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Abstract

Voltage-sensitive calcium channels (VSCCs) influence bone structure and function, including anabolic responses to mechanical loading. While
the pore-forming (α1) subunit of VSCCs allows Ca2+ influx, auxiliary subunits regulate the biophysical properties of the pore. The α2δ1 subunit
influences gating kinetics of the α1 pore and enables mechanically induced signaling in osteocytes; however, the skeletal function of α2δ1 in
vivo remains unknown. In this work, we examined the skeletal consequences of deleting Cacna2d1, the gene encoding α2δ1. Dual-energy X-ray
absorptiometry and microcomputed tomography imaging demonstrated that deletion of α2δ1 diminished bone mineral content and density in
both male and female C57BL/6 mice. Structural differences manifested in both trabecular and cortical bone for males, while the absence of α2δ1
affected only cortical bone in female mice. Deletion of α2δ1 impaired skeletal mechanical properties in both sexes, as measured by three-point
bending to failure. While no changes in osteoblast number or activity were found for either sex, male mice displayed a significant increase in
osteoclast number, accompanied by increased eroded bone surface and upregulation of genes that regulate osteoclast differentiation. Deletion
of α2δ1 also rendered the skeleton insensitive to exogenous mechanical loading in males. While previous work demonstrates that VSCCs
are essential for anabolic responses to mechanical loading, the mechanism by which these channels sense and respond to force remained
unclear. Our data demonstrate that the α2δ1 auxiliary VSCC subunit functions to maintain baseline bone mass and strength through regulation
of osteoclast activity and also provides skeletal mechanotransduction in male mice. These data reveal a molecular player in our understanding
of the mechanisms by which VSCCs influence skeletal adaptation.
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Lay Summary

Placing force on bone, during activities such as walking or exercising, improves bone quality and strength. However, the mechanisms by which
bone translates those mechanical signals into biological changes remain unclear. This manuscript presents data showing that an extracellular
portion of voltage-sensitive calcium channels, called the α2δ1 subunit, is necessary for the response of bone to mechanical force. As calcium
channels in general, and this subunit in particular, are the binding sites for several drugs, understanding how this subunit contributes to bone
health is critical to making informed decisions for those taking such medications.

Introduction

Bone alters its structure and mass to accommodate physical
and hormonal challenges.1 Mechanical stimulation of bone

triggers skeletal adaptation resulting in bone mass accrual and
increases in bone size and strength. The anabolic effects of
mechanical loading require coordinated efforts among several
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cell types2; however, it is accepted that osteocytes, as the pri-
mary mechanosensitive skeletal cells,3 coordinate osteoblast
and osteoclast activity to regulate bone mass.4 The ability of
skeletal cells to sense mechanical force requires transmission
of mechanical signals from the fluid-permeated bone matrix
to the cell membrane that is orchestrated by actions of extra-
cellular matrix molecules,5 integrins,6 connexins,7 Wnt/BMP
ligands,8 and ion channels.9

One of the first responses of bone cells to mechanical
stimuli is a rapid and transient increase in calcium (Ca2+)
influx.10,11 Among Ca2+-selective channels, voltage-sensitive
calcium channels (VSCCs) exquisitely control Ca2+ influx in
various tissue and cell types including skeletal muscle, cardiac
muscle, and neurons.12 In bone, VSCCs regulate skeletal
development and responses to mechanical loading. Treat-
ment with verapamil or nifedipine, inhibitors specific to L-
type (long-lasting activation) VSCCs, impairs skeletal struc-
ture,13 leading to vertebral defects with decreased osteogene-
sis.14,15 Likewise, inhibition of VSCCs with L-type inhibitors
suppresses load-induced bone formation.16,17 In osteoblasts,
L-type VSCCs function in fluid shear–induced release of
ATP,18 a critical paracrine signal that regulates mechanosen-
sitive skeletal responses. While L-type VSCCs are the pri-
mary VSCC subtype in growing osteoblasts, we previously
reported that differentiation of osteoblasts to osteocytes was
accompanied by a downregulation of L-type VSCCs, result-
ing in osteocytes expressing only transiently activated T-type
VSCCs.19

Recent work using cultured cells showed that the Ca2+
responses of osteocytes are dramatically different from those
of osteoblasts in response to mechanical force.20 Furthermore,
treatment of osteocytes with an inhibitor specific to T-type
VSCCs blocked the fluid shear–induced Ca2+ intracellular
transients, demonstrating that osteocytes require T-type chan-
nels to respond to mechanical stimuli.21

The long-lasting or transient nature of VSCCs is dictated by
the pore-forming (α1) subunit.22 Most VSCC types possess
additional auxiliary subunits that associate with the pore
to refine channel function. Subunits include the membrane-
spanning γ subunit, the intracellular β subunit, and the α2δ1
subunit, which associates with the α1 subunit, primarily
via the von Willebrand factor-A domain within α2.

23 The
α2δ1 subunit contains a large glycosylated α2 ectodomain
(Figure 1A).24 A single gene product, these two subunits
are produced by proteolysis and then held together by
a disulfide bond.25 In some cell types, the α2δ1 subunit
regulates gating kinetics of the α1 pore, where deletion
or disruption of α2δ1 decreases open-times and reduces
Ca2+ influx.24 While the α2δ1 subunit associates with
the α1 pore of CaV1 and CaV2 channel subtypes, it does
not frequently associate with CaV3 VSCCs. However, we
showed that α2δ1 binds the T-type, Cav3.2 (α1H) subunit
in osteocytes, and represents the predominant pore-forming
VSCC subunit in osteocytes.26 Knockdown of α2δ1 renders
osteocytes insensitive to mechanical input,26 yet the function
of this auxiliary subunit in the in vivo skeleton remains
unknown.
In this work, we investigated the skeletal consequences of

global α2δ1 deletion in mice, examined the cellular mecha-
nisms by which α2δ1 regulates skeletal structure, and used an
in vivo ulnar loading model to measure the contribution of
α2δ1 to skeletal mechanotransduction.

Materials and methods

Mice

Global deletion of Cacna2d1, the gene encoding α2δ1,
was achieved by the targeted insertion of a neomycin
resistance gene in exon 2, as previously described.27 All
mouse colonies were maintained on a C57BL/6 background.
Heterozygous (Cacna2d1+/−) male and female mice were
bred to obtain wild-type (WT, Cacna2d1+/+) and knockout
(KO, Cacna2d1−/−) littermates. Heterozygous offspring
were generated but not evaluated. Both male and female
(WT and KO) mice were used in all experiments. All mice
provided food and water ad lib and housed in standard
cages. Experimental mice were housed 5 mice per cage
while breeders were housed 1:1, according to the policies
of IU animal facilities. Investigators were blinded to sex and
genotype during all experimental procedures. All experiments
were performed using procedures approved by the IACUC at
Indiana University.

Western blotting

Total protein lysates were prepared from tibias of WT and KO
mice, as previously described.28 Briefly, tibias were dissected,
all soft tissue was removed, and bones were flash frozen
in liquid nitrogen (N2). Frozen tibias were cut into small
pieces into Bullet Blender homogenization tubes containing
radio immunoprecipitation assay lysis buffer (150 mM NaCl,
50 mM Tris HCl, 1 mM ethylene glycol-bis (β-aminoethyl
ether (EGTA), 0.24% (w/v) sodium deoxycholate, 1% (w/v)
Igepal, pH 7.5) with protease and phosphatase inhibitors.
Inhibitors including NaF (1 mM) and Na3VO4 (1 mM), apro-
tinin (1 μg/mL), leupeptin (1 μg/mL), pepstatin (1 μg/mL),
and phenylmethylsulfonyl fluoride (1 mM) were added fresh,
just prior to lysis.29 Total protein lysates (20 μg) were
separated on SDS-polyacrylamide gradient gels (4%–12%)
and transferred to polyvinylidene difluoride membranes, as
described previously.30 Membranes were blocked with milk
(5%, w/v) diluted in Tris-buffered saline containing Tween
20 (0.01%, v/v). Blots then were incubated overnight at 4 ◦C
with primary antibody recognizing α2δ1 (cat# ab2864; Abcam
or β-actin (cat# 5125; Cell Signaling). Blots were washed and
incubated with horseradish peroxidase–conjugated secondary
antibody (1:5000 dilution) (Cell Signaling) at RT for 1 hour
with chemiluminescent detection using ECL Plus substrate
(Amersham Biosciences). Images were developed and acquired
with an iBright CL1000 machine (Applied Biosystems).

Real-time PCR

Total RNA was isolated from whole tibias of WT and KO
mice. Tibias were dissected, all soft tissue, including the perios-
teum, was removed and immediately flash frozen in liquid
N2.

31 When ready for isolation, tibias were cut into small
pieces and placed in Bullet Blender tubes in TRIzol. Bones
were pulverized using the Bullet Blender homogenizer, and the
soluble fraction was aliquoted to a new tube. Total RNA was
isolated by using phenol chloroform extraction, followed by
RNeasy kit (Qiagen) as described previously.32 mRNA was
reverse transcribed, and genes were amplified with a Bio-
Rad CFX Connect quantitative polymerase chain reaction
(qPCR) machine, using gene-specific primers, as previously
described.30 The PCR products were normalized to GAPDH
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Figure 1. Deletion of α2δ1 does not alter expression of other α2δ isoforms. (A) Schematic depicting VSCC subunit structure and spatial relationship.
Schematic modified from previously published image.26 (B) Protein expression of α2δ1 assessed by Western blot using whole protein lysates from tibias
of male WT and α2δ1 KO mice. Each lane is a lysate (20 μg) prepared from individual mice. Membranes were blotted for α2δ1 or β-actin as a loading
control. (C) Expression of α2δ isoforms from mRNA isolated from tibias of male WT and α2δ1 KO mice. Each gene was normalized to Gapdh (n=6 for
Cacna2d1-3; n=4 for Cacna2d4). (D) Body mass of male WT (n=18) and KO (n=10) mice was measured every 3 wk from 6 to 18 wk of age. Significance
of qPCR data was tested by unpaired Student’s t-tests. Longitudinal body mass was determined using repeated measures ANOVA. ∗∗∗P < .001.

and quantified using the ��CTmethod (denoted in figures as
��Cq).

Dual-energy X-ray absorptiometry

Serial DXA measurements were collected on live mice every
3 wk from 6 to 18 wk of age, using an UltraFocus digital
X-ray cabinet (Faxitron), as previously described.33 Briefly,
mice were anesthetized with isoflurane (2.5%, IsoFlo; Abbott
Laboratories) mixed with oxygen (1.5 L/min) for ∼8 min,
including induction and scanning. Mice were placed on the
scanner in a prone position while whole body scans were
analyzed regionally using the Lunar region of interest (ROI)
tools. The ROI for the spine included from the first (L1)
through sixth (L6) lumbar vertebrae. The ROI for the femur
included bone between the acetabulum and the tibiofemoral
joint space. The ROI for the whole body included all skeletal
tissues caudal to the boundary between the skull and the first
cervical vertebra but excluding the tail. Bone mineral content
and BMD were measured for each ROI scan.

Microcomputed tomography

Femurs and lumbar vertebrae (L5) were dissected and fixed
in normal buffered formalin (NBF, 10%, v/v) for at least
48 hr. Bones were scanned, reconstructed, and analyzed, as
previously described.33 Briefly, scans were collected using a

Scanco uCT-35 tomographer at 10 μm resolution, 50-kV
peak tube potential, and 151-ms integration time. The distal
60% of each femur and the entire body of each vertebra
were scanned. Standard parameters related to cancellous and
cortical bone architecture were measured.34

Mechanical testing

Parameters related to whole bone strength were measured
using three-point bending tests on isolated femora, as previ-
ously described.35 Briefly, each femur was loaded to failure
in monotonic compression, during which force and displace-
ment measures were collected every 0.01 s. Ultimate force,
stiffness, and energy to ultimate force were calculated from
the force/displacement curves, using standard equations.36

In vivo ulnar loading

The axial ulnar compression model was applied to WT and
KOmice, as previously described.37 Briefly, 6 calibration mice
of each sex and genotype were euthanized at 18 wk of age. The
right forelimb was disarticulated and frozen at −20 ◦C until
strain gauge testing. A single-element strain gauge (EA-06-
015DJ-120; Vishay) was applied to the lateral surface of the
ulnar midshaft, and the microstrain:load ratio was measured
for each sample using progressively increasing load applica-
tions while simultaneously recording the voltage output from
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the load cell and strain gauge. All tests were averaged within
each genotype to determine the microstrain:load ratio within
each sex and genotype. A peak microstrain value of −2250
was chosen to be applied to all genotypes, and this corre-
sponded to peak loads of 2.56 N (WT females), 1.99 N (KO
females), 2.5 N (WTmales), and 2.17 N (KOmales). At 18 wk
of age, 10 mice of each sex and genotype began the axial ulnar
loading protocol. Mice were anesthetized using isoflurane
inhalation, and the right ulna (wrist to elbow) was loaded
using sinusoidal (haversine) waveform (2 Hz, 180 cycles, no
intercycle rest period) to the peak load determined by strain
gauging (see above). Mice were administered five loading
bouts over a 10-d period with a day of rest between each
bout. Intraperitoneal injection of calcein was administered 1
d before the final bout, followed by an i.p. injection of alizarin
complexone 11 d later, as previously described.38 Mice were
euthanized 13 d after the final bout of loading (22 wk of age).
The right and left ulnae were harvested and placed in NBF
(10%, v/v) for 48 hr and then stored in ethanol (70%, v/v) at
4 ◦C until analysis.

Histological processing

Femurs and ulnae were dehydrated in graded alcohols,
cleared in xylene, and embedded in MMA following standard
protocols.39 For femurs, thick-cut sections were taken ∼3 mm
proximal to the tibiofibular junction and manually ground
down to ∼30 μm. For ulnae, thick-cut sections were taken
∼2 mm proximal and ∼2 mm distal to the ulna midshaft
and manually ground down to ∼30 μm. A single unstained
section from each bone was imaged digitally on a fluorescent
microscope using filter sets that provided excitation and
emission for the calcein and alizarin wavelengths. Digital
images were imported into Image-Pro Express (Media
Cybernetics, Inc.), and the following histomorphometric
measurements were recorded for the periosteal surface:
total perimeter, single label perimeter (sL.Pm), double
label area (dL.Ar) and perimeter (dL.Pm), total bone, and
marrow area. The following results were calculated: mineral
apposition rate (MAR=dL.Ar/dL.Pm/11 d), mineralizing
surface (MS/BS = (0.5× sL.Pm+dL.Pm) / total perimeter
× 100), and bone formation rate (BFR/BS =MAR×MS /
BS×3.65). Relative formation parameters were calculated
for each mouse by subtracting the nonloaded (left ulna)
values form the loaded (right ulna) values. Histology sections,
staining, and analyses were conducted by the Histology
Core Facilities within the Indiana Center for Musculoskeletal
Health.

Histomorphometry

Methyl-methacrylate–embedded, thin sections were deplas-
ticized in acetone and stained by two different procedures:
(1) a modification of the von Kossa/MacNeal’s (VKM) tetra-
chrome protocol40 and (2) a tartrate acid–resistant acid phos-
phatase (TRAP) stain.41 For VKM-stained slides, mineralized
bone was stained using the von Kossa silver method and
the unmineralized tissue was counter stained with MacNeal’s
tetrachrome. For TRAP staining, sections were preincubated
in acetate buffer (0.2 M, pH=5.0), rinsed, and incubated
in a warmed acid phosphatase solution. Sections then were
counterstained with Gill’s hematoxylin No. 3, air dried, and
cover-slipped with an aqueous-based mounting media. Histo-
morphometric analysis was performed using the OsteoMea-
sure high-resolution digital video system (OsteoMetrics Inc.).

Standard nomenclature was used according to the Histomor-
phometry Nomenclature Committee of the American Society
of Bone and Mineral Research.42

Statistical analyses

Statistical variance was expressed as the means ± standard
error of the mean. Statistical significance was evaluated using
one-way ANOVA, two-way ANOVA followed by Fisher’s
least significant difference (LSD) post hoc test, or Student’s t-
test, as appropriate (PrismGraphPad). Values were considered
significant if P ≤ .05. The table in Supplementary Table S1
provides significance values for the sex, genotype, and terms
interaction terms for two-way ANOVA analyses. qPCR and
Western blot assays were replicated at least three times to
assure reproducibility. The number of animals used is denoted
for individual experiments.

Results

Deletion of α2δ1 reduces body weight without

observed compensation of other isoforms

Western blotting demonstrated abundant expression of α2δ1
in bone fromWTmice, with undetectable levels in tibias from
KO mice (Figure 1B). As α2δ1 is one of four α2δ isoforms, rel-
ative transcript levels of each isoformwere measured by qPCR
from mRNA isolated from tibias of WT and KO mice. As
expected,mRNA ofCacna2d1was reduced (P< .001) in male
α2δ1 KO mice, compared to WT controls, while there were
no changes in gene expression for the Cacna2d2, Cacna2d3,
or Cacna2d4 isoforms (Figure 1C). The body weight of both
male (Figure 1D) and female (data not shown) α2δ1 KO mice
was reduced (P< .0001), compared to WT controls, at 6, 9,
12, 15, and 18 wk.

Deletion of α2δ1 reduces BMC and BMD

To determine the influence of the α2δ1 subunit on skele-
tal formation, DXA measurements were taken every 3 wk
from 6 to 18 wk of age in both male (Figure 2, Supplemen-
tary Figure S1) and female (Supplementary Figure S2) mice.
Bone mineral density at the whole body, femur, and spine of
male α2δ1 KO mice was reduced (P< .0001) at each time
point (Figure 2A–C). Bone mineral density of female KO mice
also was reduced, compared to controls (Supplementary Fig-
ure S2D–F). Bone mineral content of the whole body, femur,
and spine were all reduced (P< .0001) in male α2δ1 KO
mice compared to WT controls at each time point measured
(Supplementary Figure S1A–C). As we found that KO mice
had reduced body weight compared to WT mice (Figure 1D),
BMC was also normalized to body weight to determine if
body weight/size accounted for the differences in BMC. As
seen in Supplementary Figure S1, the reductions in BMC
in KO mice remained significant when normalized to body
weight (Supplementary Figure S1). Similar reductions in BMC
were found in female KO mice, compared to WT controls
(Supplementary Figure S2A–C). These data demonstrate that
mice lacking the α2δ1 subunit have impaired bone content and
density at all skeletal sites measured.

Male α2δ1 KO mice displayed altered femoral

trabecular bone structure

As deletion of α2δ1 resulted in impaired DXA-derived BMC
and BMD, microcomputed tomography (μCT) measures of
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Figure 2. Longitudinal in vivo DXA scans of male WT and α2δ1 KO mice.
WT (n=18, solid circle) and α2δ1 KO (n=10, dotted square) mice were
scanned every 3 wk from 6 to 18wk of age and analyzed for BMD at the (A)
whole body (WB), (B) femur, and (C) spine (L1-L6 vertebrae). Longitudinal
data were tested for significance between genotype by two-way repeated
measures ANOVA.

the distal femur were undertaken to examine alterations in
skeletal microarchitecture following α2δ1 deletion. Represen-
tative images of the mid-diaphysis and distal femur of 22-wk-
old male mice demonstrate cortical thinning and reduced tra-
becular bone (Figure 3A). Quantification of trabecular struc-
ture revealed a 40% reduction (P< .001) in the bone volume
fraction (BV/TV) (Figure 3B) and a 52% decrease in BMC
(Figure 3C, P< .01) in KO mice. While no differences in
trabecular number were found (Figure 3D), deletion of α2δ1
reduced trabecular thickness (Figure 3E, P< .01) and con-
nectivity (Figure 3F, P< .05) by 16% and 33%, respectively.

Further, α2δ1 KO mice displayed no changes in trabecular
spacing compared to WT controls. These data demonstrate
that deletion of the α2δ1 subunit results in impaired trabecular
structure at the distal femur of male mice, as manifested by
thinner trabeculae leading to reduced connectivity. These data
provide additional insight into the structural contributions
leading to decreased BMC and BMD.

Cortical bone structure of the femur is impaired in

the absence of α2δ1 in male and female mice

Deletion of α2δ1 reduced marrow area by 18% (Figure 4A,
P< .001) and total area by 17% (Figure 4B, P< .001). Cor-
tical thickness of α2δ1 KO mice was decreased by 8.7%
(Figure 4C, P< .01), while there were no changes in femur
length (Figure 4D). Cortical BMCwas reduced by 15% in KO
mice (Figure 4E, P< .001), while the polar moment of inertia
(pMOI) was 31.6% lower in KO mice, compared to WT
controls (Figure 4F, P< .001). These data demonstrate that
deletion of α2δ1 in male mice alters cortical bone structure,
with reduced pMOI predicting decreased fracture resistance.
While deletion of α2δ1 in female mice had no measur-

able effect on trabecular structure (Supplementary Figure S3),
reductions in cortical bone parameters were observed. The
marrow area and total area of the femurs from α2δ1 KO mice
were reduced by 9.6% (Supplementary Figure S4A, P< .05)
and 8% (Supplementary Figure S4B, P< .05), respectively.
Cortical thickness of KO mice was decreased by 5% (Sup-
plementary Figure S4C, P< .01), and femur length was 2.6%
lower in KO mice compared to WT controls (Supplemen-
tary Figure S4D, P< .05). Cortical BMC of α2δ1 KO mice
was reduced by 15% (Supplementary Figure S4E, P< .0001),
and the pMOI of KO mice was 18% lower than WT mice
(Supplementary Figure S3F, P< .01). Two-way ANOVA anal-
yses determined a significant influence of sex on genotype
effects for several trabecular parameters including BV/TV,
BMC, connectivity density, and pMOI, as summarized in
Supplementary Table S1. These data indicate that deletion of
α2δ1 in female mice alters cortical but not trabecular bone of
the femur.

Deletion of α2δ1 impairs vertebral bone structure in

male mice

RepresentativeμCT reconstruction images of the L5 vertebrae
of male WT and KO mice show structural differences in
bone from KO mice (Figure 5A). Trabecular BV/TV of male
α2δ1 KO mice was reduced by 17% (Figure 5B, P< .01).
Reductions in trabecular BMC (22%,P< .01) and BMD (3%,
P< .01) also were found in α2δ1 KO mice (Figure 5C, D).
Trabecular connectivity of the L5 vertebrae of male KO
mice was decreased by 23% (Figure 5E, P< .001), while
the number of trabeculae was decreased by 10%, compared
to WT mice (Figure 5F, P< .001). Additionally, trabecular
spacing was increased in male α2δ1 KO mice by 12.6%
(Figure 5G, P< .05), and no changes in trabecular thickness
were observed (Figure 5H).
The L5 vertebrae of female α2δ1 KOmice displayed a 6.6%

reduction (P< .05) in trabecular thickness (data not shown);
however, no other significant differences in μCT measures
were observed. These data are consistent with analyses of dis-
tal femurs from female mice showing no changes in trabecular
structure following deletion of α2δ1. The interaction between
sex and genotype was determined by two-way ANOVA that
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Figure 3. μCT-derived measures of trabecular bone in the distal femur of 22-wk-old male WT and α2δ1 KO mice. (A) Representative 3D reconstructions of
midshaft femur (top row), distal metaphysis (middle row, proximal view), and caudal region of the distal femur (bottom row). Quantitative differences in (B)
trabecular bone volume fraction (BV/TV) of the femur; (C) trabecular BMC; (D) trabecular number (Trab N); (E) trabecular thickness (Trab Th); (F) trabecular
connectivity (Trab conn D); (G) trabecular spacing (Trab Sp). Significance between genotypes was tested using two-way ANOVA followed by Fisher’s LSD
post hoc test, ∗P < .05, ∗∗P < .01, ∗∗∗P < .001. n=12 per group.
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Figure 4. μCT-derived measures of cortical bone at the midshaft femur of 22-wk-old male WT and α2δ1 KO mice. Measures derived from cortical bone
at the mid-diaphysis of the femur including (A) marrow area; (B) total area; (C) cortical thickness (cortical Th); (D) femur length; (E) cortical BMC; (F) polar
moment of inertia (pMOI). Significance between genotypes tested using two-way ANOVA followed by Fisher’s LSD post hoc test, ∗∗P < .01, ∗∗∗P < .001.
n=12 per group.

showed several parameters with a significant interaction term
as summarized in Supplementary Table S1.

Deletion of the α2δ1 subunit impairs skeletal

strength

Because deletion of α2δ1 impaired bone quantity and
structure, we next subjected femurs from WT and α2δ1 KO
mice to three-point bending to determine if KO of α2δ1
influences bone strength. Three-point bending to failure at

the midshaft of femurs from male mice revealed reductions in
ultimate force of 18% (Figure 6A, P< .01), decreased energy
absorption of 22% (Figure 6B, P< .05), and a 16% reduction
in stiffness (Figure 6C, P< .05). Femurs of female α2δ1 KO
mice also displayed impaired strength with a 21% decrease
in ultimate force (Figure 6A, P< .01) and a 28% decrease
in stiffness (Figure 6C, P< .001). No change in energy
absorption was observed in femurs of female mice (Figure 6B).
These data demonstrate that deletion of the α2δ1 VSCC

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziad008#supplementary-data
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Figure 5.μCT-derivedmeasures of L5 vertebrae of 22-wk-old maleWT and α2δ1 KOmice. (A) Representative images of 3D reconstructions of L5 vertebrae
fromWT and α2δ1 KO mice. Quantification of μCT measures of L5 vertebrae included (B) trabecular bone volume fraction (BV/TV); (C) trabecular BMC; (D)
trabecular BMD; (E) trabecular connectivity (Trab Conn D); (F) trabecular number (Trab N); (G) trabecular spacing (Trab Sp); (H) trabecular thickness (Trab
Th). Significance between genotypes tested using two-way ANOVA followed by Fisher’s LSD post hoc test, ∗P < .05, ∗∗P < .01, ∗∗∗P < .001. n=12 per
group.
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Figure 6. Mechanical testing via monotonic three-point bending to failure
on whole femora from 22-wk-old WT and α2δ1 KO mice. Quantification of
(A) ultimate force, (B) energy to ultimate force, and (C) stiffness reveal
significant reductions in the mechanical properties of bone following
deletion of α2δ1 in male mice. Reductions in (A) ultimate force and (C)
stiffness were observed in female mice, with no significant differences
in energy to ultimate force in females. Data were tested for significance
using two-way ANOVA followed by Fisher’s LSD post hoc test, ∗P < .05,
∗∗P < .01, ∗∗∗P < .001. WT: n=13, KO: n=10 for males; WT: n=13, KO:
n=8 for females.

subunit impairs skeletal strength of both male and female
mice. There was no difference in energy absorption for
female mice, and two-way ANOVA did not reveal significant
differences for the interaction term between sex and genotype
(Supplementary Table S1).

Osteoblast regulatory genes are reduced in α2δ1
KO mice

As α2δ1 KO mice had decreased bone parameters, by μCT,
compared to WT mice, we performed histological analy-
ses to determine if these altered bone parameters can be

attributed to impaired osteoblast number or activity. Rep-
resentative images of distal femur sections from male WT
and α2δ1 KO mice stained with VKM reveal no obvious
alterations in bone morphology (Figure 7A). Quantification
of sections from male mice found no differences in osteoblast
number (Figure 7B), osteoblast surface relative to bone sur-
face (Ob.S/BS, Figure 7C), osteoid surface relative to the
bone surface (OS/BS, Figure 7D), number of osteoblasts rel-
ative to the bone perimeter (N.Ob/B.Pm, Figure 7E), osteoid
thickness (O.Th) (Figure 7F), or osteocyte number (data not
shown).
Histological sections from female WT and α2δ1 KO mice

revealed no significant changes in the osteoblast number
(Supplementary Figure S5A), osteoblast surface (Supplemen-
tary Figure S5B), osteoid surface (Supplementary Figure S5C),
osteoid thickness (Supplementary Figure S5D), or the number
of osteoblasts as normalized to bone perimeter (Supplemen-
tary Figure S5E). However, in contrast to male mice, deletion
of α2δ1 in female mice resulted in a 70% increase (P< .01)
in the number of osteocytes compared to that of WT animals
(Figure 7G). When normalized to bone area, the increase in
osteocyte number within female bone was also significantly
increased (P< .01) compared to WT controls (Supplemen-
tary Figure S5F).
To further understand the cellular mechanisms driving alter-

ations in bone mass, structure, and strength in the absence
of α2δ1, transcripts of genes that regulate bone formation
were quantified from mRNA isolated from tibias of WT and
α2δ1 KO mice. Expression of osteocalcin (Bglap) was reduced
by 2-fold in both male (Figure 7H, P< .05) and female mice
(Figure 7I, P< .05). Levels of osterix (Sp7) were decreased by
∼2-fold in both male (Figure 7H, P< .05) and female mice
(Figure 7I, P< .01). Runx2 expression was reduced by 3-fold
(Figure 7H, P< .01) in male and by 2-fold in female mice
(Figure 7I, P< .05).

Knockout of α2δ1 increases osteoclast number in

male mice

Representative images of distal femur sections of male WT
and KO mice demonstrated a greater number of TRAP-
stained, multinucleated osteoclasts on the surfaces of trabec-
ulae of α2δ1 KO mice compared to WT controls (Figure 8A).
Quantification of histological sections showed that femurs of
α2δ1 KO male mice had a 49% increase in osteoclast number
(Figure 8B, P< .01); a 38% increase in osteoclast surface, as
normalized to total bone surface (Figure 8C, P< .05); and a
37% increase in the eroded bone surface, as normalized to
total bone surface (Figure 8D, P< .05). No difference in the
number of osteoclasts as normalized to bone perimeter was
observed (Figure 8E).
Expression of a subset of genes that regulate osteoclast

formation was examined from mRNA extracted from tibias
of male WT and α2δ1 KO mice. Deletion of α2δ1 resulted in a
6-fold increase inAcp5 (Figure 8F,P< .01), the gene encoding
for Trap.No changes in Tnfsf11, the gene encoding for Rankl,
were observed; however, expression of Tnfrsf11b (Opg) was
decreased by 3-fold (P< .05) in tibias of α2δ1 KOmice, which
contributed to a nearly 3-fold increase in the Rankl/Opg ratio
following α2δ1 deletion (Figure 8F, P< .05).
Histological sections from female WT and α2δ1 KO

mice revealed no significant changes in the number of
osteoclasts (Supplementary Figure S6A), the osteoclast surface

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziad008#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziad008#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziad008#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziad008#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziad008#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziad008#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziad008#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziad008#supplementary-data
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Figure 7.Histological analyses of von Kossa/MacNeal–stained sections of 22-wk-old femora. (A) Representative images of distal femur sections frommale
WT and α2δ1 KO mice stained with von Kossa/MacNeal. White arrows indicate osteoblasts on the bone surface. Quantification of osteoblast parameters
from male mice including (B) osteoblast number, (C) osteoblast surface normalized to bone surface (Ob.S/BS), (D) osteoid surface normalized to bone
surface (OS/BS), (E) osteoblast number normalized to bone perimeter (N.Ob/B.Pm), and (F) osteoid thickness (O.Th). (G) Osteocyte number was quantified
from distal femurs of female WT and KO mice. Expression of osteoblast regulatory genes from male (H) and female (I) mice, including osteocalcin (Bglap),
osterix (Sp7), and Runx2 were all normalized to Gapdh. Data were tested for significance using two-way ANOVA followed by Fisher’s LSD post hoc test,
∗P < .05, ∗∗P < .01. n=12 per group for histomorphometry analyses. For qPCR, WT: n=9, KO: n=12 for males; WT: n=9, KO: n=10 for females.
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Figure 8. Histomorphometric analyses of TRAP-stained sections of 22-wk-old male femora. (A) Representative images of distal femur sections from WT
and α2δ1 KO mice stained for TRAP. Multinucleated osteoclasts are stained crimson/red (black arrows). Histomorphometric quantification of osteoclast
parameters include (B) osteoclast number, (C) osteoclast surface normalized to total bone surface (Oc.S/BS), (D) eroded surface normalized to total bone
surface (ES/BS), (E) number of osteoclasts as a function of total bone perimeter (N.Oc/B.Pm). (F) Expression of osteoclast regulatory genes including
Acp5, Tnfsf11, Tnfrsf11b, and the ratio of Rankl/Opg were all normalized to Gapdh. Data were tested for significance using two-way ANOVA followed by
Fisher’s LSD post hoc test, ∗P < .05, ∗∗P < .01. n=12 per group for histomorphometry analyses. For qPCR, WT: n=9, KO: n=8 to 12.
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(Supplementary Figure S6B), or the eroded bone surface
(Supplementary Figure S6C); however, the number of
osteoclasts as normalized to bone perimeter was signif-
icantly reduced in KO mice compared to WT controls
(Supplementary Figure S6D, P< .01). While no changes
in overall osteoclast numbers were found, KO mice had
a significant increase in Trap (Acp5) mRNA of 2.5-fold
(Supplementary Figure S6E, P< .05), but no changes in Rankl
orOpg were observed (Supplementary Figure S5E). Two-way
ANOVA analysis revealed a significant interaction between
genotype and sex for osteoclast number (P = .014), osteoclast
number as normalized to bone perimeter (P = .011), and
osteoclast surface (P = .047). No significant interaction was
found between genotype and sex when values from osteoclast-
related qPCR were examined (Supplementary Table S1).

The α2δ1 subunit is required for anabolic responses

to mechanical loading in male mice

We previously showed that knockdown of the α2δ1 subunit in
cultured osteocytic cells suppressed ERK1/2 phosphorylation
and release of ATP in response to mechanical force, which led
us to examine the contribution of α2δ1 to anabolic responses
of bone to exogenous loading. Male WT mice displayed an
increase in the mineralizing surface (MS/BS, 2-fold, P= .052),
MAR (2-fold, P< .01), and bone formation rate (BFR/BS, 4-
fold, P< .05) in response to mechanical loading. In contrast,
male mice lacking the α2δ1 subunit did not respond to
mechanical loading, showing no significant change in MS/BS,
MAR, or BFR/BS (Figure 9B–D), suggesting that α2δ1 is
required for anabolic responses to loading.
In female mice, ulnar loading induced significant increases

inMS/BS,MAR, and BFR/BS in bothWT and KO female mice
(Supplementary Figure S7A–C). These data demonstrate that,
in contrast to male mice, deletion of α2δ1 does not impair
responses to loading in female animals.

Discussion

Voltage-sensitive calcium channels tightly regulate activation
of intracellular signaling cascades that control numerous cel-
lular responses including the initiation of cardiac muscle
contraction,43 hormone and neurotransmitter release,44 and
skeletal development.13 While the pore-forming α1 subunit
is crucial for influx of Ca2+ to initiate these responses, the
auxiliary subunits of VSCCs modulate the gating kinetics
of the pore,24 enabling greater context-specific control of
channel function than can be achieved by the α1 subunit alone.
Several studies have shown that VSCCs regulate bone devel-

opment and responses to mechanical loading11,13,16,17; how-
ever, the contribution of auxiliary VSCC subunits to these
responses have never been examined in vivo. The goal of this
work was to assess the contribution of α2δ1 to skeletal home-
ostasis and determine the mechanisms by which this auxiliary
subunit regulates bone formation and anabolic responses to
mechanical loading. Here, we demonstrate that global dele-
tion of α2δ1 negatively impacts both trabecular and cortical
bone in male mice, while the skeletal alterations of female
mice are confined to cortical bone. Reductions in strength,
as measured by three-point bending assays, of both male and
female mice are consistent with impaired cortical structure.
We also demonstrate that the α2δ1 subunit is essential for
anabolic responses to mechanical loading in male mice.

Bone formation and subsequent remodeling rely on secre-
tion of bone matrix by osteoblasts and resorption of the bone
matrix by osteoclasts. As this study used a mouse harboring
global deletion of α2δ1, we considered the contribution of
both osteoblasts and osteoclasts to the impaired bone phe-
notype of α2δ1 KO mice. While there were no measurable
changes in the number or activity of osteoblasts, expression
of osteoblast regulatory genes was decreased in bones of
α2δ1 KO mice. These decreases may be the indirect result
of signaling from other cell types. It is possible that altered
signaling from osteoclasts or osteocytes, following α2δ1 dele-
tion, influenced expression of Bglap, Sp7, and Runx2 after
osteoblast differentiation occurred. Such a mechanism may
explain why no structural differences were seen by histology,
despite suppression of osteoblast markers.
While no changes in osteoblast number were observed his-

tologically in our studies, deletion of α2δ1 resulted in increased
osteoclast number and activity in male mice, suggesting that
impairments in skeletal formation and structure after deletion
of α2δ1, may be owed to increased bone resorption. Although
this is the first report detailing a function for α2δ1 in regu-
lation of osteoclast number and activity, a gain-of-function
mutation in the L-type, Cav1.2 (α1C) subunit that increased
VSCC activity resulted in decreased osteoclast formation in
both long bones45 and the ossicles of the inner ear.46 In both
studies, increases in VSCC activity led to decreased osteoclast
formation, accompanied by an increase in osteoblast-derived
serum OPG, an inhibitor of RANKL. Here, we showed that
the reverse also is seen where deletion of α2δ1 decreasedOpg
expression accompanied by higher osteoclast number. Taken
together, the findings indicate that loss of α2δ1 impairs VSCC
activity and presumably loss of normal Ca2+ signals that
maintain the proper communication between osteoblasts and
osteoclasts.
Alterations in osteoclast number and activity may be

explained by a direct function of α2δ1 in osteoclasts; however,
as paracrine signaling from osteoblasts and osteocytes
regulates osteoclast function, our findings may involve
signaling from other cell types. We previously showed that
inhibition of VSCCs in osteoblasts resulted in decreased OPG
secretion.47 Thus, decreases in OPG, following α2δ1 deletion,
may be attributed to altered signaling from osteoblasts. It also
is possible that α2δ1 regulates osteocyte-specific production
of OPG, as osteocytes also produce OPG and RANKL.48

Ongoing work is examining the cell-specific functions of α2δ1.
Voltage-sensitive calcium channels are essential for proper

anabolic responses to mechanical loading in bone.16,17,20

Furthermore, knockdown of α2δ1 in cultured osteocytes
impaired the ability to respond to mechanical signals.26

These observations prompted us to examine the contribution
of α2δ1 to mechanotransduction in vivo. While 18-wk-old
male WT mice had significant increases in MS/BS, MAR,
and BFR when subjected to ulnar loading, there were no
significant anabolic responses to loading in age-matched male
α2δ1 KO mice. Our previous work found that knockdown of
α2δ1 impaired mechanical responses in cultured osteocytes.
The current work provides in vivo evidence of the function
of α2δ1 in skeletal mechanotransduction. Osteocytes are
considered the predominant mechanosensory cells within
bone, and we previously showed that α2δ1 knockdown
impaired mechanically induced ERK1/2 phosphorylation and
ATP secretion in osteocytic cells.26 Thus, our data suggest that
the α2δ1 enables osteocytes to respond to mechanical signals.

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziad008#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziad008#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziad008#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziad008#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziad008#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziad008#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziad008#supplementary-data
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Figure 9. Axial ulnar loading in 18-wk-old male WT and α2δ1 KO mice. Strain-matched peak forces were applied to ulnae of male mice. (A) Representative
images of control (nonloaded) and loaded ulnae from WT and KO mice. (B) Mineralizing surface (MS/BS), (C) mineral apposition rate (MAR), and (D) bone
formation rate (BFR/BS) were increased in WT mice but had no significant changes in α2δ1 KO mice. Data were tested for significance using two-way
ANOVA followed by Fisher’s LSD post hoc test, ∗P < .05, ∗∗P < .01. WT: n=8, KO: n=7.

Such function could be mediated through the α2 region,which
resides entirely extracellularly. The α2 domain interacts with
extracellular matrix molecules49 and soluble ligands50 in
several cell types, including neurons and muscle. Further, we
recently showed that α2δ1 binds tightly to perlecan (PLN),51

a large extracellular matrix heparan sulfate proteoglycan.
Perlecan deficiency alters lacunocanalicular structure,5 results
in fewer tethering elements within the lacunocanalicular
system,26,52 and impairs skeletal mechanosensation.53 As
such, binding interactions between α2δ1 and PLN, or other
extracellular matrix molecules could initiate mechanotrans-
duction events in osteocytes or “prime” VSCCs making them
more susceptible to subsequent stimuli, similar to interactions
between parathyroid hormone and 1,25(OH)2D3 on Ca2+
transients in bone cells.54

Although both male and female mice displayed an impaired
skeletal phenotype in the absence of α2δ1, there was a con-
sistent sexual dimorphism among many of the parameters
examined. Both cortical and trabecular bone were decreased
in male mice, while female animals only had differences in
cortical bone, following α2δ1 deletion. The reduced trabec-
ular formation in male mice is likely the result of increased
osteoclast activity, which also was found only in males. Dif-
ferences in anabolic responses to loading also were seen only
in male mice. One possible explanation for these differences

is the effects of estrogen on channel activity. Estradiol-17beta
(E2) enhances VSCC function by increasing Ca2+ current
density and inward current.55 Thus, while deletion of α2δ1
in male mice renders the skeleton insensitive to mechanical
loading, estrogen production in female mice may shift the
activation potential of VSCCs toward the resting potential,54

thereby overcoming the negative consequences of α2δ1 dele-
tion and enabling the channel to be activated by mechan-
ical stimuli. In this manner, E2 could protect the female
skeleton through a mechanism reliant upon the α2δ1 VSCC
subunit.
Another possibility for the differences in responses to

mechanical loading observed between male and female mice
is the change in osteocyte number. Distinct from male mice,
female α2δ1 KO mice had increased osteocyte number. While
it remains unclear what accounts for the increased osteocyte
number in female mice in the absence of α2δ1, it could be that
loss of α2δ1 in female mice dampens the cell’s responsiveness
to mechanical stimuli, but incompletely. Thus, female mice
may compensate for the loss of α2δ1 by increasing the number
of osteocytes, thus enabling their skeletons to perceive and
respond to loading, likely through mechanisms independent
of VSCCs.
Recent work demonstrated that pannexin 1 (Panx1), a

nonjunctional transmembrane hemichannel, regulates fluid
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shear–mediated ATP release from osteocytes.56 The ability to
influence ATP release was attributed to the complex formed
between Panx1 and the purinergic receptor P2X7R. Blocking
release of ATP from Panx1 or downstream binding of ATP
to the P2X7R receptor impaired Ca2+ signaling in MLO-Y4
osteocytic cells.56 Additional work demonstrated that Panx1,
P2x7R, and the Cav3.2 VSCC reside within close proximity to
β3 integrin focal attachments within MLO-Y4 osteocytes,57

suggesting that this channel-receptor-focal adhesion complex
serves coordinated roles in osteocyte mechanotransduction.
Importantly, our group demonstrated that the T-type, Cav3.2
VSCC is the predominant VSCC within osteocytes,19 and
despite the fact that auxiliary subunits do not always complex
with T-type VSCCs, we showed that the α2δ1 subunit asso-
ciates with Cav3.2 in osteocytes.26 Furthermore, we found
that knockdown of α2δ1 in osteocytic cells impaired the
release of ATP from osteocytes and suppressed mechani-
cal responses.26 As Panx1 and the Cav3.2 VSCC amplify
ATP release in response to mechanical stimuli, our studies
suggest that the α2δ1 auxiliary VSCC subunit could influ-
ence the interplay between Panx1 and Cav3.2 by regulat-
ing the amount of Ca2+ influx and ultimately downstream
purinergic signaling. Additional studies will be necessary to
understand the dynamics through which these membrane
channels influence one another and anabolic responses to
mechanical signals.
The primary aim of this study was to determine the skeletal

consequences of Cacna2d1 deletion, as no other work has
examined the skeletal function of α2δ1 in vivo. However,
the use of a global Cacna2d1 KO model means that indirect
effects could account for some of these observations.Our data
demonstrate that deletion ofCacna2d1 results in upregulation
of osteoclast number and activity; however, this effect and the
other skeletal alterations may be related to other skeletal or
nonskeletal cell types that rely on α2δ1. As the differences
observed between sexes remains unclear, additional work is
necessary to understand the cell type and sex-specific func-
tions of α2δ1 in bone.
In summary, mice deficient in the α2δ1 auxiliary VSCC

subunit exhibit significantly reduced structural parameters
including bone mass, density, and strength. These changes
are most likely attributable to increased osteoclast formation,
at least in male mice. While there were no differences in
osteoblast number in α2δ1 KOmice, altered osteoclast number
and activity in the absence of the α2δ1 subunit appears to be
indirect, resulting from reductions in OPG, which is produced
by osteoblasts. We also show that male mice require the
α2δ1 subunit for proper anabolic responses to mechanical
loading. These data not only reveal the mechanisms by which
VSCCs regulate skeletal homeostasis but show that VSCCs
utilize auxiliary subunits to mediate mechanical input, thus
representing new pharmacological and/or mechanical targets
for disease modification.
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