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Abstract
Maturation stage ameloblasts of rodents express vacuolar type-H-Atpase in the ruffled border of
their plasma membrane in contact with forming dental enamel, similar to osteoclasts that resorb
bone. It has been proposed that in ameloblasts this v-H-Atpase acts as proton pump to acidify the
enamel space, required to complete enamel mineralisation. To examine whether this v-H-Atpase
in mouse ameloblasts is a plasma membrane proton pump, we determined whether these cells
express the lysosomal, T-cell, immune regulator 1 (Tcirg1, v-H-Atp6v0a3), which is an essential
part of the plasma membrane proton pump that is present in osteoclasts. Mutation of this subunit
in Tcirg1 null (or oc/oc) mice leads to severe osteopetrosis. No immunohistochemically detectable
Tcirg1 was seen in mouse maturation stage ameloblasts Strong positive staining in secretory and
maturation stage ameloblasts however was found for another subunit of v-H-Atpase, subunit b,
brain isoform (v-H-Atp6v1b2). Mouse osteoclasts and renal tubular epithelium stained strongly for
both Tcirg1 and v-H-Atp6v1b2. In Tcirg1 null mice osteoclasts and renal epithelium were negative
for Tcirg1 but remained positive for v-H-Atp6v1b2. The bone in these mutant mice was
osteopetrotic, tooth eruption was inhibited or delayed, and teeth were often morphologically
disfigured. However, enamel formation in these mutant mice was normal, ameloblasts structurally
unaffected and the mineral content of enamel similar to that of wild type mice.

We concluded that Tcirg1, which is essential for osteoclasts to pump protons into the bone, is not
appreciably expressed in maturation stage mouse ameloblasts. Our data suggest that the reported
v-H-Atpase in maturation stage ameloblasts is not the typical osteoclast-type plasma membrane
associated proton pump which acidifies the extracellular space, but rather a v-H-Atpase that
potentially is involved in intracellular acidification.
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Introduction
Ameloblasts are epithelial cells that produce dental enamel principally in two stages. In the
first (secretory) stage they deposit a protein-rich enamel matrix that provisionally
mineralizes. In the second (maturation) stage the cells transform into cells with resorbing
characteristics and periodically form a ruffled border in the apical plasma membranes facing
the enamel space. The matrix in the enamel space is proteolytically degraded by enzymes
such as MMP20 and kallikrein 4 (KLK4) secreted by the ameloblasts. The hydrolyzed
matrix fragments are gradually removed from the enamel space, where simultaneously
apatite crystals rapidly expand until enamel mineralization is completed and the tooth erupts
[1, 2].

Maturation ameloblasts have some structural similarity with osteoclasts, the bone resorbing
cells. Both cell types have an actin-rich ruffled border [3, 4] that can endocytose, resorb and
digest extracellular matrix components, i.e. the forming enamel below ameloblasts [1, 2],
and the bone below osteoclasts [4, 5]. However, with respect to the inorganic apatite
mineral, the cells perform opposite functions. Ameloblasts are involved in formation of
minerals in enamel at a pH that periodically alternates between 6.0 and 7.2 [6, 7], whereas
the osteoclasts dissolve the minerals of bone by acidifying the bone to which they are
attached [4, 5]. To dissolve bone mineral the osteoclast generates protons by the activity of
intracellular carbonic anhydrase [4, 5, 8]. These protons are subsequently pumped into
resorption pits that form beneath the osteoclast, a process mediated by a vacuolar type of H-
ATPase located in the plasma membrane [9, 10]. To control intracellular pH the osteoclast
uses a set of pH regulators in its membrane [8,11–13].

Recent data show that maturation ameloblasts also have a pH regulatory machinery, quite
similar to osteoclasts [14–17]. Immunohistochemical staining shows that also the ruffled
border of rat incisor maturation stage ameloblasts is rich in v-H-Atpase [14, 16]. In
osteoclasts this v-H-Atpase is a proton pump to acidify the resorption pits, but its function in
maturation ameloblasts has not been resolved. Several groups speculated that in analogy to
osteoclasts the v-H-Atpase in maturation stage ameloblasts acts as a proton pump to acidify
the enamel space [14–16]. This would prevent mineralization of the enamel surface and
enables diffusion of mineral ions into deeper layers as long as these are not yet fully mature
[16]. An alternate view of pH regulation proposes that maturation ameloblasts secrete
bicarbonates into the forming enamel to buffer protons released by crystal growth [1, 2, 17–
19]. In this model the v-H-ATPase in the ruffled border of ameloblasts would be associated
with intracellular acidification, rather than serving as a plasma membrane proton pump.

In the present study we addressed two questions: First, does the ruffled border of mouse
maturation stage ameloblasts contain typical osteoclast like-proton pump subunits?
Secondly, are ameloblasts affected and is enamel mineralisation incomplete when the typical
osteoclast plasma proton pump is non-functional? To answer these questions we first tested
if ameloblasts are immunopositive for the T-cell immune regulator 1 (Tcirg1; also called
Atp6v0a3 subunit). This subunit is a 116 kDa protein that is abundantly present in the ruffled
border of acid- secreting osteoclasts and intercalating cells of acid-secreting renal tubular
epithelium, where it forms an essential part of the transmembrane proton translation domain
v0 of the v-H-Atpase [20, 21]. Its absence results in the dysfunction of osteoclasts leading to
a severe osteopetrotic phenotype found in the Tcirg1 null (oc/oc) mouse [4, 9, and 20]. We

Bronckers et al. Page 2

Bone. 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



furthermore localized the Atp6v1b2 subunit, also associated with murine osteoclasts [22].
Finally, we examined the effect of the disruption of the Tcirg1 gene on enamel formation
and on enamel mineral content in the Tcirg1 null mouse. As positive control for enamel
defects caused by disruption of pH regulation we used the anionic exchange -2 (Ae2a,b) null
mutant mouse model [15].

Materials and Methods
Animals and tissues

The Tcirg1 null mice (background: C57BL/6J_C3HheB/FeJ) were obtained from Jackson
Laboratories (Bar Harbor, ME, USA). Mutation in the Tcirg1 null mouse is caused by a
spontaneous 1.6 kp deletion starting in the middle of intron 1 and extending 62 bp into exon
3 in the genomic DNA. The deletion removes the translation start site of Tcirg1 at the
beginning of exon 2 [20]. Affected animals exhibit the characteristic radiologic and
histologic features of osteopetrosis, including a generalized increase in skeletal density,
absence of major marrow cavities and failure of teeth to erupt. Without treatment their life
expectancy is about 3–5 weeks. In this study we used 6 homozygous Tcirg1 null and 6
heterozygous/wild type littermates, 18–20 days old, and 2 Tcirg1 null and 2 adult wild type
littermates, 50 days old. These mice were used for gene cell therapy experiments of
defective osteoclasts and received Green Fluorescent Protein (GFP) - labelled bone marrow
cells at day of birth to rescue osteoclast function [23, 24]. This therapy lead to a partial
rescue of the phenotype, resulting in the animals living longer with some bone resorption by
GFP-labelled active osteoclasts resulting in tooth eruption, with no effects on dental
development (none of the dental cells were GFP- labelled, Bronckers, unpublished results).
A strain of adult anion exchanger-2-deficient mice of moderate phenotype (Ae2a, b

−/− mice)
with a mixed 129/Ola and FVB/N background was used as an example of a severely
disturbed enamel mineralization [15]. Details of the targeting strategy to generate Ae2a, b

−/−

mice have been reported elsewhere [25]. All animal handling at the University in Pamplona,
Spain and at the Vrije Universiteit Amsterdam, The Netherlands complied with National and
International regulations for Animal Care and permission was obtained from the Committee
for Animal Care.

Histological procedures
Heads and kidneys were collected and fixed by immersion in 5% paraformaldehyde in 0.1 M
phosphate buffer + 2% sucrose overnight. Lower jaws were split into two hemi-mandibles
one of which was scanned by microcomputer tomography (microCT, see below). The other
hemi-mandibles and maxillae were decalcified in 4.18 % EDTA + 0.8 % formalin at pH 7.2
for two-three weeks at 4°C, rinsed with phosphate buffer, embedded in paraffin along with
kidney samples and serially sectioned into 6 µm thick sections.

Immunostaining for v-H-Atpase subunits and enzyme histochemistry of TRAcP
Paraffin sections were stained with haematoxylin-eosin (HE) for a general survey. Selected
sections with appropriate stages of enamel development were immunostained by the
peroxidase procedure using an ABC Elite kit (Vector Labs, Burlingame, CA, USA) or an
Envision kit (Dakopatt, Glostrup, Denmark). The human osteoclast specific TCIRG1 protein
has a molecular weight of 110 kDal and contains 720 amino acids. Three different
antibodies were used. The first antibody was an affinity purified goat IgG to the human
ATP6V0-A3/TCIRG1 (Santa Cruz, catalogue SC-162300, N13; referred to as ‘’TC-S’’).
According to the manufacturer the synthetic peptide used to raise these antibodies was 15–
25 amino acids long and maps within the N-terminal-end region, amino acid 75–125 of the
human TCIRG1 (NCBI accession number Q13488). The second antibody was an affinity
purified rabbit IgG against a 56 amino acids- long recombinant fragment with the sequence
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RPADRQEENKAGLLDLPDASVNGWSSDEEKAGGLDDEEEAELVPSEVLMH
QAIHTI of the human TCIRG1 (Atlas Antibodies, Sigma, St Louis MO USA, catalogue
HPA038742; referred to as ‘’TC-A”). It locates at amino acid 664–720 of the long isoform
of TCIRG1. The third antibody was a rabbit polyclonal antiserum against a 20 amino acids
(1–20) long N-terminal peptide of the human ATP6V1, subunit B2, (referred to as anti-B2)
kindly provided by Dr Shannon Holliday (University of Florida, USA). On western blots
from the mouse osteoclast-like cell line (RAW264.7) extracts and isolated mouse v-H-
Atpase this antiserum reacts as a single band of the expected size. Working concentrations
of the primary antibodies were 1:600–1:800 (anti-B2), 2–4 µg/ml for anti-TC-S and 0.5–1
µg/ml for anti-TC-A. In some studies sections were subjected to antigen retrieval treatment
before staining (10 mM citrate pH 6.0, 20 min at 95°C; 1 mM EDTA pH 9.0, 20 min at
95°C; or proteinase K 10 µg/ml in phosphate buffered saline, 20 min a 37°C). Kidney
samples contain endogenous biotin that also binds ABC-peroxidase complex [26] especially
after antigen retrieval procedures. To suppress false positive staining for endogenous biotin
using the ABC-peroxidase method, the kidney sections were first blocked using an avidin
biotin blocking kit according to manufacturer’s instructions (Vector Labs). To validate
specificity of the anti-TCIRG1 antibodies kidney sections from Tcirg1 null mice were
immunostained. As negative controls the primary antibodies were replaced by matched non-
immune antibodies from the same species and in the same concentrations. The peroxidase
was visualised by DiaminoBenzidine (DAB) staining (brown) after which nuclei were
counterstained with methyl green (green-blue) or haematoxylin (blue).To identify
osteoclasts, sections were stained red for Tartrate Resistant Acid Phosphatase (TRAcP)
using a kit from Sigma.

Microcomputer Tomography (micro CT)
Hemi-mandibles from three 18–20 days old Tcirg1 null mice and three littermate wild-type
or heterozygous mice were scanned at a resolution of 6 µm voxels using a µCT-40 high
resolution scanner (Scanco Medical, AG, Bassersdorf, Switzerland) to determine the degree
of mineral content in the enamel. Lower incisors of Ae2a,b-deficient mice (n=3) and wild
type/heterozygous litter mate controls (n=3) were also scanned and measured under identical
settings to serve as poorly mineralized enamel due to disruption of the pH regulation in
maturation ameloblasts [15]. After scanning a 3-D computer reconstruction of the jaws was
made, after which virtual cross-sectioned images were prepared starting at the incisor tip
(most developed) into cervical (less developed) direction. In a scout view using steps of 60
µm first the position of the incisors in the jaw tissues was established. Then the slices with
the most intensely mineralized enamel were identified (near incisal end, at the level of
alveolar bone crest) as area of interest. In this area 1–2 cross-sectioned slices per jaw were
selected visually containing the most densely mineralized enamel. Per slice the mineral
content of enamel and underlying dentin was measured by point measurements at three sites
(Fig. 4). The mean values per mouse were used to calculate an average value (and standard
deviation) per group of three mice. The Ae2a, b

−/− mice were of a different strain and
different age than the Tcirg1 null mice which might affect the quantity of mineral in the
dental tissues. We therefore also calculated the ratio between mineral content in enamel and
that in underlying dentin to normalize the enamel mineral content for potential (minor)
differences in the degree of mineralisation. Statistical significance was tested using Mann-
Whitney test (p ≤ 0.05).
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Results
Gross anatomical and histological changes in developing jaws and teeth of Tcirg1 null
mutants

The Tcirg1 null mice were smaller and had a body weight 40% lower than wild type mice
(body weights: 11.2 g ± 0.8 g for wild type mice, and 6.6 g ± 1.0 g for Tcirg1 null mice at
postnatal day 18). In Tcirg1 null mice tooth eruption was severely impaired (Fig. 1a, b).
Some bone resorption had occurred which allowed the younger teeth (third molars and some
of the second molars) to partially erupt. In wild type littermate mice all molars and incisors
had erupted and were functional.

Histologically the Tcirg1 null mutants were severely osteopetrotic; orofacial bones
contained many small marrow cavities instead of few large ones (Fig. 2a1, c, f; Fig 4a, b, e,
f). TRAcP staining revealed positive mononuclear and multinuclear cells lining the
osteopetrotic bone. Most conspicuously, however, the surface of the osteopetrotic bone was
also very strongly labelled for TRAcP (Fig. 2a2).

In Tcirg1 null mutants all incisors and molars were developing, but root development of the
1st and 2nd molars was severely disrupted and incisors appeared very short in comparison to
wild type (one third to one fourth of wild type) (Fig. 2a-f). At the base of the teeth, near the
cervical loop, there was only a short distance between the osteopetrotic bone and pulp (Fig.
2c), not seen in wild type controls (Fig 2d, e). In mutants often the dental layer with
proliferating cells at the cervical loop of the incisors had folded and the layer became
disrupted (Fig. 2f). The fragments formed many islands surrounded by bone tissue but still
capable of forming ectopic, small (molar- shaped) teeth (denticles, Fig 2f-j). Ankylosis
between dental roots and alveolar bone was locally found in incisors and severely disrupted
roots of the first molars (Fig. 2a1).

Though the teeth were often smaller, amelogenesis in Tcirg1 null mice appeared structurally
unaffected, both in the regular teeth and in the forming denticles (Fig. 2g-j). Local defects
and disruption of the ameloblast layer was seen at locations where the crowns seemed to be
compressed by the osteopetrotic bone. Ameloblasts in all stages looked normal and formed a
structured well-organized layer of enamel. The cells deposited substantial amounts of
enamel matrix, transformed into maturation ameloblasts, enamel matrix became EDTA
soluble and progressively disappeared from the enamel space as seen in wild types.

Immunostaining
To verify the specificity of the antibodies to Tcirg1 we first immunostained kidney tissue
sections obtained from wild type and Tcirg1 null mice. In wild type mice both anti-TC
antibodies and the anti-B2 antibody gave intracellular staining in a selection of the epithelial
ducts (Fig. 3a, c, and e). The anti-TC-A also stained the nuclei (Fig. 3c). In Tcirg1-null
mutant kidney anti-TC-S gave no positive staining (Fig. 3b), anti-TC-A stained only the
nuclei of the cells (Fig 3d) whereas anti-B2 gave the same positive staining as seen in wild
type sections (not shown). Non-immune IgG did not stain any cells in kidney, either in wild
type (Fig 3f) or null mutant kidney (not shown).

Anti-TC-A also stained nuclei of the superficial epithelium cells in nasal mucosa (Fig. 3j),
nuclei of cells forming ducts of nasal glands and some nuclei in the oral epithelia (not
shown), both in wild type and null mutant tissues.

Next we focussed on staining in osteoclasts and ameloblasts. In wild type mice maturation
ameloblasts did not react either with anti-TC-S (Fig. 3g, inset) or with anti-TC-A (Fig. 3k).
Except for an occasional very faint intracellular reaction using anti-TC-A, antigen retrieval
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in citrate buffer could not reveal appreciable staining in these cells. However, the cytoplasm
and ruffled border of nearby wild type osteoclasts stained strongly positive (Fig. 3g inset,
3h; Fig. 3k).

Tcirg1 null mutant osteoclasts stained with anti-TC-S were completely negative (Fig. 3i).
Whereas in wild type mice the anti-TC-A stained the cytoplasm and the nuclei of osteoclasts
(Fig. 3k), in Tcirg1 null mutant tissues this antibody only stained their nuclei (Fig 3l, m).

Anti-B2 gave a positive staining in maturation ameloblasts (Fig. 3n) and osteoclasts (Fig.
3p, q), in wild types as well as in null mutant mice (Fig. 3o, r, s). In maturation ameloblasts
particularly the apical membranes were intensely stained (Fig 3n, r), not seen in osteoclasts
in null mutants that stained only intracellular with anti-B2 (Fig. 3s) In contrast to both other
antibodies that gave a restricted staining anti-B2 stained more cell- and tissue types in
orofacial area including secretory ameloblasts (with a strong staining in their apical parts),
stratum intermedium cells, papillary layer (moderate to weak staining, Fig. 3n), epithelial
cells lining the nasal cavity (strong), ducts of nasal glands (weak), highly active osteoblasts,
young osteocytes, small mononuclear cells around osteoclasts (Fig. 3k), in elongated
fibroblasts of mature periodontal ligament (Fig. 3p,q) and some endothelial cells of blood
vessel walls (Fig. 3q).

Micro CT analysis
Although teeth in Tcirg1 null mice were often disfigured and compressed by failure to erupt
the microCT analysis showed that mineral content of the most advanced incisor enamel was
as high as in wild types (Fig. 4a, b, 5). The same was true for the enamel of molars in Tcirg1
null mice (Fig. 4e, f). In contrast enamel of Ae2a, b

−/− mice used as a positive control for
defective enamel mineralisation was much less mineralized (Fig. 4c, d, Fig.5) than wild type
controls, even lower than the (unaffected) underlying dentin.

The ratio of mineral content in enamel and that in dentin was the same in Tcirg1 null mice,
the wild type/heterozygous controls to Tcirg1 null and in wild type controls to Ae2a,b -
deficient mice (between 1.53–1.55, Fig. 5). In Ae2a, b deficient mice this ratio was
significantly lower (0.64) than their wild littermate controls.

Discussion
Maturation ameloblasts and the Tcirg1 subunit

By immunohistochemistry we could not detect osteoclasts-proton pump-specific Tcirg1
(Atp6v0a3) in mouse ameloblasts, either in secretion or maturation stage. We used two
antibodies, each raised against a different part of the human TCIRG1 molecule. The first
antibody (anti-TC-S) failed to stain ameloblasts but strongly stained osteoclasts and renal
cells in wild type mice but failed to stain these cell types in Tcirg1- null mutant mice. The
other antibody (TC-A) also did not react with ameloblasts but stained cytoplasm and nuclei
of osteoclasts. In null mutant this antibody stained only the nuclei of osteoclasts while also
nuclei of several other cell types in null mutant tissues were positive. This data indicates that
both the antibodies to human TCIRG1 recognize mouse Tcirg1, that anti-TC-S is
specifically detecting Tcirg1 but that anti-TC-A also reacts with an epitope located in nuclei
that is not related to mouse Tcirg1.

The v-H-ATPases are involved in a wide variety of physiological processes, including
endocytosis, intracellular membrane trafficking, macromolecular processing and
degradation, though their primary function is considered to be related to the acidification of
intracellular compartments. For their diverse functions, v-H-ATPases utilize specific subunit
isoform(s) in specific cells and cell organelles [21, 27, and 28]. The v-H-ATPase complex
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exists of two major parts, a V0 transmembrane part consisting of at least 5 subunits (a, c, c”,
d and e), and a catalytic cytosolic V1 component which contains at least 8 subunits (A-H).
For osteoclast proton pump activity in mouse the Tcirg1 subunit is essential [9, 20], without
which osteoclasts cannot function properly and cannot make pits in bone. The Tcirg1
subunit is however not unique for or exclusively present in osteoclasts or kidney cells, but is
most highly expressed in these cells [29] which is consistent with our observations.

Very recently it was reported that Tcirg1 transcripts are present in secretory stage enamel
organ of the rat incisor and that their expression is upregulated in maturation stage [30].
Within the sensitivity of our immunohistochemical technique we could not detect
appreciable levels of staining for Tcirg1 in mouse ameloblasts regardless which of both
antibodies we used. Both antibodies however did strongly stain osteoclasts and renal
epithelial cells. This suggests that even if ameloblasts translate the Tcirg1 transcripts, the
Tcirg1 protein levels are likely very low.

When these antibodies were used to stain developing jaw tissues of rats, hamsters and
human foetuses (archival material), both anti-C antibodies were strongly reactive with
osteoclasts but not with ameloblasts (unpublished), indicating the present data are not
restricted to mice.

We furthermore found no evidence that the functional inactivation of Tcirg1 in mouse
osteoclasts had a clear effect on enamel formation and enamel mineralization.

We conclude from these data that maturation stage ameloblasts do not express appreciable
levels of Tcirg1 protein, an essential subunit for functioning of the proton pump in
osteoclasts.

Maturation ameloblasts and v-H-Atpase v1b2

The v-H-ATP6V1B2 localizes to the ruffled border of osteoclasts [22], in line with our
observation. We report here that v-H-Atp6v1b2 is also located in maturation ameloblasts
with strong staining over the ruffled border, similar as reported for v-H-Atpase in rat
incisors [14, 16] but we found that this subunit is more widely distributed in murine
orofacial tissues than Tcirg1. We speculate that the v-H-Atpase found in rat incisor
maturation ameloblasts by Lin et al. [14] and Josephsen et al. [16] is involved in intracellular
acidification rather than in plasma membrane proton extrusion. This assumption is
consistent with the specifications of the antibodies used by both groups: not against the 116
kD Tcirg1 subunit, but to other subunits shared by more cell types. Lin et al [14] used
antibody to ‘’a vacuolar type H-ATPase subunit of 72 kD’ (not further specified but
presumably the 70 kD ATP6V1A, see [21]) and Josephsen et al. [16] used anti-ATP6V0.A1,
which is highly expressed in brain, neurons, and clathrin-coated vesicles [28], but is lowly
expressed in osteoclasts in comparison to ATP6V0A3 [29].

Our data do not support the concept that maturation ameloblasts secrete protons into the
enamel space using an osteoclast type of v-H-Atpase but are more in line with our alternate
model that maturation ameloblasts secrete bicarbonates neutralizing lowered pH due to
proton release from forming minerals [1, 2, 17–19].

Highlights

- Mouse ameloblasts are immunonegative for osteoclast proton pump subunit
Tcirg1.

- Mouse osteoclasts are strongly immunopositive for Tcirg1.
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- Enamel formation is unaffected in Tcirg1-null (oc/oc) mice.

- It is unlikely that ameloblasts have a proton pump as osteoclasts to acidify
matrix.
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Fig. 1. a, b. A microCT image of the mandible of an 18 days old Tcirg1 null mouse (a) and a
control wild type littermate (b)
In the mutant mouse the incisor (I) is just emerging beyond the bony crest. Also the tips of
first (M1) and second (M2) molars are becoming apparent above the bone surface. An
ectopical molar (eM) denticle is forming near the cervical loop area of the shortened incisor.

Bronckers et al. Page 10

Bone. 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. 2. Histological changes in tooth development in osteopetrotic mice
Fig.2a1. Unerupted first (M1) and second (M2) molars surrounded by osteopetrotic bone (B)
of a Tcirg1- null mouse (x 50). Roots (R) of M1 have fused with bone. Fig 2a2: TRAcP
staining of osteopetrotic bone. Intense staining is located at the bone margins. Black arrow
heads point at TRAcP positive mononuclear and multinuclear osteoclasts. White arrow
heads indicate multinuclear cells that are TRAcP negative (x 400). Fig. 2b. Wild type
littermate to mouse in Fig 2a1. Molars (M1, M2) with normal roots (R) have erupted into
oral cavity (x 50). Fig. 2c. A developing molar crown of a Tcirg1- null mouse at an
unusually close distance from surrounding osteopetrotic bone. At the base of the molar the
bone almost invades (arrows) the dental pulp (DP) (x 100). Fig. 2d (x 25), 2e (x 100): Wild
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type incisor with normal relatively wide space between cervical loop (CL) and bone (B).
The cervical loop is shown at higher magnification in Fig. 2e. Fig. 2f. Impacted incisor of
Tcirg1- null mouse with enamel space (ES) and dentin (D) (x 50). Its cervical loop has
disrupted and fragments encapsulated by osteopetrotic bone have formed multiple scattered
ectopic small denticles (circles) in all stages of enamel development. Denticles are shown in
detail in Figs 2g-j (Fig 2g:×100: Figs 2h, j.×400, Fig 4i.×250). Small enamel defects (*, Fig
2j) by local disruption of ameloblasts are occasionally seen. Abbreviations:B bone; CL
cervical loop; D dentin; DP dental pulp; EM enamel matrix, ES enamel space; M1 first
molar; ma maturation ameloblasts, R root; sa secretory ameloblasts. Hematoxylen staining.
All magnifications indicated as original magnifications.
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Fig. 3. Validation of anti-TCIRG1 and anti-ATP6V1B2 on Tcirg1 null kidney sections (Fig. 3a-f)
and staining patterns of osteoclasts and ameloblasts with different antibodies in jaw tissues (Fig
3g-s)
Fig. 3a: Wild type (+/+) kidney tubular epithelium stained with anti-TCIRG1-S (Fig. 3a,
referred to as TC-S;×400), anti-TCIRG1-A (Fig 3c, ‘TC-A’,×400) or anti-v-H-ATP6V1B2
(Fig. 3e, ‘B2’,×1000). In fig. 3e: asterisk indicates lumen of tubule; arrows point at positive
staining. Tcirg1 null mutant (−/−) kidney stained with anti-TC-S (Fig 3b,×400) or anti-TC-A
(Fig. 3d,×400). As control wild type kidney as stained with non-immune rabbit IgG (Fig.
3f,×1000). Figs 3g, h. Osteoclasts (Ocl) but not (incisor) maturation ameloblasts (ma) in
developing wild type jaws anti-TC-C. Asterisks: ruffled border. The maturation ameloblasts
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are partly covered by a detached part of dentin matrix. An osteoclast in null mutant tissue is
immunonegative with anti-TC-S (Fig. 3i,×1000). Fig. 3k (x 400): Positive staining of
cytoplasm and nuclei of an osteoclast (arrow) with anti-TC-A, but not in maturation
ameloblasts (ma) of a wild type mouse. Fig. 3j (superficial layer of nasal epithelium,×200),
3l (x 400) and 3m (x 1000) show positive nuclear staining in osteoclasts (arrows) and nasal
epithelium in null mutant jaw reacted with anti-TC-A. Figs 3n-s: Cells stained with anti-B2.
In wild type jaw anti-B2 stains maturation ameloblasts (ma) in particular the apical
membrane (arrow) (Fig 3n,×400), multinucleated osteoclasts and small mononucleated
fibroblast-like cells in periodontal space (arrows, Figs 3p, q,×400) and endothelial cells (Fig.
3q white arrow head). In null mutant mice anti-B2 stained cytoplasm (Fig 3o,×1000), and
apical membranes (arrow, Fig 3r,×1000) of maturation ameloblasts (ma) in denticles and
multinuclear osteoclasts in osteopetrotic bones (Fig 3s;×400). Abbreviations: B bone, BV
blood vessel, EM enamel matrix, EO enamel organ; EM enamel matrix; ES enamel space;
ma maturation ameloblasts; PL papillary layer; Ocl osteoclast
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Fig. 4. MicroCt images of cross-sections through mandibular incisors (a-d) and molars (e, f)
Fig. 4a is from a digital reconstruction of a wild type and fig. 4b from a Tcirg1- null mouse,
both 18 days old. The small circles in enamel (e) and dentin (d) in fig. 4a indicate the
locations where measurements have been taken. Enamel in both control and mutant mouse is
well mineralized. Figs 4c and 4d are cross sections through incisor of control and an
Ae2a, b

−/− mouse, 9 weeks old. Enamel in the Ae2a,b null mutant mouse is poorly
mineralized. Figs 4e and 4f are cross sections through the first molar of a control (Fig. 4e)
and Tcirg1- null mutant (Fig. 4f). A thick layer of bone is still present around the roots in the
mutant jaw (Fig. 4f). The enamel in the Tcirg1- null mutant is well mineralized.
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Fig. 5. Comparison of mineral content of incisor enamel between Tcirg1- null mice, Ae2a,b
deficient mice and their wild type /heterozygous littermate controls assessed by microCT
The Tcirg1- null mice were 18–20 days old, the Ae2a,b deficient mice 9 weeks old. The Y-
axis represents mineral content expressed as mg hydroxyapatite (HA) per cubic cm. The
values in the boxes represent enamel/dentin ratio’s (Means and SD, n=3). Only the mineral
content in enamel of the Ae2a, b deficient mice is significantly lower than that in controls
(p<0.05).
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