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Daughters of the Enamel Organ:
Development, Fate, and Function
of the Stratum Intermedium, Stellate Reticulum,
and Outer Enamel Epithelium

Hui Liu!2" Xiulin Yan3" Mirali Pandya? Xianghong Luan,' and Thomas G.H. Diekwisch*

The tooth enamel organ (EO) is a complex epithelial cell assembly involved in multiple aspects of tooth
development, including amelogenesis. The present study focuses on the role of the nonameloblast layers of the
EO, the stratum intermedium, the stellate reticulum, and the outer enamel epithelium (OEE). The secretory
stage stratum intermedium was distinguished by p63-positive epithelial stem cell marks, highly specific alkaline
phosphatase labeling, as well as multiple desmosomes and gap junctions. At the location of the presecretory
stage stellate reticulum, the pre-eruption EO prominently featured the papillary layer (PL) as a keratin im-
munopositive network of epithelial strands between tooth crowns and oral epithelium. PL cell strands contained
numerous p63-positive epithelial stem cells, while BrdU proliferative cells were detected at the outer bound-
aries of the PL, suggesting that the stellate reticulum/PL epithelial cell sheath proliferated to facilitate an
epithelial seal during tooth eruption. Comparative histology studies demonstrated continuity between the OEE
and the general lamina of continuous tooth replacement in reptiles, and the outer layer of Hertwig’s epithelial
root sheath in humans, implicating the OEE as the formative layer for continuous tooth replacement and tooth
root extension. Cell fate studies in organ culture verified that the cervical portion of the mouse molar EO gave
rise to Malassez rest-like cell islands. Together, these studies indicate that the nonameloblast layers of the EO
play multiple roles during odontogenesis, including the maintenance of several p63-positive stem cell reser-
voirs, a role during tooth root morphogenesis and tooth succession, a stabilizing function for the ameloblast
layer, the facilitation of ion transport from the EO capillaries to the enamel layer, as well as safe and seamless
tooth eruption.

Introduction

PITHELIA ARE COHESIVE CELL SHEETS that constitute se-

lective barriers between the environment and the un-
derlying cells of the body [1,2]. Many epithelial cells are
polarized into an apical pole that provides an exchange in-
terface with other parts of the body and a basal portion that
interacts with surrounding extracellular matrices and adja-
cent neighboring cells [1]. As a result of their highly orga-
nized nature and their ability to coordinate movement and
rearrangement of individual cells, epithelial sheets play key
roles in morphogenesis and organogenesis [3]. Epithelial
morphogenesis is a multistep process [4] that includes (1) cell

fate specification via transcription factors [5], (2) induction of
morphogenetic events by extracellular signals [6,7], (3)
morphogenetic changes through coordinated cytoskeletal
changes and cell adhesion dynamics [8], and (4) coordinated
cell proliferation and apoptosis events that augment the
morphogenetic cell sheet rearrangement process [9,10].

The tooth enamel organ (EO) is a typical example of a
complex epithelial organ that through a series of transcrip-
tional signals and extracellular matrix cues determines the
shape of the developing tooth and greatly influences the
development and fate of many related tissues that contribute
to the formation of a fully erupted dentition [11]. The
odontogenic epithelium is a highly multifaceted epithelial
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cell population that gives rise to multiple cell types, each of
which are uniquely differentiated toward a specialized
function related to the life of the tooth [12]. Some of the
derivatives of the odontogenic epithelium undergo addi-
tional generational changes and develop into new cell types
that hardly resemble their precursors in matters of function,
shape, and biochemistry.

Early in its career, the odontogenic epithelium forms the
EO, which then shapes the tooth crown and a cervical loop
[13]. The cervical loop in turn develops into a potent cell
sheath that prepatterns the shape of the tooth root [14,15].
Simultaneously, the coronal part of the EO differentiates
into a four-layer cap featuring signaling preameloblasts at
the odontoblast border [16]. Once dentin is secreted, a new
chapter in the metamorphosis of the EO begins with the
differentiation of preameloblasts into secretory ameloblasts
and the onset of enamel matrix and mineral secretion [17].
Many of these secretory ameloblasts become resorptive am-
eloblasts following initial enamel secretion and resorb excess
water and protein fragments from the enamel matrix to fur-
ther facilitate the completion of the enamel layer [18]. The
functions and the eventual fate of the remaining three layers
of the EO, namely the stratum intermedium, the stellate re-
ticulum, and the outer enamel epithelium (OEE), are little
understood. It has been speculated that the nonameloblast
components of the EO either function as aids during mineral
transport, to provide stability for the secretory EO, or act as
an epithelial stem cell niche [19,20].

In the present article, we have performed a number of cell
labeling, cell tracking and, cell fate studies to identify in-
dividual functions of the three nonameloblast layers of the
EO. These studies have revealed novel functions for these
unusual cell layers as stem cell reservoirs, facilitators of
tooth eruption, and members of Hertwig’s epithelial root
sheath (HERS) and defined their individual contributions.
Together, these studies shed new light on the intriguing
kaleidoscope of functions of the nonameloblast cell layers of
the EO: stratum intermedium, stellate reticulum, and OEE.

Materials and Methods
Animals and tissue preparation

Three-, 6-, 9-, 12-, 15-, and 18-day-old mice served as the
experimental model in the majority of the studies presented
here. In addition, a young gecko (Coleonyx brevis) of unde-
fined age was sacrificed for comparative studies. All animal
experiments and procedures were conducted according to the
guidelines of the University of Illinois at Chicago Animal
Care Committee. For the present study, mice and the gecko
were sacrificed and mandibles were fixed in 10% buffered
formalin for 2 days, followed by decalcification for 2 weeks
with 5% EDTA and 1% formalin. Following decalcification,
specimens were dehydrated, embedded in paraffin, and cut
into 5 pm sagittal sections along the long axis of the molar
teeth. For periodic acid Schiff (PAS) staining, tissues were
fixed in formalin, decalcified as described above, embedded
in JB-4 (Polysciences), and sectioned using glass knifes. For
semithin sections and electron microscopy, tooth organs were
dissected and fixed in Karnovsky’s fixative as previously
described [21]. Following postfixation in osmium tetroxide,
samples were processed for semithin sections.
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Tissue layer identification using classic
histologic stains

Three-day postnatal first mandibular molar tissue sections
were stained using the Azan technique or Masson Goldner’s
technique as described [22]. Plastic sections were stained
with PAS solution as published [23] and semithin sections
of Epon blocks were contrasted with Paragon Epoxy stain
(Polysciences) for 1 min on a 50°C hot plate.

Immunohistochemistry

Immunoreaction procedures were performed on paraffin
sections as previously described [24]. The following reagents
served as primary antibodies: (1) wide-spectrum screening
cytokeratin antibody (Dako/Agilent), (2) goat anti-rabbit
whole molecule alkaline phosphatase antibody (Sigma), and
(3) anti-p63 antibody ab735 (Abcam). Briefly, sections were
deparaffinized, rehydrated, and treated with 5% peroxide and
methanol followed by a brief incubation in 10 mM sodium
citrate buffer with 0.05% Tween 20 at pH 6.0 for antigen
retrieval. Sections were then incubated with 1% bovine serum
albumin (BSA) for 30min at room temperature to block
nonspecific binding of the antibody. After blocking, sections
were incubated with primary antibody at a concentration of
1:100, washed three times in PBS, and immunolabeling was
visualized using an ABC Peroxidase Standard Staining kit or
a Histomouse Broad Spectrum AEC kit (both from Thermo
Fisher Scientific) and Hematoxylin as a counterstain.

Electron microscopy

Sections were cut from Epon blocks using a Reichert-
Jung ultramicrotome. Thickness of sections was determined
by comparing the interference reflex colors of sections with
a standard table. Sections were then contrasted in 1% uranyl
acetate followed by Reynold’s lead citrate for 15 min each.
Observations were made on a JEOL 1220 TEM at 80kV.

BrdU labeling for cell proliferation

To identify proliferating cells in the papillary layers (PLs)
of pre-eruption molar teeth, 15- and 18-day-old mice were
intraperitoneally injected with BrdU (100 mg/kg; Sigma) 1 h
before euthanization to label the proliferating cells. Mand-
ibles were dissected and processed for paraffin sections.
Following deparaffinization, sections were stained using a
BrdU staining kit (Thermo Fisher Scientific) as previously
described [25].

Organ culture and Dil labeling

Our Trowell-type tooth organ procedure has been de-
scribed previously [26,27]. In the present study, 3-day
postnatal EOs were dissected and cultured at the liquid—air
interface of a Trowell organ culture dish for 6 days using
BGJb+ medium (Fitton-Jackson’s modified BGJ) supple-
mented with 100 pg/mL L-ascorbic acid, 100 U/mL peni-
cillin/streptomycin, and 5% fetal calf serum. Explanted
tooth organs were cultured at 37.5°C with atmospheric
conditions of 95% air and 5% CO,. Initial pH was adjusted
to 7.4 and the medium was changed every other day. All
experiments were done in triplicate.
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Human specimens

The University of Illinois at Chicago was home to a
number of large-scale sections through human jaws that
were presumably brought to Chicago by the famed oral
histopathologist Joseph-Peter Weinmann from the Uni-
versity of Vienna [28,29]. The micrographs presented in this
article were generated from these sections.

Results

Stratum intermedium cells were rich in TNAP
and inorganic phosphate while ameloblasts stained
for glycogens and/or other polysaccharides

LIU ET AL.

classic histological staining regimen (Fig. 1A-D). Micro-
graphs from stained sections distinguished between an elon-
gated and parallel arranged secretory ameloblast cell layer
oriented perpendicular to the adjacent one- to three-layered
row of cuboidal stratum intermedium cells (Fig. 1A-D). The
PAS procedure demonstrated a positive reaction for glycogens
and other polysaccharides in the ameloblast nuclei and cyto-
plasm and at the dentin/enamel junction, while PAS staining
was absent in the stratum intermedium and in the ameloblast
secretory vesicles (Fig. 1C). To reveal the mineralization po-
tential of ameloblast and stratum intermedium cell layers,
tissue sections were subjected to TNAP (tissue-nonspecific
alkaline phosphatase) immunoreactions and von Kossa stain-

ing. The stratum intermedium layer was marked by a highly
specific reaction for TNAP on the cell membranes and around
a few vesicular structures in the cytosol, while there was no

To reveal cytological details of the ameloblast and stratum
intermedium cell layers, sections of EOs were subjected to a
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FIG. 1. Classic histology of the ameloblast/stratum intermedium complex. (A) Azan staining. Compare the perpendicular
orientation of ameloblast (amel) and stratum intermedium (si) cell layers and the red color of the nuclei as revealed by
Heidenhain’s azan staining protocol. Enamel (en) appears in bright red and dentin (de) in bright blue. The odontoblasts (od)
are located immediately adjacent to the pale blue predentin. (B) Masson—Goldner staining. Pierre Masson’s connective tissue
trichrome stain using Weigert’s hematoxylin as a nuclear marker sharply distinguishes between elongated secretory amelo-
blasts (amel) and perpendicular stratum intermedium (si) cell orientation, while the enamel layer (en) is bright red and the
dentin (de) appears in green color. (C) Periodic acid Schiff (PAS) staining of plastic sections. Note the identification of
glycogens and other polysaccharides in the ameloblasts (amel) and at the dentin/enamel junction (en/de) and the absence of
PAS staining in the stratum intermedium (si) and in the ameloblast secretory vesicles (arrow). (D) Polychromatic Paragon
Epoxy stain to identify cellular details on semithin sections. Here the combination of toluidine blue and basic fuchsin resulted
in intense dark violet staining of enamel (en) and dentin (de) mineralized tissues and high resolution at the interface between
ameloblast (amel) and stratum intermedium (si) cell layers. (E, F) TNAP alkaline phosphatase enzyme immunohistochemistry.
Note the strong staining for alkaline phosphatase in the stratum intermedium (si) and the absence thereof in the stellate
reticulum (sr), ameloblast (amel), enamel (en), and dentin (de) cell layers (E). (F) is a higher magnification image.



FIG. 2. Electron microscopy of the amelo-
blast/stratum intermedium interface. (A) Per-
pendicular orientation of ameloblast (amel)
and stratum intermedium (si) nuclei). Multiple
mitochrondria (mit) were located at the basal
ameloblast pole. (B, C). Numerous desmo-
somes (des) and gap junctions (gj) at the in-
terface between stratum intermedium and
ameloblast cell layers.

FIG. 3. Epithelial stem cell marker p63 expression during postnatal mouse molar EO development. (A) Secretory stage 3-
day postnatal mouse molar EO, including stratum intermedium (si) and ameloblast (amel) cell layers and the enamel mineral
layer (en). The arrow points to p63-positive stratum intermedium cell nuclei. (B) EO at 9 days postnatal. Arrows point to
p63 labels in the stratum intermedium (si) and ameloblast (am) cell layers. (C, D) Twelve-day postnatal EO. The arrows
point to p63-labeled nuclei in the ameloblast cell layer (am), stellate reticulum (sr), and stratum basale of the oral epithelium
(oe). (E) Root tip and adjacent periodontal tissue of an 18-day postnatal first mouse molar tooth root. Root dentin (de),
periodontal ligament (pdl), and Hertwig’s epithelial root sheath (hers) are labeled. The arrows point to p63-positive nuclei
present in HERS cells. EO, enamel organ.
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TNAP detected in the adjacent ameloblast and stellate retic-
ulum layers (Fig. 1E-G). However, there was TNAP reactivity
in the odontoblast/pulp complex (Fig. 1E).

Numerous desmosomes were indicative of strong
adhesion between adjacent stratum intermedium/
ameloblast cell layers

Electron microscopy of 3-day postnatal mouse molar EOs
revealed numerous desmosomes and gap junctions at the
interface between stratum intermedium and ameloblast cell
layers (Fig. 2A-C).

P63-positive epithelial stem cells were initially
restricted to the stratum intermedium and thereafter
detected in ameloblasts, stellate reticulum,

and HERS

The epithelial stem cell marker p63 was used to identify
epithelial progenitors throughout postnatal EO development.

FIG. 4. Eruption stage PL development.
Pan-Keratin immunoreactions in 15-day post-
natal pre-eruption mouse molars. (A) Third
molar with incomplete connection between PL
(sr, pap) and oral epithelium (oe). Dentin (de),
ameloblasts (am), and pulp were labeled for
orientation purposes. (B) The PL (pap) formed
a network of epithelial strands at the location
of the former stellate reticulum between the
oral mucosa mesenchyme (mes) and the am-
eloblast layer (am). Note the thickened stratum
intermedium (si). (C) PL immediately before
eruption. Epithelial strands between the ame-
loblasts (am) and the oral epithelium (oe) were
continuous at that stage. PL, papillary layer.

LIU ET AL.

During the secretory stage (3 days postnatal), p63 specifi-
cally labeled stratum intermedium cell nuclei (Fig. 3A).
During the resorptive stage of amelogenesis (9 days post-
natal), there was strong immunoreactivity for p63 in the
stratum intermedium nuclei and moderate staining for p63 in
some ameloblast nuclei (Fig. 3B). Subsequently, during the
protective phase (12 days postnatal), p63-labeled nuclei
were identified in the ameloblast cell layer, stellate reticu-
lum, and the basal layer of the oral epithelium (Fig. 3C, D).
Following tooth eruption, p63-positive nuclei were detected
in cells of HERS adjacent to the root surface of erupted teeth
(Fig. 3E).

The epithelial continuity between ameloblasts,
stratum intermedium, PL, and oral epithelium
was visualized using a pan-keratin antibody

A pan-Keratin antibody was used as a marker to identify
epithelial components at the interface between oral epithe-
lium and pre-eruption EO. Our pan-Keratin antibody reacted
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with the EO PL, stellate reticulum epithelial strands, ame-
loblasts, and the oral epithelium (Fig. 4A). Pre-eruption EOs
were characterized by a thickened stratum intermedium as
the structural base for a network of epithelial strands in the
location of the former stellate reticulum, the PL (Fig. 4B).
The pan-keratin antibody also identified the continuous
epithelial strands between ameloblasts, PL, and oral epi-
thelium (Fig. C).

In pre-eruption EQOs, proliferative cells
were confined to the outer periphery of the PL
and the basal layer of the oral epithelium

To identify proliferating cell populations in pre-eruption
EOs, mice were injected with BrdU and proliferative cells
were identified using an anti-BrdU antibody and 3,3’-
diaminobenzidine staining. In 15-day postnatal EOs, BrdU-
positive cells were detected in the outer periphery of the PL
and in the stratum basale of the oral epithelium (Fig. SA-F).
BrdU-positive cells were also demonstrated in periodontal
tissues, including the apical papilla and the furcation
(Fig. 5A). BrdU staining was absent from ameloblasts,
stratum intermedium, stellate reticulum proper, and enamel
and dentin (Fig. SA-F). In 18-day postnatal pre-eruption
teeth, BrdU-positive cells were restricted to the cervical
periodontal ligament and the oral epithelium (Fig. 5G).
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Cell tracking with the fluorescent cell contact dye
Dil suggested cell movements within the EO
from the stellate reticulum to the stratum intermedium

To identify possible cell movements during postnatal
mouse molar EO development, Dil crystals were placed in
the center of the stellate reticulum of first mandibular molar
tooth organs, which were cultured on nitrocellulose filters in
Trowell organ culture dishes. Following 6 days of culture,
Dil fluorescence was recorded not only in the stellate re-
ticulum but also in the stratum intermedium and a portion of
the ameloblast layer (Fig. 6A, B).

EO cell fate studies demonstrated that the coronal
portion of the EO gave rise to stellate reticulum-like
populations, while the apical portion of the EO
generated epithelial rests of Malassez-like cell
islands and EO loops

For this study, EOs were separated into coronal and apical
portions (cervical loop), and EO subsets were cultured for
6 days on nitrocellulose discs in Trowell organ culture
dishes. After 6 days of culture, coronal EO cultures in BGJb
(Fitton-Jackson modification) revealed cell layers resem-
bling ameloblasts (en), stratum intermedium, and stellate
reticulum (Fig. 6D, G). When coronal EOs were cultured on

FIG. 5. Cell proliferation in
eruption stage mouse molar
ot tooth organs. Mice were in-
= jected with BrdU and prolif-
; ° erating cells were marked
\3 using an anti-BrdU antibody
N and  3,3’-diaminobenzidine
staining. (A-F) Proliferating
cells were detected at the api-
cal papilla (ap) and at the fur-
cation (fc) between roots (A,
arrows for ap and fc), in the
o papillary layer (A-F, pl), and
AL in the basal layer (sb) of the
. . oral epithelium (oe). There
i : was no BrdU staining in the
. i3 - ameloblast (am) and stratum
“a SR intermedium (si) cell layers,
et e ' and also enamel (en) and den-
tin (de) remained unstained. In
the 18-day postnatal samples
(G, H), BrdU-positive cells
were restricted to the cervical
periodontal ligament (pdl) and
to the oral epithelium (oe).




1586

LIU ET AL.

FIG. 6. Mouse molar organ culture studies for cell fate mapping. (A—C) Identification of Dil fluorescence 6 days after
insertion of a Dil crystal into the center of the stellate reticulum. After 6 days of culture, Dil fluorescence was detected in the
stellate reticulum (arrow, site of crystal insertion) and a portion of the stratum intermedium (asterisks). Fluorescence filter
combinations were fluorescein (A), Texas Red (B), and merge (C). Note the Dil labeling in the stratum intermedium
(asterisk, A, C). (D-G) Cell morphology of cultured epithelium organs after 6 days of culture on Trowell nitrocellulose
discs. (D, G) Coronal EO culture revealed cell layers resembling stellate reticulum (sr) cell populations. (E, H) Cervical
loop organ culture resulted in densely packed polygonal cells surrounded by substantial amounts of extracellular matrix
(ecm). (F, I) Coronal EO culture on Emdogain-coated discs yielded dense, cuboidal cell assemblies resembling stratum
intermedium (si) cells, while stratum reticulum-like cell networks were absent.

Emdogain-coated discs, cell shapes became cuboidal and
cell assemblies resembled stratum intermedium cell layers,
while stratum reticulum-like cell networks were absent
(Fig. 6F, I). Finally, cervical loop cell sheath cultures re-
sulted in columnar ameloblast-like cell loops and polygonal
polychromatic cells surrounded by substantial amounts of
extracellular matrix, resembling epithelial rests of Malassez
(ERM) (Fig. 6E, H).

Discussion

In the present study, we have performed a series of cell
labeling, cell tracking, and cell fate studies to ask which of
the nonameloblast layers of the EO are associated with
which specific functions during tooth development. Speci-
fically, to identify stratum intermedium cell function, EOs
were subjected to light microscopic stains, alkaline phos-
phatase and stem cell marker immunoreactions, as well as
electron microscopy. Pre-eruption tooth organs were labeled
for epithelial cells, proliferation, and stem cell markers to
determine the relationship between the stellate reticulum
and the PL. Organ culture studies were conducted to dis-
tinguish EO progeny between the coronal and cervical
portion of the EO and to evaluate the effect of enamel
matrix derivative on EO cell behavior. As a final step, his-
tological preparations from reptilian and human developing
dentitions were used to localize the OEE in nonmurine

specimen and to infer functional implications. Together,
these studies shed new light on the individual function(s) of
each of the three nonameloblast lineages of the EO.

P63 as a marker for epithelial stem cells
in the enamel organ

In the present study, p63 was localized in the secretory
stage stratum intermedium and postsecretory ameloblast cell
populations. Prior to eruption, p63 was also detected in the
stellate reticulum, and posteruption, p63 was recognized in
cells of HERS. In recent years, p63 has become universally
accepted as an epithelial stem cell marker [30]. P63 has been
identified in adult epidermal stem cells, keratinocyte stem
cells, thymus epithelial precursor cells, and prostate epi-
thelial basal cells [31,32], while mice lacking p63 revealed a
severely compromised epidermis [33-36]. P63 is the oldest
conserved homologue of the p53 family of transcription
factors and involved in all levels of epithelial stemness
maintenance and regulation [30,37]. It has been suggested
that p63 maintains epithelial stemness through Hedgehog,
WNT, and Notch signaling, by controlling cell adhesion and
by adversely affecting the polycomb protein CBX4 [38—42].
Hedgehog, WNT, and Notch signaling all play a role in
tooth development [43], and it is likely that p63 contributes
to the regulation of these signal pathways to maintain epi-
thelial stemness in selected EO cell populations. Our data
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revealed a surprising degree of p63 upregulation in ap-
proximately half of the postsecretory ameloblasts, suggest-
ing that some ameloblasts regain their stemness potential
following enamel secretion. However, in the secretory stage
EO, epithelial stem cell potential as identified by p63 was
restricted to the stratum intermedium, suggesting that the
stratum intermedium constitutes the presecretory EO stem
cell layer during early amelogenesis.

The stratum intermedium: a multipotent stem
cell layer involved in ion transport and enamel
organ stability

As mentioned above, our immunoreactions established
the stratum intermedium as the primary early stem cell layer
of the EO. A putative role of the stratum intermedium as the
presecretory EO stem cell layer is supported by earlier
studies demonstrating Sonic hedgehog expression in the
stratum intermedium [44]. The presence of stem cells in the
EO has been previously postulated based on FGF 10-
induced cell proliferation in the stratum intermedium
[45,46]. The origin of stratum intermedium stem cells is not
entirely clear. However, our Dil-labeling studies provide
evidence for directed cell movements from the stellate re-
ticulum to the stratum intermedium, opening up the possi-
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bility that stratum intermedium epithelial stem cells may
originate from the stellate reticulum. Our studies also
demonstrate that p63 stem cell labeling was present in se-
cretory stage stratum intermedium and not in ameloblasts,
while p63 was lost in the pre-eruption stage stratum inter-
medium, and p63 staining was found in approximately half
of the ameloblasts at this stage. Moreover, p63 staining
became prominent in the postsecretory and pre-eruptive
stellate reticulum/PL. This oscillation of p63 levels between
EO layers during development suggests that either cell
populations migrate between those layers or that EO cells
are capable of regaining their progenitor potential at later
stages in development.

Our immunohistochemical studies revealed a stark con-
trast between high levels of alkaline phosphatase expression
in the stratum intermedium and almost complete absence
thereof in the neighboring stellate reticulum and ameloblast
EO cell layers. Our finding confirms earlier reports of ex-
ceptionally high levels of alkaline phosphatase in the stra-
tum intermedium [46,47]. Some authors have speculated
that the main function of the alkaline phosphatase in the
stratum intermedium is to transport phosphate from blood
vessels into the EO [47]. Alternatively, high doses of alka-
line phosphatase in the stratum intermedium may also fa-
cilitate the formation of phosphorylated macromolecules, as

FIG. 7. Then, outer EO epithelium in
nonmurine specimen. (A) Pan-keratin la-
beling of the general lamina of a gecko
(Coleonyx brevis) dentition. The immuno-
histochemical reaction identified the oral
epithelium (oe), the general lamina (gl), and
the enamel organ (eo) for six successional
teeth. The arrows point to the site at which
the general lamina gives rise to individual
enamel organs. (B-D) Outer (OEE) and in-
ner (IEE) enamel epithelium contributing to
HERS of human teeth. The dentin (de) layer
is marked for orientation.
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studies using the alkaline phosphatase inhibitor I-pBTM
have demonstrated [47]. It is not clear whether those high
levels of alkaline phosphatase in the stratum intermedium
are exclusively due to their role in phosphate transport or in
the generation of phosphorylated macromolecules as alka-
line phosphatase also plays a role in stem cells and is often
used as a stem cell marker [48].

Our electron microscopical studies provide evidence for
multiple desmosomes and gap junctions at the interface be-
tween stratum intermedium and the proximal ameloblast pole.
The presence of large numbers of desmosomes has been at-
tributed to the function of the stratum intermedium as a stabi-
lizer for the ameloblast layer [49,50]. Previous studies have
noted a substantial increase in the number of gap junctions
from presecretory to secretory stage and have associated the
gap junctions with metabolic, mechanical, or ionic regulatory
functions [51,52]. However, at this point, the specific role of the
high number of junctional complexes at the ameloblast/stratum
intermedium interface remains to be further determined.

The stellate reticulum as formative cell population
for the papillary layer

Our data demonstrated formation of a PL of keratin-
positive epithelial tissue strands at the interface between the
tooth crowns and the oral epithelium. Individual cells within
those epithelial cells resembled those of the stellate reticu-
lum, and the keratin-positive cells formed a cellular network
at the site of the former stellate reticulum. Moreover, our
BrdU labeling experiments demonstrated cell proliferation
within the outer surface layer of the PL, while the p63-
positive epithelial stem cells were localized within the PL
itself. Together, these data establish that the PL is a stellate
reticulum derivative that proliferates during tooth eruption
to establish an epithelial continuity during tooth eruption.

Tooth eruption is a key event in the life of organisms as
the erupting tooth punctures the oral cavity and exposes the
underlying connective tissues to germs and other pathogens
of the oral cavity. Prolonged eruption as it occurs during
wisdom tooth eruption results in delayed wound healing and
an inflammatory process called pericoronitis. The epithelial
integrity of the PL during tooth eruption prevents and re-
duces the possibility for oral pathogens to invade the oral
connective tissues and cause inflammation of the jaws.

Earlier studies have identified typical extracellular matrix
proteins such as fibronectin, syndecan 1, laminin 5, and the
heparan sulfate perlecan in the stellate reticulum [53-56],
suggesting that the stellate reticulum is a proteoglycan-rich
cell layer that functions to protect the developing tooth or-
gan prior to amelogenesis. However, during amelogenesis,
the stellate reticulum becomes greatly reduced, prompting
speculations that its function may be limited to the pre-
secretory stage alone. Moreover, some authors have specu-
lated that the PL does not form by mitotic division of
progenitor cells, suggesting that the PL is formed through
the alteration of cell shapes [57,58]. However, our keratin
labeling studies demonstrate that the PL forms as a network
of keratin-positive cells just adjacent to the stratum inter-
medium at the same location as the presecretory stratum
intermedium, our BrdU labeling studies reveal that the PL
grows through proliferation of its outermost cells, and our
p63 marker studies have identified multiple epithelial stem
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cells inside of the PL. Together, these studies suggest that
the stellate reticulum plays a key role in the establishment of
the PL as an epithelial barrier that facilitates tooth eruption
and that this PL is formed through cell proliferation.

The outer enamel epithelium: source of continuous
tooth replacement in reptiles and outer cell layer
of HERS

There is only little information available concerning the
function of the OEE as it becomes disintegrated during
mammalian amelogenesis. In general, textbooks note that
the OEE connects with the inner enamel epithelium (IEE) at
the cervical loop and that it consists of a layer of cuboidal
epithelial cells. The connection between OEE and IEE be-
came very obvious in our human specimen, in which the
cervical portion of the OEE continued into the outer layer of
HERS, the bilayer of epithelial cells that migrate in apical
direction and determine the shape of the tooth root (Fig. 7).
In addition, anti-keratin immunostainings of the row of suc-
cessional EOs of a gecko dentition revealed that the OEE
seamlessly interfaced with the general lamina (Fig. 7). The
general lamina is an interconnected string of epithelial tissues
that give rise to the successional teeth of the reptilian denti-
tion, much like the successional dental lamina in humans.
Finally, our organ culture studies demonstrated that the cer-
vical rim of the EO gave rise to a unique population of cu-
boidal cells that were surrounded by a thick layer of matrix in
all directions, resembling ERM cells on a light microscopic
level. Together, these data establish the OEE as a morpho-
genetic epithelial tissue with highest regenerative potential as
it gives rise to successional dental laminae and contributes to
the root forming Hertwig’s root sheath. Our study also sug-
gests differences in developmental potential between the
coronal and the cervical portion of the EO, with the coronal
portion defaulting toward a stellate reticulum-type cell mor-
phology, while the cervical loop portion gave rise to ERM-
like cuboidal cells. These findings suggest that already in
secretory stage EOs, the cervical and coronal portions of the
EO contain different developmental programs.

In summary, this study sheds light on the EO as a mul-
tipotential four-layered tissue complex that not only con-
tributes to the secretion of tooth enamel but also contains
several stem cell reservoirs, provides morphogenetic clues
for tooth root morphology and tooth succession, maintains
EO stability, enables ion transport, and facilitates safe and
seamless tooth eruption. Perhaps the time has come that the
lesser known daughter populations of the EO emerge from
their hidden wildflower state and receive the well-deserved
recognition as the quarterbacks of odontogenesis.
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