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Abstract

To examine PG production in estrogen deficiency, we
studied effects on cultured neonatal mouse calvariae of
bone marrow supernatants (MSup) from sham-oper-
ated (SHAM), ovariectomized (OVX), or 1713-estradiol
(OVX+E) -treated mice. MSups were obtained 3 wk after
OVXwhen bone density had decreased significantly. 10-
60% MSup increased medium PGE2 and levels of mRNA
for inducible and constitutive prostaglandin G/H synthase
(PGHS-2 and PGHS-1) and cytosolic phospholipase A2 in
calvarial cultures. OVXMSups had twofold greater effects
on PGHS-2 and medium PGE2than other MSups. IL-1 re-
ceptor antagonist and anti-IL-la neutralizing antibody de-
creased MSup-stimulated PGHS-2 mRNAand PGE2 levels
and diminished differences among OVX, sham-operated,
and OVX+Egroups. In contrast, antibodies to IL-18, IL-6,
IL-li, and TNFa had little effect. There were no significant
differences in IL-la concentrations or IL-la mRNAlevels
in MSups or marrow cells. PGHS-2 mRNAin freshly iso-
lated tibiae from OVXmice was slightly greater than from
sham-operated. Weconclude that bone marrow factors can
increase PG production through stimulation of PGHS-2;
that OVXincreases and estrogen decreases activity of these
factors; and that IL-la activity, together with additional
unknown factors, mediates the differential MSupeffects. (J.
Clin. Invest. 1995. 96:539-548.) Key words: cyclooxygenase
* phospholipase A2 * interleukin-1 * cytokine * osteoporosis

Introduction

Although it is well established that estrogen deficiency plays a
causal role in postmenopausal osteoporosis (1-3), the mecha-
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nism by which estrogen influences bone loss remains unclear.
PGs are potent stimulators of bone resorption that may play a
role in the bone loss of the estrogen-deficient state (4, 5). We
previously reported that physiological concentrations of estra-
diol inhibited both bone resorption and PGproduction in cul-
tured mouse calvariae (6). Wealso showed that PGproduction
was increased in cultured calvariae from ovariectomized rats
and was decreased by administration of estradiol in vivo (7).
In vivo studies have shown that the resorptive response to ovari-
ectomy was decreased by a nonsteroidal antiinflammatory drug,
which is an inhibitor of PG synthesis (8, 9). A recent study
has shown that the bone resorbing activity in bone marrow
supernatants (MSups)' was enhanced by ovariectomy and re-
versed by nonsteroidal antiinflammatory drugs (10).

PGs are produced in bone by many cells, especially osteo-
blasts (11, 12), and production is stimulated by a variety of
cytokines that are derived from macrophages or hematopoietic
cells (13-18). Several cytokines produced by marrow cells,
such as IL-la, WL-1,6, IL-6, IL-11, and TNFa, have been impli-
cated in the osteoporosis of estrogen deficiency (19-27). It is
possible that the production and/or the activity of bone marrow
cytokines may influence the bone loss of estrogen deficiency
through effects on PGproduction.

The two major enzymes in PGsynthesis are phospholipase
A2 (PLA2), which releases AA from membrane fatty acids,
and prostaglandin G/H synthase (PGHS), or cyclooxygenase,
which oxidizes AA to PGG2and reduces PGG2to PGH2. Two
genes for PGHS, constitutive PGHS(PGHS-1) and inducible
PGHS(PGHS-2), have been identified (28, 29). These two
enzymes are - 60% identical in nucleic acid and amino acid
composition, and have similar molecular masses of - 70 kD.
Wehave reported that several hormones and cytokines regulate
PG production through the induction of PGHS, especially
PGHS-2, in bone organ or osteoblastic cell cultures (30-33).

In the present study, we compared the ability of MSup from
sham-operated (SHAM), ovariectomized (OVX), or ovariecto-
mized and estrogen replaced (OVX+E) adult mice to stimulate
PGsynthesis in cultured 7-d-old mouse calvariae. Wemeasured
mRNA levels of PGHS-1, PGHS-2, and cytosolic PLA2
(cPLA2), all of which may influence PG synthesis, as well as
medium PGE2levels. Wefound that MSupcontains factors that

1. Abbreviations used in this paper: BMD, bone mineral density;
COLlAl, rat a 1(I) procollagen; cPLA2, cytosolic phospholipase A2;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL-lra, IL-1 re-
ceptor antagonist; MMLV,Moloney murine leukemia virus; MSup, bone
marrow supernatant; OVX, ovariectomized; OVX+E, OVXand estro-
gen replaced; PGHS, PGG/H synthase; PLA2, phospholipase A2; rm,
recombinant murine; RT, reverse transcriptase; RT-PCR, reverse tran-
scription PCR; SHAM, sham operated; sPLA2, secreted PLA2.
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increase mRNAlevels of PGHS-1, PGHS-2, and cPLA2, as
well as PGE2production. In addition, we demonstrated that the
activity of these factors are regulated by endogenous estrogen.

Methods

Materials. Murine PGHS-1 cDNA was the gift of Drs. David DeWitt
and William Smith (Michigan State University, East Lansing, MI).
Murine cPLA2 cDNA was the gift of Dr. Carol Mase and Bill Lathrop
(Miles Inc., West Haven, CT). Murine PGHS-2 cDNAwas purchased
from Oxford Biomedical Research Inc. (Oxford, MI). Murine IL-la
and IL-1,f cDNA were provided by Dr. Peter Lomedico (Hoffmann-
LaRoche Inc., Nutley, NJ). Murine IL-I receptor antagonist (IL-lra)
cDNA was amplified by PCRusing reverse-transcribed DNA from a
murine macrophage cell line as a template. Rat al (I) procollagen
(COLlAl) cDNA was constructed as described previously (34). Mu-
rine glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNAwas
amplified by PCRusing a mouse GAPDHcontrol amplimer set from
Clontech (Palo Alto, CA). Recombinant murine (rm) IL-la, rmIL-l1,
anti-murine IL-la, anti-murine IL-113, neutralizing antibodies to IL-6
and TNFa, and nonimmune goat IgG were purchased from R&DSys-
tems (Minneapolis, MN). Anti-human IL-Il neutralizing antibody was
a gift from Dr. Edward Alderman (Genetics Institute, Cambridge, MA).
This antibody has previously been shown to neutralize murine IL-lI
(26). Recombinant human IL-Ira was the gift of Dr. Ruth Eure (Syner-
gen, Boulder, CO). Slow release pellets for 17,/-estradiol and placebo
were purchased from Innovative Research of America (Toledo, OH).
Moloney murine leukemia virus reverse transcriptase (MMLVRT) and
oligo (dT) 12-18 primer were obtained from Gibco BRL (Gaithersburg,
MD). Taq polymerase was obtained from Perkin-Elmer Corp. (Nor-
walk, CT). Other chemicals were obtained from Sigma Chemical Co.
(St. Louis, MO.)

Study protocol. Four experiments were conducted in 8-wk-old CD-
1 mice (Charles River Laboratories, Wilmington, MA) subjected to
either dorsal ovariectomy or sham operation under general anesthesia.
The ovariectomized mice were implanted with either slow release (21
d) placebo pellets (OVX) or pellets containing 10 ,.tg of 17/3-estradiol
(OVX+E). Placebo pellets were implanted in SHAMmice. In experi-
ments 1 and 2, pellets were implanted 1 wk after the operation subcuta-
neously in the back under anesthesia. In experiments 3 and 4, pellets
were implanted at the time of surgery. In all experiments, each group
(SHAM, OVX, OVX+E) consisted of 12 to 13 mice. Mice were
weighed and killed 3 wk after surgery, following a protocol approved
by the Institutional Animal Care Committee. Whole tibiae and femurs
were excised from the mice, and their epiphyses were cut off at the
same place to minimize variations in bone size. To obtain MSups, bone
marrow was flushed carefully from both ends of bones with 1 ml of
BGJb medium (Gibco) containing 100 ,g/ml L-ascorbic acid phosphate
(Wako Chemical Co., Osaka, Japan) and 1 mg/ml BSA (radioimmuno-
assay grade). Flushed media were immediately centrifuged at low speed,
and the supernatants from 12 to 13 mice in each group were pooled.
The final volumes of MSups were < 10% different among the groups.
MSups were analyzed for their ability to stimulate PGE2 production in
cultured neonatal mouse calvariae and for cytokine levels as measured
by specific ELISA. The number of cells were counted after diluting
MSups 1:100 (vol/vol) in 0.01 Macetic acid to lyse red blood cells.
Smears were made of the residual leukocytes and stained by Wright's
staining method using Hemo-Tek 1000 (Miles Inc., Elkhart, IN) (35).
Differential analysis of marrow cells was based on microscopic counting
of 1,000 cells. Monocytes/macrophages were detected by nonspecific
esterase staining using a-naphthyl butyrate esterase (36). To extract
marrow RNA, bone marrow was flushed with RNAextraction buffer
and total RNAwas extracted. The residual tibiae were washed with
PBS and immediately put into RNAextraction buffer. The uterus was
also quickly excised and weighed.

To validate the reverse transcription-PCR (RT-PCR) methodology
used on freshly isolated bone or marrow, we did an additional experi-
ment to induce greater PGHS-2 expression in vivo as a positive control.

ll-wk-old CD-l mice were injected with 2 mg of bacterial endotoxin
LPS, which is known to evoke a potent acute inflammatory response
(37). Control mice were injected with equivalent amounts of vehicle.
After 2 h, animals were killed and RNA was extracted from bone
marrow or residual tibia.

Bone mineral density (BMD). BMDof SHAM,OVX, and OVX+E
mice were measured in a separate experiment. Four mice in each group
were killed 3 wk after surgery and whole tibiae were excised. BMDof
the proximal one-third of the tibiae was measured by dual energy x-ray
absorptiometry using DCS-600R (Aloka Co., Tokyo, Japan) (38), and
the BMDof each animal was calculated as the mean of left and right
tibiae. DCS-600R was modified for small animals based on DCS-600,
a standard DEXAmodel to measure human radius BMD. Weevaluated
the precision of DCS-600R using an aluminum phantom, and the coeffi-
cient of variation was < 0.5%. The operator was blinded to the treatment
groups.

Neonatal mouse calvarial culture. 7- or 8-d-old CD-1 mice were
killed and their calvariae were aseptically harvested and dissected free
of suture tissue. Bones were precultured for 24 h in BGJb medium
containing 100 og/ml L-ascorbic acid phosphate, and 1 mg/ml BSA.
They were cultured with or without MSup in 24-well dishes (Costar
Corp., Cambridge, MA) on a rocking platform in a humidified atmo-
sphere of 5% CO2 at 370C for 4 h. This culture time was based on
preliminary studies that showed IL-1, PTH, and other agents stimulated
PGHS-2 mRNAlevels maximally at 4 h in this system. Neutralizing
antibodies, (IL-lra), nonimmune goat IgG, and indomethacin were
added 2 h before treatment and were present during the entire culture
period.

RNA Extraction. Total RNAwas extracted from neonatal mouse
calvariae and adult mouse bone marrow by the method of Chomczynski
and Sacchi (39). Briefly, six to eight half calvariae from neonatal mice
or bone marrow flushed from tibiae and femurs of 12-13 adult mice
per treatment group were homogenized in 4 Mguanidine isothiocyanate
and extracted with phenol/chloroform-isoamyl alcohol (24:1). RNA
was precipitated with isopropanol and washed with 80% ethanol. Total
RNA from the residual adult mouse tibiae was prepared according to
the procedure of Chirgwin et al. (40). Residual tibiae from 12-13 adult
mice per treatment group were homogenized in a buffer of 4 Mguani-
dine isothianate, 0.03 MNaAc pH 5.2, and 0.4 g/ml CsCl. After low
speed centrifugation at 10°C, the supernatant was decanted, layered over
a CsCl cushion (5.7 MCsCl, 0.03 MNaAc) and centrifuged at 35 K,
20°C, for 12-16 h. The pellet was washed with 70% alcohol, resus-
pended in water, and precipitated with NaAc and alcohol.

Northern blot analysis. After quantitation at 260 nm, 20-25 qg of
total RNAwas fractionated on a 1% agarose/2.2 Mformaldehyde gel
and transferred to nylon membrane (Genescreen; NewEngland Nuclear,
Boston, MA) by positive pressure blotting (Posiblotter; Stratagene Inc.,
La Jolla, CA). After 3 h of prehybridization in a 50% formamide
solution at 42°C, filters were hybridized overnight in a similar solution
in rotating cylinders (Hybridizer; Techne, Inc., Princeton, NJ) at 42°C
(57°C for COLlA1) with random primers and a [32P]dCTP-labeled
cDNA probe for murine PGHS-1, PGHS-2, cPLA2, IL-la, IL-1,3, IL-
lra, GAPDH, or COLlAL. Filters were washed and exposed to x-ray
film with an intensifying screen at -70°C for 2 h to 7 d. Signals were
quantitated by densitometry (Bio-Rad Laboratories, Richmond, CA).
Filters were stripped by boiling in 0.1% SDS + 0.1 X SSC between
hybridizations.

RT-PCR. IL-l a, IL-l I, and GAPDHmRNAlevels in bone marrow
cells were measured using PCRAmplimer sets (Clontech, Palo Alto,
CA). PGHS-2 and PGHS-l mRNAlevels in bone cells and in residual
tibiae were quantitated by competitive RT-PCR using a synthetic com-
petitor for each. Competitive RT-PCR for PGHS-1 was done using
primers and a competitor as reported previously (31, 33). The PCR
products for PGHS-l and competitor were 424 bp and 844 bp, respec-
tively. Oligonucleotide primers for IL-lra and PGHS-2 were synthesized
by Oligos Etc. (Wilsonville, OR). Both the sense and antisense primers
were designed to be interexonic to prevent amplification of contaminat-
ing genomic DNA. For IL-lra, the sense and antisense sequences were
5 '-AAACCTGTGCCTGTCTATGG-3' and 5 '-GAGTGAAGATGG-
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Table L Body Weight, Uterus Weight, and the Number of Bone
Marrow Cells from SHAM, OVX, and OVX+EMice
(n = 12-13 in Each Group)

Experiment
No. 1 2 3 4

Body wt (g)
SHAM 30.8±0.5 40.6±0.5 31.6±0.3 42.1±0.8
OVX 31.7±0.7 40.2±0.7 32.3±0.7 44.1±1.8
OVX+E 30.6±0.6 39.6±1.5 29.9±0.3 41.7±0.8

Uterus wt (mg)
SHAM 89.4±9.0 114.7±7.9 145.0±17.0 119.5±12.9
OVX 21.2±1.6* 24.5±1.1* 23.0±0.9* 21.0±0.6*
OVX+E 113.0±8.2 135.3±11.0 123.0± 1.5 110.9±13.2

Number of marrow cells (xlO'/nm2)t
SHAM 28.6±2.4 77.6± 14.8
OVX 38.8±3.8 87.6± 10.4
OVX+E 31.0±1.2 60.0±5.2

* Significant difference from SHAM: P < 0.01. t Cell number in tibia
(experiment 3) and tibia + femur (experiment 4).

TGTTTGGG-3', respectively. For PGHS-2, the sense and antisense
sequences were 5 '-TCAGCCAGGCAGCAAATCCTTG-3'and 5'-
TAGTCTCTCCTATGAGTATGAGTC-3',respectively. Competitor
cDNA for PGHS-2 was made using a PCRconstruction kit (MIMIC;
Clontech). The PCRproducts for PGHS-2 and competitor were 939 bp
and 606 bp, respectively.

Reverse transcription and PCR were done as previously reported
(31) . Briefly, 2-,ug aliquots of total RNAwere reverse-transcribed using
oligo (dT) as a primer (1.5 OMfinal concentration) in final 30 til of
RT-solution. 5 jsl of RT-solution (containing cDNAfrom about 0.3 jug
of total RNA) was then amplified. For competitive RT-PCR, two ali-
quots of RT-solution (5 pl and 10 0l for PGHS-2; 2 ul and 6 jLl for
PGHS-1) were amplified to verify the accuracy of the method. The
amplification cycle consisted of denaturation at 94°C for 45 s (3 min
for the first cycle), annealing at 60°C for 45 s, and extension at 72°C
for 1.5 min (5 min for the last cycle). After 30 amplification cycles in
the thermocycler (Gene Amplifier PCR System 9600; Perkin-Elmer
Corp., Norwalk, CT), PCRproducts were analyzed by electrophoresis
on a 5%polyacrylamide gel. Gels were stained with ethidium bromide,
photographed, and dried onto cellulose paper. Radioactivity in each
band was measured using a beta scope blot analyzer (Betagen Corp.,
Waltham, MA).

IL-I Assays. Concentrations of IL-la and IL-l/3 in pooled MSup
from each group were measured using specific ELISA kits from Gen-
zyme Corp. (Cambridge, MA) and PerSeptive Diagnostics, Inc. (Cam-
bridge, MA), respectively. The sensitivities of these assays were 15 pg/
ml and 10 pg/ml, respectively.

PGE2Assays. Medium was removed from cultured bones and PGE2
accumulation was measured by radioimmunoassay as described pre-
viously (14).

Statistical analysis. Means of groups were compared by ANOVA
and significance of differences was determined by post-hoc testing using
Bonferonni's method.

Results

Table I shows the body weights, uterine weights, and the num-
ber of bone marrow cells in SHAM, OVX, and OVX+Emice
from four separate experiments. There were no significant dif-
ferences in mean body weight among the three groups in any
experiment. Ovariectomy and estrogen replacement therapy ap-
peared to be effective in all experiments since uterine weights

Table II. Type of Marrow Cells in the Tibiae and Femurs of
SHAM, OVX, and OVX+EMice

Groups SHAM OVX OVX+E

Lymphocytes 30.7±2.5* 40.1±2.lt 39.4±3.4
Granulocytes 48.6±4.7 31.5±1.5$ 39.0±5.0
Erythrocytes 16.4±3.1 16.2±3.4 14.8±2.7
Nonspecific
esterase positive 3.2±0.1 3.1±0.2 3.7±0.8
(monocytes/macrophages)

* Data are means±SE for four to six samples from experiments 3 and
4 in Table I. t Significant difference from SHAM: P < 0.01.

in the OVXgroups were much lower (four to six times) than
in either of the other two groups. Marrow cell counts were
performed in experiments 3 and 4 (Table I). The differences
in the number of marrow cells among the three groups were
not significant. However, the percentage of granulocytes was
significantly decreased and the percentage of lymphocytes was
significantly increased in OVX mice compared with SHAM
(Table II). The number of monocytes and macrophages in the
marrow, as identified by nonspecific esterase staining, was not
significantly different among the three groups.

BMDof the proximal one-third of the tibiae was measured
in a separate experiment at 3 wk after surgery. OVX mice
showed a significant (20%) decrease in BMDcompared with
SHAMand OVX+Emice, indicating that bone loss due to
estrogen deficiency had occurred at 3 wk, and that this bone
loss was prevented by estrogen replacement (Table III).

MSup from these four separate experiments was used to
treat cultures of neonatal mouse calvariae. Table IV gives
treated/control ratios for PGHS-2, PGHS-1, and cPLA2 mRNA
levels normalized to GAPDHmRNAlevels, as well as medium
PGE2 levels, in neonatal mouse calvarial cultures that were
treated with either control medium, 20% MSup, or 40%MSup.
Using MSups from experiment numbers 1, 2, 3, and 4, we
did 1, 3, 3, and 4 sets of neonatal mouse calvarial cultures,
respectively. Each set used MSups from the three treatment
groups, with n = 4-6 calvariae in each group. The data in Table
IV are from the first culture from each of the four experiments.
Addition of MSup from any treatment group to the calvarial
cultures increased steady-state PGHS-2 and -1 mRNAlevels as
well as medium PGE2compared with calvaria cultured without

Table III. BMDof the Proximal One-third of the Tibiae in SHAM,
OVX, and OVX+EMice

BMD(mg/cm2)

Mouse 1 2 3 4 Mean±SM

SHAM 27.9 30.7 28.5 29.2 29.1±0.6
OVX 25.7 25.9 25.5 24.2 25.3±0.4*
OVX+E 28.3 26.0 31.6 35.1 30.3±2.0

Data are expressed as the average of the left and right tibial BMD
for four mice in each group. * Significant difference from SHAM: P
<0.01.
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Table IV. PGHS-2, PGHS-J, and cPL42 mRNALevels Expressed
as Treated/Control Ratios, and Medium PGE2 Concentrations in
Neonatal Mouse Calvarial Cultures Treated with MSupfrom
SHAM, OVX, and OVX+EAdult Mice*

Experiment No. 1 2 3 4

PGHS-2 mRNA/GAPDHmRNA(T/C)
Control 1.0 1.0 1.0 1.0
SHAM 5.4 1.7 2.5 3.7
OVX 15.2 3.1 7.6 5.6
OVX+E 6.8 1.9 1.6 3.8

PGHS-1 mRNA/GAPDHmRNA(T/C)
Control 1.0 1.0 1.0 1.0
SHAM 2.5 1.8 1.5 2.1
OVX 2.8 1.6 2.0 2.2
OVX+E 3.0 1.7 2.2 2.3

cPLA2 mRNA/GAPDHmRNA(T/C)
Control 1.0 1.0 1.0 1.0
SHAM 1.4 1.1 1.4 2.5
OVX 2.0 1.2 1.7 3.0
OVX+E 0.9 1.1 1.3 2.7

Medium PGE2 (nM)
Control 2.6±0.9 3.7±1.3 2.2±0.6 2.8±0.8
SHAM 4.3±0.8 6.3±1.7 6.1±1.4$ 10.9±2.4*
OVX 10.6±1.3111 30.9±7.7111 20.5±3.2111 11.7±2.11
OVX+E 4.8±0.8 17.5±6.4' 6.9±2.2k 7.9±1.21

5%
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10% 20%

f-6 1 .-
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PGHS-1

cPLA2

GAPDH

b,ca~~~~~~
2S20 -

u'

C SN OV OVaS SN OV SN1 OV 05+5

5% 10% 20%

Concentrations of MSup

* 7-d-old mouse calvariae were treated with control medium or a mixture of
MSup and control medium. 40% (experiment 1) or 20% (experiments 2, 3, and
4) of MSup were used. * Significant difference from control: P < 0.05; § P
< 0.01. 11 Significant difference from SHAM: P < 0.01. T/C, treated/control
ratios.

MSup (Table IV). Fig. 1 shows the mean±SEMof treated/
control ratios for the mRNAlevels of the three enzymes and
medium PGE2 levels from all of the calvarial cultures that were
treated with 20% MSup from three separate experiments (a
total of 10 cultures from experiment numbers 2, 3, and 4).
MSup from OVXmice had the greatest stimulatory activity
for PGHS-2 mRNAand medium PGE2 levels (about fivefold)
compared to MSup from SHAMor OVX+Emice (two- to
threefold). PGHS-1 and cPLA2 mRNAlevels were increased
by about twofold by MSup, but there were no significant differ-
ences among the groups. Medium PGE2 levels in the calvariae
cultures correlated with PGHS-2, but not with PGHS-1 or
cPLA2, mRNAlevels. PGE2 levels in MSup were below the
detection limit of the assay ( < 0.1 nM, data not shown). There-
fore, PGE2 in the medium of calvaria cultures resulted from de
novo production by the cultured bones.

a Figure 1. Effects of
a

lC3 SHAM MSup (20%) from
.o * OVX+E | SHAM, OVX, OVX+E

mice on PGHS-2, PGHS-
3 1, and cPLA2 mRNAlev-

0 <& i els and medium PGE2
levels in neonatal mouse

1 ... calvarial cultures. MSups
were taken from 1 1-wk-

PGHS.2 PGHS.1 cPLA2 1M1edUImPGE2 old mice at 3 wk after the
surgery. Parietal bones

from 7-d-old mice were precultured for 24 h and cultured for 4 h with
and without 20% MSup. Treated/control ratios were pooled from 10
sets of cultures treated with 20%MSup from three separate experiments
(experiments 2, 3, and 4). * Significant difference from SHAM: P
<0.01.

B
PGHS-2

PGHS-1

cPLA2

GAPDH

C

O 1

E
a

C SH OY OYVE SH OV OV+E

40% 60%
Concentrations of MSup

Figure 2. Dose-response of the effects of MSup from SHAM, OVX,
and OVX+Emice on PGHS-2, PGHS-1, and cPLA2 mRNAlevels and
medium PGE2 levels in neonatal mouse calvarial culture. Parietal bones
from 7-d-old mice were precultured for 24 h and cultured for 4 h with
5-60% MSup. Total RNAwas extracted and 25 pg of RNAwas frac-
tionated on a 1% agarose gel and transferred to nylon filters. For A and
B, MSups from different experiments were used (experiment 3 and
experiment 1, respectively). The number under each band is the treated/
control ratio of the intensity of each band normalized to that of GAPDH
measured by densitometry. Significant difference from control: a p <
0.05, b p < 0.01. Significant difference from SHAMin each concentra-
tion: Cp < 0.01.

Fig. 2 shows the dose response for the effects of 5-60%
MSup from the three groups on PGHS-2, PGHS-1, and cPLA2
mRNAlevels and medium PGE2 levels. For Fig. 2, A and B,
MSups from different experiments were used (experiment 3 and
experiment 1, respectively). In both, MSup stimulated PGHS-2
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Figure 3. Effects of IIL-ira and indomethacin (A), anti-IL-la antibody
(B), and anti-IL-# (C) on MSup-stimulated PGHS-2, PGHS-1, and
cPLA2 mRNAlevels and medium PGE2levels in neonatal mouse calvar-
ial cultures. Parietal bones from 7-d-old mice were precultured for 24

mRNAand medium PGE2 levels dose dependently. The effects
of MSup from OVXmice were greater than those from SHAM
or OVX+Eanimals at MSupconcentrations > 10% for PGHS-
2 and > 20% for medium PGE2 levels. PGHS-1 and cPLA2
mRNAlevels were stimulated by MSups to a lesser extent
than PGHS-2 mRNAor PGE2 levels. However, these responses
varied little among the three groups and were not changed by
increasing MSup concentrations.

Weexamined the ability of neutralizing antibodies and an-
tagonists of cytokines and PGHSto inhibit the effects of MSups
on PG production by cultured calvariae. These agents were
added to calvariae cultured with 20%MSupfrom SHAM,OVX,
and OVX+Emice. Wehave previously demonstrated that IL-
Ira (1 jig/ml) abrogated the effects of IL-la (10 ng/ml) on
PGE2production in neonatal mouse calvariae (41). In the cur-
rent experiments we found that IL-ira (1 Mg/ml) blocked the
ability of MSup to increase PGHS-2 mRNAand medium PGE2
levels (Fig. 3 A). IL-Ira also markedly diminished the differ-
ences in PGHS-2 mRNAand medium PGE2 levels among the
three groups.

Wepreviously showed that 40-80% of the stimulatory ef-
fects of IL-la on PGHS-2 in this neonatal mouse calvarial
system may be due to the induction of PGHS-2 mRNAby
endogenous PGs or autoamplification (31). To determine if
autoamplification was involved in the responses to MSups, we
added indomethacin (10 -6 M) to cultures that were treated with
or without IL-Ira (Fig. 3 A). Indomethacin alone abrogated
PGE2 production and decreased MSup-stimulated increases in
mRNAlevels of the enzymes. This result suggests that the
ability of MSup to stimulate PGin calvarial cultures is partially
due to autoamplification. However, the ability of MSup from
OVXanimals to stimulate a larger increase in PGHS-2 mRNA
levels compared to MSup from SHAMand OVX+Egroups
was maintained in the presence of indomethacin.

Anti-murine IL-la neutralizing antibody (10 jig/ml) also
decreased MSup-induced PGHS-2 and cPLA2 mRNAlevels to
control levels, and decreased medium PGE2 levels in all the
groups significantly (Fig. 3 B). PGHS-1 mRNAlevels were
less inhibited by anti-IL-la antibody. Anti-murine IL-1f3 neu-
tralizing antibody (10 Mg/ml) did not decrease the effects of
MSup on PGHS-2 mRNAor medium PGE2, but did reduce
PGHS-1 and cPLA2 mRNAlevels nearly to those of control
cultures (Fig. 3 C). Neutralizing antibodies against murine IL-
6, human IL-i l, or murine TNFa (each at 10 ,tg/ml) did not
alter MSup-induced effects on enzyme mRNAlevels or medium
PGE2 levels (Fig. 4, A and B).

Weinvestigated the cross-reactivity of the neutralizing ef-

h and cultured for 4 h with 20%MSup. IL-Ira (1 Ag/ml), indomethacin
(10 pLM), antibodies against mouse IL-la and IL-#3 (both 10 jg/ml),
and nonimmune goat IgG (10 tzg/ml) were added 2 h before treatment
with MSup and were present during the entire culture periods. Total
RNAwas extracted and 20-25 /ig of total RNAwas fractionated on a
1% agarose gel. The number under each band is the treated/control
ratio of the intensity of the band normalized to that of GAPDHmeasured
by densitometry. (A) Significant difference from control: a p < 0.01.
Significant difference from SHAM: c P < 0.05. Significant effect of
IL-Ira: d p < 0.01, e p < 0.05. (B) Significant difference from control:
a p < 0.01. Significant effect of anti-IL-la antibody: b p < 0.05, CP
< 0.01. (C) Significant difference from control: a p < 0.01. Significant
difference from SHAM: b p < 0.01.
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Figure 4. Effects of anti-IL-6 antibody and anti-IL-I1 antibody (A) and
anti-TNF-a antibody (B) on MSup-stimulated PGHS-2, PGHS-1, and
cPLA2 mRNAlevels and medium PGE2levels in neonatal mouse calvar-
ial cultures. Parietal bones from 7-d-old mice were precultured for 24
h and cultured for 4 h with 20% MSup. Antibodies and nonimmune
goat IgG (all 10 j.g/ml) were added 2 h before treatment with MSup
and were present during the entire culture periods as well. 20 ,ug of
total RNAwas fractionated on a 1% agarose gel. The number under
each band is the treated/control ratio of the intensity of the band normal-
ized to that of GAPDHmeasured by densitometry. Significant difference
from control: aP < 0.05, b P < 0.01. Significant difference from
SHAM: cP < 0.01.

fects of IL-Ira, anti-IL-la, and anti-IL-l,6 antibodies in murine
neonatal calvaria cultures (Fig. 5 A). Both recombinant murine
IL-la and IL-1,8 (each at 100 pg/ml) stimulated PGHS-2 and
cPLA2 mRNAlevels and medium PGE2 levels. IL-Ira (1 ttg/
ml) blocked the stimulation by both IL-la and IL-lIf, while
anti-IL-la and anti-IL-l,6 blocked the effects of IL-la and
IL-1, respectively, without cross-reactivity. Thus, our results
suggest that IL-la, but not IL-1,, is one of the factors in MSup
that stimulates PGproduction in bone cells through the induc-
tion of PGHS-2 and that the activity of MSup IL-la on calvaria

-S b
lz20-

E 10

C 1 X 100 1000 SHO2M+Emitt 1a Aohn) 2 MSup

Figure 5. (A) Cross-reactivity of the neutralizing effects of IL-Ira, anti-
IL-la antibody, and anti-IL-1,8 antibody on IL-la or IL-1,6-stimulated
PGHS-2, PGHS-l, and cPLA2 mRNAlevels and medium PGE2 levels
in neonatal mouse calvarial cultures. (B) Dose response of the effects
of exogenous rmIL-la compared to effects of 20% MSupon PGHS-2,
PGHS-1, and cPLA2 mRNAlevels and medium PGE2levels in neonatal
mouse calvarial cultures. Parietal bones from 7-d-old mice were precul-
tured for 24 h and cultured for 4 h. IL-lra (1 ug/ml) and antibodies
(both 10 tzg/ml) were added 2 h before treatment with MSupor rmIL-
1 and were present during the entire culture period as well. 20 tig of
total RNAwas fractionated on a 1% agarose gel. The number under
each band is the treated/control ratio of the intensity of the band normal-
ized to that of GAPDHmeasured by densitometry. (A) Significant differ-
encefromcontrol: 1P < 0.01. SignificanteffectofIL-lraorantibodies:
b p < 0.01. ND, not detectable (< 0.1 nM). (B) Significant difference
from control: a p < 0.05, b p < 0.01.

cultures is enhanced by estrogen deficiency and decreased by
estrogen replacement.

To estimate the concentration of IL-la that produced effects
similar to those seen with MSup, we generated a dose-response
curve for rmIL-la in the calvarial cultures. Levels of rmIL-la
between 10 and 100 pg/ml produced effects on PGHS-2 and
cPLA2 mRNAlevels and medium PGE2levels that were equiva-
lent to those seen with 20% MSup (Fig. 5 B). Interestingly,
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Table V. Concentrations of IL-Ia and IL-Jf in MSupfrom Tibiae
and Femurs of SHAM, OVX, and OVX+EMice Measured by
ELISA

Experiment No. 2 3 4 Mean±SE

IL-la (pg/ml)
SHAM 86.1 121.4 147.6 118.4±17.8
OVX 107.9 132.4 107.6 116.0±8.2
OVX+E 115.8 108.3 119.0 114.4±3.2

IL-1p (pg/ml)
SHAM 6.6 7.3 8.6 6.5±0.6
OVX 8.9 7.6 6.5 7.7±0.7
OVX+E 6.8 7.1 4.9 6.3±0.7

* Each measurement represents the combined MSups from 12-13 mice.

rmIL-la could not replicate the effects of 20%MSupon PGHS-
1 mRNAlevels even at the highest concentration, suggesting
that the induction of PGHS-1 is mediated by factors other than
IL-la.

To study whether the production of IL-la by marrow cells
is regulated by OVXand estrogen in vivo, we measured the
concentration of IL-la and IL-1p6 in MSupby specific ELISAs.
As shown in Table V, 20% MSup should have 20 pg/ml of
IL-la which is in the range necessary to produce equivalent
effects of rmIL-la as shown in Fig. 5 B. However, there was
no difference in the IL-la concentration among MSups from
SHAM, OVX, and OVX+Emice. IL-1p concentrations were
below the lower limit of the assay (10 pg/ml) in all the groups.
In addition, steady-state mRNAlevels of IL-la and IL-1:6 in
marrow cells from SHAM, OVX, and OVX+Emice measured
by Northern blot analysis did not differ among the groups (Fig.
6 A). To study IL-la and IL-Ip mRNAlevels in marrow cells
more precisely, RT-PCR was done and the amplified products
were normalized to those of GAPDH. As a positive control for
validating this method, RNAwas extracted from marrow cells
of mice that had been injected in vivo with LPS (2 mg) 2 h
before they were killed. Although we could easily detect in-
creases in both IL-la and /3 mRNAlevels after LPS injection,
we found no differences in these levels in marrow cells from
SHAM, OVX, and OVX+Emice (Fig. 6 B).

It is possible that differences in levels of endogenous IL-
ira could produce the effects we detected. This protein inhibits
IL-1 action by competing with IL-1 for binding to receptors
without transducing a signal (41, 42). However, mRNAlevels
for IL-Ira did not vary among the three groups either by North-
ern blotting or RT-PCR (Fig. 6 A and B). In contrast, in vivo
LPS injection markedly stimulated IL-Ira mRNAlevels deter-
mined by RT-PCR.

Wealso examined RNAextracted from freshly isolated tib-
iae after the marrow was flushed to see if PGHS-2 mRNAlevels
were regulated by in vivo estrogen deficiency or replacement.
PGHS-2 mRNAwas not detected in residual tibiae by Northern
analysis (data not shown). To detect small amounts and small
changes in levels of PGHS-2 mRNA, we used a competitive
RT-PCR method (Fig. 7 B). Quantitative results are shown in
Table VI. This method was found to be accurate and sensitive
in our previous studies (31, 33). To validate the method further,
we showed that PGHS-2 mRNAlevels from 10 M1 RT solution
were almost double the values of those from 5 pl RT solution
in each group and that in vivo LPS injection increased PGHS-
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Figure 6. (A) Northern
blot analysis for the indi-
cated factors in bone
marrow cells of SHAM,
OVX, and OVX+E
mice. (B) RT-PCR for
IL-la, IL-3, and IL-lra
in bone marrow cells of
SHAM, OVX, and
OVX+Emice. Bone
marrow of SHAM,OVX,
and OVX+Emice at 3
wk after the operation
was flushed out with 4 M
guanidine isothiocyanate
and total RNAwas ex-
tracted following the pro-
cedure of Chomczynski
et al. (36). (A) 25 /sg of
total RNAwas fraction-
ated on a 1%agarose gel,
transferred to a nylon
membrane, and hybrid-
ized sequentially. (B) 2-
tig aliquots of total RNA
were reverse transcribed
in final 30 t1 of RT-solu-
tion. 5 /1 of RT-solution

IL-1a was then amplified by
PCR. As a positive con-
trol, LPS (2 mg) or vehi-
cle was injected into 11-

L-11 wk-old mice. After 2 h,
mice were killed and to-
tal RNAwas extracted.
The numbers under each

ILi1ra band are treated/control
ratios of the intensity of
each band measured by

GAPDH densitometry normalized
to that of GAPDH.

2 mRNAlevels 15.7-fold and PGHS-1 mRNAlevels 2-fold
compared with vehicle injection (Fig. 7 B). With this method,
PGHS-2 mRNAlevels in residual tibiae of OVXmice showed
a small but significant increase compared to those from SHAM
mice. However, in contrast to the effects of MSups on calvarial
cultures, PGHS-2 mRNAlevels in OVX+Emice were not dif-
ferent from those of OVXmice. PGHS-I mRNAlevels in tibiae
were not regulated by in vivo estrogen status when measured
either by Northern blotting (Fig. 7 A) or competitive RT-PCR
(Fig. 7 B and Table VI).

COLiAl mRNAwas examined both in bone marrow cells
(Fig. 6 A) and in residual tibiae (Fig. 7 A) by Northern blot
analysis. Tissues from OVXmice had COLlAl mRNAlevels
higher than those from SHAMand OVX+Emice. Wecould
not detect PGHS-2 or cPLA2 mRNAlevels in marrow cells by
Northern blotting (data not shown) while PGHS-l mRNAwas
detected but did not vary among the three groups (Fig. 6 A).

Discussion

In this study we found that MSups from OVX, SHAM, and
OVX+Emice stimulated PG production in calvarial cultures
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Figure 7. (A) Northern
blot analysis for PGHS-
1, cPLA2, and COLlAl
in residual tibiae of
SHAM, OVX, and
OVX+Emice. (B) Com-
petitive RT-PCR for
PGHS-2 and PGHS-1 in
residual tibiae of SHAM,
OVX, and OVX+E
mice. Immediately after
marrows were flushed
out, residual out, residual
tibiae of SHAM, OVX,
and OVX+Emice were
put in RNAextraction
buffer and total RNA
was extracted following
the procedure of Chirg-
win et al. (37). (A) 25
jig of total RNAwas
fractionated on a 1%
agarose gel, transferred
to a nylon membrane,

PGHS-2 and hybridized sequen-
tially. (B) 2-dig aliquots
of total RNAwere re-
verse transcribed in final
volume of 30 Ml of RT-

PGHS-1 solution. Two portions of
RT-solution (5 Ml and 10
MI for PGHS-2; 2 ,l and

GAPDH 6 Al for PGHS-1) were
amplified with a fixed

amount of synthetic competitor in two separate experiments (quantita-
tive data shown in Table VI). RNAof LPS-injected mice was used as
a positive control. This figure shows representative autoradiographs (5-
t1 aliquot for PGHS-2 and 6-M1 aliquot for PGHS-1, both from experi-
ment 3). C, competitor; S, sample.

principally through their ability to induce PGHS-2. Further-
more, we demonstrated that the ability to induce PGHS-2 and
PG production in bone cultures was increased in MSups from
OVXmice and could be reversed by in vivo estrogen replace-
ment.

Several cytokines have been implicated as factors that medi-
ate postmenopausal bone loss (19-27). IL-1, a proinflamma-
tory cytokine, is principally produced by activated macrophages
(43) but can also be synthesized by bone cells and adjacent
hematopoietic cells (43, 44). IL-i stimulates bone resorption
and PGproduction in bone (13, 15-17, 45, 46). Werecently
reported that IL-1 increased PGproduction through the induc-
tion of PGHS-2 mRNAwith less effect on PGHS-1 production
or arachidonic acid release in cultured mouse calvariae (31)
and in MC3T3-Ei cells (32). IL-i has been shown to increase
PGHSprotein and mRNAand to activate PLA2 in other cell
types (47-52). A role for IL-1 in postmenopausal bone loss is
supported by studies showing that both natural and surgical
menopause are associated with increased production of IL-1
bioactivity in cultured monocytes and that this effect is reversed
by estrogen replacement ( 19-22). Recently, in vivo administra-
tion of IL-ira was found to inhibit bone loss in ovariectomized
rats (53). In our study, although the differential stimulation of
MSupon PGHS-2 and PGE2 levels were blocked by IL-Ira and
anti-IL-la antibodies, the concentrations of IL-la in MSups

Table VI. Quantitation of PGHS-2 and PGHS-1 mRNALevels in
Residual Tibiae of SHAM, OVX, and OVX+EMice (Pooled from
12-13 Mice in Each Group) by Competitive RT-PCR

Experiment No. 1 3 Mean±SE

PGHS-2 (sample/competitor)
5 ul of RT-PCR solution*

SHAM 0.76 0.64 0.70±0.06
OVX 1.13 1.06 1.10±0.04$
OVX+E 0.91 1.04 0.98±0.07*

10 MI of RT-PCR solution
SHAM 1.58 1.48 1.53±0.05
OVX 1.74 2.08 1.91±0.17§
OVX+E 1.66 2.28 1.97±0.31

PGHS-1 (sample/competitor)
2 /1 of RT-PCR solution

SHAM 0.38 0.31 0.35±0.04
OVX 0.39 0.30 0.35±0.05
OVX+E 0.38 0.30 0.34±0.04

6 I1 of RT-PCR solution
SHAM 1.04 1.12 1.08±0.04
OVX 1.07 1.25 1.16±0.09
OVX+E 1.01 1.21 1.11±0.10

* 2-Mg aliquots of total RNAwere reverse-transcribed in final volume
of 30 M1 of RT-PCR solution and two aliquots of the solution (5 I1 and
10 pl for PGHS-2; 2 I1. and 6 Ml for PGHS-1) were amplified with a
fixed amount of cDNAcompetitor. Data were expressed as the intensity
ratio of sample to competitor. Significant difference from SHAM: t P
< 0.01, I P < 0.05.

and the mRNAlevels of IL-la in bone marrow cells did not
vary among SHAM, OVX, and OVX+Emice. Hence, mecha-
nisms other than regulation of IL-la production by estrogen
deficiency or replacement must be responsible. Possible expla-
nations of this phenomenon include the presence of either inhib-
itors or stimulators of IL-la activity in MSup or the presence
of other factors in MSup that enhance IL-la production by
calvaria cultures. There might also be some factors in MSup
from OVXmice that increase the responsiveness of cultured
calvariae to cytokines.

There are several known stimulators and inhibitors of the
PG-response of bone cultures to IL-i. One of these is IL-Ira,
a member of IL-I family. IL-Ira inhibits the action of IL-I but
does not transduce signals when bound to the IL-I receptor (42,
43). IL-Ira can abrogate both IL-I -stimulated resorption and
PGE2production in bone cells (4, 41). However, we found that
IL-Ira mRNAlevels in marrow cells were not regulated by
estrogen deficiency or replacement. Another natural inhibitor
of IL-i biologic activity is the soluble type II IL-1 receptor.
Factors that synergistically increase the PG-responses of bone
cells to IL-1 could also produce the effects that we observed.
We have previously demonstrated that both TGFa (32, 54)
and TGF,/ (55) synergistically enhance IL-i-stimulated PG
synthesis in bone cells or bone cultures. We have also pre-
viously demonstrated that calvarial cultures produce IL-I spon-
taneously and that the biologically active form of IL-1 in the
conditioned medium from murine calvaria cultures is IL-la
(44). It is possible that factors in MSups from OVXmice could
induce greater de novo production of IL-i a in the calvarial
cultures compared with MSups from SHAMor OVX+E. How-
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ever, IL-la levels in the conditioned culture media from calvar-
iae treated with 20% MSup from experiments 2, 3, and 4 were
measured by ELISA and were not significantly different among
the three groups (data not shown).

Several cytokines other than IL-1 may be important in the
bone loss that occurs with estrogen deficiency. LL-6 production
by bone cells or bone marrow cells is regulated by estrogen
(23, 25) and may play an important role in the bone loss of
estrogen deficiency (24). Moreover, knockout of the IL-6 gene
in mice reduces bone loss after ovariectomy (56). IL- 11 may
also play a role in osteoclastogenesis (26). TNF-binding protein
reduces the bone loss of ovariectomized rats (57). However,
in this study, neutralizing antibodies against these cytokines did
not reduce the differential effects of MSup from OVXmice on
PGHS-2 expression and PGE2production. Moreover, in prelimi-
nary studies, we found that while IL-la, IL-1,f, and TNFa
could induce PGHS-2 mRNAand increase PGE2production in
neonatal mouse calvarial cultures, IL-6 and IL-11 were ineffec-
tive (58).

There was no significant difference in the total number of
marrow cells among SHAM, OVX, and OVX+Egroups. How-
ever, in OVXanimals, the percentage of lymphocytes was in-
creased and the percentage of granulocytes was decreased sig-
nificantly relative to SHAM(P < 0.01). It is possible that the
changes in the number of these cells might have influenced the
differences we observed in MSupactivity on PGHS-2 and PGE2
production.

The changes in medium PGE2levels correlated with changes
in PGHS-2 mRNAlevels in the calvaria cultures but not with
PGHS-I or cPLA2 mRNAlevels. Although cPLA2 is thought
to be the most important regulator of AA release, other enzymes
may also be involved. These include secreted PLA2 (sPLA2),
a family of 14-kD enzymes, including group I (pancreatic) and
group II (synovial, platelet) sPLA2. cPLA2 is an 85-kD PLA2,
with no homology to the 14-kD forms, which is selective for
release of AA (59,60), while sPLA2 causes nonselective release
of fatty acids from the sn-2 portion of phospholipids (61). In
addition, the role of the "downstream" enzymes, which convert
PGH2 to its different active products, is still to be determined.
It has been postulated that these enzymes are not highly regu-
lated, and this is consistent with our finding that PGE2 levels
correlated with PGHS-2 mRNAlevels.

A stimulatory effect of OVXon PGHS-2 mRNAlevels was
seen in adult mouse residual tibiae in vivo, although to a much
smaller degree than seen in neonatal mouse calvariae treated
with MSup from OVXmice. However, estrogen replacement
did not reverse this effect of OVXin vivo. This discrepancy
between the effects in vivo and in vitro might be due to the
kinetics of PGHS-2 induction. Induction of PGHS-2 mRNAby
many agents is transient despite the continuing presence of
the inducing agents (30). The neonatal calvariae were acutely
stimulated by MSups whereas the residual tibiae were chroni-
cally exposed to the factors in MSup.

An imbalance between resorption and formation rates ap-
pears to be the principal defect in postmenopausal osteoporosis.
The effects of IL-I on bone are multiple. It is a potent stimulator
of resorption and inhibitor of formation. Our data indicate that
estrogen deficiency may enhance the ability of bone cells to
respond to IL-la. Wehypothesize that increases in the in vivo
response of bone to locally produced IL-i are involved in the
effects of estrogen withdrawal on bone. The recent finding that
IL-lra administration to rats decreases the effects of ovariec-
tomy on bone supports this hypothesis (53).

In the initial study by Miyaura et al., MSupfrom OVXmice
was reported to stimulate bone resorption more than MSup
from SHAMmice and this differential effect was blocked by
indomethacin (10). Based on our data, we speculate that un-
known factors in MSups regulate IL-la activity to produce the
differential responses of bone cells. This in turn stimulates
greater PG production in bone in response to OVXMSups,
which increases bone resorption in estrogen deficiency. These
observations support the concept that therapies which can in-
hibit the production or activity of IL-la in bone may be useful
in reversing the effects of ovariectomy on bone mass (53).
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