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Abstract
Transcellular bicarbonate transport is suspected to be an important pathway used by ameloblasts to
regulate extracellular pH and support crystal growth during enamel maturation. Proteins that play
a role in amelogenesis include members of the ABC transporters (SLC gene family and CFTR). A
number of carbonic anhydrases (CAs) have also been identified. The defined functions of these
genes are likely interlinked during enamel mineralization. The purpose of this study is to quantify
relative mRNA levels of individual SLC, Cftr, and CAs in enamel cells obtained from secretory
and maturation stages on rat incisors. We also present novel data on the enamel phenotypes for
two animal models, amutant porcine(CFTR-ΔF508) and the NBCe1-null mouse.Our data show
that two SLCs(AE2 and NBCe1),Cftr,and Car2, Car3,Car6,and Car12 are all significantly up-
regulated at the onset of the maturation stage of amelogenesis when compared to the secretory
stage. The remaining SLCs and CA gene transcripts showed negligible expression or no
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significant change in expression from secretory to maturation stages. The enamel of Cftr-ΔF508
adult pigs was hypomineralized and showed abnormal crystal growth. NBCe1-null mice enamel
was structurally defective and had a marked decrease in mineral content relative to wild-type.
These data demonstrate the importance of many non-matrix proteins to amelogenesis and that the
expression levels of multiple genes regulating extracellular pH are modulated during enamel
maturation in response to an increased need for pH buffering during hydroxyapatite crystal
growth.

Many diseases and multiple organ pathologies are directly related to abnormalities in pH
regulation and ion transport. These may result from mutations in genes encoding ion
transporters (e.g., solute carriers or SLC gene products), chloride channels (e.g., CFTR), or
carbonic anhydrases (e.g., CA2). Three examples of these diseases are proximal renal
tubular acidosis (pRTA) from SLC4A4 mutations (Igarashi et al., 1999; Dinour et al., 2004;
Inatomi et al., 2004; Demirci et al., 2006; Gawenis et al., 2007), cystic fibrosis (CF) from
Cftr mutations (Welsh and Smith, 1993; Sheppard and Welsh, 1999), and osteopetrosis from
CA2 mutations (Venta et al., 1991; Aramaki et al., 1993). The expression and biochemical
role of many of these gene products in organs other than teeth is well understood but their
significance in enamel development is now emerging.

The SLC superfamily of solute carrier membrane proteins have many important functions in
eukaryote biology. These transporters act as the cell’s gatekeepers and comprise several
active and passive transporters that control uptake and efflux of many critical ions/substrates
(Hediger et al., 2004). The plasma membrane SLC gene products that are expressed in
ameloblasts include AE1, AE2, NBCe1, NHE1, NCX1, and NCX3 (Lyaruu et al., 2008;
Paine et al., 2008; Bronckers et al., 2009; Josephsen et al., 2010; Okumura et al., 2010;
Lacruz et al., 2010c; Urzua et al., 2011), and all participate in bicarbonate ( ), H+ or
Ca2+ transport (Hediger et al., 2004; Josephsen et al., 2010; Lacruz et al., 2010b). Carbonic
anhydrases (CA) catalyze the reversible conversion of CO2 to bicarbonate ( ). There
are 16 recognized CA genes in the mouse genome and these encompass mitochondrial,
cytoplasmic, plasma membrane-bound and secreted isoforms that are either catalytically
active (13 isozymes) or acatalytic (3 isoforms; Fujikawa-Adachi et al., 1999; Chegwidden et
al., 2000; Supuran, 2008a,b). The three acatalytic CA isoforms (CA8, CA10, and CA11) are
also referred to as CA-related proteins (CA-RP). Multiple isoforms from an individual CA
gene (e.g., alternative spliced isoforms or alternate promoter usage) have not been
recognized. In addition, protein tyrosine phosphatase receptor type B (Ptprb; Peles et al.,
1995) and Ptprg (Wary et al., 1993) each contain a CA-like domain, and have previously
been described as CA-RP.

Maintenance of pH homeostasis of the mineralizing enamel matrix environment is essential
for building normal enamel (Lacruz et al., 2010b). During the final stage of enamel
mineralization, when enamel crystals become fully mature by markedly increasing in
volume, the extracellular pH drops (Smith et al., 1996), and unless ( ) is generated or
transported to this region, a continued acidification of pH may inhibit further mineralization
(Simmer and Fincham, 1995), and eventually be toxic to the cells. Mineral transport to the
enamel is also required for proper crystal growth. With this knowledge, we initiated this
study to show how ( ) may be delivered to, or produced within, the enamel matrix to
ensure that the extracellular acid–base milieu is conducive to mineralization. Furthermore,
we had previously reported on the enamel phenotype of NBCe1-null mice and the deciduous
dentition of Cftr-ΔF508 pigs. Here, we present novel data on the permanent dentition of
Cftr-ΔF508 pigs and describe in more detail the enamel microstructure of NBCe1-null mice
using Field Emission Microscopy. We also compared mineral content of wild-type (WT)
and NBCe1-null mice using Energy Dispersive X-Ray Spectroscopy (EDAX).
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Materials and Methods
Animals

All vertebrate animal manipulation complied with Institutional and Federal guidelines.

NBCe1-null animals and animal husbandry
Complete details of the NCBe1+/− and NBCe1−/− (Gawenis et al., 2007) animal husbandry,
breeding, and genotyping has been reported (Lacruz et al., 2010c).

CFTR-mutant (CFTR-ΔF508) pigs
A 12-month-old Cftr-ΔF508 pig (Rogers et al., 2008a,b; Stoltz et al., 2010) was euthanized
and the teeth were immediately dissected and immersed in ethanol. The teeth from a 6-
month-old WT domestic pig were collected for comparison. At 6 months, the domestic pig
has a mixed dentition with the crowns of the permanent first molars fully formed and with
some root developed. Previously we had examined a fully erupted deciduous mandibular
third incisor of a newborn Cftr-ΔF508 pig and showed enamel hypomineralization when
compared to an age-matched control (Chang et al., 2011). Here, we compare the permanent
dentition of a CF mutant animal and a non-affected control. Data are presented for the fully
erupted distal–palatal cusp of the permanent maxillary left first molar for both the Cftr-
ΔF508 (CF mutant) and WT (control) pigs.

Scanning electron microscope
The mandibles of 14-day-old NBCe1−/− and WT littermate control mice were dissected and
cleaned of soft tissues and kept at 4°C in 70% ethanol. Hemi-mandibles of WT and
NBCe1 −/− animals were dehydrated in ethanol series and embedded in
polymethylmethacrylate (PMMA) resin and cut with a diamond band saw at a point just
below the erupted tip of the incisor to obtain a representative cross-section of the fully
mature enamel. Each PMMA block was subsequently polished to a surface finish of 1 μm
and acid etched (37% phosphoric acid) for 3 sec. Specimens were washed, air dried, and
imaged at variable vacuum (50 Pa) by backscattered electron microscopy in the scanning
electron microscope (BSE-SEM) using a Zeiss EVO-50 at 15 kV and 200 pA without a
conductive coating. The same method was used to prepare the Cftr-null pig permanent
maxillary molars. The electron beam was confirmed stable after 30 min of operation and,
when possible, BSE detection, contrast, and brightness were arbitrarily set to conditions that
contained both specimens within a broad 0–255 grey dynamic range for semi-quantitative
comparison. When mineralization density differences between WT and experimental
specimens were too large to be sensibly contained within the full dynamic range,
representative images were acquired for illustrative purposes. The Cftr-ΔF508 pig molars
and the NBCe1-null mice gray-level images were subject to an 8-bin color look-up-table for
visual comparison of differences in mineralization density between samples. Following
BSE-SEM imaging of Cftr-ΔF508 pig molars, the samples were lightly coated with gold to
be imaged in secondary electron emission mode by field emission scanning electron
microscopy (below).

Field emission microscopy and EDAX
The lower incisors of 15-day-old NBCe1-null mice and WT littermates were dissected out
and air-dried before mechanically fracturing the tooth coronally near the incisal tip. The
specimens were mounted on SEM stubs and carbon coated for 6 sec to be examined by field
emission scanning electron microscopy (FE-SEM; JEOL JSM-7001) with EDAX capability
operated in secondary electron mode at 10 kV in high vacuum. Two WT and 2 NBCe1 −/−

animals were analyzed. Three different zones of the enamel were sampled for each incisor of
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each animal to obtain an average value for WT and NBCe1 −/− mice. We combined map
scanning in areas of about 40 μm in width with spot scans in WT and NCBe1 −/− samples.
Pig molars were also examined by FE-SEM (Carl Zeiss NTS, LLC North America) in
secondary electron emission mode at 0.5 kV in high vacuum.

Rat tissue dissection
Ten adult male Wistar Hannover rats weighing 170–190 g were euthanized and their
mandibles were immediately dissected out, the surrounding soft tissues removed, and the
mandibles frozen in liquid nitrogen as previously described (Smith et al., 2006). Mandibles
were kept in liquid nitrogen overnight and the samples were then lyophilized for 24 h. The
mandibular bone encasing the lower incisors was carefully removed to expose the entire
labial surface. Enamel organ cells were collected by gentle scraping from three different
regions of the incisor (Fig. 1). A molar reference line was used to isolate cells from
secretory, early-mid maturation, and mid-late maturation stages, following the method
previously described by Smith and Nanci (1989), but adapted here for rats weighing 170–
190 g. Pooled tissues from 10 rats were used to ensure adequate mRNA for the execution of
the entire experiment.

Total RNA isolation and real-time PCR
Total RNA was extracted by homogenizing the freeze-dried cells from each of the three
zones using Qiagen RNeasy Minikit. Reverse-transcribed PCR was performed using iScript
cDNA Synthesis kit Thermal (Bio-Rad Life Sciences, Hercules, CA). Quantitative real-time
PCR (qPCR) reactions were performed using iQ™ SYBR® Green Supermix (BioRad) using
primer pairs shown in Table 1. All primer pairs were designed to span intronic regions, and
are the rat-equivalent to either human or mouse primer pairs identified in “Primer Bank” and
are ideal for qPCR (http://pga.mgh.harvard.edu/primerbank/index.html). Relative expression
of mRNA was calculated using the delta delta CT method (Livak and Schmittgen, 2001). All
values for the mRNA species were initially assessed/normalized to both β-actin and Gapdh,
however, negligible variability between mRNA levels (secretory, early maturation, and late
maturation stage) was noted for β-actin (Gapdh showed small but significant up-regulation
in maturation stage), thus all data presented was normalized to β-actin. All qPCR samples
were run in triplicate, and standard deviations calculated and included in the graphs.
Statistically significant changes (P < 0.05) in gene expression were determined using the
two-tailed Student’s t-test.

Results
NBCe1-null mice

NBCe1-null mice have been previously analyzed for enamel defects (Lacruz et al., 2010c).
Here, BSE-SEM images from 14-day-old NBCe1-null (NBCe1 −/−) mouse incisors clearly
show a thinner than normal enamel layer and severe enamel hypomineralization when
compared to WT incisors of the same inbred strain (Fig. 2C as compared to Fig. 2A).
NBCe1-null (Gawenis et al., 2007) mice are maintained and bred in the Black Swiss genetic
background. We have stated previously that the NBCe1 −/− enamel architecture was
abnormal, and that the “enamel hardness of NBCe1 −/− animals was not measurable, due to
the extreme softness and fragility of the tissue” (Lacruz et al., 2010c). To obtain
comparative density-dependent BSE-SEM images of WT and experimental specimens, we
stabilized beam parameters and established stage coordinates for each field of view for all
specimens prior to image capture. In this way, rapid computer control of stage movements
from one specimen to the other allowed us to acquire images under identical imaging
parameters (e.g., magnification, brightness, contrast, etc.) within seconds of each other. Thus
brightness levels for WT and NBCe1 −/− mice can be used to generate color-coded images to
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compare differences in mineralization. As observed in Figure 2B,D, NBCe1 −/− mice present
hypomineralized enamel when compared with a WT littermate. The mineralization of the
enamel in NBCe1 −/− null mice is comparable to that of the dentine imaged in WT.

We next analyzed details of the enamel composition and microstructure of NBCe1 −/− mice
by Field Emission Microscopy equipped with EDAX enabling us to compare relative
differences in mineral content between NBCe1 −/− and WT mice. Spot and map scanning
showed minor differences which were ≤3%. Results show that NBCe1 −/− mice have
markedly lower levels of calcium and phosphorus when compared with WT littermates,
showing a decrease of 46% (Ca2+) and 40% (P3−). The ratios of Ca2+/P3− were lower in
NBCe1 −/− animals (1.7) relative to WT (1.9). Sodium levels were 21% lower in NBCe1 −/−

animals, whereas chloride levels had decreased by 90% compared to WT. In contrast, Mg2+

levels were higher in NBCe1 −/− animals by about 10%. Figure 3 shows that the enamel
microstructure of NBCe1 −/− mice in FE-SEM showing a heavily disrupted tissue lacking
proper rod–interrod boundaries and presenting abnormal crystal formation.

CFTR-ΔF508 pigs have a hypomineralized enamel phenotype
In an earlier studies (Chang et al., 2011) we examined the enamel of deciduous incisor teeth
(mandibular Di3) from both Cftr-ΔF508 and Cftr-null pigs, which showed a
“hypomineralized enamel when compared to WT animals.” Here we compared the
permanent dentition of Cftr-ΔF508 and WT pigs. Figure 4 shows BSE-SEM (Parts A, B, D,
E) images of the permanent molars. The Cftr-ΔF508 pig enamel (Parts D and E) is
hypomineralized when compared to a WT pig (Parts A and B). Parts C and F show high
magnification images of the lateral enamel of WT and Cftr-ΔF508 pig molars by FE-SEM
operated in secondary electron emission mode. The enamel crystallites of the Cftr-ΔF508
pig are visibly disorganized (Part F) when compared with WT (Part C). Figure 4 also shows
that the cusp of the Cftr-ΔF508 animal presents patches of mineralized enamel being of
similar density to normal enamel. The lateral enamel is much less mineralized and more
closely resembling the mineral density of dentine, suggesting a possible gradient of
mineralization related to crown development over time in the Cftr-ΔF508 pig.

Confirmation of dissection accuracy by defining stages of amelogenesis using enamel-
specific gene transcripts

Total RNA was prepared from three cell populations derived from the enamel organ of 10
male Wistar Hannover rats. These cell populations were obtained from secretory, early-mid
maturation, and mid-late maturation stages of amelogenesis as illustrated in Figure 1. Gene
transcripts shown in many studies to have high or low expression patterns depending on the
developmental stage sampled and are limited to ameloblasts, were chosen to assess the
accuracy of the cell dissections. Amelogenin (Amelx) and enamelin (Enam) are products of
secretory and early maturation stage ameloblasts, and their expression is low or not apparent
during late maturation stages of amelogenesis (Hu et al., 2001). Odontogenic ameloblast
associated protein (Odam) is a product of maturation stage ameloblasts, and expression is
low or not apparent during secretory stage amelogenesis (Moffatt et al., 2008). All data were
normalized to β-actin (Actb).

Our results confirm that we were able to accurately dissect these three stages of
amelogenesis by showing high Amelx and Enam mRNA expression in secretory stage, a
sharp decline in their mRNA levels during the early-mid maturation stage, and barely
detectable mRNA levels during the mid-late maturation stages (Fig. 5, Parts A and B). At all
three stages of amelogenesis the changes noted for Amelx and Enam were statistically
significant (P < 0.05). In contrast, Odam is most highly expressed in ameloblasts during the
maturation stages, although negligible expression is noted in the secretory stage (Fig. 5, Part
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B), and this change in expression from secretory to early-mid and mid-late maturation stages
was statistically significant P < 0.05).

Changes to AE2, NBCe1, and Cftr expression
The biochemical functions of AE1, AE2, NBCe1, Cftr, and NHE1 in ameloblasts have been
discussed previously (Sui et al., 2003; Paine et al., 2008; Bronckers et al., 2010; Josephsen
et al., 2010; Lacruz et al., 2010a,b,c; Simmer et al., 2010). In this study, we wanted to assess
changes in the relative expression levels for each gene transcript at the various stages of
amelogenesis using qPCR. AE2, NBCe1, and Cftr showed a significant up-regulation (2.9-,
3.4-, and 5.6-fold increases respectively) in mid-late maturation stage amelogenesis when
compared to secretory stage amelogenesis (Fig. 6). The results for AE1 and NHE1 were less
remarkable. AE1 showed significant gene down-regulation, while levels for NHE1 remained
relatively constant in a similar comparison (Fig. 6). Our results confirm previous findings
that AE2, NBCe1, and Cftr are expressed in enamel organ cells during amelogenesis. Our
data also confirms that significant levels of AE1 and NHE1 are also present in enamel cells.
This increased expression of AE2 (Lyaruu et al., 2008; Bronckers et al., 2009), NBCe1
(Paine et al., 2008; Lacruz et al., 2010c), and Cftr (Wright et al., 1996b; Sui et al., 2003;
Chang et al., 2011) during enamel maturation highlights the greater requirement for
ameloblast bicarbonate transport at this later stage of enamel development.

Changes to NCX1 and NCX3 expression
The role of NCX1 and NCX3 in ameloblasts has been discussed previously, and both
localize to the apical poles of polarized ameloblasts indicating that both are involved with
the extrusion of Ca2+ from enamel cells into the enamel matrix during enamel
mineralization (Okumura et al., 2010). The data we present here show that both NCX1 and
NCX3 are clearly expressed during amelogenesis with mRNA copy numbers similar to that
seen for AE2 and Cftr (Fig. 6). Of note however is that neither gene transcript showed any
significant up-regulation during the maturation stages of amelogenesis. Comparing the
secretory stage to both the early-mid and mid-late maturation stages, expression of NCX1
remained constant while NCX3 was down-regulated. This may suggest there are additional
Ca2+ exporters localized at the apical pole of ameloblasts that could play an important role
in amelogenesis.

Changes to Car2, Car3, Car6, and Car12 expression
Using CA isoform-specific qPCR primer pairs to all of the known rat CAs (Table 1; note
that Car10 has not been identified in the rat genome to date), mRNA for all the isozymes
(biologically active CAs) was detected as previously reported by RT-PCR (Lacruz et al.,
2010a), however, by qPCR there was a greater appreciation of the levels of expression and
the levels of Car2, Car3, Car5b, Car6, Car12, and Car13 (Fig. 7, Part A) which were
significantly more highly expressed than other CA isozymes (Car1, Car4, Car5a, Car7, Car9,
Car14, and Car15: data not shown), including the non-catalytically active CARP Car 8,
Car11, Ptprb, and Ptprg (Wary et al., 1993; Peles et al., 1995; Supuran, 2008a; Fig. 7, Part
B). The most up-regulated CAs during the maturation stages are Car2 and Car6, followed by
Car3 and Car12 (Fig. 7, Part A). Of note is the expression pattern of Car6 that is essentially
absent from the enamel organ in the secretory stage, but transcription is abruptly turned on
during the early maturation stage of amelogenesis (Fig. 7, Part A). Of the CA isozymes up-
regulated during enamel maturation there are examples of cytoplasmic (Car2 and Car3),
plasma membrane-bound (Car12), secreted (Car6), and mitochondrial (Car5b) CAs,
suggesting the significance of CA in later stages of enamel maturation.
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Discussion
Acidic extracellular environments affect mineralization by potentially preventing crystal
growth. Under these conditions, the cells in the immediate vicinity of the growing crystals
must provide a buffering mechanism against low pH. The production and movement of

 is one such buffering mechanism used commonly by both vertebrates (Tashian, 1989;
Fujikawa-Adachi et al., 1999; Chegwidden et al., 2000; Supuran, 2008a,b) and invertebrates
(Istin and Girard, 1970; Nielsen and Frieden, 1972; Henry, 1987a,b; Miyamoto et al., 1996;
Lee et al., 2008; Marie et al., 2008; Marin et al., 2008; Clark et al., 2010) in the
mineralization of their skeletons or exoskeletons. Because our interest here focuses on

 production and transport, the ensemble of genes under study is broad. However, their
functions are likely interlinked in regulating enamel mineralization. Thus, they should be
viewed as an interconnected network of genes engaged at various levels of enamel
mineralization.

With this knowledge, we have used rat mandibular incisors to obtain enamel organ cells
responsible for either secreting the enamel organic matrix (secretory stage amelogenesis) or
for directing mineralization of this “preformed” organic matrix (maturation stage
amelogenesis). Cells derived from secretory, early-mid maturation, and mid-late maturation
were processed for qPCR analysis. Results for known enamel-specific genes (Amelx, Enam,
and Odam; Fig. 5) suggest that our pooled mRNA samples (collected from 10 male adult
rats) truly represent the three distinct regions of investigation. This dissection approach
allows us to confidently analyze gene activities by examining relative RNA levels at various
stages of amelogenesis. In this study, we focus on defining gene activities (transcriptome
analysis) involved with pH regulation and ion transport. Genes selected are involved with

 transport and synthesis, or Ca2+ export, and had been previously identified as
products of ameloblast cells. This study shows that the majority of the genes analyzed were
significantly up-regulated during enamel maturation, and these data are summarized in
Figure 8 (including statistical analyses). The significance of this finding is that multiple
molecular activities involved in pH maintenance are up-regulated during enamel maturation,
a time when the generation of H+ is at a peak, and buffering against an acidic environment is
critical. In animal and human populations, mutations to many of these genes result in a wide
range of systemic diseases such as pRTA, CF, and osteopetrosis. Such diseases frequently
include an enamel phenotype.

NBCe1 (encoded by SLC4A4) is a Na+-  transporter, and patients with aberrant
NBCe1 expression present with familial pRTA due to a lower than normal level of
circulating bicarbonate (Pushkin and Kurtz, 2006). These patients frequently present with
skeletal and ocular defects (Demirci et al., 2006; Katzir et al., 2008). Enamel abnormalities
have also been identified in patients with inherited pRTA (Koppang et al., 1984; Demirci et
al., 2006; Elizabeth et al., 2007); whereas mice null for Slc4a4 have completely abnormal
enamel (Gawenis et al., 2007; Lacruz et al., 2010b,c). In this study, we report marked
differences in mineral content between NBCe1 −/− mice and WT littermates, with lower
levels of Na +, Ca2+, P3−, and Cl − in NBCe1 −/− mice compared to WT controls. The
enamel of NBCe1 −/− mice also lacks clear rod–interrod boundaries and presents abnormally
packed crystals (Fig. 4). AE2 (encoded by SLC4A2) is an anion exchanger ( ) and
Cl −, and mice null for the Slc4a2 gene locus have abnormal enamel (Gawenis et al., 2004;
Lyaruu et al., 2008). These clinical and animal observations suggest that both NBCe1 and
AE2 each play an essential role in enamel formation (Lacruz et al., 2010b; Urzua et al.,
2011). AE1 (encoded by SLC4A1) mutations result in red blood cell abnormalities and
distal renal tubular acidosis in humans and mice (Bruce et al., 1993, 1997). In humans and
mice, NHE1 (encoded by SLC9A1) mutations are thought to result in essential hypertension
and central nervous system abnormalities (Dudley et al., 1990; Xue et al., 2003; Nakamura
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et al., 2008). To the best of our knowledge, in the literature to date, no dental abnormalities
have been reported as a result of mutations to these two proteins (AE1 and NHE1) in either
humans or mouse models.

AE2 and Cftr are frequently co-expressed in cells where the passive movement of Cl − into,
and out of, cells is required (Shumaker and Soleimani, 1999; Shumaker et al., 1999; Banales
et al., 2008; Bronckers et al., 2010; Simmer et al., 2010). The Cftr-null mice and the Slc4a2-
null mice have an enamel phenotype described as hypomineralized with disrupted prismatic
structure (Arquitt et al., 2002; Lyaruu et al., 2008). Data from the CF mouse (targeted
knockout of the Cftr gene locus; Snouwaert et al., 1992) suggest that disruptions to Cftr
activity impacts on the enamel phenotype (Wright et al., 1996a,b; Sui et al., 2003). CF is the
most common life-shortening autosomal recessive disease amongst people of European
descent (Welsh, 1990; Welsh and Smith, 1993). Although there are over 1,000 mutations
associated with CF, the most common human mutation causing this disease is a deletion of
three nucleotides resulting in the loss of a phenylalanine in the protein at position 508
(Kerem et al., 1989; Welsh, 2010). In the U.S., ΔF508 mutations account for nearly 90% of
CF cases whereas worldwide ΔF508 mutations account for ~70% (Welsh, 2010). CF
porcine models (Cftr-null or Cftr-ΔF508; Rogers et al., 2008a,b; Stoltz et al., 2010) display
a severely hypomineralized enamel of the primary (or deciduous) dentition, which forms in
uterus and is partially erupted at birth (Chang et al., 2011). This mineral deficiency and
abnormal crystal growth is confirmed in this study in the permanent dentition of Cftr-ΔF508
pigs (Fig. 3). The hypomineralization observed in these CF porcine models may be
associated with the inability of ameloblasts to process extracellular matrix during
maturation, as has been proposed for the mouse CFTR phenotype (Wright et al., 1996a).
However, there are a few documented cases that have identified enamel anomalies
associated with CF in humans (Primosch, 1980; Narang et al., 2003; Azevedo et al., 2006;
Atar and Korperich, 2010; Lacruz et al., 2010b).

Data linking CA mutations to human disease are rare. Patients with CA2 deficiency may, in
addition to osteopetrosis that is a typical feature of CA2 mutations (refer Online Mendelian
Inheritance in Man, or OMIM: www.ncbi.nlm.nih.gov/entrez/) show dental abnormalities
including hypoplasia, caries, and irregular-shaped teeth (Strisciuglio et al., 1990; Nagai et
al., 1997; Awad et al., 2002). Disease states resulting from mutations to other CA genes
have not been reported to date.

Sodium–calcium exchangers have been discussed and in the literature (Smith, 1998;
Hubbard, 2000), and only recently has it been shown that NCX1 and NCX3, but not NCX2,
play a significant function related to Ca2+ extrusion during all stages of amelogenesis
(Okumura et al., 2010). Our data confirm these earlier findings of Okumura et al. (2010). In
addition, our data suggest that NCX1 plays just as an important role during the secretory
stage of amelogenesis as it does during the maturation stages, while NCX3 is most highly
expressed during the secretory stage with negligible levels detected during the maturation
stages. With the significant increase in Ca2+ movement into the enamel matrix during the
stages of mineralization, as opposed to the secretory stage, the data presented here may be
suggestive that additional plasma membrane channels are present to facilitate this
movement. This may be achieved by either PMCA1 or PMCA4 as previously discussed
(Salama et al., 1987; Borke et al., 1995; Okumura et al., 2010), or as yet to be identified
members of the solute carrier family (SLC genes) may be involved.

Ameloblasts are epithelially derived cells responsible for synthesizing enamel matrix, which
becomes a hydroxyapatite-based, highly mineralized (~95% by weight mineral content when
fully mature) bioceramic with extraordinary mechanical properties (Smith, 1998; White et
al., 2000, 2001, 2005; Bartlett et al., 2006). Expression of many of the genes discussed, that
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is, AE2, NBCe1, and CFTR are limited to epithelial cells, such as kidney tubular cells
(Pushkin and Kurtz, 2006; Gross and Meye, 2008), pancreatic duct cells (Shumaker and
Soleimani, 1999; Shumaker et al., 1999; Novak et al., 2010), and tracheal epithelial cells
(Wheat et al., 2000) of non-mineralizing tissues and organs, and not widely known to be
expressed at significant levels in bone or dentine. Thus, it is remarkable to identify enamel
epithelial cells, cells that generate the most highly mineralized tissue in vertebrate biology,
utilize the same molecular and biochemical activities as many non-mineralizing tissues
involved with ion retention and secretion. In addition, enamel cells have only one
opportunity to produce a functional enamel organ that is required to perform during the
entire life span of that organism. Failure to fully mineralize enamel during development
results in a compromised tooth surface post-eruption. This likely causes greater
susceptibility to wear and decay potentially affecting the overall health of the individual.

Conclusion
Stringent control of acid/base homeostasis and ion transport is essential for the development
of healthy enamel. To achieve this, the enamel epithelial cells express many pH regulatory
genes that modulate this process. We have shown that expression levels of a variety of genes
involved with bicarbonate-related transport increase during maturation stage amelogenesis.
It is also known that animal models and human pedigrees with mutations to these genes
form enamel that is inferior quality thus compromising the animal’s longevity. Ion transport
is a poorly understood process in enamel biology and pathology, and data presented here
highlight the important role of ion transport and bicarbonate generation in enamel formation.
The results suggest that there are both developmental and clinical aspects that need to be
considered when patients present with specific systemic disease states such as CF or
proximal renal tubular acidosis.
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Fig. 1.
Anatomical landmarks guiding the dissection and collection of secretory, early-mid
maturation, and mid-late maturation enamel organ cells. The protocol described here has
been adapted from the study of Smith and Nanci (1989) for our sample of rats weighing
between 170 and 190 g. The study of Smith and Nanci (1989) used a molar reference line
(black line apically from M1, and extending perpendicular to the labial aspect of the
mandible) to obtain enamel organ cells (largely ameloblasts) from secretory (between “A”
and “a”), early maturation (between “B” and “b”) and from late maturation (between “C”
and “c”). In our study, the black star marks the position of the end of secretory stage in rats
of 170–190 g, about 3 mm apically from the molar reference line. An area of 1 mm incisal to
“a” was not collected to avoid possible contamination from post-secretory or transition cells.
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Fig. 2.
BSE-SEM imaging of wild-type (A,B) and NBCe1-null (C,D) mice. Incisor teeth from 14-
day-old NBCe1 null mice (Parts C and D) and an age-matched wild-type littermate (Parts A
and B) were imaged in BSE-SEM using identical imaging parameters for both, which are
defined in the text. Cross-sections are from an erupted, fully mature, region of the tooth. The
enamel of the NBCe1-null mice is clearly hypomineralized. This is also evidenced by the
color-coded images (Parts B andD), which illustrated marked differences in enamel
mineralization for the NBCe1-null mice. Scale bars included.
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Fig. 3.
FE-SEM imaging. The lower incisors of 15-day-old NBCe1 −/− mice and wild-type
littermates were dissected out, air-dried, and mechanically fractured through the mature end
(incisal) of the crown using a blade. Specimens were mounted on SEM stubs and carbon-
coated for 6 sec to be imaged by FE-SEM. Parts A and B correspond to the enamel of a
wild-type mouse, showing normal prisms and clear rod–interrod boundaries. The NBCe1 −/−

mice (Parts C and D) lacked normal prismatic structure and present abnormally packed
crystals. The EDJ has been highlighted in the NBCe1 −/− animal (dashed line in Part C).
Scale bars included.

LACRUZ et al. Page 17

J Cell Physiol. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
BSE-SEM and FE-SEM imaging of the permanent maxillary left first molar of a 6-month-
old wild-type domestic pig (Parts A–C) compared toa1 2-month-old cystic fibrosis (Cftr-
DF508) pig (PartsD–F).Low magnification BSE-SEM images of WT and Cftr-DF508
molars are provided in Parts A and D, respectively, both images of which were acquired
under identical signal intensity settings. Scale for both is included in Part D. These images
were subject to an 8-bin color look-up-table (Parts B and E) for visual comparison to
represent differences in mineralization density between samples (see color code insert:
wherein cool colors—blue, green, yellow denote lower mineralization density and hot colors
—gray, pink, red represent higher mineralization densities). Asterisks on Parts A and D
indicate areas shown in Parts C and F imaged at higher magnification (FW = 20 μm) by FE-
SEM. Parts C and F represent WT and Cftr-DF508 molars, respectively, showing abnormal
crystal growth in the latter as imaged in secondary electron emission mode.
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Fig. 5.
Transcript analysis for Amelx (Part A), and Enam and Odam (Part B). The (X) in Parts A
and B indicate that the measurements are present but negligible, with no appreciable error
bars. The mRNA transcript levels were normalized to those of β-actin. Amelx and Enam
expression clearly diminish at the onset of maturation, becoming almost completely absent
as maturation progresses. The opposite is observed for Odam. These patterns are entirely
consistent with reports on the activity levels of these genes using other methods. Therefore,
we conclude that the dissected cells of the enamel organ analyzed in this study are well
suited to investigate the expression levels of SLC genes and carbonic anhydrases.

LACRUZ et al. Page 19

J Cell Physiol. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Transcript analysis for AE1, AE2, NBCe1, Cftr, NHE1, NCX1 and NCX3. Note that the
relative levels of AE1, AE2, NBCe1, Cftr, and NHE1 are of two orders of magnitude less
than seen for Enam and Odam (Fig. 5). The mRNA transcript levels were normalized to
those of β-actin.
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Fig. 7.
Transcript analysis for selected carbonic anhydrases (Part A) and carbonic anhydrase-related
proteins (Part B). Note that the relative levels of Car2, Car3, Car6, and Car12 are one order
of magnitude less than seen for Enam and Odam (Fig. 5). While levels for Car5b (Part A),
and the CA-RPs (Car8, Car11, Ptprg, and Ptprb) were recorded, the levels were low and
negligible, as were the transcript levels for Car1, Car4, Car5a, Car7, Car9, Car14, and Car15
(data not included). The mRNA transcript levels were normalized to those of β-actin.
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Fig. 8.
Relative levels of enamel epithelial gene up-regulation at early-mid and mid-late maturation
stages of amelogenesis when compared to secretory stage amelogenesis, as determined by
qPCR. For the selected gene transcripts, levels of both maturation stages were normalized
against the level detected during secretory stage. Fold up-regulation is shown, as is the level
of down-regulation. Data are presented numerically (Part A) and also as a graph (Part B). A
cut-off fold value was used for Car6 in order to illustrate changes in other gene transcripts.
Asterisks in Part A indicate statistically significant differences (P < 0.05), two-tailed
Student’s t-test comparing secretory versus early-mid maturation or secretory to mid-late
maturation stage amelogenesis.
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