
©2008 European Journal of Histochemistry

Dentin matrix protein 1 (DMP1) is a non-collagenous matrix
protein with a recognized role in the formation of mineralized
tissues such as dentin. The aim of this study was to analyze
the distribution of DMP1 in human dentin by means of
immunofluorescence and high-resolution immunogold label-
ing. Fully developed, sound human dentin specimens were
submitted to fluorescence labeling and post-embedding
immunolabeling techniques with a rabbit polyclonal anti-
human DMP1 antibody followed by corresponding fluo-
rochrome-conjugated or gold-conjugated secondary anti-
bodies. Both immunofluorescence and immunogold labeling
showed an intense labeling associated with the peritubular
dentin. In addition, at the ultrastructural level, there was also
a moderate and diffuse immunoreaction over intertubular
dentin, and a weak labeling within predentin which increased
in density towards the mineralization front. This study sug-
gests that in adult human teeth, like in rodents, DMP1 is
prevalently concentrated at the level of peritubular dentin
and this feature is preserved also in fully developed-teeth.
These data are consistent with what has been observed in
rodents and suggest that DMP1 plays a role in maintenance
of the dentin tubular space.
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D
entin matrix protein 1 (DMP1) is a multi-
functional protein, prominent member of
one category of non-collagenous proteins

(NCPs), termed the SIBLINGS (Small Integrin-
Binding Ligand, N-linked Glycoprotein), that reg-
ulates cell attachment and differentiation
(Kulkarni et al. 2000; Narayanan et al. 2003),
and plays a pivotal role in biomineralization (Ye et
al. 2004, reviewed in Qin et al. 2007). George et
al. (1993) identified DMP1 by cDNA cloning and
showed that it induces differentiation of mes-
enchymal cells into odontoblasts, and promotes
mineralization. More recently, DMP1 was found to
induce cytodifferentiation of dental pulp stem
cells into odontoblast-like cells during normal and
pathological dentinogenesis, indicating that it
could act as a morphogen with the potential to
regenerate dentin-like tissue and to form repara-
tive dentin (Almushayt et al. 2006). DMP1 has
been proposed to possess dual functions, both as a
transcription factor that targeted the nucleus and
as an extracellular matrix protein that initiated
mineralization (Narayanan et al. 2003; 2006).
Cooperative interactions between DMP1 and type
I collagen can initiate apatite nucleation and min-
eral deposition (He & George 2004, He et al.
2005). Recently, in vivo studies by Lu and co-
workers (Lu et al. 2007) revealed that DMP1-null
mice show abnormalities in mineralization and
structural organization of dentin.

Studies in rodents have shown that DMP1 is
present in the nucleus and Golgi apparatus of
odontoblasts, at the mineralization front, and in
mineralized dentin (Massa et al. 2005). It
immunolocalizes preferentially along the wall of
dentinal tubules and in peritubular dentin (Massa
et al. 2005; Lu et al. 2007). Recently, two studies
on hypophosphatemic teeth of children have ana-
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lyzed presence of DMP1 in dentin by means of
immunohistochemistry, showing that DMP1, like
other NCPs, was localized in the inner third of cir-
cumpulpal dentin, associated with the tubular and
intertubular dentin, whereas in hypophosphatemic
teeth DMP1 was only observed in the dentin inter-
globular spaces (Boukpessi et al. 2006;
Chaussain-Miller et al. 2007). To our knowledge
the ultrastructural distribution of DMP1 in
human adult teeth has not yet been well elucidat-
ed. Since knowledge of the structure-function
relationships is fundamental for the development
of predictable regenerative therapies, we have
applied immunofluorescence and post-embedding
colloidal-gold immunolabeling to identify DMP1
and determine its localization in human sound
dentin.

Materials and Methods

Ten human third molars extracted as part of the
orthodontic treatment plan were used in this
study. The subjects had a mean age of 27.6±4.8
years. The consent form and experimental proto-
col was approved by the Ethics Committee of the
University of Bologna (Italy). Following extrac-
tion, roots were cut off with a low speed diamond
saw and each tooth crown was then transversally
sectioned to obtain 2 mm-thick dentin disks at a
medial level of the molar pulp chamber.The disks
were immediately immersed in 4% paraformalde-
hyde and 0.1% glutaraldehyde buffered with 0.1
M sodium cacodylate, at pH 7.2, and left
overnight in the fixative at 4°C.

Fluorescence labeling 
For immunofluorescence labeling, the fixed

disks were rinsed three times (10 min. each) in
0.1 M sodium cacodylate, at pH 7.2, Then, 100
µm sections were prepared using a high-precision
cutting machine equipped with diamond disks
(Remet, Bologna, Italy). Sections were immedi-
ately processed for incubation with a rabbit poly-
clonal anti-human DMP1 antibody (LF-160, gen-
erously donated by Dr. Larry Fisher, National
Institute of Dental and Craniofacial Research,
Bethesda, MD, USA; Jain A et al. 2002; Fisher
and Fedarko 2003) as follows. Sections were
blocked with normal goat serum for 30 min., and
incubated with a 1:100 dilution of the antibody

(prepared in 0.05M Tris HCl buffer, TBS, at pH
7.6), overnight at 4°C. After several TBS rinses,
sections were subsequently incubated for 90 min.,
at room temperature and protected from light,
with a goat anti-rabbit IgG diluted 1:100 coupled
to Alexa Fluor 488 (Invitrogen S.r.l., Milan,
Italy). The specimens were then washed for 10
min. in 0.05M TBS, briefly rinsed with distilled
water, and coverslipped with aqueous mounting
medium (Vecta-Shield, Vector Laboratories,
Burlingame, CA, USA). Controls consisted of sec-
tions incubated (a) with secondary antibody only,
(b) nonimmune serum.The sections were observed
under an LSM 510 META confocal laser scan-
ning microscope (Zeiss, Jena, Germany) at an
excitation wavelength of 488 nm.

Immunocytochemical processing
After fixation, disks were washed for 1h in 0.1

M cacodylate buffer, pH 7.4, and decalcified using
4.13% EDTA for three months at 4°C.They were
then extensively washed with 0.1M sodium
cacodylate buffer, dehydrated in graded concen-
trations of ethanol and embedded in LR White
resin (London Resin, Berkshire, UK). Semi-thin
sections (1 µm) were cut with glass knives on a
Reichert Jung Ultracut E ultramicrotome and
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Figure 1. Transmission electron micrographs at low magnifica-
tion of the examined human dentin. (A) illustrates the morphol-
ogy of the dentin region (D) within the first 1000-1500 µµm from
the odontoblasts (Od), in which cross-sections of dentinal
tubules (Dt) are present (arrows). (B) shows the predentin
region which can be distinguished in proximal predentin (pPD),
near odontoblasts, and distal predentin (dPD), towards the min-
eralization front. In the initial layer of the dentin (D), longitudi-
nal-cut dentinal tubules (Dt) were visible (arrows).
Magnification bars: 100 µµm.



stained with toluidine blue. Selected areas of the
sample were trimmed for ultra thin sectioning (80
nm) using a diamond knife. Sections were mount-
ed on Formvar carbon-coated nickel grids.

Grid-mounted tissue sections were processed for
immunocytochemical labeling with anti-DMP1, as
previously reported (Breschi et al. 2003; Suppa
et al. 2006). In brief, sections immersed in 0.05
M Tris HCl buffered solutions (TBS) at pH 7.6,
pre-incubated with normal goat serum for 30 min.,
and incubated overnight with anti-DMP1 at 4°C.
Gold labeling was performed using goat IgG anti-
rabbit IgG conjugated to 15 nm gold particles
(British BioCell International, Cardiff, UK) dilut-
ed 1:100 in 0.02 M Tris HCl buffered solutions
(TBS) at pH 8.2. After labeling, grids were
stained with 4% uranyl acetate and lead citrate
for examination in a JEOL 1010 TEM operated at
60 kV (JEOL Ltd., Tokyo, Japan). The TEM was
outfitted with a Digital Camera MegaView III
operating under the Analysis Imaging System
GmbH (Munster, Germany).

Controls consisted of sections incubated (a)
with secondary antibody only; (b) substituting the
primary antisera with nonimmune serum.

Results

Low magnification micrographs show that the
sections analyzed were comprised between the
odontoblasts layer lining the dental pulp and the
first 1000-1500 µm of the dentin region (Figure
1 A, B). In particular, Figure 1 A shows the local-
ization of the dentinal tubules in a cross section-
al view evaluated under immunofluorescence, in
which DMP1 localizes mainly to the peritubular
dentin (Figure 2 A). Specimens incubated with
nonimmune serum or secondary antibody only
exhibited some background fluorescence but no
significant labeling over peritubular dentin
(Figure 2 B). Figure 1 B presents the thin pre-
dentin layer that is delimited by the odontoblast
layer and the initial dentin, where a few longitudi-
nal-cut dentinal tubules can be seen. At high mag-
nification ultrastructural level, DMP1 immunolo-
calization showed an intense and circumscribed
reactivity over the walls of the dentin tubules and
a moderate and more diffuse labeling over inter-
tubular dentin (Figure 3 A, B). A weak labeling
was detected in predentin which increased

towards the mineralization front and which was
more intense in regions where collagen fibrils are
closely packed (Figure 3 C, D). A few gold parti-
cles were seen dispersed over the odontoblast
bodies and processes (data not shown), but poor
cellular preservation precluded assigning them
unequivocally to specific subcellular compart-
ments. Nuclei only revealed few scattered gold
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Figure 2. Image obtained with fluorescence microscope on
human dentin. (A) Immunofluorescence labeling for DMP1
clearly showed the intense labeling over the peritubular dentin.
(B) Control dentin incubated with nonimmune serum or second-
ary antibody only exhibited a few labeled dentin tubule walls.
Magnification bars: 5 µm



particles. Controls showed only few and randomly
distributed gold particles over the tissue sections,
thus confirming the specificity of the labeling
(data not shown).

Discussion

Since the mechanism by which peritubular dentin
forms and its precise composition are still not
completely elucidated, it is most relevant to
explore ultrastructural and immunohistochemical
features of peritubular dentin (Gotliv et al. 2006).
While the immunohistochemical pattern of DMP1
has been clearly elucidated in mice dentin (Feng et
al. 2003; Lu et al. 2007), no correlative TEM and

fluorescence data have been available on human
sound dentin. DMP1 accumulates along the peri-
tubular dentin wall of human sound dentin, simi-
larly to what has been previously reported in mice
(Lu et al. 2007), thus suggesting a functional role
in their formation and maintenance (Baba et al.
2004).

Peritubular dentin has been shown to be hyper-
mineralized (about 40% more than intertubular
dentin) (Nanci 2007). Gotliv and co-workers
(2006) also pointed out that bovine peritubular
dentin differs form intertubular dentin not only on
the degree of mineralization, but also in the
amount and nature of mineral elements and
aminoacids. Human peritubular dentin has been
reported to contain phosphoproteins and acidic
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Figure 3. Transmission electron micrographs revealing different immunolabeling pattern of DMP1 on human dentin. (A) an intense and
circumscribed immunoreactivity for DMP1 can be seen over the peritubular dentin (arrows) and a moderate and more diffuse labeling
is evident over the intertubular dentin (ID); Dt: dentin tubule. (B) High magnification image of the intensely labeled walls of dentin
tubules (arrows); Dt: dentin tubule. (C) A weak labeling for DMP1 is detectable in proximal predentin (pPD), near odontoblasts (Od).
(D) The immunoreactivity for DMP1 increased in distal predentin (dPD), towards the mineralization front where collagen fibrils are
closely packed (arrows). Magnification bars: 10 µµm.



glycosylated proteins (Weiner et al. 1999,
Chaussain-Miller et al. 2007).

Like other noncollagenous matrix proteins, such
as osteopontin, osteocalcin and dentin sialophos-
phoprotein, DMP1 has been shown to be involved
in the remodelling process during osteogenesis and
during pathological processes and/or external
insults (Toyosawa et al. 2004). For instance, a spe-
cific role of DMP1 during bone remodelling has
been postulated by Toyosawa and co-workers dur-
ing fracture healing (2004). Once the tooth forma-
tion is completed, dentinogenesis continues at a
slower rate, resulting in secondary dentin produc-
tion under physiological conditions, whereas terti-
ary dentin is formed in response to noxious exter-
nal stimuli, being classified into reparative dentin
and reactionary dentin (reviewed in Smith and
Lesot 2001; Goldberg and Smith 2004; Moses et
al. 2006). During the physiologic response there is
a continuous deposition of peritubular dentin,
probably due also to defence mechanisms occur-
ring during pathological insults such as caries
(Vasiliadis et al. 1983; Schüpbach et al. 1992;
Nanci, 2007). In particular, DMP1 has been shown
to have similar functions as dentin sialophospho-
protein and to be detected in primary dentin with a
marked decrease in tertiary dentin (Moses et al.
2006).

DMP1 has been shown in vitro to facilitate initi-
ation of mineral nucleation at specific sites during
bone and dentin formation and to prevent sponta-
neous calcium phosphate precipitation in areas in
which mineralization is not desirable, thus regulat-
ing the temporal and spatial aspects of mineral ini-
tiation (Narayanan et al. 2001; He et al. 2005).
The importance of DMP1 in mineralization
processes has been well demonstrated by DMP1
gene knock-out experiments. Indeed, Ye and co-
workers (2004) provided in vivo evidence support-
ing a role for DMP1 in late stages of dentinogene-
sis, since DMP1 is continuously expressed in the
dentin of mice after birth. In addition, DMP1 null
mice exhibited profound defects in the mineraliza-
tion of dentin, showing the following features:
hypomineralization, reduction of dentin thickness,
disorganized peritubular areas, enlarged pulp
chambers, defects of maturation of predentin to
dentin. More recently, Lu and co-workers (2007)
clearly demonstrated in transgenic mice that
DMP1 plays a major role in establishing the prop-
er architecture and organization of the dentin

tubular system, either as a consequence of its
effects on mineralization or through a direct effect
on tubule formation. Indeed, they provided evi-
dence that striking differences were observed in
the appearance of dentin tubules from DMP1-null
mice compared to controls, with the tubules being
disorganized and less branched.These data were in
agreement with the ones reported by Butler and
co-workers (2002) and Lu and co-workers
(2007), which showed by colloidal gold immunos-
taining that DMP1 is predominantly localized in
the walls of the rodent dentin tubules.

We have also found some DMP1 in the pre-
dentin/dentin transition areas (Figure 1 D) of the
examined human teeth, mainly near the mineraliza-
tion front.These findings are in agreement with the
proposal that DMP1 has a role in the maturation
of predentin matrix as confirmed by the presence
of an expanded predentin layer in DMP1-null mice
(Ye et al. 2004). Interestingly, the group of Butler
and co-workers (Baba et al. 2004) followed
changes in distribution of DMP1 during the
sequential stages of rat molar development. By
means of immunohistochemistry and in situ
hybridization they found that in 1-day and 1-week
old rats, immunoreactions for DMP1 were
observed in dentinal tubules of mineralized dentin,
but not in predentin or odontoblasts. However,
after 2 weeks DMP1 was observed in dentin
tubules, predentin and odontoblasts. At later
stages of tooth development, they found many sim-
ilarities between the distribution of DMP1 and
that of dentin sialophosphoprotein, both of which
are present in dentinal tubules and mature odonto-
blasts. Our results with fully developed human
molars are in agreement with these data. These
findings are also partially in agreement with the
studies in hypophosphatemic children by Boukpessi
and coworkers (2006) and Chaussain-Miller and
coworkers (2007). Indeed, they showed positive
reaction for DMP1 in odontoblasts and dentin
tubules, but only for a short distance within the
inner part of the dentin, without reaching the min-
eralization front.

Limitations of the present study are represented
by the poor fixation of the odontoblasts due to the
fact that perfusion cannot be performed in human
specimens and a limited ultrastructural evaluation,
since the examined dentin region was the one with-
in the first 1000-1500 µm from the dental pulp.

In conclusion, within the above mentioned limita-
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tions, the results clearly show for the first time the
presence of DMP1 in human fully-developed sound
molars, showing a strong reaction within the
hypermineralized matrix of the peritubular collar
delimiting the dentinal tubules, a moderate and dif-
fuse labeling in the intertubular dentin and a weak
staining over the proximal predentin region,
becoming more intense in distal predentin. The
similarity of the present findings with rodent data
suggests similarities in dentin formation in the dif-
ferent species. Noteworthy, DMP1 maintains its
characteristic localization also in human sound
dentin, after complete tooth development. Studies
with human teeth comparing the presence and dis-
tribution of DMP1 in sound dentin (primary and
secondary) with that in tertiary dentin, and at
early and late stages of the carious process should
provide additional insight into its role and poten-
tial applications in dentin repair. Furthermore,
bone localization of DMP1 and potential signalling
role of this molecule will be explored.
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