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suggest that the positive charge of the vector complexes
is not always an essential factor for gene transfection.
From the viewpoint of transfection efficiency under
physiological conditions, the PIC micelles showed
excellent characteristics compared to the other vectors.
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Fig. 1l Influence of preincubation with serum on transfection
efficiency. Transfection was performed to 293 cells by PIC micelles
(1248, r = 2.0), PLL/pDNA complexes (PLys-polyplex: » = 2.0), and
lipoplex (Lipofect AMINE™/pDNA complex). The preincubation
procedure of these complexes was dome in 20% serum for 30 min
prior to transfection (n = 4, £5.D.).

PIC micelle

The PIC micelles retained a sufficient transfection
efficiency toward cultured cells even after preincubation
with 20% serum for 30 min, which is in sharp contrast to
the lipoplex showing a drastic decrease in the efficiency
after serum preincubation (Fig. 11). To get insight into
the mechanism of the serum effect, the cellular associa-
tion of fluorescein-labeled pDNA in these complexes
was then evaluated by flow cytometry. As shown in
Fig. 12, considerable association was obtained in each
complex in the absence of serum. Even after the
preincubation with 20% serum, the histogram for the
cells treated with the PIC micelle system showed a
minimal change compared to that obtained in the
absence of serum, being consistent with the stability of
the PIC micelles in the serum-containing environment
[19]. However, the cellular association of pDNA became
heterogeneous for the system of lipoplex and PLys-
polyplex pretreated with serum, and eventually, there
appears a considerable cellular fraction with a low
fluorescence intensity, indicating a reduced pDNA
association, These results are in line with a steep
reduction in the transfection efficiency of the lipoplex
and PLys-polyplex system after preincubation with
serum.

A decrease in the transfection efficiency in the
presence of serum has been inevitable for most of the
non-viral vectors [38-41]. The obstructive effect of
serum may be partly due to the non-specific interaction
of the vector complexes with proteinous components,
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Fig. 12. Influence of preincubation with serum on cellular association of fluorescein-labeled PDNA. PIC micelles (12-48, r=2.0), PLL/pDNA
complexes (PLys-polyplex: r = 2.0), and Lipoplex (Lipofect AMINE™/pDNA complex) formed with fluorescein-labeled pDNA were applied to 293
cells. Upper figures: cyto-fluorogram in the absence of serum; lower figures: after preincubation of the complexes with 20% serum for 30 min.
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which induces the decrease in the cellular uptake and
gene expression [42]. From this point of view, the serum-
tolerable property of the PIC micelle system is quite
promising. Furthermore, "ligand molecules may be
installed on the surface of the micelles using the
functionality of the PEG distal end, allowing the micells
system to have a cellular specific interaction through a
receptor-mediated mechanism [43). The major obstacle
of the present micellar system is a requirement of an
endosome-disrupting reagent, such as chloroquine,
to achieve sufficient gene expression. This may be
overcome by modifying the polycation segment
to have a buffering property, expecting the so-called
proton-sponge effect proposed by Behr et al. [6].
Indeed, the synthesis of novel block copolymers
having a polycation segment with a lowered pKa,
including poly(ethylenimine) [44] and poly(N,N-di-
methylaminoethyl methacrylate) [{45], has recently
been accomplished, and their use in a PIC micelle
assembly with pDNA is now underway in our
laboratory.

In particular, the 12-48/pDNA (r=2.0) micelle
achieved the highest gene expression in this study. It
contains a single molecule of pDNA in the core with
effective charge-shielding by the dense PEG corona
around the complex. It is worth noting that PIC micelles
have a small size comparable to a virus of approximately
80 nm, being advantageous to attain a smooth tissue
permeability as well as high cellular association. Ligand
molecules are even able to be attached to the distal
chain end of the PEG corona for targeting a specific
receptor, mimicking the spike protein of natural viruses.
In this regard, a virus-inspired design of the PIC micellar
vector is of interest. Indeed, intracellular trafficking
of a virus, including the pH-triggered endosomal escape
as well as nucleus transport, may be mimicked in
the micellar system using a polycation segment posses-
sing the proton sponge effect as poly(ethylenimine)
and poly(dimethylaminoethyl methacrylate) as well as
by the installation of a nuclear transport signal.
Research in this direction is now in progress in our
laboratory, and the results may be published in a
forthcoming paper.
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As locally converted estrogen from testicular testosterone contrib-
utes to apparent androgen activity, the physiological significance
of androgen receptor {AR) function in the beneficial effects of
androgens on skeleta! tissues has remained unclear. We show here
that inactivation of AR in mice using a Cre-loxP system-mediated
gene-targeting technique caused bone [oss in males but not in
females. Histomorphometric analyses of 8-week-old male AR
knockout {ARKO) mice showed high bone turnaver with increased
bone resorption that resulted in reduced trabecular and cortical
bone mass without affecting bone shape. Bone loss in orchidec-
tomized male ARKO mice was only partially prevented by treat-

" ment with aromatizable testosterone. Analysis of primary osteo-
blasts and osteoclasts from ARKO mice revealed that AR function
was required for the suppressive effects of androgens on oste-
oclastogenesis supporting activity of osteoblasts but not on oste-
oclasts. Furthermore, expression of the receptor activator of NF-«B
ligand (RANKL) gene, which encodes a major osteoclastogenesis
inducer, was found to be up-regulated in osteoblasts from AR-
deficient mice. Our results indicate that AR function is indispens-
able for male-type bone formation and remodeling,

teroid sex hormones are essential for normal skeletal devel-

opment and maintenance of healthy bone remodeling during
adult life (1, 2). Sex hormone status reflects bone mass, such that
hormonal deficiency is well known to lead to progressive bone
loss (3). The most striking example, osteoporosis in postmeno-
pausal women, is a state of estrogen deficiency coupled with
imbalanced bone remodeling, with higher bone resorption than
bone formation, and can be rescued by estrogen replacement (4).
Although androgens seem to exert beneficial effects in both
males and females (3, 5), the physiological role of the androgen—
androgen receptor (AR) system in skeletal tissues has not yet
been well established. This is because estrogens are locally
converted from serum androgens by aromatase present in bone
and seem to contribute to the overt androgen effects on the
skeleton (5, 6). This concept is supported by observations that
male mice deficient in either aromatase or skeletal major
estrogen receptor (ERa) suffer bone loss (6, 7). However, a
number of studies have demonstrated that androgen treatment
is pratective against bone loss caused by the impaired estrogen
signaling (3, 5), raising the possibility that AR-mediated andro-
gen effects in bone remodeling are physiologically significant and
independent of estrogen actions.

AR is a member of the nuclear steroid/thyroid hormone
receptor gene superfamily and acts as a ligand-inducible tran-
scription factor (8, 9), Most androgen effects are thought to be
exerted through the transcriptional control of particular sets of
target genes by AR. Upon hormone binding, AR is translocated
from the cytosol into the nucleus and binds specific promoter
elements. A number of coregulators and/or coregulator com-
plexes are thenrecruited to AR, which then activates or represses
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the transcription of various target genes (10-13). Like the weil
deseribed target tissues for androgens, bone tissues also express
AR, being present in both osteoblasts and osteoclasts (2).
Reflecting this AR expression, androgens have been shown to
regulate the expression of several genes encoding growth factors
and cytokines that control bone remodeling via both osteoblasts
and osteoclasts (2). However, the role of AR in bone cell gene
expression has not been well studied because of the lack of
animals and cell lines deficient in AR expression.

To define the physiological functions of AR in target tissues,
an AR-null mutant mouse line was generated by means of the
Cre-loxP system, which was used to circumvent the problem of
male infertility (14). The present study found that 8week-old
male AR knockout (ARKO; ARL™"Y) mice developed osteope-
nia and exhibited retarded growth curves, although normal bene
shape was retained and overt phenotypes were indistinguishable
from those of WT female littermates. Although high bone
turnover, with more bone resorption than formation, was seen in
8-week-old ARL~Y male mice, female ARKO (AR¥ ) mice
seemed normal with respect to bone mass and bone remodeling,
These findings suggest that AR function was essential for
male-type bone mass and bone remodeling. Furthermore, up-
regulation of receptor activator of NF-«B ligand (RANKL) gene
expression, along with enhanced potency to induce osteoclasto-
genesis in an in vitro coculture system, was observed for AR-
deficient osteoblasts. Taken together, our results indicate that
AR performs a suppressive function in osteoblasts during oste-
oclastogenesis that is indispensable for normal male-type bone
formation and remodeling.

Materials and Methods

Animals. ARKQ mice with the original C57BL6/CBA hybrid
background were generated and maintained as reported (14). All
mice were maintained according to the protocol approved by the
Animal Care and Use Committee of the University of Tokyo.

Identification of AR Transcript by RT-PCR. Total mRNA was ex-
tracted from excised femora and tibiae by using an Isogen kit
{Wako Pure Chemical, Osaka) and reverse transcribed by using
XL reverse transcriptase (Takara Shuzo, Otsu, Japan) and an
oligo(dT) primer (Takara Shuzo), After first-strand ¢cDNA
synthesis, 5% of the reaction mixture was amplified with r-
TagDNA polymerase (Takara Shuzo) by using specific primer
pairs: 5'-CATGTAGGCCATGAGGTCCACCAC-3' and 5'-
TGAAGGTCGGTGTGAACGGATTTGGC-3' for G3PDH,

Abbreviations: AR, androgen receptar; ARKO, AR knockout; ER, estrogen receptor; BMD, bane
mineral density; CHT, Sa-dehydratestosterone; RANKL, receptor activator of NF-«B ligand;
TRAP, tartrate-resistant acid phosphatase; M-C$F, macrophage colony-stimulating factor,
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3"“TGGTAGCTGGTACTTCTAATGC-3' and 5'-CATAAG-
GTCCGGAGTAGTTCTC-3' for AR-I; and 5'-CAGAAG-
TATCTATGTGCCAG-3' and 5'-ATCTTCTGGGATGGGTC-
CTCAG-3’ for AR-2. Up to 35 cycles of amplification were
performed, with each cycle consisting of 96°C for 30 s, 55°C for
60 s, and 72°C for 60 s.

Analysis of Skeletal Morphology. Bone radiographs of excised
femora and tibiae from 8-week-old WT and ARKO littermates
were taken by using a soft x-ray apparatus (CMB-2; Softex,
Tokyo). Three-dimensional computed tomography scanning
was performed by using a composite x-ray analyzing system
(NX-HCP; NS-ELEX, Tokyo). Bone mincral density (BMD)
was measured by dual energy x-ray absorptiometry using a bone
mineral analyzer (Piximus densitometer; Lunar, Madison, WI).
Skeletal preparations for morphology were performed as de-
scribed (15). Trabecular bone parameters were measured in an
arez 1.2 mm in length from 0.1 mm below the growth plate at the
proximal metaphysis of tibiae, and cortex bone parameters were
measured at the midshaft of femora.

Orchidectomy and Hormone Replacement. Male WT and ARKO
littermates were orchidectomized or sham operated at 3 weeks
of age and implanted s.c, with a slow-releasing peliet (10 mg/60
days) (Innovative Research of America) of placebo, testosterone
{T), or Sa-dehydrotestosterone (DHT). BMD of femora was
compared among eight experimental groups at 8 weeks of age.

Measuremant of Serum Bone Metabolic Markers. Serum osteocalcin
and urinary deoxypyridinoline were measured as bone formation
and resorption markers in male WT and ARKO mice. Blood was
sampled at time of death, and urine was collected for 24 h before
death by using oil-sealed bottles in metabolic cages (Kurea,
Tokyo). Concentration of deoxypyridinoline was corrected ac-
cording to urinary creatinine concentration.

Statistical Analysis. Group means were compared by ANOVA,
and the significance of differences were determined by post hoc
testing with Bonferroni’s method.

Ex Vivo Osteoblast Cultures. Osteoblast cultures were performed as
described (15). For the cell proliferation assay, primary osteo-
blasts were inoculated at a density of 2 X 10° cells per well in a
96-multiwell plate for 2 days, and cell number was counted with
cell-counting kit solution (Wako Pure Chemical) according to
the manufacturer’s protocol. For the measurement of alkaline
phosphatase activity, primary osteoblasts were inoculated at a
density of 5 X 10 cells per 24 multiwells and cultured in «MEM
containing 10% FBS and 50 pg/ml ascorbic acid. After 14 days
of culture, alkaline phosphatase activity in the cell lysate was
measured by using a Wako ALP kit (Wako Pure Chemical).

Osteoclastogenesis in Coculture of Bone Marrow Cells and Qsteo-
blasts. To visualize osteoclasts, staining for tartrate-resistant acid
phosphatase (TRAP) activity is widely used (15). TRAP-
positive multinucleated osteoclasts were generated from hemo-
poietic cells by coculturing with osteoblasts. As a source of
hemopoietic cells, bone marrow cells (5 X 105 cells per well) and
osteoblasts (5 X 10* cells per well) were isofated and placed in
0.5 ml per 24 multiwells of «MEM/10% FBS for 8 days in the
presence of 10 nM 1¢,25{0H),D; (16). To determine ostzoclast
survival, osteoclasts were isolated and cultured as described (13).
The number of TRAP-positive and trypan blue-negative
multinucleated cells were counted at 0, 12, 18, 24, and 48 h. Bone
resorption activity was measured as described (15).

Osteoclastogenesis in Bone Marrow Cell Culture. Bone marrow cells
were inoculated at a density of 5 X 10° cells per 24 multiwells and
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cultured in 1.0 m! per 24 multiwells of @ MEM/10% FBS with 100
ng/ml macrophage colony-stimulating factor {M-CSF) for the
first 48 b, after which 100 ng/m! M-CSF and 100 ng/m! RANKL
were added and incubated for an additional 96 h. TR AP-positive
multinucleated osteoclasts were then counted,

RT-PCR Analysis of RANKL Gene Expression, Semiquantitative RT-
PCR was carried out on primary cultured osteoblasts for a
number of osteoblastic factor genes (17). After osteoblasts were
cultured to confluency in oMEM containing 10% FBS,
1,25(0OH); D5 (10 nM) was added with DHT (10 nM) or vehicle
and cultured for 48 h. Total RNA extraction and reverse
transcription was performed as described above. After first-
strand cDNA synthesis, 5% of the reaction mixture was amplified
with r-TagDNA polymerase (Takara Shuzo) by using specific
primer pairs 5'-GCATCGCTCTGTTCCTGTA-3' and 5'-
GTGCTCCCTCCTTTCATCA-3' for RANKL and G3PDH.
Up to 25 cycles of amplification were performed, with each cycle
consisting of 96°C for 30 s, 55°C for 60 s, and 72°C for 60 s.

Results

Male ARKO Mice Exhibit Abnormalities Typical of Testicular Femini-
zation Mutant Rodents. To avoid male infertility caused by AR
mutation, thereby preventing the establishment of a line of
AR-deficient mice, we applied the Cre-loxP system to first flox
the AR gene on the sole X chromosome in male mice (14), Floxed
male mice (ARDY) (Fig. 1a) seemed completely normal with
regard to bone mass and reproduction and showed no apparent
differences from WT littermates, Male ARKO (AR%~/Y) mice,
descended from female AR heterozygotes (AR*2"), showed
growth retardation compared with male littermates, but growth
curves and external reproductive organs were indistinguishable
from those of female littermates up to 8 weeks of age (Fig, 15).
Reflecting the atrophic testis in 8-week-old ARL~/Y mice, tes-
ticular androgen production seemed to be severely impaired,
leading to marked reduction in serum gonadal androgen levels,
whereas serum estrogen and adrenal androgen levels remained
unchanged (Fig. 1c). Thus, the phenotypic abnormality of
ARYY mice seemed identical to that reported for testicular
feminization mutant rodents, natural mutants with AR dysfunc-
tion (3, 10). To our surprise, female ARKO (ARL~1Y, which
flever exist in nature, exhibited no phenotypic abnormality up to
8 weeks of age. However, it was possible that the abnormal AR
protein derived from the genetically mutated AR gene locus still
retained some level of androgen responsiveness (18). To address
this issue, the presence of AR transcripts in bone in both male
(ARL"} and female (ARL~) ARKO mice was assessed. No
transcripis were detected by Northern blotting (data not shown)
or by RT-PCR using several primer pairs performed on total -
bone tissue (Fig. 14). These findings established that our ARKO
mouse was indeed 2 mammalian AR-null mutant model.

Osteopenia in Male ARKO Mice. To examine the physiological roles
of AR in mediating androgenic effects on bone tissue, we first
analyzed the skeletzl morphology of AR/Y mice. Soft x-ray
analysis revealed severe osteopenia of femora and tibiae from
8-week-old male mice (Fig. 1¢), but also that bone shape and
bone length (Figs. le and 2b) were not affected by AR inacti-
vation. This was consistent with the clear loss in radiographic
BMD of femora from ARL/Y mice compared with WT male
littermates. The BMD of ARL'Y mice was even lower than that
of WT female littermates (Fig. 22). Three-dimensional com-
puted tomography scan analysis of femora showed that bone loss
in ARM"Y mice occurred throughout the entire femur (Fig. 2c).
Histomorphometric analysis of proximal tibiae from ARLY
mice confirmed that trabecular bone volumes (bone velume per
tissue volume: BV/TV)} were markedly decreased, whereas no
overt differences in growth plates were detected between
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(2} Strategy to generate male and female ARKQ mice using CMV-Cre transgenic mice, (b) Growth curves of ARKO and WT littermate mice. {c) Serum

hormone levels in 8-week-old ARKO and WT mice. (d) Lack of AR expression in bone of ARKO mice (RT-PCR). (e} Soft x-ray images of femora and tibiae from

8-week-old ARKQ and WT mice.

ARLY and WT mice (Fig. 24). Such bone loss was also evident
in cortical bones as estimated by cortex thickness (Fig. 2¢). In
contrast, no clear loss of bone mass was detected in female
ARKO mice (Figs. le and 2a). Together, these findings suggest
that ARY™Y mice developed osteopenia, which implies that
the AR function is required for male-type bone mass and
remodeling.

The Suppressive Function of AR in Bone Resorption Is Abrogated in
Male ARKO Mice. To further study the process of bone loss in
ARL-/Y mice, bone remodeling was assessed. The bone forma-
tion rate of the trabecular bone was directly estimated by calcein
double-labeling of the mineralized matrix (17). Unexpectedly,
the bone formation parameters (Ob.S/BS and MAR) were
significantly increased in ARV /Y mice, with increased thickness
of the region between the two calcein-labeled layers compared
with WT littermates (Fig. 3a). This increased bone formation
was also found in the cortical bone, in the endocortical area of
the axial section (Fig. 3b). We observed an increase in the
number of TRAP-positive mature osteoclasts {Fig. 3¢). This was
reflected in the significantly increased bone resorption param-
eters (0c.5/BS, N.Oc/B.Pm) (Fig. 3¢). Our finding of enhanced
bone turnover was further supported by the increased levels of
serum osteocalcin and urinary deoxypyridinoline (Fig. 3d).
Although female ARKO mice exhibited no abnormal bone

9418 | www.pnas.org/cgi/doif10.1073/pnas. 1533500100

remodeling, our findings suggested that AR inactivation caused
high turnover bone remodeling with higher bone resorption than
formation, resulting in the development of osteopenia in males.

Effects of Androgens Other Than Those from Locally Converted
Estrogen on Male Bone Remodeling. It is thought that estrogen
converted from serum testosterone by aromatase expressed in
androgen target tissues, including bone, contributes to apparent
androgen activity (6). As serum testosterone levels were dras-
tically decreased due to atrophic testes in ARL™Y mice, it was
impossible to exclude the possibility that the osteopenia in
ARL/Y mice simply reflected the impaired action of converted
estrogen from serum testosterone on skeletal tigsues, To address
this issue, aromatizable testosterone (T) and nonaromatizable
androgen DHT were given to orchidectomized AR ™Y and WT
littermates, and the femur BMD was assessed. Whereas orchi-
dectomy caused no further BMD loss in ARV ™Y femora, BMD
values from orchidectomized WT littermates were higher, but
not significantly, than those of ARL™Y mice (Fig. 3e). Also,
whereas T, but not DHT, effectively recovered BMD, the
recovery in ARMY mice due to T was only =50% of that in
intact males (Fig. 3e), which suggests that androgen actions
mediated via AR are significant in protecting against bone loss.

Suppressive Effects of AR on in Vitro Osteoclastogenesis and RANKL

Gene Expression in Osteoblasts. To further explore the mechanisms
of increased bone resorption in AR/Y mice, in vitro osteoclas-

Kawanao et al.
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Fig.2. Osteopeniain male ARKO mice. (a) Bone loss in femur of 8-week-old
male ARKQ mice by BMD analysis. (b) Bone length in 8-week-old ARKO and WT
littermate mice. {c} Three-dimensional computed tomography images of dis-
tal femora and axial sections of distal metaphyses from representative
8-week-old male WT and ARKQ littermates. (d) Histological features and
histomorphemetry of the proximal tibiae from 8-week-old male ARKO and
WT mice. For Villanueva-Goldner staining of sections from representative
ARKC and WT male littermates, mineralized bone is stained green, BV/TV,
trabecular bone volume expressed as a percentage of tatal tissue volume. (e)
Histological features and histomorphometry of the midshaft of femora of
8-week-old mice. Cort.Th., cortex thickness.

togenesis was assessed using osteoclast precursor cells from bone
marrow and calvatia osteoblasts (16, 17) derived from male WT
and ARYY mice (Fig. 4a). TRAP-positive multinucleated
osteoclasts were clearly cytodifferentiated by 1et,25(0OH),D;
stimulation even when AR was absent in osteoclast precursor
cells (Fig. 4a). RANKL is a member of tumor necrosis factor-a
superfamily cytokines, which induces osteoclastogenesis and
activates osteoclast function. Consistent with normal esteoclas-
togenesis in response to 10,25(0OH);D3, RANKL signaling ac-
tivated by RANKL and M-CSF during osteoclastogenesis also
seemed unaffected in AR-deficient osteoclasts (Fig. 4c). More-
over, resorption pits produced by cultured AR-deficient primary
osteoclasts seemed normal both in terms of numbers and area
when compared with osteoclasts from WT littermates (Fig. 45).
Surprisingly, the survival rate of osteoclasts in the presence of
DHT was unaffected by AR inactivation (Fig. 4d), in sharp
contrast to a recent report concerning the osteoclast survival
function of AR (19). However, AR inactivation in osteoblasts
seemed to potentiate osteoblastic functions that promote oste-
oclastogenesis in the presence of inducers (Fig. 4 2 and b).
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Fig.3. High bone turnover in male ARKO mice and its partial prevention by

an aromatizable androgen. (a) Two calcein-labeled mineralized fronts visu-
alized by fluorescent micrography and bone formation parameters in the
proxirmal tibia of 8-week-old male ARKQ and WT littermate mice. 0bh.5/8S,
percentage of bone surface covered by cuboidat osteoblasts; MAR, mineral
apposition rate. {b) Two calcein-labeled mineralized fronts and bone histe-
morphometric parameters in the midshaft of femora from 3-week-old male
ARKO and \WT littermate mice. ES/BS, percentage of eroded surface. () TRAP
staining and bone resorption parameters in the proximal tibiae of 8-week-old
male WT and ARKQ mice. TRAP-positive osteoclasts on secondary spongissa
are stained red. 0c.5/BS, percentage of bone surface covered by mature
osteoclasts; N.Oc/B.Pm, number of mature osteaclasts in 10 ¢m of bone
perimeter. (d) Serum osteocalcin levels and urinary deoxypyridineline levels of
B-week-old male ARKO and WT mice. (e) BMD values of femara from S-week-
old mice after orchidectomy (ORX) and hormone replacement. T,
testosterone, ’

However, we detected no abnormalities in cultured AR-deficient
primary osteoblast cell proliferation by MTT [3-(4,5-
dimethylthiazol-2-yl}-2,5-diphenyl tetrazolium bromide] assay or
maturation by alkaline phosphatase activity (data not shown). In
searching for the osteoblastic factor responsible for the increased
osteoclastogenesis {20, 21), RANKL turned out to be transcrip-
tionally up-regulated in AR-deficient osteoblasts (Fig. 4¢). Thus,
our findings suggest that the suppressive function of AR on
RANKL gene expression mediates the protective effects of
androgen on bone remodeling through the inhibition of bone
resorption.
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Fig. 4, (2} Osteoclastogenesis in bone marrow cell and osteoblast cocul-
tures. TRAP-positive multinudeated osteoclast numbers were counted
after 8-day coculture of bone marrow cells and osteoblasts from male
ARKO and WT mice in the presence of 10 nM 1a,25(CH),D3. (b) Pit area
resorbed by osteoclasts over an additional 48-h period of coculture on a
dentine slice. {c) Osteoclast formation in cultured M-C5F-dependent bone
marrow macrophages. {(d) Survival rate of isolated osteoclasts farmed
during coculture of osteoblasts and bone marrow cells. {8} Gene expression
of RANKL and G3PDH in cuitured primary osteoblasts from male ARKQ and
WT littermates.

Discussion

The present study, using orchidectomized ARKO mice, directly
demonstrates that AR function is essential for androgen effects
on the male skeleton. Although a number of previous studies
have assessed the bone phenotypes of testicular feminization
mutant rodents and humans eventually treated with sex hor-
mones (3, 5), it has still been difficult to isolate AR functions in
the skeletal system due to the local conversion of androgens to
estrogens (6). When aromatizable testosterone (Fig, 3¢) was
given to orchidectomized ARKO mice, bone loss was only
partially prevented, clearly establishing the pivotal function of
AR in male-type bone remodeling, This finding is supported by
previous reports concerning the beneficial effects of testosterone
in male ERa™'~ and ERaB™/~ bone (22). As no clear bone loss
in female ARKQ mice was detected, AR is likely to be one of the
determining factors in the formation of male-type bone, along
with other AR downstream factors that may be encoded in
male-specific Y chromosome regions. However, as bone loss was
also induced by inactivation of either ERa or aromatase in male
mice (23, 24), ER-mediated estrogen signaling also seems to be
physiologically significant in the retention of male-type bone
mass and bone remodeling. In such mice, high bone turnover
with increased bone resorption was also observed. Therefore, it
is possible that receptor-mediated signaling by both androgens
and estrogens is convergent in the suppressive action on male
bone resorption,

Unlike male ARKOQO mice, no overt differences in bone
phenotype and mass were found between female AR-deficient
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and WT littermate mice at 8 weeks of age. Although the effects
of anabolic androgens on bone have bccn documented in female
rodents and humans, the physiological function of AR may not
be significant because of the probably dominant role of ER
function in female bones (Fig. 5), reflecting the high levels of
serum estrogens in females. Howcvcr, under certain conditions,
such as estrogen deficiency in postmenopausal women 4
AR-mediated androgen effects may become physiologically sig-
nificant in the protection against bone loss. This hypothesis will
be tested using ovariectomized female ARKQ mice in future
studies.

The higher rate of bone resorption than formation with
increased osteoclastogenesis observed in the ARL~Y mice has
been implied in previous reports (3, 5, 25). However, several
recent reports {19, 26, 27) were inconsistent with our findings
that osteoclast precursor cells were unaffected by AR deficiency
in terms of cell survival and responsiveness to well characterized
osteoclastogenesis inducers such as 1¢,25(OH),D3 and M-CSF
(Fig. 4 a~d). Similar to AR, critical ER« functions in osteoclast
precursor cells from ERa-deficient (ERa™") mice were not
detected during in vitro osteoclastogenesis, and increased ex-
pression of the RANKL gene in osteoblast was also found
(unpublished results). Together with previous findings of sup-
pressive ERa effects on RANKL signaling (28), we speculate
that the convergent functions of AR and ER« in male bone
formation and remodeling are mediated through their suppres-
sive functions on RANKL gene expression in osteoblasts. To test
this hypothesis, identification of the negatively regulatory ele-
ments by receptors in the RANKL gene promoter (29) is clearly
required,
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Image-guided resection for thoracic ossification

of the ligamentum flavum

ATSUSHI SEICHI, M.D., SusumU NAKAJIMA, MLD., KaTSUSHI TAKESHITA, M.D.,
TomMoak1 Kitacawa, M.D., TORU AKUNE, M.D., HIROSHI KawaGuchr, M.D.,

AND K0zo NAKAMURA, M.D.

Department of Orthopaedic Surgery, Faculty of Medicine, University of Tokyo, Tokyo, Japan

Object. The purpose of this study was to evaluate the advantages of using an image guidance system to aid in the resec-
tion of ossified of the ligamentum flavum (OLF) in the thoracic spine. The procedure and surgery-related outcome are dis-

cussed.

Methods. Ten patients with myelopathy underwent laminotomy with medial facetectomy and an image guidance sys-
tem was used to remove the OLF. No neurological detericration occurred, and posioperative computerized tomography
scanning demonstrated successful decompression and good preservation of the lateral parts of the facet joints. :

Conclusions. The image guidance system allows accurate resection of the OLF while preserving as much as possible
the facet joints and posterior elements of the thoracic spine.

KEY woRDS + image guidance e« ligamentum flavum + ossification * thoracic spine -

HEN thoracic myelopathy due to an OLF occurs,

conservative treatment is not effective and sur-

gery is often indicated. Because OLF is found in
the posterior part of the thoracic canal, a posterior
laminectomy has been performed.'? Although controver-
Sy exists, it has been reported that laminectomy occasion-
ally causes early- or late-onset complications due to scar
formation in the epidural space and increased kyphotic
deformity, especially at the thoracolumbar junction.? To
prevent these complications, some surgeons have adopted
laminotomy with medial facetectomy to resect the OLF
while preserving the spinous processes with the supra-
and interspinous ligaments, the cranial part of each lami-
na, and the lateral facets.? This procedure is theoretically
superior to conventional wide laminectomy in that the
posterior structures of the spine are preserved. An OLF
causing myelopathy, however, is ususally large and its
shape 1s irregular. Moreover, the spinal cord becomes de-
bilitated by the severe long-term compression. Therefore,
resection of the OLF via either conventional laminectomy
or laminotomy remains demanding because of the risk of
intraoperativé iatrogenic spinal cord injury. To increase
safety and make possible the precise resection of the OLF,
we have used an image guidance system. In this article,
this technique and its preliminaty results are reported.

Abbreviations used in this paper: CT = computerized tomogra-
phy; JOA = Japanese Orthopaedic Association; OLF = ossified
ligamentum flavum; 3D = three-dimensional.

60

Clinical Material and Methods
Patient Population

Between October 1999 and June 2002, we performed
laminotomy with medial facetectomy and imaging-guided
resection of the OLF of the thoracic spine at the Tokyo
University Hospital in 10 patients. There were two women
and eight men, and their mean age at surgery was 56 years
(range 44-67 years). Gait disturbance caused by thoracic
myelopathy was present in all patients. Demographic and
surgery-related data are summarized in Table 1. The sur-
gery was performed by one surgeon. The follow-up dur-
ation ranged from 6 to 37 months (mean 20 months). In
the course of the same surgery, cervical double-door lam-
inoplasty was performed in two patients with concomitant
cervical spondylotic myelopathy,* anterior decompression
and fusion of the thoracic spine was performed in one with
ossification of the posterior longitudinal ligament, and
lumbar laminotomy was performed in a fourth patient
with lumbar spinal canal stenosis. :

Surgical Procedure

We used a frameless stereotactic image guidance system
(StealthStation; Medtronic Sofamor Danek, Memphis, TN).
Preoperative axial CT scans (1.25-mm slices) of the thoracic
spine were obtained in all patients. The data were trangmit-
ted to the computer workstation and were reconstructed into
two-dimensional and 3D images of the vertebrae and OLF.
The OLF can be visualized in color by using the system’s
painting tool. The image guidance system was used as the
first step for preoperative surgical planning, in particular to
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Image-guided surgery for ossification of the ligamentum flavum

TABLE 1 _
Summary of demographic and treatment data*

JOA Motor Scoret

Case Ageat Op Combined Follow-Up
No {yrs), Sex Level Surgery Preop Postop Outcome Period {mos)
1 58.M T11-12 cervical laminoplasty 2 3 ~ good 37
2 571, M T4-5 T3-4 ADF 0 1 good 36
3 67, M T10-11 2 4 excellent 32
4 43, M T9-11 3 4 good 19
5 64,F TI0-1 . lumbar lamirotomy 2 4 excellent 23
6 63,F C7-Tl cervical laminoplasty 1 2 good 13
7 53, M T6-12 1 2 good 11
8 4a.M . TI-10 i 2 . good 11
9 56, M C7-T3 l 3 excellent 10
10 “4.M T9-11 1 2 good 6

* ADF = anterior decompression and fusion.

T Indicates lower-extremity function. See Table 2 for definition of scores and Clinical Evaluation for description of outcome cate-

gories.

determine the margins of the area to be resected while pre-
serving the lateral parts of the facet joints (Fig. 1).

With the patient placed prone, a midline incision was
made. The spine was exposed, taking care to preserve the
supra- and interspinous ligaments. After the laminae and
transverse processes were exposed, the surgical reference
frame was attached to each spinous process of the QLF-
affected vertebra. Following registration, we thinned the
laminae and medial parts of the facet joints by using an air
drill, according to the image gunidance system that showed
the location of the OLF. We were able to see through the
OLF hidden by the laminae on the monitor screen and to

identify its location in the surgical field. The thinned and
floating OLF was gently separated from the dura and re-
moved using a rongeur. The remaining nonossified yellow
ligament was removed easily by using a curette or a rong-
eur. As the final step, we used the image guidance system
and ultrasonography to confirm that decompression was
accurately achieved.

Clinical Evaluation

The severity of thoracic myelopathy was evaluated by
determining lower-extremity motor scores with the JOA

FiG. 1. Images obtained using the real-time guidance system. The tip of the instrument (blue) shows the lateral mar-
gins of the area to be resected. The OLF (yellow) can be seen through the laminae on the 3D CT scan.
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TABLE 2

Details of the JOA classification system
Jor lower-extremity motor function

Function Score
unable to walk 0
needs cane or aid on flat ground 1
needs cane or aid only on stairs 2
can walk wlout cane or aid, but slowly 3
no disability 4

scale for cervical myelopathy (Table 2). The surgery-relat-
ed results were graded as excellent when there was an
increase/recovery of two points in the lower-extremity mo-
tor JOA score (full score is 4); good with an increase/re-
covery of one point; unchanged with no alteration in score;
and poor when motor function worsened after surgery.

Neuroimaging Evaluation

Postoperative CT scans and magnetic resonance images
were obtained to confirm that a precise resection of the
OLF and cord decompression were achieved. By compar-
ing pre- and postoperative 1.25-mm axial CT scans, we
investigated whether the lateral parts of facet joints at the
surgically treated vertebrae were preserved (Fig. 2A). We
also assessed the progression of postoperative kyphotic
deformity and/or anterior vertebral slippage, on preopera-
tive and follow-up lateral thoracic radiographs (Fig. 2B
and C). Two cases were excluded from radiological eval-
uation; in these cases clear radiographs could not be ob-
tained because the treated sites were at the cervicothoracic
junction.

Results

We could visualize the location of the OLF before
surgery in virtual reality. In all cases, the OLF was situat-
ed between the caudal edge of the pedicle and the caudal
edge of each lamina. Thus, minimal resection of the cra-

o

B

L

FiG. 2. Radiographic measurements for the thoracic spine.
CT scans was determined as the following: b/a X 100%.
the two lines drawn along the posterior margin of the adjace

bral slippage.
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nial part of each lamina allowed removal of the OLF. The
mean fiducial error at the intraoperative registration
ranged from 0.4 to 0.9 mm (mean 0.6 mm).

Surgery-related results were good in seven patients and
excellent in three. No neurological deterioration occurred.
Postoperative CT scans revealed the absence of any resid-
ual OLF, and greater than 30% of the lateral parts (mean
51%, range 30-78%) of the facet joints were well pre-
served in all cases (Fig. 3). Additionally, MR imaging
demonstrated that the spinal cord was adequately decom-
pressed. During the follow-up period, because the chan ge
in thoracic kyphosis (Fig. 2B) was within 2° in all cases,
we judged that no significant kyphotic deformity progres-
sion had occurred at the treated level. Anterior vertebral
slippage (Fig- 2C) did not develop in any case.

Discussion

Ossification of the ligamentum flavum of the thoracic
spine is not a rare disease in the Japanese population, and
laminectomy has frequently been used in the treatment of
this discase.'* Laminotomy has been widely performed
in patients with lumbar spinal stenosis, but in the thoracic
spine it has not been a common procedure.®* As a mini-
mally invasive procedure, faminotomy is superior to con-
ventional wide laminectomy if intraoperative safety is
maintained. The resection of the posterior elements in-
cluding the interspinous ligaments and the facet joints
compromises spinal stability. Okada, et al..? reported sev-
eral patients with an OLF in whom postlaminectomy dete-
rioration secondary to increased kyphotic deformity of
the thoracic spine was demonstrated. On the other hand,
the accurate removal of an OLF is not technically easy
via either laminectomy or laminotomy. Although a wide
laminectomy makes the decompressive maneuver easier,
it increases the risk of destroying the entire facet joint.
Technical improvement of the decompressive procedure
for an OLF is essential.

The computer-assisted image guidance system has been
developed to improve the surgeon’s ability to identify
anatomical landmarks for complex procedures, such as

a
A: The residual ratio of the lateral part of a facet joint on

B: Degrees of thoracic kyphosis. The angle () formed by
nt two vertebral bodies was measured, C: Anteror verte-
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Image-guided surgery for ossification of the ligamentum flavum
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FiG. 3. Case 10. Computerized tomography scans obtained in a man who underwent resection of an OLF at T9-]1
when he was 44 years of age. Left: Preoperative axial CT scan (obtained at T-9) demonstrating the OLF. Center:
Postoperative CT scan (at almost the same level) demonstrating that the OLF was removed while preserving the lateral
parts of the facet joints. Right: Postoperative 3D CT scan revealing that laminotomy with medial facetectorny was

achieved precisely.

pedicle screw insertion and C1-2 transarticular screw fix-
ation. The operative field and preoperative images are
combined by registration, or integration, of the preopera-
tive imaging modalities with the surgical world. To in-
crease the safety and accuracy of posterior decompressive
surgery in patients with OLF, we used the computer-
assisted imaging guidance system.

The follow-up period is not yet long enough in some
patients to determine if postoperative deformity will oc-
cur. Nevertheless, evatuation of our results shows that our
technique allows accurate decompression while preserv-
ing much of the facet joints, and the short-term results
were encouraging.

Conclusions
An OLF of the thoracic spine can be effectively resect-
ed using an image guidance system.
Disclaimer

No benefits in any form have been or will be received from any
commercial party related directly or indirectly to the subject of this
article.
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Key WorRDs * meningioma + schwannoma + neurofibromatosis Type2 +« cervical spine

The coexistence of spinal schwannoma and meningioma is very
rare."** We present a case of a 54-year-old woman in whom this
condition was diagnosed.

The patient noticed 2 slowly growing mass on the right side of her
neck and experienced left upper-extremity numbness and mild gait
disturbance. Magnetic resonance (MR) imaging demonstrated a
dumbbell-type tumor involving the right-sided C-5 nerve root and
three intradural extramedullary tameors at C-4, C-5, and T-1 levels
(Fig. 1, tumors A-D). Tumors A and D exhibited the following
characteristics of schwannoma: MR imaging signal intensities and
Gd-diethylenetriamine pentaacetic acid (DTPA) enhancement pat-
terns, whereas tumors B and C exhibited dural tail sign,® character-
istic of meningioma (Fig. 1). In her family history, her mother har-
bors asymptomatic multiple cauda equina schwannomas.

We resected all four spinal tumors under an operative micro-
scope. The intracperative pathological diagnosis confirmed that
tumors A and D were schwannomas and tumors B and C were
meningiomas. We therefore performed bipolar electrocoagulation
to the dura adjacent to mmors B and C,

Postoperatively, the lower-extremity sensory disturbance and gait
disturbance improved. Right-sided deltoid and biceps brachii weak-
ness occurred, and there was partial recovéry by 24 months.

Although multiple and familial spinal tumors have been thought
to be associated with neurofibromatosis Type 2 (NF2), cur case
does not strictly meet National Institutes of Health criteria for NE2.3

Schwannoma and meningioma have different radiological char-
acteristics and require different procedures: therefore, it is important
to distinguish these tumors prior to surgery to determine an optimal
surgical plan.
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FiG. 1. Gadolinium-DTPA-enhanced T,-weighted MR images. Lef: Axial image obtained at C4~5. Tumors A, B,
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enhanced homogeneously and exhibited a dural tail sign. Tumor D was a well-circumscribed mass that enhanced het-

erogeneously.
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Abstract This study demonstrated that frameless stereo-
taxy can be applied safely to cervical disorders caused by
rheumatoid arthritis (RA). Sixteen patients with cervical
instability including atlantoaxial instability due to RA un-
derwent instrumentation surgery under an image-guidance
system from February 2000 through May 2001. Neural and
vascular injuries were evaluated, and postoperative com-
puted tomography (CT) was used to determine the accuracy
of screw placement. There were no neurovascular complica-
tions, and screw placement was highly accurate. Image-
guidance systems are useful tools for preoperative planning
and application of transarticular and pedicular screw place-
ment in the cervical spine of patients with RA,

Key words Cervical spine - Frameless stereotaxy - Image
guidance - Rheumatoid arthritis (RA)

Introduction

Cervical disorders caused by rheumatoid arthritis (RA) in-
clude atlantoaxial (C1/2) instability and subluxation in the
mid- and low-cervical spine. These conditions sometimes
cause myelopathy, severe pain, or both, either of which
impairs the quality of life of RA patients.! In such cases
surgery may be indicated. Posterior procedures using wiring
or hook systems have been employed, but they sometimes
result in loss of reduction or nonunion.* C1/2 transarticular
screws have been adopted by many surgeons to achieve
C1/2 stabilization, and pedicular screws have also become
an option to achieve occipitocervical and intercervical sta-
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bilization.** Both techniques provide greater biomechanical
stability than conventional posterior fusion methods,5” but
these procedures are technically demanding and pose the
potential risk of neurovascular injuries.*

Frameless stercotactic technology was first designed for
intracranial surgery for guidance of unseen lesions. An
image guidance system for spinal surgery was developed
for installation of pedicle screws in the lumbar spine. The
principle of this system is that the anatomy of the patient
is related precisely to the image data, making it possible to
achieve preoperative surgical planning and intraoperative
monitoring of the three-dimensional positioning of the sur-
gical field in real time. Using this system we can make a
preoperative surgical plan of the screw trajectory; and the
intraoperative screw position can be confirmed in the vir-
tual field on the computer screen. To improve the accuracy
of screw placement in the cervical spine of patients with
RA, we have adopted an image-guidance system and herein
report the usefulness and the limitations of this technique.

Materials and methods

From February 2000 through May 2001 a total of 16 patients
with cervical disorders due to RA were treated surgically
using the image-guidance system. There were 11 women
and 5 men with a mean age at the time of surgery of 62 years
(range 49-74 years). The cervical disorders were atlanto-
axial instability in 15 and subaxial instability in 1. All the
patients had a myelopathy, and two had severe neck pain.
According to the Ranawat classification,’ the neurologic
deficits were class 2 in three, class 3A in eight, and class
3B in five. Twelve patients underwent C1/2 transarticular
screw fixation (Magerl’s procedure); three underwent
occipitocervical fusion combined with C1/2 transarticular
screws using the Olerud cervical system (Nord Opedic,
Askim, Sweden); and one patient underwent posterior in-
strumentation with pedicular screws using the Olerud cervi-
cal system at the cervicothoracic junction. All patients had
autogenous iliac bone grafts. They were allowed and en-



330

couraged to stand 1 week after surgery and wore a simple
cervical collar 3-4 months after surgery.

We used a frameless stereotactic image-guidance system
(Stealth Station; Sofamor Danek, Memphis, TN, USA) for
correct screw fixation of the cervical spine (Fig. 1). Pre-

.operative computed tomography (CT) scans {1.25-mm axial
slices) with contrast medium in the cervical spine of the

Fig. L. Operative setup of the image-guidance system, The infrared
camera is positioned at the cranial end of the patient (arrow). The
probe with light-emitted diodes (arrowhead) is tracked by the infrared
camera system, and the position of the probe is displayed on the
computer monitor screen

Fig. 2. Computer display shown
at surgery. The position of the
device and surgical plan are
shown in four views. The wide
white arrow indicates the
position and direction of the
device, and the narrow gray
arrow indicates the planned
screw trajectory

fraf. Yicuw 1 .
n

patient were obtained (Light Speed QX/; GE, Fairfield,
CT, USA). The data were translated to the computer
workstation of the system to reconstruct two- and three-
dimensional images of the vertebrae and the vertebral
artery, which was shown using contrast medium.

A surgical plan in which 4mm dizmeter screws were
set to pass the pedicles was devised before surgery on the
computer monitor image (Fig. 2). For C1/2 transarticular
fixation, C2 was the planned target because the vertebral
artery is located close to the course of the screwing (Fig. 3)
and the intraoperative spatial relation of C1 to C2 is differ-
ent in the surgical field from that in the computer field. As
reported in Magerl and Seemann’s original article,’ the vir-
tual entry point of a screw was created at the caudal edge of
the C2/3 joint, The exit point from C2 was located in the
dorsal half of the upper joint surface to avoid the vertebral
artery. For pedicular screwing in the vertebrae below C2, a
surgical plan of the screw trajectory was devised for each
vertebra to which a screw was to be inserted. As Abumi
et al. reported,’® the virtual entry point was slightly lateral
to the center of the articular mass and close to the inferior
margin of the inferior articular process of the cranially adja-
cent vertebra. The insertion angle in the sagittal and coro-
nal planes and the length of screwing were determined in
the virtual field on the computer screen.

A posterior approach was employed for all cases. For
C1/2 transarticular fixation, C1—4 laminae were exposed.
Two small stab wounds were made at the cervicothoracic
junction to provide the optimal trajectory for screw inser-
tion, if necessary. For occipitocervical fusion, the occipital




protuberance to the lowermost cervical fusion vertebra was
exposed.

The surgical reference frame was attached intraopera-
tively to the spinous process of C2 for C1/2 transarticular
fixation or each spinous process of the vertebra for pedicu-
lar screw insertion. Registration was performed by identify-
ing four or five points on the vertebra in the surgical field
and the corresponding points on that vertebra on the moni-
tor. More precise matching was obtained by indicating 30 or
more randomized points on the surface of the posterior
elements of the vertebra with the probe (surface registra-
tion). If the considered complete accuracy calculated by
this computer system was within 1mm, registration was
concluded. The system then allowed the surgeon to proceed
with preparation of the pilot hole. The positions of the
entrance holes for screws were made by an air drill, and
the holes were deepened by a pedicle probe according to
the planned screw trajectory shown by the navigation probe
with light-emitting diodes on the monitor screen. For
pedicular screwing below C2, a 4.0-mm self-tapping screw
of appropriate length was inserted into the hole under guid-

Fig, 3. Spatial relation of the planned screw trajectory (white bars) in
regard to the vertebral artery, which is located close to the course of
screwing at the cranial end of C2 (arrowkeads)

Fig. 4. Postoperative computed
tomography {CT} scan of C] and
C2in a 73-year-old man with
transarticular fixation between
C1 and C2. The transarticular
screws correctly pass through the
pedicle of C2

ki

ance of the computer system. For transarticular fixation of
C1/2, a Kirchner wire was inserted into the hole. An intra-
operative X-ray image was used when this wire was inserted
into the atlas, which was repositioned by manually pushing
the C2 spinous process forward. The target point for this
wire was the anterior arch of C1 seen on the fluoroscope
screen; and the length of the screws was determined by
measuring the inserted wire. Self-tapping cannulated tita-
nium screws 4mm in diameter were then inserted under
computer guidance with simultaneous fluoroscopy.

Transverse and sagittal sections were generated to evalu-
ate screw positions with postoperative 1.25-mm slice CT
scans. Screw positions were graded into three groups: grade
1, perfectly placed screws; grade 2, partial cortical perfora-
tions llower than 2mm; grade 3, all perforations larger than
2mm.!

Results

The mean fiducial error at the intraoperative registration
ranged from 0.3 to 0.8mm {average 0.5mm). A total of
38 screws, including 30 C1/2 transarticular screws and 8
pedicular screws, were inserted using frameless stereotaxy.
There were no neurovascular injuries. All 38 screws were
exactly inserted inside the pedicles without perforating the
bone cortex of the pedicles and so were evaluated as grade
1 (Fig. 4). No instrumentation failure, loss of reduction, or
nonunion had occurred at the final follow-up (average 9
months; range 6-20 months). The myelopathy had been
alleviated in all patients.

Discussion

Transpedicular screw fixation including C1/2 transarticular
screw fixation is biomechanically superior to other conven-
tional procedures using wiring or clamping.*” Both C1/2
screw placement and pedicular screwing in the subaxial
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cervical spine depends on anatomic landmarks and intraop-
erative fluoroscopy. However, because anatomic landmarks
are not always reliable, especially when the vertebral artery
runs an abnormal course, screw placement has a poten-
tial risk of neuro-vascular injury. Clinical reports on Cl1/2
transarticular screw fixation have indicated that screw mis-
placement occurred in up to 15% of patients and injury to
the vertebral artery in 2%-4%.5"

It is difficult to evaluate the abnormal position of the
vertebral artery by conventional two-dimensional images
including CT scans, magnetic resonance imaging (MRI),
and angiography. Moreover, the bony structure of the ver-
tebrae of Japanese patients with RA is generally small and
osteoporotic, and in such cases the risk of vertebral artery
injury increases if fluoroscopy alone is used. One option to
reduce this risk is image-guided surgery. Surgical planning
with the computer-guidance system allows better recogni-
tion of the complex three-dimensional anatomy of the cer-
vical spine in RA patients, The optimal screw trajectory can
be planned on the computer screen prior to surgery; and
by matching the surgical field with the virtual field on the
screen, surgeons can insert screws according to the preop-
eratively planned optimal trajectory.

The usefulness of computer assistance for pedicle screw
installation in the thoracic and lumbosacral areas has been
reported.”! The accuracy of a computer-assisted image-
guidance system for correct pedicle screw fixation of the
cervical spine has been confirmed in laboratory tests,” but
its clinical results in RA patients have not yet been clarified.
The current study was not large, but the results of surgery
under the image-guidance system were encouraging. Use of
this system in cervical instrumentation surgery for RA pa-
tients can aid in reducing the risk of screw misplacement.

At the time of preoperative CT examination, complete
reduction of C1/2 subluxation by positioning is difficult.
Hence the intraoperative spatial relation of C1 to C2 and
possibly the course of the vertebral artery outside the C2
vertebra are different in the surgical field from that seen in
the computer field. Therefore, the area of navigation during
C1/2 transarticular fixation is limited to C2. Fluoroscopy is
essential to confirm the position of Cl. It is hoped that
development of more sophisticated software will permit
navigation of all mobile segments. Another limitation of the

image-guidance system is that achieving perfect installation
of screws according to the preoperatively planned optimal
trajectory requires complete handling of hardware includ-
ing a pedicle probe and motor system. Robotic surgery for
screw installation may be an option in the near future.
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Based on the fact that the klotho-deficient mouse exhibits mul-
tiple aging phenotypes, including osteopenia and subchondral
sclerosis of joints, we explored the possibility of whether human
klotho gene polymorphism is associated with two major age-
related skeletal disorders: osteoporosis and spondylosis. Analy-
sis of the CA repeat sequence dowustream of the final exon of
the &lotho gene identified ten types of alleles in Japanese post-
menoepausal women (n = 377). We investigated the association
of this microsatellite polymorphism with bone density and spon-
dylesis score of the lumbar spine. None of the genotypes was
associated with bone density in the overall population (n = 377;
754 alleles) nor in the subpopulation at not more than 10 years
after menopause (<10 years, n = 131; 262 alleles). However, the
type S allele was significantly associated with low bone density
in aged subpopulations at 10-20 years after menopause (n =
144; 288 alleles, p = 0.035) and >20 years after menopause (n
= 102; 204 alleles, p = 0.024). The type 7 allele was associated
_with high bone density in women more than 20 years after
menopause (p = 0.042). The association study with spendylosis
of postmenopausal women (n = 221) revealed that another
distinct allele, type 8, was significantly associated with low
spondylosis score at L-4/5 {p = 0.019) and L-5/8-1 {p = 0.048)
levels in the subpopulation equal to or younger than the average
age (=63 years old, n = 119; 238 alleles), but not in the older
subpopulation, These findings indicate that the klothe gene may
be a candidate for the genetic regulation of common age-related
diseases like osteoporosis and spondylosis, and we provide the
first evidence suggesting that this gene may be involved in the
etiology of human diseases, (Bone 31:37-42; 2002) © 2002 by
Elsevier Science Inc. All rights reserved.
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Introduction

Aging is one of the most important factors contributing to the
incidence and progression of various diseases. Osteoporosis and
osteoarthritis, including spinal spondylosis, are common skeletal
disorders associated with age-related changes in bone and carti-
lage. Osteoporosis is a systemic disorder of decreased skeletal
mass as measuted by bone density, and by disturbed skeletal
architecture and function that results in an increased risk for bone
fractures with consecutively increased morbidity and mortality.
Because twin and sibling studies have revealed that the propor-
tion of variance of bone density accounted for by genetic factors
is around 50%~90%, 7229303232 44 ic clear that variation in bone
density between individuals is determined largely by genetic
factors. Linkage studies on the whole genome screening have
defined multiple loci that regulate bone density, but the genes
responsible for these effects remain to be defined. 52422 Popu-
lation-based studies and case-control studies have similarly iden-
tified polymorphisms in several candidate genes, such as vitamin
D receptor, estrogen receptor, and collagen I «l genes, that have
been associated with bone density.'®!7%32% Howaver, this is
controversial and genetic components of osteoperosis are not
completely undarstood, 1326

Osteoarthritis is also considered a collective result of heter-
ogeneous etiopathologic factors affecting cartilage, the most
prominent of which are disorders in joint bicchemistry or bio-
mechanics, Family studies have suggested not only osteoarthritis
of the knee and hand,®'®** but also of the spine—spondylo-
sis®*'-—has a strong genetic component with an increased prev-
alence in first-degres relatives of affected individuals, A popu-
lation-based study of twins demonstrated a clear genetic effect
for radiographic osteoarthritis of the knee and hand in women,
with 319%-635% of the variance being attributable to genetic
factors.>? Several recent investigations have suggested mutations
or polymorphisms in several genes associated with either the
development or severity of osteoarthritis; such genes include
those enceding type II procollagen, type X{ collagen, the vitamin
D receptor and transforming growth factor (TGPF)-
p.!20:22343738 Iy addition, the autosomal-dominant disorders,
pseudoachondroplasia and multiple epiphyseal dysplasia, have

8756-3282/02/822.00
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been linked to the gene for cartilage oligomeric matrix protein
(COMP). Several mutations in this protein have also been im-
plicated in dysplasias associated with early-onset ostecarthri-
tis.>* However, the genetic susceptibility to osteoarthritis, in-
cluding spondylosis, is not fully understood.

We recently identified a gene termed Klotho that may be
involved in the suppression of aging. The kotho-deficient mouse
has exhibited a syndrome analogous to human aging.?® This
syndrome includes such maladies as & shortened lifespan, infer-
tility, arteriosclerosis, osteopenia, subchondral scterosis of joints,
skin atrophy, premature thymic involution, ectopic calcification,
lipodystrophy, and pulmonary emphysema. The klotho gene
encodes a novel single-pass membrane protein that has a phys-
jological function that remains to be determined.®® Osteopenia
observed in klotho-deficient mice is accompanied by low tumn-
cver during bone metabolism, which recapitulates the pathophys-
fology of senile osteoporosis in humans,'® In addition, subchon-
dral sclerosis of joints in kfotho-deficient mice resembles that
observed in ostecarthritis in humans.'®2% These observations
have led to the hypothesis that the tlotho gene may be involved
in the pathophysiology of osteoporosis and osteoarthritis in
humans. The human homoleg of the klothe gene is composed of
five exons ranging over 50 kb on chromosome 13q12.2” Here we
identified a highly polymorphic dinucleotide repeat (cytosine-
adenine; CA repeat) at ~10 kb downstream of the fifth exen, To
examine the possible contribution of the kotho gene to the
development of age-related diseases in humans, we investigated
the association of the polymorphic microsatellite marker with
bone density and spondylotic changes of the lumbar spine in
postmenopausal Japanese women. This is the first report on the
involvement af the klotho gene in the etiology of human diseases.

Materials and Methods
Fatients

Genotype analysis by the polymorphic CA repeat marker was
carried out using genomic DNA extracted from peripheral blood
samples obtained from 377 healthy postmencpausal Japanese
women living in Nagano prefecture. The clinical characteristics
of these women recruited for the study were as follows (mean *
‘SD): age, 65.6 £ 9.3 (range 41-91) years; height, 150.1 £ 3.7
cm; weight, 52.1 £ 4.3 kg; body mass index (BMI), 23.7 + 3.2
kg/m?%; years since menopause, 14.7 % 7.2 years. Exclusion
criteria included endocrinological disorders (e.g., hyperthyroid-
ism, hyperparathyroidism, diabetes mellitus), liver or renal dis-
eases, use of medications known to affect bone metabolism {e.g.,
estrogen, bisphosphonates, vitamin D, calcium supplement, cor-
ticosteroids, anticonvulsants, heparin), and unusual gynecologi-
cal history, All patients were unrelated volunteers who gave
informed consent before the study. Patients were divided into
three subpeopulations according to the period after menopause:
not more than 10 years after menopause (=10 years, n = 131;
262 alleles); more than >10 years but not more than 20 years
(1020 years, n = 144; 288 alleles); and more than 20 years
(=20 years, n = 102; 204 alleles).

For the association study with the spondylotic change in the
lumbar spine, 221 women (45-91 years, 63.5 = 8.2 years old)
out of the aforementioned 377, whose lateral X-rays of the
[umbar spine for spondylosis scoring were available, were ana-
lyzed. These patients were also divided into two subpopulations:
those equal to or younger than the average age (=63 years old,
n = 119; 238 alleles) and those older than the average age (>63
years old, n = 102; 204 alleles).
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Measurements of Phenotypes

Bone mineral density (BMD; milligrams per square centimeter)
of the second through the fourth [umbar spine (L2-4) was
measured by dual-energy X-ray absorptiometry (DPX-L, Lunar,
Madison, WI). This parameter was expressed as a Z score, which
is a deviation from the weight-adjusted average BMD of each
age based on data of 20,000 Japanese women provided with the
Lunar DPX-L. The severity of spondylotic change at L-4/5 and
L-5/first sacrum (S8-1) was graded on a five point scale (0—4)
according to Kellgren-Lawrence scoring®' on a lateral radio-
graph of the lumbar spine under standardized conditions.

Determination of Microsatellite Polymorphism

Polymerase chain reaction (PCR) was performed using oligonu-
cleotide primers designed to amplify the polymorphic CA repeat
downstream of the final exon of the human klotho. The reaction
was carried out in a final velume of 25 L containing 100 ng of
genomic DNA obtained from peripheral white blood cells, 10
pmol of each fluorescence primer (primer 1: 5'-CAGGGTA-
GATCATACGCAGACC-3'; prmer 2: 5'-AGGCTGCTGCA-
GAATCTGC-3"), 200 mmol/L dinitrophenolphosphate [ANTP],
10 mmol/L. Tris-HCI {pH 8.3], 50 mmol/L. XCl, 1.5 mmol/L
MgCl,, 0.001% gelatin, and 0.1 U Taq-DNA polymerase (Ap-
plied Biosystems, Foster City, CA), and 30 cycles (sach for 30
sec at 94°C, 30 sec at 61°C, and 30 sec at 72°C) were performed
(PE-9600, Applied Biosystems). The genotype for the Alotho
microsatellite was determined with a fluorescence-based auto-
mated DNA sequencer (Prism 310, Applied Biosystems). Sizes
of the PCR products were dstermined by comparison with an
external size marker (50-500 bp, Applied Biosystems) and
analyzed with FRAGMENT MANAGER software (Applied Biosys-
tems).

Statistical Analyses

The £ score, Kellgren—Lawrence score, body weight, and height
were compared by analysis of variance (ANOVA) (StatViEW J
4.5). Comparisons of the Z score of L2-4 BMD and the Kell-
gren—Lawrence score between an allele type and others were
performed using an unpaired two-tailed Student’s f-test (STaT-
View J 4.5). The chi-square test was used to assess Hardy—
Weinberg equilibriurn, p < 0.05 was considered statisticaily
significant. ‘

Results

Association of Klotho Gene Polymorphism With Bone Density
of Postmenopausal Women

The allele type of the Klotho gene was determined in each
individual by PCR to amplify the genomic DNA fragment
including the CA repeats downstream of the fifih exon, which
identified ten different alleles in the 377 postmenopausal women,
We named each poiymorphism, type 1 through type 10, accord-
ing 1o the number of CA repeats, as shown in Table 1. The
distribution of ailelic frequency was not different among the
overall population (n = 377; 754 alleles), the subpopulation =10
years after menopause (n = 131; 262 alleles), that 10-20 years
after menopause {(n = 144; 288 alleles), and that >>20 years after
menopause (n = 102; 204 alleles) (Table ). Deviation from
Hardy-Weinberg equilibrium was not significant in any of the
subpopulations (all p > 0.05). Neither mean age or years after
menopause differed among allele types in any pepulation, nor did



