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ABSTRACT 
Extracellular acidification by osteoclasts is essential to bone resorption. During 
proton pumping, intracellular pH (pHi) is thought to be kept at a near-neutral level 
by chloride/bicarbonate exchange. Here we show that the Na+-independent 
chloride/bicarbonate anion exchanger 2 (Ae2) is relevant for this process in the 
osteoclasts from the long bones of Ae2a,b

-/- mice (deficient in the main isoforms 
Ae2a, Ae2b1 and Ae2b2). Although the long bones of these mice had normal 
numbers of multinucleated osteoclasts, these cells lacked a ruffled border and 
displayed impaired bone resorption activity, resulting in an osteopetrotic phenotype 
of long bones. Moreover, in vitro osteoclastogenesis assays using long-bone 
marrow cells from Ae2a,b

-/- mice suggested a role for Ae2 in osteoclast formation, 
as fusion of pre-osteoclasts for the generation of active multinucleated osteoclasts 
was found to be slightly delayed. In contrast to the abnormalities observed in the 
long bones, the skull of Ae2a,b

-/- mice showed no alterations, indicating that 
calvarial osteoclasts may display normal resorptive activity. Microfluorimetric 
analysis of osteoclasts from normal mice showed that, in addition to Ae2 activity, 
calvarial osteoclasts – but not long-bone osteoclasts – possess a sodium-
dependent bicarbonate transporting activity. Possibly, this might compensate for 
the absence of Ae2 in calvarial osteoclasts of Ae2a,b

-/- mice. 
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INTRODUCTION 
Osteoclasts are multinucleated cells specialized in bone resorption [1, 2]. Their 
attachment to the bone surface leads to a highly organized polarization 
characterized by a ruffled border with multiple membrane invaginations at the site 
where bone will be resorbed. This ruffled border area, which is secluded from the 
environment by the sealing zone, extrudes protons through a vacuolar H+- ATPase 
(V-ATPase). Electroneutrality is preserved during this process by simultaneous 
secretion of chloride ions through the chloride channel ClC-7 in the ruffled border 
membrane.  

By hydrating CO2 to bicarbonate and a proton, intracellular carbonic anhydrase II 
(CAII) provides protons to the vacuolar proton pump. In order to maintain the 
intracellular pH (pHi) at around 7, proton export into the resorptive lacuna has to be 
accompanied by export of bicarbonate across the basolateral membrane. 
Bicarbonate efflux from osteoclasts is thought to be accomplished through Na+-
independent chloride/bicarbonate anion exchange (AE) activity [2, 3]. 

The importance of unimpaired ion transport in normal bone metabolism and 
development is highlighted by evidence that mice and humans lacking V-ATPase 
[4] or ClC-7 [5] are severely osteopetrotic. Most probably, the lack of chloride 
bicarbonate exchange may also impair normal functioning of osteoclasts, thereby 
causing osteopetrosis.To date, three members of the solute carrier 4 (SLC4) family 
have been identified which may display AE activity [6]: AE1 (SLC4A1), AE2 
(SLC4A2) and AE3 (SLC4A3). Thus, all three may mediate electroneutral 
exchange of chloride for bicarbonate across the plasma membrane. The 
mechanism of action of a fourth exchanger, AE4 (SLC4A9), is still inconclusive [6]. 
Whether any of these AE proteins is involved in maintenance of the pHi of 
osteoclasts remains to be studied. The most widely distributed exchanger is AE2, 
which is expressed in many epithelial cells, in which it contributes to the regulation 
of pHi and cell volume, as well as transepithelial hydroionic fluxes and acid/base 
transport [6]. Vince and Reithmeier [7] showed that AE1 and AE2 both bind to CAII, 
and suggested that an interaction between anion exchangers and CAII is 
functionally important. This suggestion was strongly supported by Sterling et al.[8], 
who showed that this interaction accelerates the rate of AE-mediated bicarbonate 
transport.The AE2 gene, similarly to the other AE genes, may drive alternative 
transcription from different promoter sequences. In humans, besides the complete 
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message AE2a driven by the upstream promoter [9], alternative exons 1b1 and 
1b2 may be transcribed from overlapping promoter sequences within intron 2, each 
being spliced to exon 3 in corresponding 5’-variants Ae2b1 and Ae2b2 [10]. 
Alternative promoter sequences from intron 2 is rather conserved between humans 
and rodents [cf. ref. 11], although expression of the type “b” variants is less tissue 
specific in rodents [12]. Additional alternative exons 1c1 and 1c2 may be 
transcribed from overlapping sequences within intron 5 in mouse and other rodent 
species [12, 13], but not in humans [10]. These alternative exons are either spliced 
to or proceed with exon 6 in variants Ae2c1 and Ae2c2, respectively. Ae2c1 
expression is rather stomach-specific, while in most tissues Ae2c2 expression is 
almost negligible [14, 15], and the encoded protein appears to be inactive [14]. We 
have generated mice that are deficient in the main Ae2 isoforms, Ae2a, Ae2b1 and 
Ae2b2 [16]. These Ae2a,b

-/- mice suffer from male infertility due to an arrest in 
spermatid maturation [16], and have impaired gastric-acid secretion [15]. In the 
current study we investigated the role of Ae2 in osteoclast formation and osteoclast 
activity. We show that Ae2 is involved in maintaining the intracellular pH of 
osteoclasts, and plays an important role in the formation and activity of 
multinucleated osteoclasts, and thus in the normal development of long bones. 
Strikingly, resorptive function was maintained in the calvaria osteoclasts of these 
Ae2a,b

-/- mice, and we were able to show that a sodium-bicarbonate cotransporter is 
present in these calvaria osteoclasts but not in long-bone osteoclasts.  

 

MATERIALS & METHODS 
Animals  
Ae2a,b

-/- mice, with a targeted disruption of the Ae2 gene that prevents the 
expression of Ae2a, Ae2b1 and Ae2b2 isoforms, were generated as described 
[16]. Mice were bred from heterozygous couples against the FVB/N background. 
Experiments were approved by the IACUC (Institutional Animal Care and Use 
Committee). The wild-type, heterozygous and Ae2a,b

-/- mice used in the 
experiments were 10-20 weeks old. All genotypes were age-matched per 
experiment.  
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Micro CT scan  
Calvariae and tibiae were dissected, fixed and cleaned of soft tissue. The bones 
were scanned in a μCT system (micro CAT ™II, Siemens Preclinical Solutions, 
Knoxville, TN, USA) at 75.0 kVp and 250.0 uA (scans were carried out at 10 μm 
resolution). 2D CT images were reconstructed using a standard convolution-back 
projection procedure with a Shepp-Logan filter. Images were stored in 3D arrays 
with a voxel size of 19 μm x 19 μm x 23 μm.  
 

Microscopy  
Isolated calvariae and tibiae were fixed for 48 h at room temperature in 4% 
formaldehyde and 1% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4). 
After cleaning of soft connective tissue and μCT analyses (see above), these 
bones were decalcified for two weeks in 0.1 M EDTA and 1% glutaraldehyde in 
cacodylate buffer, washed in buffer, postfixed in 1% OsO4, washed in buffer again, 
dehydrated through a graded series of ethanol, and embedded in epoxy resin (LX-
112). Semi-thin sections (1 μm) were cut with a diamond knife, stained with 
methylene blue, and used for (i) viewing the general morphology, (ii) measuring 
bone density, and (iii) counting the number of osteoclasts. Ultra-thin sections were 
made with a diamond knife, stained with uranyl and lead, and examined in a Philips 
CM10 electron microscope. The sections were checked for the presence of a clear 
zone and ruffled border, and also for the presence of vacuoles in the osteoclasts. 
Low-power electron micrographs were made, randomized, and used to measure 
the attachment and ruffled border surface area.  
 
Bone strength  
The strength of humeri obtained from the wild-type, Ae2a,b

+/- and Ae2a,b
-/- mice was 

measured by subjecting the bones to a three-point bending test in a universal 
testing machine (model no. 6022; Instron, High Wycombe, Bucks, UK) as 
described [17]. The two ends of the bone were fixed to a holder, and force was 
applied to the mid-portion of the bone shaft at a speed of 0.96 mm/min until the 
bone broke. The force needed to break the bone was registered in Newton per 
square mm. 
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Phosphate and calcium content in bone, and CTX levels in serum  
The mineral composition of the bone was measured by establishing the amounts of 
calcium and phosphate relative to that of collagen. Collagen was measured using 
the hydroxyproline microassay as described [18]; phosphate was determined 
according to the assay described by Hess and Derr [19], and calcium by atomic 
absorption spectrometry. Quantitative determination of the serum levels of 
fragments of type I collagen (CTX) was carried out by using the RatLaps ELISA kit 
(Immunodiagnostic Systems Ltd., Boldon, UK). 
 
Immunohistochemistry  
Polyclonal antibodies were raised against the synthetic peptide 
CGDEYNEMPMPV, that corresponds to the 12 C-terminal-amino acids of the Ae2 
protein [20]. Antisera were affinity-purified and their specificity was verified by 
Western blotting. Obtained antibodies reacted to Ae1 (normally expressed in 
erythrocytes and kidney) and to all Ae2 isoforms (i.e. Ae2a, b1, b2, c1 and c2), but 
not to Ae3 (normally present in nerve cell, heart muscle cells) and Ae4 (recently 
found in kidney). Hemi-mandibles from three wild-type and three Ae2a,b

-/- adult mice 
were fixed overnight in 4% formaldehyde in 0.1 M phosphate buffer, pH 7.4, 
subsequently rinsed for 24 hours in the same buffer, and decalcified as described 
above (see Microscopy above). The tissues were then washed overnight in 0.1 M 
phosphate buffer, pH 7.4, dehydrated in ascending alcohol series, and routinely 
embedded in paraffin. Deparaffinised sections (5 µm thick) were stained with the 
anti-Ae2 antibodies (1:600 dilution) using the ABC peroxidase method (Vectastain, 
Vector, Burlingame, CA, USA). Before immunostaining, endogenous peroxidase 
was inactivated by incubation for 3 min in 3% hydrogenperoxide in phosphate-
buffered saline. The immunostaining was developed with DAB and counterstained 
with haematoxylin (Mayer). Normal rabbit IgG was used as negative control. 
 
Immunofluorescence labeling, flow-cytometry and cell sorting  
Bone marrow cell suspensions from the three genotypes were collected as 
indicated below (see Bone marrow culture with RANKL and M-CSF for osteoclast 
generation), pelleted (200 g, 10 min, 4 ºC), and incubated for 30 min in 25 µl 
biotinylated ER-MP12 (antibody against CD31) per 1.106 cells. Cells were washed 
once in PBS, and 1.106 cells were incubated for 30 min in 25 µl buffer (PBS and 
1% BSA) containing a FITC–conjugated ER-MP20 (antibody against Ly6C), and 
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phycoerythrin-conjugated streptavidine (Falcon, Becton Dickinson, Franklin Lakes, 
NJ, USA) [21]. Before cell sorting, cells were washed and collected in culture 
medium and sieved through 50 µm pore-size filters (Falcon). Early blasts (ER-
MP12hi/20-), myeloid blasts (ER-MP12+/20+) and monocytes (ER-MP12-/20hi) were 
sorted at 3.107 cells per hour with a BD FacsAria (Becton Dickinson).  
 
Quantitative RT-PCR  
RNA from cultured bone marrow cells was isolated using the RNeasy Mini Kit 
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. After 
measuring RNA concentration with the RiboGreen kit (Molecular Probes, Eugene, 
OR, USA), 100 ng RNA was reversed trancribed to cDNA for real-time quantitative 
PCR (qPCR). The reactions were performed with the ABI PRISM 7000 (Applied 
Biosystems) by using 5 ng cDNA and 300 nM of each primer in a total volume of 
25 μl containing SYBR Green PCR Master Mix (SYBR Green I Dye, AmpliTaq Gold 
DNA polymerase, and dNTPs with dUTP instead of dTTP, Applied Biosystems), 
following manufacturer’s instructions. Samples were normalized for the expression 
of β2-microglobulin by calculating the ΔCt (Ct gene of interest – Ct ß2-microglobulin); 
expression of the different genes is given as 2^ –(ΔCt). The employed primers are 
indicated in Table I. For relative expression in bone marrow cells cultered with M-
CSF and RANKL (see below), samples were normalized for the calibrator (cultures 
with M-CSF only) by calculating the ΔΔCt (ΔCtsample – ΔCtcallibrator), and results are 
given as 2^ –(ΔΔCt).  

 
Bone marrow culture with RANKL and M-CSF for osteoclast generation  
Osteoclasts were generated as described [22]. Briefly, for each experiment, age-
matched mice were sacrificed with a peritoneal injection of sodium pentobarbital. 
Removed tibiae and calvariae were cleaned of soft tissue, and ground in a mortar 
with culture medium α-MEM (Gibco BRL, Paisley, Scotland) supplemented with 5% 
fetal calf serum (HyClone, Logan, UT, USA), 100 U/ml penicillin, 100 µg/ml 
streptomycin and 250 ng/ml amphotericin B (Antibiotic Antimycotic solution, Sigma, 
St. Louis, MO, USA), and heparin (170 IE/ml). The cell suspension was aspirated 
through a 21-gauge needle and filtered over a 100 µm pore-size Cell Strainer filter 
(Falcon). Cells were washed twice in culture medium, centrifuged (5 min, 200 g), 
and plated in 96-well flat-bottomed tissue-culture-treated plates (Costar, 
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Cambridge, MA, USA) at a density of 1.105 cells per well; alternatively, cells were 
seeded on bovine cortical bone slices 650 µm in thickness. 

Cells were cultured in 150 µl culture medium containing 30 ng/ml recombinant 
murine M-CSF (R&D systems, Minneapolis, MI, USA) with or without 20 ng/ml 
recombinant murine RANKL (R&D systems). Culture media were refreshed every 
fourth day. After six or 17 days of culture, wells were washed with PBS and either 
fixed in 4% PBS buffered formaldehyde and stored at 4 ºC, used for tartrate-
resistant acid phosphatase (TRAcP) staining, or were dissolved in RNA lysis buffer 
(see above) and stored at -80 ºC until subsequent RNA isolation.  

 
TRAcP activity  
TRAcP staining was carried out using the Acid Phosphatase, Leukocyte (TRAcP) 
Kit from Sigma (nr 387A) according to the manufacturer’s instructions. The number 
of positively stained cells on bone or on plastic was counted. The cells were 
grouped into one of the following categories: (i) mononuclear, (ii) cells with 2-5 
nuclei, and (iii) cells with more than 5 nuclei. To determine the TRAcP form 5b in 
mouse serum, an IDS MouseTRAP Assay kit (Immunodiagnostic Systems Ltd. 
Boldon UK) was employed. 
 
Bone resorption 
Slices of bovine cortical bone 650 μm thick were cut to fit into a 96-well plate. Bone 
marrow cells were cultured on bone slices for six days with M-CSF and RANKL. 
After this period, the cells present on the bovine cortical bone slices were removed 
with 0.25 M NH4OH. The slices were washed in distilled water, incubated in a 
saturated alum (KAl(SO4)2.12H2O) solution, washed in distilled water, and stained 
with Coomassie Brilliant Blue.  
 
Intracellular pH measurements  
Cells grown on coverslips were loaded with the carboxy-seminaphthorhodafluor-1 
fluorescent pH indicator (SNARF, Molecular Probes) by exposure for 10 min to 10 
µM of the acetoxymethyl ester at 35 ºC. The microscope was equipped with epi-
illumination. Dye-loaded osteoclasts were excited with 515 nm wavelength light for 
50 ms once every 3 seconds (75 W Xenon arc lamp). Intensities of the light emitted 
at wavelengths of 580 (I580) and 640 nm (I640) were recorded by two photomultiplier 
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tubes. The I580/I640 ratio was calibrated by a series of precisely set pH solutions that 
contained 140 mM K+ (instead of Na+) and 10 µM nigericin (Sigma-Aldrich) [23].  

The cells were grown on a coverslip that formed the floor of a cell chamber on 
the stage of an inverted microscope, and were superfused with normal CO2/HCO3

--
buffered saline solution (3 ml/min) at 35-37 ºC. The saline solution consisted of 
117.6 mM NaCl, 22.4 mM NaHCO3, 5.4 mM KCl, 1.8 mM CaCl2, 1.0 mM MgCl2, 
and 5.5 mM glucose. To set pH at 7, saline solutions were gassed with 5% 
CO2/95% air.  

In the Cl- free variant, gluconate salts were used. For acetate prepulses, 80 mM 
NaCl was replaced by NaAcetate (NaAc). In Na+-free Tyrode’s solutions, Na+ was 
replaced by N-methyl-D-glucammonium (NMDG+).  

 
Statistical analysis 
The data are represented as mean ± SD. Statistical analysis was performed by 
using Student’s t-test with Welch’s correction. Effects were considered statistically 
significant at P<0.05 (two sided). 
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RESULTS 
Ae2a,b

-/- mice show growth retardation and have osteopetrotic long bones  
Growth of the Ae2a,b

-/- mice was slightly but significantly retarded compared to the 
wild-type controls. This effect was seen in both male and female animals, and 
persisted after weaning (Figure 1). 

 
Figure 1. Growth retardation in Ae2a,b

-/- mice. Body weight of male mice (left panel) and 
female mice (right panel) was determined weekly over a ten-week period. Weight reduction 
was of the same magnitude in each gender of Ae2a,b

-/- mice (Ae2a,b
+/+ n=4 per gender,  

Ae2a,b
-/- n=5 per gender, P< 0.001). 

Examination by micro-CT (Figure 2A) and light microscopy (Figure 2B, C) showed 
that long bones of Ae2a,b

-/- mice have very small marrow spaces and a thick bone-
collar shaft, consistent with an osteopetrotic phenotype. The thick cortical bone 
exhibited  
patches of immature osteosclerotic bone within the cortex, suggestive of impaired 
remodeling. In the primary spongiosa, however, trabeculae and bone marrow 
spaces in the Ae2a,b

-/- mice were similar to those in the wild-type mice, indicating 
that normal appositional bone may be remodeled into normal trabeculae. Although 
the cartilaginous growth plates of the Ae2-deficient and wild-type mice (Figure 2C) 
proved to have a comparable thickness (116 ± 25 µm in wild-type and 113 ± 22 
µm in Ae2a,b

-/- mice), hypertrophic and prehypertrophic chondrocytes had an 
uneven distribution in the Ae2 -/- mice. Thus, in some areas chondrocytes were 
normally distributed, whereas in others chondrocytes were scarcely present.  
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A three-point bending test showed that the strength of the bones of Ae2a,b
-/- mice 

was higher than that of wild-type bones (1.5 N/mm2 for wild-type bone and 2.5 
N/mm2 for Ae2a,b

-/-
; P<0.05) (Figure 2D). This greater bone strength had not been 

caused by a change in their mineral composition, since all three genotypes had a 
similar phosphate content (in µg/µg of hydroxyproline ± SD: wild-type: 29.8 ± 3.1; 
Ae2a,b

+/-: 33.8 ± 3.2; Ae2a,b
-/-: 30.5 ± 1.9) and calcium content (µg/µg of 

hydroxyproline ± SD: wild-type: 10.6 ± 1.8; Ae2a,b
+/-: 11.3 ± 1.7; Ae2a,b

-/-: 9.8 ± 1.2). 
However, the diameter of the bones of Ae2a,b

-/- mice was lower than that in normal 
and heterozygous littermates: 1 mm in wild-type bones and 0.75 mm in Ae2a,b

+/- 

bones (Figure 2E). 

 Finally, no differences were found in the bones of the skull between Ae2a,b
-/- and 

wild-type mice (Figure 2F, G).  The micro-CT examinations showed no differences 
between the two genotypes in the cranial vault (frontal, parietal and occipital 
bones), the base of the skull (pterygoid, alisphenoid, palatine and basisphenoid) 
and the nasal, maxillary, and mandibular bones. 
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Figure 2. Long bones of Ae2a,b

-/- mice are osteopetrotic. (A) Tibiae visualized by micro-CT 
scans showing a tomographic reconstruction (top) and a 10-μm cross section (bottom) 
showing that both young and adult Ae2a,b

-/- mice have a greater bone mass in the shaft and 
a smaller bone marrow space compared to wild-type mice. Medullar cavity becomes thinner 
in adult Ae2a,b

-/- mice as compared to young Ae2a,b
-/- mice. (B) Light microscopy of long bone 

stained with methylene blue. The bone marrow (BM) cavity is present in long bones of wild-
type mice, while it is almost completely occupied by bone (arrows) in Ae2a,b

-/- tibiae. (C) H/E 
staining of the metaphyseal area (top) and the cortical bone of the diaphyseal region of 
tibiae (bottom). Top micrographs show clear demarcation of the growth plate and the 
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trabeculae of the primary spongiosa in both genotypes. Bottom micrographs show the 
abnormal accumulation of immature reticular bone (blue patches) leading to osteopetrosis in 
the Ae2a,b

-/- mice as compared to the wild-type littermates. (D) Three-point bending analyses 
of humeri indicate that long bones in Ae2a,b

-/- mice are stronger. Mean ± SD (N/mm2), n=12, 
*P<0.05. (E) Diameter of the humeri analyzed at the mid portion of the bones. Long bones of 
Ae2a,b

-/- mice proved to be thinner. Data are presented as mean ± SD in mm, n=12, ***: 
P<0.001. (F and G) Skull visualized by micro-CT scan showing a 3D reconstruction (F) and 
10-μm coronal section 1 mm rostral to the lamboid suture (G). No differences were observed 
in the calvariae between Ae2a,b

-/- mice and wild-type littermates.  

 
Osteopetrosis of long bones in Ae2a,b

-/- mice is due to osteoclast dysfunction 
Because an osteopetrotic phenotype can be explained by a lower number of 
osteoclasts and/or by an impaired function of these cells, we next performed light 
and electron microscopic analysis of Ae2a,b

-/- mouse long bones. Interestingly, 
osteoclasts were present in both wild-type and Ae2-deficient mice as revealed by 
TRAcP staining (Figure 3A), and their numbers per surface length were similar to 
those in the wild-type mice (Figure 3B). Moreover, osteoclasts in both mouse 
genotypes had a similar size (wild-type 216 ± 89 µm2 and Ae2a,b

-/- 239 ± 51 µm2) 
and similar numbers of nuclei per cell (mean number per sectioned osteoclast in 
wild-type: 3.6 ± 0.4; and in Ae2a,b

-/-: 3.1 ± 0.7). Furthermore, the serum levels of 
TRAcP form 5b were also similar between the wild-type and Ae2a,b

-/- mice (5,58 ± 
3,12 U/L and 5,22 ± 2,24 U/L, respectively). 
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Figure 3. Osteoclasts in Ae2
-/- long bones lack ruffled border and functional activity. (A) 

TRAcP staining of the metaphyseal area (top) and the cortical bone of the diaphyseal region 
of tibiae (bottom) of wild-type (left) and Ae2a,b

-/- (right) mice, indicating the presence of 
abundant osteoclasts in both genotypes. (B) TRAcP positive cells were counted in 
histological sections in Ae2a,b

-/- and wild-type mice (n=18 and 14, respectively; 6 sections per 
mouse) with no differences between genotypes (in each section a range between 20 and 
250 TRAcP positive cells were found; data are presented as mean ± SD). (C) Electron 
micrographs of osteoclasts (OC) of wild-type (left) and Ae2a,b

-/- (right) mice present in the 
long bone. Note the extensive ruffled border (RB) and the presence of numerous vacuoles 
(V) in the wild-type osteoclast; also a frayed bone surface is visible adjacent to the ruffled 
border, which is characteristic of active resorption. Note that the Ae2a,b

-/- long bone 
osteoclast lacks a ruffled border, cytoplasmic vacuoles and frayed area adjacent to the 
osteoclast. Wild-type and Ae2a,b

-/- osteoclasts are each attached to the bone surface and 
express an extensive clear zone (asterisks). N= nucleus. (D) Percentage of osteoclasts with 
a ruffled border in long bones from wild-type and Ae2a,b

-/- mice. The data are expressed as 
mean ± SD, n=14 for wild-type and n=18 for Ae2a,b

-/- mice, **: p<0.005; 6 sections per mouse 
were used and 3-23 osteoclasts were counted per section.  
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Analysis by electron microscopy (Figure 3C), however, revealed almost complete 
absence of a ruffled border in Ae2a,b

-/- osteoclasts (Figure 3C, right panel). In fact, 
only 3% of the osteoclasts in Ae2a,b

-/- long bones had a discernable ruffled border, 
in contrast to 85% of the wild-type osteoclasts that exhibited a ruffled border as 
well as clear signs of active resorption (Figure 3C, left). In addition to the very low 
number of osteoclasts with a well-defined ruffled border observed in the Ae2a,b

-/- 
long bones, the few structures present in these bones were smaller. Whereas the 
length of the ruffled border area in Ae2a,b

-/- mice totaled only 7% of the total surface 
length of the attachment area of the osteoclast (clear zone plus ruffled border), in 
wild-type mice it consisted of 55% of the total attachment area. Furthermore, while 
the presence of vacuoles associated with the ruffled border was indicative of active 
resorption in the wild-type mice (Figure 3C, left), such vacuoles were almost absent 
in osteoclasts of the Ae2a,b

-/- mice (Figure 3C, right) [24]. Consistent with these 
results, TRAcP staining was lower and the bone volume/total volume was higher 
(91.7% ± 7 in Ae2a,b

-/- mice and 75.5% ± 14 in wild-type mice) in long bone sections 
of Ae2a,b

-/- mice than in those of wild-type mice. However, serum levels of CTX 
levels were significantly higher in Ae2a,b

-/- mice compared to control littermates 
(18.58 ± 8.63 ng/mL in 5 Ae2a,b

-/- mice versus 6.33 ± 0.87 ng/mL in 5 Ae2a,b
+/- 

littermates, P<0.01, and 22.52 ± 6.22 ng/mL in 4 Ae2a,b
-/- mice versus 8.83 ± 3.37 

ng/mL in 4 wild-type littermates, P<0.05). The percentage of osteoclasts with a 
ruffled border in long bones from Ae2a,b

-/- mice was dramatically reduced compared 
to those from wild-type mice (Figure 3D). 
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Figure 4. Osteoclasts in Ae2
-/- calvariae show no apparent abnormalities. (A) Light 

micrographs of calvaria medullary cavities in wild-type (left) and Ae2a,b
-/- mice (right). 

Sections were stained with methylene blue and no differences were observed between the 
two genotypes. (B) TRAcP staining of longitudinal sections of calvaria from wild-type (left) 
and Ae2a,b

-/- (right) mice indicate that TRAcP-positive bone-resorbing osteoclasts (some with 
arrows) are present in medullary cavities in both genotypes. Sections were counterstained 
with haematoxylin. (C) Electron micrograph of osteoclasts (OC) in calvaria of an Ae2a,b

-/- 
mouse. Note the presence of an extensive ruffled border (RB), which is comparable to the 
one seen in wild-type osteoclasts. (D) Percentage of osteoclasts with a ruffled border in 
calvariae from wild-type and Ae2a,b

-/- mice. Data are presented as mean ± SD, n=14 for wild-
type and n=18 for Ae2a,b

-/- mice; per mouse one ultrathin section was used and per section 
approximately 5-10 osteoclasts were counted. 
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Analysis of the skull of wild-type and Ae2a,b
-/- mice revealed the presence of normal 

medullary cavities in both genotypes (Figure 4A), in which TRAcP positive bone-
resorbing osteoclasts were locating against the bone surface (Figure 4B). Thus, in 
contrast to the findings in the long bones, calvaria osteoclasts of Ae2a,b

-/- mice 
showed an extensive ruffled border (Figure 4C), and the percentage of such active 
osteoclasts was similar for the two genotypes (Figure 4D). Moreover, while the 
teeth of many osteopetrotic mouse strains (such as the oc/oc mouse, [25]) do not 
erupt due to a reduced osteoclast activity, the normal eruption of incisors and 
molars (though with hampered enamel formation) observed in the Ae2a,b

-/- mice 
[26] further supports a normal osteoclastic activity in the skull of these animals. In 
fact, the bone volume per total volume (BV/TV) is comparable for Ae2a,b

-/- and wild-
type mice for calvaria (68.1 % ± 20.3 for Ae2a,b

-/- mice and 78.6 % ± 13.8 in wild-
type littermates).  

Taken together, these findings indicate that osteoclasts of long bones in Ae2a,b
-/- 

mice have impaired ability for bone resorption, whereas this function is preserved 
in the skull osteoclasts of these mice.  

Analysis of the osteoblasts in the Ae2a,b
-/- mice showed a higher number of them 

having a cuboidal shape and a pronounced Golgi apparatus, as compared with the 
wild-type osteoblasts, suggesting that osteoblast activity might be increased.  

 

Ae2 is localized in the basolateral plasma membrane of the osteoclast of 
normal mice 
Immunolocalization of Ae2 in bone sections of wild-type mice revealed that this 
protein is highly expressed at the basolateral plasma membrane of osteoclasts 
(Figure 5A). Both the ruffled border area and the clear zone were completely 
devoid of staining. In addition to the prominent staining of the basolateral 
membrane of the osteoclast, there was some staining in the Golgi-area of 
osteoblasts and osteocytes (see ref. 27 for a more detailed description). Moreover, 
erythrocytes stained strongly due to the cross-reaction of the Ae2 antibodies with 
Ae1 (Figure 5A), which is abundantly expressed in these cells. On the other hand, 
osteoclasts in bone sections of Ae2a,b

-/- mice were completely negative (Figure 5B), 
while the erythrocytes were still positive, demonstrating that the osteoclasts in 
Ae2a,b

-/- mice do not express Ae2 protein.  
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Figure 5. Ae2 localization in bone cells. (A) Immunolocalization of Ae2 in osteoclasts of 
wild-type hemi-mandible bone. Tissue immunostained for Ae2 was counterstained with 
haematoxylin. Note the localization of the exchanger exclusively in the basolateral 
membrane. RB: ruffled border. (B) Immunostaining with Ae2 antibodies in bone of Ae2a,b

-/- 
mice. Staining of the osteoclast is absent, and only erythrocytes are intensely stained due to 
cross-reactivity of the Ae2 antibodies with Ae1.  

 

In vitro osteoclastogenesis assays with long bone marrow cells 
In vitro osteoclastogenesis assays were carried out with bone marrow cells 
obtained from tibiae of Ae2a,b

-/- and control mice, both to investigate the role of Ae2 
in the formation of osteoclasts and to assess their resorption activity.  

Due to the small space for the bone marrow in Ae2a,b
-/- mice, the number of bone 

marrow cells that could be isolated from these animals was five times lower than 
the number of those cells isolated from control mice. Flow cytometry analysis was 
carried out using the mouse myeloid lineage markers CD31 and Ly6C [21]. CD31 
is highly expressed by early blasts; myeloid blasts express both CD31 and Ly6C, 
while monocytes express Ly6C only [21]. Similar percentages of these cell 
populations were observed in the wild-type, Ae2a,b

+/- and Ae2a,b
-/- mice (Figure 6A).  
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Figure 6. In vitro osteoclastogenesis and bone resorption assays. (A) Populations of bone 
marrow cells isolated from tibiae were analyzed by CD31/Ly6C staining that distinguishes 
between early blasts (CD31hi/Ly6C-), myeloid blasts (CD31+ /Ly6C+) and monocytes 
(CD31-/Ly6Chi). FACS analysis of the labeled fractions showed no differences in these 
populations for the three genotypes. Data are expressed as mean % ± SD of total bone 
marrow cells, n=6. (B) Tibia bone marrow cells were cultured on cortical bone slices in the 
absence or presence of M-CSF (30 ng/ml) and RANKL (20 ng/ml). Identical numbers of cells 
from each genotype were seeded on bone slices. After culturing for 6 and 17 days, cells 
were stained for the activity of TRAcP, and the number of TRAcP positive cells with 2-20 
nuclei derived from wild-type and Ae2a,b

-/- tibia bone-marrow precursor cells was counted. 
Note that in vitro formation of Ae2a,b

-/- multinucleated cells indeed occurs but is delayed 
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compared to the wild-type genotype. Data are expressed as mean ± SD number of cells per 
fixed field, n= 6, *P<0.05. (C) After culturing precursor cells during 6 days, TRAcP-positive 
cells with either 1 nucleus, 2-5 nuclei or more than 5 nuclei were counted, grouped and 
plotted in upper panel (mononuclear cells), middle panel (cells with 2 to 5 nuclei) and lower 
panel (cells with > 5 nuclei). Data are expressed as mean ± SD number of cells per fixed 
field, n= 6, *: P<0.05; **: P<0.01. (D) Light microscopy showing that 6-day culture of wild-
type marrow cells resulted in the formation of multinucleated TRAcP-positive cells (MNC) 
(left panel), while in cultures of Ae2a,b

-/- marrow under similar conditions (right panel), most 
TRAcP-positive cells stained more weakly and were mononuclear (thin arrows); only few of 
them had two or more nuclei (thick arrows). (E) Visualization of in vitro bone resorption when 
tibia bone marrow cells of wild-type and Ae2a,b

-/- mice were cultured on bovine bone slices in 
the presence of M-CSF and RANKL. After a culture period of six days, the cells were 
removed from the bone slices and the slices were stained with Coomassie Brilliant Blue to 
visualize the resorption pits. Resorption pits were present on the bone slices on which wild-
type marrow cells had been cultured, but were absent on the bone slices on which Ae2a,b

-/- 

bone marrow cells had been cultured. 

 

Numerous studies have shown that the differentiation of osteoclast precursors into 
osteoclasts requires the expression of c-fms (the receptor for M-CSF) or RANK 
(the receptor for RANKL) (28, 29). In our study, qPCR of freshly isolated bone 
marrow cells from wild-type, Ae2a,b

+/- and Ae2a,b
-/- mice revealed the presence of 

similar mRNA levels of c-fms, RANK, carbonic anhydrase II, cathepsin K and 
TRAcP (data not shown), thus indicating that all these cell fractions have a similar 
potential for forming osteoclasts.  

Indeed, cultures of bone marrow cells from the three genotypes with M-CSF and 
RANKL for 17 days resulted in a similar formation of multinucleated TRAcP positive 

osteoclasts (Figure 6B). In contrast, incubation of bone marrow cells with M-CSF 
and RANKL for shorter periods of time (6 days), revealed less TRAcP positive 
multinucleated cells formed in cultures of Ae2a,b

-/- cells (Figure 6B-D), while the 
number of TRAcP positive mononuclear cells in these cultures was significantly 
higher (Figure 6C). These findings suggest that Ae2 plays a role in the formation of 
multinucleated osteoclasts, as its deficiency delays osteoclastogenesis in vitro.  

A further indication of the role for Ae2 in osteoclast maturation was provided by 
qPCR analysis of wild-type bone marrow cells cultured with M-CSF alone (no 
fusion), or with M-CSF and RANKL (fusion and osteoclast formation). Relative to 
M-CSF alone, Ae2a mRNA expression in wild-type bone marrow cultures was 
upregulated ten-fold by M-CSF and RANKL. Similarly, in the presence of M-CSF 
and RANKL, the mRNA expression levels of the osteoclast markers cathepsin K 
and TRAcP were upregulated: 50-fold in cultures of Ae2a,b

-/- cells and 300-fold in 
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wild-type cultures (data not shown). Yet, despite the increased mRNA expression 
of these osteoclast markers, bone-resorption assays showed that functional 
resorbing osteoclasts were not formed in Ae2a,b

-/- cultures, whereas they were 
present in control cultures (pit area in µm2 formed by wild-type osteoclasts: 2901± 
949 and by Ae2-/- osteoclasts: 0) (Figure 6E). These in vitro experiments indicate 
that osteoclasts generated from Ae2a,b

-/- bone marrow cells had a deficient capacity 
for bone resorption. 

Anion exchange activity is impaired in Ae2a,b
-/- osteoclasts  

Anion exchange activity was assessed by microfluorimetry, i.e. using single-cell 
pHi-dependent fluorescence. We forced anion exchange into a reverse mode by 
exposing the cells to a chloride-free saline solution. Under these conditions, 
extracellular HCO3

- was exchanged for intracellular Cl-, as a result of which the pHi 
alkalinized. Restoration of extracellular Cl- was followed by rapid re-acidification 
(Figure 7A). The rate at which pHi changed reflected anion exchange activity. pHi 
changed rapidly in osteoclasts generated from wild-type mice, changed moderately 
rapidly in heterozygous cells, but did not change in Ae2a,b

-/- cells (Figure 7A). The 
average activities are shown in Figure 7B. These results indicate that the 
deficiency of Ae2 in osteoclasts makes these cells unable to exchange Cl- for 
HCO3

-. They also suggest that there was no compensatory upregulation of other 
Na+-independent anion exchangers.  
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Figure 7. Altered pHi regulation in Ae2a,b

-/- osteoclasts. (A) Typical pHi traces recorded in 
osteoclasts generated from long bone marrow of wild-type, Ae2a,b

+/- and Ae2a,b
-/- mice after 

brief exposure to Cl- -free conditions (arrows indicate time-point of re-addition of Cl-). Wild-
type osteoclasts alkalized and acidified rapidly upon withdrawal and re-addition of 
extracellular Cl-, Ae2a,b

+/- cells responded similarly but more slowly, and Ae2a,b
-/- cells 

showed no visible response. (B) Averaged alkalinization and re-acidification rate of long-
bone osteoclasts after Cl- removal and re-addition. Wild-type osteoclasts reacted faster than 
Ae2a,b

+/- and Ae2-/- cells. Data are expressed as mean ± SD of pHi change per min. n=6 wild-
type mice, n=8 Ae2a,b

+/- mice and n=10 Ae2a,b
-/- mice, *: P< 0.05.  

 
Expression of Slc4a4 by calvaria osteoclasts 
In an attempt to elucidate why Ae2a,b

-/- osteoclasts of the calvaria were active 
whereas long-bone osteoclasts were inactive, we used qPCR to analyze the 
expression of different transporters that could contribute to pHi regulation in 
calvaria osteoclasts. Osteoclasts were generated by culturing bone marrow cells 
obtained from wild-type calvariae and from long bones in the presence of M-CSF 
and RANKL (and with M-CSF alone, used as normalizing calibrator).  

 After a six-day culture period, mRNA expression of Ae2a, Ae2c1, Slc26a1, 
Slc26a4, Slc4a9 and Slc4a4 was assessed for both populations of calvaria and 
long-bone osteoclasts. While each population expressed the messages for Ae2a, 
Slc4a9 and Slc26a1 to a similar level (Figure 8A) and no clear difference could be 
detected for Ae2c1 expressed at very low levels (not shown) adequate expression 
of the sodium-dependent co-transporter Slc4a4 was found only in osteoclasts 
generated from calvaria marrow (Figure 8A), suggesting that a sodium-bicarbonate 
cotransport may occur in calvaria osteoclasts, but not in the osteoclasts of long 
bones. 
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Figure 8. Detection of Sclc4a4 mRNA and acid/base transporting activity in calvaria and 
long-bone osteoclasts generated from wild-type precursor cells. (A) mRNA expression of 
Slc4a4, Ae2a, Slc4a9, and Slc26a1 by in vitro generated osteoclasts of calvaria (CA) or long 
bone (LB) marrow. Marrow cells were obtained from wild-type mice and cultured for 6 days 
with M-CSF and RANKL. qPCR analysis demonstrated that osteoclasts formed from long 
bone marrow expressed similar levels of Ae2, Slc4a9 and Slc26a1. However, while the co-
transporter Slc4a4 was expressed by calvaria cells, its expression was much lower in the 
long bone cells. Data are expressed as mean ± SD. n=10, **p <0.005. (B) Typical pHi traces 
recorded in calvaria and long bone osteoclasts generated from bone marrow of wild-type 
mice, when briefly exposed to Na+ -free and Cl- -free conditions. In calvaria osteoclasts, the 
re-acidification was slower when chloride or sodium was absent, indicating that both ions 
were involved in the pHi regulation in these cells. Long bone osteoclasts, on the other hand, 
responded only on Cl- withdrawal, while the re-acidification rate in the presence or absence 
of sodium was the same, indicating that sodium is not involved in pHi regulation of the long 
bone osteoclasts. 
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We further investigated the presence of alternative bicarbonate transporting 
systems by studying osteoclast intracellular pH homeostasis in the presence and 
absence of sodium. Figure 8B shows that wild-type osteoclasts generated from 
calvaria and long bone marrow differ with regard to their sodium dependency 
during pHi regulation. Cells were acidified by an acetate pulse (80 mM HAc/Ac-) 
after which acetate was withdrawn, which induces an alkaline shift. In both 
osteoclast populations, recovery from this alkaline load was both CO2/HCO3

--
dependent and Cl--dependent. Additionally, whereas alkaline-load recovery in long-
bone osteoclasts was sodium independent, it was partly sodium dependent in 
osteoclasts from calvaria. Hence, osteoclasts from calvaria appear to express 
sodium-dependent bicarbonate transporting activity that is absent from long bone 
osteoclasts. This may relate to the observed expression of Slc4a4 in calvaria 
osteoclasts. 

 

DISCUSSION 
The data presented in this study demonstrate that Ae2 is important for osteoclast 
function in long bones. Although normal numbers of multinucleated osteoclasts 
were present in the long bones of Ae2a,b

-/- mice, the ruffled border was missing, 
and consequently bone resorption was impaired, which in turn led to an 
osteopetrotic phenotype of these bones.  

In normal osteoclasts, secretion of protons at the ruffled border area via the 
proton pump ATP6i [25] (V-ATPase) results in intracellular alkalinization that is 
compensated through anion exchange-mediated efflux of bicarbonate [2, 3]. The 
fact that in the wild-type mice Ae2 was localized in the basolateral plasma 
membrane of bone-resorbing osteoclasts reveals that it is at this site where the 
anion exchange occurs.  

The importance of basolateral Ae2 for osteoclast function fits well with current 
opinions on acid secretion by these cells, and on acid-secreting cells in general. 
Thus, in addition to the aforementioned extrusion of bicarbonate from the 
osteoclasts, the Ae2-mediated electroneutral chloride/bicarbonate exchange 
involves concomitant chloride uptake which supplies chloride ions for apical 
secretion via the chloride channel ClC-7 [5].  
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Osteopetrosis comprises a range of inherited disorders that are all characterized 
by a dysfunction of osteoclasts [2, 30]. In general, there are two types of 
osteopetrosis. The first is characterized by reduced numbers of osteoclasts, or 
even their absence. This deficiency of osteoclasts occurs when differentiation of 
the haematopoietic osteoclast precursors is blocked. Such an effect can be found, 
for example, in PU.1 (31) and RANKL [32] mutations, as well as in mice carrying 
the mi mutation [33]. In the second group of osteopetrotic disorders, osteoclasts 
are present in normal or even increased numbers, but are incapable of resorbing 
bone. Typically, most of the observed osteoclasts lack a ruffled border. This 
situation is encountered, for instance, in c-SRC [34] and TRAF-6 [35] deficiency, 
but also in other abnormalities affecting proteins involved in acid secretion by the 
osteoclasts such as V-ATPase [25], ClC-7 [5] and CAII [36, 37]. 

Our present data indicate that Ae2a,b
-/- mice belong to the second category of 

osteopetrotic disorders: osteoclasts are present in normal numbers, but have ill-
defined ruffled borders and are inactive. Overall, our data suggest that the acid 
secretion is required for the formation of a proper ruffled border in osteoclasts. But 
it is unclear how these two processes – the formation of a ruffled border and the 
acidification – relate to each other. Further studies are needed to elucidate whether 
there is a causal relationship between the presence and/or activity of the 
membrane-associated protein (e.g. Ae2, ClC-7, V-ATPase) and the formation of a 
ruffled border.  

Although osteoclasts in our Ae2a,b
-/- mice are present in normal numbers in the 

long bones, in vitro osteoclastogenesis assays uncovered a slight delay in the 
fusion of TRAcP-positive mononuclear Ae2a,b

-/- cells into multinucleated osteoclasts 
under the influence of M-CSF and RANKL. This was unexpected, as delayed in 
vitro differentiation of osteoclast precursor cells into multinucleated osteoclasts has 
not been reported in other disorders in which vectorial acid transport is impaired, 
e.g. in the ClC-7-/- mice [5], neither with bone marrow cells from humans with the 
same defect affecting ClC-7, nor from patients with a defect in the vacuolar proton 
pump ATP6i [38]. Although acid secretion is affected in all cases, fusion appears to 
be delayed only in the Ae2a,b

-/- cells. Further studies are needed to find out the 
underlying mechanism responsible for this delayed fusion, but one possible 
explanation for this might lie in the suggested role of Ae2 in cell motility [39].The 
actin filament system is involved in cell movement. The intracellular domain of Ae2 
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appears to connect to ankyrin, a component of the actin filament system [40]. 
Since this system is involved in the migration of cells, and since osteoclasts are 
highly motile cells, the absence of Ae2 may lead to impaired motility, which 
becomes apparent in in vitro short-term assays. 

A surprising finding in our Ae2a,b
-/- mice was the eruption of the incisors and 

molars, since most osteopetrotic mouse models are edentulous. This may be 
related to our finding that calvaria osteoclasts in the Ae2a,b

-/- mice had a normal 
ruffled border, indicating that they are active bone-resorbing cells. The relatively 
high CTX values do even suggest that these osteoclasts have an increased 
activity; a possibility that has to be explored in more detail in subsequent studies. 
By highlighting bone-site specific differences between osteoclasts, our present 
observation supports the view that there are functional differences between 
different osteoclast populations [41, 42].  

The reason for this functional difference may be related to our observation that 
calvarial osteoclasts display sodium dependent bicarbonate transport whereas this 
could not be detected in osteoclasts from long bones. The identity of this 
transporter remains to be verified but it is important to note that by qPCR we could 
detect expression of Slc4a4 in calvarial osteoclasts whereas expression of this 
sodium-dependent bicarbonate transporter was much lower in osteoclasts from 
long bones. Depending on the stoichiometry for Na+ and HCO3

-, Slc4a4 can 
function as an influx or efflux system for bicarbonate [43]. We propose that 
calvarial osteoclasts in Ae2a,b

-/- mice suffer less from the absence of Ae2 because 
they additionally express the cotransporter Slc4a4.  

During editorial processing of the present report, two studies have been 
published describing a more severe osteopetrotic phenotype in another Ae2-
deficient mouse model [44, 45]. In these mice, all Ae2 isoforms (including Ae2c1) 
had been disrupted by replacement of exons 14–17 in the Ae2 gene with a 
neocassette (hybridization analysis having confirmed that the mutant AE2 mRNAs 
do contain the neo gene [46]. These mice with truncated Ae2 isoforms exhibit 
premature postnatal death around 20-30 days after birth, possibly due to 
achlorhydria and resulting malnutrition [46] –although several knockout models 
with complete abrogation of gastric acid secretion exist which are quite healthy 
[47]. Osteoclasts were present but had a perturbed ruffled border and lacked 
functionality [45]. As a consequence these mice failed to remodel the cartilaginous 
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skeletal anlagen, preventing normal development of the medullar cavity. Moreover, 
these mice presented an abnormal skull with impaired tooth eruption [27, 44, 46].  

In contrast to this model, the longer life span of our Ae2a,b
-/- mice allowed the 

characterization of both young and adult animals, where osseous bone remodeling 
was occurring and resulted in a milder osteopetrosis phenotype. It should be 
investigated whether the differences between the mouse model from Gawenis et 
al. [46] and our Ae2a,b 

-/- mice are due to a different genetic background (a mixed 
129S6/SvEv and Black Swiss background for the mice of Gawenis et al. [46] 
whereas our animals were bred against FVB/N background). We tested three more 
different backgrounds (mixes with Balb/C, 129/Sv and SJL) and observed no 
general changes in our Ae2a,b

-/- mice. Alternatively, and concerning the general 
severe phenotype in the other model (including emaciation and early death), the 
proteins resulting from the mutant Ae2 mRNAs fused to the neo gene [46], could 
be detrimental for all cells expressing these mutant transcripts. 

On the other hand, when we carried out qPCR to analyze the expression of the 
putatively stomach-specific Ae2c1 isoform, we were unable to detect clear 
differences in its low expression between calvarial and long bone osteoclasts. 
Moreover, Ae2 immunostaining of hemi-mandibles of our Ae2a,b

-/- mice showed no 
staining of osteoclasts. This suggests that the additional disruption of Ae2c1 
isoform may not be the main reason for the important skull abnormalities in the 
model of Gawenis et al. [46] compared to our mice.  

It is not known whether the Ae2 deficiency in mice described here, which leads to 
osteopetrosis, also has a human counterpart. In this connection, it is important to 
emphasize that the absence of Ae2 causes additional phenotypes such as 
complete arrest in maturation of spermatocytes which makes male Ae2a,b

-/- mice 
infertile [16], impaired gastric-acid secretion [15] and immunological and biliary 
abnormalities [48]. 

In summary, Ae2 deficiency elicits multiple severe effects on osteoclasts. First, 
failure to maintain the pHi impairs the formation of the ruffled border in long-bone 
osteoclasts, and subsequently the ability of these osteoclasts to acidify the 
underlying bone. This in turn leads to osteopetrosis of the long bones. Second, 
there appears to occur a slight delay in the fusion of pre-osteoclasts from Ae2a,b

-/- 
mice, as uncovered by in vitro osteoclastogenesis assays. On the other hand, 
osteoclasts present in calvaria seem unaffected, exhibiting an extensive ruffled 
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border, and allowing the teeth to erupt normally. In these calvarial osteoclasts, the 
lack of Ae2 is probably compensated by the sodium-dependent co-transporter 
Slc4a4. 

These data provide further evidence of functional diversity between different 
osteoclast cell populations [41]. Future studies should determine whether a lack of 
Ae2 underlies the existence of osteopetrosis in a group of patients in whom the 
genetic background of this disease is unknown. 
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