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Abstract The objective of the study was to determine the

in vivo role of Filamin A (FLNA) in osteoclast generation

and function, through the assessment of trabecular bone

morphology, bone turnover, and the resulting changes in

mechanical properties of the skeleton in mice with targeted

deletion of FLNA in pre-osteoclasts. Using a conditional

targeted knockdown of FLNA in osteoclasts, we assessed

bone characteristics in vivo including micro-computed to-

mography (micro-ct), histomorphometric analyses, and

bone mechanical properties. These parameters were

assessed in female mice at 5 months of age, in an aging

protocol (comparing 5-month-old and 11-month-old mice)

and an osteoporosis protocol [ovariectomized (OVX) at

5 months of age and then sacrificed at 6 and 11 months of

age]. In vivo bone densitometry, mechanical and histo-

morphometric analyses revealed a mild osteoporotic phe-

notype in the FLNA-null 5-month and aging groups. The

WT and FLNA-KO bones did not appear to age differently.

However, the volumetric bone mineral density decrease

associated with OVX in WT is absent in FLNA-KO-OVX

groups. The skeleton in the FLNA-KO-OVX group does

not differ from the FLNA-KO group both in mechanical

and structural properties as shown by mechanical testing of

femora and vertebrae and histomorphometry of vertebrae.

Additionally, FLNA-KO femora are tougher and more

ductile than WT femora. The result of this study indicates

that while FLNA-KO bones are weaker than WT bones,

they do not age differently and are protected from estrogen-

mediated post-menopausal osteoporosis.
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Introduction

Bone is a dynamic tissue that is continually remodeled to

provide maximal strength with minimal mass as deter-

mined by the physiological needs of vertebrate organisms

[1]. Bone formation and resorption are metabolic processes

accomplished through the precise coordination of os-

teoblast and osteoclast activity. Osteoblasts of mesenchy-

mal origin deposit the calcified bone matrix, while

osteoclasts of haematopoietic origin resorb bone [2]. Os-

teoclasts are large multinucleated cells, the only cells ca-

pable of resorbing bone. Osteoclasts are highly polarized

cells requiring dynamic cytoskeletal reorganization in

order to adhere, migrate, and resorb bone mineral and

matrix [3, 4].

Diseases such as osteoporosis, caused by excessive bone

turnover, can result in fractures that can cause morbidity,

shortened lifespan, and weakened skeletal structure [5, 6].

Osteoporosis is characterized by low bone mass and dete-

rioration of bone architecture [7]. One of the major con-

sequences of osteoporosis is disturbed bone architecture

resulting in fractures, which places a significant economic

burden on the healthcare system [8]. Up-regulation of bone

turnover through mechanisms not clearly defined is a direct

result of estrogen depletion leading to post-menopausal

osteoporosis [9]. Ovariectomy (OVX) is a valuable tool

used in numerous animal models to mimic estrogen de-

pletion in post-menopausal women. Estrogen deficiency
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leads to stimulation of bone resorption and formation

through prolonging and shortening the lifespan of osteo-

clasts and osteoblasts, respectively. As a consequence, a

high turnover state develops which leads to bone loss and

perforation of trabecular plates [10, 11].

Following stimulation by cytokines RANKL and

M-CSF, osteoclasts are formed [osteoclastogenesis (OCG)]

through mononuclear monocyte fusion derived from he-

matopoietic progenitors in the bone marrow. In vivo, OCG

is supported by cell-to-cell contact between expressed

RANKL on the surface of osteoblasts and RANKL receptor

on the surface of osteoclast precursor cells [2]. Migration is

a crucial cellular event in osteoclast formation and function

as it brings cells in close proximity prior to fusion to enable

the formation of mature multinucleated osteoclasts [2, 12].

Cellular migration and membrane fusion require dynamic

actin cytoskeleton reorganization achieved through Rho

family small GTPase (Rac1, Cdc42, and RhoA) activity

[12–14]. Recent literature postulates that the flexible hinge

region of actin-binding protein Filamin A (FLNA) local-

izes Rho GTPase signaling intermediates within close

proximity to each other to facilitate efficient actin cy-

toskeletal remodeling.

FLNA is a ubiquitous actin-binding protein that cross-

links cortical F-actin into three-dimensional orthogonal

networks at the leading edge of cells in X-, T-, or Y-shaped

junctions. FLNA is the most abundant and widely ex-

pressed isoform among Filamins A, B, and C, sharing 70 %

sequence homology [15–17]. FLNA is required for po-

dosome and sealing zone formation in osteoclasts. It binds

the integrin beta subunit cytoplasmic domain to allow the

spatial and temporal organization of different integrin-

linked F-actin meshworks [18]. FLNA is critical for normal

cortical neuron migration from their native neural crest

location to the cerebral cortex during brain development. A

null mutation in the FLNA gene results in defective mi-

gration of neurons in the lateral ventricle leading to

periventricular heterotopia (PVNH). The FLNA-deficient

M2 cell line, derived from human malignant melanoma,

also exhibits defective migratory ability that is restored

upon FLNA transgene rescue [19].

Deficiencies in OCG in FLNA-null monocytes were

observed in recent in vitro studies and preliminary in vivo

studies. Under normal in vitro plating densities, FLNA-null

osteoclasts were smaller, less numerous, and contained less

nuclei per osteoclast. Quantification of osteoclasts in vivo

in the distal femoral head of male mice revealed similar

results, illustrating the in vivo physiological relevance of

FLNA in OCG. Further preliminary findings of reduced

OCG in vivo in male mice suggest a possible skeletal

phenotype of osteopetrosis, with or without concomitant

defects in bone remodeling [19]. The aforementioned re-

sults raised the question of how deletion of FLNA would

impact female mice in vivo and how the deletion of FLNA

and lack of estrogen would fare on these mice. Our hy-

pothesis was that deletion of FLNA in a transgenic mouse

model would result in an osteopetrotic phenotype where

FLNA-KO mice will have fewer active osteoclasts and/or

reduced bone remodeling. Our model aims to assess the

in vivo impact of the loss of FLNA on the bony skeleton

and its impact on aging and OVX transgenic mice. This

was achieved using 5-, 6-, and 11-month-old FLNA-WT

and FLNA-KO mice (n = 15 per group). The 5-month

group was used to assess whether there was a phenotype

upon loss of FLNA. The 11-month group was compared to

the 5-month group to study the physiological effects of

aging and to determine whether WT mice age differently

from FLNA-KO mice. Mice were ovariectomized (OVX)

at 5 months of age and then sacrificed at 6 and 11 months

of age to establish an osteoporosis model for loss of FLNA.

In vivo micro-ct, mechanical testing, and histomor-

phometry were used to characterize the role of FLNA in

osteoclast generation, trabecular bone morphology, bone

turnover, and the consequences of the lack of FLNA in

aging mice and upon estrogen depletion.

Materials and Methods

Animals

All procedures described were performed in accordance

with the Guide for the Humane Use and Care of Laboratory

Animals and were approved by the University of Toronto

Animal Care Committee. SV129-black 6 mice containing

the conditional knockout of the X-linked FLNA gene

(FLNA-null) were generated as described previously [20,

21]. Since a global knockout resulted in lethality, a con-

ditional knockout strategy was used with loxP sites inserted

into introns 2 and 7 of the mouse FLNA gene (FLNAc/c or

male FLNAc/y mice). Deletion of the FLNA gene in

granulocytes (neutrophils and monocytes) was accom-

plished by breeding these mice with mice expressing cre-

recombinase under control of the granulocyte-specific

lysozyme M promoter that is active during early embryo-

genesis [22]. Cre-mediated recombination deletes exons

3–7, producing a non-sense mutation with early FLNA

truncation at amino acid 121. To confirm deletion of the

FLNA gene, tail snips were used to prepare DNA for PCR

analysis as described previously [20]. Littermates with

unsuccessful cre-mediated recombination were used as

wild-type control (WT) [22]. For the purposes of this study,

ten groups of mice containing WT and FLNA-KO mice

were used. Each group comprised 15 mice for a total of 150

mice to establish statistical significance and guard against

losses.
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In order to investigate bone characteristics in mice

missing this important protein for bone resorption,

5-month-old WT and FLNA-KO female mice were com-

pared with each other and for the aging model, to

11-month-old WT and FLNA-KO mice (n = 15 per

group). Mice were ovariectomized (OVX) at 5 months of

age and then sacrificed at 6 and 11 months to establish

osteoporosis models for loss of FLNA. The 11-month

group was utilized to study the natural physiological aging

model of osteoporosis as well as the extreme case of os-

teoporosis, which is induced by OVX. No significant dif-

ferences were reported at the tissue level for bone

resorption and formation in vivo. The 6-month group was

introduced to ensure that the effects due to OVX were

taking place at the tissue level, which takes place

4–6 weeks post-surgery. Femur bones and 6th lumbar

vertebrae were placed in saline-soaked gauze and frozen.

Specimens were thawed overnight prior to use for micro-ct

and mechanical testing.

Calcein green is a bone formation marker that is pref-

erentially taken up at the site of active mineralization of

bone [23]. Two and ten days before euthanasia 5-, 6-, and

11-month-old OVX mice were injected in their peritoneal

cavities with calcein green (30 mg/kg) for bone dynamic

histomorphometric analysis. Animals were sacrificed by

CO2 asphyxiation, following animal care protocol estab-

lished by University of Toronto Animal Care Committee.

Bone Densitometry and Structural (BMD) Analyses

Micro-computed tomography (micro-ct) is a tool used to

create high-resolution (*6 microns) three-dimensional

images of the bone and for the calculation of volumetric

BMD (vBMD) (g/cm3) as well as to evaluate changes in

trabecular bone microarchitecture. Micro-ct was performed

on right femora and sixth lumbar vertebrae from 5- to

11-month-old mice. Femora and sixth lumbar vertebrae,

trimmed to leave only the vertebral body, were mounted in

microtubes and scanned using SkyScan 1172 micro-ct

scanner (Bruker). Femora and vertebrae were scanned at

11.6 and 6.1 lm resolutions, respectively. All images were

obtained at an x-ray voltage of 50 kV and current of 800 A

with a 0.25 mm aluminum filter to ensure a uniform beam.

All scans were reconstructed and calibrated with the use of

two hydroxyapatite standards that were provided by the

manufacturer. Reconstructed images obtained from scan-

ning were analyzed using the Skyscan CT-Analyzer soft-

ware (Version 1.6.1). Femoral geometry and vBMD were

assessed from the analysis of a region of interest created

0.25 mm above and below the midpoint. Femoral mid-

points were measured by the use of digital calipers and

serve as the points of fracture for three-point bending tests.

The density parameter considered was volumetric bone

mineral density (vBMD), and the structural parameters

analyzed were bone area (B.Ar (mm2)), cross-sectional

thickness [Cs.Th (mm)], and anterior–posterior diameter

(A–P (mm)). Vertebral trabecular architecture and vBMD

were assessed by creating a region of interest along the

length of the vertebrae but with exclusion of vertebral

growth plates. Structural parameters analyzed for vertebrae

included percentage of bone volume [BV/TV (%)], tra-

becular thickness [Tb.Th (mm)], trabecular number (Tb.N),

and trabecular separation [Tb.Sp (mm)].

Mechanical Testing

Right femora from 5- to 11-month-old mice were tested in

three-point bending to evaluate the mechanical properties

of cortical bones. Sixth lumbar vertebrae were tested in

compression to evaluate the properties of trabecular bones.

Three-point bending and vertebral compression were

performed using an Instron 4465 materials testing machine

(Instron Canada Inc.). A pre-load of less than 1 N was

applied to establish each sample’s contact with the upper

device. Further load was applied by a 100 N cell load at a

speed of 1 mm/min, and load versus time data were col-

lected every 0.1 s by LabView data acquisition software

(National Instruments Corp.; Austin, TX) until sample

failure. Digital calipers were used to calculate femoral

midpoints. Femora were positioned between two supports,

6 mm apart, with the posterior side facing downwards.

Vertebral body height and area were measured for data

normalization. All vertebrae were carefully removed of any

adherent soft tissue that may remain from the intervertebral

disks allowing for the proximal and distal ends of the

vertebra to be as flat as possible for testing purposes. A fine

layer of cyanoacrylate-based adhesive was then applied to

a metal plate to securely adhere the distal vertebrae so that

its length is perpendicular to the plate.

Displacement was automatically calculated based on

speed and time, and a load–displacement graph was gen-

erated to evaluate bones’ structural mechanical properties

such as ultimate load (N), energy to failure (mJ), and

stiffness (N/mm). Afterward, data were normalized to the

bone cross section and height for femora and vertebrae,

respectively. A stress–strain graph was generated to eval-

uate the material properties of bones such as ultimate stress

(GPa), failure strain (%), toughness (Gpa), and modulus

(GPa).

Static and Dynamic Histomorphometric Analysis

Fifth lumbar vertebrae from 5-, 6-, and 11-month-old WT

and FLNA-KO mice were isolated and fixed in 70 %

ethanol. Samples were dehydrated in ascending concen-

trations of acetone followed by ascending ratios of
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unpolymerized spur resin and acetone. Afterward, bones

were embedded in blocks of spur resin and left to poly-

merize in a 60 C oven for 48 h. Using a semiautomatic

microtome (Leica RM 2265), three 5-micron-thick coronal

sections were cut from each sample and placed on gela-

tinized slides for Goldner’s trichrome staining [22]. One

7-micron-thick coronal section was cut, placed on gela-

tinized slides. and left unstained for dynamic histomor-

phometric analysis. Trabecular bone was analyzed using a

259 objective lens connected to a video camera (Retiga

1300). Serial fields using the Leitz Bioquant morphometry

system (Bioquant Nova Prime version 6.50.10) were ana-

lyzed from each sample to determine the following static

histomorphometric formation parameters including osteoid

volume [OV (mm3)], osteoid surface [OS (mm)], and os-

teoid thickness [O.Th. (mm)] (Image 1a).

Dynamic histomorphometry was performed using

fluorescence microscopy to measure the bone labels gen-

erated by calcein-green-injected mice prior to euthanasia.

All mice in this study were given two single intraperitoneal

injections of calcein green (0.6 % calcein green; 30 mg/kg

rodent) at 10 and 2 days before animal sacrifice. The single

and double calcein-green labels were measured on tra-

becular bone to calculate mineralizing surface [MS (mm)],

percentage mineralizing surface (%.MS), mineral apposi-

tion rate [MAR (lm/day)], and bone formation rate [BFR

(lm/day)]. All parameters are in accordance with the his-

tomorphometric nomenclature and definition of the

American Society of Bone Mineral Research (ASBMR)

(Image 1b) [23].

TRAP Staining Analysis

Fourth lumbar vertebrae were isolated from 5-, 6-, and

11-month-old WT and FLNA-KO mice and fixed in 10 %

formalin. Samples were decalcified using ethylenedi-

aminetetraacetic acid (EDTA, 0.5 M, pH 7.4) at 4C, with

daily solution changes for 8 weeks. Complete decalcifica-

tion was confirmed by faxitron imaging. Decalcified sam-

ples were then processed (series of formalin, 70 % ethanol,

90 % ethanol, 100 % ethanol, 100 % xylene, and paraffin)

and embedded in bone-specific paraffin. 5-micron-thick

coronal sections were cut serially using a Leica Reichert

Jung 2030 microtome (Leica Microsystems Canada Inc.,

Richmond Hill, Ontario) and mounted on Superfrost Plus

(high section adhesion) glass slides. The Acid Phosphatase

Leukocyte kit and protocol (Procedure No. 386, Sigma-

Aldrich Canada Ltd., Oakville, Ontario) were used to

prepare and perform TRAP staining. Slides were incubated

in the TRAP stain at 37C for 1 h with periodic shaking.

Following incubation, slides were washed and counter-

stained with Acid Hematoxylin. Slides were cover-slipped

using a water-soluble mounting media (Aqua Perm) and

were allowed to dry overnight in a 37C oven prior to

analysis.

Three 5-micron-thick coronal sections were cut serially

from each sample and placed on glass slides for Tartrate-

Resistant Acid Phosphatase (TRAP) staining. Osteoclasts

selectively express and stain positive for the TRAP en-

zyme. The Leitz Bioquant morphometry system was used

to quantify the number of osteoclasts (Oc.N.), osteoclasts

surface [Oc.S. (mm)], percent osteoclasts surface

(%.Oc.S.), number of osteoclasts per bone surface (N.Oc/

BS), and number of osteoclasts per osteoclasts surface

(N.Oc/Oc.S) (Image 1c).

Statistical Analysis

For all analyses, SPSS (version 22.0) was used. One-way

Analysis of Variance (ANOVA, general linear model) was

used to compare the measured parameters between groups.

A p value of \0.1 was required for a trend between

5-month groups. A p value of\0.05 was required to con-

sider a significant difference in all other groups. All results

are presented as mean ± standard deviation (SD) in graphs

and means in tables.

Results

Phenotype of 5-Month-Old FLNA-KO Mice

at Macro, Cellular and Tissue Levels

Micro-ct was performed on 5-month-old WT and FLNA-

KO right femora and 6th lumbar vertebrae to assess cortical

and trabecular vBMD and geometry, respectively. Mean

vBMD and cross-sectional thickness were significantly

reduced in 5-month FLNA-KO cortices compared to WT

cortices (Fig. 1a, b, respectively). vBMD and trabecular

number (Tb.N) were significantly reduced, while trabecular

separation (Tb.Sp) was significantly increased (p\ 0.1) in

FLNA-KO compared to WT trabeculae (Fig. 1c, d, e).

Three-point bending data revealed that ultimate load and

stiffness were significantly decreased in 5-month FLNA-

KO femora compared to WT femora (Fig. 2a, b). Upon

normalization of the load–displacement data, only ultimate

stress was reduced in FLNA-KO femora compared to WT

femora (p\ 0.1). The data suggest that FLNA-KO femora

are weaker than WT femora. Vertebral compression data

show that post-yield displacement and plastic energy are

increased in FLNA-KO vertebrae compared to WT verte-

brae suggesting that WT vertebrae are slightly more brittle

than FLNA-KO vertebrae (p\ 0.1). No significant differ-

ences were observed at the cellular and tissue levels for

bone resorption and bone formation rates between WT and

FLNA-KO vertebrae.
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Phenotype of FLNA-WT and FLNA-KO Aging Mice

(5 months?11 months) at Macro, Cellular,

and Tissue Levels

Micro-ct was performed on 11-month-old WT and FLNA-

KO femora and vertebrae to assess cortical and vertebral

vBMD and geometry, respectively. Results were compared

to the 5-month groups to determine whether skeletal aging

differs between WT and FLNA-KO mice. Mean bone area

of femora was significantly increased in the WT aging

group (5 months vs. 11 months) (Table 1). FLNA-KO

femora showed significant increases in both vBMD and

bone area at 11 months (Table 1). Trabecular separation

was significantly increased, while trabecular number was

significantly decreased in both WT and FLNA-KO verte-

brae in 11-month groups (Table 2). Vertebral vBMD was

significantly increased in the 11-month FLNA-KO aging

group (Table 2). Three-point bending data of femora re-

vealed that only normalized parameters including ultimate

stress and modulus were significantly decreased in both

WT and FLNA-KO 11-month groups (Table 3). No sig-

nificant differences were reported between 5- and

Fig. 1 5-month-old FLNA-KO bones have reduced bone mineral

density and geometric properties compared to 5-month-old WT

bones. Mean volumetric bone mineral density and cross-sectional

thickness are significantly decreased in FLNA-KO femora (Fig. 1a,

b). Mean volumetric bone mineral density and trabecular number are

significantly decreased, while trabecular separation is significantly

increased in FLNA-KO vertebrae (Fig. 1c, d, e). Stars represent data
that are significantly decreased (p\ 0.1)

Fig. 2 5-month FLNA-KO

femora have reduced

mechanical properties compared

to 5-month WT femora. Mean

ultimate load and stiffness are

significantly decreased in

FLNA-KO femora (Fig. 2a, b).
Stars represent data that are

significantly decreased

(p\ 0.1)
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11-month groups in both the WT and FLNA-KO categories

for vertebral compression, TRAP, static and dynamic his-

tomorphometry. Taken together, the data reveal that there

are slight skeletal aging changes in each of the WT and

FLNA-KO groups but that FLNA deletion does not impact

on age-related skeletal changes.

Phenotype of FLNA-WT and FLNA-KO-OVX Mice

at Macro, Cellular, and Tissue Levels

Post-OVX, 11-month WT-OVX femora show expected

significant decreases in vBMD compared to the FLNA-WT

sham group. No difference was reported between FLNA-KO

sham and FLNA-KO-OVX femora (Fig. 4a). Femoral ge-

ometry reveals that there is a significant effect due toOVX in

femora of the WT group for B.Ar and Cs.Th; however, this

effect is not evident in FLNA-KO groups (Fig. 3b). Upon

estrogen depletion, vBMDwas significantly reduced inWT-

OVX vertebrae compared toWT vertebrae (Fig. 3c). FLNA-

KO-OVXvertebrae did not differ significantly from theWT-

OVX vertebrae as well as FLNA-KO sham vertebrae

(Fig. 3c). BV/TV was significantly decreased and Tb.Sp.

was significantly increased inWT-OVXvertebrae compared

toWT sham vertebrae (Fig. 3d, e). These parameters did not

differ significantly between the FLNA-KO-OVX and the

FLNA-KO sham vertebrae.

Table 1 Micro-CT of aging femora

Parameter 5-month WT 11-month WT 5-month KO 11-month KO p value WT p value KO

vBMD (g/cm3) 1.16 ± 0.035 1.18 ± 0.050 1.13 ± 0.036 1.17 ± 0.044 0.37 0.01*

Bone area (mm2) 1.03 ± 0.1 1.18 ± 0.119 0.97 ± 0.085 1.1 ± 0.108 0.002* 0.001*

Cross-sectional-thickness (mm) 0.24 ± 0.013 0.25 ± 0.019 0.23 ± 0.015 0.24 ± 0.018 0.6 0.07

Mean bone area was significantly increased in WT 11-month-old femora. The FLNA-KO group showed significant increases in both vBMD and

bone area at 11 months. Table represents mean ± SD

* Significant difference at p\ 0.05

Table 2 Micro-CT of aging vertebrae

Parameters 5-month WT 11-month WT 5-month KO 11-month KO p value WT p value KO

vBMD (g/cm3) 0.23 ± 0.033 0.21 ± 0.081 0.19 ± 0.068 0.15 ± 0.068 0.59 0.07

BV/TV (%) 32.46 ± 4.617 27.94 ± 11.54 28.55 ± 9.419 22.69 ± 7.211 0.18 0.01*

Tb.Th (mm) 0.043 ± 0.004 0.04 ± 0.011 0.04 ± 0.012 0.04 ± 0.012 0.77 0.92

Tb.Sp (mm) 0.09 ± 0.015 0.12 ± 0.056 0.10 ± 0.0312 0.14 ± 0.043 0.02* 0.0001*

Tb.N (#) 7.36 ± 0.756 6.02 ± 1.276 6.85 ± 1.915 5.45 ± 1.649 0.002* 0.0001*

Trabecular separation was significantly increased, while trabecular number was significantly decreased in both WT and FLNA-KO 11-month-old

vertebrae. vBMD was significantly increased in 11-month FLNA-KO vertebrae. Tables represent mean ± SD

* Significant difference at p\ 0.05

Table 3 Three-point bending of aging femora

Parameters 5-month WT 11-month WT 5-month KO 11-month KO p value WT p value KO

Ultimate load 22.22 ± 3.923 20.76 ± 3.871 18.14 ± 2.62 18.67 ± 5.28 0.31 0.75

Fail displace 0.27 ± 0.115 0.24 ± 0.105 0.29 ± 0.09 0.33 ± 0.13 0.75 0.38

Energy-to-fail 3.93 ± 2.034 3.13 ± 1.350 3.61 ± 1.56 4.18 ± 2.09 0.44 0.41

Stiffness 194.3 ± 24.24 198.0 ± 43.04 161.0 ± 25.4 165.15 ± 36.59 0.95 0.72

Ultimate stress 131.4 ± 21.37 98.51 ± 24.35 119.1 ± 13.78 93.68 ± 19.99 0.001* 0.0001*

Fail strain 5.79 ± 2.548 5.35 ± 2.431 6 ± 1.480 7.48 ± 3.03 0.93 0.12

Modulus 5504.8 ± 984.1 4068.3 ± 1352.0 5168.4 ± 985.6 3713.5 ± 849.4 0.007* 0.0001*

Toughness 4.92 3.35 4.84 4.71 0.15 0.85

Three-point bending data of femora revealed that only normalized parameters including ultimate stress and modulus were significantly decreased

in both WT and FLNA-KO 11-month groups. All results are reported as means in tables. A p value of\ 0.05 was required for significance.

Tables represent mean ± SD

* Significant difference at p\ 0.05
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With OVX, ultimate load, fail displacement, energy to

fail, and stiffness are significantly decreased in 11-month

WT-OVX femora (Fig. 4a). Following normalization of the

load–displacement data, ultimate stress, fail strain, and

modulus are significantly decreased in WT-OVX femora

compared to the WT non-OVX group (Fig. 4). The sig-

nificant reduction in the structural and material properties

of femora due to OVX in the WT groups is not observed

among FLNA-KO groups. Structurally, FLNA-KO and

FLNA-KO-OVX femora require more energy to fracture

compared to WT and WT-OVX femora (Fig. 4). When

structural properties were normalized to cross-sectional

area of femora, the failure strain was significantly increased

in FLNA-KO and FLNA-KO-OVX mice compared to WT

and WT-OVX mice (Fig. 4). These data would suggest that

FLNA-KO and FLNA-KO-OVX femora are more ductile

than WT and WT-OVX femora. The more the energy

dissipating (or toughening) mechanisms exist, the more

difficult it is to break a material.

As mentioned above, stiffness as well as Young’s

modulus is significantly decreased in the WT-OVX femora

compared to the WT femora (Fig. 4). FLNA-KO femora

and FLNA-KO-OVX femora remain unchanged from one

another and are significantly different from the WT-OVX

group. Together, these data suggest that FLNA-KO cortices

are protected from estrogen-mediated post-menopausal

submission to fracture and are more ductile than WT.

Vertebral compression data show expected significant

decreases in the WT-OVX group for ultimate load and

stiffness. FLNA-KO vertebrae are not significantly differ-

ent from FLNA-KO-OVX vertebrae (Fig. 5a, b, respec-

tively). It should be mentioned that for the aforementioned

parameters, the FLNA-KO non-OVX group is still lower

than the WT non-OVX group but is only significant at

p\ 0.1 which was the contingency for significance in the

5-month group.

TRAP staining revealed no significant differences in os-

teoclast parameters between WT, FLNA-KO, WT-OVX,

Fig. 3 FLNA-KO femora and vertebrae are protected from post-

menopausal changes in material and geometric properties of bone.

WT-OVX femora show expected significant decreases in vBMD in

the 11-month group. No significance was reported between FLNA-

KO sham and FLNA-KO-OVX femora. Femoral geometry reveals

that there is a significant effect due to OVX in the WT group for B.Ar

of femora; however, FLNA-KO groups remain unchanged from one

another (Fig. 3a, b). vBMD was significantly reduced in 11-month-

old WT-OVX vertebrae. FLNA-KO-OVX vertebrae did not differ

significantly from the WT-OVX group as well as the FLNA-KO sham

group (Fig. 3c). The same phenomena were observed for vertebral

geometry including BV/TV and Tb.S (Figs. 3d, e, respectively). Stars
represent data that are significantly decreased (p\ 0.05)
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and FLNA-KO-OVX 11-month groups. Since there is a

6-month gap between the 5- and 11-month groups, we

postulated that we were unable to observe changes due to

OVX in the 11-month group. Therefore, a 6-month group

was introduced in which mice were sacrificed 5 weeks post-

OVX. The 6-month group revealed an expected significant

increase in number of osteoclasts and number of osteoclasts

per bone surface in WT-OVX vertebrae compared to WT

vertebrae. No significant differences were reported among

FLNA-KO and FLNA-KO-OVX groups (Table 4).

Fig. 4 FLNA-KO femora are protected from estrogen-mediated post-

menopausal changes in bone mechanical properties. FLNA-KO/KO-

OVX femora are more ductile than WT/WT-OVX bones. Ultimate

load reveals a significant effect due to OVX in the WT group

(Fig. 4a). Structurally, FLNA-KO femora require more energy to

fracture and have a higher fail strain compared to WT femora

(Fig. 4b, c, respectively). There is a significant effect due to OVX in

the WT groups for both the structural and material properties of

femora, which, in turn, are significantly different than the KO groups.

Stiffness as well as Young’s modulus is significantly decreased in the

WT-OVX group (Fig. 4d, e). FLNA-KO groups remain unchanged

from one another. Stars represent data that are significantly decreased

(p\ 0.05)

Fig. 5 FLNA-KO vertebrae are protected from estrogen-mediated

post-menopausal changes in bone mechanical properties. Vertebral

compression data show expected decreases in the WT-OVX group for

ultimate load and stiffness. FLNA-KO groups remain unchanged from

one another (Fig. 5a, b). Stars represent data that are significantly

decreased (p\ 0.05)
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In the 6-month group, static histomorphometry revealed

significant decreases in osteoid volume per bone volume,

osteoid surface per bone surface and osteoid width in

6-month-old WT-OVX vertebrae compared to WT verte-

brae (Table 5). Significant differences were not observed

between FLNA-KO and FLNA-KO-OVX vertebrae. The

single and double calcein-green labels for dynamic histo-

morphometry on un-decalcified histological sections re-

vealed significant decreases in the following parameters:

mineral apposition rate, inter-label distance, bone forma-

tion rate per bone surface, and bone formation rate per

bone volume in WT-OVX trabeculae compared to WT

trabeculae. Significant differences were not observed be-

tween FLNA-KO and FLNA-KO-OVX trabeculae

(Table 6).

Discussion

The results of this study suggest that FLNA-KO bones

show a mild osteoporotic phenotype compared to WT

bones. Skeletal aging-related osteoporosis was not altered

by the deletion of FLNA. However, FLNA-KO bones were

protected from estrogen-mediated post-menopausal chan-

ges in bone properties. Due to the long duration of time

between the 5- and 11-month groups, OVX-related differ-

ences in osteoclast and osteoblast behavior were not visible

histologically in the 11-month-old OVX group. Since os-

teoclast and osteoblast activities must be observed

4–6 weeks post-OVX, the 6-month group was introduced

to observe changes in bone due to OVX at the tissue level.

When OVX is introduced, FLNA-KO bones appear to be

Table 4 TRAP histomorphometry of 6-month non-OVX versus OVX vertebrae

Parameters WT WT-OVX KO KO-OVX p value WT p value KO

Oc.S 1.13 ± 0.57 1.89 ± 0.47 0.62 ± 0.39 0.97 ± 0.12 0.02* 0.06

Oc.S/BS 0.12 ± 0.085 0.16 ± 0.036 0.08 ± 0.047 0.1 ± 0.05 0.16 0.38

N.Oc 37.67 ± 11.11 56.22 ± 15.06 26.58 ± 15.83 29.37 ± 9.17 0.02* 0.72

N.Oc/BS 3.75 ± 2.13 8.33 ± 2.92 3.35 ± 1.78 4.57 ± 2.57 0.006* 0.3

There was a significant increase in osteoclast surface number of osteoclasts and number of osteoclasts per bone surface in the 6-month WT-OVX

group. No significant differences were reported among 6-month FLNA-KO groups. Table represents mean ± SD

* Significant difference at p\ 0.05

Table 5 Static

histomorphometry of 6-month

non-OVX versus OVX

vertebrae

Parameters WT WT-OVX KO KO-OVX p value WT p value KO

OS/BV 0.13 ± 0.011 0.02 ± 0.058 0.02 ± 0.02 0.03 ± 0.028 0.0001* 0.24

OS 0.73 ± 0.289 0.42 ± 0.39 0.41 ± 0.27 0.33 ± 0.199 0.09 0.44

OS/BS 0.17 ± 0.05 0.07 ± 0.025 0.08 ± 0.039 0.09 ± 0.062 0.0001* 0.55

O.Wi 7.03 ± 1.5 4.93 ± 1.81 4.76 ± 2.43 6.35 ± 1.99 0.02* 0.13

Static histomorphometry revealed significant decreases in osteoid volume/bone volume, osteoid surface/

bone surface and osteoid width in the 6-month WT-OVX group. Significant differences were not observed

among 6-month KO groups. Tables represent mean ± SD

* Significant difference at p\ 0.05

Table 6 Dynamic

histomorphometry of 6-month

non-OVX versus OVX

vertebrae

Parameters WT WT-OVX KO KO-OVX p value WT p value KO

MS/BS 0.33 ± 0.093 0.28 ± 0.048 0.27 ± 0.091 0.28 ± 0.066 0.25 0.69

Interlab.Wi 19.12 ± 6.84 10.3 ± 4.29 12.86 ± 7.94 10.33 ± 7.24 0.02* 0.5

MAR 2.73 ± 0.98 1.47 ± 0.61 1.84 ± 1.13 1.48 ± 1.03 0.02* 0.5

The single and double calcein-green labels for dynamic histomorphometry on un-decalcified histological

sections revealed significant decreases in the following parameters: mineralizing surface/bone surface,

inter-label distance, and mineral apposition rate in 6-month WT-OVX vertebrae. Significant differences

were not observed among 6-month KO groups. All results are reported as means in tables and mean ± SD

in graphs. Table represents mean ± SD

* Significant difference at p\ 0.05
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protected from estrogen-mediated post-menopausal osteo-

porosis. Our observations suggest that estrogen depletion

has no significant effect on bone turnover rates in bones

lacking FLNA. Under normal circumstances, estrogen de-

pletion results in high turnover rates leading to decreases in

bone mineral density, bone microarchitecture, and me-

chanical properties. These parameters remain intact in

FLNA-KO due to low bone resorption and formation rates.

The decrease in bone turnover rate in FLNA-KO bones

may be explained by insufficient OCG leading to smaller

osteoclasts with fewer nuclei. Previous literature on FLNA

in vitro reported deficiencies in OCG in FLNA-null mono-

cytes. Under normal in vitro plating densities, FLNA-null

osteoclasts were smaller, less numerous, and contained less

nuclei per osteoclast. Quantification of osteoclasts in vivo in

the distal femoral head revealed similar results, illustrating

the in vivo physiological relevance of FLNA in OCG [20].

These findings in conjunction with the findings in this study

suggest that FLNA-null osteoclasts are smaller and fewer

in vivo, which may influence their resorptive capacity.

Consequently, in vivo and in vitro situations do not always

complement each other. Based on previous in vitro find-

ings done by Leung et al. [20], the 5-month FLNA group

should have displayed an osteopetrotic phenotype resulting

in stronger bones with higher bone mineral density. On the

contrary, 5-month FLNA bones were osteopenic displaying

weaker bones lower bone mineral density. The FLNA os-

teoporosis group, on the other hand, correlated positively

with Leung et al. [20] in vitro findings.

Existing literature reports that osteoclast size and num-

ber are correlated with osteoclast function [24, 25]. Lees

and Heersche show that an increase in the number of larger

osteoclasts was paralleled with an increase in the size and

depth of their resorption pits. Additionally, when resorption

was expressed as the amount of bone resorbed per osteo-

clast nucleus, larger osteoclasts resorbed more per nucleus,

suggesting that large osteoclasts, as a population, are more

effective at resorbing bone than small osteoclasts. Inter-

estingly, when osteoclasts were plated at one-fifth the

standard density, the amount of bone resorbed per osteo-

clast decreased considerably, indicating that resorptive

activity is also affected by cell density of osteoclasts and/or

of other cells present [20, 25]. Our findings suggest that the

smaller FLNA-KO osteoclasts have a reduced capacity for

bone resorption in vivo. This explains why the down-

regulation of estrogen has no negative impact on bone

microarchitecture in mice lacking FLNA.

FLNA-KO cortices displayed significant increases in

energy to fail and toughness, indicating that they are tougher

and more ductile than WT femora. The increased toughness

and ductility indicate that FLNA-KO cortices may have

significant alterations in the biochemical and structural

composition of the mineral and organic components of the

bone matrix compared to WT cortices. This phenomenon

was not evident in FLNA-KO trabeculae, however. Taka-

hata et al. observed that the mechanisms of plastic defor-

mation (ductility) in bone are different between bending

(cortical) and compressive (trabecular) loading. Under ten-

sile and shear stresses, as the bone yields and failure initiates

in the form of micro-cracks through the mineral phase, the

collagen matrix can act as a significant toughening

mechanism against failure [26]. Additionally, since tra-

becular remodeling is much quicker compared to cortical

remodeling, it is possible that this phenomenon is slightly

masked in the vertebrae of FLNA-KO bones.

In terms of the organic components of the bone matrix,

collagen maturity in bone is negatively correlated with

bone formation rates; an increase in collagen maturity re-

flects lower rates of bone formation. The mature collagen

matrix contains more pyridinoline cross-links, which may

be associated with the ductility of bone that was observed

in this study. Collagen cross-linking is an important de-

terminant of bone strength, especially in post-yield me-

chanical properties [26–30]. The decrease in bone turnover

rate in FLNA-KO bones due to insufficient OCG producing

mature osteoclasts may lead to the presence of more

‘‘mature’’ collagen in the FLNA-KO bones resulting in

larger plastic zones and tougher bones.

Another explanation for the lack of effect of OVX in

FLNA-KO bones may be that FLNA and estrogen regulate

the same pathways. Specifically, estrogen and FLNA are

both involved in regulating IL-1 mediated TNF-induced

OCG [31–34]. IL-1 is a cytokine that mediates the osteo-

clastogenic effect of TNF by enhancing stromal cell ex-

pression of RANKL and directly stimulating differentiation

of osteoclast precursors [31, 33]. RANKL is a TNF family

member that is expressed on the surface of osteoblasts and is

essential for osteoclast differentiation. Binding of RANKL

to its receptor, RANK, activates a cascade of transcription

factors that are known to be important for OCG. RANK,

similar to other TNF receptor family members, interacts

with TNF receptor-associated factors (TRAFs), which, in

turn, act as adaptors to downstream signaling pathways. Of

the six known TRAFs, RANK interacts with TRAFs 1, 2, 3,

and 5 in a membrane-distal region of the cytoplasmic tail,

and with TRAF6 at a distinct membrane-proximal binding

motif. TRAF6 appears to be the most crucial adapter for

RANK signaling during OCG in vivo and in vitro, indicating

that RANKL-induced signaling is predominantly mediated

by TRAF6 during OCG. Additionally, TRAF6 seems to be

the primary TRAF protein utilized in IL-1 signaling. Lit-

erature reveals that FLNA inhibits NF-jB activation in-

duced via TNF, interleukin-1, and TRAF6. Additionally,

TNF fails to activate NF-jB in a human melanoma cell line

deficient in FLNA. Reintroduction of FLNA into these cells

restores the TNF response [31–33].
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In the wild-type situation, estrogen suppresses cytokines

including IL-1, IL-6, TNF, GM-CSF, M-CSF, PGE2, and

RANKL [32, 33]. In addition, estrogen prolongs osteoblast

lifespan and increases production of TGF-B [33, 34]. Con-

versely, estrogen depletion results in an increase in the

aforementioned cytokines, prolonged osteoclast lifespan, and

an increase in osteoblast apoptosis. Although increased bone

resorption induced by OVX may be explained by the cumu-

lative effects of these cytokines, IL-1 and TNF specifically

play a prominent causal role in bone loss associated with

estrogen deficiency. A study done by Kimble et al. revealed

that OVX increased the mononuclear cell secretion of IL-1,

TNF, and the stromal cell production of M-CSF. OCG was

decreased by in vivo treatment of donor mice with either

estrogen or a combination of the IL-1 inhibitor, IL-1 receptor

antagonist, and the TNF inhibitor [35–37].

The study done by Kimble et al. indicates that estrogen-

depleted FLNA-KO mice have down-regulated TNF and

IL-1 expression via the absence of FLNA and a simulta-

neous up-regulation of these cytokines via the absence of

estrogen. We speculate that this would result in a canceling

out effect whereby estrogen deficiency does not result in

post-menopausal loss of bone architecture and quality in

mice lacking FLNA.

Since there are three Filamin isoforms, it is speculated

that Filamin B or C may be compensating for the loss of

Filamin A. This may explain the observed mild phenotype

between WT and FLNA-KO bones and between aging

groups. Further research will need to explore these find-

ings. Conclusively, FLNA-null bones appear to be weaker

at 5 months of age compared to their WT counterparts.

Skeletal aging, however, does not appear to differ between

WT and FLNA-KO bones. Our most intriguing finding is

that FLNA-KO bones are protected from estrogen-medi-

ated post-menopausal osteoporosis as well as being more

ductile than their WT counterparts.
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