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The elastic system fibers that give tissue

resilience and flexibility comprise three

types – oxytalan, elaunin and elastic –

differing in their relative proportions of

microfibrils and elastin (1). Oxytalan

fibers are composed of pure micro-

fibrils. Among the microfibrillar mole-

cules, fibrillin-1 and fibrillin-2 are the

best characterized (2) and are known

to interact to form homotypic and

heterotypic dimers (3,4). Fibrillins are

assembled pericellularly into micro-

fibril arrays that appear to undergo

maturation into transglutaminase-

crosslinked microfibrils (2). The

microfibrils act as a structural template

on which elastin is deposited during

elastic fiber formation.

Oxytalan fibers were first described

in periodontal ligaments by Fullmer &

Little (5). Oxytalan fibers in perio-

dontal ligaments are arranged in a

vertically oriented interlacing network

enclosing the molar root apex (6). The

oxytalan fibers of periodontal liga-

ments are constantly exposed to

mechanical stimulation. To study the

metabolism of periodontal ligaments,

the Flexercell system was applied to

examine the expression of extracellular

matrix components and matrix metal-

loproteinases (MMPs) of periodontal

ligament fibroblasts (7,8). However,

very little data are currently available

on the functional metabolism of oxy-

talan fibers in periodontal ligaments.

In the 1970s, Sims proposed that

oxytalan fibers in periodontal liga-

ments may support vascular orienta-

tion and regulate vascular flow (6,9).

Oxytalan fibers in dog incisor perio-

dontal ligaments subjected to ortho-

dontic force were observed to be

increased in both number and size (10).

We have previously examined the

degradation of oxytalan fibers in

human periodontal ligament fibro-

blasts under normal culture conditions

(11–13). To date, however, little infor-

mation is available on the behavior of

oxytalan fibers subjected to mechanical

strain. The goal of the present study

was to test the hypothesis that

mechanical loading by application of
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Background and Objective: Oxytalan fibers, as well as collagen fibers, are the

structural components of periodontal ligaments. Periodontal ligaments are con-

tinuously exposed to various functional forces. However, the behavior of oxytalan

fibers under mechanical strain has not been investigated. We hypothesized that

strain would alter the amount and appearance of oxytalan fibers in terms of

positivity for their major components, fibrillin-1 and fibrillin-2.

Material and Methods: We subjected periodontal ligament fibroblasts to stretching

strain to examine the effects on their formation of oxytalan fibers in cell/matrix

layers.

Results: Stretching increased the levels of fibrillin-1 and fibrillin-2 by 25%

relative to the control, but did not affect the gene expression level of either type of

fibrillin. Immunofluorescence and immunogold electron microscopy analysis

revealed that bundles of oxytalan fibers became thicker under stretching

conditions.

Conclusion: These results suggest that tension strain functionally regulates

microfibril assembly in periodontal ligament fibroblasts and thus may contribute

to the homeostasis of oxytalan fibers in periodontal ligaments.
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strain to periodontal ligament fibro-

blasts influences the amount and

appearance of oxytalan fibers.

Material and methods

Cells and culture

The protocol for these experiments was

reviewed and approved by the

Fukuoka Dental College Research

Ethics Committee, and informed

consent was obtained from the tissue

donors. Briefly, connective tissues were

obtained surgically from the perio-

dontal ligament of molar teeth

extracted for orthodontic reasons from

three different donors. After washing

in phosphate-buffered saline supple-

mented with 100 units/ml of penicillin

and 100 lg/ml of streptomycin, the

periodontal ligament tissues were cut

into small pieces, plated in petri dishes

and incubated in minimum essential

medium (ICN Biomedicals Inc., Aur-

ora, OH, USA) supplemented with

10% newborn calf serum (Life Tech-

nologies, Inc., Grand Island, NY,

USA) at 37�C in humidified air con-

taining 5% CO2. When outgrowth of

the cells reached confluence, they were

harvested with 0.025% trypsin (Life

Technologies, Inc. Grand Island, NY,

USA) in phosphate-buffered saline and

transferred to plastic culture dishes at a

1:4 split ratio. For experiments, the

cells were used from passages 3 to 6 to

retain their phenotypes, as described

previously (11).

Mechanical loading apparatus and
cyclic stretching conditions

Periodontal ligament fibroblasts were

stretched using a STB-140 STREX cell

stretch system (Strex Co., Osaka,

Japan) in accordance with the manu-

facturer�s instructions. Cells were

transferred to an elastic silicone

chamber (4 mL) at a density of 1 · 105

cells/mL. The chamber was precoated

with 50 lg/mL of type I collagen

(C8919) (Sigma, St Louis, MO, USA).

After 72 h, the periodontal ligament

fibroblasts were found to be confluent.

The medium was changed to fresh

medium and then the cells were sub-

jected to stretching (the first day was

set as day 0). The amplitude and fre-

quency of stretching were controlled by

a programmable microcomputer at 5%

of the original strength and 1/60 Hz,

respectively, for the times indicated.

The stretch chamber with its frames

was placed in an incubator. The sili-

cone chamber was kept uniformly

stretched over the whole membrane

area during the incubation.

Gelatin zymography

On day 2 of culture, MMP-2 in the

conditioned medium was determined

using sodium dodecyl sulfate–poly-

acrylamide gel electrophoresis zymog-

raphy. Also on day 2 of culture,

periodontal ligament fibroblasts were

exposed to minimal essential medium

for 12 h. Then, the collected medium

(5 lg) was electrophoresed, without

reduction, on sodium dodecyl sulfate –

polyacrylamide gels prepared with 10%

acrylamide containing 0.1% gelatin.

The sodium dodecyl sulfate was

removed by a 1-h incubation in 2.5%

Triton X-100, then the gels were incu-

bated in 30 mM Tris–HCl (pH 7.4),

200 mM NaCl, 5 mM CaCl2 and 1 mM

ZnCl2 at 37�C for 24 h prior to staining

with Coomassie Blue. Matrix metallo-

proteinase-2 at 68 kDa molecular

weight was visualized as zones of

gelatin clearance within the gels.

Western blot analysis

The cell/matrix lysates (5 lg) at 7 d of

culture were subjected to western blot

analysis, as described previously (13).

The antibodies we used were mono-

clonal (anti-human MMP-2) IgG

(Fuji Chemical Ind., Ltd., Toyama,

Japan), polyclonal (anti-human fibril-

lin-1, -2) IgG (Elastin Products Co.,

Owensville, MO, USA) and polyclonal

anti-(b-actin) polyclonal IgG (Sigma).

We had already confirmed the speci-

ficity of the fibrillin-1 and fibrillin-2

antibodies, as reported previously

(11). Densitometric semiquantitative

analysis of the signals was performed

using the NIH IMAGE program

(National Institutes of Health,

Bethesda, MD, USA) after finding

the linear portion by sequential dilu-

tion of the proteins.

Northern blot analysis

Total RNA was prepared from the

cultured periodontal ligament fibro-

blasts at 7 d using an RNeasy Mini Kit

(Qiagen, Hilden, Germany). One

microgram of RNA was subjected to

northern blot analysis, which was per-

formed as described previously (12).

The probes for recognition of human

fibrillin-1 and fibrillin-2 were generated

as described previously (12). The RNA

probe for b-actin was from Roche

Molecular Biochemicals (Mannheim,

Germany).

Immunofluorescence

At 7 d of culture, periodontal ligament

fibroblasts were fixed in ice-cold 4%

paraformaldehyde for 15 min, then

washed with phosphate-buffered sal-

ine. Nonspecific immunoreactivity

was blocked with 1% bovine serum

albumin in phosphate-buffered saline

for 1 h at room temperature. Then,

the cell layers were incubated for 1 h

at room temperature with the primary

antibodies against polyclonal anti-

(human fibrillin-1, -2) IgG (Elastin

Products Co.). Controls included the

use of pre-immune normal rabbit IgG

for the primary antibody incubation.

After washing three times with phos-

phate-buffered saline, the cells were

incubated with secondary antibodies

(goat anti-rabbit-labeled IgG with

Alexa 488; Invitrogen, Eugene, OR,

USA). After the final wash, cells

were viewed using a confocal micro-

scope (MRC-1024; Bio-Rad, Hemel

Hempstead, UK).

Immunoelectron microscopy

At 7 d of culture, periodontal liga-

ment fibroblast layers were fixed for

30 min in phosphate-buffered saline

containing 2% paraformaldehyde and

0.1% glutaraldehyde. The cells were

then incubated with primary antibod-

ies (fibrillin-1 and fibrillin-2; 1:80

dilution) for 2 h, followed by incuba-

tion with gold particle-conjugated

anti-rabbit IgG (BB International,

Cardiff, UK) at 4�C. Controls in-

cluded the use of pre-immune normal

rabbit IgG for the primary antibody
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incubation. Then the cells were treated

with silver solution for silver intensi-

fication, followed by dehydration in a

graded ethanol series and embedded

in EPON 812 resin (TAAB, Berkshire,

UK). Ultrathin sections were observed

using the JEOL JEM 1400 trans-

mission electron microscope, Tokyo,

Japan. Results shown in all figures

are representative of at least three

independent analyses.

Results

Stretching does not stimulate gene
expression of fibrillins-1 and -2, but
increases their deposition in cell/
matrix layers

We first examined MMP-2 secretion

and deposition at 2 d of culture by

using gelatin zymography and western

blot analysis, respectively (Fig. 1).

The gelatin zymography showed that

the 72-kDa pro-MMP-2 was present

in the stretch sample than in the

control sample, as shown by a more

intense band in the stretch sample

than in the control (Fig. 1A). Immu-

noblotting demonstrated that 2.5

times more pro-MMP-2 was present

in the stretch samples than in the

control samples (Fig. 1B). These

results show that this culture system is

consistent with the Flexercell Strain

system.

We next compared, by western blot

analysis, the effects of stretching on the

deposition of fibrillins-1 and -2 in the

cell/matrix layers at 7 d of culture

(Fig. 2A). Changes in the intensities of

the signals were compared, using the

signal for b-actin as an internal con-

trol. Densitometric analysis of the

western blots identified significant

increases in the expression of fibrillins-

1 and -2, by 27 ± 5% and 23 ± 6%,

respectively, in the stretched samples

compared with the nonstretched sam-

ples (control). To examine whether

these effects were caused by a differ-

ence in the gene expression level, we

performed northern blotting. The

northern blots showed that stretching

did not induce gene expression of

either type of fibrillin compared with

the control (Fig. 2B).

Stretching induces accumulation of
microfibril bundles

Next, we examined the appearance of

oxytalan fibers using immunofluores-

cence and immunogold electron

microscopy. Immunofluorescence ima-

ges revealed that stretching appeared to

induce gathering of fibrillin-1-positive

and fibrillin-2-positive microfibril bun-

dles (Fig. 3). No labelling was detected

in the control immune serum (data not

shown). Immunoelectron microscopy

analysis provided further support for

thickening of microfibril bundles posi-

tive for fibrillin-1 and fibrillin-2 in the

stretched samples, in comparison with

the nonstretched samples (Fig. 4). No

labelling was detected in the control

immune serum (data not shown).

Discussion

In the present study, by subjecting

periodontal ligament fibroblasts to

stretch stimulation, we demonstrated,

for the first time, that the extracellular

deposition of fibrillin-1 and fibrillin-2

is increased by this type of mechanical

stress. The fact that cell stretching did

not affect the gene-expression levels of

either type of fibrillin suggests that

fibrillin deposition may be controlled

intracellularly or extracellularly in the

process of deposition into oxytalan

fibers.
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Fig. 1. Stretching stimulates matrix metalloproteinase (MMP)-2 secretion and deposition.

(A) Serum-free culture medium was collected from control and stretched periodontal liga-

ment fibroblasts at 2 d of culture. The harvested media (5 lg) were subjected to gelatin

zymography. (B) Immunoblotting of MMP-2. Periodontal ligament fibroblasts were cultured

for 2 d. Five micrograms of cell lysate was electrophoresed on 10% polyacrylamide gels and

immunoblotted for MMP -2 analyses. Equivalent protein loading was confirmed by b-actin.
The position of the prestained molecular weight markers are indicated on the left-hand side

of the panel. IB, immunoblot.
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Fig. 2. Stretching stimulates oxytalan fiber deposition. (A) Western blots of cell lysates of

periodontal ligament fibroblasts cultured for 7 d under nonstretch (control) and stretch

conditions. Stretching induced the deposition of both fibrillin-1 and fibrillin-2. Densitometric

analysis of changes in the levels of fibrillins-1 and -2 was conducted using National Institutes

of Health imaging software, normalized relative to the level of b-actin. (B) Northern blots of

RNA samples (1 lg) extracted from periodontal ligament fibroblasts subjected to stretching

stress. Stretching did not induce gene expression of either fibrillin-1 or fibrillin-2.
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The method we used to apply

stretching to the cells has been used by

many researchers (14,15) and allows

the stretch tension to be applied to the

cells uniformly over the whole mem-

brane area. Therefore, stable bio-

chemical and histological results can be

obtained with minimal variation. In

the present study we found that a

greater amount of MMP-2 was

secreted by in the stretched cells

than in the control cells, in agreement

with the finding by Bolcato-Bellemin

et al. (8). Therefore, this stretch system

is thought to act similar manner to

the Flexercell system. The appearance

of periodontal ligament fibroblasts in

the stretched chambers seemed to be

different from the random uniform

appearance evident in the nonstret-

ched chambers. Immunofluorescence

analysis showed that oxytalan fibers

positive for fibrillins-1 and -2 were

arranged along the stretched cells

and that the bundles of microfibrils

appeared to gather together. On the

other hand, in the nonstretched

cells, the microfibrils appeared to be

relatively separate from each other.

Immunoelectron microscopy images

supported these observations. These

results suggest that stretch stimula-

tion may control the assembly of

microfibrils.

A number of previous studies have

investigated the expression of extra-

cellular matrix components and MMPs

in periodontal ligament fibroblasts

under stretch conditions (7,8,16).

However, there are little data on oxy-

talan fibers in periodontal ligaments

subjected to such stress. This may be a

result of the difficulty in determining

the role of oxytalan fibers in perio-

dontal ligament, where they are ori-

ented vertically in an interlacing

network enclosing the molar root apex

(6). Some oxytalan fibers extend from

the dentino–cemental junction to the

vessels adjacent to the alveolar walls.

Therefore, some researchers believe

that oxytalan fibers may support vas-

cular vessels and regulate blood flow.

Sims (6) also observed that, under

occlusal loads, oxytalan fibers in hu-

mans tend to relax in a similar way to

collagen fibers in the tensioned peri-

odontal ligament. Moreover, oxytalan

fibers in dog periodontal ligaments

have been observed to increase in both

size and number under orthodontic

force (10). In the present study, we

demonstrated, for the first time, that

the amount of oxytalan fibers increased

significantly under stretched conditions

in vitro, whereas the gene expression of

fibrillins was unaffected. This increase

may be a result of the upregulation of

fibrillin-binding molecules, such as

fibulin-5 (17) and versican (18), etc.

Further work will be required to

identify the factors that control the

Control Stretch

Fibrillin-1

Fibrillin-2

Fig. 3. Immunofluorescence of fibrillin-1 and fibrillin-2 in nonstretched and stretched

periodontal ligament fibroblasts. Periodontal ligament fibroblasts subjected to nonstretching

(control) (left panels) and stretching (right panels) treatments are labeled for fibrillin-1 (upper

panels) and fibrillin-2 (lower panels). The scale bar corresponds to 10 lm.

Control Stretch

Fibrillin-1

Fibrillin-2

Fig. 4. Immunogold labeling of fibrillin-1 and fibrillin-2 in periodontal ligament cultures

under nonstretching and stretching conditions. Periodontal ligament fibroblasts subjected to

nonstretching (control) (left panels) and stretching (right panels) conditions were immuno-

labeled and examined by transmission electron microscopy. Clusters of gold particles indicate

the presence of bound anti-fibrillin-1 (upper panels) and anti-fibrillin-2 (lower panels). The

scale bar corresponds to 200 nm.
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formation of oxytalan fibers under

stretching stress.

In conclusion, we have obtained

evidence that under stretch conditions

the extracellular deposition of both

fibrillin-1 and fibrillin-2 increases in

human periodontal ligament fibroblast

cultures, and that microfibrils appear

to thicken. These results demonstrate

that tension strain upregulates micro-

fibril assembly in periodontal ligament

fibroblasts and thereby may contribute

to the homeostasis of oxytalan fibers in

periodontal ligaments.
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