
UCSF
UC San Francisco Electronic Theses and Dissertations

Title
Phenotypic characterization of cells derived from periodontal regenerative 
membranes

Permalink
https://escholarship.org/uc/item/3nh8s3mm

Author
Iha, Darin Ken

Publication Date
1996
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3nh8s3mm
https://escholarship.org
http://www.cdlib.org/


Phenotypic Characterization of Cells Derived from Periodontal Regenerative
Membranes

by

Deposited in the Library, University of California, San Francisco

Darin Ken Iha D.D.S.

THESIS

Submitted in partial satisfaction of the requirements for the degree of

MASTER OF SCIENCE

in

ORAL BIOLOGY

in the

GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA

Committee in Charge

San Francisco

Date University Librarian

Degree Conferred:



ACKNOWLEDGEMENTS

I wish to express my gratitude to Dr. Paul Johnson for all his

guidance and support. He has greatly contributed towards my

training as both a periodontist and a researcher.

I would also like to thank Dr. Jianjie Niu for all her help and

advice over the past three years. Her encouragement has made

completion of this thesis possible.

Special thanks to Dr. Robin Wakabayashi, Dr. Yvonne Kapila and

Hope Lancero for their knowledge and continued contributions.

3 sº

º

} ■ º

º

s
º

*. º

$.



2CV.

TABLE OF CONTENTS Q_Y

ACKNOWLEDGEMENTS .................................................................................... ii sº

º

TABLE OF CONTENTS....................................................................................... iii º,

LIST OFTABLES ................................................................................................ V 9 "I

/N.
LIST OF FIGURES............................................................................................... vi º
INTRODUCTION .................................................................................................. 1 - A

Theory of Guided Tissue Regeneration ............................ 1
Guided Tissue Regeneration (GTR) ..................................... 2
Periodontal Ligament as Progenitor Cells ....................... 3

º

Guided Bone Regeneration (GBR) ........................................ 4 º
Differences Between Guided Tissue Regeneration and > -
Guided Bone Regeneration ...................................................... 4 £ = º

Significance of Membrane Exposure .................................. 5 cº
Clot Stabilization ......................................................................... 7 £2,
Growth Factors ............................................................................ 7 —- " ".

Platelet Derived Growth Factor (PDGF) and — — ‘º

Insulin-like Growth Factor (IGF) ............................... 9 <3 J .
Fibroblast Growth Factor (FGF) ............................................. 10 E5 'º'
Transforming Growth Factor (TGF)..................................... 10 S

Role of The Extracellular Matrix (ECM) ............................. 11 º,
SPECIFICAIMS ..................................................................................................... 12 | ".

Q T

MATERIALS AND METHODS ........................................................................... 13 /º
Patient Population and Membrane Retrieval ................. 13 * A

Isolation of Cells.......................................................................... 14 2–
von Kossa Staining for Mineralized Nodule Formation 15 *

Proliferation Assay .................................................................... 16 - sº
Microfence Assay ....................................................................... 16 sº

º:

RESULTS“…. 17 º
Patient Analysis........................................................................... 17 J
Morphology of Cells.................................................................... 18 2 *

Mineralized Nodule Formation .............................................. 18 -"

Proliferation Assay ..................................................................... 23 lºcº
Microfence Analyses .................................................................. 23 ARY

iii J.



*/,-, .

- ****

*_Y
DISCUSSION

CONCLUSION ........................................................................................................... 39 >

REFERENCES ............................................................................................................ 40

º

º

º,

; $
s -

iv º



ciº.
*_Y

LIST OF TABLES

Table 1. Table of Patient Information and Clinical Parameters 19 >

C

Table 2. Table of Time for Nodule Formation .................................. 21 º

Table 3. Summary of Migration and Proliferation of GTR Cells 27

Table 4. Summary of Migration and Proliferation of GBR Cells 29

3=



Figure

Figure

Figure

Figure

Figure

Figure

Figure

LIST OF FIGURES

Morphology of GTR Cells and Gingival Fibroblasts ......

Illustration of GTR Cells at Nodule Formation ...............

Proliferation of GTR and GBR Cells Compared to
Gingival Fibroblasts and PDL Cells ...............................

Illustration of Migration of GTR Cells ................................

Migration of Both a Successful and Unsuccessful GTR
Clinical Case ...........................................................................

Migration of Cells Derived from GBR Procedures .........

Migration of Cells Derived from a Successful GTR
Procedure and Gingival Fibroblasts Isolated from

the same patient ..................................................................

;

vi



Introduction

Theory of Guided Tissue Regeneration

Regeneration of tissues lost due to periodontal disease is the

ultimate goal of periodontal therapy. Melcher in 1976, proposed the

basic concepts which have led to the development of clinical

techniques known as guided tissue regeneration (GTR). He

hypothesized that there were four separate types of cells that could

affect repair of the periodontium; gingival epithelial cells, gingival

connective tissue cells, bone cells, and periodontal ligament (PDL)

cells. He proposed that the cells which repopulate the exposed root

surface determine the nature of the attachment that will form.

The different tissues repopulate the root surface at different

rates of migration. If uncontrolled, epithelium is the first to migrate

along the root surface, preventing new attachment and causing

formation of a long junctional epithelium. Gingival connective tissue

also heals quickly and may attach to the root, resulting in root

resorption. Bone cells migrate slowly and may cause root resorption

and ankylosis. However, cells from the periodontal ligament will

promote new connective tissue attachment and regeneration

(Melcher 1976).

Guided Tissue Regeneration is based on the principle of

selective repopulation of the root surface by cells derived from

periodontal ligament and alveolar bone with the exclusion of gingival

epithelium and connective tissue (Nyman et al. 1982). The healing

following traditional treatment of periodontal defects is characterized

by repair, with downgrowth of epithelium (Caton et al. 1980). The

epithelial cells migrate quickly into the defect, forming a long

1



junctional epithelial attachment. Gingival epithelium and connective

tissue do not have the potential to promote regeneration of

periodontal defects and will prevent regeneration. However, placing

a physical barrier between the gingival flap and the root surface

creates a space and excludes the gingival connective tissue and

epithelium from the root. This preferentially allows the PDL cells to

coronally migrate into this area and promote regeneration (Karring et

al. 1980, Nyman et al. 1980, Nyman et al. 1982).

Guided Tissue Regeneration (GTR)

The terminology surrounding GTR is often confusing and

requires clarification. The 1989 World Workshop in Clinical

Periodontics defines periodontal regeneration as, “the reproduction

or reconstitution of a lost or injured part to its prediseased state.”

This requires coronal movement of the margin of the alveolar bone,

functionally oriented perpendicular fibers inserting into the

reformed cementum and formation of a periodontal ligament space.

Repair is defined as, “healing of a wound by tissue that does not fully

restore the architecture or the function of the part.” Reattachment is

defined as, “the reunion of connective tissue with a root surface on

which viable periodontal ligament tissue is present.” New

attachment is defined as, “the reunion of connective tissue with a

root surface that has been deprived of its periodontal ligament.” This

reunion requires the formation of new cementum and collagen fibers

which comprise the new periodontal ligament (World Workshop in

Clinical Periodontics, 1989).



Periodontal Ligament (PDL) as Progenitor Cells

Ideally, progenitor cells should have the capacity to proliferate,

migrate, attach to the root surface and differentiate into functional

cells. Progenitor cells of the periodontium are believed to be derived

from paravascular zones of the PDL and the adjacent bone marrow

spaces (Gould et al. 1980). Studies have demonstrated that

significant attachment gain can be formed by the cell seeding of PDL

fibroblasts on a planed root surface (van Dijk et al. 1991). It has also

been shown that PDL-derived cells can produce a new periodontal

ligament when reimplanted with a demineralized root in vitro

(Boyko et al. 1981).

Periodontal ligament-derived cells have been characterized in

vitro. It has been demonstrated that human PDL cells display

distinct characteristics which are different from those of gingival

fibroblasts. Somerman et al. (1988) showed that human PDL cells

have greater protein and collagen synthesis and higher levels of

alkaline phosphatase than gingival fibroblasts. The PDL cells show

an osteoblastic phenotype and can differentiate into osteoblasts and

cementoblasts (Nojima et al. 1990). They have an increase in

parathyroid hormone stimulated cyclic AMP, high levels of alkaline

phosphatase and a moderate growth response to PDGF (Piche et al.

1989). Studies have also shown that periodontal ligament derived

cells, but not gingival fibroblasts, can form mineralized nodules in

vitro (Cho et al. 1992).



Guided Bone Regeneration (GBR)

The principles of GTR also apply to Guided Bone Regeneration

or GBR in the treatment of localized osseous defects. GBR is also

based on the basic concept of excluding undesirable cells and

selectively allowing desirable cells to repopulate the area. A barrier

membrane is used to create a space to exclude the gingival

connective tissue and allow the slower migrating osteoprogenitor

cells to enter the healing site (Dahlin et al. 1988). The biological

principle of GBR has been used for ridge augmentation (Nevins et al.

1994) and also for bone formation around implants (Dahlin et al.

1995).

Differences between GTR and GBR

Significant differences exist between GBR and GTR. In GBR,

only one tissue or structure is being regenerated and interaction with

other tissues is not required (Nyman et al. 1991). Cells originating

from the surrounding bone tissue migrate into the space created by

the membrane and form bone. Presumably, the source of progenitor

cells is the periosteum or the underlying bone.

Progenitor cells in GTR are derived from periodontal ligament

(Karring et al. 1980). In GTR, healthy PDL cells coronally migrate to

repopulate the wound. These cells need to differentiate to form a

new connective tissue attachment, cementum and bone against an

avascular root surface. A root surface exposed to the periodontal

pocket may be contaminated with calculus, plaque, endotoxin, and

may become hypermineralized. This diseased root surface would



then be a poor substrate for cell attachment and migration (Caffesse

et al. 1985). These observations emphasize the need for careful

clinical root preparation and meticulous care during the regenerative

phase.

The healing process for GTR usually takes place in an

environment exposed to oral microorganisms. However in many

cases, the barrier membrane in GBR is not exposed to the oral

environment since the wound heals by primary intention. Primary

wound healing occurs when the wound edges are brought into

contact and the wound heals rapidly with minimal granulation tissue.

In GTR, the healing is often by secondary intention where the wound

edges are widely separated. The epithelium may therefore migrate

along the root surface or down between the flap and the membrane

creating recession and exposure of the membrane. Therefore, GBR

may be a more predictable procedure then GTR.

Significance of Membrane Exposure

Success may be influenced by exposure of the membrane

during the early phases of healing since exposure of the membrane

increases the potential for infection and gingival inflammation.

These events may effect the healing process and may reduce or

prevent regeneration (Warrer et al. 1991). Membrane exposure to

the oral environment is often associated with less than ideal

regeneration. The presence of certain microorganisms on the

prematurely exposed membranes prevents healing with guided bone

regeneration (Nowzari et al. 1994) and leads to failure due to

complications associated with infections. Simion et al. (1991)

5



compared bone fill related to exposed and unexposed membranes.

Their results showed that the mean amount of bone regenerated by

membranes which had been exposed and removed prematurely was

only 48.6% of bone obtained with unexposed membranes retained 6

to 8 months. Better bone fill was achieved in sites where the

membranes were retained for longer periods than in sites where

removal occurred earlier. Therefore, complete gingival coverage of

the membrane is critical for optimal therapy.

Exposure of the membrane with subsequent bacterial

adherence may cause an inflammatory reaction. Virulence factors

from gram negative bacteria, such as lipopolysaccharides, stimulate

the production of cytokines in gingival tissues. Inflammatory

mediators such as cytokines may play a role in the healing events

involved in GTR. Interleukin 1 (IL-1) is a key mediator of the body’s

response to bacterial invasion, inflammation, immunological

reactions, and tissue injury. It is produced mostly by macrophages

and monocytes and is a local mediator of tissue destruction in

periodontitis. IL-1 has been shown to stimulate bone resorption and

inhibits bone formation (Tatakis, 1993). These effects may be

related to increased synthesis of procollagenase and prostaglandin

(Richards et. al. 1988). IL-1 has also been shown to induce the

production of metalloproteinases, plasminogen activator, interleukin

6 (IL-6), prostaglandin E2 (PGE2) in gingival fibroblasts and to

inhibit alkaline phosphatase activity in PDL cells (Takeshita et al.

1992).

Inflammatory cytokines may also modulate the response of

growth factors. Gillardetti et al. (1991) have shown that IL-1
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reduces the mitogenic and chemotactic effect of PDGF in osteoblasts.

This modulation of growth factors by cytokines likely has important

detrimental effects on the regenerative response.

Clot Stabilization

The sequence of healing is divided into three overlapping

phases: inflammation, granulation tissue formation, and matrix

formation with remodeling (Wikesjo et al. 1992). However, the most

important factors in achieving regeneration are the initial

stabilization of the fibrin clot and adhesion to the root surface

(Wikesjo et al. 1990). The blood clot serves as a provisional matrix

for cell migration from adjacent tissue containing fibrin and

fibronectin, tenascin, thrombospondin and SPARC (Ripamonti et al.

1987).

Ideally, the clot should adhere to the root surface to allow

wound maturation and connective tissue attachment to the root.

Undisturbed maturation of the fibrin clot on the root prevents apical

migration of the junctional epithelium (Caffesse et al. 1988). The

barrier membrane used in GTR adds stability and protects the blood

clot during the initial stages of healing (Wikesjo et al. 1988).

Isolation from the oral environment as well as wound stabilization is

therefore essential during the healing process (Amar et al. 1994).

Growth Factors

Cellular activity during wound healing is largely controlled by

soluble factors, cell to cell contact and cell to matrix contact. Growth

factors are potent mitogens and chemotactic agents stimulating
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migration, proliferation, and modifying the natural biologic response

(Canalis et al. 1989). The effects of growth factors vary greatly.

Some have a broad spectrum of target cells and others act on

selected cell types. They may display both stimulatory and

inhibitory signals that modulate the cellular response. Many of the

growth factors are released initially during platelet degranulation

with more subsequently being produced by cells migrating into the

wound. Growth factors are also liberated from the matrix

compartments or activated from precursors (Graves et al. 1990). The

response of cells is regulated by the presence of growth factors, the

state of cell activation and the degree of cell differentiation (Amar et

al. 1994). These multiple events are coordinated and determine

success or failure of the regenerative response.

Proliferation, migration, and differentiation of mesenchymal

cells in healing are modulated by a number of growth factors and

ECM components. Guided delivery of growth factors may potentially

be used to regulate the population of cells at the healing site. For

example, specific growth factors might stimulate coronal migration of

periodontal progenitors while inhibiting apical migration of

undesirable cells. Identifying the sequence of events and factors

involved will allow clinicians to manipulate the healing and enhance

the results and predictability. Factors that are likely to be important

in periodontal regeneration are Platelet Derived Growth Factor

(PDGF), Insulin like Growth Factor-1 (IGF-1), Transforming Growth

Factor (TGF-3), Fibroblast Growth Factor (FGF) and Bone Morphogenic

Proteins (BMP's).



Platelet Derived Growth Factor (PDGF) and Insulin-like

Growth Factor (IGF)

Studies have shown PDGF stimulates migration, mitogenesis

and matrix production in osteoblasts and PDL cells (Matsuda et al.

1992). PDGF is stored in bone matrix and is released by osteoblasts,

endothelial cells, macrophages and degranulating platelets. The

release of these cytokines may play a major role in the behavior of

regenerative cells during GTR and GBR.

PDGF and IGF together have a complementary activity on a

wide spectrum of cellular events such as cellular proliferation,

chemotaxis, and production of ECM (Matsuda et al. 1992). They

interact synergistically to accelerate the healing of wounds. PDGF

also acts as a competency factor which moves cells out of the resting

phase into the mitosis G0 phase. IGF acts as a progression factor

which stimulates DNA synthesis and completion of the cell cycle from

G1 to S phase (Canalis et al. 1980).

Topical application of these factors in healing wounds has been

shown to stimulate increased DNA, collagen and noncollagenous

protein synthesis and double the connective tissue volume in the

first week of healing (Lynch et al. 1989). PDGF and IGF have also

been shown to accelerate the metabolism of bone cells in culture

(Canalis et al. 1989). These two growth factors may therefore be

useful therapeutically to facilitate the regenerative process.

A combination of PDGF and IGF has been shown to enhance

regeneration of the periodontal structures in periodontally affected

teeth in dogs. Dogs treated with this combination of factors showed a

significant increase in new bone and cementum formation (Lynch et
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al. 1991). The same enhancement of regeneration was seen in

monkeys (Rutherford et al. 1992). Using these factors in conjunction

with a membrane around submerged implants in immediate

extraction sockets has also been shown to enhance regeneration

(Becker et al. 1992). Application of PDGF and IGF in periodontal

wounds may therefore enhance the success of periodontal

regenerative procedures by stimulating formation of mesenchymal

tissues including collagen, bone and cementum (Lynch et al. 1989).

Fibroblast Growth Factor (FGF)

FGF affects endothelial cell replication and neovascularization.

This growth factor is stored as a biologically active component of the

ECM stimulating DNA synthesis and cell replication, protein synthesis

of collagen type I, and granulation tissue formation (Basilico et al.

1992). FGF is also a potent stimulator of PDL cell migration and

mitogenesis (Frenkel et al. 1992). All of these effects are beneficial

to the process of regeneration and indicate that this growth factor

may be potentially useful for therapy.

Transforming Growth Factor (TGF)

TGF-3 stimulates chemotaxis as well as the synthesis of

connective tissue matrix components like collagen, fibronectin,

proteoglycan and glycosaminoglycan (Fine et al. 1987). TGF-3 has

also been shown to increase the synthesis of tissue inhibitor of

metalloproteinases in gingival fibroblasts while also reducing

expression of the fibroblast collagenase. This cytokine can display

both stimulatory and inhibitory signals to the same cell (Overall et al.
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1991). TGF-3 can also modify the effects of other growth factors. It

has been shown to reduce the level of collagenase expression induced

by EGF and bfGF and enhance the induction of tissue inhibitors of

metalloproteinases by EGF and FGF (Edwards et al. 1987).

One of the members of the TGF gene superfamily is a class of

proteins termed the bone morphogenic proteins (BMP). BMPs can be

produced by osteoblasts and are stored in bone. They are thought to

induce bone formation by stimulating osteoprogenitor cells. BMP-2

has been shown to induce differentiation of osteoblasts with the

capacity to produce bone matrix proteins. These effects have been

shown to induce endochondral bone formation (Wozney, 1992).

Bowers showed that osteogenin, BMP-3, bound to an insoluble

collagenous bone matrix was able to induce bone differentiation in

heterotropic sites (Bowers et al. 1991). BMP 5, 6 and 7, also augment

the capacity of BMP 2 to form bone (Ripamonti et al. 1994).

Therefore, the possible application of these biomodulators may

enhance the regenerative response of the periodontium.

Role of the Extracellular Matrix (ECM)

The extracellular matrix contains soluble growth factors and

insoluble matrix components that modulate cellular responses in the

healing site. The components found in the ECM include glycoproteins,

fibronectin, tenascin, SPARC, thrombospondin, proteoglycan and

collagenous proteins (Sage et al. 1991). These biomolecules play a

significant role in wound healing and function in cell adhesion,

migration, differentiation and gene expression (Damsky et al. 1991).

The ECM is therefore able to direct the healing process by its bound
11



molecules and structural properties. The relationship between cells

and the ECM may influence both the cell phenotype and its

responsiveness to cytokines (Nathan et al. 1991). This may

potentially modulate the effects of molecules such as growth factors.

Although cells influence and control the formation of the

matrix, the matrix also exerts an influence on the cells and organizes

the architecture of the granulation tissue (Amar et al. 1994). The

ECM acts as a carrier for the functional expression of growth factors

and provides a scaffold for the recruitment, anchorage, proliferation

and differentiation of progenitor cells (Getzenberg et al. 1990). The

matrix also organizes, concentrates, and activates growth factors,

hormones, proteinases, proteinase inhibitors, and other bioactive

molecules all of which modulate the organization and function of the

tissues (Flaumenhaft et al. 1991). The matrix therefore has both an

instructive and a permissive influence.

Specific Aims

Complete regeneration of the periodontium is presently an

unrealistic and unpredictable goal. However, studying the

phenotypic characteristics of the cells involved in the healing wound

may allow clinicians in the future to enhance the regenerative

response with growth factors and other biomodulators. In

periodontal regeneration the three “M’s”, migration, mitosis and

matrix is key. It is important for PDL derived cells to sequentially

migrate and proliferate into the healing wound while inhibiting

gingival connective tissue and fibroblasts. It has been predicted that

gingival fibroblasts and PDL cells migrate and proliferate differently.
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However, no study has ever measured the differences of migration

and proliferation between these cells. Therefore, we have looked at

the migration and proliferation of PDL cells and gingival fibroblasts

in comparison to cells derived from regenerative procedures.

We hypothesize that cells derived from GTR and GBR

procedures will exhibit in vitro properties associated with

regenerative tissue. We further hypothesize that cells rescued from

GBR and GTR procedures will exhibit different phenotypic

characteristics in vitro. In order to explore this hypothesis, we have

cultured cells adherent to regenerative membranes to examine

characteristics of the regenerative tissue itself. Migration and

proliferation of cells derived from GTR and GBR procedures were

compared with PDL cells and gingival fibroblasts. PDL cells, but not

gingival fibroblasts, have previously been shown to be capable of

producing mineralized nodules in culture (Arceo et al 1991). So it

was logical to also study the capability of GTR and GBR cells of

forming mineralized nodule in culture.

Materials and Methods

Patient Population and Membrane Retrieval

Gore-Tex (5) and GTAMTM membranes were retrieved from

patients following guided tissue regeneration procedures in the

postgraduate periodontal clinic at the University of California, San

Francisco. The membranes were retrieved from 16 patients, 10 male

6 female, ranging in age from 21-72 years of age. Patients were on a

regimen of 100 mg doxycycline once a day for two weeks

immediately after membrane placement. Patients rinsed with 0.12%
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chlorhexidine gluconate twice a day while the membranes were in

place.

The Gore-Tex® membranes were used for periodontal

regeneration of interproximal infrabony and furcation defects. All

Gore-Tex (B) membranes were left in place between 4 to 12 weeks.

GT AM" membranes were recovered from ridge augmentation

procedures from sites of extraction or around implants. The

membranes were left in place from 8 to 24 weeks.

All Gore-Tex® membranes exhibited clinical exposure except

membranes designated Gore 30, C 22 and G. All GTAMTM cases were

not exposed except for GT 10, GT 3 and GT 8i. Cell isolates derived

from these membranes were subsequently established in culture and

characterized.

Isolation Of Cells

The membranes were placed in Alpha Modified Eagle's Medium

(o, MEM) containing 10% fetal bovine serum (FBS) and 100 units/ml

penicillin, 0.10 mg/ml streptomycin sulfate and 0.25 mg/ml

amphotericin B. The membranes were then cut into pieces and

placed under cover slips stabilized to the bottom of tissue culture

dishes with silicon grease. The membrane pieces were cultured in

the same medium and incubated at 370C in 5% CO2 and air until cells

adherent to the membrane were observed migrating onto the culture

dish or the undersurface of the coverslip. These cells were then

detached with 0.05% Trypsin (STV), 0.02% Versene, in Saline A (0.1%

glucose, 0.058% NaHCO3) and passaged in the same medium. Cells

14



were frozen at passage four by detaching the cells with STV and

storing the cells in 1 ml of FBS with 5% dimethyl sulfoxide at -700C.

Human periodontal ligament cells were scraped from the

midroot portion of periodontally healthy teeth extracted for

orthodontic therapy. These cells were cultured as described by

Richards and Rutherford (1988). Human gingival fibroblasts were

obtained from distal wedge incisions over maxillary tuberosities

removed during periodontal surgery. Gingival and PDL tissues were

minced into small pieces and cultured similarly to the cells adherent

to regenerative membranes. The tissues were placed under

coverslips and cultured in media consisting of o MEM, 10% FBS with

100 units/ml penicillin, 0.10 mg/ml streptomycin sulfate and 0.25

mg/ml amphotericin B until the cells migrated onto the plate or the

undersurface of the coverslip.

von Kossa Staining for Nodule Formation

Cells were grown to confluency in six well plates with o MEM,

10% FBS, 100 units/ml penicillin, 0.10 mg/ml streptomycin sulfate

and 0.25 mg/ml amphotericin B. Then Nodule Growth Medium

containing of MEM, 15% FBS and supplemented with 100 units/ml

penicillin, 0.10 mg/ml streptomycin sulfate, 0.25 mg/ml

amphotericin B, 50 mg/ml ascorbic acid and 10 mM 3

glycerophosphate was added to the plates (Bellows et al. 1990).

Following nodule formation, cultures were fixed for 30 minutes in

situ with 10% neutral buffered formalin, washed and stained with

the von Kossa technique for visualization of mineralized nodules

(Bellows et al. 1986). Plates were exposed to 5% aqueous silver
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nitrate for 15 minutes in the dark, treated with UV light for 60

minutes until the calcium salts in the wells were visibly brown.

Nonspecific staining was removed from the specimens by a two

minute washing with 5% sodium thiosulfate and followed by rinsing

with distilled water three times for five minutes.

Proliferation Assay

Aliquots containing 10° cells were plated in nine 100 mm.
tissue culture dishes. The cells were then cultured in O.M. E. M.

containing 10% FBS and 100 units/ml penicillin, 0.10 mg/ml

streptomycin sulfate and 0.25 mg/ml amphotericin B. They were

incubated at 370C and equilibrated in 95% air and 5% CO2. Three

plates were counted at days 3, 5 and 7. Cells were detached, diluted

with Trypan Blue dye and 10 ml cell in solution was counted using

direct counts in a hemocytometer. The viable cells were counted in

eight 1 mm corner squares with the cells touching the lines of the

center square included in counts. Total cell number was then

calculated by comparing the counts from the diluted sample to total

volume. The cell counts of the three plates at days 3, 5 and 7 were

averaged.

Microfence Assay

Cell migration was measured as previously described (Clayman

et al. 1992). A total of 5.0 x 10" cells/well were plated in O.MEM and,

10% FBS supplemented with 100 units/ml penicillin, 0.10 mg/ml

streptomycin sulfate and 0.25 mg/ml amphotericin B. The plated

cells were left in a microfence apparatus on tissue culture plastic and
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allowed to incubate for 3 hours at 370C. The apparatus was then

disassembled and the tissue culture plates were placed in petri

dishes with the same media and allowed to incubate another hour.

The microfence when removed from the tissue culture plates created

circles of cells. The circles were then captured using a CCD camera

assisted computer imaging program at time 0, 13 and 24 hours. The

relative increase in circle size associated with cell migration was

quantitated by computer imaging and expressed as a percentage

increase in area.

RESULTS

Patient Analysis

The cases were considered successful if there was new

attachment gain in GTR cases and ridge augmentation in GBR cases.

For GTR, attachment change was observed by probing clinically using

the cementoenamel junction as a reference. GBR cases were

evaluated prior to restorative procedures and were considered

successful if, for example, sufficient bone was regenerated for

implant placement. Exposure was defined as being greater than 1

mm of membrane which could be observed clinically. In general,

successful GTR cases were not clinically exposed and the membranes

had been in place for 6-7 weeks. Most of the GTR cases which had no

clinical regeneration were associated with clinical exposure of the

membrane. In GBR cases the membranes were left in place

approximately 9 to 10 weeks, slightly longer than for GTR. Most of

the GBR cases were not exposed to the oral environment. All GBR
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cases but not all GTR cases were considered clinically successful.

Patient information is summarized in Table 1.

Morphology of Cells

Cells isolated from membranes used for GTR and GBR were

compared with gingival fibroblasts in culture. A morphological

difference between these cells was best seen at confluence. Cells

from GTR membranes generally showed palisades of interdigitating

cells in repeating units. This fishbone pattern was not observed with

gingival fibroblast cells. Figure 1 illustrates the typical

morphological difference seen between cells isolated from GTR

procedures and gingival fibroblast cells at confluence.

Mineralized Nodule Formation

The gingival fibroblast cells designated 668 did not show

nodule formation after two months. PDL MO01 formed nodules in 37

days. All cells derived from GBR and GTR were able to form nodules

in culture. However, as shown in Table 2, the time for nodule

formation varied. The GTR cells formed nodules at an average of

32.66 + 3.65 days. The GBR cells formed nodules at an average of

26.22 + 3.28 days. The cells associated with GBR were generally

found to form bone nodules more quickly than cells associated with

GTR. Representative illustrations of nodule formation are shown in

Figure 2.
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Table 1.

membranes used for GTR (A) and GBR (B).
Patient information and clinical parameters for the

The table indicates the

number of weeks the membrane was retained by the patient and
whether of not the membrane was clinically exposed. Attachment

gain for GTR procedures was evaluated clinically by pocket probing
using the cemento-enamel junction as a reference. Ridge
augmentation from GBR was evaluated at implant placement.

B.

|cºls RGE Footn lºº,
| WEEKS

EXPOSURE

In O

In O

in O

yes

yes

In O

yes

yes

5

9

6

4

12

12

6

4

4 yes

EXPOSURE

In O

ATTACHMENT
GAIN

+

+

+

AUGMENTATIO

GTAM 10 37M # 1 0 8 +

REG TiS 63M #20 10|yes +

GTAM 11 69F # 1 1 6|yes +

GTAM 25 47M #25 4 l n o +

GTAM 3 50M # 3 10 l n O +

GTAM 8i 29M # 8 24 | n o +

GTAM 12 47M #12 6 in o +

GTAM 19i #19 i 8 || yes +

GTAM 20i 42M #20 i 6 in o +
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Table 2. Mineralized nodule formation of cells retrieved from

membranes used for GTR(A) and GBR(B). Data represent time
required for mineralized nodule formation.

A.

CELLS NODULE FORMATION(DAYS

C 22 13

GORE 30 43

G 33

K 8/22 52

CL 30 26

CB 31 26

K 9/15 34

K 8/29 35

L 32

Average Standard error 32.66 + 3.65

CELLS NODULE FORMATION(DAYS

GTAM 10 13

REG 24

GTAM 11 21

GTAM 25C 20

GTAM 3 42

GTAM 8i 25

GTAM 12 42

GTAM 191 28

GTAM 20i 21

Average + Standard error 26.22 + 3.28
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Proliferation Assay

Figure 3 depicts rates of proliferation associated with some of

the cells isolated in this study. The data shows that PDL cells

proliferated at a slower rate than the gingival fibroblast cells but

faster than most of the cells recovered from GTR and GBR procedures.

Gingival fibroblasts proliferated most quickly, 2.5 times the rate of

PDL cells. The cells from GTR as a whole proliferated slightly faster

than the cells from GBR procedures. Cells from GTR procedures

resulting in clinically successful cases proliferated more slowly,

similarly to PDL cells. The cells derived from cases which were

considered to be clinical failures generally proliferated more quickly.

Microfence Analyses

Experiments in migration were conducted by comparing cells

isolated from regenerative procedures with a gingival fibroblast cell

isolate (GF 668) and a PDL cell isolate (PDL MOO1). Migration data

was obtained at 13 hr and 24 hr. The fibroblasts migrated two times

more quickly than the PDL cells. Figure 4 illustrates the migration of

cells isolated from a GTR procedure after 24 hrs of migration.

Figure 5 illustrates the migration of cells from both a successful

and an unsuccessful GTR clinical case. The successful clinical case

designated as G migrated slowly similarly to the PDL cells. The

unsuccessful clinical case designated as K 8/29 shows faster

migration.

As shown in Table 3, the gingival fibroblast cells, GF 668,

consistently migrated more quickly than the PDL cells, PDL M001. In

general, cells from GTR procedures tended to migrate more quickly

23



|

3000000 2500000

3
DAYS

2000000-
5
DAYS

&7DAYS

1500000 1000000 500000 0– Figure
3.
Proliferation
ofcellsisolatedfromGTRandGBRprocedures
as
comparedwithgingivalfibroblasts (GFB668andYIF)andPDLcells(M001).Datarepresentmean

+
standarderrorfortriplicateplatesat

indicatedtimeperiods.

º



Figure
4.
Migration
ofcellsisolatedfrom
a
GTRprocedure.Thefiguredepictsimagescaptured
at0time(A)and24hr(B).

G.



250 -

200 -
|

-T-

--

150 - 13HR

[] 24 HR T

100 –

T

l

50 -

0 –
-

C S,

§’

Figure 5. Migration of cells from a clinically successful GTR procedure designated (G) and a
clinically unsuccessful GTR procedure (K8/29). Migration data are depicted at 13 and 24 hr of
assay with data expressed as mean: standard error.
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Table 3. Summary of migration and proliferation assays of cells from
GTR procedures.
expressed as percentage increase in circle area between 0 and 24 hr
for migration and total cell number at 7 days for proliferation as
seen in figure 3.

Table A illustrates raw data from individual assays

Table B depicts this data by comparing raw data to
data for PDL cells which are arbitrarily given a value of 1.

A.

CELLS Assay 1 ||Assay 2 ||Assay 3 ||Assay 4 ||Assay 5 |PROLIFERATION
ASSAY &lo")

GFB668 160.6 451.42 | 189.09 || 266. 27 | 227.89 248.1

PDLM001 || 74.71 1 35.85 || 70.57 161.21 || 71.16 (97.7

YIF 226.35 S2.8

K8/29 215.05 || 218.99

K8/22 177.77 18.8

L 292.98 66.7

K9/15 227.91 16.1

CL30 235.81 || 122.79

CB31 225.64 || 1 25.84

G 83.63 107.09 123.9

GORE30 151.81 113.7

C22 31.6

YIG 91.53 10.8

B.

CELLS Assay 4 Assay 5 |PROLIFERATIO

GFB668

PDLM001

YIF

K8/29

K8/22

L

K9/15

CL30

CB31

G

GORE30

C22

YIG

ASSAY

2.5

1

0.54

0.19

0.68

0.16
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than PDL cells but had variable migration rates when compared with

each other. Generally, cells derived from cases that were clinically

successful showed a slightly slower migration. Cells from cases

which were considered clinical failures migrated at a faster rate.

Many of the clinically successful cases (YIG or G) showed a similar

migration pattern to the PDL cells while the cases considered clinical

failures often migrated more quickly similarly to gingival fibroblasts.

Table 4 illustrates that GBR cells in general migrated more

quickly than the PDL cells and gingival fibroblasts. There was

however, variation in migration between cells isolated from GBR

procedures. All GBR cells were from cases considered to be clinically

successful. Cells isolated from GBR migrated more rapidly than cells

from GTR procedures. Figure 6 illustrates the rapid migration rates

of cells derived from GBR procedures.

Figure 7 compares the migration of cells derived from a

successful GTR procedure (YIG) and gingival fibroblasts (YIF) isolated

from the same patient. YIF migrated similarly to the control gingival

fibroblasts (GF 668) and was faster than PDL MO01 or YIG. YIG

migrated more slowly than YIF or GF 668 but slightly faster than the

PDL cells. The GTR procedure in this patient was a clinically

successful treatment of a 12 mm palatal moat defect in tooth #14.

Although 4 mm of recession resulted from the procedure, minimal

pocket depth remains and mobility has decreased from Class III to I.

As indicated in Figure 7, cells isolated from the GTR membrane

migrated more slowly than the patient’s own gingival fibroblasts and

similarly to the PDL MO01.
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Table 4.

obtained with cells isolated from GBR procedures.
Summary of migration and proliferation assays for data

as in Table 3.
Data are depicted

A.

Kais Rºw Rºw Rºw Rºw
GFB668 189.34 || 163.12 || 120.09 || 236.57 || 2.88.02 || 248.1

PDLM001 || 100.51 || 58.53 87.14 100.42 || 46.95 97.7

GT3 250.45 202.00 ||14.9

GT11 2 11.87 || 1 50.79 || 183.93 || 182.57 35.3

8i 218.63 || 242.75

191 106.52 || 214.89 270.28

20i 23 1.81 || 242.17 | 284.50 39.9

GT25c 154. 16 115.30

GT10 86.50 64.80 33. 10

GT12 1 47.81 || 107.50 || 1 17.20 |17.3

B.

CELLS Assay 3 Assay 4 Assay 5 |PROLIFERATIO

PROLIFERATION
4

ASSAY (x10

ASSAY

GFB668 1.37 2.35 2.5

PDLM001 1 1 1
GT3

GT11

0.15

0.36

8i

191

20i

GT25c

GT10

GT12
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Discussion

Guided tissue regeneration offers the practitioner opportunities

to regenerate periodontal structures which have been lost to disease.

This expands treatment options for patients and saves teeth which in

the past may have been considered hopeless. The restored natural

dentition may therefore be able to be preserved in health, comfort

and function.

However, complete regeneration of the lost periodontium is

presently an unrealistic goal. Current therapies provide limited

success and fail in achieving predictable and consistent results.

Regeneration varies from site to site and is influenced by many

factors. Understanding the mechanisms involved in these procedures

may allow clinicians in the future to influence the relative migration

rates of healing periodontal tissues. If the migration and

proliferation characteristics of these cells can be manipulated, the

regenerative process will become faster, more complete and more

predictable in all applications.

In order to examine human regenerative cells without risk to

the patient, we chose to analyze the phenotypic features of cells

associated with the barrier membrane. Cells adherent to barrier

membranes used in regenerative procedures were cultured to obtain

numerous samples of regenerative cells for study in vitro.

Characterization of the cells involved with regeneration will allow

future experiments to address questions such as the effect of

selected growth factors on migration and proliferation of these cells

in vitro. Examining these questions and correlating clinical outcomes

of the regenerative procedure with the characteristics of the cells in
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vitro should help gain insight into the mechanisms regulating the

regeneration of the periodontium. This information may also provide

methods to control early healing dynamics and open new possibilities

for clinical applications in the future.

In this study, membranes taken from successful GTR cases in

general were not clinically exposed and had been left in place for 6-7

weeks. Most of the GTR cases which were considered failures had

clinical exposure of the membrane. On the other hand, many GBR

cases healed by primary intention and were not exposed to the oral

environment. As shown in Table 1, the number of GTR cases that

failed was greater than the number of GBR failures. These data

imply that success may be influenced by exposure of the membrane

during healing since exposure often results in infection and gingival

inflammation (Nowzari et al. 1994). These influences may affect the

healing process by reducing or preventing regeneration (Warrer et

al. 1991).

When the membrane is exposed to the oral environment,

bacteria may adhere to the membrane and cause an inflammatory

reaction. Virulence factors of gram negative bacteria, such as

lipopolysaccharides stimulate the production of inflammatory

mediators such as IL-1. Cytokines may play an important role in

modulating the healing events involved in GTR. Inflammatory

cytokines like IL-1 reduce the mitogenic and chemotactic effect of

PDGF in osteoblasts (Gillardetti et al. 1991). Therefore, exposure of

the membrane may have an effect on the regenerative potential by

altering the influence of growth factors on the healing wound.
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The length of time the membranes were retained by patients

may be another factor in regeneration. Simion et al. (1991) showed

that the mean amount of bone regeneration in cases with early

exposure and removal of membranes was only 48.6% of that

achieved in cases where the membrane was left in place for 6 to 8

months. A better result was achieved in sites where the membranes

were retained for longer periods than in sites where removal was

performed earlier. This data indicates that an important factor in

achieving regeneration may be the initial stabilization and protection

of the wound to allow maturation (Wikesjo et al. 1990). The barrier

membrane used in GTR prevents the apical migration of epithelium,

adds stability and protects the wound during healing (Caffesse et al.

1988). In our study, the GBR cases were in place slightly longer than

GTR cases, had less membrane exposure and were more successful

clinically.

Membrane exposure may be related to the differences of

cellular behavior in vitro. Cells from GBR procedures unlike those

from GTR were not exposed to oral microorganisms. As a result GBR

procedures may be less affected by inflammatory cytokines

(Wakabayashi, in press) and are allowed to mature undisturbed for

longer periods, protecting the early stages of healing.

In our studies, PDL cells and cells from GTR and GBR

procedures all formed mineralized nodules in culture while gingival

fibroblasts did not form nodules at any time. In general, the cells

from GBR tended to form nodules quicker (26.22 + 3.28 days) than

did the cells from GTR (32.66 + 3.65 days). Other studies have shown

that PDL cells but not gingival fibroblasts are able to form bone
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nodules in culture (Mukai et al. 1993, Cho et al. 1992). The cells

cultured from GTR and GBR therefore behave more like PDL cells

than like gingival fibroblasts with respect to nodule formation.

It was also observed that cells from the GTR membranes

tended to form palisading rows at confluency, a pattern associated

with PDL cells. This pattern was not seen with gingival fibroblasts or

cells from GBR procedures. These data demonstrate that the

regenerative cells from GTR are a different population from gingival

fibroblasts and grow in a pattern which has been associated with PDL

cells.

Another difference in cellular activity was seen in the

proliferation assays. It has been predicted that gingival fibroblasts

proliferate faster than PDL cells but this has never been measured.

In this study, the proliferation of gingival fibroblasts was 2.5 times

the rate of PDL cells. This demonstrates the phenotypic differences

between gingival fibroblasts and PDL cells.

Proliferation of cells derived from regenerative membranes

was generally slow and less than that for gingival fibroblasts and

PDL cells. The proliferation varied but as a whole the cells from

regenerative membranes were more similar to PDL cells than

gingival fibroblasts. The data demonstrates that the cells from the

regenerative membranes are a different population from gingival

fibroblasts and proliferate similar to PDL cells.

There were also differences in migration rates between these

cells in culture. Gingival fibroblasts were shown to consistently

migrate more rapidly than PDL cells. In general, the cells derived

from GTR procedures tended to migrate faster than PDL cells but
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slower than gingival fibroblasts. The cell isolates from GTR

membranes derived from cases that were clinically successful

exhibited a slightly slower migration pattern similar to that of PDL

cells. The cells from cases considered clinical failures migrated more

quickly and were like gingival fibroblasts in this respect. Assays for

migration rates, therefore, tended to associate more rapidly

migrating cells with poor bone regeneration in GTR.

All GBR cells were from cases considered clinically successful

and in general they migrated quickly. They migrated more rapidly

than the PDL cells, cells derived from GTR procedures and the

gingival fibroblasts.

Results may indicate that cells associated with GTR and GBR are

from two separate populations. Presumably, progenitor cells for GTR

are derived from periodontal ligament cells while progenitor cells for

GBR are derived from bone and periosteum. The origins of the

regenerative cells may explain the differences observed between

these cells in vitro. The cells from GBR in this study exhibited a

difference in cell morphology at confluence, a shorter time for nodule

formation, and a slower proliferation and a faster migration rate than

did the cells from GTR procedures. These characteristics were all

associated with clinically successful GBR procedures.

Growth factors and inflammatory mediators may also influence

the differences seen between cells from GTR and GBR as well as

between successful and unsuccessful cases. Cellular activity during

wound healing is largely controlled by growth factors as well as , ºr

cytokines. Growth factors are potent mitogens and chemotactic

agents which stimulate migration, proliferation, cell adhesion and * RY
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modify the natural biologic response (Canalis et al., 1989). Cytokines

play an important role in modulating the healing events involved in

bone regeneration. They send an array of signals during the various

phases of healing to modulate cellular activity. The production of

growth factors by these cells may therefore be a valuable area of

future research.

Regeneration depends upon the three “M’s”, migration, mitosis

and matrix. In regeneration, it is important for osteoprogenitor cells

to sequentially migrate and proliferate into the healing wound. An

optimal balance between proliferation and migration of

osteoprogenitor cells must be achieved for complete regeneration.

This requires spatial as well as temporal control of the population of

cells migrating into and populating the healing wound. The matrix is

also important as it acts as a carrier for growth factors and provides

a scaffold for the recruitment, anchorage, proliferation, and

differentiation of cells. Manipulation of the three “M’s” is therefore a

potential way to enhance the predictability of periodontal

regeneration.

We believe that the cells isolated from the regenerative

membranes are associated with the regeneration process because:

1. Cell isolates were shown to be able to form mineralized nodules in

culture. PDL cells, but not gingival fibroblasts, form mineralized

nodules in culture. º
*z.

2. Cells isolated from GTR procedures showed an interdigitating J º,
pattern at confluence, a characteristic associated with PDL cells. , 2

~"

º
ARY

37 J º



3. We have also assayed cells derived from a direct biopsy of

regenerative tissue. These cells show similar results to cells isolated

from the membranes of GBR procedures.

4. We have observed clinically that on retrieval, the outer surface of

the membrane separates readily from the gingival flap. Whereas,

the under surface of the membrane is usually well integrated with

the underlying regenerative tissue. This suggests that the majority

of cells in the membrane are cells from the regenerative tissue.

5. Histologic sections have also been done on a regenerative

membrane and mineralized tissue within the membrane has been

found (Wakabayashi, Regazi and Johnson unpublished results).

Again this suggests that the majority of cells in the membrane are

cells from the regenerative tissue.

In vitro assays may not totally exemplify situations in vivo .

The cells in vitro may not retain their phenotypic features in culture

and they are out of the context of the regenerating ECM. However,

the in vitro characterization of the cells involved with periodontal

regeneration is a first step in experiments designed to understand

the mechanisms which modulate cellular activities and may lead to

the development of new approaches for treatment. This model is

also a potentially rapid means to predict results which could be

anticipated from slower in vivo experiments.

Correlating clinical outcomes of regenerative procedures with

the characteristics of the cells in vitro should provide insight into the

mechanisms regulating the regeneration of the periodontium. The

migration and proliferation pattern of these cells and the influence of

growth factors on cells in culture may provide clues to evaluate
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procedures which alter early healing. Current therapies provide

limited success and fail in achieving predictable and consistent

results. Guided delivery of growth factors could potentially be used

in the future to regulate the population of cells at the healing site.

Spatial as well as temporal control of different growth factors at

various concentrations during wound healing may enhance the

therapeutic potential and expand the envelope of regenerative

therapy. Isolating and characterizing cells from bone regenerative

procedures which have been done in this manuscript might

potentially be used to examine efficacy of some therapeutic

interventions. These manipulations may expand treatment options

for patients and save teeth which in the past may have been

considered unsalvageable.

Conclusions:

1. Gingival fibroblast migrate and proliferate more quickly than PDL

cells.

2. Cells from regenerative membranes in culture behave similarly to

PDL cells as compared to gingival fibroblasts.

3. Cells derived from GBR and GTR are from two separate populations

showing phenotypic differences in culture.

4. Cells derived from clinically successful and unsuccessful

regeneration procedures also show phenotypic differences in vitro.

Studies in the future should focus on the efficacy of using

growth factors to manipulate the phenotypic characteristics of these

regenerative cells in culture. This may lead to applications clinically

that will enhance periodontal regeneration.
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