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Abstract Pituitary adenylate cyclase activating polypeptide
(PACAP) is a neuropeptide with widespread distribution.
PACAP plays an important role in the development of the
nervous system, it has a trophic and protective effect, and it
is also implicated in the regulation of various physiological
functions. Teeth are originated from the mesenchyme of the
neural crest and the ectoderm of the first branchial arch, sug-
gesting similarities with the development of the nervous sys-
tem. Earlier PACAP-immunoreactive fibers have been found
in the odontoblastic and subodontoblastic layers of the dental
pulp. Our previous examinations have shown that PACAP
deficiency causes alterations in the morphology and structure
of the developing molars of 7-day-old mice. In our present
study, morphometric and structural comparison was per-
formed on the incisors of 1-year-old wild-type and PACAP-
deficient mice. Hard tissue density measurements and mor-
phometric comparison were carried out on the mandibles
and the lower incisors with micro-CT. For structural examina-
tion, Raman microscopy was applied on frontal thin sections
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of the mandible. With micro-CT morphometrical measure-
ments, the size of the incisors and the relative volume of the
pulp to dentin were significantly smaller in the PACAP-
deficient group compared to the wild-type animals. The den-
sity of calcium hydroxyapatite in the dentin was reduced in the
PACAP-deficient mice. No structural differences could be ob-
served in the enamel with Raman microscopy. Significant
differences were found in the dentin of PACAP-deficient mice
with Raman microscopy, where increased carbonate/
phosphate ratio indicates higher intracrystalline disordering.
The evaluation of amide III bands in the dentin revealed
higher structural diversity in wild-type mice. Based upon our
present and previous results, it is obvious that PACAP plays
an important role in tooth development with the regulation of
morphogenesis, dentin, and enamel mineralization. Further
studies are required to clarify the molecular background of
the effects of PACAP on tooth development.

Keywords PACAP - Raman - Tooth - Development -
Micro-CT

Introduction

Pituitary adenylate cyclase activating polypeptide (PACAP) is
a member of the vasoactive intestinal polypeptide (VIP)/se-
cretin/growth hormone-releasing hormone/glucagon super-
family. It is a multifunctional neuropeptide, with widespread
distribution. PACAP-27, and PACAP-38 are the two known
bioactive forms. There are three recognized receptors of
PACAP: the PACAP-specific PAC1 and VPACI and
VPAC?2 receptors, which bind PACAP and VIP with equal
affinity (Vaudry et al. 2009). This, and the different ligand-
binding properties of the PACI receptor splice variants ex-
plain the pleiotropic activities of PACAP (Blechman and
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Levkowitz, 2013). PACAP plays a role in the regulation of
basic physiologic functions and has trophic and protective
effects in the central and peripheral nervous system
(Arimura et al. 1994; Watanabe et al. 2007; Vaudry et al.
2009; Reglodi et al. 2011; Shen et al. 2013). Thanks to the
effects of PACAP in the development of the nervous system
and various organs, PACAP has been mentioned as one of the
trophic factors. Among others, it plays important roles in bone
and cartilage development and growth. This has been proven
in vitro in osteoblast and chondroblast cultures and in vivo,
using PACAP-deficient mice, suggesting the endogenous
functions of the peptide (Kiss et al. 2010; Juhasz et al. 2014,
2015a). PACAP deficiency leads to various other developmental
alterations (Hashimoto et al. 2001, 2009; Reglodi et al. 2012;
Tajiri et al. 2012; Juhasz et al. 2015a).

Teeth develop from the oral ectodermal- and cranial neural
crest-derived mesenchymal cells (Thesleff and Nieminen,
1996). More than 300 factors are involved in tooth develop-
ment (Thesleff, 2006). Many studies have shown interactions
between PACAP and factors of tooth development (Otto et al.
2000; Nicot et al. 2002; Lelievre et al. 2006; Hirose et al.
2011; Niewiadomski et al. 2013; Juhasz et al. 2015b).
Earlier PACAP-immunoreactive fibers were detected in the
tooth pulp (Ichikawa and Sugimoto, 2003), and it has been
shown that it plays a role in the regeneration of the periodon-
tium after luxation of the teeth (Nonaka et al. 2013). Our
previous study on 7-day-old PACAP-deficient and wild-type
mice suggested that PACAP may also play a role in the devel-
opment of the molar teeth. With morphometric analysis, we
found that the dentin layer in PACAP-deficient mice was sig-
nificantly thinner. Structural comparison with Raman micros-
copy showed differences in the protein structure of the enamel
and the hydroxyapatite structure of the dentin. Higher hetero-
geneity could be observed in the secondary structure of pro-
teins of the enamel in wild-type mice. The examination of the
dentin showed higher carbonate substitution (B-type) in
PACAP-deficient mice, resulting in the disturbance of lattice
structure with higher disordering and less crystalline
bioapatite structure (Sandor et al. 2014).

In our previous study we have shown that there are differ-
ences between the developing molars in the pre-eruptive stage
of wild-type and PACAP-deficient mice. Nonetheless, the
lack of PACAP might have different effects on the continuous
growth of the incisors in adult mice, as it has been described
earlier that depletion of genetic factors involved in tooth de-
velopment may affect molar and incisor development and
mineralization in a different manner (Goldberg et al. 2014;
Sandor et al. 2014). In our present study, we carried out mor-
phometric measurements with micro-CT system in 1-year-old
wild-type and PACAP-deficient mice. Structural comparison
was performed between the lower incisors, which show con-
tinuous lifetime growth. We analyzed the dentin, the enamel
and the mandibular bones of the two groups with tissue

mineral density (TMD) measurements with CT-analyzer soft-
ware. We also used Raman microscopy for further structural
analyses of the hydroxyapatite and protein structures of the
dentin and the enamel layer of the incisors.

Materials and Methods
Animals

PACAP-deficient male mice were generated and maintained
on CD1 background as described previously (Hashimoto et al.
2001, 2009). The genotyping of the mice was performed with
polymerase chain reaction. For our study, we used wild-type
(PACAP +/+; n = 5) and homozygous PACAP-deficient
(PACAP —/—; n = 6) mice. The mice were kept under light/
dark cycles of 12/12 h with free access to food and water. The
study was carried out in accordance with ethical guidelines of
the University of Pecs, Hungary (BA02/2000-15,024/2011).

Preparation of Samples for Morphometric and Density
Measurements with Micro-CT

One-year-old animals were sacrificed with an overdose of
pentobarbital (Nembutal, Sanofi-Phylaxia, Hungary). The
mandibles (both left and right side) of the animals were dis-
sected. After the removal of the soft tissues the samples were
immediately stored in physiological saline to prevent dehydra-
tion. Before CT scanning, the mandibles were aligned with
dental wax. The samples were scanned by using a high-
resolution in vivo micro-CT system (Skyscan 1176, Bruker
MicroCT, Kontich, Belgium) with a voxel size of 9 um. For
tissue mineral density (TMD) measurements, phantom rods
were used for calibration (Small BMD phantom set, Skyscan
1176, Bruker MicroCT, Kontich, Belgium). Density is defined
as the volumetric density of calcium hydroxyapatite in terms
of gram per cubic centimeter. The X-ray tube was operated at
50 kV, 500 mA (0.5-mm Al filter, 1000-ms exposure time),
and the scan was carried out by 180 f rotation around the
vertical axis with 0.55 f rotation degree. At every position of
the camera, two frames were taken and frame averaging was
used. The 3D reconstruction was made by NRecon 1.6.6.0
software (Bruker MicroCT, Kontich, Belgium) with a value
of 25 % beam hardening correction. The 3D data standardiza-
tion was performed by Dataviewer 1.4.4 (Bruker MicroCT,
Kontich, Belgium). For the analysis CT Analyzer 1.13.2.1
(Bruker MicroCT, Kontich, Belgium) was used. After stan-
dardizing the position of the mandibles (Fig. 1a-c) we selected
the volume ranging 900 um distally from the alveolar crest
(100 slices) on the lower incisor (Fig. 1d). We compared the
volume of the dentin, the enamel, and the pulp between
wild-type and PACAP-deficient mice. We measured the total
size of the tooth in this 900-um region (enamel volume +
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Fig. 1 Standardization of the
position of the mandibles (SP
sagittal plane, TP transverse
plane, FP frontal plane). The
sagittal axis was aligned parallel
to the central fissures of the molar
teeth (b). The horizontal
orientation was aligned to the
occlusal plane (a,c). An area of
900 um was selected for
evaluation distally from the
alveolar crest (AC) (d). Volumes
selected for measurement were as
follows: enamel (£, green line),
dentin (D, red line), pulp (P, blue
line) areas (e)

dentin volume + pulp chamber volume). To compare the size
of the pulp chamber, pulp volume/dentin volume ratio, was
used for correction of the data due to the size difference be-
tween the teeth (Fig. 1e). The density of the enamel, the den-
tin, and the mandibular bone was also evaluated by selecting
the different volumes of interest in the analyzer software. The
preparation, calibration, and density measurement of the sam-
ples were carried out in accordance with the Bruker method
note (Bruker: bone mineral density (BMD) and tissue mineral
trabecular density (TMD) calibration and measurement by
micro-CT using Bruker-MicroCT CT-analyzer). For statistical
analysis, Student’s ¢ test was used in Microsoft Excel Software
(Microsoft, USA).

Raman Microscopy

Raman microscopy is a well-recognized method for the anal-
yses of the chemical structure of the teeth (Wang et al. 2007a;
Matthaus et al. 2008; Xu et al. 2009; Sandor et al. 2014). After
the micro-CT analyses, mandibles were used for Raman mi-
croscopy. The mandibles were embedded in epoxy resin in a
standardized position. Frontal thin-ground-sections were
made for spectral analyses from the area right before
(incisally) the first molars. Structural comparison was carried
out by using Thermo Scientific DXR Raman Microscope with
equipment and settings previously described by us (Sandor
et al. 2014). Briefly summarized, the Raman microscope
was equipped with Olympus BX41 confocal microscope and
CCD (charge-coupled device) detector, 532-nm Nd-YAG la-
ser source. A 900-line/mm grating, a 50-um confocal pinhole,
and a 10-mW laser power was used during all measurements.
A x100 Olympus objective was focused onto the specimens
and the spectra were collected in 50-3546 cm™' region.

@ Springer

Spectra were acquired from ten to ten discrete points from
the middle of the enamel and dentin layers of each specimen
(Fig. 2.) On the spectra of the enamel hydroxyapatite bands,
on the spectra of the dentin, both hydroxyapatite and protein
(amide III) bands could be observed. Raman bands of protein
could not be detected on the spectra of the enamel, as the
enamel in this area of the tooth is in maturation phase, the
protein weight drops to 2 % (Fukae and Shimizu, 1974;
Smith and Nanci, 1989; Bartlett, 2013). After baseline correc-
tions the areas under the phosphate, carbonate, and amide III
1240/1270 cm™ peaks were measured by peak fitting proce-
dure. On the Raman spectrum of the enamel characteristic
bands of hydroxyapatite could be identified, but they were
discarded due to the varied structural composition in width
and apico-incisal dimension of the layer (Smith and Nanci
1989; Xu et al. 2009; Xu and Wang, 2012). During the exam-
ination of the dentin layer, the dentino-enamel junction was
avoided because of its distinct composition (Walker and
Fricke 2006; Xu et al. 2009). In the dentin layer the spectra
were acquired from the middle of its width. For spectral anal-
yses of the hydroxyapatite band in the dentin, we compared
the ratio of area under the carbonate and phosphate peak
(v; COs* Iy, PO43_). The ratio used corresponds to the con-
centration of carbonate within the hydroxyapatite structure
(Santos and Clayton, 1995). During the analyses of the protein
spectra in the dentin amide III (JC-N at 1240 + 2 cm '
and ON-H at 1270 + 6 cm ') deformation bands could
be observed, which are widely used for describing the
secondary structures of proteins (Dollish et al. 1974;
Penel et al. 1997). We examined the ratio of the area
under the amide III 1240/1270 peaks. Two-tailed t-test
was carried out with IBM SPSS Statistics Version 17.0
after parameters were tested for normality.
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Fig. 2 Characteristic spectra of the dentin and enamel in wild-type (a)
and PACAP-deficient mice (b). The v, PO,>” (958 cm ') and v, CO5*>
(B-type at 1070 cm™ ") peaks of hydroxyapatite could be observed in both
the enamel and the dentin. Amide IIl (JC-N at 1240 + 2 cm ™', ON-H at
1270 + 6 cm ") deformation bands could be observed in the dentin, but
not in the enamel, due to its low protein content

Results
Micro-CT Morphometric Comparison

We compared the size of teeth between wild-type and
PACAP-deficient mice by adding the volumes of the enamel,
dentin, and the pulp in the explored region (Fig. 1e). The size
of the incisors (pulp + dentin + enamel volume) was signifi-
cantly smaller in the PACAP-deficient mice (p = 0.044;
Fig. 3a). There were no significant differences between the
volume of the dentin and the enamel separately. As the total
size of the teeth is significantly smaller, the comparison of the
pulp volume alone is misrepresentative; thereby, pulp cham-
bers were compared by their ratio to the dentin. This ratio
(pulp volume/dentin volume) of the PACAP-deficient mice
was significantly smaller (» = 0.037; Fig. 3b—d) compared to
wild-type animals.

Density Measurements

We compared the density of the alveolar bone, the enamel, and
the dentin of wild-type and PACAP-deficient mice. We found
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Fig. 3 Size of the incisors in the selected range (pulp + dentin + enamel
volume) of wild-type and PACAP-deficient mice (a). Relative volume of
the pulp (pulp volume/dentine volume) in wild-type and PACAP-
deficient mice (b). Representative micro-CT scans of the incisors in
wild-type (¢) and PACAP-deficient mice (d)

significantly lower density in the dentin of the PACAP-
deficient mice with the average of 0.396 + 0.033 g/cm’
(£SEM) compared to wild-type mice with the average value
0f0.542 £ 0.062 g/cm3 (+SEM; p = 0.044; Fig. 4). No signif-
icant difference could be observed in the density of the enamel
and the mandibular bone (data not shown).

Raman Microscopy

On the hydroxyapatite band of the dentin, we found signifi-
cant (p < 0.05) difference between the ratio of the area under
the carbonate and phosphate peaks (v; CO5* /v, PO,>"). This
ratio is widely used to characterize the crystal structure of
bioapatite. In wild-type mice the values are distributed be-
tween 0.1-0.27 with the average of 0.16. The ratio ranges
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Fig. 4 The density of calcium 07

hydroxyapatite (g/cm?) in the
dentin of wild-type and PACAP-
deficient mice with micro-CT 0,6
TMD measurement
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~= 04
£
(&)
~—
D 03
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between 0.12-0.26 in the PACAP-deficient mice, with the
average value of 0.18 (Figs. 5 and 7). In the protein structure
of the dentin, we found significant difference (p <0.03) in the
ratio of the area under the amide III 1240/1270 cm™ ' peaks.
The ratios are distributed in a wider range in wild-type mice.
In wild-type mice the values are distributed between 0.14—
1.57 with the average of 0.77. The ratio ranges between
0.28-1.24 in the PACAP-deficient mice with the average val-
ue of 0.61 which is significantly lower compared to wild-type
animals (Figs. 6 and 7). The results from the enamel layer
were disregarded during structural examination due to the
reasons previously described.

Discussion

We found significant differences between wild-type and
PACAP-deficient mice with morphometric measurements car-
ried out with micro-CT. The measurements revealed that the
incisors were significantly smaller and the size of the pulp
chambers related to the dentin volume was also significantly
smaller in PACAP-deficient mice compared to wild-type ani-
mals. The smaller tooth is also in accordance with results
showing that PACAP-deficient mice have retarded body

Dentin density

Wild-type PACAP-deficient

growth, as shown by reduced weight gain (Kiss et al. 2010).
The narrowing of the pulp chamber is physiologic with aging,
but it may also occur as a defensive reaction to mechanical
stimuli or bacterial noxa to the dental pulp. Sometimes, it is
associated with dentin developmental disorders, as
dentinogenesis imperfecta (Hart and Hart, 2007; Nanci,
2008; McCabe and Dummer, 2012; Hargreaves and
Berman, 2016).

With TMD measurements, the volumetric density of calci-
um hydroxyapatite in the dentin of the PACAP-deficient mice
was significantly lower. With Raman microscopy we also
found significant difference in the hydroxyapatite structure
of the dentin. The higher mean value of carbonate/phosphate
ratio in PACAP-deficient mice indicates higher ionic substitu-
tion of PO,> by CO5> (B-type substitution) in the apatite
structure. This results in a higher disordering in the dentinal
structure with smaller crystallite size (de Mul et al. 1986;
Penel et al. 1998; Thomas et al. 2007, 2011). The higher
relative carbonate content of the dentin in the PACAP-
deficient group correlates with our previous findings in 7-
day-old mice (Sandor et al., 2014). The results of TMD mea-
surement and the structural analyses may be in accordance.
During mineral density measurements, X-ray attenuation is
assumed to be related to the calcium-hydroxyapatite content
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vi CO5™ /vy PO4” (1071/958) | PACAP-deficient
area ratios in wild-type and 81 8 I
PACAP-deficient mice |
61 6 |
c
5 |
3 |
O 4 4 I
|
24 2 |
|
: p— .|
S 0 X O X O O oo D S O X O X O D ) o B
SRR N SN RN N RN N R NN N

Area ratio 1071/958

@ Springer

Area ratio 1071/958



J Mol Neurosci (2016) 59:300-308 305
Fig. 6 Distribution of amide IIT 14 S 14 .
1240/1270 area ratios in wild- 2] @ entin Wid-ype | | b Dentin

type and PACAP-deficient mice

Count

-o.o 02 04 06 08 10 12 14 16
Area ratio1240/1270

of hard tissues (bone, dentin, and enamel). Although we found
no data on the relationship between carbonate/phosphate ratio
and bone mineral density (BMD or TMD for tooth), in osteo-
porosis, higher carbonate/phosphate ratio was also associated
with lower BMD (Faibish et al. 2006). The increase in car-
bonate content is related to an increase in the solubility and a
disturbance in the local lattice order of biominerals, as smaller
crystallite size gives a higher specific surface available for
acid attacks (Featherstone and Lussi, 2006).

Regarding the organic components of the dentin, the wider
range 1240/1270 peaks in the amide III band of wild-type
mice refer to a higher structural diversity (more random coils)
in the secondary structure of the proteins. Dentin proteins are
composed of type-I collagen (predominantly) and other pro-
teins and proteoglycans termed as non-collagenous proteins
(NCPs). NCPs and especially SIBLINGs (small-integrin-
binding ligand, N-linked glycoproteins), which are a category
of NCPs, play an important role in the regulation of crystal
growth and mineralization (Butler and Ritchie, 1995; Qin
et al. 2004; Orsini et al. 2009). Although information is lack-
ing about the exact mechanisms of dentin formation and min-
eralization, it has been shown that there is a slight conforma-
tional change in the secondary structure of dentin matrix
protein-1 (DMP1-a member of the SIBLING family)
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Fig. 7 Area ratios of v, COs> (B-type at 1071 em 1) to v, PO (958
cm ') and amide I 1240 + 2 cm ™" to 1270 + 6 cm ! peaks of dentin in
wild-type and PACAP-deficient mice (mean + SEM)

PACAP-deficient
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associated with binding to hydroxyapatite (Gericke et al.,
2010). Random coil structure allows SIBLINGs to interact
with minerals, collagen, and cell surfaces (Boskey and
Robey, 2013).

The morphology, hard tissue formation, and size of the
incisors are determined by a fine balance between the signal-
ing pathways involved in tooth development (Wang et al.
2007b; Tummers and Thesleff, 2009; Jussila and Thesleff,
2012). Although there are differences between the regulation
of development in the incisors and the molars of mice, the
most important signaling molecules studied in their develop-
ment are the bone morphogenetic proteins (BMP), the
Hedgehog families (Hh), especially sonic hedgehog (Shh),
fibroblast growth factors (FGF), and Wnt (Kieffer et al.,
1999; Zhang et al. 2005; Bei, 2009). In spite of the great
progress in identifying factors and molecules in tooth devel-
opment, the exact mechanism of these signaling pathways
remain unclear. Many other neurotrophins are also important
in tooth development, such as nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), neurotrophin 3
(NT3), and neurotrophin 4 (NT4) (Mitsiadis and Luukko
1995; Luukko et al. 1996, 1997; Nosrat et al. 1998, 2002;
Iwamoto et al. 2011). Previously, it was proven that PACAP
alters the expression and effect of some of these factors in
other tissues. Mesenchymal Wnt/[3-catenin signaling inhibits
antiapoptotic effects of Fgfl0 on stem cells, in the mesen-
chyme surrounding the cervical loop of the incisors (Yang
et al., 2015). It has been shown that altered expression of
Fgf10 (Fgfl0-deficient mice, delayed expression of
mesenchymal Fgfl0) results in decreased incisor size
(Yokohama-Tamaki et al. 2006; Kyrylkova et al. 2012). The
ligand-independent intrinsic/basal activity of PACAP-specific
PACI receptor plays a key role in the activation and fine
control of Wnt/p3-catenin signaling pathway through the di-
merization of the PAC1 receptor. It has been proposed that the
binding of PACAP to the receptor may interrupt the dimeriza-
tion of the receptor, thus blocking the ligand-independent ac-
tivity (Yu et al. 2014). So, we assume that in the ligand-
independent activity and consequently the Wnt/[3-catenin sig-
naling pathway may be enhanced in PACAP-deficient mice.

The binding of Shh to protein patched homolog 1 (PTCH1)
receptor regulates the growth and morphogenesis of the teeth
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(Hardcastle et al. 1998; Dassule et al. 2000; Cobourne et al.
2001; Gritli-Linde et al. 2002). PACAP is considered to be a
suppressor of the Shh signaling pathway in neuronal and non-
neuronal tissues (Hirose et al. 2011; Niewiadomski et al. 2013,
Juhasz et al. 2015b). Previously, with immunohistochemistry
on SHH, PTCH1, and Glil (downstream target of PTCH), we
detected significant differences between the molars of 7-day-
old PACAP-deficient and wild-type mice. We found enhanced
Shh signaling in the ameloblasts and the stratum intermedium
in the developing molars of PACAP-deficient mice. PTCH1
expression was also increased in the ameloblasts and the
Tomes’ fibers in the PACAP-deficient group. Intracellular
Glil accumulation was more visible in the deficient group
compared to wild-type mice (Sandor et al. 2014). Out of all
the signaling pathways involved in the regulation of tooth
development, BMP’s have a great significance. The fine
tuning of BMP activity is essential in the morphoregulation
of tooth development and the histogenesis and differentiation
of ameloblasts and odontoblasts (Plikus et al., 2005). BMP
signaling pathways are regulated by PACAP; moreover, the
administration of PACAP to osteosarcoma cell line (UMR-
1006) increased expression of BMPs and one of its major re-
ceptors BMPR1 (Pavelock et al. 2007; Juhasz et al. 2015b).
Based upon our present and previous results, it is obvious
that PACAP plays an important role in tooth development with
the regulation of morphogenesis, dentin, and enamel minerali-
zation. Further studies are required to clarify the molecular
background of the effects of PACAP on tooth development.
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