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Brain-derived neurotrophic factor (BDNF), for which bovine collagen-derived atelocollagen is used as a scaffold,
enhances periodontal tissue regeneration. However, a scaffold that does not contain unknown ingredients is
preferable. Since the synthesized high-molecular-weight (HMW)-hyaluronic acid (HA) is safe and inexpensive,
we evaluated the efficacy of HMW-HA as a BDNF scaffold. CD44, a major receptor of HA, was expressed in
cultures of human periodontal ligament cells, and HMW-HA promoted the adhesion and proliferation of human
periodontal ligament cells, although it did not influence the mRNA expression of bone (cementum)-related
proteins. The in vitro release kinetics of BDNF from HMW-HA showed that BDNF release was sustained for
14 days. Subsequently, we examined the effect of BDNF/HMW-HA complex on periodontal tissue regeneration
in dogs. A greater volume of newly formed alveolar bone and a longer newly formed cementum were observed
in the BDNF/HMW-HA group than in the HMW-HA group, suggesting that HMW-HA assists the regenerative
capacity of BDNF, although HMW-HA itself does not enhance periodontal tissue regeneration. Neither the poly
(lactic-co-glycolic acid) group nor the BDNF/poly (lactic-co-glycolic acid) group enhanced periodontal tissue

regeneration. In conclusion, HMW-HA is an adequate scaffold for the clinical application of BDNF.

Introduction

RAIN-DERIVED NEUROTROPHIC factor (BDNF) plays a role
in the survival and differentiation of central and pe-
ripheral neurons by binding to the receptor trkB."* BDNF
and its receptor trkB are also expressed in non-neural cells,
such as periodontal ligament cells, cementoblasts, endothe-
lial cells, osteoblasts, and immune cells, and regulate these
cells as well as neural cells.>"°
The ultimate goal of periodontal treatment is complete
regeneration of periodontal tissues that have been lost as
a consequence of periodontal disease. Such regeneration
requires the production of functional periodontal tissue
composed of newly formed cementum and alveolar bone and
the growth of connective tissue fibers into these hard tissues;
thatis, regrowth of the periodontal ligament. The formation of
cementum is a key phenomenon for establishing a functional
periodontium."! A certain fraction of periodontal ligament

cells are thought to differentiate into cementoblasts or osteo-
blasts.'*'* The development of a reliable biological procedure
for regenerating periodontal tissue is an urgent problem, and
we recently demonstrated that BDNF promotes functional
periodontal tissue regeneration by regulating the function of
periodontal ligament cells, endothelial cells, and cemento-
blasts.”” However, bovine atelocollagen sponge has also been
used as a scaffold for BDNF.” Atelocollagen is purified from
bovine dermal type I collagen, and it may contain unknown
proteins. Thus, we consider that a scaffold consisting of only
known ingredients is preferable. Therefore, we attempted
to find an alternative scaffold for the clinical application of
BDNEF. It is important that the scaffold maintains the activity
of BDNF and is safe, inexpensive, biodegradable, biocom-
patible, and space maintaining. A large array of biomaterials,
such as autogenous bone grafts, bone allografts, tricalcium
phosphate ceramics, hydroxyapatite, polylactic acid, poly-
glycolic acid, copolymers of polylactic acid and polyglycolic
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acid, bioactive glasses, and biocomposites, have been pro-
posed as ideal scaffolds for tissue regeneration.'” However,
few scaffolds have demonstrated clinical efficacy.

Hyaluronic acid (HA) is a nonsulfated, linear glycosami-
noglycan consisting of repeating units of (8, 1-4) glucuronic
acid—(B, 1-3)-N-acetyl glucosamine. Besides its function in
the viscoelasticity of joint synovial fluid and the organization
of the cartilage extracellular matrix,'® HA plays a crucial role
in wound healing.'”° HA is present in most living tissues as
a high-molecular-mass polymer (>10° Da) and in significant
quantities in the skin (dermis and epidermis), brain, and
central nervous system.21 In addition, HA fragments of low
molecular mass (<10° Da) are produced as a result of hyal-
uronidases or oxidation after tissue injury.”> High-molecular-
weight (HMW)-HA and low-molecular-weight (LMW)-HA
exert various mitogenic effects, depending on the cell type
and source in addition to the concentration of HA.>> Com-
pared to LMW-HA, HMW-HA has following properties: a
longer residence time, higher viscosity, and higher biocom-
patibility.”* HMW-HA also has anti-inflammatory effects.
HMW-HA inhibits mRNA expression of interleukin (IL)-1p,
IL-6, and tumor necrosis factor-o,, and cyclooxygenase-2/
prostaglandin E, production in IL-1-stimulated synovial
fibroblasts.?” However, the mechanism of the different action
between LMW-HA and HMW-HA is not fully understood.

We proposed that synthesized HMW-HA would be a
suitable scaffold for BDNF since HMW-HA has appropriate
properties for a scaffold. In the present study, we examined
the effects of HMW-HA on the adhesion, proliferation, and
expression of bone (cementum)-related proteins in cultures
of human periodontal ligament (HPL) cells to elucidate the
in vitro potential of HMW-HA as a delivery vehicle for
BDNF. Further, we evaluated the effect of BDNF/HMW-HA
complex on periodontal tissue regeneration in inflamed class
III furcation defects in beagles.

Materials and Methods
BDNF and synthesized HMW-HA

Recombinant human BDNF was supplied from Dainihon
Sumitomo Pharmaceutical Co., Ltd. It was diluted with
10 mM sodium phosphate and 150 mM NaCl (pH 7.0). The
synthesized HMW-HA, the molecular weight of which was
2 million, was supplied from DENKA Co., Ltd.

Cell culture

Two HPL cell lines (HPL cells-1 and HPL cells-2) were
separately obtained from explant cultures of healthy peri-
odontal ligaments of the midroots of premolars extracted
from two patients under orthodontic treatment with their
informed consent. Informed consent was obtained under a
protocol approved by the ethics authorities at Hiroshima
University. The periodontal ligament tissue was cut into small
pieces and plated in a 35-mm-diameter plastic culture dish
with Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS; GIBCO), which
is used to enhance HPL cell growth, 100 units/mL penicil-
lin, 100 png/mL streptomycin, and 1 pg/mL amphotericin B
(medium A). When the HPL cells had formed a confluent
monolayer, the cells were harvested with 0.05% trypsin and
0.02% ethylenediaminetetraacetic acid and then transferred to

TAKEDA ET AL.

a 100-mm-diameter plastic culture dish. Sixth-passage HPL
cells were used in the following experiments.

Immunofluorescence microscopy

HPL cells were cultured until subconfluence on 35-mm
Glass Base Dishes® (IWAKI), washed with phosphate-
buffered saline (PBS), and fixed with 4% paraformaldehyde
in PBS for 10 min. Nonspecific binding was blocked by in-
cubation with Tris buffered saline (TBS) containing 0.2%
casein and 0.1% Triton X-100 for 20 min. The cells were then
incubated with mouse anti-human CD44 monoclonal anti-
body (Ancell, 1:200) at 4°C overnight. After being washed
three times with PBS for 5min, the cells were incubated with
secondary Alexa Fluor® 488 anti-mouse IgG (Life Technol-
ogies, 1:200) for 1h at room temperature. 4',6-Diamino-2-
phenylindole (DAPI) was stained with anti-Fade DAPI
Fluoromount™-G (Southern Biotech). After rinsing the cells
with PBS, fluorescence signals were detected with a Zeiss
LSM 510 laser scanning confocal microscope (Zeiss Micro-
imaging, Inc.).

Flow cytometry analysis

HPL cells were harvested with Cell Dissociation buffer
Enzyme-Free PBS-based from Invitrogen and incubated
with mouse anti-human CD44 monoclonal antibody (1:200)
(Ancell) for 30 min. After incubation with the primary anti-
body, the cells were fixed with 1% paraformaldehyde and
rinsed with 1M sodium phosphate buffer. Then, the cells
were incubated with horse anti-mouse IgG-FITC (Vector
Laboratories) for 30min. Mouse IgGl K Isotype Control
(ebioscience) was used as a negative control. Next, the cells
were subjected to flow cytometry analysis using a BD FACS
Calibur (Becton Dickinson). The cells were gated according
to their high fluorescence intensity.

Cell adhesion assay

Ninety-six-well plates were precoated with 100uL of
HMW-HA for 24 h at 4°C. The wells were washed three times
with PBS, and nonspecific binding was blocked with 2% bo-
vine serum albumin (BSA) for 30 min before the addition of
the cells at 2x10*/well in DMEM. The wells that had not been
precoated with HMW-HA were treated with 2% BSA as a
control. The cells were then incubated in the presence or ab-
sence of mouse anti-human CD44 antibody (5 pg/mL; Ancell)
for 2 h at 37°C. Nonadherent cells were removed by washing
three times with DMEM. The remaining adherent cells were
fixed in 1% glutaraldehyde for 15 min and stained with 0.1%
crystal violet. The stain was eluted from the remaining ad-
herent cells with 10% acetic acid, and the absorbance was read
at 600 nm.

DNA synthesis

DNA synthesis was estimated by measuring the incorpo-
ration of bromodeoxyuridine (BrdU) using a cell proliferation
ELISA system (Version 2; Amershampharmacia). HPL cells in
cultures of the sixth passage were harvested, seeded at a
density of 5x10° cells/6 mm in plastic tissue culture dishes,
and maintained in 0.1 mL of medium A supplemented with
50 pg/mL ascorbic acid (medium B). After 12 days, these cells
were washed three times with DMEM and incubated in
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DMEM supplemented with 100 units/mL penicillin, 100 pg/
mL streptomyecin, 1pg/mL amphotericin B, and 50 ug/mL
ascorbic acid (medium C) supplemented with 0.3% FBS for
24 h. The cells were then incubated with various concentra-
tions of HMW-HA in fresh medium C together with 0.3% FBS
for 24 h. BrdU (10ng/mL) was added 3 h before the end of
incubation. Immunodetection of the BrdU incorporated into
the cells was performed according to the manufacturer’s in-
structions.

Isolation of total RNA and reverse transcription

HPL cells in cultures of the sixth passage were harvested,
seeded at a density of 3.5x10° cells/60 mm in plastic tissue
culture dishes, and maintained in medium B. The HPL cells
were then exposed to various concentrations of HMW-HA
for the indicated times before the end of incubation on day 14
in medium C. Total RNA from each culture was extracted
using ISOGEN® (Wako Pure Chemical Industries) on day 14
and quantified by spectrometry at 260 and 280nm. Two
micrograms from each total RNA extract were used to per-
form first-strand cDNA synthesis with a first-strand cDNA
synthesis kit (Roche) in a total volume of 20 pL. Then, one-
tenth of each generated cDNA was used as template DNA
for real-time polymerase chain reaction (PCR).

Real-time PCR

The mRNA expression levels of alkaline phosphatase
(ALP), osteopontin (OPN), osteocalcin (OCN), and bone
morphogenetic protein (BMP)-2 were quantified by real-time
PCR. The PCR was carried out in two steps with a Light-
cycler system using SYBR Green (Roche Diagnostics). The
sense primers and antisense primers were as follows—ALP:
5-GCGGTGAACGAGAGAATG-3, 5-CGTAGTTCTGCTC
GTGGAC-3’; OPN: 5-GATGGCCGAGGTGATAGTGT-3,
5-CCATTCAACTCCTCGCTTTC-3"; OCN: 5-GCAGCGAGG
TAGTGAAGAGAC-3, 5-GGTCAGCCAACTCGTCACAG-3;
BMP-2: 5-CTGTATCGCAGGCACTCA-3, 5-CTCCGTG
GGGATAGAACTT-3'; GAPDH: 5-AACGTGTCAGTGGTG
GACCTG-3, 5-AGTGGGTGTCGCTGTTGAAGT-3'.

In vitro release kinetics of BDNF

The BDNF released from HMW-HA was measured using
a sandwich enzyme-linked immunosorbent assay. A Trans-
well® Insert with an 8.0pm pore membrane (CORNING)
was placed in a six-well plastic culture plate. The upper and
lower wells contained 5 pg of BDNF in 1 mL HMW-HA and
2mL of PBS, respectively. The plate with the Transwell Insert
was incubated at 37°C and 5% CO, during the experiment.
The PBS in the lower well was replaced every day with 2mL
of fresh PBS for up to 14 days. The PBS samples from the
lower well were collected and then preserved at —20°C until
analysis. The BDNF concentrations of the samples were
determined using a sandwich ELISA kit for BDNF (R&D
Systems).

Experimental model for periodontal tissue regeneration

After having obtained the approval of the Committee
of Research Facilities for Laboratory Animal Science of
Hiroshima University School of Medicine, 10 female beagles
(2 weeks observation model: 1 dog; 6 weeks observation
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model: 9 dogs) weighing 10-14 kg and aged 12-20 months
were used in the present study. Their good oral health was
ensured by scaling and mechanical tooth brushing.

Creation of class Il furcation defects
and transplantation of BDNF/HMW-HA complex

All surgical procedures were performed under general
anesthesia induced with Nembutal® (40mg/kg; Abbott
Laboratories) and local anesthesia induced with Xylocaine®
(2% lidocaine with 1:80,000 noradrenaline; Fujisawa). The
mandibular second, third, and fourth premolars (P2, P3, and
P4) on the right and left sides from 10 beagle dogs were
used for the following experiment. After sulcular incisions
had been made, full-thickness flaps were raised, and class III
furcation defects were surgically created (Fig. 1A) with the use
of bone chisels and slowly rotating round burs. Sterile saline
was used to irrigate the soft and hard tissues during the sur-
gical procedure. The defect height from the cement-enamel
junction to the reduced alveolar crest was 4 mm. The exposed
periodontal ligaments and cementum were completely re-
moved to produce denuded root surfaces. Reference notches
were placed on the mesial and distal roots to indicate the
bottom of the defect. Then, the defects were filled with algi-
nate impression material (MORITA) to induce inflammation
(Fig. 1B). The flaps were then replaced to their original posi-
tion and sutured with interdental sutures.

One week after the impression material had been inserted,
it was surgically removed. During the next week, all test and
control sites were mechanically cleaned by supra- and sub-
gingival scaling and root planing for the prevention of plaque
accumulation and periodontal inflammation.

One week after the removal of the alginate impression
material, the reconstructive procedure was carried out. BDNF
at concentrations of 5, 50, 500, and 2000 pg/mL was prepared
by diluting it with HMW-HA (Fig. 1C). After careful scaling
and root planing, BDNF/HMW-HA complex was applied
into the defects (Fig. 1D). The flaps were then coronally re-
positioned and sutured by the interrupted suture method
with 4-0 silk sutures. During the subsequent 2 or 6 weeks,
good oral hygiene was maintained by brushing and swabbing
with 0.2% povidone iodine solution (Meiji-seika Co., Ltd.).
We compared the periodontal tissue regeneration in the
BDNF/HMW-HA group with that in the HMW-HA alone
application group and the sham operation group, which
contains neither BDNF nor HMW-HA. We also compared the
periodontal tissue regeneration in the BDNF/HMW-HA
group with that in the BDNF (50 pg/mL)/poly (lactic-co-
glycolic acid) (PLGA) (GC) group to examine the effectiveness
of HMW-HA as a scaffold of BDNF.

Tissue preparation for histological analysis

After the surgery, the anesthetized animals were perfused
with 4% paraformaldehyde in 0.1 M sodium phosphate buffer
(pH 7.2). Their mandibles were then dissected and immersed
in the same fixative. After decalcification with KCX® (FALMA
Co., Ltd.) and 10% ethylenediaminetetraacetic acid (NACA-
LAITESQUE) for 2 and 8 weeks, respectively, the tissues were
dehydrated through graded ethanol, cleared with xylene, and
embedded in paraffin. Serial sections (5 um) were cut in the
mesial-distal plane throughout the buccal-lingul extension of
the teeth. The sections showing the center of the furcation site
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FIG. 1. Creation of inflamed class III
furcation defects and the application
of brain-derived neurotrophic factor
(BDNF). (A) Defect preparation;

(B) inserting the alginate impression
material to induce inflammation;

(C) synthesized high-molecular-
weight-hyaluronic acid (HMW-HA);
(D) application of BDNF/HMW-HA
complex; (E) schematic drawing of the
histometric analysis of percentages of
the new bone area and cementum
length.
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were then stained with hematoxylin and eosin (HE) and ob-
served using a light microscope.

Morphometrical analysis

Since 6 premolars were not available because of technical
failure, 48 teeth from 9 dogs were used for the analysis of
eight groups (sham operation, HMW-HA alone, 5pug/mL
BDNF+HMW-HA, 50 pg/mL BDNF+HMW-HA, 500 pg/
mL BDNF+HMW-HA, 2000pg/mL BDNF+HMW-HA,
PLGA alone, and 50 ug/mL BDNF/PLGA). The length of
newly formed cementum and the area of newly formed bone
were measured using the software NTH Image® on digitized
photomicrographs captured by a Windows® computer. New
cementum formation was represented as the percentage of
new cementum length formed along the denuded root sur-
face to the total root surface length from notch to notch

c

(Fig. 1E). The area of newly formed bone on each specimen
was calculated as the percentage of the area surrounded by
reference notches on the mesial and distal root surfaces fac-
ing the bone defect (Fig. 1E). Since the periodontal ligament
space is present in normal periodontal tissue, the percentage
of bone area in normal specimens was 83%.

Azan staining

Some sections were stained using the Azan method” to
observe collagen fibers. The deparaffinized and hydrated
sections were immersed in azocarmine G solution for 30 min
at 56°C-60°C, rinsed with aniline alcohol solution and 1%
acetic acid in ethanol, soaked in 5.0% phosphotungstic acid
aqueous solution for 60 min at room temperature, and dip-
ped in aniline blue-orange G solution for 30 min at room
temperature.
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FIG. 2. (A) CD44 expression in human periodontal ligament (HPL) cells-1. Fluorescence signals were detected with a laser
scanning confocal microscope. (a) CD44, (b) 4/, 6-diamino-2-phenylindole, and (c) merging of (a) and (b). Bars: 50 pm. (B)
Flow cytometry analysis of surface CD44 expression in HPL cells-1. HPL cells-1 were stained with antibodies against CD44 or
the control antibody and subjected to flow cytometry analysis. The black line represents CD44 staining, and the gray line
represents staining with the control antibody. (C) HPL cells-1 adhesion to HMW-HA. HPL cells-1 were seeded in bovine
serum albumin-coated wells as a control and in HMW-HA-coated wells in the presence or absence of mouse anti-human
CD44 antibody (5 pg/mL). The cells were allowed to adhere for 2h at 37°C. After the incubation, the adherent cells were
stained with crystal violet. The stain was then eluted from the cells with acetic acid, and the absorbance was read at 600 nm.
Values represent the mean + standard deviation (SD) of three cultures. *p < 0.01: differs significantly from the control. (D)
DNA synthesis in HPL cells-1. HPL cells-1 were exposed to various concentrations of HMW-HA for 24 h before the end of
incubation on day 12. DNA synthesis was estimated by measuring the incorporation of bromodeoxyuridine (BrdU). Values
represent the mean+SD of three cultures. *p <0.01, differs significantly from the control. (E) Effects of HMW-HA on
osteopontin (OPN), bone morphogenetic protein 2 (BMP-2), alkaline phosphatase (ALP), and osteocalcin (OCN) mRNA
expression in HPL cells-1. HPL cells-1 were exposed to various concentrations of HMW-HA for 24 h before the end of
incubation on day 14. The mRNA expression of OPN, BMP-2, ALP, and OCN was determined by real-time polymerase chain
reaction. The graph shows the ratios of OPN, BMP-2, ALP, and OCN mRNA to GAPDH mRNA. Values represent the

mean + SD of three cultures.
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Immunohistochemical procedures

The sections were deparaffined with xylene, rehydrated
through a descending ethanol series, and washed in distilled
water, before being treated with 0.1% trypsin for 15min at
37°C and rinsed in distilled water. Endogenous peroxidase
was blocked by incubating the sections with 3% hydrogen
peroxide for 10 min. After washing the sections with TBS (pH
7.2), they were treated with 0.1% BSA (Sigma) for 10 min at
37°C to prevent nonspecific binding. Then, the sections were
incubated for 1h at room temperature with rat anti-human
CD44 monoclonal antibody (1:250) (Millipore Corporation),
goat anti-mouse OPN monoclonal antibody (1:50) (COSMO
BIO USA Inc.), and rabbit anti-human protein gene protein
(PGP) 9.5 polyclonal antibody (1:400) (Abcam Inc.), diluted
with DAKO antibody diluent (DAKO Corporation). After
incubation with the primary antibodies, the sections were
rinsed and incubated with TBS for 30 min at room tempera-
ture in a moist chamber. Then, the sections were incubated
with biotinylated goat anti-rabbit IgG (1:200; Vector Labora-
tories), donkey anti-goat IgG (1:200; Vector Laboratories),
or goat anti-rat IgG antibody (1:2000; Invitrogen) for
30 min in a moist chamber, rinsed with TBS, and incubated
with streptavidin peroxidase conjugate (DAKO LSAB kit;
DAKO Corporation) for 15min. Finally, the sections were
rinsed in TBS. Antibody complexes were observed with 3,
3’-diaminobenzidine substrate, washed in distilled water,
and counterstained with hematoxylin.

Results

Immunofluorescence showed that CD44 was expressed in
the HPL cells-1 [Fig. 2A (a)], and DAPI-stained HPL cells-1
nuclei were also observed [Fig. 2A (b)]. From the merging of
Figure 2A (a) and 2A (b), CD44 proteins were localized in the
cytoplasm of the HPL cells-1 [Fig. 2A (c)]. Flow cytometry
analysis also showed that the HPL cells-1 were positive for
CD44 expression (Fig. 2B). HPL cells-1 adhesion to HMW-
HA-coated plates was significantly promoted in comparison
with that seen in BSA-coated plates (control) (Fig. 2C). The
number of HPL cells-1 attached to the HMW-HA-coated
plates was increased 1.73-fold compared to that of the con-
trol. The adhesion of HPL cells-1 was significantly inhibited
by anti-CD44 neutralizing antibody (Fig. 2C). HMW-HA at
50 and 100 pL/mL significantly increased BrdU incorpora-
tion in the HPL cells-1 (Fig. 2D). The dose-course experi-
ments showed that HMW-HA did not influence bone
(cementum)-related protein mRNA expression in the HPL
cells-1 (Fig. 2E). The results of each in vitro experiment using
HPL cells-2 were similar to those of the same experiment
using HPL cells-1 (data not shown).

The concentration of BDNF released from HMW-HA in-
creased in a time-dependent manner until the third day, and
the maximal concentration of BDNF was 143.1 £ 28.7 ng/mL
(Fig. 3). Then, the release of BDNF decreased steeply to
61.1 +£11.5ng/mL until the fifth day, before sustained release
of BDNF of around 60ng/mL was observed until day 13.
The release of BDNF had decreased to 16.8 +3.6 ng/mL by
day 14. A total of 1.01 pg (20% of the initial BDNF loaded)
was found to be released from HMW-HA during the study.

Two weeks after the surgery, no epithelial cell invasion into
the top of the furcation area was observed in the HMW-HA/
BDNF group (Fig. 4A). However, alveolar bone regeneration
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FIG. 3. Release kinetics of BDNF from HMW-HA. Line

chart showing noncumulative release at each time point. The

protein level of BDNF was assayed using an ELISA kit.
Values represent the mean & SD of five cultures.

was insufficient at this time. CD44-immunoreactive cells were
present in the healthy periodontal ligament (Fig. 4B), and
CD44-immunoreactive cells were observed in the connective
tissue of the defect (Fig. 4C) as well as on the dentin surface
(Fig. 4D).

Six weeks after the surgery, epithelial cells invaded the top
of the furcation in the sham operation group, which con-
tain neither HMW-HA nor BDNF, and HMW-HA groups
(Fig. 5A, B). Less inflammatory cell infiltration was observed
in the HMW-HA group than in the sham operation group
(Fig. 5A, B). The HMW-HA group seemed to show enhanced
periodontal tissue regeneration slightly compared to the sham
operation group according to HE staining (Fig. 5A, B). Mor-
phometrical analyses of the new bone area showed that the
percentages of new bone area in the sham operation and
HMW-HA alone groups were 52452 and 34.7+23.1, re-
spectively (Fig. 6A). The percentages of new cementum length
in the sham operation and HMW-HA alone groups were
19.04+7.8 and 37.0 £26.7, respectively (Fig. 6B). No statisti-
cally significant difference in the new bone area or new ce-
mentum length was observed between the HMW-HA group
and the sham operation group (Fig. 6A, B). The BDNF/HMW-
HA group showed enhanced periodontal tissue regeneration
without epithelial cell invasion into the top of the furcation
area (Fig. 5C). No marked inflammatory cell infiltration was
observed in the BDNF/HMW-HA or HMW-HA group (Fig.
5B, C). Morphometrical analyses of new bone area showed
that the percentages of new bone area in the 5, 50, 500, and
2000 png/mL BDNF+HMW-HA groups were 58.0419.0,
67.7+£12.5,56.1 +£15.4, and 64.2 £5.3, respectively (Fig. 6A).
BDNF at 50 and 2000 pg/mL significantly increased bone area
compared to the HMW-HA group (Fig. 6A). Further, the
percentages of new cementum length in the 5, 50, 500, and
2000 pg/mL BDNF+HMW-HA groups were 75.14+16.5,
89.6 £18.3, 77.8 +£10.1, and 79.8 + 12.4, respectively (Fig. 6B).
BDNF at 5, 50, and 2000 pg/mL significantly increased ce-
mentum length compared to the HMW-HA group (Fig. 6B).

Secondary, we compared the effectiveness of HMW-HA as
a BDNF scaffold with that of PLGA. Six weeks after the
surgery, epithelial cells invaded the top of the furcation in
the PLGA groups as well as the HMW-HA groups (Fig. 5B, E).
Less inflammatory cell infiltration was observed in the



FIG. 4. Immunolocalization of CD44
during the early phase of the regenera-
tion of experimentally created periodon-
tal defects in the BDNF (50 pg/mL)/
HMW-HA group. (A) Low-power view
of the furcation representing BDNF

(50 pg/mL)/HMW-HA group 2 weeks
after the application of the treatments.
The tissues were decalcified with 10%
ethylenediaminetetraacetic acid for 8
weeks. Arrowheads: apical borders of
the notches. Hematoxylin and eosin (HE)
staining. Original magnification: >x20.

(B) Magnification of the rectangular area
shown in A(a). Arrows: CD44-immuno-
reactive cells. Bar: 20 pm. (C) Magnifica-
tion of the rectangular area shown in
A(b). Arrows: CD44-immunoreactive
cells. Bar: 20 pum. (D) Magnification of the
rectangular area shown in A(c). Arrows:
CD44-immunoreactive cells. d, dentin.
Bar: 20 pm.

FIG. 5. Effect of BDNF/HMW-HA complex in experimentally created periodontal defects. The photographs are low-power
views of furcations representing the sham operation (A), HMW-HA group (B), BDNF (50 ng/mL)/HMW-HA group (C, D),
poly (lactic-co-glycolic acid) (PLGA) group (E), and BDNF (50 pg/mL)/PLGA group (F) 6 weeks after the application of the
treatments. Arrows: epithelial cell invasion. Arrowheads: apical borders of the notches. Boxed areas are shown magnified in
Figures 7, 8 and 9. *Inflammatory cell infiltration. HE staining. Original magnification: >x20.
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FIG. 6. Morphometrical analysis of the effect of BDNF/
HMW-HA complex. The graphs show the percentages of
new bone area (A) and new cementum length (B) according
to morphometrical analysis. Seven teeth from nine dogs were
used for the HMW-HA group and each BDNF/HMA-HA
complex group. Three teeth from nine dogs were used for the
sham operation. Five teeth from nine dogs were used for the
PLGA group and the BDNF (50 ug/mL)/PLGA group. The
tissues were decalcified with KCX (FALMA Co., Ltd) for 2
weeks. Three sections per tooth were examined for mor-
phometrical analysis. The results of the HMW-HA group
and the BDNF/HMW-HA groups are expressed as the
mean +SD of 21 sections for each group. The result of the
sham operation group is expressed as the mean + SD of nine
sections. The results of the PLGA group and the BDNF
(50 pg/mL)/PLGA group are expressed as the mean £ SD of
15 sections for each group. *p <0.05, **p < 0.01: differs sig-
nificantly from the control.

HMW-HA group than in the PLGA group (Fig. 5B, E). The
HMW-HA group seemed to show enhanced periodontal
tissue regeneration slightly compared to the PLGA group
according to HE staining (Fig. 5B, E). Morphometrical ana-
lyses of the new bone area showed that the percentages of
new bone area in the PLGA group and HMW-HA alone
groups were 4.7 4.6 and 34.7 £23.1, respectively (Fig. 6A).
The percentages of new cementum length in the PLGA group
and HMW-HA alone groups were 11.6 8.8 and 37.0 +26.7,
respectively (Fig. 6B). No statistically significant difference in
the new bone area or new cementum length was observed
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between the PLGA group and the HMW-HA group (Fig. 6A,
B). In contrast to the BDNF/HMW-HA group, the BDNF/
PLGA group did not show enhanced periodontal tissue re-
generation (Fig. 5F). Epithelial cell invasion into the top of
the furcation and inflammatory cell infiltration were ob-
served in the BDNF/PLGA group (Fig. 5F). Morphometrical
analyses of new bone area showed that the percentages of
new bone area in the BDNF (50 pg/mL)/PLGA group and in
the BDNF (50 pg/mL)/HMW-HA group were 5.1 £3.8 and
67.7 £12.5, respectively (Fig. 6A). Further, the percentages of
new cementum length in the BDNF (50 pg/mL)/PLGA
group and in the BDNF (50 pg/mL)/HMW-HA group were
15.1£9.7 and 89.6 £ 18.3, respectively (Fig. 6B).

In the sham operation group, marked inflammatory cell
infiltration was observed in the connective tissue of the defect
(Fig. 7A). In the HMW-HA group, epithelial cells invaded the
top of the furcation, and no newly formed cementum was
observed in this area (Fig. 7B). On the other hand, newly
formed cementum was observed on the denuded root sur-
faces of the furcation area in the BDNF/HMW-HA group
(Fig. 7C). The new connective tissue fibers inserted into the
newly formed cementum were stained with Azan (Fig. 7D).
Large blood capillaries were observed in the BDNF/HMW-
HA group than in the HMW-HA group (Fig. 7B, C). The
insertion of new connective tissue fibers into the bone and
cementum was observed by Azan staining, suggesting that
the periodontal ligament had been regenerated (Fig. 7E).
Further, no epithelial cell invasion or bone ankylosis
were observed at the BDNF/HMW-HA sites (Fig. 7C-E). In
both the PLGA group and the BDNF (50 pg/mL)/PLGA
group, marked inflammatory cell infiltration and PLGA re-
siduals were observed in the connective tissue of the defect
(Fig. 7F, G).

In the HMW-HA group, immunohistochemical analysis
showed that OPN was localized at the dentine surface, but
no new cementum was formed (Fig. 8A). In the BDNF/
HMW-HA group, OPN showed a positive reaction at the
dentin surfaces on which the cementum had regenerated
(Fig. 8B). The cementoblasts lining the cementum surface
were also immunoreactive for OPN (Fig. 8B).

PGP 9.5-immunoreactive cells were present in the healthy
periodontal ligament (Fig. 9A), and PGP 9.5-immunoreactive
cells were also observed near the dentin surface (Fig. 9B) and
regenerating alveolar bone (Fig. 9C). As a negative control,
an immunoglobulin fraction (DAKO) was applied instead of
the primary antibody. Negative control staining showed no
labeling (data not shown).

Discussion

CD44, a ubiquitously distributed transmembrane adhesion
receptor, is a major receptor for HA.***” CD44-HA interac-
tions are implicated in cell migration and adhesion in addition
to inflammation and ’cumorigenesis.zs_30 In the present study,
HPL cells were found to express CD44, suggesting that the
interaction between CD44 and HMW-HA regulates the
function of HPL cells.

HA has been demonstrated to have properties beneficial for
the promotion of tissue regeneration.'®'® In this study, we
first focused on cell adhesion and proliferation, which are the
early processes of tissue regeneration before differentiation
and tissue maturation.” It is reported that HA supports the
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adhesion of rat mesenchymal stem cells under static culture
conditions without any chemical induction.** Native HA in-
hibits the proliferation of endothelial cells, whereas 3-10
disaccharide HA fragments stimulate their proliferation.”
HMW-HA decreases the cell proliferation of fetal rabbit and
embryogenic chick skin fibroblasts,>*”> whereas it had a
stimulatory effect on the proliferation of human dermal and
NIH 3T3 fibroblasts.*** The present study showed that
HMW-HA increased the number of adherent HPL cells and
slightly stimulated the proliferation of HPL cells. These find-
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FIG. 7. Higher magnifica-
tions of Figure 5. (A) Magni-
fication of the rectangular area
shown in Figure 5A(a). Ar-
row: epithelial cell invasion.
*Inflammatory cell infiltration.
HE staining. Bar: 50 um. (B)
Magnification of the rectan-
gular area shown in Figure
5B(a). Arrows: epithelial cell
invasion. HE staining. Bar:

50 pm. (C) Magnification of
the rectangular area in the
upper area of the furcation
shown in Figure 5D(a). Ar-
rowheads: newly formed ce-
mentum. Arrows: large blood
vessels. HE staining. Bar:

50 pm. (D) Azan staining of
(Q). Bar: 50 pm. (E) Magnifi-
cation of the rectangular area
shown in the lower position in
Figure 5D(b). Connective tis-
sue was observed between
newly formed cementum and
bone. Azan staining. Bar:

50 pm. (F) Magnification of the
rectangular area in Figure 5E.
Arrows: PLGA residuals. *In-
flammatory cell infiltration.
HE staining. Bar: 50 pm. (G)
Magnification of the rectan-
gular area in Figure 5F. Ar-
rows: PLGA residuals.
*Inflammatory cell infiltration.
HE staining. Bar: 50 pm.

ings suggest that HMW-HA plays a role in the early phases of
periodontal tissue regeneration through CD44. The properties
of HMW-HA are thought to be advantageous for the regen-
eration of periodontal tissue by BDNEF.

Our previous studies have shown that BDNF stimulates
the expression of bone (cementum)-related proteins in HPL
cells and human cementoblast-like cells.”® In the present
study, HMW-HA did not affect their expression in HPL cells.
Therefore, HMW-HA may not affect cell differentiation in
the late stage of tissue regeneration.
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FIG. 8. Immunolocalization of OPN. (A) Magnification of
the rectangular area shown in Figure 5B(b). (B) Magnification
of the rectangular area shown in Figure 5D(c). The dentin
surface (arrowheads) and cementoblasts (arrows) were im-
munoreactive for OPN. ‘New cementum. Bars: 50 pm.

The BDNF release profile from HMW-HA, as measured by
ELISA, demonstrated that HMW-HA has the ability to retain
BDNF and to release low levels of BDNF in a sustained
manner for 2 weeks. The sustained release of BDNF may be
due to the electrostatic interaction of the basic amine-rich N-
terminus of BDNF with the acidic carboxylic acid residues of
HA inducing tighter binding between BDNF and HMW-HA.
Previous studies have shown that controlled release of cyto-
kines is effective for tissue regeneration.”*** HMW-HA deg-
radation may be accelerated by hyaluronidases in wvivo.
Therefore, HMW-HA, which is able to sustainedly release
BDNEF, is an effective scaffold for the induction of periodontal
tissue regeneration.

CD44 is expressed by many cell types including, leuko-
cytes, fibroblasts, epithelial cells, keratinocytes, endothelial
cells, osteoclasts, and osteocytes.‘m‘43 In the present in vivo
study, the early phase of periodontal tissue regeneration in-
volved CD44-immunoreactive cells. This suggests that CD44
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FIG. 9. Immunolocalization of protein gene protein 9.5. (A)
Magnification of the rectangular area shown in Figure 5D(d).
(B) Magnification of the rectangular area shown in Figure
5D(e). (C) Magnification of the rectangular area shown in
Figure 5D(f). Arrows: protein gene protein 9.5-immunore-
active cells. Bars: 20 pm.
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plays a role in HMW-HA-mediated events during periodon-
tal tissue regeneration. In addition, CD44-immunoreactive
cells on the dentin surface may possess potential for the for-
mation of cementum and the periodontal ligament.

The present in vivo study showed that fewer inflammatory
cells infiltrated into the defects in the HMW-HA group than in
the sham operation group although no statistically significant
difference in the amount or length of newly formed alveolar
bone and cementum, respectively, was observed between the
two groups. HMW-HA has an anti-inflammatory effect** and
so may suppress inflammatory cell infiltration. In a previous
study, BDNF/atelocollagen complex enhanced periodontal
tissue regeneration in experimental class III furcation defects.’
In the present study, BDNF/HMW-HA complex also en-
hanced periodontal tissue regeneration without epithelial cell
invasion and with less inflammation, suggesting that HMW-
HA as well as atelocollagen can maintain the regenerative
activity of BDNF. HMW-HA may assist the regenerative ac-
tivity of BDNF via stimulatory effects on the adhesion and
proliferation of HPL cells.

PLGA is attracting great interest in the area of biomedical
sciences. PLGA is mainly used as a medicine carrier that al-
lows controlled release in vivo or on a cell-specific basis to
restore soft tissue defects.** However, in the present study, the
PLGA group and the BDNF/PLGA group did not enhance
periodontal tissue regeneration compared to the HMW-HA
group and the BDNF/HMW-HA group, respectively. The
inflammatory cell infiltration was observed in the PLGA
group and the BDNF/PLGA group. During the degrada-
tion of PLGA, there is minimal systemic toxicity, although in
some cases, its acidic degradation products decrease the pH
in the surrounding tissue, which results in local inflamma-
tory reaction and poor tissue regeneration.*>* The decrease
of the pH in the surrounding tissue accompanied by the
degradation of PLGA may impair the BDNF-induced peri-
odontal tissue regeneration. Further, the impaired periodon-
tal tissue regeneration by PLGA suggests that not every
scaffold can maintain the activity of BDNF for periodontal
tissue regeneration.

The regeneration of cementum is thought to be critical for
the establishment of a functional periodontal ligament.!* The
accumulation of OPN on the denuded dentin surface is the
primary event that occurs during cementum regeneration.*”
In the HMW-HA group, OPN was immunolocalized on the
denuded dentin surface, whereas no new cementum was
generated. In the BDNF/HMW-HA group, OPN was im-
munolocalized on the cementoblasts lining the cementum
surface and on the interface between the dentin and cemen-
tum. These findings indicated that the newly formed thin
tissues along the root surface were new cementum. The dif-
ference in cementum formation between the two groups
may have resulted from the ability of BDNF to stimulate the
expression of bone (cementum)-related proteins, such as ALP,
OPN, OCN, and BMP-2 in cultured HPL cells,’> whereas
HMW-HA does not have a stimulatory effect on bone
(cementum)-related protein expressions. Although it is un-
clear from the present data why OPN was detected on the
dentin surface of HMW-HA group, contrary to the non-
stimulatory effect of HMW-HA on OPN expression in cul-
tures of HPL cells, the anti-inflammatory and cell adhesion
effects of HMW-HA may be involved in OPN accumulation
on the denuded dentin surface.
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The periodontal ligament functions as a sensory appara-
tus as well as a tooth supporting and anchoring tissue.*®
Stimulation of the teeth evokes various oral reflexes via the
periodontal mechanoreceptors. The periodontal ligament
contains two types of sensory receptors: free and specialized
nerve terminals. The former, which are distributed exten-
sively in the periodontal ligament, are mainly nociceptor,
whereas the latter are mechanoreceptors involved in the
control of mastication.*® Our immunohistochemical study of
PGP 9.5, a marker of neurons, has shown that the regenerated
periodontal tissue promoted by BDNF/HA complex contains
PGP 9.5-immunoreactive cells, whereas no nerve fibers were
stained with anti-PGP 9.5 antibody. This suggests that the
regenerated periodontal tissue induced by BDNF/HMW-HA
complex functions as a sensory apparatus as well as a tooth
supporting and anchoring tissue. PGP 9.5 is also expressed in
hepatic stem cells, beta-cells, and pancreatic endocrine pro-
genitor cells.**® Further studies are necessary to confirm
which types of cells express PGP 9.5 in periodontal tissue.

In conclusion, although HMW-HA alone does not mark-
ably enhance periodontal tissue regeneration, HMW-HA can
assist BDNF activity in regenerating periodontal tissue,
suggesting HMW-HA is an adequate scaffold for the clinical
application of BDNF.
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