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IN VITRO CHARACTERISTICS OF PERIODONTAL LIGAMENT
FIBROBLAST-LIKE CELLS FROM HUMAN PRIMARY TEETH

Ye-Ming Wu, DDS

ABSTRACT

It has been proposed that the mechanism of root

resorption is due to trauma which disrupts the integrity of the

periodontal ligament, resulting in the loss of integrity of the

ligament or ligament cells. This could then lead to the chemotaxis

and activation of resorptive cells, possibly from sites in bone or

through vascular system, which cause the progressive loss of root

structure (Karring et al., 1980; Nyman et al., 1980; Aukhil et al.,

1986). The majority of cells in periodontal ligament are fibroblast

like cells, generally called periodontal ligament cells. As some

different clinical features are observed between permanent

dentition and primary dentition, such as the primary root is more

susceptible to root resorption in inflammatory conditions than the

permanent root, and since no information is available on the

periodontal ligament fibroblasts from the primary dentition (PPDL

cells), these studies proposed to culture the PPDL cells to define

some of their in vitro morphologic and biosynthetic characteristics,

as well as to compare them with those of adult periodontal

ligament cells (APDL cells).

In these studies, I have demonstrated, for the first time,

that PPDL cells have a heterogenous in-vitro morphology, including

previously described fibroblast-like pattern and bone-forming cell



pattern. Using substrate gel zymography and reverse zymography,

as well as Western blot analysis, PPDL cells were observed to

constitutively synthesize 92-kDa gelatinase, 72-kDa gelatinase, and

procollagenase, as well as TIMP-1, IMP-2 and TIMP-2. Compared

with APDL cells, PPDL cells generally produced a higher amount of

collagenase, while the production of the other gelatinases or TIMPs

was similar between the cell types. An attempt has also been made

to specifically focus on inflammatory root resorption by emphasizing

the interactions of PPDL cells with proinflammatory cytokines, and

on their potential role in the matrix degradation cascade and in

osteoclast recruitment. IL-10 and TNF-o enhanced the expression of

MMPs but not the levels of TIMPs in PPDL cells. Additionally, some

unknown bioactive agents in conditioned medium of PPDL cells can

inhibit formation and differentiation of osteoclast-like cell in mouse

bone marrow culture, and this inhibitory effect is modulated by

proinflammatory cytokines. These findings implicate MMPs and

TIMPs of PPDL cell origin and specific cytokines in increased matrix

degradation of the PDL in inflammatory condition, such as those

induced by trauma or during orthodontic tooth movement.

Furthermore, these findings indicate that PPDL cells may modulate

the cascade of root resorption both by their altered expression of

MMPs and TIMPs, and by synthesis of unknown soluble factor(s),

which may regulate osteoclast development.
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Northern blot analysis for TIMP-1 from PPDL-2 cell in 48

response to inflammatory cytokines, TNF-o, and IL-10.
Ten pig total RNA from the same PPDL-2 samples as in
Figure 7 were assayed as described in Materials and
Methods. No significant change in the expression of
TIMP-1 was noted in response to the increasing treat
ment of TNF-o. (a) and IL-10. (b).

Mouse bone marrow cells were cultured with various 50

CM plus 10-8M 10,25-(OH)2D3 for 8 days, fixed and
stained for TRAP. The black arrows showed are TRAP

positive multinucleated cells (TRAP+ MtNC). The white
arrows showed are TRAP-positive mononucleated cells
(TRAP+ MoNC). The big white arrow in the upper left
corner points a cluster of TRAP-positive mononucleated
cells but counted as TRAP-positive multinucleated
cells (TRAP+ MtNC)

The effect of different PPDL-CM on the Osteoclast-like 52

formation. Mouse bone marrow cells are cultured as

described in Table 3. After culture for 8 days, TRAP+
MtNC and TRAP+ MoNC were counted and plotted in (a)
and in (b), respectively. Each bar shows the mean + S.D.
in triplicate experiments. Cultures with oMEM containing
IL-1 o (5U/ml) is used as a positive control and only with
LAH as a negative control. *P-0.05, **P<0.005 versus the
control by Student's t-test.

The effect of PPDL-1 CM treated with various concen- 55

trations of TNF-0 on the osteoclast-like formation.

Mouse bone marrow cells are cultured as described in

Table 4. At the termination of experiment, TRAP+ MtNC
and MoNC were counted and plotted in (a) and (b),
respectively. Each bar shows the mean + S.D. in triplicate
experiments. *P-0.05, **P<0.005 versus the control (o MEM
containing only LAH), and #P-0.05 versus the control
(PPDL-1 without any treatment) by Student's t-test.

The effect of IL-6 and different concentrations of PPDL- 58

2 CM on the osteoclast-like formation assay. Mouse
bone marrow cells are cultured as described in Table 5.



At the termination of experiment, TRAP+ MtNC and MoNC
were counted and plotted in (a) and (b), respectively.
Each bar shows the mean + S.D. in triplicate experiments.
Culture with oMEM containing LAH was used as a control.
*P-0.05, **P<0.005 versus the control by Student's t-test.



A. BACKGROUND AND SIGNIFICANCE:

A. 1 Introduction

Root resorption is a common finding in connection with

various dental conditions. Examples are physiological root resorption

in primary teeth, as well as various pathoses in both dentitions

which lead to inflammatory root resorption or replacement

resorption. These pathoses occur during forced orthodontic tooth

movement, traumatic occlusion, traumatic luxation, pulpal

inflammation, replanted or auto-transplanted teeth, and in surgical

endodontic procedures. When these pathological situations are

prevented, root resorption does not occur. These clinical observations

seem to support the hypothesis that trauma may act to non

specifically disrupt the integrity of the periodontal ligament,

resulting in the loss of protective capacity ordinarily provided by the

ligament or ligament cells. This could then lead to the chemotaxis and

activation of resorptive cells, possibly from sites in bone or through

vascular system, which cause the progressive loss of root structure

(Karring et al., 1980; Nyman et al., 1980; Aukhil et al., 1986).

Recent research has focused on this concept of the

protective effect of the periodontal ligament and its cells mainly

using tooth replantation models. The data of these studies suggest

that the natural resistance of intact dental tissues to root resorption

is possible. The most likely explanation for such resistance is that the

cellular layer of the periodontal ligament covering roots may provide

a barrier against the attack by root-resorbing cells, or afford a

protective mechanism against root resorption, and also may have a

potential reparative capacity (Andreasen, 1988a). Removal of



damaged and hyalinized periodontal tissues has been shown to

precede the root resorption process (Becks and Marshall, 1932;

Reitan, 1964 and 1974; Gaudet, 1970; Rygh, 1977; Kvam, 1972a,

1972b and 1972c), and has been proposed as a key event for

initiation and progression of this process (Rygh, 1977). More recent

research has reported that matrix metalloproteinases (MMPs) and

tissue inhibitors of metalloproteinases (TIMPs) are involved in most

normal and disease-induced matrix-turnover, healing, and

remodeling events (Otsuka et al., 1988; Woessner et al., 1990;

Mariotti, 1993), and in tooth eruption events (Ten Cate and

Andreasen, 1986; Gorski et al., 1992). Furthermore, high

collagenolytic activity has also been described in bone resorption

(Vaes et al., 1992) and has been detected in the root resorbing tissue

(Okamura et al., 1993). Thus, the production and expression of MMPs

and TIMPs by periodontal ligament cells may be related to

inflammatory root resorption.

Most of cells in periodontal ligament are fibroblasts,

generally called periodontal ligament cells (PDL cells). This layer of

periodontal ligament may act as a physical barrier consisting of cells

and extracellular matrix, as well as provide biochemical inhibitors to

root resorption. For example, osteoclastic activity is known to be

linked to non-osteoclastic regulation in many ways during bone

remodeling (Jones and Boyde, 1988; Chambers, 1988). Recently,

Giniger and co-workers (1991) showed a factor released from a

periodontal ligament fibroblast clone inhibited bone resorption in

vitro. Conditioned medium from human adult periodontal ligament

fibroblasts has also been shown to contain a factor which inhibits



proliferation, alkaline phosphatase activity and mineralized bone

nodule formation by rat bone marrow stromal cells in vitro (Ogiso, et

al., 1991). Thus, periodontal ligament fibroblasts were proposed to

provide a protective mechanism to root resorption, at least in part,

by secreting unidentified bioagents which inhibit local osteoclast

formation or activity.

A.2 General overview of root resorption

Root resorption of permanent teeth was first discussed by

Bate (1856) and Schwarzkopf (1887) who demonstrated resorbed

roots in extracted permanent teeth. In the past two decades, further

advances in understanding the etiologic factors and cell biology of

root resorption have been made (Boyde et al., 1984; Furseth, 1968;

Freilich, 1971; Morita et al., 1970; Jones et al., 1984; Ten Cate and

Andreasen, 1986; Sasaki et al., 1988; Andreasen, 1988a; Brezniak et

al., 1993). Although individual susceptibility, hereditary

predisposition, and local and systemic factors are commonly cited as

factors contributing to root resorption, the etiology for these changes

remain obscure.

There are three types of external root resorption as

defined by Andreasen (1988a): surface resorption, limited damage to

the periodontal ligament which is repaired from adjacent intact parts

of periodontal ligament; inflammatory resorption, where initial root

resorption has reached dentinal tubules of an infected necrotic pulpal

tissue or an infected leukocyte zone; and replacement resorption,

where bone replaces the resorbed tooth material and leads to

ankylosis. Ankylosis is the result of an extensive necrosis of the



periodontal ligament with the formation of bone onto a denuded area

of the root surface. Since the tooth becomes a part of the bone,

normal remodeling process will gradually lead to a complete

destruction of the tooth by the bone. In addition, Tronstad (1988)

characterized two kinds of inflammatory resorption. Transient

inflammatory resorption, which occurs when the stimulation to the

damage is minimal and for a short period. This defect is usually

undetected radiographically and is repaired by a cementum-like

tissue. When the stimulation is for a long period, it is called

progressive inflammatory resorption. However, in spite of different

types of resorption, it was observed that the damage and destruction

of periodontal ligament around root surface is ahead of the process of

root resorption (Gaudet, 1970; Rygh, 1977; Kvam, 1972a, 1972b and

1972c).

Clinically, various factors have been related to root

resorption of teeth in both dentitions, including developing tooth

germ, physiologic tooth movement, pressure from adjacent impacted

tooth, periapical or periodontal inflammation, tooth implantation or

replantation, continuous occlusal trauma, tumors or cysts, metabolic

or systemic disturbances, orthodontic treatment, local functional or

behavioral problems, and idiopathic factors. In addition, when the

permanent tooth germ is congenitally missing, the primary tooth is

retained in the arch longer. Animal experiments also revealed that

external root resorption and ankylosis are related with various

experimental traumas such as orthodontic tooth movement (Philips,

1955), traumatic occlusion (Bhaskar and Orban, 1955), mechanical

injury to the periodontal soft tissue (Walton and Garnick, 1982;



Nakane and Kameyama, 1987), denudation of the root cementum

during experimental procedures in periodontal treatment (Aukhil et

al., 1983), and replantation and transplantation after prolonged dry

storage (Loe et al., 1961; Andreasen, 1981b), storage in tap water

(Andreasen 1981a), and removal of periodontal ligament (Loe et al.,

1961). Thus, Andreasen (1988a) relates surface resistance to

resorption to the innermost cellular layer of the periodontal

ligament. These observations indicate that if there is no trauma

inflicted upon the periodontal ligament, root resorption does not

occur, and also suggest that the periodontal ligament may play a key

role in the resorption protective mechanism.

In summary, a body of clinical and experimental

evidence indicates that the most likely explanation for resistance of

teeth to resorption is an intact periodontal ligament cell layer

covering roots which provides a barrier against the activity of the

root-resorbing cells. This layer provides the protective mechanism to

the root, as well as the potential for a repair when the periodontal

ligament is damaged. However, the specific mechanisms responsible

for root resorption and its regulation are still not well understood.

Therefore, a plausible mechanism is that when teeth are

in normal physical condition, the PDL acts as a barrier physically or

biochemically to prevent osteoclast formation, migration or activity.

When a mild or moderate injury to the PDL occurs, the damaged PDL

undergoes repair to protect the root surface. In contrast, in the case

of a severe injury to the PDL, the PDL will lose the ability for repair

and protection, which is followed by the invasion of blood vessels

and macrophages in the traumatized, and osteoclasts are soon formed



on the denuded surface to start the process of root resorption.

Subsequently when the root resorption extends into the dentin, it

becomes irreversible. Although root resorption is correlated with the

extent and severity of the trauma inflicted upon the periodontal

ligament (Andreasen, 1981c), the loss of the protection of periodontal

ligament leading to loss of root material is unpredictable at this

point, and this protective mechanism has yet to be convincingly

explained.

A.3 Cellular basis for resorption of mineralized tissue

Resorption of mineralized tissues is a cellular process

mediated predominantly by pleomorphic, usually multinucleated

cells, referred to as osteoclasts (Furseth, 1968; Ten Cate and

Andreasen, 1986; Sasaki et al., 1988 and 1989). Osteoclasts are

characterized as polarized with a ruffled border within an annular

clear zone that is closely adherent to the hard tissue matrix, and they

are capable of resorbing all the calcified dental and skeletal tissues in

vivo as well as in vitro. Odontoclasts are also identified as usually

multinucleated with abundant mitochondria and lysosomes, lodged in

Howship's lacunae in enamel, dentin or cementum, and have the

same cytological features characteristic of osteoclasts (Yaeger and

Kraucunas, 1969; Ten Cate and Andreasen, 1986). In addition, they

possess tartrate-resistant acid phosphatase (TRAP) and abundant

calcitonin receptors, actively produce acids, and form resorption pits

on mineralized tissue (Baron et al., 1985; Nicholson et al., 1986;

Mundy et al., 1987; Faes G, 1988; Silver et al., 1988; Blair et al.,

1989).



Recent studies have demonstrated that multinucleated

giant cells are formed through fusion of mononuclear cells of

haematopoietic origin from the bone marrow and spleen, and that

the dissemination of their precursors is through the vascular system

(Martin et al., 1988). The most likely haematopoietic stem cell is

within the granulocyte-macrophage lineage. Walker was the first to

demonstrate, using bone marrow transplantation in lethally

irradiated osteopetroitic mice, that resorption of skeletal matrix was

controlled by migratory cells, possibly osteoclast progenitors derived

from the myelogenous tissues (Walker, 1975). Ko and Bernard also

showed that bone marrow mononuclear cells form osteoclasts in

osteoclast-free bone in vitro (Ko and Bernard, 1981). By using organ

cultures of periosteum-free embryonic mouse long-bone primodia,

Burger et al. (1982) indicated that osteoclasts develop from weakly

adherent, but not from strongly adherent, mononuclear cells of bone

marrow. Ibbotson et al. (1984 and 1985) also conducted experiments

using long-term culture of bone marrow cells and found that non

adherent mononuclear cells, probably immature macrophages,

undergo fusion to result in multinucleated cells with several

characteristics of osteoclasts. Scheven et al. (1986) showed in vitro

osteoclast generation from highly enriched hematopoitic stem cells,

which were obtained by fluorescence-activated cell sorting. Recently,

Noriyoshi and his co-workers (1989) showed the generation of

multinucleated cells with characteristics of osteoclasts from a r1L-3-

supported population of blast cells derived from pluripotential stem

cells obtained from 5-FU-pretreated mice but not from mature

macrophages. However, Udagawa et al. (1991) reported that



osteoclasts could be derived not only from immature cells but also

from mature cells of the monocyte-macrophage lineage when a

suitable microenvironment is provided by bone marrow-derived

stromal cells.

Some growth factors and hormones appear to regulate

the replication and differentiation of hematopoitic progenitor cells of

osteoclasts and to modulate their bone-resorbing activity. Among

these, colony-stimulating factors (CSFs), parathyroid hormone (PTH).

prostaglandin E2 (PGE2), and 1,25-dihydroxyvitamin D3 [1,25

(OH)2D3] appear to be strong signals favoring osteoclast recruitment

and bone resorption.

Four CSFs have been identified: interleukin 3 (IL-3),

granulocyte-macrophage CSF (GM-CSF), macrophage CSF (M-CSF), and

granulocyte CSF (G-CSF). IL-3 supports the growth and

differentiation of several blood cell lineages (Borton et al., 1989;

Hattersley et al., 1990). GM-CSF stimulates the production of both

macrophages and granulocytes; M-CSF and G-CSF preferentially

support the growth and differentiation of either lineage (MacDonald

et al., 1986; Shinar et al., 1990; Hattersley et al., 1990).

PTH and PGE2 signaling occur partially through activation

of the cAMP cascade (Raisz et al., 1983). Stimulation of osteoclast

development by mechanical pressure may also invoke cAMP

signaling as its effect appears to be dependent on PGE2 release by

bone cells (Imamura et al., 1990). Several cytokines, such as IL-1

and TNF-o, known to cause bone resorption can cause PGE2 release

(Sato et al., 1986; Tashjian et al., 1987). Several laboratories have

demonstrated 1,25-(OH)2D 3 induction of osteoclast-like cells in



mouse marrow cultures (Takahashi et al., 1988; Hattersley et al.,

1989; Shinar et al., 1990). More recently, Rubin et al. (1992)

demonstrated that continuous 1,25-(OH)2D 3 stimulation is alone

sufficient to recruit osteoclasts from precursors, but that the effect of

cAMP to stimulate osteoclast formation occurs only when combined

with a permissive action of 1,25-(OH)2D3.

A.4 The Periodontal Ligament

The periodontal ligament is a narrow (approximately

0.25mm) and highly cellular connective tissue which anchors the

tooth root into the tooth socket and the lamina propria of the gingiva.

It contains an intricate network of blood vessels and nerve endings,

and, like all other connective tissues, it is comprised of various

connective tissue cells interspersed in an extracellular matrix, which

consists of collagen and ground substance, such as glycoproteins and

proteoglycans (Melcher, 1989; Mariotti, 1993). The cellular elements

of the periodontal ligament consist of numerous differentiated cells

and their precursors. These cells include cementoblasts, fibroblasts,

osteoblasts, endothelial cells, and rests of Mallassez epithelial cells, as

well as other connective tissue cells, such as mast cells, macrophages

and blood vessel cells. Compared with other mature connective

tissues, the connective tissue matrices of the periodontal tissue

remodel rapidly. This rapid remodeling of these tissue is thought to

be important in allowing positional adaptation of the teeth during

function.

Earlier studies by Andreasen (1988b) have disqualified

some possible agents around root surface, including Sharpey's fiber,
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cementum and cementoid, to provide protection against root

resorption. He conducted an experiment in which a mature monkey

incisor was extracted and some areas on the root demonstrated a

Severance of PDL fibers left in the root surface. If the incisors were

cultured for one week, allowing cell growth and a relatively thick

layer of periodontal ligament cells to cover the root, less root

resorption was found after replantation (Andreasen et al., 1978).

Since staining of the regenerated PDL collagen did not reveal

Sharpey's fibers on the root surface of the cultured tooth, these

studies not only indicated that PDL cells may protect the root, but

also implied that Sharpey's fibers were not involved in this

protecting mechanisms. Another experiment involved the extraction

of a tooth in which all of the periodontal ligament on the root surface

and in the wall of its socket were removed, and a cavity was made to

remove cementum on the root and filled with fragments of PDL

removed from the root surface. On replantation of the tooth, no

resorption occurred and new cementum was formed in the cavity;

whereas the control cavity without PDL lining developed extensive

ankylosis (Andreasen et al., 1981b). Thus, it revealed that the

periodontal ligament plays a key role in the protective mechanism

against root resorption.

In order to study the topography of such a protecting

mechanism, the peripheral half of the PDL alone or the alveolar

portion of the PDL and the alveolar bone were removed in some

experiments (Andreasen et al., 1981c). Only very little resorption

occurred in both these situations, which implies that the resorption

preventing agent was located closer to the root surface. Evidence

10



supporting findings were also presented by Schwartz et al. (1988) in

that the PDL of extracted teeth in many areas has a cover only a few

cell layers thick, and that PDL healing without resorption took place

in these sites after replantation and autotransplantation. These few

cell layers apparently have the capacity of protecting the root against

resorption. In other experiments, this cell layer was devitalized by

repeated freezing or extensive drying and in both instances the

resorption protection was lost and extensive ankylosis and resorption

occurred. According to these studies, the innermost cellular

structures, including cementoblasts, Mallassez epithelial cells, or

fibroblasts, next to the root surface might be able to provide an anti

resorbing mechanism.

A recent study suggests that cementoblasts on resorbing

dentin are actually identical to osteoblasts, both morphologically and

functionally, and they might induce surface modification or

remodeling of resorbing cementum, thereby stimulating odontoclast

differentiation (Sasaki 1990). This study revealed that

cementoblastic function might be essential for activation, but not

inhibition of odontoclastic function in root resorption.

Another possible cellular element, the epithelial cells

rests of Mallassez, also has been ruled out in studies by Andreasen

(1988b), in which a window was made through the buccal PDL in

canines in monkeys, and a 4mm X 4mm wide cavity was made in the

root surface. The buccal plate was then reversed and replaced back

into the window, thereby removing the Mallassez epithelial cells in

PDL from the wound healing site. After 3 months, a new periodontal

ligament grew from the adjacent intact PDL into the cavity area, and
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a regenerated PDL without Mallassez epithelial islands was observed.

In almost all areas direct apposition of new cementum and no sign of

initial or delayed root resorption were noted.

Therefore, by deduction from these studies, it appears

that periodontal ligament fibroblasts as the most likely candidate for

the protecting against root resorption. Giniger and his co-workers

showed a factor released from a periodontal ligament fibroblast clone

inhibited bone resorption in vitro (1991). These studies reveal that

the periodontal ligament fibroblasts may play a role in maintaining

the relationship between bone remodeling and root resorption.

A.5 Periodontal Ligament Fibroblasts

Several techniques have been used to culture periodontal

ligament (PDL) fibroblasts from various species including pig

(Brunette et al., 1976, and 1979), monkey (Marmary et al., 1976;

Brunette et al., 1977; Bellows et al., 1981) and the human

periodontium tissue explants (Blomlof et al., 1981; Boyko et al., 1981;

Narayanan and Page, 1983; Limeback et al., 1983; Ragnarsson et al.,

1985; Rose et al., 1987). Such cultures allow for in vitro experiments

to evaluate the biological properties of PDL cells. Some efforts to

characterize PDL cells biochemically have also been reported (Kawase

et al., 1986; Piche et al., 1987; Piche and Graves, 1988; Somerman et

al., 1988). Highly specialized PDL fibroblasts are responsible for the

normal maintenance of the PDL, remodeling of the adjacent bone and

cementum, and repair or regeneration of the PDL. The PDL cells have

also been evaluated in terms of the expression of ECM molecules,

such as collagen types I, III, and V; fibronectin and
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glycosaminoglycan (Otsuka et al., 1988; Sasaki et al., 1988; and

Mariotti et al., 1990). As in those experiments, most of PDL cells were

cultured from animal models or from adult periodontal ligament and

since no information available on the periodontal ligament

fibroblasts from the primary dentition, my studies attempt to culture

the PDL cells from the human primary teeth, called PPDL, to realize

their in vitro morphologic and biosynthetic characteristics. In

addition, as the periodontal ligament cells of primary teeth play a

key cellular role in physiological root resorption process of deciduous

teeth and as the periodontal ligament in primary dentition

demonstrates different clinical features from that in permanent

dentition does, such as being more susceptible to root resorption in

inflammatory conditions, these characteristics of PPDL cells are also

compared with those of adult PDL cells.

A.6 Matrix Metalloproteinases and Tissue Inhibitors of Matrix

Metalloproteinases

Matrix metalloproteinases (MMPs) were first described in

1962 when it was shown that collagenase specifically cleaved native

collagen during tadpole tail resorption (Gross, 1962). To date, the

members of this multigene family include interstitial collagenases

(FIB-CL and PMN-CL), stromelysins (SL-1, SL-2 and SL-3), 72 and 92

kDa gelatinase/type IV collagenases and some putative

metalloproteinases (PUMP-1 and MME) with molecular weights

ranging between 28- and 92-kDa (Woessner, 1991; Matrisian, 1992;

Birkedal-Hansen et al., 1993) (Table 1).
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Table 1:

their substrate specificities

Members of the matrix metalloproteinase family and

Type Name MMP # º extraºlº, Matrix
Collagenases | Fibroblast MMP-1 || 57/52 Collagen I, II, III, VII,

collagenase doublet VIII, X; gelatin

PMN- MMP-8 || 75 Collagen I, II, III, VII,

collagenase VIII, X; gelatin

Gelatinases | 72 kDa MMP-2 || 72 Gelatin; Collagen IV, V, VII,

Gelatinase X, XI; elastin; fibronectin;

proteoglycan core protein

92 kDa MMP-9 || 92 Gelatin; Collagen IV, V;

Gelatinase elastin; proteoglycan core

prote in

Stromely sins | Stromely sin-1 || MMP-3 |60/55 Proteoglycan core protein;

doublet fibronectin; laminin;

collagen IV, V, IX, X; elastin;

procollagenase;

Stromely sin-2 || MMP-10 || 60/55 Proteoglycan core protein;

doublet fibronectin; laminin;

collagen IV, V, IX, X; elastin;

procollagenase;

Matrily sin MMP-7 || 28 Fibronectin; laminin; ; ;

Putative meta- collagen IV; gelatin;

lloprotinase-1 procollagenase;

proteoglycan core protein;

Other MMPs |Macrophage º 53 Elastin, proteoglycans, IgG,

metallo- o.2 macroglobulin

roteinase

Stromely sin-3 || MMP-11 | N/A N/A

MMPs are a group of zinc-dependent, calcium-activated

enzymes that are secreted as zymogen precursors (Goldberg et al.,
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1986; Whitham et al., 1986) and their functional activity is controlled

by tissue inhibitors of metalloproteinase-1, -2 and -3 (TIMP-1,

TIMP-2 and TIMP-3) (Martisian, 1990; Birkedal-Hansen et al., 1993).

Two members of the TIMP family, TIMP-1 and TIMP-2, have been

cloned and sequenced. The most recently described TIMP is TIMP-3

or CHIMP-3 (Chicken Inhibitor of Metalloproteinases), a

transformation-sensitive 21-kDa protein that is exclusively found in

the ECM of cultured chicken embryo fibroblasts (Staskus, et al., 1991

and Pavloff, et al., 1992). TIMP-3 is a relatively insoluble protein

only located in the ECM while TIMP-1 and -2 are soluble proteins

isolated from conditioned media of cultured cells and found in

physiological fluids.

Table 2 Tissue Inhibitors of Matrix Metalloproteinase Family

TIMP-1 a Mr. 28kDa mannose-rich N-sialoglycoprotein with a Mr.

20k protein core.

TIMP-2 | a Mr. 22kDa unglycosylated protein.

TIMP-3 | a Mr. 21kDa insoluble sialoglycoprotein.

TIMPs form classic non-covalent biomolecular complexes

with the active forms of MMPs and under certain circumstances with

their latent forms as well. TIMPs inhibit the activity of the fully

competent MMP and also appear to block or retard MMP precursor

activation. Therefore, the role played by TIMPs in regulating matrix

degradation may not only be by classic proteinase elimination, but

also perhaps by a more potent effect, namely, the interceptive

blockage of MMP activation. TIMP-1 and TIMP-2 have been found to
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bind and inhibit MMP-9 and MMP-2 respectively, but TIMP-3 has

not yet been found associated with a specific MMP.

MMPs have been implicated in the breakdown of

connective tissues during remodeling and in association with

inflammatory diseases and tumor metastasis (Stricklin et al., 1988;

Khokha et al., 1989). During tooth eruption, MMPs have been

proposed to mediate destruction of capillary basement membrane

sites, thus facilitating entry of osteoclast precursor cells into the

dental follicle from the blood. In addition, MMPs can not only

degrade cell-matrix contact regions leading to reorganization of cell

cell and cell-matrix interactions necessary for periodontal ligament

development, but also break down matrix-bridging molecules leading

to reorganization of matrix and establishment of new cell-cell and

cell-matrix contacts and matrix binding sites, as well as to releasing

of the active growth factors from plasma membrane bound

precursors and matrix binding sites (Gorski, 1992). Likewise, during

root resorption, the active root-resorbing tissues have been

demonstrated to exhibit a strong collagenolytic activity in an in vitro

assay of culture on collagen gels (Morita et al., 1970).

Since collagen fibers of the periodontal tissue are

primarily responsible for the attachment to the tooth and also

provide the architecture for supporting the tooth in the jaw bone, the

destruction of collagen fibers is proposed to be a key event in the

initiation and progression of root resorption. Previously, several

human and animal research demonstrated that periodontal

hyalinization precedes the root resorption procedure (Becks and

Marshall, 1932; Reitan, 1964 and 1974; Gaudet, 1970; Rygh, 1977;
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Kvam, 1972a, 1972b and 1972c), and then loss of root material

occurs adjacent and subadjacent to this area. Therefore, hyalinized

tissue elimination has been described to be related to the root

resorption process (Rygh, 1977). Phagocytic digestion of collagen is

frequently observed in the events of hyalinized tissue elimination,

and has also been proposed as the primary mode of collagen

remodeling in soft connective tissues (Svoboda et al., 1981; Sodek

and Overall, 1989). However, it has also been shown that

phagocytosis is not affected by specific inhibition of the

collagenolytic cathepsins (Everts et al., 1985) which provide an

alternative pathway of fragmenting collagen prior to phagocytosis.

Recent studies have shown that cells degrade the collagen fibrils by a

collagenase-dependent process since antibodies which inhibit the

catalytic activity of this enzyme block collagen breakdown by 80

100% (Birkedal-Hansen et al., 1992). These studies concluded that

expression of procollagenase is a necessary but not sufficient

requirement for cell-mediated collagen degradation. Therefore, It has

been proposed that soft tissue removal ahead of an erupting tooth

(or associated with the presence of neoplasms) may be the result of a

reduction in the amount of inhibitor (TIMPs) produced locally as well

as an increase in the amount of collagenase (Ten Cate and Anderson,

1986).

The sources of collagenolytic enzymes capable of

breaking down the collagen fibers include invading bacteria

(Robertson et al., 1982; Mayrand and Grenier, 1985; Birkedal-Hansen

et al., 1988), macrophages (Wahl et al., 1974) and PMNs (Lazarus et

al., 1968) involved in the inflammatory response. In addition,
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fibroblasts produce elevated amounts of these collagenolytic

enzymes when exposed to cytokines released by inflammatory cells

(Dayer et al., 1977) or to bacterial lipopolysaccharides (Pettigrew et

al., 1981). Moreover, adult human periodontal ligament fibroblasts

have been described to produce MMPs and TIMPs that might be

involved in normal remodeling of periodontal ligament connective

tissues as well as pathological breakdown of collagen fibrils prior to

resorption of root (Richards and Rutherford, 1990). In my studies, I

will try to identify the production of MMPs and TIMPs by PPDL cells

using PPDL cell conditioned media analyzed by substrate and reverse

zymography, as well as Western blot analysis.

A.7 Inflammatory Cytokines

The cytokine interleukin 1 (IL-1) has been demonstrated

to be an important component in the functions of the immune

system. In addition, IL-1 has been shown to have a wide range of

effects on cells of other physiological systems (Dinarello, 1984). In

fibroblasts, IL-1 stimulates production of collagenase (Postlethwaite

et al., 1983), inhibit collagen synthesis (Kahari et al., 1987), induces

proliferation (Schmidt et al., 1982; Postlethwaite et al., 1982) and

increases the procollagenase mRNA and protein synthesis in

periodontal fibroblasts (Richards and Rutherford, 1990). IL-1 is a

cytokine which is one of the most potent activators of bone

resorption but there has been no report about the involvement of

this factor in root resorption.

Interleukin-1 refers to a group of three polypeptide

hormones, interleukin-1 o', interleukin-13, and interleukin-1 receptor
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antagonist (IL-10, IL-1B and IL-1 ra), that play a central role in the

regulation of immune and inflammatory responses (Dinarello, 1984).

Moreover, it is one of the most important factors known to stimulate

bone resorption (Gowen et al., 1983; Heath et al., 1985). The effects

of cytokines on bone resorption have been investigated by Gowen

and Mundy (1986) using the mouse calvarial assay system. These

investigators observed marked stimulation of resorption by IL-1, but

not IL-2. The purified recombinant human IL-13 has also been

reported to increase the procollagenase mRNA and protein in human

periodontal fibroblasts in vitro (Richards and Rutherford, 1990).

Recently, Okamura. et al. (1993) suggested that IL-1 might be also

involved in root resorption, and that it may be an important factor

for promoting root resorption by inducing and activating odontoclasts

to produce collagenase secretion.

Tumor necrosis factor-alpha (TNF-o.) was originally

defined as a factor produced in bacillus Calmette-Guerin-primed

animals in response to endotoxin and responsible for necrosis of

various tumors. TNF-0, is predominantly produced by macrophages in

response to many infectious and noninfectious processes such as

bacterial., viral., and various other parasitic infections, and appears

to play a role in the inflammatory cascade (Herdegen and Casey,

1993). TNF-o. is also another cytokine with well-documented

potential as a stimulator of bone resorption (Thomson et al., 1986

and 1987; Shen et al., 1988). In fetal mouse calvaria, TNF-o has also

been described to increase the production of procollagenases and the

activity of collagenase (Delaisse et al., 1988). In living animals, TNF-0.

administration has an inhibitory effect on bone fracture healing

19



(Hashimoto, 1980) and it induces hypercalcemia (Johnson, 1989).

Recent in vitro studies suggest that the direct pathogenic effects of

TNF-o, are amplified by its potential to act as a paracrine molecule,

by inducing other proinflammtory molecules such as IL-1, and GM

CSF (Brennan et al., 1992).

IL-6, previously called B-cell stimulatory factor 2,

hepatocyte stimulating factor, or interferon-32, is a multifunctional

cytokine and is produced by lymphoid and non-lymphoid cells

(Hirano and Kishimoto, 1990). The primary cell sources

pathophysiologically are likely to be monocytes/macrophages and

fibroblasts with stimuli of IL-1, TNF and LPS particularly relevant

(Wendy et al., 1992). Several works also present that IL-6 can

apparently induce osteoclastic bone resorption through an increase

effect on the precursor of osteoclast (Lowik et al., 1989; Ishimi et al.,

1990; Kurihara et al., 1990).

Recently, a body of evidence have demonstrated that

resorbing activity, as a response to mechanical or chemical stimuli by

the periodontal ligament cells, is characterized by synthesizing

prostaglandin E with concomitant increase in cAMP (Ngan et al.,

1988). This process is regulated by hormones, such as parathyroid

(Ngan et al., 1988; Takahashi et al., 1989) and calcitonin (Kess et al.,

1988; Takahashi et al., 1989), neurotransmitters, such as substance P

(Nicolay et al., 1988), vasoactive intestinal peptide (Patrone et al.,

1989), and calcitonin gene related peptide (Davidovitch et al., 1990),

and cytokines or monokines such as interleukin-1 alpha (Takahashi

et al., 1989; Davidovitch et al., 1988), interleukin-1 beta (Ngan et al.,

1988; Lynch et al., 1988), interleukin 2 (Davidovitch et al., 1989),
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tumor necrosis factor (Takahashi et al., 1989; Davidovitch et al.,

1989), and interferon-gamma (Ngan et al., 1990).

Since inflammatory conditions may change the effect of

PDL cells on osteoclasts, and to see whether some specific cytokines

are messengers of tooth resorption by inducing and activating

periodontal ligament cells to stimulate collagenase secretion or to

reduce the tissue inhibitors of metalloproteinases, specific cytokines,

including IL-10, TNF-o, and IL-6 were tested in these experiments.

A.9 Rationale, hypothesis and specific aims

Root resorption has received considerable attention, and

the data of several investigations suggest that the resistance of the

root to resorption is related to the periodontal ligament. Some

different clinical features were observed between permanent

dentition and primary dentition, such as the primary tooth is more

susceptible to root resorption in inflammatory conditions. However,

since no reference is available on the periodontal ligament

fibroblasts from the primary dentition, these studies attempt to

culture the PPDL cells from the human primary teeth and to define

some of their in vitro morphologic and biosynthetic characteristics,

focusing on the production of matrix metalloproteinases (MMPs) and

their inhibitors (TIMPs). These characteristics were also compared

with those of adult periodontal ligament cells (APDL cells) to test the

first hypothesis that different clinical features result from different

characteristics between PPDL cells and APDL cells.

In addition, it has been proposed that removal of

periodontal ligament preceding inflammatory root resorption may be
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the result of a reduction in the amount of TIMPs as well as an

increase in the amount of collagenase (Ten Cate and Andreasen,

1986). In these studies, PPDL cells were treated with graded doses of

IL-1 o and TNF-0 to test their effect on the expression of MMPs and

TIMPs by PPDL cells to investigate the second hypothesis that

proinflammatory cytokines can increase the expression of MMPs and

decrease the expression of TIMPs.

Furthermore, osteoclast-like formation assay was used,

by adding various CM from PPDL cells into mouse bone marrow

culture system, to test the third hypothesis that periodontal ligament

cells can provide a protective mechanism against root resorption, at

least by inhibiting the osteoclast formation.

Therefore, the specific aims of this thesis include:

1. Characterize the periodontal ligament cells from human

primary teeth, including their morphology and biosynthetic

characteristics which focus on the production of MMPs and TIMPs.

2. Evaluate whether treatment with IL-10 and TNF-0.

results in changes in expression of MMPs and TIMPs by PPDL cells.

3. Determine the effect of conditioned medium from human

primary periodontal ligament fibroblast-like cells on osteoclast

formation.
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B. MATERIALS AND METHODS

MATERIALS

All media and media supplements, including o-MEM, fetal

calf serum, penicillin/streptomycin, lactalbumin hydrolysate and

fungisone were purchased from Fisher Scientific (Pittsburgh, PA). All

first antibodies and secondary antibodies used in Western blot were

courtesy of David Richards (UCSF) and enhanced chemiluminescence

(ECL) detection reagents was from Amersham Corp. (Arlington

Heights, IL). DNA labeling kit and Northern hybridization agents

were purchased from Boehringer mannheim (Indianapolis, IN).

Human recombinant TNF-o. was purchased from Genezyme

(Cambridge, MA), and human recombinant IL-1 o and human

recombinant IL-6 used in cytokine response assay were purchased

from Boehringer mannheim (Indianapolis, IN). The staining kit for

tartrate resistant acid phosphatase (TRAP) was purchased from

Sigma (St. Louis, MO).

B-1 Preparation of periodontal ligament cells:

To characterize primary periodontal ligament fibroblasts,

six freshly extracted primary teeth were obtained from healthy

young patients, with a mean age of 3.6 years, in the dental clinic of

the Oakland Children's Hospital. Simultaneously, three permanent

periodontal ligament cell lines were obtained from healthy adult

premolar and third molar teeth. The primary teeth were washed

with phosphate buffer solution (PBS) to remove blood, and then the

periodontal ligament tissue attached to the mid-third of the root was

removed with a scalpel. The coronal and apical portions of the root
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were not used so that contamination by cells of gingiva, nerves and

blood vessels could be avoided. The removed PDL tissues were

minced, washed with alpha minimal essential medium (o-MEM),

penicillin 500 units/ml, streptomycin 500 mg/ml and 1% fungizone

three times, then placed in 35mm tissue-culture dishes and covered

with sterilized glass coverslips and media [o-MEM, supplemented

with penicillin 200 units/ml, streptomycin 200 mg/ml, fungizone 0.5

mg/ml, and 20% fetal bovine serum (FBS)]. The primary cultures

were kept at 370C in a humidified incubator in 95% air and 5% CO2.

The same media was replaced every 2-3 days for approximately 2-4

weeks until adequate numbers of cells were observed to be growing

out from the explants. The plates were washed twice with PBS and

the cells were detached with trypsin and subcultured to new culture

dishes with o—MEM supplemented with 10% FBS, 100 units/ml and

streptomycin 100 mg/ml.

These 6 primary periodontal ligament cell lines were

designated PPDL-1 to PPDL-6, and used for experiments at passage

levels between 4 to 13. The adult periodontal ligament cells were

designated APDL-1 to APDL-3. For experiments, cells were plated in

100mm dishes and allowed to grow to near confluence. Serum

containing media was replaced with o—MEM supplemented with 0.2%

lactalbumin hydrolysate (LAH) for 24 hours. The medium was

replaced again and fresh LAH medium containing test material (such

as cytokines) were added. Each plate of cells was examined by

phase-contrast microscopy, and then the cell-conditioned media (CM)

were retrieved and stored at -700C for further analysis. The cell
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monolayers were processed for RNA and DNA isolation and Northern

blot analysis.

B-2 Morphologic Characteristics:

These 6 PPDL cell lines and 3 APDL cell lines were

examined by phase-contrast microscopy. 35 mm photomicrographs

and video-images were taken for records.

B-3 Production of MMPS and TIMPS:

B-3-1 Substrate zymography:

Because MMPs are often present as proenzymes, these

must be converted to the forms before activity can be detected.

Furthermore, MMPs are often complexed with inhibitors that control

their activity in vivo, so separating these complexes is necessary to

obtain an accurate estimate of total proteinase activity.

Zymographic detection on substrate gels was used for the

identification of the ability of PPDL cells to produce MMPs and

TIMPs. By this technique, not only will estimated molecular weight

and proteinase class be obtained, but also the proenzymes show

activity, thus eliminating the requirement for activation. In addition,

electrophoresis may result in the separation of non-covalent

proteinase-inhibitor complexes.

Various PPDL cell-conditioned medium (CM) were

subjected to electrophoreses at 150C on 10% sodium dodecyl sulfate

polyacrylamide gels (SDS-PAGE) containing 2 mg/ml of gelatin or

casein as described previously (Chin et al., 1985; Fisher and Werb,

1992). After electrophoresis, the SDS was removed by washing the
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gels in 2.5% Triton X-100 for 30 minutes with one change of washing

media. The gelatin gels were incubated at 370C for 20 hours in

incubation buffer (50mM Tris-HCL buffer, pH 8, 5 mM CaCl2, 0.02%

NaN3), stained with 0.5% Coomassie blue and destained in 10% acetic

acid and 40% methanol until proteinase bands were clearly visible.

Images of the gels were video-digitized by a CCD camera (NEC T1

24A, Japan) and image software (Image Version 1.42, NIH, Bethesda,

MD). The amount of sample loaded on the gels was standardized by

cell number and the intensity and area of gelatinolytic activity was

quantified by computer-video densitometry.

B-3–2 Reverse zymography:

Various PPDL-cell CM and cytokine-induced PPDL-cell CM

were separated by 15% SDS-PAGE impregnated with 1 mg/ml gelatin

as described previously (Fisher and Werb, 1992). The technique used

for reverse zymography was similar to that used for substrate

zymograms, except that after being washed with Triton X-100, the

gels were incubated for 1 hour in RSFCM (rabbit synovial fibroblasts

conditioned media) which was treated with 50 ng/ml of TPA and

then activated by 1 mM 4-aminophenylmercuric acetate (APMA).

This activated RSFCM contains several proteinases that will degrade

the gelatin of the gel, except where inhibitors (TIMPs) are present.

The gel was then incubated in incubation medium at 370C for 20

hours, stained, and destained as described above. Areas of the gels

containing no inhibitor and from which the substrate has been

removed by external proteolytic action were pale blue. In contrast,

protein bands that have inhibitory activity (TIMPs bands) were
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stained and appeared darker blue. Again sample volumes were

standardized by cell number, and the intensity of bands was

quantified by computer-video densitometry.

B-3-3 Western blot analysis:

PPDL-cell CM were electrophoresesed in 10% SDS-PAGE,

and then was transferred to nitrocellulose membranes. The

membranes were blocked in 5% milk in PBS containing 0.1% Tween

20 (PBS-T) for 1 hour at room temperature on an orbital shaker

followed by rinsing 3 times in PBS-T. The membrane was then

incubated in PBS-T containing mouse anti-human collagenase or

rabbit anti-human TIMP monoclonal antibodies (1:5000) for one

hour. After 3 more washes by PBS-T to remove the excess primary

antibody, the blot was incubated with secondary antibody, DIG-HRP

anti-mouse Ab or DIG-HRP anti-rabbit AB, for another hour. The blot

was washed again to remove the excess secondary antibody by 3

further washes and was then detected by enhanced

chemiluminescence (ECL) detection reagents to visualize the bands

by exposing on the X-ray film. The ECL detection system involves

directly labelling probe DNA with the enzyme horseradish

peroxidase, which has been complexed with a positively charged

polymers, by a loose attachment to the DNA by charge attraction.

There are two detection reagents that should be mixed immediately

before use. Detection reagent 1 decays to hydrogen peroxidase, the

substrate for peroxidase. Reduction of hydrogen peroxid by the

enzyme is coupled to the light producing reaction by detection

reagent 2. This contains luminol, which on oxidation produces blue
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light. The light output is increased and prolonged by the presence of

an enhancer, so that it can be detected on a blue-light sensitive film.

ECL detection system was successfully used in this thesis for Western

blot and Northern blot. The intensity of bands on Western blot and

Northern blot was also quantified by computer-video densitometry.

B-3-4 Total RNA and DNA isolation

Total cellular RNA is prepared from cells according to the

guanidium isothiocyanate-cesium chloride procedure with mild

modification (Chomczynski and Sachi, 1987). All the stock reagents

and glassware for RNA work were stored separately from other

chemicals and were handled with gloved hands. All glassware and

spatulas were autoclaved and baked at 2500C for at least 4 hours.

PPDL cells were grown to confluence and conditioned

medium were retrieved, and then the monolayer of cells in the

dishes were washed with PBS twice. Six hundred pul RNA GIT buffer

(4.0M guanidium thiocyanate, 0.5M. NaCitrate, 0.5% Sarcosyl and 0.36

ml 2-mercaptoethanol), 0.06 ml NaOAc pH 4.0, and 0.6 ml water

saturated phenol were added simultaneously to the dish. The cells

were scraped in the dish using a cell scraper, and were pipetted up

and down 7-10 times to homogenize the cell mixture. Then, the cell

mixture was transferred to a new sterilized 1.5 ml centrifuge tube,

0.12 ml chloroform with 1% oil red was added followed by hand

mixing vigorously for 15 seconds, incubation on ice for 10 minutes

and then centrifuged at 10,000 rpm to separate aqueous phase from

organic phase and interface.
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At this stage, the lower pH of the solution helped in the

effective partitioning of RNA from DNA, and only RNA was recovered

in the aqueous supernatant by separating aqueous and organic

phases. The upper aqueous layer containing RNA was removed

carefully to a new centrifuge tube, and precipitated with equal

volume of absolute isopropanol at -200 C and stored in this form.

Before being used, the RNA pellet was washed twice with 75%

ethanol, and dried in a speed-vac for 5 minutes. The RNA pellet was

resuspended in 0.1% SDS with 1 mM EDTA, heated at 650C for 10

minutes, and the absorbance at 260 nm and 280 nm against blank

was measured. The ratio of absorbance at 260 and 280 nm for RNA

is between 1.7 and 1.9.

The DNA in the interface and the organic phase was

eluted into the aqueous phase by changing the pH from acidic to

alkaline by reverse extraction with highly alkaline, Tris solution (pH

10.5). To isolate DNA, from the saved organic phase and interface, the

remaining aqueous phase layer and a small portion from the top of

the interface was discarded to get rid of RNA. Then, 0.8 ml Tris

solution (pH 10.5) was added and mixed thoroughly by gentle wrist

action shaking. The aqueous phase was collected to a new tube after

being centrifuged at 4,500 rpm at 40C for 20 minutes. To each tube

containing Tris:DNA, an equal volume of chloroform:isoamyl alcohol

(24:1) was added to the extract DNA in the aqueous phase. The

collected upper aqueous layer was precipitated with one-tenth the

volume of 3M sodium acetate (pH 7.0) and 2.5 volumes of 100%

ethanol, mixed gently by a wide bore pipette action, and stored

overnight at -2000. The DNA pellet was collected by spinning down
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at 10,000 rpm for 30 min. and washing with 80% ethanol twice, and

resuspended in TE buffer (10 mM Tris-HCl, pH 8.0 and 1 mM EDTA)

for reading absorbance at 260 nm and 280 nm against blank. The

ratio of absorbance at 260 and 280 nm wavelength for DNA is

between 1.7 and 2.0.

B-3–5 Northern blot analysis:

Ten pig total RNA was fractionated on 1.0% agarose gels

containing 0.6M formaldehyde and transferred to a nylon membrane

(MagnaGraph Nylon) by capillary blotting. The RNA bound to the

membrane by UV crosslinking was prehybridized in prehybridization

solution that contained 50% formamide, 5X SSC (20X SSC buffer: 3M

NaCl, 300mM sodium citrate), 0.02% sodium dodecyl sulfate (SDS),

0.1% N-lauroylsarcosine, and 2% (w/v) blocking reagent in 0.1M

sodium maleate pH 7.5, at 420 C for 2-4 hours. Then, the

hybridization was performed at 420C overnight in prehybridization

solution with 15 ng/ml DIG-labeled cDNA probe for TIMP-1.

Probes were labeled by random priming using DNA

template, hexanucleotide mixture, dNTP labeling mixture, and

Klenow enzyme. Membranes were washed with 2X SSC containing

0.1%SDS twice and then with 0.5X SSC containing 0.1%SDS twice for 5

minutes per wash. After that, the chemiluminescent detection

method with the anti-DIG-HRP 1:5000 in Northern blocking solution

(10% blocking reagent stock solution diluted 1:5 in maleate buffer).

The ECL detection reagents were used and the blot was visualized by

exposing on X-ray film.
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B-4 Cytokine Response assays:

PPDL cells grown in 100 mm dish were treated with

various concentrations of human recombinant interleukin 1-alpha

(IL-10) and human recombinant tumor necrosis factor-alpha (TNF-0.)

in triplicate cultures. Cytokine-induced CM were retrieved after 24

hours of culture, and then subjected to substrate zymography,

reverse zymography and Western blot to test the effect of IL-10 and

TNF–0 on the expression by MMPs and TIMPs in PPDL cells. All PPDL

CM with various concentrations of cytokine treatment were

standardized by cell number and the results were quantified by

computer-video densitometry.

B-5 Osteoclast-like formation assay

B-5-1 Preparation of mouse bone marrow cells

Mouse bone marrow culture was used as previously

described (Takahasi et al., 1988). Mice were killed by cervical

dislocation and dipped in 70% ethanol. An incision through skin in

middle of abdominal area was made to reflect skin completely from

hindquarters, including hind legs. The hind legs are flooded with

ethanol, legs are separated from the body at the hip joint and the

feet removed, taking care not to damage epiphyses. Adherent muscle

tissue was removed from femur and tibia by scraping, and then the

partially cleaned bones were transferred to a culture dish containing

Hank's BSS. This was repeated until all muscle tissues were remove.

The epiphyses were removed with scissors, the bone ends were

punctured with a 20-gauge needle, and Hank's BSS was pushed

through the center of the bones, using a syringe with a 25-gauge
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needle. The marrow is drawn in and out of the needle and syringe to

obtain a single-cell suspension. The marrow cells was collected into

tubes, washed twice with o–MEM, and cultured in (0.5 ml/well) o –

MEM with 10% fetal calf serum and 10-8M 1 o,25(OH)2D 3 at 107

cells/ml. in 24-well plates. Cells were cultured for 8 days with a

change of medium every 2-3 days and all cultures were maintained

at 370C in a humidified atmosphere of 5% CO2 in air.

B-5-2 Osteoclast-like formation assay

0.5ml bone marrow cells were placed into each well of a

24-well plate (approximately 5X10-6 cells/well) and were incubated
for 3-4 hours to allow cells to adhere to the bottom of the wells.

Cultures were fed every 48 hours by replacing 0.4ml old medium

with fresh medium. 5pil of 10-6M 10,25-(OH)2-D3 were added at the

beginning of the culture and at each time the medium was changed.

At termination of the experiment, three exchanges of medium over 8

days, cells adherent to the well surface were rinsed twice with PBS

(pH 7.4) and fixed with 370 C citrate solution, acetone and 37%

formaldehyde (25:65:8) for 30 sec. Fixed cultures were rinsed with

PBS one more time with particular attention not to allow wells to dry.

Then, the whole 24-well plate was stained for tartrate resistant acid

phosphatase (TRAP), according to the method of Burstone (1962)

using naphtol AS-MX phosphate (Sigma) as substrate, and Fast Red

Violet LB salt (Sigma) for color reaction at pH 5.4 with 50mM sodium

tartrate. The cells that are both positive for TRAP and contain three

or more nuclei were counted as multinucleated cells. TRAP-positive

mononuclear cell clusters containing five or more cells per cluster are

:i. *
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also scored as TRAP-positive multinucleated cells. Also TRAP+

mononucleated cell were counted. The results are expressed as the

means + standard deviation (S.D.) of triplicate cultures.

B-6 Statistical Analysis

All of the experiments described in this thesis were

performed at least three times, and representative results are

presented. Each assay was done in triplicate, and the means and

standard errors were calculated and compared to control levels with

a statistical software program (Primer of Biostatistics, v.3.0, Stanton

A. Glantz). The data of cytokine response assay and of osteoclast

formation assay were compared between test and control groups

using a Student's t test.
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C. RESULTS:

C.1 Culture of primary periodontal ligament fibroblasts and

their morphologic characteristics

PPDL cells were successfully cultured from 6 primary

teeth from different individuals, and designated as PPDL-1 to PPDL

6, respectively. Generally speaking, PPDL cells were observed

extending from the tissue explants by two weeks, and were confluent

within three to four weeks. After the fourth passage, PPDL cells were

used for morphologic and biosynthetic characterization that include

the production of MMPs and TIMPs, the effect of inflammatory

cytokines on the expression of MMPs and TIMPs, and the effect of

conditioned medium on formation of osteoclast-like cells.

As examined by phase-contrast microscopy, PPDL cells

appeared to have a spindle-shaped, elongated appearance

characteristic of "fibroblast-like" cells (Figure 1). As the cells

approached confluence, two distinct patterns were observed. Cell

populations PPDL-1, PPDL-2, PPDL-3 and PPDL-5 formed an even

monolayer with parallel orientation of fusiform cells in culture

dishes, as did APDL-1 and APDL-2. In contrast, cell populations

PPDL-4, PPDL-6, and APDL-3 readily formed clustered hyper

confluent, multilayered colonies of randomly oriented cells around

cyst-like spaces (Figure 1).

:
k-l

3

34



(a)

(b)

Figure 1 (a) Six different cell lines of primary periodontal ligament fibroblast- ºf .
like cells (PPDL-1 to PPDL-6). (b) Three different cell lines of adult periodontal ligament ºf .

fibroblast-like cells (APDL-1 to APDL-3). Phase-contrast microscopy. Bar-25 pum º
Jº
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C.2 Production of MMPS and TIMPs

In order to test whether PPDL cells are capable of

production of MMPs and TIMPs, six different PPDL cell lines and

three APDL cell lines were grown in 100 mm culture dish to near

confluence and pre-incubated with 5 ml of the serum-free o- ME M

medium with 0.2% LAH for 24 hours. The medium was then changed

with another fresh 5 ml of the same medium and cultured for a

further 48 hours. Each cell line was grown in triplicate culture. The

conditioned medium from equal numbers of cells was subjected to

SDS-PAGE zymography to examine the pattern of gelatinolytic

activity, and to reverse zymography to examine the pattern of

TIMPS.

From the gelatin substrate zymogram, both PPDL cells

and APDL cells demonstrated five gelatinolytic enzymes activities,

differing in their molecular weights (Figure 2). These gelatinolytic

activities were completely inhibited when a similar gel was

incubated in substrate buffer containing 0.3 mM 1, 10

phenanthroline, a metalloproteinase inhibitor, characterizing these

gelatinolytic activities as metalloproteinases (data not shown). The

molecular weights of these bands were estimated to be 92, 70, 68,

57, and 52 kDa, respectively. The gelatinolytic activity at

approximately 92 kDa is suggestive of 92-kDa gelatinase, the

gelatinolytic activities at 70 and 68 kDa suggested the presence of

the latent and activated forms of 72-kDa gelatinase, respectively, and

the gelatinolytic activities at 57 and 52 kDa indicate characteristic

doublet of procollagenase. Further study using Western blot with the

anti-72 kDa gelatinase antibody confirmed the doublet of 70-/68
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kDa band as 72 kDa gelatinases (Figure 3), and the levels of 72 kDa

gelatinase were the same in all PPDL and APDL cells. However, a

much lighter 57-/52-kDa band was also present in the same blot,

which probably resulted from the cross-reacting or impurity of

antibody (Figure 3). The 57-/52-kDa gelatinolytic activity was also

confirmed as procollagenase by Western blot using specific anti

collagenase antibody (Figure 4), and it was observed that generally

the amount of collagenase secreted by PPDL cells was higher than by

APDL cells. The densitometric evaluation also revealed trends similar

to these observations (data not shown)

From the reverse zymograms, three inhibitory activities

were found at approximately 28, 21 and 18 kDa. (Figure 5). The 28

kDa and 18 kDa inhibitory activities are likely TIMP-1 and TIMP-2,

respectively. The other detectable inhibitor at Mr=21 kDa is probably

IMP-2 (Herron et al., 1986; Banda et al., 1992). There was no

significant difference observed in the production of these inhibitors

among all PPDL cells and APDL cells. The densitometric evaluation

also revealed a similar levels of TIMPs in all them (data not shown).

The 28 kDa inhibitory activity was further confirmed as TIMP-1 by

Western blot using the anti-TIMP-1 antibody (Figure 6), and a lightly

cross-reacted TIMP-2 band was also seen in the same blot.
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PPDL-1 PPDL-3 PPDL-5 APDL-1 APDL-3

PPDL-2 PPDL-4 PPDL-6 APDL-2 º

1.

■ º
Figure 2 Gelatin substrate zymogram of CM from PPDL cells and APDL cells. * -

The CM from six different PPDL and three APDL cell lines, in the lanes as labeled, were --

retrieved after 48 hrs and assayed as described in Materials and Methods. Five gelatinolytic
activities were observed approximately at Mr. = 92, 70, 68, 57, and 52 kDa. For reference, º
the positions of globular protein standards are also noted on the figure.
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105

69

43

28

PPDL-1 PPDL-3 PPDL-5 APDL-1 APDL-3

PPDL-2 PPDL-4 PPDL-6 APDL-2

Figure 3 Western blot analysis for 72 kDa gelatinase of CM from PPDL and
APDL cells. The CM from six different PPDL and three APDL cell lines, in the lanes as

labeled, were retrieved after 48 hrs and assayed as described in Materials and Methods. A
positive result was observed and confirmed as 72 kDa gelatinase. A lighter doublet band

was also seen at 57-/52-kDa, which probably resulted from cross-reacting or impurity of
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PPDL-1 PPDL-3 PPDL-5 APDL-1 APDL-3

PPDL-2 PPDL-4 PPDL-6 APDL-2

Figure 4 Western blot analysis for procollagenase of CM from PPDL and
APDL cells. The CM from six different PPDL and three different APDL cell lines, in the

lanes as labeled, were retrieved after 48 hrs of cultures and were assayed as described in
Materials and Methods. A characteristic doublet of bands was observed at 57-/52-kDa as

procollagenase. It was also observed that generally the amount of collagenase secreted by
PPDL cells was higher than by APDL cells.
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PPDL-1 PPDL-3 PPDL-5 APDL-1 APDL-3

PPDL-2 PPDL-4 PPDL-6 APDL-2

Figure 5 Reverse zymography of CM from PPDL cells and APDL cells. The
same CM samples as those prepared in the Figure 2 were subjected to reverse zymography
analysis as described in Materials and Methods. Three inhibitory activities were observed
at approximately 28, 21, and 18 kDa, corresponding to TIMP-1, IMP-2, and TIMP-2.
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PPDL-1 PPDL-3 PPDL-5 APDL-1 APDL-3

PPDL-2 PPDL-4 PPDL-6 APDL-2

Figure 6 Western blot analysis for TIMP-1 of CM from PPDL cells and APDL

cells. The same CM as those prepared in the Figure 5 were assayed as described in
Materials and Methods. A prominent positive band was observed at 28 kDa, characterizing
as TIMP-1, and a lighter band was also noted at 20 kDa,possibly corresponding to TIMP-2.
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C.3 Cytokine Response Assay

Because deciduous dentition is susceptible to root

resorption under inflammatory condition, proinflammatory

cytokines, IL-10 and TNF-o., were used to further characterize their

possible involvement in root resorption by altering collagenases and

proteinase inhibitors synthesis by periodontal ligament cells.

PPDL-2 cell line was randomly chosen and was subjected

to graded concentrations of TNF-o. (0, 0.1, 1.0, and 10 ng/ml) and IL

1 o (0, 1.0 and 10 unit/ml) in triplicate cultures, and the conditioned

medium was retrieved after 48 hours of culture. In order to

determine if any alteration in the production of MMPs and TIMPs

could be detected after treatment with TNF-o or IL-10, volumes of

conditioned medium, corrected for cell number, were subjected to

SDS-PAGE zymography to examine the pattern of gelatinolytic

activity, and to reverse zymography to examine the pattern of

inhibitory activity, as well as by Western blot to confirm both

patterns of collagenase and TIMP.

The gelatin substrate zymogram demonstrated trends

towards higher level of total gelatinolytic activities with increasing

treatment of TNF-o, and IL-10 as compared with unstimulated cells

(Figure 7). This increase of procollagenase activities at 57- and 52

kDa was further confirmed by Western blot with using specific anti

collagenase antibody, and the densitometric evaluation (data not

shown) also revealed trends similar to these observations (Figure 8).

However, the reverse zymogram did not show significant

change in the production of TIMPs and IMP-2 (Figure 9). It was

further confirmed that no significant change in response to the

:
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increased concentration of TNF-o, and IL-10 treatment was observed

by Western blot in the production of inhibitor proteins (Figure 10),

and by Northern blot in mRNA level (Figure 11). The densitometric

evaluation also revealed no significant change, consistent with these

observations. Furthermore, the amount of cellular total RNA and DNA

also did not show any statistically significant change under the same

treatments (data not shown). These findings demonstrated that the

expression of MMPs by primary periodontal ligament cells was

increased in response to treatment with TNF-o, and IL-10, but the

expression of TIMPs was not.
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(b)(a)

0 0.1 1.0 10 0 1.0 10

TNF-o. (ng/ml) IL-10 (u/ml)

Figure 7 Substrate gel zymogram of CM from PPDL-2 in response to

inflammatory cytokines TNF-0, and IL-10. The PPDL-2CM were retrieved after 48 hrs of

treatment with TNF-0, and IL-10, and were assayed as described in Materials and Methods.
Trends towards higher levels of total gelatinolytic activities in response to the increasing
treatment of TNF-o. (a) and IL-10. (b) were observed. The image has been inverted.
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TNF-o. (ng/ml) IL-10 (u/ml)

Figure 8 Western blot analysis for procollagenase from PPDL-2 CM in

response to inflammatory cytokines TNF-0, and IL-10. The same PPDL-2CM as prepared
in Figure 7 were assayed as described in Materials and Methods. An increased levels of the
doublet of 57-152-kDa collagenase activities in response to the increasing treatment of TNF
O. (a) and IL-10. (b) was observed.
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(a) (b)

0 0.1 1.0 10 0 1.0 10

TNF-o. (ng/ml) IL-10 (u■ ml)

Figure 9 Reverse zymogram from PPDL-2 CM in response to inflammatory

cytokines, TNF-0 and IL-1 oi. The same PPDL-2 CM as prepared in Figure 7 were as
sayed as described in Materials and Methods. No significant change in the production of
TIMPs was observed in response to the treatment of TNF-o. (a) and IL-1 3(b).
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(a) (b)

0.1 1.0 ■ o- 1.0 10

TNF-o. (ng/ml) IL-10 (u/ml)

Figure 10 Western blot analysis for TIMP-1 from PPDL-2 CM in response to

inflammatory cytokines, TNF-0, and IL-10. The same PPDL-2 CM as prepared in Figure

7 were assayed as described in Materials and Methods. No significant change in the produc
tion of TIMP-1 was noted in response to the increasing treatment of TNF-o. (a) and IL-10.
(b).
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28S

18S

0 0.1 1.0 10 0 1.0 10

TNF-o. (ng/ml) IL-10 (u/ml)

Figure 11 Northern blot analysis for TIMP-1 from PPDL-2 cells in response to

proinflammatory cytokines, TNF-0, and IL-10. Ten pig total RNA from the same PPDL-2

samples as in Figure 7 were assayed as described in Materials and Methods. No significant
change in the production of TIMP-1 was noted in response to the increasing treatment of
TNF-o. (a) and IL-10. (b).
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C.4 OSTEOCLAST-LIKE FORMATION ASSAY

To test the effect of conditioned medium of PPDL cells on

osteoclast formation, CM from six different PPDL cells were used as

treatment groups in triplicate cultures. At the termination of the

experiment, the cells were stained for TRAP and the cells that were

positive for TRAP, as well as those containing three or more nuclei

were counted as TRAP-positive multinucleated cells (TRAP+ MtNC).

TRAP-positive mononucleated cell clusters containing five or more

cells per cluster were also scored as TRAP+ MtNC while cells with

TRAP-positive but with 2 or less nuclei were counted as TRAP

positive mononucleated cells (TRAP+ MoNC, Figure 12). The number

of TRAP+MtNC and TRAP+MoNC in triplicate cultures are expressed as

mean it standard deviation (S.D.) with P values in Table 4 and plotted

in Figure 13.

Table 3 and Figure 13 indicate that conditioned medium

of all PPDL cells lines have statistically significantly inhibitory effects

on TRAP+ multinucleated cell formation in vitro, compared to IL-10.

which has a significantly positive effect. Furthermore, such

significant inhibition was also observed in most of PPDL cell lines on

TRAP+ mononucleated cell formation.
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Figure 12 Mouse bone marrow cells were cultured with various CM plus 10-6
M 10,25-(OH)2D3 for 8 days, fixed and stained for TRAP. The black arrows showed are

TRAP-positive multinucleated cells (TRAP+ MtNC). The white arrows indicate TRAP

positive mononucleated cells (TRAP+ MoNC). The big white arrow in the upper left corner

points a cluster of TRAP-positive mononucleated cells but counted as TRAP-positive multi
nucleated cells (TRAP+ MtNC).
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Table 3. The effect of different PPDL-CM on the Osteoclast

like formation assay.

TThe number of The number of

TRAP+ MtNC | P value [º MoMC | P value

IL-10 (5u/ml) 106.0 + 12.5 0.045 209.7 ± 16.0 0.122

LAH 82.3 + 6.8 Control 1870 + 12.1 Control

PPDL-1 CM 62.7 it 9.7 0.045 153.0 + 6.2 0.012

PPDL-2 CM 50.7 ± 2.5 0.002 157.0 + 8.9 0.026

PPDL-3 CM 64.7 ± 6.1 0.029 148.3 + 24.0 0.067

PPDL-4 CM 47.3 + 3.9 0.03 136.0 + 7.00 || 0.003

PPDL-5 CM 68.0 + 5.3 0.045 167.3 + 15.8 0.157

PPDL-6 CM 52.3 + 6.5 0.003 155.7 ± 10.2 0.027

Mouse marrow cells were cultured with different PPDL-CM and

10-8M 10,25(OH)2-D3 for 8 days with changing medium every 48
hours, then were fixed and stained for TRAP. TRAP+ multinucleated
cells and TRAP+ mononucleated cells were counted. Data are

expressed as the number per culture in triplicate (mean + S.D.). P
values were based on Student t test by comparing each treatment
group with control group.
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Figure 13 The effect of PPDL-CM on the osteoclast-like formation. Mouse bone

marrow cells are cultured as described in Table 3. After culture for 8 days, TRAP+ MtNC

and TRAP+ MoMC were counted and plotted in (a) and in (b), respectively. Each bar shows

the mean: S.D. in triplicate experiments. Cultures with OMEM containing IL-1 (5U/ml) is

used as apositive control and only with LAH as a negative control. *P-0.05, **P<0.005versus

the control by Student's t-test.
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In order to further test the effect of conditioned medium

of PPDL cells treated with various concentration of TNF-0. On the

osteoclast-like formation, PPDL-1 CM was used in a second assay. The

mouse bone marrow culture was prepared as described above. Fresh

o-MEM with 0.2% LAH containing 10 U/ml IL-10 was used as a

positive control, and O-MEM only with 0.2% LAH as a negative

control. Fresh ol-MEM with 0.2% LAH containing 10 ng/ml TNF-o, and

PPDL-1 CM treated with graded concentration of TNF-o. (0.01, 0.5 and

10 ng/ml) were added to bone marrow culture cells in triplicate

experiments. At the termination of experiment, the TRAP+ MtNC and

TRAP+ MoNC were counted as described previously. The number of

cells in triplicate cultures are expressed as the mean + standard

deviation (S.D.) and P values in Table 4 and plotted in Figure 14 (a)

and (b).

Table 4 and Figure 14 indicate that TNF-o. has a

significant increase on TRAP+ multinucleated cell formation in this

mouse bone marrow culture system as does IL-10, and when TNF-0.

with concentration higher than 0.5 ng/ml was used, the positive

effect of TNF-o can neutralize the inhibitory effect of PPDL-1 CM on

TRAP+ multinucleated cell formation in vitro, as well as on TRAP+

mononucleated cell formation.

These findings revealed that the proinflammatory

cytokine TNF-o. is able to modulate the inhibition of PPDL cells CM on

TRAP+ multinucleated cell formation in vitro.
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Table 4. The effect of PPDL-1 CM treated with various

concentrations of TNF-0 on the osteoclast-like formation assay

The number of

TRAP+ MONC
=

The number of

TRAP+ MtNC
Pvalue | P valuePvalue | P value

IL-10, 10u/ml | 137.0 + 23.9 || 0.028 280.7 + 11.7 || 0.000

TNF-o. 10ng/ml 113.0 + 9.9 0.025 232.7 ± 10.2 0.005

LAH 88.0 + 7.6 Control 178.3 + 13.9 || Control

APDL-1 CM 71.0 + 7.6 0.051 176.0 + 14.1 0.848

PPDL-1 CM 65.7 ± 5.7 0.015 I control || 159.7 ± 6.5 || 0.102 || control

***" | 61.7 ± 8.5 || 0.016 || 0436 || 174.7 ± 8.3 || 0.715 || 0.069
TNF-o: 0.01ng/ml CM

*P***** | 83.3 + 8.3 || 0.512 || 0.039 || 189,04 4.6 || 0.275 || 0.003
TNF-o. 0.5ng/ml CM

***** | 91.7 ± 7.1 || 0.573 || 0.008 || 1953 + 7.4 || 0.134 || 0.003
TNF-c 10 mg/ml CM

Mouse marrow cells are cultured with PPDL-1 CM treated with

various concentration of TNF-o and 10-8M 10,25(OH)2D3 for 8 days.
Cells are then fixed and stained for TRAP. TRAP+ multinucleated cells

and TRAP+ mononucleated cells were counted. Data are expressed as
the mean + S.D. per cultures in triplicate. P values were based on
Student t test by comparing each treatment group with control
group.
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Figure 14 The effect of PPDL-1 CM treated with various concentrations of
TNF-0 on the osteoclast-like formation. Mouse bone marrow cells are cultured as de

scribed in Table 4. At the termination of experiment, TRAP+MtNC and MoNc were counted
and plotted in (a) and in (b), respectively. Each bar shows the mean + S.D. in triplicate
experiments.”P-0.05, **P<0.005 versus the control (OMEM containing only LAH), and

*P-0.05 versus the control (PPDL-1 without any treatment) by Student's t-test.
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Finally, in order to further investigate the effect of

conditioned medium of PPDL cells, as well as the effect of IL-6 on the

osteoclast-like formation, IL-6 and various concentration of PPDL-2

CM were used in the third part of assay. The mouse bone marrow

culture was prepared as described above. Fresh ol-MEM with 0.2%

LAH was used as a control group, and o. -MEM with 0.2% LAH

containing 4 pul/ml IL-6 and various concentrations of PPDL-2 CM

were added as treatment groups to mouse bone marrow cells culture

in triplicate experiments. Various concentrations of PPDL-2 CM were

prepared by diluting PPDL-2 CM with fresh o-MEM + 0.2% LAH, and

by concentrating PPDL-2 CM using Centriprep concentrator (Amicon,

Inc. Beverly, MA). At the termination of experiment, the TRAP+ MtNC

and TRAP+ MoNC were counted by the same staining criteria. The

number of cells in triplicate cultures are expressed as the mean +

standard deviation (S.D.) and P values in Table 5 and plotted in

Figure 15 (a) and (b).

Table 5 and Figure 15 indicate that concentrated PPDL-2

CM, including 1X, 2X and 3X, still showed inhibitory effect on TRAP+

MtNC formation, but this increased inhibitory effect was not related

to the fold of concentration. Diluted PPDL-2 CM showed decreased

inhibitory effect, but this decreased effect was still not proportional

to the fold of dilution. These changes of inhibition were less apparent

on TRAP+ mononucleated cell formation.

These findings revealed that concentrating and diluting of

PPDL CM does not significantly change the inhibitory effect of PPDL

CM on osteoclast-like formation in vitro.
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Table 5. The effect of PPDL-1 CM treated with various

concentrations of TNF-0 on the osteoclast-like formation assay

The number of | Pvalue | Pvalue || The number of | Pvalue | Pvalue
TRAP+ MtNC TRAP+ MONC

IL-6 (4 pul/ml) 102.7 ± 11.1 L 0.067 192.0 + 9.5 0.226

LAH 83.0 + 8.0 | control 177.7 + 14.5 || Control

0.1X PPDL-2 CM 64.3 + 9.3 0.058 || 0.629 || 169.0 + 13.0 || 0.484 || 0.302

0.25X PPDL-2 CM 700 + 10.1 0.156 || 0.231 1673 + 16.5 L 0.461 I 0.429

0.5X PPDL-2 CM 64.0 it 8.9 0.051 I 0.650 || 1610 + 13.0 L 0.212 I 0.713

1X PPDL-2 CM 61.3 + 3.5 0.013 I controll 1570 + 11.8 L 0.128 I control

2X PPDL-2 CM 50.0 + 8.5 0.008 || 0.100 || 149.0 + 11.5 || 0.055 || 0.448

5X PPDL-2 CM 51.3 + 7.5 0.007 || 0.105 || 153.0 + 16.5 || 0.124 || 0.750

Mouse marrow cells are cultured with IL-6 (4 pil/ml) and
different concentrations of PPDL-2 CM, plus 10-8M 10,25(OH)2D3 for
8 days changing medium every 48 hours, and then fixed and stained
for TRAP. TRAP+ multinucleated cells and TRAP+ mononucleated cells

were counted. Data were expressed as the number per cultures in
triplicate (means + S.D.) P values were based on Student t test by
comparing each treatment group with control group.
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Figure 15 The effect of IL-6 and different concentrations of PPDL-2 CM on
osteoclast-like formation. Mouse bone marrow cells are cultured as described in Table 5.

At the termination of experiment, TRAP+ MtNC and MoMC were counted and plotted in
(a) and (b), respectively. Each bar shows the mean + S.D. in triplicate experiments. Culture
with oMEM + LAH was used as a control. *P-0.05, **P<0.005 versus the control by
Student's t-test.
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D. DISCUSSION:

The studies presented here describe the first in vitro

characterization of cells derived from human periodontal ligament of

primary teeth, utilizing cell morphology, biochemical characteristics,

and focusing on the expression of MMPs and TIMPs in response to

proinflammatory cytokines. In addition, a hypothesis was tested

regarding the cellular effect of secreted factors from the PPDL CM on

osteoclast formation.

There were two cellular phenotypes obtained from the

primary periodontal ligaments in this study. One population pattern

PPDL-1, PPDL-2, PPDL-3 and PPDL-5, has the in vitro appearance of

human gingival fibroblasts, while the second pattern PPDL-4 and

PPDL-6 is similar to that of a population of human alveolar bone cells

(Williams et al., 1980; Nijweide et al., 1982; Wergedal and Baylink,

1984; Robey and Termine, 1985; Piche et al., 1988). These two

morphological patterns of confluent primary periodontal ligament

cells described here are consistent with the two basic patterns

reported for PDL of adult human teeth (Piche et al., 1988; Adams et

al., 1993). In addition, a similar heterogeneity of connective tissue

cells has also been noted in cultures of periodontal ligament from pig

(Brunette et al., 1976), and monkey (Brunette et al., 1977). This

finding is not surprising, because the periodontal ligament fibroblast

like cell population is heterogeneous, although the majority of the

PDL cells are fibroblasts. Recently, more evidence has demonstrated

that rat periodontal ligament cells can form bone-like nodules in

vitro, and then become mineralized by treating with 10 mM Na-3-

glycerophosphate (Mukai et al 1993). Therefore, the morphological
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characteristics of primary periodontal ligament cells could suggest

that the periodontal ligament contains cells with the ability to

regenerate both new cementum and alveolar bone. However, more

studies on biochemical characteristics, such as alkaline phosphatase

activities and PTH-dependent cAMP production regulated by

10,25(OH)2D 3 would have to be done to demonstrate that these cells

are capable of forming bone.

Since collagen fibers of the periodontal tissue are

primarily responsible for supporting the tooth in the jaw bone and

also cover the root surface, the destruction of collagen fibers is

probably a key event in the initiation and progression of root

resorption. Earlier biochemical studies have demonstrated that the

root resorption organ contains collagenolytic activities (Mortia et al.,

1970; Woessner and Cahill, 1974). Although collagenases and TIMPs

are found in osteoblasts (Sakamoto et al., 1982 and 1984),

cementoblasts (Sasaki et al., 1990), rat periodontal ligament cells

(Otsuka et al., 1988; Sodek and Ferrier, 1988) and human adult

periodontal ligament cells (Richards and Rutherford, 1990), there are

no references to the production of MMPs and TIMPs by periodontal

ligament fibroblasts from human primary teeth.

These studies provide the first characterization and

identification of five gelatinolytic activities constitutively produced

by PPDL cells, which can be identified as 92-kDa gelatinase, 72-kDa

gelatinase and procollagenase. As compared with APDL cells,

collagenase was produced in higher amounts by PPDL cells while the

72k- and 92-kDa gelatinases were produced in the same amount.

Since selective and specifical removal of collagen from connective
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tissue by collagenase at neutral pH has been emphasized, this higher

production of collagenase in PPDL cells may suggest a higher

turnover of the primary periodontal ligament than the adult

periodontal ligament. Furthermore, this higher turnover of PPDL may

explain the clinical feature that primary teeth are more susceptible

to root resorption than adult teeth are, and also more easily adapt to

the occlusal interferences seen during the development of the jaws

and the change of dentitions. However, the real role of such higher

constitutive production of collagenase by PPDL cells has still to be

elucidated.

In addition, three inhibitory activities at 28-, 21- and 18

kDa produced by PPDL cells and APDL cells were noted, and the same

amount of the inhibitory activities were seen in both PPDL and APDL

cells. The 28-kDa and 18 -kDa inhibitory activities were identified as

tissue inhibitors of matrix metalloproteinases, corresponding to

TIMP-1, and TIMP-2. Since earlier studies have reported that there

are at least three other distinct inhibitors of metalloproteinases

(IMPs) detected in secretions of mouse, rabbit, sheep, and human

cells (Herron et al., 1986; Michael et al., 1992), and their molecular

weights are approximately Mr=26 kDa for IMP-1, Mr=21 kDa for

IMP-2, and Mr=18 kDa for IMP-3, the 21-kDa inhibitory activity in

PPDL CM is suggestive of IMP-2. These IMPs have been reported to

be regulated independently of each other and of TIMPs.

Furthermore, the IMP-2 also has been reported to share sequence

homology with TIMP, suggesting that the IMPs and TIMPs may

constitute a gene family (Michael et al., 1992). Although IMP-2 was

seen in my PPDL and APDL cells in vitro, the further identification,
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whether this characteristic is significant in vivo is not known and the

roles of these inhibitors remain to be determined. These MMPs and

TIMPs, including IMP, produced by primary periodontal fibroblast

like cells might be involved in normal remodeling of periodontal

ligament connective tissues as well as pathological breakdown of

matrix macromolecules before or during the process of deciduous

root resorption.

Because the deciduous dentition is susceptible to root

resorption under inflammatory conditions, proinflammatory

cytokines, IL-1 o and TNF-o., were used in this study to address the

possibility that specific cytokines may predispose root resorption by

inducing and activating periodontal ligament cells to secrete

collagenase or to reduce the secretion of TIMPs. IL-1 has been

demonstrated to stimulate production of collagenase in fibroblasts

(Postlethwaite et al., 1983), in chondrocytes and osteoblasts (Rifas et

al., 1989), and to increase procollagenase mRNA and protein

synthesis in human adult periodontal fibroblasts (Richards and

Rutherford 1990). Tumor necrosis factor alpha (TNF-o.) has also been

demonstrated to increase the production of procollagenases and the

activity of collagenase in fetal mouse calvaria (Delaisse et al., 1988)

and in dermal fibroblasts (Dayer et al., 1985). An alternate model for

the PDL was introduced by Meikle et al. (1989) who used a spring to

apply tensile stress to rabbit calvarial sutures in vitro. They reported

an increase in the tissue levels of collagenase and a reduction in the

level of TIMPs in these sutures. The findings from the present study

indicate that the level of collagenase by PPDL cells with the

treatment of IL-10 and TNF-O is increased, but whether this increase
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is due to transcription or increase in mRNA stability is not

ascertainable in my studies. However, results from other studies

suggest that both transcriptional as well as mRNA stability controls

may be involved (Brinckerhoff et al., 1986).

In contrast, the data from my studies revealed that the

expression of the TIMPs and IMP-2 by PPDL and APDL cells with the

same treatments was unchanged for protein and mRNA levels as

compared with unstimulated cells. It is clear that the lack of TNF-o.

and IL-10 effect on the expression of TIMPs is not due to lack of cell

reactivity to these proinflammatory cytokines as in the same

experiment increases in collagenase was noted. These data extend

the findings reported by previous work that IL-10 and 3 cause an

increase in TIMP mRNA and protein in dermal fibroblasts

(Postlethwaite et al., 1988), a decrease of TIMP protein in cervical

fibroblasts (Ito et al., 1988) and in gingival fibroblasts (Meikle et al.,

1989), and also support the hypothesis that the production of TIMPs

in response to cytokines is dependent on cell type.

These observations not only demonstrated that

collagenase and TIMPs are not coordinately regulated in PPDL cells,

but also imply that the pathologic degradation of primary

periodontal ligament prior to root resorption in inflammatory

conditions may be regulated by increasing the production of

collagenase while not changing the production of inhibitors.

Moreover, these data also support the general hypothesis that

proinflammatory cytokines play a role in regulating the expression of

MMPs and TIMPs, thereby controlling turnover of PDL matrices in

inflammatory root resorption. Additional assessment of the response
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of PPDL cells to inflammatory mediators is indicated in order to

understand the pathogenesis of primary root resorption and the

healing response after traumatic injury in primary teeth.

A recent investigation by Giniger and co-workers (1991),

showed a factor released from a human adult periodontal ligament

fibroblast clone inhibited bone resorption in vitro. In order to

investigate the role of PPDL cells on the mechanism of root

resorption, conditioned medium of PPDL cells was used to identify its

effect on osteoclast formation. The mouse bone marrow culture

system described by Takahashi et al. (1988) was used in an

osteoclast formation assay. Osteoclast-like cells were rapidly and

easily induced in the 8-day culture compared with long-term feline,

baboon, and human culture systems (Ibbotson et al., 1984; Roodman

et al., 1985; MacDonald et al., 1987), and TRAP-positive multinuclear

cells were not formed in other culture systems. The observation from

the first part of the osteoclast formation assay revealed that PPDL

CM showed an inhibitory effect on osteoclast-like multinuclear cell

formation compared with the control group cultured without PPDL

CM, and supported the hypothesis that the periodontal ligament

fibroblast may be involved in protecting against resorption

(Andreasen et al., 1988a).

In order to further investigate the role of PPDL cells in

inflammatory conditions, conditioned medium of PPDL cells treated

with IL-10 and TNF-0 were added to mouse bone marrow culture

system. In this culture system, it was suggested that 10,25(OH)2D 3

directly induces not only differentiation of immature precursors

(negative for TRAP) into mature precursors (positive for TRAP) but
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also fusion of the mature precursors to form multinucleated cells.

This is consistent with the previous report that 10, 25 (OH)2 D 3

induces monocytic differentiation and multinucleation of the human

promyelocytic leukemia cell line, HL-60 (Bar-Shavit et al., 1983). In

addition, Burger et al. (1982) have reported that the bone-forming

cells are required for osteoclast formation from its progenitor. Since

osteoblasts possess 10,25(OH)2D 3 receptors but osteoclasts do not

(Stumpf et al., 1981; Merke et al., 1986), it was proposed that

osteoblasts also participate in the process of differentiation of

osteoclast progenitors in the mouse bone marrow culture system

used in my studies.

The findings from the second part of the osteoclast

formation assay revealed that the inhibitory effect of PPDL CM on

osteoclast formation can be modulated by treating the PPDL cells

with the proinflammatory cytokines, IL-10 and TNF-0. It has been

proposed previously that osteoclast formation in this culture system

may be induced by 10,25(OH)2D 3 directly and indirectly, probably

through the involvement of osteoblasts (Takahashi et al. 1988), and

that osteoblasts, in response to bone-resorbing hormones and

cytokines, release a soluble factor which stimulates isolated

osteoclasts to induce bone (McSheehy and Chambers 1986; Thomson

et al., 1986 and 1987). Therefore, the possible explanation for these

findings is that some kind of bioactive agent(s), secreted by PPDL

cells into conditioned medium, may inhibit the stimulation of

10,25(OH)2D3 on osteoclast differentiation and formation through the

osteoblast, as PPDL CM can decrease the number of both TRAP
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positive mononuclear and multinuclear cells, and the inhibition of

PPDL CM can be modulated by the administration of cytokines.

Moreover, the observation from my further studies

showed that the effect of this unknown bioactive agent(s) in PPDL

CM can be regulated by diluting or concentrating conditioned

medium, which indicates that this unknown bioactive agent(s) may

be soluble factor(s) secreted from PPDL cells. However, more

experimentation is necessary to confirm this explanation, such as

how osteoblasts are involved in the osteoclast formation, what are

these unknown factors, and how these factors affect the maturation,

differentiation, and formation of osteoclast-like multinuclear cells in

this mouse bone marrow culture system.

In summary, I have demonstrated, for the first time,

some of the in-vitro morphologic characteristics and biosynthetic

characteristics of cultured primary periodontal ligament fibroblast

like cells. They have a heterogeneous morphology and constitutively

synthesize 92-kDa gelatinase, 72-kDa gelatinase, and procollagenase,

as well as TIMP-1, IMP-2 and TIMP-2. Only expression of

collagenase was generally higher in PPDL cells than in APDL cells,

while the production of the other gelatinases or TIMPs was the same.

An attempt has also been made to specifically focus on inflammatory

root resorption by emphasizing the interactions of PPDL cells with

proinflammatory cytokines, and on their potential role in the matrix

degradation cascade and in osteoclast recruitment. I found that

proinflammatory cytokines, IL-1 o and TNF-o., enhanced the

expression of these MMPs but not the levels of TIMPs in PPDL cells.

These findings may implicate both MMPs and TIMPs of PPDL cell
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origin and specific cytokines in increased matrix degradation of the

PDL in inflammatory conditions caused by traumatic situations or by

heavy orthodontic forces. I further found that conditioned medium of

PPDL cells has some unknown bioactive agent(s) that can inhibit

osteoclast-like formation and differentiation in mouse bone marrow

culture. Also, the inhibitory effect of such conditioned medium can

be apparently regulated or masked in response to proinflammatory

cytokines. These observations create the impression that PPDL cells

may possibly modulate the cascade of root resorption not only

because of their altered expression of MMPs and TIMPs, but also by

their synthesis of unknown soluble factor(s) which inhibit osteoclast

like formation.
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