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The role of estrogen signaling in the male skeleton via estro-
gen receptor (ER)-a is now well established. ERa can elicit
responses through either classical estrogen response ele-
ments (ERE) pathways or nonclassical, non-ERE pathways. In
the present study, we examined the effects of either the at-
tenuation or loss of classical ERa signaling on the murine
male skeleton. To accomplish this, we crossed male mice het-
erozygous for a knock-in mutation [nonclassical ERa knock-in
(NERKI)], which abolishes the ERE-mediated pathway with
female heterozygous ERa knockout mice (ERa*'~) and studied
the F1 generation ERa*'*, ERa'~, ERa NERKL and ERqNERKI
male progeny longitudinally using bone density and histo-
morphometry. The only ERa allele present in ERa"NERKI jpjce
is incapable of classical ERE-mediated signaling, whereas the
heterozygous ERa™NERKI mice have both one intact ERa and
one NERKI allele. As compared with ERa*'* littermates (n =

10/genotype), male ERa " NERKI and ERaNERKI pice displayed

axial and appendicular skeletal osteopenia at 6, 12, 20, and 25
wk of age, as demonstrated by significant reductions in total
bone mineral density (BMD) at representative sites (areal
BMD by dual-energy x-ray absorptiometry at the lumbar ver-
tebrae and femur and volumetric BMD by peripheral quanti-
tative computed tomography at the tibia; P < 0.05-0.001 vs.
ERa*'*). The observed osteopenia in these mice was evident
in both trabecular and cortical bone compartments. However,
these decreases were more severe in mice lacking classical
ERa signaling (ERa"™FEK! mice), compared with mice in
which one wild-type ERa allele was present (ERq™/NERKI
mice). Collectively, these data demonstrate that classical ERa
signaling is crucial for the development of the murine male
skeleton. (Endocrinology 148: 1902-1910, 2007)

HE MALE SKELETON was traditionally believed to be
maintained principally by androgens, but the descrip-

tion by Smith et al. (1) of a 28-yr-old male with homozygous
inactivating mutations of the estrogen receptor (ER)-a gene
initially challenged this premise. Since then, severe osteope-
nia and unfused epiphyses have also been reported in young
men with mutations in the gene for the enzyme aromatase,
which converts androgens to estrogens (2, 3). In one of these
subjects, estrogen therapy corrected the abnormalities by
increasing bone mass and leading to epiphyseal closure (3).
In agreement with the human data, mice with knockout of
the aromatase gene had reduced trabecular bone volume and
thickness (4) and increased bone remodeling (5). It has also
recently been reported that overexpression of the human
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P450 aromatase enzyme results in increased trabecular bone
mineral density (BMD) and decreased longitudinal growth
rate and bone formation rates in young and old male mice (6).
Such studies have unequivocally established the importance
of estrogen action on the murine male skeleton.

The actions of estrogen are mediated by two related re-
ceptors, ERa and ER (7). Studies using knockout mice for
ERe, ERB, or both have provided considerable insight into
the role of these receptors in the skeleton (8-10). Using
ERa /" ,ERB™/,and ERa /" B~/ mice, Vidal et al. (8) were
the first to demonstrate that ERa, and not ERB, mediated the
important effects of estrogen on the skeleton of male mice.
Consistent with this, Sims et al. (9) used independently gen-
erated ERa knockout mice (11) and showed that loss of ERB
in male mice did not have any effect on bone, whereas loss
of ERa led to decreases in cortical density and thickness.
Furthermore, the same group also demonstrated that estra-
diol was totally ineffective in preventing orchidectomy-in-
duced bone loss in ERa~/~ male mice, establishing the cru-
cial role that ERa played in the male skeleton (10).

Estrogen modulates transcription in its target tissues
through either of its receptors using a number of signaling
pathways. Based on our current understanding of estrogen
action, two pathways have been defined. The classical path-
way involves direct DNA binding of the liganded receptor
to estrogen response elements (EREs) (12) in the promoter
regions of responsive genes such as those of prolactin (13),
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progesterone receptor (14), and c-fos (15). The alternate,
nonclassical pathway involves the indirect modulation of
transcription by the interaction of the ER with components
of other transcription complexes via protein-protein in-
teractions. For example, ER can interact with c-fos and
c-jun of the activator protein-1 (AP-1) transcription com-
plex, up-regulating AP-1-responsive genes such as colla-
genase (16) and IGF-I (17). Down-regulation of the IL-6
gene transcription by ER via interactions with the nuclear
factor-«B complex has also been reported (18). In addition,
estrogen can signal through membrane receptors involv-
ing MAPK signaling (19); indeed, such a nongenotropic
pathway has been suggested to be sufficient for the bone
anabolic actions of estrogen with no role for classical es-
trogen actions (20).

Although classical and nonclassical pathways of estro-
gen have been studied extensively in vitro (13, 14, 16, 21),
it has not been possible, until recently, to dissect the rel-
ative contributions of these pathways in vivo in any tissue,
including bone. The generation, by Jakacka et al. (22), of
mice which have two substitution mutations (E207A/
G208A) in the first zinc finger of the DNA binding domain
in one of the ERa alleles provided a unique opportunity
to address this issue. In vitro, this mutant receptor fails to
activate ERE reporter constructs but has intact transcrip-
tional activity for AP-1 reporter constructs and its ability
to interact with c-jun in a mammalian cell, two-hybrid
assay is unaffected (23). Heterozygote female nonclassical
ERa knock-in (NERKI) mice are infertile and display pro-
nounced reproductive defects (22), suggesting that the
balance between classical and nonclassical estrogen sig-
naling has important biological consequences in vivo. We
recently generated female ERa /NERX! mice that com-
pletely lack classical ERa signaling but have intact sig-
naling via the nonclassical ERa pathway and have char-
acterized the skeletal phenotype and responses to
ovariectomy (ovx) and estrogen replacement in these mice
(24). In the female mice, we observed severe cortical os-
teopenia and paradoxical responses to ovx and estrogen
replacement in cortical bone in ERa /NERK! but not
ERa*/NERK! mice. The changes observed in the ERa/NERK!
mice were also distinct from those in the complete ERa
knockout female mice, suggesting unique actions of the
NERKI allele on bone. Furthermore, the basal skeletal deficits
were present in cortical but not trabecular bone, although the
response to estrogen after ovx was significantly attenuated
in trabecular bone in both the ERa*/NERX! and ERa ™ /NERK
mice. This study confirmed that there was, indeed, a balance
between the two estrogen signaling pathways and that the
alteration of this balance had important skeletal conse-
quences, at least in female mice (24).

As discussed earlier, because estrogen plays such an im-
portant role in the male skeleton, it was of interest to assess
the consequences of the alteration of the balance between the
classical and nonclassical estrogen signaling pathways on
bone in male mice. Thus, in this study we define the skeletal
phenotype of male ERa*/NFRKI and ERa™/NERK! mice and
also place the changes observed in the male mice in the
context of the alterations we previously observed in the fe-
male ERa™/NFRKI mijce.
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Materials and Methods
Generation, breeding, and care of animals

Heterozygote NERKI male (ERa"/NERK) mice (22) in a 129SV] back-
ground were crossed with heterozygote ERa"/~ female mice on a
C57BL/6 background (11). The resultant F1 ERa*/", ERa"/~, ERa"/
nErkr, and ERe” /NERK male progeny on identical 50:50 C57BL/6:129SV]
backgrounds were studied. All relevant comparisons were made within
these four groups. The animals were housed in a temperature-controlled
room (22 * 2 C) with a daily 12-h light, 12-h dark schedule. During the
study, animals had free access to water and were fed a soy-free casein-
based diet (AIN 93M; Dyets, Bethlehem, PA). Pups were genotyped at
4-5 wk of age and at the completion of the study by PCR as described
previously (11, 22). The Institutional Animal Care and Use Committee
approved all animal protocols.

Study design

Male ERa™/*, ERa*’/~, ERa™/NERKL and ERa/NERK! mice were
initially scanned at 6 wk of age by dual-energy x-ray absorptiometry
(DXA) at the femur and spine to obtain areal BMDs (aBMDs) and by
peripheral quantitative computed tomography (pQCT) at the tibial me-
taphysis and diaphysis to obtain volumetric BMDs (vBMDs) and geo-
metric parameters (n = 10/ genotype). Body weights were taken using
aweighing scale, and right femur lengths were measured from the pQCT
scout view images. The same mice were then rescanned at the same sites
and for the same parameters at 12, 20, and 25 wk of age. The mice
received calcein injections (10 mg/kg) at wk 22 and tetracycline injec-
tions at wk 24. At wk 26, the animals were bled by cardiac puncture and
killed by inhalation of CO,, and lumbar spines (L1-L4), tibias, and
femurs were excised for histomorphometric analysis from ERa™’",
ERa"/NERKL and ERa™/NERKI mijce.

BMD measurements

The mice were anesthetized with avertin (2, 2, 2 tri-bromo-ethanol,
720 mg/kg, ip). DXA and pQCT measurements were essentially as
described earlier (24). DXA measurements were done using a Lunar
PIXImus densitometer (software version 1.44.005; Lunar Corp., Madi-
son, WI). Calibration of the machine was performed before scanning the
mice using the hydroxyl apatite phantom provided by the manufacturer.
Mice were then placed in a prone position on an animal tray and the
whole body was scanned. After scanning, the lumbar vertebrae (L1-L4)
and femur were analyzed by defining regions of interest around these
bones. In repeatedly repositioned and scanned mice, the coefficients of
variation (CVs) for the lumbar and femoral aBMD were 7.9 and 6.3%,
respectively. For the pQCT measurements, similar to the DXA mea-
surements, daily calibration was performed before scanning mice using
the hydroxyl apatite phantom provided by the manufacturer. Anesthe-
tized mice were then placed in a supine position on a gantry and scanned
using a Stratec XCT Research SA Plus machine and analyzed with
software version 5.40 (Norland Medical Systems, Fort Atkinson, WI).
The mice were positioned in a manner that allowed the total length of
the femur and tibia to be visible on the scout view. The scout view speed
was set at 15.0 mm/sec with a slide distance of 0.5 mm. On completion
of the scout view scan, the reference lines for the computed tomography
(CT) scans were set at the proximal-most point of the tibia. Two slices
were measured at 1.9 mm and approximately 9 mm (at the tibial-fibular
synopsis) from the proximal end of the tibia to account for the metaph-
yseal and diaphyseal regions, respectively. The CT speed was set at 3
mm/sec, the voxel size at 100 um, and the slice thickness was 0.5 mm.
The threshold for trabecular bone was set at 480 mg/ cm® and the cortical
bone threshold was set at 710 mg/cm?>. The same thresholds and settings
were used on repeated scans and at all time points. After scanning, the
slices were analyzed using peelmode 2, cortmode 1, and contour mode
1 to evaluate trabecular and cortical parameters. The CVs for total,
trabecular, and cortical vBMDs at the metaphysis were 1.2,2.4,and 1.9%,
respectively. The CV for cortical bone at the diaphysis was 1.4%.

Calculation of biomechanical indices from pQCT data

Indices of bone structural strength and bending/torsional strength
were either derived or calculated from the pQCT data obtained at all the
time points. At the tibial metaphysis, the compressive strength index
(CSI) was computed as the square of the integral vBMD multiplied by
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the bone cross-sectional area. At the tibial diaphysis, the bone strength
index (BSI) (a measure of bending strength) was calculated by multi-
plying the cortical vBMD at this site with the cortical areal cross-sectional
moment of inertia. In addition, we also report the cortical cross-sectional
moment of inertia and cortical moment of resistance for the cortical shell
at the tibial metaphysis and diaphysis as an index of torsional strength.

Cortical and trabecular bone histomorphometry

The femurs and lumbar spines (L1-L4) were processed for histomor-
phometry as previously described (24, 25). For the calculation of mineral
apposition rates (MARs) at the periosteal and endosteal cortical bone
surfaces of the femur diaphysis, 150-um-thick cross-sections at the center
of the bone toward the distal side were cut using a diamond edge saw
(Isomet; Buehler, Lake Bluff, IL). These unstained sections were then
ground on a roughened glass surface to a thickness of 25 um for visu-
alization of flourochrome labels. The MAR was calculated by dividing
the width between the first calcein label and either the periosteal or
endosteal bone surface and the time between the first calcein label and
the day the animals were killed (28 d). This was done because the
tetracycline label given on wk 24 was not very clearly distinguishable
from the bone surface. To assess trabecular bone parameters, the de-
hydrated lumbar spines were embedded in methylmethacrylate, sec-
tioned, and either unstained to determine MARs and bone formation
rates (BFRs) as described above or stained with the Goldner’s stain to
calculate bone volumes and eroded surfaces. Osteoblast number was
defined as the number of osteoblasts per millimeter of cancellous pe-
rimeter and the osteoclast number as the number of multinucleated
osteoclasts on eroded surfaces per millimeter of cancellous perimeter.
All histomorphometric measurements were performed with the Os-
teomeasure Analysis system (Osteometrics, Atlanta, GA).

Micro-CT (uwCT) scans of lumbar vertebrae and femurs

The left femurs and lumbar spines were placed in 70% ethanol and
were scanned at a resolution of 8 um using an in-house uCT system
(Physiological Imaging Research Laboratory, Mayo Clinic, Rochester,
MN) in all three dimensions as described by Jorgensen et al. (26).

ER ** —— ER *-f3-
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Serum testosterone (T), estradiol (E,), and IGF-1
measurements

Serum T and E, were measured by RIA kits (Diagnostic Systems
Laboratories Inc., Webster, TX, for T, and Diagnostic Products Corp., Los
Angeles, CA, for E,, respectively). The interassay variability was less
than 7% and less than 10% for T and E,, respectively. Serum IGF-I
measurements were made using an IGF-I (IGF binding protein blocked)
RIA kit (American Laboratory Products, Windham, NH). The interassay
CV was less than 6%.

Statistical tests

All data are presented as mean * sgM, except for serum T where the
median values and the interquartile range are reported (due to the
skewness of the data). Comparisons between specific genotypes were
done using two-tailed t tests, and P < 0.05 was considered significant.

Results
Body weights and bone lengths
Body weights and femur lengths were identical in the
ERa*’/" and ERa"/~ mice. However, these parameters were

reduced in both the ERa ™/ NFRK and ERa ™ "NFRE! mjce, com-
pared with the ERa"/* controls (Fig. 1). These differences
largely persisted until 25 wk of age, with the exception that
body weights in the ERa™ /N¥**! mice, although lower than
inthe ERa /" mice, were not statistically different at the later
time points. The femur lengths of the ERa™/NR¥! mice were
significantly lower than the ERa*/~ mice at least up to 20 wk.

Impact of the NERKI allele on axial and appendicular bone
in male mice

Total aBMD at the lumbar spine (L1-L4) and femur by
DXA and the total vBMD at the proximal tibial metaphysis
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Fic. 2. Total aBMD measurements using DXA scans of the lumbar spine (A), femur (B), and total vBMD (C) scans using pQCT of the proximal
tibial metaphysis (n = 10/genotype per time point). *, P < 0.05, ** P < 0.01, *** P < 0.001 vs. ERa*'" mice; #, P < 0.05, ##, P < 0.01 vs. ERa™~

mice; T, P < 0.05, 1, P < 0.01 vs. ERa"/NERKL myjce.
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Fic. 3. Trabecular vBMD measurements using pQCT at the proxi-
mal tibial metaphysis (n = 10/genotype per time point). *, P < 0.05,
P < 0.01, #% P < 0.001 vs. ERa"’" mice; ##, P < 0.01, ###, P <
0.001 vs. ERe™™ mice; T, P < 0.05 vs. ERa™NERKI mice.

by pQCT were significantly reduced at all time points in both
the ERa™/NFRXT and ERa/NFRKT mice, compared with
ERe"/" mice (Fig. 2, A-C). Additionally, the reduction in
these parameters was more severe in the ERa"/NFRX com-
pared with ERa*’/~ mice. As is also evident, the deficits in
BMD at these sites (at least for aBMD at the spine and femur)
tended to be more severe in the ERa™/NFR¥! compared with
the ERa"/NFRKI mijce.

Deficits in bone parameters are not compartment specific in
male mice harboring the NERKI allele

To evaluate whether the osteopenia was localized to either
the trabecular or cortical bone compartments, we measured
trabecular vBMD at the tibial metaphysis and cortical vBMD
at the tibial metaphysis and diaphysis using pQCT. Trabec-
ular vBMD in both the ERa*/NE¥! and ERa™/NERKI male
mice were reduced, compared with their ERa"™/* wild-type
littermates. The ERa*/NFR¥ I mice also displayed a significant
reduction, compared with ERa*/~ mice (Fig. 3). Interest-
ingly, at wk 25, the reduction in trabecular vBMD in the
heterozygote (ERa"/N**¥!) mice was even more severe than
in mice lacking an intact ER« allele (ERa~/NERKY) (P < 0.05).

Endocrinology, April 2007, 148(4):1902-1910 1905

Cortical vBMD and thickness were significantly but equally
reduced in both the ERa™/NERK and ERa™/NERKI compared
with ERa™/* mice at the metaphysis (Fig. 4, A and B). A
significant reduction in these parameters was also observed
at the tibial diaphysis, a more robust site for cortical bone
(Fig. 4, C and D). However, at this site, the reductions in
cortical vBMD and thickness were more severe in the ERa™/
NErk1 mice, compared with ERa™ /N mice at most of the
time points. The ERa*/NFRXI mice also displayed a signifi-
cant reduction, compared with ERa™/~ mice, in all the above
cortical parameters at both the metaphyseal and diaphyseal
sites at most of the time points studied.
Trabecular structure is affected differently in ERo "/ NERKI
vs. ERa™ "VEREL male mice

Histomorphometric evaluation of trabecular bone param-
eters at the lumbar spine revealed some similarities but also
important differences between ERa™/N*®! and ERa~/NERK!
mice. In agreement with the aBMD data at the spine (Fig. 2A)
and the trabecular vBMD at the tibial metaphysis (Fig. 3),
both the ERa™/NERK! and ERa™/NERK! mice had reduced
bone volumes (BVs)/tissue volume (TVs), compared with
ERa"/" mice (Table 1). However, the structural basis for the
reductions in BV/TVs in the ERa ™/ NFRK 5. the ERq ™ /NERKI
mice was quite different. Thus, the predominant defect in the
ERa"/NERKI mice was a reduction in trabecular number
(TbN) with increased trabecular separation, whereas the
ERa /NERKI mice had preserved TbN but greater reductions
in trabecular thickness. To further understand the cellular
basis for this, we calculated the osteoblast numbers per bone
perimeter, MAR and BFR as markers of osteoblastic activity,
and osteoclast numbers and percent eroded surface/bone
surface as indices of osteoclastic activity at this site. Com-
pared with ERe"/* mice, osteoblast numbers, MAR, and
BFR were significantly reduced in the ERe /NERX! but not
ERa*/NERKI mice. By contrast, the osteoclast numbers and
eroded surface/bone surface was significantly elevated in
the ERa™/NERKL but not ERa™ V¥ mice. The ERa*/NERK!
mice did, however, display a trend toward a decrease in
osteoblast numbers as well (P = 0.059).
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TABLE 1. Static and dynamic histomorphometric parameters for trabecular bone at the lumbar vertebrae in ER«

ERa NERKL male mice (n = 5-10/genotype)
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+/+’ ER()L+/NERKI, and

Histomorphometric parameters ERa ™" ERq t/NERKI ERq /NERKI
BV/TV (%) 26.6 = 2.5 17.4 + 1.1°%* 18.4 = 1.4%*
Trabecular number (per millimeter) 475+ 0.3 3.82 * 0.02* 4.71 = 0.24"F
Trabecular thickness (um) 55.6 + 2.5 45.5 £ 2.0%* 38.9 + 2 QT
Trabecular separation (um) 159.7 = 14.5 220.8 = 14.6%* 176.3 = 11.87
MAR (pum/d) 0.42 = 0.03 0.41 = 0.03 0.22 + 0.02%k#*TT
BFR/BV (%/d) 0.12 = 0.03 0.17 = 0.04 0.02 + 0.004%+
Eroded surface/bone surface (%) 1.89 = 0.34 10.8 = 1.8%* 1.84 + 0.5'7
Osteoblast no./bone perimeter (per millimeter) 8.65 = 1.04 5.23 = 1.05“ 2.53 + 0.43%##0
Osteoclast no./bone perimeter (per millimeter) 2.00 + 0.47 5.82 + 0.95% 1.54 + 0.4'7

* P < 0.05, * P < 0.01, ** P < 0.001, “ P = 0.059 vs. ERa*/" mice.

TP <0.05 7P <0.01,°P = 0.062 vs. ERa*NEEKI mjce,

Effect of the NERKI allele on radial bone growth in male mice

Both the ERa"/NFRX! and ERa™/NFR¥! mice had signifi-
cantly reduced cortical periosteal circumferences at the me-
taphysis (Fig. 5A) and diaphysis (Fig. 5C). The reduction in
the periosteal circumference was significantly greater in the
ERa ™ /NER¥I mice, compared with the ERa "/~ ¥ mice, at all
time points (P < 0.05), and at least at the dia hglsis, periosteal
circumference was also lower in the ERa ™/ NERKL compared
with the ERa™/~ mice. Endosteal circumference was also
significantly reduced in the ERa™/N¥R*¥! compared with the
ERe"/" mice, with the ERa"/N¥* ! mice having intermedi-
ate values (Fig. 5, B and D). These changes in periosteal and
endosteal dimensions were accompanied by a significant
reduction in periosteal MAR in the ERa™ /N*R¥! compared
with the ERa™/" mice (Fig. 6A); however, we could not
detect any statistically significant difference in endosteal
MAR between the two genotypes (Fig. 6B).

Alterations in bone strength indices

Because the metaphyseal bone site primarily experiences
compressive loading, we calculated the CSI as indicative
of the ability of the tibia in the ERa*’/~, ERa"/NERKI and
ERa ™ /NERKI {0 resist compressive loads and compared it to
wild-type ERa*/* mice. Both the ERa"/NFR<! and ERae™ /NERK!

ER +#* —— ER *-{3-

mice displayed significant reductions in their ability to tol-
erate compressive loads at the tibial metaphysis, compared
with ERa™/* mice at both the initial (6 wk) and final (25 wk)
time points (P < 0.05) (Table 2). The cortical BSI, which is a
high-fidelity predictor of cortical bone-bending strength,
was calculated for the tibial diaphysis. Both the ERa"/NFRK!
and ERa /NFR¥! mice had significantly reduced BSI at the
initial 6- and final 25-wk time point (P < 0.01 vs. ERa™/™).
Interestingly, the reduction in bone strength was more severe
in ERa~/NERKI mijce, compared with ERa*/NERKI mice (P <
0.01). To assess the ability of the cortical bone to resist tor-
sional deformation, the cortical cross-sectional moment of
inertia and cortical moment of resistance were calculated for
the tibial metaphysis and diaphysis in all the mice in the
study. At both these sites, the ERa™/NFRK! and ERa™ /NERK!
mice exhibited significant reductions, compared with wild-
type littermates in these parameters (P < 0.01 and P < 0.001
vs. ERa"/", respectively). The reductions in the above pa-
rameters were also more severe in the ERa™/N*R¥! heterozy-
gotes, compared with ERa"/~ heterozygotes. At the diaph-
ysis, however, the reduction in torsional strength was
significantly more in ERe /N¥® mice vs. ERa" /NI mice
(P < 0.01). It should be noted that an exactly similar pattern
was observed in all the above parameters at the intermediate

ER +NERKI ..g..

ER NERKI _g_

Fic. 5. Periosteal circumferences at
the metaphysis (A) and diaphysis (C)
and endosteal circumferences at the
metaphysis (B) and diaphysis (D) of the
tibia derived from pQCT scans (n = 10/
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71F, P < 0.001 vs. ERa*NERKI mijce.

4.0
ot

PERIOSTEAL CIRCUMFERENCE, mm

DIAPHYSIS

ENDOSTEAL CIRCUMFERENCE, mm
)
)
1
O

WEEKS

Downloaded from endo.endojournals.org at Northwestern Univ Sci-Engineering Library on April 25, 2007


http://endo.endojournals.org

Syed et al. ® Role of ERE Signaling in Male Bone

>

Endocrinology, April 2007, 148(4):1902-1910 1907

o
©
T

Ly

Fic. 6. MAR at the periosteal (A) and en-
dosteal (B) surfaces of the femur diaphysis in
ERa"* and ERa VEEKI mice calculated his-
tomorphometrically (n = 10/genotype). ***,
P < 0.001 vs. ERa™" mice.

o
)
T

o
N
I

PERIOSTEAL MAR, pm/day
o
N
T

o

o
[oe]
I

o

)

I
L

o
N
I

ENDOSTEAL MAR, pm/day
o
N
T

o

ER ++

time points (12 and 20 wk, data not shown) and that these
biomechanical indices likely reflect in 1ar$e part the smaller
bones in the ERa" /N and ERa™ /NFR**! mice. From Table
2, it is also evident that the ERa"/~ mice displayed reduc-
tions in at least some biomechanical parameters with respect
to ERa"/" mice. However, the ERa"/NERK heterozygotes
displayed reductions in BSIs to an extent much greater than
the ERa*/ "~ heterozygous mice for most of the parameters at
the time points analyzed.

wCT analysis

Figure 7 provides a visual demonstration, using uCT, of
the bone phenotype of the ERa™/~F*¥! v5. the ERa "/ " mice.
As is evident, ERa™/NERKI mjce had thinner cortices and
smaller diameters at the femur metaphysis and diaphysis
and significantly reduced trabecular bone at both the me-
taphysis and lumbar spine.

Serum sex steroid and IGF-I levels in ERa™ "VFEEI male
mice

Table 3 shows serum levels of E,, T, and IGF-I in the
ERa*/* and ERa™/NERKL mice. Serum E, levels were virtu-
ally identical in the two groups. Whereas the median serum
T levels were higher in the ERq ™ /NERKL compared with the
ERa™/" mice, these differences were not statistically signif-
icant due to the wide variability of T levels in the ERa™/*
mice. Serum IGF-I levels were, however, clearly reduced in
the ERa™ /NERXI compared with the ERa"/* mice.

Discussion

This study describes the consequences of the alteration of
the balance between the classical and nonclassical ER« sig-
naling pathways on the skeleton of male mice. Our results
indicate that either the attenuation (as in the ERq"/NERKI
mice) or complete loss (as in the ERa/NFR¥ mice) of classical
ERa signaling profoundly impacts the male murine skeleton.
Both the ERa"/NFR¥! and ERa™/NFRX males have reduced
femur lengths and osteopenia in the axial (vertebrae) and
appendicular (femur, tibia) skeleton, compared with ERa*/™*
or ERa"/" littermates at almost all ages. These mutant mice
also display deficits in trabecular and cortical bone. The
reductions in cortical bone parameters were generally more
severe in the ERa”™ "N*® mice, compared with their hetero-
zygote ERa*/NERK! Jittermates. This was similar to the ob-
served effect of the NERKI allele in female mice, in which the

GENOTYPE

ER -/NERKI ER -/NERKI

ER ++
GENOTYPE

severity of cortical osteopenia was allele dose dependent,
with mice totally devoid of classical ERa signaling (ERa/
NERKI female mice) exhibiting a greater reduction in all cor-
tical bone parameters, compared with ERa"/NERK! hetero-
zygote females (24). That there indeed exists an allele dose
dependency is further strengthened by the observation that
the skeletal deficits in the ERa"/NERE! heterozygote males
were significant, compared with their wild-type heterozy-
gous ERa™/ "~ littermates at most of the time points scanned,
consistent with effects of the NERKI receptor beyond just
those of loss one allele of the receptor.

However, in contrast to female ERa™/NER! and ERa ™/
NERKI mice, in which trabecular bone was preserved at dif-
ferent sites, their male counterparts displayed significant
reductions in BMD and BV/TV at the same sites (the lumbar
vertebrae and the proximal tibial metaphysis). Previously
our group (25) and others (27, 28) demonstrated that cortical
bone predominantly contains ERa with little or no ERp,
whereas trabecular bone contains both receptors, with ERS
perhaps more abundantly expressed. The fact that male
ERa"/NERKI and ERe /N¥RX! mice displayed reduced tra-
becular BMD and BV/TV whereas their female counterparts
did not can perhaps be explained by these findings combined
with data from previous studies of male ERa knockout mice
(8, 9). Thus, using ERa~/~ male mice, Vidal et al. (8) dem-
onstrated that ERe, but not ERB, mediated the important
effects of E on the murine male skeleton during growth and
development. This was independently confirmed by Sims et
al. (9) using ERa~/~ males generated by another group (11).
Furthermore, in contrast to ovx female ERa /™ mice who
were partially responsive to E, orchiectomized or intact male
ERa ™/~ mice did not show any response to E in trabecular
bone (10, 29), suggesting that whereas ERB was able to me-
diate effects of E on bone in female mice, it was unable to do
so in male mice. It is therefore possible that the attenuation
or loss of classical signaling by ERa in male trabecular bone
in the absence of compensatory ERB action [as appears to be
present in female mice (9)] results in the observed deficits in
trabecular bone in male ERa™/NFRKI and ERa™ /NERK! mijce,
compared with preserved trabecular bone parameters in fe-
male ERa*/NERX and ERa™/NERKT mice. Similar sexual di-
morphisms in bone parameters has been observed before in
other generically altered mouse models, i.e. aromatase
knockout mice (4, 5). Thus, Oz et al. (4) found that the femur
length was decreased in male, but not female, aromatase
knockout mice, and changes in bone remodeling were quite
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TABLE 2. Biomechanical parameters obtained by pQCT at the tibial metaphysis and diaphysis in ERa™*, ERa*’~, ERa"NERKI and ERa NERXI male mice (n

9-10/genotype)

Wk 25

Wk 6

ERaA/l\TERKI

ERa+/+ ERO(HA ERa+/NERKI

ERaA/NERKI

ERawL/A ERa+/I\TERI

ERa+/+

Biomechanical parameters

Tibial metaphysis

99.9 + 2.2 89.2 + QwuHh 85.4 + 1.8%

109 = 3.4

72.5 + 1.9%

77.6 + 228

88.8 £ 2.8

94.6 + 2.8

CSI

0.68 = 0.07*#=# (.52 = (.02%**

0.95 = 0.06*

0.24 *+ 0.04%## 0.19 = 0.027%** 1.22 + 0.08

0.39 = 0.04*

0.56 *= 0.05

Cortical cross-sectional

moment of inertia (mm®*)
Cortical moment of

resistance (mm?)
Tibial diaphysis

0.47 = 0.05%#=# (.38 = 0.03%**

0.65 = 0.04*

0.18 = 0.02%### 0.16 = 0.01%** 0.85 = 0.06

0.30 = 0.03*

0.41 = 0.03

183 = 10.8%#% 1
0.17 =+ 0.009%##7

250.2 = 17%#*

327 = 14

384.4 = 274

118.4 + 7.7%%7

169.3 = 16%*

203 = 13.0
0.19 = 0.01

236.9 = 14.5

BSI

0.22 = 0.0 %#H

0.28 = 0.01

0.32 = 0.02

0.12 + 0.007##%T

0.17 = 0.01%*

0.22 = 0.01

Cortical cross-sectional

moment of inertia (mm®*)

Cortical moment of
resistance (mm?®)

0.23 =+ 0.008### 7

0.28 *+ 0.01%###

0.34 = 0.01%

0.37 = 0.01

0.17 = 0.007##%7

0.23 = 0.01%*

0.26 = 0.01*

0.29 = 0.01

* P < 0.05, ¥ P < 0.01, *** P < 0.001 vs. ERa™" mice.

#P < 0.05, " P < 0.01 vs. ERa"’" mice.

TP < 0.05, TP < 0.01 vs. ERa™NERKI mice.
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different in male vs. female aromatase knockout mice.
Miyaura et al. (5) also reported that the degree of bone loss
in 32-wk-old aromatase knockout mice was more severe in
females than males. Finally, because we do not have data on
serum testosterone levels in the ERa"/NF""I mice, it is possible
that alterations in sex steroid levels in these mice could be
contributing to the skeletal phenotype and differences from the
phenotype observed in the corresponding female mice.

The trabecular and cortical bone phenotype in the male
ERa"/NERKI and ERa ™ /NERK mice was present from the ear-
liest time point studied (6 wk), suggesting that the skeletal
changes we observed were developmental. However, the
importance of the role of classical ERa signaling in murine
bone maintenance was previously demonstrated by our
studies using ovx female ERa™/N*®¥! mice, who have an
attenuated response to estrogen in trabecular bone and an
aberrant response to estrogen in cortical bone, whereas
ERa™/NERKI female mice display attenuated responses to
estrogen in both trabecular and cortical bone (24). Nonethe-
less, we recognize that analogous studies need to be done in
the male mice to establish a role for classical ER signaling in
the maintenance of bone in male ERa/NFRXI mice.

Although the trabecular BV/TVs in the ERa*/NFRX! and
ERe /NFRY male mice were significantly reduced, compared
with their wild-type littermates, the structural basis for this
reduction appeared to differ in the ERa™/N** ! 95, the ERa/
nerk1 mice. ERa™/NFRK mice predominantly had a decrease in
TbN and increase in TbSp due to an increase in osteoclastic
activity, as evidenced by a significant increase in osteoclast
numbers and trabecular eroded surfaces, with no change in
BERs, although there was a trend for reduced osteoblast num-
bers. By contrast, the major defect in the ERa™/N**! mice was
a decrease in TbTh, resulting from a decrease in osteoblastic
activity due to significant decreases in osteoblast numbers and
MAR and BFR. These abnormal patterns of osteoclastic and
osteoblastic activities in the ERa™/NFRK! s, the ERa /NERK
mice suggest that bone formation and resorption are affected in
distinct ways after either attenuation or loss of classical ERa
signaling in trabecular bone in male mice, respectively.

The retardation in cortical radial bone growth was more
severe in the ERa™/NFRX mijce at the periosteal surface, com-
pared with ERe"/* and ERa ™ /NERK mice, although the latter
also displayed significant reductions in periosteal circum-
ference, compared with wild-type mice. At the endosteal
surface of cortical bone, the complete loss of classical ERa
signaling (ERa™/NERX! mice) did not seem to lead to en-
hanced e>g>ansion, as was previously seen with female
ERa ™ /NER® mice (24). That this observed radial growth pat-
tern was associated with decreased osteoblastic activity at the
periosteal (but not endosteal) surface was confirmed by mea-
suring the MARs at these surfaces. Thus, it appears that the
difference in osteoblastic activity at these two surfaces ac-
counts for the observed phenotype.

IGF-I regulates peak bone density in mice during prepu-
berty predominantly via GH-independent mechanisms and
during puberty via both GH-independent and -dependent
mechanisms (30), and a lack of IGF-I has been shown to
exaggerate effects of calcium deficiency on murine bone ac-
cretion (31). However, the exact contribution of circulating
vs. locally produced IGF-I on bone parameters is still unclear
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Fia. 7. wCT images at an 8-um resolution of the femur and
lumbar vertebrae in ERa™" and ERaNERKI male mice.
Representative cross-sections of proximal femur metaphy-
sis (A), femur diaphysis (B), and lumbar vertebra (C) of
ERa"* male mice, and proximal femur metaphysis (D),
femur diaphysis (E), and lumbar vertebra (F) of ERq/NERKI
male mice. The marked reduction in trabecular and cortical
bone in ERaNERKL compared with ERa™*, male mice is
evident.

(32, 33). For example, in liver IGF-I knockout mice, longitu-
dinal bone growth was not impaired (34). This has led to the
suggestion that only the IGF-I produced locally by bone cells
isimportant for linear growth (33). A subsequent study using
mice knocked out for liver IGF-I (LIDKO) and labile subunit
(ALSKO) and both (LID-ALSKO) concluded that a threshold
serum IGF-I concentration greater than what was observed
in the LID-ALSKO mice (85.2 ng/ml) was necessary for linear
and appositional bone growth (30). In this context, serum
IGF-1 levels in ERa™/NER¥I male mice were significantly re-
duced, compared with the ERa"/* mice, which could ex-
plain the shorter bones and reduced periosteal expansion in
the ERa /NERKI myjce. Of note, however, we observed a sim-
ilar reduction in IGF-I levels in our previous study with
ERa ™ /NERKI female mice (24), but trabecular bone parame-
ters were preserved in these mice. In the present study, the
levels of serum IGF-I observed in the ERa™ /~NFR*I male mice
(156.1 ng/ml) are comparable with LID-ALSKO control mice
(151.4 ng/ml) and 3-fold greater than those observed in the
LID-ALSKO mice (55.19 ng/ml) described in the study by
Yakar et al. (32). Thus, although the reduction in serum IGF-I
levels could be a contributive factor, it cannot completely ex-
plain the reduction in radial and longitudinal bone parameters
in the ERa /N*® male mice observed in the present study,
and it is likely that the NERKI receptor has independent
effects on bone growth and/or mass that require further
study.

Because the present study describes the consequences of
either partial (ERa™/NFR¥T) or complete (ERa~/NERK) oss of
classical ERa signaling on the male skeleton, it is important
to place the findings of the present study in the context of
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previous studies by others in male ERa knockout mice
(ERaF/ ~ mice) (8, 9, 35) to arrive at a better understanding
of the importance of the classical and nonclassical estrogen
signaling pathways in male bone. Indeed, earlier studies with
ERe /™ mice have provided important insights into estrogen
action in male bone through this receptor, although the mice
used in two of these studies (8, 35), expressed a splice variant
of ERa. Sims ef al. (9), using male ERa /™ mice, which did
not express a splice variant, showed that complete deletion
of ERa led to decreases in bone size, bone turnover, cortical
thickness, and density and periosteal MAR and parallel in-
creases in serum T and trabecular BV. Vidal et al. (8) and
Parikka et al. (35) studied young (0.5-4 months) and old (1
yr) male ERa ™/~ mice, respectively, in whom a splice variant
of the ERa was expressed. Their studies collectively de-
scribed decreases in serum IGF-I levels, bone size, cortical
thickness and area, periosteal and endosteal circumferences,
and reductions in the biomechanical strength of cortical bone
as assessed by a decrease in the cross-sectional moment of
inertia at the femur diaphysis. An increase in trabecular
density and volume was also observed in these mice at 1 yr
with a parallel increase in serum T levels (35). Thus, similar to
ERa ™/~ males described in the above studies, the ERq™/NERKE
males described in the present study display significant re-
ductions in bone size, cortical bone densitometric and bio-
mechanical parameters, and serum IGF-I levels. Whereas
serum E, levels were normal in the ERa™/NFR and ERa ™/~
males and serum T levels were not statistically different in
ERa /NERKL - compared with their wild-type littermates,
ERa™/~ males had markedly elevated levels of serum T
(4-fold). The increased T levels in the ERa™ /" males likely

TABLE 3. Serum sex steroid and IGF-I levels in the ERa"’* and ERa "NERKI male mice (n = 10/genotype)

Serum measurements ERa™* ERq /NERKI
E, (pmol/liter) 15.3 = 3.1 171+ 3.1
T (nmol/liter)* 2.71 (0.9-58.6) 7.8 (3.1-15.3)
IGF-I (ng/ml) 289.4 + 10.05 156.1 = 7.54%%*

E, and T measurements were done at 3 months of age, and serum IGF-I measurements were done at the end of the study at approximately

6 months of age.

“ Values are reported as median (interquartile range 25th to 75th percentile).

#% P < 0.001 vs. ERa™/" mice.
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explain the increase in trabecular vBMD and BV /TV present
in these mice. Our data also demonstrate that loss of classical
ERE signaling results in significant reductions in trabecular
vBMD and BV/TV, associated with trabecular thinning. Col-
lectively, however, the overall similarity in the skeletal phe-
notype of the ERa/~ and ERa™/NFR¥! mice (with the added
deficits in trabecular bone in the ERa™/N¥®<! mice) clearly
demonstrates the importance not only of ERa but rather also
of classical ERE signaling pathways for male bone in mice
and that shifting the balance solely toward the nonclassical
pathway can have suppressive effects on bone gain.
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