








The fractured surface of the incisors of wild-type,
NBCe1�/�, and NBCe1�/� mice are shown in Fig. 7 exposing
its enamel microstructure under the low and high power SEM.
Microstructural organization of the enamel in wild-type and
NBCe1�/� mice appeared similar (Fig. 7, A and C compared
with D and F); whereas the phenotype of NCBe1�/� animals is
visibly abnormal (Fig. 7, G and I). Fig. 7 insets B, E, andH show
the outer surface of enamel, which in NBCe1�/� animals (inset
H) lacks the smooth appearance of NBCe1�/� (inset B) and
NBCe1�/� (inset E) animals.

Figs. 8 and 9 show backscattered SEM images of the sec-
tioned mandibular molars and incisors of NBCe1�/� (wild-
type), NBCe1�/� (heterozygote), and NBCe1�/� (mutant)
mice. Enamel from NBCe1�/� teeth (Fig. 8, E and F; Fig. 9, C
andD) generated a lower backscattered electron contrast com-
pared with NBCe1�/� or NBCe1�/� enamel (Fig. 8, B and D;
Fig. 9, A and B), indicating that the enamel in mutant mice is
hypomineralized. In incisors, whereas rods are readily apparent
even in young enamel from NBCe1�/� and NBCe1�/� mice
(Fig. 9, A and B), these are much less evident in NBCe1�/�

mice, particularly in older enamel (Fig. 9, C and D).

It is important to note that the imaging done on the molar
teeth for 12-day-old NBCe1�/� mice is at a time prior to the
their eruption into the oral cavity, which occurs at �day 16 for
the first molar and day 18 for the second molar (22). Thus, the
pH of the saliva in these mutant animals does not impact on
the enamel architecture as seen in Figs. 6 and 8, but rather, the
phenotypes observed in the SEM analyses described here,
clearly are indicative of developmental disruptions occurred
during enamel formation in the pre-eruptive phase, thus being
unaffected by salivary pH.
Microindentation—The enamel of NBCe1�/� animals was

not measurable, due to the extreme softness and fragility of the
tissue; hence, this enamel was manifestly softer than wild-type
or NBCe1�/� animals. No differences were found between
wild-type and NBCe1�/� animals for enamel or dentin hard-
ness (Table 1). Interestingly, our data on the dentin of
NBCe1�/� animals is �22% softer than wild-type and
NBCe1�/� animals (Table 1) suggesting that dentinogenesis
also may be influenced by the NBCe1 Na�/HCO3

� cotrans-
porter function. This finding is not unreasonable considering
that NBCe1 expression is apparent in odontoblast cells (Fig. 4,
G and H).

DISCUSSION

One of the earliest reports of congenital renal and dental
disease being present together is fromWinsnes et al. (23).Win-
snes and collaborators reported the cases of two brothers with
severe hyperchloremic acidosis, a maximum tubular capacity
for bicarbonate reabsorption about half normal, growth and
mental retardation, nystagmus, cataract, corneal opacities,

FIGURE 7. SEM images of mature enamel cross-sections in NBCe1�/�

mouse incisors. This Fig. shows the mature enamel regions of wild-type (A, B,
and C), NBCe1�/� (D, E, and F), and NBCe1�/� (G, H, and I). Incisors were
dissected and air-dried and mechanically fractured perpendicular to the
enamel surface at approximately the same anatomical region of the erupted
crowns and then imaged by SEM. The dentin-enamel junction is clearly appar-
ent in all teeth. Enamel thickness measurements from fractured surfaces does
not provide accurate linear measurements; however, each of the NBCe1�/�

mice showed less thickness than wild-type or NBCe1�/� littermates, which
was confirmed by micro-CT analyses (data not shown). The prismatic enamel
in a cross-section of wild-type and NBCe1�/� mice are very similar, and the
same applies to the outer surface of the enamel. However, NBCe1�/� enamel
architecture and outer enamel surface topography appears abnormal. Scale
bar: A, D, and G, 50.0 � m; B, E, and H, 10.0 � m; and C, F, and I, 20.0 � m.

FIGURE 8. Backscattered scanning electron microscope (SEM) imaging of
NBCe1 mutant animals. Backscattered SEM image of first mandibular
molars of NBCe1�/� (A and B), NBCe1�/� (C and D), and NBCe1�/� animals
(E and F) showing a significantly lower signal in the NBCe1�/� animals indic-
ative of extremely poor mineralization of the enamel (F). Scale bars are shown
in each panel.
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glaucoma, and defects in the enamel consistent with amelogen-
esis imperfecta of permanent teeth (23). Koppang et al. (24)
described dental and enamel abnormalities in a patient with
congenital persistent proximal renal tubular acidosis (pRTA)
that included agenesis of second premolars, delayed eruption of
permanent teeth, and delayed shedding of the primary denti-
tion, and severe hypoplasia. Elizabeth et al. (25) reported two
cases of patients with renal disease that also had characteristic
features of amelogenesis imperfecta. A genetic explanation of
this association between renal disease and enamel malforma-
tions only recently has been established. Patients with SLC4A4
mutations encoding NBCe1 have enamel abnormalities (7, 8),
and a similar phenotype with multiorgan disease also is appar-
ent in mice lacking NBCe1 (6). Therefore, although there are
some case reports supporting a connection between pRTA and
dental disease in a human population, the number of reports is
limited, and because of this, the genetic and biochemical basis
has not been forthcoming until recently (5).
In this study, we have focused on the dental phenotype in

animals with a targeted disruption to the Slc4a4 gene locus
resulting in no NBCe1 protein expression (6). Slc4a4 encodes
for the protein NBCe1 that has three variants differing in their
N and C termini. Our previous data identified NBCe1 as being
expressed during enamel formation, and further, our data sug-
gest that the NBCe1-B is the unique variant in ameloblast cells

in vivo (Fig. 1) (5). In the model pre-
sented by Paine et al. (5), it was
shown that the expression of
NBCe1 was restricted to the baso-
lateral membrane of ameloblasts,
suggesting that this membrane pro-
tein plays an important role in reg-
ulating pH during amelogenesis.
Our results demonstrate that the
enamel of NBCe1�/� animals is
abnormal, as it is hypoplastic,
extremely hypomineralized, and
weak. Western blotting did not
reveal any significant difference in
amelogenin expression among the
various groups (Fig. 5). The phe-
notype observed on NBCe1�/�

animals is similar to that previ-
ously described as “amelogenesis
imperfecta.”

Maintenance of a near physiological pH is thus important
critically for normal enamel formation during the secretory and
maturation stages because of the large production of hydrogen
ions generated during hydroxyapatite formation (2, 26). Here,
disrupting NBCe1 activity in ameloblasts, as seen in the
NBCe1�/� animals, results in an extremely hypomineralized
andweak enamel with clearly visible alterations to the expected
prismatic architecture. The role of NBCe1 in amelogenesis is to
allow for the passage of extracellular bicarbonate into the
ameloblast cell cytoplasm from the basal or basolateral mem-
brane, being up-regulated during the later phases of enamel
formation (5). Bicarbonate is, in turn, secreted across the apical
membrane via the anion exchanger AE2 (5). As pointed out
however, the sequence of events regulating pHhomeostasis and
bicarbonate transport during amelogenesis still are being
defined (5). Whereas it generally has been considered that
bicarbonate act as a pH bufferingmechanism in response to the
release of hydrogen ion during crystal nucleation (2, 26), it may
be the case that bicarbonate ions are instead transported by
ameloblasts prior to the early phases of crystal nucleation (9). In
this scenario, ameloblasts specifically regulate themagnitude of
bicarbonate secretion as a primary event (independent of
changes in extracellular pH) promoting crystal nucleation by
creating a microenvironment that decreases the solubility of
calcium phosphate, a crystal growth inhibitor.
In addition to having this capacity for trans-cellular bicar-

bonate transport, ameloblasts have the capacity to generate
intracellular bicarbonate efficiently during the secretory as well
as in the rough-ended stage of maturation when the cells are
tightly bound and intracellularmovement of ions is impeded (9,
26). In rodents, carbonic anhydrases have been identified in
enamel-producing cells (ameloblasts) (11, 27–29), and a num-
ber of reports demonstrated that Car2 (carbonic anhydrase II)
(27, 28) and Car6 (carbonic anhydrase VI) (29) are expressed
more highly by maturation stage ameloblasts. No doubt that
similar carbonic anhydrase expression profiles are evident in
higher mammals. Thus, carbonic anhydrases, as well as NBCe1
and AE2, Cftr are part of the known pH regulation pathways

FIGURE 9. High magnification backscattered SEM images of NBCe1 mutant animals. Higher magnification
backscattered SEM images of NBCe1�/� (A), NBCe1�/� (B), and NBCe1�/� (C and D) incisor enamel. A, B, and C
are from younger enamel, and D is imaged from a more incisal (older enamel) position. Enamel rods are less
apparent in mutant mice (C) when compared with normal enamel (A and B) and also apparent is the altered
enamel architecture as mineralization progresses (D). Scale bar seen in D applies to all panels.

TABLE 1
Enamel and dentin microhardness
The enamel hardness of NBCe1�/� animals was too soft to measure. The dentin of
NBCe1�/� animals was significantly softer than that of NBCe1�/� and NBCe1�/�

animals as determined by analysis of variance (p� 0.05). Neither enamel nor dentin
hardness differed between NBCe1�/� and NBCe1�/� animals as determined by
analysis of variance or multiple comparison testing (p � 0.05). Values are means 	
S.D. ANOVA, analysis of variance; GPa, gigapascals.

Enamel hardness Dentin hardness

GPa GPa
NBCe1�/� 2.4 	 0.2 0.37 	 0.02
NBCe1�/� 2.1 	 0.1 0.35 	 0.01
NBCe1�/� Too soft to measure 0.29 	 0.02
ANOVA p value p � 0.05 p � 0.05
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used by ameloblasts to maintain pH homeostasis (9), although
further details of their spatiotemporal localization are yet to be
fully resolved.With respect to Cftr expression in ameloblasts, it
has been shown recently that Cftr localizes to the apical or
secretory pole of polarized ameloblasts and is clearly up-regu-
lated in later stages of amelogenesis (30).
NBCe1 immunoreactivity in odontoblasts suggests that

NBCe1 also is expressed during dentin formation (Fig. 4,G and
H). This appears confirmed by dentin hardness testing, which
shows significantly softer dentin in NBCe1�/� animals (Table
1), although in the backscattered images of the dentin in
NBCe1�/� animals, this is not so clearly discerned. Dentin
hardness is much less affected than enamel.
In summary, NBCe1 plays an essential role in normal tooth

formation during development. The biophysical properties of
enamel are highly perturbed as a direct consequence of abnor-
mal development due to the loss of NBCe1 function. Thus,
although it is widely appreciated that the acidity of ingested
foods, drinks, or acidic salivary pH can affect enamel once fully
formed teeth are exposed to these factors in the oral cavity, the
results of this study demonstrate the importance of “internal”
acid-base homeostasis in the normal development of enamel in
mammals.
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and McGill University) for valuable discussions on this topic and
support of this project. We thank Dr. Gary E. Shull (Department of
Molecular Genetics, Biochemistry and Microbiology, University of
Cincinnati College of Medicine, Cincinnati, Ohio) for breeding pairs
of the NBCe1�/� animals and Alicia Thompson from the Scanning
Electron Microscope and Analysis Center at University of Southern
California.We thank Ryan Park, ArchanaTank, andGrantDagliyan
of University of Southern California Molecular Imaging Center for
assistance in the collection of the micro-CT data.

REFERENCES
1. Nanci, A. (2008) Ten Cate’s Oral Histology Development, Structure and

Function, 7th Ed., p. 147, Mosby Elsevier, St Louis, Missouri
2. Simmer, J. P., and Fincham, A. G. (1995) Crit. Rev. Oral Biol. Med. 6,

84–108
3. Pushkin, A., and Kurtz, I. (2006) Am. J. Physiol. Renal Physiol. 290,

F580–599
4. Lyaruu, D. M., Bronckers, A. L., Mulder, L., Mardones, P., Medina, J. F.,

Kellokumpu, S., Oude Elferink, R. P., and Everts, V. (2008)Matrix Biol. 27,
119–127

5. Paine, M. L., Snead, M. L., Wang, H. J., Abuladze, N., Pushkin, A., Liu, W.,
Kao, L. Y., Wall, S. M., Kim, Y. H., and Kurtz, I. (2008) J. Dent. Res. 87,
391–395

6. Gawenis, L. R., Bradford, E. M., Prasad, V., Lorenz, J. N., Simpson, J. E.,
Clarke, L. L., Woo, A. L., Grisham, C., Sanford, L. P., Doetschman, T.,
Miller, M. L., and Shull, G. E. (2007) J. Biol. Chem. 282, 9042–9052

7. Dinour, D., Chang, M. H., Satoh, J., Smith, B. L., Angle, N., Knecht, A.,
Serban, I., Holtzman, E. J., and Romero, M. F. (2004) J. Biol. Chem. 279,
52238–52246

8. Inatomi, J., Horita, S., Braverman, N., Sekine, T., Yamada, H., Suzuki, Y.,
Kawahara, K., Moriyama, N., Kudo, A., Kawakami, H., Shimadzu, M.,
Endou, H., Fujita, T., Seki, G., and Igarashi, T. (2004) Pflugers Arch. 448,
438–444

9. Lacruz, R. S., Nanci, A., Kurtz, I., Wright, J. T., and Paine, M. L. (2010)
Calcif. Tissue Int. 86, 91–103

10. Huang, Z., Sargeant, T. D., Hulvat, J. F.,Mata, A., Bringas, P., Jr., Koh, C. Y.,
Stupp, S. I., and Snead, M. L. (2008) J. Bone Miner. Res. 23, 1995–2006

11. Lacruz, R. S., Hilvo,M., Kurtz, I., and Paine,M. L. (2010)Biochem. Biophys.
Res. Commun. 393, 883–887

12. Tatishchev, S., Abuladze,N., Pushkin, A.,Newman,D., Liu,W.,Weeks,D.,
Sachs, G., and Kurtz, I. (2003) Biochemistry 42, 755–765

13. Wen, X., Zou, Y., Luo, W., Goldberg, M., Moats, R., Conti, P. S., Snead,
M. L., and Paine, M. L. (2008) Anat. Rec. 291, 1246–1253

14. White, S. N., Paine, M. L., Sarikaya, M., Fong, H., Yu, Z., Li, Z. C., and
Snead, M. L. (2000) J. Am. Ceram. Soc. 83, 238–240

15. White, S. N., Miklus, V. G., Chang, P. P., Caputo, A. A., Fong, H., Sarikaya,
M., Luo, W., Paine, M. L., and Snead, M. L. (2005) J. Prosthet. Dent. 94,
330–335

16. White, S. N., Luo,W., Paine,M. L., Fong,H., Sarikaya,M., and Snead,M. L.
(2001) J. Dent. Res. 80, 321–326

17. White, S. N., Paine, M. L., Ngan, A. Y., Miklus, V. G., Luo, W., Wang, H.,
and Snead, M. L. (2007) J. Biol. Chem. 282, 5340–5345
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