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two step protocol
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Aim: to develop a model for regenerative endodontics using
newly-weaned Wistar rats immature molars with pulp necrosis
to histologically describe the evolution of apical tissues
following treatment with a bi-antibiotic paste, induced blood-
clot formation and MTA. Methods: Ten 25-day-old female
Wistar rats were divided into an initial control group (Ci) and two
experimental groups in which pulp necrosis was experimentally
induced on the left mandibular first molar by exposing the pulp
chamber and leaving it open to the oral environment. One of the
experimental groups was left untreated (E1) while the other was
submitted to a protocol of regenerative endodontics 10 days
thereafter (E2). Fifteen days after placement of a bi-antibiotic
paste, bleeding was induced into the root canal space and MTA
was placed upon. Animals were euthanized 30 days later. Right
mandibular first molars served as an 80-day-old final control
group (Cf). Each hemimandible was histologically processed
to analyse parameters associated with root development.
Statistical analysis was carried by means of ANOVA; p values
below 0.05 were considered statistically significant. Results:
baseline (i.e. 25-days old) mean root length and apical diameter
of the distal root canal were 1.84+0.25 and 0.38+0.02mm
respectively. Following the regenerative endodontic protocol,
cells lining the walls of the root canal and significant increase
to both length (2.3740.22mm) and diameter (0.32+0.03 mm)
were observed. Conclusions: newly-weaned Wistar rats serve
as a suitable model to evaluate regenerative endodontic
protocols. However, further research is needed in order to
disclose the nature of the cells and/or cell mediators involved.
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Introduction

The American Association of Endodontists has defined regenerative endodontic ther-
apy as “biologically based procedures designed to replace damaged structures, includ-
ing dentine and root structures, as well as cells of the pulp-dentine complex™'. Continued
root development, tooth survival and function retention have been long pursued; from
the very first studies carried on humans and dogs by Ostby? in 1961, when a new apical
tissue was observed after the formation of an intracanal blood clot, to the more recent
advances in tissue engineering. Considering the core principles of tissue engineering, - a
triad that includes an appropriate source of stem/progenitor cells, growth factors, and
scaffolds — regenerating functioning pulp tissue would be the ideal therapeutic approach
when treating immature teeth with open apexes and a diagnosis of pulp necrosis®4.

Immature open apexes are richly vascularised and some cells of the apical papilla and
Hertwig's Epithelial Root Sheath (HERS) might be able to survive infection®. Conse-
quently, if noxious stimuli are removed, these cells become able to proliferate in prox-
imity to the periapical tissues leading to the regeneration of radicular and periradicular
tissues such as alveolar bone, periodontal ligament, cementum and dentine-pulp com-
plex thereby allowing the root to mature increasing both in length and thickness®. A
number of clinical studies have reported positive pulpal testing results after complete
maturation of the root”. Notwithstanding, the nature of the tissues regenerated within
the root canal space is still unknown and under investigation. Considering human
samples are difficult to harvest, animal models might contribute to shedding some
light on this matter and identifying cell populations as well as the intrinsic and extrin-
sic factors that might participate in the process of apexogenesis/maturogenesis®®?.

A paradigm shift in Endodontics currently presents us with the alternative to perform a
protocol based in endodontic regenerative procedures (REPS) when treating an immature
permanent tooth with an open apex and diagnosis of pulp necrosis: to induce, by genera-
tion an intracanal blood clot, the formation of new tissues that can assist continued root
maturation. When unsuccessful, apexification protocols always remain an option'.

Developing a standardised protocol using laboratory animals and materials such as
bi-antibiotic paste and Mineral Trioxide Aggregate (MTA) that permits the study of
the histologic characteristics of the newly formed tissues within the canal and in the
periapical region remains a challenge™ .

The aim of the present study was to develop a model for regenerative endodontics
using newly-weaned Wistar rat immature molars with pulp necrosis by means of a
bi-antibiotic paste followed by evoked bleeding and formation of a blood clot within
the root canal and its contact with a biomaterial. Moreover, we sought to assess the
progress of root maturation in length and diameter of the root canal following treat-
ment and describe the histology of the apical and periapical tissues

Materials and Methods

This study was approved by “Ethics Committee of the School of Dentistry of the Uni-
versity of Buenos Aires (CD N° 012/2016 CICUAL)”
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Ten 25-day-old female Wistar rats were used. Animals were housed in cages in groups
of five animals per cage maximum within the animal facility of the Department of
Histology and Embryology of the School of Dentistry of the University of Buenos Aires
under standard controlled conditions (temperature 18-22°C, relative humidity 40-60%
and 12:12 light/dark cycles - approximately 100 lux -) and were allowed ad libitum
access to food (standard chow, Cooperacion, Buenos Aires, Argentina) and water.
Both, animals and environmental conditions, were monitored daily to guarantee they
remained stable throughout the entire study.

Newly-weaned rats (i.e. 25-day-old) animals were randomly allocated to one of the
following groups:

Control group (Ci; n=3): animals weighing about 60 g average were used as an
initial control group to study the histological characteristics of the mandibular first
molar of the rat molar at the age of 25 days.

Experimental group 1 (E1; n=3): pulp necrosis was experimentally induced on the
left mandibular first molar as explained below and received no further treatment.

Experimental group 2 (E2; n=4): following experimentally-induced pulp necrosis, a
protocol of regenerative endodontics was performed.

Experimental induction of pulp necrosis: animals in the experimental groups were
anaesthetised with a combination of 50mg/kg of ketamine (Ketamid; Holliday-Scott
S.A., Beccar, Buenos Aires, Argentina) and 10 mg/kg of xylazine (Kensol; Konig S.A.,
Avellaneda, Buenos Aires, Argentina) administered i.p. Once anaesthetised, each ani-
mal was laid in a dorsal position on a stretcher immobilising its head by the upper
incisors, which are placed through a metal wire attached to the headrest. Mouth open-
ing, tongue separation and mandibular first molar isolation were guaranteed by an
aluminium clamp as proposed by a protocol presented recently™.

In order to achieve complete necrosis of the dental pulp, the pulp chamber was
accessed by drilling through its roof using a size 1/4 round dental bur (SS White, Lake-
wood, New Jersey) mounted on an electric-engine driven micromotor and left open to
the oral environment for 10 days.

Regenerative endodontic therapy protocol: left mandibular first molars of animals
allocated to the E2 group were further treated following the protocol previously
described by Thibodeau and Trope'. Ten days after pulp exposure, the pulp chamber
was cleaned using a dentine excavator and a 2.5% sodium hypochlorite solution; the
distal canal was catheterised using a #08 K-file (Dentsply Sirona, Ballaigues, Switzer-
land) calibrated at a working length of 3 mm and slowly irrigated with a 2.5% sodium
hypochlorite (Clorox, Argentina) solution followed by saline; no further mechanical
preparation was performed. The root canal was then dried using sterile paper points
#25 (Meta Biomed; Cheongju, North Chungcheong, South Korea) and filled with a
bi-antibiotic paste containing equal amounts of 200 mg ciprofloxacin and 500 mg
metronidazole (2Mix) mixed with propylene glycol'. The access cavity was sealed
with glass-ionomer cement (Ketac Molar EasyMix, 3M ESPE, Neuss, Germany).

Fifteen days after intervention, the pulp chamber of the left mandibular first molar was
accessed again and cleaned using a dentine excavator. The bi-antibiotic paste was
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gently flushed out of the canal with 2.5% sodium hypoclorite (Clorox, Argentina). After
final irrigation with 17% EDTA (Tedequim, Argentina) for 5 minutes, the canal was
dried using sterile paper points (Meta Biomed; Cheongju, North Chungcheong, South
Korea). A #15 K-file (Dentsply Sirona, Ballaigues, Switzerland) was inserted through
the distal canal beyond the foramen to induce bleeding from the periapical tissues™®
and formation of a blood clot inside the root canal. MTA was then placed upon the
distal root canal entrance orifice and compacted using a wet cotton pellet to assist
its setting reaction; the access cavity was finally sealed with glass-ionomer cement
(Ketac Molar EasyMix, 3M ESPE, Neuss, Germany). Coronal seals were daily moni-
tored for wear derived from rodents’ diet so as to prevent their loss and root canal
reinfection.

Animals were euthanized by i.p. injection of a lethal dose of pentobarbital sodium
(Euthanyle, Brouwer S.A., Buenos Aires, Argentina) 30 days after placement of MTA
(E2). Experimental group ET which received no further treatment was matched in age
by the time of euthanasia, set to take place at approximately the same time of the day
in order to minimise the effect of changes owed to circadian rhythm. All right mandib-
ular first molars were kept as an 80 day-old control group (Cf) (Fig. 1).

A v Female Wistar rats

Experimental groups Control groups
Necrosis ~ Treatment Initial Final

(ED) (E2) (Ci) (ch
Exposed tooth pulp <« 25days — Eutanasia

v
Biantibiotic 55 days
paste

v
Blooij clot < SOijays
Eutanasia Eutanasia < 80 days —— > Eutanasia

Figure 1. The experimental protocol and the procedures carried upon both experimental and control groups
are shown in A. Photographs depict the isolation of the mandibular first molar with its pulp exposed (B) and
the intact mandibular first molar that served as control (C).

In order to perform bright-field microscopy evaluation, right and left hemimandi-
bles were dissected and fixed in buffered formalin (pH 7.3-7.5) for 48 hs. Following
decalcification in EDTA 10% pH 7 for 5 weeks, hemimandibles were dehydrated and
embedded in paraffin (Paraplast, Sigma-Aldrich) and serial mesio-distally oriented
sections of the mandibular first molars of approximately 7 um were obtained using a
Minot microtome. Sections were stained with hematoxylin and eosin (H-E) and digi-
talised microphotographs were then taken with a light microscope (Nikon Eclipse Ni,
Nikon Instruments Inc, Melville, NY, USA) and analysed using ImagePro Plus4.5.0.29
software to measure (Fig. 2) the length and apical diameter of the distal root canal
as described in previous studies'. In order to do this, one line was drawn passing
through the mesial and distal cement enamel junctions (anatomic limit between the
crown and root surface) and another one tangent to the apex of the mesial and distal
roots. With these as references, two lines were drawn: a perpendicular one running
through the centre of the distal canal (a: root canal length) and a parallel one at the
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level of the apical third of the root from inner dentine surface located on the distal
side to the one on the mesial side (b: apical diameter of the distal root canal). Further-
more, we measured the size of the periapical area as enclosed by the line tangent to
the apex of the distal root and the surface of the alveolar bone proper as well as the
osteoclastic cells within this area considering all cells close to the bone surface and
containing two or more nuclei (Fig. 2).

Figure 2. Microphotographs showing HE stained histological sections of the mandibular first molar
corresponding to the initial (A; i.e. 25-day-old) and final (B; i.e. 80-day-old) control groups. Dashed lines
served as landmarks passing through the cement enamel junction and the apex of both roots. Lines a and
b were drawn to measure the length of the distal root and the apical diameter of its root canal, respectively.
The asterisk indicates the location of the periapical area. Note that, A presents a wide root canal as well
as very thin walls and HERS can still be devised.

Statistical analysis

Graph Pad Prism 5.0 was employed. All the results were expressed as mean and stan-
dard deviation (SD), and statistically analysed using ANOVA followed by Tukey’s post-
hoc test setting the significance level at 5%.

Results

Histomorphometric analysis of root development

As observed on the H-E stained histological sections, molars of the 25-day-old control
group (Ci) exhibited thin root canal walls as well as wide root canals, pulp with a normal
histological pattern and wide open apexes where HERS could still be observed (Fig 2A).
Mean values for root canal length and apical diameter of the canal of the distal root of
the mandibular first molar are shown in Table 1; statistically significant differences were
found between Ci and E2 (p<0.05) and between Ci and Cf (p<0.001). With regards to the
periapical area, this group showed a normal width without signs of inflammation. A high
number of osteoclasts was observed, as expected for a developing alveolus which is
being remodelled constantly in order to accommodate a maturing root.
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Table 1. Mean values and standard deviations of the distal root length and canal diameter, size of the
periapical area and osteoclastic activity.

Wistar rat mandibular first molar

I A e
Length (mm) 1.84 + 0.25% 1.65+0.16% 2.37 £ 0.228c 3.20 £ 0.13b%
Apical canal diameter (mm) 0.38 £ 0.022® 0.39 + 0.02« 0.32 + 0.03sce 0.08 + 0.07bde
Periapical area (mm?) 0.19 £ 0.02%* 1.23 +0.34° 0.88 + 0.46" 0.14 £ 0.05°
Osteoclasts/mm 1.79 £ 0.552 1.72 £ 0.45° 1.19+0.23 0.36 +0.42%

Values sharing the same letter within a row show a statistical difference between groups (ANOVA p<0.05)

Group E1 (80 days old) revealed that pulps exposed to the oral environment and left
untreated until euthanasia were entirely necrotic; these molars exhibited no sign of
HERS and very thin root canal walls. A greater width of the periapical periodontal liga-
ment space was observed (Civs E1 p<0.001) at expense of the presence of an inflam-
matory infiltrate and resorption of the surrounding alveolar bone by osteoclasts (E1
vs Cf p<0.001). However, no odontoclasts were found (Fig. 3) which translated into
a lack of statistically significant differences when comparing root length and apical
diameter of the root canal to the Ci group (Table 1).

Figure 3. Microphotographs showing HE stained histological sections of the experimental distal root of
the mandibular first molar (E1) with pulp necrosis and immature apex (A). Necrotic tissue can be seen
inside the root canal; neither odontoblasts lining the dentine surface or HERS can be observed (B). Actively
resorbing osteoclasts and Howship lacunae can be seen on the alveolar bone surface (arrow in C). Bars
represent 100pm.

Group E2 (80 days old), in which the distal root of the left mandibular first molar was
treated by means of a regenerative protocol, revealed an increase in root length and
a decrease in the width of the root canal and its apical diameter as well as slightly
thicker root canal walls (E2 vs ET1 p<0.05 and E2 vs Cf p<0.001) (Table 1). The width
of the periapical periodontal ligament space was significantly greater than that of
the control groups (Ci vs E2 p<0.05; Cf vs E2 p<0.05) but a reduction in the inflam-
matory infiltrate, size of the periapical area and the number of osteoclasts were
found when compared with ET (no significant difference). Cells lining the dentinal
surface of the root canal and osteoblasts on the alveolar bone surface could be
observed (Fig. 4).
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Figure 4. Microphotographs showing HE stained histological sections of the experimental distal root of
the left mandibular first molar (E2) that received regenerative endodontic therapy (A). Blood cells and MTA
particles can be seen inside the root canal (B). Although there is no evidence of HERS, some cells can be
seen lining the root canal walls (arrow in C). Active osteoblasts and a thin layer of osteoid can be seen on
the alveolar bone surface (arrow in D). Bars represent 100pm.

In spite of the improved root development, the length of the distal root in the group
that received the regenerative endodontic protocol did not get to match the degree
of maturation of the right mandibular first molar (Cf) used as an 80 day-old control
given the latter measured 3.2+0.12mm, presented thick dentinal walls and a com-
pletely developed apex narrowed by the continuous deposition of cellular cementum
(hypercementosis). In this group, lateral canals were also evident probably as a conse-
quence of the rapid deposition of cellular cementum in relation to blood vessels. The
periapical area exhibited normal width and histological characteristics and an alveolar
wall with little cell activity (Fig 2B and Table 1).

Discussion

Stem cell research brought along new therapeutic approaches to treat immature per-
manent teeth with a diagnosis of pulp necrosis. REPs constitute a promising alter-
native but the results derived from different protocols, whether they be currently
approved or under investigation, require experimental studies to guarantee more pre-
dictable patient outcomes in the future.

Several biological aspects related to tissue regeneration and repair are still missing
likely due to the ethical and casuistic limitations associated with human trials. For
this reason, animals such as dogs, cats, monkeys, rabbits, ferrets and rats are used
by different groups in the search for an experimental model in vivo that would prove
to be suitable and reproducible in order to study an analyse regenerative processes'.
The animal models of REPs currently available in the literature’'3'%17 do not adhere
to the three stages as presented in clinical protocols. For example, Scarparo et al."”
also used necrotic immature teeth but, unlike our model, they only performed root
canal disinfection with no further evoked bleeding and blood clot formation. Previous
reports using animal models have more commonly used a triple antibiotic paste to
achieve disinfection of the root canal''®'”: we, however, opted for a bi-antibiotic paste
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thus ruling minocycline out, as suggested by Thibodeau and Trope'® in 2007, thereby
implementing a protocol that is presently considered more appropriate in a clinical
setting as minocycline is associated with dental discoloration.

We used Wistar rats as they can be easily housed, anaesthetised and handled, and
enable histological sections to be obtained relatively fast, at a lower cost of acquisi-
tion and maintenance with less concerned breeding management and ethical consid-
erations when compared to dogs'’, ferrets'? or sheep'®. Moreover, their pulpal, periapi-
cal and healing response is comparable to that of humans' 8.

Given we used rats of a very young age in our experimental model, we waited for them
to be weaned - at the age of 21 days. Even though mouth opening at this age is still
limited, the mandibular first molars are indeed fully erupted and present short roots
and wide open apexes. Based on recent observations''® that pointed out that the
development of the mandibular first molar is still incomplete by the age of 35 days
old, younger rats were chosen for this model - i.e. four days post-weaning (25 days
old (Ci)) — so as to guarantee roots were still immature but access was sufficient for
rotary instruments to expose dental pulp and cause its necrosis by leaving it open to
the oral environment. Unfortunately, working with small animals in vivo does not per-
mit to take intraoperative intraoral radiographs that would allow to take measurements
and follow up the evolution and response of hard tissues to treatment thus making it
necessary to await dissection of the hemimandibles and obtention of post-mortem
radiographs and histological sections in order to be able to analyse results.

Following complete necrosis of the dental pulp, root development was halted in the
group that received no further treatment (E1); the result was a wide root canal with
thin walls and no further lengthening of the root which occurred as a consequence of
the death of odontoblasts and cells of HERS, respectively.

In the experimental group that received treatment (E2), a regenerative endodontic
therapy model that adhered to the principles applied to treating immature permanent
human teeth was followed. For this purpose, newly-weaned rats with experimental-
ly-induced necrosis were used and the regenerative procedure was carried in two
steps (disinfection and blood-clot formation).

It is worth mentioning that procedures related to the regenerative protocol, including ini-
tial debridement of the root canal, placement of the bi-antibiotic paste and coronal seal
could be carried out without major inconveniences even in spite of the reduced dimen-
sions with which we were set to work. Likewise, the distal root was accessed again two
weeks after to induce bleeding and formation of the intracanal blood clot and to place
MTA upon the root canal orifice. The biggest challenge was perhaps encountered when
manipulating MTA given the presence of the blood clot, the shallowness of the pulp
chamber and the consistency of the material making both ability and practice neces-
sary to achieve a coronal seal that remained in place until the moment of euthanasia.

For a number of authors®’, the results following regenerative endodontics can be explained
by the mobilisation of undifferentiated stem cells from the apical region which in combina-
tion with growth factors supplied by the bleeding are fundamental to trigger tissue regener-
ation. In other words, the granulation tissue presents in the apical region as a response to
pulp necrosis acts as a potential niche and reservoir for regenerative processes.
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In the present model, complete development of the root was not achieved, but we
were still able to observe an increase in the length of the root and the thickness of its
walls therefore suggesting that the cells that were observed lining the walls of the root
canal could be responsible for the synthesis and mineralisation of mineralised radicu-
lar tissues. Moreover, after performing regenerative endodontic procedures, histologi-
cal characteristics of the periapical tissues were analysed observing a decrease in the
periodontal ligament width with reduced inflammatory infiltrate and fewer osteoclasts
per mm of bone surface. Even osteoblasts were identified on the surface of the sur-
rounding alveolar bone.

Nonetheless, there is still much to be unravelled in regenerative endodontics, whether
it is developing new substances for root canal disinfection that are safer than antibiot-
ics or irrigants that might attract certain cell populations or using scaffolds for more
biomimetic approaches™.

In conclusion, in our newly-weaned Wistar rat model we demonstrated that after exper-
imental induction of pulp necrosis and root development arrest, an increase in length
of the distal root and decrease in the apical diameter of its root canal were achieved
by means of REPs. Therefore, the present model of pulp necrosis, canal disinfection
using a bi-antibiotic paste and formation of an intracanal blood clot, is suitable and
reproducible in order to study an analyse regenerative processes. It would be inter-
esting to continue our work with immunohistochemical determinations to determine
the kind of cells involved in the process and the tissues formed within the root canal.
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