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Abstract The major goal of dental pulp tissue engineering

is to enable the healing of inflamed tissue or to replace

necrotic pulp tissue with newly formed dental pulp tissue.

Here, we report a protocol for pulp tissue engineering

in vivo in pulpotomized rat teeth using constructs of rat

bone marrow mesenchymal stem cells, preformed

biodegradable scaffolds, and hydrogel. The constructs were

implanted into pulpotomized pulp chambers for 3, 7, or

14 days. At 3 days, cells were located mainly along the

preformed scaffolds. At 7 days, pulp tissue regeneration

was observed in almost the entire implanted region. At

14 days, pulp tissue regeneration further progressed

throughout the implanted region. In immunohistochem-

istry, at 3 days, a number of small and round macrophages

immunoreactive to CD68 were predominantly distributed

around the scaffolds. The density of CD68? macrophages

decreased until 14 days. On the other hand, nestin-ex-

pressing odontoblast-like cells beneath the dentin at the

border of implanted region increased until 14 days.

Quantitative gene expression analysis revealed that odon-

toblast differentiation marker dentin sialophosphoprotein

mRNA in the implanted region gradually increased until

14 days. Together, the results suggested that regeneration

of dental pulp tissue had occurred. Thus, our study pro-

vides a novel experimental rat model of dental pulp

regeneration.
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Introduction

Dental pulp tissue plays a crucial role in tooth homeostasis

by maintaining tooth vitality and controlling pulp defensive

functions [1]; thus, conservation of the pulp is critical [2].

Dental caries involving irreversible pulpitis is one of the

largest obstacles to pulp preservation, and in most cases,

root canal treatment is carried out to remove the whole

pulp tissue even though a large proportion of the pulp

remains healthy [3]. This treatment causes dentin loss and

might increase the risk of tooth fracture, which inevitably

results in extraction. If the lost pulp tissue could be

regenerated, extraction may be prevented. Thus, dental

pulp regeneration using stem cells and/or biomaterials is

considered an important strategy for tooth retention. Pre-

clinical studies on experimental animals are required to

confirm the bioavailability, safety, and effectiveness of

such treatments.

In the late 1980s, the concept of tissue engineering on the

basis of biocompatible/biodegradable scaffolds was advocated

[4]. Based on this concept, mesenchymal stem-like cells iso-

lated from human dental pulp have been tested in animal

models such as immunocompromised mice [5, 6]. However,

the clinical application of cell-based therapies will require the

development of sufficiently strong scaffolds for trapping stem

cells, to allow their transplantation into the dental pulp [7, 8].
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Hydrogels can be injected in situ to form a scaffold that adapts

to the dentin surface of the pulp chamber [9]. However,

hydrogels are soft, weak, and malleable; thus, when they are

used for pulp regeneration, the pulp space is filled with

restorativematerials during the subsequent sealing of the cavity

[10]. On the other hand, preformed scaffolds exhibit relatively

high mechanical strength, thus preserving an appropriate pulp-

chamber space; however, they do not easily adapt to the shape

of the pulpal cavity [11]. A scaffold combining moderate

strength and flexibility is desirable for filling spaces that are

encased within rigid structures such as the pulp cavity.

The purpose of this study was to develop a protocol for

dental pulp tissue engineering in vivo in pulpotomized

teeth using rat bone marrow mesenchymal stem cells

(RBMMSC) and combinations of hydrogel and preformed

biodegradable scaffolds. Histological analysis and histo-

chemical analysis of nestin—a marker for differentiated

odontoblasts [12, 13]—as well as a quantitative gene-ex-

pression assay for dentin sialophosphoprotein (DSPP) were

used for monitoring regeneration.

Materials and methods

Ethics statement

All experiments were approved by the animal care com-

mittee of Niigata University and conducted in accordance

with the guidelines of the committee. Female Wistar rats,

each weighing *200 g, were used at 7 weeks of age

(n = 48, Charles River Laboratories, Yokohama, Japan).

The animals were housed at 22 �C on a standard light/dark

schedule with access to food and water.

Administration of antibiotics

and immunosuppressants

On days 3 and 1 before implantation, the rats were

intraperitoneally injected with a mixture of cyclosporine

(15 mg/kg; Novartis Pharma, Basel, Switzerland),

methylprednisolone (10 mg/kg; Sawai Pharmaceutical,

Osaka, Japan), ciprofloxacin (15 mg/kg; Meiji Seika

Pharma, Tokyo, Japan), fluconazole (10 mg/kg; Pfizer,

New York, NY), sulbactam/ampicillin (600 mg/kg; Pfizer),

and vancomycin (10 mg/kg; Kobayashi Kako, Tokyo,

Japan). On days 1–14 after the implantation procedure, the

same medications were given once daily.

Preparation of the RBMMSC and preformed

scaffolds

RBMMSC (Lonza, Basel, Switzerland) were cultured in

stem cell growth medium (Lonza). Porous poly(L-lactic

acid) (PLLA) scaffolds with a mean pore diameter of

180 lm were produced as described previously [14]. The

scaffolds were dried, cut into pieces of

*0.5 9 0.5 9 0.5 mm under a microscope, sterilized

twice by exposure to ultraviolet light for 1 h and soaking in

70% ethanol for 1 day, and washed overnight in DNase/

RNase-free distilled water at 4 �C. Three hours before the

implantation procedure, the scaffolds were dried and ster-

ilized with ultraviolet radiation. RBMMSC (2 9 105) were

resuspended in 400 ll of 1:1 DMEM/F12 (Gibco/Invitro-

gen)/Matrigel hydrogel (Corning Inc., Corning, NY) and

allowed to absorb into the scaffold sponges in a CO2

incubator for 30 min prior to implantation.

Implantation of the RBMMSC, preformed scaffolds,

and hydrogel constructs into the upper first molars

The rats were anesthetized with 8% chloral hydrate

(350 mg/kg, intraperitoneally). The maxillary molars and

gingival tissue were disinfected with 2.5% hydrogen per-

oxide and the occlusal surface of the maxillary first molar

was disinfected with 2.5% sodium hypochlorite. Subse-

quently, the dental pulp of the upper first molars was

exposed and pulpotomized using a No. 1/2 round bur. The

exposed area was rinsed with 1.5% sodium hypochlorite

followed by 15% EDTA. After 1 lL of Matrigel with or

without RBMMSC was injected, RBMMSC/PLLA/Ma-

trigel constructs were implanted into the cavity for 3, 7, or

14 days (n = 8 in each group). The cavity was sealed with

temporary filling material (CavitTM, 3M ESPE Dental AG,

Seefeld, Germany). Then, a dentin and enamel-bonding

agent (Clearfil Tri-S Bond ND; Kuraray Medical, Tokyo,

Japan) was applied to the tooth according to the manu-

facturer’s protocol. The occlusal cavity was covered with

an adhesive restorative material (flowable resin composite;

Shofu, Kyoto, Japan). PLLA/Matrigel constructs without

cells implanted for 14 days, pulpotomized teeth without

implantation for 14 days (sealed with Cavit), and normal

teeth from rats treated with antibiotics and immunosup-

pressants served as controls (n = 8 in each group).

Sample preparation

At 3, 7, or 14 days after implantation, the animals (n = 4

in each group) were sacrificed by transcardiac perfusion

with 3% paraformaldehyde and 0.2% glutaraldehyde. The

maxillary first molars were retrieved and soaked in 3%

paraformaldehyde for 24 h. Following the demineralization

of the samples with 10% EDTA, they were embedded in an

embedding medium (OCT compound; Sakura Finetek,

Tokyo, Japan) and cut into 6-lm-thick cryosections in a

cryostat. Hematoxylin and eosin staining were performed.

Images were captured using the software NIS-Elements

Odontology (2017) 105:392–397 393

123



(Nikon, Tokyo, Japan), and the cellularity of the normal

and engineered coronal pulp tissues was assessed.

The remainder of maxillary left first molars (n = 4 teeth

in each group) was retrieved and demineralized with a

mixture of EDTA and a storage medium (RNAlater;

Thermo Fisher Scientific, Waltham, MA) [15]. The sam-

ples were cut into 10-lm-thick sections and mounted on

glass foiled PEN slides for laser capture microdissection

(Leica Microsystems, Wetzlar, Germany). Then, the coro-

nal pulp area was retrieved using a microsurgery knife

under a microscope for quantitative real-time (q)PCR. For

teeth in which constructs without cells were implanted or

pulpotomized teeth without implantation (sealed with

Cavit), qPCR analysis was not performed as the pulp was

very poorly regenerated.

Immunostaining of ED1 and nestin

The sections were incubated with a mouse anti-rat CD68

monoclonal antibody reactive to pan-macrophages (ED1;

AbD Serotec, Oxford, UK) or a monoclonal anti-nestin

antibody (R&D Systems, Minneapolis, MN), followed by a

biotinylated horse anti-mouse immunoglobulin G (rat

adsorbed; Vector Laboratories, Burlingame, CA) and an

avidin–biotin–peroxidase complex (Elite ABC kit; Vector).

The sections were developed with a diaminobenzidine

(DAB) peroxidase substrate kit (Vector). For quantitative

analysis, three sections were chosen from each specimen

(n = 4 in each experimental group), and ED1? cells

beneath the implantation site were enumerated under a light

microscope (Nikon, objective lens: 609) with the aid of a

10 9 10 mm ocular grid. To calculate the density of stained

cells, digital pictures of the sectionswere taken, and stored as

jpeg files. The area corresponding to each region in each

specimen was determined using ImageJ software (Version

1.37v;NIH,Bethesda,MD) and results were expressed as the

mean count of cells per 1.0 mm2 area.

qPCR analysis

TaqMan gene expression assay probe and primer sets for rat

dentin sialophosphoprotein (DSPP, Rn02132391_s1*) and

GAPDH (Rn99999916_s1) were obtained from Applied

Biosystems. Total RNA was extracted using TRIzol (Invit-

rogen) and the RNeasy Mini Kit (Qiagen, Valencia, CA), as

described previously [16]. cDNA was generated from 1 lg
RNA using the High-Capacity cDNA Reverse Transcription

Kit (Invitrogen) according to the manufacturer’s instruc-

tions. qPCR was performed on a StepOne thermocycler

(Applied Biosystems) using TaqMan Universal Master Mix

II (Applied Biosystems). Gene expression was normalized to

the GAPDH expression level.

Results

At 3 days after implantation, cells were located mainly

along the PLLA scaffolds (Fig. 1a, b). No obvious infil-

tration of neutrophils was observed. Notably, at 7 days,

pulp-like tissue regeneration was observed in the

implanted region (Fig. 1c, d). At 14 days, the pulp-like

tissue regeneration further progressed throughout the

implanted region (Fig. 1e, f), and the engineered pulp-like

tissue showed a similar cellularity as the control dental

pulp (Fig. 1g, h). To assess the capacity of implanted

RBMMSC to generate dental pulp, RBMMSC-loaded

scaffolds were compared with scaffolds without cells at

14 days after implantation (Fig. 1i). The teeth trans-

planted with cell-less scaffolds showed incomplete hard

tissue formation at the border between the implanted area

and the remaining pulp tissue, and the implanted area

showed poor tissue regeneration. PLLA scaffolds were

not absorbed. The capacity of preformed PLLA scaffolds

to generate dental pulp was assessed at 14 days after

sealing the pulpotomized pulp chamber with Cavit with-

out scaffold implantation; these teeth showed no pulp

tissue regeneration and the pulp cavity was filled with

restorative materials (Fig. 1j).

The CD68 antibody caused a patchy, granular intracy-

toplasmic staining pattern. At 3 days after implantation, a

number of small and round cells immunoreactive to CD68

were predominantly distributed around the scaffolds

(Fig. 2a, e). At 7 days, CD68? cells showing variable

staining intensity were predominantly distributed in the

implanted region, and their density was significantly

decreased (Fig. 2b, e). CD68? cells with distinct phago-

somes were predominantly found around the scaffolds

(Fig. 2c). At 14 days, the density of CD68? cells further

decreased to a level similar to that in normal pulp (Fig. 2c,

e).

Nestin-immunoreactive cells were not detected in the

remaining pulp tissue near the implanted area at 3 days

(Fig. 3a). At 7 days, nestin-positive odontoblast-like cells

were often observed under the dentin near the implanted

area (Fig. 3b). At 14 days, odontoblast-like cells arranged

beneath the dentin near the implantation site, and most of

these cells were immunoreactive to nestin (Fig. 3c). In

teeth implanted with cell-less scaffolds, nestin immunore-

active odontoblast-like cells were virtually absent near the

implanted area (Fig. 3d).

To evaluate the regeneration status of the pulp tissue, we

assessed the mRNA expression of the odontoblast differ-

entiation marker DDSP in the coronal pulp tissue (Fig. 4a).

Although the expression level of DSPP in the engineered

pulp was lower than that in normal pulp, it gradually

increased until 14 days (Fig. 4).
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Discussion

In this study, a novel method for dental pulp tissue engi-

neering of pulpotomized rat molars with RBMMSC,

biodegradable scaffolds, and hydrogels was successfully

developed. The pulpotomized region of the pulp was filled

with regenerated tissue with no obvious inflammation for

7 days. These results indicate that the rat pulpotomy model

is useful for dental pulp regeneration research and may

contribute to the development of therapeutic approaches.

This study used preformed, porous, biodegradable

PLLA scaffolds [17] because PLLA is approved by the US

Food and Drug Administration for human clinical appli-

cations. Scaffolds with a mean pore diameter of 180 lm
were prepared, as scaffolds of this diameter previously

allowed the generation of well-vascularized tumors in

immunodeficient mice [16]. In another study, dental pulp

stem cells (DPSC) were seeded into PLLA scaffolds set

within the pulp-chamber space in human tooth slices, and

the tooth slices were implanted subcutaneously in

immunodeficient mice [18]. The resulting tissue exhibited

an architecture and cellularity closely resembling those of

dental pulp tissue; however, the regenerated tissue did not

fill the entire pulp space [18].

Although MSC are present in various tissues [19],

BMMSC possess the fundamental features of primary MSC

while having a relatively higher proliferation capacity [20].

BMMSC have functional characteristics that make them

useful for clinical application in regenerative medicine

[21]. In addition, they can be easily isolated from the

human body and stored for several years [22]. Autologous

DPSC, which can be obtained from a diseased tooth and

can even be transplanted back into the same tooth, are

preferable for dental pulp regeneration; however, in some

patients, DPSC might not be available for tissue engi-

neering due to infection, inflammation, and/or necrosis of

the pulp. In these cases, allogeneic stem cells such as

BMMSC might be a suitable alternative. BMMSC could be

implanted into defect sites containing scaffolds to promote

the regeneration of damaged pulp tissue. However, when

Fig. 1 a–f Representative histological micrographs of the engineered

pulp tissues at 3 days (a, b), 7 days (c, d), and 14 days (e, f) after
implantation. g, h Normal pulp tissue. i Pulp tissue after implantation

of scaffolds without RBBMSC at 14 days. j Pulp tissue after Cavit

sealing without implantation of scaffolds at 14 days. Arrows indicate

PLLA scaffolds. d dentin. Scale bar 200 lm (c, e, g), 100 lm (a, i, j),
and 25 lm (b, d, f, h)

Fig. 2 Immunohistochemistry

for CD68. CD68? cells in the

implanted region at 3 days (a),
7 days (b), and 14 days (c) after
implantation, and in normal

pulp (d). Scale bar 50 lm.

e Density of CD68? cells

(mean ± SEM) in normal tissue

and at 3, 7, and 14 days after

implantation. *P\ 0.05

(Mann–Whitney’s U test and

Bonferroni’s correction)
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allogeneic cells are used for transplants, adjunctive

immunosuppressive therapy should be considered [23].

This study tested the possibility of inducing pulp

regeneration in pulpotomized rat teeth using a combination

of engineering and restorative techniques. The strategy

worked well, and at 7 days after implantation, the pulpo-

tomized region was occupied by regenerated tissue with a

cell density similar to that of normal, healthy dental pulp.

Notably, mRNA expression of the odontoblast differenti-

ation marker DSPP was upregulated at the implanted

region at 14 days. Moreover, odontoblast-like cells

expressing nestin, a marker for differentiated odontoblasts,

were observed along the dentin–pulp border near the

implanted region [24, 25]. These results suggest that the

implantation of RBMMSC-loaded PLLA/Matrigel con-

structs promote the odontoblastic differentiation of cells in

the implanted region and the surrounding tissue. In con-

trast, when cell-less constructs were implanted into the

pulpotomized space, minimally regenerated and poorly

organized tissue was observed, suggesting that RBMMSC

are a useful source of stem cells for dental pulp tissue

engineering and are essential for promoting rapid regen-

eration of dental pulp tissue.

Small and round CD68? cells, probably representing

newly recruited macrophages, were detected in the

implanted region at 3 days. At 7 and 14 days, the scaffolds

were gradually resorbed, and the number of CD68? ma-

crophage-like cells gradually decreased to a density similar

to that in normal pulp. The application of graphene oxide

scaffolds is known to enhance tissue repair via macrophage

recruitment [24]. In addition, it has been reported that

vascularization of polymeric scaffolds is entirely depen-

dent on the action of recruited macrophages, and that the

continued presence of M1 and M2 macrophages is essential

for neovascularization of scaffolds [25]. Taken together,

the present results suggest that macrophages are recruited

in response to scaffold implantation and may play an

essential role in promoting dental pulp tissue regeneration.

In conclusion, this study showed that implantation of

RBMMSC in combination with the use of preformed

scaffolds and hydrogel results in pulp tissue regeneration in

pulpotomized pulp chambers in rats. The pulp tissue

formed under the present experimental conditions did not

exhibit any signs of inflammation. These findings will

significantly aid the development of techniques for pro-

moting dental pulp regeneration.
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