of the basolateral sides through sodium/

FIG. 5. Acid production vs. mineral phase formed and amounts
of acid remaining after accounting for local buffering, enamel
fluid exchange, and hydrogen ion diffusion. These means plots
(symbols) show what happens when the static estimates of total
acid production during amelogenesis shown in the right panel of
Fig. 4 (line 1, �) are corrected for amounts of acid phosphate and
carbonate present in forming enamel (line 2, �) and corrected for
local buffering by matrix proteins and enamel fluid (EF), includ-
ing the arbitrary assumption that enamel fluid may be refreshed at
a rate of 50 nl/h (line 3, �). The fourth plot (�) takes into account
the assumption that hydrogen ions are freely diffusible in areas
covered by smooth-ended ameloblasts. This plot (�) is indicative
of the amount of on-site bicarbonate buffering enamel organ cells
(ameloblasts) would have to maintain over 37 h to counterbalance
the acidity formed as enamel crystals mature.
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hydrogen exchangers where they are eventually neutralized
by bicarbonate ions present in the surrounding tissue fluids
and blood.(41) The duct cells also express two membrane-
embedded carbonic anhydrases, CA4 and CA12,(40) whose
active sites project into the duct lumen from the apical
membranes.(41) The duct cells also secrete CA6,(40) which
becomes part of the contents of the lumen and functions
either to generate additional bicarbonate ions or to drive
the neutralization reaction depending on conditions (H+

[from stomach] + HCO3
− [excreted by the duct cell] ←→

H2O + CO2).(41) Similar bicarbonate-based mechanisms for
neutralizing acid released from growing apatite crystals in
enamel could easily exist for ameloblasts, and perhaps,
other cells, creating apatite-based hard tissues. Existing lit-
erature suggests that maturation stage ameloblasts are es-
pecially rich in carbonic anhydrase activity and one of the
isoforms present is CA2.(42–44) Models for how the amelo-
blasts might excrete bicarbonate ions from their apical sur-
faces and “dispose” of excess cytoplasmic protons from
their basolateral surfaces have been described.(4,45)

Another factor that could influence the extent of the
need to neutralize protons generated in the enamel layer
during development revolves around the basic issue of the
tightness/leakiness of permeability barriers maintained
across the enamel surface by ameloblasts.(4,19,20) This topic
has been very controversial in part because of lack of sys-
tematic investigations and in part because the results of
studies with large- and medium-size tracer molecules like
albumin, horseradish peroxidase, and microperoxidase and
small fluorescing tracer molecules like calcein, tetracycline,
and xylenol orange or radiolabeled calcium and phosphate
have not always agreed with the results of other studies
carried out with lanthanum nitrate, especially regarding the
tightness of cell junctions during the secretory stage of am-
elogenesis.(4) However, in the case of the maturation stage,
where the greatest potential for acid loading seems to exist
(Fig. 5), many investigative approaches have consistently
shown that ameloblasts maintain tight and impermeable
apical junctions when they are ruffle-ended, and they have
open and very leaky apical junctions but tight basal junc-
tions when they are smooth-ended.(4) Lanthanum imper-
meable junctions also seem to exist along the boundaries
lines, where the narrow bands of smooth-ended ameloblasts
abut the much larger patches of ruffle-ended amelo-
blasts.(46) It is on this basis that we concluded that free
diffusion of hydrogen ions can occur outward over areas of
enamel covered by smooth-ended ameloblasts but not
those areas covered by ruffle-ended ameloblasts or where
smooth-ended ameloblasts abut ruffle-ended amelo-
blasts.(4,19,46,47) This is supported especially by findings
from fluorescent tracer studies, where the smooth-ended
ameloblast modulation bands are always very precisely and
sharply delineated along the edges where they interface
with the ruffle-ended ameloblasts after intravascular injec-
tions.(33) In addition, pH indicator dyes and direct micro-
pH probings have consistently and repeatedly shown
abrupt changes from mildly acidic to neutral pH at the
boundaries between areas covered by ruffled-end and
smooth-ended ameloblasts, respectively.(1,45,48,49) These re-
sults are all consistent with the premise that lateral diffusion

of hydrogen ions from areas covered by ruffle-ended ame-
loblasts likely does not occur to any great extent into areas
covered by smooth-ended ameloblasts. Hence, when a “dif-
fusion window” opens during the smooth-ended phase of
the modulation cycle,(33) it likely affects only those hydro-
gen ions contained directly “underneath” the smooth-
ended cells. At any given moment in time, smooth-ended
ameloblasts cover only 20% of the enamel surface,(33) and
it is for these reasons that we estimated that only 20% of
the acid load occurring during the maturation stage could
be dispensed with by free diffusion (Fig. 5).

In summary, results from this study indicate that amelo-
blasts and associated papillary layer cells face a problem not
only of having to transport enough calcium and phosphate
ions to support mineral growth during enamel develop-
ment, but also of having to deal with acidification that oc-
curs as the apatite crystals mature. During the peak period
of mineral growth in the maturation stage, amounts of acid
are produced that are many orders of magnitude above the
inherent buffering capacity of proteins and fluids present
within the enamel layer. This suggests enamel organ cells
must use various cytoplasmic and membrane-associate iso-
forms of carbonic anhydrase to generate bicarbonate ions
that can be exported into the enamel layer to neutralize the
excess acid being formed. Taking into account the fact that
some ameloblasts die at the beginning as well as throughout
the course of the maturation stage,(50) progressively fewer
cells have to deal with progressively greater levels of pH
and ion transport stress (four to five times more) as matu-
ration proceeds. Because the enamel organ exists as a strati-
fied epithelium, the ameloblasts must also act in a very
coordinated fashion with their neighboring papillary layer
cells to carry out these tasks efficiently.(51) The results from
this study further suggest that there may be times during
development when any cell making an apatite-based hard
tissue may have to excrete bicarbonate ions to counterbal-
ance excess protons generated as part of the mineralization
process.
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