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Sympathetic Innervation Regulates Osteocyte-Mediated
Cortical Bone Resorption during Lactation
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Xiaonan Liu, Weixin Zhang, Patrick Cahan, and Xu Cao*

Bone undergoes constant remodeling by osteoclast bone resorption coupled
with osteoblast bone formation at the bone surface. A third major cell type in
the bone is osteocytes, which are embedded in the matrix, are well-connected
to the lacunar network, and are believed to act as mechanical sensors. Here, it

1. Introduction

Bone is one of the largest organs, account-
ing for 20% of our body weight, and it pro-
vides mechanical support, as well as be-

is reported that sympathetic innervation directly regulates lacunar
osteocyte-mediated bone resorption inside cortical bone. It is found that
sympathetic activity is elevated in different mouse models of bone loss,
including lactation, ovariectomy, and glucocorticoid treatment. Further, during
lactation elevated sympathetic outflow induces netrin-1 expression by
osteocytes to further promote sympathetic nerve sprouting in the cortical
bone endosteum in a feed-forward loop. Depletion of tyrosine

hydroxylase-positive (TH*) sympathetic nerves ameliorated

osteocyte-mediated perilacunar bone resorption in lactating mice. Moreover,
norepinephrine activates f-adrenergic receptor 2 (Adrb2) signaling to
promote secretion of extracellular vesicles (EVs) containing bone-degrading
enzymes for perilacunar bone resorption and inhibit osteoblast differentiation.
Importantly, osteocyte-specific deletion of Adrb2 or treatment with a -blocker
results in lower bone resorption in lactating mice. Together, these findings
show that the sympathetic nervous system promotes osteocyte-driven bone
loss during lactation, likely as an adaptive response to the increased energy

and mineral demands of the nursing mother.
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ing a key reserve for calcium and other
minerals.l'l Bone mass peaks in humans
in the third decade of life, but then de-
clines continuously, with an increased risk
for osteoporosis and major skeletal disor-
ders occurring from that point on.??! In
adults, bone undergoes constant remod-
eling via osteoclast-mediated bone resorp-
tion that is exquisitely coupled to osteoblast-
directed bone formation to facilitate proper
calcium metabolism, but also to repair the
microcracks that appear daily due to the
forces of gravity and mechanical stress.[*3]
However, such bone remodeling is primar-
ily conducted at the bone surface,!®! which
only represents a small portion of the total
bone mass.

A third major cell type within the bone is
osteocytes, which are embedded in the bone
matrix and account for 80% of the total bone
cell population.l”] These long-lived den-
dritic cells are interconnected through their
dendrites within the mineralized bone ma-
trix in the lacunar-canalicular system (LCS),
and are believed to have mechanosensitive properties, and thus
act like a sensory system.®°] During lactation, osteocytes can me-
diate bone resorption via the LCS to provide calcium and other
minerals for breast milk.['] In addition, the cortical bone is mo-
bilized to compensate for the depletion of calcium and other min-
eral during aging, resulting in the gradual development of poros-
ity and trabeculation of this region of the bone.l'!"12] Interestingly,
mechanical stimulation activates Ca?* oscillations in osteocytes
that lead to the release of extracellular vesicles (EVs), and block-
ing Ca®* signaling significantly attenuates bone adaptation to me-
chanical loading.['*] This observation suggests that systemic reg-
ulation of bone metabolism by Ca**-mediated signaling occurs
via the dendritic network of osteocytes.

Skeletal interoception regulates bone homeostasis, with
hypothalamus-induced sympathetic activity inhibiting bone for-
mation and promoting bone resorption.['* 16 Notably, tyrosine
hydroxylase (TH)-derived norepinephrine (NE) is the primary
neurotransmitter released from sympathetic nerve endings that
activates the 2 adrenergic receptor (Adrb2) in osteoblast lineage
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cells.[1*17:18] Conditional Adrb2 knockout mice demonstrate that
osteoblasts are the primary cells for sympathetic activity regula-
tion of bone formation.['®! Along these lines, we recently showed
that the central nervous system (CNS) regulates osteoblastic
bone formation and thus bone density through prostaglandin E2
(PGE2)-mediated bone sensory nerve activation that is relayed
back to the hypothalamus to tone down sympathetic outflow.['?]
More specifically, we found that PGE2 is secreted by osteoblasts
in response to mechanical loading of bone, which leads to the
activation of PGE2 receptor 4 (EP4) in the hypothalamus to
stimulate phosphorylation of CREB and the downregulation of
TH expression that in turn leads to reduced sympathetic activ-
ity. This reduction in sympathetic outflow allows for the greater
osteoblastic differentiation of mesenchymal stem/stromal cells
(MSCs) and subsequent increased bone formation.[?%! Interest-
ingly, sympathetic nerve-derived NE promotes osteocyte secre-
tion of neuropeptides.l?!-2*] Therefore, it is possible that the CNS
could systemically regulate both osteoblast bone formation and
osteocyte-mediated endocrine activity through the LCS by mod-
ulating sympathetic nerve activity.

Osteocyte-mediated perilacunar bone resorption has been
reported.[?#25] Recent studies have shown that osteocytes express
genes related to bone resorption, such as tartrate-resistant acid
phosphatase (TRAP), cathepsin K (Ctsk), and matrix metallo-
proteinases, to resorb bone matrix and minerals in the lacunar-
canalicular areas.'%2627] Tt is not clear how osteocytes directly
promote bone resorption as osteocytes do not form a sealing zone
to form resorption pits, similar to OCs. The lacunae are enlarged
and bone mass is decreased in mice during lactation, as well as in
mice treated with glucocorticoids or those who undergo ovariec-
tomy (OVX).[?] Moreover, vesicle-like structures have been de-
tected in the osteocyte lacunar-canalicular network.[?!! Mechani-
cal loading stimulates EV production by activation of Ca?* signal-
ing in osteocytes.[3] Importantly, osteocytes communicate with
each other and with cells on the bone surface through their den-
dritic connections to the lacunar-canalicular network.”) Hence,
the activation of Ca?* signaling in osteocytes by sympathetic ac-
tivity could potentially broadly transmit the nerve-provoked sig-
nals through the dendritic lacunar-canalicular network to regu-
late bone metabolism.

Women lose 4%-6% of their bone mass during breastfeed-
ing, while mice lose almost one-third of their bone volume dur-
ing 2 weeks of lactation.[??3] Interestingly, the lost bone mass
is restored after weaning in many mammalian species./?>3!]
Therefore, mouse lactation is an ideal model to study the dy-
namic nature of bone mass regulation, including a possible
role for the sympathetic nervous system in the regulation of
osteocyte-mediated bone metabolism, as well as the underly-
ing molecular mechanisms involved in osteocyte-mediated bone
resorption.

In this study, we sought to investigate skeletal interoception
in the regulation of osteocyte-mediated bone resorption using
mouse lactation as a model of bone loss. Specifically, we investi-
gated whether there was an alteration in sympathetic activity and
thus NE levels in different models of bone loss in mice as modu-
lation of NE and sympathetic activity is the descending pathway
of skeletal interoception. We found that NE and sympathetic in-
nervation were increased during lactation, as well as after OVX
and after treatment with an exogenous glucocorticoid, which re-
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duced osteoblast differentiation and promoted EV release by the
osteocytes for perilacunar bone resorption.

2. Results

2.1. Sympathetic Activity is Increased in Lactating Mice,
Glucocorticoid-Induced, and OVX Mice

To examine if sympathetic nerve activity regulates osteocyte-
induced perilacunar bone resorption, we examined the NE con-
tent and changes in cortical bone content of the tibia in mice ei-
ther after 12 days of lactation, 4 weeks of exogenous glucocor-
ticoid treatment with methylprednisolone or 4 weeks post-OVX
(Figure 1a—c). We collected the cortical bone of the tibia after the
study periods indicated above in test and control mice for each
of the three models, and each set of samples was homogenized
into bone chips and analyzed for NE levels by ELISA (Figure 1d).
We found that the levels of NE were significantly higher in the
bone chips from all three mouse models of bone loss, compared
to their controls (Figure le—g). To verify whether the NE level
will fall back after weaning since lacunae size will recover after
weaning.['%) We collected tibia cortical bone chips from 14 days
post-lactation mice, and the NE level was measured by ELISA. We
found that the NE content was significantly decreased in weaning
mice compared to lactating mice (Figure S1a, Supporting Infor-
mation). We further performed TRAP and immunofluorescence
staining of the femur sections of the lactating mice and the vir-
gin controls as a role for osteocytes in the resorption of cortical
bone during lactation has been reported.'”! We found that the
percentage of both TRAP* and Ctsk* osteocytes in cortical bone
were significantly greater (Figure 1h-k), while the numbers of
osteocalcin (OCN)* osteoblasts were significantly decreased in
lactating mice relative to virgin mice (Figure 11,m).

Next, we harvested the femurs from the lactating mice and vir-
gin controls, and we measured their bone density parameters by
microcomputed tomography (uCT) (Figure 1n). We found that
the percentage of total porosity (Po.tot), percentage of close poros-
ity (Po.cl), and percentage of open porosity (Po.op) were signifi-
cantly higher, while the tissue mineral density (TMD), the corti-
cal thickness (Cor.Th), and the trabecular bone volume (BV/TV)
were significantly lower, in the lactating mice compared to the
virgin mice (Figure 1o-t). Histological analysis of femur sections
also showed that the osteocyte perilacunar resorption areas were
significantly greater in lactating mice compared to virgin mice,
with a distinctly greater osteocyte lacunar area and osteocyte la-
cunar perimeter in the lactating mice (Figure 1u-w). These ob-
servations suggest that an increase in sympathetic activity is as-
sociated with both cortical and trabecular bone loss.

2.2. Lactation-Induced Osteocyte Perilacunar Resorption is
Ameliorated by a -Blocker

Sympathetic nerve activity regulates target cells by releasing
NE from nerve endings.['”! To examine whether an increase in
sympathetic activity promotes osteocyte resorption of cortical
bone, we treated lactating mice with propranolol (Prop), a non-
selective g-blocker. The percentage of Po.op and Po.tot of femoral
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Figure 1. Sympathetic activity is increased in lactating mice, as well as those treated with glucocorticoid or after OVX. a—c) Schematic diagrams illus-
trating the three mouse models used in the study: lactation (a), glucocorticoid treatment (methylprednisolone, MPS) (b), and OVX (c). d) Schematic
diagram showing the procedure for the isolation of the bone chips which were used in ELISA. e—g) Norepinephrine levels of isolated cortical bone chips
in lactation (e), glucocorticoid treatment (f), and OVX (g) mouse models compared to their corresponding control groups. n = 9 in the lactation model,
and n =5 in the glucocorticoid treatment and OVX models. h, i) Tartrate-resistant acid phosphatase (TRAP) staining (purple) (h) and Ctsk staining
(green) (i) in cortical bone (femur mid-shaft) of virgin and lactating mice. Boxed areas are shown at higher magnification in corresponding panels to
the right. Scale bars, 40 (left panels), 20 um (right panels). j,k) Quantification of the percentage of TRAPT osteocytes (j) and the percentage of Ctsk*
osteocytes (k) in total osteocytes. n = 7. |,m) Immunofluorescence staining of femoral sections by osteocalcin (OCN) (red) (I) in virgin and lactating
mice, and quantification of average OCN* cell number per mm? of tissue area (m). Scale bars, 200 um (left panels), 100 um (right panels). n = 4. n-t)
Representative micro-computed tomography (uCT) images (n) and quantitative analysis of total porosity (Po.tot) (o), close porosity (Po.cl) (p), open
porosity (Po.op) (q), tissue mineral density (TMD) (r), cortical thickness (Cor.Th) (s) of femoral cortical bone and trabecular bone fraction (BV/TV) (t)
in virgin and lactating mice. Scale bar, 1 mm. n = 9. u-w) Alcian Blue staining (u) and quantification of osteocyte lacuna area (v) and osteocyte lacuna
perimeter (w) in cortical bone of virgin and lactating mice. n = 7. Data are presented as mean + standard error of the mean (SEM). Statistical significance
was determined by two-tailed Student’s t-test.
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Figure 1. Continued

cortical bone in lactating mice was significantly lower after Prop
treatment based on uCT analysis relative to the vehicle group
(Figure 2a—c). The TMD, Cor.Th, and BV/TV were significantly
greater after Prop treatment in the lactating mice compared to the
vehicle-treated lactating mice. (Figure 2d—f).

Consistent with the pCT results, the osteocyte lacunar area
and osteocyte lacunar perimeter were significantly lower af-
ter Prop treatment in the lactating mice compared to the

Ady. Sci. 2023, 10, 2207602

vehicle-treated lactating mice (Figure 2g-i). As expected, the
percentages of TRAP* and Ctsk™ osteocytes in cortical bone
were also significantly lower in lactating mice with Prop treat-
ment compared to those treated with vehicle (Figure 2j-m).
These results indicate that elevation of sympathetic nerve ac-
tivity stimulates bone resorption through p-adrenergic recep-
tor signaling, which is correlated with changes in the osteocyte
population.
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2.3. Osteocyte-Specific Deletion of Adrb2 Reduces Osteocyte
Bone Resorption in Lactating Mice

NE activates the signaling of a- or f-adrenergic receptors to reg-
ulate downstream gene expression.'”] We found that the gene
Adrb2, which encodes for f-adrenergic receptor 2, was the pri-
mary adrenergic receptor expressed in the osteocytes of cortical
bone, as measured by RT-qPCR (Figure 3a). Immunostaining of
femoral sections from wildtype (WT) mice further confirmed that
Adrb2 is highly expressed in osteocytes compared to Adrb1 (Fig-
ure 3b). To ensure lactation doesn’t cause any changes in the ex-
pression level of Adrb2 in further study, we also assessed its ex-
pression in virgin and lactating mice, and no statistically signifi-
cant difference was found between them (Figure 3c). To validate
that it is the activation of Adrb2 signaling that induces osteo-
cyte bone resorption downstream of sympathetic signaling, we
crossed Adrb2fox/fox (Adrb27f) mice with Dmp1-cre mice to gen-
erate Dmp1-cre:: Adrb2fo¥/fox (Adrb2~/~ ) mice, in which Adrb2 is
selectively deleted in osteocytes. RT-qPCR and Immunofluores-
cent staining of Adrb2 confirmed the efficiency of Adrb2 dele-
tion in the osteocytes (Figure 3d—f). The percentage of Po.tot
and Po.op were both significantly decreased, while TMD, Cor.Th,
and BV/TV were all significantly increased in lactating Adrb2=/~
mice relative to their lactating floxed littermates (Figure 3g-1). Al-
cian blue staining confirmed that the osteocyte lacuna area and
perimeter were both lower in lactating Adrb2~/~ mice relative
to lactating floxed control littermates (Figure 3m-o). These data
show that f-adrenergic receptor 2 signaling in osteocytes regu-
lates bone resorption.

2.4. NE-Activated Adrb2 Signaling Regulates Osteocyte
Perilacunar Resorption by inducing CREB Phosphorylation

Next, we histologically stained femoral sections from lactating
Adrb2~/~ mice and their floxed controls and found that the per-
centage of TRAP* or Ctsk* osteocytes in the cortical bone was
significantly lower in the knockout mice compared to the floxed
mice (Figure 4a—d). To test whether NE activates Adrb2 signal-
ing to induce CREB phosphorylation (pCREB), primary osteo-
cytes were isolated and cultured with two different concentra-
tions of NE with or without ICI-118551, a selective Adrb2 in-
hibitor, for 30 min. By immunostaining, we found that pCREB
was induced in the primary osteocytes with 50 um NE and even
further so with 100 um NE, and this induction was blocked by co-
treatment with ICI-118551 (Figure 4e,f). Furthermore, we found
that pCREB was markedly induced by 100 um NE in primary os-
teocytes but blocked by co-treatment with ICI-118551 (Figure 4g).
Collectively, our results indicate that NE signaling via Adrb2 pro-

www.advancedscience.com

motes the maintenance of osteocytes in the cortical bone and that
it activates pCREB signaling.

We also examined the changes in osteoblastic cells during lac-
tation as a decrease of sympathetic tone signals promotes os-
teoblast differentiation.'>'8] We prepared scRNA-seq libraries
from single-cell suspensions of femoral and tibial cortical bone
from lactating or virgin mice. Quality control was performed
to exclude potential doublets and low-quality libraries. We per-
formed clustering to identify the major transcriptional states in
our data.32 There were 12 clusters that were identified by anno-
tation based on known osteoblast markers and differential gene
expression, and SingleCellNet!3*] was used to classify individual
cells based on a well-annotated reference dataset**! (Figure S2a,
Supporting Information). Analysis of marker gene expression in
clusters revealed that osteoblastic cells were primarily in cluster
11(Figure S2b,c, Supporting Information), which was clearly di-
vided into preosteoblast and mature osteoblast subclusters (Fig-
ure S2d, Supporting Information, Figure 4h). Further analysis
of these two subclusters regarding their expression of osteoblast
marker genes showed that the expression of osteoblastic cell dif-
ferentiation maker genes decreased in lactating mice (Figure 4i).
The results suggest that an increase in sympathetic activity dur-
ing lactation also reduces osteoblast differentiation while osteo-
cyte bone resorption is promoted.

2.5. Sympathetic Activity Stimulates Secretion of EVs from
Osteocytes

Osteocytes are known to secrete EVs under mechanical
stimuli.**] To explore the potential mechanism by which sympa-
thetic activity regulates osteocyte activity, primary osteocytes were
cultured and exposed to exosome-depleted medium with 50 um,
100 pMm, 500 um, or 1 mm NE or vehicle for 3 days (Figure 5a).
Flow cytometry results demonstrate the purity of the primary os-
teocytes obtained (Figure 5b). Transmission electron microscope
and analysis exhibit particles with EV morphology and size, sug-
gesting osteocytes secrete EVs in response to NE stimuli (Fig-
ure 5¢,d). Osteocyte EV protein lysates were analyzed by West-
ern blot (Figure 5e). We found that the proteins Alix, Tsg101, and
Ctsk were elevated significantly in the EVs and that their levels
peaked with 100 um NE treatment (Figure 5e,f), consistent with
the increase in CREB phosphorylation induced by NE at this dose
(Figure 4e—g). By immunodetection we also further validated the
increase of Tsg101 expression in osteocytes upon NE treatment,
with a peak at 100 um (Figure 5g).

Given the prior findings showing a role for Ca?* oscillations in
the release of EVs by osteocytes,['*! we next investigated the role
of calcium in NE-stimulated EV release by primary osteocytes.

Figure 2. Lactation-induced osteocyte perilacunar resorption is ameliorated by a f-blocker. a—f) Representative micro-computed tomography (uCT)
images (a) and quantitative analysis of open porosity (Po.op) (b), total porosity (Po.tot) (c), tissue mineral density (TMD) (d), and cortical thickness
(Cor.Th) (e) of femoral cortical bone and trabecular bone fraction (BV/TV) (f) in different treatment groups. Scale bar, T mm. n = 6. g—i) Alcian Blue
staining (g) and quantification of osteocyte lacuna area (h) and osteocyte lacuna perimeter (i) of cortical bone in different treatment groups. n = 6.
j,k) Representative TRAP staining images of cortical bone (femur mid-shaft) (j) and quantification of TRAP™ osteocytes on femur cortical bone (k) in
virgin and lactating mice with different treatments. Boxed areas are shown at a higher magnification in corresponding panels to the right. Scale bar,
40 um (left panels), 20 um (right panels). n = 7. |,m) Immunofluorescence staining of Ctsk (green) at mid-shaft of the femur (I) and quantification of
Ctsk™ osteocytes in the cortical bone (m) in virgin and lactating mice with different treatments. Boxed areas are shown at a higher magnification in
corresponding panels to the right. Scale bar, 40 um (left panels), 20 um (right panels). n = 6. Data are presented as mean + SEM. Statistical significance
was determined by two-way repeated measures analysis of variance (ANOVA) with Tukey post hoc test.
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Figure 3. Knockout of Adrb2 in Dmp 1" osteocytes attenuates lactation-induced osteocytic resorption in cortical bone. a) mMRNA expression of Adrb2,
Adrb1, Adral, and Adra2 in femoral cortical bone of 3-month-old WT mice measured via RT-qPCR. n = 5. b) Representative images of immunofluores-
cence staining (left) and quantitative analysis (right) of Adrb2* (green) and Adrb1* (red) osteocytes in cortical bone of 3-month-old WT mice. Scale bar,
40 um. n = 7. c) mRNA expression of Adrb2 in cortical bone of WT virgin mice and lactating mice measured by RT-qgPCR. n = 8. d,e) Immunofluorescence
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First, we found that intracellular Ca’* concentrations increased
robustly during the first 5 min of 100 um NE treatment, which
progressively diminished over the next 40 min (Figure 5h). We
then tested whether inhibition of Ca?* signaling could blunt
NE-induced EV release. Primary osteocytes were treated with
exosome-depleted medium with different doses of NE, vehicle, or
a combination of the calcium signaling inhibitor neomycin. By
western blot analysis of the protein lysates from the stimulated
osteocytes we found that 100 um NE could potently increase the
levels of Alix, Tsg101, and Cisk in the EVs, and this was efficiently
blocked by co-treatment with neomycin (Figure 5i,j). Together,
these results show that NE stimulates EV release by osteocytes
in a Ca**-dependent manner. Furthermore, the released EVs
contain bone regulatory proteins, including Ctsk, which may
mediate osteocytic bone resorption.

2.6. Sympathetic Innervation Increased During Lactation

We next examined how sympathetic innervation and activity were
induced during lactation. We first measured NE concentrations at
different time points during lactation. We found that the NE lev-
els in cortical bone were significantly and progressively increased
during lactation in mice over the course of 12 days compared to
baseline (Figure 6a). Consistent with the elevation of NE levels,
the percentage of TRAP* osteocytes also progressively increased
in quantity and in distance from the endosteum to the middle
of cortical bone during 12 days of lactation, whereas no change
in either parameter occurred in the age-matched virgin control
mice (Figure 6b—e). Further, inhibition of Adrb2 signaling with
ICI-118551 in lactating mice markedly blunted the increase in
TRAP™ osteocytes and their distance from the endosteum com-
pared to lactating mice treated with vehicle (Figure 6c—e). Like-
wise, the increase in TRAP* osteocytes and their distance from
the endosteum in cortical bone was also markedly blunted in
Adrb2/~ lactating mice relative to lactating Adrb2% littermates
(Figure 6f~h). These observations suggest that sympathetic in-
nervation is induced during lactation, leading to a progressive
increase of TRAP* osteocytes to the periosteal cortical bone sur-
face.

We next immunostained femoral bone sections of lactating
mice and found that the extent of TH* sympathetic nerve fibers
progressively increased in the endosteal area from day 3 of
lactation to day 12 (Figure 6ij). We have shown that osteo-
clasts secrete netrin-1 to induce sensory innervation,*®! which
likely explains how TH* sympathetic innervation is abundant
near the endosteum of the cortical bone. We further examined
whether osteocytes also secrete netrin-1 during lactation. Co-
immunofluorescent staining of Ctsk and netrin-1 demonstrated
that 80% of Ctsk* osteocytes were also positive for netrin-1 in the
cortical bone of lactating mice, but injection of ICI-118551 signifi-
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cantly reduces netrin-1* and netrin-1*/Ctsk* osteocytes in lactat-
ing mice compared to vehicle-treated lactating mice (Figure 6k—
m). Furthermore, the increase of netrin-1* osteocytes in corti-
cal bone was significantly diminished in Adrb2~/~ lactating mice
relative to their Adrb27f littermate controls, though the percent-
age of netrin-1*/Ctsk* osteocytes was not significantly changed
in the knockout mice (Figure 6n—p). RT-qPCR also showed that
the expression of Ninl was significantly decreased in Adrb2~/~
mice compared to their Adrb2/! littermates during lactation (Fig-
ure 6q). Together, these results suggest that netrin-1 promotes
sympathetic nerve innervation to the endosteum of 