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Abstract:

The female skeleton undergoes substantial structural changes during the course of reproduction.
Although bone mineral density recovers post-weaning, reproduction may induce permanent
alterations in maternal bone microarchitecture. However, epidemiological studies suggest that a
history of pregnancy and/or lactation does not increase the risk of postmenopausal osteoporosis
or fracture and may even have a protective effect. Our study aimed to explain this paradox by
using a rat model, combined with in vivo micro-computed tomography (LCT) imaging and bone
histomorphometry, to track the changes in bone structure and cellular activities in response to
estrogen deficiency following ovariectomy (OVX) surgery in rats with and without a
reproductive history. Our results demonstrated that a history of reproduction results in an altered
skeletal response to estrogen-deficiency-induced bone loss later in life. Prior to OVX, rats with a
reproductive history had lower trabecular bone mass, altered trabecular microarchitecture, and
more robust cortical structure at the proximal tibia when compared to virgins. After OVX, these
rats underwent a lower rate of trabecular bone loss than virgins, with minimal structural
deterioration. As a result, by 12 weeks post-OVX, rats with a reproductive history had similar
trabecular bone mass, elevated trabecular thickness and increased robustness of cortical bone
when compared to virgins, resulting in greater bone stiffness. Further evaluation suggested that
reproductive-history-induced differences in post-OVX trabecular bone loss were likely due to
differences in baseline trabecular microarchitecture, particularly trabecular thickness. Rats with a
reproductive history had a larger population of thick trabeculae, which may be protective against
post-OVX trabecular connectivity deterioration and bone loss. Taken together, these findings
indicate that reproduction-associated changes in bone microarchitecture appear to reduce the rate
of bone loss induced by estrogen deficiency later in life, and thereby exert a long term protective

effect on bone strength.



1. Introduction:

Osteoporosis, a disease of low bone mass and microarchitectural deterioration, affects
35% of postmenopausal women in the United States V. Although postmenopausal osteoporosis
is largely a result of elevations in the rate of bone remodeling induced by low estrogen levels, the
peak bone mass that is achieved prior to menopause also plays an important role in subsequent
osteoporosis risk. In fact, the variance in the bone structure attained early in life has been shown
to be up to 10 times greater than the variance in the rate of postmenopausal bone loss >, In
addition to bone growth during development, many factors, including nutrition, physical activity,
and medication history, affect the peak bone structure and mass that is attained in young
adulthood, and therefore may impact the long-term risk of developing postmenopausal
osteoporosis.

In addition, the female skeleton also undergoes substantial structural changes during the
course of reproduction. Lactation induces dramatic maternal bone loss at extremely high rates of

4'7), and maternal bone

up to 1% decrease in bone mineral density (BMD) per month of lactation ¢
mass may also decline during pregnancy . Following weaning, multiple clinical and preclinical
studies have demonstrated that reproductive bone changes undergo a period of recovery, where
the maternal skeleton enters an anabolic phase, with a positive balance towards bone formation,
resulting in a significant increase in bone mass ©').

In spite of the impressive period of recovery that occurs post-weaning, the long-term
effects of reproduction on maternal bone structure remain unclear. Although the majority of
clinical studies indicate that BMD recovers within one year of weaning ¥, recent clinical

evaluations of recovery of the trabecular microarchitecture have demonstrated that reproduction-

induced deteriorations in trabecular microstructure persist for at least 18-43 months post-partum



(519 FEyrthermore, rodent studies have demonstrated that substantial microarchitectural
impairments in the trabecular bone compartment remain long after weaning at several skeletal
sites """ In contrast, a large number of epidemiological studies, summarized by Kovacs ¥,
have evaluated the impact of pregnancy and/or lactation on long-term risk of fracture or
osteoporosis, and the vast majority indicated that reproductive history has no adverse, or even a
protective effect on postmenopausal risk of osteoporosis/fracture %,

Taken together, the current literature suggests that reproduction induces permanent
alterations in maternal bone microarchitecture but has a protective effect against postmenopausal
fracture risk, thereby forming a paradox. To better understand these conflicting findings, our
previous study developed a rat model to precisely track the effects of reproduction over the long-
term. Our findings indicated a significant increase in cortical bone size at the proximal tibia in
reproductive rats, which may mask permanent alterations in trabecular microstructure .
Adaptations of cortical bone may also explain the complete post-weaning recovery of BMD

reported in clinical studies ¥

, as areal BMD is unable to distinguish between the trabecular and
cortical compartments.

Although cortical bone adaptations may be able to compensate for irreversible
deterioration of trabecular microstructure at some sites, at other locations, trabecular bone has a
critical load-bearing function. In addition, postmenopausal bone loss further impacts both
trabecular and cortical structure and the effects of the reproduction-induced alterations in skeletal
microarchitecture on postmenopausal bone loss patterns remain unknown. The current study
aimed to investigate the effects of reproduction and lactation on skeletal responses to estrogen

deficiency later in life. Using a rat model, combined with in vivo micro-computed tomography

(uCT) imaging and bone histomorphometry, we tracked the changes in bone structure and



cellular activities in response to estrogen deficiency following ovariectomy (OVX) surgery in
animals with and without a reproductive history. We hypothesized that long-term, reproduction-
induced alterations in bone microarchitecture and cellular activities may result in distinct patterns
of estrogen-deficiency-induced bone loss and may exert protective effects on bone’s mechanical
competence after OVX. In this paper, we will refer to the rats without a history of reproduction
as “virgin rats” and the rats with a history of reproduction as “reproductive rats”.

2. Methods:

2.1 Animal Protocol:

All animal procedures were approved by the University of Pennsylvania's Institutional
Animal Care and Use Committee. Four separate sets of animal experiments were performed in
rats with and without a history of reproduction: 1.) to track longitudinal changes in bone
structure at the proximal tibia post-OVX, 2.) to quantify bone cell numbers and surfaces
following OVX, 3.) to quantify bone resorption and formation activities following OVX, and 4.)
to compare the effects of OVX on bone structure and mechanics at the lumbar vertebra and
femur midshaft. All rats were purchased from Charles River at 3 months of age, and were
randomly assigned to one of two groups: reproductive and virgin. Starting at age 4 months, rats
in the reproductive group underwent two to three reproductive cycles, each consisting of
pregnancy (3 weeks), lactation (3 weeks), and post-weaning recovery (3-6 weeks). In order to
ensure consistent suckling intensity, litter sizes were normalized to 8-9 pups per mother within
the first 48 hours after birth. All rats were fed a high calcium diet (LabDiet 5001 Rodent Diet,
LabDiet, St. Louis, MO, USA; 0.95% Ca) throughout the experiment. Rats were housed in
standard conditions in groups of 3 rats per cage throughout the experiment, with two exceptions:

reproductive rats were separated to 1 rat per cage during the last week of pregnancy and



remained separated throughout the lactation period, and all rats that underwent OVX surgery
were separated to 1 rat per cage for two weeks following surgery. Rats were euthanized at age
14-19 months.

2.2 Longitudinal Tracking of Post-OVX Changes in Bone Microstructure at the Proximal Tibia

Twenty-four rats (12 reproductive, 12 virgin) were used for this experiment. At age 12
months, after 3 repeated cycles of pregnancy and lactation in the reproductive group, all rats
underwent ovariectomy (OVX) surgery to induce estrogen deficiency. Rats received in vivo pnCT
scans of the proximal tibia immediately prior to OVX, as well as 4, 8, and 12 weeks post-OVX,
and all rats were euthanized at 12 weeks post-OVX (age 15 months). The uterus was collected
and weighed immediately post-sacrifice to confirm the success of OVX surgery. One rat died
during the pre-OVX puCT scan, 4 rats died from complications of OVX surgery, and 2 OVX
surgical procedures were deemed unsuccessful (based on uterus weight), resulting in a final
sample size of n=9 in the reproductive group, and n=8 in the virgin group.

2.2.1 In Vivo uCT Scans:

In vivo pCT imaging (Scanco vivaCT40, Scanco Medical AG, Briittisellen, Switzerland)
of the right proximal tibia was performed at 0, 4, 8, and 12 weeks post-OVX, following the
protocol described in ®?. Briefly, rats were anesthetized (4/2% isoflurane), and the right tibia
was inserted into a customized holder to ensure minimal motion. A 4.2 mm thick segment of the
proximal tibia, located immediately distal to the proximal growth plate, was imaged at 10.5 pm
voxel size, resulting in a radiation dose of 0.639 Gy and a total scan time of 20 minutes. All
scans were made using 200 ms integration time, 145 pA current, and 55 kVp energy.

2.2.2 Trabecular and Cortical Bone Microstructural Analysis:



Image registration was performed to identify a consistent volume of interest (VOI) so that
changes in trabecular microstructure within the sequential in vivo pCT images could be
quantified. Using a mutual-information-based, landmark-initialized, open-source registration
toolkit (National Library of Medicine Insight Segmentation and Registration Toolkit), in vivo
puCT images made for each rat at 0, 4, 8, and 12 weeks post-OVX were aligned to each other. As

described in ¥

, a 1.5-mm thick, trabecular VOI, located 2.5 mm distal to the growth plate, was
identified in the week 12 scan, and translated back to earlier scans made at weeks 0, 4, and 8
post-OVX using the transformation matrices that resulted from the registrations. All VOIs were
visually inspected to ensure accurate identification of a consistent trabecular region.

D were measured within each

Standard parameters of trabecular bone microstructure
trabecular VOI at the proximal tibia. Briefly, images of trabecular bone were filtered and
thresholded through application of a Gaussian filter (sigma=1.2, support=2), followed by a
global threshold corresponding to 565 mgHA/cm® (threshold identified using an adaptive
threshold function provided by the nCT scanner manufacturer). Trabecular microstructure was
then quantified based on standard parameters: bone volume fraction (BV/TV), trabecular number
(Tb.N), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), structure model index (SMI),
and connectivity density (Conn.D).

To evaluate cortical bone microstructure at the proximal tibia, a 50-slice thick cortical
VOI located 3.5 mm distal to the growth plate was identified using a semi-automated
segmentation procedure similar to that described in *?. Voxels within the cortical VOI were then

filtered (Gaussian filter, sigma=1.2, support=2), and thresholded by application of a global

threshold corresponding to 709 mgHA/cm’. Standard parameters of cortical bone microstructure,



including cortical area (Ct.Area), cortical thickness (Ct.Th), periosteal perimeter (P.Perim),
endosteal perimeter (E.Perim), and polar moment of inertia (pMOI), were measured.
2.2.3 Micro-Finite Element Analysis (uFEA)

A 1.5 mm-thick region of the proximal tibia located 2.5 mm distal to the growth plate,
including both cortical and trabecular bone compartments, was isolated from the pCT image.
Images were downsampled to a voxel size of 15.75 pm to construct a finite element model. Each
bone voxel was converted to an eight-node brick element, and bone was modeled as a linear
elastic material with Young's modulus of 15 GPa and Poisson's ratio of 0.3 @3 An axial
compression was simulated by applying a displacement of 0.01 mm, and the resulting reaction
force was calculated as described in **. The reaction force was then divided by the displacement
to estimate whole-bone stiffness of the proximal tibia.

2.2.4 Linear Regression Analysis

To test whether the degree of post-OVX bone loss is influenced by the baseline trabecular
bone microarchitecture, correlations between baseline trabecular microstructure and the degree
of post-OVX bone loss were evaluated using linear regression. Subsequently, a stepwise multiple
linear regression analysis was performed to identify the most important and independent
predictors of post-OVX bone loss.

2.2.5 Individual Trabecular Dynamics Analysis

In vivo pCT images of the proximal tibia made at weeks 0 and 4 post-OVX were used to
assess the effects of reproductive history on the post-OVX deterioration of individual trabecular
elements. For each rat, sequential uCT images were registered to precisely align the trabecular

(20,25,26)

features, as described in ,and a 1.5x1.5x1 mm trabecular subvolume located 1 mm distal

to the growth plate was extracted from pCT images at 0 and 4 weeks post-OVX. The post-OVX



changes of each individual trabecula, such as percent bone loss due to trabecular thinning, rod
disconnection, or plate perforation, were quantified through an individual trabecular dynamics
(ITD) analysis, as described in “”. Trabeculae from all virgin or reproductive rats were pooled
together, resulting in a total of 4,752 trabeculae in the virgin and 1,564 trabeculae in the
reproductive group. Histogram analysis was performed for each group to categorize the
trabeculae into 9 thickness bins, and the mean percent bone loss of trabeculae in each thickness
bin was calculated for both virgin and reproductive groups.
2.3 Evaluation of Bone Cell Activities Pre- and Post-OVX

A total of 35 rats were used for this experiment.18 rats (10 reproductive, 8 virgin)
underwent OVX surgery at age 12 months, after 3 repeated cycles of pregnancy and lactation in
the reproductive group. One rat died from surgical complications, resulting in a final sample size
of n=9 in the reproductive OVX group, and n=8 in the virgin OVX group. At 4 weeks post-
OVX, all rats were euthanized. In addition, age-matched reproductive (n=7) and virgin (n=10)
intact rats that did not undergo OVX surgery were used as an estrogen-replete control group. For
all rats, right proximal tibiae were harvested immediately after sacrifice and embedded in methyl
methacrylate (MMA) for un-decalcified histology. A Polycut-S motorized microtome (Reichert,
Heidelberg, Germany) was then used to obtain 5 pm-thick sections. Sections were stained with
Goldner's trichrome, and osteoblast number (N.Ob/BS), osteoclast number (N.Oc/BS), osteoblast
surface (Ob.S/BS), and osteoclast surface (Oc.S/BS) were measured in the secondary spongiosa
using OsteoMeasure Software (OsteoMetrics, Inc., Decatur, GA).
2.4 Evaluation of Bone Remodeling Dynamics Pre- and Post-OVX

A total of 39 rats were used for this set of experiments. The first experiment consisted of

24 rats (12 reproductive, 12 virgin). Half of these rats (6 reproductive, 6 virgin) underwent OVX



surgery at age 10 months, after 2 repeated cycles of pregnancy and lactation in the reproductive
group. At 8 weeks post-OVX, all rats were euthanized. The remaining rats (6 reproductive, 6
virgin) that did not undergo OVX surgery, were used as an estrogen-replete controls. All rats
received subcutaneous injections of calcein (20 mg/kg, Sigma-Aldrich, St. Louis, MO) at 11
days prior to sacrifice, and intraperitoneal injections of alizarin complexone (30mg/kg, Sigma-
Aldrich, St. Louis, MO) at 2 days prior to sacrifice. The right proximal tibiae were harvested
immediately after sacrifice and embedded in MMA. Two samples were damaged during MMA
embedding, resulting in a final sample size of n=4 in the reproductive Intact group, and n=6 in
the virgin Intact, reproductive OVX, and virgin OVX groups. Dynamic bone histomorphometry
was performed on 8 pum-thick MMA sections. Bone formation rate (BFR/BS), mineral apposition
rate (MAR), and mineralizing surfaces (MS/BS) were measured in the secondary spongiosa of
the proximal tibia using OsteoMeasure Software (OsteoMetrics, Inc., Decatur, GA).

In the second experiment, 15 rats (8 reproductive, 7 virgin) underwent OVX surgery at
age 10 months, after 2 repeated cycles of pregnancy and lactation in the reproductive group.
Blood was collected via tail vein at 0 and 14 days post-OVX and serum levels of bone formation
marker PINP were determined (Rat/Mouse PINP Enzyme Immunoassay, Immunodiagnostic
Systems Inc, UK). Blood was also collected via tail vein at 0 and 7 days post-OVX in the virgin
OVX (n=8) and reproductive OVX (n=9) groups described in Section 2.3. Serum levels of bone
resorption marker TRAcP 5b (TRAP) were determined (RatTRAP™ Assay, Immunodiagnostic
Systems Inc, UK). Fold changes post- OVX were calculated for both serum PINP and TRAP.
2.5 Cross-Sectional Comparison of the Effects of OVX and Reproductive History on Bone

Microstructure and Mechanical Properties at Multiple Skeletal Sites
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Reproductive and virgin post-OVX rats described in Section 2.2 were used for this
portion of the experiment. In addition, age-matched reproductive (n=8) and virgin (n=10) intact
rats that did not undergo OVX surgery were used as an estrogen-replete control group. All rats
were sacrificed at age 15-19 months. The right femur and the second and fourth lumbar vertebrae
(L2 and L4) were harvested from each rat.

2.5.1 Ex Vivo uCT Scans:

The right femur midshaft and L4 vertebra were imaged after sacrifice. A 2.1 mm thick
section of the femur midshaft (located at the midpoint between the end of the distal epiphysis and
the bottom of the femoral head), and a 6.3 mm thick section of the center of the L4 vertebral
body, were acquired at 10.5 um voxel size. A VOI was manually identified to include all
trabecular bone and exclude the cortex in the center 2 mm of the L4 vertebral body. At the femur
midshaft, a 0.5 mm thick cortical VOI was identified at the midpoint between the distal epiphysis
and femoral head. Images were then Gaussian filtered (sigma=1.2, support=2), and a global
threshold corresponding to 565 mgHA/cm® for the vertebra and 772 mgHA/cm® for the femur
midshaft was applied. Standard parameters of trabecular microarchitecture at the vertebra, and
cortical bone structure at the femur midshaft, were measured.

2.5.2 Mechanical Testing:

The right femur and L2 vertebra were cleaned of soft tissue and were tested to failure
using a standard mechanical testing device (Instron 5542, Norwood, MA).Femurs were tested in
three-point bending, by applying a displacement rate of 1.8 mm/minute until failure. L2
vertebrae were prepared for uniaxial compression testing by using a procedure modified from
@%_ A section of the center 60% of the vertebral body was isolated by removing the processes

and making two parallel cuts at the cranial and caudal ends of the vertebral body. The resulting
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specimen was placed between two parallel platens and was compressed to failure at a
displacement rate of 1.8 mm/minute. For both the femur and lumbar vertebrae, peak load,
stiffness, and energy to failure were determined based on the load-displacement curves generated
from mechanical testing.
2.6 Statistical Analysis

All results are reported as mean =+ standard deviation. Longitudinal comparisons of bone
parameters pre-OVX and 12 weeks post-OVX at the proximal tibia were made using 2-way
analysis of variance (ANOVA), to compare the effects of reproductive history and time post-
OVX. In the presence of a statistically significant interaction effect, group-wise comparisons
were evaluated using Bonferroni post hoc corrections. Cross-sectional comparisons of bone cell
activities, bone remodeling dynamics, and bone microstructure and mechanical properties of
femoral and vertebral bone between virgin and reproductive groups and between intact and OVX
groups were made using Student's t-tests with Bonferroni corrections for multiple comparisons.
For all tests, a two-tailed p-value below 0.05 was considered to indicate statistical significance.
In the presence of significant differences, the degree of variation between groups is reported as
the percent difference, for all parameters except SMI. SMI ranges from -3 to 3; therefore, inter-
group differences in SMI are reported as the absolute difference.
3. Results:
3.1 Rats with a reproductive history show altered trabecular and cortical microstructure and
undergo a reduced rate of post-OVX trabecular bone loss at the proximal tibia

After 3 cycles of reproduction, reproductive rats showed altered trabecular
microarchitecture at the proximal tibia, relative to virgins (Figure 1A-H). Reproductive rats had

49% lower BV/TV, 50% lower Tb.N, 127% higher Tb.Sp, and 77% lower Conn.D than virgins,
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but had 13% greater Tb.Th. Over the 12-week post-OVX period, virgin rats underwent dramatic
76%, 52%, and 87% reductions in BV/TV, Tb.N, and Conn.D, respectively, and underwent an
increase in SMI of 1.47. In contrast, reproductive rats underwent a substantially lower degree of
trabecular deterioration post-OVX, showing a 53% decrease in BV/TV and no significant change
in any other microstructural parameters. OVX had no effect on Tb.Th in either group. By 12
weeks post-OVX, there were no remaining differences between reproductive and virgin rats in
BV/TV, Tb.N, Conn.D, and SMI. However, reproductive rats continued to show a 20% elevated
Tb.Sp and 17% greater Tb.Th compared to virgins.

In addition to baseline differences in trabecular bone, reproductive and virgin rats also
showed substantial differences in cortical bone microarchitecture at the proximal tibia prior to
OVX (Figure 11-M). Compared to virgins, reproductive rats had 22% greater pMOJI, indicating a
greater structural resistance to bending. This appeared to result from a more robust cortical bone
structure in the reproductive group, as reproductive rats also had 10% greater cortical Ct.Area,
7% greater Ct.Th, and 8% and 4% greater E.Perim and P.Perim, respectively, than virgin rats.
OVX induced no changes in cortical bone structure in both virgin and reproductive rats. Thus, at
12 weeks post-OVX, reproductive rats continued to have 22%, 13%, 12%, 6%, and 3% greater
pMOI, Ct.Area, Ct.Th, E.Perim, and P.Perim, respectively, as compared to virgins.

Prior to OVX, both virgin and reproductive rats had an average whole-bone stiffness of
45-50 kN/mm at the proximal tibia, with no differences between the two groups (Figure1N).
Over the 12-week period following OVX, virgin rats underwent a 22% decrease in whole-bone
stiffness, while reproductive rats showed no change in stiffness. As a result of these distinct
patterns of post-OVX changes, by 12 weeks post-OVX, virgin rats had a substantial, 13% lower

whole-bone stiffness at the proximal tibia as compared to the reproductive group.
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3.2 Bone cell activities and bone remodeling dynamics are not affected by reproductive history

Static and dynamic bone histomorphometry (Figure 2) demonstrated that, in post-OVX
virgin rats, Ob.N/BS, Ob.S/BS, and MS/BS were 32%, 37%, and 59% elevated, respectively, as
compared to intact virgins. Regardless of reproductive history, Oc.N/BS was 52% elevated at 4
weeks post-OVX. Additionally, Oc.S/BS was 88% elevated at 4 weeks post-OVX in
reproductive rats. Serum level of TRAP increased 1.9 and 3.2 folds 1 week post-OVX in virgin
and reproductive rats, respectively. Moreover, serum level of PINP increased 2.1 and 2.3 folds 2
weeks post-OVX in virgin and reproductive rats, respectively. However, in both intact and OVX
rats, there were no significant reproductive-history-based differences in measures of bone cell
activities or bone remodeling dynamics. Furthermore, there were no significant reproductive-
history-based differences in fold changes in serum levels of PINP or TRAP in response to OVX.
3.3 Baseline trabecular microstructure is correlated to the post-OVX bone loss rate

Linear regression was performed to evaluate the relationship between baseline parameters
of trabecular microstructure and the percent decrease in BV/TV over the 12-week post-OVX
period. Baseline BV/TV, Tb.N, Tb.Th, Tb.Sp, and Conn.D were all significantly correlated with
the extent of post-OVX bone loss, with r* values ranging from 0.32 to 0.60 (Figure 3). The
effects of baseline trabecular surface area (BS) and surface area-to-volume ratio (BS/BV) on
post-OVX bone loss were also investigated. Baseline BS was found to be moderately correlated
to the extent of post-OVX bone loss, with an 1* value of 0.28, while no significant correlation
was found between baseline BS/BV and the percent decrease in BV/TV post-OVX. Stepwise
multiple linear regression was performed to further identify which combination of baseline

trabecular parameters was most predictive of the degree of post-OVX bone loss. The
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combination of baseline Tb.Th and Tb.N was found to be most strongly associated with the
percent decrease in BV/TV, with an adjusted r* value of 0.69.

3.4 The extent of post-OVX microstructural deterioration is highly dependent on baseline
trabecular thickness

Individual trabecular segmentation (ITS) analysis 29)

was applied to isolate individual
trabecular rod-like and plate-like elements, and changes in the volume, thickness, and
connectivity of each trabecula over the first 4 weeks post-OVX were tracked through individual
trabecular dynamics (ITD) analysis @7 (Figure 4A). Consistent with microstructural findings,
virgin rats underwent a substantially higher rate of bone loss over the first 4 weeks post-OVX
than reproductive rats (Figure 4B). In addition to differences in the overall rate of post-OVX
bone loss, reproductive and virgin rats also showed variations in the microstructural mechanisms
responsible for the bone loss. In virgin rats, 20% of post-OVX bone loss resulted from
connectivity deterioration (rod disconnection or plate perforation), while 80% of bone loss
resulted from alternate mechanisms, such as trabecular thinning, that do not impact the
microarchitecture/connectivity (Figure 4B). In contrast, in reproductive rats, a much smaller
proportion of only 11% of post-OVX bone loss was caused by deteriorated connectivity, whereas
89% of bone loss did not impact the trabecular microarchitecture. This lower rate of connectivity
deterioration in the reproductive group was highly consistent with microstructural findings,
which indicated that, in contrast to virgins, reproductive rats underwent minimal changes in Tb.N
or Conn.D following OVX.

Further investigation into the baseline characteristics of individual trabecular elements

indicated that the trabeculae undergoing connectivity deterioration, were significantly thinner

than those that remained intact after OVX (Figure 4C). This was true in both the reproductive
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and virgin groups. Furthermore, a histogram analysis, where trabeculae were binned into 9
groups based on their baseline thickness, indicated that thinner trabeculae underwent a greater
percentage of bone loss (Figure 4D&E). In both virgin and reproductive groups, the baseline
thickness particularly affected the degree of post-OVX bone loss of trabecular elements that
were less than 0.06 mm thick, as there were significant differences among thickness bins in the
percent bone loss for all thickness bins below 0.06 mm. The effect of trabecular thickness on
post-OVX bone loss plateaued for thicknesses greater than 0.06 mm, as a further increase in
thickness beyond 0.06 mm did not lead to further reduction in bone loss. In addition, within each
thickness bin, the trabeculae of reproductive rats underwent significantly less bone loss when
compared to those of virgin rats (Figure 4D&E). This finding was consistent across all 9
thickness groups.
3.5 Reproductive history induces long-lasting alterations in trabecular microarchitecture at the
lumbar vertebra, but minimally affects cortical microstructure at the femur midshaft or whole-
bone vertebral or femoral mechanical properties

Intact reproductive rats had 31% lower BV/TV, 23% lower Tb.N, 34% higher Tb.Sp,
32% lower Conn.D, and an increased SMI of 0.76 than intact virgin rats at the lumbar vertebra.
Twelve weeks after OVX surgery, there was no longer a difference between virgin and
reproductive rats in BV/TV and SMI. However, reproductive rats still had 19% and 34% lower
Tb.N and Conn.D and 23% greater Tb.Sp when compared to virgins (Figure 5).

Intact reproductive rats had 13% greater E.Perim at the femur midshaft than virgin rats.
There were no reproductive history-based differences in any other microstructural parameters at

the femur midshaft (Figure 6).
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Reproductive history had no effect on whole-bone mechanics at both the lumbar vertebra
and femur midshaft, as the peak load, stiffness, and energy to failure were not different among
groups at either site (Figures 51-K and 6F-H).

4. Discussion:

This study evaluated the impact of a history of pregnancy and lactation on estrogen
deficiency-induced bone loss patterns. Taken together, results indicate that, although a
reproductive history caused permanent alterations in trabecular and cortical bone
microarchitecture, rats with a reproductive history also underwent substantially altered patterns
of bone loss after OVX, and as a result, by 12 weeks post-OVX, there were no remaining adverse
effects of reproductive history on bone microstructure at the tibia. Furthermore, our findings also
suggest that reproductive history-based differences in the rate of post-OVX bone loss are
partially due to alterations in the baseline trabecular microarchitecture prior to OVX. In
particular, the baseline Tb.Th was found to be highly predictive of the rate of post-OVX bone
loss and connectivity deterioration.

Prior to OVX, reproductive rats had substantially different trabecular as well as cortical
microarchitecture at the proximal tibia compared to virgins, confirming the long-lasting effects
of reproduction on maternal bone. Consistent with our previous study "%, BV/TV, Tb.N, and
Conn.D were reduced, and Tb.Th, pMOI, Ct.Area, Ct.Th, E.Perim, and P.Perim were elevated, at
the proximal tibia after three reproductive cycles. This finding agrees with the previously

reported incomplete recovery of trabecular microarchitecture following pregnancy/lactation ©'¢

18:3032) "and is also consistent with a recent study suggesting that a long duration of lactation is

associated with long-term elevations in the cross-sectional moment of inertia of the tibial cortical

bone .
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In addition to differences in bone microarchitecture prior to OVX, rats with and without a
reproductive history also showed substantial variations in the pattern of post-OVX bone loss at
the proximal tibia. While both groups of rats underwent substantial decreases in BV/TV,
reproductive rats had no significant post-OVX changes in trabecular microarchitecture, while
virgins showed a dramatic decrease in the number, connectivity, and plate-like character of the
trabeculae. These findings in virgin rats are highly consistent with previous in vivo pnCT-based
evaluations of post-OVX changes in trabecular bone microarchitecture at the rat proximal tibia
(3439 As a result of the lower degree of post-OVX bone loss in the reproductive group,
reproductive and virgin rats had a similar trabecular microstructure by 12 weeks post-OVX,
despite differences between the two groups at baseline. These findings demonstrated altered rates
of post-OVX bone loss between virgin and reproductive groups, which may help to explain the
clinical paradox that reproductive history does not adversely affect postmenopausal BMD " in
spite of its long-lasting skeletal effects '****?_ In addition to its effects on bone
structure/volume, the greater rate of bone loss observed in virgin rats may directly affect fracture
risk, as a high rate of bone loss after menopause has been found to confer an equally high risk of
future fracture as does a low baseline bone mass ©°.

In contrast to trabecular bone, both reproductive and virgin rats showed no post-OVX
changes in cortical bone microstructure at the tibia. By comparison, a previous study tracking
post-OVX changes at the rat tibial metaphysis indicated increased Ct.Th starting at 14 weeks
post-OVX Y. However, post-OVX changes in cortical bone structure occur much more slowly

and take longer to develop than changes in trabecular microarchitecture ©”

, possibly explaining
the lack of changes in cortical microstructure observed in the current study, which only followed

rats up to 12 weeks post-OVX.
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Taken together, the combined effects of OVX on tibial trabecular and cortical
microarchitecture in rats with and without a reproductive history led to interesting patterns of
post-OVX deterioration of whole-bone stiffness. While reproductive rats showed no change in
whole-bone stiffness following OVX, the stiffness of virgin rat tibiae decreased significantly,
leading to lower stiffness in this group at 12 weeks post-OVX compared to the reproductive
group, despite no difference between the two groups at baseline. This suggests that in virgin rats,
the post OVX trabecular deteriorations were substantial enough to cause a reduction in stiffness
in spite of no changes in cortical bone structure. On the other hand, the relatively constant whole-
bone stiffness in the reproductive group post-OVX in spite of mild reductions in trabecular bone
volume may be the result of long-term adaptations in cortical bone microstructure that occurred
over the course of multiple reproductive cycles ', which may compensate for deteriorations in
trabecular microarchitecture.

To better understand mechanisms behind the variable rates of post-OVX trabecular bone
loss between reproductive and virgin rats, we evaluated the bone cell activities and bone
remodeling dynamics at the proximal tibia. Compared to intact animals, post-OVX rats showed
elevations in osteoblast and osteoclast numbers and/or surface areas, serum markers of bone
resorption and formation, and mineralizing surface. However there were no reproductive history-
based differences in bone cell numbers and surface and bone remodeling activities in either the
intact or post-OVX groups, suggesting that an alternate mechanism, beyond differences in
osteoblast/osteoclast numbers or surfaces, may be responsible for the disparate patterns of post-
OVX bone loss observed in virgin and reproductive rats

One factor which may impact the trabecular bone loss rate independently of cell activities

(38,39)

is the baseline microarchitecture. For instance, computational simulation studies , as well as
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a cross-sectional clinical evaluation *”’, have suggested that the bone loss rate may be affected
by the surface area of the bone that is available for osteoblasts/osteoclasts to act upon. Consistent
with this hypothesis, a recent longitudinal evaluation of perimenopausal bone loss patterns found
that changes in bone mass and structure at the femoral neck varied depending on baseline bone
size, where women with a wider femoral neck at baseline undergoing a greater postmenopausal
reduction in bone mass “". This was hypothesized to be due, in part, to differences in the
baseline porosity among women with different skeletal phenotypes, as greater cortical width was
shown to be associated with elevated porosity “?, which would allow for a larger surface area
upon which bone remodeling could take place, possibly resulting in an elevated rate of
postmenopausal bone loss “". To evaluate the relationship between baseline parameters of
trabecular microarchitecture and the post-OVX bone loss rate in the current study, a linear
regression analysis was performed. Although many baseline parameters of trabecular
microstructure were significantly correlated to the post-OVX bone loss rate, multiple linear
regression analysis indicated that Tb.N and Tb.Th were the most strongly associated with the rate
of bone loss. Contrary to what was expected based on previous computational simulation-based
evaluations ®**%, the degree of post-OVX bone loss had no correlation with the baseline bone
surface area-to-volume ratio, suggesting that the baseline trabecular microarchitecture impacted
the rate of bone loss independently of its effect on surface area.

Several studies have indicated that in addition to the metabolic bone remodeling deficit,
where bone loss occurs due to increased activity of osteoclasts relative to osteoblasts, another
significant contributor to osteoporotic bone loss is microstructural deterioration, where
perforated trabeculae and separations of trabeculae from the surrounding structure lead to an

accelerated bone loss ). These findings, together with our results that the baseline trabecular
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thickness was inversely correlated to the degree of post-OVX bone loss, suggest that a trabecular
microstructure consisting of thin trabeculae that are easily perforated or separated may contribute
to microstructural deterioration, and conversely, that thicker trabeculae may be protective against
post-OVX trabecular connectivity deterioration and bone loss (Figure 4F). Indeed, our results
from ITD analysis of over 6,000 individual trabeculae have demonstrated that in both
reproductive and virgin rats, thicker trabeculae underwent a significantly reduced bone loss rate
compared to thin trabeculae. Furthermore, in virgin rats, which had a larger population of thin
trabeculae, a substantially larger proportion of post-OVX bone loss resulted from connectivity
deterioration than in reproductive animals. This is likely due to the increased susceptibility of
thin trabeculae to undergo perforation or separation as a result of elevated bone remodeling “*
(Figure 4F). Thus, the existence of a larger proportion of thick trabeculae in the reproductive
group partially explains the protective effect of reproductive history on post-OVX bone loss.
Furthermore, in a follow-up study, we tracked post-OVX bone loss patterns in a homogeneous
population of 62 virgin rats over the first 4 weeks following OVX “%. This study eliminated any
possible confounding effects of reproductive history and therefore allowed the effect of baseline
trabecular microarchitecture on post-OVX bone loss to be evaluated independently. Results
confirmed our findings in reproductive rats that thicker trabeculae underwent a significantly
lower degree of post-OVX bone loss, suggesting that a trabecular bone phenotype with thicker
trabeculae may be protective against estrogen-deficiency-induced bone loss.

Studies investigating the effects of pregnancy, lactation, and weaning at multiple skeletal
sites have indicated that these processes affect the bone in a highly site-specific manner "®*”. In

addition to the proximal tibia, we investigated the effects of reproductive history on post-OVX

bone loss at the lumbar vertebra and femur midshaft. However, results were less clear at these
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skeletal sites. At the lumbar vertebra, trabecular bone volume and microstructure were
significantly different between virgin and reproductive animals. These differences were reduced
by 12 weeks after OVX, as BV/TV and SMI were no longer different between the virgin and
reproductive animals at this time point. However, at 12 weeks post-OVX, reproductive rats still
had fewer, more separated and disconnected trabeculae than virgins, and minimal effects of
OVX status on vertebral trabecular microstructure were observed. In addition, minimal
differences were observed between groups at the femur midshaft. In contrast to the rat tibia,
which loses bone rapidly for the first 3 months following OVX before the trabecular structure
stabilizes, the lumbar vertebra loses bone much more gradually after OVX, and does not reach a
steady state until 9 months post-surgery ©**4? Post-OVX changes at the femur midshaft may
take even longer to detect than those at the lumbar vertebra, as structural and mechanical changes
at the rat femur midshaft are reported to be measureable only after 6-9 months post-OVX ©7.
Therefore, the timeframe of this study, which was selected to optimize the precise tracking of
post-OVX changes at the proximal tibia, may have been insufficient to allow for evaluations of
the effects of reproductive history on post-OVX changes at other skeletal sites. Future
investigations, including a longer post-OVX monitoring period, will be required to confirm
whether or not reproductive history impacts post-OVX changes at the femur and lumbar
vertebra.

The current study mainly focuses on the microstructural properties that influence post-
OVX bone loss patterns in rats with and without a reproductive history. However, many other
aspects of bone properties, e.g., at the cellular or molecular level, may have been significantly
altered during reproduction, and may also affect the skeletal response to estrogen deficiency later

in life. Our results showed that even at the same baseline trabecular thickness, the trabeculae of
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reproductive rats underwent a significantly lower rate of bone loss than those of virgin rats
(Figure 4D &E), suggesting that additional factors beyond baseline trabecular thickness may also
protect reproductive bone from OVX bone loss. To fully understand the mechanisms behind this
protective effect, further investigation is required.

Overall, this study demonstrates that, in addition to its direct effects on trabecular and
cortical bone microarchitecture, a history of reproduction also results in an altered skeletal
response to estrogen-deficiency-induced bone loss later in life. Compared to virgins, rats with a
reproductive history had lower trabecular bone mass, altered trabecular microarchitecture, and a
more robust cortical structure at the proximal tibia prior to OVX. However, as a result of the
lower rate of post-OVX trabecular bone loss in the reproductive group, by 12 weeks post-OVX,
there were no remaining deficits in trabecular microarchitecture in reproductive rats, while this
group continued to show elevated trabecular thickness and increased robustness of cortical bone,
resulting in greater bone stiffness, relative to virgins. Further evaluation suggested that
reproductive-history-induced differences in OVX response did not result from alterations in bone
cell activities or bone turnover, but instead were likely due to differences in baseline trabecular
microstructure, and in particular, trabecular thickness. Taken together, these findings indicate
that reproductive history modulates the skeletal response to OVX-induced estrogen deficiency,
resulting in a greater whole-bone stiffness in reproductive rats after OVX, which may explain, in
part, how pregnancy/lactation are able to induce long-lasting alterations in maternal bone
microstructure without adversely affecting, and possibly even protecting against postmenopausal
risk of osteoporosis or fracture.
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Figure 1. (A-B) Representative 3D renderings illustrating the effects of OVX on trabecular bone
at the proximal tibia in (A) virgin and (B) reproductive rats. (C-H) Post-OVX changes in
trabecular bone microstructure, including (C) BV/TV, (D) Tb.N, (E) Tb.Th, and (F) Tb.Sp, (G)
Conn.D, and (H) SMI. (I-M) Post-OVX changes in cortical bone microstructure, including (I)
Ct.Area, (J) Ct.Th, (K) P.Perim, (L) E. Perim, and (M) pMOIL. (N) Post-OVX changes in FEA-

derived whole-bone stiffness. *

: significant difference between reproductive and virgin rats at

week 0 or week 12 post-OVX (p<0.05). *: significant change over the 12-week post-OVX period

(p<0.05).
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Figure 2. Representative (A) Goldner’s trichrome-stained images and (B) fluorochrome labeled
images of trabecular bone at the proximal tibia. Osteoblast locations are indicated with yellow
triangles; osteoclast locations are indicated with yellow asterisks; fluorochrome double labeled
bone surfaces are indicated with yellow plus signs. (C-F) Cell activities, including (C) Ob.N/BS,
(D) Ob.S/BS, (E) Oc.N/BS, and (F) Oc.S/BS at 4 weeks post-OVX and in intact rats with and
without a reproductive history. (G-I) Bone dynamic histomorphometry parameters, including (G)
MS/BS, (H) MAR, and (I) BFR/BS at 8 weeks post-OVX and in intact rats with and without a
reproductive history. (J) Fold changes in serum P1NP 2 weeks post OVX and serum TRAP 1
week post OVX in rats with and without a reproductive history. *: significant difference between
groups (p<0.05).
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Figure 3. Linear correlations between baseline parameters of trabecular microstructure,
including (A) BV/TV, (B) Tb.N, (C) Tb.Th, (D) Tb.Sp, (E) SMI, (F) Conn.D, (G) BS, and (H)
BS/BV and the percent decrease in BV/TV over the 12-week post-OVX period.
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Figure 4. (A) Schematics of ITD analysis. (B) Percent decrease in bone volume due to trabecular
thinning and connectivity deterioration over the first 4 weeks post-OVX in virgin and
reproductive rats. (C) Mean thickness of trabeculae that remained intact and those undergoing
structural deterioration post-OVX. (D-E) Mean percent bone loss of individual trabeculae
stratified by thickness in (D) virgin and (E) reproductive rats. (F-G) Schematics of estrogen-
deficiency-induced bone resorption, followed by osteoblast-based bone formation in (F) thick
and (G) thin trabeculae. *: significant difference between groups (p<0.05).
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Figure 5. (A-B) Representative 3D renderings illustrating the effects of OVX on trabecular bone
at the lumbar vertebra L4 in (A) virgin and (B) reproductive rats. (C-H) Effects of OVX and
reproductive history on trabecular microstructure at L4, including (C) BV/TV, (D) Tb.N, (E)
Tb.Th, (F) Tb.Sp, (G) SMI, and (H) Conn.D. (I-K) Whole-bone mechanical properties of the
lumbar vertebra L2 as a result of OVX and reproductive history, including (I) peak load, (J)
stiffness, and (K) energy to failure. * indicate significant differences between groups (p<0.05).
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Figure 6. (A-E) Effects of OVX and reproductive history on cortical bone microstructure of the
femur midshaft, including (A) Ct.Area, (B) Ct.Th, (C) P.Perim, (D) E.Perim, and (E) pMOI. (F-
H) Whole-bone mechanical properties of the femur midshaft as a result of OVX and reproductive
history, including (F) peak load, (QG) stiffness, and (I) energy to failure. * indicate significant
differences between groups (p<0.05).
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