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INTRODUCTION

A. Statement of the problem

One hundred years ago, in 1900, Dr. Edward H. Angle and a dozen colleagues
came together to establish dentistry's first specialty, which is known today as
orthodontics and dentofacial orthopedics. Orthodontics is a science and an art. It is the art
of creating healthy, beautiful smiles by moving teeth·with precise, gradual force expertly
applied, and the science concerned with the study of the growth of the craniofacial
complex, the development of occlusion and the treatment of dentofacial abnormalities.
Mechanical forces exerted on tooth roots and transmitted to the periodontal tissues
initiate the remodeling activity that facilitates the movement- of teeth through bone. The
specific changes in the bone surrounding the root of an orthodontically moved tooth are
characterized as resorption and deposition. Resorption of bone is seen on the compression
side of the tooth. In contrast, bone is deposited in the tension side of the tooth that is
being moved in the opposite direction.

The biologic response to sustained force against the teeth is a function of force
magnitude; forces great enough to occlude blood vessels lead to pain, sterile necrosis and
a process described as undermining resorption that inevitably leads to a delay in tooth
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movement. Lighter forces allow activation of osteoclasts, and thus the removal of bone
from the compression side by the painless process of frontal resorption. Clinicians face
the challenge of maintaining tissue vitality by avoiding undermining resorption, while
applying forces heavy enough to produce frontal resorption.
An understanding of the cellular and molecular mechanisms that enable bone to

adapt to changes in its mechanical environment is important for solving the different
challenges of clinical orthodontics. Almost a century of research has been devoted to
examining this phenomenon by morphologic methods. The histologic changes have
consequently been well documented, but there are many unanswered questions that must
be addressed in order to explain how mechanical deformation is transduced into a
desirable biologic response.
The aim of the present investigation was to characterize a novel cellular mechanism
for uptake and release of molecules important in bone remodeling by periodontal
ligament cells. Specifically, the plasma membrane disruption theory was examined in
light of its role in mechanotransduction in orthodontic tooth movement.
These are the first studies linking the placement of mechanical loading, as occurs in
orthodontic tooth movement, with plasma membrane disruption and resealing of
periodontal ligament cells. The release of bFGF and

Il-l~

from the cells of the

periodontal ligament was also examined following application of in vivo strain.
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B. Review of Related Literature

Orthodontic tooth movement

The concept of tension and compression in orthodontic tooth movement was based
on histologic studies of the PDL, a highly vascular connective tissue that connects the
tooth to the alveolar bone.
The cells of the normal PDL include osteoblasts and osteoclasis adjacent to the
bone of the tooth socket, fibroblasts, epithelial cells, rest of Malassez, macrophages,
undifferentiated mesenchymal cells, endothelial cells, neural elements and cementoblasts
on the root surface. All of these cell types, along with an extracellular compartment of
matrix proteins and glycosaminoglycans, make the PDL a tissue with unique biophysical
functions (Wang and Somerman, 1991; Lekic and McCulloch, 1996).
The mechanical properties of tissues such as the PDL are dependent on how fast
they are stressed. Materials that have mechanical properties dependent on loading rate are
termed viscoelastic. The PDL has characteristics of an elastic solid and a (viscous) liquid.
A viscoelastic material pulled extremely fast evokes an infinitely high stress, whereas a
material pulled slow results in a stress of zero.
A viscous fluid can be viewed as a shock absorber with a moving fluid. This
functional characteristic of the PDL is mainly due to masses of collagen fibers and the
incompressible, gel like, matrix comprised mainly of hydrated glycosaminoglycans
(Kirkham eta!., 1995; Kagayama eta!., 1996; Scott and Thomlinson, 1998).
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It seems unlikely, however, that the periodontal ligament is able to sustain
differential pressure. Bien (1966) proposed that in keeping with Pascal's Law, any force
would be distributed evenly throughout the system. It also seems doubtful that the
principal fibers of the periodontal ligament are capable of transferring forces directly to
the adjacent bone. This was shown by Heller and Nanda (1979), when despite disrupted
collagen metabolism and function in rats, the histologic response of the alveolar bone to
orthodontic forces was normal.
Orthodontic tooth movement has traditionally been explained by the tensionpressure hypothesis: Bone is resorbed in areas under pressure and deposited at the
opposite tension site, allowing the movement of teeth through bone (Oppenheim, 1911 ).
This theory was supported by early histological studies that revealed that application of
orthodontic forces induced osteoblastic bone apposition at the tension zone, and
osteoclastic bone resorption at the compression zone (Reytan. et al., 1947, 1960,1970);
(Rygh eta/., 1972, 1973). There have been many different hypotheses to try to explain
this phenomenon.
In 1880, orthodontic tooth movement was seen as a result of the elasticity of the

alveolar bone (Kingsley, 1880). Eight years later, Farrar postulated that it was the
bending of the alveolar process, and bone resorption and apposition, that allowed
orthodontic tooth mov.ement to 9ccur (Farrar, 1888).
The idea of bone being remodeled in orthodontic tooth movement was introduced by
Breitner when he stated, in contrast to many of the beliefs of his contemporaries, that
bone did not travel along with the moving teeth, but entirely new bone was progressively
formed as the teeth moved (Breitner, 1940).
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More than a century ago, Wolff proposed that bone remodeling is controlled by
metabolic factors and mechanical stimulation (Wolff, 1892). Today, we know that
systemic hormones and local factors regulate bone remodeling. Systemic hormones such
as estrogen, androgen, and calcitonin might delay orthodontic tooth movement since they
produce an increase in bone mineral content, bone mass, and a decrease in the rate of
bone resorption. Thyroid hormones and corticosteroids, in contrast, might stimulate a
more rapid orthodontic tooth movement. Local factors including growth factors,
cytokines, and prostaglandin synthesized by skeletal cells are also involved in this
process. Exogenous prostaglandin stimulates root resorption during orthodontic tooth
movement (Brudvik and Rygh, 1991; Boekenoogen et al., 1996) and physiological root
resorption (Davidovitch et al., 1985).
The present concept of bone remodeling rests in the hypothesis that activated
osteoclastic precursors differentiate into active osteoclasts that initiate the bone resorption
process, followed by a bone formation phase directed by osteoblasts. In the normal
remodeling cycle, the sequence of events always remains the same: osteoclastic bone
resorption produces a defect in the mineralized bone surface. This is followed by a
reversal phase and osteoblastic bone formation to repair the defect (Hill, 1998).
Frost's mechanostat theory differentiates modeling from remodeling and states that
disuse and overload have opposite effects on these processes (Frost, 1987). Disuse
activates remodeling but inhibits modeling, leading to bone loss. Overload inhibits
remodeling and activates the formation of bone (modeling). In its generality, this theory
does not acknowledge the damage and biological effects that high mechanical strain will
eventually produce.

6

In his "Unifying Theory of Bone remodeling", Martin suggests that bone lining cells

are inherently predisposed to activate remodeling, but are restrained by inhibitory straingenerated signals arriving from the network of osteocytes present in the adjacent bone
matrix (Martin, 2000). This theory agrees with previous experimental data that show that
remodeling is elevated when strains are either excessively low, or high enough to produce
damage.

A variety of animal models have been used in orthodontic tooth movement
research. Rat models are often used because they provide a relatively inexpensive and
easily obtainable species. A disadvantage of rat models however, is that delivering a
controlled orthodontic force to such small teeth presents some difficulties. Various
methods to produce orthodontic tooth movement in rats can be found in the literature.
The method described by Waldo (Waldo, 1953; Waldo and Rothblatt, 1954) in
which molars are moved with orthodontic elastic bands inserted between teeth has been
and is still widely used (Young, 1999; Zenter et a/2000; Yamashiro eta/., 2001).
Custom-made stainless steel wire appliances have been the choice in a large
percentage of orthodontic tooth movement stndies. The construction of these appliances
ranges from a simple rectangular standardized spring (Igarashi et a/., 1994) to more
sophisticated designs like Konoo's modified orthodontic cleats bonded bilaterally to the
occlusal surface of acid-etched maxillary first molars (Konoo et al., 2001), or fixed
orthodontic appliances cemented to rat incisors with bands soldered to an active spring
(Engstrom et al., 1988).
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In a study by Bridges et al. (1988), a 6 nun closed coil spring anchored by a 0.009-

inch stainless steel ligature was wired to the maxillary first molars and maxillary incisors.
This closed coil spring model has been the choice of several authors (Brudvik and Rygh
1993; Soma et al., 1999).

The forces used to move rat teeth have varied among studies and authors, even when
the same method or device was applied. To this day, the optimal amount of force for rat
tooth movement is still unclear.
Rygh (1972), applied a constant force of 5 to 25 g to move maxillary first molars. In
1988, Engstrom used an appliance delivering 50 g of force to open a space between rat
central incisors. It has been shown that a single one-hour activation of a 40 g device, on a
daily basis, is sufficient to produce tooth movement by the fourteenth day in a rat model
(Gibson et al., 1992). Kyomen applied forces of two different magnitudes: light, 10 g and
heavy, 40 g. In a separate study, the same group used a 50 g intrusive force to study root
resorption (Kyomen and Tanne, 1996; Lu et al., 1999). Studies by Bridges used a closed
coil spring to deliver an initial force of60 g (Bridges et al., 1988).

Mechanotransduction

Mechanotransduction is the process by which mechanical energy is converted into
biochemical or electrical signals. Almost all eukaryotic cells· are mechanosensitive.
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Physical forces have been shown to influence growth and remodeling in many tissues and
bone is not an exception.
Duncan

and

Turner

(1995)

define

four

different

phases

in

bone

rnechanotransduction: 1) mechanocoupling, the transduction of applied mechanical force
to a local mechanical signal. 2) biochemical coupling, the transduction of local
mechanical signals to biochemical signals. 3) transmission of signal, from a sensor cell
to an effector cell and 4) the effector cell response, the final tissue level response.
The mechanical loads imposed by normal use cause local deformations in bone
called strain. One J.!Strain equals 1 J.!m of deformation per meter of length. The bone
adaptive response in vivo seems to be directly proportional to the strain rate applied
(Turner et al., 1995). Dynamic loading of bone increases bone formation when peak
strains are greater than 1000 f.!Strain, but application of static loads that induce similar
static strains in vivo have no effect on bone formation (Rubin et al., 1984; Turner et al.,
1994).

One mechanism for mechariotransduction in bone is the extracellular matrixintegrin-cytoskeleton pathway. The cytoskeleton forms an intracellular structural
network, connecting the extracellular matrix with the cytoplasm and the nucleus and the
cytoplasm. Cells create an internal force through the cytoskeleton that transmits tension
to the extracellular matrix. This concept is comparable to the architectural system of
tensegrity (Ingber, 1993). Because of this cytoskeletal tension, mechanical stress would
be rapidly transmitted to the nucleus, thereby affecting gene expression. Recent studies
point to the existence of an elaborate intracellular structural system, that functionally
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connects the nuclei and the cytoskeleton of one cell, through the extracellular matrix, to
the cytoskeleton and nuclear matrix proteins of neighboring cells. This mechanism allows
cells to sense and respond to changes in the external microenviroment by functioning as a
syncytium-like unit. In this "tensegrity'' model, cells can respond immediately to
mechanical stresses sensed by cell surface receptors such as integrins, that physically
couple the cytoskeleton to the extracellular matrix (Wang et al., 1993; Ingber, 1997;
Chen and Ingber, 1999).
Integrins play a direct role in the cellular response to mechanical stress. In
endothelial cells under shear stress, integrins realign with the direction of the blood flow,
showing that cell adhesion is a dynamic mechanism that rapidly responds to mechanical
strain (Davies et al., 1994).
Integrins are a class of transmembrane adhesion receptors that are capable of not
only transmitting mechanical forces, but also transducing the information into
biochemical signals. Recent studies show that tyrosine phosphorylation was altered when
integrins were mechanically stressed (Schmidt et a/., 1998). Intracellular Ca++ was
reported to increase when beads attached to integrins were gently magnetically pulled
(Pommerenke et al., 1996). Mechanical twisting of integrins resulted in an increase of
ribosomes and mRNA in cell membrane focal adhesion complexes (Bierbaum and
Notbohm 1997).

Stretch-activated ion channels have been shown to function as mechanoreceptors by
several studies in different tissues (Hoyer et al., 1996, Laine et al., 1996, Kato et al.,
1998, Leknius et al., 1999). Moreover, mechanosensitive channels are strong candidates
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for the initial biochemical coupling mechanism of mechanical strain since they do not
need a second messenger (Sachs, 1988; Gillespie and Walker, 2001).
Studies by Duncan and Hruska (1994) showed that stretch-activated, cationnonselective channels increase their activity and single. channel conductance in rat
osteoblast-like cells upon chfonic, intermittent mechanical stretch . Mechanical strain also
enhanced stretch sensitivity of these channels and induced spontaneous channel activity,
indicating that intermittent, chronic stress primes the channels to respond to additional
perturbation. A study in vascular cells has identified the 18-ps cation channel as
responding with a multifold increase in channel activity upon application of pressure. The
opening of these channels leads to mechanosensitive Ca++ influx which, in turn, induces a
vasodilatory endothelial response by stimulation of nitric oxide production (Hoyer et a!.,
1996).
Other channels could also be involved in the osteoblastic response to mechanical
stress. Potassium-selective channels have been shown to respond to fluid shear in
vascular endothelium cells. These channels have been identified in osteoblasts, but their
mechanosensitivity remains to be determined (Olsen et al., 1988; Ypey el al., 1988).

Extracellular Ca++ is generally 1000-fold higher than the intracellular concentration.
The opening of Ca++ channels in response to stretch is, therefore, a powerful signal. The
instantaneous Ca++ increase experienced by osteoblasts upon stretch seems to initially
come from intracellular stores, followed by Ca++ entry through ion channels (Jones and
Bingmann, 1991).
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A direct mechanism of mechanotransduction might be via the deformation of the
plasma membrane that results in the activation of a molecule such as G protein that
triggers a cascade of biochemical events. Studies by Gudi show that G protein activation
represents one of the early mechanotransduction events in cardiac fibroblasts subjected to
mechanical strain (Gudi et al., 1998).
Deformation of the lipid bilayer may distort membrane receptors, thus altering the
conformational coupling between the receptor and ligand. Deformation can also expose
binding sites. Minimal deformation is needed to reduce the binding affinity of a receptor,
therefore a small deformation could have large effects (Zhu et al., 2000).

Mechanotransduction plays an essential role in the physiology of bone. Much
progress has been made toward a better understanding of the cellular and molecular
mechanisms of force transduction in this tissue. However, there are still many unknowns
in this complex biological process.

Plasma membrane disruption

The ability of the plasma membrane to reseal after sub-lethal cell wounding was first
used as an experimental method for loading foreign macromolecules into the cell
cytoplasm in vitro (McNeil et al., 1984; McNeil and Warder, 1987; McNeil, 1988).
McNeil in 1989 was the first to show cell membrane wounding and resealing in vivo
by brushing the luminal surface of mouse's stomach in the presence of fluorescein
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dextran (FDx) and documenting the uptake of this large molecule by the cells of the gut.
More importantly, in the same studies, he showed that this novel mechanism occurs not
only in mechanically damaged stomach and intestinal tissue, but also during
physiological conditions, such as the normal digestive processes (McNeil and Ito, 1989).
Plasma membrane disruption has been well documented in a variety of normal
tissues. Membrane wounds in fibers of eccentrically exercised muscle was shown by
using rat serum albumin as an endogenous "wound marker". A 6.9-fold increase in
intracellular albumin was detected in relative exercised to unexercised muscles in vivo
(McNeil and Khakee, 1992).
Release of · intracellular bFGF and initiation of growth in muscle damaged by
exercise has ·been proposed as a role for plasma membrane disruption in muscle.
Survivable disruptions of the plasma membrane were also recognized as a form of
endothelial cell injury in the normal aorta (Yu and McNeil, 1992). Experimental (tape
stripping and needle puncture) and physiological (animal locomotion) mechanical forces
also produce transient wounding of the plasma membranes of various cells of skin
(McNeil and Ito, 1990).

Other studies have shown that ultrasound induces plasma

membrane disruption in the corneal endothelium (Saito et al., 1999). When exposed to
noise, hair cells in the auditory papilla of the alligator took up much more of an
exogenous ''wound marker'' than hair cells that were not exposed (Mulroy et al., 1998).
It has been shown that the frequency of plasma membrane disruption directly
correlates with the level of mechanical stress applied in vivo and in vitro (McNeil1993).
Twenty percent of control cardiac muscle cells suffer plasma membrane disruption
during normal function. When heart rate and contractile force were increased
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pharmacologically, the numbers of wounded myocytes rose to -80% (Clarke et al.,
1995).
Survival after plasma membrane disruption requires a rapid membrane resealing
mechanism. Studies have suggested that for cells to survive, plasma membrane must
reseal within 15 seconds (McNeil and Steinhardt, 1997; Deleze, 1970; Steinhardt eta!.,
1994). If the wound remains open for a longer period of time, the cells will not survive.
This is mostly due to the influx of exogenous Ca++ down a concentration gradient of
around 103-fold (Steinhardt, 1994). Also, loss of important cell constituents can be lethal.
How does the plasma membrane reseal? Until recently, the plasma membrane
resealing process was thought to be a passive mechanism similar to the resealing of the
erythrocyte ghost, and resulted from the donation of portions of the adjacent hydrophobic
lipid bilayer (Papahadjopoulos et a/., 1977; Hoffman 1992). It has also been proposed
that cell membrane resealing may involve vesicle delivery, docking and fusion in a
process similar to the exocytosis of neurotransmitters (Steinhardt et a!., 1994). Exocytosis
and membrane resealing are inhibited by antagonists of the SNARE complex of proteins,
synaptobrevin, SNAP-25, and syntaxin (Bi eta!., 1995). Extracellular Ca++is required for
exocytosis and for plasma membrane resealing (Bi, 1995). Pre-existing vesicles from
internal membrane compartments have been shown to accumulate at the membrane
wound site, and to fuse with the disrupted plasma membrane (Miyake and McNeil, 1995).
Large disruptions (> 10 ).lm2) are able to reseal in nearly the same time frame as smaller
wounds.
In his studies, McNeil proposed two models for the rapid Ca++-dependent

mechanism of resealing. The first model proposes that small disruptions reseal by vesicle
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translocation from cytoplasm to the wound site, followed by exocytosis, leaving a
predominant vesicle-plasma membrane fusion. However, exocytotic fusion can not
rapidly reseal large disruptions. He proposed a second model where external Ca++
entering the cytoplasm through a large wound promotes vesicle-vesicle fusion to form a
large vesicular sheet across the wound. This model requires an organelle-organelle fusion
as well as exocytosis (Terasaki et al., 1997). This "patch hypothesis" can uniquely
explain survival of large plasma membrane disruptions and has been confirmed by
visualization with scanning electron microscopy (SEM) (McNeil et al., 2000; McNeil and
Baker, 2001).
It has been shown that a second wound at the same site reseals faster than the first

one. The mechanism for the second resealing is hypothesized to be due to new vesicle
formation from the Golgi apparatus. Ca++ entry through the first disruption activates PKC
to stimulate vesicle formation. In the first disruption the endocytotic compartment is used
to add membrane for resealing. This process requires a decrease in the surface tension
that is provided when new membrane is added (Togo, et al., 1999).

Interleukin 1 Beta

Bone resorption is an obligatory event during bone remodeling. One of the major
unexplained responses to orthodontic tooth movement is the relationship between
resorption of bone at the compression side and formation of bone at the tension side. How
do cells distinguish between pressure and tension? A speculative answer is that bone
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formation or resorption depends on cytokines produced locally by mechanically activated
cells, as well as the functional state of the available target cells. The immunolocalization
of interleukin-1~

(li-1~)

in the PDL of cat canine teeth after the application of a tipping

force, provided the first experimental evidence to support this hypothesis (Davidovitch et
al., 1988). Lynch, using a similar model, reported that in the early stage of tooth

movement (at 12 and 24 hours), PDL cells stained positive for Il-l~ (Lynch et al., 1986).

li-1~

is a potent osteoclast-activating factor that promotes bone resorption in vivo

and in vitro (Gowen et al., 1993; Sabatini et al., 1988). Gingival crevicular fluid (GCF)
levels of

Il-l~

were reported to increased at 1 and 24 hours after force activation in

human orthodontic tooth movement (Grieve et al., 1994). The authors speculated that
GCF composition reflects changes in the interstitial fluid ofPDL and surrounding bone.
Originally thought to be secreted only by activated macrophages,

Il-l~

has now

been found in many cell types including bone cells (Hanazawa et al., 1985; Jouncourt et
al., 1988). During orthodontic tooth movement, potential sources

ofli-1~

include cells of

the PDL such as fibroblasts and macrophages, as well as hard tissue cells such as
cementoblasts, cementoclasts, osteoblasts and osteoclasts (Grieve et al., 1986). Many
different types of cells are potential targets for Il-l f3 and possess Il-l receptors (Dower et
al., 1985 and 1986).

Like aFGF and bFGF,

Il-l~

also lacks the signal peptide sequence required for

secretion via exocytosis (Walter et al., 1986). This has led to the speculative hypothesis
that li-lf3 may not be secreted by an active mechanism, but may be passively released
upon cell injury (Gery et al., 1983; Hauser et al., 1986). Young addressed this hypothesis
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by expressing the

Il-l~

precursor constitutively in a fibroblast cell while keeping cell

damage to a minimum. Despite high level expression of the
transfected fibroblasts,
Il-l~

Il-l~

Il-l~

precursor within

was not secreted either as a precursor or as the mature form.

was present in the cytosol of transfected cells but was undetectable in the plasma

membrane or organelle fractions (Young et a!., 1998).

Basic Fibroblast Growth Factor

Bone remodeling can be defmed as the balance between the activities of boneforming osteoblasts and bone-resorbing osteoclasts. These two cell types are strictly
regulated by hormones and local factors.
Basic fibroblast growth factor (bFGF) has been well-characterized as a potent
regulator of bone formation in vitro (Canalis and Lian, 1988; Canalis eta!., 1988) and in

vivo (Mayahara et a!., 1993). It is mitogenic for osteoblastic cells and stimulates
endosteal bone formation. Basic FGF also inhibits osteoblast differentiated function and
lowers the expression of bone formation markers like alkaline phosphatase, osteonectin
and type I collagen (Rodan eta!., 1989; Hurley eta!., 1993).
Basic FGF may play a role in bone resorption in cultured fetal rat long bone
(Simmons and Raiz, 1991). Hurley proposed that the mechanism by which bFGF
regulates bone resorption might rely on its ability to initiate osteoclast formation (Hurley

eta!., 1998).
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FGF is synthesized by osteoblastic cells and stored in the bone matrix (Hauschka et
al., 1986; Globus et al., 1989). Until recently, the cellular and molecular mechanism for
basic FGF release was unclear, since the protein lacks the signal peptide for exocytotic
secretion (Abraham et al., 1986). This unusual characteristic of bFGF has led to the
hypothesis of its release from "dead', "damaged" or "injured" cells (Klagsbrum and
Vlodavsky, 1988; Thomas, 1988). McNeil and colleagues provided the first direct
experimental evidence to address these possibilities. Using the technique of "scrapeloading", they showed that growth factors are released from endothelial cells that suffer
plasma membrane disruption by mechanical forces (McNeil et al., 1989).
Consistent with these studies, Muthuktrishnan showed that a large amount of bFGF
was released by simply scraping endothelial cells and that cells that survived plasma
membrane wounding contained less bFGF on each subsequent disruption. These
observations have lead to the concept of bFGF as a "wound hormone" involved in
maintaning the tissue integrity and repairing plasma membranes after injury
(Muthuktrishnan et al., 1991).
Cell wounding has also been proposed as a novel and fundamental property of the
biology of the cardiac myocyte. Contraction-induced cardiac myocyte wounding releases
aFGF and bFGF (Clarke eta!., 1995). This transient alteration in membrane permeability
with release of bFGF has been proposed as a mechanism by which an increase in cardiac
myocyte mechanical activity could lead to hypertrophy of cardiac muscle (Kaye et al.,
1996).
Injury of the plasma membrane appears to be not only a mechanism for bFGF
release but also a stimulator of its expression. This was shown by Ku and D 'Amore when
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after scraping bovine aortic endothelial cells, they recorded a four to ten-fold increase in
the steady-state level ofbFGF mRNA (Ku and D 'Amore, 1995).

C-fos

Mechanical stress can upregulate the expression of c-fos mRNA and protein in
cultured fibroblasts Rosenfeld! et al., (1998). Fibroblasts cultured in collagen matrix
dramatically increased c-fos mRNA levels 50 to 60 minutes after matrix contraction was
initiated. This upregulation is Ca++ influx dependent . A study by Lean and colleagues
demonstrated an increase of c-fos mRNA in compressed caudal vertebrae by in-situ
hybridization techniques (Lean et

at.. 1996).Sirnilarly, this mechanically-induced c-fos

expression in a osteoblast cell line was shown to be mediated by cAMP (Fitzgerald and
Hughes-Fulford, 1999).
How does external mechanical stress lead to gene activation? A possible answer
may be "the damage sensor hypothesis" proposed by Grembowicz et at., (1999). Ionized
calcium enters a cell down an approximatly 10,000-fold concentration gradient through
the disrupted membrane, and this can be the sole induced messenger for the up-regulation
of c-fos. Thefos gene contains a Ca++-responsive element (Ghosh and Greenberg, 1995).
Also, plasma membrane injury will release enhancers or inhibitors of gene expression
that can act in an autocrine fashion. As was previously shown, growth factors can exit the
cytoplasm through the disruption of the plasma membrane. They can bind to cell surface
receptors on the same cells, as well as neighboring cells, to increase gene expression
(Grembowicz et at., 1999).
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The c-fos gene product acts as a transcription factor, AP 1, by forming a complex
with c-jun. The effect that a change in expression levels of immediate early genes, such
as c-fos has upon mechanical stress, is important, as this transcription factor affects the
transcription level of multiple downstream genes.

The following hypotheses will be used to evaluate the role of plasma membrane
disruption in orthodontic tooth movement.
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C. Hypothesis

Cells of the periodontal ligament experience plasma membrane disruption
during application of orthodontic forces. Mechanotransduction occurs when growth
factors are released through these disruptions. To explore this hypothesis, the
following specific aims were proposed in the present investigation:

1) To determine if plasma membrane disruption and resealing events occur in
periodontal ligament cells after orthodontic tooth movement.
Plasma membrane disruptions were detected by using serum albumin as an
"endogenous marker". The cells of the periodontium were assessed to see if they
contained albumin in their cytosol.
FITC-dextran and rhodamine were also used as wound markers.
Every "marked" cell was considered to have experienced membrane injury and
survived, otherwise they would not have intracellular albumin or contain exogenous
dyes.

2) To determine whether bFGF and 11-113 are released following membrane
disruption.
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hnmunohistochemical techniques were performed to localize and measure relative
intracellular and/or extracellular levels of these two polypeptides in stressed versus
nonstressed teeth in rats in vivo.

3) To qualitatively assess the response of periodontal ligament cells to the plasma
membrane disruption.
Electron micrographs were compared from the compression, tension, distal and
mesial side of first molar root in orthodontically stressed versus nonstressed rat molars in
vivo.

4) To determine if plasma membrane disruption after orthodontic tooth movement

upregulates c-fos and bFGF mRNA expression.
In-situ hybridization techniques were performed using

bFGFmRNA

sp~cific

probes for c-fos and

MATERIALS AND METHODS

Spring Design

In preliminary studies, several different orthodontic appliances were tested. These

designs included the one described by Waldo and Rothblatt (1954), in which molars are
moved with an orthodontic elastic band inserted interproximally between the teeth.
Figure I shows some of the different spring designs used in the pilot experiments. Some
of these were difficult to construct while others could not deliver a consistent force due to
anatomical differences in the rats.
To avoid these problems, a spring was designed that applied a lateral tipping force.
It was easy to calibrate, and the force it delivered to each animal was determined by

simply measuring the maxillary intennolar distance.
A stainless steel round orthodontic wire (0.018 inch diameter, Sybron Dental
Specialties, Glendora, CA) was bent into a rectangular spring with one helical loop. The
schematic occlusal view of the orthodontic appliance is shown in Figure 2. In Figure 3
the activated appliance is shown applied in the rat maxilla. Preliminary testing of the
spring was conducted with a Vitrodyne VlOO Universal Tester (Chantillon & sons,
Greensboro, NC). The calibration results indicated that approximately 1 and 5 mm of
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activation would deliver 10 and 50 grams, respectively, of lateral force to the first
maxillary molars.
Fifty springs of this type were constructed. Testing of the individual springs was
conducted on the Vitrodyne V1000 Universal Tester to determine the force delivered by
each appliance (Figure 4). When compressed by the Vitrodyne, each spring produced a
force that was proportional to compression distance (Figure 5). From the graph, it was
possible to determine the distance a spring needed to be compressed in order to exert
either 10 or 50 grams of initial expansion force. Each spring was customized to
individual animals by measuring the intermolar distance and reading from the forcedisplacement graph. The springs were then modified according to that result, to deliver
the required force. Each animal's maxillary first molars served as the experimental teeth.
Under general anesthesia, a small circular depression in the enamel of the lingual
side of the crown of the right and left upper first molar was made utilizing a small round
diamond burr in a dental handpiece at slow speed (Figure 6). The springs were engaged
in the depressions so that the appliance could not be dislodged during the experiment and
so that the force was primarily delivered in the lingual to buccal direction (Figure 7). The
control group followed the same protocol but no spring was placed across the maxilla.
The animals, a total of 70 Harlan retired breeder female rats with an average body weight
of 300± 2 g (mean± SD), were anesthetized using a rodent anesthesia mixture: One and a
halfml ofKetamine HC1150 mg (100 mg/ml) were mixed with 1.5 ml ofXylazine HCl
30 mg (200 mg/ml) plus 0.5ml of Acepromazine 5 mg ( 10 mg/ml), for a total of3.5 mi.
The administered dosage was 0.5 - 0.7 mllkg administered intramuscularly. C.AU.R.E
approval# 95-09-014.

Figure 1: Some of the different spring designs used in the preliminary studies. Stainless
steel round orthodontic wire was used to construct the springs. Wire of several different
diameters (0.012, 0.016, 0.018 inch, Sybron Dental Specialties, Glendora, CA) were
formed into springs and tested.

Figure 2: Schematic representation of the orthodontic appliance used for lateral
movement offirst upper molars.

Figure 3: Occlusal view of the activated appliance set on the rat maxilla. The initial
expansionalforce was adjusted to 10 or 50 g.
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Figure 1

Figure 2

Figure 3

Figure 4: Calibration of the springs with a Vitrodyne VIOO Universal Tester.

Figure· 5: Graph depicting distance (displacement in pm) versus force (load in grams).
Each spring was customized to individual animals by measuring the intermolar distance
and reading from the graph.

Figure 6: A small circular depression in the enamel of the lingual side of the crown of the
right and left upper molar was made utilizing a round diamond burr in a dental
handpiece.

Figure 7: Placement ofspring between right and left maxillary first molars.
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Preparation of sections

Imunollistocllemestry

Under deep general anesthesia, the animals were perfused transcardially with 120 ml
of heparinized 0.02M phosphate buffered saline to remove as much extracellular albumin
as possible. This was followed by 40 ml of 10% formalin soluti()n producing euthanasia.
Using a low speed saw (Isomet Buehler Ltd., Lake Bluff, IL) under water irrigation, the
maxilla was isolated, soft tissue was removed from the maxillae bone and split in two
halves along the palatal suture. Each half was placed in 10% buffered formaldehyde
solution overnight. The specimens were demineralized in an EDTA decalcification fluid
(41.3 g disodiurn EDTA, 4.4 g NaOH in 1000 ml distilled water) for six weeks at 4 C0 •
The specimens were then dehydrated using ascending concentrations of ethanol, cleared
in xylene and embedded in paraffin. Serial 5-l 0 1-1m thick sections were cut parallel to the
occlusal plane of the molars through the molar roots, from the mesial of the first molar to
the distal of the third molar, before mounting on microscope slides. These sections were
cut from the lowest one-fifth of the root tip, in order to have sections representing the
maximum tipping force with lingual compression and buccal tension (Figures 8, 9 and
10). The sections were then mounted on microscope slides for immunohistochemical
localization of albumin, Il-lp, and bFGF.

Figure 8: Schematic view of an orthodontic tipping movement on a single rooted incisor.

Figure 9: Schematic drawing of rat maxillary molars as seen in the sagital plane. The
solid black horizontal line shows were the sections were obtained from the lowest onefifth of the root tip end. M1, first molar; M2, second molar; M3, third molar. Modified
from Yamashiro eta/., 2001.

Figure 10: Schematic drawing of a horizontal section of a rat maxilla. Serial 5-10 Jlm
thick sections were cut parallel to the occlusal plane. Ml, first molar; M2, second molar;
M3, third molar. Modified from Yamashiro eta/., 2001.
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Transmission Electron Microscopy

For transmission electron microscopy (TEM), maxillae samples were fixed in 2%
gluteraldehyde, 2% paraformaldehyde in O.lM phosphate buffer pH 7.4 and decalcified
for eighteen days (EDTA, 2% gluteraldehyde in 0.1 M Sorensen's phosphate buffer pH
7.2), fixed in 1% osmium tetroxide in distilled water and embedded in Epon 812.
Specimens were then trimmed to leave one root from the first upper molar to be cut in 1
1ffi1 thick sections with glass knives and to correctly orient each specimen. Ultrathin

sections (120 nm) were cut with a diamond knife using a Reichert Ultracut E
Ultramicrotome (Reichert Scientific Instruments, Buffalo, NY), stained with a fresh
mixture of equal parts acetone and water-saturated uranyl acetate and mounted on nickel
200 mesh thick/thin grids coated with a formovar membrane (EM Services, Augusta,
GA). Sections were stained with 1% uranyl acetate before viewing with a Zeiss EM902
electron microscope.

Immunoelectron microscopy

Animals used for the gold labeling microscopy procedure were perfused with
heparinized phosphate-buffered saline followed by 4% glutaraldehyde and decalcified
and cut as described above for TEM. To block non-specific binding sites, a nickel grid
with sections facing down was floated on a drop of 1% casein in phosphate buffered
saline solution for 30 minutes at room temperature. After excess blocking solution was
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removed, sections were incubated overnight at 4• C in 1:1000 specific goat anti-rat serum
albumin (Nordic Immunological Labs, San Clemente, CA). Grids were then rinsed and
gently blotted. Grids were next transfered to a drop containing a 1:20 dilution of 10 nm
colloidal gold-conjugated antibody (Chernicon International, Temecula, CA) for 2 hours
at room temperature. Samples were washed with distilled water and counter-stained with
uranyl acetate before viewing with a Zeiss EM902 electron microscope.

Fluoresce11ce microscopy

FITC-dextran and Rhodamine-dextran were used as "exogenous markers" for
plasma membrane disruption.
For single label fluorescence microscopy, 12.5 Jlg/ml FITC-dextran/saline solution
was delivered by means of a infusion pump (Harvard Apparatus, South Natick, MA) at a
rate of 0.250 ml/min into the vascular system via the right carotid artery (Figures
of the infusion
was one minute,
11,12,13 and 14) of anesthetized rats. The duration
.
.
followed by application of a 50 g force orthodontic spring for 5 minutes. After the 5
minutes, the spring was removed and the animal decapitated. The animals were perfused
with isotonic saline solution via the right carotid artery to remove all excess fluorescent
dye from the blood vessels and interstitial fluid. Tissues were then fixed by formaldehyde
perfusion. The maxilla was removed as described for the immunohistochemistry
experiments and separated into right and left halves. Using a low speed handpiece with a

Figure 11: Isolation of the common carotid artery in tJ:e rat. The first landmark to be
found was the trachea.

Figure 12: Carotid artery and vagus nerve. The carotid artery was separated from the
vagus nerve.

Figure 13: Isolation and ligation of the common carotid artery. The artery was ligated
before a small incision was made to permit the entry of a polyethylene (PE I 0) cannula.

Figure 14: Introduction of a cannula connected to the infusion pump to deliver the
fluorescent dyes.
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diamond burr, molar crowns were excised from the maxillae and bone was removed until
roots became visible. The remaining portions of the maxilla containing the roots were
mounted on microscope slides.
Cells of the PDL that suffered membrane disruption, and thus became labeled with FITCdextran, were identified and photographed on a confocal scanning laser microscope
(Molecular Dynamics System, Sunnyvale, CA) and a Nikon Diaphot 200 inverted
microscope at the Medical College of Georgia Imaging Core FacilitY. The fluorescence
of the FITC-dextran was excited at 488nm and captured with a 530/30-nm bandpass
filter. Optical sections were collected in 0.5 J.lm increments in the Z-axis.

For the double label experiments, two different springs were made following the
same design as described above, but adapted to be placed in the occlusal surface of the
molars. Each spring was calibrated using a Vitrodyne VlOOO Universal Tester. One
spring moved the molars from lingual to buccal (pushing out) and the other from buccal
to lingual (pushing in) to create two opposite tension and compression areas. Under
anesthesia, a small circular depression was made in the oclussal surface of the first upper
molars. Saline solution containing 12.5 J.lg/ml FITC-dextran (green dye) was delivered
into the vascular system for one minute before activation of the first spring (this device
moved molars from lingual to buccal); after 5 minutes, the spring was removed followed
by infusion of 5 ml of saline solution to wash any excess dye from the vasculature. A
second dye, rhodamine-dextran/saline solution (red dye), was infused for one minute. The
second spring, designed to move the molars from buccal to lingual. was activated for 5
minutes. After removal of the spring the vasculature was rinsed with 5 ml of saline
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solution, and without taking the cannula from .the carotid artery, the animal was
decapitated and the head perfused with 50 ml of saline solution followed by formalin.
Each dye was delivered for a total of 6 minutes. Maxilla was isolated as previously
described. The fluorescence of the rhodamine dye was excited at 570 nm and the emitted
light captured with a 595/30-nm bandpass filter.

For the FITC-dextran!Hoechts experiment, a cannula was inserted in each common
carotid artery and FITC-dextran was delivered to each artery for one minute. This was
followed by 5 minutes of spring activation. After removing the spring, 10 J.lg/ml of
Hoechts dye was infused for 3 minutes. Without taking the cannula from the carotid
arteries the animal was decapitated and perfused with phosphate buffered saline (PBS)
solution followed by formalin before viewing with a Zeiss LSM 510 confocal laser
scanning microscope equipped with a Coherent Mira 900 tunable Ti:sapphire laser for
multi-photon-excitation.

Western Blot Analysis

Western blot analysis was used to determine the specificity of the albumin antibody.
Under general anesthesia, gingival and palatal tissues were extracted from a Harlan
retired breeder female rat. Samples from the soft tissue (periodontal ligament and
gingiva) of the rat maxilla were homogenized in a solution containing 10 mM Tris-HCL
(pH 7.4), 0.5mM dithiothreitol, 1 mM EDTA, and 5 mM benzarnidine. Rat plasma was
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also processed for Western blot analysis as a control. Each tissue and plasma sample was
assayed for total protein using the BCA protein assay (Pierce Inc., Rockford, IL).
Samples were compared to protein standard concentrations and combined 1:1 with a 2X
sample buffer containing 100 mM Tris-HCL (pH 7.4), 4% sodium dodecylsulfate (SDS),
10% mercaptoethanol, 20% glycerol, and 0.2% bromophenol blue. Samples containing
20

~J.g

of protein were applied to each lane of a 7.5% SDS-polyacrylarnide gel prepared
'

by the method of Laemmli (Laemmli, 1970). Marker proteins of known molecular weight
were loaded on the sample gel for comparison to sample proteins. After approximately 45
minutes of electrophoresis, proteins were transferred to nitrocellulose membrane via a
Trans-blot apparatus (Bio-Rad, Richmond, CA). Transferred proteins were processed for
immunodetection of albumin by an avidin-biotin-peroxidase technique similar to that
used for immunohistochemistry. The nitrocellulose membrane was rinsed in PBS (pH
7.4) at room temperature before incubation for 5 minutes in 3% H 20 2. The blot was then
rinsed in PBS and incubated with 10 mg/ml casein in PBS for 1 hour with gentle shaking.
This solution was removed and a 1:5000 dilution of sheep anti-rat albumin antibody in
PBS was applied to the blot for 1 hour. The blot was washed thoroughly with PBS-0.05%
Tween-20 (PBS-Tween) before incubation in a 1:200 dilution of biotin conjugated rabbit
anti-sheep antibody for 30 minutes. The blot was washed in PBS-Tween before
incubation with the avidin-peroxidase complex solution for 30 minutes. After washing in
PBS-Tween, the blot was incubated with H202 in the presence of the DAB substrate
solution for 2 minutes and the reaction was terminated with deionized water.
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In-Situ Hybridization

Basic FGF eDNA was kindly provided by Dr Carlos !sales, Medical College of
Georgia. The oligo nucleotide sequence was: ·ccT CGG GCA AGG CGG GCA GCG
TGG TGA TGC TCC CGG CTG CCA and was selected from the open reading frame.
A single-stranded oligonuceotide antisense probe was also chemically synthesized
and biotinylated by the MCG Molecular Biology Core Facility, for the detection of c-fos
mRNA. The sequence of the c-fos probe was: XGG ATG ACG CCT CGT AGT CCG
CGT TGA AAC CCG AGA ACA TCA T.
In-situ hybridization was carried out by means of a catalyzed signal amplification

system for in-situ hybridization for biotinylated probes using the Dako Genpoint kit
(Dako corporation, Carpinteria, CA) according to the manufacturer's instructions. Before
hybridization, tissue sections were de-paraffinized in xylene, hydrated through
descending concentrations of alcohol and diethyl pyrocarbonate (DEPC)- treated water.
Sections were treated with a pre-warmed solution of proteinase K (40 IJ.g/ml) in a
phosphate buffered solution (PBS) pH 7.4 at 37° C for 10 minutes. Sections were then
rinsed three times with distilled HzO for 2 minutes each. Sections were then immersed in
a freshly made solution of 0.3% HzOz in methanol for 20 minutes at room temperature
followed by a 10 minutes wash in distilled H20. To block nonspecific binding of
Biotin/Avidin System components, Avidin and Biotin blocking solutions (Vector
Laboratories, Burlingame, CA) were applied to the sections for 15 minutes each and
rinsed in PBS. Section were then pre-hybridized with the hybridization buffer without the
probe (4M NaCl, formamide 200 !J.IIml, 5X Denhardt's solution, 0.05M tris-HCL pH 8.0
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and sonicated herring sperm DNA 10 mg/ml) under coverslips in a thermo cycler
(Ericomp Company) set at 55° C for 1 hour. After the coverslips were removed by
inmersion in PBS, sections were covered with hybridization buffer plus 1 f.tg/1 00 f.ll of
the probe. After removing the coverslips, slides were incubated in a pre-warmed (55° C)
strigent solution 1 ml/50ml H2 0 (Dako Genepoint) for 20 minutes at 55° C. To reduce
non-specific background staining. Sections were incubated in Tris-buffered saline
solution (TBS) for 5 minutes and detected as follows: Sections were incubated in 1:500
primary streptavidin-HRP (Dako Genpoint) for 15 minutes, then washed in five changes
of TBS of three minutes each, followed by the 15 minutes in biotinyl-tyramide solution.
Sections were washed in TBS before applying secondary streptavidin-HRP for 15
minutes. Sections were developed by exposure to diaminobenzidine (DAB) and
counterstained with Mayers hematoxylin for three minutes followed by 3 changes of 3
minutes each in DEPC treated water followed by dehydration in ascending concentrations
of ethanol to xylene, and coverslipped with Permount.
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Immunohistochemistry

Albumin

A specific sheep anti-rat serum albumin antibody, was the kind gift of Dr P. McNeil,
Medical College of Georgia. This particular antibody was used for the first part of the
project, where light and heavy force wire springs were activated for 6 hours. Rat serum
albumin was used as an "endogenous marker" for plasma membrane disruption.
The tissue sections used for intracellular albumin localization were stained by means
of a modified avidin-biotin-peroxidase technique (Hsu et. a/., 1981; Barke et al, 1987).
Briefly, the paraffinized sections on poly-L-lysine-coated slides were deparaffinized in
limonene and hydrated in descending concentrations of ethanol. Endogenous peroxidase
activity was blocked by 3% hydrogen peroxide. Non-specific binding of antibodies to
tissue sections was blocked by 10 mg/ml casein. Sheep anti-rat albumin conjugated to
HRP was used to detect intracellular albumin at a dilution of 1:2000. Antibody bound
albumin was visualized by exposure of sections to diaminobenzidine (DAB) which, in the
presence of hydrogen peroxide, is reduced to form a brown precipitate. After this, the
sections were dehydrated in ascending concentrations of ethanol to xylene, and
coverslipped with Permount.
For the five minute spring activation experiments, the tissue sections were processed
by means of a modified avidin-biotin procedure as described above, except that a nonHRP conjugated sheep anti-rat albumin (Accurate Antibodies, Westbury, NY) was
applied to the sections at a dilution of 1:2000 for 1 hour. Control sections were processed
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with normal sheep serum substituted for the anti-albumin antibody. After washing in
PBS, a 1:200 dilution of the secondary biotin conjugated rabbit anti-sheep Ig antibody
CA) was applied for 30 minutes.
(Vector Laboratories, Burlingame,
.
.

I11terleuki11-l p

A specific anti-rat Il-1P polyClonal purified antibody (Endogen, MA) was used to
localize intracellular Interleukin 1-P by modified avidin-biotin immunoperoxidase
techniques (Hsu eta/., 1981; Borke et al., 1987). Sections were not counterstained with
hematoxylin after being stained with DAB for image analysis.

BasicFGF

A specific anti-rat basic FGF polyclonal purified antibody (Chemicon, Temecula,
CA) was used to localize intracellular basic FGF by routine avidin-biotin
immunoperoxidase techniques. Serial sections were counterstained with Mayer's
hematoxylin for histological identification.
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Quantitative analysis of intracellular albumin, R-lP and bFGF

Densitometric evaluation of immunostained of rat periodontal ligament (PDL) were
performed by means of an Olympus BX40 microscope (Olympus Optical Co, Ltd.,
Tokyo, Japan). Microscope illumination intensity and magnification remained constant
during the acquisition of images via a mounted video camera. The first root of each
sample was captured and the optical density of immunoreactions at the tension,
compression, mesial and distal sides of the most mesial root of the maxillary first molar,
was measured using Image Tool software (University of Texas Health Science Center,
San Antonio, TX). Areas of identical size (64 pixel squares) were outlined in each image
and digitized by the program to yield light intensity levels ranging from 0 (black) to 255
(white). The light intensity per outlined area was recorded and logged directly into an
Excel spreadsheet for further analysis. In the 6-hour experiment, 6 measurements from
each maxillary first molar most mesial root (3 for tension, 3 for compression) were
obtained. Tissues from a total of 20 experimental animals and 10 control animals were
analyzed.
For the experiment where the orthodontic forces were only applied for 5 minutes, we
obtained 12 measurements from each animal (3 for tension (buccal), 3 for compression
(lingual), 3 for mesial and 3 for distal). A total of 7 experimental and 7 control animals
were analyzed.

39

Statistical Analysis

A nested repeated measures factorial analysis of variance model was used to
.determine if differences in the mean readings existed between areas and groups. Two
hypotheses were of interest: within each group (control and experimental) did differences
exist between the 4 sides of each root (compression, distal, mesial, and tension), and
within each side did differences exist between groups. A Tukey multiple comparison test
was used to determine statistically significant differences within groups between sides or
within groups. The significance level was set at p<0.05 prior to testing. The variability
between samples was taken into account. Any statistical significance in the group x side
interaction exceeded that between samples from the same group or side.

'·

RESULTS

Western Blot Analysis

Western blot analysis was used to determine ifthere was any cross-reactivity of the
anti-albumin antibody with other proteins of the rat maxilla.
The specificity of the sheep anti-rat albumin was confirmed by Western blot analysis
(see Figure 15). The blots showed a single band in both maxilla tissue homogenates and
in rat plasma corresponding to the known molecular weight of albumin (-66KDa). No
cross-reactivity was seen with proteins of either higher or lower molecular weight.

Immunohistochemistry

Albumin

The distribution of intracellular albumin was measured in sections of the rat
maxillae after application of light and heavy spring force for 6 hours. We chose to use
serum albumin, an endogenous marker, which is not found within cells unless plasma
membrane
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Figure 15: Western blot analysis demonstrating the specificity of the sheep anti-rat
albumin antibody. lmmunostaining of rat maxillary soft tissue homogenate (lane T) and
rat plasma (lane P) shows single bands corresponding the molecular weight of albumin.
Lane M contains biotinylated marker proteins (in KDaltons).
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disruption has occurred. Tissue sections showed apparent tension and compression
effects in both of the experimental groups, and also showed a distinct difference in the
staining intensity between control and experimental animals. Figure 16 represents a low
magnification micrograph of a first molar root tip after 6 hours of light (10 g) spring force
activation. Figure 17 shows a first molar root tip following 6 hours of heavy (50 g) spring
force activation and Figure 18 shows a first molar root tip from the control animal (no
external force).
Figures 19,20 and 21 show the quantification ofthe relative amounts of intracellular
albumin in rat PDL cells.
A statistically significant interaction between groups (control, light and heavy force)
and sides (mesial and distal) was found (p= 0.0002). Significant differences within each
group were found between sides. Within the light force group, the compression side
showed a significantly lower mean reading than the tension side (p=0.0143, Figure 19).
For the heavy group, the compression side had a significantly lower (Figure 20) mean
density compared to the tension side (p=0.0002) There were no statistically significant
differences (Figure 21) in the mean antibody density between the two sides within the
control group that corresponded to the compression and tension sides in the experimental
groups. Statistically significant differences within each side between groups were also
found. In the compression side, the control group had a significantly higher mean reading
than the light (p=0.0001) and the heavy (p=0.0001) groups. These data are summarized in
Table 1.
Intracellular albumin was also studied in sections of rat maxilla after a heavy force
(50 g) spring was applied for 5 minutes. Tissue section showing immunolocalization of

Figure 16: Horizontal sections offirst upper molar roots. The sections are stained with a
specific antibody against rat serum albumin. First molar root tip after 6 hours of spring
activation (1 0 g initial force), shows localization of albumin in the buccal (tension) side
(b-t) and lingual (compression) side (l-c). Dentin (D), periodontal ligament (PDL},
alveolar bone (B).

Figure 17: First molar root tip after 6 hours ofspring activation (50 g initial force).

Figure 18: First molar root tip from the control group (0 gforce).
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Figure 19: Mean density of albumin antibody stain via image analysis showing a
statistically significant difference between compression and tension sides when a light
(I 0 g) force was applied. A nested repeated measures factorial analysis of . variance
model was peiformed. The values are means i: Std. Error, n =I 0. The significance level
was set at P<0.05. In the experimental group, the lingual side corresponds to the
compression side and buccal side to the tension side.

Figure 20: Tension side of the tooth root had a significantly higher mean reading than
the compression side when a heavy (50 g) force was applied.

Figure 21: In the control group no statistically significant differences between the buccal
(b) and the lingual(/) sides were found.
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Table I: Semi-quantitative analysis of intracellular albumin in cells of the rat PDL after 6
hours of spring activation

Group
Control (0 g)
Light (10 g)
Heavy (50 g)

Mean
34.3 ± u•
29.2 ± 1.1 b
33.3 ± 1.6a

Side
Lingual (Compression)
Buccal (Tension)

27.3 ± 1.3b
31.0 ± 1.5 3

Group xside
Light

Lingual (Compression)
Buccal (Tension)
Heavy

23.3 ± 2.0°
28.5 ± 2.3 b

Lingual (Compression)
Buccal (Tension)
Control

24.1 ± 2.4°
31.6 ± 2.8·

Lingual
Buccal

34.4 ± 2.o•
32.9 ± 2.8 3

Groups identified by different superscript letter are significantly different (p<0.05).
Groups identified by the same superscript letters are not significantly different (p>0.05).

Figure 22: Immunohistochemistry of rat maxillary first molar root tips. Negative control
section showing no PDL staining in the absence of anti-albumin antibody (x25).

Figure 23: Higher magnification (xi 00) micrographs of the buccal area from the same
PDL seen in Figure 22 showing no background staining.

Figure 24: Higher magnification {xlOO) micrographs of the lingual area from the same
PDL seen in Figure 22 showing no background staining.
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Figure 22

Figure23

Figure 24

Figure 25: Tissue section showing immunolocalization of albumin in the PDL from a
tooth after 5 min of 50 g force loading and 2hr recovery (x25).

Figure 26: Higher magnification (xi 00) micrographs of the buccal (tension) area from
the same PDL seen in figure 25 showing intracellular localization ofalbumin.

Figure 27: Higher magnification (xJOO) micrographs of the lingual (compression) area
from the same molar root seen in figure 25 showing intracellular localization of albumin.
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Figure 28: Tissue section from a control rat where teeth were not loaded showing no
apparent localization of albumin in PDL (x25) when stained with anti-albumin antibody.

Figure 29: Higher magnification (xJOO) micrograph of the buccal area from the same
root as seen in Figure 28.

Figure 30: Higher magnification micrograph (xi 00) of the lingual area from the same
PDL as seen in Figure 28.
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albumin in the PDL can be seen in Figures 22 to 30. These sections showed an apparent
tension effect in the experimental group. Figure 31 shows the quantification of the
relative amounts of intracellular albumin in rat PDL cells. A statistically significant
interaction between groups and sides was found (p=0.0023). Significant differences
within the experimental group were found between compression and tension sides, but no
statistically significant results between sides were found for the control group. For the
experimental group, the tension side showed a significantly higher mean antibody density
than the compression (p=0.0050), the distal (p=0.0013) or the mesial (p=0.0003) sides.
V{ithin the tension side, the control group had a significantly lower mean density than the
experimental group (p=O.OOOl). As shown in Table 2.

l11terleukill

1-P

Figures 32 to 34 show the relative amount of intracellular Il-lP in PDL cells from
the experimental and control groups. Statistically significant differences within the light
(1 0 g) force group were found between compression versus tension sides, but no
statistically significant differences between sides were found for the control or heavy (50
g) group. For the light group, the mesial side showed a significantly higher mean density
than the compression (p=O.OOOl), the distal (p=O.OOOl) and the tension (p=0.0013) sides.
Statistically significant differences within each side (i.e. compression vs. tension)
between groups (0, 10, 50 g) was also found. In the compression side, the control group
had a significantly higher mean density than the light (p=0.0035) and the heavy

Figure 31: Statistical analysis of intracellular endogenous albumin after jive minutes of
50 g spring activation. A nested repeated measures factorial analysis of variance was
peiformed. The values are means :f: Std. Error, n=7. The significance level was set at
P<0.05. In the experimental group, the lingual side corresponds to the compression side
and buccal side to the tension side.
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Table II: Semi-quantitative analysis of intracellular albumin in cell of the rat PDL after 5
minutes of spring activation.

Group

Control
Experimental

Mean
o.o ± o.8•
4.1 ± 1.4b

Lingual (compression).
Distal
Mesial
Buccal (tension)

o.9
1.3
o.9
5.1

Side
±
±
±
±

1.8.
1.8•
1.8.
1.6b

Group x Side

Control
Lingual
Distal
Mesial
Buccal
Experimental
Lingual (compression)
Distal
Mesial
Buccal (tension)

o.o
o.o
o.o
o.o
1.8
2.5
1.8
10.2

± 1.5•
± 1.8•

± 1.8•
± u•
±
±
±
±

3.2·
3.2•
1.7.
2.5°

Groups identified by different superscript letter are significantly different (p<O. 05}.
Groups identified by the same superscript letters are not significantly different (p>O. 05).

Figure 32: Statistical analysis of relative amount of II 1-fJ in PDL cells from the
experimental and control groups. A nested repeated analysis of variance was performed.
The values are means :t Std. Error, n= 10. The significance level was set at P<O. 05. In the
experimental group, the lingual side corresponds to the compression side and buccal side
to the tension side.

Figure 33: Comparison of II 1-fJ between control, light and heavy force experimental
groups in the buccal (tension) side.

Figure 34: Comparison of II 1-fJ between control, light and heavy force experimental
groups in the lingual (compression) side.
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(p=0.0452) force groups. Within the mesial side, the heavy side had a significantly lower
mean reading than the control group (p=0.0001) and the light (p=0.0001) group. Finally,
within the tension side, the control group had a significantly higher mean reading than the
heavy group (p=0.0014). Data are shown in Table 3.

bFGF

The distribution of intracellular basic FGF was measured in sections of rat maxilla
after application oflight (1 0 g) and heavy (50 g) spring force for 6 hours.
The interaction term between groups and sides was not statistically significant
(p=0.0854) indicating that the effect seen in each side was not different across groups (0,
10 and 50 g forces). Statistically significant differences within the light and heavy
compression groups were found between locations. Within the light group, the distal side
showed a significantly higher mean area than the tension side (p=0.0111). For the heavy
group, the mesial side had a significantly higher mean area than the compression
(p=0.0229) and tension (p=0.0283) sides. There were no statistically significant
differences in the mean area between the sides within the control group. There were no
statistically significant differences in the mean area of each side · between force
application groups.
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Table ill: Semi-quantitative analysis of intracellular inter!eukin 1-P in cell of the rat PDL
after 6 hours of spring activation.

Group

Mean

Control
Experimental

15.9 ± o.8"
20.0± 1.4b

Lingual
Distal
Mesial
Buccal

17.9 ±
15.6 ±
15.7 ±
20.6 ±

Side

1.8"
1.8"
1.8"
1.6b

Group x side

Control
Lingual
Distal
Mesial
Buccal
Experimental
Lingual (compression)
Distal
Mesial
Buccal (tension)

16.9
15.6
15.7
15.5

± 1.5"
± 1.8"
± 1.8"
± 1.5"

18.8 ± 3.2"
18.1 ± 3.2"
17.4 ± 1.7"
25.7 ±2.5 b

Groups identified by different superscript letter are significantly different (p<0.05).
Groups identified by the same superscript letters are not significantly different (p>O. 05).
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In-situ hybridization

The aim of this procedure was to detect mRNA expression of the early gene c-fos
and bFGF and relate the expression of these genes to plasma membrane disruption.
This technique presented several difficulties. First, the bone maxilla would not
remain attached to the slides during the hybridization step. Variations in the in-situ
protocol were used to try to solve this problem. Second, for those sections that remained
attached, this technique did not work with the bFGF probe. The c-Jos probe worked in
only a few slides from each group. Observations of sections stained by this technique are
therefore only descriptive.

In Figure 35, a specific localization of c-fos mRNA can be seen in bone lining cells on
the tension side.

TEM visualization of plasma membrane disruption in periodontal ligament cells

Plasma membrane disruption is defined as an interruption in the continuity of the
bilayer membrane. To visualize this, each of the three roots from the heavy, light and
control groups were divided into four zones: lingual (compression), buccal (tension),
mesial and distal. Note that tension and compression at the root tip are opposite in
location to that experienced by the PDL at the base of the crown, due to root tipping
(Figure 8). Low and high magnification transmission electron micrographs (TEM) were

Figure 35: In situ hybridization technique performed in a tissue section from a first
maxillary molar after 5 minutes of spring activation using c-fos probe. Anti-sense probe
binding to the tension side showing specific localization of c-fos mRNA in bone lining
cells. PDL (Periodontal ligament). Arrows point out bone lining cells.

Figure 36: Sense probe hybridization to the tension side showing an absence of specific
mRNA localization.
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taken from each side. We compared each side within a root and also the same side from
animals from the three groups (0, 10, 50 g of force).
The size of the disruption incurred. is an·important issue. At a minimun, they must be
approximately 7.4 nm, that is the approximate molecular diameter of albumin (Durbin,
1960). However, the probability of albumin passing through a "pore" that has the same
diameter as itself is infinitely small. This increases as the "pore" times the diameter of
albumin. Thus, it is reasonable to assume that a membrane disruption would have to be at
least 7.4 nm x 7 = 52 nm wide to permit significant unrestricted albumin diffusion
(Goldstein and Solomon, 1960).

In both of our experimental force groups, differences between compression and
tensile sides where observed. The tension side was characterized by a fewer number of
cells, when compared with the tension side of the control group (Figure 37 and 38 versus
39).

In the compression side of molar roots that were "tipped", an even lower number of
cells were observed (Figures 40 and 41). In some sections, collagen fibrils were closely
associated with large wounds in the plasma membrane as seen in Figure 40. Collagen
fibers were randomly oriented on the compression side, in contrast to what is seen in the
tension side. In the control animal only a few small wounds were identified among a
large number of "healthy'' looking cells (Figure 42). Qualitative differences between the
sides was not detected.

Figure 37: Transmission electron micrograph of the PDL of an experimental animal from
the light force (10 g) experimental group. Force was applied for 6 hours. Low
magnification view of the lingual (compression) side of the PDL. This area is seen to be
devoid offibroblasts and appears to consist of some collagen fibrils only. Magnification
X 4000. Bar 2 pm.

Figure 38: Transmission electron micrograph of an experimental anima/from the heavy
force (50 g) group. Force was applied for 6 hours. Collagen fibrils oriented in different
directions (asterisk) are closely associated with plasma membrane disruptions. These
highly oriented collagen fibrils are in contrast to the micrograph from the same area in
the control group. Arrows point out rest ofPDL cells. Magnification X 4000. Bar 2pm.

Figure 39: Micrograph from the lingual side in the control group showing the normal
morphology of fibroblasts and a more random orientation of fewer collagen fibrils.
Magnification X 4000. Bar 2pm.
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Figure 38

Figure 39

Figure 40: Transmission electron micrographs from the buccal (tension) side in the light
force group (1 0 g) showing an area with few cells, all of them stretched like the one
shown in this micrograph, arrows point out several membrane disruptions in the same
fibroblast. Magnification X 4000. Bar 2f.Jm.

Figure 41: Transmission electron micrograph from the buccal (tension) side in the heavy
force group (50 g), showing fewer cells when compared with the buccal side in the
control group. Magnification X 4000. Bar 2f.Jm.

Figure 42: Micrograph from the buccal side in the control group where a normal intact
tissue structure is observed. Magnification X 4000. Bar 2f.Jm.
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Electron microscope immunogold labeling

To address the issue of whether the albumin analyzed and quantified was indeed
intracellular albumin; we used electron microscopic immunogold histochemistry in an
attempt to localize intracellular albumin.

In the experimental group, 10 nanometer gold particles were exclusive localized in
fibroblasts in tension side of the root. The highest concentration of gold particles was
seen in the cytoplasm. Nuclei labeling was less than that of the cytoplasm and were
considered to be due not to the disruption of the nuclear membrane but to albumin,
already in the cytoplasm as a consequence of plasma membrane disruption, going
through the 70 nm nuclear pores (Figure 43 and 44).

Fluorescence microscopy

FITC-dextra11 experime11t.
Plasma membrane disruption can be detected by measuring the influx of a normally
impermeant fluorescent marker. An exogenous "wound reporter" FITC-dextran (MW
10,000) was used to confirm our observations made with the endogenous albumin. The
fibroblast on the tension side in a molar root exhibited intense fluorescence for FITCdextran (Figures 46 and 47). These must be surviving cells since dead cells do not retain
this freely diffusible tracer. By injecting the dye through the carotid artery, possible
disruption caused by injecting the dye through the sulcus or the gingiva was avoided.

Figure 43: Transmission electron micrograph of rat molar fibroblast, after 5 minutes of

a 50 g spring activation. Tissue sections were incubated with anti-rat serum albumin
antibody (diluted 1:1000), followed by 10 nm colloidal gold-conjugated antibody. Gold
particles are associated with the cytoplasm and nuclei but not mitochondria.
Magnification X 25000.

Figure 44: Transmission electron micrograph of rat molar fibroblast, after 5 minutes of a

50 g spring activation. Tissue sections were incubated with anti-rat serum albumin
antibody only. Magnification X 20000.
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This technique also prevents the uneven distribution of the dye throughout the maxillary
tissues. Third molar root was used as a control within the same animal and did not reveal
any labeled cells in the side corresponding to the tension in the experimental group
(Figure 47).

FITC-dextra11 a11d rllodami11e experime11t.

Dextran conjugated to rhodamine or FITC was used to correlate the uptake of these
fluorescent dyes by periodontal ligament cells following compressive or tensile forces to
the PDL. After injecting the first dye, the first molars were subjected to lateral tipping
force from lingual to buccal directions, then the second dye was administered i.v.,
followed by spring activation from buccal to lingual direction. In Figure 48, the areas
with labeled cells correspond clearly with the tension area when the red or green dye was
present.

FITC-dextrallffloecllst experime11t

The nucleic acid marker Hoechst 33342 was delivered to the circulation after five
minutes of spring activation in the presence of dextran conjugated FITC to correlate
plasma membrane disruption and resealing with cell viability. Figures 49 and 50, taken
with a two photon Zeiss LSM 510 Confocal Laser Scanning Microscope equipped with a
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Coherent Mira 900 tunable Ti:Sapphire laser for multi-photon excitation, shows the
specific localization ofFITC around the blue (Hoechst 33342) stained nuclei.

Figure 45: Projection micrograph offirst molar root showing uptake of FITC-dextran
after 5 minutes spring activation (50 gforce). D= dentin, B= bone. inner circle identifies
pulpal soft tissues. Outer ring designated PDL identifies the location and with of the
periodontal ligament.

Figure 46: Single micrograph of the same molar root as Figure 45.

Figure 47: Single micrograph from a third molar control, root from the same animal.
This molar has not been subjected to any orthodontic force.
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Figure 45

Figure 46

Figure 47

Figure 48: Micrograph of a first molar root after five minutes of spring activation (50 g
force). Red arrow indicates the direction of the force (therefore the tension side) in the
presence of rhodamine-dextran. Green arrow indicates the direction of force in the
presence ofFITC-dextran. PDL= periodontal ligament.
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Figure 48

Figure 49: Micr.ograph of the lingual (tension) side of a first molar after 5 minutes of
spring activation (50 gforce). The specific localization ofFITC-Dextran around the blue
(Hoeschst 33342) stained nuclei, confirms the intracellular localization of the green dye.

Figure 50: Lingual side of a third molar on the same section (this tooth had not been
subjected to orthodontic force. The only fluorescent label is the Hoeschst dye seen in the
nuclei.
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Figure 49

Figure 50

DISCUSSION

For the present studies, an in vivo rat model was developed that demonstrates
tissue responses to orthodontic tooth movement similar to those seen in human. This
model used a miniature orthodontic finger spring placed between the upper frrst molars of
rats to move the molars laterally. A custom-made spring was adapted to each animal by
adjusting each spring to the maxillary intennolar distance of each rat. This spring design
was successful in many r~spects. It was easy to construct and calibrate; it delivered the
desired amount of force, and was not easily dislodged by the animals.
Activation of the spring produced a lateral "tipping" movement of the first maxillary
molars. A tipping force produces two compression zones, one at the crestal region and
one at the contralateral apical region. A tipping force also produces two tension zones
opposite the zones of compression (Figure 8).
In this model, the possibility that were transmitted to the midline suture was taken

into consideration. This force, however is dispersed over a large area (1-2 em versus 2-3
mm for the frrst molars and PDL), and is therefore negligible.
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Plasma membrane disruption in PDL cells

It is my hypothesis, that plasma membrane disruption and resealing events are

conunon occurrences in PDL cells and that the number of cells that suffer these sublethal
injuries increases with increasing mechanical stress. To identify plasma membrane
disruption occurrence in the periodontium, the uptake of two very large molecules
(10,000 MW FITC-dextran and 66,000 MW rat serum albumin) by rat periodontal
ligament cells was investigated.

In the first set of experiments, the animal's native albumin was used as a probe. This

molecule is normally unable to permeate the phospholipid bilayer barrier unless a
disruption of the plasma membrane had occurred.
A 50 g (heavy) and a 10 g (light) force spring was applied for six hours to rat
•

maxillary first molars. Since the sections were cut from the lowest one fifth of the root tip
and because of the nature of the tipping move~ent, tension and compression areas were
opposite to the direction of the force (Figure 8).
Quantitative data derived from image analysis of inununostained periodontal tissue
showed the same amount of albumin along the four sides (tension, compression, mesial
and distal) in the control group, but significant differences were found in the roots
subjected to applied force. The tension and compression sides of these roots had less
albumin uptake than the control group. This was the case regardless of whether the
mechanical force applied was heavy or light. The fact that less intracellular albumin was
detected in the tension and even less in the compression sides in both of the experimental
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groups, when compared with the control group, could be misinterpreted as absence of
plasma membrane disruption events. However, TEM micrographs showed lower than
normal numbers of cells in the tension and even fewer cells in the compression sides of
light and heavy force groups when compared with the control grqup (see Figures 37 to
42).

Why did these prolonged force applications on the tension side and even more in the
compression side of molars roots appear to be lethal?
It has been proposed that the unrestrained influx of calcium (Trump and Berezesky,

1995) or losses of crucial cellular constituents through the disruption causes cell death. It
is known that if disruptions in vivo do not rapidly reseal cells will die in a greater number.
Why then were the cells in the tension and compression sides of mechanically moved
molar roots unable to reseal?
Although there is little evidence that membrane wounding leads directly to cell
deaths, it has been suggested that increased membrane tearing leads to necrosis by
eventually overwhelming repair processes (Petrof, et al., 1993). Since the springs were
activated for 6 hours, exerting 50 g and I 0 g, this may be a logical interpretation for these
findings of lower numbers of surviving PDL cells.
The PDL tissue response to applied forces is further complicated by the presence of
blood vessels. Vascular changes in the compressed area can cause local ischemia and
hypoxia. Lack of blood flow would also prevent the recruitment ofinflamatory cells.
PDL cells

expose~.

to less severe mechanical forces, such as mastication forces,

might also be wounded in their plasma membrane. However, such membrane wounds
would probably not be detected by conventional morphological methods because of the
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cell's ability to reseal, and thus survive(McNeil, et a!., 1989). This might be an
explanation for the small number of wounds observed in micrographs from the control
group that does not correspond to our intracellular albumin data. Only cells that reseal
and survive will retain intracellular albumin. This clearly suggests that cells in the PDL
suffer physiological wounds that are easily survived, but this is apparently not the case in
cells that have experienced prolonged (6 hours) static mechanical loads.
Studies in mannnalian fibroblasts and smooth muscle cells suggest that in order for a
cell to survive mechanical disruption, it must reseal within 15 seconds (Deleze, 1970;
Steinhart, et a/., 1994; McNeil and Steinhardt, 1997). One explanation for our
observations is that in the compression and tension sides of loaded molars with large
plasma membrane disruptions as seen in our micrographs, the cells had died and therefore
were unable to retain albumin in their cytoplasm.
A new theory presented· by Martin (2000) states that bone lining cells not only have
the capacity to activate bone remodeling, but that this is their tendency and that they are
restrained by an inhibitory signal from the network of osteocytes within the adjacent bone
matrix. Activation of remodeling would be increased when the generation of an inhibiting
signal diminished. If we applied this theory to the six hour model, the damage and
necrosis produced by overload in the tension and compression sides would ultimately
lead to remodeling that is the ultimate goal of orthodontics.

With these first results, it was clear that 6 hours of 10 or 50 g of load was too great
of an insult for the cells to survive. Therefore, a short-term spring activation experiment
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was carried out to further investigate the plasma membrane wounding mechanism in the
PDL.
Springs were activated for five minutes, followed by two hours of recovery time to
insure that if the cells had not resealed or had died, the intracellular albumin would have
sufficient time to diffuse out of the cytoplasm.
Although the intracellular albumin was observed on all sides of experimentally
loaded teeth, cytoplasmic staining using antibodies to endogenous albumin was
significantly higher in the tension side of the experimental roots, compared to the other
sides of the roots, within the same group and when compared to the control group. This
suggests that when high mechanical forces are imposed on the. PDL, wounding of the
plasma membranes occur in numerous cells. Whether wounding also occurs with lesser
force permitting the passage of smaller molecules seems likely but was not investigated
in the present study.
The morphology of the PDL cells appeared essentially normal, also suggesting that
the cells had survived plasma membrane disruption. Cells in the experimental tissue
appear neither necrotic nor apoptotic when compared to controls. Together these data
suggest that non-lethal plasma membrane disruptions have occurred in the cells of the
PDL.

This work suggests that the number of cell membrane disruptions increases upon
application of mechanical force to the PDL. To further support this finding, it was
necessary to demostrate that the albumin was truly intracellular. Immunogold-labeled
albumin in transmission electron micrographs showed the localization of 1Onm-gold

72

conjugated to anti-albumin antibodies exclusively in fibroblasts exposed to mechanical
force. The labeling was in the cytoplasm and nuclei and insignificant outside the cell's
boundaries (Figure 43). Nuclei labeling with anti-albumin antibodies was probably not
due to disruption of the nuclear membrane but to cytoplasmic albumin, entering the
nuclei through the 70 nm nuclear pores. An interesting observation was that gold particles
were not localized in organelles such as mitochondria or endoplasmic reticulum. The lack
of albumin in the mitochondria suggested that its double membrane was intact and
therefore the cell had not gone through irreversible cell injury. Indeed, there was no
ultrastructural evidence of mitochondrial swelling or other signs of cell damage.

For this study, we used a specific antibody to identify albumin within the cells of the
PDL. The specificity of this antibody was confirmed by western blot analysis. No crossreactivity was seen with proteins of either higher or lower molecular weight (see Figure
15).

To confirm the observations made with endogenous albumin, exogenous wound
reporters, FITC-dextran and rhodamine-dextran, were introduced into the blood
circulation and the uptake of these dyes by PDL cells was documented using confocal
microscopy.
Intensely fluorescent PDL cells were more frequently observed in the tension side of
the PDL from orthodontically moved molar roots, compared to compression, distal and
mesial sides of the same root, and when compared to controls (Figures 45, 46 and 47).
The same results were obtained in all the experiments using FITC-dextran as well as in
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the experiments using two dyes (FITC-dextran and rhodamine-dextran). The pattern of
cells containing these dyes was consistent with the direction of applied strain. Because
the tissue sections for microscopy were taken from the area close to the molar crowns the
tension and compression sides directly correspond to the direction of the force (see
Figure 8, 9 and 10). The short time frame (5 minutes) of the uptake of these molecules in
all of the experiments suggests that a non-lethal plasma membrane disruption followed by
resealing had occurred.

Maxillary tissues were extensively perfused with saline solution to wash away any
absorbed extracellular dye. This was necessary to reduce background fluorescence so that
the only detectable fluorescence was due to the dye trapped in the cytoplasm ofPDL cells
that had become wounded and had then resealed. However, an experiment to confirm the
intracellular localization of the fluorescent dyes was also carried out. The nuclei specific
Hoechst 33342 dye was infused after the plasma membrane disruption marker FITCdextran. In Figure 49, one can see the blue dye staining the nuclei surrounding by the
green fluorescent dye of the intracellular FITC-dextran.

Interleukin 1-P release following plasma membra11e disruptio11

The next question addressed in these studies was whether Interleukin
by PDL cells upon cell injury. II

1-~

1-~

is released

plays an important role in bone remodeling and it is

my hypothesis that plasma membrane disruption can be a biologically-relevant route for
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release · of this cytokine. This was tested by immunohistochemistry with specific
antibodies ton 1-P, followed by quantitative image analysis.

.

The total intracellular Il-lP along the four sides of the PDL was found to be higher
in the control group than in the experimental groups as seen in Figure 32. These results
suggest that PDL cells in the experimental groups suffered plasma membrane disruptions
and lost cytoplasmic Il-lP through the wounded membrane. The same results were
obtained when we analyzed the tension and compression sides of the three groups (Figure
33 and 34). This data suggests that the release of Il-l p may be through membrane
disruptions in PDL cells, rather than via the typical membrane-borind secretory route.
Experimentally and clinically, it has been observed that when prolonged force is
applied to teeth, PDL blood vessels are partially compressed leading to oxygen tension
changes within seconds. In a short time Il-l p and prostaglandin E (PGE) levels increase
and these important cellular response mediators are released into the extracellular matrix.
It is well documented that ll-1 Pupregulates PGE. Tatakis and colleagues report that PTH

and Il-l are strongly synergistic in stimulating PGE2 production by rat calvarial
osteoblastic cells (Tatakis et al., 1988). A separate study reported that vascular changes
on the compressed side of the PDL leads to hypoxia, which in turn enhances the
production ofPGE2 (Kubota, 1989). In order for ll-lP to upregulate PGE2, it first has to
be released to the extracellular medium. I propose that PDL cells in the compressed side
of the loaded root undergo plasma membrane disruption as well as hypoxia. Il-l p is
released into the interstitial fluid via these plasma membrane wounds, where it can
modulate cellular responses to stress.
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Il-l~

plays a role in many physiological mechanisms, with bone remodeling and the

inflammatory response being two of the most-well !mown. The findings of the present
study help to explain how the release of Il-l~ and other cytokines are accurately targeted
to an injured tissue.
There is, however, an alternative theory for
l~

Il-l~

release. Rubartelli proposed that Il-

is released via a new secretory pathway involving endosome recycling to the plasma

membrane (Rubartelli eta!., 1990). It has been experimentally shown that a large number
of cells that suffer plasma membrane disruption release molecules like Il-l~, and are able
to reseal and therefore survive these injuries (McNeil and Steinhardt, 1997; Deleze, 1970;
Steinhart, eta!., 1994). Plasma membrane disruption evokes a localized Ca*- dependent
vesicle exocytosis response in several cell types. These vesicles fuse to the membrane at
the breach site, resealing the wound. Endosomes and lysosomes have been shown to be
mobilized in this disruption-elicited "secretion" (Mikaye et a!., 1995, Bi et a!., 1995;
Togo et a!., 1999).Therefore, Rubartelli's observation of

Il-l~

release associated with

endosome exocytosis appears valid. This theory however, overlooks the main event in the
Il-l~

release mechanism that is plasma membrane disruption.

The work described here provides the first in vivo evidence that

Il-l~

is lost from the

cytoplasm ofPDL cells through survivable and lethal plasma membrane wounding.
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Basic Fibroblast Growth Factor release following plasma membrane disruption

Another important molecule in bone remodeling is basic fibroblast growth factor
(bFGF). This potent skeletal growth factor is involved in bone formation as well as bone
resorption (Canalis eta!., 1988; Simmons and Raisz 1991).
Like

Il-l~

and aFGF, bFGF also lacks the signal peptide sequence, a prerequisite for

exocytotic secretion. It is my hypothesis that, just like

Il-l~.

cells of the periodontium

release bFGF by mechanically-induced plasma membrane disruptions.
Intracellular levels ofbFGF in unstressed PDL tissue and tissue exposed to high and
low mechanical forces were studied by immunohistochemistry. In the control group, as
one would expect, there was no difference in the levels of bFGF between sides.
Surprisingly, no significant difference was found between the control and the
experimental groups. For example, the "tension side" of control roots had the same
relative amount of bFGF as PDL cells in roots exposed to heavy and light forces.
However, there are two pieces of data to consider: In the light force group, the distal side,
that represents an area that was not under tension or compression, showed a significantly
higher bFGF concentration that the compression and the tension areas. In the heavy
group, the mesial side, again an "unstressed area" had a significantly larger area
expressing bFGF when compared to the stressed sides.
If mechanical forces produce plasma membrane disruption and bFGF is released to
the extracellular medium through these disruptions, as the data suggest, there should be a
higher concentration ofbFGF in the control group.
These results are in disagreement with published literature (McNeil et a!., 1989;
Clarke, et a!., 1995), and observations made in our laboratory using a similar model in
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the cranial sutures. Coronal sutures from a week old rat pup were subjected to 0.59 N of
tensile force b)' means of engaging a 40 g load microspring for 5 minutes. The amount of
bFGF present in the protein-free medium was significantly higher, approximately 150%
than the control (Yu eta/., 2001).
One possible explanation for these results may lay in the binding characteristics of the
bFGF molecule. Basic FGF has a high affinity for glycosaminoglycans, and it has even
been proposed that the extracellular matrix may function as a storage pool for bFGF
(Baskin et al., 1989; DeBlois et al., 1994). The extracellular matrix of the PDL is mainly
comprised of glycosamynoglycans, and therefore bFGF is not likely to be completely
washed away with saline perfusion.
This suggests that the statistical data for bFGF does not represent intracellular
concentrations alone.

c-fos mRNA expression and plasma membrane disruption

Finally, the expression of the c-fos gene was examined after orthodontic tooth
movement. The goal of these experiments was to determine if c-fos and other genes like
bFGF are modulated in response to plasma membrane disruption.
The in-situ hybridization technique presented several difficulties due to the nature of
the tissue. Due to technical problems with tissue adherence, sufficient numbers of slides
to perform statistical analysis were not obtained. Only qualitative localization of c-fos
mRNA along the bone lining cells at the tension zone was observed (Figure 35).
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The proto-oncogene c-fos is a member of a family. of transcription factors. The fos
protein is important in bone cells as the recognition elements for the AP-I complex found
in the promoter regions of several genes involved in bone mineralization and growth.
These genes include alkaline phosphatase, osteocalcin and collagen type 1 (Fitzgerald
and Hughes-Fulford, 1999). It is therefore predictable that bone lining cells at the tension
side, where bone apposition occurs, would express c-fos. These observations, although
qualitative, present interesting and supportive evidence for a role for plasma membrane
disruption in mechanotransduction at the gene level.

Concluding Remarks

In mammalian tissue, the phenomenon of cells surviving mechanical damage is

common, and represents a normal physiologic mechanism for cells and tissues to adapt to
mechanically challenged environments. The PDL like many other tissues generates and
receives "physiological" levels of mechanical stimulation. During masticatory function,
the teeth and periodontal structures are subjected to intermittent heavy forces. Clinically,
however, it is the sustained pressure against a tooth that makes orthodontic tooth
movement possible.

It has been demonstrated that very short exposures to mechanical force are enough to

stimulate bone remodeling (O'Connor et a/., 1982; Rubin and Lanyon, 1984). These
studies support the plasma membrane disruption hypothesis since, as it was shown here, a
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few minutes are enough to produce cell injury. Mechanical strain resulting from the
activation of orthodontic appliances on teeth would disrupt PDL cell plasma membranes
such that wounds might then initiate the well-orchestrated cascade of events leading to
bone remodeling.

These studies show that an overlooked, yet important cellular phenomenon occurs
frequently and in vivo in cells of the periodontal ligament and may be induced to occur by
exogenous application of force as occurs in orthodontic tooth movement. Plasma
membrane wounding provides a molecular exit from the cytoplasm for nonpermeant
molecules like ll-1 ~ and bFGF much lack a signal peptide sequence, yet are important
for the process of bone turnover and remodeling.

SUMMARY

In these studies, I used a rat model that mimics orthodontic tooth movement to test

the hypothesis that periodontal ligament cells (PDL) transduce mechanical strain to
changes in bone cell activity via lethal and non-lethal plasma membrane disruptions.
Endogenous serum albumin and fluorescent dextran were used as "wound markers" to
demonstrate these disruptions.
After a spring exerting a initial expansion force of 50 g was activated in the lingual
to bucal direction against the first maxillary molars for 5 minutes, significantly higher
levels of albumin were found in cells in the buccal (tension) side when compared with
the control and with the others sides.
When FrTC-dextran and/or rhodamine-dextran was infused into the circulation these
large molecules (10 KDa) were preferentially taken up by PDL cells of the buccal
(tension) side.
The spatial distribution of cells containing albumin or FITC-dextran was consistent
with the direction of the applied force. The presence of relatively large extracellular
molecules in the bone-lining cells and cells of the PDL suggested that the cells had
undergone plasma membrane disruption and resealing.
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Taken together, these results suggest that cells of the PDL responds to extrinsic force by
a rapid increase in cell permeability as a result of plasma membrane disruption.

The presence of intracellular albumin in the control group leads me to conclude that
membrane disruption or wounding caused by physiologically· generated mechanical force
is a normal and common event in the PDL. The result of my studies have also shown that
such disruption can be induced by the application of extrinsic force.

ll

1-~

release was also tested in this model. futracellular il-l~ was localized along the

four sides of the PDL, and was higher in the control group than in the experimental
groups. The same results were obtained when the tension and compression sides between
the groups was analyzed. Buccal (tension) and lingual (compression) groups had
significantly less intracellular ll-1~.
These observations point to plasma membrane disruption as a mechanism in PDL
cells for the immediate uptake or release of large molecules such as bFGF and
These data suggest

a new

role

for

plasma membrane

mechanotransduction of orthodontic tooth movement.

disruption

11-1~.

in the
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