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Abstract—The objectives of this study were to measure pH in developing
enamel at progressively older (more mature) stages of amelogenesis in vivo,
and then to formulate synthetic enamel fluid mixtures that approximated
these pH values for in vitro studies. The ultimate goal was to characterize
the molecular weights of proteinases visualized by enzymograms incubated
in synthetic enamel fluid using gelatin and casein as substrates. For most
experiments, the proteinases were extracted en masse from small freeze-
dried enamel strips directly into a non-reducing sample preparation buffer.
In some experiments, we pre-treated the enamel strips with acetic acid to
determine if this common method for demineralization and protein
extraction caused any changes in the activity levels of the enamel
proteinases. In other experiments, we first soaked enamel strips in synthetic
enamel fluid to determine solubility of the proteinases within an aqueous
phase. The results indicated that the pH of developing enamel remained
fairly constant near pH 7.23 across the secretory stage, but it was generally
more acidic (6.93) and fluctuated in focal areas between mildly acidic (6.2-
6.8) and near-neutral (7.2) conditions across the maturation stage. The pH
then slowly rose to near 7.35 when the enamel was almost mature (hard).
The acidic conditions were generally inhibitory to most enamel proteinases,
but there were some caseinase activities in mid-maturation-stage enamel
near 23-30 kDa which appeared to be activated by weakly acidic conditions
(pH 6.28). Pre-treatment of enamel samples with 0.5 M acetic acid markedly
altered the overall profile of enamel proteinases, causing activation of some
latent proteinase activities and permanent inhibition of other activities. Most
proteinases in whole homogenates were insoluble in synthetic enamel fluid.
This suggests that they may be tightly bound, directly or indirectly, to matrix
proteins or mineral components in situ.

Key words: Synthetic enamel fluid, pH, proteinase, solubility, matrix
degradation, enamel development.
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Enamel develops over time through complex
interactions among components of an organic
phase, a mineral phase, and an aqueous fluid phase
(reviewed in Nanci and Smith, 1992; Simmer and

Fincham, 1995). The organic phase is characteristically
heterogeneous and is comprised of different mixtures of
structural matrix proteins and proteinases, with variable
solubility in the fluid phase, depending upon the stage of
amelogenesis (Aoba and Moreno, 1991; Fincham et al.,
1991; Aoba et al., 1992; Nanci and Smith, 1992; Brookes et
al., 1995; Deutsch et al., 1995a; Fincham and Moradian-
Oldak, 1995; Simmer and Fincham, 1995). The proteinases
are presumably secretory products of ameloblasts which gain
access to, and function within, the fluid phase of enamel.
Some proteinases apparently function to alter selectively the
molecular weights of structural matrix proteins such as seen
in the sequential C-terminal degradation of amelogenins
(Fincham et al., 1991; Aoba et al, 1992; Brookes et al,
1995; Fincham and Moradian-Oldak, 1995) or rapid
fragmentation of sulfated enamel proteins (Smith et al.,
1995; Smith and Nanci, 1996) occurring shortly after these
matrix proteins are secreted. Other proteinases may function
as simple digestive enzymes to remove intact and/or
processed matrix proteins so that crystals in the mineral
phase can expand in volume during the maturation stage
(Nanci and Smith, 1992; Brookes et al., 1995; Fincham and
Moradian-Oldak, 1995; Simmer and Fincham, 1995). While
proteinases from both the serine and metalloproteinase
categories have been identified in developing enamel
(Overall and Limeback, 1988; DenBesten et al., 1989; Smith
et al., 1989a,b), the exact nature and properties of each
proteinase, or group of proteinases, that acts on each of the
many structural matrix proteins identified in enamel remain
only partially defined at present (Tanabe et al., 1992, 1994;
Moradian-Oldak et al., 1994; Brookes et al., 1995; Deutsch
et al., 1995a,b; Fincham and Moradian-Oldak, 1995;
Krebsbach et al., 1996; Smith and Nanci, 1996).

This investigation attempted to study questions
concerning the possible role which pH of the aqueous fluid
phase may play in controlling physical factors such as
solubility and activity of enamel proteinases. Incubations for
enamel proteinases are often done under arbitrary ionic
conditions and at a fixed pH known to be optimum for the
given class of enzyme under study (e.g., 0.05-0.1 M Tris
buffer at pH 8.0-8.5 for metalloproteinases). Such conditions
clearly are appropriate for defining properties of individual
purified enzymes, but they may not be appropriate for
understanding the mechanics of enamel development where
groups of different enzymes apparently interact in a
cooperative fashion. The ionic composition of the fluid
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bathing developing enamel is distinct from that of serum
(Aoba and Moreno, 1987), and its pH modulates cyclically
between mildly acidic and neutral conditions throughout the
maturation stage (Sasaki et al., 1991a). These changes could
subtly influence the manner in which structural matrix
proteins undergo degradation. This is especially important
when one considers the conflicting reports concerning
whether acidic pH conditions activate, or inhibit, proteinases
in developing enamel (Overall and Limeback, 1988; Carter et
al., 1989; Sasaki et al., 1991b; Moradian-Oldak et al., 1994).

This investigation was also undertaken to examine the
possibility that methods used for extracting enamel proteins
may alter the "natural" activities of proteinases subsequently
visualized by enzymography (direct) or in vitro assay
(indirect). Such problems already exist relative to the
structural matrix proteins where biochemical characteri-
zations of components from the non-amelogenin category
have been hampered by co-isolation of blood and/or cellular
(enamel organ) proteins often derived as contaminants of
specimen preparation (reviewed in Chen et al., 1995).
Enamel samples are frequently demineralized in acetic, or
trichloroacetic, acid prior to protein extractions (e.g., Overall
and Limeback, 1988; DenBesten and Heffernan, 1989b;
Moradian-Oldak et al., 1994), and these harsh conditions
could alter the apparent activity levels and/or substrate
specificities of the matrix-resident proteolytic enzymes. In
this study, we attempted to circumvent these problems by
using (1) a minimum number of manipulative steps in
preparing enamel samples for enzymography (rapid freeze-
drying followed by direct extraction of proteins into sample
preparation buffer); (2) an incubation medium mimicking the
composition, ionic strength, and pH of enamel fluid (Aoba
and Moreno, 1987); and (3) incubations of enzymograms in
synthetic enamel fluids modified to mimic dynamic pH
changes occurring in vivo (Sasaki et al., 1991a).

MATERIALS AND METHODS

Animal preparation
Thirty-four male Wistar rats (Canadian Breeding Farms, St-
Constant, QC) at 95 ± 5 g body weight were anesthetized
with ether and decapitated. The hemimandibles were
removed, cleaned of adhering muscle and soft tissues, and the
bony caps covering the labial surfaces of the incisors were
fractured with dental hand instruments. The hemimandibles
were immersed in liquid nitrogen for a minimum of 5 hrs,
then freeze-dried for 2 days at -55°C on a 6 L console
lyophilizer (Labconco, Kansas City, MO). The freeze-dried
hemimandibles were stored at 4°C in plastic scintillation
vials inside a sealed jar containing Drierite (Fisher Scientific,
Montreal, QC) and used over a four-month period.

Strip dissections
The layer of freeze-dried enamel organ cells, with a small
amount of adhering connective tissue, and the underlying
enamel along the labial surface of each incisor were dissected
into a series of consecutive strips at 0.5 or 2 mm
apical/incisal length, with a molar reference line used for

determination of the approximate location of each strip
relative to the stages of amelogenesis and distance from the
apical loop of the tooth (Smith and Nanci, 1989). Cell and
enamel strips from the same incisor were placed in separate
0.5- or 1.5-mL microfuge vials and routinely processed on
the same day as the dissection. In some cases, it was
necessary to pool strips from 2-4 incisors at the same stage of
amelogenesis to have sufficient material for a single
experiment (see below, enzymograms).

Weight measurements
Individual series of freeze-dried enamel strips cut at 0.5-mm
length from 9 incisors were placed in pre-calibrated 12-mm-
diameter aluminum dishes (Cahn Instruments, Cerritos, CA)
and weighed directly in μg in a Mettler UMT2 microbalance
(Mettler Instruments Corp., Hightstown, NJ). Each day, we
confirmed the precision of the weight measurements on this
microbalance (0.1 μg resolution) by repeatedly re-weighing
one (the same) alcohol-cleaned aluminum dish kept separate,
and unused, except for this purpose.

pH measurements of enamel homogenates
Other series of freeze-dried enamel strips cut at 0.5-mm
length from 10 incisors were placed in separate 0.5-mL
microfuge vials and homogenated (crushed) in 10 μL of glass-
double-distilled water. The homogenates were vortexed
periodically for 1 hr at room temperature and then pelleted at
10,000 g for 5-8 min. The pH of supernatant fractions was
determined on a Metrohm Model 632 meter (Brinkman
Instruments, Rexdale, ON) by means of a Model 415-2 micro-
combination electrode (Microelectrodes Inc., Londonderry,
NH). For each series of measurements (usually 11-22 vials
per session), the microelectrode was first standardized against
a reference buffer at pH 7.00 (Fisher Scientific, Montreal,
QC), and its response was checked against reference buffers
at pH 4.00 and 10.00. The pH measurements were then done,
and the pH reading of the electrode against pH 7.00 reference
buffer was confirmed at the end.

Data analysis
Data from weight and pH measurements were analyzed and
graphed by means of Version 4.5 of STATISTICA for
Windows (Statsoft Inc., Tulsa, OK).

Enzymograms
Two-mm-long enamel organ cell and enamel strips were
removed from 5 sequential locations (S1, S2, Ml, M2, M3)
on 1-4 freeze-dried incisors (per experiment) and pooled by
strip in separate 1.5-mL sterile microfuge vials chilled on ice.
For purposes of this study, the strips were cut so that the
incisal edge of the S2 strip was located at -0.5 mm in an
apical direction to the molar reference line (Smith and Nanci,
1989) (illustrated at the top of Fig. 1). For most experiments,
proteins in the strips were solubilized directly into 60 μL per
mm of a non-reducing sample preparation buffer prepared
with 62.5 mM Tris-HCl buffer (pH 6.8), 15% glycerol, 1%
SDS, and 0.05% bromophenol blue (final concentrations).
Fifty-five μL of the extract and low- or broad-range
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molecular-weight markers (Bio-rad Laboratories Ltd.,
Mississauga, ON) were applied to separate lanes of 12%
polyacrylamide slab gels prepared with 0.05% gelatin or
0.05% casein as substrate in the resolving gels (BDH Inc.,
Toronto, ON) (Kleiner and Stetler-Stevenson, 1994; Raser et
al., 1995). The proteins were separated by electrophoresis at
a constant current of 20 mA per gel by means of the
discontinuous system described by Laemmli (1970).
Afterward, the gels were soaked for 1 hr in 2 changes of
2.5% Triton X-100 for removal of SDS, and they were
washed for 8 min in 4 changes of double-distilled water for
removal of residual Triton. The gels were placed in sealed
plastic containers and incubated for 2 d at 37°C in synthetic
enamel fluid solutions made with 0.153 mM CaCl2, 0.8 mM
MgCl2, 3.9 mM NaH2PO4, 12.0 mM NaHCO3, 20.0 mM
KC1, and 124.1 mM NaCl (Aoba and Moreno, 1987). The
solutions were filtered through 0.22-µm cellulose acetate
vacuum units before use and changed after 24 hr of
incubation. In some experiments, the amount of NaHCO3 in
the formula was reduced and replaced by an equivalent
amount of NaCl. The pH of all synthetic enamel fluid
solutions was measured with a standard laboratory
combination electrode immediately after solutions were
mixed and after they had been incubated with gels in sealed
plastic containers. Following two days' incubation, the gels
were washed in 2 changes of double-distilled water, stained
with 0.1% Coomassie Brilliant Blue in 50% methanol and
10% acetic acid, and de-stained for 5-6 hr in 30% methanol
and 10% acetic acid. The gels were soaked for 15 min in 30%
methanol and 0.1% glycerol and dried at 65°C for 2-4 hr on
cellophane sheets (Hoefer Scientific, San Francisco, CA).

Effects of acetic acid exposure
In one set of experiments, we prepared homogenates by
crushing enamel strips in 30 μL per mm of fresh double-
distilled water. The homogenates were split into 2 parts of
equal volume. One part was diluted 1:1 with 1 M acetic acid,
while the other part remained in water as control. Samples
were incubated for 1 hr or 1 d at 4°C. The homogenates
treated with acetic acid were washed 4 times in double-
distilled water and concentrated in Microcon-10 centrifugal
filters (Amicon Canada Ltd., Oakville, ON). Non-reducing
sample preparation buffer was added to all vials, and the
proteins present in the water-exposed and acetic-acid-
exposed samples were resolved on 12% slab gels containing
0.05% gelatin or casein as substrate. The gels were incubated
for 2 d in synthetic enamel fluid and processed for staining as
described above.

Solubility experiments
In another set of experiments, we prepared homogenates by
crushing enamel strips in 60 μL per mm of freshly made
synthetic enamel fluid. Aliquots of these homogenates were
incubated for 1 h or 1 d at 4°C. The homogenates were
centrifuged at 10,000 g, and the supernatant was separated
from the pellet. Non-reducing sample preparation buffer was
added to each fraction, and the proteins were resolved on
12% slab gels containing 0.05% gelatin or casein as substrate.
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Fig. 1—Categorization plot of the mean dry weight (solid
squares) ± standard deviation (SD; lines) and standard
error of the mean (SEM; open boxes; n = 9 teeth) for enamel
strips cut at 0.5-mm length across the secretory (S) and
maturation (M) stages of amelogenesis. The location of the
molar reference line (R) is indicated on the abscissa. The
approximate positions of cell and enamel strips cut at 2-mm
length for enzymograms (Figs. 5, 7, 8; secretory stages S1
and S2; maturation stages M1, M2, and M3) are illustrated
by the rectangles at the top of the graph. The dry weight of
enamel strips increases linearly across the secretory stage to
reach a plateau in the early maturation stage (M1). Dry
weight then increases linearly for a second time at a slightly
faster rate across the rest of the maturation stage (M2 to M3).

The gels were incubated for 2 d in synthetic enamel fluid and
processed for staining as described above.

RESULTS

Dry weight of enamel strips
Enamel strips cut at 0.5-mm apical-to-incisal length could be
removed over a distance of about 12 mm along the labial
surfaces of freeze-dried rat incisors (Fig. 1, solid squares).
The youngest (thinnest) enamel strips near the point marking
the beginning of the secretory stage of amelogenesis weighed
about 3 μg, while the most mature strips removed by free-
hand dissection weighed about 125 μg (Fig. 1). The dry
weight of the enamel strips increased linearly across the
secretory stage, reaching a plateau weight of about 60 μg
approximately 1 mm incisal to the point marking the
beginning of the maturation stage of amelogenesis (Fig. 1,
distance 6.7 mm on abscissa). The dry weight changed little
over the next incisal 2 mm and then progressively doubled by
a point located about 3.5 mm away from the gingival margin
of the tooth (Fig. 1, 14.3 mm on abscissa).

pH changes in water following rehydration
of enamel strips
The measured pH of enamel strips varied across the stages of
amelogenesis (Fig. 2, open circles). Secretory-stage enamel
strips showed the most uniform pH distribution with many
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Fig. 2—Scatter plot of pH (open circles) in enamel strips cut
at 0.5-mm length across the secretory (S) and maturation
(M) stages of amelogenesis as determined directly with a
microelectrode following rehydration of freeze-dried strips
in 10 μL of distilled water. The grand mean ± SD for pH at
each stage is indicated by the framed boxes (R = location of
molar reference line). A polynomial regression line (solid) ±
95% confidence interval (dashed lines) are superimposed on
the graph. Secretory-stage (S) enamel strips show a
relatively narrow range of pH values near 7.2, while
maturation-stage (M) enamel strips show a more diffuse
pattern of pH values distributed around a trend line that is
first near neutral pH, then mildly acidic, and final near
neutral toward the end of the maturation stage.

Fig. 3—Categorization plot of mean pH (solid squares) ±SD
(lines) and SEM (open boxes; n = 10 teeth) for enamel strips
cut at 0.5-mm length across the secretory (S) and maturation
(M) stages of amelogenesis (R = location of the molar
reference). The average measured pH of enamel strips
remains fairly constant across the secretory stage (S) and
into the early maturation stage (M) (by 8 mm on the
abscissa). The pH then drops to mildly acidic conditions,
spikes sharply to near-neutral pH, drops a second time to a
more mildly acidic pH, and finally rises in choppy fashion to
near-neutral pH as the enamel hardens.

Fig. 4—Line plot of individual pH values (open circles)
determined for enamel strips cut at 0.5-mm length across the
secretory (S) and maturation (M) stages of amelogenesis on
a single (same) incisor (R = location of the molar reference).
One and sometimes two neutral pH peaks, presumably
corresponding to areas underneath smooth-ended
ameloblasts (Sasaki et al., 1991), are more clearly seen in
these individual strip dissections.

values near 7.23 (Fig. 2). Maturation-stage enamel strips
showed greater variability with both neutral and weakly
acidic pH values present at the same location on different
teeth (Fig. 2). Polynomial regression analyses indicated that
pH tended to rise slightly across the secretory stage, decrease
across the first 4 mm of the maturation stage, then increase
across the next 4 mm of the maturation stage (Fig. 2,
regression line; distances 2-6.7 mm, 6.7-10.7 mm, and 10.7-
14.7 mm). Categorization plots grouped by strip location
suggested that pH values were fairly similar across the
secretory stage except for the most apical strips which
showed the lowest pH values (Fig. 3; distance 2-6.7 mm).
The pH of maturation-stage enamel strips was comparable
with that of secretory-stage enamel strips for the first mm,
then decreased, increased to a peak, and decreased to its
lowest level by a point situated about 4 mm from the start of
the maturation stage (Fig. 3; distance 6.7-10.7 mm). The pH
of maturation-stage enamel strips rose thereafter to near 7.35
(Fig. 3; distance 10.7-14.7 mm). Sharp peaks for pH were
best seen in line plots of individual teeth, where 1 and
occasionally 2 neutral pH peaks were detected during the
maturation stage (Fig. 4). The apical/incisal location of these
peaks varied from tooth to tooth.

Profile of proteinase activities in enamel organ cells
and associated enamel following enzymogram
incubations in synthetic enamel fluid
Enzymograms indicated that the profile of proteinase
activities in enamel organ cells and enamel were different and
varied for the two substrates used (Figs. 5A and 5B, panel 1;
EO vs. EN, GEL vs. CAS). The profile for proteinase
activities in enamel also appeared to change across the stages
of amelogenesis (Figs. 5A and 5B, panel 1; S1 to M3).
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Fig. 5—Enzymograms prepared with 0.05% gelatin (row A, panels 1-5, GEL) and 0.05% casein (row B, panels 1-5, CAS) as
substrate, showing proteolytic activities present in enamel organ cell homogenates (A and B, panel 1, EO, lanes S1 to M3 at
left side after molecular-weight [Mr] marker lane) and enamel homogenates (A and B, panel 1, EN, lanes S1-M3 on right side
of gels; panels 2-5, all lanes shown) at 5 sequential stages of amelogenesis (S1, S2, M1, M2, M3) following incubations in
synthetic enamel fluid solutions at progressively lower pH (panels 1-4; 7.01, 6.28, 4.56, and 2.32 as starting pH). In panel 5,
the gels (A and B) were incubated initially at low pH (2.32) followed by re-incubation at near-neutral pH in regular synthetic
enamel fluid (pH 7.01). Gelatinase (A) and caseinase (B) activities, for the most part, are reversibly inhibited by acidic pH
conditions (panels 1-4 compared with panel 5). There are some caseinase activities, especially near 28 kDa, in mid-
maturation-stage enamel (M2) which appear to be activated by weakly acidic pH conditions (B, panel 2, arrow).

Enamel organ cells showed strong and fairly uniform
distribution of gelatinase activities across all stages of
amelogenesis, including a very prominent gelatinase activity
near 66 kDa, slightly weaker activities near 72 kDa and 92
kDa, and a weak activity near 21 kDa (Fig. 5A, panel 1, EO).
Enamel showed a prominent gelatinase activity near 25 kDa
in nearly mature enamel (Fig. 5A, panel 1, EN, M3). Two
weak gelatinase activities were evident near 40-45 kDa in
secretory- and early-maturation-stage enamel (Fig. 5A, panel
1, EN, S1 to M1, and sometimes faintly in M2), and other
weak activities were present near 35 and 28 kDa in maturing
and nearly mature enamel (Fig. 5A, panel 1, EN, M2, and

M3). Smears of gelatinase activity were evident above 45
kDa in secretory- and early-maturation-stage enamel (Fig.
5A, panel 1, EN, S2, and Ml). Weak and variable gelatinase
activities were also sometimes seen near 66 kDa in secretory-
stage enamel (Fig. 5A, panel 1, EN, S1). Enamel organ cells
showed only a single prominent caseinase activity near 28
kDa and a weak activity near 92 kDa (Fig. 5B, panel 1, EO).
Both caseinases appear to increase in intensity in an incisal
direction (Fig. 5B, panel 1, EO, S1 to M3). Enamel showed
multiple prominent caseinase activities, especially as a pair of
bands near 40-45 kDa in secretory- and early-maturation-
stage enamel (Fig. 5B, panel 1, EN, S1 to M1), and near 35


