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Abstract

Dental pulp stem cells (DPSCs) are responsible for maintaining pulp structure and function after pulp injury. DPSCs
migrate directionally to the injury site before differentiating into odontoblast-like cells, which is a prerequisite and a
determinant in pulp repair. Increasing evidence suggests that sensory neuron-stem cell crosstalk is critical for maintain-
ing normal physiological functions, and sensory nerves influence stem cells mainly by neuropeptides. However, the role
of sensory nerves on DPSC behaviors after pulp injury is largely unexplored. Here, we find that sensory nerves released
significant amounts of calcitonin gene-related peptide (CGRP) near the injury site, acting directly on DPSCs via recep-
tor activity modifying protein 1 (RAMPI1) to promote collective migration of DPSCs to the injury site, and ultimately
promoting pulp repair. Specifically, sensory denervation leads to poor pulp repair and ectopic mineralization, in parallel
with that DPSCs failed to be recruited to the injury site. Furthermore, in vitro evidence shows that sensory nerve-deficient
microenvironment suppressed DPSC migration prominently among all related behaviors. Mechanistically, the CGRP-
Rampl1 axis between sensory neurons and DPSCs was screened by single-cell RNA-seq analysis and immunohistochemi-
cal studies confirmed that the expression of CGRP rather than Rampl increases substantially near the damaged site. We
further demonstrated that CGRP released by sensory nerves binds the receptor Rampl on DPSCs to facilitate cell collec-
tive migration by an indirect co-culture system using conditioned medium from trigeminal neurons, CGRP recombinant
protein and antagonists BIBN4096. The treatment with exogenous CGRP promoted the recruitment of DPSCs, and ulti-
mately enhanced the quality of pulp repair. Targeting the sensory nerve could therefore provide a new strategy for stem
cell-based pulp repair and regeneration.
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Introduction

Dental pulp diseases are highly prevalent worldwide and
result in substantial healthcare burdens [1]. Timely repair
is crucial for the effective restoration of function and pres-
ervation of pulp vitality. Dental pulp stem cells (DPSCs)
play a pivotal role in responding to pulp injury by migrat-
ing towards the injury site first and then differentiating into
odontoblast-like cells, which synthesize reparative dentin,
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immediately below the site of damage to preserve pulp vital-
ity [2, 3]. The migration of DPSCs is considered a prereq-
uisite and a determinant for therapeutic efficacy, although
multiple behaviors of DPSCs contribute to pulp repair [4].
The favorable repair could be completed by recruiting more
endogenous DPSCs to the injury sites [5, 6]. However, there
is an unmet need for an improved understanding of factors
associated with DPSC migration.

The migration of DPSCs is subject to diverse signals
emanating from the extracellular microenvironment [7, 8].
A complex network of nerves in the dental pulp embraces
DPSCs intimately, shaping a nerve-derived microenviron-
ment [9-11]. Nerves account for 40% of the pulp volume,
primarily sensory nerve fibers originating from the trigemi-
nal ganglion [12, 13]. However, the role of sensory nerves
in DPSC migration is unclear, especially in the directional
migration of DPSCs after pulp injury. Recent studies have
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identified sensory neural signals as a critical mediator of
stem cell dynamics. Gao et al. found that sensory nerves
influence hematopoietic stem cells directly, independent of
sympathetic nerves, facilitating their mobilization from the
bone marrow to the whole body and enhancing the efficacy
of hematopoietic stem cell transplantation [14]. While sev-
eral studies have shown that sensory denervation influences
the differentiation or self-renewal capacity of mesenchymal
stem cells (MSCs), it is unclear whether sensory nerves
impact MSC migration [15, 16]. Therefore, the role of pulpal
sensory nerves in regulating the behaviors of DPSCs after
pulp injury deserves to be explored, especially migration.

Local injury signals trigger MSC migration mainly
through chemotaxis [17, 18]. Chemokine receptors on
MSCs recognize elevated levels of soluble molecules at the
injury site, inducing the directional migration towards an
external gradient of diffusible chemoattractant [19]. Upon
injury signals, sensory nerves secrete various neuropeptides
as intercellular messenger molecules [20]. Several studies
have suggested that the migration of MSCs can be regu-
lated by sensory nerve neuropeptides, such as calcitonin
gene-related peptide (CGRP), substance P (SP), and neu-
ropeptide Y (NPY), interacting with their corresponding
receptors [21, 22]. The exogenous administration of CGRP
enhances the recruitment of bone marrow mesenchymal
stem cells (BMSCs) to injury sites, promoting the healing
of the mandible [23]. In vitro investigations have revealed
that the binding of substance P (SP) to its receptor NK1R
can stimulate the migration of BMSCs [24]. Furthermore,
neuropeptide Y (NPY) has been implicated in regulating
postmyocardial infarction remodeling by promoting MSC
migration [25]. Notably, CGRP and SP expression levels are
observed to increase in proximity to the site of pulp injury
[26, 27]. It is unclear whether sensory nerves regulate the
migration of DPSCs through the release of neuropeptides as
well as the specific neuropeptides predominantly involved,
although in vitro studies have shown that neuropeptides
affect the proliferation, differentiation, and apoptosis of
DPSCs [27, 28].

In this study, we explored the role of sensory nerves on
DPSC behaviors after pulp injury and demonstrated the
most pronounced effect on migration. Our findings revealed
that the neuropeptide CGRP, released by sensory nerves
originating from the trigeminal ganglion, directly acts
DPSCs through Rampl, facilitating collective migration
towards the injury site and ultimately promoting pulp repair.
Taken together, these results highlight the role of sensory
nerves in regulating the collective migration of DPSCs after
pulp injury and may offer novel approaches for promoting
pulp repair and regeneration. This study in dental pulp also
provides a valuable model for investigating the crosstalk
between sensory nerves and MSCs.
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Materials and methods
Human dental pulp tissue samples

The dental pulp tissues utilized in this study were procured
as discarded third molar teeth, which were obtained after
surgical extraction from a healthy adolescent donor with
prior approval from the Affiliated Stomatology Hospital of
Tongji University, in accordance with the Ethics Review
Board (2021-SR-09). The patients who participated in this
study provided written informed consent and were diag-
nosed based on published guidelines. Furthermore, patients
who received antibiotics or anti-inflammatory drugs were
excluded from the study.

Experimental animals

All animal experiments were approved by the Ethics Review
Board of the Affiliated Stomatology Hospital of Tongji Uni-
versity (2021-DW-21). Male Sprague—Dawley rats aged 6 to
8 w (weighing 200 to 250 g, purchased from SPF (Beijing)
Biotechnology Co., Ltd) housed in a controlled environ-
ment with 12-hour day/night cycles with optimal tempera-
ture and fed with a standard laboratory diet and allowed ad
libitum access to drinking water. A total of 175 male rats
were randomly assigned according to the study protocols.
All experimental procedures followed the ARRIVE guide-
lines 2.0. Animals were randomized into different groups,
and at least 4 rats were used for each group unless otherwise
stated.

Inferior alveolar nerve transection (IANX)

The TANX procedure was executed in accordance with
prior descriptions [29-31]. The masseter muscle was fully
exposed via an extraoral horizontal incision while under
general anesthesia utilizing 1% Pelltobarbitalum Natricum
(Sangon Biotech, China). The mandibular bone surface was
exposed through blunt dissection of the masseter muscle. A
small dental round bur was employed to excise the cortex
bone and reveal the IAN, followed by removing a 5 mm
segment of the IAN. The muscle and skin were subse-
quently closed and sutured. In the control group, a sham
operation was conducted, which entailed skin incision,
muscle debridement, and bone shaving without severing the
IAN, followed by suturing of the incised muscle and skin.
On weeks 1, 2, and 4 after the operation, rats were sacrificed
by intracardiac perfusion with 4% paraformaldehyde (PFA)
buffered at pH 7.2—7.4. Each group comprised a minimum
of four animals.
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Experimental pulp injury model

Experimental pulp exposures on the occlusal surface of
the mandibular first molars were prepared as described
[32]. Under general anesthesia, a cavity was created with a
No.1/4 round steel bur in the mesial half of the occlusal sur-
face of the mandibular first molar. The exposed pulp in both
groups was irrigated with saline for 15 s, and then gently
dried with sterile paper points. Then pulps were sealed with
Iroot BP plus (Innovative Bioceramix, CA, USA) and light-
cured composite resin as described before [33]. On days 1,
3,7, and 14 after the operation, rats were sacrificed by intra-
cardiac perfusion with 4% PFA buffered at pH 7.2—7.4. Each
group consisted of at least four animals.

Isolation, culture and characterization of rat DPSCs

Primary cells with and without IANX were isolated follow-
ing a published protocol [26, 33, 34]. The first molars were
separated from the mandible. A scalpel was used to clean
soft tissue, dissected at the root/crown interface to expose
the molar pulp, and maintained in PBS buffer. Then pulp tis-
sues were digested in collagenase type I (3 mg/ml, Sigma-
Aldrich, USA) for 30 min at 37 °C. Cells were then plated
evenly on 6-well plates with a-MEM supplemented with
20% fetal bovine serum (FBS) and 1% penicillin-strepto-
mycin. Flow cytometric analysis of surface antigen expres-
sion was applied to identify cultured DPSCs.

Primary culture of trigeminal ganglion (TG) neurons

TG neurons were obtained from SD rats and cultured
according to the methodology outlined in a previous publi-
cation [26, 35]. The TG tissues were dissected and placed in
Hank’s balanced salt solution (HBSS) at a low temperature.
Subsequently, the TGs were subjected to enzymatic and
mechanical cell dissociation. The suspensions were centri-
fuged at 1000 g for 5 min at 4 °C, washed, and seeded in a
6-well plate. These isolated TG neurons were maintained in
F12 medium supplemented with 10% FBS, 2% B27 supple-
ment, 1% penicillin-streptomycin, and 500 uM I-glutamine
at 37 °C and 5% CO, until the preparation of conditioned
media. Neurons were not passaged before experiments.

Collection of conditioned media from TG neuron
culture

TG neurons were extracted from cultured Rats using a com-
plete neuronal growth medium for three days. On the fourth
day, the neurons underwent two washes and were subse-
quently cultured in a-MEM supplemented with 2% FBS and
1% penicillin-streptomycin. Following 24 h of culture, the

supernatant was collected and subjected to centrifugation at
1000 g for 10 min to eliminate any cellular debris [36].

RNA-sequencing and data analysis

Total RNA was isolated from the rat teeth of the normal, 1d,
3d, and 7d after-injury groups using TRIzol reagent (Takara,
China). 16 RNA samples (4 samples in each group, 4 groups
in total) were subjected to RNA sequencing. Library con-
struction and sequencing were provided by the Novogene
Bioinformatics Institute (Beijing, China) on an Illumina
HiSeq 4000 platform, and 150 bp paired-end reads were
generated after clustering the index-coded samples. The dif-
ferentially expressed genes were screened by the threshold
of 1.5-fold change and a p-value greater than 0.05. The dif-
ferential genes related to the sensory nerve with TPM >0
were used to depict the Volcano plot. The enrichment level
of the biological process of gene ontology was assessed by
GSEA using the databases of GO-BP.

MicroCT scanning and analysis

Mandibular bones with teeth dissected from rats were fixed
in 4% PFA for 48 h. The microCT (uCT-40, Scanco Medi-
cal, Zurich, Switzerland) was employed for tissue tomog-
raphy and the resultant output was obtained in DICOM
format. The image data were reconstructed and analyzed
using the Mimics 13.0 software.

Hematoxylin and eosin (HE) staining

The standard HE staining protocol was followed, whereby
the tissue samples were first fixed in 4% PFA at 4 °C for
48 h, followed by demineralization in a 10% EDTA solu-
tion at 4 °C for approximately 2 months with a solution
change every 3 days. The samples were subsequently dehy-
drated using a graded ethanol series, embedded in paraf-
fin, sectioned at 4-pm thickness, and stained with the HE
staining kit (Sangon Biotech, China). The resulting stained
samples were then observed using light microscopy (Zeiss,
Germany).

Immunofluorescence staining and
immunohistochemistry staining

Immunofluorescence staining was performed in tissues and
cultured cells as previously described [35, 37, 38]. Tis-
sues were fixed, decalcified, processed, and sectioned as
described earlier. Cultured cells were fixed in 4% PFA for
a duration of 15 min and subsequently washed twice with
PBS. The samples were then blocked with goat serum at
room temperature and incubated overnight at 4 °C with the
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primary antibody as indicated. The secondary antibody, con-
jugated with fluorochrome, was incubated for 60 min. The
actin cytoskeleton was stained using AlexaFluor 488 phal-
loidin (Yeasen, China, 1:1000) or rhodamine-conjugated
phalloidin (Yeasen, China, 1:100), while the nuclei were
counterstained with DAPI for 5 min. The sections were then
mounted on glass and subjected to microscopy.

Immunohistochemistry staining. The tissues under-
went fixation, decalcification, processing, and sectioning
as described above. Hyaluronidase was utilized for anti-
gen retrieval. Endogenous peroxidase activity was blocked
using a 3% H,0, solution and goat serum. Subsequently,
the tissues were incubated with primary antibody at 4 °C
overnight. Following PBS washing, biotinylated second-
ary antibodies were applied, and the samples were further
processed using streptavidin peroxidase and a DAB Detec-
tion Kit (MXB, China) according to the manufacturer’s
instructions.

A complete list of antibodies is shown in Supplemen-
tary Table S1. Positively stained areas were measured with
Image J. Negative and positive controls were employed in
all immunofluorescence and immunohistochemistry studies
to ensure an accurate interpretation of our results.

Scanning electron microscopy (SEM)

Samples were dehydrated by ethanol gradient, fixed in 4%
paraformaldehyde, then coated with a 20-30 nm thin metal-
lic layer of gold in a sputter coating machine and witnessed
under SEM. The accelerating voltage of the SEM was 20 kV
whereas different magnifications (based on convenience)
were utilized.

Alkaline phosphatase (ALP) activity assay and
alizarin red S staining

The present study assessed odontoblastic activities through
the utilization of alkaline phosphatase (ALP) and alizarin
red. Rat DPSCs were cultured in 24-well plates and exposed
to odontoblastic differentiation medium, which consisted of
2 mM B-glycerophosphate (Sigma-Aldrich, USA), 50 mg/
mL ascorbic acid (Sigma-Aldrich, USA), and 100nM
dexamethasone (Sigma-Aldrich, USA). The medium was
refreshed every 2 days, and after 7 days, cells were fixed
with 4% PFA and stained for ALP using an ALP staining kit
(Beyotime, China). Following a 21-day incubation period,
cells were treated with 4% PFA and subsequently stained
with 0.2% alizarin red (Sigma-Aldrich, USA) for 20 min at
ambient temperature. The positive area was observed under
a stereoscopic microscope (Zeiss, Germany).
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Cell proliferation assay

Cell proliferation was quantified using CCKS8 assays. DPSCs
subjected to varying conditions were allocated into 96-well
plates, with each well containing 3000 cells, and were sub-
sequently incubated under identical conditions. CCKS8 solu-
tion was introduced into the wells and incubated for 1 h. The
absorbance of proliferation at 450 nm was determined using
a microplate reader (Bio-Tek, Hercules, CA, USA). Experi-
ments were repeated three times.

Wound healing/scratch assay

The wound healing assay was performed as previously
described [39, 40]. For the wound healing assay, cells
(3x 10°cells/well) were seeded into 6-well culture plates
(Corning-Costar, USA). When cells reached >90% conflu-
ence, cells were starved overnight in medium with a low
concentration (2%) of FBS, then wound scratches were
made by a 200 pL pipette tip Cells were incubated in
medium with a low concentration (2%) of FBS and mitomy-
cin (1.5 pg/mL, Sigma) was always added to suppress cell
proliferation. After 24 h, wound closure was photographed.
The experiments were performed in triplicate.

Transwell chemotaxis assay

Transwell chemotaxis assays were performed as previously
described. Chemotaxis experiments were performed using a
24-well transwell chamber (12 um pore size, Corning Incor-
porated, USA). 3x10* cells were seeded into the upper
chamber, provided with serum-free medium, and permitted
to pass through a polycarbonate filter. The upper chamber
was then incubated in a 24-well plate chamber. Chemoat-
tractant was added to the lower chamber. A cotton swab was
used to remove cells from the upper chamber, the migrated
cells on the lower surface of the chamber were fixed with
4% PFA and stained with 0.1% crystal violet. Migrated cells
were photographed with an inverted microscope.

Re-analysis of scRNA-seq data

The scRNA-seq data utilized in this study were sourced
from the GEO database (GSE197289, GSE164157) and
analyzed using Cell Ranger (version 3.1.0) software. The
resulting clusters were visualized through t-distributed
Stochastic Neighbor Embedding (tSNE). Normalization,
dimensionality reduction, and clustering were conducted for
each of the major cell types, followed by cluster annotation
based on the average expression of curated gene sets spe-
cific to the respective cell types. To explore potential inter-
actions between various cell types, an analysis of cell-cell
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communication was conducted through the utilization of
CellPhoneDB. This resource serves as a publicly accessi-
ble database of meticulously curated receptors and ligands,
along with their respective interactions. The analysis of
CellPhoneDB was executed through the implementation of
the Python package (1.1.0).

Real-time quantitative PCR

Total RNA was extracted using Trizol (Takara, China), using
a cDNA Synthesis SuperMix for quantitative polymerase
chain reaction (qQPCR) with gDNA Eraser (Yeasen, China).
To quantify mRNA levels, real-time qPCR was performed
using a qPCR SYBR Green Master Mix (Yeasen, China) on
a LightCycler®96 (Roche, Switzerland) device. Data were
normalized to the housekeeping gene S-actin, and relative
expression was evaluated using the 2742 method. Prim-
ers were designed using Primer 6 software, and the primer
sequences are listed in Supplementary Table S2.

Direct pulp capping with medicaments

Direct pulp capping with different medicaments was pre-
pared as previously described Under general anesthesia
[41]. A cavity was created with a No.1/4 round steel bur
in the mesial half of the occlusal surface of the mandibu-
lar first molar. The exposed pulp was gently washed with
saline. Next, a gelatin sponge (Spongel; Astellas Pharma)
containing 100 nM CGRP (HY-P0203A, MCE, USA)) or
BIBN4096(HY-10095, MCE, USA)or PBS alone as control
was gently covered on the exposure site. Pulps were sealed
with Iroot BP plus (Innovative Bioceramix, CA, USA) and
light-cured composite resin. Rats were sacrificed on days 3
and 14 after surgery. Each group consisted of at least four
animals.

Statistical analysis

All data are presented as mean+SEM (*P<0.05;
**P<0.01; ***P<0.001). Student t-test was used for
comparisons between 2 groups and the ANOVA test was to
assess more than 2 groups. Analyses were performed with
GraphPad Prism v9.0.0 (GraphPad Software).

Results

Denervation of sensory nerves leads to poor pulp
repair and ectopic mineralization

Human dental pulp nerves primarily consist of sensory
nerves, with a minor presence of sympathetic nerves [13].

We examined the distribution of the sensory nerve marker
TRPVI1 and the sympathetic nerve marker TH within the
overall nerve density of rat molar pulp (Fig. Sla). Our
observations revealed that sensory nerve fibers constitute
the overwhelmingly predominant constituent of rat molar
pulp nerves. Furthermore, pulpal nerves form substantial
bundles within the root canal pulp, which subsequently
divide into intricate, compact nerve fibers upon reaching
the crown pulp cavity, rendering the pulp more sensitive to
external stimuli (Fig. S1b).

We conducted RNA-seq analysis of normal and injured
pulp tissue, and GO enrichment analysis showed distinct
neurogenesis and neurotransmitter biosynthetic processes
(Fig. S2 a, b). Following the method previously described
[42], DEGs related to various facets of sensory nerves are
altered to varying degrees after pulp injury (Fig. S2 c, d),
conforming to previous findings [43, 44]. The staining of
B3-tubulin (a cytoskeletal protein often used as a pan-neural
marker) revealed a significant increase in pulp nerve den-
sity after pulp injury, and the highest density was observed
on day 3 (Fig. S2e). This observation aligns with the estab-
lished notion that neurogenesis reaches its zenith at early
injury in bone [45]. We speculated that sensory nerves may
be involved in the pulp healing process.

To ascertain whether sensory nerves impact repair after
pulp injury, we established a pulp injury model in rats 2
weeks after inferior alveolar nerve dissection (Fig. 1a).
Inferior alveolar nerve transection (IANX) was performed
successfully (Fig. S3a), and the uninjured pulp did not
exhibit any significant changes within 4 w after sensory
nerve removal (Fig. S3b). Except for the higher incidence
of calcified clusters, we did not observe significant differ-
ences in histology between the two groups at 3d postinjury
(Fig. 1b-d). However, microCT analysis and HE staining
revealed that rats in the sham group formed restorative den-
tin at the site of pulp injury after 7 and 14 d. In contrast,
rats in the JANX group did not form a complete restorative
dentin bridge but instead exhibited scattered ectopic miner-
alization within the pulp chamber, the number of calcified
clusters and the area of calcification were larger than those
in the sham group (Fig. le-g, Fig. S4a-c). Scanning elec-
tron microscopy of the mineralized tissues formed in both
groups at 14 d postinjury demonstrated that the restorative
dentin formed in the sham group exhibited uniform structure
and orientation, while calcified masses formed in the IANX
group displayed chaotic structure and disordered orientation
(Fig. 1h). Additionally, the results of immunohistochemical
staining revealed a significant increase in the expression of
DSPP and DMP1 among the two groups, which was related
to odontogenic differentiation. However, the location of the
positive expression was close to the injury site in the sham
groups but was diffusely distributed in the IANX groups,
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{ Fig. 1 Denervation of sensory nerves leads to poor pulp repair and
ectopic mineralization. a Schematic illustrating the denervation and
pulp injury strategy (n=4). b MicroCT and HE staining of the Sham
and IANX groups at 3 d. MicroCT scale bar =1 mm; HE scale bar
=100 um. ¢ Quantification of the calcified clusters number of MicroCT
inb (**P<0.01, n=3). d The percentage of the calcified area of the
total pulp area (%) of MicroCT in b (ns indicates P>0.05, n=3). e
MicroCT and HE staining of the Sham and IANX groups at 14 d. Yel-
low arrows indicate mineralized tissue. MicroCT scale bar =1 mm;
HE scale bar =100 pum. f Quantification of the calcified clusters num-
ber of MicroCT in e (**P<0.01, n=3). g The percentage of the cal-
cified area of the total pulp area (%) of MicroCT in e (ns indicates
P>0.05, n=3). h Scanning electron microscopy of restorative dentin
bridges in the Sham group and mineralized masses in the IANX group
at 14 days after pulp injury as indicated by yellow arrows in ¢. Scale
bar =20 um. i Immunofluorescence staining of Stro-1(red) and CD146
(green) in the pulp close to the injury of the Sham and IANX groups
at 3 d. Images are at a similar magnification with the lower panel of b.
White arrows indicate co-staining. Yellow arrows indicate dental pulp
injury sites. Scale bar =100 pm

and DSPP and DMP1 positive area were larger in the IANX
group (Fig. S4d, f). Besides, we performed PCNA stain-
ing to detect cell proliferation. PCNA-positive cells were
located mainly below the site of injury in the sham group
and elsewhere in the coronal pulp away from this site in the
IANX group. Still, they agree with each other quantitatively
(Fig. S4e, g).

Denervation of sensory nerves did not impair mineral-
ization formation, but mineralization was not in a desir-
able position. Moreover, we marked DPSCs using CD146
and Stro-1 [46], our findings indicate a close relationship
between the spatial distribution of nerve fibers and the local-
ization of DPSCs either in rat or human injured pulp (Fig.
S5). Consequently, we speculated that poor pulp repair and
ectopic mineralization may be attributed to the distribu-
tion of DPSCs after injury. Immunofluorescence staining
revealed that DPSCs were observed to gather near the injury
site in the sham group. Conversely, in the IANX group,
the distribution of DPSCs was distant from the injury site
(Fig. 1i).

Additionally, previous studies on a mouse incisor model
showed the detrimental effect of the transected inferior
mandibular nerve on the cellular composition in the api-
cal region of a continuously growing incisor [30]. It is
unclear whether the poor repair is due to a lack of progen-
itor and stem cells in the pulp of rat molars after IANX.
Consequently, to determine whether stem cell numbers are
reduced in the nerve-deficient environment in rat molars,
we tested the transcription of stem cell marker genes in
uninjured dental pulp tissue in the sham groups and IANX
groups by real-time qPCR following the approach in pre-
vious literature [47, 48]. Moreover, we examined the total
number of cells and the percentage of Stro-1 and CD146-
positive cells in the pulp following the methods outlined
by Hayano et al. [30]. The findings indicated that there was

no significant statistical difference between the two groups
(Fig. S6). These findings suggest that sensory nerves may
influence the biological behavior rather than the number of
DPSCs following pulp injury.

The sensory nerve-deficient microenvironment
reduces the migration ability of DPSCs

To further determine the impact of sensory nerves on the
behavior of DPSCs in pulp injury, DPSCs were isolated
from the first mandibular molars of rats subjected to [ANX,
with a sham group serving as a control. Flow cytometry
characterized the surface antigens of the two groups of
DPSCs (Fig. S7a, b). To simulate an inflammatory injury
model, the cells were treated with LPS for 24 h, as in previ-
ous studies (Fig. 2a) [33, 49].

We next examined behaviors of DPSCs related to repair
after IANX, including cell proliferation, migration and dif-
ferentiation. The CCKS8 assay was used to evaluate the cell
proliferation of each group in vitro (Fig. 2b). The prolifera-
tion rate of the IANX groups slowed, but exponential cell
growth continued. The LPS injury group did not show any
noticeable differences, and no significant difference was
observed on day 5, which coincided with the immunohis-
tochemical staining results. These data suggest that differ-
ences in cellular proliferation are not the leading cause of
poor pulp repair and ectopic mineralization. Subsequently,
alkaline phosphatase (ALP) staining and mineralized nodule
staining (Alizarin red) were conducted at 7 and 14 days after
culture, respectively (Fig. 2c-f). Consistent with the in vivo
immunohistochemical staining, the IANX group exhibited
enhanced odontoblastic differentiation and production of
mineralized extracellular matrix. These data exclude that
poor pulp repair may be due to the abnormal differentiation
ability of the DPSCs in the microenvironment of sensory
nerve deficiency.

To evaluate the migratory capacity of different groups of
DPSCs, we performed scratch and transwell experiments,
and the IANX group had a reduced wound healing rate and a
reduced number of cells crossing the transwell, demonstrat-
ing an impaired migration ability in the IANX group. LPS
treatment promoted migration in both groups, and injury
activates cell migration capability (Fig. 2g, i, j). Moreover,
pictures were taken of the same live cells in 12 h. Cells in
the Sham group changed morphology, polarized, and moved
more frequently. Cells in the IANX group were round to
oval or polygonal, and the shape changed little, with the rel-
ative position does not vary appreciably over time (Fig. S8).

Since cell morphology is closely associated with cell
migration, we examined more than one morphological
indication in each group. The cytoskeleton coordinates cel-
lular morphology and migration, and cytoskeletal changes
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were assessed by immunofluorescence staining for F-actin
and o-tubulin (Fig. 2h). The IANX group exhibited sig-
nificant changes in morphology. Specifically, DPSCs in the
IANX group were rounder in shape rather than long and
shuttle-shaped (Fig. 2h). The quantification of differences

@ Springer

in morphology can be performed using the shape factor and
cell area. The statistical analysis indicated that the TANX
group tended to have a rounded shape, decreased morpho-
logical cell polarity, and an enlarged cell area in comparison
to the Sham group (Fig. 2k, 1). Additionally, the protrusions
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4 Fig. 2 The sensory nerve-deficient microenvironment influences
the behaviors of DPSCs. a Primary culture of dental pulp stem cells
(DPSCs) from rat mandibular first molars. DPSCs were subsequently
stimulated with LPS (1 pg/ml). b Cell proliferation was detected by
CCKS8 assay, OD values are shown as the mean+SEM (**P<0.01,
*P<0.05, ns, not significant, P>0.05). ¢ Alkaline phosphatase activ-
ity staining of DPSCs with different treatments. Scale bar =100 pm.
d Quantitative analysis of ALP activity (ALP positive area/total area)
is presented in ¢ (ns indicates P>0.05, **P<0.01, ***P<0.001,
n=3). e Alizarin red staining of DPSCs with different treatments.
Scale bar =100 pum. f Quantitative analysis of alizarin red staining
was presented in e (**P<0.01, ¥***P<0.001, n=3). g Representa-
tive images of wound healing and Transwell migration assays. Scale
bar =100 pm. h Cytoskeletal changes were assessed by immunofluo-
rescence staining for F-actin (phalloidin, green) and a-tubulin (red).
Scale bar =100 um. i Quantified results of wound healing assay in g
(ns indicates P>0.05, **P<0.01, n=3). J Quantified results of Tran-
swell assay in g (**¥*P<0.01, ¥**P <0.001, n=3). k Shape factor is the
ratio of the major to the minor axis (ns indicates P> 0.05, **P<0.01,
***P<0.001, n=15). 1 Cell area is the area of a cross-section of the
cell soma (ns indicates P>0.05, ¥**P<0.01, ***P<0.001, n=15). m
Summary graph showing protrusion density (mean distance between
protrusions) (ns indicates P>0.05, *P<0.05, n=15). n Protrusion
length. ( ns indicates P> 0.05, ***P <0.001, n=15)

density and length of DPSCs are related to migration, our
results showed that the distance between protrusions was
reduced with an increased frequency in the IANX group,
while the length of the protrusions was shorter (Fig. 2m, n).
The higher density limited the length of the extending pro-
trusions, thus restricting cell migratory ability. Notably, no
significant difference was observed between the LPS injury
group and the non-LPS group. It suggests that the migration
capacity of DPSCs is still reduced in the IANX group after
pulp injury.

Overall, we were able to establish that sensory nerves
facilitate DPSC migration following pulp injury; however,
the precise mechanism and mediators involved remain
unclear.

Sensory nerves regulate DPSCs directly through the
CGRP-Ramp1 axis

We integrated and reanalyzed single-cell (sc) RNA-seq
data from the human trigeminal ganglion (GSE197289) and
human dental pulp (GSE164157). We identified neurons,
DPSCs, and other cell types in the pulp from crude clusters
based on the expression of typical marker genes (Fig. S9a-
f). Subsequently, we employed CellphoneDB to explore the
cell-cell interaction network among the identified cell types,
which revealed a close association between neurons and
DPSCs. We identified 257 receptor-ligand pairs between two
cell types (Fig. S9g). However, our hypothesis suggests that
neuropeptides released by sensory nerves originating from
the trigeminal ganglion may directly facilitate the migra-
tion of DPSCs. The heatmap illustrates the high expression
of neuropeptides in the trigeminal ganglion according to

previous research [50], as well as the presence of corre-
sponding neuropeptide receptors on DPSCs [51], indicat-
ing that the CGRP-Ramp]1 axis is the most potent signaling
axis between the two (Fig. 3a). Rampl is required for high-
affinity binding of CGRP, which forms a receptor complex
with its coreceptor calcitonin-receptor-like receptor (Calcrl)
to bind CGRP. Therefore, we focused on the CGRP-Rampl
axis in the following study, and utilized BIBN4096 (also
known as olcegepant), an antagonist of Ramp1 signaling as
reported previously [52].

To investigate the role of the CGRP-Rampl axis, we
collected injured molars and ipsilateral trigeminal ganglia
at 1, 3, and 7 d post-injury. The results of qPCR analysis
revealed that the gene expression of calca in the trigeminal
ganglion was highest at 1 d postinjury (Fig. S10a). Immuno-
histochemical analysis showed that the expression levels of
CGRP were most pronounced in the mandibular region (V3)
of trigeminal ganglion and dental pulp at 3 d post-injury
in the Sham group, while the IANX group showed negli-
gible CGRP expression at the sites of pulp injury (Fig. 3b-e,
S10b, ¢). The injury signal stimulated sensory nerve endings
from the trigeminal ganglion to release a significant amount
of CGRP at the injury site.

However, there were no statistically significant differ-
ences in Rampl expression across various conditions in
DPSCs in vitro and in vivo (Fig. 3f-i). These findings sug-
gested that alterations in DPSC behavior are attributed to
elevation in CGRP levels rather than changes in Rampl
expression.

Sensory nerves induce the migration of DPSCs
through the CGRP-Ramp1 axis

We cultured primary trigeminal neurons from rats and col-
lected conditioned media to measure DPSCs migration abil-
ity (Fig. 4a). Subsequently, we assessed the impact of each
treatment on cell mobility via wound healing assays, and the
chemotactic response to CGRP was evaluated using tran-
swell assays (Fig. 4b).

We employed trigeminal ganglion conditioned medium
(TG-CM), calcitonin gene-related peptide recombinant pro-
tein (CGRP), BIBN4096 (a CGRP receptor antagonist), and
TG-CM plus BIBN4096 to treat DPSCs in different groups.
Our findings indicate that both TG-CM and CGRP facilitated
DPSC migration in the sham and IANX groups; however,
this effect was abolished upon cotreatment with BIBN4096,
while BIBN4096 alone did not significantly impact migra-
tion (Fig. 4c-h). In Transwell chemotaxis assays, TG-CM,
CGRP, BIBN4096, and TG-CM + BIBN4096 were placed
in the lower transwell chamber. We confirmed that both
TG-CM and CGRP have chemotactic properties for DPSCs,
this phenomenon could be blocked by BIBN4096.
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{ Fig. 3 Sensory nerves act directly on DPSCs through the CGRP-
Rampl axis. a Left: Heatmap of the top-expressed neuropeptides in
the trigeminal ganglion; Right: Dotplot of respective cognate receptor
expression (denoted by arrows) in DPSCs at steady state (circle diam-
eter reflects the percentage of cells expressing, circle color reflects
relative expression abundance). b Immunohistochemical staining of
CGRP in the trigeminal ganglion after pulp injury. Scale bar =100 pm.
¢ Statistical analysis of CGRP-positive area in the trigeminal ganglion
(*P<0.05, **P<0.01, ***P<0.001, n=3). d Immunofluorescence
imaging of CGRP in dental pulp after injury. Scale bar =100 um. e
Statistical analysis of CGRP-positive area in the dental pulp (ns indi-
cates P>0.05, ***P <0.001, n=3). f Inmunofluorescence staining of
Rampl (green) and o-tubulin (red) in the DPSCs of Sham and IANX
groups. Scale bar =100 pum. g Statistical analysis of MFI (Mean Fluo-
rescence Intensity) in d. (ns indicates P>0.05, n=15). h Immunohis-
tochemical staining of Ramp1 in the dental pulp after injury. Scale bar
=100 pm. i Statistical analysis of Ramp1-positive area in the dental
pulp (ns indicates P>0.05, n=3)

Additionally, we excluded the effect of cell proliferation
in migration assays with caution, and we found that CGRP
did not affect the proliferation of DPSCs by CCKS8 experi-
ments (Fig. S11), which is essentially consistent with previ-
ous studies [28]. These results suggest that sensory nerves
modulate DPSC migration via the release of CGRP.

Thesensory neuropeptide CGRP promotes collective
cell migration by tuning intercellular junctions and
cell polarity

Tissue repair relies upon collective cell migration, the
movement of clustered cells as a group rather than as indi-
vidual cells [53]. It requires the maintenance of multicel-
lular polarity and intercellular junctions. The expression
and distribution of CDC42 are decisive for cell polarization
[54]. N-cadherin is thought to be the basis of mesenchymal
intercellular junctions [55]. Hence, we conducted immuno-
fluorescence staining of CDC42 and N-cadherin. We found
that the expression of CDC42 in individual cells was more
localized in the sham group but dispersed in all directions in
the TANX group. There was no significant difference in the
expression level between the sham and IANX groups, while
LPS stimulation increased the expression of CDC42. Fur-
thermore, following CGRP stimulation, CDC42 expression
increased in all groups, with a more concentrated localiza-
tion observed in the IANX group, which suggests a potential
restoration of cellular polarity (Fig. 5a, b). The IANX group
exhibited significantly lower levels of N-cadherin than the
sham group, with no significant changes observed follow-
ing LPS stimulation. However, the introduction of CGRP
increased N-cadherin expression and improved intercellular
junctions (Fig. 5c, d).

Collective cell migration typically adheres to a leader-
follower pattern, and previous research has established p53
as a marker for leader cells [56]. Consequently, we assessed
the distribution of leader cells using P53 fluorescence

staining in a wound healing assay, as described by Kozyr-
ska et al. Our findings indicate that cells located at the ante-
rior edge of the wound in both the Sham and Sham+ LPS
groups displayed a statistically significant increase in p53
expression compared to cells located at the posterior edge
of the wound. Conversely, P53 expression was generally
heightened in the IANX and IANX+ LPS groups, with no
discernible leader cells during migration, both anterior and
posterior to the scratch. CGRP did not significantly affect
the ratio or distribution of p53-posi tive cells in the sham
groups. However, in the JANX groups, CGRP reduced
p53 expression levels in the posterior region of the wound,
resulting in differential expression of p53 at the anterior and
rear edges of the wound (Fig. Se, f).

Therefore, CGRP was found to maintain the polarity
and intercellular junctions of DPSCs and maintain a leader-
follower pattern to facilitate collective cell migration of
DPSCs.

Sensory nerves promote pulp healing via the CGRP-
Ramp1 axis by facilitating the collective migration
of DPSCs

To further investigate the potential of CGRP to enhance
pulp repair through the facilitation of collective migration
of DPSCs in vivo, we added CGRP and BIBN4096 during
the pulp capping procedure, with PBS serving as a control
vehicle in the control group. In the sham group, CD146"
Stro-1* DPSCs were more clustered with the underside of
the injury sites in both the PBS and CGRP groups, whereas
with the addition of BIBN4096, DPSCs were located in a
large area in the left subside of the injury (Fig. 6a). In the
IANX group, the distribution of DPSCs in the PBS group
was dispersed. This phenotype caused by sensory nerve
deficiency was rescued by the addition of CGRP (Fig. 6b).

Following 14 d after pulp capping, the restoration of the
injured pulp was observed through microCT and HE stain-
ing. In the sham group, the CGRP group exhibited more
intact and dense restorative dentin bridges compared to the
PBS group. Conversely, the BIBN4096 group displayed
ectopic mineralization resembling that observed after infe-
rior alveolar nerve transection (Fig. 6c, ¢, f). In contrast, the
addition of CGRP resulted in the closure of pulp exposure in
the IANX group, albeit with a small presence of mineralized
masses remaining in the pulp chamber. (Fig. 6d, g, h)

The findings of this study suggest that CGRP released
by sensory nerves plays a crucial role in facilitating DPSC
aggregation to the site of injury, leading to good repair of
pulp injury. Conversely, poor repair and ectopic mineral-
ization occurred even in the sensory-innervated pulp after
antagonists were used to block the CGRP-Rampl! axis and
thus prevent CGRP from functioning.
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Fig.5 The sensory neuropeptide CGRP promotes collective cell migra-
tion by tuning intercellular junctions and cell polarity. a Immunofluo-
rescence staining of CDC42 (green) and F-actin (red) in the DPSCs of
the Sham and IANX groups. Scale bar, 100 um. b Quantified results
from a. Asterisks (*) and pound signs () mark statistical differences
compared with the Sham group and the same group without CGRP
treatment, respectively. (**P<0.05, **#Pp<0.01, **+*p<0.001,
n=15). ¢ Immunofluorescence staining of N-cadherin (green) and
F-actin (red) in the DPSCs of the Sham and IANX groups. Scale bar,

100 um. d Quantified results from a. Asterisks (*) and pound signs
(#) mark statistical differences compared with the Sham group and
the same group without CGRP treatment, respectively. (**P<0.05,
#+MPp < 0.01, #*++* P <0.001, n=15). e Images showing p53 stain-
ing (red) and nuclei (blue) at the wound edge of DPSCs in Sham and
TIANX groups. f Quantified results from e. Asterisks (*) and pound
signs (#) mark statistical differences compared with the Sham group
and the same group without CGRP treatment, respectively (**P < 0.05,
#+MP < 0.01, #*¥P <0.001, n=15)
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promote tissue repair by facilitating the migration of mes-
enchymal stem cells in the pulp injury model. The sensory
innervation deficits caused a reduction in the collective cell
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{ Fig. 6 Sensory nerves promote pulp healing via the CGRP-RAMP1
axis by facilitating collective migration of DPSCs. a Immunofluores-
cence staining of Stro-1 (red) and CD146 (green) in the pulp close
to the injury of the Sham group at 3 d. Yellow arrows indicate dental
pulp injury sites. Scale bar =100 pm. b Immunofluorescence stain-
ing of Stro-1 (red) and CD146 (green) in the pulp close to the injury
of the IANX group at 3 d. Yellow arrows indicate dental pulp injury
sites. Scale bar =100 pm. ¢ MicroCT analysis and HE staining of the
Sham group at 14 d. Scale bar =1 mm. d MicroCT analysis and HE
staining of the IANX group at 14 d. MicroCT scale bar =1 mm; HE
scale bar =100 um. e Quantification of the number calcified clusters
of MicroCT in ¢ (**P<0.01, ns indicates P>0.05, n=3). f The per-
centage of the calcified area of the total pulp area (%) of MicroCT in ¢
(*P<0.05, ns indicates P>0.05, n=3). g Quantification of the calci-
fied clusters number of MicroCT in d (*P < 0.05, ns indicates P>0.05,
n=3). h The percentage of the calcified area of the total pulp area (%)
of MicroCT in d (*P <0.05, ns indicates P >0.05, n=3)

migration of DPSCs, leading to substantial ectopic mineral-
ization in the injured pulp. Although denervation may poten-
tially induce changes in immune cells and other factors,
DPSCs are mainly responsible for regulating the homeosta-
sis, repair, and regeneration of the dental pulp. Therefore,
our initial emphasis was on investigating the direct but not
indirect regulatory influence of sensory nerves on DPSCs.
The results of our study confirmed our hypothesis, reveal-
ing that sensory nerves from the trigeminal ganglion release
CGRP, which binds receptor Ramp1 on DPSCs to promote
collective cell migration after pulp injury (Fig. 7).

In our study, we constructed a model of inferior alveo-
lar nerve dissection, distinct from models of other tissue
injuries (including bones and colons), which typically use
Nav1.8-, Trpv1- or TrkA-knockout mice [45, 57, 58]. Many
peripheral nerves are mixed nerves and contain motor nerve
fibers, but the IAN is a sensory nerve that passes through
the mandibular canal, providing sensory innervation of
the mandibular first molar that we used in our model [59].
Moreover, numerous studies have shown that the healing
of rat molar pulp tissue is histologically comparable to that
of humans [60]. It is appropriate for exploring DPSCs after
molar pulp injury, similar to what is seen in a clinical setting.

In this study, we focused our attention on the effect of
sensory nerves on DPSC migration. This determination
was made following the careful evaluation and exclusion
of alternative hypotheses, including odontogenic differen-
tiation and proliferation of DPSCs. Previous research had
predominantly emphasized the promotion of DPSC odonto-
genic differentiation in pulp repair [61, 62]. Unexpectedly,
in our study, sensory denervation resulted in an increase in
pulpal calcification and enhanced mineralization tenden-
cies of DPSCs, contrary to BMSCs, which showed reduced
osteogenic differentiation potential and lead to osteoporosis
phenotype in vivo [16]. This phenomenon may be attrib-
uted to tissue-specific factors. Additionally, there was no
statistically significant difference in DPSC proliferation
between the two groups; however, the localization of cell

proliferation showed notable distinctions. Reparative den-
tinogenesis is a complex process requiring DPSC recruit-
ment followed by the signaling of odontoblast-like cell
differentiation and dentine secretion [63]. Therefore, the
homing of DPSCs to the correct site is a critical factor to be
taken into account in pulp repair.

We demonstrated that defects in cell migration play
a predominant role in the observed phenotypes after sen-
sory denervation. Such sensory neuron-stem cell crosstalk
could be exploited in the treatment of pulp injury, initiat-
ing the formation of reparative dentin accurately, consistent
with the previous strategy [64]. Efficient chemotaxis results
from coordinated chemoattractant gradient sensing, cell
polarization, and cellular motility [65]. Prolonged sensory
denervation not only loses chemotactic guidance to DPSCs
but also alters cell polarity and cellular motility (Fig. 2h,
k-n). This phenomenon may be attributed to the CGRP
released by sensory nerves, which serves as an endogenous
molecule for stem cell maintenance [66]. A low level of
CGRP expression is required to preserve the structural and
physiological functions of stem cells [67]. Therefore, cell
polarity and cellular motility of DPSCs were also changed
after pure sensory denervation without pulp injury. How-
ever, following pulp injury, CGRP is released in significant
quantities, transforming into a chemoattractant with a con-
centration gradient, which facilitates the recruitment of dis-
tant DPSCs. This finding agrees with an experiment in the
meniscus that CGRP induces MSCs to enter synovial fluid
from the synovium after injury [68]. However, the expres-
sion levels of the receptor Ramp1 on DPSCs did not show
significant changes following IANX. Consequently, the
DPSCs without sensory innervating retain the capacity to
restore their migratory capability through the administration
of exogenous CGRP, which also provides us with a potential
approach to rescue DPSCs with inadequate migration [5].

DPSC migration is not individual cells moving sepa-
rately, it occurs as a coordinated movement of multiple cells,
which is referred to as “collective cell migration”. Collective
cell migration is considered a hallmark of tissue remodeling
events [69]. Intercellular connections maintain the “supra-
cellular” structure, leading to collective polarization [53].
A group of cells may respond differently in the collective,
migrating in a “leader-follower” fashion, when they receive
the same chemotactic signals as isolated cells. However, it
has been frequently reported in epithelial cells [56]. In our
study, DPSCs also exhibit a collective cell migration pattern
known as leader-follower migration similar to the migration
observed in skin wounds [55]. Even so, this migration pat-
tern is hindered in a nerve-deficient environment. DPSCs in
the ITANX group showed poorer polarity, looser cell arrange-
ment, and weaker intercellular interactions. Their supracel-
lular structure was disrupted, and collective migration was
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Fig. 7 Sensory nerves foster pulp healing by regulating the collective
migration of DPSCs through the CGRP-Ramp]1 axis. In the dental pulp,
nerve fibers are organized into bundles within the root canal, branching
out in the crown pulp, and forming a dense network beneath the odon-
toblast layer. Sensory nerves are the main constituent of nerves in the
dental pulp, which can sense various outer stimuli. After pulp injury,

slowed, and also in the LPS injury group (Fig. 5). Neverthe-
less, after stimulation with CGRP recombinant protein, the
intercellular connections and cell polarity of DPSCs were
enhanced, and “leader-follower” collective cell migration
was accelerated. It is suggested that the release of CGRP
from sensory nerves innervating the dental pulp promotes
the collective migration of DPSCs after pulp injury, the
detailed mechanism underlying this complex and multidi-
mensional phenomenon warrants further research.
Furthermore, the investigation of odontogenic differen-
tiation and proliferation of DPSCs under a sensory-deficient
microenvironment, in conjunction with migration, holds
academic significance. Interestingly, DPSCs in the IANX
group showed reduced N-cadherin expression (Fig. 5c, d),
and previous studies have suggested that the knockdown
of N-cadherin promoted odontogenic differentiation of
DPSCs [70]. However, this is in line with observations of
DPSCs in aging pulp, where the nerve density decreases

@ Springer

the sensory nerves exhibit a rapid response and sprouting. Concur-
rently, CGRP is released from sensory nerves near the injury site to act
on the receptor Ramp1 on the surface of the activated DPSCs, thereby
facilitating the collective cell migration of DPSCs to the injury site by
promoting cell polarization and intercellular junctions, thus contribut-
ing to the repair of pulp injury

coincidentally. Aging bone density decreases while the
aging pulp shows root canal calcification, and it has also
been indicated that aging DPSCs have an increased tendency
to mineralize [71]. Our findings may explain the increased
occurrence of pulp stones and calcification in root canals of
elderly individuals, suggesting an advanced involvement of
neurodegeneration. Clearly, it is imperative to conduct addi-
tional experiments to validate these hypotheses. In terms of
proliferation, the DPSC proliferation rate was slowed after
IANX, but CGRP did not significantly alter their prolif-
eration rate, consistent with previous in vitro studies [28].
Taken together, we can have increased confidence that sen-
sory nerves promote wound healing mainly by facilitating
the migration of DPSCs.

The role of sensory nerves as part of the MSC niche for
the maintenance of stem cell homeostasis has gradually
come to the forefront in recent years [15, 72]. Regretfully,
current studies on the effect of sensory nerves on stem cell
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migration are very limited. Exploring and directing the
pathways of immature cell transport is essential to elucidate
the mechanisms by which stem cells regulate tissue homeo-
stasis and repair [73]. This exploration of stem cell transport
mechanisms is beneficial not only to promote endogenous
DPSC-mediated pulp repair after injury but also to facilitate
the targeted movement of transplanted stem cells from the
site of administration to the site of injury [74]. This may
provide ideas for the common problem of tunnel defects in
dentin bridges and root canal calcification after root capping
to modify vital pulp therapy. Together, modulation of sen-
sory nerve release activity could provide a new approach to
promote and facilitate the repair of tissue damage, comple-
menting traditional therapies.
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