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Background and Objectives: Recombinant amelogenin protein (RAP) was reported to induce soft-tissue regeneration
in canine infected endodontically treated permanent teeth with open apices. To characterize identities of the cells found
in the RAP regenerated tissues compared to authentic pulp by identifying: 1) stem cells by their expression of Sox2;
2) nerve fibers by distribution of the axonal marker peripherin; 3) axons by their expression of calcitonin gene-related
peptide (CGRP); 4) the presence of astrocytes expressing glial fibrillary acidic proteins (GFAP).

Methods: A total of 240 open-apex root canals in dogs were used. After establishment of oral contamination to the
pulp, the canals were cleaned, irrigated, and 120 canals filled with RAP, and the other 120 with calcium hydroxide.
Results: After 1, 3, and 6 months, teeth were recovered for immune-detection of protein markers associated with native
pulp tissues. Regenerated pulp and apical papilla of RAP group revealed an abundance of stem cells showing intense
immunoreactivity to Sox2 antibody, immunoreactivity of peripherin mainly in the A-fibers of the odontoblast layer
and immunoreactivity to CGRP fibers in the central pulp region indicative of C-fibres. GFAP immunoreactivity was
observed near the odontoblastic, cell-rich regions and throughout the regenerated pulp.

Conclusions: RAP induces pulp regeneration following regenerative endodontic procedures with cells identity by gene
expression demonstrating a distribution pattern similar to the authentic pulp innervation. A- and C-fibers, as well
as GFAP specific to astrocytic differentiation, are recognized. The origin of the regenerated neural networks may be
derived from the Sox2 identified stem cells within the apical papilla.

Keywords: Amelogenin, Dental pulp necrosis, Apical periodontitis, Calcitonin gene-related peptide, Glial fibrillary acidic
protein, Peripherin, Sox2, Stem cell homing, Regenerative endodontics
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The dental pulp is a highly specialized mesenchymal
tissue characterized by the presence of odontoblasts and
surrounded by a rigid, mineralized dentinal matrix.
Dentin is synthesized by odontoblasts, which are derived
from cranial neural crest (1). Human dental pulp is in-
filtrated by a network of blood vessels and is highly in-
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nervated by nerve bundles emerging from the apical
region. It has a sophisticated sensory function (2).

The management of an incompletely developed tooth
with necrotic pulp has always been a challenge within the
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field of endodontics. In such cases, root formation has not
completed and the apex remains open until approximately
3 years after eruption of the tooth (3). Filling the root ca-
nal is difficult because the open apex does not provide a
barrier to stop the root filling material before it reaches
the periodontal tissues. Cleaning and shaping these canals
leaves the already thin dentin walls further susceptible to
fracture. Apexification is a method to induce a calcified
barrier in a root with an open apex in a tooth with ne-
crotic pulp (4). Regenerative endodontic therapy provides
an alternative approach for successfully treating these
challenging cases by regenerating functional pulp tissue.

Angiogenesis, vasculogenesis and neurogenesis are es-
sential for pulp regeneration. Pulp vitality is extremely
important for tooth viability, since the pulp provides nu-
trition and acts as a biosensor to detect pathogenic stimuli
5, 6).

Sensory innervation of the dental pulp is mediated by
axons originating from the trigeminal ganglia (TRG).
There are many A 6 - and C-fibers in the tooth-pulp, with
the A ¢ -axons ending mostly in the inner third of the den-
tinal tubules and the C-fibers ending mostly in the pulp
tissue proper, either as free nerve endings or as branches
around blood vessels. A 6- and C-nociceptors dominate in-
trinsic tooth innervation. Calcitonin gene-related peptide
(CGRP) is a 37-amino acid peptide, primarily localized to
C and A ¢ sensory fibers; it is produced in both periph-
eral and central neurons. These fibers display a wide in-
nervation throughout the body especially in the dental
pulp; CGRP is primarily released from sensory nerves and
thus is implicated in pain pathways. CGRP is normally
associated with synaptic transmission by C-fiber no-
ciceptors. These fibres have a dual role in sensory (noci-
ceptive) and efferent (effector) function. In the trigeminal
vascular system, the cell bodies on the trigeminal ganglion
are the main source of CGRP; it also contributes to the
regeneration of nervous tissue after injury (7-10), while
A-fibers could mainly be detected using antibodies to pe-
ripherin (11).

Cell populations already present in a patient's body, in-
cluding stem/progenitor cells that can be actively attracted
to sites of injury for in situ tissue regeneration is defined
as endogenous cell homing. Cell homing has the potential
to provide new therapeutic options, an alternative to adop-
tively transferred stem cells. It offers new insights into in
vivo tissue engineering (12). Stem cells are crucial to pulp
regeneration and maintaining its vitality. Cell fate deter-
mination of a pluripotent stem cell is controlled by both
extrinsic and intrinsic factors. The intrinsic factors in-
clude transcription factors that play an essential role in

direct control of gene expression in the cells. Among these
intrinsic factors, the most important for regulating pluri-
potency are Octamer-binding transcription factor 4 (Oct4),
Sox2 and Nanog (13). Sox2 plays important roles in regu-
lating and maintaining the pluripotency of stem cells, and
also in directing their neural differentiation. Sox2 has also
been proposed to regulate mesoderm and ectoderm
differentiation. In addition, Sox2 functions to maintain
the self-renewal of neural progenitor stem cells in vitro as
well as in vivo (14, 195).

An important theme currently under investigation is the
neurological basis of the sensory functionality of dental
pulp. Magloire et al. (8) investigated the sensory role of
odontoblasts and the interaction of these cells with neural
elements. Farahani et al. (16) demonstrated the presence
of a sophisticated neural structure in the human dental
pulp that is analogous to other central sensory organs, and
concluded on this basis that the dental pulp is a vestigial
sensory organ co-opted to synthesize mineralized matrix.
Structural analysis by confocal laser scanning microscopy
showed three distinct cell populations adjacent to odonto-
blasts, namely GFAP+ (glial fibrillary acidic protein) ser-
acytes, S100+ telacytes and HLA-II+ alacytes. These cell
populations were identified in peripheral human dental
pulp, and are the essential elements of neuro-sensory
organs. Subsequent molecular fingerprinting by quantita-
tive RT-PCR established these cells as analogous to radial
glia (GFAP+ cells), astrocytes (5100+ cells), and micro-
glia (HLA-II+ cells) of central nervous system organs. In
the cell-rich zone of the pulp, S100+ cells formed a net-
work, ensheathed unmyelinated axons and extended
end-feet around the capillaries. Glial cells have multiple
functions during the development of the peripheral nerv-
ous system (PNS) and in repair process. During early PNS
development, axonal signals are critical for Schwann cell
migration, survival and proliferation (11).

Here, we investigate the stem cells that show immunor-
eactivity to Sox2 antibody and their relationship to the re-
generation of the neural networks present in regenerated
dental pulp following regenerative endodontics with ame-
logenin protein, specifically with regard to the presence
and distribution of the two populations of dental nerve fi-
bers, the CGRP-reactive type and the Peripherin-reactive

type.

Materials and Methods

Animal preparation
Details of all procedures were previously described by
Mounir et al. (17). A total of 24 mongrel dogs of 6 months
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of age were included in this study. Animals were main-
tained and observed for health assessment before any en-
dodontic procedures were performed. Approval for the
procedures was obtained from the Institutional Review
Board for the safety and protection of vertebrate animals,
Pharos University, Alexandria, Egypt. All procedures were
carried out under aseptic conditions and general anes-
thesia.

After each surgery, the animals received Voltaren
(Novartis Pharma Egypt, under license from Novartis
Pharma, Switzerland), an intravenously delivered pain-
killer, at 25 mg/kg. Tetracycline (Tetracid; Cid Co, Egypt)
was administered intramuscularly the first day and there-
after mixed with food for 7 additional days at a dose of
15 mg/kg. The dogs were placed on a soft diet during the
postoperative period to reduce the possibility of local trau-
ma to the surgical site.

After 1, 3 or 6 months postoperatively, the animals were
euthanized by intravenous overdose injection of thiopental
sodium. The teeth and surrounding bone were removed as
a block with a water-cooled diamond disc. Untreated teeth
from the left quadrants were randomly harvested as
controls.

Canal preparation

After anesthetizing the animals and confirming the
presence of open apices in the mandibular and maxillary
premolars via pre-operative radiographs, endodontic ac-
cess was performed, and pulp tissue was completely
removed. Teeth were left without coronal restoration for
14 days to allow contamination. After 14 days, animals
were anesthetized and canals were cleaned under aseptic
conditions to the apices. After drying the canals with ster-
ile paper points, a cotton pellet was placed in the pulp
chamber then sealed with a temporary filling for 7 days
(Orafil G, Colostol, Fermin, India). On the eighth day, the
temporary filling was removed; 120 root canals from 12
dogs were filled with recombinant amelogenin protein
RAP (180 amino acid mouse amelogenin) and the other
120 canals were filled with calcium hydroxide.

An intermediate restorative material (IRM) was then
carefully placed over the root canal dressing, and the ac-
cess cavity was restored with amalgam. After 1, 3, or 6
months postoperatively (8 dogs per time period), the ani-
mals were euthanized, then samples were evaluated.

Histological procedures and immunohistochemistry
protocol

Prepared specimens were stained using hematoxylin
and eosin (H&E) and different immunohistochemical

stains. Antibodies for Peripherin, CGRP and SOX2 were
obtained from Abcam (Cambridge, UK, ab39374, ab-
139264 and ab92494 respectively), whereas antibody for
GFAP was obtained from Spring Bioscience (CA, USA,
M3781). All steps were performed following the manu-
facturers’ instructions. Conjugated secondary antibodies
were obtained from Thermo Fisher Scientific (Fremont,
CA USA). Sections were imaged using a Nikon Eclipse 80i
microscope (Tokyo, Japan).

Data analysis

Cell counting for stem cells apical papilla SCAP and
pulp stem cells PSC: Targeted cells were identified as
cells showing positive brown nuclear reaction (DAB
chromogen) specific for targeted antigen (Sox2) (SCAP/
pulp stem cells). The microscopic magnification was x400.
Image Pixel scale was standardized for 1000 pixels
Microscope used was Light Microscope Olympus CX41-
RF.

Image analysis for immune-reactivity intensity thre-
shold: The images for immunohistochemistry for
Peripherin and GFAP antibodies have been subject to
quantitative image analysis for immunoreactivity intensity
threshold using the software Image J/FIJI J 1.46/2012.
The application provides a comparative quantitation for
the reaction intensity of DAB chromogen illustrating the
tissue areas with positive Ag/Ab reaction (brown stain) as
compared to the areas with negative reaction (grey scale).
The measurement scale is expressed as pixels/plot area
taking in consideration the inversely proportionate rela-
tion between pixel number and stain intensity threshold
i.e. the lower the pixel number; the stronger is the stain
intensity.

Results

Amelogenin-treated canal cohort

At 1 month after treatment, 82.5% (Table 1) of the ca-
nals treated with recombinant amelogenin showed pulp re-
generation inside the previously empty root canal, in the
form of cellular condensations immune-reactive to Sox2
antibody. The regenerated apical papilla showed intense
immunoreactivity to Sox2 antibody (Fig. 1A). Higher
magnification of the regenerated pulp and apical papilla
showed stem cells (SC) of the regenerated pulp and stem
cells of the apical papilla (SCAP), both of which are im-
mune-reactive to Sox2 (Fig. 1B and 1C). The regenerated
pulp tissue showed moderate to intense immune-reactive
staining for Peripherin (Fig. 1D) in the form of conical
arrays at the odontoblast layer and moderate to intense
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Table 1. Summative results

1 month 3 months 6 months  Total
% (#) % (#) % (#) % (#)

Pulp regeneration
observed
Amelogenin (#40) 82.5 (33) 85 (34) 87.5 (35) 85 (102)
Calcium 0.0 (0.0) 0.0 (0.0) 0.0 (0.00 0.0 (0.0)
hydroxide (#40)
Apical papilla
present
Amelogenin (#40) 100 (40) 57.5 (23) 0.0 (0.0) 52.5 (63)
Calcium 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
hydroxide (#40)

immunoreactivity in the central area of the root canal
space and pulp chamber (Fig. 2A). Apical papillae (AP)
surrounding the regenerating root apices were recognized
in 100% of treated premolars (Table 1). AP showed mod-
erate to intense immunoreactivity to peripherin. The pres-
ence of CGRP antigen was recognized immunologically in
the soft connective tissue within the AP at the root apex
and apical and mid-root canal areas. The CGRP-reactive
fibers showed moderate to intense immunereactivity run-
ning axially in the central area of the root canal in the
central pulp region (Fig. 1E). Moderate to intense GFAP
reactivity in the odontoblastic and subodontoblastic re-
gions and mild to moderate reactivity throughout the re-
generated pulp was observed (Fig. 1F). Intense immunor-
eactivity to GFAP was seen within the odontoblast cell
layer, and as smaller rounded cells throughout the pulp
tissue. Mild to moderate immunereactivity to GFAP was
recognized in the AP (Fig. 1F and 2B).

At 3 months after treatment, 85% (Table 1) of the ca-
nals treated with recombinant amelogenin showed delicate
regenerated pulp tissue that revealed intense immunor-
eactivity to Peripherin peripherally near the odontoblast
areas (Fig. 1G). Moderate immunoreactivity to CGRP an-
tibody was seen at the root canal apices and directed ax-
ially towards the central pulp region (Fig. 1H). Intense
immunoreactivity to GFAP antibody was recognized in
the odontoblastic and subodontoblastic regions, while the
rest of the pulp revealed mild to moderate immunor-
eactivity (Fig. 1I). Apical papillae persisted in 57.5% of
cases (Table 1) and showed immunoreactivity to CGRP
(Fig. 1H).

At 6 months after treatment, 87.5% (Table 1) of the ca-
nals treated with recombinant amelogenin showed regen-
erated pulp tissue that revealed intense immunoreactivity
to Peripherin in the periphery near the odontoblast region
(Fig. 1]). Intensely stained CGRP-reactive fibers were seen

entering the central area of the root canal through the ap-
ical foramen, and running in an axial direction towards
the root canal and mid-root (Fig. 1K). Mild to moderate
immunoreactivity to GFAP was seen in the odontoblast
and cell rich zone regions (Fig. 1L). No apical papillae
were seen (Table 1).

Calcium hydroxide-treated canal cohort

At 1 month after treatment, 100.0% of the canals treated
with calcium hydroxide showed no immunereactivity to
Sox2 in the empty root canals (Fig. 1M).

At 3 months after treatment, 100.0% of canals showed
no soft tissue inside the root canals. No immunoreactivity
to Peripherin in root canals is seen. Moderate immune re-
activity to peripherin is seen in odontoblast layer (Fig.
IN).

At 6 months after treatment, 100.0% of the canals treat-
ed with Calcium hydroxide showed no regenerated soft
tissue inside root canals. No immunoreactivity to CGRP
is recognized. No immunoreactivity to CGRP is recog-
nized in the granulation tissue (Fig. 10).

Statistical evaluation

This study was based on an initial sample size of 240
canals harvested and observed over time intervals of 1, 3
and 6 months. The recombinant amelogenin cohort in the
I-month time period showed 82.5% pulp regeneration,
and 100% presence of apical papillae. The 3-month time
period showed 85% pulp regeneration, and 57.5% pres-
ence of apical papillae, whereas the 6-month time period
showed 87.5% pulp regeneration, and 0.0% presence of ap-
ical papillae.

The calcium hydroxide cohort in the three time periods
showed 0.0% pulp regeneration, and 0.0% presence of ap-
ical papillae.

The calcium hydroxide cohort in the 1-month time peri-
od showed 0.0% pulp regeneration and 0.0% presence of
apical papilla. The 3-month time period showed 0.0%
pulp regeneration, and 0.0% presence of apical papillae,
whereas the 6-month time period also showed 0.0% pulp
regeneration and 0.0% presence of apical papillae.

Data analysis

Cell counting for stem cells apical papilla and pulp
stem cells: Cells were counted in 3 fields for each image.
The mean cell count was calculated for each of the
SCAP/Pulp SCs.

Images subjected for quantitative analysis for cell count-
ing for Apical Papilla Stem cells SCAP were 1115-1119-
1150-1151.
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Images subjected for quantitative analysis for cell count- apical papilla/pulp stem cells have been transported to ex-
ing of Pulp Stem cells were 1117-1811-1812. cel sheets to be presented as bar chart graphs. The mean
The results of mean cell count for each of the stem cells of total count has been compared for each of the apical

o

Fig. 1. Premolar teeth at selected time intervals following treatment with recombinant amelogenin and calcium hydroxide. (A) Apical and mid root
area of a premolar tooth 1-month post treatment with r-amelogenin showing regenerated cellular tissue inside canal consistent with pulp tissue (P),
and apical papilla (AP) and dentin (D). H&E stain. Original magnification, x 100. (B) Apical and mid root area of a premolar tooth 1-month post
treatment with r-amelogenin showing cells in the regenerated pulp tissue (P), apical papilla (AP) and cellular dentin (CD) Trichrome stain. Original
magnification, x 100. (C) Apical area of premolar tooth 1-month post treatment with r-amelogenin showing regenerated regenerated pulp tissue
(P) in the root canal, dentin (D) and apical papilla (AP). H&E stain. Original magnification, x 100. (D) Apical and mid-root area of premolar tooth
1-month post treatment with r-amelogenin showing intense to moderate immunoreactivity to the peripherin (PER) protein. Intense immunor-
eactivity is observed at the odontoblast layer and odontoblastic zone in the form of parallel conical arrays. Moderate to intense immunoreactivity
in the central root canal and pulp camber. Strong immunoreactivity is seen in the apical papilla (AP). Dentin (D). Peripherin antibody. Original mag-
nification, x 100. (E) Apical area of premolar tooth 1-month post treatment with r-amelogenin showing intense to moderate immunoreactivity to
the CGRP antigen in the cells of the apical papilla (AP) running axially in the central area of root canal (red lines). Dentin (D). CGRP antibody.
Original magnification, x 100. (F) Apical area of premolar tooth 1-month post treatment with r-amelogenin showing intense immunoreactivity to
the GFAP antibody in the odontoblastic region (arrow) and mild to moderate immunoreactivity throughout the regenerated pulp tissue. Mild im-
munoreactivity is seen in the cells of the apical papilla (AP). Dentin (D). GFAP antibody. Original magnification, x40. (G) Apical area of premolar
tooth 3-month post treatment with r-amelogenin showing intense immunoreactivity to peripherin antibody in the regenerated pulp tissue (P) that
lies at the pulp periphery near the odontoblast area (red lines). Dentin (D), periodontal ligament PDL (black arrow). Peripherin antibody. Original
maghnification, x40. (H) Apical area of premolar tooth 3-month post treatment with r-amelogenin showing moderate to intense immunoreactivity
to CGRP antibody in the regenerated pulp tissue (P) that lies at root canal apex and in mid root in the central pulp region (red lines). Apical papilla
(AP) shows moderate immunoreactivity. Dentin (D). CGRP antibody. Original magnification, x 100. (I) Apical area of premolar tooth 3-month post
treatment with r-amelogenin showing moderate to intense immunoreactivity to GFAP antibody in the odontoblastic region (red arrow) and mild
to moderate immunoreactivity throughout the regenerated pulp tissue (P). Dentin (D), periodontal ligament PDL (black arrow). GFAP antibody.
Original magnification, x 100. (J) Apical area of premolar tooth 6-month post treatment with r-amelogenin showing intense immunoreactivity to
peripherin antibody in the regenerated pulp tissue (P) that lies at pulp periphery near the odontoblast area (red lines). Dentin (D), PDL (black arrow).
Peripherin antibody. Original magnification, x 100. (K) Apical area of premolar tooth 6-month post treatment with r-amelogenin showing intense
immunoreactivity to CGRP antibody in the regenerated pulp tissue (P) that lies at root canal apex and in mid root in the central pulp region (red
lines). Dentin (D), PDL (black arrow). CGRP antibody. Original magnification, x 100. (L) Apical and mid area of premolar tooth 6-month post treat-
ment with r-amelogenin showing moderate to intense immunoreactivity to GFAP antibody in the odontoblastic and cell-rich zone regions (red ar-
rows) and mild to moderate immunoreactivity throughout the regenerated pulp tissue (P). Dentin (D), PDL (black arrow). GFAP antibody. Original
magnification, x 100. (M) Apical area of premolar tooth 1-month post treatment with calcium hydroxide showing no immunoreactivity to Sox2
antibody in the empty root canals (RC). Dentin (D). Mineralized island can be seen in the empty RC (box). Sox2 antibody. Original magnification,
x100. (N) Apical and mid root area of a premolar tooth 3-month post treatment with calcium hydroxide showing empty root canals (RC).
Odontoblast cell shows intense immunereactivity to peripherin antibody. Dentin (D). Granulation tissue (GT) shows mild immune reactivity to pe-
ripherin antibody. Peripherin antibody. Original magnification, x 100. (O) Apical area of premolar tooth 6-month post treatment with calcium hy-
droxide showing no immunoreactivity to CGRP antibody in the empty root canals (RC). Dentin (D). Granulation tissue shows no immunereactivity
to CGRP antibody. CGRP antibody. Original magnification, x 100.
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Fig. 1. Continued.

and pulp stem cells, and then merged into a single bar
chart graph (Fig. 3).

Image Analysis Software used is Olympus Cell Imaging
Solution Software- Life Science Microscopy — 2010.

Image analysis for immunoreactivity intensity threshold

The positive peripherin Ag/Ab immunostaining (brown
DAB chromogen) were detected in 9 out of 13 plotted
areas. These revealed an average of 161209 pixels for the
stain intensity threshold. In contrast, there were 4 out of
13 plotted areas showing negative peripherin Ab/Ab re-
activity (grey scale) with an average of 537127 pixels/plot
area (Fig. 2A- Peripherin. Ab)

The positive GFAP Ag/Ab immunostaining (brown
DAB chromogen) were detected in 20 out of 22 plotted
areas. These revealed an average of 342321 pixels for the
stain intensity threshold. In contrast, there were 2 out of
22 plotted areas showing negative GFAP Ab/Ab reactivity
(grey scale) with an average of 817050 pixels/plot area
(Fig. 2B- GFAP).

Discussion

A Dbiological approach to restoring tooth structure
through the application of regenerative endodontics aims

to replace inflamed/necrotic pulp tissue with regenerated
pulp-like tissue to revitalize teeth and improve quality of
life (3, 18).

There is very limited histologic information regarding
characteristics of tissues formed in the root canal space
of human teeth after regenerative endodontics. Wang et
al. (19) reported on the growth of new vital tissue into the
pulp space. Previous studies collectively showed that when
disinfected canals of teeth with open apices are treated
with regenerative endodontics, tissues of the periodontium
(consisting of fibrotic periodontal ligament, collagen fi-
bers, blood vessels, and cementum- and bone-like tissues)
can grow into the root canals of these teeth (4, 20-22).

Current treatment approaches tend to stimulate more
reparative than regenerative responses, such that the new-
ly formed tissue does not closely resemble the physio-
logical structure of dental pulp (23). Although vascular-
ized pulp-like tissues have been reported in some ex-
perimental studies, little is known about the constituents
of the regenerated tissue. Pulp regeneration is a crucial
measure of the success of endodontic therapy. Angiogen-
esis, vasculogenesis and neurogenesis are essential for true
pulp regeneration (24-26).

In a previous study, the effect of recombinant ameloge-
nin was examined using a similar protocol on 24 dogs.
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Fig. 2. Premolar teeth at 1-month time interval following treatment
with recombinant amelogenin. (A) Higher magnification of box in
Fig. 1D showing positive peripherin Ag/Ab immunostaining (brown
DAB chromogen) in 1~9 of 13 of the plotted areas, while 10~13
of the plotted areas show negative peripherin Ab/Ab reactivity (grey
scale). Image analysis. Peripherin antibody. Original magnification,
x400. (B) Higher magnification of Fig. 1F showing positive GFAP
Ag/Ab immunostaining (brown DAB chromogen) were detected in
1~20 out of 22 plotted areas. In contrast, 21~22 of the plotted
areas showed negative GFAP Ab/Ab reactivity (grey scale). Image
analysis. GFAP antibody. Original magnification, x400.

Half of the root canals in this study were filled with RAP
and the other half with calcium hydroxide. Only the ame-
logenin group showed pulp regeneration. After removal of
the entirety of the pulp from infected, non-vital, open-
apex permanent teeth, nearly 85% of the 120 canals treat-
ed with RAP showed regeneration of tissue similar to the
authentic pulp, while the 120 canals treated with calcium
hydroxide were empty (17).

Stem cells present in the wound area after endodontic
treatment of a tooth with periapical periodontitis were
mainly mesenchymal stem cells (MSCs), stem cells of the
apical papilla (SCAP) and to a lesser extent bone marrow
stem cells and periodontal ligament stem cells (25). The
signalling molecules chosen to induce pulp regeneration
should facilitate the recruitment of stem cells with vascu-
logenic and neurogenic differentiation potential. RAP is

scne

—
Pulp SCs

1 2 3 4 5 6 7

Fig. 3. Mean count for stem cells apical papilla SCAP+pulp stem
cells. Quantitative image analysis immunohistochemical sections
comparing between mean counts for SCAP+pulp stem cells (1000
pixel image scale/Mic. Mag. x400).

known for its ability to up-regulate angiogenic and neuro-
genic differentiation (27, 28). It seems that recombinant
amelogenin signals for the recruitment of stem cells. For
this reason, we used recombinant amelogenin protein
(RAP) to induce pulp regeneration in the present study.

In the present work, the regenerated tissues surround-
ing the root apices showed immune reactivity to Sox2, pe-
ripherin, CGRP and GFAP. Apical papillae persisted until
the third post-operative month in 57.5% of cases. The pe-
riodontal ligament also showed immunoreactivity to neu-
ral antibodies.

Of particular interest is the fact that the regenerated
pulp in the present study showed intense immunor-
eactivity to Sox2 antibody. Sox2 is one of the three core
intrinsic factors for regulating pluripotency (13). In addi-
tion, Sox2 has been identified as a lineage specified for
stem cell differentiation (29). Thus, Sox2 is one of the crit-
ical factors that controls somatic cell programming and
neural differentiation in addition to maintaining the
self-renewal of neural progenitor stem cells (14, 15). The
presence of immunoreactivity to Sox2 in the early stages
of dental pulp regeneration indicates neural initiation and
differentiation. It is highly expressed in proliferating neu-
ral progenitor cells in apical papilla and to a lesser degree
in pulp stem cells and is also expressed in post-mitotic
neuronal and glial cells (30). This transcription factor may
be partly responsible for regulating the pluripotency and
self-renewal of SCAP surrounding the regenerated root
apices, and their adoption of a neural fate, in addition to
inducing stem cells in the regenerated pulp. The use of
recombinant amelogenin in regenerative endodontics in-
duces the expression of Sox2 by pluripotent SCAP sur-
rounding the growing roots and by regenerated stem cells
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inside the root canals. Sox2 directs tissue-resident adult
stem/progenitor cells to take advantage of the latent en-
dogenous regenerative potential of the body and local tis-
sue responses to regenerate delicate pulp tissue. This tis-
sue regeneration method relies on endogenous stem/pro-
genitor cell homing and presents an alternative to stem
cell transplantation (12, 31).

The regenerated pulp in the present study also showed
immunohistological evidence of the regeneration of pe-
ripherin neuronal intermediate filaments (A-fibers) in the
pulp periphery in close proximity to the odontoblast cell
layer (11), and CGRP-reactive central nerves (C-fibers) in
the pulp core (13).

The newly formed pulp tissue with regenerated sensory
nerves filled the previously empty pulp space. The regen-
erated pulp showed a similar distribution pattern of pe-
ripherin neurofilaments and axons expressing CGRP to
that of the authentic pulp innervation.

GFAP immunoreactivity is recognized documenting as-
trocytic differentiation outside the CNS. Cell populations
in regenerated dental pulp showed GFAP immunoreacti-
vity, which was identified in peripheral human dental
pulp in the odontoblast area and at the periphery of the
regenerated pulp demonstrating a sophisticated neuronal
structure (14). Glial cells have multiple functions during
the repair process of the (PNS), axonal signals are critical
for Schwann cell migration, survival and proliferation (11).

There was no pulp tissue regenerated in the calcium hy-
droxide group in all the three time periods. The gran-
ulation tissue was always at a distance from the root apices
and showed no immunoreactivity to either Sox2 antibody
or CGRP antibody. Iimmunereactivity to peripherin was
seen in the odontoblastic cell region only.

Further experimental support is needed to improve bio-
logical outcomes and develop treatment therapies that will
eliminate the use of any artificial material, thereby en-
abling replacement of lost tissues with natural bodily re-
sources and contributing to improvements in clinical
treatment protocols.
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