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Abstract 
The periodontal ligament (PDL) contains oxytalan fibers as well as collagen fibers, 
which helps it to withstand the mechanical stress to which it is constantly exposed. 
The oxytalan fibers are produced by PDL fibroblasts. However, the arrangement of 
PDL fibroblasts and the orientation of oxytalan fibers relative to the fibroblast cell 
axis have not been investigated under the condition of mechanical stress. We hy-
pothesized that such stress would alter the arrangement and orientation of these cells 
and their oxytalan fibers. The aim of this study was to evaluate the effects of stret-
ching strain on PDL fibroblasts, focusing on the cellular arrangement and orienta-
tion of oxytalan fibers relative to the long cell axis in cell/matrix layers by staining 
the major component of the fibers, fibrillin-1. The angle between the long cell axis 
and the oxytalan fibers was approximately 70 degrees under both non-stretching and 
stretching conditions. Moreover, stretching induced the rearrangement of the cells. 
This is the first study to demonstrate that stretching induces the rearrangement of 
the PDL fibroblasts without altering the angle between the long cell axis and the oxy-
talan fibers. These results may reflect the orientation of oxytalan fibers in the PDL 
under the condition of mechanical stress. 
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1. Introduction 

The periodontal ligament (PDL) contains extracellular matrix components that include 
elastic system fibers as well as collagens. Elastic system fibers exist in the blood vessels, 
lung tissue, skin and periodontal tissue [1]. These fibers are composed of two distinct 
components: microfibrils and tropoelastin. Tropoelastin is a precursor of cross-linked 
elastin. During the formation of elastic fibers, tropoelastin is deposited on the microfi-
brils, which act as a template [2]. The human PDL contains pure microfibrils that form 
bundles known as oxytalan fibers, while all three types of fiber are present in the gingi-
va [3] [4]. Recently, the biomechanical characteristics of oxytalan fibers in the PDL 
have been investigated in relation to its response to functional and orthodontic forces 
[5]. 

Oxytalan fibers were first identified in the PDL and are thought to support vascular 
orientation and flow. The oxytalan fibers in the PDL are arranged in a vertically orien- 
ted network, which encloses the tooth root [6], and are constantly exposed to mechani-
cal stimulation, including tongue pressure, occlusal force and orthodontic force. It has 
been reported that the oxytalan fibers in the incisor PDL—where the orthodontic force 
load is high—are increased in both number and size [7]. 

Human PDL fibroblasts express fibrillin-1, which is the major component of oxyta-
lan fibers. In our previous PDL fibroblast culture experiments, we showed that oxytalan 
fibers are formed in cell/matrix layers [8]. As the PDL is constantly exposed to me-
chanical stress, we previously used a stretching system to examine the appearance of 
oxytalan fibers in vitro [9] [10]. Functional strain has been shown to induce the coales-
cence of oxytalan fibers in cultured PDL fibroblasts [9], which condition mimics the 
situations added an intermitted functional force in vivo. However, the mechanism un-
derlying the regularity of the arrangement of the oxytalan fibers in the PDL has not 
been revealed. Namely, no studies have examined the angle between the long cell axis 
and the oxytalan fibers, or have reported whether stretching induces the rearrangement 
of the PDL fibroblasts. We therefore used our stretching apparatus to analyze the beha-
vior of these cells and the relationship between the long cell axis and extracellularly 
formed fibrillin-1-positive oxytalan fibers under stretched and non-stretched condi-
tions. 

2. Materials and Methods 
2.1. Cells and Culture 

Human PDL fibroblasts were purchased from Lonza Walkersville Inc.(Walkersville, 
MD, USA) and cultured in Dulbecco’s modified Eagle Medium (Invitrogen, Grand Isl-
and, NY, USA) supplemented with 10% newborn calf serum (NCS; Invitrogen), 100 
units/ml penicillin and 100 μg/ml streptomycin (Roche Diagnostics, Mannheim, Ger-
many) at 37˚C in humidified air containing 5% CO2. When the outgrowth of the cells 
reached confluence, they were harvested with 0.025% trypsin (Invitrogen) in PBS, and 
transferred to plastic culture dishes at a 1:4 split ratio. PDL fibroblasts from the 3rd to 
6th passages were used in this study. 
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2.2. The Mechanical Loading Apparatus and the Cyclic Stretching  
Conditions 

PDL fibroblasts were stretched using a STB-140 STREX cell stretch system (Strex Co., 
Osaka, Japan), as described previously [9]. Briefly, cells at a density of 1 × 105/ml were 
transferred to an elastic silicone chamber (4 ml) precoated with 50 μg/ml type I colla-
gen (C8919; Sigma, St Louis, MO, USA) under the same culture condition as above sec-
tion. After 72 hr, when the PDL fibroblasts were found to have reached confluence, the 
medium was replaced with fresh medium and the cells were subjected to stretching (the 
first day was set as day 0). The amplitude and frequency of stretching were controlled 
by a programmable microcomputer at 5% of the original strength and 1/60 Hz, respec-
tively, in accordance with the methods of our series of studies, which is close to the 
thickness of oxytalan fibers in vivo [9] [10] [11]. The amplitude and frequency of stret-
ching of non-stretching group were both zero, respectively. 

2.3. Immunofluorescence 

After 7 days of culturing at 37˚C in humidified air containing 5% CO2, the PDL fib- 
roblasts were fixed in ice-cold 4% paraformaldehyde for 15 min, then washed with PBS. 
Nonspecific immunoreactivity was blocked with 1% bovine serum albumin in PBS for 1 
hr at room temperature. The cell layers were then incubated for 2 hr at room tempera-
ture with the appropriate primary antibodies (polyclonal rabbit antibody against hu-
man fibrillin-1 diluted 1:1000, Elastin Products Co., Owensville, MO, USA). The con-
trols included the use of preimmune normal goat IgG for incubation with the primary 
antibody. After rinsing in PBS, the cells were incubated for 1 hr at room temperature 
with Alexa Fluor® 488-labeled donkey anti-rabbit IgG antibody (Invitrogen, Grand Isl-
and, NY, USA) diluted to 1:1000 with blocking buffer. After the final washing, the cells 
were subjected to 4’, 6-diamidino-2-phenylindole (DAPI) nuclear staining and cytop-
lasmic staining with DilC12(3) perchlorate (Enzo Life Science, NY, USA) for 1 minute. 
They were then observed using a fluorescence microscope (BZ-8100, KEYENCE, Osa-
ka, Japan). The images were scanned and measurements were performed using the Im-
age J software program (National Institutes of Health, Bethesda, MD, USA). 

2.4. The Evaluation of the Arrangement of PDL Fibroblasts and the  
Relationships of Their Long Cell Axis to the Oxytalan Fibers 

After performing cytoplasmic and nuclear staining, we selected cells arbitrarily de-
pending on the identifiable influence of overlapping cells and the distinctness of the cell 
outline or the fibers in microscopic fields to evaluate the arrangement of the cells and 
the relationship between the long cell axis and the oxytalan fibers. We defined the long 
cell axis as follows.  

First, on the periphery of the nucleus, the two points that were furthest from the 
center of the nucleus were determined. These two points were then connected by a line 
that defined the long cell axis. This formed the basal line from the initially selected cell. 
We then measured the angle between the long axes of the other cells and this basal line. 
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We selected three cells for the basal line and 45 cells for the angle measurement from 
three microscopic fields in both the non-stretched and stretched groups.  

Next, we measured the angle formed between the oxytalan fibers and the long axis of 
each cell. The baseline of the oxytalan fibers was the line that connected the two points 
of intersection between the oxytalan fiber and the outline of the cytoplasm. We meas-
ured the angle between the baseline of the oxytalan fiber and the long cell axis (Figure 
1). In all cases, the acute angle was measured. When two oxytalan fibers crossed the 
cell, we determined the mean angle. We selected 15 cells from three microscopic fields 
in both the non-stretched and stretched groups. 

2.5. Statistical Methods 

To compare the cellular arrangement in the non-stretched and stretched groups, the 
homogeneity of variance in the angle between the long axis of the basal line and the 
other cells was evaluated using the F-test. The differences between the two groups in 
the angle formed by the baseline of oxytalan fibers and the long cell axis were evaluated 
using the Mann-Whitney U test. P values of <0.05 were considered to indicate statistic-
al significance. 

3. Results 
3.1. The Staining of the Cytoplasm (Red) and Oxytalan Fibers (Green) 

The appearance of the oxytalan fibers on day 7 was examined under a fluorescence mi-
croscope. The immunofluorescence images revealed that fibrillin-1-positive oxytalan 
fibers coalesced as a result of stretching (Figure 2, green in upper panel). This reflects 
the coalescence of the functional oxytalan fibers in PDL. Moreover, the fibrillin-1-posi- 
tive oxytalan fiber bundles were observed to lie across the cells in the stretched and 
non-stretched preparations (Figure 2, lower panel). The red-stained area indicates the 
cytoplasm, while the blue-stained areas indicate the nuclei. Control immune serum 
produced no labeling (not shown). 
 

 
Figure 1. Configuration of the long cell axis and the baseline of the oxytalan fibers. On the 
perimeter of the nucleus, two points that were located furthest from the center of the nucleus 
were determined (white points). These two points were then connected by a line that formed the 
long cell axis (white line). The baseline of oxytalan fibers was then determined (red line) as a 
straight line that included the two intersection points between the cell membrane and the 
oxytalan fiber (red point). 

: Apex of nuclei long axis
: Point between cell membrane and oxytalan fiber
: Long-axis of the cell
: Base line of oxytalan fiber
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3.2. The Evaluation of Cellular Arrangement after the Application of 
Stretching Stress 

We also evaluated the angle formed between the basal line (yellow line in Figure 3) and 
the long axes of the other cells (white lines in Figure 3). The degree of variation that 
was observed under non-stretched conditions seemed to be larger than that under 
stretched conditions. We performed an F-test to confirm the difference in the cellular 
 

 
Figure 2. Staining the cytoplasm, oxytalan fibers and nucleus. Red: 
The cytoplasm of the cell. Green, fibrillin-1-positive oxytalan fibers. 
Blue, nucleus. The upper panel only contains green, while the lower 
panel contains all three colors. Scale bar, 50 μm. 

 

 
Figure 3. The arrangement of the cells in response to stretching stress. Images for the 
measurement of the non-stretch and stretch groups. Yellow line, the basal line for the 
measurement of the long cell axis. White lines, the long axis of the other cells. Green arrow, 
the direction of stretching. Scale bar, 50 μm 

Non-stretch Stretch

Non-stretch Stretch
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arrangement under non-stretched and stretched conditions. The results demonstrated 
that the difference between the stretched and non-stretched conditions was statistically 
significant (p < 0.01, Table 1). 

3.3. The Measurement of the Angle between the Cells and Fibers 

We compared the angle formed between the oxytalan fibers and the long cell axis in the 
stretch and non-stretch groups (Figure 4). In both groups, the mean angle between the  
long axes of the cells and the oxytalan fibers was approximately 70 degrees. The Mann- 
Whitney U test revealed no significant difference between the stretch and non-stretch 
groups (Table 2). 

4. Discussion 

In the present study we demonstrated that human PDL fibroblasts undergo rearrange-
ment when they are subjected to stretching stress. Moreover, the angle between the 
long cell axis and the oxytalan fibers across the cell was approximately 70 degrees.  

A recent study investigated the arrangement of epithelial cells in response to stret-
ching stress in relation to directional cellular proliferation [12]. In our experiment, the  

 
Table 1. The cellular arrangement in response to stretching stress. 

 Non-stretch Stretch 

Cell number 28 17 

variance 260.20 49.77 

F test: p < 0.01. The angle formed between the long axis of the other cells and the basal line was assessed by the F- 
test. 

 

 
Figure 4. The measurement of the angle between the long cell axis and the oxytalan fibers. 
Reference images for measurement of the angle between the baseline of the oxytalan fibers and 
the long cell axis. 
 
Table 2. The difference in angle between the cell and the fiber. 

 Non-stretch Stretch 

Cell number 15 15 

Mean 68.13 71.82 

SD 9.90 13.83 

Mann-Whitney U test: NS, The angle between the baseline of the oxytalan fibers and the long cell axis was assessed 
in the non-stretched and stretched groups using the Mann-Whitney U test. 

Non-stretch Stretch
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PDL fibroblasts were fully confluent, which meant that randomly directed cells were 
arranged in response to stretching. This suggests that this form of stress acts on the cy-
toskeleton though the deposition of integrin (either directly or indirectly) on the cell 
membrane. Thus, some molecules may play a role in this phenomenon. The oxytalan 
fibers were shown to lie at roughly a right angle relative to the long cell axis under 
stretched conditions. The difference, in comparison to non-stretched conditions, did 
not reach statistical significance.  

It is known that the cell surface receptors of the integrin family bind to the Arg-Gly- 
Asp (RGD) cell adhesion region. Fibrillin-1 mediates cell adhesion by binding to the 
cell surface receptors of the integrin family [13]. Integrin subunits αv and β3 exist in the 
cell membrane of human PDL fibroblasts [14]. Integrin αvβ3 binds to synthetic fibril-
lin-1 RGD peptide. We previously showed that PDL fibroblasts express integrin αvβ3, 
which is essential for the formation of fibrillin-1-positive oxytalan fibers in cultured 
cell/matrix layers [15]. However, the distribution of integrin on the cell surface in this 
stretching system has not yet been investigated. Further study will be necessary to con-
firm that the distribution of integrin is unaffected by stretching stress. 

We previously demonstrated that functional strain induces the coalescence of oxyta-
lan fibers in cultured PDL fibroblasts. Some molecular interactions control this fiber 
coalescence. The upregulation of fibulin-5 in response to tension strain may control the 
formation of microfibril bundles in the PDL [10]. Fibulin-5 of 55 kDa glycoprotein 
contains RGD motif and can bind to fibrillin-1 [16] [17]. Fibulin-5 is thought to me-
diate PDL fibroblasts through integrin. Therefore, stretching stress leads rearrangement 
of fibroblasts, then the distribution of fibulin-5 consequently may influence arrange-
ment of fibrillin-1 on the cell surface. Needless to say, main component of the extracel-
lular matrices in PDL is collagen fiber. However, the molecular interaction of type I 
collagen with components of oxytalan fibers has not been investigated. It should be fo-
cused, in future, that how the PDL fibroblasts rearranged by the stretching stress con-
trol the orientation of the both fibers in PDL. 

Moreover, latent transforming growth factor-β binding protein-2 controls the capac-
ity of fibulin-5 for coalescence [18]. In this study, irrespective of the application of 
stretching stress, the oxytalan fibers tended were oriented at almost a right angle to the 
long cell axis. This may reflect the angle of the PDL fibroblasts against the functional 
oxytalan fibers in PDL. Further study may be necessary to identify other molecules that 
are involved in the maintenance of PDL homeostasis. 

The present study showed that at the cellular level, the angle formed between the 
long cell axis and the oxytalan fibers in individual cells is constantly maintained at ap-
proximately 70 degrees, irrespective of whether the cells are stretched. Moreover, stret-
ching induced the rearrangement of the cells. This may explain the mechanism under-
lying the regular arrangement of the oxytalan fibers in the functional PDL in vivo. 
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