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SUMMARY

Regenerative paradigms exhibit nerve dependency, including regeneration of the mouse digit tip
and salamander limb. Denervation impairs regeneration and produces morphological aberrancy in
these contexts, but the direct effect of innervation on the stem and progenitor cells enacting these
processes is unknown. We devised a model to examine nerve dependency of the mouse skeletal
stem cell (mSSC), the progenitor responsible for skeletal development and repair. We show that
after inferior alveolar denervation, mandibular bone repair is compromised because of functional
defects in mSSCs. We present mSSC reliance on paracrine factors secreted by Schwann cells as
the underlying mechanism, with partial rescue of the denervated phenotype by Schwann cell
transplantation and by Schwann-derived growth factors. This work sheds light on the nerve
dependency of mSSCs and has implications for clinical treatment of mandibular defects.

In Brief

Jones et al. demonstrate the nerve dependency of mandibular bone repair after degeneration of the
inferior alveolar nerve. Schwann cell paracrine signaling is required for skeletal stem cell
enactment of bone healing. Rescue of healing by Schwann cell transplantation highlights skeletal
stem cell-Schwann cell circuitry during mandibular repair.
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INTRODUCTION

Studies of amphibian limb amputation indicate the importance of innervation during
regenerative processes. Whereas innervated limbs regenerate after proximal amputation,
denervation leads to stump formation (Brockes, 1984). Lineage-restricted progenitors enact
mouse digit tip regeneration in a nerve-dependent fashion (Rinkevich et al., 2011, 2014).
The role of the autonomic nervous system in bone repair is well established: the
neurotransmitters adenosine and epinephrine regulate osteoblasts (Costa et al., 2011; Gharibi
etal., 2011; Ma et al., 2011), as do semaphorins (Li et al., 2017; Negishi-Koga et al., 2011).
With regard to nerve-dependent bone regeneration, the morphologically impaired
regeneration of denervated digits is linked to the absence of Schwann cells and their
mitogens (Johnston et al., 2016). However, the effect of denervation on various stem cell
populations responsible for mandibular repair has not been investigated.

Schwann cells are recognized for their active role in tissue repair (Carr et al., 2019;
Clements et al., 2017; Johnston et al., 2016). Peripheral nerve injury triggers Wallerian
degeneration, which entails proliferation and dedifferentiation of Schwann cells. If the axon
is totally destroyed, Schwann cell presence eventually diminishes (Johnston et al., 2016;
Weinberg and Spencer, 1978). This decrease in Schwann cells is linked to compromised
regeneration, but the direct effects on putative stem and progenitor cells enacting
regeneration remain unknown. Previous studies have determined that Schwann cell-derived
paracrine factors, including platelet-derived growth factor-AA (PDGF-AA) and oncostatin
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M (OSM), increase the regenerative capacity of the digit tip (Johnston et al., 2016). In this
study, we tested the direct influence of denervation-induced Schwann cell paucity on the
mouse skeletal stem cell (mSSC) during mandibular healing.

The mSSC hierarchy represents the family of progenitor cells responsible for producing
bone and cartilage during axial and craniofacial skeletal bone regeneration, including during
mandibular repair (Chan et al., 2015, 2018; Marecic et al., 2015; Ransom et al., 2018). The
ability to prospectively isolate these cells allows us to investigate the cellular biology of
mandibular repair, including nerve dependency. After devising a model of mandibular
denervation by inferior alveolar nerve (IAN) disruption, we present evidence that
mandibular healing is nerve dependent. We show that IAN disruption leads to Schwann cell
paucity, resulting in impaired bone healing due to the functional deficiencies of mSSCs. The
proposed mechanism for these findings is that mSSCs are dependent upon Schwann cell
paracrine growth factors to promote mandibular repair.

Mouse Mandibular Denervation Model

We devised a model of mandibular denervation by proximal transection of the IAN (Figures
1A and 1B). The IAN was disrupted surgically, and this procedure was validated using
PLP::CreER™2,R26™T0mato (P|_P Tomato) mice. PLP Tomato mice underwent IAN
denervation or sham surgery and were imaged stereomicroscopically 2 weeks later. This
confirmed IAN disruption, with significantly decreased mTomato expression in AN
denervated mice. (Figures 1A and 1C).

To understand histological changes associated with denervation, mandibular tissue sections
from innervated and denervated mice were immunostained for proteolipid protein (PLP;
green, Schwann cells) and protein gene product 9.5 (PGP9.5; red, axons). Confocal
microscopy revealed significantly decreased PLP expression 2 weeks after IAN denervation,
which was associated with degeneration of the nerve. Innervated specimens showed stable
expression of PLP with intact tissue architecture. There were no differences in PGP9.5
expression between intact and disrupted IAN (Figures 1D and 1E). The depletion of
Schwann cell signal over axonal signal led us to further examine the long-term appearance
of denervation in PLP Tomato mice. Nerve degeneration and decreased mTomato expression
persisted with a 6 month trace in a denervated mandible compared with the innervated
control (Figures 1F and 1G). These studies confirmed that our surgical protocol successfully
disrupted the IAN, with corresponding depletion of Schwann cells.

Mandibular Repair Is Nerve Dependent

We next tested the effect of IAN denervation on mandibular bone repair. Innervated and
denervated mice underwent full-thickness osteotomy of the right hemimandible (Figure 2A).
These were harvested at postoperative day (POD) 10, when pentachrome staining revealed
ongoing tissue repair in innervated bone defects with mineralization of a cartilaginous
intermediate (endochondral ossification; Ransom et al., 2018). This reparative response was
absent in denervated mandibles (Figure 2B). Three-dimensional reconstruction of mandibles
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scanned with micro-computed tomography (UCT) at PODs 10, 20, and 30 confirmed
significant impairment in bone defect closure in denervated mandibles (Figures 2C and 2D).
Alcian blue staining showed decreased cartilage formation in denervated mandibles
compared with innervated mandibles at POD 10 (Figure 2E). Active healing seen in
innervated POD 10 mandible defects was associated with increased EdU staining compared
with uninjured bone, but this increase was significantly reduced in denervated mandible
defects (Figures 2F and 2G). These findings suggest an underlying lack of cellular
proliferation as a potential mechanism for poor healing in denervated mandibles.

Mandibular mSSC Kinetics Are Nerve Dependent

We investigated mSSC kinetics using fluorescence-activated cell sorting (FACS) to isolate
mSSCs and characterize their function. Innervated and denervated mandibles were harvested
at PODs 5,10,15, and 20 (Figure 3A), and mSSCs were isolated using FACS (Gulati et al.,
2018). This uncovered a significantly diminished presence of mSSCs in denervated
mandibles compared with innervated mandibles at PODs 10, 15, and 20 (Figure 3B). Across
all PODs, the fractions of CD45+ and Ter119+ cells were similar between innervated and
denervated specimens, suggesting that immune and angiogenic factors were similar between
groups (Figure 3C). In addition, histologic examination and /7 vivo isolectin staining showed
intact vasculature in both groups (Figure S1A); immunohistochemical CD34-positive
staining was also comparable (Figure S1B). Profiling of downstream skeletal stem cell
populations recapitulated the effect seen with mSSCs, with significant lack of expansion of
bone-cartilage-stromal progenitor (BCSP) cells and osteoprogenitor (OP) cells in denervated
mandible defects (Figures 3D and 3F). BCSP and OP cells were present in similar
proportions of their parent cell population across the time points (Figures 3E and 3G),
confirming an upstream deficiency in stem cells.

The function of denervated mSSCs was examined with /in vitro assays. The number of
colony-forming units (CFUs) was significantly lower from denervated versus innervated
defects (Figure 3H). In addition, mSSCs harvested at POD 10 underwent osteogenic
differentiation to quantify bone formation. Denervated mSSCs did not exhibit significant
increase in osteogenic capacity, while innervated mSSCs did (compared with mSSC from
uninjured mandibles; Figures 31 and 3J). The fate of mSSCs in our model appears to follow
the presented hierarchy (Figure 3A, top). However, we cannot confirm the final fate of
mSSCs, because of the lack of a mouse model to lineage trace mSSC.

Schwann Cell-mSSC Paracrine Interactions Drive Bone Repair

Our findings that Schwann cells deplete after denervation led us to focus upon this aspect of
mSSC nerve dependency (Figures 1D and 1E). Previous reports led us to hypothesize that
secreted signals from IAN Schwann cells underpin the nerve dependency of mSSC
(Clements et al., 2017; Johnston et al., 2016). To test the paracrine influence of IAN
Schwann cells on mandibular healing by mSSC, a co-culture experiment was performed
(Figure 4A). mSSCs were isolated from denervated injured mandibles and seeded into cell
culture wells. Concordantly, PLAP-mTomato-positive Schwann cells were isolated from PLP
Tomato mice (Figures S2A-S2C) and seeded onto the membrane of a hanging cell culture
insert. The control group had only Schwann cell media placed into the insert. Fluorescent
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microscopy confirmed the presence of mTomato-positive cells growing on the hanging insert
(Figure 4B). CFUs between the two co-culture groups revealed significant rescue of mSSC
CFUs by Schwann cells (Figure 4C).

We further investigated the role of Schwann cells in mandibular healing /n vivo by
transplanting PLP-mTomato-positive Schwann cells versus Matrigel vehicle alone into the
mandible defect of denervated mice at the time of osteotomy. Engraftment of AL~
mTomato-positive Schwann cells was confirmed by tissue sectioning and confocal imaging
(Figure 4D). uCT and pen-tachrome staining revealed significantly more bone formation in
mandibles treated with ALP-mTomato-positive Schwann cells compared with defects treated
with vehicle alone (Figures 4E—4H, top right). We confirmed that bone formation occurred
in denervated defects after Schwann cell transplantation with immune staining for collagen 1
and RUNX2 (Figure S3F).

Transplanted Schwann cells were isolated from PLP Tomato mice on the basis of red
fluorescence expression (Figure S2), which was maintained upon Schwann cell engraftment
(Figure 4D). We thus hypothesized that these cells maintain intrinsic PLP positivity and
Schwann cell identity after transplantation. To further examine the fate differentiation of
PLP-mTomato-positive cells in our model, we created defects in innervated and denervated
mandibles of PLP Tomato mice and harvested 4 weeks after osteotomy. Lineage tracing of
PLP-positive cells /in vivo revealed that there was no contribution of PLP-mTomato-positive
cells to the healed bone of innervated or denervated mice (Figures S3A-S3C). Additionally,
PLP-mTomato-positive Schwann cells did not engraft into bone or contribute directly to
healed bone tissue after transplantation (Figure S3D). Transplanted PLAP-mTomato-positive
Schwann cells were located adjacent to the healing osteotomy in nearby soft tissue (Figure
4D). Additionally, transplanted PLP-mTomato-positive cells stained positively forS100,
signifying that they maintain Schwann cell identity after engraftment (Figure S3E). Taken
together, we conclude that 2L P~-mTomato-positive Schwann cells do not contribute directly
to bone formation after injury or become mSSCs.

Next, we investigated specific Schwann-secreted ligands that may support mSSC function
during mandibular healing. This study focuses on PDGF-AA, OSM, and parathyroid
hormone (PTH). These growth factors and their receptors were selected for study on the
basis of previously described implications in Schwann cell-dependent healing and
mandibular fracture repair (Johnston et al., 2016; Ali et al., 2012; Jilka et al., 1999; Macica
et al., 2006). Quantitative real-time PCR confirmed mSSC gene expression of receptors to
these factors (Figure S4A). Additionally, PLP-mTomato-positive Schwann cells underwent
quantitative real-time PCR, which confirmed gene expression of PDGF-AA, PTH, and OSM
(Figure S4B). Taken together, these data imply that the nerve dependency of mandibular
healing may be due partially to paracrine signaling of PDGF-AA, PTH, and OSM from
Schwann cells to mSSCs (Figure S4C). Presence of receptors for these ligands in healing
mandibular bone was further confirmed with immune staining from innervated and
denervated mandibles (Figures S4D-S4F). Although our study cannot rule out that other
mandibular tissue may supply these factors to support proper bone healing, it is clear that
there is not sufficient compensatory paracrine signaling after denervation to promote
healing.
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Rescue of Mandibular Defects with Paracrine Factors

To further test the ability of Schwann cell paracrine factors, the /in vivo effects of PDGF-AA,
PTH, and OSM on denervated mandibular healing were examined. Each factor was
separately suspended in Matrigel and injected into denervated mandibular defects at PODs 1
and 5. After harvesting at POD 10 and scanning with uCT, mandible bone formation was
improved significantly, confirmed with histology of the osteotomy area (Figures 4H and 4l).
These data suggest that mSSCs respond to Schwann cell-secreted growth factors to enact
mandibular repair.

DISCUSSION

Previous work uncovered the crucial role of nerve-mediated tissue regeneration in the mouse
digit tip (Carr et al., 2019; Johnston et al., 2016; Rinkevich et al., 2011). Our extensive study
of mandibular distraction osteogenesis (DO) revealed that the mSSC enacts mandibular bone
regeneration via mechanically induced activation of primitive neural crest cell transcriptional
programs (Ransom et al., 2018). We questioned the role of innervation during mandibular
repair, especially in light of the particular mandibular tissue complex with the IAN coursing
through the bone itself. We present evidence that mSSCs require IAN Schwann cells to
repair mandibular defects. Although previous studies create osteotomies to access and
disrupt the IAN (Chiego et al., 1981; Zhao et al., 2014), our surgical protocol does not
involve bone injury. We show that the denervated phenotype is associated with proliferative
and functional impairment of mSSCs during bone repair. The dynamic bone repair process
as carried out by mSSCs is halted by IAN denervation because of a lack of paracrine
signaling between mSSCs and Schwann cells.

The predominance of neural crest-derived cells and neural crest-associated transcriptional
programs during craniofacial development, regeneration, and repair is significant (Minoux et
al., 2017). Peripheral nerves, which are derived from the neural crest, are essential to
progenitor function during development and homeostasis of the mouse incisors (Kaukua et
al., 2014; Zhao et al., 2014). Schwann cells contribute to diverse neuronal progenitor
populations (Espinosa-Medina et al., 2014; Uesaka et al., 2015), and peripheral glia maintain
salient roles in promoting both neuronal and non-neuronal tissue repair (Parfejevs et al.,
2018; Richardson et al., 1980; Silva et al., 2018). This behavior is linked to Schwann cell
transcriptional reprogramming and paracrine signaling by local Schwann cells (Clements et
al., 2017; Johnston et al., 2016; Parfejevs et al., 2018). Although interaction between
nervous and bony tissue during skeletal development and repair has been shown in several
models (Aro, 1985; Dysart et al., 1989; Johnston et al., 2016; Recidoro et al., 2014;
Rinkevich et al., 2011), our study directly links Schwann cells with mSSCs enacting
mandibular bone repair. Clinically, mandibular fractures persist as a significantly
challenging problem associated with high nerve injury and healing complication rates (Hsieh
etal., 2019; Tay et al., 2015). Harnessing the underlying biology of nerve-dependent
mandibular repair may hold promise for clinical innovation in mandible skeletal tissue
repair, and we establish the importance mSSC and Schwann cell circuitry to facilitate
mandibular healing. The mechanistic pathways by which mSSC and Schwann cells
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cooperate to execute mandible healing remain of interest, including further study of
additional Schwann-derived growth factors not covered in this work.

STARXMETHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

This study did not generate new unique reagents. Further information and requests for
resources and reagents should be directed to and will be fulfilled by the Lead Contact,
Michael Longaker (longaker@stanford.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The C57BL/6 (strain name C57BL/6, stock number 000664) WT mice used for wild-type
studies were purchased from Jackson Laboratory. The PLP::CreERT?, Rosa26/70mato and
NOD scid were purchased from Jackson Laboratory (strain name B6.Cg-Tg(Plp1-cre/
ERT)3Pop/J, stock number 005975; strain name B6.Cg-
Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/y stock number 007914; strain name NOD.CB17-
Prftdcsc@)), stock number 001303). PLP-mTomato mice were generated by breeding
PLP::CreER™ with Rosa26/70mato mice. The mice and genotyped as recommended by the
manufacturer (Jackson Laboratory). Tamoxifen (Sigma) was dissolved in autoclaved corn oil
(Sigma) at 20 mg/ml and mice were injected intraperitoneally 200 mg/kg daily for five
consecutive days. The mice underwent an additional week of latency after tamoxifen
administration to ensure that optimal Cre recombination was achieved. For this study adult
male mice ranging from the age of 8-12 weeks were randomly allocated to experimental
groups and sample size for any given experiment is detailed in the Figure legend.

This study was performed in accordance with Stanford University Animal Care and Use
Committee guidelines. Daily care for the mice was provided by the Stanford Veterinary
Service Center. Animals were housed in a controlled environment with 12-hour day/night
cycle with optimal temperature and fed rodent chow ad /ibitum.

METHOD DETAILS

Inferior Alveolar Denervation Mouse Model—Mice were anesthetized with 2%
isoflurane gas anesthesia and prepared sterilely for surgery. For IAN denervation, a
curvilinear incision was made extending from the angle of the right mandible to the posterior
neck. While protecting vascular structures, the posterior hemimandible was retracted
laterally from the skull base to expose the IAN, which was transected prior to its entrance
into the mandibular canal. Sham surgeries included all dissection and retraction but left the
IAN intact. A minimum of two weeks postoperatively were allowed for complete nerve
degeneration after denervation prior to commencing with subsequent experiments. For
mandibular osteotomy surgery, an incision was made over the right masseter and skin was
retracted from the operative zone. The masseter was divided sharply in the line of its fibers
to expose the underlying buccal surface of the mandible. For full-thickness circular
osteotomy, a 0.8 mm osteotomy was created using a micromotor drill. The periosteum was
divided during osteotomy creation in both models. The masseter was then closed over the
bone along with the skin using interrupted mattress sutures. Cellular transplantation was
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performed by suspending FACS-isolated PLAP-mTomato-positive Schwann cells in Matrigel
matrix (ThermoFisher), which was then pipetted onto the mandible after osteotomy at a dose
of 1 million cells in 5 pl of Matrigel. For /in vivo administration of PDGF-AA, PTH, and
OSM to the osteotomy site, growth factors were separately suspended in Matrigel at a
concentration of 50 ng/uL. On POD 1 and 9, a Hamilton syringe was used to inject 8 mL of
each growth factor suspension along the buccal surface of the mandible.

Mouse Skeletal Stem Cell (mSSC) and Schwann Culture—FACS-isolated mSSC
were plated in tissue culture dishes coated with 0.1% gelatin and cultured in MEM alpha
medium with 10% fetal bovine growth serum (FBS), 1% penicillin-streptomycin (P/S) under
low hypoxia oxygen conditions (2% atmospheric oxygen, 7.5% CO,). FACS-isolated PLP-
mTomato-positive Schwann cells were plated on laminin-coated tissue culture dishes and
cultured in DMEM F12 medium with 20% N2 supplement, 10% FBS, 1% P/S, and 10mM
forskolin. Schwann cells were passaged until they reached 80% confluency and cells in this
study were used from passage 1 or 2. mSSC and Schwann cells were isolated from male
mice. For co-culture experiments, mSSC were plated on 24-well tissue culture plates coated
with 0.1% gelatin and cultured in MEM alpha medium with 10% fetal bovine growth serum
(FBS), 1% penicillin-streptomycin (P/S). PLP-mTomato-positive Schwann cells were seeded
on 24-well hanging inserts with 0.4 mm pores (EMD Millipore) and placed into the 24-well
plates seeded with mSSC, which did not allow cellular contact. Schwann cells were cultured
in DMEM F12 medium with 20% N2 supplement, 10% FBS, 1% P/S, and 10mM forskolin.
Control groups received Schwann cell media and no cells placed into the insert.

Histology Preparation—Dissected tissue samples were fixed in 2% paraformaldehyde
(PFA) at 4°C overnight and washed with phosphate-buffered saline (PBS) the following day.
The specimens were decalcified in 19% EDTA in PBS at 4°C for four weeks with a change
of EDTA every 48 hours. Specimens were dehydrated and embedded in paraffin or optimal
cutting temperature (OCT) and sectioned at 8um. Representative sections were stained with
Movat’s modified pentachrome solution, hematoxylin and eosin, Alcian blue and nuclear
fast red, or immunohistochemistry depending on the individual experiment.

Immunostaining—Histology slides were treated with PBS wash and permeabilization
with 0.5% Triton X-100 (Sigma). Specimens were then incubated in blocking reagent and
probed for primary antibody at 4°C overnight. The following day the specimens were
washed with PBS, probed with a secondary Alexa-dye conjugated antibody, washed in PBS,
and stained with DAPI to mark the nuclei. Lastly, the specimens were coverslipped and
imaged. For immunocytochemistry, PLP-mTomato-positive cells were grown to confluency
on glass coverslips, then fixed in 2% PFA at room temperature for 15 minutes. After
washing with PBS, cells were permeabilized with 0.5% Triton X-100. Cells were incubated
in blocking reagent then probed for primary antibody at 4°C overnight. The following day
the specimens were washed with PBS, probed with a secondary Alexa-dye conjugated
antibody, washed in PBS, and stained with DAPI to mark the nuclei. Coverslips were then
mounted onto slides with Fluoromount-G (SouthernBiotech) and imaged.
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pH-Computed Tomography Scanning—After harvesting, mandibles were fixed in 2%
PFA at 4°C overnight and then washed and left in PBS. Scans were completed with Bruker
SkyScan 1276 at 10 pm resolution. Reconstruction was performed with NRecon software
(Bruker), and 3D solid volume images were produced CTVol (Bruker). Bone volume per
tissue volume was measured using a standardized region of interest of 0.8mm (osteotomy
size) in CTAnN (Bruker).

EdU Analysis in vivo—To assess /17 vivo proliferation activity in our study we used
Click-iT™ EdU Alexa Fluor™ 488 Imaging Kit (ThermoFisher). Briefly, mice were
injected intraperitoneally with 15 mg EdU/kg at POD 0 and POD 9. Mandibles were
harvested at POD 10 and received OCT histological preparation as listed above. Specimens
were fixed, permeabilized, and treated with the Click-it reaction. The slides were
coverslipped and imaged on Lecia DMI6000B inverted microscope.

Isolectin Staining in vivo—Mice underwent denervation or sham surgery. Two weeks
after these procedures, mice were anesthetized with 2% isoflurane and administered
fluorophore-tagged isolectin GS-1B4 (isolectin) via retro-orbital injection to reach the
intravascular space. The compound was allowed to circulate for 15 minutes, at which point
intracardiac aspiration of blood was performed to allow optimal isolectin staining. The mice
were euthanized and mandibles were harvested. Specimens were fixed, decalcified and
sectioned as previously described.

Fluorescent Activated Cell Sorting—The detailed steps listed in Gulati et al., 2018
were followed to isolate mSSC. Briefly, bones were dissected and serially digested in
collagenase digestion buffer at 37°C for three 30-minute intervals under constant agitation.
The dissociated cells were filtered through a 70 um mesh filter, pelted at 1350 rpm at 4°C
and stained for CD45, Ter119, CD202b, Thy 1.1, Thy 1.2, CD105, CD51, 6C3, and a
streptavidin-conjugated CD200. Cells were stained with propidium iodide (PI) to exclude
dead cells. Fluorescent activated cell sorting (FACS) was performed on FACS Aria Il
Instrument (BD Biosciences, San Jose, CA) using a 70 um nozzle. To isolate Schwann cells,
a similar technique was used as described above. Since the PLP::CreER'2,R26™T0mato (p|_p
Tomato) mouse harbors an endogenous tomato (red) fluorochrome, staining with antibodies
was not required. DAPI was used as a viability stain and live PLP-positive Schwann cells
were sorted based upon mTomato expression.

Colony Forming Unit Assay—Colony forming unit assays were determined as detailed
in Chan et al. (2015). Briefly, skeletal stem cells were cultured for two weeks in conditions
described above. After two weeks, the cells were examined under phase microscopy using a
cloning ring for quantification. Five biological replicates were used for each experiment, and
each experiment was performed three times. After counting colonies as described above,
mean colony counts were calculated and compared across groups using unpaired t tests.

Osteogenic Differentiation Assay—FACS-isolated mSSC harvested from uninjured
and POD10 mandibles were cultured in 96-well plates over a course of two weeks at low-
oxygen conditions, then incubated with osteogenic medium for an additional two weeks with
media changes every 48 hours. The cells were then washed with PBS and ultra-pure water
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and fixed with 100% ethanol. Cells were then stained with alizarin red solution at room
temperature. Cells were washed with ultra-pure water and imaged immediately. After
imaging, the cells were incubated with methanol/acetic acid mixture and alizarin red protein
concentration was detected at 450 nm using NanoDrop™ 0ne® Microvolume UV-Vis
Spectrophotometer (ThermoFisher). Values from uninjured, innervated POD10 and
denervated POD10 mandible defects were compared using ANOVA.

RNA Isolation and Real Time gPCR—Total RNA was isolated from mSSC FACS-
sorted into TRIzol (Invitrogen) following the manufacturer’s protocol (Invitrogen). RNA
was reverse transcribed using SuperScript VILO (ThermoFisher) following standard
protocol. cDNA was then amplified using TagMan PreAmp Master Mix (ThermoFisher) and
then used in gPCR with PowerUp SYBR Green (Applied Biosystems) following standard
protocol. For controls, GAPDH was used as positive control gene and water as no template
control (negative control). ABI-7900 Real Time PCR instrument was used to generate cycle
threshold (CT) values.

Imaging and Analysis—Confocal microscopy imaging was performed with a Leica TCS
SP8 X confocal microscope (Leica Microsystems) with objective lens (20x and 40x HC PL
APO IMM CORR CS2 H,0/Glycerol/oil, N.A. 0.75) located in the Cell Sciences Imaging
Facility (Stanford University, Stanford, CA). Raw image stacks were into imported Fiji
(National Institutes of Health) for analysis. Fiji software was then used to generate two-
dimensional confocal micrographs and to quantify intensity of fluorophore expression.
Images in our study are represented as average maximal projection of our 8 mm sections
with their brightness and contrast were adjusted accordingly for each designated color
channels (blue, red, and green).

QUANTIFICATION AND STATISTICAL ANALYSIS

Fluorophore Intensity Quantification—Raw images from stereoscopic microscopy
fluorescent imaging of PLP Tomato mice were imaged and loaded into ImageJ. Intensity of
the region of interest (IAN) and background area was recorded multiples times per
biological replicate (Figures 1A and 1C). Region of interest intensity was corrected to the
background intensity. For quantification of PLPand PGP9.5 expression in immune-stained
tissue sections, green or red intensity of the nerve was measured and corrected to the
background intensity in ImageJ (Figures 1D and 1E). Similarly, tissue sections from 6-
month denervation lineage trace of PLP Tomato mouse were imaged with confocal
microscopy and ImageJ was used to quantify corrected mean intensity of red fluorescence of
the nerve (Figures 1F and 1G). Mean corrected intensity is presented and was compared
using unpaired t tests.

Alcian Blue Intensity Quantification—Raw images from light microscopy imaging of
Alcian blue stained mandibular tissue sections were loaded into ImageJ. Color thresholding
was used to identify blue staining. Intensity was measured and corrected to background
intensity (Figure 2E). The average blue intensity of innervated and denervated mandible
defects were compared with unpaired t tests to compare cartilage levels between conditions.
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p-Computed Tomography Scanning Quantification—A standard region of interest
of 0.8 mm was applied to the bone defect area in pCT reconstructions from 5 biological
replicates per condition using CTAnN software (Bruker) to determine percent bone volume
per tissue volume. Identification of bone tissue is based upon tissue density via an automatic
thresholding process in CTAN. Nearby normal mandible bone and attached muscle were
used as a positive control (bone) and negative control (muscle) to confirm appropriate
density thresholding and bone identification (Figures 2C, 2D, 4E, and 4H). Mean values of
bone volume per tissue volume were compared across POD 10, 20 and 30 using unpaired t
tests.

EdU Quantification—Five biological replicates per condition (uninjured, innervated POD
10, denervated POD 10) were imaged with fluorescence light microscopy and quantified
with ImageJ by counting the number of EdU positive (green) cells in the bone defect area
(Figures 2F and 2G). Mean counts were compared with ANOVA.

FACS Quantification—Gating was performed in FlowJo (FlowJo) to determine cell
counts from individual sorts. Five biological replicates were used per condition in each
experiment, with 3 technical replicates per experiment. Mean cell frequencies were
normalized to cell frequencies from uninjured mandibles to express fold change from
uninjured state (Figures 3B—3D and 3F). Mean percentage of cell population per parent cell
population was determined (Figures 3E and 3G). Values were compared across conditions
with unpaired t tests for each POD.

Real Time gPCR Analysis—To quantify relative gene expression, the 2(A2CT) method
was used. Briefly, change in threshold cycle (ACT) was obtained by calculating the
difference between threshold cycle (CT) of the target genes (PDGF-AA, PTH, OSM,
PDGFRa, PTH1R, and OSMR) and the housekeeping gene (GAPDH). AACT was
calculated by taking the difference between ACT of our treatment group targets (POD 10
mSSC or PLP-mTomato-positive Schwann cells) and ACT of our reference group (mSSC
GAPDH or PLP-mTomato-positive Schwann cell GAPDH). The AACT was raised to the
power of negative 2 to obtain relative gene expression values. Normalized gene expression
values are presented as fold change relative to the reference sample (Figures S4A and S4B).
Oligonucleotide sequences are listed in Table S1.

Statistics—For all experiments, n is equal to the number of animals used unless otherwise
specified. The number of biological and technical replicates are specified in Figure legends.
All graphs plot the individual values with error bars to represent standard error of the mean.
Unpaired t tests and ANOVA were used to compare values for all experiments except where
indicated. Prism software (Graphpad) was used for all analyses and a p value of 0.05 or less
was set as a threshold for statistical significance. For all figures, asterisks denote statistical

significance at the following levels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Denervation of the mandible impedes bone healing by impairing skeletal stem
cells

Bone healing requires Schwann cell paracrine factors for proper stem cell
function

Schwann cells and their signaling products rescue denervated mandibular
healing
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Figure 1. Proximal Mandibular Denervation by Complete IAN Disruption Induces Nerve

Degeneration and Schwann Cell Depletion

(A) Whole-mount microscopy of PLP Tomato mandibles 2 weeks after sham operation (top)
and mandibular denervation (bottom). Yellow arrows denote the IAN (top). n = 3.

(B) Schematic illustrating mouse mandibular anatomy and denervation strategy.

(C) Red fluorescence quantification of whole-mount PLP Tomato innervated (circles) and

denervated (triangles) mandibles. n = 3.
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(D) Staining of innervated (top) and denervated (bottom) mandibles imaged with confocal
microscopy 2 weeks after denervation. PLP marks Schwann cells (green), and PGP 9.5
marks axons (red).

(E) Quantification (left) of PLP expression (green) in innervated (circles) and denervated
(triangles) from (D). Quantification (right) of PGP9.5 expression (red) in innervated (circles)
and denervated (triangles) from (D). n = 5.

(F) Contralateral (upper) and denervated (lower) mandibular canals of a PLP Tomato mouse
imaged with confocal microscopy 6 months after denervation. n = 1.

(G) Quantification of PLP expression (red) in denervated (triangles) and contralateral
(circles) mandibles from (F).

Scale bars, 1 mm (A) and 50 um (D and F). Images are counterstained with DAPI (blue),
with white dotted line outlining the mandible (A) or the IAN (D and F). Error bars denote
SEM (C, E, and G), and statistical comparisons were made using t tests (C and E). No
statistical comparison was made for the 6-month denervation trace (one biological replicate).
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Figure 2. Mandibular Healing Exhibits Nerve Dependency with Impaired Progenitor Activity in

Denervated Mandibles

(A) Schematic of experimental design.
(B) Pentachrome stain of uninjured mandible (left), innervated defect (middle), and
denervated defect (right) harvested at POD 10. Bottom panels zoom in on the defect area.
Orange arrows denote new bone mineralization and blue arrows denote cartilage formation

(middle bottom). n = 10.

(C) Three-dimensional (3D) reconstruction of PCT scan of uninjured (left), innervated
(middle), and denervated (right) mandible defects.
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(D) Quantification comparing bone volume per tissue volume at PODs 10, 20, and 30 after
mandibular osteotomy in innervated (circles) and denervated (triangles) mandibles. n =5
(E) Alcian blue staining identifies cartilageat POD 10after osteotomy in innervated (top left)
and denervated (bottom left) mandible defects. Quantification (right) of blue staining. n = 5.
(F) EdU labeling (green) at POD 10 (innervated, upper panel, and denervated, bottom
panel). Yellow outline signifies zoomed area (right). White dotted line indicates mandibular
defect area. Yellow arrows mark EdU positive cells (right).

(G) Quantification comparing EdU positivity in uninjured (squares), innervated defect
(circles), and denervated defect (triangles). n = 5.

Scale bars, 200 pm (B and F) and 100 mm (E). uCT resolution, 10 um (C). Error bars denote
SEM (D and G). Statistical comparisons were made using t tests (D) and ANOVA (G). See
also Figure S1.
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Figure 3. Mouse Skeletal Stem Cells in Healing Mandible Bone Are Nerve Dependent
(A) Schematic of the mSSC hierarchy (top) and experimental timeline (bottom).

(B) mSSC cellular frequencies post-osteotomy in innervated (circles) and denervated
(turquoise) mandibles at multiple postoperative days.
(C) Cellular frequencies of CD45-positive and Terr119-positive cells in innervated (circles)
and denervated (triangles) mandibles.
(D) BCSP cellular frequencies post-osteotomy in innervated (circles) and denervated

(triangles) mandibles.
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(E) Percentage BCSP cells within parent mSSC population post-osteotomy in innervated
(circles) and denervated (triangles) mandibles.

(F) Bone progenitor cellular frequencies post-osteotomy in innervated (circles) and
denervated (triangles) mandibles.

(G) Percentage bone progenitors within parent BCSP population post-osteotomy in
innervated (circles) and denervated (turquoise triangles) mandibles.

(H) Colony formation units of mSSC isolated from innervated (circles) and denervated
(triangles) mandibles.

(1) Alizarin red staining of POD 10 mSSCs from innervated (left) and denervated (right)
defects. White dotted line indicates large bony nodule (left).

(J) Quantification of alizarin red absorbance after osteogenic differentiation.

Scale bars, 400 pm (1). For (B)-(H), n = 5 biological replicates per condition with three
technical replicates. Cellular frequencies were normalized to cellular frequencies from
uninjured mandibles. For (1) and (J), n = 10 biological replicates per condition with three
technical replicates. Error bars represent SEM (B—H and J), and statistical comparisons were
made using t tests (B—H) and ANOVA (J). See also Figure S1
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Figure 4. Schwann Cells and Their Secreted Factors Rescue Denervated Healing
(A) Hlustration of mSSC co-culture experiments.

(B) Fluorescent imaging of insert seeded with Schwann cell media (top panel) and insert
seeded with PLP-mTomato-positive Schwann cells (bottom panel) after 2 weeks in culture.
Arrows mark example PLP-mTomato-positive Schwann cells (bottom).

(C) Colony formation units of mSSC from co-culture with media alone (triangles) versus
Schwann cells (squares) n = 5.
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(D) Confocal microscopy showing no engraftment (top panel) versus engraftment (bottom
panel) of PLP-mTomato-positive Schwann cells in denervated mandibles after treatment
with Matrigel (vehicle, top panel) or Schwann cells (PLP transplant, bottom panel). Arrows
mark example PLP-mTomato-positive Schwann cells. n = 4.

(E) Three-dimensional reconstruction of UCT scans of denervated mandible defects at POD
10 after treatment with vehicle (top panel) versus PLP-mTomato-positive Schwann cell
transplantation (bottom panel). n = 4.

(F) Pentachrome staining of denervated mandible defect treated with PLP-mTomato-positive
Schwann cell transplantation at time of osteotomy. n = 5.

(G) Quantification comparing bone volume per tissue volume in denervated mandibular
defects treated with vehicle (triangles) versus Schwann cell transplant (squares). n = 4.

(H) Three-dimensional reconstruction of pCT scans and corresponding pentachrome stains
of denervated mandibular defects treated with PDFG-AA, PTH, OSM, and Matrigel vehicle
at PODs 1 and 5 after osteotomy. n = 5.

(I) Quantification comparing bone volume per tissue volume in denervated mandibular
defects treated with vehicle (triangles) versus PDFG-AA (blue squares), PTH (pink squares),
and OSM (yellow squares). n = 5.

Scale bars, 200 pm (F and H). pCT resolution, 10 um(E and H). Asterisk denotes center of
circular osteotomy (F and H). Error bars represent SEM, and statistical comparisons were
made using t tests (C, G, and I). See also Figures S2-S4. Please note the experiments in (E)
(PLP-Transplant) and (H) (Growth Factor Transplant) were performed at the same time and
therefore they have the same Vehicle control group (Matrigel alone), which appears twice in
this figure to serve as a reference to the experimental groups
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