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Abstract

Osteocytes sense and respond to mechanical force by controlling the activity of other bone cells. However, the mechanisms by which osteocytes
sense mechanical input and transmit biological signals remain unclear. Voltage-sensitive calcium channels (VSCCs) regulate calcium (Ca2+) influx
in response to external stimuli. Inhibition or deletion of VSCCs impairs osteogenesis and skeletal responses to mechanical loading. VSCC activity
is influenced by its auxiliary subunits, which bind the channel’s α1 pore-forming subunit to alter intracellular Ca2+ concentrations. The α2δ1
auxiliary subunit associates with the pore-forming subunit via a glycosylphosphatidylinositol anchor and regulates the channel’s calcium-gating
kinetics. Knockdown of α2δ1 in osteocytes impairs responses to membrane stretch, and global deletion of α2δ1 in mice results in osteopenia
and impaired skeletal responses to loading in vivo. Therefore, we hypothesized that the α2δ1 subunit functions as a mechanotransducer, and
its deletion in osteocytes would impair skeletal development and load-induced bone formation. Mice (C57BL/6) with LoxP sequences flanking
Cacna2d1, the gene encoding α2δ1, were crossed with mice expressing Cre under the control of the Dmp1 promoter (10 kb). Deletion of α2δ1
in osteocytes and late-stage osteoblasts decreased femoral bone quantity (P < .05) by DXA, reduced relative osteoid surface (P < .05), and
altered osteoblast and osteocyte regulatory gene expression (P < .01). Cacna2d1f/f, Cre + male mice displayed decreased femoral strength and
lower 10-wk cancellous bone in vivo micro-computed tomography measurements at the proximal tibia (P < .01) compared to controls, whereas
Cacna2d1f/f, Cre + female mice showed impaired 20-wk cancellous and cortical bone ex vivo micro-computed tomography measurements
(P < .05) vs controls. Deletion of α2δ1 in osteocytes and late-stage osteoblasts suppressed load-induced calcium signaling in vivo and decreased
anabolic responses to mechanical loading in male mice, demonstrating decreased mechanosensitivity. Collectively, the α2δ1 auxiliary subunit is
essential for the regulation of osteoid-formation, femur strength, and load-induced bone formation in male mice.
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Lay Summary

The ability of bone to sense and respond to forces generated during daily physical activities is essential to skeletal health. Although several
bone cell types contribute to the maintenance of bone health, osteocytes are thought to be the primary mechanosensitive cells; however, the
mechanisms through which these cells perceive mechanical stimuli remains unclear. Previous work has shown that voltage sensitive calcium
channels are necessary for bone to sense mechanical force; yet the means by which those channels translate the physical signal into a biochemical
signal is unclear. Data within this manuscript demonstrate that the extracellular α2δ1 subunit of voltage sensitive calcium channels is necessary
for load-induced bone formation as well as to enable calcium influx within osteocytes. As this subunit enables physical interactions of the channel
pore with the extracellular matrix, our data demonstrate the need for the α2δ1 subunit for mechanically induced bone adaptation, thus serving
as a physical conduit through which mechanical signals from the bone matrix are transduced into biochemical signals by enabling calcium influx
into osteocytes.
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Introduction

Skeletal unloading due to disability, aging, or disease dra-
matically increases bone resorption and suppresses bone for-
mation,1 leading to bone loss,2 increased fracture risk, and
impaired quality of life.3 These physical impairments con-
stitute a significant financial burden to the U.S. economy,
with $5.7 billion in Medicare cost alone in 2016.4-6 Con-
versely, mechanical loading is anabolic for bone,7 resulting
in increased bone formation, BMD, and improved skele-
tal morphology.8,9 As such, understanding the mechanisms
underlying skeletal responses to mechanical loading can gen-
erate effective therapeutic interventions to curtail the financial
burden and quality of life impairments associated with osteo-
porosis.10

Osteocytes are the most abundant and mechanosensitive
cells within the skeleton, comprising 90%–95% of the total
bone cell population.11 Although it is well-established that
these terminally differentiated, stellate cells sense and respond
to mechanical force, influencing both bone formation and
resorption via osteoblast and osteoclast activity,12 it remains
unclear how mechanical forces are transmitted through cell
surface receptors to initiate intracellular anabolic responses.

The first measurable response of bone cells to mechanical
stimuli is a rapid and transient increase in intracellular cal-
cium (Ca2+).13,14 As such, voltage-sensitive calcium channels
(VSCCs) play a pivotal role in skeletal development and bone
formation.15 Several in vivo studies support the fundamental
function of VSCCs on bone homeostasis, as VSCC inhibition
impairs skeletal development16,17 and inhibits osteogenesis,18

resulting in vertebral defects, decreased mechanosensitivity,19

and impaired bone formation.17,20,21 As osteocytes are highly
sensitive to mechanical loading, they represent a prime cell
type through which VSCCs may influence bone formation and
skeletal development.

VSCCs form a multi-protein complex composed of a pore-
forming α1 subunit and several auxiliary subunits, including
α2δ1, β, and γ (Figure 1). The pore-forming α1 subunit facil-
itates Ca2+ entry, while the auxiliary subunits associate with
the channel pore and regulate channel activity.15,22 Positioned
entirely extracellular via a glycosylphosphatidylinositol (GPI)
anchor, the α2δ1 auxiliary subunit associates with the pore-
forming subunit to regulate the channel’s Ca2+ gating kinetics,
membrane density, and interactions with the extracellular
matrix and/or ligands.22-24 Although numerous studies have
shown that VSCCs contribute to skeletal mechanosensitiv-
ity,17,19-21 the function of VSCCs within osteocyte mechan-
otransduction remains unclear. We recently found that the
α2δ1 auxiliary subunit binds tightly to the large heparan sul-
fate proteoglycan perlecan (PLN).25 This physical connection
creates a mechanical tether that spans the lacunocanalicular
space,26 directly connecting the VSCC gating apparatus α2δ1
to mineralized bone and thereby providing a physical means to
transmit mechanical forces to the osteocyte cell membrane.27

Although our studies in cultured osteocytes showed decreased
mechanical responses following α2δ1 knockdown,28 the func-
tion of α2δ1 in osteocytes in vivo has yet to be established.

The objective of this study was to determine the cell-specific
function of α2δ1 on skeletal development and load-induced
bone formation via conditional deletion of α2δ1 in osteocytes.
We hypothesized that deletion of α2δ1 late in the osteogenic
lineage would impair skeletal development, bone formation,
and mechanosensitivity in vivo.

Materials and Methods

Mice

Osteocyte-targeted deletion of Cacna2d1, the gene encoding
α2δ1, was achieved using the Cre-LoxP (locus of x-over, P1)
system as previously described.29 Briefly, the targeted mice
harboring LoxP sequences (34 bp) flanking crucial exons of
Cacna2d1 were developed as described30 and crossed with
mice expressing Cre under the control of the mouse dentin
matrix protein-1 (Dmp1) promoter (10 kb).31 For longitu-
dinal experiments, Cacna2d1f/f, Cre + males were bred with
Cacna2d1f/f, Cre− females to produce Cre + and Cre− pups,
each of which were homozygous for the floxed allele (denoted
as Cacna2d1f/f). For all experiments, Cacna2d1f/f, Cre− lit-
termates were used as controls. From this point forward,
Cacna2d1f/f, Cre− mice will be referred to as “Cre−” and
Cacna2d1f/f, Cre + mice as “Cre+.”Cre-mediated recombina-
tion of floxed alleles was confirmed by quantifying Cacna2d1
expression via real-time PCR of purified osteocyte-enriched
cultures extracted from cortical bone tissue. Mice were geno-
typed for the presence of LoxP sites within the Cacna2d1
gene and the Dmp1-Cre transgene by PCR using DNA iso-
lated from tail tips. For Cacna2d1-floxed alleles, the for-
ward primer, 5′- GGGCTCTTCTTCTTTAGTAC -3′, and the
reverse primer, 5′- AATCTCAGGATTTACACTAC -3′, were
used to generate a PCR product of 227 bp. The forward
primer was located proximal to exon 6 (the floxed region),
and the reverse primer was located distal to the 3′ LoxP
site. As an internal control, exon 6 (unmodified) was also
amplified by PCR. Primers for the 9.6kbDmp1–Cre trans-
gene were used as previously published.31 Both male and
female littermate mice used in all experiments were housed
under a 12-h light–dark cycle (7 AM-7 PM; group housed
by sex and litter) and were given standard mouse chow
(2018SX, Harlan-Teklad; 1% Ca; 0.65% P; 2.1 IU/g vitamin
D3) and water ad libitum. Experimental mice were housed
5 mice per cage, while breeders were housed 1:1, according
to the policies of Indiana University animal facilities. Inves-
tigators were blinded to genotype during all experimental
procedures.

For in vivo imaging experiments of load-induced Ca2+ sig-
naling, expression of the fluorescent Ca2+ sensor GCaMP6f32

was achieved by crossing Ai95 mice (bearing the GCaMP6f
gene behind a Lox-STOP-Lox codon32; Jackson Labs) with
Dmp1-Cre mice (9.6 kb).31 As expression of GCaMP6f and
conditional deletion of Cacna2d1 are both regulated by the
presence of Cre, the experimental groups consisted of mice
(1) positive for GCaMP6f, Cacna2d1+/+, Dmp1 Cre + and
(2) positive for GCaMP6f, Cacna2d1f/f, Dmp1 Cre+. Thus,
the presence of Cre induced expression of GCaMP6f in both
conditions; however, in control mice (denoted as “G+/+”),
the Cacna2d1 gene was not floxed, while both alleles of the
Cacna2d1 gene of conditional KO mice were floxed (denoted
as “Gfl/fl”). Thus, in G+/+ mice, Cre will activate the expres-
sion of GCaMP6f, but will not delete Cacna2d1, whereas
in Gfl/fl mice, Cre will both activate GCaMP6f and induce
recombination of floxed Cacna2d1 alleles with subsequent
loss of expression in osteocytes. A sample size of 8 per sex
and genotype (G+/+ and Gfl/fl) was tested, as previous reports
showed it to be the minimum number of mice required to
derive differences.33 All mice were on the C57BL/6 back-
ground. All procedures were approved by Indiana University’s
IACUC.
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Figure 1. Voltage-sensitive calcium channel (VSCC) structure. The VSCC complex is composed of the α1 pore-forming subunit and the auxiliary subunits
β, γ , and α2δ, which associate with the channel to alter its gating kinetics. The extracellular α2δ subunit is anchored to the membrane via a GPI anchor.
Illustration from previously published image (Wright CS, Curr Osteoporos Rep 2021).

To verify that the α2δ1 auxiliary subunit is the predominant
isoform expressed in osteocytes, IDG-SW3 cells, a commonly
used osteocyte cell line,34 were differentiated in osteogenic
media for 15 d, and mRNA levels of each subunit isoform
were quantified.

Dual-energy X-Ray Absorptiometry

Longitudinal DXA measurements were collected on live mice
every 3 weeks from 6 to 16 wk of age using an UltraFo-
cus digital X-ray cabinet (Hologic Faxitron®) as previously
described.35 Briefly, mice were anesthetized with isoflurane
(2.5%, IsoFlo, Abbott Laboratories) mixed with oxygen (O2,
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 second (L2) through fifth (L5) lumbar vertebrae. The
ROI for the right femur included bone between the acetabu-
lum 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 excluded
the tail. BMC was measured, and BMD was derived for each
ROI scan.

In Vivo Micro-Computed Tomography

At 10 wk of age, left proximal tibias were scanned using
micro-computed tomography (μCT) (Skyscan 1176, Bruker-
microCT, Kontich, Belgium) and host software (1176 version
1.1, Bruker-microCT). Mice were anesthetized with isoflu-
rane dissolved in oxygen (2.5%, IsoFlo, Abbott Laboratories)
before transitioning to the scanning bed and a nose cone to
maintain anesthesia (0.5%–5% delivery rate) throughout the
scanning process (∼15 min). Each mouse was positioned on
its back with its left leg extended on top of a piece of foam
and secured in place with masking tape. Scans were taken at
a 9 μm resolution, with scanning parameters consisting of 50
kV, 500 μA, and 0.9◦ rotation step.

Ex Vivo μCT

Tibiae and femora were dissected at 20 wk of age and fixed
in NBF (10%, v/v) for at least 48 h and then placed in ethanol
(EtOH, 70%, v/v) for evaluation. Bones were scanned, recon-
structed, and analyzed as previously described.35 Briefly, scans
were collected using a Scanco μCT-35 tomographer (Scanco
Medical) at 10 μm resolution, 50-kV peak tube potential, and
151-ms integration time. The distal 60% and mid-shaft 50%
of the femur, and the proximal 40% and mid-shaft 50% of the
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tibia were scanned. Standard parameters related to cancellous
and cortical bone architecture were measured.36 To quantify
morphological changes following tibial axial compression,
μCT-derived cortical bone responses of the loaded tibia were
normalized to the contralateral unloaded tibia to derive a delta
change value (Load—Unloaded Tibia).

In Vivo Tibial Axial Loading

To induce anabolic skeletal responses, tibial axial compression
was applied to Cacna2d1f/f Cre + and Cacna2d1f/f, Cre−
mice as previously described.5 Briefly, 6 mice of each sex
and genotype (N = 24) were euthanized at 16 wk of age
to be used for calibration strain measurements. The right
hindlimb was disarticulated and frozen (−20◦C) until strain
gauge testing. A single-element strain gauge (EA-06-015DJ-
120; Vishay Precision Group) was applied to the posterior
surface of the tibial midshaft (between the tibia and fibula),
and the microstrain:load ratio was measured for each sample
using progressively increasing load applications, while simul-
taneously recording the voltage output from the load cell and
strain gage. All tests were averaged within each genotype and
sex to determine the microstrain:load ratio. A peak value of
3000 με was chosen and applied to all genotypes. This peak
με corresponded to peak loads of 8.71 N (male, Cre –), 8.21 N
(male, Cre +), 7.80 N (female, Cre –), and 7.61 N (female,
Cre +). At 18 wk of age, mice of each sex and Cre status
(n = 11–15) began the tibial axial compression protocol. Mice
were anesthetized using isoflurane inhalation, and their right
hindlimb (knee to calcaneus) was loaded using sinusoidal
(haversine) waveform (2 Hz, 180 cycles, no intercycle rest
period) to the peak load determined by strain gauging (see
above). Five loading bouts were applied over a 10-d period
with a day of rest between each bout. S.C. injection of calcein
(10 mg/kg) was administered 1 d before the final loading bout,
followed by a S.C. injection of alizarin (20 mg/kg) 10 d later.
Mice were euthanized 13 d after the final bout of loading
(20 wk of age). Both tibiae were harvested and placed in NBF
(10%, v/v) for 48 h then stored in EtOH (70%, v/v) at 4◦C
until histological analysis.

In Vivo Mechanical Loading and Calcium

Responses

Osteocyte Ca2+ signaling in response to mechanical load-
ing in vivo was examined in the mid-diaphysis of the
right third metatarsal (MT3) of G+/+ and Gfl/fl mice as
recently reported33,37 and depicted in Figure 2. Load–strain–
displacement relationships for both G+/+ and Gfl/fl mice
were generated using methods previously reported (data not
shown).33 MT3 bones were loaded in a 3-point bending device
at 1 Hz to mid-diaphyseal strain levels of 250, 500, 1000,
2000, and 3000 με. These levels encompass the range of
strains that have been reported during physiological activities
from in vivo strain gauge studies, with strains up to 2000 με

characteristic of habitual activities, while strains on the order
of 3000 με are seen in more extreme loading activities. 31,32

All loading procedures were carried out under anesthesia
with isoflurane. First, the dorsal surface of the MT3 was
accessed by a single scalpel incision through the skin and
extensor aponeurosis, with care taken to isolate and avoid
the dorsal foot arteries. The lower stainless-steel 1 mm
diameter cylinder fulcrum pin of the 3-point bending device
was inserted beneath the mid-diaphysis of the MT3, thus

functionally isolating the bone. The pin was placed in its
anchor bracket and the entire foot positioned in the PBS bath
(37◦C) of the loading apparatus. The upper stainless steel
loading contacts then were positioned on the dorsal bone
surface. and a nominal tare strain (∼100 με) was applied
to prevent the bone from moving during loading. The entire
apparatus was set onto the stage of a multiphoton microscope
(MPM; Thor Labs) equipped with a tunable Ti-sapphire laser
light source for in vivo osteocyte imaging studies (Coherent).
Bones were loaded cyclically under displacement control to
achieve the desired strain level using a haversine waveform at
1 Hz using a custom loading device; coefficients of variation
for each target strain level were previously determined to be
∼15%. The duration of each strain-loading bout was 60 s and
was performed with simultaneous osteocyte imaging using the
MPM. The loading bout was followed by 15 min of rest. The
loading and rest procedure was then repeated for the next test
strain level until the complete test strain range (250–3000 με)
was covered.

Image Acquisition and Analysis
Multiphoton imaging was performed at the dorsal mid-shaft
region of the MT3 in vivo, with osteocytes sampled in a plane
located ∼20 μm below the periosteal surface. Osteocyte Ca2+
imaging was performed using a water immersion objective
(20x, Olympus LUMPLFLN) focused on the mid-diaphysis.
Excitation was at 920 nm wavelength, and a 490–560 nm
bandpass filter was used for detection. Time series images
were acquired at a rate of 10 frames per second. Ca2+ inten-
sity measurements were performed by post-processing time
series images using ImageJ (NIH). Individual osteocytes were
delineated, and mean pixel intensity values were collected
in each frame before and during loading. The intensities for
each cell of interest were normalized to the mean baseline
intensity for that cell over a 30–s period prior to the start
of cyclic loading. Responding osteocytes were defined as
those cells showing a > 25% increase in normalized fluores-
cence intensity during loading. Figure 2 shows an example
of the fluorescence intensity changes typically seen in cells
that respond to mechanical loading. In addition to count-
ing the number of cells, the fold increase in mean intensity
during loading compared to non-loaded baseline was also
analyzed.

Mechanical Testing

Parameters related to whole bone strength were mea-
sured using 3-point bending tests on isolated femora as
previously described.38 Briefly, each femur was loaded
to failure in monotonic compression, during which force
and displacement measures were collected every 0.01 s.
Ultimate force, energy to ultimate failure, and stiffness were
calculated from the force/displacement curves, using standard
equations.39

RNA Isolation and Real-Time PCR

Total RNA was isolated from whole ulnas of Cre− and
Cre + mice. Ulnas were dissected with all soft tissue removed,
including the periosteum, and immediately flash-frozen in
liquid N2. To isolate RNA, ulnas were homogenized in TRI-
zol using the Bullet Blender® Tissue Homogenizer (Next
Advance) and the soluble fraction was removed. Total RNA
was isolated through phenol-chloroform extraction and sub-
sequent RNeasy Plus kit (Qiagen) as described.40 mRNA
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Figure 2. In vivo MT3 mechanical loading and calcium responses. (A) Schematic of microscope objective and loading configuration for the MT3 bone. (B)
μCT scan of mouse hind paw showing MT3 (arrow). (C) Representative image of OtGP3 osteocytes fluorescing at baseline with one cell blown up to
show the difference between (D) baseline fluorescence vs (E) increases seen during mechanical loading. (F) Representative trace of a single osteocyte
Ca2+ signaling fluorescence intensity both before and during loading.

was reverse transcribed, and genes were amplified with a
BioRad CFX Connect qPCR machine, using osteogenic- and
osteoclast-specific gene primers (Supplementary Table S1).
PCR products were normalized to GAPDH or GUSB and
quantified using the ��CT method (denoted in figures as
2��Cq).

Histological Processing

Femora and tibiae were dehydrated in graded alcohols, cleared
in xylene, and embedded in methylmethacrylate following
standard protocols.41 For static histomorphometry measure-
ments, distal left femur sections were cut approximately 5 μm
in thickness in the coronal plane, using a motorized microtome
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(Leica Microsystems, Inc.) equipped with a tungsten carbide
knife. To measure load-induced bone formation, thick-cut
sections were taken from the tibia midshaft, approximately
3 mm distal to the tibiofibular junction, and manually ground
down to approximately 30 μm. A single unstained section
of the tibial diaphysis from loaded and unloaded bones was
imaged digitally on a fluorescent microscope using filter sets
that provided excitation and emission for the calcein and
alizarin wavelengths, administered at 17 and 19 wk of age,
respectively. Digital images were imported into ImagePro
Express (Media Cybernetics, Inc.), and the following histo-
morphometric 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 sur-
face (MS/BS = (0.5 × sL.Pm + dL.Pm) /total perimeter × 100),
and bone formation rate (BFR/BS = MAR × MS/BS × 3.65).
All measurements were collected such that the opera-
tor was blinded to genotype. Histology sections, stain-
ing, and analyses were conducted by the Histology Core
Facilities within the Indiana Center for Musculoskeletal
Health.

MMA-embedded, thin sections were deplasticized in ace-
tone and stained by 2 different procedures: (1) a modification
of the von Kossa/MacNeal’s (VKM) Tetrachrome protocol42

and (2) a tartrate acid-resistant acid phosphatase (TRAP)
stain.43 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 pre-incubated in acetate buffer
(0.2 M, pH = 5.0), rinsed, and incubated in a warmed acid
phosphatase solution. Sections then were counterstained with
Toluidine Blue, air-dried, and cover-slipped with an aqueous-
based mounting media. Histomorphometric analysis was per-
formed using the OsteoMeasure high-resolution digital video
system (OsteoMetrics Inc.) Images were taken using an Olym-
pus BX51 fluorescent microscope and Olympus cellSens Entry
1.2 (Build 7533) imaging software. Standard nomenclature
was used according to the Histomorphometry Nomenclature
Committee of the American Society of Bone and Mineral
Research.44

Statistical Analyses

Statistical variance was expressed as the means ± SEM. Statis-
tical significance was evaluated using repeated measures (RM)
of ANOVA, 2-way ANOVA, linear regression analysis, or
unpaired Student’s t test, and post hoc analyses using Šídák’s
multiple comparisons test as appropriate (Prism GraphPad,
Version 9.5.1). Outliers were detected in measurements of
bone quantity and bone quality and were excluded according
to the outlier labeling rule.45 Values were considered signifi-
cant if P ≤ .05. qPCR and Western blot assays were replicated
at least 3 times to assure reproducibility. The number of
animals used is denoted for individual experiments.

Results

Deletion of α2δ1 in Dmp1-expressing cells had no

effect on body or femur length

To test for Cacna2d1 expression, the gene encoding α2δ1,
qPCR was performed using mRNA from primary osteocytes

of Cre− and Cre + mice. Cacna2d1 mRNA levels were sig-
nificantly lower in osteocytes from Cre + mice compared to
those derived from Cre− controls (Figure 3A). To determine
which of the 4 variants of the α2δ1 subunit are predominantly
expressed in osteocytes, mRNA levels of each subunit were
quantified in differentiated IDG-SW3 cells, a commonly used
osteocytic cell line.34 Levels of Cacna2d1 transcripts were
higher than Cacna2d2 (400-fold), Cacna2d3 (67-fold), and
Cacna2d4 (4 million-fold), demonstrating that α2δ1 is the
predominant α2δ subunit variant in osteocytes (Figure 3B)
and further confirming previous findings from our lab.28

Body length (snout to rump) and femur length were measured
in Cre− and Cre + mice, and no differences were observed
(Figure 3C and D).

Deletion of α2δ1 in Dmp1-expressing cells

decreased femoral bone quantity

To determine the function of the α2δ1 subunit in osteocytes
on skeletal formation, longitudinal DXA measurements were
taken every 3 weeks from 6 to 16 wk of age in both male
and female Cre− and Cre + mice (Figure 4). In male mice, no
differences were observed between Cre− and Cre + mice for
BMD of the whole body, spine (L2–L5), or femur longitu-
dinally (Figure 4A). Cre + male mice showed reduced femur
BMC compared to Cre− mice longitudinally, with single
timepoint differences between genotypes for the whole body
(12 and16 wk) and spine BMC (12 wk, Figure 4A). Similarly,
in female mice, Cre + mice showed reduced femur BMD and
BMC compared to Cre− mice longitudinally, with no differ-
ences in BMD or BMC of either the whole body or the spine
(Figure 4B).

Deletion of α2δ1 in late-stage skeletal cells reduced

cancellous bone in vivo at 10 wk in male mice

Hypothesizing that deletion of α2δ1 in osteocytes would
impair cancellous bone development, longitudinal in vivo
μCT measurements of the left proximal tibia were taken
at 10 wk of age. In male Cre + mice, deletion of α2δ1
in osteocytes did not alter trabecular spacing (Tb.Sp) but
decreased BV/TV, trabecular number (Tb.N), and trabecular
thickness (Tb.Th) (P < .01) in comparison to Cre− male mice
(Figure 5A). These differences in cancellous bone were not
observed between female Cre + and Cre− mice at 10 wk of
age, highlighting a sexually dimorphic effect during active
skeletal growth (Figure 5B).

Reduced cancellous bone was alleviated in male

mice, while female mice showed differences in

cortical bone following skeletal maturity

To assess the impact of deleting α2δ1 in osteocytes on cancel-
lous and cortical bone following skeletal maturity (20 wk of
age), ex vivo μCT-derived measurements of the left proximal
and midshaft tibiae, and left distal and midshaft femora
were taken. Contrary to 10-wk in vivo μCT-derived measure-
ments of the left proximal tibia, skeletally mature (20 wk
old) male mice showed no differences in tibiae nor femoral
μCT measurements (Supplementary Figures S1A and S2A).
Female Cre + mice continued to show no differences in cancel-
lous bone measurements upon skeletal maturity, but cortical
bone measurements of both the tibiae and femora revealed
decreases in cortical thickness (P < .01), midshaft bone area
(BA/TA), and polar moment of inertia (pMOI) (P < .05) in
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Figure 3. Deletion of α2δ1 in late-stage bone cells. (A) mRNA expression level of α2δ1 from cultured primary osteocytes. (B) mRNA expression levels
of α2δ1-4 in IDG-SW3 cell-line following osteogenic differentiation. Body length (C) and femora length (D) were not different between Cre-negative and
Cre-positive mice (n = 15 per group). ∗∗Significance was defined as a P value < .01. Values reported as means ± SEM

comparison to female Cre− mice (Supplementary Figures S1B
and S2B).

Deletion of α2δ1 in late-stage skeletal cells resulted

in impaired femoral strength in male mice

Three-point bending of femurs from 20-wk-old mice revealed
a ∼15% reduction in ultimate force (P < .001) and energy
to failure (P < .01) in male Cre + mice compared to Cre−
mice (Figure 6). No differences in femoral strength between
genotypes were found in female mice (Figure 6).

Deletion of α2δ1 in late-stage skeletal cells

negatively influenced osteoid formation and

osteogenic gene expression

To assess osteoblast activity following deletion of α2δ1
in osteocytes, transcript levels were quantified by qPCR
(Figure 7A), and histological analyses were carried out by
staining for Von Kossa/McNeal (Figure 7B). Deletion of α2δ1
in osteocytes of male mice resulted in a 3-fold decrease
in Runx2 (P < .05), a 0.4-fold decrease in Sp7 (P < .01),
and a 0.6-fold decrease in E11 (P < .001) mRNA levels.
Cre + male mice had a 2-fold increase in Sost (P < .001)
mRNA (Figure 7A).

Deletion of α2δ1 in osteocytes did not alter relative
osteoblast number nor relative osteoblast surface (Ob.S/BS).
However, male Cre + mice had significant reductions in
osteoid area (O.Ar, P < .001), osteoid thickness (O.Th,
P < .05), osteoid surface (OS/BS, P < .05), and relative osteoid
volume (OV/BV) compared to Cre− animals (Figure 7C).
No changes in total osteocyte number nor osteocyte number
normalized to bone area (N.Ocy/B.Ar) were observed in male
Cre + mice vs Cre− animals (Figure 6C). Female Cre + mice
also showed a significant reduction (−30%, P < .01) in
relative osteoid surface, but no changes in relative osteoblast
number, osteoblast surface (Ob.S/BS), O.Ar, O.Th, osteocyte
number, relative OV/BV, nor osteocyte number normalized to
bone area (Figure 7D).

Deletion of α2δ1 in Dmp1-expressing cells did not

alter histological measurements of osteoclast

activity

Quantification of mRNA revealed a 35% decrease (P < .05)
in Acp5 (Trap), and a 56% decrease (P < .01) in Tnfsf11b
(Opg) in Cre + male mice compared to Cre–, with no changes
in Tnfsf11a (RankL) (Figure 8B). Cre + male mice had an
increase in the ratio of RankL to Opg (3-fold, P < .01)
compared to Cre− animals (Figure 8A). Femurs from Cre−
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Figure 4. Longitudinal DXA BMD and BMC Measurements. DXA measurements of Cre-negative and Cre-positive male (A, n = 15) and female (B, n = 11)
mice were taken every 3 wk and analyzed for whole body, lumbar spine (L2-L5), and right whole femur BMD and BMC. Longitudinal DXA data were
tested for significance within sex and between Cre status using RM ANOVA. Sidak’s multiple comparisons tests were used to assess differences at each
timepoint within sex and between Cre status. ∗Significance was defined as a P value < .05. Values reported as means ± SEM.

and Cre + mice were sectioned and stained for TRAP to
assess osteoclast activity (Figure 8B). Despite an increase
in Rankl/Opg in Cre + male mice, no differences were
observed in osteoclast number, osteoclast surface (Oc.S/BS),

eroded perimeter (E.Pm), or eroded surface (ES/BS) in male
Cre + mice compared to Cre− animals (Figure 7C). In female
mice, Cre + animals had a 22% increase in ES/BS, but no
changes in osteoclast number, Oc.S/BS, or E.Pm (Figure 8D).
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Figure 5. Ten week in vivo μCT tibia trabecular measurements. In vivo μCT-derived measurements of left proximal tibia cancellous bone from male (Cre-
negative n = 24; Cre-positive n = 18) and female (Cre-negative n = 24; Cre-positive n = 16) mice at 10 wk of age. Independent t-tests were used to assess
differences within sex and between Cre status. Significance was defined as a P < .05, ∗∗P < .01. Values reported as means ± SEM. Tibia trabecular bone
volume fraction (BV/TV), Tb.N, Tb.Th, and Tb.Sp.

Figure 6. Mechanical properties of 20-wk-old femora. Three-point bending tests to failure were conducted on 20-wk-old whole femora from Cre-negative
and Cre-positive male and female mice (n = 9–11 per group). Differences in strength properties within sex and between Cre status were assessed using
2-way ANOVA. Significance was defined as a P < .05; ∗∗P < .01, ∗∗∗P < .001. Values reported as means ± SEM.

Conditional deletion of α2δ1 in osteocytes reduced

load-induced Ca2+ signaling in vivo

The MT3 of the mouse foot was loaded in vivo with
simultaneous intravital imaging of osteocyte Ca2+ signaling to
determine if α2δ1 regulates Ca2+ influx in osteocytes. Linear
regression analysis compared strain dose–response curves
to the number of osteocytes responding (Figure 9A and B).
For both male and female animals, the slope of the response
curve was unchanged; however, the y-intercept was lower
for Gfl/fl mice lacking α2δ1 compared to G+/+ control mice
(Figure 9A and B, P< .05). This downward shift of the
response curve indicates that fewer osteocytes from Gfl/fl mice
responded to the mechanical input of a given strain magnitude
compared to G+/+ mice, indicating a reduction in osteocyte
mechanosensitivity in the absence of α2δ1. Additionally, linear
regression analysis was used to compare dose–response curves
to the maximum intensity of responding cells as a function of
strain (Figure 9C and D). For male mice, both the slope and
intercept of Ca2+ signaling responses from Gfl/fl mice were
changed, representing a fundamental difference in how α2δ1
deficient male mice respond to mechanical loading (Figure 9C,
P < .05). Female Gfl/fl mice had a lower y-intercept but no

change in the response curve slope compared to G+/+ mice
(Figure 9D, P < .05).

Deletion of α2δ1 in osteocytes and late-stage

osteoblasts impairs anabolic responses to loading

in male mice

As our previous work found that α2δ1 is necessary for
mechanosensation in osteocytes in culture,28 and data
from our metatarsal in vivo loading assays show that
osteocytes lacking α2δ1 had altered mechanically induced
Ca2+ signaling, we hypothesized that α2δ1 is necessary for
anabolic responses to mechanical loading at the tissue-level.
Thus, tibiae were loaded over a 10-d period using axial
compression, and fluorochromes were injected to determine
dynamic histomorphometry endpoints. Representative images
of control (non-loaded) and loaded tibia from Cre− and
Cre + male mice show calcein and alizarin labeling in sections
from the tibial mid-diaphysis (Figure 10A). Quantification
of the labeled surfaces between control and loaded bones
demonstrated significant increases in MS/BS, MAR, and
BFR/BS in male Cre− mice. However, Cre + male mice
showed no significant increases in MS/BS, MAR, or BFR/BS
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Figure 7. Histological analyses of VKM-stained sections of 20-wk-old femora. (A) Expression of osteoblast and osteocyte regulatory genes from 20-wk-old
male mice including Runx2, osteocalcin (Bglap), osterix (Sp7), sclerostin (Sost), and E11 were all normalized to Gapdh (n = 11 per group). (B) Representative
images of distal femur sections from Cre-negative and Cre-Positive male mice stained with VKM. White arrows indicate osteoblasts on the bone surface.
Histomorphometric quantification of osteoblast parameters from male (C) and female (D) mice including osteoblast number, osteoblast number relative
to bone surface (N.Ob/BS), osteoblast surface normalized to bone surface (Ob.S/BS), osteocyte number, osteocyte number normalized to bone area
(N.Ocy/B.Ar), O.Ar, O.Th, osteoid surface normalized to bone surface (OS/BS), and osteoid volume relative to bone volume (OV/BV) (n = 11–14 per group).
Data were tested for significance using unpaired Student’s t-tests. Significance was defined as a P < .05, P < .05∗; ∗∗P < .01; ∗∗∗P < .001. Values reported
as means ± SEM.

following loading (Figure 10B, Supplementary Table S2).
Notably, MS/BS was decreased (−87%, P < .05) in non-
loaded Cre + mice compared to non-loaded Cre− animals,
further confirming decreased basal bone formation in mice
lacking α2δ1 in osteocytes.

In female mice, MS/BS and BFR/BS were increased (P < .05)
in Cre− mice with loading, showing an anabolic response
in control animals. Female Cre + mice had an increase in
MS/BS after loading, but no significant changes in MAR
or BFR/BS in response to axial compression (Figure 10C,

Supplementary Table S2), demonstrating some differential
responses compared to males. Additionally, there were no
differences in MS/BS in non-loaded female Cre + mice com-
pared to Cre− (Figure 10C, Supplementary Table S2), again
supporting the sex-specific differences in bone formation
responses seen with static histomorphometry measurements
(Figure 7C and D).

To further quantify the contribution of α2δ1 to bone
mechanotransduction and anabolic adaptation, μCT mea-
surements of the loaded (right) tibia were normalized to the
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Figure 8. Histomorphometric analyses of TRAP-stained sections of 20-wk-old male femora. (A) Expression of osteoclast regulatory genes from 20-wk-
old male mice including Acp5 (TRAP), Tnfsf11 (RankL), Tnfrsf11b (Opg), and the ratio of RankL/Opg were all normalized to Gapdh (n = 11 per group).
(B) Representative images of distal femur sections from Cre-negative and Cre-positive male mice stained for TRAP. Arrows indicate multinucleated
osteoclasts stained crimson/red. (C) Histomorphometric quantification of osteoclast parameters from male (C) and female (D) mice including osteoclast
number, osteoclast surface normalized to total bone surface (Oct.S/BS), E.Pm, and eroded surface normalized to total bone surface (ES/BS) (n = 11–14 per
group). Data were tested for significance using unpaired Student’s t-tests. Significance was defined as a P < .05, P < 0.05∗; ∗∗P < 0.01 . Values reported
as means ± SEM.

unloaded contralateral limb to generate delta values (loaded—
unloaded, Figure 10D). Male Cre− mice showed a greater
increase in delta tibial cortical BMD (P < .01) compared to
Cre + animals, but no differences in vBMD at the midshaft or
cortical thickness were found. For female mice, no differences
in change of cortical BMD or volumetric BMD (vBMD) at the
midshaft were observed; however, Cre + mice had a greater
increase in delta cortical bone thickness (P < .01) compared to
Cre− mice.

Discussion

The ability of bone to respond and adapt to mechanical
force is essential for the preservation of bone health.46 As
such, conditions that lead to decreased skeletal loading or

disorders that impair bone mechanosensitivity can reduce
BMD, increase fracture risk, and thus diminish the quality of
life.1-3 The primary aim of this study was to determine the
effects of deleting the α2δ1 auxiliary subunit in osteocytes on
skeletal development and load-induced bone formation, as no
other work has examined the function of α2δ1 in osteocytes
in vivo.

Deletion of α2δ1 in osteocytes and late-stage osteoblasts
only moderately affected longitudinal measurements of bone
quantity during skeletal development. Due to its proposed
role in mechanotransduction and that mechanical loading
is important for skeletal growth and development,7-9 we
anticipated deletion of α2δ1 in osteocytes and late-stage
osteoblasts would result in a similar osteopenia phenotype
to that seen in mice with global deletion of α2δ1 or Loss
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Figure 9. Linear regression analyses of calcium responses following in vivo MT3 loading reveal decreases in osteocyte mechanosensitivity. (A and B)
Percentages of Ca2+ signaling osteocytes increased with increasing strain levels in male and female mice, revealing a similar linear relationship between
the number of cells responding for both G+/+ and Gfl/fl male and female mice (P > .05). However, the y-intercept for Gfl/fl male mice (P = .001) and Gfl/fl

female mice (P = .0006) decreased in comparison to G+/+ animals, indicating a decrease in osteocyte mechanosensitivity. (C and D) Maximum intensity
change among responding cells of G+/+ and Gfl/fl male and female mice. The relationship between maximum response intensity and strain magnitude (ie,
slope) increased in G+/+ male mice; however, the y-intercept and slope were fundamentally altered in Gfl/fl male mice (P = .014). The linear relationship
between maximum response intensity and strain magnitude was unchanged in female mice; however, the y-intercept was decreased (P = .005) in Gfl/fl

female mice.

of the auxiliary α2δ1 voltage sensitive calcium channel
subunit impairs bone formation and anabolic responses to
mechanical loading low-density lipoprotein (LDL) receptor-
related protein (LRP5).47 However, deletion of α2δ1 in
osteocytes only moderately affected bone morphology with
lower longitudinal femur BMC. Impairments in cancellous
bone were observed in male mice at 10 wk of age, but
these differences dissipated upon skeletal maturity. Although
DMP1-Cre mediated deletion of α2δ1 resulted in relatively
small differences in overall bone structure compared to
control mice, the lack of α2δ1 in osteocytes impaired anabolic
responses to mechanical loading, which aligns well with
the proposed function of α2δ1 in mechanotransduction.
As such, this moderate basal skeletal phenotype coincides
with previous publications where, despite modest morpho-
logical changes in bone, robust anabolic differences are
apparent when presented with a challenge. Two examples
of this robust anabolic response include the global Nmp4
KO mice48 and mice with conditional deletion of Nmp4

(DMP-cre).49 Both models showed moderate effects on basal
bone quantity measurements, but exhibited dramatic increases
in BFRs following PTH treatment, beyond that of controls or
heterozygous mice. Similarly, marginal differences in vertebral
BMD were observed in mice overexpressing sclerostin using
the DMP1 promoter, but when challenged with ulnar loading,
these mice showed significant reductions in BFRs.50 As such, it
is not uncommon to observe a disparity between basal skeletal
phenotype and phenotypes that manifest upon meeting an
anabolic threshold, as in the current study, or over time with
age. Therefore, additional analyses in post-weaning and in
aged mice could provide further insights into the extent of the
auxiliary subunit’s role in the developmental process.

Deletion of α2δ1 in osteocytes and late-stage osteoblasts
resulted in impaired load-induced bone formation in response
to tibial axial compression in male mice. These dimin-
ished mechanosensitive responses were further highlighted
by decreased adaptive responses in cortical bone, where
control mice showed greater increases in tibial cortical
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Figure 10. Axial tibial loading revealed differences in bone formation. Strain-matched peak forces were applied to the right tibia of 20-wk-old Cre-negative
Cre-positive male and female mice. (A) Representative images of control (non-loaded) and loaded tibia from Cre−negative and Cre + male mice (female
images in supp. materials). (B) MS/BS, MAR, and BFR/BS of Cre-negative and Cre-positive male and female mice (N = 11). (C) μCT-derived cortical bone
responses following tibial axial compression normalized to unloaded contralateral control limb of Cre-negative and Cre-positive male and female mice
(N = 11–15). Differences in loading and Cre status were assessed using MANOVA. Significance was defined as a P <.05∗; ∗∗P < .01; ∗∗∗P < .001. Values
reported as means ± SEM.

BMD in response to loading vs mice lacking α2δ1 in
osteocytes. The observed differences in tissue level responses
to anabolic loading could be explained by functions of VSCCs
independent of α2δ1. To interrogate whether α2δ1 directly
regulates mechanically induced Ca2+ signaling responses,
we used intravital fluorescent imaging to observe load-
induced osteocyte Ca2+ influx in vivo, in real-time. We
found that the relationship between load magnitude and
the number of responsive cells was shifted downward in
mice lacking α2δ1 in osteocytes, indicating a decrease in
overall mechanosensitivity. Furthermore, deletion of α2δ1

in osteocytes decreased maximal Ca2+ signal intensity in
response to mechanical loading. As such, the impaired
mechanical response following tibial loading of mice lacking
α2δ1 in osteocytes is likely related to changes in osteocyte
mechanosensitivity, as indicated by Ca2+ signaling activation.
These results demonstrate the function of VSCCs in osteocyte
mechanotransduction28,51 and the regulatory role of its
auxiliary subunit α2δ1.

Although numerous studies have shown that VSCCs are
necessary for anabolic responses of bone to mechanical input,
the mechanism by which VSCCs are activated by force to

D
ow

nloaded from
 https://academ

ic.oup.com
/jbm

r/article/39/3/298/7588702 by guest on 18 O
ctober 2024



Journal of Bone and Mineral Research, 2024, Volume 39 Issue 3 311

initiate Ca2+ influx remained unclear. The current pre-
vailing theory is that upon mechanical stimulation, nearby
mechanosensitive Ca2+ channels open and induce a small,
localized influx of Ca2 + 52, which produces a negative
membrane potential. This depolarization of the cell membrane
is then sensed by VSCCs causing the gating of its α1
pore-forming subunit and the flooding of Ca2+ into the
intracellular space.15 In this study, we showed that the VSCC
auxiliary subunit α2δ1 is necessary for the anabolic responses
to mechanical loading. Deletion of α2δ1 in osteocytes
impaired load-induced (1) Ca2+ influx in vivo, (2) BFRs,
and (3) adaptive skeletal responses. Previous work has
shown that α2δ1 facilitates trafficking of the α1 pore-forming
subunit to the plasma membrane.28,53 Therefore, one possible
explanation for our findings is that osteocytes lacking α2δ1
have fewer mechanoresponsive VSCCs. Alternatively, the
extracellular location of α2δ1 interacts with the pericellular
matrix, enabling the direct activation of VSCCs through fluid-
shear drag forces. The mechanisms by which mechanical
forces are directly transmitted through α2δ1 to open VSCCs
are supported by our recent findings that α2δ1 binds PLN,
a large heparan sulfate proteoglycan.25 We have previously
shown that PLN is a component of the tethering elements
that span the osteocyte pericanalicular space26 and regulate
mechanosensation27 and ultrastructure.54 As PLN deficient
mice have impaired Ca2+ signaling responses and α2δ1 binds
strongly to PLN,25 the direct physical connection of PLN
tethers to VSCCs likely influences Ca2+ gating-kinetics and
therefore load-induced anabolic responses.

Our data demonstrate that deletion of α2δ1 in late-stage
skeletal cells reduced histological measurements of osteoid.
Loss of α2δ1 in osteocytes and late-stage osteoblasts in male
mice did not influence total osteoblast nor osteocyte num-
ber, but instead decreased O.Ar, O.Th, osteoid volume, and
osteoid surface relative to controls. Female mice showed a
similar reduction in relative osteoid surface in comparison to
controls despite a lack of change in osteoblast and osteocyte
number. These reductions in histological measurements of
osteoid may result from decreased osteoblast activity and/or
an acceleration of bone mineralization. However, without
bone formation measurements on the same bone surface, it
is not possible to determine which one of the two is the
cause for the observed phenotype following deletion of α2δ1
in late-stage skeletal cells. Nevertheless, based on the lack of
an increase in MAR following tibial loading and the decreased
production of osteogenic genes (E11, Runx2, Sp7, and Bglap),
the decrease in osteoid measurements observed in cancellous
bone is consistent with reduced osteoblast activity. Further
studies will need to be conducted to confirm this impairment
in osteoblast activity.

The impairment in femoral strength in male mice lack-
ing α2δ1 in osteocytes and late-stage osteoblasts is likely
due to a combination of multiple factors. In addition to a
decrease in femoral bone content, mechanosensitivity, and
osteogenic gene expression, the reduction in osteoid forma-
tion in Cre + male mice could collectively contribute to the
impairment in femoral strength. Furthermore, previous work
has shown that PLN is necessary for maintaining the open,
unmineralized pericanalicular space.26 Given our recent work
found that α2δ1 tightly binds to PLN,25 it is plausible that
deletion of α2δ1 in osteocytes disrupts this connection, alter-
ing the osteocyte’s pericanalicular space. Ongoing work is
currently examining how α2δ1 influences lacunocanalicular
morphology, which may contribute to the reduction in femoral

strength observed in these male mice. Interestingly, despite a
reduction in femoral BMD & BMC, and decreased cortical
thickness and pMOI, female mice lacking α2δ1 in osteocytes
showed no differences in femoral strength in comparison to
controls. Therefore, additional work is needed to delineate
how α2δ1 produced by osteocytes alters bone matrix proper-
ties and canalicular dimensions, and how sex influences their
contribution to the phenotype.

Deletion of the α2δ1 subunit in late-stage skeletal cells
revealed sexual dimorphism in skeletal morphology, mechan-
ical properties, in vivo Ca2+ signaling responses, and
anabolic responses to mechanical loading, suggesting a role
of sex steroids in the regulation of VSCC-mediated skeletal
development and mechanotransduction. Estrogen has a
significant role in bone cell remodeling, decreasing osteoclast
activity while increasing osteoblast differentiation and the
mechanosensitivity of both osteoblasts and osteocytes.55-57

Decreases in circulating estrogen or loss of its nuclear
receptors (ERα and ERβ) can increase osteoclast activity,
decrease osteoblast differentiation, and inhibit load-induced
anabolic responses.55,58,59 Thus, the observed sex-specific
differences in Ca2+ signaling and mechanical responses may
result from the influence of estrogen on Ca2+ influx in
osteocytes.37,60-62

The strengths of this work include the targeted deletion of
α2δ1 in late-stage skeletal cells to determine the bone-specific
consequences of α2δ1 deletion. Furthermore, the use of intrav-
ital imaging allowed us to examine the function of α2δ1 in
osteocytes on Ca2+ influx in live mice subjected to mechanical
loading in real time. These data support the conclusion that
α2δ1 regulates Ca2+ influx in response to mechanical force,
which is necessary for the anabolic responses of bone to
loading. Although we examined the responses of both male
and female mice, the mechanisms related to the sex differ-
ences remain unclear and are a worthy subject for future
investigation. Additionally, though our results showed that
deletion of α2δ1 in osteocytes decreased load induced Ca2+
influx in osteocytes in vivo, additional studies are needed to
determine the specific intracellular signaling pathways influ-
enced by α2δ1 deletion and their contribution to the observed
phenotype.

In summary, mice lacking the α2δ1 auxiliary VSCC subunit
in osteocytes and late-stage osteoblasts exhibit decreased
mechanosensitivity. These results highlight the function α2δ1
and its ability to influence skeletal adaptation in response to
mechanical loading. Although there were no differences in
osteoblast or osteocyte number, deletion of α2δ1 in osteocytes
and late stage osteoblasts decreased osteoid and femoral
strength which may directly or indirectly be related to
decreases in mechanosensitivity and alterations in osteogenic
gene expression. Cacna2d1f/f, Cre + females showed only
partial inhibition of load-induced bone formation, suggesting
sex-specific differences in osteocyte mechanosensitivity
and mechanotransduction pathways. Collectively, these
data show that the auxiliary α2δ1 subunit mediates the
mechanical forces regulating VSCC-mediated Ca2+ influx
in osteocytes, providing a possible avenue for therapeutic
intervention.
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