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FEEFIA L, S BEFOHRT — MRHEEREREIEE ULDD, ERICHRT O B RO ORI BUIHERD
BUZEETHDTSD. BEESETOKRS LRI LOBUIE - PRART BRI B 0T, @it @NEOD
MRNA JE—EZAE T D Percellome ;EERFE LTE. SETIC90 M EDERMBIC DV TORBEISBIGEFREE
HERT, THENPTHD. T/ CEIRBEEYED—FIE LTI T+ VO FBHICED IR ERBNTS.

key words

Percellome Project, BEFRERAXY —K, 5FSiH

(] B #§ orEESAs@EMEs S2RENRBAZ L 5~ BHE E-mail:kanno@nins.go.jp
1985 ERFENERAFASRESFRHNLIRET. AGRES, SRABYEY. B EFS RS ERRFBMEEE £47, 20022 4 Y FBE.
HNARREEE & OSTBEEMA, Percellome M ¥5 25/ I 9270V 1 5 by & £ BASBRREEO—B & L THEOCIEE,

HEME—, A -RES, LB B, PRz, REEX, BREL DUERSasasmns SotsmsBir e, 2 — S5

FUHIC
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5720 (M) &, AMEERIFREELES, FRbY &
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RIZETVTWSE. LT, BE, B DNAZ EFREHEE
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BEEOBWLOR, ¥V 3574 v 7 hBRESBL VY
EEAOZARETHLICL ), XBSTFEVFEEET S
RRICASTVAE. HVETIEDH L DDV E 25 FiE
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3, BEMEORRLELATENRFTAEORINEEY
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ERNRETBEIFVAF IR, REL LORWE
BUNBERSNLFHF TIIEREFOHI A7 — FREEZ
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W& PRV A I RAOERICEDLBEORDF— ¥
DEM LB D7D OELEH 7R (BEFF L OEEZEDL)
PRETHA, £2C, EZ0, BROEBRELRET S
ORI MEY2-Y O mRNARBEHIVY %4252
Percellome FEXRELL. The#BL L7V 22 b
ZREPTHY, $TTICOULDIEBHIZOVWTOF—
SEREREL, TOBMY—LVERRBLTWAS,
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1. TCDD & TCDF @ Perceliome ¥— % :
TEF FEEFOHBE (1)

TCDD $ LU TCOF MEAERORS # C57BL6 7
DT of. ARIEERBE S0 GREHE), 1,
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U24RBICHE#RBLY1 707 L1 BHEF-
1 (REBMERIZIHPAER T, BIEELRRE

0 o
3 ﬂf_*fFEE] 30 o
HE 0 <t AR
ARE=1:10

B

LR, BERLSVEMEREINIC THESE
DTICRENE), KFBIE L Teytochrome
P450, family 1, subfamily a, polypeptide 1 (Cypiai;
Affymetrix probe ID 1422217_a_at) %7R7¥.
A:TCDDIZ & % Cyplal ORIEEEHO Surface (X
ICHRE) TR,

B : TCDF (C & % Cyplat DRIREEID Surface F7R.
TE, BRIDVLTI0EThERBERL TW3,
C:TCOD®M3, 1, 0 SEEL /- Surface &D :
BB TcDF 30, 10, 0 # 5 8L 7 Surface #Tk S
0 SURBRBEEDICRERSIC—BLTVS. 20L&
3 BRIZF# TEFRFEEE L 7.

100
901

B e — AR 0

ARltt=1110

BEomEARLA TS . FAZIE, BEEY I 707 LA T
BBL 27U —T7DRMILBESAFIv I LI IO
IMEDIREE - BRI IL > T b, Hitbf Affymetrix
GeneChip ZBVW ITEEBHBEZEF 7 —72ERICEANLE
BEBCEER2EERIZ, —BHNRF— 7IER{LFEE

2. TCDD & TCDF @ Percellome ¥ — 4% -
TEF EIEBEFOMBE (2)

TEFICRES £5 1 2Dl & U T TCDD-inducible poly
(ADP-ribose) polymerase (Tiparp; 1452160_at)
#RY. A, B, C, DI3El1 EEHNFTR. ALB %
"BT2E—RB-ERBELTWE LS 2H,CL
DERBT 2L TEFREMTHIZ b S,

)

TIRHBEETH D, PercellomeFBZ BV THD THEH
BT A LNTEL, B, EE6EVV7VRNAR
EA—A—HER IO PI-VOERBIITHILREIZLD
HEMIZINEEELTWA.
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5.5 (Ingenuity Systems, Inc.) iZ#A L, B 5 h % Pathway OtEHNEHO%
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! ﬂen 4864)"
\

FEFAB,600BL LD Y, BATHTELU LOREED
Rohs., COEHPEBRORELZ LzVESCF
B, BYMEATHROEEY A 7 V% 280
UL—BIRbe 7 20BA ) Xa%dRELL, #
DI T, ITABEERST 8L, BXUOY
TN ERRT HEHE 2303 UAICRET A LE
Bb5. BEHY X NN, B OB, O, WL I
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LA rFarR—5—HNOME, BuEHETOE
BOKE BECLIBBBRIIIZFAN, ZRT
L= FTHRABEPROENE LN, BIEEZFRA
F—FICKE BT AL ABEL TS,

V. Percellome EED Ul F— S8R

Percellome Z:D#ixt BIL 7 — ¥ OB A O®KEIL, B
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HERIIHD. BEERE b5, 77— % OMAIK
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KT LETHAY X LARBIBICL2BE2REIC
OB ZENTE S, REOHANS . R bk

'ﬁ@a'

RY. ARR (%) #hICNRF2 S8 EERPHENL T, S1HE5LUS2

HBORBER S ANRKENLEET 3B 3.

FEEEICHRA LA TEFEERETN I 5, ZOPathway iC&Eh3 60,

IR Pathway DA /N —E LTV T MY TH-1-HD.

I.Percelilome Project

ITARERLE LH0ILED (EREHNEROSBE
H0) ORERBCLH2VHCERETFF—I~R—X%
BETDLLEBIC, Yy I Ny AERRE 2 2R L-ERH
BETORA NIy I 7 X, BEBHIIOVWTOR
BRIV ATIITR, Foinsitu NA TV T4 ¥ -V 3
VI HRERBREADL LVFABE ChSIIMATK
BRECL2BEEN, BIUSBEMOBEM* Rit+
LHMRTEAPTHL. F—sD—BiEF—sr~—
(http://toxicomics.nihs.go.jp/db/) 2 CTABEHTH Y, &
%, NBERELKETHFETH 5.

ST, ATV MIEIWELOhE R — R
FEERLCDVWTHEICMNh S, #hi, BB OBV %
PRADICIERERBTRETALENHLEVI A
THAH. IVAFTHERICRET 512,000 W TFhhobks
CT3a¥— /ML) OREFOI L, BHEBHERTE

B EEOBSBLYENE RS T ZEM-ABMOEBLE EICLY,
HE - WEROEEFPELCSWT, (EEMAICL SERERERE EICL
W, BEECEC 34~ b EERREOLTH.

FERLEEZACIENTCIRBIEE 2 285 TH 5 28,
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5, CoREZMAL, HELHB RELES L BE
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MSNORHEBTL, TOHBEIOBEICY - +5) 7T
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=L T3, 28D Surface DIEDIELM: % BiE{L 3 2
TUITY XA (tmf) BABEATHY, FETREBETF
DEBSY — v 2GFR L L CARORBFEN Y -2 BF
HEREFLZEHHHMETESL Il >TWwAY,

V.TCDD & TCDF @ Percellome tEBIC kD TEF
KFBLFBLUIHAEECFOBRN 7 JO0—F

CZZTIEETHI L LT, TCDD (2,3,7,8-tetrachlorodibenzo-
p-dioxin) & TCDF (2,3,7,8-tetrachlorodibenzofuran) @&
RFRBGET— ¥ % LB L TEF (toxicity equivalence
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X1 OFEEFE LB S h /- TEF FEEIEREFH20 % Ingenuity Pathways
Analysis 5.5 (Ingenuity Systems, Inc.) (Z#A L, 85 h 3 Pathway DX
RWEHODERT. AWRIZEXT LT, p53, TGF- 5, MAPK8 L &R 5N 3,
B EHEICHA L TEF EEKEBEEFD D B, ZOPathway iCEXh3H0.
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4. TEF &7 8IEF

TEFCREDLEVEBEZFO—HIE LT, Hectd2
(HECT domain containing 2, 1433944_at)®
Surface #7°7F. A, B, C, DIiR1 L AH#NFR.
2B OBEDEVDIIR,, 24 BB OHED
TCOF >TCDD T4 3.

factor) 25t ) BET L bR WEBET 2HRET L7561
RN T 5.

TAFRVE, ThbbFAFFT 0, IRVYT
5V, BXUa 75+ —PCBiE, DT RIZHNRE
VRICES T 2IERORDE ) REARCRIEREVS D
D, EeRERERY A 52 L LTOEYERDHE
&, Bz vitro EBFRTCyplal ORBL2HET S
BBV H S, 1, REPTIE, Chby54FF
Y VEOREGR EERA BB TELRAWE L TR
HENBZLhs, FOEPEBEOREBELEET S
72012, 4 OREEOTER Z G5 L THET A 2 & 48
TbhTWw3, ZOBOEREDOEMIZTEF XBvoh
5. TEF & HIEMH %\ 2,3,7,8-TCDDx 1L L,
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12005, 2 & & LTHFET. 28, TEFOMEIL, 12iZ, AhR
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' oxpe 4373 N \
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6 : TEF JERTEBIZF D in silico 70 € — 2 —fE#f

TEF EIRRIZFH20 D 5 5, TCDFBRID 5:&8FF £# )iA#, Genomatix
Software GmbH QRHT 3 in silico 7O T — 4 —BRDBERERT. 550
BEFICHALTETS77 IV —ERXR7 7 I U —NEERFOELEGI %
8% 7=. Hmgcr ; 3-hydroxy-3-methylglutaryl-coenzyme A reductase, Mbnl2 ;
muscleblind-like 2, Dscr1; Down syndrome critical region homolog 1
(human), Hectd2 ; HECT domain containing 2, Gimap4 ; GTPase, IMAP
family member 4.

ZEilAh . ZOBOFEELM L CTEFIZHES 2 Eamo6h
TEY, TCODDD 11Zxt L CTCDF D100 RA%EDEE* kiZ
. AL, VY FGFRAEDERICEZERSERS L,
RIRDH B L ZAHTH Y, MBI T 2HELRET L
BRI OEFEET 5HEX-HLIEEZRVIEL-ZEh
o, TCOF A DR S 2 Wi 2~ 7 AF 2BV TRIE
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SUMMARY

Estrogen prevents osteoporotic bone loss by
attenuating bone resorption; however, the
molecular basis for this is unknown. Here, we
report a critical role for the osteoclastic estro-
gen receptor o (ERe) in mediating estrogen-
dependent bone maintenance in female mice.
We selectively ablated ERa in differentiated
osteoclasts (ERa?°““°?) and found that
ERa"°/4°¢ females, but not males, exhibited
trabecular bone loss, similar to the osteoporotic
bone phenotype in postmenopausal women.
Further, we show that estrogen induced apo-
ptosis and upregulation of Fas ligand (FaslL)
expression in osteoclasts of the trabecular
bones of WT but not ERa*°““%° mice. The
expression of ERa was also required for the
induction of apoptosis by tamoxifen and estro-
gen in cultured osteoclasts. Our results support
a model in which estrogen regulates the life
span of mature osteoclasts via the induction
of the Fas/FasL system, thereby providing an
explanation for the osteoprotective function of
estrogen as well as SERMs.
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INTRODUCTION

Bone remodeling is a dynamic metabolic process. The
destruction or “resorption” of pre-existing bone by mature
osteoclasts is followed by the formation of new bone by
osteoblasts. Osteoblasts are derived from pleiotropic
mesenchymal stem cells in the bone marrow. Mature os-
teoclasts are muitinuclear, macrophage-like cells, derived
from hematopoietic stem cells also in the bone marrow.
Bone resorption and deposition are tightly coupled, and
their balance defines both bone mass as well as quality.
The regulation of bone remodeling is complex. A number
of systemic hormones and transcription factors directly
regulate the proliferation and differentiation of osteoblasts
and osteoclasts (Karsenty, 2006; Karsenty and Wagner,
2002; Rodan and Martin, 2000; Teitelbaum and Ross,
2003). Additionally, the indirect cellular communication
among groups of bone cells is also physiologically critical
for bone growth and remodeling (Martin and Sims, 2005;
Mundy and Elefteriou, 2006). The molecular and genetic
mechanisms goveming bone cell fate have been inten-
sively studied; however, how the life span of bone cells
is determined on a molecular level remains elusive.
Estrogen is a key hormone in bone remodeling in several
species. The osteoprotective action of estrogen is demon-
strable in rodents and is clinically important in humans,
particularly older women (Chien and Karsenty, 2005;
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Figure 1. Generation of Knockin Mice Selectively Expressing Cre in Mature Osteoclasts

(A) Hlustration of the targeting strategy for insertion of the Cre gene into the mouse Cathepsin K (Ctsk) gene. A targeting vector was generated to
contain the Cre cDNA at the endogenous ATG start site, followed by a FRT (Flp-recombinase target)-flanked Neo” cassette. The DT-A (diphtheria
toxin-A) gene was also inserted to avoid random integrations.

(B and C) Ctsk-Cre mice were then crossed with CAG-CAT-Z mice. §-galactosidase activity derived from the activated LacZ reporter gene was mon-
itored to test if expressed Cre excised the /oxP sites in mature osteoclasts. LacZ expression patterns reflected the localization patterns of mature
osteoclasts in the developing bone at 16.5 days post coitum embryos and in the skeletal tissues of 7-day-old pups.

(D) The LacZ expression induced by Cre-mediated excision was also seen in osteoclasts attached to trabecutar bone in the lumber vertebrae of
12-week-old mice.

(E) LacZ expression was induced during osteoclastogenesis. Osteoclast-like cells that differentiated from bone-marrow macrophages following
cutture in the presence of M-CSF and RANKL were stained with TRAP (tartrate-resistant acid phosphatase), a mature osteoclast marker.
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Delmas, 2002; Raisz, 2005; Rodan and Martin, 2000).
Estrogen deficiency in postmenopausal women frequently
leads to osteoporosis, the most common skeletal dis-
order. Similarly, ovariectomy clearly produces an osteo-
porotic bone phenotype in mice. Osteoporotic bone loss
is the result of high bone turnover in which bone resorption
outpaces bone deposition (Rodan and Martin, 2000;
Teitelbaum, 2007). This imbalance in bone turnover that
is induced by estrogen deficiency in women and female
rodents can be ameliorated with bio-available estrogens
including selective estrogen receptor modulators
(SERMSs) (Riggs and Hartmann, 2003).

Estrogen and SERMs primarily act by regulating gene
transcription via estrogen receptors (ERa, ERp) (Couse
and Korach, 1999; Shang and Brown, 2002). ERs belong
to the nuclear receptor gene superfamily and act as
ligand-inducible transcriptional factors (Mangelsdorf
et al., 1995). ER dimers directly or indirectly associate
with specific DNA elements in the target gene promoter
(Shang and Brown, 2002) and control transcription
through reorganizing chromatin structure and histone
modifications (Belandia and Parker, 2003). Genetic mouse
models (KO mice) lacking ERa (ER«'") and ERB (ERS ™)
provide insights into ER function (Mueller and Korach,
2001; Windahl et al., 2002). In mice, though ERa appears
to be the major receptor in most estrogen target tissues
including bone (Sims et al., 2003), neither clear bone
loss nor high bone turnover is detectable in ERa single
or ER«/ERp double-KO females (Syed and Khosla, 2005;
Windahl et al., 2002). This unexpected maintenance of
bone mass in female mutants is presumed to be due to
unphysiologically elevated levels of other osteoprotective
hormones, like androgens. Systemic defects in the hypo-
thalamus caused by ER inactivation appear to impair the
negative feedback system of hormone production (Syed
and Khosla, 2005). This leads to an excess in estrogen
precursors, notably androgens. In fact, the anabolic
effects of androgens mediated by the androgen receptor
(AR) are evident in female mice (Kawano et al., 2003;
Sims et al., 2003). In males, estrogen is also osteoprotec-
tive, as is evident by the development of osteopenia in
male patients genetically deficient in ERa (Smith et al,,
1994) or aromatase activity (Simpson and Davis, 2001).
Thus, irrespective of the accumulating clinical and basic
research data on the osteoprotective actions of estrogen
and SERMs, the molecular basis of this osteoprotection
in females remains elusive.

To study the molecular interactions behind the antibone
resorptive actions of estrogen in women and female ani-
mals, we genetically ablated ERa in mature osteoclasts
(ERa?9°/49%), Selective ablation of ERx in differentiated
osteoclasts (ERx?9/4°%) was accomplished by crossing
a Cathepsin K-Cre knockin mouse with a floxed ER«
mouse. This resulted in clear trabecular bone loss and

high bone turnover associated with increased osteoclast
numbers in females but not in males. In the female
mutants, further bone loss following ovariectomy was
not significant and recovery by estrogen was ineffective
in the trabecular areas of long bones and l[umbar vertebral
bodies. Upregulated expression of Fas ligand (FasL) gene,
and increased apoptosis in differentiated osteoclasts by
estrogen was found in the intact bone of wild-type females
but undetectable in ERx?°%4%¢ females. Induction of
FasL and apoptosis by estrogen as well as a SERM also
required ERa in cultured osteoclasts. Thus, we propose
that the osteoprotective actions of estrogen and SERMs
are mediated at least in part through osteoclastic ERa in
trabecular bone, and the life span of mature osteoclasts
is regulated through the activation of the FasL signaling.

RESULTS

Generation of Osteoclast-Specific ER« Gene
Disruption by Knocked-In Cre in the Cathepsin

K Gene

To specifically disrupt ER« gene in mature osteoclasts, we
knocked in Cre into the gene locus of Cathepsin K
(Ctsk®™") (Figures 1A, S1A, and S1B), a gene known to
be expressed in differentiated osteoclastic cells arising
from hematopoietic stem cells. This gene is functionally
indispensable for mature osteoclasts (Saftig et al., 1998).
Only one copy appears enough to support normal bone
formation and bone turnover, since heterozygous mutant
mice of Cathepsin K (Ctsk*/~) have no obvious bone
phenotype (Gowen et al., 1999; Li et al., 2006; Satftig
et al., 1998) . Clear, bone-specific expression of the Cre
transcript in the adult Ctsk®™®* mice was observed in the
tested tissues (Figure S1C). To confirm Cre protein
expression, the Ctsk®®* mice were crossed with tester
mice (CAG-CAT-Z). These mice were genetically engi-
neered to express B-galactosidase by excision of the tran-
scribed stop sequence in front of the @-galactosidase
gene (LacZ) in cells expressing Cre (Sakai and Miyazaki,
1997). B-galactosidase expression visualized by LacZ
staining was observed in the bones of 16.5 dpc embryos
and 7-day-old pups of Cisk®™®*; CAG-CAT-Z mice.
Expression patterns were consistent with the appearance
and skeletal localization of functionally mature osteoclasts
(Figures 1B and 1C). Histochemical staining of LacZ in the
lumbar vertebrae of 12-week-old mice was localized in
multinuclear osteoclasts (Figure 1D) but not seen in oste-
oblasts and osteocytes (Figure S1D) and the hypothala-
mus (Figure S1E). Since Cathepsin K gene expression is
evident in differentiated osteoclasts (Saftig et al., 1998),
we used an in vitro culture cell system to test whether
Cre expression was driven by the endogenous promoter
that is induced at the time of osteoclast differentiation.
Osteoclast-precursor cells derived from bone marrow

(F) The growth curve of ERa?9%/4%¢ mice was indistinguishable from that of the controf mice. Data are represented as mean + SEM.
{(G) Serum hormone levels were normal in 12-week-old ERa“%¢'4%¢ (filled column) versus ERa*’* (open column) mice {(n = 10-11 animals per

genotype). Data are represented as mean + SEM.
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were cytodifferentiated for 1 week in the presence of
M-CSF (macrophage colony stimulating factor) and
RANKL (receptor activator of NFxB ligand) (Koga et al.,
2004). TRAP-positive osteoclasts emerged after 3 days
of culture (Figure 1E). The number of TRAP-positive oste-
oclasts and the number of LacZ-expressing cells simulta-
neously increased. In the contrast, the LacZ expression
was not detected in primary cultured osteoblasts derived
from the calvaria (Figure S1F). In view of both our in vivo
and in vitro observations, we conclude that the Ctsk™"*
mouse line expresses Cre in differentiated osteoclasts.
Moreover, estrogen response in bone mass control was
not distinguishable in between Ctsk®®* and Ctsk*"*
mice (Figure S2A).

We then crossed floxed ERa mice (Dupont et al., 2000)
with Ctsk®™®’* mice to disrupt ERa in differentiated osteo-
clasts (ERa“9¢/299), Excision of the ERa gene (Figure S1G)
was confirmed by Southern blotting of DNA from adult
female and male (data not shown) bone as well as in
cultured mature osteoclasts (Figure S1H). No overt differ-
ences were observed in the growth curve, reproduction,
or tissues for up to 12 weeks of age (Figure 1F) between
the Ctsk®™®’*; ERa™'* (ERa*'*) and the Ctsk®®/*; ERa/™®/ox
(ERa?°%/49) mice, with the exception of the female
bones. Serum levels of sex hormones and bone remodel-
ing regulators such as IGF-, leptin, and follicle-stimulating
hormone (Sun et al., 2006; Takeda et al., 2002) appeared
unchanged in both male and female ERa%4°¢ mice at
12 weeks (Figure 1G).

Osteopenia Occurred in Osteoclast-Specific ERx
KO Females But Not Males

The 12-week-old ERx“®%/4%¢ females exhibited a clear
reduction in bone mineral density (BMD) in the femurs (Fig-
ures 2A-2C) and tibiae (data not shown) when compared
with ERa** mice. Though cortical bone appeared unaf-
fected, trabecular bone loss (Figure 2A) with significant
reduction of trabecular bone volume (BV/TV) (Figure 2F)
was clearly seen. This is similar to the osteoporotic abnor-
malities observed in women during natural menopause or
following ovariectomy (Delmas, 2002; Tolar et al., 2004).
However, unlike men deficient in aromatase or ERa activity
(Simpson and Davis, 2001; Smith et al., 1994), ERa49</40¢
males unexpectedly exhibited no clear bone loss even
in the trabecular areas (Figures 2A-2C). In ERq?0¢/40¢
females, both the bone-formation rate, estimated by
double-caicein labeling (Figure 2D), as well as the bone-
resorption rate, estimated from TRAP-positive differenti-
ated osteoclast numbers (Figure 2E), were increased, indi-
cating high bone turnover. Histomorphometric analyses of
FRa49¢'4%¢ females supported the observation of accel-
erated bone resorption, as increased numbers of osteo-
clasts (Oc. 8/BS and N. Oc/BS) were observed together
with more eroded bone surface (ES/BS in Figure 2F).
Bone formation was also enhanced as the rates of mineral
apposition (MAR) and bone formation (BFR/BS) were both
upregulated without an increase in osteoblast numbers
(Ob.S/BS) (Figure 2F). Thus, considering all of these find-
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ings, it is conceivable that the increased number of differ-
entiated osteoclasts following ERa ablation accelerates
bone resorption over formation, leading to bone loss in
the trabecular areas.

No Further Bone Loss Results from Estrogen
Deficiency in ER«"%%°° Femnales

To verify whether osteoclastic ERa indeed mediates
osteoprotective estrogen actions, estrogen action was
investigated by ovariectomy (OVX) of 12-week-old female
mice. As expected, OVX in ERa*’* females resulted in sig-
nificantly reduced BMD particularly in the trabecular bone
(Figures 3A and 3B) but not in the cortical bone (Figure 3C).
Consistent with previous reports, (Kimble et al.,, 1995;
Teitelbaum and Ross, 2003), estrogen deficiency follow-
ing OVX upregulated the serum levels of cytokines like
TNFa and IL-1a (Figure 3D). These cytokines enhance
bone resorption through stimulation of osteoclastogene-
sis, leading to the loss of bone mass (Teitelbaum and
Ross, 2003). OVX did not further reduce BMD or trabecu-
lar bone volume of the femurs of ERa?9%/4°¢ females
(Figure 3B) nor affect increased number of TRAP-positive
osteoclasts (see lower panel in Figure 3A) despite upregu-
lation of serum cytokines. This suggests that the expres-
sion of cytokines known to regulate bone resorption is
not under the control of osteoclastic ERa.

Estrogen Treatment Failed to Rescue the
Osteoporotic Bone Phenotype of ER«~279¢ Mice
Estrogen treatment by estrogen pellet implantation (OVX +
E2) for 2 weeks after OVX in ERa*’"* mice elicited a dra-
matic increase in bone mass in both the trabecular and
cortical areas of the femurs (data not shown) and lumbar
vertebral bodies (Figure 4A). Estrogen action during E2
treatment in female mutants (ERx?°%4°%) was not as
pronounced as in the ERa** females (Figures 4A and
4B), and the increase in the trabecular portions of the
distal femurs was slight (data not shown). Histomor-
phometric analysis of the [umbar vertebral bodies
(Figure 4B) supported the idea that E2 treatment in the
female mutants was not sufficient to suppress accelerated
bone resorption. These in vivo findings in the ERa?9¢/4%¢
females suggest that in at least the trabecular areas of the
long bones and lumbar vertebral bodies, the osteoprotec-
tive estrogen action is primarily mediated via osteoclastic
ERa inhibiting bone resorption.

To further test this hypothesis, we investigated ERa
protein expression in mature osteoclasts from trabecular
bone. Few reports document osteoclastic expression of
ERa protein and an estrogen response in both intact
animals and in in vitro cultured osteoclasts (Bland,
2000). We therefore reasoned that ER expression ceases
during differentiation into mature cells from primary
cultures of osteoclast precursors, similar to that observed
in other primary culture cell systems such as avian oviduct
cells, in which ERa protein expression is drastically
decreased during culture (Kato et al., 1989). Using highly
sensitive immunohistochemistry, we investigated whether



