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Abstract

Bone’s ability to adapt to mechanical loads is attributed the os-
teocyte. Osteocytes reside embedded in calcified bone matrix,
where they function as the resident tissue mechanosensor. Ca2+

signaling is a key second messenger in mechanotransduction in
osteocytes. It is used to encode mechanical load magnitude and
has been linked to downstream signaling pathways which reg-
ulate bone resorbing and bone formation cell activity, however
the details regarding Ca2+ signaling regulation in osteocytes in
vivo are not well stratified. Osteocytes express components for
nicotinic acetylcholine receptors (nAChRs) are known for cal-
cium signaling at the neuromuscular junction. Indeed, cholin-
ergic signaling is known to impact bone mass and fracture risk
from studies in both humans and rodents. Despite this convinc-
ing evidence of the role of ACh , the details regarding choliner-
gic signaling in bone mechanotransduction remain largely un-
explored. Here, we determine osteocytes as a functional target
of cholinergic signaling for bone mechanoadaptation. We gen-
erated osteocyte-targeted conditional knockout mice for Chrna1
or Rapsn using the 10kb DMP1 promotor to delete the cholin-
ergic receptor subunit a1 and the channel grouping protein
raspyn, respectively. We then performed longitudinal studies
to assess skeletal morphology, tissue material make-up, and dy-
namic responses to anabolic challenge. Our results show sex-
ually dimorphic differences in bone formation rates and bone
structure between Cre-negative controls and conditional knock-
out mice. In females, the reductions to bone geometry were res-
cued with anabolic loading, but not in males. Our results con-
firm osteocytes as direct cholinergic targets with an impact on
bone mechanoadaptation and suggest a direct link between bone
mechanobiology and the central nervous system.

Osteocyte | Acetylcholine | Mechanoadaptation | nAChR

Correspondence: Karl J. Lewis, PhD: kjl235@cornell.edu

Introduction

Bone is an exquisitely mechanically sensitive tissue, capable
of adapting its bone architecture and mass to maintain a struc-
turally sound but energetically efficient form. Harold Frost
proposed that bone cells actively detect their strain environ-
ment to shape and maintain bone mass accordingly (1–3).
He posited that if bone experiences prolonged periods of me-
chanical deformation below or above a set point value bone is
resorbed or deposited, respectively. Indeed, peak healthy in
vivo deformations for a broad range of species are tightly con-

served between 0.2-0.3% (4), and applying aberrant loading
at 0.2% results in anabolic bone growth in the area of maxi-
mal bending (5). In some bone metabolic diseases, the rela-
tionship between tissue deformation and bone mass becomes
dysregulated. Osteoporosis, a disease characterized by the
rapid loss of bone mass and increased risk of fracture, affects
over 200 million people worldwide, with 1 in 3 women and
1 in 5 men projected to have a bone fragility fracture in their
lifetimes (6, 7). Consequently, understanding cellular sensing
mechanisms and the systems level components that regulate
bone mechanotransduction are an area of critical study.

A key biological player in bone mechanotransduction is the
osteocyte population. These terminally differentiated bone
cells express proteins responsible for regulating the behavior
of bone resorbing osteoclasts and bone building osteoblasts
(8–10). They reside encased in bone matrix and are function-
ally connected to one another by connexin 43 gap junctions
near the ends of long dendritic processes, creating a func-
tional syncytium (11, 12). Their location throughout bone
and ability to control the behavior of tissue modifying cells
make them ideally designed for their role as the resident bone
mechanosensors. Osteocyte mechanotransduction is a com-
plex cell signaling event, and unraveling the critical features
which serve as control mechanisms is the subject of ongoing
investigation at this time.

Calcium (Ca2+) signaling is a ubiquitous second messen-
ger system with pronounced biological influence over nearly
every aspect of cell function, including protein conforma-
tions, signal transduction, excitability, exocytosis, cell motil-
ity, mitochondrial integrity, apoptosis, and gene transcrip-
tion (13, 14). In osteocytes, Ca2+ signaling is a key second
messenger in mechanotransduction pathways. Activation of
Ca2+ signaling in osteocytes in vitro occurs in response to
fluid flow shear stress of similar magnitude to that experi-
enced by endothelial cells (15–21) as first predicted by Wein-
baum and Cowin (22). Osteocytes also exhibit increases in
cytoplasmic Ca2+ in response to substrate deformation (23–
26) and hydrostatic pressure (27–29). Moreover, osteocyte
Ca2+ signaling is implicated in control of PGE2, RANKL,
and sclerostin production (all critical regulators of bone for-
mation and resorption) (30–39). Our group has shown that
osteocytes use Ca2+ signaling to encode deformation magni-
tude (78). The variety of components and downstream effects

Mora-Antoinette et al. | bioR‰iv | September 30, 2023 | 1–13

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 3, 2023. ; https://doi.org/10.1101/2023.10.01.556129doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.01.556129
http://creativecommons.org/licenses/by-nc-nd/4.0/


of Ca2+ signaling support the theory that it is a central con-
trol mechanism for bone mechanoregulation. As such, the
mechanisms which regulate Ca2+ signaling dynamics in os-
teocytes represent important features in bone mechanotrans-
duction. One such mechanism that has been recently impli-
cated is acetylcholine receptors.
Cholinergic signaling is a feature of pre-ganglionic and
post-ganglionic terminal autonomic nervous system function.
This pathway is implicated in all organ systems; it includes
the neurotransmitter acetylcholine (ACh) along with associ-
ated components for biosynthesis, signaling (e.g. transporters
and receptors), and degradation (e.g. acetylcholinesterase,
AChE). Neurological maladies like Alzheimer’s disease are
associated with the dysregulation of cholinergic activity. In-
terestingly, lower bone mineral density (40), higher fracture
risk (41), and osteoporosis (42) are all linked to higher rates
of dementia. Alzheimer’s patients treated with AChE in-
hibitors, which increase ACh half-life, have the added benefit
of reduced probability of hip fracture by 20-30% (43) along
with improved hip fracture healing and microarchitectural
bone quality (44). In mice, AChE inhibitors increase trabec-
ular bone volume and reduce bone resorption (45). Parasym-
pathetic (45) and sympathetic (46) derived ACh impact skele-
tal mass and development. Indeed, all three major bone cells
(i.e. osteocytes, osteoblasts, and osteoclasts) express vari-
ous cholinergic components (45–48). Despite this convinc-
ing evidence of the impactful role of ACh in bone biology,
the details regarding cholinergic signaling in bone mechan-
otransduction remain largely unexplored.
Nicotinic ACh receptors (nAChRs) are ACh-gated ion chan-
nels which have high permeability to Ca2+ (49, 50). Chrna1
encodes for nAChR subunit a1 of the nicotinic receptor,
which binds ACh and regulates cellular activation through
direct modulation of membrane potential (51, 52). Inter-
estingly, the differentiation of osteoblasts into osteocytes
is associated with upregulation of several neurotransmitter-
associated genes, including Chrna1 (47, 53). In muscle
(e.g., the neuromuscular junction on mature neuromuscular
synapses), a1 is involved in the of binding of ACh and chan-
nel gating to control contraction specifically through Ca2+

signaling (54, 55). In rat bone, Chrna1 is downregulated af-
ter mechanical loading, indicating potential mechanical reg-
ulation of nAChRs in bone cells (53). Together, this in-
formation suggests ACh may have influence over osteocyte
Ca2+ dynamics at the cellular level, and consequently bone
mechanoadaptation at the tissue level. Rapsyn is an intracel-
lular scaffolding proteins that tightly regulates nAChR mo-
bility on the membrane and clusters nAChRs into functional
post-synaptic groups, encoded by the gene Rapsn (56, 57).
This cytosolic protein is critical for proper ACh signaling
and highly expressed in osteocytes (47), however very little
is known about its dynamics in osteocytes currently.
To date, it is not clear whether ACh induced tissue level bone
architecture changes in bone result from osteocyte signaling
or is mediated through some other mechanism. As such, there
is a need for deeper analysis of the impacts of altered cholin-
ergic signaling in osteocytes on bone mechanotransduction.

Fig. 1. Creation of Chrna1 and Rapsn cKO Mouselines. Schematic show-
ing the floxed (A) Chrna1 and (B) Rapsn loci (2 exons) and the location
within exon 1 of the forward and reverse primers used to probe for the in-
tact floxed allele in genomic DNA from cortical bone.

The objective of this study was to determine if cholinergic
signaling in osteocytes is relevant for bone development and
mechanoadaptation. We hypothesized that cholinergic sig-
naling in osteocytes modulates bone tissue organization and
response to mechanical loading. To investigate this ques-
tion, we generated osteocyte-targeted conditional knockout
(cKO) mice for either Chrna1 or Rapsn. We collected skele-
tal morphometric measurements throughout skeletal develop-
ment and also after anabolic mechanical loading of bone us-
ing in vivo loading of the tibia. We also quantified bone ma-
trix composition. Our results show sexually dimorphic dif-
ferences in bone structure and formation rates between Cre-
negative controls and cKO mice. In females, the reductions
to bone geometry were rescued with anabolic loading, but not
in males. Our results confirm osteocytes as direct cholinergic
targets with an impact on bone mechanoadaptation and may
assist in elucidating an unknown etiology to treat osteoporo-
sis.

Methods

All procedures were approved by either the Indiana Univer-
sity School of Medicine or Cornell University IACUC, de-
pending on the site of work.
Generation of Chrna1 and Rapsn cKO mouse lines:
Chrna1 and Rapsn deletion from the mouse genome was con-
ducted by purchasing tm1a-targeted embryonic stem cells for
both Chrna1 and Rapsn, from EUCOMM, which were ex-
panded and injected into blastocysts, returned to pseudopreg-
nant females, and screened for germline transmission in pups.
Both Chrna1 and Rapsn germline deletion were lethal, con-
sistent with previous studies (58, 59), so we took steps to gen-
erate Cre-ready conditional alleles (tm1c) for both loci (Fig-
ure 1). Briefly, the correctly targeted mice harbor LacZ and
Neo cassettes in intron 2 (for Rapsn) or 3 (for Chrna1) which
were flanked by frt sequences. The Neo cassette was sepa-
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rately flanked by loxP, and a third loxP was introduced after
the final exon in the targeted sequence (exon 4 for Chrna1
and exon 5 for Rapsn). To convert the tm1a allele to a tm1c
conditional floxed allele, tm1a mice were crossed to Rosa26-
Flp mice (Jax stock 012930; described elsewhere (60)) to in-
duce germline recombination of the frt sites and delete the
LacZ/Neo/5’loxP insert, leaving one lonely Frt site and the
targeted exon(s) flanked by loxP. These tm1c mice were then
crossed to the Dentin matrix protein 1 Cre (10kbDmp1-Cre;
Jax stock 023047) to induce conditional deletion of Chrna1
exon 4 or Rapsn exons 3-5 (both target regions house crucial
exons) in osteocytes and late-stage osteoblasts. The Dmp1-
Cre line has been described elsewhere (61). Both Chrna1
and Rapsn lines were validated for correct targeting by long
range PCR using primer pairs spanning the homology arms
at both 5’ and 3’ ends of the targeting region. Both mutant
mouse lines were on a pure C57BL/6J background. Female
and male mice with Dmp1-Cre-positive conditional knock-
outs (cKO) in osteocytes are labeled Chrna1�Ocy/�Ocy and
Rapsn �Ocy/�Ocy , with littermate Dmp1-Cre-negative con-
trols Chrna1+/+ and Rapsn +/+ used as the respective ref-
erence.

Dual-Energy X-Ray Absorptiometry: Bone mineral con-
tent (BMC) of the lumbar 3-5, the right leg, and the whole
body was evaluated in vivo using dual-energy x-ray ab-
sorptiometry (DEXA). Mice were anesthetized via inhala-
tion of 2.5% isoflurane (IsoFlo; Abbott Laboratories, North
Chicago, IL) mixed with O2 (1.5 liter/min) for a total of ap-
proximately 8 min, including both induction and scanning.
The mice were placed in prone position on a specimen tray
within the scanner. Bone mineral density (BMD) was com-
puted using raw bone mineral content for each region of in-
terest. Scans were performed at 4, 6, 9, 13, 17, and 21 weeks
of age. All BMC measures were normalized by body weight
to eliminate the confounding effects of changing body size
and weight during growth.

In Vivo Tibial Loading: The axial tibial compression model
was applied to Cre-positive and Cre-negative mice as previ-
ously described (62). Prior to loading, calibration mice for
each sex and genotype were sacrificed at 17 weeks of age to
collect strain measurements. Disarticulated hindlimbs previ-
ously stored at 20¶C were used for strain gage calibration. A
single-element strain gage (EA-06-015DJ-120; Vishay Pre-
cision Group, Malvern, PA, USA) was applied to the poste-
rior midshaft surface of the tibia. The load-strain relationship
was measured for each sample by applying step loading up
to 11N. A load-strain curve was derived from simultaneous
recording of the voltage output from the load cell and strain
gage. All tests were averaged within each genotype/sex to
establish a calibration curve.

For in vivo anabolic loading, mice were anesthetized using
isoflurane inhalation and their right hindlimb (knee to foot)
was loaded to a calibrated peak strain value of 2250µe using
a haversine waveform (2 Hz, 180 cycles). Mice were given
three bouts over a 5-day period with a day of rest between
each bout. Mice were sacrificed 12 days after the final bout.

Fig. 2. Chrna1 cKO produces normal skeletons during development and
in lumbar. Raw bone mineral content was measured using DEXA and
BMD was computed for the segments 3, 4, and 5 of the lumbar spine, the
right limb, and the whole body between 4-21 weeks of age. (A-C) Female
Chrna1, (D-F) Male Chrna1. Two-way ANOVA was performed with interac-
tions between Genotype and Age. N = 6-15/group. A post-hoc Bonferroni
test was computed across genotypes for each timepoint to determine sig-
nificance (*p<0.05).

Microcomputed Tomography: Tibiae were harvested 12
days after the final bout of tibial loading, wrapped in saline
soaked gauze, and stored in an airtight container at – 20¶C.
Geometric properties of trabecular and cortical bone were
evaluated using high-resolution microcomputed tomography
(µCT, Scanco Medical AG). Distal and mid-diaphysis 9µm
voxel size resolution scans were imported into Scion Im-
age version 4.0.2 (Scion Corporation), where properties were
calculated using standard and customized macros. Standard
measurements (77) included cortical area (mm2), maximum
(Imax, mm4) and minimum (Imin, mm4) cross-sectional mo-
ments of inertia, polar moment of inertia (pMOI, mm4), to-
tal volume (TV, mm3), bone volume (BV, mm3), bone vol-
ume fraction (BV/TV, %), connectivity density (Conn.D,
mm≠3), structure model index (SMI), trabecular number
(Tb.N, mm≠1), trabecular thickness (Tb.Th, µm), and trabec-
ular separation (Tb.Sp, µm), bone mineral content (BMC, g),
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Fig. 3. Chrna1 cKO increased femur ductility and toughness in males. Femurs were dissected for µCT to measure bone geometry of (A-D) females and (E-H) males. In
addition, we performed three-point bending of right femora from 16-18 week old Chrna1 cKOs and age-matched controls for (A-J) females and (K-T) males. Mechanical
properties were computed from the load-displacement curves. FTIR was used to evaluate bone compositional properties from a subset of left femora from mice used for
mechanical testing for (I) females and (J) males. Student T-tests were performed with cKO and Cre-negative controls to determine significance (p<0.05) for each metric.

and bone mineral density (BMD, mg/cm3).

Bone Histomorphometry: An intraperitoneal injection of
calcein was given 1 day after the final bout of tibial load-
ing, followed by an intraperitoneal injection of alizarin com-
plexone 8 days later. Mice were sacrificed 3 days after
alizarin injection. The right and left tibias were harvested
and placed in 10% neutral buffered formalin for 2 days fol-
lowed by storage in 70% ethanol at 4¶C. Tibiae and femora
were dehydrated in graded alcohols, cleared in xylene, and
embedded in methyl methacrylate. To measure load-induced
bone formation, thick sections were cut from the tibia ap-
proximately 3 mm proximal to the tibio-fibular junction and
ground down with a polisher to approximately 50 µm (Mul-
tiprep Polishing System Allied High Tech Products). Tib-
ial diaphysis sections were mounted unstained to visualize
and read the calcein and alizarin labels administered at 17
and 18 weeks. Sections were imaged on a fluorescent mi-
croscope using filter sets that provide excitation and emis-
sion for the calcein and alizarin wavelengths. Digital im-

ages were imported into ImageJ and the following histomor-
phometric measurements (63, 64) were recorded for the pe-
riosteal and endosteal surfaces: total perimeter, single-label
perimeter (sL.Pm), double-label perimeter (dL.Pm), interla-
bel thickness (Ir.L.Th), and total bone area and marrow area.
The following results were calculated: mineral apposition
rate (MAR = Ir.L.Th/8 days), 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 for loading effects were calculated for
each mouse by subtracting the non-loaded (left tibia) values
from the loaded (right tibia) values.

Mechanical Testing: Mice were sacrificed at 16-18 weeks
and the right femurs were harvested and stored at -20¶C in
saline soaked gauze until testing. On the day of testing, fe-
murs were brought to room temperature slowly in a saline
bath for over 1 hour. Femurs were positioned posterior side
down across the two lower supports of a three-point bend-
ing fixture. The femurs were loaded to failure in monotonic
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Fig. 4. Chrna1 cKO impaired the anabolic response to mechanical loading. Adult mice were subjected to tibial loading and bones dissected 12 days later. µCT of dissected
tibia measured bone geometry for (I-L) females and (M-X) males to compare loaded limbs (shaded grey background) and non-loaded limbs (white background). Female
Chrna1 cKOs exhibited differences in cortical bone volume and density and male Chrna1 cKOs exhibited differences in trabecular and midshaft bone density. Fluorochrome
labeling was used for osteoblast-derived indices of dynamic histomorphometry in (I-L) females and (O-S) males with relative metrics computed by subtracting non-loaded
limbs from loaded limbs. Indices were computed for both the endosteal and periosteal surfaces. Student T-tests were performed between cKOs and Cre-negative controls to
determine significance (p<0.05). For µCT, groups within each loading regime (i.e. non-loaded and loaded) were compared.

compression with a span length of 9mm using a crosshead
speed of 0.2 mm/s using a mechanical testing system (858
Mini Bionix; MTS, Eden Prairie, MN, USA), during which

force and displacement measurements were collected every
0.025s. Force and displacement measurements were mea-
sured using a 25-pound load cell (SSM-25 Transducer Tech-
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niques, Temecula, CA, USA) and a linear variable differential
transducer (a calibration curve spanning the expected force
range was generated prior to testing). From the force ver-
sus displacement curves, ultimate force (N), ultimate energy
(mJ), failure energy (mJ), stiffness (N/mm), yield force (N)
and Post-Yield Displacement (PYD, mm) were calculated us-
ing standard equations (65). Prior to testing, the length of
each femur was measured to the nearest 0.01 mm, along the
diaphyseal axis using digital calipers.

Fourier Transform Infrared Spectroscopy: Fourier Trans-
form Infrared Spectroscopy (FTIR) was used to evaluate bone
compositional properties. Left femora from mice used for
mechanical testing were harvested and stored at -20¶C in
saline soaked gauze until specimen preparation (66). Briefly,
epiphyses of the femur was detached and bone marrow was
removed using a centrifuge. The pieces were defatted in 3x-
15 minute solution changes of 100% isopropyl ether. Sam-
ples were lyophilized in a vacuum drier and made into pow-
der using a CryoMill (770; SPEX SamplePrep, Metuchen,NJ,
USA). Pellets were constructed by mixing 2.0-3.0 mg of
powdered bone with dry potassium bromide to make a 200mg
mixture. Pellets were pressed with a 13-mm-diameter die
and a maximum load of 10 tons using an evacuable pellet
press (Pike Technologies, Fitchburg, WI, USA). FTIR spec-
tra were collected at a spectral resolution of 4 cm-1 over the
spectral range of 800 to 2000cm-1 using an FTIR spectrome-
ter (Spotlight 400; Perkin-ElmerInstruments, Waltham, MA,
USA). Spectra were analyzed in which areas were defined be-
tween the following peaks for Phosphate: 916-1180 cm≠1,
Amide I: 1596-1712 cm≠1 and Carbonate: 852-890 cm≠1.
The peak height ratios were defined as the following Crys-
tallinity: 1030/1020, Acid Phosphate: 1126/1096 and colla-
gen maturity (cross-linking ratio): 1660/1690.

Whole-Mount Tissue Clearing and Immunofluorescent
Staining: Mice were perfused with zinc formalin (con-
tains 3.7% formaldehyde) and bones are dissected and fixed
overnight in zinc formalin. Decalcification occurs over 5
days in 7.5pH buffered 20% EDTA at 37¶C with daily so-
lution changes and decolorized with 15% hydrogen perox-
ide for less than 1 hour. Immunofluorescent staining occurs
before further proceeding. Samples are blocked with 10%
Donkey Serum (Sigma D9663-10ML) and 3% BSA in PBST
overnight. Primary antibodies are incubated at 1:100 dilu-
tion in blocking buffer for 48 hours. Primary antibodies used
are Rabbit Anti-Tyrosine Hydroxylase Antibody (TH, Sigma
AB152) and Goat Anti-Vesicular Acetylcholine Transporter
Antibody (VAChT, Sigma ABN100). Samples are washed in
PBST overnight. Secondary antibodies are then incubated at
1:200 dilution in PBST for 48 hours. Secondary antibodies
used are Alexa Flour 488 donkey anti-goat antibody (Thermo
Fisher Scientific A11055) and Alexa Flour 546 donkey anti-
rabbit antibody (Thermo Fisher Scientific A10040). Sam-
ples go thru a final wash in PBST overnight. Tissue clearing
is then finalized with dehydration in 2-ethoxyethanol for 4
hours, followed by 3 changes of acetonitrile between 4 hours
or overnight at room temperature. Bones are then cleared in
benzyl alcohol for 4 hours before being placed in final refrac-

tive index matching solution of benzyl benzoate (refractive
index 1.5) for long term storage and imaging.
Light-Sheet Fluorescent Microscopy: Imaging of tissue
cleared third metatarsals is done using a Light-Sheet mi-
croscope (LaVision BioTec) at the Cornell Institute for
Biotechnology Resource Center (Cornell BRC). Bones were
mounted to clear hematocrit tubes using cyanoacrylate, then
the tubes were attached to a custom-made mount for the mi-
croscope. Samples were completely submerged in a con-
tainer filled with refractive index matching solution (Benzyl
Benzoate and any residual Benzyl Alcohol; refractive index
1.5). Imaging was performed with two channels at excita-
tion wavelengths of 488 nm (6-8% power, emission collected
with bandpass filter of 525/50) and 561 nm (9-11%, emission
collected with bandpass filter 620/60) using an Olympus 2x
CDC objective with a 3.5 collar and DBE correction for high
RI. Two light sheets illuminate the sample from either right
and left directions in series, and images are acquired with
a dynamic horizontal focus processing that blends the two
different images into a single image that optimally reduces
the scattering compared to a single light sheet. Both light
sheets are calibrated and aligned with one another in the z-
plane before imaging. To image an entire bone, mosaic tiling
with a 10% overlap and 1x3 tiles is used with 3.2X zoom,
sheet NA 1.20, and sheet width 40%. Final pixel resolution
is 0.94 x 0.94 x 4 micron. Files are saved in TIF OME format
for each tile and channel, totally 6 raw data images. Images
are stitched using BigStitcher in FIJI (NIH). Stitched images
are converted into Imaris (Oxford Instruments) files. Chan-
nel shifting, 100 micron radius background subtraction, and
1.2 gamma correction are applied in Imaris. Finally, using
the filaments tool in Imaris, large nerve fiber-like objects are
manually traced and quantified using Imaris metrics.
Statistical Analysis: The effect of the cholinergic cKO on
measurements of bone geometry, mineral density, mechani-
cal properties, and metabolism were determined using a one-
way ANOVA with group as the factor (Cre-negative litter-
mate controls against Cre-positive experimental mice for the
same sex) followed by unpaired one-tailed T-tests with al-
ternative hypotheses as less than or greater than the con-
trol group depending on our hypothesis regarding the chang-
ing phenotypes. For DEXA BMD measurements, Two-way
ANOVA was performed with interactions between Genotype
and Age. A post-hoc Bonferroni test was computed across
genotypes for each timepoint. Outliers greater than three
standard deviations from the mean for each metric grouped
by sex were removed. Statistical tests were conducted using
R (v.3.6) with a = 0.05.

Results

Osteocyte-targeted cholinergic disruption with Chrna1
cKO leads to site specific skeletal abnormalities. The
a1 nicotinic subunit is responsible for ACh binding during
receptor activation. To assess the impact of a1 nicotinic
cholinergic receptor function in osteocytes, we achieved
cKO of Chrna1 in an osteocyte-targeted manner using a
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Fig. 5. Rapsn cKO produces normal skeletons during development and
in lumbar. Raw bone mineral content was measured using DEXA and
BMD was computed for the segments 3, 4, and 5 of the lumbar spine, the
right limb, and the whole body between 4-21 weeks of age. (A-C) Female
Chrna1, (D-F) Male Chrna1. Two-way ANOVA was performed with interac-
tions between Genotype and Age. N = 6-15/group. A post-hoc Bonferroni
test was computed across genotypes for each timepoint to determine sig-
nificance (*p<0.05).

10kb DMP-1 targeted Cre-Lox system (Figure 1A). We
performed sequential DEXA scans of the whole body,
hind limbs, and lumbar spine in Chrna1�Ocy/�Ocy mice
and littermate aged matched Chrna1+/+ controls at in-
termittent periods between the ages of 4 and 21 weeks.
We found that Chrna1�Ocy/�Ocy mice generally formed
skeletons with normal BMD compared to Chrna1+/+

controls (Figure 2A-F), with the only exception being in
Chrna1�Ocy/�Ocy female mice, which exhibited increased
BMD in the lumbar spine at 17 weeks (+10.6%; Figure
2B) and 21 weeks (+11.7%; Figure 2B). We also evaluated
tissue level differences using µCT analysis of tibiae. In
the tibia, we saw sexually dimorphic site-specific changes.
Chrna1�Ocy/�Ocy females exhibited reduced bone mass
at the metaphysis compared to Chrna1+/+ mice. This
included reductions in trabecular bone volume (-27.3%,
Trab.BV; Figure 4A), the number of trabeculae (-10.6%,
Trab.Tb.N; Figure 4C) and the bone mineral content (-

29.0%, Trab.BMC; Figure 4E). This was accompanied by
reductions in the ratio of bone volume to total volume
(-32.7%, Trab.BV/TV; Figure 4B) and the density of total
volume (-20.4%, Trab.Den TV Figure 4D). By contrast,
Chrna1�Ocy/�Ocy males exhibited a midshaft phenotype
with reduced cortical geometry. They had midshafts with
lower mean total area (-15.2%, MS.MeanTArea; Figure
4G), resulting in lower minimum and maximum moment of
inertias (-33.6% MS.Mean Imin and -29.7% MS.Mean Imax;
Figure 4H-I, white background) and lower polar moment of
inertia compared to Chrna1+/+ males (-31.1%, MS.Mean
pMOI, Figure 4J).

Osteocyte-targeted Chrna1 deletion impacts toughness
in male femurs. We next set out to determine if there
would be changes to the whole bone mechanical proper-
ties at peak bone mass. Femurs from 16-18 week mice
were subjected to monotonic three-point bending to fail-
ure. Female Chrna1�Ocy/�Ocy mice were not different than
Cre-negative littermate controls (Figures 3A-D). Conversely,
male Chrna1�Ocy/�Ocy mice had greater plastic deforma-
tion, indicating their bones were more ductile and resistant
to mechanical failure. Male Chrna1�Ocy/�Ocy mice had -
29.1% reduced fracture force (Figure 3E), +98.7% increased
failure energy (Figure 3F) and 228% increased post-yield
displacement (Figure 3G) compared to Chrna1+/+ controls.
After measuring tissue composition of a subset of femurs
used for mechanical testing, we determined no changes to the
mineral to matrix ratio, collagen maturity, or mineral crys-
tallinity for cKO compared to Cre-negative controls (Figure
3I-J).

Osteocyte-targeted Chrna1 deletion impairs bone an-
abolic response to mechanical challenge. To assess the
impact of osteocyte cholinergic signaling on bone mechan-
otransduction, we studied tissue changes in response to in
vivo loading. Mice received in vivo tibial loading to peak
calibrated strain magnitudes of -2250µe 3 times per week for
2 weeks. Post-mortem analyses of loaded and non-loaded
tibia included µCT and dynamic histomorphometry. Non-
loaded tibiae from Chrna1�Ocy/�Ocy females exhibited
reduced trabecular bone mass at the metaphysis compared
to Cre-negative littermate controls. This phenotype was
rescued in loaded bones (Figure 4A-E, grey background),
with trabecular total volume (Trab.TV; Figure 4F grey
background) even exceeding that of Chrna+/+ controls
by +4.2%. Non-loaded tibiae from Chrna1�Ocy/�Ocy

males had normal trabecular bone but exhibited a mid-
shaft phenotype with reduced cortical geometry without
loading. Unlike females, anabolic loading did not rescue
the phenotype (Figure 4G-J, grey background), indicating
irreversible changes to the midshaft in Chrna�Ocy/�Ocy

male mice. Relative dynamic histomorphometry indices
were assessed by subtracting non-loaded values from loaded
limbs. In Chrna1�Ocy/�Ocy mice, females showed no
differences compared to controls (Figure 4 K-Q). Males had
enhanced mineralizing surface on the endosteum (+27.3%,
Es.rMS/BS; Figure 4 O and R).
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Fig. 6. Rapsn cKO did not alter whole bone mechanical properties. Femurs were dissected for µCT to measure bone geometry of (A-D) females and (E-H) males. In addition,
we performed three-point bending of right femora from 16-18 week old Rapsn cKOs and age-matched controls for (A-J) females and (K-T) males. Mechanical properties were
computed from the load-displacement curves. FTIR was used to evaluate bone compositional properties from a subset of left femora from mice used for mechanical testing
for (I) females and (J) males. Student T-tests were performed with cKO and Cre-negative controls to determine significance (p<0.05) for each metric.

Osteocyte-targeted Rapsn cKO leads to site specific skele-
tal abnormalities .
Rapsyn clusters cholinergic ion channels on the cell mem-
brane, allowing for coordinated receptor/channel function
and more potent responses. We repeated the same exper-
iments performed above with Chrna1 cKOs only now in
Rapsn cKO mice (Figure 1B). To study growth and develop-
ment, mice with Rapsn cKO had DEXA scans of the whole
body, hind limbs, and lumbar spine overtime. We found that
cKO mice for both sexes formed skeletons with bone min-
eral density (BMD) that were not altered compared to Cre-
negative littermate controls (Figure 5A-F). We also evaluated
tissue level differences using µCT analysis of the tibia. We
observed decreases in cortical bone volume (-5.1%, Cort.BV,
Figure 7A), cortical total volume (-8.3%, Cort.TV; Figure
7B), the total volume (-8.3% Tot.TV, Figure 7E) and bone
mineral density (+1.3%, Cort.BMD; Figure 7F) for female
Rapsn�Ocy/�Ocy mice with respect to Rapsn+/+ controls.

Male Rapsn �Ocy/�Ocy mice did not have any changes in
the lumbar region (Figure 5 H-N) compared to Cre-negative
controls. Male Rapsn �Ocy/�Ocy mice had increased bone
volume density at the midshaft (+1.2%, MS.DenBV; Figure
7H) compared to Cre-negative littermate controls.

Osteocyte-targeted Rapsn cKO does not alter whole-bone
level mechanical competence in femurs. We sought to
determine if there would be differences to the whole bone
mechanical properties following Rapsn cKO, and therefore
dissected femurs from 16-18 week mice. Femurs from
Rapsn�Ocy/�Ocy and Cre-negative littermate controls were
subjected to monotonic loading to failure. Female mice did
not show any differences in mechanical properties, whereas
Rapsn�Ocy/�Ocy males only exhibited +10.9% higher
ultimate force than controls (Figure 6J). After measuring
tissue composition of a subset of femurs used for mechanical
testing, we determined no changes to the mineral to matrix
ratio, collagen maturity, or mineral crystallinity for cKO
compared to Cre-negative controls (Figure 6I-J).
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Fig. 7. Rapsn cKO impaired bone formation in response to mechanical load. Adult mice were subjected to tibial loading and bones dissected 12 days later. µCT of dissected
tibia measured bone geometry for (I-L) females and (M-X) males to compare loaded limbs (shaded grey background) and non-loaded limbs (white background). Female
Rapsn cKOs exhibited differences in trabecular phenotype and male Rapsn cKOs exhibited few differences. Fluorochrome labeling was used for osteoblast-derived indices
of dynamic histomorphometry in (I-L) females and (O-S) males with relative metrics computed by subtracting non-loaded limbs from loaded limbs. Indices were computed for
both the endosteal and periosteal surfaces. Female Rapsn cKOs exhibited reduced bone formation rates. Student T-tests were performed between cKOs and Cre-negative
controls to determine significance (p<0.05). For µCT, groups within each loading regime (i.e. non-loaded and loaded) were compared.

Osteocyte-targeted Rapsn deletion impairs bone anabolic
response to mechanical challenge.
To assess the impact of rapsyn on bone mechanotransduc-
tion, we studied tissue changes in response to in vivo loading.
Mice received in vivo tibial loading to peak calibrated strain
magnitudes of -2250µe 3 times per week for 2 weeks. Post-
mortem analyses of loaded and non-loaded tibia included
CT and dynamic histomorphometry. Non-loaded tibiae

from Rapsn�Ocy/�Ocy females exhibited deterioration in
the metaphyseal cortex compared to Cre-negative littermate
controls. Loading rescued this phenotype, returning all defi-
ciencies back to baseline (Figure 7A-B, E, grey background).
Loading also decreased bone volume over total compared to
Rapsn+/+ controls volume (-4.1%, Cort.BV/TV; Figure 7C).
In male Rapsn�Ocy/�Ocy mice, loading caused increased
bone volume density in the metaphyseal trabeculae (+1.8%,
Trab.Den BV; Figure 7H). Relative dynamic histomorphom-
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etry indices were assessed by subtracting non-loaded val-
ues from loaded limbs. Rapsn�Ocy/�Ocy females suffered
from lower metabolic rates on the periosteum compared to
Cre-negative littermate controls, with suppression of relative
mineral apposition rate (Ps.rMAR) by -70.6%, relative min-
eralizing surface (Ps.rMS/BS) by -25.6%, and relative bone
formation rate (Ps.rBFR) by -88.2% (Figure 7O). Females
also had reduced endosteal relative bone formation rate (-
55.7%, Es.rBRF; Figure 7K). In males, Rapsn�Ocy/�Ocy

mice showed no differences compared to Cre-negative litter-
mate controls.
3D Characterization of Skeletal Innervation reveals Cav-
ities where Nerves Penetrate the Cortex and Enter the
Marrow Space. Imaging of tissue cleared third metatarsals
was performed using light sheet microscopy. Combining
tissue clearing with microscopy would allowed us to map
large nerve fibers of different functionality: VAChT posi-
tively stained bodies to indicate cholinergic nerve fibers and
TH positively stained bodies to indicate adrenergic nerve
fibers in bone (Figure 8A-D). Nerves were found to pene-
trate the cortical shell at different sites along the metatarsal,
including the distal (Figure 8B), medial (Figure 8C, and prox-
imal (Figure 8D) ends. Tracing of cholinergic and adrenergic
positively stained bodies was performed in metatarsals from
each cKO strain and sex (Figure 8E-H), however only Chrna1
cKO males were found to have reductions in maximum num-
ber of branch points as well as average segment straightness
(Figure 8F) compared to Cre-negative controls.

Discussion

Here, we determined that cholinergic signaling through
Chrna1 and Rapsn associated nAChRs in osteocytes were
slightly impactful for bone growth and development and also
important for mechanoadaptation. Our motivation stemmed
from the known impact of cholinergic signaling/therapeutics
on fracture risk (43, 44) and bone mass (45, 46). In the
work reported here, we follow up prior evidence from oth-
ers that osteocytes respond to ACh (67) and express genes
for nAChRs (47) that are differentially expressed after me-
chanical loading (53) with our own data verifying osteocytes
as direct cholinergic targets in vivo.
We achieved conditional osteocyte-targeted deletion of
Chrna1 and Rapsn, which caused impairments to bone struc-
ture and bone anabolism in a sexually dimorphic manner. Fe-
male Chrna1 cKOs showed deteriorated microarchitecture at
the tibial metaphysis while female Rapsn cKO showed re-
ductions to the cortex. Male Chrna1 cKO mice suffered
from smaller cortical shells at the midshaft in the tibia with
increased ductility and toughness in femurs. Broad pheno-
typic changes in BMD during skeletal development were not
observed. AChE levels peak in early development to guide
endochondral ossification before drastically declining, main-
taining low levels for the majority of life (68). Further inves-
tigation including earlier ages (<4 weeks) is needed to inter-
rogate periods of elevated developmental cholinergic signal-
ing. Reduced ACh and increased AChE levels may occur in

the elderly and are both associated with age-related disease
such as dementia. Thus, how cholinergic tone impacts bone
through in aging is also an important line of study that needs
to be followed.
Our second goal was to assess the tissue level re-
sponse to mechanical loading. This experiment re-
vealed that cKO driven deficiencies in the cancel-
lous (female Chrna1�Ocy/�Ocy) and compact (female
Rapsn�Ocy/�Ocy) bone could be rescued with tibial load-
ing. Counterintuitively, Rapsn�Ocy/�Ocy females also had
suppressed bone formation and mineral apposition rate, indi-
cating an alternative recovery mechanism. Since the present
study only measured osteoblast-derived indices, we cannot
disregard the possibility that osteoclasts driving bone re-
sorption are involved. ACh stimulation of MLO-Y4 cells
increases the RANKL/OPG expression ratio 60-fold (67).
Adding either mecamylamine, a non-competitive antagonist
that inhibits all known nAChRs, or d-Tubocurarine, a non-
depolarizing competitive antagonist that acts particularly on
muscle nAChRs, ablates the response. Pyridostigmine, an
AChE inhibitor that is not blood brain barrier permeable (i.e.
solely peripheral acting), increases RANKL/OPG serum lev-
els and reduces femoral bone volume (69). Thus, nAChR ac-
tivation on osteocytes may produce signals for osteoclast ac-
tivity, implying Rapsn cKO could inhibit bone resorption. In
contrast to females, any reductions in the Chrna1�Ocy/�Ocy

males remained significantly lower even with loading, indi-
cating distinct ACh mediated bone metabolism regulation.
Sex differences from cKOs imply different roles for ACh,
corroborating further evidence that cholinergic signaling has
a greater impact in females than in males. The negative bone
measures associated with Alzhiemer’s, which in general re-
duces ACh levels in the body, are mostly found in women and
not men (40–42, 70). In general, women are more susceptible
to both post-menopausal bone loss and dementia. Given the
increased risk of osteoporosis with estrogen depletion, it may
be possible that estrogen is also playing a role in the cholin-
ergic regulation of bone, as indicated from the results in this
study, although further investigation is necessary. Our re-
sults corroborate other studies on nAChRs in bone that found
sex differences. For example, a7 global knockout does not
produce changes in males (71), but in females results in in-
creased cortical geometry and reduced calcium content (72)
as well as reductions in osteoclast count, RANKL serum lev-
els, and increases to OPG serum levels (73). a9 global knock-
out in females leads to an increased number of apoptotic os-
teocytes (74). a2 global knockouts in female suffer from re-
duced trabecular bone volume and increased osteoclast count
as well as resorption activity (45). Additional studies are
needed to interrogate the potential for these additional sub-
units as osteocyte mechanotransduction regulators, and also
as sex-specific regulators of bone mechanotransduction more
broadly.
An important consideration includes the spatial patterning of
neurons in the bone and their relation to bone cells. Using
a novel tissue clearing protocol produced by our lab and col-
laborators, we have successfully tissues cleared whole-mount
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Fig. 8. 3D Reconstruction of Skeletal Innervation from Light Sheet Microscopy. Third metatarsals were dissected from perfused mice and used for whole-mount tissue
clearing and light sheet microscopy. Immunofluorescent staining for VAChT and TH was performed to produce 3D reconstructions of bones for characterization of skeletal
innervation manually traced in Imaris. (A) Whole Metatarsal with close-ups at the (B) Distal, (C) Midshaft and (D) Proximal ends. Filament tracing in Imaris allowed for
characterization using global metrics for each metatarsal, including average total length, max branch points, average branch points, average segment length, and average
segment straightness for Chrna1 (E) females and (F) males and Rapsn (G) females and (H) males. Student T-tests were performed between cKOs and Cre-negative controls
to determine significance (p<0.05).

bones for 3D characterization of skeletal innervation. Cavi-
ties that acted as entry points into the marrow space for large
nerve fibers were found to penetrate various regions of the
cortical shell, with higher densities at the distal and proximal
ends compared to the midshaft. The embedded position of

these nerves suggests direct communication with osteocytes.
One meaningful limitation to the current work is that only
larger positively stained bodies are currently resolved. Fu-
ture work will include larger load-bearing long-bones, such
as the femur and tibia, and may also be expanded with two-
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photon microscopy for the visualization of smaller nerve bod-
ies, such as soma and axons.

Distinct pathways in cholinergic disruption may explain the
different phenotypes exhibited from the two cKOs. We ex-
pect the osteocyte cholinergic receptor has a similar confor-
mation as muscle nAChRs, based on the component gene
expression (47). These structures are heteropentameric with
the stoichiometry (a1)2b1gd (75). The a1-e and a1-d inter-
faces act as the binding sites for ACh, and deletion of key
hydrophobic regions to a1 abolish receptor function; thus, a1
knockout in osteocytes presumably inhibits nAChR function,
although there may be stoichiometries substituting the a sub-
unit that are we are not aware of that provide altered/limited
receptor function. Rapsyn deletion permits healthy individ-
ual receptor formation while reducing overall signaling po-
tency on account of increased receptor mobility. Rapsyn is
also known to assist in faster recovery rates (76), meaning
deletion may result in decreased signaling efficiency and ef-
fect.

Chrna1 and Rapsn cKOs are unlikely to ablate cholinergic
signaling entirely in the osteocyte, as other cholinergic re-
ceptors may be present (47, 67). Despite this occurance, we
have seen definitive evidence that osteocyte cholinergic re-
ceptors are important for bone development and response to
mechanical challenge. This study did not trace the choliner-
gic source. This is important because ACh may be derived
from a neuronal (e.g. parasympathetic/sympathetic nervous
system (45, 46)) or non-neuronal (e.g. osteoblasts/bone lin-
ing cells (46, 48)) source, which have various biological im-
plications and may also influence future therapeutic strate-
gies . An important advance demonstrated in this study was
the use of targeted genetic modification of ACh signaling in
osteocytes specifically, rather than systemic pharmacologi-
cal disruption or global knockout. Thus, we able to show
that ACh signaling to osteocytes directly impacts bone mor-
phology and mechanoadaptation. This indicates an important
new signaling axis, potentially implicating autonomic ner-
vous system modulation of osteocyte activity.

With this work, we introduce a novel signaling pathway that
suggests ACh can act on osteocytes in vivo to alter bone mass.
Given the escalating prevalence of osteoporosis, investigating
osteocyte-based therapeutics is a critical next step to advanc-
ing treatments beyond what is currently possible. Cholin-
ergic neuromodulators such as AChE inhibitors are already
commonly used to treat neurodegenerative diseases such as
Alzheimer’s and have been gaining traction as potential ther-
apeutics for bone diseases such as osteoporosis. To get closer
to clinical translation, there is still a much-needed under-
standing of how cholinergic signaling impacts bone (specifi-
cally in osteocytes), and how this effect alters bone mechan-
otransduction. Our research is helping to elucidate the mech-
anism of cholinergic signaling in osteocyte mechanobiology
and suggests a new signaling axis between brain and bone
with far reaching implications in bone biology that may be
vital to treat bone disease.
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