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 Introduction 

 Many diseases and multiple organ pathologies are di-
rectly related to abnormalities in pH regulation [Lacruz 
et al., 2010a]. These may result from mutations in genes 
encoding anion transporters and channels. Two exam-
ples of such diseases are proximal renal tubular acidosis 
caused by  SLC4A4  mutations and cystic fibrosis (CF) 
caused by  CFTR  mutations [reviewed in Lacruz et al., 
2010a]. SLC gene products that are expressed in amelo-
blasts include AE2 and NBCe1 encoded by  SLC4A2  and 
 SLC4A4,  respectively [Lyaruu et al., 2008; Paine et al., 
2008; Lacruz et al., 2010b]. AE2 and CF transmembrane 
conductance regulator (CFTR) are frequently coex-
pressed in cells where passive movement of Cl –  into, and 
out of, cells is required [Shumaker et al., 1999; Banales et 
al., 2008]. AE2 is an anion exchanger (HCO3

– and Cl – ), 
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 Abstract 

 Cystic fibrosis (CF) is caused by mutations in the gene encod-

ing the CF transmembrane conductance regulator (CFTR), a 

phosphorylation- and ATP-regulated anion channel. CFTR 

expression and activity is frequently associated with an an-

ion exchanger (AE) such as AE2 coded by the  Slc4a2  gene. 

Mice null for  Cftr  and mice null for  Slc4a2  have enamel de-

fects, and there are some case reports of enamel anomalies 

in patients with CF. In this study we demonstrate that both 

Cftr and AE2 expression increased significantly during the 

rat enamel maturation stage versus the earlier secretory 

stage (5.6- and 2.9-fold, respectively). These qPCR data im-

ply that there is a greater demand for Cl –  and bicarbonate 

(HCO3
–) transport during the maturation stage of enamel for-

mation, and that this is, at least in part, provided by changes 

in Cftr and AE2 expression. In addition, the enamel pheno-

types of 2 porcine models of CF,  CFTR- null, and  CFTR-  � F508 

have been examined using backscattered electron micros-

copy in a scanning electron microscope. The enamel of new-

born  CFTR- null and  CFTR-  � F508 animals is hypomineralized. 

Together, these data provide a molecular basis for interpret-

ing enamel disease associated with disruptions to CFTR and 

AE2 expression.  Copyright © 2011 S. Karger AG, Basel 
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AE2 anion exchanger 2
BSE backscattered electron microscopy
CF cystic fibrosis
CFTR cystic fibrosis transmembrane conductance regulator
SEM scanning electron microscope
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and mice null for the  Slc4a2  gene have abnormal enamel 
[Gawenis et al., 2004; Lyaruu et al., 2008]. Mutations to  
CFTR  also result in dental and enamel anomalies. Data 
from the  Cftr -null mouse [Snouwaert et al., 1992] suggest 
that disruptions to Cftr activity impacts on the enamel 
phenotype [Wright et al., 1996; Sui et al., 2003], and in a 
human population there are documented case reports 
that have identified such a relationship [Narang et al., 
2003; Azevedo et al., 2006; Atar and Korperich, 2010].

  One method to determine which ion transport genes 
are important in enamel development is to investigate the 
relative expression of these genes during the secretory 
and maturation stages of enamel. During the transition 
from secretion to maturation extracellular pH markedly 
decreases, increasing the requirements for maintaining 
an acid-base balance by ameloblast cells [Smith, 1998; La-
cruz et al., 2010a]. Transgenic and knockout animal mod-
els of ion transport genes allow the classification of an 
enamel phenotype without confounding factors, such as 
antibiotic use. In this paper we investigate the expression 
of AE2 and CFTR in amelogenesis using a rat model. We 
then highlight the enamel phenotype of targeted  CFTR-
 null and  CFTR-  � F508 mutations in a novel porcine ani-
mal model [Rogers et al., 2008; Stoltz et al., 2010].

  Materials and Methods 

 Animals 
 All vertebrate animal manipulation complied with Institu-

tional and Federal guidelines.

  Rat Tissue Dissection 
 Adult male Wistar Hannover rats weighting 170–190 g were 

euthanized, and their mandibles were immediately dissected out; 
the surrounding soft tissues were removed, and the mandibles 
were then 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. The enamel organ cells were then collected 
via gentle scraping from 3 different regions of the incisor. 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. 

  Total RNA Isolation and Real-Time PCR 
 Total RNA was extracted by homogenizing the freeze-dried 

enamel organ cells from each of the 3 zones using a Qiagen RNeasy 
Mini Kit. Reverse transcription PCR was performed using an
iScript cDNA Synthesis Kit (Bio-Rad). Real-time PCR (qPCR) re-
actions were performed with iQ TM  SYBR �  Green Supermix (Bio-
Rad) using the primer pairs shown in  table 1 . Primer pairs were 
designed to span intronic regions and are the rat equivalent to ei-
ther human or mouse primer pairs identified in ‘PrimerBank’ as 
ideal for qPCR (http://pga.mgh.harvard.edu/primerbank/index.
html). The relative expression of mRNA was calculated using the 
delta-delta C T  method [Livak and Schmittgen, 2001]. All values 
for the mRNA species were normalized to  � -actin. 

  Backscattered Electron Imaging of Porcine Incisors 
 The crowns of 4 lower left deciduous 3rd incisors (Di3) of new-

born wild-type pigs, 4 of  CFTR-  � F508, and 4 of  CFTR- null ani-
mals [Rogers et al., 2008; Stoltz et al., 2010] were embedded in 
polymethylmethacrylate (PMMA) resin and cut with a diamond 
band saw at a point below the cusp tip to produce representative 
cross sections of the fully mature enamel. Each PMMA block was 
subsequently polished to a 1- � m surface finish and acid etched 
(37% phosphoric acid) for 3 s. Specimens were washed, air dried, 
and imaged at variable pressure (50 Pa) using a Zeiss EVO-50 in 
backscattered electron microscopy in a scanning electron micro-
scope (BSE-SEM) imaging mode at 20 kV, 400 pA, and a 10-mm 
working distance without a conductive coating. 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 semiquantitative comparison. 
When mineralization density differences were too large to be sen-
sibly contained within the full dynamic range, representative im-
ages were acquired for illustrative purposes. Grey-level images 
were subject to an 8-bit color look-up table for visual comparison 
of differences in mineralization density between samples. Two 
sets of comparisons were performed using color-coded images; 
wild-type pig deciduous incisors were independently compared 
to  CFTR- null and  CFTR-   �  F508 animals. 

Table 1.  Rat-specific qPCR primers

Protein/
gene

GenBank
reference

Forward 
primer

Sequence Reverse 
primer

Sequence Product
size

Actb (Actb) NM_031144 rActb.f 5�AGTGTGACGTTGACATCCGTA rActb.r 5�GCCAGGGCAGTAATCTCCTTCT 112
Enam (Enam) NM_017468 rEnam.f 5�TGCAGAAATACAGCTTCTCCT rEnam.r 5�CATTGGCATTGGCATGGCA 105
Odam (Odam) NM_001044274 rOdam.f 5�ATCAATTTGGATTTGTACCACA rOdam.r 5�CGTCGGGTTTATTTCAGAAGTGA 242
AE2 (Slc4a2) NM_017048 rAE2.f 5�AGCCCATCTCCCCCTACAC rAE2.r 5�AAGGTTGTAACTTCGATGTCCAG 186

Cftr (Cftr) NM_031506 rCftr.f 5�CTGGACCACACCAATTTTGAGA rCftr.r 5�GCGTGGATAAGCTGGGGCT 162

A ll primer pairs span intron sequences, and only single products were produced during qPCR.
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  Results 

 Confirmation of Dissection Accuracy by Defining 
Stages of Amelogenesis Using Enamel-Specific Gene 
Transcripts 
 Total RNA was prepared from enamel organ epithelial 

cells (primarily ameloblasts and also associated papillary 
layer cells) from male Wistar Hannover rats. Two gene 
transcripts (Enam and Odam) shown in many studies to 
have expression patterns essentially limited to amelo-
blasts were chosen to assess the accuracy of the dissec-
tions by defining 3 distinct stages of amelogenesis, i.e. 
secretory, early-mid maturation, and mid-late matura-
tion, in rodents. Enam is a product of secretory- and ear-
ly-maturation stage ameloblasts, and its expression is low 
or not apparent during late-maturation stages of amelo-
genesis [Hu et al., 2000]. Odam is a product of maturation 
stage ameloblasts, and its expression is low or not appar-
ent during secretory-stage amelogenesis [Moffatt et al., 
2008]. All data were normalized to  � -actin (Actb). Our 
initial results confirmed that we had accurately dissected 
these 3 stages of amelogenesis by confirming and charac-
terizing expected Enam and Odam mRNA expression 
profiles ( fig. 1 a). 

  Upregulation of AE2 and Cftr Is Clearly Apparent
as Cells Transition from Their Secretory-Stage to 
Early-Mid Maturation Stage Amelogenesis, and 
Higher Levels Are Maintained during Enamel 
Maturation 
 AE2 and Cftr expression levels are shown for the 3 

stages of amelogenesis ( fig. 1 b). When comparing mid-

late maturation stage amelogenesis to secretory-stage 
amelogenesis there was significant upregulation of AE2 
mRNA (2.9-fold) and Cftr mRNA (5.6-fold). Our results 
confirm previous findings that AE2 and Cftr are ex-
pressed in enamel organ cells during amelogenesis and 
are upregulated as enamel matures [Lyaruu et al., 2008; 
Bronckers et al., 2010]. The increased expression of AE2 
and Cftr during enamel maturation highlights the great-
er requirement for ameloblast HCO3

– and Cl –  transport at 
this later stage of enamel development.

  CFTR-Null and CFTR- � F508 Animals Have 
Hypomineralized Enamel 
 The analysis of pig mandibular Di3 by BSE-SEM im-

aging is shown in  figure 2 . BSE-SEM images ( fig. 2 a, c, e, 
g) show details of enamel microstructure and density sig-
nals, whereas the other images ( fig. 2 b, d, f, h) are the cor-
responding color-coded images used to assess differences 
in mineralization. Overall, both  CFTR-  � F508 and  CFTR -
null animals show hypomineralized enamel when com-
pared to wild-type animals.  Figure 2  shows differences in 
enamel microstructure and thickness between wild-type 
( fig.  2 a) and  CFTR -null ( fig.  2 c) animals. The original 
BSE-SEM images of wild-type animals obtained under 
the same conditions as those used to image the  CFTR -
null animals are not shown because of the extreme den-
sity (brightness) of the enamel in the former; the image 
brightness and contrast of the wild type ( fig. 2 a) were re-
duced relative to the  CFTR -null animal ( fig. 2 c) to effica-
ciously illustrate details of the microstructure.  CFTR -
null animals ( fig. 2 c) revealed altered enamel microstruc-
ture and were hypomineralized; remarkably, their dentine 
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  Fig. 1.  Transcript analysis for Enam and Odam ( a ) and AE2 and 
Cftr ( b ).  a  Levels of Enam during secretory-stage amelogenesis 
and Odam levels in maturation-stage amelogenesis are of the 
same order of magnitude as Actb. The X indicates that the mea-
surements are present; however, the magnitude and standard er-
ror are bars not clearly apparent in the scale of this graph.  b  Note 

that the relative levels of AE2 and Cftr are of 2 orders of magni-
tude less than seen for Actb, Enam, and Odam. When comparing 
mid-late maturation stage amelogenesis to secretory-stage amelo-
genesis there was a significant upregulation of AE2 mRNA (2.9-
fold) and Cftr mRNA (5.6-fold). All mRNA transcript levels were 
normalized to those of  � -actin (represented on the y-axis). 
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was more electron dense than the enamel. Color-coded 
images ( fig. 2 b, d) of  figure 2 a, c, respectively, illustrating 
differences in mineralization. A comparison between 
wild-type and  CFTR-  � F508 animals, respectively, is 
shown ( fig.  2 e, g).  Figure 2 g reveals that  CFTR - � F508 
enamel is hypomineralized compared to the wild type. 
Corresponding color-coded images are shown in  fig-
ure 2 f (wild type) and  figure 2 h ( CFTR-  � F508) also illus-
trating density differences. 

  The data presented ( fig. 2 ) also suggests that a hypo-
plastic enamel phenotype results in the  CFTR- null, but 
not the  CFTR-  � F508, pigs. While a larger sample size 
would be needed to confirm this, a possible explanation 
would be that some, although significantly compromised, 
CTFR activity is still apparent in these  CFTR-  � F508 pigs, 
while a total ablation of the CFTR protein was achieved 
in the  CFTR- null pigs.

  Discussion 

 The formation of dental enamel requires a tight con-
trol of extracellular pH and bicarbonate concentration 
[Sasaki et al., 1991; Smith, 1998; Lacruz et al., 2010a]. 
Crystal growth and proteinase activity in the enamel ex-
tracellular space are thought to be pH-dependent phe-
nomena requiring dynamic cellular transport processes 
that constantly adjust their activity to maintain the extra-
cellular pH at a near physiologic level [Smith, 1998; Ta-
kagi et al., 1998]. There is now growing evidence that gene 
regulation and protein expression of many ion transport-
ers are required to maintain an enamel pH that permits 
normal enamel mineralization [Lyaruu et al., 2008; La-
cruz et al., 2010a]. These ion transporters include the bi-
carbonate transporters and chloride channels [Lacruz et 
al., 2010a]. In enamel organ cells, the particular cellular 
location of each ion transporter examined is not yet fully 
appreciated [Josephsen et al., 2010], but based on our own 
immunolocalization data for AE2 [Paine et al., 2008], and 
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  Fig. 2.  BSE imaging of enamel of porcine  CFTR  animals. Wild-
type ( a ) and  CFTR- null enamel ( c ) comparisons illustrate a severe 
morphological defect in the null animal. Signal intensity was re-
duced in the wild-type relative to the null animal to lower the im-
age content out of white (255 grey level) into interpretable mor-
phological details. Wild-type ( e ) and  CFTR-  � F508 ( g ) enamel 
comparisons; both images were acquired under identical signal 

intensity settings. Grey-level images ( a ,  c ,  e ,  g ) were subjected to 
an 8-bit color look-up table ( b ,  d ,  f ,  h ), respectively, for visual com-
parison to represent differences in mineralization density be-
tween samples; see color code inset ( b ), wherein cool colors denote 
a lower mineralization density and hot colors represent higher 
mineralization densities. For each figure, the dentine is at the bot-
tom of the image. 
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data for Cftr [Bronckers et al., 2010], our working model 
has both AE2 and Cftr located at the apical membrane of 
polarized ameloblast cells thus providing a mechanism 
for ameloblast-directed traffic of HCO3

– and Cl –  between 
ameloblast cells and the enamel extracellular matrix [La-
cruz et al., 2010a].

  In this study, we used cells derived from rat enamel 
organ epithelium to examine the gene expression profiles 
of 2 enamel-specific control proteins, i.e. Enam and 
Odam, and the ion transporters AE2 and Cftr. The gene 
expression profiles of Enam and Odam were as predicted 
based on previously published data [Hu et al., 2000; Mof-
fatt et al., 2008], indicating that our RNA samples were 
appropriate to study other gene transcripts involved with 
amelogenesis. Our data show that the mRNA levels of 
AE2 and Cftr are both upregulated during the matura-
tion stage of amelogenesis. These data expand on previ-
ously published data using protein-specific antibodies 
that suggested higher AE2 [Lyaruu et al., 2008] and Cftr 
[Bronckers et al., 2010] protein levels during enamel mat-
uration when compared to early stages of amelogenesis. 
This increase in the expression of ion transporters during 
enamel maturation seems intuitively correct as the intra- 
and extracellular movement of ions as enamel matures is 
more prevalent than during secretory-stage amelogene-
sis. 

  Mouse mutant models are available for both AE2 
[Gawenis et al., 2004] and Cftr [Snouwaert et al., 1992], 
and both have clearly defined enamel anomalies [Arquitt 
et al., 2002; Lyaruu et al., 2008]. Here we report that a 
novel porcine  CFTR- targeted animal model [Rogers et al., 
2008; Stoltz et al., 2010] shows hypomineralized enamel 

and may also show abnormal enamel microstructure at 
birth. Pigs  (Sus scrofa)  have a set of primary and second-
ary teeth and are commonly born with erupted decidu-
ous incisors and canines [Bivin and McClure, 1976]. This 
pattern of dental development allows us to investigate 
enamel phenotypes without confounding factors such as 
antibiotic use (e.g. tetracycline) or other possible system-
ic disturbances that may occur during postnatal life.

  Conclusion 

 Stringent acid/base regulation during enamel biomin-
eralization is essential for the development of healthy 
enamel; to achieve this, enamel epithelial cells express 
many pH-regulatory genes that modulate this process, 
and AE2 and CFTR are 2 examples. Being able to iden-
tify which of these proteins respond to a changing envi-
ronment during amelogenesis will help to better define 
the complex acid/base transport processes involved in 
enamel biomineralization.
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