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Abstract
Given the aging population and the increased incidence of fracture in the elderly population, the
need exists for agents that can enhance bone healing, particularly in situations of delayed fracture
healing and/or non-union. Our previous studies demonstrated that over-expression of the gonadal
peptide, human Inhibin A (hInhA), in transgenic mice enhances bone formation and strength via
increased osteoblast activity. We tested the hypothesis that hInhA can also exert anabolic effects
in a murine model of distraction osteogenesis (DO), using both transgenic hInhA overexpression
and administration of normal physiological levels of hInhA in adult male Swiss-Webster mice.
Tibial osteotomies and external ring fixation were performed, followed by a 3 day latency period,
14 day distraction, and sacrifice on day 18. Supraphysiological levels of hInhA in transgenic mice,
but not normal physiological levels of hInhA, significantly increased endosteal bone formation
and mineralized bone area in the distraction gap, as determined by radiographic and µCT analysis.
Significantly, increased PCNA and osteocalcin expression in the primary matrix front suggested
that hInhA increased osteoblast proliferation. This mechanism is consistent with the effects of
other agents and pathologies that modulate bone formation during DO, and demonstrates the
potential of hInhA to enhance bone repair and regeneration.
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Introduction
Non-steroidal hormones in the hypothalamic-pituitary-gonadal skeletal (HPGS) axis are part
of the repertoire of endocrine hormones regulating skeletal metabolism (1–5). We have
demonstrated that Inhibins regulate osteoblast and osteoclast differentiation in mouse and
human cells 6, 7 and that changes in Inhibins, independent of changes in estradiol or follicle
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stimulating hormone (FSH), lead to changes in bone turnover (8). Using a transgenic mouse
model of inducible Inhibin A (InhA) overexpression that produces serum InhA
concentrations of 400–800 pg/ml (9), we have also demonstrated skeletal anabolism of
InhA. Continuous exposure to these levels of InhA stimulates increases in trabecular bone
mass, architecture and strength in both the tibia and spine, primarily via increases in
osteoblast activity (6).

To gain additional insight into the mechanistic basis of Inhibin’s stimulatory effects on bone
formation and to determine whether it has a similar anabolic affect during bone
regeneration, we utilized a uniquely suitable model of cellular organization and isolation of
osteoblastogenesis offered by the distraction osteogenesis (DO) process (10, 11). Our study
was focused in the early stages of DO, when osteoblast proliferation and differentiation
predominate and did not include the later stages of DO repair and consolidation (10, 11). We
hypothesized that the effect of InhA overexpression would be similar to that seen in intact
animals, namely that InhA would be anabolic and accelerate the amount of bone formed
during the distraction period and that other mechanisms would potentially control
consolidation. Thus, DO was performed on adult male Glvp/InhA mice implanted with
mifepristone (MFP) pellets to induce InhA overexpression or treated with vehicle pellets
alone, as we have previously described (6), to determine the effect of InhA overexpression
on bone regeneration during DO. In a second study, we tested the idea that physiological
InhA concentrations (30–80 pg/ml) would also be sufficient to achieve anabolic effects
during DO. We administered human InhA at a dose of 30–80 pg/ml, via osmotic mini pump,
initiated at the time of osteotomy and continuing through the 14 days of distraction in male
Swiss Webster mice at peak adult bone mass.

We show here that InhA was dramatically anabolic and accelerated the amount of new bone
formation during DO when mice were exposed to InhA overexpression, but not when
exposed to normal physiological InhA levels.

Materials
Animals and Reagents

An inducible InhA bigenic transgenic mouse line (6), Glvp+/+:hInhA+/− (Glvp/InhA) were
gifted by Dr. Teresa Woodruff (Northwestern University, Evanston, IL) and the colony
developed to utilize mice at peak adult bone mass for their individual strain (4.5 months of
age) (6). Normal Swiss Webster mice at adult peak bone mass, aged 3–4 months, were
purchased from Jackson Laboratory (Bar Harbor, ME). Controlled release pellets for
subcutaneous delivery of either vehicle (Veh group) or 6 micrograms per day of mifipristone
(MFP; Glvp/InhA group) to induce continuous InhA overexpression in Glvp/InhA mice
were purchased from Innovative Research of America, Toledo, OH (6). Analytical grade
reagents were purchased from Sigma (St. Louis, MO), and antibodies for
immunofluorescence were purchased from Cell Signaling (Boston, MA). Recombinant
human Inhibin A and human-specific InhA ELISAs were purchased from Diagnostic
Systems Laboratories (Webster, TX).

Osteotomies and Distraction Osteogenesis
The Institutional Animal Care and Use Committee (IACUC) of the University of Arkansas
for Medical Sciences approved all animal procedures. Under deep xylazine/ketamine
anesthesia each mouse was fitted with a full ring external fixator on the left tibia as
described previously (10, 12). Transgenic mice were then implanted s.c. with either vehicle
pellet or MFP to deliver 3.2 µg/day hInhA (6). Swiss-Webster mice were implanted s.c. with
Alzet minipumps containing human InhA in 0.1% BSA/0.1N Acetic Acid that was
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calculated to generate serum levels of 30–80 pg/ml/day delivery of InhA for 21 days.
Control pumps contained vehicle only. Finally, all mice received an intramuscular injection
of buprenorphine (1.0 mg/kg) for analgesia, and were observation during recovery. All
animals tolerated and adapted well to the fixated leg as indicated by normal ambulation and
weight bearing on the leg by 48 hr post-surgery. Distraction was initiated 3 days after
surgery (3-day latency) at a rate of 0.075 mm twice a day (0.15 mm/day) and continued for
14 days.

Following 14 days of distraction, all animals were sacrificed under xylazine/ketamine
anesthesia (postoperative day 18). Distracted tibiae were removed by disarticulation at the
knee and ankle and placed in 10% neutral buffered formalin with the external fixators in
place. After fixation, soft tissues were dissected away, and the tibiae were removed from the
fixators for high-resolution single-beam radiography, followed by microCT analysis and
subsequent histological processing as we have described (10, 12–15).

Radiographic Analysis of Bone Formation During DO
A Xerox Micro 50 closed system radiography unit (Xerox, Pasadena, CA; 40 kV (3 mA) for
20 s) was used (10). Comparison of distraction gap radiodensities was made by
videomicroscopy using NIH Image Analysis 1.49 (NIH, Bethesda, MD; http://
rsb.info.nih.gov/nih-image/index.html). The measured distraction gap area was outlined
from the outside corners of the two proximal and the two distal cortices forming a
quadrilateral region of interest as we have described (10).

MicroCT Analysis of Regenerate Bone Formation in Distraction Osteogenesis
Following analytical radiography bone formation was analyzed using a µCT40 (Scanco
Medical AG, Bassersdorf, Switzerland) and the manufacturer’s software. The tibia including
the entire distraction gap of was scanned in cross section with an isotropic voxel size of 12
µm at 55 kV, 114 µA, and 1000 projections per rotation. Endosteal gap volume was defined
as the volume of a cylinder approximating the shape and volume of the marrow cavity
between the proximal and distal ends of the host cortices. Endosteal new bone was defined
as bone residing within the endosteal gap volume. At the proximal end of the DO gap, the
endosteal surface of the host cortex was outlined in the last cross sectional image in which
the cortex appeared intact. That specific outline was copied and pasted onto the slice in
which ~50% of the host cortex is missing, defining the region of interest for that slice and
the proximal end of the DO gap. This procedure was repeated for the distal end of the DO
gap. The ROI for each of the interceding slices was defined by hand drawn contours to
account for the significant changes in the size and position throughout the distraction gap.

For both the endosteal and periosteal analyses, bone was segmented from soft tissue by
applying an optimized grey scale threshold and a 3-dimensional noise filter to create a
binary 3-dimensional reconstruction. The threshold and noise filter used were the same as
that used for the trabecular analysis of intact mouse bones (sigma 0.8, support 1, threshold
245) as we have described (6, 16). Total volume and bone volume were calculated directly
from the sum of the individual voxel volumes in the 3-dimensional reconstruction. The bone
volumes were normalized to total gap volume to yield a ratio of proximal new bone/gap
volume or distal new bone/gap volume, respectively. These data are analogous to the 2-
dimensional radiographic and histological measures that we have used previously (17, 18).

Histological Analysis of New Bone Matrix
After radiography and µCT imaging, the distracted tibiae were decalcified in 5% formic
acid, paraffin-embedded and longitudinal 5–7µm sections obtained and stained with
hematoxylin and eosin (H&E). The sections chosen for analysis represented a central or near
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central distraction gap location. Endosteal new bone was defined as that arising from the
marrow space between the host cortices as previously described (12, 13, 19–21). For
histological quantification of DO gap matrix formation, a digital image of each slide was
captured under low-power (2× objective) microscopic magnification and analyzed using
NIH Image. The distraction gap area was outlined from the outside corners of the two
proximal and the two distal cortices forming a quadrilateral region of interest, and the area
of that region (gap area) was recorded. Both the proximal (PNB) and distal endosteal new
bone (DNB) matrix, which is easily distinguished from the central fibrous tissue at the
primary matrix front, was outlined and the area recorded. The percentage of new bone area
within the distraction gap was calculated by dividing bone matrix area by gap area (13–15,
22, 23), and osteocyte number per endosteal new bone area was enumerated as a measure of
cellularity in the endosteal new bone. Proliferating cell nuclear antigen (PCNA) staining was
performed on decalcified tissue with the FL-261 rabbit anti-mouse PCNA (1:100 dilution in
PBS), followed by biotinylated goat anti-rabbit secondary antibody, then incubation with
horseradish peroxidase–streptavidin followed by color development with NovaRed (Vector
Laboratories, Burlingame, CA) and counterstained with Harris’ hematoxylin (10). The
number of PCNA positive cells adjacent to the endosteal new bone (ENB) were quantified
in four 20× light field microscopic visual fields across the proximal PMF of each slide for
each sample. Similarly, osteocalcin staining of the PMF was performed on decalcified,
deparaffinized sections using a murine osteocalcin specific rabbit anti-mouse antibody
(Enzo Life Sciences) at 1:8000 dilution overnight at 4C followed by incubation with rabbit
horseradish peroxidase, and counterstained with Harris’ Hematoxylin (10).

Human-Specific Serum Inhibin A Assay
Human-specific InhA was measured by a 2-site ELISA according to manufacturer’s protocol
as described previously (6). Blood was collected at sacrifice by cardiac puncture, allowed to
clot on ice for 1 hr, and serum obtained. The detection limit of human InhA is <10 pg/ml,
and intra-assay variability < 10% CV.

Statistical Analysis
Student’s t-test was used to analyze data that passed normalization tests for these studies. A
p-value of <0.05 was considered statistically significant between the 2 groups.

Results
The concentration of human InhA was measured in serum collected at sacrifice to confirm
systemic hInhA levels in Swiss-Webster mice treated with hInhA (Figure 1A) and to
determine the extent of MFP-induced hInhA overexpression in transgenic animals (Figure
1B). The mean serum hInhA concentration in Swiss-Webster mice was in the normal
physiological range of 30–80 pg/ml (Figure 1A), whereas serum hInhA levels in Glvp/InhA
transgenic mice were more than 10-fold higher (200–800 pg/ml) than the normal
physiological range (Figure 1B).

Standard 2-dimensional radiographic methods were used to examine the effects of InhA on
endosteal mineralized bone formation (that arising from between the host cortices) in the
distraction gap. Analysis revealed that treatment with normal physiological levels of hInhA
did not significantly affect endosteal new bone formation in the distraction gap (Figure 2A).
However, supraphysiologic overexpression of hInhA during the distraction period
significantly increased the percentage of the distraction gap occupied by new mineralized
bone (Figure 2B).
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Histologically, three zones of bone formation are defined within the distraction gap. 1) the
fibrous interzone (FIZ) located in the middle of the gap and filled with fibroblastic cells
within parallel collagen bundles; 2) the primary matrix front (PMF) located on both borders
of the fibrous interzone and where cell proliferation and new osteoid deposition occurs; and
3) the zone of microcolumn formation (MCF) where the osteoblasts become embedded in
parallel mineralized bone columns (10, 13, 24). The MCF zone containing endosteal new
bone was observed in Glvp/InhA mice treated with vehicle and overexpressing InhA (Figure
3A and 3B).

The area of new bone matrix formed in the distraction gap was also measured in central
histological sections of the distracted tibiae as described (10, 13, 24). InhA overexpression
in Glvp/InhA mice did not affect the total amount of new bone matrix formed in the
endosteal DO gap (Figure 3C). Despite the lack of effect on the PMF, InhA overexpression
in Glvp/InhA mice significantly increased new mineralized bone formation (Figures 2 and
4).

To obtain a more comprehensive and higher resolution measure of mineralized bone in the
total endosteal distraction gap, the distracted bones were analyzed utilizing µCT (12, 14, 25,
26). The treatment of Swiss-Webster mice with normal physiological levels of InhA for 18
days did not enhance n new bone formation in the DO gap (Figure 4A). However, consistent
with the results of the standard 2D radiographic analysis in Glvp/InhA mice (Figure 2),
analysis by µCT demonstrated that InhA overexpressing Glvp/InhA mice had significantly
more endosteal regenerate bone compared to Vehicle treated mice (Figure 4A, B). Since a
threshold equal to that used for the evaluation of mature trabecular bone was used, this result
suggests that InhA overexpression accelerates the formation of mature mineralized bone
during bone healing.

Next, the proliferation of osteoblasts in the primary matrix front of InhA overexpressing
Glvp/InhA mice was examined by immunohistochemical staining for PCNA expression
(Figure 5). Enumeration of the numbers of proliferating cells demonstrated significantly
increased numbers of proliferating cells in the PMF of InhA over-expressing mice compared
to Vehicle (Figure 5D). Staining of the osteoblast specific marker osteocalcin was used to
confirm that proliferating cells were indeed osteoblastic lineage cells (Figure 6). InhA
stimulated proliferating cells of the osteoblastic lineage (Figure 6B) indicating that the InhA
stimulated increase in bone formation during DO is mediated by increased proliferation of
osteoblasts. Importantly, this observation does not exclude other potential InhA effects on
osteoblast differentiation and activity. This is consistent with our previous findings in intact
and gonadectomized Glvp/InhA mice in which the targets of InhA anabolism were also cells
of the osteoblast lineage (6).

Discussion
Our previous results demonstrated that InhA overexpression increases bone formation by
stimulating mature osteoblast activity (6). Based on those observations the current study
tested whether InhA treatment, either via transgenic over-expression or via osmotic
minipump administration of normal physiological levels of InhA, increases bone formation
during DO. Analysis using both 2-dimensional soft radiography (Figure 2) and 3-
dimensional µCT (Figure 4) demonstrated that whereas normal physiological levels of InhA
were insufficient to stimulate bone formation during DO, transgenic InhA overexpression
significantly increased the volume of mineralized endosteal bone formed during the
distraction protocol. In contrast, analysis of histological sections of distraction gaps from the
same study (Figure 3) did not find that InhA overexpression significantly increased the area
of bone matrix in the endosteal distraction gap.

Perrien et al. Page 5

J Orthop Res. Author manuscript; available in PMC 2013 August 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The consistent increase in mineralized bone without a change in bone matrix area suggests
that Inhibin increases the rate at which bone matrix is mineralized rather than affecting
matrix synthesis and mineralization equally. Bone formation during DO is so rapid that
osteoblasts must continue to mineralize the matrix, often after being embedded in the matrix.

Our current understanding is that osteoblastogenesis is characterized by at least three
primary stages, proliferation, extracellular matrix maturation and mineralization (27–29),
although recent observations raise the intriguing idea that these specific osteoblast
differentiation stages may be controlled separately (30, 31–34). For example, expression of
the protein convertase SKI-1 controls initiation of osteoblastic mineralization, without
affecting proliferation (30). Collectively, our data support the idea that the regulation of
osteoblast proliferation and activity can be separated and suggest that InhA treatment can
activate proliferation and mineralization without effects on matrix production. These InhA-
mediated increases in the activity of mature osteoblasts (mineralization) are consistent with
our previous findings (6).

While differences in the results of the histological versus radiographic and µCT analysis of
endosteal bone area suggest selective effects of InhA overexpression on mineralization, the
results of the immunohistochemical staining for PCNA expression suggest that InhA also
significantly increases osteoblast proliferation, at least in the primary matrix front (Figure
5D). These observations are consistent with the ability of in vivo InhA overexpression to
stimulate ex vivo osteoblastogenesis (6), and would lead to both increases in the number of
matrix-producing osteoblasts, as well as increases in their activity, as measured by the rate
of mineralization. Such a mechanism is consistent with the effects of other several other
agents and pathologies during DO (12, 13, 22, 25, 35–38), and thus is a likely mechanism to
accelerate repair and regeneration.

Additional studies are necessary to further elucidate the potential mechanisms of InhA
anabolism during DO. A preferential increase in matrix mineralization could be detected by
measuring the mineralization lag time or measuring material properties of the matrix by
spectroscopy in the distraction gap. However, these measurements require the use of non-
decalcified sections, and the analytical procedures used in this study precluded this analysis
since the sections were decalcified in formic acid. DO is uniquely suited to quantify the
function of primarily osteoblasts during bone formation in vivo. We propose that the results
described here provide novel insight into bone growth and bone healing. The effects of InhA
on bone consolidation after DO remain unstudied and are the focus of current investigation.

Although normal physiological levels of systemic InhA do not enhance bone formation in
the distraction gap, supraphysiological levels of InhA accelerate bone repair during DO via
mechanisms involving enhanced osteoblastic proliferation and mineralization. Finally, these
studies identify InhA and its signaling pathway as a novel therapeutic target to enhance bone
repair in a variety of clinical settings. Further studies are underway to elucidate the dose-
response for the observed InhA effects, and to identify the specific molecular target(s) of the
stimulatory effects InhA action on osteoblastic proliferation and mineralization.
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Figure 1. Serum hInhA levels are increased in vivo
(A) Normal Swiss-Webster mice treated with vehicle or hInhA (40.8+/−7.2 pg/ml) for 18
days. (B) Glvp/InhA bigenic mice were implanted with Vehicle or MFP to stimulate the
systemic overexpression of hInhA. Human InhA was undetectable in both Swiss Webster
(A) and Glvp/InhA mice treated with Vehicle (B). Data shown are mean +/− SD.;*=p<0.05.
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Figure 2. Supraphysiological concentrations of hInh A enhance new bone formation during DO
(Top) Percent total new bone area in the DO gap of (A) Swiss-Webster mouse tibiae treated
with vehicle or physiological concentrations of hInhA by Alzet minipump for the 18 day
duration of the experiment or (B) Glvp/InhA mice treated with Vehicle or MFP to
overexpress InhA. Data shown are mean +/− SD; *=p<0.05. (Bottom) Representative X-ray
images from each treatment are shown under the corresponding bars in the top panels.
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Figure 3. hInhA overexpression enhanced new microcolumn formation but not the area of new
matrix formation during DO
Photomicrographs of the proximal half of a decalcified paraffin embedded histological
sections of the DO gap in Glvp/InhA mice treated with Vehicle during DO (A), or
overexpressing hInhA during the time of DO (B) and stained with H&E depicting the major
biological zones of the distraction gap. Analytically, the zone of microcolumn formation
(MCF) is referred to as Endosteal New Bone (ENB). BM, Bone Marrow; C, Cortex; FIZ,
Fibrous Interzone; PMF, Primary Matrix Front. Bars = 500µm. (C) The formation of new
bone matrix in the endosteal distraction gap of Vehicle-treated Glvp/InhA mice and Glvp/
InhA mice treated with MFP was assessed in central sections of decalcified DO gaps stained
with H&E. (D) The osteocyte density in the ENB was enumerated per bone area in central
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sections of decalcified DO gaps stained with H&E. No significant differences in cellularity
were observed. Data shown are mean +/− SD.
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Figure 4. hInhA overexpression increases endosteal new bone formation during DO
(A) MicroCT reconstruction of mouse tibiae. (Top) Swiss-Webster treated with vehicle or
hInhA for 18 days. (Bottom) Glvp/InhA mice treated with Vehicle or MFP to overexpress
hInhA. Mice were sacrificed 18 days post-operatively and the DO gap scanned. (B)
MicroCT translucent reconstructions illustrate hInhA effects on endosteal bone volume. 3-
Dimensional reconstruction of endosteal new bone in Vehicle treated (yellow) and InhA
overexpressing (gray) Glvp/InhA mice. (C) Total volume and bone volume of the endosteal
distraction gap were calculated directly from the voxel volumes in the reconstruction. Data
shown are mean +/− SD; *=P<0.05.
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Figure 5. hInhA overexpression increases osteoblast proliferation in the primary matrix front
(PMF) during DO
Paraffin embedded decalcified DO gaps containing ENB from Vehicle-treated Glvp/InhA
mice and Glvp/InhA mice treated with MFP to stimulate hInhA overexpression (Glvp/
InhA), stained for expression of proliferating cell nuclear antigen (PCNA, brown stain). (A)
Vehicle treated, (B, C) hInhA overexpressing samples. (C) Negative control (no primary
anti-PCNA antibody). Bars=500µm. (D) PCNA+ cells adjacent to the ENB were quantified
in four 20× visual fields in the proximal PMF. Data are mean +/− SD; (*=P<0.05).
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Figure 6. Osteocalcin expression identifies osteoblastic cells in the PMF during DO
Paraffin embedded decalcified DO gaps containing ENB from Vehicle-treated Glvp/InhA
mice and Glvp/InhA mice treated with MFP to stimulate hInhA overexpression (Glvp/
InhA), and stained for osteocalcin. (A) Vehicle treated, (B, C) InhA overexpressing samples.
(C) Negative control (no primary anti-osteocalcin antibody) Bar=500µm.
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