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Abstraci 

Immunohistochemigl st ahing of markers expressed by osteogenic cells and fibroblasts were 

examhed. Extracted human premolar teeth stored in air ("dry") or a-M EM ("wet'? for 30 or 

120 minutes as conditions for exira-alveolar tooth storag: following avulsion For type XII 

coIIagn, wet samples exhibited perinuclearstaining while 30 minutes dry samples showed 

isolated foci. Staining for 120 minutes dry s q  les was weak and non-speafic. a-smooth 

muscle actin was prominent in stress fitaes in dry sarnp les. Staining for osteop ontin was 

pexkuclear but more intense in dry sarnp les. The focal adhesion pattern of osteopontm in 120 

minutes dry sarnp les resanbled that of mi*gathg osteogenic cells. Pattern of staining did not 

Vary for type UI collagm or alkaline p hosphatase, but was more intense in dry samples. 

Prebnged edra-alveolar dry s torage favours increased in vitro growth of œlls exp ressing 

osteogenic ce11 markers while storage in wet favours p w t h  of cells with the PL fibroblsst 

p henotype. 
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A REVIEW OF THE BIOLOGICAL BASIS OF 
CLINICAL MANAGEMENT OF AVULSED PE-NT 'MCETH 

Dental avulsions occur when teeth are displaced from alveolar bone as a result of 

trauma (e.g. a blow). Avulsion injuries are most common in children between the ages of 

7 and 10 years as the roots are usually incompletely formed and the supporthg bone is 

easily deformed (Andreasen 198 1 b). Replantation is the most common treatment for 

avulsed permanent incisors and survival has been shown to Vary with extra-alveolar time 

and root maturity (Andreasen et al. 1995d; Barrett and Kenny 1997). 

Periodontal healing involves recolonization of the periodontal Ligament (PL) 

space by PL cells and often ingrowth of bone with subsequent ankylosis (Melcher 1970). 

Form and function of the PL of replanted teeth is affected by cellular and PL necrosis and 

by mechanicd damage to cementum and alveolar bone. Fibroblasts, the predominant ce11 

type in hurnan PL, are essential for healing and the relative abundance of discrete 

subpopulations affects the outcornes of regeneration and repair (Lekic and McCulloch 

1996). 

Experimental mode1 systems are used to investigate the principles of PL healing 

and cellular viability. Both in vitro and in vivo model systems provide simplified 

approaches to treatment and storage conditions that may be encountered clinically. In 

vitro models utilize relatively homogeneous ce11 populations that can be analyzed 

independently of complicating in vivo factors. However, expenmental desips should 

optimally mimic injury conditions in order for such model systems to be relevant to 

ciinical practice. A number of model systems have utilized rodent (Lin et al. 1994), 

primate (Andreasen and Kristerson 1981) or human (Lekic et al. 1996b; Hiltz and Trope 

199 1) PL fibroblasts or other sources for in vitro observations of cell function. Species 

differences and variations of ce11 Lineages cm affect the validity of fibroblast model 

systems and introduce variables that fuaher affect the scientific value of these systems, 

particularly when applied to human dental trauma investigations. For example, rodent 

models may not be comparable to those of humans and fibroblast populations from lip are 

not the same as those from PL. Caution is required when extending the results to clinical 

practice due to the diversity of experimental model systems. 



This review will provide an update on the cellular aspects of pst-replantation 

healing of the PL as it pertains to avulsion injuries. Management aspects will include the 

linked variables of extra-alveolar time and storage conditions. 

PI, Ce11 Phvsiologv 

The PL and its associated ce11 populations are important for the maintenance of 

alveolar bone, cementum and tooth position (Lekic et al. 1996a). Cementum and alveolar 

bone are neighbouring mineralized connective tissues that are separated by the soft tissue- 

containing periodontal space (Lekic and McCulloch 1996). 

Melcher's (1970) observations of wound healing support the theory that 

connective tissues or cells of the PL possess the capacity to inhibit osteogenesis within 

the periodontal space and prevent root resorption. He also demonstrated that alveolar 

bone adjacent to the PL can be remodeled in orthodontie (00th movement, yet 

osteogenesis is inhibited from continuing through the PL to the root surface to produce 

ankylosis. These studies illustrate the necessity to maintain a functional PL over the entire 

root surface of traumatized teeth to prevent ankylosis. 

Fibroblasts, epithelial ce11 rests of Malassez, macrophages, undifferentiated 

mesenchpal cells, neural elements and endothelial cells are al1 located in the PL. 

Cementoblasts are present on the root surface (Lekic and McCulloch 1996). Ten Cate and 

Deporter (1974) demonstrated that fibroblasts, the dominant cell type in the PL, are 

capable of synthesis and phagocytosis of both collagen and the extracellular matrix 

components of connective tissue. Fibroblasts produce cytokines that regulate tissue 

destruction and stimulate osteoclastic bone resorption. Experiments have demonstrated 

osteogenic precursor ceils with the potential to become osteoblasts andfor osteoclasts 

disiributed throughout the PL of rat molars (Roberts and Chase 1981). 

Aithough their locations have been established, the exact origin of fibroblasts, 

cementoblasts and osteoblasts in mature PL remains unknown. It is unclear if these cells 

originate fiom single, multipotential stem cells or from a number of different stem cells 

(Lekic and McCulloch 1996). Cellular kinetic studies of root development in mice 

suggest that the developing root may be responsible for formation of the fibroblast stem 



ceus during eruption (Perera and Tonge 198 1). PL progenitor or stem cells are found in 

locations adjacent to blood vessels and exhibit some of the cytological features of stem 

cells such as small size, slow cycle tirne, and responsiveness to stimulating factors 

(McCulloch and Melcher 1983a). The mitoses of panvascular cells may produce 

primitive fibroblast progenitor cells (Gould et ai. 1980). The daughter cells of these 

fibroblast progenitors are prime candidates for the repopulation of wounded PL. 

McCulloch and Melcher (1983b) demonstrated that the majority of proliferating 

paravascular cells are located in the central portion of the PL. In hamsters, it has been 

observed that gingival fibroblasts have two progenitor ce11 populations. One population 

has limited proliferative potential, but the other has extensive proliferative and self- 

renewal capacities (iMcCulloch and Knowles 199 1). It is unknown if comparable 

populations exist for human PL fibroblasts. Since developmental patterns that establish 

the initial locations of progenitor cells are preserved in the mature adult PL (Lekic and 

McCulloch 1996), the PL adjacent to the root contains cementoblast precursors, while the 

alveolar bone contains osteoblast precursors. 

The PL of a functional tooth contains ce11 populations that have small but 

measurable rates of turnover that are essential for tissue homeostasis (McCulloch and 

Melcher 1983a). Homeostatic balance in renewal systems occurs when the new cells 

generated by proliferation are equal to the number of cells eliminated by migration and 

ce11 death (Gould et al. 1980; Lekic and McCulloch 1996). 

Tissue markers, typically proteins that have been used to identify specific ce11 

types, have been utilized to provide indirect evidence of the presence of discrete ce11 

populations that are involved dunng PL heaiing. For example, it is thought that epidermal 

growth factor (EGF) plays a role in fibroblast differentiation and in vivo studies indicated 

the presence of EGF binding sites during PL fibroblast differentiation (Cho et al. 1991). 

Another marker for PL fibroblast differentiation is type XII collagen, an extracellular 

matrix glycoprotein. Oh et al. (1993) demonstrated type W collagen production by PL 

fibroblasts occurred oniy when the PL was mature and functional. Karimbwt and 

Nishimura (1995) reported that type XII collagen expression may be closely associated 

with the regeneration of a functional PL in rats. An extracellular matrix macromolecule 



that is expressed by differentiating osteogenic cells is osteopontin. Alkaline phosphatase 

is also expressed by mineralized tissue-forming ceiis. Both osteopontin and alkaline 

phosphatase are not specific for osteoblast precursor cells, but they have been shown to 

be expressed by mineraiized tissue-forming ceus in cultures derived from bone and in 

bone marrow stroma1 cells when differentiation was induced with dexarnethasone, a 

corticostenod (Groeneveld et al. 1993). Groeneveld et al. (1993) showed that alkaline 

phosphatase is expressed by rat PL ceUs and variations of its expression within the PL 

rnay be related to variations in phosphate metabolism and cementum deposition. If the PL 

contdns substantial numbers of osteogenic cells, one would expect to identify the 

expression of osteopontin and Pkaline phosphatase among bone-related PL cells (Lekic 

and McCulloch 1996), however, this has not been demonstrated to date. a-smooth muscle 

actin is expressed in association with ce11 contractility. High levels of a-smooth muscle 

actin in the PL fibroblast population suggests the presence of highly contractile cells of a 

specialized ce11 type (Arora and McCulloch 1994). It is expected that future studies will 

continue to utilize PL ce11 markers to facilitate the understanding of cellular dynamics 

during normal development as well as wound healing. 

Princiales of PL Wound Healing 

The principal source of fibroblasts involved in PL wound healing appears to be 

from unwounded portions of penodontium. This indicates that early patterns of PL 

progenitor ce11 differentiation are presewed in the adult PL (McCulloch and Melcher 

1983 b; Lekic and McCulloch 1996). This mode1 cm be applied to lateral luxation, 

extrusion and some intrusion injuries, where there may be localized areas of unwounded 

periodontium. However, in avulsion injuries, the entire PL is injured and affected by 

extraord storage conditions. Consequently, following replantation, fibroblasts of the PL 

that adhered to the root as well as injured cells within the dveolar PL may be replaced by 

osteoclastic and osteoblastic precursor cells derived from alveolar-based progenitor ceils. 

This wiiI lead to healing with root surface remodeling, ingress of bone and subsequent 

adcylosis. 



After PL trauma, two healing processes cm occur: regeneration, healing where 

both form and function of the periodontium are fully restored, or repair, healing by tissue 

that does not fully restore the penodontium. Viable PL cells on the root of the 

traumatized tooth and in the aiveolar socket that rernain capable of expressing their full 

range of characteristics determine the balance between regeneration and repair. This 

balance directly affects the clinical outcomes of replantation. 

Cells of the PL have a variety of roles in wound healing and depending upon the 

phenotype of the ce11 present, osteogenesis, osteoclasis, fibrogenesis, fibroclasis, 

cementogenesis, or cementoclasis rnay occur (Melcher 1976). Line et al. (1974) 

demonstrated that following thermal injury to the PL of squirrel monkey premolars, the 

majority of repopulating cells were derived from alveolar bone marrow. The observed 

outcorne of ankylosis supports the hypotheses that cells from the alveolar bone repopulate 

PL that has been injured by either thermal or mechanical means. If alveolar bone andlor 

mmow cells repopulate the injured PL, they appear to retain their capacity for osteoclasis 

and osteogenesis but are incapable of differentiating into cells that are capable of 

regenerating normal PL tissue (Line et al. 1974). 

The range of phenotypes of cells that repopulate the PL dictate tissue form and 

function at the healing site (Melcher 1976). If the proliferation of early progenitor cells 

could be regulated, the outcome of heaiing could be determined as repopulating cells 

anose from proliferating precursors (Evans and Potten 1991). In the PL of rats, Lekic et al. 

(1996b) showed that non-proliferative cells are present in a wound site. This finding 

indicates that the normal PL fibroblast population m3y contain some celis that are unable 

to poliferate and that repopulation of the PL rnay not occur from PL fibroblasts Okic 

and McCulloch 1996). 

The location of cells within the PL may affect their role in migration as well. 

Osteogenic precursor cells from the alveolus rnay have a shorter distance to migrate to 

necrotic PL and areas of dentin denuded of cementurn than surviving PL cells that adhere 

to other portions of the root (Melcher et al. 1987; Melcher 1976). Foilowing replantation, 

the normally uniform PL thiclaiess will Vary due to damage to the root and socket 

architecture, the new position of the root and pressure points produced by splinting and 



function. This may also contribute to preferential colonization of the root surface by cells 

from the alveolus (Melcher 1976). 

Patches of PL are tom from the root during trauma, post-trauma management and 

replantation. Root resorption then occurs at variable rates and is identified 

ndiographically as inflarnmatory or replacement resorption. Inflammatory and 

replacement resorption occur as a direct result of an inflammatory response within the PL. 

At the cellular level, lymphocytes, plasma cells and polymorphonuclear lcukoc ytes are 

seen in granulation tissue dong with proliferating capillaries (Andreasen and Hjorting- 

Hansen 1966b). Along the root surface, resorption is observed with Howship's lacunae 

that contain osteoclasts. Osteoclasts cannot discern dentin and cementum from alveolar 

bone and resorb dentin and cementum as well as the socket wdl. Replacement resorption 

differs from inflammatory resorption as cells from the adjacent bone mmow repopulate 

the PL. These cells have osteogenic potential and new bone is formed and obliterates the 

penodontal space to produce a direct contact between alveolar bone and root (Andreasen 

and Hjorting-Hansen 1966b). 

Harnrnarstrorn et al. (1989) investigated the histology of replacement resorption 

and ankylosis in monkey teeth. An unheded sepmtion line in the rniddle portion of the 

PL was seen in some areas up to one week following replantation. Osteoclasts could be 

observed to resorb the socket wdl four days after replantation, and after one week, root 

resorption and ankylosis were observed. Ankylosis began with the apposition of bone-like 

tissue on the surface of cementum and with mineralized areas in the mîddle portion of the 

PL. Eight weeks post-replantation, most of the PL was replaced by bone lined with 

osteoblasts that faced the mmow spaces of the alveolar process. In previously resorbed 

areas, newly fomed bone replaced cementum and dentin. Once ankylosis was 

established, cementoblasts and the PL were lost and the root surface became covered with 

osteoblasts and osteoclasts in continuity with endosteal cells that lined the rnarrow spaces 

of the alveolar bone (Hammarstrom et al. 1989). 

Sorne investigators have postdated that if PL cells are osteogenic, then the bone 

phenotype must be blocked, otherwise the PL would spontaneously undergo bone 

formation, mineralize across its width and become adqdosed (Roberts and Chase 198 1). 



Ogiso et al. (1991) demonstrated in vitro that PL cells could indeed inhibit mineralized 

bone nodule formation in rat bone stroma1 cells, This indicated that PL cells can control 

the extent of osteogenesis in physiological remodeling of the penodontium. The authors 

fwther suggested prostaglandin production as a possible cause for the PL cell inhibition 

of mineralization. This information supports preservation or stimulation of PL cells after 

trauma to prevent bone formation and subsequent ankylosis. 

Lekic et al. (1996b) also noted that the relative numbers of osteogenic progenitor 

cells with the capacity for division and self-renewal appeared to be Lirnited. The authors 

proposed that since fibroblast and osteoblast precursors are rnixed in the PL, the 

fibroblast population could block the expression of osteogenic phenotype cells. Melcher 

(1970) proposed that the collagen fibres of the PL could also provide a physical barrier to 

osteogenesis. He also observed that where PL had been rernoved, callus proliferated into 

the wound. This is further evidence that cells of the PL possess the capacity to resist 

induction of osteogenesis. Physical removal of the PL of monkey teeth before 

experimental replantation led to extensive ankylosis (Andreasen and Kristerson 198 1). 

This further suggests that PL progenitor cells are essentid for the repopulation of the PL 

as well as control of osteogenesis. The damage caused by avulsion profoundly affects the 

PL that is adherent to the root and the consequences of extraoral storage and duration on 

this portion of the PL directly affects healing outcornes. 

Cellular Response to Acute Trauma 

Pre-Replantation Duration and Storaae 

linmediate replantation (15 minutes) is the most important factor for PL 

regeneration and repair. This is due to reduction of damage to the PL dunng storage 

(Andreasen et al. 1995d). Avulsion can produce three main types of PL injury: drying, 

removal of PL and cementum from the root surface and compression (Andreasen and 

Kristerson 198 1). The two most important variables to affect survival of replanted 

permanent incisors are duration of the extra-alveolar period and extra-dveolar storage 

(Andreasen et al. 1995d). Even drying less than 15 minutes produces severe loss of 

isolated PL ceIls and a decrease in their ability to reproduce (Andreasen et al. 1995à; 



Lekic et al. 1998). After 120 minutes of desiccation, no viable cells remain on the root 

surface (Soder et al. 1977; Lekic et al. 1998). A histological outcome study of lateral 

incisors from 8 monkeys suggested that 30-40 minutes rnay be the b i t  of drying to avoid 

severe root resorption as early as 8 weeks after replantation (Blomlof et al. 1983). 

The clonogenic capacity of PL cells is an in vitro measure of the proportion of 

progenitor cells with proliferative and colony-fonning capacities within a Iarger cell 

population (Lekic et al. 1996a). This is closely linked to the ability of PL progenitor cells 

to attach and recolonize the root surface following replantation (Lekic et al. 1996a). In 

human teeth, in vitro experiments indicate that the critical period for severe ce11 damage 

from desiccation begins prior to 15 minutes (Lekic et al. 1998). 

Lekic et al. (1998) showed that human PL cells stored in chilled (4OC) Eagle's 

medium (a-MEM, culture medium) had the least reduction in clonogenic capacity at 30 

and 60 minutes. At both 30 and 60 minutes, milk was shown to be equivalent to balanced 

salt solution (BSS) for retention of the cells' ability to reproduce. Although the greatest 

reduction in clonogenic capacity between 30 and 60 minutes was for cells stored in the 

patient's own saliva, saliva was acceptable as a storage medium up to 30 minutes. 

Previously, Lekic et al. (1996a) noted improved ce11 viability for PL cells stored 

for 30-60 minutes in milk compared with those allowed to desiccate. Milk may have a 

cytoprotective effect due to its physiological osmolality, nutrient constituents and pH 

buffering system. Cooler temperatures (4OC) of the storage medium have also been shown 

to slow reduction of the clonogenic capacity of PL cells (Lekic et al. 1996a). With cooler 

temperatures there is decreased ceIl expansion and increased ce11 viability (Lekic et al. 

1996a). 

Storage of PL cells in saliva and diluted Eagle's medium results in marked ce11 

swelling (Blomlof and Otteskog 1980). This indicates that the osmolality of saliva is too 

low for prolonged (>30 minutes) ce11 storage. For PL ceils stored in milk for 120 minutes, 

there was no significant ce11 swelling observed which suggested that the osmolality of 

mik is well tolerated by celIs (Blomlof and Otteskog 1980). Oikarinen and Seppa (1987) 

demonstrated that storage of human PL cells in milk for one hour did not markedly 



decrease proliferation. They also suggested that PL c e h  of avulsed teeth preserved in 

milk may still proliferate after 8 hours. 

Blomlof and Otteskog (1980) found Eagle's medium to improve ce11 survival 

compared with storage in milk, which indicates that the composition of the storage 

medium is important in addition to its osmolality. Lindskog and Blomlof (1982) found 

negiigible differences in ce11 viability and membrane rnorphology for cells stored in 

solutions with an isotonic osmolality such as Eagle's medium, isotonic saline and milk 

regardless of storage time. They also found that the composition of the storage media was 

of minor importance for ce11 viability and membrane integrity after storage up to 3 hours 

if the media had a physiologic osmolality. 

Although immediate replantation is most desirable, the optimal storage medium 

for an avulsed tooth would be the tissue fluid of the PL. Blomlof et al. (1983) investigated 

this using 15 monkey teeth, where the extncted teeth were wrapped and stored in a 

plastic foi1 for 60 minutes to prevent evaporation of the PL tissue fluid. The arnount of 

resorption observed on these teeth was comparable to teeth that were irnmediately 

replanted. This observation and previous studies on the effects of desiccation on PL cells 

of the root surface indicates that the prevention of evaporation of tissue fluid from the PL 

m u t  be considered a primary goal of maintahhg an avulsed tooth that cannot be 

immediately replanted. Teeth that were allowed to air dry for 60 minutes demonstrated 

radiographie evidence of inflammatory resorption on almost al1 root surfaces. When the 

PL cells were cultured in vitro, littie ceIl damage was observed for cells maintained in a 

humid atrnosphere whereas cells stored in arnbient conditions were non-viable (Blornlof 

et al. 1983). 

Pre-Replantation Contamination 

Lindskog and Blomlof (1982) noted the adherence of bacteria to the surface 

membrane of PL cells stored in saliva. This is important because of the lytic effect of 

bacterial enzymes and toxins (Lindskog and Blomlof 1982). However, based upon a 

single study, cleansing the root surface of the avulsed tooth with saline pior to 

replantation appeared to have a negative effect on PL healing (Andreasen et al. 1995d). 



Socket and root surface contamination have not been properly investigated. 

Although gross removal of contaminants is a principle of wound management, clinicians 

lack guidance for minimally invasive means of root and socket decontamination and 

disinfection and their effects on clinical outcornes. 

Post-Replantation Sequelae 

PL healing cm occur from the adjacent alveolar bone marrow portion of the PL. 

When nonvital PL is present, i n f lma to ry  resorption rnay occur more slowly than if the 

PL has been removed. The nonvital PL must first be removed and this slows resorption of 

the root surface (Andreasen and Knsterson 198 1). Loss of PL progenitor cells will 

eventually lead to root resorption and heding by repair rather than regeneration following 

replantation (L,ekic et al. 1996a). 

Long Term Effects of PL Wound Healing 

Two types of pathological root resorption occur after replantation: inflammatory 

andor replacement resorption. Inflarnrnatory resorption produces rapidly progressive 

bowl-shaped areas of resorption of cernentum and dentin due to inflamed periodontal 

tissues. Replacement resorption produces direct union between alveolar bone and the 

root, ankylosis, with the loss of PL. Replacement resorption may ultimately cause the 

entire root to be resorbed, remodeled, and replaced by alveolar bone (Andreasen and 

Hjsrting-Hansen 1966b). Radiognphically, loss of lamina dura is an early sign that is 

followed by the eventud transformation of root tissue into bone. Teeth that are immobile 

indicate that greater than 10% of the root surface is ankylosed, whereas a characteristic 

resonant tone indicates that greater than 20% of root surface is ankylosed (Andersson et 

al. 1984). Transient replacement resorption and aiterations in mobility may occur. These 

areas of minor ankylosis may be resorbed during rapid repair of the periodontium and 

nomal mobility rnay return within 3 weeks of replantation (Andreasen and Hjarting- 

Hansen 1966b; Andreasen and Knsterson 1981) 



Guidelines for Mana~ement 

The Amencan Association of Endodontists (AAE) guidelines (1995) for treatment 

of avulsed permanent teeth recommend immediate replantation. There is cellular evidence 

to support immediate @ minutes) replantation (Blomlof et al. 1983; Lekic et al. 1996a) 

and to identify desiccation as the prime cause of root surface ce11 death (Soder et al. 1977; 

Lekic et al. 1996a). By 30 minutes extra-alveolar tirne, Lekic et al. (1998) were able to 

demonstrate complete loss of the PL cells' ability to reproduce and both Soder et al. 

(1977) and Lekic et al. (1998) showed complete ce11 death by desiccation by 120 minutes. 

The patient's own saliva is an acceptable means of prevention of desiccation for up to 30 

minutes (Lekic et al. 1998). However, Lekic et al. (1996a) also showed that cold milk is 

equivalent to cold BSS in its ability to maintain PL ce11 clonogenic capacity for up to 60 

minutes. Beyond 60 minutes the cellular evidence is based upon ce11 vitality studies and 

outcome studies in animals and humans. Root PL cells of teeth that have not been 

immediately replanted have usually been exposed to a period of desiccation, a period of 

wet storage and perhaps a water rime to remove contriminanis. If the root appears clean, it 

can be rinsed with water or saline and replanted. On the other hand, storage in water is 

more apt to destroy cells than desiccation (Lekic et al. 1996a). 

Statement of the Problem 

Fibroblasts are the predorninant ce11 type in the PL of humans and they play a 

central role in regeneration and repair following traumatic injury to teeth. Deletion of 

fibroblasts from the healing root surface after injury is thought to be important in the 

development of ankylosis, a condition in which fusion of the tooth root to bone occurs. 

Ankylosis is a cornmon outcorne following replantation of avulsed teeth. Currently, it is 

not known if the types of cells that are adherent to the healing root surface exert a direct 

influence on the outcome of healing and the prevention of ankylosis. Further, it is 

unknown whether the phenotype of the adherent cells affects the likelihood of restoration 

of a functional PL following injury. 



Hypothesis 

Phenotypes of fibroblastic cells adherent to the root surface are affected by the 

storage conditions of the tooth after extraction/avulsion so that prolonged extra-alveolar 

time and dry storage selects for cells with phenotypic charactenstics of osteogenic cells. 

Objectives 

1) To assess the phenotypic expression of two osteogenic markers (osteopontin and 

alkaline phosphatase) and of three fibroblastic markers (type III and W collagens and 

a-smooth muscle actin) in early passage human PL ce11 cultures. 

2) To assess whether the phenotype of cells derived frorn extracted roots and stored in 

"wet" or "dry" conditions for 30 or 120 minutes is changed by the storage conditions. 

Rationale 

Fibroblasts are the predominant ce11 type of the human PL and other mammals and 

they play a central role in normal turnover, regeneration and repair following injury to 

penodontium. Severe injury to the PL due to avulsion leads to massive death of PL 

fibroblasts and other cells adherent to the root surface (Andreasen 198 la). In response to 

this injury, various reactive sequelae may occur that include ce11 proliferation, migration and 

differentiation as integral components of regeneration and repair. It is thought that 

recolonization of the PL space by locally proliferating PL fibroblasts favours restoration of a 

fibrous attachent while recolonization by osteogenic cells from alveolar bone leads to loss 

of PL and ingrowth of bone that results in tooth ankylosis (Melcher 1970). Ankylosis cm be 

experimentally induced by disruption of the mechanisms that maintain the spatial domains 

of ceiI populations requked for the formation of bone, cementum, and PL fibres (Line et al. 

1974; Lekic et al. 1997). However, the mechanisms utilized by PL ce11 populations to 

restore and maintain their cellular domains after injury or application of heavy applied 

forces is unknown (Lekic et al. 1996~). The study of mechanisms that regdate domain 

function is M e r  complicated by the heterogeneous nature of the fibroblast populations of 

the PL (Narayanan and Page 1983; McCuUoch and Bordin 199 1) and the current lack of 

studies that use markers to identiQ these populations. 



CeIl markers are proteins that cm be used to identiQ specific ce11 types or ce11 

lineages. For example the expression of epidermal growth factor receptor (Cho et al. 1991), 

type XII collagen (Oh et al. 1993; Karirnbux and Nishimura 1995), osteopontin (Lekic et al. 

1996b) and alkaline phosphatase (Groeneveld et al. 1993) have been used to identify 

discrete populations of fibroblasts in the PL that rnay be associated with various functions 

or stages of cell differentiation. Notably, the ability to discriminate the fibrogenic and 

osteogenic populations in the PL and to study their regulation could be useful for studies of 

repair phenornena including ankylosis. However, there has been relatively little exploration 

of the nature of repopulating cells after injury to the periodontium, a gap in knowledge that 

rnay be important to the understanding of domain regulation in the PL and ce11 types that 

determine the outcome of reparative processes (e.g. ankylosis). 

There are a vatiety of in vivo and in vitro model systems for characterization of 

fibroblast subpopulations (Bordin et al. 1984) that cm be applied to the investigation of 

periodontal injury (Gould et al. 1980; Lekic et al. 1996a). In vitro model systems provide an 

opportunity to study ce11 function and differentiation in a regulated environment. However, 

in order to obtain large enough ce11 nurnbers, prolonged growth and repeated passaging cm 

increase the likelihood of in vitro artefacts and ce11 selection effects. Indeed, significant 

phenotypic and proliferative changes may occur in selected ce11 populations of multiple 

passage cultures. As a consequence, the cultures themselves rnay no longer reflect the 

nature of the original ce11 population that was cultured (Narayman and Page 1983; 

McCuIloch and Knowles 1991). In contrast, analysis of early passage cultures minimizes 

selection effects but provides relatively few cells for analysis. 

This study utilized single ce11 immunohistochemical analysis of several intraceilular 

protein markers to characterize the phenotypes of human PL fibroblasts. These markers 

were chosen on their predicted abiIity to discriminate PL-associated cells that rnay give rise 

to either osteogenic or fibrogenic cells. Cells from eariy passage cultures grown from single 

ce11 suspensions of PL tissue were examined to test the hypothesis that the phenotypes of 

the recolonizing ceUs on root surfaces subjected to severe injury (Le. extraction) are affected 

by the storage conditions of the tooth dter extraction. Conceivably in vivo, the nature and 



extent of the injury may profoundly affect the cell repopulation of healing wounds and 

ultimately, the nature of the reparative response. 



Materiai and Methods 

Cell Culture 

Premolar teeth extracted for orthodontic purposes (n=15) were obtained from 6 

human subjects (10-14 years) after informed consent was obtained from patients and 

parents. Al1 teeth were fully erupted, the gingiva was healthy, and periodontal pockets were 

4 3  mm. An elevator and forceps were used to extnct the teeth with minimal trauma to the 

root surface. After extraction, the teeth were washed and maintained in a-MEM containing 

0.17% (v/v) antibiotics at 4°C for 30 or 120 minutes (''wetbb) or left in air ("dry") for 30 or 

120 minutes. Desiccation for 30 to 120 minutes approximates a comrnon clinical condition 

observed following tooth avulsion (Barrett and Kenny 1997) and indeed 30 minutes is 

thought to be the maximum tirne replanted teeth can remain outside of the alveolar socket 

and still exhibit regeneration of new PL cells. PL cells were obtained 30 or 120 minutes 

after initiation of storage by scraping the PL tissue from the entire root surface with great 

cue to avoid inclusion of gingival tissues. PL cells were released from the smped samples 

by a 30 minute enzyrnatic digestion [0.05% trypsin and 0.15% collagenase; (Lekic et al. 

1996a; Lekic and McCulloch 1996) Sigma, St. Louis, MO]. Single ce11 suspensions were 

prepared and cultured on tissue culture plastic fliisks (T-25 or T-75; Falcon, Mississauga, 

ON) in a-MEM containing 10% (v/v) fetal bovine s e m  for one week and subcultured at a 

split ratio of 1:3 for up to 3 passages. At each passage, an aliquot of cells was plated into 8- 

well charnber slides for immunohistochemical assessment. Iinmunofluorescence 

localization of marker proteins was performed directiy in the charnber slides for passages #2 

or #3+ 

Immunofl~iorescence 

Cells plated on glass slides were incubated for 3 days at 37"C, fixed in 2% (wh) 

paxxfomaldehyde for I hour at room temperature and rinsed with phosphate buffered saline 

(PBS) without calcium or magnesium. A blocking solution of mouse or rabbit whole serurn 

(1:1000 dilution) in bovine semm albumin (BSA; Sigma, 2% vlv in PBS) was applied for 2 

hours at room temperature. Immunofluorescence staining for nebulin (Sigma, clone #NB2), 

a-smooth muscle actin (Sigma, clone #lA4), and type XII colIagen (Neomarkers, Fremont, 

CA) were performed with mouse monoclonal antibodies (150 dilution in 2% BSA/PBS), 



while staining for osteopontin (I.3-lu), type III collagen (LT-70), and alkaline phosphatase 

(L,F-47) were performed with rabbit antibodies obtained fiom Dr. L;ury Fisher W R ,  

Bethesda, MD; Fisher et al. 1995; 150 dilution in 2% BSAfPBS) for 1 hour at room 

temperame. Samples were rinsed with 2% BSNPBS followed by a FITC-conjugated goat 

anti-mouse or FiTc-conjugated goat anti-rabbit antibody (1200 dilution in 2% BSAIPBS) 

for 1 hour at room temperature. To stain nuclei, cells were incubated with DAPI (1 pghl in 

0.1% V/V Triton X-100) For 10 minutes at room temperature. Non-specific control staining 

was evaluated on the same slide by incubating cells with secondary antibody only. 

A number of phenotypic markers were examined in order to estimate whether the 

cultured cells from the PL exhibited a predominantly fibrogenic or osteogenic 

differentiation pathway in vitro. For assessment of the fibrogenic pathway, it was 

considered that type III collagen is expressed by PL fibroblasts and by stromal mesenchymal 

cells but is not generally expressed by functional osteoblasts (Wang et al. 1980). Type III 

collagen is also present at very low levels in the gingival fibroblast lines examined and they 

provide a useful negative control to assess the specificity of staining. For more precise 

description of a PL fibroblast, it was noted that Karimbux et al. (1992) have shown that type 

XII collagen expression may be temporally related to the collagen fibrillogenesis stage 

during PL development and that type XII collagen is expressed by PL but not gingivai cells. 

For assessment of the possible contractile function of fibrogenic and osteogenic cells, actin 

expression was examined. p-actin is the most abundant actin isoform in gingival and PL 

fibroblasts (Arora and McCulloch 1994) and comprises up to 80% of total cellular actin 

while a-smooth muscle actin is a much less abundant isoforxn (c 20% of total actins in 

fibroblasts) that is expressed in smooth muscle ceils and at higher levels in myofibroblasts 

(Desmoulière et al. 1993). The a-smooth muscle actin isoform is typicdly incorporated into 

stress fibres of cells that are engaged in contraction, in particular, the remodeling of 

collagen by traction (Arora and McCuUoch 1994). To assess the osteogenic differentiation 

pathway in the PL ceils obtairied from root surface cultures, osteopontin and alkaline 

phosphatase were examined. Osteopontin is an abundant protein in secretions such as tears 

and mi& and is found in high levels at the remodeling sites of bone (McKee and Nanci 

1996) but only transiently at the interfaces of wound surfaces in the PL (hkic et al. 1996~). 



Alkaline phosphatase is an ectomembrane protein that is expressed by mineraiized tissue- 

forming cells (Fedarko et al. 1990). Although alkaline phosphatase expression is not 

specifïc for cells of the osteoblast Lineage, osteogenic cells are rich in this enzyme and 

alkaline phosphatase-positive cells are localized to areas of N1 vitro bone nodule formation 

(Maniatopoulos et al. 1988). While alkaline phosphatase is expressed by PL cells 

(Groeneveld et al. 1993), it is more strongly expressed in osteogenic cells (Inoue et al. 

1992). 

Cells were examined with a fluorescence microscope and photometer (Orthoplan, 

Leica, Wetzlar, Germany) with appropriate filters for DAPI and FITC. Cells were 

photographed with T-MAX film (Kodak; 3200 ASA). The Iength of exposure was 

optimized for positive controls and dl subsequent photographs for each antibody used this 

same exposure time so that the relative brightness of staining would be preserved in the 

photomicrographs. The fluorescence intensity of al1 cells that were photognphed was 

estimated with a microscope photometer (Leica) and these data were used as a quantitative 

estimate for brightness analysis @=3 samples per group; each sample represents at least 3 

cells per field). 



ResuIts 

Validation of Methods 

Prior to andyzing test specimens, the sensitivity and specificity of the 

immunohistochemical reactions and the antibodies used for assessrnent of fibroblastic and 

osteogenic cell markers were evaluated by staining cells that were known to express (or not) 

the protein of interest. Negative controls for alkaline phosphatase, osteopontin and type W 

collagen employed human gingival fibroblasts as there are no convincing reports that show 

high level expression of any of these proteins by gingival fibroblasts. As expected, no 

staining for these proteins was observed in gingival fibroblasts (Figure 1) dthough they 

were slightly brighter than the inelevant mouse antibody isotype control (anti-nebulin, a 

protein that is not expressed in fibroblasts). Positive controls for alkaline phosphatase and 

osteopontin employed rat bone marrow stromal ceils since the antibodies used in this 

investigation are known to react with rat osteogenic cells and rat bone marrow strornd cells 

are known to express these proteins (Aubin 1999). Further, rat bone marrow stromd cells 

cm form mineralized tissue in vitro (Maniatopoulos et al. 1988), which indicates that this 

population contains some osteogenic cells. Rat bone rnmow stromal cells stained brightly 

for alkaüne phosphatase and osteopontin as anticipated (Figure 1). For type XII collagen, 

human PL cells and gingival fibroblasts were examined. Again as expected (Karimbux et al. 

1992), gingival fibroblasts showed no positive staining while the PL cells were brightly 

stained. Taken together, these data indicated that the irnmunoîtaining reactions were 

sensitive and specific for the cells examined here. 



Table I .  Estbates of fluorescence intensity for intrac&ular periodontai c d  markers 

Le& Fiuorescence iniensity given in fluorescence units ( [ l ~ ~ j x l ~ ?  where T is the time (seconds) recorded by the 
microscope photometer to achieve uniform photon counts between images. The data are mean r standard emr of the mem. 
Right: Estimates of visuai brightness seen in microscope; ++++indicating greatest bn'ghtness and - indicating the lest 
brighmess. 

For each sampie group, n=3 separate smples. One-way andysis of varirince showed that there werc no statistically significant differences 
between treatment groups within each protein that was examined (p>0.2). 
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Figure 1 Validation of Methods - Immunohistochemical Staining Patterns for 
Negative and Positive Controls. 
Nebulin: immunofluorescent staining with an irrelevant isocype control antibody in huma. 
PL cells and a FKC-labelled anti-mouse secondary antibody. Minimal staining is visible for 
nebulin. Type IIt coilagen: gingival fibroblasts showed minimal staining as expected 
(negative control) while rat bone mmow stromal cells which contain a mixture of different 
cell t es showed moderate staining as positive controls. Type W collagen: human gingival 
fibrob Y asts used as negative controls demonstrate no visible staining while human PL ceik 
(positive control) show strong staining. Osteopontin: human gingival fibroblasts (negative 
control) show much weaker staining than rat bone marrow stromal cells (positive control). 
Alkaline phosphatase: human gingival fibroblasts and rat bone marrow stromd cells used as 
negative and positive controls respectively. Magnification: 135X. 



Type II1 Collagen 

As expected, there was positive staining for type ID collagen in PL fibroblasts but very low 

levels of staining in the gingival fibroblast ce11 Line that is known to exhibit very low levels 

of type III collagen synthesis and is used here as a negative control (Figure 1). Incubation of 

extncted teeth in the 4 different test conditions produced no large change in the pattern of 

staining for type ICI collagen (Figure 2). The staining appeared to be slightly more intense in 

the samples stored in dry conditions (30 minutes) which was in agreement with the slightly 

increased brightness recorded by the microscope photometer (Table 1). 



Figure 2 Stauiing of Type III Coiiagen in Human PL CeUs. 
ZmmunohistochemicaI staining for type III collagen in human PL ceus stored in the 4 
indicated conditions: (A) 30 minute wet storage - perinuclear staining; (B) 30 minute dry 
storage - no change in pattern of staining but appears more intense than 30 minute wet 
conditions; (C) 120 minute wet storage - no change in staining pattern (perinuclear); (D) 
120 minute dry storage - staining appears more intense than in wet samples. Mapification 
250X. 



Type X I I  Colkugen 

Consistent wiîh the report of Karirnbux et al. (1992), it was observed that PL fibroblasts but 

not gingival fibroblasts expressed type XII collagen (Figure 1). Further, there were marked 

differences in the pattern of staining after storage in wet or dry conditions. In the samples 

stored in wet conditions, the staining was perinuclear and reremiscent of Golgi staining as 

would be expected for a secreted protein, whereas in the 30 mhute dry condition, staining 

was restricted to isolated foci in the cytoplasm (Figure 3). In the 120 minute dry sarnples, 

the staining was weak and exhibited no specific pattern. The staining intensity for this 

condition was similar to that of gingival fibroblasts that do not express type MI collagen. 

The reduced fluorescence for the dry samples obtained by photometry is consistent with the 

decreased expression of this marker (Table 1). 



Figure 3 Stainiog of Type XII CoUlagen in Human PL Cek. 
Immunohistochemical staining for type W collagen in human PL c e k  for the 4 indicated 
conditions: (A) 30 minute wet storage - perinuclearpattern of staining consistent with 
Golgi staining; (E3) 30 minute dry storage - staining restricted to isolated foci in the 
cytoplasm; (C) 120 minute wet storage -no change in pattern of staining from 30 minute 
wet sample; (D) 120 minute dry storage - no specific pattern of staining and appeared weak 
in cornparison to 3 other sample conditions. Magnification 250X. 



a-Smooth Mziscle Actin 

There was a perinuclear or Golgi type of staining distribution in cells that had been stored in 

ce11 culture medium for 30 minutes that sugested cl-srnooth muscle actin was not 

incorporated into stress fibres and that the cells were not particularly contractile (Figure 4). 

In the 120 minute wet sample, some small diameter stress fibres were visible while in the 

dry samples, stress fibres were very prominent. Fragments of cytoplasmic processes were 

also visible in some of the dry samples possibly indicating the retraction of highly 

contractile cells during spreading over the culture dish surface during sarnple preparation. 

The increase of fluorescence brightness recorded by the microscope photometer for the dry 

sarnples compared with the 30 minutes wet sample also suggcsts increased expression of a- 

smooth muscle actin as a result of dry storage conditions (Table 1). 



Figure 4 Staining of a-Smooth Muscle Actin in Human PL Celis. 
hmunohistochemical staining for cc-smooth muscle actin in human PL cells for the 4 
indicated conditions: (A) 30 minute wet storage - perinuclear, Golgi staining; (B) 30 minute 
dry storage - more intense staining of stress fibres and cytoplasmic processes; (C) 120 
minute wet storage -intense staining of some srnall diameter stress fibres; @) 120 minute 
dry storage - stress fibres and cytoplasmic fragments are intensely stained. Magnification 
250X. 



Osteopontin 

As a secreted protein, intracellular osteopontin would be expected to be prominent in the 

Golgi apparatus and secretory vesicles. Consistent with this expectation it was noted that the 

pattern of staining was localized to Golgi apparatus and secretory vesicles. Staining was 

more intense in cells stored in dry conditions (Figure 5). Notably, the 120 minute dry 

samples appeared to have a different distribution in which the protein was restricted to 

isolated bnght spots, rerniniscent of the focd adhesion staining for osteopontin reported 

earlier in mîgrating osteogenic cells (Zohar et al. 1997). Sirnilar to a-smooth muscle actin, 

the dry sarnples had increased fluorescence intensity that indicated higher levels of 

expression of osteopontin in these samples (Table 1). 



Figure 5 Staining of Osteopontin in Human PL Ceiis. 
Tmmunohistochemical staining for osteopontin in human PL cells for the 4 indicated 
conditions: (A) 30 minute wet storage - pennuclear staining consistent with staining of 
Golgi and secretory vesicles; (E!) 30 minute dry storage - no change in pattern of staining, 
but staining appeared more intense; (C) 120 minute wet storage - pattern of staining 
remains the same, but staining appeared less intense than 30 and 120 minute dry; (D) 120 
minute dry storage - staining appeared restricted to isolated bright spots similar to pattern of 
focal adhesion staining in mignting osteogenic cells. Magnification 250X. 



Alkaline Phosphatase 

Staining was primarily restricted to cell surfaces in both wet and dry samples. There was 

more intense staining in the samples stored under dry conditions than wet conditions 

(Figure 6). This observation is supported by the increased fluorescence intensities (Table 1). 



Figure 6 Staining of Alkaline Phosphatase in Human PL Cells. 
Irnmunohistochemical staining for alkaline phosphatase in human PL cells for the 4 
indicated conditions: (A) 30 minute wet storage - extracellular pattern of staining; (B) 30 
minute dry storage -no change in pattern of staining, but appeared more intense than 30 
and 120 minute wet storage conditions; (C) 120 minute wet storage - no observable change 
to pattem of staining; @) 120 minute dry storage - more intense extracellular pattern of 
staining. Magnification 250X. 



Discussion 

Storage conditions of extracted teeth exert a profound effect on the phenotype of 

cells cultured from remnants of the PL attached to the root surface. The present 

investigation utilized a novel approach to study PL cell differentiation which involved 

intracellular staining of several fibrogenic and osteogenic markers that were examined in 

early passage ceIls cultured frorn the PL of extracted human teeth. There w u  evidence of 

increased staining foc osteopontin, alkaline phosphatase and a-smooth muscle actin, but 

decreased staining For type XII collagen after prolonged dry storage. These data indicate that 

dry storage favours the in vitro growth of contractile osieogenic cells at the expense of PL 

fibroblasts and suggests a mechanism by which prolonged extra-alveolar storage not only 

encourages the differentiation of osteogenic cells associated with the root surface but also 

causes the selective loss of fibrogenic PL cells. In this context fibrogenic PL cells are 

thought to be involved in preservation of the PL space (Melcher 1970; Line et al. 1974). 

These data are consistent with clinical reports that show prolonged extra-alveola. storage of 

avulsed teeth pior to replantation increases the nsk of ankylosis (Andreasen 198 1 a), a 

condition in which the PL space is colonized by osteogenic cells and is replaced by bone. 

Taken together with a previous report that showed prolonpd extra-dveolar time greatiy 

decreased the clonogenic capacity of PL cells while exerting much less of an effect on ceIl 

viability (Lekic et al. 1996a), these results suggest that desiccation and stonge-related 

damage to PL cells strongly encourages the growth and differentiation of osteogenic cells 

that then colonize the PL space and produce ankylosis. Thus, while the current concept of 

ankylosis is based on recolonization of the PL space by osteogenic cells originating fiom the 

dveolar bone (Lekic et al. 1997), these current data suggest that unfavourable storage 

conditions afier extraction/avulsion (Le. desiccation) aiso encourage the growth and 

differentiation of osteogenic cells from the root side of the PL and the selective loss of PL 

fibroblasts (e.g. loss of type W collagen staining). One paticular point of interest was the 

increased expression of osteopontin with Longer penods of dessication on storage. As 

osteopontin is an adhesive glycoprotein for osteoclast attachment as well a regulator of 

mineralization (McKee and Nanci 1996), the increased expression of osteopontin suggests a 



mechanism by which osteoclastic and dentinoclastic cells could more avidly attach to tooth 

surfaces and cause root resorption. 

Although these data are of clinical interest in the context of tooth avulsion injuries 

and regeneration of the PL, their interpretation is dependent upon the validity of the model 

system. Studies of PL healing after injury have often used in vitro and in vivo model 

systems, experirnental approaches that cm provide insiglit into biological mechanisms in a 

more efficient manner than human clinical studies. In vitro models typically employ 

homogeneous ce11 populations that can be analyzed under ngorously controlled conditions 

that are independent of in vivo factors. In this study, the independent expenmental variables 

were based on conditions using "wet" and "dry" tooth storage. This is similar to previous 

studies which compared the effect of various s tong  media and the duration of the extra- 

alveolar time on the sumival of PL cells (Andersson et al. 1989; Blomlof and Otteskog 

1980; Lekic et al. 1998; Soder et al. 1977). While previous in vitro studies of PL ce11 

function used rodent (Lin et al. 1994) or primate cells (Andreasen 1981a), the use of human 

PL cells may provide a more suitable model to assess the critical variables that affect ce11 

viability (Lekic et al. 1996a) and ultimately treatment outcomes. Further, the study of cells 

in very early passage cultures obviates artefacts due to cell selection effects associated with 

high passage cultures (Narayanan and Page 1983). 

While incisors are the most commonly avulsed teeth (Andremen and Hjsrting- 

Hansen 1966a), this study examined PL cells from premolar teeth. Although there are minor 

differences of cellular phenotypes in sihi between different tooth types, these differences 

were undetectable using the analytical methods reported here and elsewhere with other 

methods (Lekic et al 1996a; Lekic et al. 1998). Consequently, there are insufficient data to 

suggest that the study of premolars instead of incisors has undermined the generai validity 

of the experiments. 

Current clinical guidelines of the American Association of Endodontists (1995) 

recommend that avulsed teeth should be replanted immediately if possible. These 

suggestions are based on both animal and clinicd studies (Andreasen 198 la; Andreasen et 

ai. 1995a; Andreasen et al. 1995b; Andreasen et al. 1995c; Andreasen et al. 1995d). 

Consistent with these data, results of this investigation indicate that desiccation of avulsed 



teeth should be rninimized to optimize the maintenance of the PL fibroblast phenotype and 

possibly the regeneration of PL. These findings are in agreement with Lekic et al. (1996a) 

who found that the in vitro clonogenic capacity of PL cells is ternporally associated with the 

ability of PL progenitor ceus to attach and recolonize the root surface following 

replantation. Notably, the critical period for rapid loss of ce11 viability begins before 15 

minutes extra-alveolar duration (Lekic et al. 1998). 

The novel feature of this study is the attempt to phenotypically charactenze the 

differentiation repertoire of adherent PL cells in vitro as a mode1 to understand the 

mechanisms involved in repair of the injured PL, specifically following avulsions. An 

improved understanding of factors that regulate ce11 viability and differentiation of 

osteogenic and fibroblastic cells in the PL could iead to more rationale treatment approaches 

after injury to the periodontium. These approaches might include optimization of methods 

to promote the survival or stimulation of cells required for the regeneration and repair of the 

PL. The most comrnon outcome for dental avulsions (PL repair or tooth loss) is due to 

complications that result from delayed replantation (Andreasen et al. 1995b; Barrett and 

Kenny 1997). If clinicians had the ability to modify PL ce11 differentiation they would have 

the means to prornote regeneration over repair and retum the replanted tooth to its pre-injury 

state. 

There are several limitations of this investigation which include the relative Iack of 

quantification of markers and the small sample size employed. Further studies are required 

to fully characterize the phenotype of PL cells following traumatic injury. Growth rates and 

the computation of population doubling levels for osteoprogenitor cells could be exarnined 

to determine if cells of the osteogenic phenotype are present in sufficient numbers to 

provide a case for ankylosis. The measurement of the number of mineralized bone nodules 

that would form in cultures containing an organic phosphate and dexamethasone would give 

a relative estimate of the relative proportion of osteogenic cells. It would also be of benefit 

to quanti@ the percentage of cells that express (or not) the specific markers used in this 

investigation. 



Conclusions 

There is increased expression of bone markea (osteopontin and alkaline phosphatase) 

by PL-associated cells after storage in dry conditions between 30 and 120 minutes 

desiccation. 

There is decreased expression of the PL fibroblast marker, type W collagen, after 

storage of teeth in dry conditions for 120 minutes. 

Dry conditions promote the increased expression of a-smooth muscle actin and 

incorporation of this actin isofom into stress fibres, that indicate the preferential 

formation of contractiIe cells. 

These data are consistent with cünical observations from previous studies that show 

increased extra-dveolar time and dry storage lead to increased bone formation and the 

likelihood of ankylosis (Andreasen 198 la; Andreasen et d. 1995d; Lekic et al. 1998; 

Andreasen and Kristerson 198 1; Soder et al. 1977). 
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