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Abstract Mice deficient in the chloride channel CIC-7,
which is likely involved in acidification of the resorption
lacuna, display severe osteopetrosis. To fully characterize
the osteopetrotic phenotype, the phenotypes of osteoclasts
and osteoblasts were evaluated. CIC-7 '~ mice and their
corresponding wild-type littermates were killed at 4—
5 weeks of age. Biochemical markers of bone resorption
(CTX-I), osteoclast number (TRAP5b), and osteoblast
activity (ALP) were evaluated in serum. Splenocytes were
differentiated into osteoclasts using M-CSF and RANKL.
Mature osteoclasts were seeded on calcified or decalcified
bone slices, and CTX-I, Ca2+, and TRAP were measured.
Acidification rates in membrane vesicles from bone cells
were measured using acridine orange. Osteoblastogenesis
and nodule formation in vitro were investigated using
calvarial osteoblasts. CIC-7~'~ osteoclasts were unable to
resorb calcified bone in vitro. However, osteoclasts were
able to degrade decalcified bone. Acid influx in bone
membrane vesicles was reduced by 70% in CIC-7 '~ mice.
Serum ALP was increased by 30% and TRAPSb was
increased by 250% in cic-77'~ mice, whereas the CTX/
TRAPS5D ratio was reduced to 50% of the wild-type level.
Finally, evaluation of calvarial CIC-7'~ osteoblasts
showed normal osteoblastogenesis. In summary, we pres-
ent evidence supporting a pivotal role for CIC-7 in
acidification of the resorption lacuna and evidence
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indicating that bone formation and bone resorption are no
longer balanced in CIC-7~'~ mice.
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Bone remodeling is a continuous process, in which old
bone matrix is resorbed by the osteoclasts and new bone
formation is performed by the osteoblasts. Bone remodel-
ing is important for calcium homeostasis as well as
structural integrity of the bones, and during normal bone
remodeling, a delicate balance between bone resorption
and bone formation, with formation always following
resorption, ensures the status quo of the bone mass [1, 2].
This phenomenon, with a tight balance between the two
processes, is referred to as “coupling” [1, 2]. If the cou-
pling between resorption and formation is disturbed or out
of balance, bone loss (osteoporosis) or increased bone mass
(osteopetrosis) is likely to occur [3, 4].

Osteoclasts resorb the calcified bone matrix or the
inorganic part of the bone matrix by lowering pH in the
resorption compartment by secretion of hydrochloric acid
[3, 5]. Dissolution of the organic part of the bone matrix
follows dissolution of the inorganic part of the bone matrix
and is dependent on cathepsin K and matrix metallopro-
teinases (MMPs) [6].

A decrease of pH in the resorption lacuna is facilitated
by active transport of protons into the resorption lacunae,
which is mediated by an osteoclast specific V-ATPase [3,
5, 7-10]. To obtain electroneutrality, which is essential for
maintenance of the low pH, chloride is funneled through
chloride channel 7 (CIC-7) [11-13]. Until recently it was
unclear whether the transport of Cl™ through CIC-7
occurred passively, as is the case for CIC-1, CIC-2, CIC-
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Ka, and CIC-Kb [11, 12, 14], or by Cl /H" exchange, as is
the case for CIC-4, CIC-5, and CIC-el [15-17]; but very
recent data point toward CIC-7 being a C1~/H" antiporter
[18]. It has been shown that osteopetrosis-associated
transmembrane protein 1 (Ostm1) functions as f-subunit
for CIC-7 [19], and it has been suggested that Ostm1 has a
role in the protein stability of CIC-7 [19]; but the precise
role of the interaction between Ostml and CIC-7 is not
fully elucidated at this point.

Osteopetrosis is in most cases caused by dysfunctional
osteoclasts [20-23]. The predominant osteoclast defect
leading to osteopetrosis in humans is an inability of the
osteoclasts to acidify the resorption lacuna [20, 23],
resulting in low or absent resorption. Mutations in either V-
ATPase or CIC-7 can lead to this type of osteopetrosis [9,
13, 24]. A special feature associated with this type of
osteopetrosis is an apparent uncoupling phenomenon in
which the resulting low bone resorption is not followed by
low bone formation; in fact, the bone formation appears to
be normal or even increased [25-28]. This phenomenon
could be explained by the presence of an osteoblast-acti-
vating signal deriving directly from the osteoclast and not
the resorption itself [28-31].

In this study, a genetically modified mouse strain with a
deletion in the Clcn7 gene encoding CIC-7 [13] was used
for the characterization of the bone phenotype. CIC-7 '~
mice exhibit a strong osteopetrotic phenotype with a high
bone mineral density (BMD), short stature, no eruption of
incisors, limited bone marrow space, and splenomegaly
[13]. Furthermore, the mice exhibit lysosomal storage
disease, neurodegeneration, and retinal degeneration [13,
32]. CIC-77'~ mice live until the age of 67 weeks, at
which point they die due to the consequences of the severe
osteopetrotic phenotype [32].

In this study, we performed a thorough investigation of
the bone phenotype, as well as both osteoclasts and oste-
oblasts derived from osteopetrotic CIC-7 '~ mice and their
healthy littermates (CIC-7"""). Furthermore, the in vivo
levels of dynamic biochemical markers of bone resorption
and formation were evaluated.

Materials and Methods
Mice

The genetically engineered CIC-7 mouse strain was kindly
provided by Thomas Jentsch (FMP/MDC, Berlin, Ger-
many). The mouse strain was generated by deletion of
exons 3-7 in the Clcn7 gene (construct C7A) as described
by Kornak et al. [13].

Pups were given a soft diet (dough diet for transgenic
mice [BioServ, Frenchtown, NJ] mixed 1:1 with Solid Drink
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[Triple A Trading, Tiel, the Netherlands]) each day from
P17 until death. After weaning at postnatal day 20, the pups
were placed in heated cages. Mice were killed at 4-5 weeks
of age. At the time of death, a full bleed was performed.
Prior to a full bleed, mice were fasted for 12 hours.

Digital Histographs

Digital histographs were captured using an Olympus
(Tokyo, Japan) DP71 digital camera mounted on an
Olympus IX-70 or an Olympus BX-60 microscope, equip-
ped with x2, x4, x10, x20, x60, and x 100 objectives.

Tissue Fixation, Embedding, and Sectioning

For plastic sections, vertebrae and femurs were fixed in
70% ethanol and then embedded in methylmethacrylate in
a fully calcified state. Longitudinal sections of 7 pM
thickness were cut using the Microm HM360 (Microm
International, Walldorf, Germany).

For paraffin sections, vertebrae and femurs were fixed in
3.7% formaldehyde in PBS, decalcified in 15% EDTA,
dehydrated, and embedded in paraffin. Sections of 5 uM
thickness were cut using the Microm HM360.

Histological Staining on Paraffin Sections

Prior to each staining, paraffin sections were deparaffinized by
heating at 60°C for 30 minutes and sequential hydration (tol-
uene — 99% ethanol — 96% ethanol — 70% ethanol — H,0).
After each staining, unless stated otherwise, sections were
dehydrated (70% ethanol — 96% ethanol — 99% ethanol —
toluene) and mounted with dextropropoxyphene (DPX).

Alcian Blue Staining of Cartilage

After deparaffinization, sections were placed in alcian blue
solution (1% alcian blue in 3% acetic acid solution, pH 2.5,
filtered before use) for 30 minutes, then in running water
for 2 minutes. Sections were afterward placed in Mayer’s
hematoxylin (Bie & Berntsen, Rgdovre, Denmark) for 5
minutes and finally placed in running water for 1 minute,
dehydrated and mounted.

Toluidine Blue Staining of Cartilage

After deparaffinization, sections were placed in toluidine blue
solution (0.05% toluidine blue in Mcllvaine’s buffer) for 2
minutes. Sections were washed in Mcllvaine’s buffer (1.4%
disodium hydrogen phosphate dehydrate, 1.3% citric acid, pH
4) for 10 seconds. Sections were carefully dried with filter
paper and subsequently dried for 1 hour at 37°C. Sections were
placed directly in toluene for 5 minutes, followed by mounting.
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TRAP Activity: Staining of Osteoclasts

Tartrate-resistant acid phosphatase (TRAP) activity was
identified as previously described [33].

Histological Staining on Plastic Sections

Prior to each staining method, plastic sections were de-
plastified and hydrated (2-methoxy-ethylacetate — 99%
ethanol — 96% ethanol — 70% ethanol — H,0). After
each staining, unless stated otherwise, sections were
dehydrated and mounted with DPX.

von Kossa Staining of Mineralized Bone Tissue

After deplastification and hydration, sections were washed
several times in Milli Q water (Millipore, Bedford, MA).
Sections were transferred to 1% silver nitrate for 5 minutes,
and the staining was developed in 1% pyrogallol for
5 seconds. Sections were transferred to 1% sodium thio-
sulfate for 5 minutes and washed, followed by dehydration
and mounting.

Generation of Osteoclasts from Spleen

Spleens were dissected from dead mice, and all soft con-
nective tissue was removed. Spleens were mashed through
a 70-pm nylon mesh, while using c«-minimum essential
medium («MEM, supplemented with thymidine 388 pg/L,
penicillin/streptomycin 100 units/ml of each) to wash the
cells through the mesh. The cell suspension was carefully
loaded on Lymphocyte Separation Medium (ICN Bio-
medicals, Costa Mesa, CA) and centrifuged for 20 minutes
at 2,000 rpm, without break. The layer of cells at the
interface was collected, washed twice in «MEM, and
resuspended in osteoclast differentiation medium contain-
ing oMEM (supplemented with thymidine 388 pg/L,
penicillin/streptomycin 100 units/ml of each) with addition
of 10% heat-inactivated (HI) fetal bovine serum and 30 ng/
ml macrophage colony-stimulating factor (M-CSF) (216-
MC; R&D Systems, Minneapolis, MN). Mouse receptor
activator of NF-xB ligand (RANKL; 462-TR, R&D Sys-
tems) at a concentration of 100 ng/ml was added either at
the beginning of the culture period or after 4 days of cul-
ture. Medium containing both M-CSF and RANKL is
hereafter referred to as “MOC med.”

Osteoclastogenesis Experiment

Isolated spleen cells were seeded on calcified bone slices at
a density of 250,000/crn2 and cultured in MOC med for
12 days. Medium was changed every 2-3 days, and culture

supernatants were collected and stored at —20°C until
further analysis.

Bone Resorption by Mature Osteoclasts

Isolated spleen cells were differentiated into mature
osteoclasts by, first, 4 days of culture without RANKL,
lifting by trypsinization, and reseeding at a cell density of
900,000/six-well, followed by 7 days of culture in MOC
med with medium exchange every day. Mature osteoclasts
from either genotype were lifted using trypsin and cell
scraping and then reseeded on either calcified or decalcified
bone slices at a density of 50,000/bone slice. Cells were
cultured in MOC med for 3 days, with a change of medium
every day. Culture supernatants were collected and stored
at —20°C until further analysis.

Osteoclasts for Morphological Evaluation

Mature osteoclasts from either genotype were lifted using
trypsin and cell scraping and then reseeded on plastic at a
density of 50,000/96-well. Cells were cultured in MOC
med for 3 days, with a change of medium every day. At
day 3, cells were fixed in 3.7% formaldehyde in PBS.

Bone Slices

Sticks of cortical bone from cows were cut into thin slices
(0.5 cm diameter). The slices were kept in 70% ethanol
until use. Some of the bone slices were decalcified prior to
experiments. This was achieved by placing the bone slices
in 15% EDTA for 1 week, with exchange of EDTA each
day, as described previously [6]. Prior to the seeding of
cells, bone slices were washed thoroughly in the appro-
priate medium.

Measurement of TRAP Activity in Cell Culture
Supernatants

TRAP activity in cell culture medium was measured as
described previously by Karsdal et al. [29]. Briefly, sam-
ples were incubated with TRAP reaction buffer, containing
p-nitrophenyl phosphate and sodium tartrate [29], for
1 hour at 37°C in the dark. Reaction was stopped with
0.3 M NaOH. Absorbance was measured in an ELISA
reader at 405 nm with 650 nm as reference.

Measurement of MMP Activity in Cell Culture
Supernatants

MMP activity was measured in supernatants as previously

described by Ridnour et al. [34], with small modifications.
Briefly, samples and buffer (0.01 M CaCl,, 0.2 M NaCl,
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0.05 M Tris-HCI, 50 pM ZnSOy, 0.05% Brij) were mixed.
The MMP substrate Mca-Pro-Leu-Gly-Leu-Dap(Dnp)-Ala-
Arg-NH, (M-1895; Bachem, Bubendorf, Switzerland), was
added at a final concentration of 2 pM and incubated at
37°C for 20 minutes. Fluorescence was measured at exci-
tation 328 nm and emission 392 nm. MMP activity in
medium collected from bone slices without cells was used
as background.

Gelatinase Zymography

Gelatinase activity in culture supernatants was tested by
gelatinase zymography as previously described [35].
MMP-2 and MMP-9 were used as markers.

Measurement of Bone Degradation by CTX-I in Serum
and Cell Culture Supernatants

Bone degradation was measured in serum by measurement
of C-terminal type I collagen fragments (CTX-I) by the
RatLaps ELISA (1RTL4000; IDS, Herlev, Denmark). The
CTX-I concentration in cell culture supernatants was
measured by the CrossLaps for culture ELISA (6CRL4000,
IDS). Both ELISAs were performed according to the
manufacturer’s protocol.

Measurement of Bone Degradation by Calcium Release

The concentration of total calcium was measured in 100-
pL culture supernatants by a colorimetric assay using the
Advia 1800 (Siemens, Munich, Germany). Measurements
of calcium release from cells on plastic were used as
background.

Staining and Counting of Pits

Cells were removed from bone slices by cotton swabs,
followed by three rounds of washing of the bone slices in
Milli Q water. Resorption pits were stained with filtered
Mayers hematoxylin for 8 minutes while shaking. Bone
slices were rinsed three times in Milli Q water and finally
cleaned with a cotton swab to remove excess dye. Stained
pits were counted using the CAST program (Olympus,
Glostrup, Denmark). The resorbed area on each bone slice
was calculated according to the settings in the program.

TRAP Staining of Cells

Fixed osteoclasts were TRAP-stained using the leukocyte
acid phosphatase kit (Sigma-Aldrich, St. Louis, MO)
according to the manufacturer’s protocol. The number of
TRAP-positive cells was counted using the CAST pro-
gram, or digital histographs were taken.
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Phalloidin and DAPI Staining of Fixed Osteoclasts

Staining of fixed osteoclasts with tetramethyl-rhodamine
isothiocyanate (TRITC)—-conjugated phalloidin and 4,6-di-
amidino-2-phenylindole (DAPI) was performed as
described by Karsdal et al. [30]. Digital histographs were
taken using filters suitable for TRITC and DAPI. The
pictures were overlayed using ImagePro software (Media
Cybernetics, Silver Spring, MD).

Isolation of Bone Microsomes

Whole bones were isolated from 4-week-old mice, and all
non-bone-related tissues were removed. Bones were placed
in isolation buffer containing Complete EDTA-free prote-
ase blockers (Roche, Indianapolis, IN), homogenized using
a polytron blender, and further homogenized using a Teflon
homogenator. Homogenates were centrifuged for 15 min-
utes at 10,000g and the supernatants collected.
Supernatants were then centrifuged for 60 minutes at
100,000g and the pellets collected and resuspended in
isolation buffer; protein concentrations were determined
using the DC Protein Asssay (Bio-Rad, Richmond, CA).

Influx Assay

The influx assay was performed as previously described [8,
36, 37]. Briefly, bone microsomes were incubated in
reaction buffer (5 mM HEPES, 150 mM KCI, 5 mM
MgSO,, 15 pM acridine orange, and 1 uM valinomycin,
pH 7.2). The reaction was incubated at room temperature
for 30 minutes to obtain a steady state in temperature, dye
uptake, and background fluorescence. Then, the reaction
was initiated by addition of ATP (final concentration
5 mM), and immediately afterward the plate was read
using excitation at 492 nm and emission at 535 nm.
Fluorescence was read every 15 seconds for 3 minutes. The
results are presented as the slope of the influx curves,
which is calculated as the change in fluorescence emission
(AF) as a function of the change in time (At) over the entire
3-minute time span.

Immunoblotting

To evaluate levels of protein expression, 30 pg of whole-
bone microsomes from either CIC-7""? or CIC-7~'~ mice
were run on an SDS-PAGE gel and electroblotted. The
various proteins were detected using one of the following
primary antibodies: rabbit antibody against CIC-7 [13],
against the B1/B2 subunit of V-ATPase (Santa Cruz Bio-
technology, Santa Cruz, CA), and B-actin (Sigma-Aldrich),
with B1/B2 and B-actin being internal controls. The cor-
responding secondary antibodies were used, and all blots
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were visualized using the ECL kit from Amersham Bio-
science (Arlington Heights, IL) as described by Henriksen
et al. [38]. To ensure that equal amounts of protein were
loaded, ponceau red staining was used [38].

Measurement of TRAPSb Activity in Serum

TRAPSb activity in serum was measured by the Mouse-
TRAP assay (SD-TR103, IDS). The assay was performed
according to the manufacturer’s protocol. Serum samples
from individual mice were diluted in PBS to suitable
dilutions in order to obtain readings within the range of the
kit.

Measurement of ALP in Serum

Alkaline phosphatase (ALP) was measured by mixing
serum samples or controls with substrate solution (0.95 ml
AMP buffer [50 ml Milli Q water, 6.25 ml 2-amino-2-
methyl-1-propanol 95% {A65182, Sigma}, pH adjusted to
10.0, volume adjusted to 62.5 ml by addition of Milli Q
water], 9.5 ml Milli Q water, 40 mg PNPP [P5994, Sigma],
190 pL. 1 M MgCl,) and incubating for 20 minutes in the
dark. The reaction was stopped by addition of 0.5 M
NaOH. Colorimetric changes were measured at 405 nm
with 650 nm as reference using an ELISA reader.

Generation and Differentiation of Primary Osteoblasts

Primary osteoblasts were obtained by dissection of cal-
variae from pups 4-5 weeks old. Calvariae were rinsed in
PBS and afterward minced thoroughly with a pair of
scissors in «MEM. Minced calvariae were transferred to
culture flasks containing «MEM with 10% HI bovine
serum. Cultures were grown until confluence, lifted,
reseeded at a density of 25,000 cells/24-well, and grown
for 3 weeks in medium supplemented with 50 pg/ml
ascorbic acid and 10 mM f-glycerol phosphate, in the
absence or presence of bone morphogenetic protein-2
(BMP-2, 100 ng/ml). Medium was changed every 2—
3 days.

Alamar Blue for Assessment of Cell Viability

Measurements of cell viability were performed by the Al-
amar blue assay (Biosource, Camarillo, CA). ¥MEM with
10% Alamar blue was added to wells with living cells and
empty wells (for background) and incubated at 37°C until a
change of color from blue to purple/red had occurred (1-
5 hours). After incubation, fluorescence was measured at
excitation 540 nm and emission 590 nm in a fluorescence
reader.

Alizarin Red Staining of Bone Nodules

Fixed cells were stained with 40 mM alizarin red-S (pH
4.2) for 10 minutes with shaking. Wells were washed in
Milli Q water, followed by washing in PBS while shaking.

Dye extraction was performed with 10% cetylpyridinum
chloride (500 pL/24-well) by incubation overnight in the
dark with shaking. Absorbance was subsequently measured
at 561 nm in an ELISA reader.

Statistics

All statistical calculations were performed by Student’s
two-tailed unpaired #-test, assuming normal distribution
and equal variance, with a significance level of P = 0.05
(NS, not significant; *P < 0.05, **P < 0.01,
*#*%P < (0.001). Error bars indicate standard error of the
mean (SEM).

Results

CIC-7-Deficient Mice Show Osteoclast-Rich Severe
Osteopetrosis

The bone phenotype of CIC-7 deficient mice was evaluated
by von Kossa staining and, as seen in Fig. 1 (a2 and a4),
the mice exhibit a very severe osteopetrotic phenotype. To
examine whether this effect is due to malfunctioning
osteoclasts or to increased osteoblast activity, staining of
cartilage was performed. Figure 1 (bl-b6) shows high
levels of remaining cartilage in CIC-7~'~ bones, as evi-
denced by alcian blue (bl, b2) and toluidine blue (b3-b6)
staining, indicating that the phenotype is due to defective
osteoclasts.

To characterize the osteoclast phenotype of CIC-7—
mice further, staining of the osteoclast marker TRAP in
bone sections was performed; and as seen in Fig. 1c2, a
large part of the bone surface in CIC-7~'~ mice was cov-
ered with TRAP-positive cells, compared to CIC-7"" mice
(Fig. 1cl). Furthermore, osteoclasts in CIC-7""~ mice
appear to deposit TRAP on the adjacent bone surfaces, as
seen in Fig. 1c4. TRAP deposition is also present in CIC-
7" mice but to a much lower extent (Fig. 1c3). Further-
more, CIC-7~'~ osteoclasts in vivo seem to be flatter and
more stretched compared to CIC-7"" osteoclasts (Fig. 1c3,
c4).

/—

CIC-7""~ Osteoclasts Do Not Show Signs of
Resorption, Despite Normal Osteoclast Differentiation

To address whether murine CIC-7~/~ osteoclasts have
normal differentiation, in vitro experiments were performed
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Fig. 1 CIC-7-deficient mice show osteoclast-rich osteopetrosis. Mice
were killed at 4-5 weeks of age. Femora and vertebrae were dissected,
fixed, embedded in plastic or paraffin, and sectioned. a Von Kossa
staining of plastic sections. al Femur from CIC-7""" mouse. a2 Femur
from CIC-7~/~ mouse. a3 Vertebra from CIC-7"" mouse. a4 Vertebra
from CIC-7~'~ mouse. b Staining of cartilage on paraffin sections. b1,

to assess osteoclast differentiation and the ability of the cells
to resorb bone. Firstly, TRAP activity increased throughout
the culture period, as expected [39], and only minor dif-
ferences between CIC-7"7 and CIC-77"" cells were
observed during differentiation (Fig. 2a). Furthermore, only
slight differences in gelatinase activity were shown between
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b2 Alcian blue staining of vertebrae. b3, b4 Toluidine blue staining of
vertebrae. b5, b6 Higher magnification of toluidine blue—stained
sections of femora. Histographs were taken in the shaft area of the
femur. ¢ TRAP staining of paraffin sections. c¢l, ¢2 Vertebrae.
Magnification x10. ¢3, ¢4 High magnification of osteoclasts. Multi-
nucleated osteoclasts are indicated with arrows. Scale bars = 30 um

CIC-7""" and CIC-7"~ cells (Fig. 2b). These slight differ-
ences are most likely caused by difficulties in performing
exactly homogeneous osteoclastogenesis experiments [39,
40]. However, evaluation of bone resorption by measure-
ment of CTX-I and scoring of resorption pits showed that
CIC-7"' osteoclasts have a highly reduced capability for
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Fig. 2 CIC-77"~ osteoclasts do a
not resorb, despite normal
differentiation. Mice were killed
at 4-5 weeks of age. Spleen
cells from CIC-7~'~ and CIC-
7+ littermates were seeded on
calcified bone slices at a density
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of culture in MOC med). Cells
were seeded on plastic at a
density of 50,000/96-well and
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Accumulated TRAP activity
measured in supernatants from
cells on bone. b Gelatinase
zymography measuring MMP
activity in supernatants from
cells on bone. ¢ Accumulated 100 -
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resorption of bone (Fig. 2c, d). Finally, the morphology of
CIC-7"" and CIC-7~'~ osteoclasts in vitro was examined;
and the overall morphology, actin ring formation, as well as
TRAP activity were comparable, as seen in Fig. 2 (el—e4),
in line with a previous study [13].

CIC-7""~ Osteoclasts are Unable to Resorb Inorganic
Bone Matrix but Able to Resorb Organic Bone Matrix
In Vitro

As the investigations of the in vitro morphology of the
mature osteoclast did not explain the inability of the CIC-
77/~ osteoclasts to resorb bone, further characterization of
the functionality of mature CIC-7'~ osteoclasts was

/
5 7 9 12

Day of supernatant collection

+/? -/-
Mouse genotype

performed. An assessment of the ability of mature CIC-
7'~ osteoclasts to resorb decalcified bone, compared to
normal calcified bone, was conducted. Firstly, bone
resorption was measured by CTX-I, and as seen in the
differentiation experiment (Fig. 2c, d), CIC-7"'~ osteo-
clasts showed no indication of resorption on calcified bone
slices (Fig. 3a). Interestingly, resorption of decalcified
bone slices was mildly, but nonsignificantly, reduced in
CIC-77"~ osteoclasts compared to CIC-7""" osteoclasts
(Fig. 3a). These results were further supported by mea-
surements of calcium released during bone resorption of
the calcified bone slices, which was strongly reduced in
CIC-77'~ osteoclasts compared to CIC-7"" osteoclasts
(Fig. 3b). We then scored the number of osteoclasts and
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Fig. 3 CIC-77"~ osteoclasts
can degrade organic matrix but
do not resorb inorganic matrix.
Mice were killed at 4-5 weeks
of age. Spleen cells from CIC-
77~ and CIC-7""" littermates
were cultured until mature
osteoclasts were present

(7 days), after which they were
seeded at a density of 50,000/
96-well on calcified or
decalcified bone slices, grown
for 3 days and fixed. a Bone
resorption measured by CTX-I
in culture supernatants from day
3. b Bone resorption measured
by calcium release to culture
supernatants from cells on
calcified bone. ¢ Counting of
TRAP-positive cells. d
Measurement of MMP activity
in culture supernatants from day
3. Results are standardized to
levels of CIC-7""7 on either type
of bone. NS, nonsignificant;
*#P < 0.01
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acidification potential. Bone
microsomal vesicles from CIC-
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“Materials and Methods.” b
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found no changes in either the number of TRAP-positive
multinucleated cells or MMP activity (Fig. 3c, d). Taken
together, these results strongly indicate that the bone
resorption defect is caused by an inability of the osteoclasts
to resorb the inorganic part of the bone matrix, thereby
supporting a role for CIC-7 in acidification of the resorp-
tion lacuna.

CIC-7 Deficiency Results in Decreased Acidification
of Bone Membrane Vesicles

To investigate the acidification of membrane vesicles
deriving from bone cells of CIC-7"~ and CIC-71" mice,
we generated whole-bone microsomes and investigated the
acid influx in these fractions. Firstly, we investigated acid
influx in the microsomes and, as can be seen in Fig. 4a,
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found that the CIC-7""" fractions showed acid influx even
at low protein concentrations, whereas the CIC-7~'~ frac-
tions only showed acid influx at the highest concentration
of microsomes investigated; at this concentration the influx
was about 30% of that seen in the CIC-7""" fractions. We
then examined CIC-7 expression in the microsomes and, as
can be seen in Fig. 4b, found high expression in the CIC-
77" microsomes and complete absence of the 80-kDa CIC-
7 band in the CIC-7~'~ microsomes. To ensure correct
loading of the membranes, we tested expression of both the
B1 and B2 subunits of V-ATPase and of f-actin and found
no differences in the expression of any of these proteins
(Fig. 4b), confirming that the main difference in the
microsomes was the presence or absence of CIC-7. These
data support a role for CIC-7 in the acidification of the
lysosomes and the resorption lacunae.



A. V. Neutzsky-Wulff et al.: The Osteoclast Phenotype of CIC-7 KO Mice 433

Fig. 5 CIC-77"~ osteoclasts a
resorb less in vivo. Mice were
fasted 12 hours prior to death at
4-5 weeks of age, and a full
bleed was performed. Serum
samples were isolated and
various bone markers were
measured. a Relative number of
osteoclasts measured by
TRAPSD activity. b Bone
resorption measured by CTX-I.
¢ Bone resorption per osteoclast
(CTX-I/TRAPSD). d
Measurements of ALP.
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Fig. 6 Osteogenic properties of CIC-7~'~ osteoblasts are normal.
Mice were killed at 4-5 weeks of age. Calvariae from CIC-77"~ and
CIC-7""? mice were dissected. Calvarial osteoblasts were cultured for
14 days in osteogenic medium, with or without BMP-2 (100 ng/ml). a

CIC-7""~ Mice have Decreased Resorption Per
Osteoclast and Increased Bone Formation Markers
In Vivo

We examined the number and activity of osteoclasts in
vivo by measuring TRAP and CTX-I. TRAPS5b activity
showed that the number of osteoclasts was increased by
more than 200% in CIC-7~'~ mice (Fig. 5a). Measure-
ments of CTX-I, surprisingly, indicated increased
resorption in CIC-77"~ mice (Fig. 5b). However, to eval-
uate the function of the individual osteoclasts, the absolute
resorption should be correlated to the number of osteoclasts
in the mice [41]. When this aspect was addressed, a highly
significant decrease in resorption per osteoclast, to 50% of
the CIC-7*"* mice value, was observed for CIC-7""" mice
(Fig. 5c¢).

Cell viability measured by Alamar blue at day 14. b Dye extraction of
alizarin red—stained nodules. Results are standardized to control CIC-
7+ cells. NS, nonsignificant; **P < 0.01

To address whether bone formation was affected by the
lack of CIC-7 in vivo, the bone formation marker ALP was
also measured in serum. The results showed a significant
increase in the ALP level for CIC-7~'~ mice compared to
healthy littermates (Fig. 5d). These results indicate an
apparent ongoing bone formation in CIC-7-deficient mice,
despite the strongly reduced resorption per osteoclast.

No Enhanced Osteogenic Effect of CIC-7-Deficient
Osteoblasts In Vitro

To examine whether intrinsic changes in CIC-7~"~ osteo-
blasts caused the apparent ongoing bone formation in CIC-
7-deficient mice, the ability of both CIC-7~'~ and CIC-7""
calvarial osteoblasts to perform bone formation was eval-
uvated. No differences in cell viability were observed
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(Fig. 6a). Bone nodule formation was examined, showing
that BMP-2 induced nodule formation in both CIC-7 '~
and CIC-7""" osteoblasts to the same extent and that the
basal bone formation level, without BMP-2 induction, was
also equivalent for CIC-7~'~ and CIC-7"" osteoblasts
(Fig. 6b). This indicates that the osteoblast phenotype is
not altered by the lack of CIC-7.

Discussion

Loss of CIC-7 or mutation in CIC-7 leads to osteopetrosis
in both humans and mice due to defective osteoclasts [13,
24, 42, 43], but there has been some dispute about why the
lack of CIC-7 leads to defective osteoclasts. CIC-7 '~
osteoclasts from mice have previously been shown reduced
resorption of ivory in vitro as well as reduced acidification
of the resorption compartment [13], and the same has been
observed for osteoclasts deriving from patients suffering
from autosomal dominant osteopetrosis type II (ADOII),
who have a dominant negative mutation in CIC-7 [29, 44].
However, other groups have not observed decreased acid-
ification in ADOII osteoclasts [45], potentially due to the
heterogeneous phenotypes seen in ADOII patients [27, 45].
Apart from CIC-7 having a role in acidification of the
resorption lacuna, there are alternative theories regarding
the role of CIC-7; e.g., a role for CIC-7 in degradation of
the organic bone matrix rather than the inorganic bone
matrix has been hypothesized [46], and a more motile
phonotype of ADOII osteoclasts [47] as well as a less
motile phenotype [45] have been observed.

In this study, CIC-7-deficient mice, which have an
osteopetrotic phenotype mimicking human autosomal
recessive osteopetrosis (ARO) [13, 24, 43], were thor-
oughly investigated to shed light on the pressing question
regarding the exact role of CIC-7 and to investigate the
apparent imbalance between bone resorption and bone
formation observed in some forms of osteopetrosis [28].

Our initial investigations confirmed the severe osteo-
petrotic phenotype as seen by the presence of massive
amounts of calcified bone matrix in both vertebrae and
femora, which is in agreement with Kornak et al. [13].
Furthermore, we also observed high levels of nonresorbed
calcified cartilage, and very high numbers of osteoclasts
covering a large part of the bone surfaces, in accordance
with previous studies [21]. An increased number of
osteoclasts is in agreement with an increased survival of
osteoclasts when acidification is attenuated, as described
previously [29, 38, 48]. Thus, as expected [13], these mice
fit perfectly with the “classical” osteopetrotic phenotype
caused by defective bone resorption due to malfunctioning
osteoclasts [20-23]. Interestingly, the bone surfaces below
the osteoclasts were covered in a TRAP-positive material, a
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yet to be explained phenomenon which is also seen in CIC-
7-deficient ADOII patients [42, 49].

When investigating osteoclastogenesis and morphology
of the CIC-77'~ osteoclasts in vitro, we found that both
parameters were comparable to wild type. This is in line
with studies of osteoclastogenesis and morphology in CIC-
7-deficient human osteoclasts [43, 44] and morphological
studies in CIC-7~' mice [13].

When investigating resorptive capacity, we found that
cic-77'~ osteoclasts, both under differentiating conditions
and as mature osteoclasts, were unable to resorb calcified
bone matrix, measured by CTX-I, calcium release, and pit
formation, in agreement with results obtained by Kornak
et al. [13]. Interestingly, when mature C1C-7~"~ osteoclasts
were seeded on decalcified bone matrix, they were able to
degrade this matrix to a similar level as CIC-7""" osteo-
clasts, indicating that resorption of the inorganic part of the
bone matrix is hindered whereas resorption of the organic
part of the bone matrix is not. We did, however, observe a
nonsignificant reduction in the degradation of decalcified
bones, which correlates well with our findings using ADOII
osteoclasts that showed a minor reduction in the degrada-
tion of decalcified bones as well [6]. All these data support
the theory that the resorption defect is caused by dimin-
ished acidification of the resorption lacuna [13, 29, 37, 44].

To fully elucidate the underlying mechanism causing the
reduced resorption, we evaluated acid influx in bone
microsomes isolated from both CIC-7~'~ and CIC-7""
mice by use of the dye acridine orange, which is sensitive
to changes in pH at the levels observed in lysosomes and
the resorption lacuna [7, 36, 50]. In alignment with a role
for CIC-7 in acidification of the resorption lacuna/lyso-
somes, acid influx was strongly attenuated in CIC-7~/~
microsomes. As CIC-7 in bone only is expressed in high
amounts by osteoclasts [51], the difference in acidification
likely reflects the differences in the osteoclasts. These data
do not, however, correlate with another study of lysosomal
pH performed in CIC-7~"~ neurons [32]. However, in this
study static pH measurements were performed [32],
whereas our pH measurements were dynamic. In addition,
the difference between neurons and osteoclasts most likely
plays a role. However, our findings correlate well with the
recent finding that CIC-7 mediates C1~/H" antiport trans-
port in liver preparations [52].

Our in vivo analyses of CIC-7-deficient mice showed a
highly interesting phenomenon, namely, that resorption per
osteoclast was reduced whereas the bone formation marker
ALP was increased compared to healthy littermates. The
reason for the high CTX-I values observed in CIC-7"~
mice is somewhat puzzling; however, as these mice are still
young at time of death, it is likely that the measured
increase in CTX-I is attributable to a developmental effect
in which MMPs could be responsible for generation of
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CTX-I [53]. In fact, high levels of CTX-I are also found in
cathepsin K—deficient mice [54], despite the fact that CTX-
I release from calcified bone matrix, by the osteoclasts,
requires cathepsin K activity [6, 53]. This could indicate
that the high level of CTX-I in CIC-7~'~ mice originates
from the development of the bones, where MMP activity
plays a role in degrading the immature bone matrix [55].

Ongoing bone formation in CIC-7 '~ mice in vivo was
shown by increased levels of ALP in serum, and in vitro
analysis of nodule formation by CIC-7~'~ osteoblasts
demonstrated no intrinsically increased bone formation by
these osteoblasts. The finding that bone formation is
ongoing in the face of decreased resorption per osteoclast
correlates well with recent findings indicating that osteo-
clasts, independent of resorption, are sources of anabolic
signals for osteoblasts [28-31].

In conclusion, we found that CIC-7~/~ osteoclasts were
unable to resorb calcified bone but were able to resorb
decalcified bone. Together with signs of diminished acid-
ification in bone microsomes, our findings support the
hypothesis that the defective resorption in CIC-7-deficient
mice is due to strongly attenuated acid secretion by
osteoclasts. Furthermore, by evaluation of serum markers
we found that bone formation is not coupled to resorption
in these mice, supporting the view that osteoclasts are
sources of bone anabolic signals for osteoblasts and thereby
explaining the apparent uncoupling phenotype also
observed in osteopetrotic patients.
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