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Introduction
Since the introduction of the concept of “osseointegration” in 
1969 (Branemark et al. 1969), implant treatment has gradually 
become a standard treatment for tooth loss (Buser et al. 2017). 
Among all the treatment options, delayed implant is a classical 
approach offering long-term stability and low failure risk 
(Canellas et al. 2019). However, there are still many challenges 
that hinder the success rate, such as reduction in bone dimen-
sions after tooth extraction (Chappuis et al. 2013) and insuffi-
cient new bone formation around implants. As drivers of 
osteogenesis, resident stem cells in alveolar bone are thought to 
be recruited to the injury site and contribute to the pool of osteo-
blasts forming bone at extraction sockets and around implants 
(Tuan 2011; Zhang, Li, et al. 2020). Although some previous 
studies have shown the presence of osteogenic progenitor cells 
in the periodontal ligament (PDL) and their contribution toward 
osseointegration (Pei et al. 2017; Yuan, Pei, Zhao, Li, et al. 
2018), their in vivo properties remain largely unknown.

The lack of in vivo studies on stem cell sources for dental 
implant osseointegration is partially due to the technical  
challenge for studying the intact implant–tissue interface. 
Histological sectioning, which requires removal of implants, 
inevitably destroys the integrity of the implant–tissue interface 
(He et al. 2017). Ground sectioning quenches endogenous flu-
orescence and generates very few sections (Calvo-Guirado  
et al. 2010), limiting its application on lineage tracing studies 
with transgenic reporter mice. Tissue clearing is a powerful 
tool for 3-dimensional (3-D) imaging. It turns tissues transpar-
ent by removing components blocking or diffracting the light 

inside the tissue (Tainaka et al. 2016). Recently, our lab devel-
oped the polyethylene glycol–associated solvent system 
(PEGASOS), which could clear hard and soft tissues without 
losing endogenous fluorescence (Jing et al. 2018, 2019). We 
introduced this technique to investigate the vasculature at the 
implant–bone interface (Yi et al. 2019).

Gli1+ cells have been recognized as stem cells in many tis-
sues (Schneider et al. 2017; Sena et al. 2017; Shi et al. 2017), 
especially in the craniofacial region (Zhao et al. 2014, 2015; 
Men et al. 2020). Recently, our group identified Gli1+ cells 
within the adult mouse periodontal ligament as stem cells sup-
porting periodontal tissue turnover and injury repair (Men et al. 
2020). In addition to PDL, a few Gli1+ cells were also detected 
within the alveolar bone marrow.

In this study, using a tissue clearing–based 3-D imaging 
method, we investigated the properties of Gli1+ cells within the 
alveolar bone marrow before and after the titanium implant 
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Abstract
Osseointegration is the key issue for implant success. The in vivo properties of cell populations driving the osseointegration process have 
remained largely unknown. In the current study, using tissue clearing–based 3-dimensional imaging and transgenic mouse model-based 
lineage tracing methods, we identified Gli1+ cells within alveolar bone marrow and their progeny as the cell population participating 
in extraction socket healing and implant osseointegration. These Gli1+ cells are surrounding blood vessels and do not express lineage 
differentiation markers. After tooth extraction and delayed placement of a dental implant, Gli1+ cells were activated into proliferation, 
and their descendants contributed significantly to new bone formation. Ablation of Gli1+ cells severely compromised the healing and 
osseointegration processes. Blockage of canonical Wnt signaling resulted in impaired recruitment of Gli1+ cells and compromised bone 
healing surrounding implants. Collectively, these findings demonstrate that Gli1+ cells surrounding alveolar bone marrow vasculature are 
stem cells supporting dental implant osseointegration. Canonical Wnt signal plays critical roles in regulating Gli1+ stem cells.
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placement. With lineage tracing, we showed that Gli1+ cells in 
alveolar bone marrow respond to tooth extraction, proliferate 
along blood vessels, and contribute to socket healing and 
implant osseointegration. Canonical Wnt signaling pathway 
plays a critical role in this process.

Materials and Methods

Animals

The Institutional Animal Care and Use Committee at Texas 
A&M University reviewed and approved all protocols for ani-
mal care and experiments. This study conformed with the 
ARRIVE guidelines for preclinical studies. Gli1-CreERT2 mice 
(JAX#007913), Ai14 tdTomato reporter mice (JAX#007908), 
and β-Cateninflox/flox (JAX#004152) and ROSA26eGFP-DTA 
(JAX#006331) mice were purchased from the Jackson 
Laboratories. Cdh5-CreERT2 mice (Eilken et al. 2017) were pro-
vided by Dr. Woo-Ping Ge at the University of Texas 
Southwestern Medical Center for blood vessel investigation. 
To induce Cre activity, tamoxifen (Sigma Prod. No. T5648; 
Sigma Aldrich) dissolved in corn oil (20 mg/mL) was injected 
intraperitoneally (1.5 mg/10 g body weight) daily for 2 con-
secutive days.

Tooth Extraction and Delayed Implant 
Placement Surgeries

Six-week-old mice were used for mandibular tooth extraction 
procedure. Tamoxifen was injected 5 d prior to the surgery for 
2 consecutive days. Three mandibular molars were removed 
under anesthesia. Sockets were cleaned with a low-speed hand 
drill to remove the remaining PDL.

For delayed implant placement experiments, mandibular 
first molars were extracted at 3 wk of age. Tamoxifen was 
injected 3 wk after extraction. On day 25 after extraction, a 0.5-
mm osteotomy was created in the healed extraction site with a 
low-speed hand drill. A titanium implant (Ti-Al-V, 0.6-mm-
diameter titanium dentine pins; STABILOK) was screwed in. 
Extra length of the implant was cut at the gingival level.

PEGASOS Tissue Clearing, Whole-Mount 
Staining, and 3-D Imaging

PEGASOS tissue clearing was performed following the estab-
lished protocol (Jing et al. 2019; Yi et al. 2019). Detailed 
description is provided in the Appendix.

Statistical Analysis

All experiments were performed 4 times, and representative 
images were chosen for publication. The number of experi-
ments is provided in each figure or legend. All data are dis-
played as mean ± SD. GraphPad Prism 7 (GraphPad Software) 
was used for statistical analysis. Unpaired 2-tailed Student’s t 
test was used to compare the difference between 2 independent 
groups. When more than 2 groups were compared, 1-way anal-
ysis of variance (ANOVA) was carried out, followed by 

Tukey’s multiple comparisons test. P < 0.05 was considered 
statistically significant.

Results

Gli1+ Cells within the Bone Marrow Space 
Reside Near Vasculature and Are Largely 
Negative for Lineage Differentiation Markers

To investigate the distribution and characteristics of Gli1+ cells 
in adult alveolar bone, Gli1-CreERT2;Ai14 mice (GT mice) at 
6 wk of age were induced with tamoxifen for 2 d and eutha-
nized on day 5 (Fig. 1A).

The tdTomato+ cells were detected within the bone marrow 
in the mandibular molar root furcation area (Fig. 1Ba). No 
tdTomato+ osteocytes were observed. Laminin staining showed 
that Gli1+ cells within the bone marrow reside around the blood 
vessels (Fig. 1Bb). GS-IB4 staining further confirmed the 
association between Gli1+ cells and the vasculature (Fig. 1Bc). 
Littermates without tamoxifen induction were checked, and no 
Cre activity was found in the bone marrow area (Appendix Fig. 
1A), suggesting the reliability and specificity of the tamoxifen-
induced creERT2 line in this study.

Immunostaining of pericyte markers including neuron-glial 
antigen 2 (NG2) and cluster of differentiation 146 (CD146) 
showed that most Gli1+ cells were negative for them (Fig. 1Bd, 
e). The percentages of NG2+/tdTomato+ cells and CD146+/tdTo-
mato+ cells were 18.97% and 29.61%, respectively (Fig. 1C).

The α–smooth muscle actin (αSMA)–positive cells were 
reported to be a source of periodontal and osteogenic progeni-
tors (Kalajzic et al. 2008; Roguljic et al. 2013). However, as is 
shown here by immunostaining, αSMA was expressed mainly 
by arteries within the alveolar bone and more likely to be vas-
cular smooth muscle cells. Gli1+ cells were detected mostly 
around αSMA+ cells (Fig. 1Bf) and did not largely overlap 
with αSMA+ cells.

Leptin receptor (LepR) is considered a stem cell marker for 
long bone (Zhou et al. 2014). In mandibles, LepR+ cells were 
scarcely detected within the alveolar bone marrow but abun-
dant in soft tissues such as the gingiva, and Gli1+ cells were 
negative for LepR (Fig. 1Bg).

To study the differentiation status of Gli1+ cells, we per-
formed immunostaining. Periostin is a PDL marker. Gli1+ cells 
were mostly negative for periostin expression (2.43%) (Fig. 
1Bh, C). Sp7 transcription factor (Sp7, also known as Osterix) 
is a differentiation marker for osteoblasts. Gli1+ cells were 
mostly negative for Sp7 (8.35%) (Fig. 1Bi, C). Type 1 collagen 
(Col1) is a secreted protein in bone matrix and is expressed by 
some fibroblasts within the bone marrow. Gli1+ cells showed 
almost no expression of Col1 (0.9%) (Fig. 1Bj, C).

Gli1+ Cells Were Activated and Proliferated 
Along Blood Vessels after Tooth Extraction

To test the contribution of Gli1+ cells in tooth extraction socket 
healing, we extracted the mandibular molars and removed PDL 
in the socket from adult GT mice 3 d after tamoxifen induction. 
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Mice mandibles were harvested on 1, 7, 14, or 28 d after tooth 
extraction (Fig. 2A). Middle one-third part of the extraction 
socket was selected as a region of interest for observing the 
healing process.

One day after tooth extraction, complete PDL removal was 
verified histologically (Appendix Fig. 2A). Instead, the socket 
was filled with a blood clot. No Gli1+ cells were detected 
within the socket. Gli1+ cells were observed within the bone 
marrow adjacent to the socket (Fig. 2Ba, Appendix Fig. 2B). 
Compared to uninjured conditions, an increased number of 
Gli1+ cells incorporated 5-ethynyl-2′-deoxyuridine (EdU), 
indicating Gli1+ cells were activated into proliferation in 

response to tooth extraction (Fig. 2Bb, C). Costaining with 
GS-IB4 indicated that the proliferating Gli1+ cells were mostly 
surrounding the vasculature (Fig. 2Bc).

Seven days after tooth extraction, a large number of  
tdTomato+ cells were visualized within the socket (Fig. 2Da, 
E). Costaining of laminin antibody indicated the association of 
these tdTomato+ cells with vasculature (Fig. 2Db, F). Sp7 anti-
body staining showed ~16.8% of Sp7+ cells within the socket 
were also tdTomato+, indicating their derivation from Gli1+ 
cells (Fig. 2Dc, G).

Fourteen days after extraction, ~52.81% of cells within the 
socket were tdTomato+ (Fig. 2D d). Laminin antibody staining 

Figure 1. Gli1+ cells within alveolar bone marrow were surrounding blood vessels and largely negative for pericyte markers and osteogenic lineage 
markers. (A) Experimental timeline. (B) The alveolar bones were collected on day 5 after inducton. TdTomato+ cells were visualized in the alveolar 
bone marrow space (a). Sections at the mandibular first molar furcation of Gli1-creERT2;Ai14 mice were stained with antibodies against endothelium 
markers laminin (b) and GS-IB4 (c), pericyte markers NG2 (d) and CD146 (e), stem cell markers α–smooth muscle actin (αSMA) (f) and LepR (g), 
and lineage markers including periostin (h), Sp7 (i), and type I collagen (j). d′–f′, h′–j′ are enlarged images of boxed areas in d–f, h–j, respectively. g′ is 
the LepR antibody staining of gingiva on the same section from g, serving as a positive control. (C) Percentiles of double-positive cells (i.e., cells that 
express both tdTomato and specific markers) among tdTomato+ cells on sections (n = 4).
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indicated tdTomato+ cells were mainly within 20 µm from the 
vasculature (Fig. 2De, F). Sp7 staining showed ~24% of Sp7+ 
cells were derived from Gli1+ cells (Fig. 2Df, G).

On day 28 after extraction, ~84% of cells within the socket 
were tdTomato+ (Fig. 2Dg, E). The tdTomato+ cells were 
detected at all distances from the vasculature (Fig. 2Dh, F). 

Over 90% of the Sp7+ cells were tdTomato+, indicating their 
derivation from Gli1+ cells (Fig. 2Di, G).

LepR+ cells were also known to contribute to extraction 
socket healing (Zhang, Zhang, et al. 2020). To study the rela-
tionship between Gli1+ cells and LepR+ cells, we performed 
immunostaining with LepR antibody. Seven days after tooth 

Figure 2. Gli1+ cells within alveolar bone marrow were activated after tooth extraction. They migrated along blood vessels and contributed to 
new bone formation at the extraction site. (A) Experimental timeline of tooth extraction and sample collection. (B) Gli1-creERT2;Ai14 mice extraction 
site, 1 d after mandibular molar extraction (a). Two-hour EdU incorporation assay showed dividing Gli1+ cells around vasculature 1 day after tooth 
extraction (b, c). Tamoxifen was injected 5 d prior to the surgery. (C) Percentages of tdTomato+/EdU+ cells among tdTomato+ cells within the alveolar 
bone marrow near socket before and after extraction (n = 4). ****P < 0.0001. (D) Distribution of Gli1+ cells and their derivatives on 7 d (a), 14 d (d), 
and 28 d (g) after tooth extraction. Immunostaining of laminin (b, e, h) and Sp7 (c, f, i) showed the association of tdTomato+ cells with blood vessels 
and osteoblasts, respectively. White arrows indicate blood vessels; arrows with star indicate Sp7+/tdTomato+ cells. (E) Percentiles of tdTomato+ cells 
within the extraction socket at different time points (n = 4). **P < 0.01. (F) Number of tdTomato+ cells within each field view at different distances 
from blood vessels at various time points (n = 4). (G) Percentiles of Sp7+/tdTomato+ cells among tdTomato+ cells within the extraction socket at 
different time points (n = 4). ****P < 0.0001. ns, no significant difference.
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extraction, Gli1+ cells were negative for LepR (Appendix Fig. 
3Aa–c). One month after tooth extraction, most LepR+ cells 
were tdTomato+ (Appendix Fig. 3Ae, f), suggesting the deriva-
tion of LepR+ cells from Gli1+ cells.

Gli1+ Cells in the Alveolar Bone  
Marrow Contributed to Osseointegration  
after Delayed Implantation

Next, we examined contribution of Gli1+ cells in the alveolar 
bone marrow toward implant osseointegration. Adult Gli1-
CreERT2;Ai14 mice were induced with tamoxifen 3 wk after 
extraction. A titanium implant was placed in the healed socket 
3 d after tamoxifen induction. Mandibles with implants were 

harvested at various time points afterward (Fig. 3A). After 
clearing with PEGASOS tissue clearing method, samples were 
imaged with a 2-photon microscope. Second harmonic genera-
tion (SHG) signal was used to show calcified collagen struc-
ture of bone tissues (Kim and Bixel 2020), and reflection light 
was used to outline implants.

One day after placement, remnant bone was observed sur-
rounding the implant in hematoxylin and eosin (H&E)–stained 
sections (Appendix Fig. 2B). A few tdTomato+ cells were 
detected in the bone marrow adjacent to the implant surface 
(Fig. 3Ba).

On day 7 after placement, fibrous tissue replaced the bone 
remnant around the implant (Appendix Fig. 4A, B). The num-
ber of tdTomato+ cells increased dramatically (Fig. 3Bd–f), 
which was 20-fold more than that on day 1 (Fig. 3C).

Figure 3. Gli1+ cells within alveolar bone marrow contributed to the implant osseointegration. (A) Experimental timeline of delayed implant 
placement and sample collection. (B) Tissue clearing–based 3-dimensional images of Gli1-creERT2;Ai14 mouse mandibles with implants showed 
contribution of Gli1+ cells toward osseointegration on day 1, 7, 14, 28, or 90 after implant placement. Tamoxifen was injected 5 d ahead of implant 
surgery. (C) Normalized tdTomato+ cell numbers at different time points were quantified relative to day 1 (n = 4). **P < 0.01. ***P < 0.001. ****P < 
0.0001. ns, no significant difference. (D) Percentiles of tdTomato+ cells among all cells within the alveolar bone marrow at different time points (n = 4). 
*P < 0.05. ***P < 0.001. ns, no significant difference.
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By day 14, the number of tdTomato+ cells continued to 
increase (Fig. 3Bg, C). As was indicated in both H&E staining 
and SHG images, fibrous bone also started to form (Fig. 3Bh, 
Appendix Fig. 4).

By day 28, almost the entire bone marrow space was filled 
with tdTomato+ cells (Fig. 3Bj, C, Appendix Fig. 5A). Well-
organized bone structure was visualized surrounding the 
implant (Fig. 3Bk, Appendix Figs. 4, 5A). In addition, osteo-
cytes with dendritic processes occupying the bone lacuna (the 
relatively dark area in SHG imaging) were also tdTomato+ 
(Appendix Fig. 5B).

By day 90, even more tdTomato+ cells were located within 
the trabecular bone. Total number of tdTomato+ cells was 
70-fold more than that on day 1 (Fig. 3Bm, D). Both micro–
computed tomography (CT) and SHG images indicated com-
plete osseointegration surrounding the implant (Fig. 3Bn).

Taken together, the lineage tracing experiments indicated 
that Gli1+ cells proliferated around the implant and finally dif-
ferentiated into osteocytes.

Gli1+ Cells Are Indispensable for Peri-Implant 
Bone Formation

To test if Gli1+ cells are indispensable for bone healing around 
the implant, we genetically ablated Gli1+ cells using Gli1-
CreERT2;Ai14;ROSA26eGFP-DTA (GT-DTA) mice. Gli1-
CreERT2;Ai14 (GT) mice served as the control group. Surgical 
procedures on GT and GT-DTA mice were conducted as 
described above (Appendix Fig. 6A).

Samples were harvested 2 mo after implant placement. 
Micro-CT results revealed that bone volume around the 
implants was significantly reduced in the DTA group (Appendix 
Fig. 6B, C). Deep imaging around implants showed much less 
tdTomato+ cells in GT-DTA mice compared to GT mice, indi-
cating effective ablation of Gli1+ cells in the GT-DTA mice 
(cell ablation efficiency: ~84%) (Appendix Fig. 6Da, c). SHG 
images further showed much less bone surrounding implant in 
GT-DTA mice (Appendix Fig. 6Db, d). Histological staining of 
2-dimensional (2-D) sections showed similar results as 3-D 
imaging. Well-organized bone structure could be seen in the 
implant thread grooves in GT mice, while implant thread 
grooves of GT-DTA mice were filled with fibrous tissues 
(Appendix Fig. 6E). These findings indicated that the ablation 
of Gli1+ cells significantly compromised peri-implant bone 
formation.

Gli1+ Cells and Their Derivatives Are Closely 
Associated with Vasculature during the Implant 
Osseointegration Process

To investigate the relationship between Gli1+ cells and vascu-
lature, we generated Cdh5-CreERT2;Ai14 mice to label blood 
vessels (Fig. 4A). Deep imaging showed increased vasculature 
density near the implant surface from day 1 to day 7 after 
placement (Fig. 4Ba–d). Enriched vasculature was visualized 

to directly contact the implant surface on day 28 after surgery 
(Fig. 4b, e, f). The growth of vasculature was consistent with 
increased bone density, shown by the SHG signal, near the 
implant surface (Fig. 4Bb, d, f).

To investigate the association between Gli1+ cells and vas-
culature, we performed whole-mount staining of GS-IB4. 
Gli1+ cell and their derivatives were mostly restricted to the 
perivascular area on day 1 after implant placement (Fig. 4Ca–
c, D). On day 7, more Gli1+ cell derivatives were visualized 
and still close to vasculature (Fig. 4Cd–f, E). On day 28 after 
placement, tdTomato+ cells had populated the entire peri-
implant area but were not restricted to the perivascular area. 
Nearly half of tdTomato+ cells were near vasculature (<20 µm), 
while the other half of tdTomato+ cells were in bone tissue far 
from blood vessels (Fig. 4Cg–i, F).

Canonical Wnt Signaling Pathway Played 
Crucial Roles in Gli1+ Cell-Mediated Implant 
Osseointegration

Canonical Wnt signaling is critical in stem cell activation and 
differentiation (Clevers et al. 2014; Janda et al. 2017; 
Degirmenci et al. 2018). To study its roles on implant osseoin-
tegration, we generated Gli1-creERT2;β-cateninflox/flox;Ai14 (β-
catenin inducible conditional knockout, icKO) mice. 
Gli1-creERT2;β-cateninflox/+;Ai14 mice served as littermate con-
trols. Tooth extraction was performed at the age of 3 wk for 
both icKO and littermate control mice. Tamoxifen induction 
and implant placement were carried out as described above 
(Fig. 5A).

Micro-CT results indicated that, by day 28, much less bone 
surrounding implant was detected in the icKO mice compared 
with the control group (Fig. 5Ba, b, D). On day 90, the bone 
volume and density reduction surrounding the implant in the 
icKO group were even more significant (Fig. 5Bc, d, D). 
Bone–implant contact of the 2 groups showed a similar trend 
over time (Fig. 5E).

Next, we studied the lineage contribution of Gli1+ cells in 
the icKO and control groups. One day after implant place-
ment, similar numbers of tdTomato+ cells were detected 
around the implants in the 2 groups (Fig. 5Ca, b, F). On day 
7, less tdTomato+ cells were observed in icKO group, sug-
gesting compromised Gli1+ cell activation in the absence of 
β-catenin (Fig. 5Cc, d, F). On day 28, while almost all the 
bone marrow was filled with tdTomato+ cells in the control 
group, very few tdTomato+ cells were visualized in the icKO 
group (Fig. 5Ce, f, F). On day 90, the difference in the num-
ber of tdTomato+ cells was even more significant between the 
2 groups, especially in the trabecular bone (Fig. 5F, G). In 
addition, in the control group, many tdTomato+ osteocytes 
were detected within the bone matrix (as indicated by colo-
calization with the SHG signal). In the icKO group, only very 
few tdTomato+ osteocytes were observed (Fig. 5Cg, h, F, G), 
indicating compromised osteocyte differentiation in the icKO 
group.
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Discussion

Implant osseointegration involves bone tissue regeneration 
surrounding the implant surface. Despite successful clinical 
application of dental implant, the progenitor cell population 
driving osseointegration remains an open question. Using  
lineage tracing and a tissue clearing–based deep imaging 

technique, we identified Gli1+ cells within the alveolar bone 
marrow as stem cells supporting implant osseointegration. 
These Gli1+ cells surround vasculature and are negative for 
osteoblast and PDL fibroblast markers. They are activated into 
proliferation and differentiation to generate new bone and 
show a close relationship with blood vessels during the whole 
process. Ablation of Gli1+ cells severely compromises 

Figure 4. Migration of Gli1+ cells and their derivatives during osseointegration were closely associated with blood vessels. (A) Experimental timeline. 
(B) Tissue clearing–based 3-dimensional images of Cdh5-creERT2;Ai14 mouse mandibles with implants showed angiogenesis surrounding the titanium 
implants on day 1, 7, or 28 after implant placement. (C) Representative images of Gli1-creERT2;Ai14 mandibles with implants stained with GS-IB4 showed 
an association between peri-implant Gli1+ cells and vasculature. (D–F) Percentages of tdTomato+ cells at different distances from GS-IB4+ blood 
vessels among all tdTomato+ cells on day 1 (D), 7 (E), or 28 (F) after implant placement (n = 4).
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Figure 5. Canonical Wnt signaling pathway is required for Gli1+ cell-mediated implant osseointegration. (A) Experimental timeline. (B) Three-
dimensional (3-D) reconstruction of micro–computed tomography of Gli1-creERT2;Ai14 (control) and Gli1-creERT2;β-cateninflox/flox;Ai14 (β-catenin inducible 
conditional knockout [icKO]) littermate mice 28 d and 90 d after implant placement. (C) Representative 3-D images showed Gli1+ cell contribution and 
new bone formation in control or β-catenin icKO group on day 1, 7, 28, or 90 after implant placement. (D) Quantitative bone volume fraction analysis 
of newly formed bone (n = 4). **P < 0.01. (E) Quantitative bone–implant contact (BIC) analysis (n = 4). **P < 0.01. ***P < 0.001. (F) Normalized 
tdTomato+ cell numbers in control and β-catenin icKO groups at different time points were quantified relative to day 1 (n = 4). *P < 0.05. **P < 0.01. 
***P < 0.001. ns, no significant difference. (G) Percentiles of tdTomato+ cells in the alveolar bone of control and β-catenin icKO sample at different 
time points (n = 4). ***P < 0.001. ns, no significant difference.
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osseointegration. Canonical Wnt signaling pathway is essential 
for their activation and successful osseointegration. These 
properties are similar to Gli1+ cells within the PDL (Men et al. 
2020). It is possible that Gli1+ cells within the PDL or alveolar 
bone are the same perivascular stem cell population localized 
differently.

Both PDL and alveolar bone marrow contain multipotential 
stem cells (Matsubara et al. 2005; Zhao and Chai 2015; 
Mashimo et al. 2019). Our previous studies showed that physi-
ologically, PDL Gli1+ cells support turnover of PDL and alveo-
lar bone proper (Men et al. 2020). We speculate Gli1+ cells 
within bone marrow function to support alveolar trabecular 
bone turnover under physiological conditions.

Roles of PDL remnant in socket healing remain controver-
sial. Some reported that remnant PDL cells differentiate into 
osteoblasts for ossification (Devlin and Sloan 2002; Pei et al. 
2017). Residual socket Axin2+ PDL progenitor may contribute 
to socket healing (Yuan, Pei, Zhao, Tulu, et al. 2018). However, 
this study could not exclude the possible contribution of pro-
genitor cells outside the socket because Axin2 was also widely 
expressed by osteoblasts lining the alveolar bone marrow. On 
the other hand, there are also studies showing that the amount 
of newly formed bone was not significantly affected by exca-
vating PDL residual after tooth extraction (Isaka et al. 2001). 
In the clinic, socket healing can still occur in periodontitis 
patients with severe PDL tissue loss. Our study does not 
exclude the roles of residual PDL on socket healing. Instead, 
we showed that alveolar bone marrow Gli1+ cells made a sig-
nificant contribution.

LepR+ cells within the alveolar bone marrow were shown to 
be stem cells essential for tooth extraction socket healing 
(Zhang, Zhang, et al. 2020). Our results from immunostaining 
of LepR suggests that LepR+ cells might be derived from Gli1+ 
cells and could be a subpopulation. This is similar to the LepR+ 
cells in the PDL tissue (Men et al. 2020). Further studies are 
needed to verify the relationship between these 2 populations.

Canonical Wnt signaling pathway is critical for regulating 
stem cell proliferation and fate determination (Clevers et al. 
2014; Janda et al. 2017; Degirmenci et al. 2018). Our inducible 
conditional knockout experiments indicated that the canonical 
Wnt signaling pathway is indispensable for activation of Gli1+ 
cells and implant osseointegration. This is consistent with a 
previous study based on Axin2+ PDL progenitor cells (Yuan, 
Pei, Zhao, Tulu, et al. 2018).

Implant–tissue interface is the key issue for implant studies. 
Our current work showed that tissue clearing–based deep imag-
ing can be a powerful tool. Tissues surrounding the implant were 
turned transparent with well-preserved fluorescent signal and 
interface morphology. Compared with micro-CT, deep imaging 
can be multicolor and achieve much higher resolution.

In conclusion, we identified Gli1+ cells within alveolar 
bone marrow as a stem cell source for tooth extraction socket 
healing and delayed dental implant osseointegration. Canonical 
Wnt signaling pathway regulates stem cell activation. Our 
study will help to better understand the mechanism of implant 
osseointegration.
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