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Abstract

Regeneration of mineralized tissues affected by chronic diseases comprises a major scientific and clinical challenge. Periodontitis, one such
prevalent disease, involves destruction of the tooth-supporting tissues, alveolar bone, periodontal-ligament and cementum, often leading
to tooth loss. In 1997, it became clear that, in addition to their function in enamel formation, the hydrophobic ectodermal enamel matrix
proteins (EMPs) play a role in the regeneration of these periodontal tissues. The epithelial EMPs are a heterogeneous mixture of polypep-
tides encoded by several genes. It was not clear, however, which of these many EMPs induces the regeneration and what mechanisms are
involved. Here we show that a single recombinant human amelogenin protein (rHAM�), induced in vivo regeneration of all tooth-support-
ing tissues after creation of experimental periodontitis in a dog model. To further understand the regeneration process, amelogenin expres-
sion was detected in normal and regenerating cells of the alveolar bone (osteocytes, osteoblasts and osteoclasts), periodontal ligament,
cementum and in bone marrow stromal cells. Amelogenin expression was highest in areas of high bone turnover and activity. Further studies
showed that during the first 2 weeks after application, rHAM� induced, directly or indirectly, significant recruitment of mesenchymal pro-
genitor cells, which later differentiated to form the regenerated periodontal tissues. The ability of a single protein to bring about regenera-
tion of all periodontal tissues, in the correct spatio-temporal order, through recruitment of mesenchymal progenitor cells, could pave the
way for development of new therapeutic devices for treatment of periodontal, bone and ligament diseases based on rHAM�.
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Introduction

Periodontal diseases are prevalent diseases and are substantial 
public health burden worldwide. They involve the chronic and 

progressive destruction of the tooth supporting tissues, mainly the
alveolar bone and periodontal ligament (PDL). These diseases often
lead to tooth loss. A major discovery was the finding that periodon-
tal tissue regeneration could be achieved by application of acidic
extract of enamel matrix proteins (EMPs) [1, 2], and later – by the FDA
approved medical device termed Emdogain. EmdogainR is an acidic
extract of extracellular enamel matrix, and includes a heterogeneous
mixture of mainly hydrophobic polypeptides encoded by several
genes [1, 3]. It was not clear, however, which of the EMPs induce the
regeneration, and what molecular mechanisms are involved [3].
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Enamel, is an ectodermal tissue covering vertebrate teeth.
Mature enamel is composed of highly organized tightly packed
hydroxy-apatite crystallites. The major enamel proteins pro-
duced during enamel development by the ameloblast cells 
(a specialized cell layer of the enamel organ) are the amelo-
genins. They comprise 90% of the developing extracellular EMPs
[4] and play a major role in the biomineralization and structural
organization of enamel [5, 6]. Amelogenins are hydrophobic
molecules that self-assemble in vitro and in vivo into nanos-
pheric structures which regulate the oriented and elongated
growth, shape and size of the enamel mineral crystal [7, 8].
During enamel development and mineralization, the abundant
secreted amelogenins in the extracellular enamel are sequentially
and discretely degraded by specific proteases, the metallopro-
tease, enamelysin (MMP-20) and the serine protease, EMSP-1
(KLK-4) [9]. Other enamel extracellular matrix proteins include:
ameloblastin, enamelin (ENAM), tuftelin, dentin phosphoprotein
(DPP) and amelotin; these proteins have been implicated in 
various steps of enamel formation [10–12].

The EMPs undergo post-translational modifications and post-
secretory processing [13–16]. These factors, as well as alternative
mRNA splicing, give rise to the heterogeneous mixture of polypep-
tides in the enamel matrix. The amelogenins are eventually,
together with other EMPs, replaced by mineral ions, calcium and
phosphorus, the enamel finally becoming hard, fully mineralized
(96%) and mature [17].

The amelogenin gene contains 7 exons, which undergo alter-
native mRNA splicing. The most abundant isoform of the native
protein secreted into the enamel matrix lacks the internal region
encoded by exon 4. In rodents, a rare isoform including two addi-
tional exons termed exons 8 and 9 and lacking exon 7 was
reported [18, 19]. Mutations in the X-chromosomal copy of the
amelogenin gene [20] have been associated with the hereditary
disease, amelogenesis imperfecta (AI), which illustrates the
importance of amelogenin in developing enamel. To date, 15
mutations in AMELX, leading to different phenotypes of AI, have
been identified. Mutations in other genes encoding for EMPs, such
as ENAM, enamelysin (MMP-20) and kallikrein 4 (KLK-4), were
also identified in AI patients [21–23]. Abnormal enamel formation
and mineralization have also been demonstrated by knockout (KO)
of amelogenin expression. The teeth of the amelogenin KO mice
expressed a hypoplastic enamel phenotype with reduced enamel
thickness [24].

For decades, amelogenin was thought to be exclusively an
enamel (epithelial origin) protein. However, in more recent years,
amelogenin has also been detected in dentin matrix [2, 25] and
odontoblasts [26], during cementogenesis in remnants of
Hertwig’s root sheath and in PDL cells [27, 28]. Very recently, we
have described amelogenin expression in long bone cells; osteo-
cytes, osteoblasts and osteoclasts, in cartilage chondrocytes and
differentially in growth plate cells. We have identified amelogenin
expression in long bone marrow stromal cells, some of which are
multi-potent stem cells [29]. Amelogenin expression was also
identified in non-mineralizing tissues cells such as brain cells and

haematopoetic cells [30]. The relatively large number of amelo-
genin alternatively spliced mRNA translated polypeptides and the
fact that amelogenin is expressed in different tissues (calcifying
and soft tissues) and of different embryonic origin, possibly reflect
different functions of amelogenin.

More recently, amelogenin, its splice products and degrada-
tion products, have been suggested to be associated also with
cell signalling. Veis et al. showed that specific low molecular
mass amelogenin splice products, designated as [A�4] and
[A–4] (which are composed of exons 2, 3, 4, 5, 6d, 7 and exons
2, 3, 5, 6d, 7, respectively. [A–4] is also known as LRAP (leucine
rich amelogenin peptide), has the ability to interact with imma-
ture cells, both in culture and in in vivo implants. In vitro, in rat
embryonic muscle fibroblasts culture, [A–4] up-regulated the
transcription factor Runx2, that is associated with osteoblast dif-
ferentiation, whereas [A�4] more prominently up-regulated
Sox9, which is associated with chondrogenesis [31]. In vivo, in
rat muscle, [A–4] containing implants became profusely miner-
alized within a 4-week period, whereas [A�4] implants were
mineralized more focally. Both types of implants were infiltrated
by cells, became vascularized and formed islands of extracellu-
lar matrix [31]. The matrix that developed after 4 weeks con-
tained proteins characteristic of mineralized tissues. When
[A�4] and [A–4] were implanted into the mucosa of mouse
cheeks, they induced recruitment of cells that expressed osteo-
chondrogenic markers [32]. Thus, the cell signalling activities of
these amelogenin peptides are related to the formation of miner-
alized tissues. Furthermore, [A–4] and [A�4] were shown to
have different signalling effects on ameloblast and odontoblast
differentiation in a developing tooth culture model [33, 34], and
when implanted in the pulp [35]. In embryonic stem cell cul-
tures, [A–4] was also shown to induce significant increase in
bone sialoprotein and osterix gene expression and further min-
eral matrix formation [36]. Viswanathan et al. demonstrated that
the full length recombinant murine amelogenin regulates bone-
sialoprotein expression in a cementoblast cell line in a dose-
dependent manner [37]. Tyrosine-rich amelogenin peptide, a
specific proteolytic cleavage product of amelogenin, was shown
to regulate osteocalcin and osteopontin expression in the same
cell line [38].

A progressive deterioration of cementum (a mineralized 
tissue covering the tooth root surface) was later observed in the
amelogenin KO mice. The defects in cementum were character-
ized by the increased presence of osteoclasts. These defects
were also associated with an increased expression of receptor
activator of nuclear factor-�B ligand (RANKL) near the 
cementum, suggesting that amelogenin may play a key role in
osteoclastogenesis through the RANKL/RANK mediated 
pathway [39, 40].

The purpose of the present study was to find out whether the
recombinant human amelogenin protein (rHAM�), which com-
prises 90% of the extracellular EMPs, could alone bring about the
regeneration of the tooth supporting tissues (periodontium) after
induction of experimental periodontitis in the dog.
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Here we identify the amelogenin protein as an active compo-
nent of the EMP which is responsible for the regeneration of the
tooth-supporting tissues. We show that in vivo application of
the rHAM� alone [41], caused significant and progressive
regeneration of all three tooth supporting tissues; alveolar bone,
PDL and cementum, after induction of experimental periodonti-
tis in the dog. Further immunohistochemistry studies using
markers for stem cells, combined with the above findings, 
suggested that amelogenin induces, directly or indirectly,
recruitment of stem cells during the regeneration of the tooth
supporting tissues.

Materials and methods

Production of the rHAM�

The rHAM� [41], produced in our laboratory, was used in the present
regeneration studies. rHAM� corresponds to the most abundant human
amelogenin mRNA transcript in the developing enamel [20], an isoform
that lacks the 14 amino acids encoded by exon 4. In brief, human cDNA
coding for a 175 amino acid amelogenin protein was subcloned into the
FASTBACTM HTb plasmid (Invitrogen, CA, USA). This system adds a
hexahistidine tag to the amino terminus of the expressed protein,
enabling efficient purification of the recombinant protein. The recombi-
nant protein, rHAM�, was expressed in eukaryotic Spodoptera
frugiperda (Sf9) insect cells, and was characterized by SDS-PAGE,
Western blot, ESI-TOF mass spectrometry, restriction mapping and
MS/MS sequencing.

In vivo induction of periodontal tissues 
regeneration using the rHAM�, 
in the dog model

All in vivo dog experiments were carried out in the animal experimentation
facilities of the Charite-Universitatsmedizin, Berlin, according to the regu-
lations of animal experimentation at this institution.

Six female Beagle dogs aged 13–16 months and weighing 9–10 kg,
were used in these experiments. The dogs underwent two surgeries: In
the first surgery, under anaesthesia, experimental periodontitis was
induced in all four quadrants of the dog mouth. A bony defect was 
created in the furcation area (between the tooth roots) creating 
III degree furcation. Orthodontic wire ligatures were then tied around the
defect area in order to induce chronic periodontitis state. The second,
third and fourth pre-molar teeth were operated in both quadrants of the
lower jaws. In the two quadrants of the upper jaws only the second and
the third pre-molar teeth were operated. Immediately after the surgery
the dogs were given analgesic therapy for 8 days. No antibiotics were
used, only tooth cleaning with 0.12% chlorhexidine fluid once a day was
performed. Six weeks after the first surgery, the ligatures were removed
under sedation, together with ultrasonic cleaning. A week later, a second
surgery was performed under anaesthesia. The surgery included peri-
odontal flap operation, scaling and root planning, removal of granulation
tissue, demineralizing the root surface with 24% ethylenediaminete-

traacetic acid (EDTA) gel, and application of the purified rHAM� on the
root surface, into the furcation defect. A notch was created on the 
surface of the root marking the height of the bone – termed ‘the mark-
ing notch’ just prior to protein application. The rHAM� protein was dis-
solved in propylene glycol alginate carrier (PGA, Biora), and was applied
to one quadrant of three dogs (100 �g rHAM� per tooth, dissolved in
0.1 ml sterile aqueous solution of PGA). PGA carrier alone (control) was
applied to one quadrant in each of six dogs. Enriched, but not purified,
extracted fractions of bovine EMPs were applied to other quadrants.
This manuscript describes the results obtained after treatment with 
the purified rHAM� (in PGA carrier), compared to the control (PGA 
carrier only).

The dogs were killed under anaesthesia, 2, 4 and 8 weeks after the
reconstructive surgery. The jaws were dissected into blocks containing
the pre-molar teeth and the surrounding alveolar bone, and were 
immediately placed in 4% paraformaldehyde (PFA). Two pre-molars in
each quadrant were prepared for demineralization for histology,
immunology, and in situ hybridization studies, and one was left miner-
alized in 100% ethanol for future micro-computerized tomography
(micro-CT) studies.

Micro-CT analysis

Micro-CT (MicroCT40, Scanco Medical, Bassersdorf, Switzerland) was
used to study the regeneration of the mineralized tooth supporting tis-
sues of the experimental (application of rHAM� dissolved in PGA car-
rier) and control (application of PGA carrier only) teeth. Samples were
placed in a cylindrical sample holder filled with 100% ethanol to pre-
serve the tooth during the measurement. The scanning parameters
were: 30-�m resolution, energy of 50 kVp and a 160 �A current. Three-
dimensional reconstruction was performed (with Scanco software) with
the following filtration parameters: � – 0.8, support – 1 and threshold – 220.
Measurements of the regenerated mineralized tissues were performed
by contouring the area of furcation between the tooth roots, above the
marking notch, in the selected central coronal slice. The same contour-
ing was performed on 30 coronal slices from each side of the central
slice. Three-dimensional evaluation of the volume limited between these
60 slices was performed with the above software, with filtration param-
eters of: � – 0.8, support – 1 and threshold – 200. The total volume
measured is the volume of the defect at the time of the reconstructive
surgery, and the bone volume is a measure of the regenerated calcified
tissue (bone and cementum) above the marking notch.

Histological analysis

One tooth from each quadrant (experimental and control) was deminer-
alized using acid formaldehyde solution and paraffin embedded. Several
slides from each tooth were stained with haematoxylin and eosin.

For morphometric analysis, the 10 coronal most central slides of each
experimental and control demineralized tooth were Azan stained. These slides
were then subjected to morphometric analysis using Scion Image software
(Scion Corp., USA). As described above, the total area measured in each slide
is the area above the marking notch and between the tooth roots, and the
regenerated area – the regenerated tissues above the marking notch. For each
tooth, the values used for the statistical analysis is the average area measured
from these 10 central slides.
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Statistical analysis

For statistical analysis we combined the percent of regeneration (regener-
ated volume per total volume) observed by the micro-CT scan measure-
ments and by the histological measurements for each time-point, after
demonstrating positive correlation between the results obtained by these
two methods (not shown).

Two Wilcoxon non-parametric tests were performed: The first (not
shown) compared the ratio of regenerated mineralized tissue volume to
total defect volume, between the experimental group (average of 2, 4 and
8 weeks after treatment with rHAM�, n � 6), and the control group (aver-
age of 2, 4 and 8 weeks after treatment with the PGA carrier only, n � 10).
The second Wilcoxon non-parametric test compared the results obtained 4
and 8 weeks after treatment with rHAM� (n � 4), to the control group, 4
and 8 weeks after application of only PGA carrier (n � 7). For detailed
explanation – see ‘Results’ and ‘Discussion’.

Preparation of rat tissues

All rat experiments were approved by Hadassah Medical School animal
care ethical committee, Hadassah – Hebrew University, Jerusalem.
Mandibles were dissected from 5- and 10-week-old Sabra male rats
weighting 100 and 350 g, respectively. For immunohistochemistry the tis-
sues were fixed in 4% PFA for 1 hr at room temperature and for in situ
hybridization – for 24 hrs. The tissues were then decalcified at 4�C for two
months in 0.5 M EDTA, pH 7.4, replaced every 2 days, then washed in PBS
and dehydrated. The tissues were embedded in paraffin and sagitally 
sectioned (5 �m). Pictures were taken from molars and the surrounding
periodontal tissues.

Preparation of human mandibular sections

Paraffin embedded sections of human fetal mandibles were prepared 
by K.H. The Institutional Review Board of the Department of Obstetrics
and Gynecology, University of Helsinki, Finland, had approved the 
study [42].

Indirect immunohistochemistry

Slides were deparaffinized, hydrated, rinsed in PBS and endogenous
peroxidase activity was blocked by 3% H2O2 (diluted in methanol) for
10 min. Slides were blocked in non-immune goat serum for 15 min.
(Histostain-SP kit, Zymed Laboratories, Inc., San Francisco, CA, USA),
followed by overnight incubation in the first antibody (diluted in PBS)
at 4�C in a humidified chamber. The primary antibodies used were: 
(1) LF-108 – a polyclonal rabbit amelogenin antibody, raised against a
synthetic peptide corresponding to 10 amino acids at the C-terminus of
human amelogenin (cross reacts with dog and rat) conjugated to
horseshoe crab haemocyanin (LPH), and affinity purified using protein
G [29]. The antibody was diluted to 1/1000 in PBS for rat tissues,
1/2000 for dog tissues. (2) C-term polyclonal rabbit antibody, 
raised against bovine amelogenin C-terminus, diluted in PBS to 1/500.
(3) 270-polyclonal rabbit antibody, raised against amelogenin N-termi-
nus (MPLPPHPG), diluted in PBS to 1/500. (4) 110BQ – a monoclonal

mouse antibody raised against human amelogenin [43], diluted to
1/1800 in PBS for rat tissues, 1/2000 for human tissues. (5) CD105
endoglin (H-300) – a polyclonal rabbit antibody, raised against a recom-
binant protein corresponding to amino acids 27–326 of human endoglin
(Santa Cruz Biotechnology, Inc., CA, USA), diluted in PBS to 1/200. (6)
STRO-1 (MAB1038) – Monoclonal mouse antibody, raised against
human STRO-1 (R&D Systems, Inc., Minneapolis, MN, USA), diluted in
PBS to 1 �g/ml. After rinsing, slides were treated according to the
Histostain-SP kit protocol, Picture plus kit or Super Picture kit (Zymed
Laboratories, Inc.). Negative controls included: (i) the corresponding
pre-immune mouse serum. (ii) non-immune rabbit serum and (iii) PBS,
replacing the first antibody. All slides were examined by Axioskop
(Zeiss, Gttingen, Germany) and pictures were taken using Coolpix 990
digital camera (Nikon, Tokyo, Japan), and ProgRes C10 (Jenoptik, Jena,
Germany).

Expression of CD105 and STRO-1 
in the  regenerating tissues: granulation 
tissue, PDL, bone and bone marrow, 
2 weeks after  treatment with rHAM� compared 
to the control

Five slides from the experimental tooth 2 weeks after treatment with
rHAM�, and five slides from each of two control teeth 2 weeks after treat-
ment with PGA carrier only, were reacted with CD105 antibody. The same
procedure was also carried out for STRO-1 antibody. Five serial consecu-
tive, non-overlapping pictures were taken from each slide for each tissue
studied; granulation tissue, PDL, bone and bone marrow (magnification
�480). The number of positively stained cells in each picture was counted
manually using Image Pro-Plus software (Media Cybernetics, Inc.,
Bethesda, MD, USA). The average number (mean 	 S.D.) of positively
stained cells in each of the tissues was calculated from all pictures of the
same tissue.

In situ hybridization

Production of anti-sense and sense (control) RNA-probes: male Sabra
rat incisor enamel organ was carefully dissected using microsurgery
tools under a stereo-dissecting microscope [29]. The cells were lysed
and total cDNA was produced, using Cells-to-cDNATM II (Ambion, Inc.,
Austin, USA). The following primers were designed according to the 
rat amelogenin sequence, gi 9506380, to PCR amplify the cDNA
obtained from rat enamel organ: forward – exon 2 (25–47): 5
-
TGGATCTTGTTTGCCTGCCTCCT-3
 and reverse – end of exon 6
(622–645): 5
-ATCCACTTCTTCCCGCTTGGTCTT-3
. Sequencing of the
PCR product revealed the sequence of LRAP. The PCR product was
cloned into pGEM-T Easy Vector (Promega, Madison, USA). Antisense
and sense RNA probes were generated using a DIG RNA labelling kit
(SP6/T7) (Roche Diagnostics, Mannheim, Germany).

Keeping RNase-free conditions, slides were deparaffinized, hydrated
and treated according to the InnoGenex universal ISH kit protocol
(InnoGenex, San-Ramon, CA, USA). The slides were incubated at 80�C for
5 min. then cooled to the hybridization temperature; 54�C. Hybridization
was carried out for 12 hrs.
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Results

Micro-CT analyses reveal regeneration of dog
alveolar bone by rHAM� after induction of 
experimental periodontitis

Application of the rHAM� alone [41], brought about significant and
progressive regeneration of all three periodontal tissues; alveolar
bone, PDL and cementum (Figs 1 and 2). Figure 1A presents a 3D
reconstruction image of micro-CT scan of normal dog tooth without
any treatment, and a micro-CT cross section of the tooth. Significant
regeneration of the alveolar bone was observed in the 3D recon-
struction image of micro-CT scan of experimental tooth 8 weeks
after treatment with rHAM�, while no such regeneration was
detected in the control (PGA carrier) treated tooth (Fig. 1B). In 
Fig. 1C, cross sections of the experimental and control teeth 2, 4 and
8 weeks after treatment were compared. The yellow dotted line con-
nects all the marking notches, which indicate the levels of the alveo-
lar bone just after the second surgery, when rHAM� (in PGA carrier)
and PGA carrier alone were applied to the experimental and control
teeth, respectively. In the experimental teeth, 2 weeks after applica-
tion of rHAM�, the beginning of regeneration of the mineralizing
alveolar bone can be observed. Four and 8 weeks after treatment,
there is a significant (P-value � 0.002) (Fig. 1D) and progressive
(Fig. 1C) regeneration of the mineralized alveolar bone. No signifi-
cant regeneration was observed in the control, PGA treated, teeth.

Histological analysis revealed regeneration 
of all three periodontal tissues; cementum, 
PDL and alveolar bone in the experimental tooth

Histological studies (Fig. 2) revealed regeneration of all three peri-
odontal tissues; cementum, PDL and alveolar bone in the experi-
mental tooth, while no regeneration occurred in the control tooth,
and only granulation tissue was seen at the level of the marking
notch. Magnifications of the micro-CT images revealed that there
was no separation between dentin and regenerating cementum,
indicating that the gap observed in the histological images is an
artefact of preparation. Higher magnification of the regenerated
tissues showed that the regeneration process occurred in the cor-
rect spatio-temporal order, restoring the morphology of the tooth
attachment apparatus. In the youngest regenerating tissues (Fig. 2B),
only regenerating cementum, covering the dentin surface, was
observed. A region slightly beneath the youngest regenerating tis-
sues (Fig. 2C, upper part – C1) contained regenerated cementum
and PDL, but no apparent regenerating bone could yet be
observed. In older regenerating periodontal tissues (Fig. 2C, lower
part – C2), all three regenerating tissues; alveolar bone, PDL and
cementum, were observed. Electron microscopy analysis 8 weeks
after application of rHAM�, showed regenerating cementum and
PDL. The PDL was anchored as Sharpey’s fibres in the newly
formed cementum (not shown).

Fig. 1 (A) Three-dimensional reconstruction of micro-CT scans of nor-
mal dog tooth, without any treatment and a micro-CT cross section of
the tooth (R – root, PLS – periodontal ligament space, AB – alveolar
bone) (bar � 1 mm). (B) Three-dimensional reconstruction of micro-CT
scans, 8 weeks after application of rHAM� in PGA carrier (Exp.) or PGA
carrier only (Con.). The yellow arrows points to the marking notches,
indicating the bone height at the time of application of rHAM� or PGA,
respectively. (C) Coronal micro-CT cross-sections of the 3D image of
the experimental and control teeth 2, 4 and 8 weeks after treatment. The
yellow line connects the marking notches. In the experimental tissues
the regeneration started at 2 weeks, after 4 and 8 weeks there is signif-
icant and progressive regeneration. In the control almost no regenera-
tion is seen. (D) Statistical analysis of regenerated bone volume (BV)
divided by total volume of the furcation (TV) (above the marking notch
and between the tooth roots) 4 and 8 weeks (pooled results) after treat-
ment with rHAM� in PGA carrier (Exp.) or PGA carrier alone (Con.), 
P-value � 0.002.
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Surprisingly, endogenous expression of amelogenin protein
was detected in normal (untreated) rat, dog and human periodon-
tal tissues; cementum, PDL and alveolar bone and also in bone
marrow (Fig. 3.1–3.4). Amelogenin protein was expressed in dif-
ferent types of rat connective tissue cells and in specific bone mar-
row cells; in rat alveolar bone osteocytes, in osteoblasts lining the
alveolar bone trabecules, in cells surrounding blood vessels (Fig.
3.1A), in osteoclasts (Fig. 3.1C) and in few distinct bone marrow
cells (Fig. 3.1E). As was previously reported, amelogenin expres-
sion was also detected in PDL cells and in clusters of cemento-
blasts along the root (Fig. 3.1G) [27, 28]. No staining was detected
in the corresponding controls (Fig. 3.1B, D, F and H). Different
staining methods were used, yielding red (Fig. 3.1C and E) to
brown (Fig. 3.1A and G) reactions. In normal dog periodontal tis-
sues, staining was detected in PDL cells, in cementoblasts, in

osteocytes and in osteoblasts (Fig. 3.2A and C), while no staining
was detected in the corresponding control (Fig. 3.2B and D). In
human embryonic mandibular tissue (Fig. 3.3), amelogenin
expression in the epithelial pre-ameloblast cells (Fig. 3.3B) was
much higher than that in the alveolar bone cells (Fig. 3.3A). No
staining was detected in the corresponding controls (Fig. 3.3D and
C), respectively.

The amelogenin antibodies generally identified the same cell
types. To further determine the specificity of the amelogenin anti-
bodies which reacted with the periodontal tissues, mouse mandibu-
lar sections, including the enamel organ and periodontal tissues,
from wild-type (WT) and amelogenin KO mouse [24] were used
(Fig. 3.4). No reaction was detected with the KO mouse enamel
organ (Fig. 3.4B) and periodontal tissues (Fig. 3.4D), from the same
section, but very strong reaction was detected in the corresponding

Fig. 2 (A) Histological pictures of the dog experimental tooth and dog control tooth 8 weeks after treatment with rHAM� in PGA carrier (Exp.) or PGA
carrier alone (Con.) (PDL � periodontal ligament, D � dentin, GT � granulation tissue, MN � marking notch, r � regenerated, B � bone, C � cemen-
tum, bar � 100 �m). (B) Higher magnification (bar � 20 �m) of the regenerating front showing the penetrating oral epithelium (PE) from above and
the ascending regenerating cementum from below. Organized PDL and bone are not apparent yet. (C) Enlargement of the regenerated area (bar � 100
�m) showing newly regenerated cementum, PDL and bone (lower part – C2). In the younger regenerating area (upper part – C1), only organized regen-
erating cementum and PDL are apparent.
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WT enamel organ (Fig. 3.4A), and to a lesser extent with the peri-
odontal tissues (Fig. 3.4C) from the same section, respectively.

Amelogenin mRNA (Fig. 4A–F) and protein (Fig. 4G–L) expres-
sion in rat periodontal tissues was studied. Amelogenin mRNA
expression was highest in the alveolar bone adjacent to the PDL,
as compared to bone cells distal to the PDL, in the same section
(Fig. 4A and E, respectively). The same expression pattern was
observed for the amelogenin protein (Fig. 4G and K, respectively).
Higher amelogenin mRNA expression in the periosteal cells was
observed, compared to amelogenin expression in bone cells distal
to the periosteum (Fig. 4C and E, respectively). Higher amelogenin
protein expression was also observed in the periosteum, as com-
pared to bone cells distal to the periosteum (Fig. 4I and K, respec-
tively). No staining was detected in the mRNA and protein corre-
sponding controls, respectively.

In the regenerating dog bone, amelogenin was highly
expressed in bone endosteal cells, osteoblasts and cells surround-
ing blood vessels (Fig. 5A), and to a much lesser extent in bone
cells distal to the regenerating area (Fig. 5B). No staining was
detected in the control (Fig. 5C).

The number of CD105 and STRO-1 positive cells, both known
markers of bone marrow stromal stem cells [44–55], in the gran-
ulation tissue, PDL, alveolar bone and bone marrow of the exper-
imental tooth and surrounding bone 2 weeks after treatment with
rHAM�, was compared to the number of CD105 and STRO-1 pos-
itive cells in the control tooth and surrounding bone treated with
PGA carrier (Fig. 6.1 and 6.2). Significantly more CD105 (Fig. 6.1)
and STRO-1 (Fig. 6.2) positive cells were detected in the granula-
tion tissue, in the PDL, as well as in the bone and bone marrow
cells of the experimental tooth treated with rHAM� dissolved in
PGA, compared to control tooth, treated only with PGA. Four and
8 weeks after treatment, the differences between the amount of

cells expressing CD105 and STRO-1 in the experimental tooth and
surrounding bone compared to the control tooth and surrounding
bone were less prominent (not shown).

Discussion

Periodontal diseases cause chronic and progressive destruction of
the tooth supporting tissues, which attaches the tooth to the alve-
olar bone of the jaw. The results of the present study show, that
the rHAM� alone [41], which does not contain any other enamel
matrix component, caused significant and progressive regenera-
tion of all three periodontal tissues, after induction of experimen-
tal periodontitis in the dog model. Hence, most probably, the
amelogenins are the active component of EMPs, as well as
EmdogainR, in the regeneration process of the periodontium. This
does not exclude the possibility that other components of the
EMPs also contribute to the regeneration process.

Our histological observations suggest that the regeneration
process mimics the normal pattern of periodontal development, in
which the cementum is first produced, in the youngest regener-
ated tissue, followed by the PDL and alveolar bone. Electron
micrographs of the regenerated cementum and PDL showed that
the structure of the PDL Sharpey’s fibres, penetrated into the
regenerated cementum, as in normal functional periodontium.

Surprisingly, amelogenin expression was detected in normal
tissues of the periodontium; cementum, PDL and alveolar bone.
Hence, application of the recombinant amelogenin protein repre-
sents overexpression rather than ectopic expression. The expres-
sion of amelogenin in the epithelial ameloblast cells was much
higher as compared to the cementum, PDL and alveolar bone

Fig. 3 (1) – (A–H) Examples of immunohistochemical analyses of rat normal periodontal tissues using different amelogenin antibodies (bar � 20 �m).
All amelogenin antibodies identified the same cell types. (A) Amelogenin expression in alveolar bone osteoblasts (Ob), osteocytes (Oc), and cells sur-
rounding the blood vessels (BV). Using the amelogenin polyclonal rabbit antibody (270), raised against amelogenin N-terminus, diluted in PBS to 1/500.
(B) Control – PBS replacing the first antibody. (C) Amelogenin expression in alveolar bone ostoeclasts (Ocl), using a polyclonal rabbit amelogenin anti-
body (LF108), raised against the 10 amino acids at the C-terminus of human amelogenin, diluted in PBS to 1/1000. (D) Control – non-immune rabbit
serum replacing the first antibody, diluted in PBS to 1/500. (E) Amelogenin expression in specific alveolar bone marrow cells using a monoclonal mouse
antibody raised against human amelogenin (110BQ), diluted in PBS to 1/1800. (F) Control – pre-immune mouse serum replacing the first antibody,
diluted in PBS to 1/1800. (G) Amelogenin expression in the periodontal ligament (PDL), mainly in osteoblasts and cementoblasts (dentin � D, cemen-
toblast � Cb, C � cementum, B � bone), using a polyclonal rabbit amelogenin antibody, raised against bovine amelogenin C-terminus, diluted in PBS
to 1/500. (H) Control – PBS replacing the first antibody. (2) – Examples of immunohistochemical analyses of dog normal periodontal tissues, using the
polyclonal rabbit amelogenin antibody (LF108), diluted in PBS to 1/2000, and the corresponding controls, non-immune rabbit serum replacing the first
antibody, diluted in PBS to 1/500 (bar � 20 �m). (A) Amelogenin expression in the PDL. (B) The PDL control. (C) Amelogenin expression in the alve-
olar bone cells. (D) The alveolar bone control. (3) – Immunohistochemical analysis of human embryonic mandibular tissues, using a monoclonal mouse
antibody raised against human amelogenin (110BQ), diluted in PBS to 1/2000 (bar � 20 �m). A comparison between amelogenin expression, in the
same section, in the alveolar bone (A) and enamel organ (pre-ameloblasts) (B), revealed much higher expression of amelogenin in the enamel organ.
Parts (C) and (D) are controls, PBS replacing the first antibody. No staining was observed within the control section (Ob � osteoblast, BM � bone mar-
row). (4) – Amelogenin antibody reaction with WT mouse and amelogenin KO mouse mandibular sections. Using amelogenin polyclonal rabbit antibody
(270), raised against amelogenin N-terminus, diluted in PBS to 1/1000 (bar � 20 �m). (A) Amelogenin expression in WT mouse enamel organ 
(amb � ameloblasts). (B) Amelogenin expression in KO mouse enamel organ. (C) Amelogenin expression in WT mouse periodontium (B � bone, 
D � dentin). (D) Amelogenin expression in KO mouse periodontium.
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Fig. 4 (A–F) In situ hybridization
of rat periodontal tissues using rat
amelogenin probe. The anti-sense
(experimental) and sense (control)
probes were diluted to 1/1000. In
the same slide, a much higher
amelogenin mRNA expression
was detected in bone cells adja-
cent to the PDL (A) and in
periosteal cells (C) compared to
bone cells distal to the PDL and
periosteum (E). Parts (B), (D) and
(F) are the corresponding sense
probe (controls). (G–L) Immuno-
histochemistry analysis using the
amelogenin polyclonal rabbit anti-
body (270), raised against amelo-
genin N-terminus, diluted in PBS
to 1/500. Similar to the in situ
hybridization results, a much
higher amelogenin protein expres-
sion was detected in bone cells
adjacent to the PDL (G) and in
periosteal cells (I) as compared
with bone cells distal to the PDL
and periosteum (K) (in the same
slide). Parts (H), (J) and (L) are
the corresponding controls, PBS
replacing the first antibody (bar �
20 �m, B � bone).
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cells. The large difference in amelogenin expression could explain
why the presence of amelogenin protein in bone cells was over-
looked in the past. This difference in expression level most prob-
ably also represent different role(s) for amelogenin in these tis-
sues; in the forming enamel, amelogenin mainly serves as an
extracellular structural protein that self-assembles into nanos-
pheric structures which regulate the oriented and elongated
growth, shape and size of the enamel mineral crystal [8], and
hence, is highly expressed. The relatively small quantities of amel-
ogenin protein expression in the other tissues, may suggest that
amelogenin might have other functions in the process of normal
development and regeneration of the periodontal tissues.

While studying amelogenin mRNA and protein expression in
normal rat and dog periodontal tissues, we noticed that amelo-
genin expression is highest in bone cells adjacent to the PDL and
in the periosteal cells, as compared to bone cells distal to the PDL
and the periosteum. The bone adjacent to the PDL absorbs all the
mastication forces and bone turnover and remodelling is much
higher in this area, as compared to bone remote to the PDL region.
In addition, the periosteum covers the actively growing bone of
the jaw. It is the main site of bone growth and remodelling, and it
contains mainly progenitor cells. These findings suggest that in
the normal uninjured animal, amelogenin expression is increased
at sites of high bone activity and remodelling. A similar phenome-
non was seen in the regenerated alveolar dog bone; amelogenin
was highly expressed in endosteal cells, osteoblasts, and cells
surrounding blood vessels in the regenerated area, and to a much
lesser extent in bone cells distal to the regenerated area.

Interestingly, we detected amelogenin expression both in
osteoclasts and in osteoblasts lining the alveolar bone trabecules.
Sequencing of a macrophage cell line, which shares a common
progenitor with osteoclasts, revealed the expression of the amel-
ogenin mRNA isoform – M180 in macrophages [30], suggesting

the endogenous expression of amelogenin in osteoclasts. Bone
resorption during osteoclastogenesis requires the expression of
RANKL and RANK. RANKL is produced by osteoblasts and bone
marrow stromal cells and interacts by cell-to-cell contact with its
receptor RANK on the osteoclast precursors, promoting osteo-
clastogenesis [39]. A progressive deterioration of tooth cementum
was observed in the amelogenin KO mice. The defect in cementum
was characterized by increased presence of osteoclasts, and was
also associated with an increased expression of RANKL in the
region of the cementum [39, 40, 56]. Our findings of amelogenin
expression in osteoclasts, osteoblasts and bone marrow stromal
cells [29], and the increase in osteoclast activity in the amelogenin
KO mice, suggest that amelogenin might function in the fine bal-
ance between bone formation by the osteoblasts and bone resorp-
tion by the osteoclasts, possibly through the RANKL/RANK medi-
ated pathway [39, 40]. During alveolar bone regeneration after
induced inflammation, amelogenin might act by increasing bone
formation over the resorption process.

The regeneration process requires recruitment and differentiation
of a variety of cells. Several studies indicated that amelogenin might
be involved in cell signalling. Indeed a cell receptor for LRAP [A–4],
which was previously suggested to have signalling activity (see
‘Introduction’), was identified as LAMP-1 [57]. In addition, the full
length amelogenin lacking exon 4 (M180), which corresponds to
rHAM� [41], that we used in the present regeneration study, and the
short isoform LRAP, were found to bind to LAMP-1, as well as 
LAMP-2 and CD63 [58]. The exact binding regions of these three pro-
teins for specific amelogenin (M180 and LRAP) sequences were
reported [58]. These are ubiquitously expressed lysosomal integral
membrane proteins which are also localized to the plasma mem-
brane. Shapiro et al. found that exogenously added amelogenin
moves rapidly into established LAMP-1 positive vesicles that subse-
quently localize to the perinuclear region of the cell [59]. These results

Fig. 5 (A–C) Immunohistochemistry analysis of regenerating dog periodontal tissues using a polyclonal rabbit amelogenin antibody LF108, diluted in PBS to
1/2000. Comparison between amelogenin expression 8 weeks after treatment with rHAM�, in bone cells in the regenerating area (A) and distal to the regenerat-
ing area (under the marking notch) (B), in the same section. Part (C) is the control–non-immune rabbit serum replacing the first antibody, diluted in PBS to 1/500
(bar � 20 �m, Ob � osteoblast, Oc � osteocyte, BV � blood vessel).
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Fig. 6 Immunohistochemical analysis of dog periodontal tissues comparing the number of cells expressing CD105 (endoglin) in teeth 2 weeks after treat-
ment with rHAM� dissolved in PGA, with the control, 2 weeks after treatment with PGA carrier only. The polyclonal CD105 antibody was diluted in PBS to
1/200. CD105 expression in the (A) granulation tissue, (D) PDL, (G) alveolar bone (B) and bone marrow (BM) of the experimental tooth. CD105 expression
in the (B) granulation tissue, (E) PDL, (H) alveolar bone (B) and bone marrow (BM) of the control tooth Statistical analysis comparing the average number
of cells expressing CD105 in the (C) granulation tissue, (F) PDL, (I) bone and bone marrow cells of the experiment tooth with the control tooth, 2 weeks
after the treatment. Many more cells expressing CD105 were observed in the experimental tooth; in the granulation tissue, periodontal ligament, and in bone
and bone marrow cells as compared to control. (2) – Immunohistochemical analysis of dog periodontal tissues comparing the number of cells expressing
STRO-1 in teeth 2 weeks after treatment with rHAM� dissolved in PGA, with the control, 2 weeks after treatment with PGA carrier only. The monoclonal
STRO-1 antibody was diluted in PBS to 1 �g/ml. STRO-1 expression in the (A) granulation tissue, (D) PDL (BV � blood vessel), (G) alveolar bone (B) and
bone marrow (BM) of the experimental tooth. STRO-1 expression in the (B) granulation tissue, (E) PDL, (H) alveolar bone (B) and bone marrow (BM) of
the control tooth Statistical analysis comparing the average number of cells expressing STRO-1 in the (C) granulation tissue, (F) PDL, (I) bone and bone
marrow cells of the experiment tooth with the control tooth, 2 weeks after the treatment. Many more cells expressing STRO-1 were observed in the exper-
imental tooth in granulation tissue and periodontal ligament as compared to control. In the alveolar bone and bone marrow of the control teeth, relatively
large numbers of cells were expressing STRO-1. Hence the difference between the experimental and control group is smaller.
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Fig. 6 Continued

showed that M180, and hence the corresponding human recombinant
amelogenin, might act directly or indirectly as signalling molecules.

Formation, remodelling and regeneration of tissues generally
require recruitment of different types of multipotent cells. CD105
(also termed endoglin) is a cell membrane glycoprotein (transform-
ing growth factor-� receptor) and is considered as a marker for
bone marrow mesenchymal stem cells (MSCs) [44–49]. Aslan et al.
[49] immunoisolated CD105 positive MSCs and demonstrated that
they can differentiate into osteogenic, chondrogenic and adipogenic
lineages. CD105 positive cells are also detected within the vascular
system, and CD105 is also one of the markers for neovasculariza-
tion [60, 61]. Several studies have also used STRO-1 as a marker

for bone marrow stromal stem cells [50–55]; Dennis et al. showed
that STRO-1 positive cells have the ability to differentiate into myofi-
broblasts with a vascular smooth muscle phenotype, adipocytes,
osteoblasts and chondrocytes [55]. Previously, using immunohisto-
chemistry and confocal microscopy, we reported that some of the
long bone marrow CD105 positive cells also express amelogenin
[29]. Sequencing of mRNA from dog and rat long bone marrow
revealed the expression of full length amelogenin lacking exon 4 and
of LRAP (equivalent to mouse M180 and M59, respectively) [29].

In the present study, we examined the number of cells express-
ing the MSC markers, CD105 and STRO-1, in the granulation tis-
sue, PDL, bone and bone marrow, of the experimental and control
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teeth, 2 weeks after treatment with rHAM� or with PGA carrier,
respectively. We found that 2 weeks after treatment, the number of
CD105 and STRO-1 positive cells in the tissues treated with
rHAM� was much higher than in the tissues treated with PGA car-
rier only. Four and 8 weeks after treatment, the differences
between the amount of cells expressing CD105 and STRO-1 in the
experimental compared to the control teeth were less obvious.
These findings suggest that rHAM� induced, directly or indirectly,
recruitment of MSC/progenitor cells to the injured site. During the
first 2 weeks after treatment, substantial recruitment and prolifer-
ation of these cells was induced by rHAM�, which, in turn,
brought about the significant regeneration of the periodontal 
tissues, as seen 4 and 8 weeks after treatment. Lacerda-Pinheiro
et al. [33] implanted ectopically collagen beads coated with amel-
ogenin splice products ([A�4] and [A–4]) into the oral mucosa of
mice and showed that amelogenin splice products have the ability
to recruit, among inflammatory cells, mesenchymal progenitors
that eventually differentiate into osteochondrogenic cells.
Goldberg et al. showed that LRAP [A–4] has the ability to recruit
cells from the dental pulp with the potential to proliferate and dif-
ferentiate into osteoblast-like cells [62], further strengthening our
findings. The origin of the MSC/progenitor cells recruited during
periodontal tissues regeneration could be the adjacent, native peri-
odontal tissues or bone marrow cells. King and Hughes [63]
demonstrated, in the periodontal regeneration model, migration of
cells from the adjacent unwounded PDL into the wounded area.
Kawaguchi et al. [64] showed that bone marrow stromal cells have
the potential to regenerate the periodontium.

Very recently, we showed that application of amelogenin
(rHAM�) beads together with DiI, on E13.5 and E14.5 mouse
embryonic mandibular mesenchyme and on mouse embryonic
tooth germ, revealed recruitment of mesenchymal cells [65], sug-
gesting, again, that amelogenin is involved, directly or indirectly,
in cellular signalling.

CD105 is also a marker for neovascularization [47, 60, 61], and
STRO-1 positive cells have the potential to differentiate into myofi-
broblasts with a vascular smooth muscle phenotype [50, 55]. The
overexpression of CD105 and STRO-1 in the regenerating tissues,
suggests that amelogenin promotes the regeneration not only by
local MSC/progenitor cells recruitment, but also perhaps by induc-
ing, directly or indirectly, angiogenesis for metabolic support of
the developing tissues. These findings correlate with our observa-
tions of the rich vascularization of the regenerating tissues, and
amelogenin expression in cells normally surrounding blood ves-
sels. The cells surrounding regenerated blood vessels might be

pericytes, which are involved in regulating angiogenesis and can
differentiate, along several lineages including osteogenic and
chondrogenic phenotypes [66]. The finding that amelogenin might
promote angiogenesis in the regenerating tissues explains Collett
et al. [66] and Yuan et al. [67] in vivo and in vitro findings demon-
strating chemotaxis of endothelial cells and induction of blood
vessel formation by EMPs. As discussed above, ectopic applica-
tion of LRAP to rat muscle induced mesenchymal cells in-growth
into the implants followed by vascularization [68].

Our current data indicate that amelogenin stimulates a cascade
of events enhancing remodelling and regeneration of periodontal
tissues. The observed regeneration of all periodontal tissues using
the externally applied amelogenin, probably reflects enhancement
of its normal endogenous activity in local remodelling of tissues.
Amelogenin induces, directly or indirectly, MSC/progenitor cell
recruitment at the site of the injury. Application of amelogenin
induces local neovascularization to support the developing tissues,
and possibly might change the fine balance between osteoclast and
osteoblast activity, favouring regeneration over the natural process
of degeneration after induction of chronic periodontitis. This
degeneration process is characterized by connective tissue and
epithelial proliferation into the injured area, an event thought to pre-
vent proper regeneration of the periodontal tissues [1].

The results presented in this manuscript, together with our previ-
ous results describing amelogenin expression in long bone cells, long
bone stromal cells, and its differential expression in the epiphyseal
growth plate cells, articular cartilage cells and cells of the periosteal
bone [29], suggest that bone phenotypes should be investigated in
families affected by X-linked AI and in the amelogenin KO mouse. The
existence of bone phenoptypes in AI and in amelogenin KO mice, have
not been thoroughly investigated, since the distribution of amelogenin
in cells of alveolar and long bones, were only recently published [29,
30, 69]. Furthermore, the significant progressive induction of peri-
odontal regeneration by the recombinant amelogenin protein, and
amelogenin expression in long bone cells, bone marrow and cartilage
cells, may possibly offer, in the future, treatment to some of the wide-
spread periodontal, bone, ligament and joint diseases, which are of
major clinical, scientific and financial challenges.
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