
LSU Health Science Center LSU Health Science Center 

LSU Health Digital Scholar LSU Health Digital Scholar 

School of Dentistry Faculty Publications School of Dentistry 

9-27-2024 

A novel model of autologous tooth transplantation for the study A novel model of autologous tooth transplantation for the study 

of nerve recruitment of nerve recruitment 

Teresa E. Fowler 
Wellstar MCG Health 

Doan T. Bloomquist 
VA Medical Center 

Caroline Glessner 
Augusta University 

Poonam Patel 
Augusta University 

Jeffrey N. James 
LSU Health Sciences Center - New Orleans, jjame1@lsuhsc.edu 

See next page for additional authors Follow this and additional works at: https://digitalscholar.lsuhsc.edu/sod_facpubs 

 Part of the Biomedical Engineering and Bioengineering Commons, Medical Anatomy Commons, 

Medical Cell Biology Commons, Neurosciences Commons, and the Oral and Maxillofacial Surgery 

Commons 

Recommended Citation Recommended Citation 
Fowler, Teresa E.; Bloomquist, Doan T.; Glessner, Caroline; Patel, Poonam; James, Jeffrey N.; Bollinger, 
Kathryn; McCluskey, Lynnette P.; and Bloomquist, Ryan F., "A novel model of autologous tooth 
transplantation for the study of nerve recruitment" (2024). School of Dentistry Faculty Publications. 153. 
https://digitalscholar.lsuhsc.edu/sod_facpubs/153 
10.1186/s12903-024-04884-5 

This Article is brought to you for free and open access by the School of Dentistry at LSU Health Digital Scholar. It 
has been accepted for inclusion in School of Dentistry Faculty Publications by an authorized administrator of LSU 
Health Digital Scholar. For more information, please contact DigitalScholar@lsuhsc.edu. 

https://digitalscholar.lsuhsc.edu/
https://digitalscholar.lsuhsc.edu/sod_facpubs
https://digitalscholar.lsuhsc.edu/sod
https://digitalscholar.lsuhsc.edu/sod_facpubs?utm_source=digitalscholar.lsuhsc.edu%2Fsod_facpubs%2F153&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/229?utm_source=digitalscholar.lsuhsc.edu%2Fsod_facpubs%2F153&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/665?utm_source=digitalscholar.lsuhsc.edu%2Fsod_facpubs%2F153&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/669?utm_source=digitalscholar.lsuhsc.edu%2Fsod_facpubs%2F153&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/1010?utm_source=digitalscholar.lsuhsc.edu%2Fsod_facpubs%2F153&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/656?utm_source=digitalscholar.lsuhsc.edu%2Fsod_facpubs%2F153&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/656?utm_source=digitalscholar.lsuhsc.edu%2Fsod_facpubs%2F153&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalscholar.lsuhsc.edu/sod_facpubs/153?utm_source=digitalscholar.lsuhsc.edu%2Fsod_facpubs%2F153&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1186/s12903-024-04884-5
mailto:DigitalScholar@lsuhsc.edu


Authors Authors 
Teresa E. Fowler, Doan T. Bloomquist, Caroline Glessner, Poonam Patel, Jeffrey N. James, Kathryn 
Bollinger, Lynnette P. McCluskey, and Ryan F. Bloomquist 

This article is available at LSU Health Digital Scholar: https://digitalscholar.lsuhsc.edu/sod_facpubs/153 

https://digitalscholar.lsuhsc.edu/sod_facpubs/153


R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Fowler et al. BMC Oral Health         (2024) 24:1141 
https://doi.org/10.1186/s12903-024-04884-5

BMC Oral Health

*Correspondence:
Ryan F. Bloomquist
ryan.bloomquist@uscmed.sc.edu
1Department of Ophthalmology, Wellstar MCG Health, 1120 15th Street, 
Augusta, GA 30912, USA
2Department of Ophthalmology, Charlie Norwood Veterans Affairs 
Medical Center, 950 15th Street, Augusta, GA 30901, USA
3The Dental College of Georgia at Augusta University, 1430 John Wesley 
Gilbert Drive, Augusta, GA 30912, USA
4Present address: Department of Surgery, Wellstar MCG Health, 1120 15th 
Street, Augusta, GA 30912, USA

5Oral and Maxillofacial Surgery, Louisiana State University Health Sciences 
Center, 1100 Florida Ave, New Orleans, LA 70119, USA
6Department of Cellular Biology and Anatomy, Medical College of 
Georgia at Augusta University, 1460 Laney Walker Blvd, Augusta,  
GA 30912, USA
7The James and Jean Culver Vision Discovery Institute, Medical College of 
Georgia at Augusta University, 1120 15th Street, Augusta, GA 30912, USA
8Department of Neuroscience and Regenerative Medicine, Medical 
College of Georgia at Augusta University, 1462 Laney Walker Blvd, 
Augusta, GA 30912, USA
9University of South Carolina School of Medicine, 6311 Garners Ferry 
Road, Columbia, SC 29209, USA

Abstract
Background  Limited treatment options exist for damaged nerves and despite impressive advances in tissue 
engineering, scientists and clinicians have yet to fully replicate nerve development and recruitment. Innervation is a 
critical feature for normal organ function. While most organs are innervated prior to birth, a rare example of postnatal 
nerve recruitment occurs in the natural development of secondary teeth during adolescence. Many animals undergo 
postnatal shedding of deciduous teeth with development and eruption of secondary teeth, a process requiring 
recruitment of nerve and vasculature to each tooth pulp for viability. Here, the investigators created a novel model for 
the study of postnatal innervation by exploiting the natural phenomenon of tooth-driven nerve recruitment.

Methods  The investigators theorized that developing teeth possess a special capacity to induce innervation which 
could be harnessed in a clinical setting for nerve regeneration, and hyptothesized that a transplant model could be 
created to capture this phenomenon. In this descriptive study, a rat model of autologous tooth transplantation and de 
novo nerve recruitment was developed by surgically transferring whole developing molars to the autologous tibia.

Results  Downstream histological analysis performed 6 to 14 weeks after surgery demonstrated integration of molar 
into tibia in 81% of postoperative rats, with progressive pulpal expression of nerve marker ß-tubulin III suggestive of 
neuronal recruitment.

Conclusions  These findings provide a novel model for the study of organ transplantation and support the theory 
that developing dental tissues may retain nerve-inductive properties postnatally.

Keywords  Dental regeneration, Neuron biology, Innervation, Molar, Tibia, Bioengineering

A novel model of autologous tooth 
transplantation for the study of nerve 
recruitment
Teresa E. Fowler1, Doan T. Bloomquist2, Caroline Glessner3, Poonam Patel3, Jeffrey N. James4,5, Kathryn Bollinger1,2,6,7, 
Lynnette P. McCluskey8 and Ryan F. Bloomquist3,9*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12903-024-04884-5&domain=pdf&date_stamp=2024-9-19


Page 2 of 9Fowler et al. BMC Oral Health         (2024) 24:1141 

Background
Nerve deficits, both sensory and motor, can arise from 
trauma, disease, developmental abnormalities, or iat-
rogenically through surgery or in the instance of organ 
transplantation. As the bioengineering of organs 
becomes feasible, a need to recruit nerves to these tissues 
to allow function will arise. The critical problem in neu-
ropathies is that, excluding rare phenomena, human neu-
rons have limited replication potential when faced with 
an insult [1, 2]. A cadre of techniques including conduits, 
proteins, scaffolds, and transplanted stem cells have 
shown promise in repairing damaged nerves but are gen-
erally restricted to small, recent defects [3–6]. The ability 
to reliably replicate nerve recruitment in a laboratory set-
ting is an increasing area of focus for scientists and clini-
cians alike because of the broad therapeutic implications 
in bioengineering for patients with nerve pathology.

De novo innervation of human tissues beyond embryo-
genesis is rare [7], with a notable exception found in the 
development of secondary teeth. In humans this process 
occurs once in childhood, but in other animals, such as 
fishes and reptiles, teeth with associated nerve branches 
are continuously replaced [8]. The tooth pulp contains 
nerves that are responsive to temperature and stimula-
tion, as well as sympathetic fibers which modulate inflam-
mation [9], vascular tone [10], and tissue homeostasis 
[11]. Innervation of newly formed teeth requires complex 
spatial and temporal coordination of neurotrophic factor 
expression by dental tissues [12]. For example, proteins of 
the nerve growth factor family are known to act as neu-
rorecruiting signals in developing teeth and play a role in 
repair after injury [13, 14]. Brain-derived neurotrophic 
factor expression by dental papilla cells promotes neurite 
outgrowth and directional axon honing in vitro [15]. Glial 
cell-derived neurotrophic factor ligands enhance neuron 
survival and proliferation in the brain [16] and other tis-
sues, and are highly expressed in developing teeth [17], 
promoting odontoblast differentiation [18], stem cell 
migration [19], and pulp proliferation after injury [20]. 
As we gain knowledge about neurotrophic factors in vitro 
and in vivo, a live animal model through which to study 
these complex interactions is needed.

Intriguingly, autotransplantation of teeth in a clini-
cal setting has been used as an alternative to titanium 
implants for replacing damaged teeth. In adolescent 
humans with damaged 1st molars, unerupted 3rd molars 
transplanted to the 1st molar site have been shown to 
sense temperature at 1 year follow up [21], implying 
acquisition of secondary sensory innervation [22–25] 
with a functional connection of transplanted tooth 
nerve endings to permit central recognition of nocicep-
tion. Specific donor tooth criteria have been proposed 
that must be met for the tooth to remain viable in auto-
transplantation, including the presence of open apical 

foramina and immature roots [26–28]. Investigation into 
neurotrophic factors in rodent and human teeth has led 
to the proposal that dental tissues may be useful sources 
of signaling for treatment of damaged nerves [29].

With this information, the investigators theorized that 
a developing tooth retains neuro-inductive properties 
postnatally. The goal of this study was to establish a new 
model through which to uncover mechanisms of nerve 
recruitment for advancements in tissue engineering. The 
investigators hypothesized that a tooth could be trans-
planted to a distant site, which could be used as a model 
to study signals for the induction of nerve growth. The 
investigators tested this hypothesis by developing a novel 
autologous tooth transplantation to tibia technique in 
live rats and examining downstream histological features 
for evidence of nerve recruitment.

Methods
Animal selection and husbandry
Twenty-six female Sprague-Dawley rats aged 7–14 days 
were purchased (Envigo). All experiments involving 
live rats were approved by the Augusta University Insti-
tutional Animal Care and Use Committee (protocol 
#2012 − 0496) and performed in compliance with Animal 
Research: Reporting of In Vivo Experiments (ARRIVE) 
guidelines [30–32]. This number of rats was chosen in 
order to provide sufficient animals for sequential sacrifice 
and analysis, with replicates and controls, while minimiz-
ing animal usage where possible. Physical examination of 
each age-matched rat was performed to ensure appropri-
ate size and weight; 2 animals were excluded due to small 
size.

Autologous transplantation surgical technique
All instruments were autoclaved and the field disinfected 
using 70% ethyl alcohol. The lead authors of this study 
were primary surgeons in all experiments for consistency. 
Rats were anesthetized with ketamine (30  mg/kg), xyla-
zine (5  mg/kg), and acepromazine (1  mg/kg) (NexGen 
Pharmaceuticals) via peritoneal injection under the over-
sight of certified veterinary personnel in accordance with 
the Division of Laboratory Animal Services regulations at 
Augusta University. Toe pinch was performed to ensure 
adequate sedation. Ophthalmic ointment was applied for 
corneal protection, with a rodent pulse oximeter utilized 
for continuous intraoperative vital monitoring.

The left leg surgical site of each rat was shaved, and 
both the maxillary palate and proximal leg prepped with 
10% betadine. An incision was made over the tibia with 
#15 blade scalpel, and overlying tissues were dissected 
to expose periosteum. A monocortical bony defect was 
drilled into the anterior tibia using a surgical handpiece 
(Stryker) and half-round latch-type dental bur (Henry 
Schein) with saline irrigation. The ipsilateral maxillary 
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third molar was extracted using a #11/12 dental explorer 
(Henry Schein) placed subgingivally and distal to the 
maxillary 2nd molar to engage the developing 3rd molar 
crown. Gentle pressure was applied in a distal occlusal 
direction to extract the tooth, taking care to avoid dam-
age to the root apices and pulp. Hemostasis was achieved 
with compression. The tooth was immediately trans-
ferred to the tibial bony defect, where it was stabilized 
between the posterior and anterior bony cortices with 
the pulp in the tibial marrow. Overlying muscle and skin 
were sutured closed. 3 rats underwent tooth extraction 
and tibial preparation without transplantation as external 
controls, and all right tibias of transplant animals served 
as internal controls without manipulation.

At the conclusion of the operation, each rat was given 
a subcutaneous injection of carprofen (5 mg/kg) for pain 
control and enrofloxacin (10  mg/kg) (NexGen Phar-
maceuticals) for infection prophylaxis. Rats recovered 
in empty cages under heat lamp and were monitored 
closely, turning every 15 min. They were observed daily 
until sacrifice for signs of pain or distress.

Sacrifice and tissue fixation
Sequential sacrifice was performed on a weekly basis 
from 6 to 14 weeks post-surgery. Rats were euthanized by 
carbon dioxide inhalation with secondary decapitation. 
Tibias were fixed in 10% neutral buffered formalin (NBF) 
for 48  h. Specimens were dissected and imaged with 
three-dimensional micro computed tomography (micro-
CT) reconstruction (Skyscan 1174 scanner). Specimens 
were then rinsed with 100% water and decalcified for 2 
weeks at 4 °C in solution containing 200 g ethylenediami-
netetraacetic acid (EDTA), 950 mL water, and 50 mL of 
10 normal sodium hydroxide adjusted to pH 7.4. EDTA 
solution was changed every 48 h. Next, specimens were 
dehydrated through a graded series of ethanol, mounted 
in paraffin, and sectioned in 5-micron slices.

Hematoxylin and eosin (H&E), immunohistochemistry (IHC)
H&E staining was performed using a tissue autoproces-
sor according to manufacturer instructions (Leica Biosys-
tems). For IHC, slides were submerged in xylene twice for 
10 min each for paraffin removal then immersed in 100% 
ethyl alcohol for two 10-minute periods. They were rehy-
drated through 75%, 50%, and 25% ethyl alcohol baths 
for 5  min each followed by 100% deionized water for 
two 10-minute periods. For antigen retrieval, slides were 
pressure-cooked in a water bath for 5 min at 110 °C. Sec-
tions were incubated for 30 min in blocking solution con-
sisting of 3% vol/vol goat serum, 1% bovine serum, and 
0.1% Triton-X 100 (ThermoFisher Scientific) followed 
by 24-hour incubation at 4 °C with 1:1000 mouse anti-ß-
tubulin III antibody (Sigma-Aldrich) in blocking solution. 
Slides were washed in PBS then incubated for 24 h at 4 °C 

in 1:400 Alexa-Fluor 568 goat anti-mouse IgG (Molecu-
lar Probes) in blocking solution. Slides were again rinsed 
in PBS and stored in Vectashield mounting medium with 
DAPI (Vector Laboratories) until imaging with a confo-
cal (Zeiss) or BX50 microscope (Olympus) equipped with 
epifluorescence and MetaMorph software (Molecular 
Devices).

Results
Autologous tooth transplantation
Rats were selected as a higher order model with defined 
dental roots and terminal teeth which continue devel-
opment postnatally, like humans. Their large size and 
delayed tooth development relative to mice [33, 34] 
facilitated surgical manipulation. The tibia was selected 
as the recipient site due to its large size, ease of access, 
and nutrient-rich marrow space in which to insert the 
tooth. Of note, the choice of a tibial transplantation site 
distant from the jaw was made intentionally to investigate 
whether dental neuron recruiting capability was main-
tained with the tooth outside its native environment.

In humans, 3rd molars transplanted prior to root initia-
tion failed due to pulpal prolapse, while those performed 
after complete closure of the apices developed pulpal 
necrosis [25, 26]. In keeping with these findings, a litter 
of 5 rats was sequentially sacrificed for 3rd molar staging 
and it was determined that at 26 days the root was under-
developed, while at 32 days the apices were completely 
closed. Therefore, 28 days after birth was selected as the 
target age for surgery.

Surgical transplantation of 3rd molars to the autolo-
gous tibia was performed on eighteen 28-day old rats. 2 
succumbed to intraoperative cardiopulmonary death, 
presumably from anesthesia rather than the procedure 
itself. Among 16 survivors, surgery was well-tolerated 
with no significant signs of stress or discomfort beyond 
the initial postoperative period, and there were no post-
operative infections. Sequential sacrifice was performed 
weekly from 6 to 14 weeks post-surgery. After process-
ing, 13 of 16 rats (81%) demonstrated integrated 3rd 
molars in their tibias. Teeth were not identifiable in the 
remaining 3 specimens. 3 sham control rats underwent 
tooth extraction and tibial preparation without trans-
plantation and were sacrificed at 7, 10, and 14 weeks 
post-operatively, exhibiting no significant differences in 
recovery compared to transplant subjects.

At 28 days, 3rd molar roots measured 2–2.5 millime-
ters (mm), while the entire length of the tooth measured 
3.5–4  mm with some variation measured intraopera-
tively using calipers. The target tooth corresponded to 
stage R3/4, with a formed crown, root length ¾ of mature 
tooth, and open apices as described by Moorrees [35]. 
Figure  1 shows the intraoperative tibial defect before 
(1a) and after tooth insertion (1b), measuring 2.1 mm in 
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diameter. The extracted third molar adjacent to the bony 
defect in Fig. 1a, with crown outlined in yellow, measured 
3.7 mm in length. Figure 1c depicts an integrated molar 
with surrounding bony hypertrophy 14 weeks post-trans-
plant, after soft tissue removal and fixation. Tooth cusps 
are visible extending from the bone, indicating that the 
intended orientation with pulp pointing towards the cen-
tral tibia was maintained throughout recovery. Most of 
the integrated transplants exhibited apposition of tooth 
pulp to tibial marrow, though some migrated obliquely to 
varying degrees. Figure  1d is a reconstructed computed 
tomography image of an integrated transplant at 7 post-
operative weeks, with enamel cusps superior and inferior 
soft tissue pulp continuous with tibial marrow. The root 
of the tooth is captured in this image and was noted to 
undergo resorptive remodeling after transplant. Sham 
controls sacrificed at 7 and 14-weeks post-transplant 
exhibited bony and periosteal wound healing in the area 
of tibial preparation (Supplemental Fig. 2).

Analysis 7-weeks post transplantation
The specimens in Fig.  2 were sacrificed 7 weeks post-
transplant. Tooth structures in sagittal section were 
identifiable on H&E staining (Fig.  2a and b). Of note, 

enamel is not visible due to decalcification required for 
sectioning (Fig. 2a). Adjacent to the enamel resides den-
tin, an avascular matrix of calcium hydroxyapatite and 
collagen deposited by odontoblasts [36] demonstrating 
characteristic weakly basophilic stain. Centrally, the pulp 
is highly cellular with neutrophilic infiltrate. Extensive 
bony remodeling was observed among these specimens. 
In Fig.  2a and b, eosinophilic hard tissue with morpho-
logical features similar to bone is seen between the den-
tin and tooth pulp, with an irregular margin suggestive of 
resorption by osteoclast-like cells at this interface. A layer 
of periosteum can be seen along the enamel surface as 
the tooth enters the tibia, eventually becoming continu-
ous with the cellular tooth pulp.

IHC was performed using anti-ß-tubulin III antibod-
ies. In Fig.  2c and d, dental pulp can be seen with blue 
DAPI marking cell nuclei. Several discrete linear bundles 
of tubulin-expressing tissues traverse the cellular space 
between the tooth pulp and tibial marrow, present both 
in the cusp of the tooth pulp and adjacent to the tibial 
bony matrix. Of note, in specimens sacrificed at 6 weeks 
post-transplant we did not observe significant organized 
tubulin expression in the tooth pulp.

Fig. 1  Surgical technique and evidence of tooth integration. (a) Gross dissection of rat tibia showing an iatrogenic bony defect measuring 2.1 mm in di-
ameter created with dental bur. To the right of the defect, the extracted third molar of the target 28-day stage is shown, with the crown outlined in yellow, 
measuring 3.7 mm in length. (b) Tibial defect after insertion of the extracted third molar, demonstrating the orientation of the tooth with pulp directed 
centrally and cusps extending outward towards skin (black arrowhead). (c) Transplanted third molar (arrowheads denoting crown) integrated into tibia 
after sacrifice, removal of soft tissue, and tissue fixation at 14 post-operative weeks. (d) Representative slice from a three-dimensional reconstruction of a 
transplanted tooth (cusps outlined in yellow) embedded in the tibia 7 weeks after surgery. The tooth is in the intended orientation, with the pulp (orange 
asterisk) contiguous with the central tibia (red asterisk)
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Analysis 14-weeks post transplantation
The subject in Fig. 3 was sacrificed 14 weeks after trans-
plantation (Fig. 3). Inferiorly in Fig. 3a and magnified 3b, 
a molar encapsulated by proliferative fibrous tissue can 
be observed. In this representative specimen, the round 
body of the tooth can be seen in transverse plane with 
enamel surrounding dentin and pulp. A circular cusp of 
the tooth is visible centrally with associated layers. The 
highly cellular tooth pulp was similar in nuclear density 
to that of surrounding periosteum and soft tissues, but 
less than that of the highly cellular marrow of the corre-
sponding tibia. Fibrosis was also noted in the pulp, with 
areas of low nuclear density across some specimens, sug-
gesting a fibrotic scarring had occurred in some areas. In 
the superior aspect of the image, eosinophilic tibia with 
interspersed osteocytes surrounds a highly cellular baso-
philic medullary compartment. Irregular cement lines 
indicative of dysregulated remodeling were present in the 
cortical bone. Figure 3c and d show IHC from this same 
14-week specimen at the level of the tooth root. Robust 

tubulin expression is present in the tooth pulp as well as a 
band of staining peripherally, corresponding to the reac-
tive fibrous capsule surrounding the transplant. Addi-
tionally, specimens sacrificed from 10 to 14 postoperative 
weeks demonstrated robust vascularization within the 
tooth pulp (Supplemental Fig.  1). Taken together, his-
tology at 14 weeks post-transplant demonstrates tooth 
integration into tibia, cellular activity within the pulp, 
extensive bony remodeling, and the presence of tubulin-
expressing cells within the tooth pulp.

Discussion
In this work, the investigators developed a rat model for 
autologous tooth transplantation to a distant site and 
demonstrated preliminary evidence of nerve recruit-
ment. This supported the hypothesis that a model of 
tooth transplantation could be used to study the abil-
ity of developing teeth to induce innervation through 
nerve growth to a specific target. A monoclonal antibody 
to ß-tubulin III, a tubulin isotype highly expressed in 

Fig. 2  H&E and IHC of teeth integrated into tibia at 7 post-operative weeks. These specimens were sacrificed 7 weeks post-operatively. On left, H&E 
staining in 5-micron sections of a transplanted tooth in sagittal plane integrated into the autologous tibia at 5X (a) and 10X (b). In 2a, the tooth layers are 
intact and labeled, with the crown outlined in yellow, the red asterisk drawing attention to reactive periosteum surrounding the integrated tooth, and 
the green asterisk denoting the interface between tibia and pulp. The area demarcated with the black box in 2a corresponds to the magnified area in 
2b. In 2b, the black arrowhead denotes a layer of palisading cells at the interface between the hard tissue and tooth pulp, possibly of odontoblast origin. 
Green arrowheads indicate tibial osteocytes. IHC staining was for nerve marker ß-tubulin III at 10X (c) and 20X (d), demonstrating a cellular tooth pulp 
with tubulin-expressing nerve fibers (red)
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neurons [37–44] which has been shown to be important 
in neurite outgrowth [45, 46] and differentiation [47], was 
used as a marker of nerve tissue. This is a novel use of the 
rat model with many potential applications for further 
studies.

These results raise several interesting points of dis-
cussion. Rats were carefully staged prior to surgery, in 
keeping with the theory that nerve induction is tempo-
rally coordinated with a small window of potential. This 
insight was based on human clinical studies [27], in 
which autologously transplanted 3rd molars gain sensa-
tion only when surgery is performed at specific stages 
of development [26]. This brief time window of nerve 
recruitment may be helpful in uncovering specific neu-
rogenic factors, and future studies include comparing the 
expression profiles of tissues capable of neuro-recruit-
ment with pre- and post-cursors. The timing of sacrifice 

was also noteworthy; organized bundles of tubulin 
expression were not present in specimens sacrificed at 
6 weeks but were identifiable from 7 to 14 postopera-
tive weeks (Figs. 2 and 3). This stain became increasingly 
robust as animals were given longer recovery periods. 
Since the tooth was completely separated from its native 
tissue during extraction, these tubulin-expressing cells 
presumably originated in the tibia and were stimulated by 
the immature molar to migrate. However, further lineage 
studies will be an important step required to be able to 
make strong conclusions about the origins of these cells.

Marked heterogeneity in the extent of bony hypertro-
phy, inflammation, and tooth resorption was observed 
between specimens. The recruitment of tubulin-express-
ing tissue despite this extensive remodeling and turnover 
supports the robust neurotrophic capacity of the devel-
oping molar. Intra-operatively, each tooth was carefully 

Fig. 3  H&E and IHC of integrated transplant tooth in tibia at 14 postoperative weeks. H&E at 5X (a) and 10X (b) in transverse section, with tooth enamel 
outlined in yellow in both images, and labeled pulp. In 3a, the red asterisk marks tibial cortex. A pit of the crown is captured in transverse plane and is 
labeled in 3a and 3b. We note the presence of a reactive periosteal capsule around the tooth (black arrowheads in 3a). The black square in 3a delineates 
the same area shown at higher magnification in 3b. In 3b, white arrow indicates fibrosis within tooth pulp. (c and d) IHC after sacrifice at 14 weeks post 
transplantation at 10X (c) and 20X (d) magnification. In 3c, the white square corresponds to the magnified image 3d. ß-tubulin III stain is red, while cell 
nuclei are labeled blue with DAPI. Tubulin can be seen within the pulp chamber (orange asterisks), and within the periosteal layer (green stars). The magni-
fied insert in 3d demonstrates a bundle of tubulin-positive cells
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oriented with pulp in the tibial marrow, though after sac-
rifice the integrated teeth had rotated to varying degrees 
during recovery. All successfully integrated transplants, 
however, maintained apposition of tooth pulp to tibial 
marrow, and it is likely that the 3 failed transplants were 
the result of extrusion from this nutrient-rich marrow. 
In this model, the marrow space provides a rich source 
of growth factors and cytokines [48] for tooth vitality, 
which may be similar to the platelet-rich plasma sug-
gested to enhance healing in human tooth transplanta-
tion [21]. The hard tissue deposition between dentin and 
pulp (Fig. 2) affirms ample cellular activity and turnover 
within the transplant. It is possible that osteocytes and 
osteoclasts responsible for this deposition migrated from 
tibia, though the molecular stimulus for recruitment is 
unknown and requires further lineage tracing studies.

Autologous transplantation of 3rd molars to another 
site in the jaw has been previously described as a dental 
therapeutic, with clinical demonstration of vitality and 
bone integration [23, 25–27], but there is no proven clini-
cal or animal model to study this at the molecular level. 
To our knowledge this is the first model of its kind, and 
this novelty is its greatest strength, lending to numerous 
potential future applications. Shortcomings of this study 
include small sample size, with the operation performed 
on only 18 rats, which limited the available downstream 
experiments that could be performed. However, as addi-
tional experiments are completed, characterization of 
the expression patterns of neuronal differentiation and 
growth factors can be performed at the mRNA and pro-
tein levels using additional markers, sequencing, and 
lineage tracing. Transcriptional analysis can be used to 
compare the expression profiles of teeth within the win-
dow of nerve recruitment potential to those past this 
time period, with the goal of identifying specific candi-
date factors responsible for nerve recruitment. In the 
short-term this model may aid in the discovery of den-
tal borne tissues and molecular candidates that recruit 
nerves, as well as understanding changes occurring in the 
nerve cells themselves as neurites innervate teeth. In the 
long-term, this model may provide insight into therapeu-
tic approachs for the induction of nerve growth to dam-
aged and transplanted organs using dental-borne nerve 
recruitment signals.

Conclusions
The aim of this study was to develop an animal model 
through which to test whether developing teeth retain 
neuro-inductive properties postnatally, and whether 
tooth tissues can be used to induce nerve recruitment 
to a new site. Key findings include successful integra-
tion of transplants with ample pulpal cellular activity, 
including progressively robust expression of neuron 
marker ß-tubulin III as recovery times were lengthened. 

This work supports the hypothesis that developing teeth 
could be transplanted to a distant site in order to study 
the neuro-recruiting properties of teeth at specific stages 
and provides a model for further investigation into nerve 
recruitment mechanisms. This work provides a model to 
advance the knowledge gap regarding postnatal inner-
vation and lays a foundation for future studies identi-
fying specific neuroinductive molecules. Knowledge 
gained from this model could be used to aid in human 
regenerative therapeutics. The ability to regrow organs 
with predictable innervation has vast implications for 
transplantation, injury repair, degenerative disease, and 
developmental anomalies, with the potential to expand 
treatment options for patients suffering long term dis-
abilities from nerve loss.
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