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Abstract Carbonic anhydrase II (CAIl)-deficient mice
were created to study the syndrome of CAII deficiency in
humans including osteopetrosis, renal tubular acidosis, and
cerebral calcification. Although CAIl mice have renal
tubular acidosis, studies that analyzed only cortical bones
found no changes characteristic of osteopetrosis. Consistent
with previous studies, the tibiae of CAIl-deficient mice were
significantly smaller than those of wild-type (WT) mice
(28.7 £ 0.9 vs. 43.6 £ 3.7 mg; p < 0.005), and the nor-
malized cortical bone volume of CAll-deficient mice
(79.3 + 2.2%) was within 5% of that of WT mice
(82.7 £ 2.3%; p < 0.05), however, metaphyseal widening
of the tibial plateau was noted in CAll-deficient mice,
consistent with osteopetrosis. In contrast to cortical bone,
trabecular bone volume demonstrated a nearly 50% increase
in CAll-deficient mice (22.9 £ 3.5% in CAIl, compared to
153 £ 1.6% in WT; p <0.001). In addition, histomor-
phometry demonstrated that bone formation rate was
decreased by 68% in cortical bone (4.77 + 1.65 pum>/um?/
day in WT vs. 2.07 + 1.71 um*/um?/day in CAII mice;
p < 0.05) and 55% in trabecular bone (0.617 £ 0.230 um?/
pum?*day in WT vs. 0.272 + 0.114 pm*/um*day in CAII
mice; p < 0.05) in CAll-deficient mice. The number of
osteoclasts was significantly increased (67%) in CAII-
deficient mice, while osteoblast number was not different
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from that in WT mice. The metaphyseal widening and
changes in the trabecular bone are consistent with osteope-
trosis, making the CAIl-deficient mouse a valuable model of
human disease.

Keywords Carbonic anhydrase II - Osteopetrosis -
Renal tubular acidosis - Osteoclast - Osteoblast

Bone tissue is dynamic due to the bone resorptive activity
of osteoclasts and the bone forming activity of osteoblasts,
both of which are required to maintain optimal bone mass.
An imbalance between the activity of osteoclasts and that
of osteoblasts can lead to disease states including osteo-
petrosis and osteoporosis. Osteopetrosis is a group of
inheritable diseases that result in increased bone density
due to osteoclast defects [1].

The first genetic mutation discovered that was respon-
sible for osteopetrosis was a carbonic anhydrase II (CAII)
deficiency, which also causes renal tubular acidosis and
cerebral calcification [2—4]. In order to study the features of
CAII deficiency, a mouse model was created using chem-
ically induced mutagenesis [5]. This mouse model of CAII
deficiency demonstrated many of the pathological features
of human disease, including stunted growth and renal
tubular acidosis; however, a notable feature of the CAII-
deficient mouse was that it lacked the osteopetrosis and
cerebral calcifications that are seen in patients with this
defect [5]. CAll-deficient mice displayed smaller bones
compared to wild-type (WT) mice, because the mice have a
lower body weight [5], but even aged CAlIl-deficient mice
did not develop severe osteopetrosis, as was apparent by
the visibility of the marrow cavities on planar x-rays and
the normal/low radiopacity of the bones [5]. To date only
one quantitative study has been performed to confirm this
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observation. In that study it was noted that the cortical bone
in CAll-deficient mice had a similar bending modulus and
brittleness compared to WT mice [6]. Furthermore, the
study reported no differences in the histological structure
of cortical bone in CAll-deficient mice, although the
parameters that were measured were not discussed beyond
confirming the presence of marrow cavities in the long
bones [6]. No quantitative study has ever been performed
on the trabecular bone in CAll-deficient mice.

While it is clear that CAIl-deficient mice do not have a
phenotype of severe osteopetrosis, the skeletal disease in
patients with CAII deficiency is variable and less severe
than the malignant forms of osteopetrosis [1]. Indeed, one
report of a patient with CAII deficiency did not demonstrate
radiographic changes sufficient to diagnose osteopetrosis
[4]. The clinical heterogeneity of osteopetrosis in CAII-
deficient patients warranted a more in-depth look into
the bone structure of CAIll-deficient mice, particularly if
the mice display a skeletal phenotype. In this present study,
we performed histology, histomorphometry, and high-
resolution pPCT analyses to characterize both trabecular
and cortical bone in the tibiae of CAll-deficient mice to
determine whether the mice display any characteristics
consistent with osteopetrosis.

Materials and Methods
Animals

National Institutes of Health guidelines for the care and use
of laboratory animals (NIH publication no. 82-23, rev. 1985)
and the Guideline Principles in the Care and Use of Animals
(Council of the American Physiological Society, 1991) were
followed during this study. The C3H strain of CAIl-deficient
mice was developed from the original C57BL/6] CAR-2
mice [5] as described previously [7, 8]. The mice were
backcrossed to C3H mice for more than five generations and
are considered congenic to these mice. They are maintained
as a homozygous CAIl-deficient colony. The resulting
homozygous deficient mice have similar growth curves and
urine pH [7, 8] compared to the original mutant mouse [5]
and carry a nonsense mutation resulting in early termination
of translation of the CAII gene (GInl155/term) [9]. These
CAIllI-deficient mice have mixed metabolic and respiratory
acidosis, with a low arterial blood pH, in the range of 7.18—
7.25 [7]. Normal C3H mice were used as controls in this
experiment. The six male C3H mice and six male CAII-
deficient mice were 90 days old at the time of sacrifice. At
both 13 and 3 days prior to sacrifice, the mice were labeled
with calcein (Sigma,

St. Louis, MO) subcutaneously at a dose of 15 mg/kg. Fol-
lowing sacrifice, the right tibiae were explanted, cleaned of

soft tissue, and placed in a 70% ethanol solution in prepa-
ration for histology and histomorphometry.

Gross analysis of tibiae

Gross measurements were performed on the left tibia prior
to freezing the tibiae at —20°C until uCT imaging. Mea-
surements were collected using calipers with a 0.05-mm
resolution. The width of the tibial plateaus was measured
from the medial to the lateral condyles. The width of the
ankle was measured from the medial to the lateral malleoli,
and the length of the tibiae was measured from the medial
condyle to the medial malleolus.

Histology and histomorphometry

Following sacrifice, the tibiae of the calcein-labeled mice
were immediately dehydrated in a series of ethanol solu-
tions and then embedded in polymethylmethacrylate using
a previously reported technique [10]. One cross section was
cut perpendicular to the long axis of the bone, through the
tibia-fibular junction, and another midsagittal section was
cut through the tibial plateau. The cross sections were
ground to a thickness of ~10 um and polished with
0.5 um alumina using a Leco GP-25 Grinder/Polisher
(Leco Corp., St. Joseph, MI). The ground and polished
sections were stained using mineralized bone stain (MIBS)
following a published procedure [11]. Images of the bones
were collected using an Optronics digital imaging system
consisting of an Olympus camera and Magnafire software
(Optronics, Goleta, CA) coupled to a Machintosh G3
computer. Image analysis was performed using Image J
software for the Machintosh OS X operating system,
developed by the National Institutes of Health (Research
Services Branch, NIMH). Cortical bone was analyzed at
the tibia-fibula junction, and the trabecular bone was ana-
lyzed in the tibial plateau in a region extending 0.9 mm
distal to the epiphyseal plate. The quantitative histological
measurements included the following parameters: bone,
marrow cavity, and osteiod areas (mmz), as well as end-
osteal and periosteal perimeters (mm). The tissue area was
calculated as the sum of the bone, marrow, and osteoid
areas. The bone volume (BV/TV; %) was calculated as the
bone area divided by the tissue area, multiplied by 100
to convert it to a percentage. Marrow cavity volume (MaV/
TV; %) and osteoid volume (OS/TV; %) were calculated
the same way.

The quantitative histomorphometry parameters measured
under fluorescent light included the single-label length,
double-label length, and interlabel distance. In cortical bone
the histomorphometry parameters were calculated
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separately for the endosteal and periosteal surfaces. The
mineral apposition rate (MAR; pm/day) was calculated as
the distance between the calcein double labels divided by the
days between administration of calcein. The mineralizing
surface (MS) was calculated as the sum of the length of the
double labels plus one-half the length of the single labels.
The labeled surface (%) was calculated as the MS divided by
the bone perimeter and multiplied by 100%. The bone for-
mation rate, BFR/BS (um*/pum?/day), was calculated as the
product of MAR and MS, divided by the perimeter. In the
trabecular bone of the tibial plateau the bone formation rate
was also calculated using a bone volume referent, BFR/BV
(%/day), which was calculated as the product of MAR and
MS, divided by the cortical bone area and multiplied by
100%. All histomorphometry parameters were determined
using the guidelines set forth by the American Society of
Bone and Mineral Research [12].

For quantification of osteoclasts and osteoblasts, and
transmission electron microscopy study, the bones of an
additional three C3H and three CAll-deficient mice were
isolated following perfusion with 10% formalin and post-
fixation in either 10% formalin for 24 h in preparation for
histology or in half-strength Karnovsky’s fixative (2.5%
glutaraldehyde and 2% paraformaldehyde in 0.1 M caco-
dylate buffer) for 24 h in preparation for transmission
electron microscopy.

Formalin-fixed tibiae were decalcified in rapid decalcifier
(Apex Engineering Products Co, Aurora, IL) for 3 h, embedded
in paraffin, and cut into 3-pum-thick midsagittal sections using a
Microm HM 355 S microtome (Mikron Instruments Inc., San
Marcos, CA). The sections were stained for tartrate-resistant
acid phosphatase (TRAP) using a histochemical kit (Sigma, St.
Louis, MO) to identify osteoclasts and with hematoxylin and
eosin to count osteoblasts. Osteoclast number (no./mm) was
calculated as the number of multinucleated (two or or more
nuclei) TRAP-positive cells per millimeter of bone surface.
Osteoclast surface (Oc S/BS; %) was calculated as the ratio of
cell surface to bone surface multiplied by 100%. Osteoblast
number and surface were calculated similarly.

Transmission electron microscopy

The tibiae fixed in half-strength Karnovsky’s fixative for
24 h were decalcified using Formical-2000 (Decal Chem-
ical Corp., Tallman, NY) for 3 h. The bones were washed,
postfixed with 2% OsOy, dehydrated, and embedded in
Spurr’s resin [13]. One-micrometer-thick sections were cut
on a Leica UCT ultramicrotome (Leica Microsystems Inc.,
Bannockburn, IL) and were imaged on a CM12 transmis-
sion electron microscope (FEI Co., Hillsboro, OR).
Osteoclasts were identified as multinucleated cells that
were attached to bone.
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pCT imaging

A Scanco Medical pCT 20 (Scanco, Switzerland) was
used to scan the tibias as previously described [14].
The trabecular bone in the tibial plateau, extending
0.9 mm below the epiphyseal plate, was analyzed. In
addition to the trabecular bone, the cortical bone was
analyzed at the tibia-fibular junction in the same place
that histomorphometry was performed on the contralateral
tibia. The resolution of the scans was 9 um. The trabec-
ular bone was analyzed for bone volume (BV/TV; %),
trabecular number (mmfl), trabecular thickness (mm),
trabecular spacing (mm), and ratio of bone surface to
bone volume (BS/BV; mm™'). The cortical bone was
analyzed for nonnormalized cortical bone volume (mm3),
normalized bone volume (BV/TV; %), cortical bone
thickness (mm), and ratio of bone surface to bone volume
(BS/BV; mm_l).

Bone mineral content analysis

A second set of pCT images was collected at a resolution
of 9 um, which included a set of phantoms ranging in
density from O to 1000 mg of hydroxyapatite/ml (Gam-
masonics, Australia) placed in the sample holder with the
bone. Ten cross-sectional images taken through the tibial
plateau and 10 cross-sectional images taken through the
tibia-fibula junction were analyzed for each mouse. The
cross-sectional images were imported into Image J soft-
ware for the Macintosh OS X operating system (Research
Services Branch, NIMH). In each image the mean gray
value was measured from the phantoms and used to gen-
erate a standard curve relating the mean gray value to the
mineral density using a linear curve. The bone area in each
cross-sectional image bone was selected using a threshold
analysis with a lower limit of 60 and an upper limit of 500.
These values were chosen as they gave similar bone vol-
umes to those found using the software developed by
Scanco for the pCT analysis as well as the values measured
using histology. The standard curve generated in each slice
was used to convert mean the gray value measured for bone
into a bone mineral density.

Statistical analysis

Kurtosis was noted in some of the histological measure-
ments, so determination of statistical significance for all
data was carried out using a Mann-Whitney U test, with
p < 0.05 considered significant.
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Table 1 Gross analysis of tibiae®

Wild-type CAII- % P
mice deficient change
mice
Dry bone mass (mg) 43.6 £3.7 28.7+09 | 342 <0.005

Width of tibial
plateau (mm)

Width of ankle (mm) 2.52 £ 0.13 2.04 £ 0.09 | 19.0
Length of tibia (mm) 17.83 £ 0.37 16.51 £ 0.16 | 7.4

288+ 020 277 £0.06 | 3.8 NS

<0.005
<0.005

% Data expressed as mean =+ standard deviation

Results
Gross analysis of tibiae

The weight of the tibiae of CAll-deficient mice was 34%
lower than that of WT mice (Table 1). The tibiae were
shorter and had a decreased width at the ankle compared to
WT mice. The width of the tibial plateau was the same in
CAll-deficient and WT mice (Table 1).

Fig. 1 Cross sections through
the tibia-fibula junction of WT
(left) and CAll-deficient (right)
mice. CAll-deficient mice (B)
have smaller bones with a
similar bone volume and an
increased marrow cavity
volume compared to WT mice
(A). Histomorphometry
demonstrated a decrease in the
length of calcein-labeled surface
(C, D). In addition, the mineral
apposition rate was lower in
CAIll-deficient mice, as
indicated by the decreased
distance between the caclein
labels (E, F; arrows). Scale
bar = 1 mm (A-D) and 50 pm
in (E, F)

Histology

The smaller size of the tibiae of the CAll-deficient mice
was demonstrated by the 32.3% lower cross-sectional
cortical bone areas and 14.7% smaller periosteal perimeters
of the tibia-fibula junction (Figs. 1A and B, Table 2).
When normalized to the tissue volume, the CAll-deficient
mice showed a small (4%), but statistically significant
decrease in bone volume (Table 2). The number of osteo-
clasts was increased by 67% and the osteoclast surface was
increased by 122% in CAll-deficient mice (Fig. 3,
Table 2). Osteoclasts in CAll-deficient mice appeared to
resorb bone, as many formed lacunae with scalloped edges.
Osteoblast number and osteoblast surface were normal in
CAll-deficient mice (Table 2).

Transmission electron microscopy

Osteoclasts in CAll-deficient mice look similar to those in
WT mice. The cells of both WT and CAIl-deficient
osteoclasts have abundant mitochondria and ruffled borders

(Fig. 3).
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Table 2 Histology and

histomorphometry® Wild-type mice  CAll-deficient mice % change p
Cortical bone
Cross-sectional area (mmz) 0.967 £ 0.043 0.655 £ 0.041 1 32.3% <0.001
BV/TV (%) 82.7 £23 79.3 £2.2 1 4.1% <0.05
MaV/TV (%) 162 £ 2.0 205 £ 2.3 126.5% <0.05
OsV/TV (5%) 1.1 £05 03+04 1 727% <0.05
Periosteal
Perimeter (mm) 5.043 + 0.156 4.304 + 0.255 1 147% <0.001
Labeled surface (%) 59.2 £ 11.5 339 £+ 16.8 1 42.7% <0.01
Mineral apposition rate (um/day) 1.296 £ 0.455 0.582 £ 0.468 1 551% <0.01
BFR/BS (um*/pm?*/day) 0.795 + 0.373 0.254 + 0.270 1 68.1% <0.01
Endosteal
Perimeter (mm) 1.750 £ 0.118 1.645 £ 0.235 1 6.0% NS
Labeled surface (%) 30.5 +£ 20.2 74 +53 1 757% <0.05
Mineral apposition rate (pm/day) 0.811 £ 0.380 —° — —
BER/BS (um*/pm?*/day) 0.288 + 0.223 — — —
Trabecular bone
BV/TV (%) 153+ 1.6 229 +£ 35 1 49.7% <0.001
MaV/TV (%) 824 £29 75.1 £3.2 | 8.9% <0.001
Note. Cortical bone parameters OsV/TV (5%) 23£20 20+038 1 13.0% NS
were measured from the tibia- Labeled surface (%) 337+ 54 22.0 + 49 1 34.7% <0.005
fibula junction. Trabecular bone Mineral apposition rate (im/day) 1.809 + 0.564 1.196 + 0.310 1 33.9% NS
f}';‘erat’lﬁ:l’r;lzvteez measured from BFR/BS (um>/pm?/day) 0.617 +0.230 0272 £ 0.114 1 55.9% <0.005
. BFR/BV (%/day) 2.72 £ 0.99 1.35 + 0.64 1 50.4% <0.01
* Data expressed as
mean <+ standard deviation No. osteoblasts/mm 145+ 1.0 159 £ 0.3 1 9.4% NS
b A measurement was not Osteoblast surface (%) 23.0 £ 2.7 19.0 + 3.6 1 17.2% NS
taken because there was not a No. osteoclasts/mm 2.7+ 0.6 4.5+ 0.7 167.1% <0.05
double label on the endosteal Osteoclast surface (%) 93 +35 20.7 + 4.5 11224%  <0.05
surface
Histomorphometry closer together (Fig. 2). Similar to what was seen in the

At the tibia-fibula junction the periosteal bone formation
rate (BFR/BS) was 68% lower in CAll-deficient mice, and
this difference was due to a decrease in both the mineral
apposition rate and the amount of labeled surface (Figs. 1
C-F, Table 2). Endosteal mineral apposition rate and bone
formation rate were not reported at the tibia-fibula junction
because only one CAII deficient mouse had a calcein
double label present on the endosteal surface (Table 2).
However, in the CAll-deficient mouse with an endosteal
calcein double label, the MAR was 0.660 pm/day (18%
decrease compared to the average endosteal MAR of WT
mice; Table 2), and the BFR/BS was 0.109 pm?/pum?*/day
(62% decrease).

The trabecular bone of the tibial plateau showed a nearly
50% increase in bone volume compared to that of WT mice
(Table 2). The trabeculae in both WT and CAIl-deficient
mice appeared normal and were aligned along the long axis
of the bone; however, the number of trabeculae was
increased in CAll-deficient mice and they were spaced
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cortical bone, the bone formation rates were decreased by
more than 50% in the trabecular bone (Table 2). While
both the amount of labeled surface and the mineral appo-
sition rate were decreased approximately 30% in the
trabecular bone, this difference was only statistically sig-
nificant for the decreased labeled surface (Table 2).

pnCT imaging

WUCT analysis of cortical bone at the tibia-fibular junction
gave similar results to the histological analysis, demon-
strating a 43% decrease in absolute cortical bone volume
but only a 5% decrease in normalized bone volume
(Table 3). In addition, CAll-deficient mice had a thinner
cortical bone and a higher surface-to-bone volume ratio
(Table 3).

PUCT analysis of trabecular bone in the tibial plateau
(Table 3) gave similar results compared to the histologi-
cal analysis (Table 2), and it was noted that the increase
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Fig. 2 Sagittal cross sections
through the tibial plateau of WT
(left) and CAll-deficient (right)
mice. Low (A, B)- and high (C,
D)-magnification images
demonstrate that CAll-deficient
mice have increased trabecular
bone volume due to an
increased number of trabeculae.
The trabecular bone of CAII-
deficient mice appears to be
thinner and spaced closer
together than the trabeculae of
WT mice. Scale bar = 1 mm

in bone volume was due to an increased number of tra-
becula that were spaced closer together (Fig. 4), as the
trabecular thickness was decreased in CAlIl-deficient mice
(Table 3).

Bone mineral content analysis
The bone mineral content was lower in the cortical and

trabecular bone of CAll-deficient mice (Table 3). While
statistically significant in both locations, there was a <5%

decrease in the cortical bone density and a >10% decrease
in the trabecular bone density (Table 3).

Discussion

Although CAIl-deficient mice and patients have similar
pathological changes in blood pH and growth curves,
CAll-deficient mice were not previously considered a good
model of human disease because the mice did not display
osteopetrosis. This is the first study providing evidence that

Table 3 puCT imaging®

Note. Cortical bone parameters
were measured from the tibia-
fibula junction. Trabecular bone
parameters were measured from
the tibial plateau

% Data expressed as
mean =+ standard deviation

Wild-type mice CAIlI-deficient mice % change P
Cortical bone
Volume (mm?®) 0.646 £ 0.053 0.368 + 0.204 1 43.0 <0.005
Bone volume (BV/TV; %) 837+ 1.6 792 £ 23 154 <0.01
Cortical thickness (mm) 0.319 £+ 0.018 0.237 £ 0.014 1257 <0.005
BS/BV (1/mm) 6.27 £ 0.35 8.46 £ 0.51 1349 <0.005
BMD (g/mm?) 1.49 + 0.04 142 + 0.04 1 4.7 <0.05
Trabecular bone
Bone volume (BV/TV; %) 169 + 1.8 222 +£4.0 1314 <0.005
Trabecular no. (1/mm) 3.97 + 0.34 6.06 £+ 0.56 1526 <0.001
Trabecular thickness (mm) 0.043 £ 0.003 0.037 £ 0.004 | 14.0 <0.005
Trabecular spacing (mm) 0.211 £ 0.020 0.130 £ 0.018 | 384 <0.001
BS/BV (1/mm) 472 £ 3.6 54.7 £ 5.0 1159 <0.005
BMD (g/mm?) 0.74 £ 0.03 0.66 £+ 0.07 1 10.8 <0.05
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Fig. 3 Sagittal cross sections
through the tibial plateau of WT
(A) and CAIl-deficient (B) mice
showing that CAll-deficient
mice have increased numbers of
osteoclasts (arrows). The
osteoclasts of WT (C) and
CAll-deficient (D) mice
visualized using transmission
electron microscopy
demonstrated multiple nuclei
(N) and ruffled borders (*).
Scale bar = 100 um (A, B) and
2 um (C, D)

CAllI-deficient mice display phenotypic changes consistent
with osteopetrosis in trabecular bone.

In previous studies, qualitative descriptions of the bones
in CAII mice had indicated no structural changes aside from
the decreased size of the bones and attribute the smaller
bones to the smaller size of the mice [5, 6]. The overall
decreased mass and length of the tibiae of CAll-deficient
mice noted in this study are consistent with these previous
reports. The quantitative histological and pCT analysis
demonstrated a small but statistically significant, 4-5%,
decrease in the cortical bone volume of CAll-deficient mice
(Tables 2 and 3). This relatively minor difference may
explain why previous studies that have only looked at gross
radiographic findings [5] or qualitative histological struc-
ture [6] have not noted any significant changes.

Grossly, the metaphyseal widening of the tibial plateau
was seen because the measured width of the tibiae at this
level was similar in CAll-deficient and WT mice despite the
smaller size of the bones in CAll-deficient mice (Table 1).
Both histological and pCT analysis demonstrated that
CAll-deficient mice had an increased trabecular bone
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volume (Tables 2 and 3), which was a result of the
increased trabecular number and decreased spacing. It is
unlikely that the increased trabecular bone volume is due to
increased osteoblast activity because the bone formation
rate is decreased in CAll-deficient mice (Table 2). The high
bone volume and low bone formation rate indicate that
trabecular bone resorption is inhibited in CAll-deficient
mice [12]. We conclude that changes in the trabecular bone
structure due to deficient bone resorption are characteristic
of osteopetrosis in CAll-deficient mice. The CAll-deficient
mice appear to compensate for reduced osteoclast activity
by increasing the osteoclcast number (Table 2).

The CAIll-deficient mice used in this study have been
backcrossed to C3H mice for more than five generations,
while the original CAII strain was on a C57BL/6J CAR-2
background. The C3H mouse strain has a higher bone
mineral density [15] and bone turnover [16] compared to
the C57BL6 strain, and C3H mice are less sensitive to limb
loading [17]. Although there is a possibility that back-
crossing the CAll-deficient mouse to a different strain may
have unmasked the phenotype of osteopetrosis in
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Fig. 4 A midsagittal section through the tibia of WT (left) and CAII-
deficient (right) mice. The upper set of cross-sectional images displays
a three-dimensional image of the bone, while the bottom section
demonstrates an 18-um-thick section at the same level. The cortical
bone of CAll-deficient mice appears smaller than, but similar in bone
volume to, that of WT mice, while the trabecular bone volume is
significantly increased in CAll-deficient mice. Scale bar = 1 mm

trabecular bone described in this report, the CAll-deficient
mice appeared qualitatively similar to those previously
described [5, 6], and the phenotypic differences measured
in this study were most apparent in quantitative histology,
histomorphometry, and PCT analysis of trabecular bone,
which had never been performed.

Although mutations that alter osteoclastogenesis are
either intrinsic or extrinsic to the osteoclast, mutations
affecting the function of osteoclasts are intrinsic [1].
Genetic mutations causing intrinsic defects in osteoclast
acidification are responsible for more than 75% of pediatric
patients with severe autosomal recessive osteopetrosis,
emphasizing the importance of animal models of osteope-
trosis with defects in the osteoclast acidification pathway
[18-20]. In normal osteoclasts the resorption lacunae is
acidified by protons generated in the cell cytoplasm from
the action of CAII, an enzyme that catalyzes the equili-
bration of carbon dioxide and carbonic acid. The protons
are transported to the resorption lacunae by an osteoclast
specific H*-ATPase that is coupled to a chloride channel
that maintains charge neutrality. Autosomal recessive
osteopetrosis arises from known mutations in TCIRGI1
(part of the osteoclast specific H*-ATPase), CICN7 (the
gene encoding the chloride channel), and CAII [1].

Patients with defects in the osteoclast H*-ATPase suffer
from severe autosomal recessive osteopetrosis that is typ-
ically fatal within the first decade [1, 18]. There are more
variable phenotypes among patients with chloride channel
mutations, where both autosomal recessive and autosomal
dominant mutations have been reported [20]. Patients with
autosomal recessive osteopetrosis due to chloride channel
defects account for a significant portion of patients with
severe osteopetrosis, although some of these patients also
have intermediate forms of the disease [1, 20, 21]. In
contrast to patients with defects in the osteoclast H*-
ATPase or chloride channel, the osteopetrosis resulting
from CAII deficiency is less severe [1, 22]. While the life
expectancy of patients with CAII deficiency is unknown,
patients with osteopetrosis due to CAIIl deficiency live
longer than those with defects in the osteoclast H-ATPase
or chloride channel [1, 22]. The skeletal disease in patients
with CAII deficiency is variable; most do not suffer from
fractures [22] and do not demonstrate hematologic failure,
although many demonstrate signs of cranial nerve com-
pression and variable mental retardation [1, 22]. Indeed,
one report of a patient with CAII deficiency did not dem-
onstrate radiographic changes sufficient to diagnose
osteopetrosis [4]. Additionally, the bone disease caused by
CAII deficiency is unique because the osteopetrosis has
been noted to improve with age in untreated patients,
whereas patients with other forms of osteopetrosis gener-
ally show progressively worse disease as they age [1, 22,
23]. It has been hypothesized that the osteopetrosis in CAII
deficiency may begin to resolve due to renal tubular aci-
dosis, which is also present in CAll-deficient patients, but
not in patients with TCIRG1 and CICN7 mutations [1, 22].

The severe autosomal recessive forms of osteopetrosis
arising from defects in the osteoclast H*-ATPase or the
chloride channel have mouse models with defects in
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analogous genes. Both Atp6i knockout mice and oc/oc
mice, which have a naturally occurring deletion in the
Atp6i gene, develop an osteopetrotic phenotype with a
decreased life span due to a defective osteoclast H*-ATP-
ase [24-26]. Additionally, CICN7 knockout mice develop
osteopetrosis and die within 6-7 weeks [27]. The severity
of osteopetrosis in these animals may lead to decreased life
span because of reduced hematopoiesis. Atp6i knockout
mice have abnormal marrow cavities [24]. In CICN7
knockout mice, no marrow space is evident on gross and
microscopic examination [25], which leads to splenomeg-
aly and anemia [27]. In contrast, CAll-deficient mice,
although small in size, have a similar life span and bone
marrow cavity compared to WT mice.

Another difference between the CAll-deficient mice is
the normal appearance of cortical and trabecular bone.
CAll-deficient mice have proportionally smaller cortical
bones with a normal appearance, while the cortical bone is
thin and morphologically disrupted in Atp6i and CICN7
knockout mice [24, 27]. The trabecular bone volume has
not been measured in Atp6i knockout mice (it is visibly
increased), and has been shown to increase by 700% in 42-
day-old CICN7 [24, 27], but was only increased by 50% in
CAll-deficient mice.

The differences in bone structure between these mouse
models may result from differences in the function of
osteoblasts and osteoclasts. In CICN7 deficient mice, cal-
cein labeling did not show an increase in bone apposition
[27], while calcein labeling in CAlIl-deficient mice showed
decreased bone formation. Although no quantitative values
for osteoclast number have been reported, CICN7 knockout
mice have numerous small osteoclasts that attach to bone
but do not form well-developed ruffled borders or show
resorption lacunae [25, 27]. Quantitative and morphologi-
cal differences have not been shown in the osteoclasts of
Atp6i-deficient animals, but similarly to CICN7 mice, the
osteoclasts attach to bone but do not show any signs of
resorption [24]. The presence of osteoclasts in CAIl-defi-
cient mice confirms that these mice do not show defects in
osteoclast differentiation, similar to other mice with defects
in osteoclast acidifcation. Similarly to CICN7 and Atp6i
knockout mice, the osteoclasts in CAll-deficient mice are
increased in number, but unlike CICN7 and Atp6i knockout
mice, they show evidence of activity, as some osteoclasts
formed resorption lacunae that contained scalloped edges.

In addition to skeletal manifestations of these defects,
renal function has also been studied in Atp6i knockout
mice. Similar to what is seen clinically, the Atp6i knockout
mice do not demonstrate impaired renal function and have
normal blood and urine pH [24]. One reason CAIl-deficient
mice may be able to maintain some function without
necessitating CAII to generate protons is that the mice have
a substantially lower arterial blood pH (7.18-7.25) due to a
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mixed metabolic and respiratory acidosis [7, 28], and the
low extracellular pH has a stimulatory effect on osteoclasts
[29-32]. While cell culture experiments have shown that
decreasing the expression of CAII in osteoclasts using
antisense nucleotides results in an inability of osteoclasts to
resorb bone [33], another experiment showed that in the
presence of a low extracellular pH, inhibiting CAII did not
inhibit bone resorption in mature osteoclasts as it did when
the extracellular pH was 7.4 [34]. This demonstrates that a
low extracellular pH can compensate for acetazolamide-
inhibited CAII function [34]. This experiment further
showed that inhibiting CAII function inhibited osteoclast
precursor proliferation and fusion [34]. For this reason it
was unknown whether the primary defect in CAII defi-
ciency results from reduced osteoclast number, decreased
osteoclast function, or a combination of both. Our study
shows that CAll-deficient mice had increased numbers of
osteoclasts and a normal appearance of osteoclasts with a
ruffled border (Fig 3), indicating that inhibited resorption,
rather than reduced osteoclast number, is the primary
mechanism in vivo. Furthermore, chronic acidosis has been
shown to upregulate the H*-ATPase in osteoclast cell
cultures [35], which enhances the osteoclasts’ ability to
concentrate protons in the resorption lacunae. While this
effect has not been demonstrated in vivo, it is possible that
the CAll-deficient osteoclast may also maintain function
by upregulation of the H'-ATPase in the presence of
chronic acidosis.

One unexpected finding in this study, which may be
consistent with acidosis, was that both the cortical and the
trabecular bone in CAll-deficient mice have a lower bone
mineral density than WT mice (Table 3). This result
appears to agree with previously published planar x-ray
evidence of an aged CAll-deficient mouse [5], but the
decreased radiopacity noted in the planar x-ray could have
been due to size differences in the bone. Bone mineral
density measured with pCT is directly related to the image
intensity, as each cross-sectional image is the same thick-
ness. Lower bone mineral density is consistent with
acidosis, and not osteopetrosis, as both in vivo [36, 37] and
in vitro studies [29] have demonstrated that acid loads
stimulate physiochemical dissolution of mineralized bone
matrix. Mineral dissolution occurs prior to organic matrix
degradation. The lower bone mineral density found in CAII
mice may facilitate osteoclast activity by promoting bone
resorption or inhibiting complete matrix mineralization,
mitigating the severity of osteopetrosis.

The CAIl-deficient mouse demonstrated lower bone
formation at all the measured locations. Decreased bone
formation could be a result of osteoclast dysfunction, as
osteoblast development and function are directly coupled
to osteoclasts, or due to systemic factors, since osteoblasts
are also sensitive to hormonal changes and alterations in
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extracellular pH. In cortical bone, osteoclast-mediated
bone formation (at the endosteal surface) was inhibited to a
greater extent than osteoclast-independent bone formation
(at the periosteal surface), demonstrating that inhibited
osteoclast function may be partially responsible for the
decreased bone formation. The acidosis in CAll-deficient
mice would also be expected to decrease the bone forma-
tion rate, as osteoblast function is inhibited in chronic
acidosis [38, 39]. This is particularly true in metabolic
acidosis [32]. The decreased bone formation rate may be a
feature of CAll-deficient mice that is not present in
patients, as measurements of bone formation in CAII
deficient patients have generally shown normal to
increased activity [22]. The mechanism for this discrep-
ancy is unclear, since CAll-deficient mice, like most
patients with CAII deficiency, have mutations resulting in
loss of CAII function [40, 41] and the arterial blood pH is
similar between CAll-deficient mice and patients [3, 4].

In conclusion, the CAll-deficient mouse demonstrates
some skeletal characteristics consistent with mild osteo-
petrosis. Although mice are less severely affected by
skeletal abnormalities than most patients with a CAIIL
deficiency, CAll-deficient mice demonstrate metaphyseal
widening of the tibial plateau and increased trabecular bone
volume, indicating the potential for use of CAll-deficient
mice to study osteopetrosis. Understanding why the mice
are generally less affected than patients and why trabecular
bone seems to be preferentially affected in CAIl-deficient
mice will provide insight into the development of osteo-
petrosis caused by defects in osteoclast acidification and
may implicate therapeutic targets for patients with CAII
deficiency. Overall, the CAll-deficient mouse provides a
valuable animal model for understanding the relationship
between blood pH and both osteoblast and osteoclast
function in osteopetrosis. When using this model the dif-
ferences in presentation between mice and patients outlined
in this study should be kept in mind.
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