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Abstract

Intermittent administration of PTH has been found to be
an effective anabolic agent in cancellous bone. We have
reported previously that combined treatment with PTHand
estrogen in estrogen-deficient rats was beneficial in correct-
ing established osteopenia. To determine if the beneficial
effects of PTH therapy can be preserved by estrogen alone
and whether PTH therapy can be effective in treating os-
teopenic subjects stabilized with estrogen, we have under-
taken a "crossover" study in the rat model of estrogen-
deficiency induced osteopenia. Six-month-old female rats
were ovariectomized and after 5 wk treated for 8 wk with
vehicle, 30 rig/kg per day of rPTH(1-34) plus 15 ,.g/kg
per day of 17fi-estradiol or 17f3-estradiol alone. One group
from each treatment regimen was then sacrificed and for
an additional 8 weeks the remaining rats were (a) main-
tained on their previous treatment; (b) "crossed over" to
their reciprocal treatment; or (c) administered vehicle only.
At the end of this second 8-wk treatment period all rats
were sacrificed. Bone mineral density of the distal femur,
histomorphometric measurements of the proximal tibia and
mechanical testing of the distal femur and selected vertebral
bodies were performed. Our results demonstrated that (a)
the gains in bone mass, trabecular connectivity and mechan-
ical strength induced by PTHcan be maintained by estrogen
alone, but are reversed when both agents are withdrawn;
and (b) rats with established osteopenia, maintained on es-
trogen treatment alone, can derive the full beneficial effects
from the addition of PTH to the treatment at a later date.
These data indicate that combined and/or sequential use
of antiresorptive and anabolic agents may be a promising
approach to the treatment of osteoporosis. (J. Clin. Invest.
1995. 96:2331-2338.) Key words: ovariectomy * osteoporo-
sis * PTH * estrogen * mechanical competency

Introduction

Antiresorptive agents have long been used successfully to pre-
vent bone loss associated with postmenopausal osteoporosis.
However, these agents have not been able to restore lost bone
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mass or microarchitecture (1). The search for an anabolic agent
that is capable of reversing this bone loss has received substan-
tial attention in recent years. Several agents, such as fluoride
(2, 3), intermittent PTH in humans (4-7) and in rats (8-20),
PGE2(21-24), nandrolone decanoate (25), TGF-b2 (26-27),
and IGF-1 (28-34) in rats, have shown promise to fulfill such
a role. We(19, 35), and others (15-17), have recently shown
that a treatment regimen combining antiresorptive and anabolic
agents can halt further cancellous bone loss and restore some
of the lost bone mass and structure, whether given in a preven-
tive or curative mode. Long-term parenteral administration of
an anabolic agent can be inconvenient, as well as a source of
discomfort for the patient and thus results in reduced compli-
ance. In long term usage, there also exist the possible problems
of toxicity, loss of effectiveness, and economic considerations.
Studies in rats have demonstrated a rapid disappearance of
newly acquired bone when the anabolic agent is withdrawn and,
therefore, continuous administration was needed to preserve the
gain (36, 37). Jee and colleagues have proposed the use of an
antiresorptive agent to maintain newly gained bone mass, in-
duced by PGE2, in rats (23, 24). Since PTH has been used
successfully in both humans (4-7) and rats (8, 9, 11, 13, 14,
18) to restore lost bone mass, we decided to examine whether
the newly gained bone can be preserved by estrogen therapy
alone.

In animal studies, PTHhas been used to treat estrogen defi-
cient rats by itself or concomitent with antiresorptive agents.
This is somewhat different from the patients who are treated at
osteoporosis clinics as many of them are often on hormone
replacement therapy already. In the present study, we undertook
an investigation to determine if the benefical effects of PTH
can be realized after prolonged use of estrogen to stablize the
skeleton in an animal model of postmenopausal osteoporosis.

Methods

Animals. Virgin female Sprague-Dawley rats were purchased from Har-
lan Sprague-Dawley, Inc. (Indianapolis, IN) and maintained at the Ani-
mal Research Facility of the Helen Hayes Hospital for an additional
two months before the start of the experiment. They were housed in a
room maintained at 20°C on a 12 h light/ 12 h dark cycle. Bilateral
ovariectomy (Ovx) or sham operations were performed at the outset of
the experiment when the rats were 6 mo of age and weighed - 285
grams. The Ovx animals were fed 15 grams per day of Purina laboratory
rodent chow (Ralston Purina Co., St. Louis, MO), the mean food intake
of the sham-operated animals, to prevent the hyperphagia associated
with Ovx in rats. The experimental protocol was approved by the Institu-
tional Animal Care and Use Committee at Helen Hayes Hospital.

Experimental protocols. 6-mo-old rats were ovariectomized then,
after 5 wk, treated daily with intermittent sc injections of 30 pLg/kg per
day of rat PTH (1-34) (Bachem, Torrance, CA) plus 15 pg/kg per
day of 17,B-estradiol (Sigma Chem. Co., St. Louis, MO), 17/3-estradiol
alone or vehicle for 8 wk. One group from each treatment regimen was
sacrificed and for an additional 8 wk the remaining rats were: (a)
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Figure 1. Experimental Protocol.

continued on the same treatment; (b) "crossed over'
treatment (i.e., PTH+estrogen to estrogen only o
PTH+estrogen), or (c) given vehicle only. Each grn
8 animals. The detailed protocol is as shown in Fi
the second 8 wk treatment period all rats were sa(
collected via metabolic cages over the 24 h before
were exsanguinated via the abdominal aorta under cl
thesia.

Bone mineral density. Bone mineral density of c

measured by dual energy x-ray absorptiometry (Q
Waltham, MA) under 5 cm of 70% alcohol with a 0.
at high resolution mode. 25% of the femur, as meast
end, which is rich in cancellous bone was analyzed.
nations of five different femurs, with a new placeme
each determination, showed a coefficient of variatic

Osteocalcin and pyridinoline assays. The rat sen
centration was measured with a commercial radioimr
medical Technologies Inc., Stoughton, MA) using
standard and a region specific domain of goat anti-x
body. Urinary pyridinoline and creatinine were mea
kit from Metra Biosystems (Palo Alto, CA). Intra-a
variation for rat osteocalcin and pyridinoline were
tively.

Histomorphometry and trabecular strut analysis.
were dehydrated, embedded undecalcified in methy
sectioned longitudinally using a Jung Ultracut mix
Jung, Heidelberg, Germany). From the center of the
consecutive longitudinal sections were obtained and s
ner' s trichrome method. Cancellous bone volume (C
ular perimeter (Th.Pm) and trabecular thickness (Ti.
using a direct tracing method in an interactive measu
max VIDS IV, Analytical Measurement Systems, 01
NH). Using a 6.3 objective, the section was view
monitor at a total magnification of 140. Two fields
situated equidistant from the cortex and 1 mmdistal
of the growth plate, were used in the measuremer

1.34 mm2in area. Four sections were measured from each rat. Trabecular
13 21 number (Th.N) and separation (Th.Sp) were calculated according to

Parfitt et al. (39). For the strut measurements, definitions of the parame-
ters were a modification ( 17 ) of those described previously by Garrahan
et al. (40) and Mellish et al. (41). They included node number (N.Nd),
terminus number (N.Tm), node to node strut length (Nd.Nd), node to

f|Sac terminus strut length (Nd.Tm) and terminus to terminus strut length
(Tm.Tm), all expressed per mm2of measured area. The measurements
in the present study differed from previous ones in that each strut that
extended beyond the border of the field was given a designation of
Nd.Nd, Nd.Tm, or Tm.Tm, based on the identity of structures that were

MSac immediately outside the viewing field. Total strut length (TSL) is the
sum of Nd.Nd, Nd.Tm and Tm.Tm.

Mechanical testing of the vertebral body and femur. Femurs from
-]Sac all seven groups and vertebrae from four groups collected at the last

sacrifice were subjected to two types of mechanical testing, using a
IIII IlSac Materials Testing System (Model 810; MTSSystems Corp., Minneapo-

_ S~~Sac lis, MN) (a) Compression test of vertebral body. L5 vertebrae, with
the two epiphyseal ends, posterior pedicle arch and spinous process

Sac removed, were compressed to failure at a displacement rate of 0.1 mm/
s using a 2.5 kNewton load cell (MTS Model 661.14A-03) as described

ESac by Mosekilde et al. (40). (b) Indentation test of the distal femur. An
+ P + E ISac indenter was used to test the mechanical properties of the cancellous

bone in the marrow cavity of the distal femur, using a modification of
Sac the methods used to determine mechanical strength of knee replacements

in humans (41, 42). A 4-mm section of the distal femur was cut directly
proximal to the femoral condyle with a low speed saw (Isomet, Buehler
LTD, Lake Bluff, IL) under constant saline irrigation. A cylindrical
indenter (with flat testing face) of 1.6 mmdiameter, attached to a 11.4
kg load cell (MTS Model 3397-101) was applied to the center of the
marrow cavity on the distal face of the section at a constant displacement
velocity of 0.1 mm/s. The indenter was allowed to penetrate the cavity

to their reciprocal to a depth of 2 mmbefore load reversal.
r estrogen only to Statistical analysis. The effects of treatment, treatment periods or
oup consisted of 6- aging were compared by the ANOVAmethod using Duncan's multiple
g. 1. At the end of group comparison procedure with SAS software (SAS Institute Inc,
crificed. Urine was Cary, NC). A P value of 0.05 was used to determine statistical signifi-

sacrifice. The rats cance.
hloral hydrate anes-

Results
excised femurs was
DR-1000, Hologic,
025 inch collimator Beneficial effects of combined PTH and estrogen treatment;
ured from the distal maintenance of acquired bone by estrogen treatment alone. As
Triplicate determi- expected there was a significant decrease of Cn-BV/TV and
nt of the bone after Nd.Nd strut length in vehicle-treated Ovx rats (groups 5-7),
rn at 2.5%. when compared with Sham groups (groups 1-4) (Figs. 2-
im osteocalcin con- 3 and see Table II). Combined PTH and estrogen treatment
nunoassay kit (Bio- administered to Ovx rats (groups 8 and 9) after the rapid bone
r rat osteocalcin as loss phase prevented further cancellous bone loss (Fig. 2) and
rat osteocalcin anti- also restored nearly all losses to the trabecular microarchitec-

ssay coefficients of ture, as determined by Nd.Nd measurements (Fig. 3, Table I).
6 and 12%, respec- The gain in cancellous bone volume was significant for the first

8 wk of treatment (group 8) but further treatment with the
Excised right tibias combination of PTH and estrogen (group 9) did not result in

yl methacrylate and any additional increments in Cn-BV/TV or parameters of con-
crotome (Reichert- nectivity but did seem to increase the BMDof the distal femur
e tibias, 4-mm non- (Figs. 2-3, Table I). Th.Th increased in rats treated with PTH
stained by the Gold- (Table I) but was unaffected by estrogen depletion (groups 5-
n-BV/TV), trabec- 7). With the combined PTH and estrogen treatment (groups
Th) were measured 8-9), Tb.N and the parameters of connectivity (N.Nd, N.Nd/
iring system (Opto- N.Tm) were increased and disconnectivity parameters (Th.Sp
ved on a teievision and Tm.Tm/TSL) were decreased, when compared with vehicle
from each section, treated Ovx rats (groups 5-7) (data not shown). This change

I to the lowest point was also seen in BMDmeasurements of the distal femur, a
nts. Each field was cancellous-rich region of the femur (Fig. 4, Table I). With-
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Figure 2. Effects of combined PTH plus estradiol and crossover treat-
ments on cancellous bone volume at the proximal tibia. Numbered points
represent group numbers. The sample variations are reported in Ta-
ble I.

drawal of both PTHand estrogen after 8 wk of treatment (group
11 ) resulted in significant decreases in bone mass and structure,
whereas, maintaining treated animals on estrogen alone (group
10) protected the gains in bone mass and structure, when com-
pared with a similarly treated group (group 8) before with-
drawal.

PTHtreatment can be used as an anabolic agent after bone
loss has been previously stabilized by estrogen. In rats with
established estrogen deficiency-induced bone loss, as expected,
estrogen treatment was effective in preventing further bone loss
(groups 12, 14 vs. group 5). These rats retained their Cn-BV/
TV, connectivity parameters (Nd.Nd) and bone mass in cancel-
lous-rich regions of bone, when compared to their bone status
at the initiation of treatment (group 5, Fig. 2-3, Table I).
WhenPTHand estrogen were co-administered to Ovx rats with
established osteopenia, after stabilization with estrogen for 8
wk (group 13), the combined treatment restored bone mass
and structural parameters to the level of age-matched, Sham-
operated animals (group 4) (Fig. 2-3, Table I).

Biochemical markers of bone turnover; osteocalcin and
pyridinoline. Biochemical markers of turnover, osteocalcin and
pyridinoline, showed an age-related decrease in Sham-operated
animals (groups 1-4). Concentrations of each marker in Ovx
rats treated with vehicle only were significantly increased when
compared with age-matched Sham controls (group 5 vs. 2,
group 6 vs. 3 and group 7 vs. 4, Table H). The groups of Ovx
rats that received estrogen replacement (groups 8-10 and 12-
14), with or without concomitant or reciprocal PTHtreatment,
showed significantly lower levels of the two markers, when
compared with vehicle treated, age-matched Ovx animals
(groups 5-7) (Table H). Osteocalcin and pyridinoline levels
returned to the elevated levels seen in untreated Ovx rats (group
7) in rats in which both PTH and estrogen treatment were
withdrawn (group 11). The addition of PTH to the estrogen
treatment resulted in a moderately higher level of osteocalcin
than estrogen treatment alone, but the difference was not sig-
nificant.

Mechanical strength is related to cancellous bone volume
and connectivity parameters. In all groups sacrificed at week 21,
mechanical strength of the cancellous bone-rich distal femur,
cortical bone-rich femoral diaphysis and vertebral bodies were

5.E 17"..OT 13

4.0'

z0E
0.0

0 513 21
Weeks

Figure 3. Effects of combined PTH plus estradiol and crossover treat-
ments on node to node strut length at the proximal tibia. Numbered
points represent group numbers. The sample variations are reported in
Table I.

examined. This time period was employed in order to allow for
significant bone loss in the vertebral bodies, as determined by
Wronski et al. (45). Mechanical strength of the distal femur,
using an indentation test that applied force directly into the
marrow cavity, correlated with the BMDof the distal femur
(initial max. load: r = 0.60, P < 0.01; stiffness: r = 0.32, P
< 0.05) and the proximal tibial Cn-BV/TV (initial max. load:
r = 0.63, P < 0.01 ) but not with the diaphyseal femur BMD
(initial max. load: r = 0.25, NS; stiffness: r = 0.26, NS). The
compressive strength of the vertebral bodies showed similar
results in that it correlated with the BMDof the distal femur
(peak load: r = 0.59, P < 0.01; stiffness: r = 0.58, P < 0.01 )
but not with the BMDof the diaphyseal femur (peak load: r
- 0.37, NS; stiffness: r = 0.49, P < 0.05 ). Thus, among cancel-
lous-rich bones, the changes in the BMDand cancellous bone
volume were proportionally reflected by the changes in the
mechanical strength (Table III). The stiffness measurements
from each group were similar to the load measurements.

1.07

0.28

0.20 - 7

5 13 21
Weeks

Figure 4. Effects of combined PTH plus estradiol and crossover treat-
ments on bone mineral density at the distal femur. Numbered points
represent group numbers. The sample variations are reported in Ta-
ble I.
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Table IA. Histomorphometry and BMDMeasurements

Treatment Histomorphometric Parameters BMD

Group Operation 0-5 wk 5-13 wk 13-21 wk Cn-BV/TV Th.Th Nd.Nd Distal femur

% ym mm/mm2 gm/cm2

1 Sham 26.2±3.0 53.7±4.0 3.34±1.18 .2531±.0056
2 Sham Veh 29.1 ± 1.0 54.2±+1.3 4.47±0.35 .2492±.0070
3 Sham Veh Veh 29.4+2.7 58.9±3.4 4.75±1.45 .2525±.0106
4 Sham Veh Veh Veh 27.5±3.3 69.4±5.4 4.11±1.06 .2532±.0067
5 Ovx Veh 18.9±1.3 57.1±5.2 1.01±0.28 .2240±.0024
6 Ovx Veh Veh 17.3±3.0 59.0±5.0 0.96±0.51 .2303±.0029
7 Ovx Veh Veh Veh 8.2±1.4 58.2+4.3 0.06±0.03 .2148±.0025
8 Ovx Veh P + E 33.5±2.7 70.8±2.8 5.80±1.06 .2546+.0037
9 Ovx Veh P + E P + E 30.7±2.9 74.9±5.3 5.76±0.76 .2680±.0108

10 Ovx Veh P + E E 31.8±3.5 72.2±2.0 5.20±1.04 .2647±.0063
11 Ovx Veh P + E Veh 25.3±1.9 68.0±2.3 3.16±0.88 .2324±.0063
12 Ovx Veh E 19.1±2.2 62.8±3.1 1.34±0.53 .2386±.0040
13 Ovx Veh E P + E 31.4±3.7 75.2±3.5 4.78±1.31 .2600±.0055
14 Ovx Veh E E 19.1±1.8 58.9±2.3 1.65±0.58 .2356±.0097

Discussion treatment can be applied to bone which was previously stabi-
lized by estrogen.

The published literature describing the use of anabolic agents We, and others, have previously demonstrated that com-
to restore previously lost bone contains some very promising bined estrogen and PTH treatment can be effective both in
results (13, 16, 17, 19, 24) but withdrawal of anabolic agent preventing and treating estrogen deficiency-induced bone loss
treatment has been shown to result in the rapid loss of all bone (15-17, 19) due to its ability to increase connectivity parame-
gained. To anticipate the need to terminate anabolic treatment ters (19) and thicken trabecular plates. However, it was shown
when the bone mass has returned to a point where fracture risk that the newly gained bone mass would be lost if the treatment
is substantially reduced or where treatment has to be discon- was not continued (35, 36, 46). The idea of using an anti-
tinued for any reason, we have studied the efficacy of using resorptive agent to preserve the bone gained from the use of
estrogen alone to maintain the increased bone mass. In the anabolic agents has only recently been proposed. Jee and his
present study, we have employed an animal model of postmeno- colleagues demonstrated that one can preserve PGE2-induced
pausal osteoporosis in a "crossover" study to determine bone gain by administering risedronate (23, 24). Physical exer-
whether estrogen treatment alone can maintain improvements cise (46) and pamidronate (47) were shown to maintain PTH-
in bone mass and microarchitecture and whether this anabolic stimulated increases in bone mass in ovariectomized rats after

Table 1B. Multiple Statistical Comparisons of Histomorphometric and Bone Mineral Density Parameters

Group no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 b ad ad acd abc b b b b
2 b acd acd acd b b b b ac b ac
3 acd acd acd b b b ac b ac
4 abcd acd acd ac a
5 ac abcd abcd abcd abcd
6 a abcd abcd abcd abcd
7 abcd abcd abcd ac ad abcd ad
8 a ac abc
9 d abcd abc

10 d acd abcd
11 d b
12 abcd
13 abcd
14

It is shown at statistical significant with P value set at 0.05 in the Duncan's multiple range test of the ANOVA. a, P < 0.05 for Cn-BV/TV; b, P
< 0.05 for Th.Th; c, P < 0.05 for Nd.Nd; d, P < 0.05 for BMDat distal femur.
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Table IIA. Biochemical Markers of Bone Turnover

Treatment Marker concentration

Group Operation 0-5 wk 5-13 wk 13-21 wk Osteocalcin Pyridinoline

ng/ml nmol/mmol

1 Sham 25.11+ 1.4 356+30
2 Sham Veh 22.2±+1.4 ND
3 Sham Veh Veh 17.4± 1.5 ND
4 Sham Veh Veh Veh 14.0+0.9 226+30
5 Ovx Veh 30.3±+1.2 943+79
6 Ovx Veh Veh 24.8+2.4 428+46
7 Ovx Veh Veh Veh 22.9±+1.7 300±42
8 Ovx Veh P + E 13.6±+1.0 180+8
9 Ovx Veh P + E P + E 11.1±1.5 131±11

10 Ovx Veh P + E E 10.6± 1.5 219±29
11 Ovx Veh P + E Veh 24.5±1.6 451±31
12 Ovx Veh E 9.0±0.8 164 13
13 Ovx Veh E P + E 11.4±2.3 176±24
14 Ovx Veh E E 8.9+1.1 117±15

PTH withdrawal. Our present results provide firm support, in has not been thoroughly answered. It is important because it
an animal model, for the efficacy of using an anabolic agent, will determine the extent of the beneficial effects one can expect
such as PTH, to induce improvement in bone mass, microstruc- from such treatment. Our findings indicate that there was little
tural and mechanical integrity and that such improvements can change in cancellous bone volume in the second 8 wk of PTH
be maintained with estrogen. plus estrogen treatment and this would support the idea that

Although anabolic agents such as PTHhave been shown to there, indeed, is a plateau in the action of PTH on cancellous
be effective in treating established osteopenia in rats (13, 19), bone. Three excellent articles describing temporal aspects of
there has not been a previous study where anabolic treatment the anabolic action of PTHprovided us with useful information
is initiated after established osteoporosis had been stabilized (15-17). Mosekilde et al. using a longitudinal scanning method
with estrogen. We have demonstrated here that the anabolic showed that changes in total body mineral content, including
effects of PTHremain even after extensive prior use of estrogen. both cortical and cancellous bones, plateaued 12 to 15 wk after
This result is in agreement with our ongoing human study, PTH treatment began. However, it took only 5-10 wk to reach
where PTH is being given to osteoporotic women who have the same plateau when PTHplus estrogen treatment was admin-
been and continue to receive estrogen (38). istered (15). The implication of these findings is that combined

The question of whether the anabolic effects of PTHplateau PTHand estrogen treatment could result in more rapid anabolic

Table IIB. Multiple Statistical Comparisons of Biochemical Parameters

Group no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 a a b ab ab a ab ab ab
2 a a a a a a a a
3 a a a a a a a
4 ab ab a ab
5 b b ab ab ab ab ab ab ab
6 b ab ab ab ab ab ab
7 a ab a b a a ab
8 ab
9 ab

10 ab
11 ab ab ab
12
13
14

It is shown as statistical significant with P value set at 0.05 in the Duncan's multiple range test of the ANOVA. a, P < 0.05 for Osteocalcin, b, P
< 0.05 for Pyridinoline.
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Table IIIA. Mechanical Competency of Distal Femur and Vertebrae

Treatment Mechanical Testing

Indentation of distal femur Compression of vertebral body

Group Operation 0-5 wk 5-13 wk 13-21 wk Init. max load Stiffness Load Stiffness

newton newton/mm newton newton/mm

4 Sham Veh Veh Veh 36.6±6.1 632±95 348±32 3588±274
7 Ovx Veh Veh Veh 6.0±+1.4 172±40 263±17 2805±160
9 Ovx Veh P + E P + E 50.6±15.2 660±100 393±26 4242±309

10 Ovx Veh P + E E 50.2±12.9 604±55 ND ND
11 Ovx Veh P + E Veh 20.2±3.9 326±59 ND ND
13 Ovx Veh E P + E 43.2±10.9 625±65 375±33 4128±334
14 Ovx Veh E E 23.1 ±9.9 376± 122 ND ND

action in cancellous bone than with PTH alone, and therefore,
the maximum benefit was achieved earlier. One study, by Wron-
ski et al, produced similar results as in our study. They demon-
strated that cancellous bone in the proximal tibia showed a rapid
PTHplus estrogen-induced increase of cancellous bone volume
in the first 5 wk, after which the rate of increase abated, though
it did not plateau. PTH treated rats, however, showed a definite
plateau 10 wk after commencement of treatment ( 16). Though
the results from the various studies were not exactly the same
they are generally in line with the idea that there is little change
in cancellous bone volume beyond 8 wk of PTH plus estrogen
treatment, as we have reported. One should note three things
(a) this plateau does not indicate that additional treatment peri-
ods would not be beneficial. Withdrawal of PTH treatment,
without anti-resorptive agent intervention, has been shown to
result in a rapid loss of the gained cancellous bone (36); (b)
very few determinants of this plateau effect, such as initial bone
mass, effects at different skeletal sites, doses or frequency of
treatment have yet to be determined; and (c) little is known
about the possibility of a second plateau resulting from renewed
or cyclical treatment.

Wronski and Yen showed that cortical bone area, though
not total bone area, at the tibial diaphysis continued to increase

Table IIIB. Multiple Statistical Comparisons of Mechanical
Strength Testing Parameters

Group no. 4 7 9 10 11 13 14

4 b,c b b
7 a,b,c,d a,b a,b,c,d
9 b b

10 b
11 b
13 b
14

It is shown as statistical significant with P value set at 0.05 in the
Duncan's multiple range test of the ANOVA. a, P < 0.05 for Init. max.
load in the indentation test in the marrow cavity of distal femur; b, P
< 0.05 for Stiffness in the indentation test in the marrow cavity of
distal femur; c, P < 0.05 for Load in compression test of vertebral
body; d, P < 0.05 for Stiffness in compression test of vertebral body.

throughout 15 wk of treatment similarly regardless if the rats
were treated with PTH alone or with PTH plus estrogen. (17).
This may be the reason why we observed a small increase in
the BMDat the distal femur between 8 and 16 wk of PTHplus
estrogen treatment. A small increase of BMDwas also found
when estrogen was given during weeks 5-13 in Ovx rats or
weeks 13-2 1 in rats previously treated with PTHplus estrogen.
This could result from a transient reduction in the number of
resorption cavities in Ovx rats and, possibly the continued ana-
bolic action of PTH on cortical bone in PTH plus estrogen
treated rats. One should also be aware that the complicated
effects of estrogen-induced changes in cortical dimensions, such
as expansion of the marrow cavity and periosteal surface, may
affect the BMDmeasurements as well. Further studies will be
needed to address the changes which occurred in cortical bone.

Bone mass has often been used as a surrogate to evaluate
bone fragility. However, a direct method of testing the mechani-
cal strength of the bone could provide more relevant information
about its structural integrity (48). Bone strength is influenced
by many factors, amongst them the content of organic and min-
eral phases and the internal architecture of the bone. The archi-
tecture of cancellous bone may be a particularly important con-
tributor to its mechanical strength and this feature cannot be
adequately addressed by bone mass measurements alone. We
performed a series of mechanical testing techniques that were
designed to be particularly indicative of the structural integrity
in both axial (vertebral body) and appendicular (distal femur)
bones. The high correlation between BMD, Cn-BV/TV and
mechanical strength indicates that these determinants of bone
mass can be a suitable surrogate for mechanical strength in this
model. The high correlation between connectivity and discon-
nectivity parameters and mechanical strength also suggests that
changes in the integrity of the trabecular lattice strongly influ-
ence the ability to support mechanical load. Though better stud-
ied in humans (49, 50), the validity of the relationship between
cancellous-rich rat vertebral bone compressive strength and den-
sity in rats has been observed in group ( 15, 51 ) and individual
(52) comparisons. Using an indentation test similar to the one
employed in the present study, Martin (53) showed comparable
changes in ash mass and penetration strength between control
and experimental groups of rats at the distal femur and the
proximal tibia. Thus, both methods of measuring cancellous
bone strength are appropriate for future experimentation in rats.

Biochemical markers, such as osteocalcin and pyridinoline,
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have been used extensively in the study of bone turnover. Using
a rat specific osteocalcin radioimmunoassay and ELISA mea-
surements of urinary pyridinoline, we showed that there was an
age-related decrease in the level of these two markers. Estrogen
deficiency, as a result of ovariectomy, significantly increased
the level of both markers but the age-related decline was still
evident in the estrogen deficient animals. Estrogen administra-
tion reversed the increase in turnover markers seen in ovariecto-
mized animals and the markers rose again when estrogen was
withdrawn. These results are very similar to the findings in
human studies after oophorectomy (54) where biochemical
bone turnover markers were elevated immediately after surgery
and the elevation of these markers was abated after the initiation
of estrogen replacement therapy. Osteocalcin, a bone formation
marker, was found to be higher, although not significantly, in
each of our PTH plus estrogen treated groups. The lack of
statistical significance in these comparisons could result from
(a) the lack of sufficient sample size, (b) insufficient sensitivity
of the assay or, (c) the percentage of osteocalcin released from
osteoblasts into the circulation may be altered as a result of
PTH administration so that more osteocalcin molecules were
deposited into the newly formed bone. A different method of
study will be needed to address these issues. In addition, one
cannot rule out the possible influences on the markers of longitu-
dinal or radial bone growth, as the skeletons of these animals
were still growing, albeit, very slowly.

There are still questions which need to be answered before
the anabolic action of PTH can be applied as a clinical tool.
The use of animal models can provide a screening process to
determine the effectiveness of these approaches. In this study,
we have provided experimental data in support of the feasibility
of using estrogen, an anti-resorptive agent, to preserve the bone
gained by PTH treatment as well as the successful initiation of
anabolic treatment after bone loss has been stabilized by estro-
gen. With further refinement, this type of sequential treatment
with anti-resorptive and anabolic agents could be a promising
approach for the future treatment of postmenopausal osteopo-
rosis.
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