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Skeletal Effects of Estrogen Are Mediated by Opposing Actions of
Classical and Nonclassical Estrogen Receptor Pathways
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ABSTRACT: ERa acts either through classical (ERE-mediated) or nonclassical (non-ERE) pathways. The
generation of mice carrying a mutation that eliminates classical ER« signaling presents a unique opportunity
to study the relative roles of these pathways in bone. This study defines the skeletal phenotype and responses
to ovariectomy and estrogen replacement in these mice.

Introduction: Estrogen receptor o« (ERa) can act either through classical estrogen response elements (EREs)
or through non-ERE (nonclassical) pathways. To unravel these in bone, we crossed mice heterozygous for a
knock-in mutation abolishing ERE binding (nonclassical ERa knock-in [NERKI]) with heterozygote ERa
knockout mice and studied the resulting female ERa"*, ERa"NER®! and ERa™ER¥! mice. The only ERa
present in ERa/NERKI mijce is incapable of activating EREs but can signal through nonclassical pathways,
whereas ERa"™FRKI mice may have a less drastic alteration in the balance between classical and nonclassical
estrogen signaling pathways.

Materials and Methods: BMD was measured using DXA and pQCT at 3 months of age (n = 46-48/genotype).
The mice were randomly assigned to sham surgery, ovariectomy, ovariectomy + estradiol (0.25 pg/day), or
ovariectomy + estradiol (1.0 pg/day; n = 10-12/group) and restudied 60 days later.

Results and Conclusions: At 3 months of age, both the ERa"”™ER¥! and ERa™ER¥! mice had deficits in
cortical, but not in trabecular, bone. Remarkably, changes in cortical bone after ovariectomy and estrogen
replacement in ERa/™ERK! mice were the opposite of those in ERa*'* mice. Relative to sham mice, ovari-
ectomized ERa™FR®! mice gained more bone (not less, as in ERa™* mice), and estrogen suppressed this
increase (whereas augmenting it in ERa™* mice). Estrogen also had opposite effects on bone formation and
resorption parameters on endocortical surfaces in ERaVERK! versus ERa*'* mice. Collectively, these data
show that alteration of the balance between classical and nonclassical ERa signaling pathways leads to deficits
in cortical bone and also represent the first demonstration, in any tissue, that complete loss of classical ERE
signaling can lead to paradoxical responses to estrogen. Our findings strongly support the hypothesis that there
exists a balance between classical and nonclassical ERa signaling pathways, which, when altered, can result in
a markedly aberrant response to estrogen.
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INTRODUCTION larly in trabecular bone.** Indeed, studies in human and
in rodent bone have found that, whereas cortical bone pre-

ESTROGEN (E) 1s critical for the growth and maintenance dominantly contains ERa, trabecular bone contains both
of the skeleton in humans and in rodents.”” The effects ERa and B.7 Moreover, whereas ERp is generally in-
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sion through a number of “nonclassical” pathways that do
not involve direct DNA binding by the ER but rather are
caused by specific protein—protein interactions. Thus, the
ER can upregulate the expression of promoters containing
activating protein (AP)-1 sites, as in the case of the colla-
genase™ and IGF-I' genes. Similarly, suppression of
IL-6 gene expression by E occurs through interactions of
the liganded ER with the NF-«kB complex.'® Finally, E can
also regulate gene expression through membrane actions
that involve alterations in MAP kinase activity'®; these
effects seem to be particularly important for the anti-
apoptotic effects of E on osteoblasts.!!” Indeed, it has been
suggested that these “nongenotropic” actions of E are
largely responsible for E action on bone, with signaling
through the classical pathway, while important for repro-
ductive tissues, being largely irrelevant for nonreproductive
tissues such as bone."'®

Until recently, it has not been possible to assess the rela-
tive contributions of classical signaling requiring direct ER
binding to DNA versus nonclassical signaling pathways to-
ward E action in any tissue, including bone. The recent
generation of nonclassical ER knock-in (NERKI) mice by
Jakacka et al.,'”> however, has provided a unique oppor-
tunity to define the significance of these pathways for E
action on bone. These mice have a two amino acid substi-
tution (E207A/G208A) in the first zinc finger of the DNA
binding domain in one of the ER« alleles. In vitro, this
mutant receptor fails to activate reporter constructs con-
taining EREs, but is active in regulating transcription from
an AP1 site’?2? and retains the ability to interact with Jun
in a mammalian cell two-hybrid assay.*” Thus, this mutant
receptor lacks the ability to signal through classical EREs,
but can signal normally through nonclassical pathways
through protein—protein interactions. Whereas heterozy-
gote male mice possessing one wildtype and one NERKI
allele are fertile, heterozygote females are infertile and
have cystic changes in the ovaries and uterus, along with
defects in mammary gland development,’ suggesting that
even in the presence of a wildtype ERa allele, alterations in
the balance of classical versus nonclassical ERa signaling
have clear biological effects in vivo.

In these studies, we sought to define the relative contri-
butions of classical versus nonclassical ERa signaling to-
ward E action on bone. To do so, we circumvented the
problem of infertility in the heterozygote female NERKI
mice and generated mice in whom the only ERa mediating
E effects on bone and other tissues was the NERKI recep-
tor by crossing heterozygote male ERa*"~FR¥T with het-
erozygote female ERa knock out (ERa*") mice.®" Thus,
we analyzed both the basal skeletal phenotype as well as the
response to ovariectomy (OVX) and E replacement in the
resultant ERa** mice (which had both wildtype ER« al-
leles), ERaNERRI mice (in which there was one wildtype
and one NERKI allele), and ERa™ERX! mice (in which
the only ERa present was the NERKI receptor). In addi-
tion, responses to OVX and E replacement in the ERa™*
versus the ERa"™ER®! mice were placed in the context of
complete ERa knockout mice (ERa™7).D
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MATERIALS AND METHODS
Generation, breeding, and care of animals

Heterozygote NERKI male (ERa”/NERKD) mice in a
129SvJ background were crossed with heterozygote ERa*~
female mice in a C57BL/6 background.®" The F1 genera-
tion female ERa™"*, ERa*"NERKI and ERa™NERKI mijce on
an identical 50:50 C57BL/6:129Sv] mix were studied. All
relevant comparisons were made within these three groups.
In addition, the changes in the ERa™* versus the
ERa™ERKI mice after various treatments were placed in
the context of the corresponding changes in the ERa ™~
versus their wildtype ERa** control mice. To generate
ERa™ mice, heterozygote male and female ERa*~ mice
(both in a C57BL/6 background) were crossed. Note that
the ERa™~ mice represent a complete knockout of ERa.®?
Because the ER™~ mice were on a different genetic back-
ground (C57BL/6) compared with the ERa/™FRK! mice
(F1 50:50 C57BL/6:129Sv]), all statistical comparisons were
between the ERa"™EREL or ERa™ERE! and their corre-
sponding ERa ™" littermates and the ERa ™~ and their cor-
responding ERa*'* littermates. The animals were housed in
a temperature controlled room (22 + 2°C) with a daily 12-h
light/12-h dark schedule. During the experiments, animals
had free access to water and were pair fed a soy-free casein
based diet (AIN 93M Diets, Bethlehem, PA, USA). Pups
were genotyped at 4-5 weeks of age by PCR as described
previously.!'”?" The Institutional Animal Care and Use
Committee approved all animal procedures.

Study design

Baseline bone phenotypic characterization: Three-month-
old female ERa"*, ERa*NERKL and ERa™NERK! mice
were scanned by DXA at the femur and spine to obtain
areal BMDs (aBMDs) and by pQCT at the tibial metaph-
ysis and diaphysis to obtain volumetric BMDs (VBMDs)
and other bone-related parameters to define the basal bone
phenotype (n = 46-48/genotype). In addition, a subset of
the mice (n = 10-12/genotype) also had ex vivo QCT scans
of the lumbar spine performed at 5 months of age as well as
bone histomorphometric studies of the lumbar spine (n =
9-10/group). Femur lengths were measured using calipers
at the time of death at 5 months.

Effect of gonadectomy and E replacement: To compare
the skeletal response to OVX and E replacement, the mice
were randomly assigned to one of four groups (n = 10-12/
group): sham-operated, vehicle pellet implanted (sham);
OVX, vehicle pellet implanted (OVX + V); and OVX, es-
tradiol (E,) pellet implanted (OVX + E). For the E replace-
ment, we used two doses of E,: one in the clearly physi-
ological range (E,,s, 0.25 pg/day, 0.015 mg/60 day pellets)
and a second, higher dose in the supraphysiological range
(E,.0, 1.0 pg/day, 0.060 mg/60 day pellets). These doses of E
were based on an earlier, dose-response study.”” Appro-
priate surgical procedures were carried out, and pellets (In-
novative Research of America, Sarasota, FL, USA) were
implanted near the right shoulder blade. The mice received
calcein injections (10 mg/kg) on days 0 and 56, as well as a
tetracycline injection (10 mg/kg) on day 48. BMD was again
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measured by DXA and pQCT on day 60. The animals were
bled by cardiac puncture and killed by inhalation of CO,,
and tissues were harvested. The uterus was excised and
weighed, and the lumbar spine (L,-L,), tibias, and femurs
were excised.

BMD measurements

The mice were anesthetized with Avertin (2,2,2 tribro-
moethanol, 720 mg/kg IP). DXA measurements were car-
ried out using a Lunar PIXImus densitometer (software
version 1.44.005; Lunar Corp., Madison, WI, USA). Mice
were placed on an animal tray in a prone position, and
whole body scans were carried out. After scanning, regions
of interest (right femur and lumbar spine [L,-L,]) were
analyzed. The CVs for the lumbar and femoral BMD were
7.9% and 6.3%, respectively. pQCT measurements were
performed with the mice placed in a supine position on a
gantry using the Stratec XCT Research SA Plus using soft-
ware version 5.40 (Norland Medical Systems, Fort Atkin-
son, WI, USA). Slice images were measured at 1.9 mm
(corresponding to the proximal tibial metaphysis) and at 9
mm (corresponding to the diaphysis of the tibia) from the
proximal end of the tibia. For trabecular bone, the thresh-
old was set at 480 mg/cm® and for cortical bone at 710
mg/cm?®. The CV was 6.9% for the total tibial vBMD at the
metaphysis and 3.9% for the total tibial vBMD at the di-
aphysis. Ex vivo lumbar spine scans were performed by
placing the spines in a plastic tube filled with 70% ethanol
with the dorsal surface facing upward. Two vertebral slices
were scanned and total, trabecular, and cortical vBMDs
were calculated using a modified algorithm.*®

Cortical and trabecular bone histomorphometry

The tibias and lumbar spines (L,-L,) were processed for
histomorphometry as previously described.”” For calculat-
ing the endocortical mineral apposition rates (MARs), 150-
pm-thick cross-sections of the tibial diaphysis, at the tibio-
fibular junction toward the distal side of the tibia (at
approximately the same site where pQCT measurements
were taken), were cut using a diamond-edge saw (Isomet;
Buehler, Lake Bluff, IL, USA). These unstained sections
were ground on a roughened glass surface to a 25 pm thick-
ness for visualization of the fluorochrome labels under UV
light. The MAR was calculated by dividing the interlabel
width in micrometers by the time between the labels; in
cortical bone in the adult mice, as noted previously,®> we
could not resolve the labels given 6 days apart, and used the
labels given at the beginning and end of the study. To assess
resorption surfaces, longitudinal cuts of the proximal tibias
were embedded in methyl-methacrylate, sectioned, and
stained using Goldner’s stain. Erosion on the endosteal sur-
face of the cortical midshaft was calculated by dividing the
total eroded perimeter by the total bone perimeter and
expressed as a percentage. For trabecular bone measure-
ments, the lumbar spines (L,-L,) were stained with Gold-
ner’s stain, and the percent bone volume/total volume
(%BV/TV) was calculated. All histomorphometric mea-
surements were performed with the OsteoMeasure Analy-
sis System (OsteoMetrics, Atlanta, GA, USA).
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uCT scans

The left femurs were collected 60 days after the surgeries
and stored at —80°C. Before the scans, the femurs were
slowly thawed in ice-cold 70% ethanol and kept in ethanol
during the scan. The femurs were scanned at a resolution of
11 pm using a pCT system (Physiological Imaging Re-
search Laboratory, Mayo Clinic, Rochester, MN, USA) in
all three dimensions, essentially as described by Jorgensen
et al.?®

Serum E, and IGF-1 measurements

Serum E, was measured by radioimmunoassay (RIA; Di-
agnostic Products Corp., Los Angeles, CA, USA). The in-
terassay CV was <10%. Serum IGF-I was measured using
an IGF-1 (IGFBP-blocked) RIA kit (American Laboratory
Products, Windham, NH, USA). The interassay CV was
<6%.

Statistical methods

All data are presented as mean + SE. For the baseline
measurements, the genotypes were compared with the
ERa*'* controls using a two-tailed t-test. Additionally, two-
tailed t-tests were also done to compare the ERa"/NERK!
and ERa™ERKT mice. For the OVX study, the primary
analysis was an ANOVA model that evaluated treatment
versus genotype interactions for each genotype versus the
ERa*"* controls. In secondary analyses, we compared the
sham and E-treated groups to the OVX group within a
genotype using two-tailed t-tests. p < 0.05 was considered
significant.

RESULTS
Baseline skeletal phenotype

ERa"NERKI and the ERa™ER®! mice had similar femur
lengths (14.9 + 0.1 and 14.7 = 0.1 mm, respectively), but
both were reduced compared with their wildtype ERa™*
littermates (16.0 + 0.2 mm; p < 0.001) at 5 months of age. To
assess whether mice harboring the NERKTI allele also had
reductions in bone mass in the axial and/or appendicular
skeleton, we measured total BMD at three independent
sites: the femur and lumbar spine (L,-L,) using DXA
(aBMD) and the tibial metaphysis using pQCT (vBMD).
As shown in Fig. 1, the ERa"™NERX! and the ERa/NERK!
mice had significantly reduced total BMDs at all three sites
compared with their wildtype ERa™" littermates. More-
over, in the ERa/NERKI mice, the decrease in BMD at all
the sites was even more pronounced compared with the
heterozygote ERa*™ERXT mice. The ERa’™ mice did not
have reductions in femur or lumbar spine aBMD, but the
total vBMD at the tibial metaphysis was significantly re-
duced relative to their wildtype ERa*'* littermates.

To evaluate whether the osteopenic phenotype was bone
compartment specific, VBMD of trabecular and cortical
bone was separated by in vivo pQCT measurements at the
tibia. Also, because the spine contains both trabecular and
cortical compartments (the latter including the cortical rim
and posterior elements), we used ex vivo QCT scanning to
separate out the trabecular from the cortical spine compo-
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FIG.1. Baseline total aBBMD measurements using DXA scans of
(A and D) the femur, (B and E) lumbar spine, and (C and F) total
tibial vBMD using pQCT at the metaphysis (n = 46-48/
genotype). ***p < 0.001 vs. the respective ERa*"* and "'p < 0.001
vs. ERa"/NERRI mice,

nents of lumbar vertebrae excised from sham-operated
mice at the end of the study. As shown in Fig. 2A, trabec-
ular vBMD at the proximal tibial metaphysis was slightly
higher in the ERa*NFRE! compared with the ERa™* mice,
but similar in the ERa™E®¥! and ERa*"* mice. Consistent
with the trabecular vBMD data at the tibia, trabecular
vBMD at the spine was preserved in the ERa*™FR¥! and
ERa/™ERKI mice (Fig. 2B). The preservation of trabecular
bone in the ERa"™ER®! mice was further confirmed using
bone histomorphometry. In this analysis, %BV/TV in the
lumbar spine was no different in the ERa/™ERET (184 +
2.0%) compared with the ERa™* mice (21.2 + 4.0%, p =
not significant). As also shown in Figs. 2C and 2D, trabec-
ular vBMD at the tibial metaphysis and the spine was in-
creased in the ERa™™ mice relative to their ERa*'" litter-
mates.

In contrast to their preserved (or increased) trabecular
vBMD, cortical vBMDs at the tibial metaphysis (Fig. 3A)
and diaphysis (Fig. 3B) and in the cortical shell and poste-
rior elements of the lumbar spine (Fig. 3C) were signifi-
cantly reduced in the ERa™NFRK! and ERa™ERKT mice
compared with their ERa** controls. In addition, the ob-
served defects in cortical vBMD at the tibial metaphysis
and diaphysis and in the cortical elements of the lumbar
vertebrae were much more pronounced in the ERa/VERK!
compared with the ERa"™ FRXI mice. That the defect was,
indeed, localized to cortical bone was further confirmed by
measuring other cortical bone parameters (Table 1). At
both the tibial metaphysis and diaphysis, the NERKI mice
(ERa™™ERET and ERa"™NERET) exhibited reduced cortical
areas and thicknesses in comparison with the control
ERa™* mice. The periosteal bone circumferences at these
sites were also significantly reduced in the ERa"™NER¥T and
the ERa/™FRKI mice. The endocortical circumference was
significantly increased in the ERa™ERKL but not in the
ERa™™ERKL compared with the ERa** mice. As is evi-
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FIG. 2. Baseline trabecular vVBMD as measured by pQCT at (A
and C) the proximal tibial metaphysis (n = 46-48/genotype) and
(B and D) lumbar spine vBMD measured ex vivo in 5-month-old
sham-operated mice (n = 10-12/ genotype).***p < 0.001 vs. the
respective ERa** and "p < 0.05 vs. ERa*/NERKI mjce.
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FIG. 3. Baseline cortical vBMD as measured by pQCT at (A
and D) the proximal tibial metaphysis (n = 46-48/genotype), (B
and E) diaphysis (n = 46-48/genotype), and (C and F) lumbar
spine cortical vBMD measured ex vivo in 5-month-old sham-
operated mice (n = 10-12/genotype).**" “p < 0.001, **p < 0.01 vs.
the respective ERa*"* and ""'p < 0.001, p < 0.01, 'p < 0.05 vs.
FRa +/NERKI mlCe

dent from Table 1, all of the cortical deficits were much
more severe in the ERa/NEREI compared with the
ERa"™NERKI mice. Finally, the ERa™ mice had decreased
cortical vVBMD at the tibial metaphysis (Fig. 3D), but not at
the diaphysis (Fig. 3E) or lumbar spine (Fig. 3F).

Response to OVX and E replacement

Because changes in circulating serum E, levels could ac-
count, at least in part, for the observed skeletal changes in
the genotypes studied, these were also assessed in a subset
of four to five mice per genotype at 3 months of age. The
ERa"™ERKL (265 + 5.1 pM) had similar serum E, levels
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TABLE 1. BASELINE CORTICAL PARAMETERS AT THE TIBIAL
METAPHYSIS AND DIAPHYSIS AS ASSESSED BY pQCT (v =
46-48 GENOTYPE)

Parameter ERa'* ERa/NERKI ERa /NERKI
Cortical area (mm?)

Metaphysis 1.23 +0.027 0.97 = 0.0277 0.42 + 0.015F9q

Diaphysis 0.79+£0.008  0.70 +0.008+  0.67 +0.008F§
Cortical thickness (mm)

Metaphysis ~ 0.20 +0.004  0.16 £ 0.005f  0.07 = 0.003F]

Diaphysis 022 +0.002  0.20+0.002f  0.19 +0.002+]
Endocortical circumference (mm)

Metaphysis ~ 5.66 £0.051  5.59 +0.052 5.92 +0.04919

Diaphysis 2.86 +0.017 291 +0.022 2.96 + 0.016%
Periosteal circumference (mm)

Metaphysis ~ 6.89 £0.045  6.59 +0.041%  6.35+0.038+]

Diaphysis 425+0.018  3.14+0.022*  4.14 +0.019F

*p < 0.01, tp < 0.001 vs. ERa*"*
$p <0.035, §p < 0.01, Ip < 0.001 vs. ERa*/NERKL

relative to their ERa*"* controls (27.2 + 3.9 pM). As such,
the deficit in cortical vBMD in the ERa"™*R¥! mice could
not be accounted for by alterations in circulating E, levels.
However, the ERa"™ERX! mice did have significantly el-
evated E, levels (52.0 + 6.8 pM; p < 0.05 versus the ERa™"
mice). Thus, to evaluate whether these altered E, levels
accounted for at least part of the skeletal changes in the
ERa™FRET mice, we next compared the effects of OVX
followed by fixed doses of E, replacement in these mice.
Moreover, to test whether any alterations in the response to
E were caused by potentially unique actions of the NERKI
receptor, we also placed the changes in the ERa/NERK!
versus their control ERa™* mice in the context of changes
in the ERa™" versus their corresponding control ERa™*
mice.

Effects of OVX and E replacement on trabecular bone: To
evaluate the effects of OVX and E replacement on trabec-
ular bone, we first assessed changes in trabecular vBMD at
the tibial metaphysis (Table 2). The ERa*'* controls as well
as ERa"/NERKI ERG/NERKI and ERa™" lost bone at this
site after OVX. E replacement did prevent OVX-induced
bone loss in the ERa/™ERKT (at least at the lower dose),
whereas neither dose of E was effective in the ERa™ mice.
The overall pattern of changes was qualitatively similar to
the ERa™* mice in the ERa"™NERX! mice, although the
increase in vVBMD present at the higher dose of E in the
ERa*'* mice was attenuated in the ERa*~NFREI mice. Fig-
ure 4 provides a visual demonstration, using pCT, of the
pattern of changes in trabecular bone in the femur metaph-
ysis in the ERa*"* and the ERa™ERK mice, with the latter
responding to E with a preservation of trabecular bone but
lacking the marked increase in trabecular bone present in
the ERa™* mice at the higher dose of E. Changes in tra-
becular bone in the spine were also assessed by histomor-
phometry in the ERa** and ERa"NERK! mice (Table 2).
Similar to trabecular bone at the tibia, E was effective in
preventing OVX-induced bone loss at the spine in the
ERa ™ERKI mice, although the response to E was clearly
attenuated compared with the ERa™* mice.

Paradoxical responses to OVX and E replacement in cor-
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tical bone of ERa"VFRX! mice: Figure 5 shows the corre-
sponding changes in tibial cortical vVBMD at the metaphysis
(Figs. 5A and 5B) and diaphysis (Figs. 5C and 5D). Strik-
ingly, the pattern of changes in tibial cortical vVBMD at both
sites was the exact opposite in the ERa"™FR®! compared
with the ERa™* mice. Thus, relative to the sham mice, the
ERa™ERKI mice gained more bone (not less, as in the
ERa™* mice) and E dose-dependently suppressed this in-
crease (Figs. SA and 5C). In contrast, E enhanced increases
in cortical vBMD at both the tibial metaphysis and diaph-
ysis in the ERa*’* mice. The paradoxical increase in cortical
vBMD in the ERa/™ERXT mice after OVX was distinctly
different from the changes observed in the ERa™" mice
(Figs. 5B and 5D); specifically, in contrast to the findings in
the ERa/NERKI mjce, there was no increase in cortical
vBMD after OVX at either the tibial metaphysis or diaph-
ysis in the ERa™~ mice. In fact, cortical vVBMD at both sites
was essentially unresponsive to OVX or E replacement in
the ERa™" mice. The only exception was the high dose of
E, which did result in an inhibitory effect on cortical vVBMD
at the diaphysis in the ERa™~ mice. The ERa™™ X! mice
showed essentially the same pattern of changes in cortical
vBMD at both sites as the ERa*" mice, although the re-
sponse to E at the higher dose was attenuated (Figs. SA and
5C)

Effects of OVX and E replacement on aBMD at the femur
and spine: The femur typifies the appendicular skeleton and
contains predominantly cortical bone, but there is also a
significant amount of trabecular bone in the femur metaph-
yses. In an analogous fashion, the lumbar vertebrae are
representative of the axial skeleton and predominantly con-
sist of trabecular bone, but they are also enclosed in a cor-
tical rim and have posterior elements that are composed of
cortical bone. Based on the observed distinct changes in
trabecular and cortical bone in the ERa ™ ER¥ relative to
their wildtype control mice described above, one would ex-
pect that the patterns seen in aBMD by DXA at the femur
and spine after OVX or E replacement would reflect a
summation of responses in the respective trabecular and
cortical compartments. That this was, indeed, the case, is
shown in Fig. 6, which depicts the percent change from
baseline in the femur and spine aBMDs by DXA after the
various treatments in the genotypes studied. Changes in
femur aBMD were significantly different after OVX in all
groups compared with the sham mice. The 0.25 pg/day dose
of E was effective in preventing bone loss at the femur in
the ERa*"* and the ERa"NERKI mice: however, at the 1.0
pg/day dose, increases in femur aBMD were not as large in
the ERa*"NERKI mijce. In contrast, in the ERa™/NERKI mice,
the lower dose of 0.25 pg/day was not effective in prevent-
ing bone loss and the higher dose of 1.0 pg/day even re-
sulted in a further decrease in aBMD relative to the sham
mice. Whereas the ERa "~ mice lost bone at the femur after
OVX, neither dose of E used was effective in preventing
this bone loss (Fig. 6B). An overall similar pattern of
changes was seen at the spine in all the genotypes, except
that in the ERa ™" mice, the high dose exhibited a trend
toward preventing bone loss at the spine (Fig. 6D). Based
on the findings previously noted using pQCT, which
showed a suppression of cortical vBMD by E in the
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TABLE 2. PERCENT CHANGES FROM BASELINE IN TIBIAL TRABECULAR VBMD AT THE METAPHYSIS AS ASSESSED BY pQCT IN THE
ERqNERKI ERqNERKI AND ERa™~ MICE vs. THEIR RESPECTIVE CONTROL ERa*’* MICE (N = 10-12/GROUP) AND IN LUMBAR
SPINE %BV/TV (N = 9-10/GROUP) AS ASSESSED BY HISTOMORPHOMETRY IN THE ERa/™ERKI MicE vs. ConTROL ERa™* MICE
AFTER DIFFERENT TREATMENTS

Genotype Sham ovx OVX + E, s ovVX + E,,
Tibial trabecular BMD (% change)

ERa"* -14.2 +1.8% -31.2+£23 49.8 +27.1% 169 + 23.9%

ERq"/NERKI -12.3 £ 1.4% -26.5+1.9 36.1 + 18.67 455 +15.1%

ERq NERK! -9.34 + 1.4% -25.0+14 -8.9+6.7% -212+21

ERa** —14 £ 1.36F -255+3.1 43.4 +26.9% 68.6 +21.2%

ERa ™~ -7.58 +1.84% -36.4+27 -30.7+5.5 -340+1.7
Lumbar spine (%BV/TV)

ERa"™* 212 £4.0% 10.8 +3.9 27.1 £10.3% 36.0 £ 8.1%

ERq /NERKI 18.4 +2.0% 74+25 16.1 £ 5.6% 18.1 +4.5%

Overall p for genotype vs. treatment interaction for the percent change in tibial trabecular vBMD was <0.001 for the ER«

+/NERKI —/NERKI
, ERa , and

ERa ™~ mice vs. the respective ERa*'* controls and <0.0001 for BV/TV in the ERa/~NFRKI vs. the ERa*/* controls.
*p <0.05, fp < 0.01, and p < 0.001 vs. the OVX group within each genotype.

ERu+f+

ERo/NERKI

Tibial metaphysis

Tibial diaphysis

Eig

FIG. 4. pCT analysis at an 11-pm resolu-
tion of the proximal femur metaphysis in the
ERa** and ERa/NERKI mice after the vari-
ous treatments. (Left) Sagittal section.
(Right) Cross-section through the metaphy-
sis. Evident in these representative scans is
the loss of trabecular bone after OVX in
both groups, with a preservation of trabecu-
lar bone in the ERa*" and ERa/NERK! mice
with E replacement. However, the marked
increase in trabecular bone present in the
ERa*"* mice after the higher dose of E is not
present in the ERa/NERKI mijce.

FIG. 5. Changes in cortical vBMD at the

ERa*"
ERg*MNERKI

ERa"™
ERq*NERKI
ERqNERKI —

(A and B) tibial metaphysis and (C and D)
diaphysis in the (A and C) ERa™”NERKI and
ERa ™ERKI and (B and D) ER« " mice rela-
tive to their respective ERa*'* controls (n =
10-12/group). Overall p value for a genotype
vs. treatment interaction was 0.03 for the
ERa™NERKL and <0.0001 for ERa/NERKI

ERa**
ERa*

% change from day 0

N R O N R O @

L

il 0 L I

I,

con-
trols at the metaphysis and 0.23 for
ERa"NERKL <0.0001 for ERa™ERKL and
0.002 for ERa ™" vs. their respective ERa**
controls at the diaphysis. *p < 0.05, **p <
0.01, **#*p < 0.001 vs. the OVX group within
each genotype. In B, the asterisks in the

and ERa ™" vs. their respective ERa™*

OQVX  OVX+E;,, OVX+E,, Sham
Treatment

ERa™ERKI mice, the observed decrease in aBMD in the
ERa™ERKI mijce at the femur and spine after high-dose E
treatment is likely caused by the effects of E on the cortical
compartments at these sites.

Changes in endocortical MARs and eroded surfaces: Tt
should also be noted that, in addition to the paradoxical
responses observed in cortical bone (Fig. 5), the
ERa™NERKI mice had a greater endocortical circumference
at baseline both at the metaphysis and diaphysis (Table 1),
suggesting that E may inhibit endocortical bone formation

sham are for the difference in the ERa*™*
sham vs. OVX mice.

and/or stimulate endocortical bone resorption in these
mice. Thus, to further explore these unexpected findings in
cortical bone, we first assessed endocortical MARSs in the
ERa/™NERKI and ERa ™~ as well as their respective wildtype
control mice. A similar, paradoxical response to OVX and
E treatment was evident for changes in endocortical MAR,
an index of osteoblastic activity, in the ERa"™FRXT mice
(Fig. 7A). Thus, in the ERa™* mice, endocortical MAR
decreased after OVX, with E treatment clearly increasing
MAR. In contrast, in the ERa™NERK! mice, endocortical
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relative to their respective ERa** controls
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(n = 10-12/group). Overall p value for a ge-
notype vs. treatment interaction was 0.06 for
ERa*NERKL and <0.0001 for ERq/NERKI
and ERa™" vs. their respective ERa*'* con-
trols at the femur and 0.11 for ERa*/NERKI
and <0.0001 for ERa/™ERKI and ERa™ vs.

their respective ERa*"* controls at the lum-
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FIG. 7. Changes in endocortical MAR in (A) ERa”/NERK! and
(B) ERa™ relative to their respective ERa™* controls (n = 10—
12/group). Overall p value for a genotype vs. treatment interac-
tion was <0.0001 for ERa”/™ERKI and 0.002 for ERa™~ vs. their
respective ERa™* controls. *p = 0.07, *p < 0.05, *¥p < 0.01, **¥p
< 0.001 vs. the OVX group within each genotype.

MAR tended to increase after OVX, with E treatment re-
sulting in a suppression of MAR on the endocortical sur-
face. Again, this pattern of changes in the ERa™*R*¥! mice
was distinctly different from that observed in the ERa ™"
mice relative to their controls (Fig. 7B). Whereas E in-
creased endocortical MARs in the ERa™* mice, MARs
were entirely insensitive to OVX or E replacement in the
ERa ™" mice. Combined with the changes in cortical vBMD
shown in Fig. 5, these data show that the ERa"™FR¥! had
a pattern of changes in cortical bone parameters after OVX
and E replacement that was distinct not only from the
ERa*"* and ERa"™ER®! mice, but also compared with the
changes observed in the ERa™" mice. Note that, whereas
the ERa™* mice in the 50:50 C57BL/6:129Sv] background
had a decrease in endocortical MAR after OVX (Fig. 7A),
this was not present in the ERa** mice in the complete

OVX+E,, bar spine. *p < 0.05, **p < 0.01, ***p < 0.001

vs. the OVX group within each genotype.

C57BL/6 background (Fig. 7B). Whether this was caused by
strain differences or to chance is unclear.

We also examined changes in percent eroded surface, an
index of osteoclastic activity, in cortical bone in the
ERa™NERKI pice relative to their ERa™* controls. As ex-
pected, percent eroded surface increased after OVX in the
ERa™* mice (sham, 3.8 + 1.4%, OVX, 8.0 + 1.1%; p <
0.05). In contrast, percent eroded surface showed the exact
opposite pattern in the ERa/™ERX! mice, that is, it de-
creased after OVX (sham, 4.6 + 1.1%, OVX, 1.6 + 0.4%; p
< 0.05), and in both groups, E reversed these changes (for
Ey,s, t0 4.3 + 0.8% in the ERa™* and to 4.7 + 1.1% in the
ERa™ERKL mice, p = not significant for both compared
with their respective sham groups).

Changes in circulating IGF-1 levels: Because the apparent
paradoxical changes in cortical vBMD and in endocortical
MARSs could be caused by a different pattern of changes
in circulating IGF-I levels in the ERa™" versus the
ERoaNERKI mice, we also measured serum IGF-I levels in
the two groups (Table 3). Whereas serum IGF-I levels were
lower in the sham ERa™FR¥! mice compared with the
ERa*"* mice, IGF-I levels increased similarly after OVX in
both groups and returned to baseline with E treatment
(Table 3). Thus, the paradoxical changes in cortical vVBMD
and endocortical MARs in the ERa™™ER¥ mice could not
be explained by differing changes in serum IGF-I levels
after OVX and E replacement in the ERa™* compared
with the ERa™NERKI mijce.

Changes in uterine weights: Uterine wet weights were
measured at the time of death to assess the efficacy of OVX
and E replacement and to characterize the uterine response
to these interventions in the various groups. As shown in
Table 4, both the ERa"™ERKI and ERa™™ mice had re-
duced uterine weights compared with their respective
ERa™* controls under sham conditions. Moreover, both
groups of mice had a decrease in uterine weight after OVX.
However, whereas E partially restored uterine weight to
baseline in the ERa™"™NERK mice, it was entirely ineffective
(even at the higher dose) in the ERa™" mice. The
ERa ™™ ERKT mice have previously been found to have an
increase in uterine weight under basal conditions and a su-
pranormal response to E treatment,"” and we also found
this to be the case (Table 4).
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TABLE 3. SERUM IGF-I LEVELS (ng/ml) IN THE ERa"* AND
ERa NERKIMiCE AFTER THE VARIOUS TREATMENTS
(v = 10-12 Group)

Sham  OVX +V OVX+E,,s OVX+E,,
ERa*"* 217 £13% 254+8 260 + 11 221 + 11
ERa™NERKL 164161 2127 207 + 12 172 £ 9%

Overall p for genotype vs. treatment interaction was 0.933 for the
ERa /NERKI yg the ERa** controls.

*p < 0.05, fp < 0.01, and #p < 0.001 vs. the OVX group within each
genotype.

TABLE 4. CHANGES IN UTERINE WEIGHT (mg) IN THE
ERa"/NERKI ER o /NERKI ANp ERa ™'~ RELATIVE TO THEIR
RESPECTIVE ERa™* CONTROLS (N = 10-12/GROUP)

Sham  OVX+V OVX+E,,s OVX+E,,
ERo"* 145+12% 55+4 83+ 18 163 +24%
ERa™NERKL 300+ 211 88+ 10 321 + 817 391 + 45%
ERa/NERKL 78 | 4+ 46 +5 63 + 5% 55+4
ERa™* 100 + 7% 40 +3 70 + 13% 110 + 12%
ERa'- 70 + 7% 30+3 407 407

Overall p for a genotype vs. treatment interaction was 0.011 for the
ERaNERKI <0001 for the ERa/NERKI and 0.012 for the ERa ™~ vs. their
respective ERa** controls.

*p < 0.05, fp < 0.01, and #p < 0.001 vs. the OVX group within each
genotype.

DISCUSSION

In this study, we generated mice (ERa™ERE!) in whom
ERa could signal only through non-ERE (or nonclassical)
pathways. Whereas these mice have preserved trabecular
vBMD at the tibia and spine under basal conditions, they
clearly have attenuated responses to E in trabecular bone.
In contrast to trabecular vBMD, cortical vBMD is reduced
at multiple sites in the ERa/™ERXT mice. Moreover, the
most striking finding in these mice is the apparent paradoxi-
cal response of cortical bone to OVX and E replacement as
assessed by cortical vBMD, endocortical MAR, and resorp-
tion indices. This pattern is distinctly different from that
seen in the ERa™~ mice, indicating that the observed skel-
etal changes in the ERa/™ER®! are caused by unique ac-
tions of the NERKI receptor. Specifically, because both the
ERa ™EREI and ERa™™ mice have intact ERB signaling,
the divergence of responses in cortical bone between the
two genotypes effectively excludes the possibility that the
findings in the ERa"™*R¥I mice are mediated by ERB and
therefore must be due, instead, to direct actions of the
NERKI receptor.

As noted earlier, the initial phenotyping of reproductive
tissues in the heterozygote female NERKI mice showed
significant ovarian and uterine abnormalities.'”> Thus,
these mice had no corpora lutea in the ovaries, displayed
altered steroidogenesis, and had abnormally large uteri
with evidence of cystic endometrial hyperplasia.'” The
NERKI receptor was also found not to be a dominant nega-
tive receptor for ERa,' and the authors suggested that
the reproductive abnormalities in the heterozygote NERKI

1999

female mice may be caused by an altered balance between
classical and nonclassical ERa signaling pathways. We be-
lieve our findings provide further support for this hypoth-
esis and, in fact, indicate that this altered balance in the
ERa ™NERKT mice leads to the paradoxical effects of OVX
and E replacement in cortical bone in these mice.

In the ERa** mice, OVX led to a reduction in endocor-
tical MAR, an increase in resorption surfaces, and a reduc-
tion in cortical vBMD relative to the sham mice; these
changes were prevented by E replacement. Thus, E was
important in maintaining bone formation, inhibiting bone
resorption, and preserving cortical vBMD in these mice. In
contrast, in the ERa/"NFRK mijce, OVX resulted in a rise in
MAR, a decrease in resorption surfaces, and an increase in
cortical vBMD relative to the sham mice, and E reversed
these changes. Collectively, these findings suggest that clas-
sical signaling through EREs activates pathways in osteo-
blasts (and perhaps osteoclasts) that are important for the
maintenance of bone formation and suppression of bone
resorption. Loss of classical ERE signaling apparently leads
to an altered balance of classical versus nonclassical signal-
ing, with E now suppressing bone formation and stimulat-
ing bone resorption in the ERa/™ERX! mice. Thus, our
findings clearly establish a phenotype of an aberrant skel-
etal response to E in the ERa™™*RX! mice. Whereas one
could speculate on the particular pathways involved in me-
diating this aberrant response to E (e.g., increased AP-1
activity), further studies using gene array or proteomic
analyses of the bones and/or cells derived from ERa™*
versus ERa"™EREI mice are needed to define the specific
pathways activated (or suppressed) by nonclassical ERa
signaling that lead to the paradoxical responses to E in
cortical bone in the ERa™ERKI mice.

ERa™ERKI mice did have reduced serum IGF-I levels
compared with their ERa™* controls. Because IGF-I is an
important skeletal growth factor, particularly for cortical
bone,® the baseline deficits in bone size and in cortical
vBMD in the ERa"™FR®! mice could be caused by im-
paired IGF-I production either in the liver or possibly
in bone. However, after OVX and E replacement, the pat-
tern of changes in serum IGF-I were identical in the
ERa™FRET and ERa*'* control mice, providing strong evi-
dence that the aberrant cortical response to OVX and E
replacement in the ERa"~ERE! mice was likely caused by
an intrinsic skeletal abnormality in E action in these mice
and not divergent changes in IGF-I production in the
ERa™NERKL versus the ERa™* mice. We acknowledge,
however, that we cannot exclude the possibility that at least
part of the aberrant response to E in the ERa/VERX may
be caused by secondary changes in other hormones or
growth factors that we did not measure. This is an inherent
limitation of these types of in vivo studies.

It is also of note that the paradoxical responses to OVX
and E replacement in the ERa™FR*I mice were present in
cortical, but not in trabecular, bone. Previous studies by
us'” and others®*® have shown that cortical bone predomi-
nantly contains ERa with little or no ERB. In contrast,
trabecular bone contains both receptors, with ERB perhaps
expressed at higher levels.®”) As such, it is not surprising
that the most significant findings in the ERa™FR®! mice
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(which have a knock-in mutation in the ERa gene) are in
cortical bone: the NERKI receptor is likely expressed at
higher levels in cortical bone and is largely unopposed there
by ERB.

Whereas trabecular bone did not show an abnormal pat-
tern of changes after OVX and E replacement in the
ERa™ERKI mice, the response to E was clearly attenuated
in trabecular bone in these mice. Specifically, E replace-
ment (particularly at the higher dose) resulted in a signifi-
cant increase in BMD and bone volume in the ERa** mice,
which was absent in the ERa™ER¥! mice. This osteogenic
effect of E has been previously observed in trabecular bone
in mice®® and is absent in ERa™" mice.®” Our findings
indicate that not only is ERa necessary for the osteogenic
response to E in trabecular bone but that classical ERE
signaling and/or the balance between classical and nonclas-
sical signaling pathways may also be critical. Moreover, it is
of interest that a recent study®® found that E activated
BMP2 gene transcription in mouse mesenchymal cells and
that the BMP2 promoter contains a sequence that re-
sembles the classical ERE. Thus, whether part of the ana-
bolic effect of E on bone is caused by an ERE-mediated
increase in osteoblastic BMP2 production is an intriguing
question that warrants further study.

Whereas the ERa”™ERKI mice, which possess both a
wildtype and NERKI receptor, did not exhibit paradoxical
responses to E in cortical bone, effects of E were attenuated
in both trabecular and cortical bone in these mice. More-
over, the ERa"NERKI mice also had reduced cortical
vBMD and thickness under basal conditions, although
these deficits were not as severe as those present in the
ERa™FREI mice. These findings provide further support
for the hypothesis that the balance of classical versus non-
classical ER« signaling is important, particularly in cortical
bone. Thus, in the ERa™™ERKT mice, both pathways are
active, but the nonclassical pathway is likely enhanced com-
pared with wildtype mice.

It is also useful to place the skeletal phenotype of the
ERa ™ERKI mice in the context of findings of other groups
in mice with deletion of ERa. ERa™ mice have been gen-
erated independently by two groups,®'**) and their skeletal
phenotypes were characterized. Lindberg et al.®*® showed
that 2- to 4-month-old ERa™" mice had increased cortical
and trabecular bone parameters compared with wildtype
mice. It should, however, be noted that these mice ex-
pressed a splice variant of ERa.®? On the other hand, Sims
et al., ¥ using complete ERa knockout mice, have shown
that loss of ERa leads to increased trabecular bone volume
and decreased cortical density in both sexes. As is evident
from the baseline data presented here (Figs. 1-3), the
ERa™NERKI mice are similar to ERa™~ mice in that they
display reduced cortical bone parameters, with the deficit
being clearly more pronounced in the ERa™FRFT mice.
Furthermore, in contrast to ERa™~ mice, which exhibit sig-
nificantly increased trabecular vBMD both at the tibial me-
taphysis and lumbar spine, the ERa"™ER¥ mice have simi-
lar trabecular vBMD at these sites as their wildtype
littermates. In another report, Sims et al.®®) showed that
that ERa™~ mice were partially protected against OVX-
induced bone loss by E, indicating that ER could compen-
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sate for lack of ERa on bone turnover parameters, at least
in female mice. Our results with the ERa"NERX! mice in-
dicate that classical ERE signaling is essential for mainte-
nance of cortical bone and its normal response to OVX and
E replacement. In contrast, it seems that a compensatory
ERB mechanism may well play a role in trabecular bone
in ERa/NERKI mice, because similar to ERa™~ mice,
ERa™EREI mice do have at least an attenuated response
to E in trabecular bone.

Although the classical ERa signaling pathway has been
well characterized at the molecular level, nonclassical ERa
signaling pathways are less well understood. A number of
studies have recently been carried out in vitro to under-
stand the molecular basis of ER« action at AP-1 sites.®*3)
Recently, Cheung et al.® have described altered pharma-
cology and distinct coactivator use by ERa-dependent
pathways at AP-1 compared with ERE sites using an in
vitro assay, further adding to the increasing complexity of
ER signaling pathways. The exact mechanisms of ER«a ac-
tions at AP-1 sites (or other sites involving ER interactions
with various proteins) with agonists and antagonists, how-
ever, remains a topic of debate, with different studies de-
scribing varying results in vitro,!*3 underscoring the need
for further work.

In summary, our studies on the skeletal phenotype of the
ERa™ERKI mice represent the first demonstration, in any
tissue, that complete loss of classical ERE signaling can
lead to a paradoxical response to E. These data strongly
support the hypothesis that in bone, and perhaps in other
tissues, there exists a balance between classical and non-
classical ERa signaling pathways. Alteration of this balance
solely toward nonclassical pathways can result in a mark-
edly aberrant response to E. Defining the molecular mecha-
nisms responsible for these changes in the ERa /™NERK!
mice should provide novel insights into the specific media-
tors of E action on bone through these pathways.
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