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Abstract 27 

Sensory nerve was recently identified as being involved in regulation of bone mass accrual. We 28 

previously discovered that PGE2 secreted by osteoblastic cells could activate sensory nerve EP4 29 

receptor to promote bone formation by inhibiting sympathetic activity. However, the fundamental 30 

units of bone formation are active osteoblasts, which originate from mesenchymal stromal/stem 31 

cells (MSCs). Here, we found that after sensory denervation, knockout of the EP4 receptor in 32 

sensory nerves, or knockout of cyclooxygenase-2 (COX2) in osteoblasts could significantly 33 

promote adipogenesis and inhibit osteogenesis in adult mice. Furthermore, injection of SW033291 34 

(a small molecule that locally increases PGE2 level) or propranolol (a beta-blocker) significantly 35 

promoted osteogenesis and inhibited adipogenesis. This effect of SW033291, but not propranolol, 36 

was abolished in conditional EP4 knockout mice under normal conditions or in the bone repair 37 

process. We conclude that the PGE2-EP4 sensory nerve axis could regulate MSCs differentiation 38 

in bone marrow of adult mice. 39 

40 

Key words: EP4 receptor, prostaglandin E2, sensory nerve, mesenchymal stromal/stem cells, 41 

sympathetic nerve 42 
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Introduction 43 

Sensory nerves are innervated in various organs and tissues, such as skin, lung, kidney, liver, and 44 

bone. These nerves sense stimuli, such as pain, itch, temperature, taste, and odor (1,2). The function 45 

of sensory nerves is essential for collecting information from both internal and external 46 

environments, thus helping individuals adapt to their surroundings and protect themselves from 47 

threats (3). Recent evidence has shown that sensory nerves also participate in inflammation, 48 

immunity, hematopoiesis, and bone metabolism (4,5). Fukuda et al. first reported that loss of 49 

sensory nerves could impair bone mass accrual (5). Conversely, Takeda et al. found that bone 50 

metabolism was regulated by the sympathetic nerve system (6). Our previous report showed that 51 

sensory nerve could detect the bone-forming “signal” from osteoblastic cells and further tune down 52 

sympathetic activity via the central nervous system, thus control bone homeostasis (7).   53 

The bone-forming “signal” mentioned above is prostaglandin E2 (PGE2). We find that 54 

PGE2 activates the EP4 receptor in sensory nerves to promote bone formation via the central 55 

nervous system (7). PGE2 is synthesized by the enzyme cyclooxygenase (COX), is degraded by 56 

the enzyme 15-hydroxyprostaglandin dehydrogenase (15-PGDH) (8,9), and is well known for its 57 

roles in inflammation and pain induction (8,10,11). PGE2 also could potent induce bone formation, 58 

promote tissue regeneration, and facilitate bone repair (12,13). Direct injection of PGE2 failed as 59 

a treatment for osteoporosis and did not increase bone mass in mice (14). These outcomes might 60 

be caused by its broad targets, which cause adverse effects. However, a new small molecule, 61 

SW033291, was developed by Zhang et al. and may inhibit 15-PGDH activity, thus indirectly 62 

increasing PGE2 accumulation in certain microenvironments (12). Their group also showed that 63 



 

4 

 

SW033291 possessed tissue regeneration–boosting ability, which markedly promoted liver, 64 

intestine, and hematopoiesis regeneration after injury (12). Our group also showed that SW033291 65 

injection could directly increase bone mass and promote bone regeneration via the EP4-sensory 66 

nerve axis in mice (7). However, we identified the upstream “regulator,” but not the downstream 67 

“effector” of this axis. 68 

The adult skeleton is continuously being formed and resorbed, starting in utero and 69 

continuing throughout adulthood (15). This skeletal remodeling is accomplished by precise 70 

coordination between resorptive osteoclasts and bone-forming osteoblasts (16,17). The sequence 71 

in bone remodeling cycles starts with osteoclastic bone resorption, followed by osteoblastic bone 72 

formation (18), which relies on constant supplies of osteoblast differentiation ascended from bone 73 

marrow mesenchymal stromal/stem cells (MSCs) (19,20). Bone marrow MSCs, a subset of 74 

mesenchymal cells, possess self-renewal and multiple-lineage differentiation capability to produce 75 

adipocyte, osteoblast, and chondrocyte in bone tissue (21-24). MSCs reside primarily in their bone 76 

marrow niche in a quiescent stage and become active when the niche is stimulated by factors such 77 

as injury, inflammation, or medicine intake (25-27). The MSCs niche and microenvironment 78 

determine the cells’ commitment and self-renewal for bone homeostasis. An impaired niche or 79 

microenvironment alters MSCs commitment, which has been reported in human diseases such as 80 

tissue fibrosis, malignant hematopoiesis, and osteoporosis (28-30). Recent studies found that 81 

sympathetic nerves could serve as an MSC niche component in bone marrow and regulate 82 

interactions between MSCs and hematopoietic stem cells, thus maintaining normal hemopoiesis 83 

(31,32). 84 
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In our study, we investigated whether EP4-PGE2 in sensory nerves regulate bone mass 85 

accrual through direct control of commitment of MSCs by tuning down sympathetic nerve activity. 86 

We show that adipogenesis is significantly increased, whereas osteogenesis is markedly decreased 87 

in sensory denervation mice, sensory nerve EP4 knockout mice, and osteoblast COX2 knockout 88 

mice. Elevation of PGE2 by SW033291 inhibits adipogenesis and promotes osteogenesis, bone 89 

regeneration, and bone fracture healing in wild type (WT) mice, but not in the knockout mice 90 

models. We conclude that MSCs differentiation is regulated by the PGE2-EP4 sensory nerve axis 91 

in adult mice. 92 

 93 

Results 94 

Sensory nerve denervation induces adipogenesis at expenses of osteogenesis in adult mice. 95 

To create a sensory nerve denervation model, we crossed Advilin-Cre mice with nerve growth 96 

factor receptor TrkA floxed (TrkAwt) mice to generate TrkAAvil
–/– mice according to our previous 97 

work (7). Bone volume fraction (BV/TV) and trabecular thickness (Tb.Th) significantly decreased 98 

in 3-month-old TrkAAvil
–/– mice relative to their WT littermates, whereas no significant changes in 99 

these bone parameters were observed in 1-month-old TrkAAvil
–/– mice (Figure 1A-C, Supplemental 100 

Figure 1A-C), suggesting sensory nerve regulation of bone homeostasis, primarily in adult mice. 101 

Fat was significantly increased in the bone marrow of 3-month-old TrkAAvil
–/– mice compared with 102 

the WT controls, as evidenced by a markedly higher number of adipocytes and fat droplets in 103 

decalcified femurs stained with osmium tetroxide (OsO4) (Figure 1D-F). Immunostaining of 104 

osteocalcin (OCN) for osteogenesis with perilipin for adipogenesis showed a significant increase 105 
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in the number of adipocytes and decrease in the number of osteoblasts in 3-month-old TrkAAvil
–/– 106 

mice relative to their WT littermates (Figure 1G-I). Colony-forming-unit fibroblast (CFU-F), 107 

adipocyte (CFU-AD), and osteoblast (CFU-OB) assays with bone marrow cells showed a 108 

significant increase in adipogenesis and decreases in osteogenesis and CFU-Fs (Figure 2A-D) in 109 

TrkAAvil
–/– mice relative to WT littermates. Consistently, bone marrow cell expression of 110 

adipogenic marker peroxisome proliferator-activated receptor γ (Pparg), CCAAT/enhancer-111 

binding protein α (Cebpa), and fatty acid–binding protein 4 (Fabp4) increased significantly, 112 

whereas the osteogenic marker alkaline phosphatase (Alp), Collagen type Ia (Col1a1), and Runt-113 

related transcription factor 2 (Runx2) expression decreased (Supplemental Figure 1D and E). 114 

These results prompted us to test whether this alteration is caused by sensory nerve 115 

regulation of MSCs. Flow cytometry analysis showed that CD45–CD31–Sca1+CD24– adipogenic 116 

progenitor cells (APCs) significantly increased, and CD45–CD31–Sca1–PDGFRα+ (Pα+) 117 

osteogenic progenitor cells (OPCs) decreased (Figure 2E, F and H). Importantly, the population of 118 

CD45–CD31–Sca1+CD24+ MSCs also decreased (Figure 2E and G), consistent with the CFU-F 119 

results (Figure 2A). Moreover, BrdU+ OPCs and BrdU+ MSCs decreased significantly in 3-month-120 

old TrkAAvil
–/– mice relative to their WT littermates, whereas BrdU+ APCs remained unchanged 121 

(Supplemental Figure 2A-D), consistent with the CFU-F result of relative sorted cell population 122 

(Supplemental Figure 3A-C). Also, sorted MSCs showed increased adipogenic potential and 123 

decreased osteogenic capability in TrkAAvil
–/– mice relative to controls (Supplemental Figure 3D-124 

M). These data together suggest that sensory denervation lead to increase of bone marrow 125 

adipogenesis activity in adult mice. Similar results were obtained in an inducible sensory 126 
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denervation model in iDTRAvil
fl/– mice by crossing Advillin-Cre mice with iDTRwt mice according 127 

to the methods used in our previous study (7). The results showed that marrow fat was significantly 128 

increased in the bone marrow of iDTRAvil
fl/– mice 4 weeks after injection of diphtheria toxin (DTX) 129 

relative to vehicle-treated mice, as evidenced by markedly more adipocytes and fat droplets in 130 

decalcified femurs stained with OsO4 (Figure 3A-C). The frequency of MSCs and OPCs decreased, 131 

whereas the frequency of APCs increased after DTX treatment relative to vehicle treatment in flow 132 

cytometry analysis (Figure 3D-G). Immunostaining of OCN with perilipin also showed a 133 

significant increase in adipocytes and decrease in osteoblasts after DTX treatment (Figure 3H-J). 134 

Taken together, these data demonstrate that sensory nerve is essential to maintain MSCs and 135 

balance their commitment between osteoblast and adipocytes. 136 

 137 

Deletion of the EP4 Receptor in Sensory Nerve Promotes Adipogenesis and Inhibits 138 

Osteogenesis in Adult Mice 139 

We have shown that the EP4 receptor in sensory nerve is essential for maintaining normal bone 140 

mass in adult mice (7). EP4 knockout (EP4Avil
–/–) mice showed significant decreases in BV and 141 

Tb.Th relative to their WT littermates (Figure 4A-C, Supplemental Figure 4A-C). Marrow fat was 142 

significantly increased in the bone marrow of EP4Avil
–/– mice relative to WT controls, as evidenced 143 

by markedly more adipocytes and fat droplets in decalcified femurs stained with OsO4 (Figure 4D-144 

F). To test whether differentiation of MSCs could also be regulated by the EP4 receptor in sensory 145 

nerve, we injected PGE2 degradation enzyme (15-PGDH) inhibitor SW033921 into EP4Avil
–/– mice 146 

and their WT littermates. Injection of SW033291 significantly increased the number of osteoblasts 147 
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and decreased the number of adipocytes in WT mice, and these effects were absent in EP4Avil
–/– 148 

mice (Figure 4G-I), indicating that PGE2-EP4 sensory nerve axis regulates MSCs differentiation. 149 

Moreover, MSCs isolated from EP4Avil
–/– mice showed an increase of CFU-AD, and a decrease in 150 

CFU-OB and CFU-F capability compared with MSCs from their WT littermates (Figure 4J-M, 151 

Supplemental Figure 3). The expression of adipogenic markers Pparg, Cebpa, and Fabp4 152 

significantly increased, whereas the expression of osteogenic markers Alp, Col1a1, and Runx2 153 

significantly decreased in MSCs isolated from EP4Avil
–/– mice relative to their WT mice in 154 

quantitative real-time polymerase reaction chain (qPCR) analysis (Supplemental Figure 4D and 155 

E). The frequency of APCs (CD45–CD31–Sca1+CD24–) increased, whereas the frequencies of 156 

OPCs (CD45–CD31–Sca1–Pa+) and MSCs (CD45–CD31–Sca1+CD24+) decreased (Figure 4N-Q) 157 

in EP4Avil
–/– mice relative to WT littermates. The BrdU+ OPCs and BrdU+ MSCs decreased in 158 

EP4Avil
–/– mice compared with control mice, whereas the BrdU+ APCs showed no significant 159 

change in EP4Avil
–/– mice relative to WT littermates (Supplemental Figure 2E-H). These results 160 

indicate that the EP4 receptor in sensory nerve is essential for sensory nerve regulation of MSCs 161 

differentiation.  162 

 163 

PGE2 Derived from Osteoblasts Regulates the Differentiation of MSCs through Sensory 164 

Nerve EP4 by Regulating Sympathetic Tone 165 

We have shown that PGE2 derived from osteoblasts is primarily involved in sensory nerve 166 

regulation of bone formation (7). COX2osteocalcin (OCN)
–/– mice showed significant decreases in BV 167 

and Tb.Th relative to their WT littermates (Figure 5A-C, Supplemental Figure 5A-C). Marrow fat 168 



9 

was significantly increased in the bone marrow of COX2OCN
–/– mice relative to WT controls, as 169 

evidenced by markedly more adipocytes and fat droplets in decalcified femurs stained with OsO4 170 

(Figure 5D-F). To examine whether PGE2 secreted from osteoblasts also regulates the 171 

differentiation of MSCs, we injected SW033291 into COX2OCN
–/– mice and their WT littermates. 172 

We found that the effects of SW033291 on osteogenesis induction and adipogenesis inhibition 173 

were reduced in COX2OCN
–/– mice (Figure 5G-I), indicating that the PGE2 derived from osteoblasts 174 

in the bone remodeling microenvironment is essential in the regulation of MSCs differentiation. 175 

These results were confirmed in CFU-F, CFU-OB, and CFU-AD assays (Figure 5J-M, 176 

Supplemental Figure 3) and qPCR analysis of osteogenic and adipogenic markers (Supplemental 177 

Figure 5D and E). Moreover, flow cytometry analysis also demonstrated decreased frequency of 178 

OPCs and MSCs and increased frequency of APCs in COX2OCN
–/– mice (Figure 5N-Q). BrdU-179 

incorporated OPCs and MSCs were decreased, whereas BrdU-incorporated APCs were not 180 

affected (Supplemental Figure 2I-L). These results indicate that PGE2-derived from osteoblasts in 181 

the bone remodeling microenvironment act on sensory nerve for differentiation of MSCs. 182 

We have shown that PGE2 activation of sensory nerve regulates bone formation by tuning 183 

down sympathetic tone (7). And we also found that obstruction of PGE2-EP4-sensory nerve axis 184 

could induce increased sympathetic activity (Supplemental Figure 6), in this case, to further test 185 

whether sympathetic nerve also regulates MSCs differentiation, we injected propranolol into 186 

EP4Avil
–/– mice and their WT littermates. Propranolol rescued the bone loss in EP4Avil

–/– mice 187 

(Supplemental Figure 7A-C). Importantly, propranolol promoted osteogenesis and inhibited 188 

adipogenesis in EP4Avil
–/– mice (Supplemental Figure 7D-F). To further demonstrate the effect of 189 
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specified sympathetic adrenoceptors in sensory nerve regulated MSCs differentiation, we injected 190 

selective β1 adrenoceptor antagonist (Atenolol), β2 adrenoceptor antagonist (ICI118551) and β3 191 

adrenoceptor antagonist (SR59230A) into EP4Avil
–/– mice and their WT littermates, respectively, 192 

the results showed that only β2 adrenoceptor antagonist injection showed similar effect 193 

comparable to propranolol injection, which it rescued the bone loss and enhanced adipogenesis 194 

phenotype of EP4Avil
–/– mice (Supplemental Figure 8). Sympathetic β2 adrenoceptor antagonist’s 195 

attenuation of sensory nerve regulation of bone formation suggests sympathetic tone regulation on 196 

MSCs.  197 

198 

LepR+ MSCs are the Major Source of Increased Adipocytes, which are Regulated by the 199 

PGE2-EP4 Sensory Nerve Axis 200 

Previous results showed that the frequencies of MSCs and OPCs decreased, whereas the frequency 201 

of APCs increased. However, the specific in vivo population of MSCs that responds to sensory 202 

nerve regulation and the origin of these increased adipocytes in sensory nerve denervated mice 203 

were still elusive. To address this question, we used Leptin Receptor (LepR)-cre mouse line to fate 204 

mapping MSCs in vivo according to previous reports (33), we crossed LepR-cre with Rosa26-YFP 205 

mice to generate LepR-cre;YFP mice for in vivo MSCs fate mapping assay. Capsaicin or vehicle 206 

was injected into 3-month-old LepR-cre;YFP mice for 1 week to generate the induced sensory 207 

denervation model, and mice were euthanized after another 2 weeks. The sensory denervation 208 

efficacy of capsaicin injection was comparable to TrkAAvil
–/– mice, as verified by von frey and hot 209 

plate test (Supplemental Figure 9A-C). Micro–computed tomography (μCT) analysis showed that 210 
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BV/TV and Tb.Th were significantly reduced in the capsaicin-injection group compared with 211 

vehicle group (Figure 6A-C). The marrow fat was significantly increased in the bone marrow of 212 

capsaicin-injected mice relative to vehicle controls as evidenced by markedly more adipocytes and 213 

fat droplets in decalcified femurs stained with OsO4 (Figure 6D-F). Adipogenesis was increased 214 

and osteogenesis was decreased after capsaicin injection relative to the control group (Figure 6G-215 

I). Sensory nerve marker calcitonin gene-related peptide (CGRP) immunostaining showed a 216 

significant decrease in CGRP+ sensory nerves in bone marrow, which validated the sensory 217 

denervation efficacy of capsaicin injection (Figure 7A and B). In vivo fate mapping assay showed 218 

that YFP+ adipocytes were significantly increased after sensory denervation. Propranolol, not 219 

SW033291, could lower the number of YFP+ adipocytes, which were induced by sensory 220 

denervation (Figure 7C and D). These data together indicate that LepR+ MSCs respond to sensory 221 

nerve denervation and commit to adipogenic differentiation, while yielding osteogenesis of MSCs. 222 

 223 

Impairment of EP4 in Sensory Nerve Promotes Adipogenesis and Attenuates Bone 224 

Regeneration 225 

To examine whether sensory nerve also regulates bone regeneration, we created a bone marrow 226 

ablation bone regeneration model in LepR-cre;YFP mice with impairment of sensory nerve by 227 

injection with capsaicin or vehicle. Bone regeneration was significantly reduced with sensory 228 

denervation by injection of capsaicin in μCT analysis, safranin-O/fast green (SO/FG) staining (red, 229 

cartilage; green, bone), Masson staining (red, muscle and cytoplasm; blue, bone) and Movat 230 

pentachrome staining (yellow, bone; green, cartilage/endochondral ossification; red, bone marrow) 231 
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(Figure 8A-C and Supplemental Figure 10A). Co-staining of perilipin with OCN showed active 232 

osteoblast differentiation with few perilipin+ adipocytes during bone regeneration in the vehicle 233 

group. In contrast, while OCN+ osteoblasts were less detectable, adipocytes increased significantly 234 

with injection of capsaicin (Figure 8D-F). Again, fate mapping assay showed that increased 235 

adipocytes were largely YFP+ (Figure 8G and H). We further tested whether EP4 in the sensory 236 

nerve mediates bone regeneration by deleting EP4 in the sensory nerve of EP4Avil
–/– mice. Bone 237 

regeneration decreased significantly in EP4Avil
–/– mice relative their WT littermates (Figure 8I and 238 

J). SW033291 stimulated bone regeneration, and this effect was attenuated in EP4Avil
–/– mice 239 

(Figure 8I and J). Moreover, the number of osteoblasts increased and the number of adipocytes 240 

decreased in the bone regenerative region of WT mice treated with SW033291. In contrast, the 241 

number of adipocytes increased and the number of osteoblasts decreased in the bone regenerative 242 

region of EP4Avil
–/– mice relative to their WT littermates (Figure 8K-M). We also tested whether 243 

the EP4 receptor in LepR+ MSCs is involved in sensory nerve regulation of bone formation. We 244 

crossed LepR-cre mice with EP4wt mice to generate EP4LepR
–/– descendants. We observed no 245 

significant changes in bone parameters in either 1-month-old or 3-month-old EP4LepR
–/– mice 246 

relative to their WT littermates (Supplemental Figure 11A-C). There were no significant 247 

differences in marrow fat, adipogenesis, or osteogenesis between EP4LepR
–/– mice and their WT 248 

littermates, as shown by μCT analysis of decalcified femurs stained with OsO4 (Supplemental 249 

Figure 11D-F). Both EP4LepR
–/– mice and their WT littermates showed decreased adipogenesis and 250 

increased osteogenesis with injection of SW033291 (Supplemental Figure 11G-I). In addition, we 251 

also eliminated EP4 expression in osteoblasts by crossing OCN-cre mice with EP4wt mice to 252 
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generate EP4Ocn
–/– descendants, however, consistent with EP4LepR

–/– mice, EP4Ocn
–/– mice showed 253 

no bone or MSCs alteration relative to their WT littermates (Supplemental Figure 12A-E). These 254 

results indicate that EP4 in sensory nerves, not in MSCs or osteoblasts, regulates differentiation of 255 

MSCs during bone regeneration. 256 

257 

Impairment of EP4 in Sensory Nerve Interrupts Bone Fracture Healing 258 

To examine whether EP4 in sensory nerve regulates bone fracture healing, we created a bone 259 

fracture model in LepR-cre;YFP mice with sensory nerve denervation by injecting capsaicin or 260 

vehicle. Injection of capsaicin reduced BV relative to the vehicle group in μCT analysis (Figure 261 

9A-C), and bone formation was significantly lower in the capsaicin group, as shown by SO/FG 262 

staining (red, cartilage; green, bone) (Figure 9D). Masson staining (red, muscle and cytoplasm; 263 

blue, bone) and Movat pentachrome staining (yellow, bone; green, cartilage/endochondral 264 

ossification; red, bone marrow) showed that bone callus volume was also significantly decreased 265 

with injection of capsaicin (Figure 9D and Supplemental Figure 10B). As expected, co-staining of 266 

perilipin with OCN showed that OCN+ osteoblasts were less detectable, whereas adipocytes 267 

increased significantly with injection of capsaicin (Figure 9E-G). Importantly, the increased 268 

adipocytes were primarily YFP+, indicating they were descendants of LepR+ cells (Figure 9H-I). 269 

We then performed bone fracture surgery in EP4Avil
–/– mice and their WT littermates to examine 270 

whether EP4 signaling mediates sensory nerve regulation. BV and formation were significantly 271 

reduced in the bone healing region of EP4Avil
–/– mice relative to their WT littermates (Figure 7J-272 

N). Injection of SW033291 stimulated bone formation in the bone healing region of WT mice, but 273 
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such effects were absent in EP4Avil
–/– mice (Figure 10A-E). Moreover, SW033291 increased bone 274 

callus formation in WT mice was absent in EP4Avil
–/– mice, as shown by SO/FG, Masson staining 275 

and Movat pentachrome staining (Figure 10F and Supplemental Figure 10C). To determine 276 

whether sensory nerve stimulated the healing of bone fracture by regulation of MSCs 277 

differentiation, we co-immunostained sections of the fracture region with perilipin and OCN. The 278 

number of adipocytes increased significantly in EP4Avil
–/– mice relative to their WT littermates, 279 

with or without injection of SW033291, whereas SW033291 significantly increased the number 280 

of OCN+ osteoblasts in the bone healing region of WT mice, but such effects were absent in 281 

EP4Avil
–/– mice (Figure 10G-I). Taken together, these results indicate that sensory nerve regulates 282 

osteoblast differentiation of MSCs for bone fracture healing through PGE2/EP4 signaling. 283 

  284 

Discussion 285 

      Bone marrow MSCs differentiate into osteoblasts, adipocytes, and chondrocytes to 286 

maintain bone integrity (22-24). The maintenance of MSCs and its potential commitment to 287 

different cell lineages is essential to bone homeostasis (15,21,34). Notably, recent studies also 288 

characterized that skeletogenic cells which could differentiate to downstream progenitors of bone, 289 

cartilage and stromal tissue as skeletal stem cells (35-40). The MSCs committed as progenitors, 290 

including OPCs and APCs, could further differentiate into mature osteoblasts and adipocytes 291 

(33,41). Plentiful markers have been developed to mark the MSCs or their descendants for accurate 292 

analysis (42-46). A previous study showed that CD45–CD31–Sca1+CD24+ MSCs occupied more 293 

than 90% of the colonies formed with a tri-lineage differentiation capability assay (33). In the 294 
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present study, we used CD45–CD31–Sca1+CD24+ to mark MSCs, CD45–CD31–Sca1+CD24– to 295 

mark APCs, and CD45–CD31–Sca1–PDGFRα+(Pα+) to mark OPCs. We found that sensory nerve 296 

regulates the fate of MSCs by tuning sympathetic nerve tones by binding the bone-forming signal 297 

PGE2 to the EP4 receptor, providing the first direct evidence of sensory nerve as a niche of 298 

mammalian stem cells. 299 

The frequency and CFU-F ability of MSCs were impaired in sensory denervation mice, 300 

which increased their potential for adipogenesis and decreased osteogenesis. We have reported that 301 

sensory nerve could detect bone density by a local “sensor,” PGE2, released by osteoblastic cells, 302 

sensing internal organ signals for bone homeostasis (7). Moreover, the abundance of MSCs 303 

significantly decreased in sensory denervation mice, suggesting that sensory nerve function as 304 

niche in maintenance of MSCs. We have shown that sensory nerve transmits bone-forming signals 305 

by tuning down the sympathetic nerve tone for osteoblasts bone formation (7). In addition, we also 306 

eliminated the possibility that osteocytic PGE2 might also involve in sensory nerve regulation on 307 

MSCs (Supplemental Figure 12G-L). Sympathetic tone is fulfilled by releasing norepinephrine 308 

and epinephrine, and an increase in epinephrine level could cause decreased bone formation 309 

(47,48). Epinephrine has been shown to strongly induce stem cells adipogenic commitment (49). 310 

Therefore, sensory nerve serves as a niche for MSCs, likely through control of epinephrine release 311 

of sympathetic tone. However, other sensory nerve secretory factors may also be involved in the 312 

maintenance of MSCs. Sensory nerve could also secrete neuropeptides, such as substance P, 313 

vasoactive intestinal peptide (50), and CGRP, which has been shown to promote osteoblast activity 314 

(51). 315 
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Deletion of the EP4 receptor in sensory nerve produced similar effects on bone formation 316 

and MSCs as seen in sensory denervation mice. EP4 belongs to the PGE2 receptor family, which 317 

consists of 4 receptors: EP1–EP4 (52). All 4 EPs have been globally knocked out, but only EP4 318 

knockout mice have bone phenotype, providing evidence of a pivotal role of EP4 in PGE2-induced 319 

bone formation (53). PGE2 has been shown to promote osteoblast differentiation and has even 320 

been used as an anabolic bone formation drug in a clinic trial. Deletion of EP4 receptor in 321 

osteoblast lineage cells did not show significant bone phenotype (54). Knockout of EP4 in sensory 322 

nerve increased adipogenesis and decreased osteogenesis and the CFU-F ability of MSCs. 323 

Discovery of the role of EP4 in sensory nerve regulation of MSCs’ differentiation indicates a 324 

possible mechanism for PGE2-induced bone formation. Moreover, mice with conditional knockout 325 

of EP4 in LepR+ lineage cells had no bone phenotype and still positively responded to SW033921 326 

treatment, which it could potent stimulate bone formation (Supplemental Figure 13). Thus, PGE2 327 

stimulates bone formation by activation of EP4 in sensory nerve regulation of MSCs. Concerning 328 

whether this regulatory axis also functioning in other bones or metabolic systems, we did not find 329 

any effect of PGE2-EP4-sensory nerve axis in mandible metabolism (Supplemental Figure 13), 330 

this might due to the different MSCs population are responsible for bone metabolism in different 331 

bones (7,33,55). Interestingly, we found that EP4Avil
–/– mice possessed significant higher body fat 332 

mass compared with their wild type littermates (Supplemental Figure 14), this evidence indicates 333 

that PGE2-EP4-sensory nerve signaling indeed have a potential impact on body fat and metabolic 334 

systems, and this underlying mechanism will be our next research target. 335 

CD45–CD31–Sca1+CD24+ MSCs were used in our flow cytometry analysis (33). LepR has 336 
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been reported to mark MSCs in adult mouse bone marrow, and LepRcre is effective for in vivo 337 

fate mapping of MSCs (42,43). Nearly 13% of LepR+ stromal cells are Sca1+, and all Sca1+ stromal 338 

cells are LepR+ (42), which indicates that LepR+ MSCs contain all CD45–CD31–Sca1+CD24+ 339 

MSCs. Furthermore, LepR+ stromal cells mark nearly 90% of bone marrow adipocytes in adult 340 

mice (42). Most recently, Baryawno et al. performed single cell sequencing to build bone marrow 341 

cellular atlas of taxonomy and showed that LepR+ stromal cells formed a major cluster with ability 342 

to partition into osteolineage and adipolineage cells (56). Therefore, LepRcre could effectively 343 

trace cells in both osteoblast and adipocyte lineages in fate mapping in a similar population of 344 

CD45–CD31–Sca1+CD24+ MSCs. These results are consistent with our observation that sensory 345 

nerve regulation of bone homeostasis occurs only in adult mice, and not during development stages. 346 

The increase of adipogenesis after sensory denervation is also consistent with the high adipogenic 347 

potential of LepR+ MSCs. Indeed, our fate mapping result validates that increased adipocytes in 348 

sensory denervation mice were the descendants of LepR+ MSCs, considering that inhibition of 349 

sympathetic activity affected differentiation of LepR+ MSCs in both sensory denervation mice and 350 

their WT littermates. Sensory nerve regulation of bone homeostasis is primarily through LepR+ 351 

MSCs in adult mouse bone marrow. To this end, we do not exclude the involvement of other sub-352 

groups of MSCs such as Nestin+ MSCs and PDGFα+ MSCs, however, nearly all PDGFα+ stromal 353 

cells are LepR+ MSCs, and vice versa, in mice aged 2–4 months (42), whereas Nestin+ MSCs are 354 

abundant in postnatal mice, and their frequency significantly decreases in adult mice (57). 355 

Adipogenesis increased and osteogenesis decreased in EP4Avil
–/– mice, TrkAAvil

–/– mice, and 356 

COX2OCN
–/– mice, but this phenotype could be caused by fate commitment of MSCs or alteration 357 
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of progenitor cell proliferation. We have shown increased expression of adipogenic markers and 358 

decreased expression of osteogenic markers in uninduced MSCs in these knockout mice relative 359 

to control mice. BrdU experiments showed the frequency of BrdU+ MSCs and BrdU+ OPCs was 360 

significantly reduced in these knockout mice relative to control mice, while BrdU+ APCs were 361 

unaffected. These results suggest that sensory nerve is essential in the maintenance of self-renewal 362 

of MSCs. Sensory nerve also regulates the balance of commitment of MSCs between osteogenic 363 

and adipogenic lineages in MSCs fate determination. Particularly, sensory nerve regulates the 364 

proliferation of OPCs, but not APCs, which is consistent with our previous findings that elevated 365 

sympathetic tone reduced the proliferation of osterix+ osteoprogenitors (7). Therefore, these results 366 

reveal that sensory nerve regulates lineage commitment of MSCs and acts as a niche for their 367 

maintenance, likely by regulating sympathetic tone. 368 

Methods 369 

Mice and In Vivo Treatment 370 

were purchased from the Jackson Laboratory. The Advillin-Cre (Avil-Cre) mouse strain was kindly 371 

provided by Xingzhong Dong (Department of Neuroscience, The Johns Hopkins University, 372 

Baltimore, USA). The Osteocalcin-Cre (OCN-cre) mice were obtained from Thomas J. Clemens 373 

(Department of Orthopaedic Surgery, The Johns Hopkins University, Baltimore, USA). The 374 

TrkAfl/fl mice were obtained from David D. Ginty (Department of Neurobiology, Harvard Medical 375 

School, Boston, USA). The COX2fl/fl mice were provided by Harvey Herschman (Department of 376 

Biological Chemistry, University of California, Los Angeles, USA). The EP4 fl/fl mice were 377 

obtained from Brian L. Kelsall (Laboratory of Molecular Immunology, National Institutes of 378 
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Health, Bethesda, USA). The iDTRfl/fl mice and the transgenic LepR-Cre mice, which expressed 379 

Cre recombinase under the control of mouse leptin receptor promoter were purchased from the 380 

Jackson Laboratory (iDTRfl/fl stock No. LepR-Cre stock No. 008320). Heterozygous male Avil-Cre 381 

mice (female Avil-Cre mice were not used for breeding because of the risk of leakage of TrkA 382 

protein into the eggs) were crossed with a TrkAfl/fl, EP4fl/fl, or iDTRfl/fl mouse. The offspring were 383 

intercrossed to generate the following genotypes: wildtype (referred to as “WT” in the text), Avil-384 

Cre (Cre recombinase expressed driven by Advillin promoter), Avil-Cre::EP4fl/fl (conditional 385 

deletion of the EP4 receptor in Advillin lineage cells, referred to as “EP4Avil
–/–” in the text), Avil-386 

Cre::TrkAfl/fl (referred to as “TrkAAvil
–/–” in the text), and Avil-Cre::iDTRfl/+ (referred to as 387 

“iDTRAvil
+/–” in the text). To generate the inducible sensory denervation mouse model, we injected 388 

8-week-old iDTRAvil
+/– mice with 1 μg /kg diphtheria toxin (DTX) 3 times a week for 4 consecutive 389 

weeks. Heterozygous OCN-Cre mice were crossed with a COX2fl/fl mouse; the offspring were 390 

intercrossed to generate the following genotypes: WT, OCN-Cre, and OCN-Cre::COX2 fl/fl 391 

(referred to as “COX2OCN
–/–” in the text). Heterozygous OCN-cre mice were crossed with an EP4fl/fl 392 

mouse, and the offspring were intercrossed to generate the following genotypes: WT (referred to 393 

as EP4fl/fl) and OCN-cre:: EP4fl/fl (conditional deletion of EP4 receptor in osteocalcin lineage cells, 394 

referred to as “EP4OCN
–/–” in the text). LepR-cre;YFP mice were crossed by Leptin Receptor 395 

(LepR)-crewith Rosa26-YFP mice. The genotypes of the mice were measured by PCR analyses of 396 

genomic DNA, which was extracted from mouse tails within the following primers: Avil-Cre: 397 

forward: CCCTGTTCACTGTGAGTAGG, Reverse: GCGATCCCTGAACATGTCCATC, 398 

WT:AGTATCTGGTAGGTGCTTCCAG; OCN-Cre: forward: CAAATAGCCCTGGCAGATTC, 399 
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Reverse: TGATACAAGGGACATCTTCC; EP4 loxP allele forward: 400 

TCTGTGAAGCGAGTCCTTAGGCT, Reverse: CGCACTCTCTCTCTCCCAAGGAA；COX2 401 

loxP allele forward: AATTACTGCTGAAGCCCACC ，  Reverse: 402 

GAATCTCCTAGAACTGACTGG; TrkA loxP allele forward: 403 

AACAGTTTTGAGCATTTTCTATTGTTT, Reverse: 404 

CAAAGAAAACAGAAGAAAAATAATAC; iDTR loxP allele forward: 405 

GCGAAGAGTTTGTCCTCAACC, Reverse: AAAGTCGCTCTGAGTTGTTAT. All animals 406 

were maintained at the animal facility of The Johns Hopkins University School of Medicine. We 407 

all used male mice in our experiments. We obtained whole blood samples by cardiac puncture 408 

immediately after euthanasia. Serum was collected by centrifuge at 1500 rpm for 15 min and stored 409 

at −80℃ before analyses. Femurs, tibias, and urine of the mice were also collected. 410 

The drugs and compounds used in this study are as follows: diphtheria toxin (DTX, Sigma-411 

Aldrich, D0564), capsaicin (Sigma-Aldrich, M2028), propranolol (Sigma-Aldrich, 1576005), and 412 

SW033291 (Selleck, S7900). Dosages and time courses are noted in the corresponding text and 413 

figure legends. 414 

 415 

μCT Analyses 416 

The femurs were harvested from mice, and the soft tissue around the bone was removed, followed 417 

by fixation overnight using 4% paraformaldehyde. μCT analyses were performed by using a high-418 

resolution μCT scanner (SkyScan, 1174). The voltage of the scanning procedure was 65 kv with a 419 

153-μA current. The resolution was set to 8.7 μm per pixel. Reconstruction software (NRecon, 420 
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v1.6, SkyScan), data analysis software (CTAn, v1.9, SkyScan), and 3D model visualization 421 

software (CTVol, v2.0, SkyScan) were used to analyze the diaphyseal cortical bone and the 422 

metaphyseal trabecular bone parameters of the femurs. We created cross-sectional images of the 423 

femur to perform 2D analyses of cortical bone and 3D analyses of trabecular bone. The region of 424 

interest of the trabecular bone was drawn beginning from 5% of the femur length proximal to the 425 

distal metaphyseal growth plate and extending proximally for another 5% of the total femur length. 426 

The trabecular bone volume fraction (BV/TV), trabecular thickness (Tb. Th), trabecular number 427 

(Tb. N), and trabecular separation (Tb. Sp) were collected from the 3D analysis data and used to 428 

represent the trabecular bone parameters.  429 

 430 

OsO4 Staining and μCT Analysis 431 

The femurs were harvested from mice, fixed in 4% phosphate-buffered paraformaldehyde for 48 432 

hours, and decalcified for 2 weeks in 10% EDTA at 4°C. The proximal of femurs were cut off and 433 

discarded. We incubated the distal part of femurs in 2% aqueous osmium tetroxide (OsO4, Sigma-434 

Aldrich) for 2 hours in the fume hood. The femurs were rinsed in phosphate buffered saline (PBS) 435 

for 48 hours and then scanned using a high-resolution μCT scanner (Skyscan 1172, Bruker 436 

MicroCT) at 6-μm resolution using 45 kVp and 177 μA. Quantification of number of adipocytes 437 

(Ad.N) and adipocyte volume/ marrow volume (Ad.V/ Ma.V) was registered to decalcified bone 438 

as previously described (58,59). 439 

 440 

Histology, Immunohistochemistry and Immunofluorescence Assay 441 
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The femurs were collected and fixed in 4% paraformaldehyde overnight and decalcified by using 442 

10% EDTA (pH, 7.4) (Amresco, 0105) for 21 days. The samples were then dehydrated with 30% 443 

sucrose for 24 hours and embedded in paraffin or optimal cutting temperature compound (Sakura 444 

Finetek). We prepared 4-μm-thick coronal-oriented sections of the femur for Safranin-O/ fast green 445 

(SO/FG) and Masson Staining according to the manufacture’s protocols. Briefly, the sections were 446 

stained with Weigert iron hematoxylin for 5 mins, then counterstained with fast green for 3 mins, 447 

washed with 1% acetic acid, and stained in 0.1% SO, then the sections were dehydrated, cleared 448 

mounted, and visualized by light microscopy, the cartilage matrix proteoglycans stained red and 449 

bone compartments stained green coloration. For Masson staining, the sections were stained within 450 

Masson stain kit (Sigma-Aldrich, HT15), Cytoplasm and muscle fibers stained red and bone tissue 451 

displayed blue coloration. Thick sections were cut as described previously (42). Briefly, the femurs 452 

were fixed for 4 hours with 4% paraformaldehyde at 4°C and then decalcified at 4°C using 0.5 M 453 

EDTA (pH, 7.4) for 24 hours with constant shaking. The samples were dehydrated in 20% sucrose 454 

and 2% polyvinylpyrrolidone solution for 24 hours and embedded in 8% gelatin (Sigma-Aldrich, 455 

G1890) in the presence of 20% sucrose and 2% polyvinylpyrrolidone. Twenty and Forty-μm-thick 456 

coronal-oriented sections of the femurs were obtained, twenty μm thick sections for femur 457 

adipocytes and osteoblasts staining, Forty μm thick sections for femur sensory nerve staining.  458 

Immunostaining was performed using standard protocol. Briefly, the sections were 459 

incubated with primary antibodies to osteocalcin (Takara Bio, M173, 1:200), Perilipin (Sigma, 460 

P1873, 1:500), CGRP (Abcam, ab81887), GFP (Abcam, ab13970), TrkA (R&D System, AF1065) 461 

overnight at 4℃ . A horseradish peroxidase–streptavidin detection kit (Dako) was used in 462 
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immunohistochemical procedures to detect immuno-activity, followed by counterstaining with 463 

hematoxylin (Dako, S3309). Fluorescence-conjugated secondary antibodies were used in 464 

immunofluorescent procedures to detect fluorescent signals after counterstaining with DAPI 465 

(Vector, H-1200). We used a Zeiss LSM 780 confocal microscope or an Olympus BX51 466 

microscope for sample image capturing. A BrdU staining kit (Thermo Fisher Scientific, 8800-467 

6599-45) was used to perform the BrdU immunostaining procedure. Quantitative 468 

histomorphometric analysis was performed by using OsteoMeasure XP Software (OsteoMetric) in 469 

a blinded fashion. 470 

 471 

Flow Cytometry Assay 472 

Mice femurs were dissected and soft tissue of the femur was removed. We then crushed femurs 473 

with sterilized bone scissors, and the bone pieces were further digested within a 10-ml digesting 474 

buffer mixture of α-MEM containing 3 mg/ml collagenase I (Worthington), 4 mg/ml dispase 475 

(Sigma), and 1 U/ml DNase-I (Invitrogen) for 20 mins in a shaking water bath at 37℃. The 476 

suspension was passed through a 70-μm cell strainer to remove tissue fragments and then 477 

centrifuged at 300 g for 5 mins at 4℃. The pellet was resuspended in ACK lysing buffer (BD 478 

Bioscience) to exclude red blood cells and then centrifuged at 300 g for 5 mins at 4℃. The pellet 479 

was resuspended in 100 μl of staining buffer (Biolegend) and stained with antibodies for 30 mins 480 

at 4℃. The antibodies we used were as follows: Anti-CD31-Brilliant violet 421 (Biolegend, 481 

102424, 1:200), Anti-CD45-Brilliant violet 421 (Biolegend, 103134, 1:200), Anti-Ter119-Brilliant 482 

violet 421 (Biolegend, 116234, 1:200), Anti-mouse Sca-1 APC/CY7 (Biolegend, 108126, 1:200), 483 
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Anti-CD24-PE (eBioscience,clone 30-F1, 1920468), and Anti-mouse CD140a (eBioscience, 484 

135908). The dead cells were marked by using a fixable dead cell stain kit (Molecular Probes), 485 

and living cells were gated for lack of UV fluorescence. Before flow cytometry, cells were 486 

resuspended in staining buffer and analyzed on an LSR-II flow cytometer (BD Bioscience). 487 

 488 

CFU-F, CFU-OB and CFU-AD in vitro differentiation assays  489 

Bone marrow digestion and CFU-F, CFU-OB and CFU-AD assays of mouse bone marrow cells 490 

were based on previous described with customized (38,39). Briefly, For CFUs assays with 491 

unfractionated bone marrow cells, freshly isolated single cells suspension from 12-weeks old male 492 

mice’s femur were plated at a density of 5 × 104/cm2 in 6- well plates in DMEM (Gibco) with 15 % 493 

FBS (Gibco), 10 μmol/L Y-27632 (StemCell Technologies), and 1% penicillin/ streptomycin 494 

(Sigma-Aldrich), incubated at 37℃. For CFU-F assays with sorted cells, cells were sorted into cell 495 

culture at a density of 10 cells/cm2 in 6- well plates, ensuring that colonies would form at clonal 496 

density to allow counting, CFU-F colonies were counted with Crystal violet staining after 10 days 497 

of expended, we counted the colonies that contained 50 cells or more. For the in vitro osteoblast 498 

differentiation assays (CFU-OB), cells were seeded at a density of 5 × 103/cm2 and stained with 499 

Alizarin Red (Sigma-Aldrich) after 21 days cultured with osteogenic differentiation with 500 

STEMPRO Osteogenesis Differentiation Kits (Gibco). For in vitro adipocyte differentiation assays 501 

(CFU-AD), cells were seeded at a density of 1 × 104/cm2 and stained  with Oil Red (Sigma-502 

Aldrich) after 14 days cultured with adipogenic differentiation with STEMPRO adipogenesis 503 

Differentiation Kit (Gibco). 504 
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 505 

Quantitative Real-Time Polymerase Reaction Chain (qPCR) 506 

Total RNA was purified from cells in culture or tissues using TRIzol (Invitrogen, 15596026), 507 

following the manufacturer’s protocol. We performed qPCR using the Taq SYBR Green Power  508 

PCR Master Mix (Invitrogen, A25777) on a CFX Connect instrument (Bio-Rad); Gapdh 509 

amplification was used as an internal control. Dissociation curve analysis was performed for every 510 

experiment. Sequences of the primers used for each gene are listed: Pparg forward: 511 

ACCACTCGCATTCCTTTGAC, reverse: TGGGTCAGCTCTTGTGAATG. Cebpa forward: 512 

AAACAACGCAACGTGGAGA, reverse: GCGGTCATTGTCACTGGTC. Fabp4 forward: 513 

CATCAGCGTAAATGGGGATT, reverse: GTCGTCTGCGGTGATTTCAT. Alp forward: 514 

ATCTTTGGTCTGGCTCCCATG, reverse: TGAGCGACACGGACAAGAAGCCCTT. Col1a1 515 

forward: GACGCCATCAAGGTCTACTG, reverse: ACGGGAATCCATCGGTCA. Runx2: 516 

forward: TTACCTACACCCCGCCAGTC, reverse: TGCTGGTCTGGAAGGGTCC. 517 

 518 

In Vivo Incorporate BrdU Assay 519 

The BrdU assay was conducted as previously described (42). Briefly, mice were injected 520 

intraperitoneally with a single dose of 100 mg/kg BrdU/ (Sigma) diluted in sterilized PBS. The 521 

effect of BrdU labeling was maintained by giving BrdU via drinking water at a concentration of 522 

0.5 mg/ml. Drinking water was renewed every other day. For BrdU analysis in flow cytometry, we 523 

used an APC-BrdU flow kit (BD Bioscience) according to the manufacturer’s instructions. 524 

 525 
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Bone Regeneration and Fracture Models 526 

Mice underwent general anesthesia. The bone regeneration model was established as described 527 

previously (5). Briefly, a longitudinal incision was made on each knee to expose the femoral 528 

condyle by patella dislocation. Then, a hole was made at the intercondylar notch of the femur using 529 

a dental drill. A 0.6-mm-diameter Kirschner wire was placed from the proximal end of the femur 530 

to confirm marrow ablation by radiography. The dislocated patella was reposed, and the skin was 531 

sutured after removal of the Kirschner wire. Bone samples were harvested 7 days after bone 532 

marrow ablation, as described above. 533 

The bone fracture procedure was performed as described previously (51). Briefly, after 534 

mice were anesthetized, a stainless-steel pin was inserted into the intramedullary canal from the 535 

distal femur to stabilize the fracture region. The pin was fixed in place by a wedge that was made 536 

by bending the first 2 mm of a 30-gauge needle. Fracture was made by 3-point bending, and the 537 

surgery region was then sutured. The treated mice were transferred into cages when they recovered 538 

from surgery and were checked twice a day. The fractured femurs were harvested, and the pin was 539 

removed 2 weeks postoperatively. μCT, bone sectioning, and staining were further performed on 540 

these bone samples. 541 

 542 

Statistics 543 

All data analyses were performed using SPSS, version 15.0, software (IBM Corp.). Data 544 

are presented as means ± standard errors of the mean (SEM). For comparisons between 2 groups, 545 

we used 2-tailed Student t-tests. For comparisons among multiple groups, we used 1-way analysis 546 
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of variance. A P value less than 0.05 was deemed significant. All representative experiments have 547 

been repeated at least three times. All relevant data are available from the authors. 548 

      Method for Von Frey test, hot plate test, kidney transplantation, metabolic studies and 549 

ELISA assay were described in the supplemental materials. 550 

Study approval 551 

 All animal experiments were performed in accordance with NIH policies on the use of 552 

laboratory animals. All experimental protocols were approved by the Animal Care and Use 553 

Committee of The Johns Hopkins University. 554 
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Figure legends 687 

Figure 1. Sensory Nerve Denervation Induces Adipogenesis of MSCs at the Expense of 688 

Osteogenesis 689 

690 

(A–C) Representative micro–computed tomography (μCT) images of femurs from 1-month-old 691 

and 3-month-old male TrkAwt and TrkAAvil
–/– mice, the yellow line indicated the area where the 692 

cross-section images were captured (0.5 mm proximal from the growth plate). Quantitative 693 

analysis of trabecular bone fraction (Tb. BV/TV) and trabecular bone thickness (Tb.Th). Scale bar: 694 



 

32 

 

1 mm. (D–F) Representative μCT-detected osmium tetroxide (OsO4)–stained images of decalcified 695 

femurs and quantitative analysis of number of adipocytes (Ad.N) and adipocyte volume/ marrow 696 

volume (Ad.V/ Ma.V) in distal femurs from 3-month-old male TrkAwt and TrkAAvil
–/– mice. Scale 697 

bar: 500 μm. (G–I) Representative images of immunofluorescence staining and quantitative 698 

analysis of the perilipin (red), osteocalcin (green)femurs from 3-month-old male TrkAwt and 699 

TrkAAvil
–/– mice. Scale bar: 50 μm. N≥6 per group, *P<0.05 (Student t-test). 700 

 701 

 702 

 703 

 704 

 705 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 
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Figure 2. MSCs Derived from Sensory Nerve Absence Mice Shifted to Adipogenesis 716 

 717 

(A–D) Representative images of crystal violet–stained colony forming unit fibroblast (CFU-F), oil 718 

red O for adipocytes (CFU-AD), and alizarin red S (CFU-OB) for osteoblasts. Quantitative 719 

analysis of CFU-F, CFU-AD, and CFU-OB MSCs isolated from 3-month-old male TrkAwt and 720 

TrkAAvil
–/– mice. (E–H) Representative dot plot images of flow cytometry and quantitative analysis 721 

of CD45–CD31–Sca1+CD24– adipogenic progenitor cells (APCs), CD45–CD31–Sca1–PDGFRα+ 722 

(Pα+) osteogenic progenitor cells (OPCs), and CD45–CD31–Sca1+CD24+ mesenchymal stromal 723 

cells (MSCs) of live cells isolated from femurs of 3-month-old male TrkAwt and TrkAAvil
–/– mice. N724 

≥6 per group, *P<0.05 (Student t-test). 725 
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Figure 3. Loss of Sensory Nerve Potentiates Adipogenesis 726 

 727 

(A–C) Representative μCT-detected OsO4-stained images of decalcified femurs and quantitative 728 

analysis of number of adipocytes (Ad.N) and adipocyte volume/ marrow volume (Ad.V/ Ma.V) in 729 

distal femurs of 3-month-old male iDTRAvil
+/– mice injected with 1ug per kg per day vehicle or 730 

diphtheria toxin (DTX) 3 time a week for four consecutive weeks. Scale bar: 500 μm. (D–G) 731 

Representative dot plot images of flow cytometry and quantitative analysis of CD45–CD31–732 

Sca1+CD24–APCs, CD45–CD31–Sca1–PDGFRα+ (Pα+) OPCs, and CD45–CD31–Sca1+CD24+ 733 

MSCs of live cells isolated from femurs of 3-month-old iDTRAvil
+/– mice injected with vehicle or 734 
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DTX for 4 weeks. (H–J) Representative images of immunofluorescence staining and quantitative 735 

analysis of the perilipin (red), osteocalcin (green)in femurs from 3-month-old male iDTRAvil
+/– 736 

mice injected with vehicle or DTX for 4 weeks. Scale bar: 50 μm. N≥6 per group, *P<0.05 737 

(Student t-test). 738 

 739 

 740 

 741 

 742 

 743 

 744 

 745 

 746 

 747 

 748 

 749 

 750 

 751 

 752 
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 754 

 755 
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Figure 4. Deletion of the EP4 Receptor in Sensory Nerve Promotes Adipogenesis and Inhibits 756 

Osteogenesis 757 

 758 

(A–C) Representative μCT images of femurs from 1-month-old and 3-month-old male EP4wt and 759 

EP4Avil
–/– mice, the yellow line indicated the area where the cross-section images were captured 760 
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(0.5 mm proximal from the growth plate). Quantitative analysis of trabecular bone fraction (Tb. 761 

BV/TV) and trabecular bone thickness (Tb.Th). Scale bar: 1 mm. (D–F) Representative μCT-762 

detected OsO4-stained images of decalcified femurs and quantitative analysis of number of 763 

adipocytes (Ad.N) and adipocyte volume/ marrow volume (Ad.V/ Ma.V) in distal femurs from 3-764 

month-old male EP4wt and EP4Avil
–/– mice. Scale bar: 500 μm. (G–I) Immunohistochemical 765 

staining of perilipin (red), osteocalcin (green)in femurs from 3-month-old male EP4wt and EP4Avil
–766 

/– mice treated with SW033291 (10 mg per kg per day) and vehicle, respectively, for 1 month. 767 

Quantitative analysis of the density of perilipin and osteocalcin in femurs from 3-month-old male 768 

EP4wt and EP4Avil
–/– mice treated with SW033291 and vehicle, respectively, for 1 month. Scale bar: 769 

50 μm. (J–M) Representative images of crystal violet–stained CFU-F, oil red O for adipocytes 770 

(CFU-AD), and alizarin red S for osteoblasts (CFU-OB). Quantitative analysis of CFU-F, CFU-771 

AD, and CFU-OB MSCs isolated from 3-month-old male EP4wt and EP4Avil
–/– mice. (N-Q) 772 

Representative dot plot images of flow cytometry and quantitative analysis of CD45–CD31–773 

Sca1+CD24– APCs, CD45–CD31–Sca1–Pα+ OPCs, and CD45–CD31–Sca1+CD24+ MSCs of live 774 

cells isolated from femurs of 3-month-old male EP4wt and EP4Avil
–/– mice. N≥6 per group, 775 

*P<0.05 (Student t-test).776 

777 

778 

779 

780 

781 
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Figure 5. PGE2 Derived from Osteoblasts Regulates the Differentiation of MSCs through 782 

EP4 in Sensory Nerve 783 

 784 

(A–C) Representative μCT images of femurs from 1-month-old and 3-month-old male COX2wt 785 
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and COX2OCN
–/– mice, the yellow line indicated the area where the cross-section images were 786 

captured (0.5 mm proximal from the growth plate). Quantitative analysis of trabecular bone 787 

fraction (Tb. BV/TV) and trabecular bone thickness (Tb.Th). Scale bar: 1 mm. (D–F) 788 

Representative μCT-detected OsO4-stained images of decalcified femurs and quantitative analysis 789 

of number of adipocytes (Ad.N) and adipocyte volume/ marrow volume (Ad.V/ Ma.V) in distal 790 

femurs of 3-month-old male EP4wt and EP4Avil
–/– mice. Scale bar: 500 μm. (G–I) Representative 791 

images of immunohistochemical staining of perilipin (red), osteocalcin (green)in femurs of 3-792 

month-old male COX2wt and COX2OCN
–/– mice treated with SW033291 (10 mg per kg per day) and 793 

vehicle, respectively, for 1 month. Quantitative analysis of density of perilipin and osteocalcin in 794 

femurs of 3-month-old male COX2wt and COX2OCN
–/– mice treated with SW033291 and vehicle, 795 

respectively, for 1 month. Scale bar: 50 μm. (J–M) Representative images of crystal violet–stained 796 

CFU-F, oil red O for adipocytes (CFU-AD), and alizarin Red S for osteoblasts (CFU-OB). 797 

Quantitative analysis of CFU-F, CFU-AD, and CFU-OB MSCs isolated from 3-month-old male 798 

COX2wt and COX2OCN
–/– mice. (N-Q) Representative dot plot images of flow cytometry and 799 

quantitative analysis of CD45–CD31–Sca1+CD24– APCs, CD45–CD31–Sca1–PDGFRα+ (Pα+) 800 

OPCs, and CD45–CD31–Sca1+CD24+ MSCs of live cells isolated from femurs of 3-month-old 801 

male COX2wt and COX2OCN
–/– mice. N≥6 per group, *P<0.05 (Student t-test for B, C, E, F, K-L 802 

and O-Q; two way ANOVA for H and I). 803 

 804 

 805 

 806 
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Figure 6. Capsaicin Induced Sensory Nerve Denervation Promote Adipogenesis And Inhibit 807 

Osteogenesis 808 

 809 

(A–C) Representative μCT images and quantitative analysis of trabecular bone fraction (Tb. 810 

BV/TV) and trabecular bone thickness (Tb.Th) of femurs from 3-month-old male LepR-cre;YFP 811 

mice injected with capsaicin (30 mg/kg per day) or vehicle for 1 week and euthanized after another 812 

2 weeks, the yellow line indicated the area where the cross-section images were captured (0.5 mm 813 

proximal from the growth plate). Scale bar: 1 mm. (D–F) Representative μCT-detected OsO4-814 

stained images of decalcified femurs and quantitative analysis of number of adipocytes (Ad.N) 815 

and adipocyte volume/ marrow volume (Ad.V/ Ma.V) in distal femurs of 3-month-old male LepR-816 

cre;YFP mice injected with capsaicin or vehicle for 1 week and euthanized after another 2 weeks. 817 

Scale bar: 500 μm. (G–I) Representative images of immunohistochemical staining of perilipin 818 
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(red), osteocalcin (green in femurs of 3-month-old male LepR-cre;YFP mice injected with 819 

capsaicin or vehicle for 1 week and euthanized after another 2 weeks. Scale bar: 50 μm. N≥6 per 820 

group, *P<0.05 (Student t-test). 821 
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Figure 7. LepR+ MSCs are the Major Source of Increased Adipocytes that are Regulated by 840 

PGE2-EP4-Sensory Nerve Axis 841 

 842 

(A-B) Representative images of immunofluorescence staining and quantitative analysis of the 843 

CGRP+ sensory nerves (green) in the distal femurs of 3-month-old male LepR-cre;YFP mice 844 

injected with capsaicin or vehicle for 1 week and euthanized after another 2 weeks, (Subchondral 845 

bone, SB; bone marrow, BM). Scale bar: 100 μm. (C) Representative images of 846 

immunofluorescence staining of co-localization of perilipin (red) and YFP (Representing LepR+ 847 

cells) (green) in femurs bone marrow from 3-month old LepR-cre;YFP mice treated with capsaicin 848 

(30 mg per kg per day for 1 week), SW033291 (10 mg per kg per day for 1 month), or propranolol 849 
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(0.5 mg per kg per day for 6 weeks), and (D) quantitative analysis of YFP+ adipocytes for each of 850 

the group (marrow adipocytes were labeled by white arrow). Scale bar: 50 μm. N≥6 per group, 851 

*P<0.05 (Student t-test for B, two way ANOVA for D). 852 
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Figure 8. Impairment of EP4 Sensory Nerve Promotes Adipogenesis and Attenuates Bone 871 

Regeneration 872 

 873 

(A-B) Representative μCT images of bone regeneration after femoral bone marrow ablation in 3-874 

month-old male LepR-cre;YFP mice treated with capsaicin (30 mg/kg per day) or vehicle 7 days 875 
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after bone marrow ablation. Scale bar: 1 mm. Selected areas for the measurements of BV/TV are 876 

indicated with a yellow square. (C) Representative SO/FG and Masson staining (red, muscle and 877 

cytoplasm; blue, bone) images in the regeneration area in 3-month-old male LepR-cre;YFP mice 878 

treated with capsaicin or vehicle 7 days after bone marrow ablation, red area represents as cartilage 879 

and green area represents as woven bone area in SO/FG staining, Scale bar: 100 μm. (D-F) 880 

Representative images and analysis of perilipin (red), osteocalcin (green) staining in the 881 

regeneration area from capsaicin treated group or controls. Scale bar: 50 μm. (G-H) Representative 882 

images of immunofluorescence staining of co-localization of perilipin (red) and YFP (representing 883 

LepR+ cells) (green), and quantitative analysis density of YFP+ adipocytes in the regeneration area 884 

from capsaicin treated group or controls. Scale bar: 100 μm. (I-J) Representative μCT images of 885 

bone regeneration after femoral bone marrow ablation in 3-month-old male EP4wt and EP4Avil
–/– 886 

mice treated with 10 mg per kg per day SW033291 or vehicle respectively 7 days after bone 887 

marrow ablation. Scale bar: 1 mm. Selected areas for the measurements of BV/TV are indicated 888 

with a yellow square. (K-M) Immunohistochemical staining and quantitative analysis of perilipin 889 

(red), osteocalcin (green) in the regeneration area from 3-month-old male EP4wt and EP4Avil
–/– mice 890 

treated with 10 mg per kg per day SW033291 or vehicle. Scale bar: 50 μm. N≥6 per group, 891 

*P<0.05 (Student t-test for B, E-F and H; two way ANOVA for J, L and M). 892 

 893 

 894 

 895 

 896 
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Figure 9. Sensory Nerve Denervation Impaired Bone Fracture Healing 897 

 898 

(A-C) Representative μCT images and quantitative analysis of BV/TV and Tb.Th of fracture 899 

healing area in 3-month-old male LepR-cre;YFP mice treated with capsaicin (30 mg/kg per day) 900 

or vehicle after bone fracture model created for 2 weeks. Scale bar: 1 mm. (D) Representative 901 

SO/FG (red, cartilage; green, bone) and Masson staining (red, muscle and cytoplasm; blue, bone) 902 

images in the fracture healing area in capsaicin treated group and control group. Scale bar: 100 903 

μm. (E-G) Representative images of immunohistochemical staining and quantitative analysis of 904 

density of perilipin (red), osteocalcin (green) in fracture healing area in capsaicin treated group 905 
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and controls. Scale bar: 50 μm. (H-I) Representative images of immunofluorescence staining of 906 

co-localization of perilipin (red) and YFP (representing LepR+ cells) (green), and quantitative 907 

analysis of the density of YFP+ adipocytes in fracture healing area in capsaicin treated group and 908 

controls. Scale bar: 50 μm. N≥5 per group, *P<0.05 (Student t-test). 909 
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Figure 10. Impairment of EP4 Sensory Nerve Interrupts Bone Fracture Healing 927 

 928 

(A-E) Representative μCT images and quantitative analysis of BV/TV, Tb.Th, trabecular number 929 

(Tb.N) and trabecular separation (Tb.Sp) of bone fracture healing area in 3-month-old male EP4wt 930 

and EP4Avil
–/– mice treated with 10 mg per kg per day SW033291 and vehicle, respectively, after 931 
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bone fracture model created for 2 weeks. Scale bar: 2 mm. (F) Representative images SO/FG and 932 

Masson staining images in fracture healing area, and (G-I) immunohistochemical staining and 933 

quantitative analysis of perilipin (red), osteocalcin (green) in fracture healing area in 3-month-old 934 

male EP4wt and EP4Avil
–/– mice treated with SW033291 or vehicle respectively after bone fracture 935 

model created for 2 weeks. Scale bar: 50 μm. N≥5 per group, *P<0.05 (two way ANOVA). 936 
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