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Abstract 39 

Background 40 

Given the afferent functions, sensors have been found exerting efferent 41 

influences and directly alter organ physiology1. sensory nerves have been 42 

found critical in osteoclasts and bone resorption2, 3, 4, 5. However, the direct 43 

evidence of whether sensory nerve efferent influences osteoclast, remains 44 

lacking.  45 

Methods 46 

We treated mice with resiniferatoxin (RTX) or complete Freund’s adjuvant 47 

(CFA) to induce sensory hypersensitivity. Bone histomorphometry including 48 

micro-ct, three-point bending assay, von kossa staining, calcein double 49 

labeling, toluidine blue staining, and trap staining were performed to monitor 50 

bone quality and bone cells. Multiple virus vectors were applied to trace 51 

signals between sensory nerves and osteoclasts. Sensory neurons (SN) and 52 

osteoclasts were cocultured to study the effects and mechanisms of the sensory 53 

nerves on osteoclasts in vitro. Isobaric tag for relative and absolute 54 

quantitation (iTRAQ) was used to identify secreted proteins in the sensory 55 

nerve.  56 

Results 57 

Here, we found sensory hypersensitivity significantly increased osteoclast 58 

bone resorption; SN directly promote osteoclastogenesis in vitro; and abundant 59 

sensory efferent signals transported into osteoclasts. Then our screening 60 

identified a novel neuropeptide Peptidyl-prolyl cis-trans isomerase D (Cyp40), 61 

is the reverse signal from the sensory nerve and plays a critical role for 62 

osteoclastogenesis, via aryl hydrocarbon receptor (AhR)-Ras/Raf-pErk-63 

NFATc1 pathway. The efferent signals from sensory nerves tend to involves 64 

in the rapid feedback process: vast majority of sensory efferent signals 65 

(87.28%) present in fast-twitch myofibers. 66 

Conclusion 67 

This study revealed a novel mechanism of sensory nerves on osteoclasts: the 68 

direct promotion of osteoclastogenesis by the Cyp40. This mechanism may 69 

represent a direct, and quick response of sensory nerves to the changes in 70 

bone. Targeting the Cyp40 could therefore be a strategy to promote bone 71 

repair at the early stage of bone injury. 72 

 73 
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Background 78 

In the tissues that are closely contacted with the external environment, such 79 

as skin, lung and gut, sensory nerves detect damaging stimuli, and can 80 

regulate the ensuing immune response by releasing neuropeptides seceretion6, 
81 

7, 8. However, other than the perception of pain, the role of sensory endings in 82 

the deep tissue such as the bone is not well understood. 83 

Bones are innervated by a prolific network of neurochannels, around 77% of 84 

which consisted of sensory endings9. In bone, sensory endings closely 85 

contact with osteoblasts10, or osteoclasts11. Multiple studies have found 86 

sensory nerves have a direct effect on osteoblasts and bone formation12, 13, 14. 87 

A novel direct mechanism by which sensory nerves regulates HSC 88 

mobilization in bone marrow was also found recently9, 15. Sensory nerves are 89 

critical in osteoclastogenesis, since patients with hereditary sensory 90 

neuropathy were reported to have no osteoclasts in the areas of severely 91 

degenerated sensory nerves16. There were also studies working on sensory 92 

neuropeptides, such as calcitonin gene related peptide (CGRP), and substance 93 

P (SP), influences on osteoclasts and bone resorption3, 17. However, the direct 94 

evidence of whether sensory nerve efferent influences osteoclast, remains 95 

lacking. 96 

To distinguish these possibilities, we treated mice with RTX or CFA to 97 

induce sensory hypersensitivity; applied multiple virus vectors to trace 98 

signals between sensory nerves and osteoclasts; as well as in vitro 99 

experiments to study the effects and mechanisms of the sensory nerves on 100 

osteoclasts. 101 

 102 

 103 

Materials and Methods 104 

Animals and drug administration.  105 

Sprague-Dawley (SD) rats and Balb/c mice were obtained from the 106 

Experimental Animal Center of Air Force Medical University. GFP+ SD rats 107 

were purchased from Xing Ming Biomedical Technology Co., Ltd. (Shanghai, 108 

China). All animal procedures were approved by the Committee for the Care 109 

and Use of Laboratory Animals of Air Force Medical University and were 110 

performed in an authorized animal care facility.  111 

RTX   Three RTX (VIRTUE-CLARA, VTY25831) escalating doses (10 μg 112 

kg−1, 20 μg kg−1 and 30 μg kg−1) were injected subcutaneously into 4-week-113 

old C57BL/6J mice on 3 consecutive days. Control littermates were injected 114 

with vehicle solution on the same days. 115 



CFA   Rats were received intraplantar injections (i.pl.) of CFA (Sigma) or 116 

saline with the volume of 100μl. 117 

 118 

Cells 119 

BMSCs, BMMCs, and GFP+ BMMCs 120 

BMSCs 18, BMMCs and GFP+ BMMCs were isolated from the femur bone 121 

marrow of 2-week-old WT and GFP+ SD rats as previously published.  122 

Sensory neurons  123 

SN were obtained from embryonic day 15 (E15) Sprague Dawley rat embryos 124 

using a published procedure19. Briefly, embryos were extracted from the 125 

uterine horns of pregnant rats. The spinal cords of the embryos were harvested 126 

to collect DRGs attached to the sides of the cord. The DRG explants were 127 

dissociated using 0.25% trypsin and purified by culturing the cells in media 128 

containing 10 µM 5-fluoro-2-deoxyuridine (FdUrd) and 10 µM uridine for 48 129 

h to obtain SN. 130 

 131 

Lentiviral and plasmid vectors  132 

SN were transfected with overexpression plasmids or infected with lentiviral 133 

knockdown vectors, as previously described20. To overexpress Cyp40, SN 134 

were transfected with the pEGFP-N1 plasmid (Fig. S5) containing the gene 135 

that encodes Cyp40 (PPID; lv-Cyp40). The primer sequences used to detect 136 

lv-Cyp40 were: 5'-CGCAAATGGGCGGTAGGCGTG-3' and 5'-137 

CGTCGCCGTCCAGCTCGACCAG-3'. To knockdown Cyp40 and 138 

macrophage inhibitory factor (Mif), SN were infected with lentiviral vectors 139 

(GV298, U6-MCS-Ubiquitin-Cherry-IRES-puromycin) targeting Cyp40 140 

(shCyp40) or Mif (shmif). The shCyp40 target sequence was 141 

CCTGCTAAAGGCTGTGATCAA and the shMif target sequence was 142 

CCTGCACAGCATCGGCAAGAT. For AhR knock down. AhRsiRNA 143 

(directed against rat AhR mRNA sequence [gi:6978474] from position 3291 to 144 

3309): CGUUAGAUGUUCCUCUGUGTT (sense), and 145 

CACAGAGGAACAUCUAACGTT (antisense); with lentiviral vectors rLV-146 

U6-shRNA（AhR）-CMV-mCherry-2a-Puromycin. 147 

For signal tracing from sensory nerve to bone in vivo, 4 μl AAV2-EGFP/Retro 148 

(Obio Technology, AOV022 pAAV-CMV-EGFP-3xFLAG-WPRE) was 149 



injected into the tibia for retrograde signal tracing (Retro); 1E+12v.g. PHP.S-150 

EGFP (Obio Technology, AG26973, pAAV-hSyn-hChR2(H134R)-EYFP) 151 

was injected into the tail vein for the detection of signals from peripheral 152 

nerves to cells; 700 nl VSV-EGFP (BrainVTA, v01001) were injected into the 153 

L3/L4 DRG. 154 

 155 

Trap staining  156 

To detect osteoclast differentiation in vitro, BMMCs were seeded into new 157 

dishes at 5.0 × 104 cells/mL. The cells were then co-cultured with SN or 158 

modified SN in which Cyp40 or Mif had been overexpressed or knocked 159 

down. Cells with no intervention (control group) or the cells that had been 160 

treated with saphenous nerve homogenate, recombinant Cyp40 or recombinant 161 

Mif were used. Cells were cultured in media containing M-CSF (25 ng/mL, 162 

Peprotech) for 3 days. Then different medium containing M-CSF (25 ng/mL) 163 

and RANKL (100 ng/mL, Peprotech) used, accompanied by treatments (co-164 

culture, sensory nerve homogenate, recombinant proteins) for another 3 days. 165 

On day 6, cells were fixed and stained for tartrate-resistant acid phosphatase 166 

(Trap) using the leukocyte acid phosphatase kit (Sigma). Trap+ osteoclasts 167 

with more than three nuclei were quantified using ImageJ software. 168 

 169 

Osteoclast resorption activity 170 

Briefly, labeled FACS to CaP-coated plates, BMMCs cells were seeded into 171 

the coated plates in phenol red-free α-MEM containing 25 ng/mL M-CSF for 3 172 

days. Then different medium containing M-CSF and 150 ng/mL RANKL 173 

used, followed by treatments (co-culture, sensory nerve homogenate, 174 

recombinant proteins; see grouping strategy in Trap staining) for another 6 175 

days. On day 9, 100 µL of the conditioned medium from each well was 176 

transferred to a new plate to measure resorbing activity using the bone 177 

resorption assay kit (Cosmobio). Fluorescence intensity was measured at an 178 

excitation wavelength of 485 nm and emission wavelength of 535 nm.  179 

 180 

Quantitative real-time polymerase reaction chain (qPCR) 181 

Total RNA was purified from cells using TRIzol (Invitrogen, 15596026), 182 

reverse-transcribed using Prime Script TM RT Master Mix (TaKaRa, Japan) 183 

and subjected to qPCR using Taq SYBR Green Power PCR Master Mix 184 

(Invitrogen, A25777) on a CFX96TM real-time system (Bio-Rad). Gapdh was 185 



used as an internal control. The primer sequences were: Mmp9 forward: 186 

CGTCGTGATCCCCACTTACT and reverse: 187 

AACACACAGGGTTTGCCTTC; Ctsk forward: 188 

CAGTCCACAAGATTCTGGGG and reverse: 189 

GGTTCCTGTTGGGCTTTCAG and Gapdh forward: 190 

ATGTGTCCGTCGTGGATCTGA and reverse: 191 

ATGCCTGCTTCACCACCTTCTT. 192 

 193 

Immunofluorescent staining 194 

Femur specimens were dehydrated in 30% sucrose and 10% gum Arabic for 3 195 

days at 4 °C, embedded in optimal cutting temperature compound. Then, 10 196 

μm-thick sections were prepared. Immunofluorescent staining was performed 197 

according to standard protocols. Briefly, sections were permeabilized in 0.2% 198 

Triton X-100 (Sigma), nonspecific binding was blocked in 10% donkey serum 199 

(Solarbio), and sections were incubated with primary antibodies against rat 200 

vWF (ab6994, Abcam, 1:200), TRAP (ab2391, Abcam, 1:200), βIII-tubulin 201 

(ab18207, Abcam, 1:2000), NF-H (ab8135, Abcam, 1:1000), CYP40 (12716-202 

1-AP, Proteintech, 1:100), MIF (ab7202, Abcam, 1:250), CFL2 (sc-166958, 203 

Santa Cruz, 1:200), TPPP3 (sc-244483, Santa Cruz, 1:200), AHR (17840-1-204 

AP, Proteintech, 1:100),,TRPV1 (sc-398417, Santa Cruz, 1:200), Ctsk (sc-205 

48353, Santa Cruz, 1:100), Osx (ab209484, abcam, 1:1000), CD45 (NB100-206 

77417SS, Novus, 1:100) , or Mtsn (sc-13122, Santa Cruz, 1:100) overnight at 207 

4 °C. Fluorescent-conjugated secondary antibodies were used to detect 208 

fluorescent signals, followed by counterstaining with Hoechst 33342 (Sigma 209 

Aldrich, 1000×). Images of the center field of view were captured for each 210 

independent sample using a confocal microscope (A1R, Nikon) and 211 

immunofluorescent staining intensity was quantified using Image J software. 212 

 213 

Western blotting 214 

Western blots were performed according to standard protocols. The primary 215 

antibodies were rat CYP40 (12716-1-AP, Proteintech, 1:500), RAS (ab52939, 216 

Abcam, 1:5000), C-RAF (ab50858, Abcam, 1:1000), ERK (ab17942, Abcam, 217 

1:1000), P-ERK (ab201015, Abcam, 1:1000), MIF (ab7202, Abcam, 1:2000), 218 

AHR (17840-1-AP, Proteintech, 1:500), CYP1A1 (13241-1-AP, Proteintech, 219 

1:500), eGFP (CAB4211, Invitrogen, 1:200), CD9 (ab92726, Abcam, 1:2000), 220 

GAPDH (ab9485, Abcam, 1:2500) and β-actin (ab8226, Abcam, 1:1000).  221 

 222 



iTRAQ 223 

Saphenous nerves from 300 Balb/c mice were randomly divided into 2 groups 224 

(150 mice/group). The samples in the first group were rinsed to wash away 225 

most axoplasmic proteins (Y1). The samples in the other group were untreated 226 

(Y2). More abundant components in the Y2 group were considered 227 

axoplasmic proteins. iTRAQ targeting sensory nerves were performed by 228 

Beijing Genomics institution as published before.21 Proteins from each sample 229 

were labeled with iTRAQ reagent (Applied Biosystems) as follows: sample 230 

Y1 - 119 tags, Sample Y2 - 121 tags. Proteins with P-values < 0.05 and fold 231 

changes > 1.2 between groups were considered differentially expressed 232 

proteins. 233 

Alteration of differentially secreted proteins after CFA treatment were also 234 

detected by iTRAQ,. 20 SD rats were injected with CFA, and randomly 235 

divided into 2 groups (10 rats/group): untreated group (CFA-whole), and the 236 

group which has been rinsed to wash away most axoplasmic proteins (CFA-237 

structure). Control littermates (20 SD rats) were injected with saline on the 238 

same day; and were grouped in the same way: 10 rats/group, Ctrl-whole and 239 

Ctrl-Structure. 240 

 241 

Immunoelectron Microscopy (IEM)  242 

Femurs seeded with BMMCs were isolated co-cultured with SN transfected 243 

with plasmids containing EGFP-tagged Cyp40. M-CSF was added to the 244 

media for the first 24 h to induce BMMC attachment. M-CSF and RANKL 245 

were then added to the media to induce differentiation of BMMCs into 246 

osteoclasts for 5 days. The osteoclast-bone composite were fixed in 4% 247 

paraformaldehyde and 0.05% glutaraldehyde for 24 h and decalcified in 10% 248 

EDTA for 4 weeks and sectioned using a vibratome (VT1000S, Leica) at 45 249 

μm. Sections were washed 30 times with 0.01 M PBS to remove fixative, 250 

blocked in 5% BSA and 0.05% Triton for 3 h, washed 15 times with PBS, 251 

incubated with primary antibody against Cyp40 (12716-1-AP, Proteintech, 252 

1:100) or EGFP (ab6556, Abcam, 1:1000) diluted in 1% BSA and 0.05% 253 

Triton X for 24 h at room temperature, and washed 30 times with PBS. The 254 

sections were incubated with 1.4 nm nanogold-IgG goat anti-rabbit IgG 255 

antibody (#2003-1, Nanoprobes, 1:100) diluted in 1% BSA and 0.05% Triton 256 

for 4 h at room temperature, washed 35 times with PBS, fixed in 20 mL/L 257 

glutaraldehyde for 20 min, and then washed 30 times in PBS and then 258 

deionized water. Sections were incubated in HQ Silver Enhancement Kit 259 

(#2012-45, Nanoprobes) for 15 min in the dark to enhance sensitivity. The 260 

reaction was stopped in cold deionized water. Sections were then washed 30 261 

times in cold deionized water, washed 30 times in phosphate buffer (PB), 262 



fixed in 5 mL/L citric acid for 1.5 h, washed with PB. The washed sections 263 

were dehydrated in ethanol gradient from 300 mL/L to 1000 mL/L immersed 264 

in acetone: Epon812 (1:1) for 45 min, immersed in Epon812 for 12 h, and then 265 

flat embedded and polymerized at 60 ℃ for 24 h. Ultrathin sections were then 266 

obtained using an ultramicrotome (EM UC6, Leica) and stained with uranyl 267 

acetate and lead citrate. Transmission electron microscope images were 268 

captured and analyzed using a JEM-1230 (JEOL) with Gatan Digital 269 

Micrograph 3.9.  270 

 271 

Exosomes 272 

Medium was collected from the co-culture system and centrifuged at 500 g for 273 

5 min to remove cellular components. This was followed by 2000 g 274 

centrifugation for 10 min to remove cellular debris, and another centrifugation 275 

at 10,000 g for 30 min to remove large particle particles. The supernatant was 276 

filtered through a 0.22 µm filter, centrifuged at 100,000 g for 70 min, and the 277 

(non-exosomal) supernatant was collected (MS). The exosomes in the pellet 278 

were resuspended in PBS and transferred to a new centrifuge tube.  279 

 280 

Co-immunoprecipitation 281 

The cells were lysed in IP lysis buffer (Thermo Scientific, #87787) for 1 hour, 282 

incubated with PureProteome Protein A or Protein G Magnetic Beads 283 

(Millipore, #LSKMAGA02) and antibodies against AHR (17840-1-AP, 284 

Proteintech, 1:50) and EGFP (ab6556, Abcam, 1:100) at 4 °C overnight. The 285 

immunoprecipitates were subjected to immunoblotting.  286 

 287 

Three-point bending tests 288 

To measure the bone strength of the femurs, the BOSE Electroforce (3220) 289 

was used to perform the three-point bending test. Place the femur specimen 290 

steadily on the bending jig so that the short axis of the femur is consistent with 291 

the direction of the force. The span of the two fulcrums is 8mm, the preload is 292 

0.5N, and the loading speed is 0.02mm/s, The route is 2mm, and the test is 293 

terminated after the specimen is destroyed. The biomechanical measurement 294 

data were collected from the load-deformation curves. The maximum load (N) 295 

was recorded. 296 

 297 



Biochemical parameters 298 

Detection of biochemical parameters in serum were performed by automatic 299 

biochemical analyzer (MS-480) and matching kits; including total inorganic 300 

phosphate (P, 201SJTZ306), cholesterol (TCH, 201SJTZ202), triglycerides 301 

(TG, 201SJTZ201), Glucose (Gluhk, 201SJTZ108), creatine kinase (CK, 302 

201SJTZ006), Urea Nitrogen (Urea, 201SJTZ106), Creatinine (CR, 303 

201SJTZ105), and Uric acid (UA, 201SJTZ107). 304 

 305 

Results 306 

Sensory hypersensitivity induces osteopenia in mice 307 

To investigate whether sensory nerve exert efferent influences on bone 308 

homeostasis, RTX were injected in mice to induce sensory hypersensitivity 309 

(Fig 1a). Microcomputed tomography (μCT) analysis of tibia revealed that 310 

key parameters, including bone volume/tissue volume fraction (BV/TV), 311 

trabecular number (Tb.N), trabecular separation (Tb.Sp), and bone mineral 312 

density (BMD), were significantly altered in sensory hypersensitivity mice 313 

compared with their control littermates (Fig 1b). However, trabecular 314 

thickness (Tb.Th), trabecular bone surface/bone volume (Tb.BS/BV), and all 315 

key parameters in cortical bone were not significantly altered (Fig.S1a). 316 

Three-Point Bending Test also showed the decrease of bone quality (Fig 1c). 317 

Serum biochemical analyses showed a dramatic reduction of serum inorganic 318 

phosphorus (P, Fig. 1d). Since the serum P abnormal were always induced by 319 

renal dysfunction, we tested serum biochemical makers (Fig.S1c) related to 320 

renal function, and found all serum renal markers were not changed in RTX 321 

mice. Our results above have hinted the efferent influence of sensory nerve 322 

on bone homeostasis. 323 

Von Kossa staining showed decreased osteoid in RTX treat mice (Fig 1e). 324 

Calcine double labeling confirmed the reduced bone formation and mineral 325 

apposition rate (Fig 1f). Toluidine blue staining showed decreased osteoblast 326 

function and bone formation in RTX mice (Fig 1g). Accordingly, the serum 327 

level of procollagen type N-terminalpropeptide (P1NP, Fig 1h) was 328 

significantly decreased. All these were consistent with our published before, 329 

that is sensory nerve exert direct efferent regulation on bone marrow stem 330 

cells (BMSC) differentiation14. Then we found the serum levels of collagen 331 

type I cross-linked C-telopeptide (CTX), an osteoclast bone resorption 332 

marker, were significantly elevated in RTX treated mice compared with 333 

control littermates (Fig 1h). 334 

In order to further dissect the mechanism of sensory nerve action, we purified 335 

sensory neuron (SN) from the dorsal root ganglion (DRG, Fig. S1.d). The SN 336 

were isolated co-cultured with osteoclasts such that direct cell contacts were 337 

avoided (Fig. 1.i). The presence of SN significantly increased the number of 338 



osteoclasts (Fig 1j), osteoclast resorption activity (Fig 1 k), and resorption 339 

related genes (Fig 1 l). The results above have hinted the direct promotion of 340 

sensory nerve on osteoclastogenesis. 341 

 342 

Abundant signals in sensory nerves efferent transported into cells in 343 

bone 344 

Reverse signal from sensory nerve to bone has been suggested but was not 345 

generally accepted1. In this study we applied engineered virus vectors, 346 

including adeno-associated virus (AAV), and vesicular stomatitis virus 347 

(VSV) to trace signals between sensory nerve and bone cells. 348 

Firstly, we injected AAV2-EGFP/Retro in bone to trace if the vectors from 349 

bone trace the signal specifically, instead contaminate cells broadly. AAV2-350 

EGFP/Retro, engineered by in vivo directed evolution, permits retrograde 351 

access to projection neurons22, 23. We used AAV2-EGFP/Retro retrograde 352 

tracing in mice and found that sensory endings received direct inputs from in 353 

bone, the EGFP indicator specifically distributed in the outer circle and 354 

dotted in the central part of the DRG (Fig 2a, b), indicating that the viral 355 

vector can track the signal between the sensory nerve and the peripheral 356 

organs. 357 

Also, we injected anterograde VSV-EGFP locally into DRG (Fig 2c, and Fig 358 

S.2a). VSV were designed to specifically infected neurons, and for 359 

anterograde transsynaptic tracing24. Abundant signals were found in 360 

osteoclasts (cathepsin K , Ctsk+), osteoblastic cells (osterix, Osx+), and 361 

leukocytes (cluster of differentiation 45, CD45+) in bone (Fig 2d). In all bone 362 

cells, signals from sensory nerves are concentrated in the cytoplasm, and only 363 

a small amount is transported into the nucleus (Fig 2 e, f). Many proteins in 364 

the nucleus are transcription factors which enter the nucleus and rebind to the 365 

chromatin to initiate the transcriptional process. This regulation is relatively a 366 

slow process. On the contrary, the proteins in the cytoplasm perform 367 

functions such as kinases or adaptors, which is a faster regulation. After 368 

entering muscles, most of the factors (87.28%) secreted by sensory nerves are 369 

present in fast-twitch myofibers, which display rapid bursts of contraction, 370 

and fatigue rapidly. However, only a small amount of proteins (12.72%) is 371 

distributed in slow-twitch myofibers which exert slow contractions (Fig 372 

S4)25. The above results suggest that the efferent function of sensory nerves 373 

is tend to involved in the rapid adjustment process.  374 

PHP.S-EGFP vectors were AAV vectors designed for transfer gene to cells 375 

of the peripheral nervous systems (PNS), so its target cells limited to the 376 

peripheral nervous system. Further, we used PHP.S virus to compare signals 377 

in the bone cells from PNS and from sensory nerve (Fig 2g, and Fig 2c-f). 378 

Our results showed that the PHP.S-EGFP signal also enters various cells in 379 

the bone (Fig 2h). But we did not find significant difference in the 380 



distribution of signals from sensory nerves and peripheral nerves into 381 

osteoclasts (Fig 2i). This suggests that the regulation of bone by sensory 382 

nerves is a common process. 383 

 384 

Cyp40 is crucial in sensory nerve elevating osteoclastogenesis 385 

To search for key factors through which sensory nerve elevates 386 

osteoclastogenesis, we screened the neuropeptides in sensory nerve axons. 387 

Since the functional neuropeptides synthesized in the dorsal root ganglion are 388 

transported peripherally and stored in the axon, before being released to 389 

target cells26. Isobaric tag for relative and absolute quantitation (iTRAQ) was 390 

used to identify proteins in saphenous nerve axoplasm (Fig 3a). The 391 

technique uses a variety of isotope reagents to label the N-terminal or lysine 392 

side chain groups of protein polypeptides, and then the labeled peptides are 393 

analyzed by a high-precision mass spectrometer. This allows for the 394 

identification of multiple proteins and provides reliable quantitative proteome 395 

information27. 396 

A total of 237 proteins were identified in saphenous nerve axoplasm (Fig 3b). 397 

Functional classification of these axoplasmic proteins using Clusters of 398 

Orthologous Groups (COG) (Fig 3c) revealed that one-quarter (or 24.5%) of 399 

these proteins are involved in posttranslational modifications, protein 400 

turnover or are chaperones. Our previous in vitro experiments (Fig. 1i-l) 401 

indicated that the sensory nerves mainly increased osteoclastic 402 

differentiation. Indeed, we identified 17 axoplasm components related to cell 403 

proliferation and differentiation (Fig 3d). Some of axoplasm components 404 

(Cyp40, Mif, cofilin 2 (Cfl2), tubulin polymerization promoting protein 405 

family member 3 (Tppp3)) were confirmed by immunofluorescent staining, 406 

and Cyp40 and Mif were detected in axons (Fig 3e). Osteoclasts and many 407 

immune cells are differentiated from HSC. We screened the relevant 408 

literature and found that the Cyp4028, 29 and Mif30, 31 are closely related to 409 

immune cells. Then, Mif and Cyp40 were selected for subsequent studies. 410 

Both of Cyp40 and Mif increase osteoclastic differentiation (Fig 3 f, g) and 411 

resorption activity of osteoclasts (Fig 3 h, i). To further study the roles of the 412 

two factors in osteoclastogenesis promotion by sensory nerve, we 413 

downregulated Cyp40 (shCyp40) and Mif (shmif) in SN (Fig S3 a, b). 414 

Osteoclasts were then cultured with the modified SN. Downregulation of 415 

Cyp40 significantly attenuated the ability of the SN to promote 416 

osteoclastogenesis. However, downregulation of Mif did not significantly 417 

affect the ability of SN to promote osteoclastogenesis (Fig. 3 j-m). Thus, we 418 

concluded that Cyp40 is crucial in the ability of SN to promote 419 

osteoclastogenesis in vitro. 420 

Further, we screened the instant alteration of secrete proteome after sensory 421 

hypersensitivity. We applied CFA to induce sensory hypersensitivity (Fig 422 



S4.a), and found 272 secreted proteins changed 48 hours after CFA injection 423 

(Fig S4.b). KEGG enrichment of differentially proteins showed top 15 424 

pathways. Among them, proteins associated with tight junction showed the 425 

most prominent difference (Fig S4.c). Notably, Cyp40 were downregulated 426 

by CFA (Fig S4.d). 427 

 428 

Cyp40 is a neuropeptide, enters osteoclasts by transmembrane, 429 

downregulates Ras/c-Raf/p-Erk to promote osteoclastogenesis  430 

Back in vivo, we found Cyp40 level was upregulated in the RTX treat mice 431 

(Fig 4a), including serum Cyp40 level (Fig 4b); the recombinant Cyp40 432 

dramatic reduced osteoblastic differentiation (Fig S3 d); these results 433 

confirmed the crucial role of Cyp40 in the sensory nerve efferent functions. 434 

Then we constructed and transfected an EGFP-tagged Cyp40 vector into SN 435 

to verify if Cyp40 is released from SN into osteoclasts (Fig S3 a, b). Co-436 

culturing the modified SN with osteoclasts led to the detection of EGFP-437 

tagged Cyp40 in osteoclasts (Fig 4c), indicating Cyp40 was secreted by SN 438 

and taken up by osteoclasts. ELISA results show a dose-response curve of 439 

Cyp40 in response to increasing numbers of SN (Fig 4d). These results 440 

therefore prove that Cyp40 is a secreted factor from SN. 441 

The transportation of Cyp40 has not yet been studied32. Then we traced the 442 

transportation of Cyp40 between cells. In the co-culture medium, Cyp40 was 443 

found outside exosomes (Fig 4e), indicating Cyp40 was not transported 444 

between SN and osteoclasts via exosomes. IEM that targets Cyp40 shows the 445 

factor entering osteoclasts through the cell membrane (Fig 4f, II, and Fig 4g; 446 

red arrow), instead wrapped by membrane (Fig 4f, II, and Fig 4g; green 447 

arrow). Since Cyp40 is abundant in neurons, we detected its traffic also in the 448 

brain. Cyp40 is transported between neurons in the brain also through the cell 449 

membrane (Fig 4g, red arrow). As shown in the  figures, Cyp40 was crossing 450 

the cell membrane (g 4f, II, and Fig 4g, red arrow). After entering 451 

osteoclasts, Cyp40 became widely distributed in the cells. It was present at 452 

low levels in the nucleus (Fig 4f, III) and higher levels throughout the 453 

cytoplasm (Fig 4f, I), including the ruffled border responsible for bone 454 

resorption (Fig 4d, IV). Thus, Cyp40 secreted from SN enters osteoclasts via 455 

a non-exosomal mechanism to promote osteoclastogenesis. 456 

Ras/c-Raf/p-Erk signaling has been implicated in osteoclast survival, 457 

proliferation, apoptosis, formation, polarity, and differentiation33. Thus, we 458 

studied the effects of SN on ERK signaling in osteoclasts. We found that SN 459 

downregulated the expression of Ras and c-Raf, and phosphorylation of ERK 460 

in osteoclasts. Cyp40 also downregulated Ras/c-Raf/p-Erk. The 461 

downregulation of Ras/c-Raf/p-Erk by SN was bolished when Cyp40 was 462 

knocked down in SN. Moreover, Ras/c-Raf/p-Erk were also downregulated 463 

in the RTX treat mice, when Cyp40 was upregulated in DRG from the same 464 



mice (Fig 4i). These results indicates that Cyp40 plays a crucial role in the 465 

ability of sensory nerves to negatively regulate Ras/c-Raf/p-Erk in osteoclasts 466 

(Fig 4h). P-ERK can inhibit osteoclastogenesis by downregulating 467 

NFATc134, 35 . NFATc1 is a key transcription regulator in osteoclasts36. We 468 

found an increase in NFATc1 mRNA expression level and simultaneous 469 

increases in osteoclastogenesis when p-Erk was downregulated in osteoclasts 470 

(Fig 4j). Moreover, these changes in NFATc1 expression were dependent on 471 

Cyp40 (Fig 4j). Overall, these results suggest that the sensory nerves promote 472 

osteoclastogenesis by secreting Cyp40. Secreted Cyp40 downregulates 473 

Ras/c-Raf/p-Erk, which releases the inhibition of NFATc1 by p-Erk and 474 

promotes osteoclastogenesis.  475 

 476 

Sensory nerve and its Cyp40 promote osteoclastogenesis by AhR 477 

AhR activates Ras, which in turn activates ERK and promotes cell 478 

proliferation and differentiation37. Cyp40 has been reported to modulate 479 

expression and distribution of AhR 38. Thus, we examined if AhR is involved 480 

in the ability of sensory nerves to promote osteoclastogenesis. Firstly, we 481 

found a decrease of AhR in RTX treat mice (Fig 4i). Then, we found an 482 

interaction between AhR in osteoclasts and Cyp40 from SN (Fig 5a). 483 

Furthermore, western blotting showed that co-culture with SN reduced the 484 

expression of AhR in osteoclasts; and the AhR downregulation was 485 

attenuated by knocking down Cyp40 in SN (Fig 5b). Above results indicate 486 

Cyp40 binds to and downregulates AhR in osteoclasts.  487 

Then, we found that AhR knock down in osteoclast dramatic decreased 488 

osteoclastogenesis, and significantly attenuated sensory efferent promotion 489 

on osteoclastogenesis (Fig 5c). Moreover, Ras/c-Raf/p-Erk level was also 490 

decreased after AhR knock down in osteoclasts (Fig 5d). 491 

AhR exerts canonical transcription activity in the nucleus and transcription-492 

independent protein activity in the cytoplasm39. Immunofluorescent staining 493 

of osteoclasts showed that AhR mainly co-localized with neuron-derived 494 

Cyp40 in the cytoplasm (Fig5 e, f). Furthermore, the promotion of 495 

osteoclastogenesis by SN and Cyp40 did not involve changes in the 496 

expression of cytochrome P450 1A1 (Cyp1a1), a marker of canonical AhR 497 

transcriptional activity (Fig 5g). Collectively, these findings suggest that 498 

Cyp40 binds, and down-regulates AhR, to decrease Ras/c-Raf/p-Erk level, 499 

and finally promote osteoclastogenesis. 500 

 501 

Discussion 502 

Sensory endings enable the rapid detection of environmental insults -for 503 

example- cold, heat or pain-to avoid environmental damage40, 41; and the 504 

sensory nerves are integral for the generation of immune responses to protect 505 



body intact42. Given the afferent functions, sensors have been found exerting 506 

efferent influences and directly alter organ physiology1. Gao X et al. found 507 

sensory nerves directly regulate HSC maintenance and egress from the bone 508 

marrow42. Similar functions of sensory nerves have been reported in dendritic 509 

cells in skin infection7, CD4+ and resident innate lymphoid type 2 cells in 510 

airway inflammation8. Notably, T lymphocytes, dendritic cells, and 511 

osteoclasts are all derived from HSC. Here in this study, we found sensory 512 

hypersensitivity significantly increased osteoclast bone resorption; SN 513 

directly promote osteoclastogenesis in vitro co-culture system; and abundant 514 

signals efferent transported from sensory nerves into osteoclasts. All results 515 

above suggest the direct promotion of sensory nerves on osteoclastogenesis. 516 

In the muscle tissue, which are consisted of fast-twitch myofibers responsible 517 

for rapid bursts of contraction, and slow-twitch myofibers which exert slow 518 

contractions for endurance exercises such as standing; vast majority of 519 

sensory efferent signals (87.28%) present in fast-twitch myofibers. The above 520 

results suggest that the efferent function of sensory nerves tend to involves in 521 

the rapid feedback process. Zhu et al. found that sensory nerves and 522 

osteoclasts were increased in subchondral bone as early as the 1st week after 523 

anterior cruciate ligament transection (ACLT) surgery, that is at the early 524 

stage of osteoarthritis (OA)43.  525 

However, Hao et al10. found that the number of osteoclasts were not altered 526 

in mouse models of sensory denervation (TrkA Avil-/- or adult iDTR Avil 
fl-/- 527 

mice injected with 1 µg/kg diphtheria toxin). Toru et al.44 also observed no 528 

significant changes in osteoclasts in Sema3a synapsin-/- mice even though the 529 

number of sensory innervations in trabecular bone were significantly 530 

decreased. The difference between these reports and our results may be due 531 

to the sensory denervation induce compensation of other nerves, which also 532 

regulate osteoclasts. For example, patients with hereditary sensory 533 

neuropathy have no osteoclasts in the areas of severely degenerated sensory 534 

nerves16. However, patients with familial dysautonomia, which is 535 

characterized by autonomic and sensory dysfunction45, suffer osteoporosis46. 536 

Neural regulations of bone are indeed complicated. The factors that trigger 537 

sensory nerves to directly promote osteoclastogenesis, need further 538 

investigation.  539 

Then our screening identified a novel neuropeptide Cyp40, is the reverse 540 

signal from the sensory nerve and plays a critical role for osteoclastgenesis. 541 

Cyp40 is a rarely studied protein. Most of the researches on Cyp40 focus on 542 

its features as chaperone which regulates the function of hormone-like 543 

receptors such as steroid receptors47, 48, 49, 50, 51, 52, 53, estrogen receptor54, 55 544 

and AhR38, 56, to participate in the stress responses 57, 58, 59, 60, 61. It has never 545 

been reported to function as a neuropeptide, and its extracellular 546 

transportation has not been investigated. Importantly, the roles of Cyp40 in 547 

bone have also not yet been studied. Here we found Cyp40 was not 548 



transported via exosomes. The factor enters osteoclasts by directly passing 549 

through the cell membrane. 550 

After entering osteoclasts, Cyp40 was found to downregulate Ras/c-Raf/p-551 

Erk signal by AhR. AhR exerts dual effects as it can promote or inhibit 552 

osteoclasts62, 63. Canonical AhR activity has been shown to promote 553 

osteoclastogenesis64. Ye et al. recently revealed a non-canonical 554 

transcription-independent function of the AhR39, which has not yet been 555 

studied in bone. Here, we found that the resulting downregulation of AhR by 556 

Cyp40 secreted from the sensory neuron did not involve canonical AhR 557 

activity. The non-canonical activity of AhR regulates ERK signaling39. p-Erk 558 

enters the nucleus to regulate the expression of NFATc1, a master 559 

transcription factor that regulates multiple osteoclast-specific genes including 560 

Ctsk and matrix metallopeptidase 9 (MMP9)36, to promote65, 66 or inhibit34, 35 561 

osteoclastogenesis. In our co-culture system in which sensory nerves and its 562 

Cyp40 promoted osteoclastogenesis, NFATc1 and its downstream target 563 

genes, Ctsk and Mmp9 were upregulated while AhR/Ras/c-Raf/p-Erk was 564 

downregulated.  565 

 566 

Conclusions 567 

In summary, sensory nerves secret Cyp40, which enters osteoclasts, binds to, 568 

and downregulates AhR and Ras/c-Raf/p-Erk. In turn, this promotes the 569 

inhibition of NFATc1 by p-Erk and upregulates the MMP9 and Ctsk, 570 

consequently promoting osteoclastogenesis. Our findings on Cyp40 indicate 571 

that the factor is a new target in sensory nerve-bone research.  572 

 573 

List of abbreviations 574 

Resiniferatoxin  RTX 

Complete Freund’s adjuvant CFA 

Sensory neuron SN 

Isobaric tag for relative and absolute quantitation iTRAQ 

Peptidyl-prolyl cis-trans isomerase D Cyp40 

Calcitonin gene related peptide CGRP 

Macrophage inhibitory factor Mif 
Cofilin 2 Cfl2 

Tubulin polymerization promoting protein family member 3 Tppp3 
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Figure Legends  843 

Fig1. Sensory hypersensitivity induces osteopenia in mice 844 

(a) Sensory activation was assessed by hot plate latency. 845 

(b) Quantitative analyses of bone mineral density (BMD), bone volume/tissue volume (BV/TV), 846 

trabecular separation (Tb.Sp), and trabecular number (Tb.N) of tibia by micro-computed 847 

tomography (μCT). 848 

(c) Von Kossa staining and quantitative analysis of osteoid volume per tissue volume (OV/TV) and 849 

mature bone volume per tissue volume (mTV/BV) in femoral bone tissue. 850 

(d) Representative images of calcein double labeling of trabecular bone of femurs with 851 

quantification of mineral apposition rate (MAR), and bone formation rate per bone surface 852 

(BFR/BS). 853 

(e) Toluidine blue staining and quantitative analysis of the number of osteoblasts per trabecular 854 

bone perimeter (N.Ob/B.Pm). 855 

(f) Maximal loading of femur by three-point bending assay. 856 

(g) ELISA analysis of serum CTX and P1NP levels. 857 

(h) Serum inorganic phosphorus concentration by phosphomolybdate method. 858 

(i-l) Isolated co-culture of SN and osteoclasts. (i) Graphic illustration of isolated co-culture 859 

system. (j) Representative Trap staining pictures. Trap+ osteoclasts with more than three nuclei 860 

were quantified using Image J software. (k) Resorption activity was measured by plating cells on 861 

fluoresceinated calcium phosphate-coated plates. (l) Expression of the resorption-related genes 862 

Mmp9 and Ctsk in osteoclasts. 863 

*P < 0.05, **P < 0.01, ***P < 0.001, versus controls, Student’s t test. The results are expressed as 864 

the mean ± s.d. 865 

 866 

Fig 2. Signals from sensory nerve into bone 867 

(a,b) Retrograde identification of signals from sensory nerve to bone. Schematic of AAV2-EGFP 868 

injection into the tibia (a). After 21 days, DRG was harvested for immunofluorescence staining(b). 869 

(c-f) Anterograde identification of signals from sensory nerve to bone. (c) Schematic of VSV-870 

EGFP injection into the DRG (L3 and L4). After 5 days, femur was harvested for 871 

immunofluorescence staining (d). Confocal images (30-μm z-series) were projected at 1 μm 872 

intervals to obtain the spatial-localization of EGFP and nucleus. Scatter gram (e) and Pearson’s 873 

colocalization (f) coefficients were acquired by Imaris X64 software. (n=5) 874 

(g-i) Tail vein injection of PHP.S-EGFP (g). After 21 days, tibia was harvested for 875 

immunofluorescence staining (h). Image J was used to analyze the confocal images. Graphpad 876 

Prism5 was used to analyze the portions. (n=5) 877 

*P < 0.05, **P < 0.01, ***P < 0.001, and N.S. means not significant, versus controls, Student’s t 878 

test. The results are expressed as the mean ± s.d. 879 



 880 

Fig 3. Cyp40 is crucial in sensory nerve elevating osteoclastogenesis 881 

(a-d) Screening secreted proteins in sensory nerves. (e) Graphic illustration of grouping for 882 

iTRAQ. (b) Differential proteins between Y1 and Y2. Red dots indicate proteins that were more 883 

abundant in the Y2 group (141 proteins) while green dots represent proteins that are more 884 

abundant in the Y1 group (237 proteins). (c) COG function classification of proteins more 885 

abundant in Y2, which were considered to be axoplasmic proteins. (d) Saphenous nerve axoplasm 886 

proteins related to proliferation and differentiation were identified. These include COF2, TPPP3, 887 

AACS, PEDF, GLRX3, PRDX2, UCHL1, GPX1, ADT2, MTPN, MIF, CRYAB, CYP40, MK03, 888 

PGK1, and DDB1. 889 

(e) Immunofluorescent staining of identified saphenous nerve axoplasm proteins (Cyp40, Mif, 890 

Cfl2, Tppp3).  891 

(f, h) Trap staining of osteoclasts, and Trap-positive multiple nucleated cells with ≥3 nuclei per 892 

well were scored (n=3). 893 

(g, i) Resorption activity was measured by plating BMMCs on fluoresceinated calcium phosphate-894 

coated plates.  895 

These experiments were repeated in 3 independent biological replicates, each with 3 technical 896 

replicates. *P < 0.05, **P < 0.01, ***P < 0.001, and N.S. means not significant, versus controls, 897 

Student’s t test. The results are expressed as the mean ± s.d. 898 

 899 

Fig 4. Cyp40 is a secreted factor, involved in the regulation of sensory nerves on osteoclasts 900 

(a) Representative confocal images and quantitative analysis of the DRG from the mice injected 901 

with RTX or vehicle solution (Ctrl). 902 

(b) ELISA analysis of serum Cyp40 levels. 903 

(c) Confocal images of osteoclasts isolated co-cultured with SN transfected with plasmids 904 

containing EGFP-tagged Cyp40. 905 

(d) ELISA analysis of the secreted Cyp40 in the cell culture medium from different numbers of 906 

SN (n=3). 907 

(e-g) Cyp40 secreted from sensory nerves enters osteoclasts via a non-exosomal mechanism. The 908 

co-culture medium was separated into exosome (Exo) and non-exosomal supernatants (MS). 909 

Western blot target Cyp40 were performed in Exo and MS (e). (f) Representative IEM images of 910 

distribution of EGFP-targeted Cyp40(black granules) in osteoclasts. Osteoclasts on the bone 911 

surface were co-cultured with SN transfected with plasmids containing EGFP-tagged Cyp40. (g) 912 

Representative IEM images of EGFP-targeted Cyp40 (black granules, red arrow) in brain; 913 

membrane vehicles (green arrow). 914 

(h) Western blotting of Ras, c-Raf, Erk, and p-Erk in osteoclasts, which were isolated co-cultured 915 

without (Ctrl), or with recombinant Cyp40 (rCyp40), SN (Co-SN), or Cyp40 knock out SN (Co-916 

SN (shCyp40)).  917 



(i) Western blotting of Ras, c-Raf, Erk, and p-Erk in the tibia from the mice injected with RTX or 918 

vehicle solution (Ctrl). 919 

(j) NFATc1 mRNA was elevated during sensory nerve-promoted Cyp40-dependent 920 

osteoclastogenesis (n=3).  921 

*P < 0.05, **P < 0.01, ***P < 0.001, and N.S. means not significant, versus controls, Student’s t 922 

test. The results are expressed as the mean ± s.d. 923 

 924 

Fig 5. Sensory nerve and its Cyp40 promote osteoclastogenesis by AhR 925 

(a-d) Osteoclasts were co-cultured with SN transfected with plasmids containing EGFP-tagged 926 

Cyp40. (a) Co-immunoprecipitation of EGFP tagged Cyp40 from SN interacts with AhR in 927 

osteoclasts.  928 

(b) Western blotting of AhR expression in osteoclasts co-cultured with or without SN. 929 

(c,d) Representative confocal images and analysis of Cyp40-GFP and AhR location in osteoclasts. 930 

(e) Western blotting of AhR, Ras, c-Raf, Erk, and p-Erk in osteoclasts, or AhR knock down 931 

osteoclasts (shAhR), or in the modified osteoclasts (shAhR) which has been co-cultured with SN. 932 

(f) Trap staining of osteoclasts, and Trap-positive multiple nucleated cells with ≥3 nuclei per well 933 

were scored (n=3). 934 

(g) Western blotting of Cyp1a1 in osteoclasts and osteoclasts cultured with SN or recombinant 935 

Cyp40. 936 

*P < 0.05, **P < 0.01, ***P < 0.001, and N.S. means not significant, versus controls, Student’s t 937 

test. The results are expressed as the mean ± s.d. 938 
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