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Introduction 

Statement of the problem 

Periodontal disease results in the loss of dental supporting structures 

including the periodontal ligament (POL), bone, and cementum. When a tooth 

loses supporting bone, it can become mobile and could ultimately be lost. A 

periodontal defect is the result of a loss of clinical attachment. Restoration of lost 

periodontal structures has long been a focus in dentistry. Many treatment 

modalities have been developed in an attempt to prevent further loss, to repair, 

or to regenerate lost structural support. Guided tissue regeneration (GTR) is an 

established method to regenerate lost bone, cementum, and/or POL in an 

attempt to restore the periodontium and increase the structural supporting tissues 

[1]. Although GTR is predictable, improvements are possible. The mean gain of 

new bone in GTR has been shown to be only 73% [2]. 

Significance 

Periodontal ligament stem cells may augment the success of periodontal 

regenerative procedures. These cells may have the potential to increase the 

quantity and/or quality of bone, cementum, and POL over that of using 

conventional GTR techniques. An increase in the periodontal supporting 

structures after treatment would improve the prognosis of a defect, and in turn, 

may lead to an increase in tooth retention, overall patient health, and esthetics. 
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Review of literature 

Tissue composition of the periodontal structures 

The periodontal apparatus is composed of a variety of tissue types, each 

of which plays an integral role in the formation, health, and pathologic response 

of this apparatus. The soft tissues include the periodontal ligament (POL), 

connective tissue, gingiva, sulcular epithelium, and long junctional epithelium [3]. 

Hard tissues include dentin, cementum, and alveolar bone [4]. Together these 

tissues create and maintain the attachment apparatus and maintain gingival 

health. Cementum, POL, and alveolar bone share a common developmental 

origin, the dental follicle proper [5]. After the inner and outer enamel epithelium 

fuse to form the apically-migrating Hertwig's epithelial root sheath, it is perforated 

by dental follicular cells creating cell rests of Malassez [6]. These infiltrating cells 

then differentiate to form the three cell types mentioned above that are crucial in 

formation of the periodontal attachment [6]. 

The periodontal defect 

A periodontal defect is the result of attachment loss from periodontitis. 

Bacterial plaque is well established as a primary etiology [7]. Bacterial 

pathogenesis is due to virulence factors such as lipopolysaccharide (LPS), 

cysteine protease, leukotoxin, and a variety of other factors [8]. LPS is an 

endotoxin produced by gram negative bacteria. As with other pathogenic factors, 

LPS elicits an inflammatory response from the host, resulting in gingival and 

periodontal disease [9]. Inflammatory mediators, host-derived enzymes, and 
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tissue breakdown products characterize the host response and may contribute to 

the destruction of periodontal tissues [1 0]. Inflammatory mediators such as 

interleukin (IL)-1, IL-6, tumor necrosis factor-a (TNF-a), and prostaglandin-E2 

(PGE2) play an integral role resulting in destruction of the periodontal tissues 

leading to a loss of clinical attachment to the tooth. As attachment loss proceeds, 

the connective tissue attachment apparatus migrates apically resulting in bone 

loss. Bone loss can result in pocket-like defects or recession of the bone, known 

as intra- and supra-bony defects, respectively [11]. 

Periodontal regeneration I Tissue engineering 

There is a wide variety of treatment modalities designed to stabilize 

attachment loss, repair, and/or regenerate the resulting defect. Osseous surgery 

can be utilized to alter existing tissues to create a more hygienic environment 

[12].' The disadvantage of this treatment is that some of the supporting 

periodontal structure is thus surgically removed. Many treatments have been 

designed to regenerate the supporting tissues including guided tissue 

regeneration (GTR), with or without bone grafts, and soft tissue grafts. Enamel 

matrix protein has also been used as a method of stimulating regeneration [13]. 

Guided tissue regeneration utilizes· a membrane to prevent rapidly proliferating 

epithelial cells from growing into the surgically exposed defect and is a well 

established treatment modality [14-1~]. The membrane-isolated site provides an 

opportunity for the slower growing POL, cementum, and bone to proliferate and 
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fill the defect [17, 18]. Bone replacement grafts are frequently utilized as an 

adjunct to guided tissue regeneration . 

. Bone graft materials can be osteoconductive, osteoinductive, or 

osteogenic [19]. Osteoconductive grafts simply provide a scaffold for bone 

growth. Osteoinductive grafts biochemically stimulate migration and 

differentiation of osteoprogenitor cells. Osteogenesis requires transplantation of 

living osteoblasts into the surgical site [20]. Any one of these processes, alone or 

in combination, can be utilized to regenerate a periodontal defect site. Bone 

replacement grafts are often used in GTR to provide dimensional space for 

membrane support. 

Current bone graft materials can be classified into four types. Autografts 

come from the same patient. Allografts come from another patient of the same 

species. Xenografts are derived from a different species, typically bovine in 

origin. Alloplasts are synthetic materials. Autografts are considered the gold 

standard for regenerative procedures [21]. To avoid the requirement of a donor 

site on the patient, or due to inadequate bone available, allografts, xenoplasts, 

and alloplasts are often used. Demineralized freeze-dried bone allograft 

(DFDBA) is a cadaveric allograft commonly used in periodontal surgeries [22-24]. 

DFDBA has been shown to stimulate osteoconduction and osteoinduction by 

exposure to bone morphogenic proteins [25]. 

Membranes are used in guided tissue regeneration to separate the 

regeneration area from the surrounding environment, preventing the rapid 

ingrowth of the epithelium [26]. Membrane characteristics classically include 
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tissue integration, cell-occlusivity, clinical manageability, spacemaking, and 

biocompatibility [27]. Regenerative membranes are made from a variety of 

structures and are classified into two main groups: resorbable and non

resorbable. Resorbable membranes have been shown to be as effective as non

resorbable membranes in GTR [28, 29]. Non-resorbable membranes include 

expanded poly-tetra-fluoro-ethylene (ePTFE) and poly-tetra-fluoro-ethylene 

(PTFE). Non-resorbable membranes require a second ·surgery for removal, 

typically 6 weeks after placement. Resorbable membrane types include collagen, 

polylactic acid, polyglycolic acid, and trimethylene carbonate. The collagen 

membranes can be chemically cross-linked with gluteraldehyde to slow the 

biodegradation [30, 31]. Polyglycolic acid combined with trimethylene carbonate 

(PGA:TMC) has been shown to be an effective barrier membrane in periodontal 

surgery [32]. Elimination of the materials may take place in different ways. 

Biodegradable materials are broken down but not totally eliminated. 

Bioresorbable substances are totally eliminated through natural pathways, and 

bioabsorbable materials dissolve in body fluids without changing molecular mass. 

Soft tissue grafts are used frequently to restore a defect when bone 

grafting is either not required or not possible. These grafts are used for root 

coverage, widening the existing band of attached gingiva, or restoring contour. 

The most common soft tissue grafts are connective tissue, pedicle, acellular 

dermal matrix allograft, and free gingival- grafts [33]. 

Any of the regenerative treatment modalities can be used to restore the 

diverse tissues that compose the periodontal attachment apparatus. When a 
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defect site is left to heal without therapeutic intervention, it typically heals by 

formation of long junctional epithelium [34]. Junctional epithelium may be limited 

in strength, tenacity, or the ability to withstand bacterial invasion compared to a 

site with a regenerated attachment [3]. 

Stem cells 

Stem cells have the potential to differentiate into a number of different cell 

types and can be classified into totipotent, pluripotent, and multipotent cells. 

Totipotent cells can be harvested from fertilization to the 16-cell stage of a 

growing embryo. These cells retain the potential to generate an entire body. 

Pluripotent cells are present as the inner cell mass through the late embryonic 

blastocyst phase. These cells can give rise to any of the three germ layers 

(ectoderm, mesoderm, and endoderm) and may differentiate into any cell type. 

Multipotent stem cells can be obtained after the blastocyst stage and post-natally 

through adulthood. These cells have a more limited potential and usually can 

differentiate only into relatively specialized cell types [35]. 

Post-natal adult stem cells are present in tissues throughout the body. 

Upon cell division, these cells either differentiate or contribute to self renewal and 

maintain their status as stem cells [36]. Resident stem cells are typically present 

in specific areas designated as niches and maintain a high potential for 

proliferation. Supportive cells surround the multipotent cells and communicate via 

gap and adherens junctions, and function to maintain the integrity of the cell 

niche. Adult stem cells may be activated for replenishment of respective tissues 
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at times of stress or tissue injury [37]. Cytokines such as lnterlekin-6 (IL-6) and 

growth factors such as bone morphogenic protein (BMP), sonic hedgehog ligand 

(SHH), and endothelial growth factor (EGF) play a role in the migration and 

regulation of mesodermally derived multipotent cells such as bone marrow stem 

cells. Bone marrow stem cells have been identified with cell surface markers 

Sca-1, KIT, CD34, and CD150 [37]. 

Periodontal ligament stem cells 

Undifferentiated PDL cells can be isolated from the ligament space. 

Multipotent cells have been suspected to be a component of the periodontal 

tissues for 20 years [38]. Analysis of the periodontium has shown multipotent 

periodontal ligament cells to be present within the periodontal ligament. 

Immunohistochemistry has identified these . cells in perivascular and 

extravascular clusters [39, 40]. These mesenchymal stem cells reside in the 

developed tissues, available for stimulation to differentiate much like the dental 

papilla in early life develops into the mature periodontium [41]. Identification of 

the cells can be accomplished by their ability to form clonogenic clusters of 

adherent fibroblast-like cells or fibroblastic colony-forming units, with the potential 

to proliferate and differentiate into various cell lines [42-44]. Characteristics of 

interest that can be analyzed are the ability to produce single-colony-strain 

generation, multipotential differentiation, stem cell surface molecule STR0-1, a 

normal diploid karyotype, and the ability to form cementum and POL-like tissues 
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[45]. STR0-1, CD146, and CD44 surface antigens have been used to identify 

stem cells in the PDL both in health and in periodontal disease [40]. 

Periodontal ligament stem cells have been harvested from extracted 

human third molars and cryopreserved to prolong viability [45]. Multipotent cells 

may be isolated from the PDL cell population using single-colony selection and 

magnetic activated cell sorting [46]. Anti-human antibody and differential staining 

are used to further identify these cells histologically. 

Immunodeficient rat model 

)(enographic transplantation of stem cells from a human to a rodent is 

complicated by an immune-mediated rejection of the graft. Class I and II major 

histocompatibility complex (MHC) proteins act as identifiers for aT-cell mediated 

rejection. Drug-mediated immunosuppression can prevent graft rejection and is 

commonly used in human-to-human organ transplantation [36]. Athymic rodents 

lack the T-cell mediated arm of the adaptive immune system and are unable to 

elicit a host-versus-graft rejection. For practical research purposes, the athymic 

rat can serve as a suitable model for vital xenographs [47]. Accordingly, the 

athymic rat requires specific husbandry restrictions due to the severely impaired 

adaptive immune system. 
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Purpose 

The purpose of this study was to evaluate the efficacy of guided tissue 

regeneration in a surgically created periodontal· defect with the addition of 

periodontal ligament stem cells in immunocompromised rats. Grafted sites were 

analyzed and compared to GTR without stem cells for differentiation into bone, 

cementum, and POL. Stem cells were characterized prior to implantation. 

Hypothesis 

Hypothesis: Guided tissue regeneration of surgically created periodontal defects 

with POL stem cells will heal with an increase in the amount of regenerated bone 

and cementum, with the presence of a functionally oriented POL. 

Specific aims 

Specific aim 1: Compare the regeneration of the alveolar bone volume and crest 

height relative to the cementa-enamel junction (CEJ) with and without the use of 

POL stem cells 

Specific aim 2: Compare the regeneration of cementum volume with and without 

the use of POL stem cells 
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Materials and methods 

Overview 

Human POL stem cells were utilized to augment GTR in a surgically 

created defect on the mandibular molars of athymic rats. The control side 

received a GTR procedure and the test side received GTR with the addition of 

POL stem cells. The animals were allowed to heal for eight weeks, after which 

they were sacrificed and examined (see figure 1 ). 

Periodontal ligament stem cells 

POL stem cells were isolated at the National Institute of Dental and 

Craniofacial Research (National Institutes of Health, USA) from human third 

molars. Third molars were extracted from 16 healthy patients who ranged in age 

from 19 to 29 years. Isolation of these cells was not part of this study and was 

performed previously [45]. In short, POL samples were suspended in a solution 

containing 3 mg/ml collagenase type I and 4 mg/ml dispase for one hour at 37 

degrees centigrade. The cells were then passed through a 70 !Jm strainer to 

obtain single-cell suspensions. The POL cell suspenions were incubated with 

mouse anti-human STR0-1 antibodies. Rat anti-mouse antibodies conjugated 

with Dynal beads were then added. A Dynal magnetic particle concentrator was 

then utilized for magnetic isolation of the STR0-1 positive POL cells. Cells were 

frozen at -80 degrees centigrade and were received in this state for the current 

study. 
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Figure 1. Schematic diagram of split mouth study design and timeframe. 
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The frozen POL stem cells were thawed and grown in a specific culture 

medium. The culture medium consisted of 15% fetal bovine serum (FBS), 1 00 

Ulml penicillin, 100 Ulml streptomycin, 0.1 mM L-ascorbic acid phosphate, 2 mM 

glutamine, and 82% Alpha MEM. The culture medium was sterilized by passage 

through a 0.22 J.lm filter and was changed two times a week. Cell cultures were 

incubated at 37 degrees centigrade throughout the study. When the culture 

reached confluence it was split into twelve T-25 cell culture flasks (25 cm2
). 

Individual cell cultures were used for each animal to obtain optimal 

reproducibility. As twelve surgeries were to be performed this approach 

prevented the cells from being centrifuged before the recipient animal was ready 

and minimized the time out of culture conditions. Confluency of these cells in this 

flask size was estimated at 1 x1 06 cells. These cells were observed and 

characterized with light microscopy, immunofluorescence, and transmission 

electron microscopy (TEM). 

Athymic Rat 

Twelve athymic rats were utilized for this study. Tlie limited capacity of the 

athymic immune response required a strict protocol for handling and husbandry. 

Each animal was housed in an individual plastic cage which was sterilized 

weekly. A sterile filter cover was placed above each cage. Bedding, food, and 

water were sterilized and replenished each day. All cages were kept in a plastic 

isolation chamber ventilated with a positive pressure high-efficiency particulate 

air (HEPA) filter. All surgeries were performed in a separate HEPA filtered 
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isolation chamber (see figure 2). Handling of the animals was restricted. When 

handling was necessary, a sterile gown, gloves, mask, and shoe covers were 

required. The technician responsible for daily maintenance of the 

immunocompromised animals had no contact with other rodents. 

Procedure 

A fabricated periodontal defect of controlled dimension was surgically 

created bilaterally on the mandibular first molars of twelve athymic rats. Defects 

were restored with the use of guided tissue regeneration. Human POL stem cells 

were added to the left side (test) which was compared to the right side (control) 

treated without the addition of stem cells. DFDBA (LifeNet, Virginia Beach, VA, 

USA) and a porcine type I and Ill collagen membrane (Bio-Gide, Osteohealth, 

Shirley, NY, USA) were used bilaterally for guided tissue regeneration. 

The rats were premedicated with 0.03 mglkg buprenorphine and 0.08 

mglkg metoxicam given subcutaneously. At least 25 minutes after premedication, 

animals were anesthetized with a mixture of 3.25 ml ketamine HCI, 1 OOmglml 

and 1.75ml xylazine HCI, 20 mglml combined in a sterile glass vial and 

administered at a dose of 0.1 ml per 1 OOg of body weight given intraperitoneally 

(IP). This dosage equals 65 mglkg ketamine and 7 mglkg xylazine. Injections 

were given IP using a 25 gauge needle. The animals were maintained under 

anesthesia with isoflurane (0.5-1.0% with one liter 0 2/min) via a specialized nose 

cone or injectable ketamine at a dosage of 40 mglkg given IP. Yohimbine (2 

mg/ml), a xylazine reversal agent, was administered at a dosage of 1-2 mglkg IP 
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Figure 2. A positive pressure HEPA filtered isolation chamber was utilized for 

housing cages (back) and for performing the surgical procedures (front). Access 

to these animals was extremely limited. 
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post-op to speed recovery when deemed appropriate by the attending 

veterinarian. Meloxicam (0.08 mg/kg) was administered subcutaneously every 24 

hours for 48 hours or longer if an al)imal was showing signs of pain (decreased 

appetite, lameness, depression, or abnormal behavior) as deemed appropriate 

by the attending veterinarian. No animals were removed from this study for post

operative complications. 

Upon achievement of anesthesia the athymic rats were positioned supine 

with a maxillary and mandibular jaw retraction ligature to facilitate adequate 

visualization of the mandibular first molars. A sulcular incision was made with a 

6700 mini-blade (Beaver, MA USA) from the distal-buccal line angle to the mid

mesial surface of the mandibular first molar, then extended approximately 2 mm 

anteriorly along the alveolar crest. A full-thickness mucoperiosteal flap was 

reflected in order to gain adequate visualization of the buccal bone. A surgical 

handpiece and 1/2 round bur with copious irrigation was used to remove the 

buccal plate of bone from the distal-buccal to the mesial-buccal line angles of the 

first molar and 2 mm apically as measured with a University of North Carolina 15 

periodontal probe (see figures 3 and 4). The 1/2 bur was then brushed along the 

surface of the exposed roots in order to remove any residual POL and 

cementum. 

Timing was coordinated so that the cultured POL stem cells were 

trypsinized and centrifuged immediately before implantation, minimizing the time 

the cells were separated from culture conditions. The cells were applied to the 
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Figure 3a. The buccal surface of the left mandibular molar on a dry rat skull. 

Figure 3b. The proposed defect visualized after bone removal on a dry skull. 
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Figure 4a. Pre-operative visualization of the first mandibular molar. 

Figure 4b. Full thickness reflection of a mucoperiosteal flap. A sulcular incision 

extended from the distal-buccal line angle of the first molar, anterior to 2mm 

along the alveolar crest. 
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Figure 4c. The buccal bone was removed to expose the roots. The POL and 

cementum were also removed. 

Figure 4d. The appearance of the POL stem cells immediately prior to grafting. 
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Figure 4e. Stem cells were added to the test side only. 

Figure 4f. DFDBA particles were applied to match the adjacent bone height. 
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Figure 4g. A resorbable membrane was placed over the graft. 

Figure 4h. 6-0 vicryl sutures used for primary closure. 
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newly exposed root surface on the test side only. The test and control sides 

received DFDBA placed over the exposed roots to match the width and height of 

the adjacent buccal bone. The test side had DFDBA particles placed directly over 

the stem cell graft. 

Approximately three to four granules of DFDBA (250-710 microns in size) 

were applied to each defect. The resorbable collagen membrane was trimmed to 

approximately 3 x 3 mm and placed to completely cover the grafts. The flap was 

placed over the membrane and sutured in place with 6-0 absorbable vicryl 

sutures (Ethicon, Inc., Somerville, NJ, USA) to achieve primary closure. The rats 

were maintained on a soft diet for 4 weeks post-operatively. Forty grams of soft 

Nutra-Gel Diet (Bio-Serv, Frenchtown, NJ, USA) was provided daily. After 4 

weeks the rats resumed a pellet diet. 

After eight weeks of healing the animals were sacrificed. The rats were 

anesthetized in an isoflurane induction chamber and euthanized in a carbon 

dioxide chamber. The mandibular molars with the surrounding bone and soft 

tissues were removed for analysis. A small injection of India ink was placed on 

the lingual ·soft tissue as a reference mark for orientation during histologic 

sectioning. The animals were sacrificed and analyzed with micro-computed 

tomography, hematoxylin and eosin histology, and immunohistochemistry. The 

distance measured from the CEJ to the alveolar crest of bone, histomorphometric 

volume of the bone and cementum, relative bone mineral density, and the 

orientation of the regenerated POL were compared between test and control 

sites. 
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Micro-computed Tomography 

Micro-computed tomography (micro-CT) technology was used at the 

Savannah River National Laboratory in South Carolina for analysis of the 

specimens prior to decalcification for histology. The specimens were positioned 

in close proximity to a 150 kVp microfocus x-ray tube. The projected x-ray was 

enlarged and captured on the large amorphous silicon imaging panel sensor at a 

distance from the specimen (see figure 5). A series of images were created as 

the specimen rotated 360 degrees. This technology is capable of an image 

resolution quality of 15 micrometers. After integration to develop a three 

dimensional image, a coronal section view of each specimen was obtained in the 

mid-mesial-buccal root of the mandibular first molar. The image slice that 

displayed the best visualization of the root canal of the mesial root was used as a 

means of standardization. A linear measurement of the distance from the CEJ to 

the alveolar crest was used to quantify the amount of regenerated bone and was 

achieved by counting pixels (Paint, Microsoft XP, 2002). Th~ micro-CT image 

size was 35 J,Jm/pixel for this study. Statistical analysis was performed with a 

students t test. 

The relative bone mineral density of the buccal bone was also measured 

with micro-CT. The image slices used for linear measurements were used for 

density analysis. The buccal bone from the apex of the root to the crest was 

isolated from the rest of the image with custom computer programming software 

(LabVIEW 6.0, National Instruments, Austin, TX, USA) and the relative bone 

mineral density was calculated. Arbitrary units were generated with zero 
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Figure 5. Micro-computed tomography technology was used at the Savannah 

River National Laboratory in South Carolina. The specimens were positioned in 

close proximity to an 150 kVp microfocus x-ray tube, and the projected x-ray was 

enlarged, captured on the large amorphous silicon imaging panel sensor at a 

distance from the specimen. 
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representing the appearance of black on the radiograph and mineral density 

increasing with an increasing number. Statistical analysis was performed with a 

students t test. 

Histology 

The specimens were fixed with formalin, decalcified in buffered 10% 

edetic acid, and embedded in paraffin. The tissue was oriented to ensure a 

coronal section similar to the micro-CT. The blocks were serial sectioned and 

every fourth slice was removed as a blank to be used for immunohistochemistry. 

Hematoxylin and eosin staining was performed. The mid-buccal root of each 

mandibular first molar was established as the slice that showed the best 

visualization of the root canal of the mesial root similar to the micro-CT. 

A linear measurement from the CEJ to the alveolar crest and the 

orientation of the POL fibers were measured on digital photomicrographs 

(AxioCam, Carl Zeiss, Thornwood, NY, USA). Measurements were made by 

calibrating the digital histologic images and counting pixels between measured 

points (Paint, Microsoft XP, 2002). The 40 power image size was 4.255 ~m/pixel. 

Statistical analysis was conducted with a students t test. 

The volume of the bone and cementum at the crest was quantified with 

histomorphometry (BioQuant Nova Prime 6.75.10 MR, BioQuant, Nashville, TN, 

USA). A fixed box size was used for measurement of all specimens. The box 

length was arbitrarily set at approximately one third of the root length. Separate 

boxes were used to measure the bone and cementum. The bone box dimensions 

28 



were 1.132 mrri by 0.957 mm ~nd the cementum box dimensions were 1.103 mm 

by 0.166 mm for the length and width respectively. The box was placed at the 

·alveolar crest with the length parallel to the root surface. The measured tissue 

type within the box was outlined and the area was calculated (see figure 6-7). 

The area from three progressive tissue sections was averaged and the volume of 

the respective tissue was obtained. The test and control sides were compared to 

the lingual bone and cementum that was not included in the surgery as a means 

of reference. 

Immunohistochemistry 

Immunohistochemistry was used to identify indicate human-derived cells 

in the rat tissue. The blank sections, set aside during sectioning, were heat-fixed 

to glass slides at 55 degrees centigrade (0 C) overnight. Specimens were 

deparaffinized in limonene, two changes for 5 minutes each. Two changes of 

1 00% ethanol, one change of 95% ethanol, and two changes of phosphate 

buffered saline (PBS) were performed for 3 minutes each. Citra target retrieval 

solution (BioGenex Inc. San Ramon, CA, USA) was warmed to 97°C and applied 

for 10-15 minutes. After washing slides in PBS for 3 minutes, specimens were 

placed in 0.3% hydrogen peroxide solution for 5 minutes and washed again in 

PBS for 3 minutes. A blocking serum was prepared with 20 !JI goat serum to 1.5 

ml PBS, applied tQ specimens and placed to incubate in a humid chamber for 

one hour. The blocking serum was removed and the primary antibody was 

added. The primary antibody used was rabbit anti-mitochondria polyclonal 
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Figure 6. Outline of the bone within the box placed at the alveolar crest for 

histomorphometry. 
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Figure 7. Outline of the cementum within the box placed at the alveolar crest for 

histomorphometry. 
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antibody (Chemicon International, Temecula, CA, USA) with specificity for human 

or primate 62 kD mitochondrial protein. Tissue sections received varying ratios of 

the primary antibody to PBS (1:250, 1:500, 1:750). No primary antibody was 

added to sections that served as controls. The specimens were incubated with 

the primary antibody for one hour and rinsed with PBS. A 1 :200 dilution 

secondary biotinylated goat anti-rabbit antibody (Vector Laboratories, 

Burlingame, CA, USA) in PBS was applied and incubated for 30 minutes. After 

rinsing twice with PBS, ABC peroxidase solution (Vector Laboratories, 

Burlingame, CA, USA) was prepared according to the manufacturer's 

instructions, and applied for 30 minutes. Slides were rinsed twice with PBS and 

NovaRed (Vector Laboratories, Burlingame, CA, USA), a substrate for 

peroxidase, was· applied. PBS and deionized water were used to rinse the slides 

when adequate red stain was present from the reduction of the substrate by the 

ABC peroxidase enzyme. Tissue sections were counterstained with Meyer's 

hematoxalin and ammonia water was applied as a bluing agent Dehydration was 

accomplished with one change of 95% ethanol, two changes of 1 00% ethanol, 

and two changes of xylene for 3 minutes each. A cover slip was placed over 

Clarion mounting media (Biomeda, Foster City, CA, USA). Human derived cells 

were recognized as cells with prominent red coloration in the cytoplasm. 
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Results 

Initial growth of the POL stem cells in culture was problematic. Many cells 

were found to be non-vital and floating when the cultured medium was changed 

every second day for the first two weeks. Only approximately 20% of the cells 

survived past two weeks. From this point, cell proliferation was rapid relative to 
' 

normal POL fibroblasts, and cells floating in the media were not observed. The 

cultured cells were split into 12 T-25 culture flasks and confluence was reached 

within six weeks (see figures 8 and 9). 

Transmission electron microscopy of these cells revealed a thin elongated 

cytoplasm and a relatively large, elongated nucleus. These cells appeared similar 

to the perivascular phenotype of the resident POL stem cell population (see 

figure 1 0). This is consistent with STR0-1 positive multipotent cells that have 

been found perivascular in the POL [40]. 

Initial complications with culturing (the high numbers of dead cells) led to 

concerns that the surviving cells may not have been POL stem cells. 

Immunofluorescence was performed in order to verify that the cells in culture 

were STR0-1 positive. Primary anti-STR0-1 antibodies were applied to an 

isolated group of the cultured cells conjugated with secondary fluorochrome-

labeled antibodies. Immunofluorescent labeling was generalized for the entire 

cell population examined. This indicated the culture was populated with 

homogenous STR0-1 positive stem cells (see figure 11). 

Just prior to implantation of the POL stem cells into the athymic rat, trypan 

blue was utilized to confirm cell vitality. The intact, vital cells resisted trypan blue 
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Figure 8. Final growth of the POL stem cells took place in 12 separate T-25 cell 

culture flasks. One flask was used per animal. 

Figure 9. Light microscopic view of a representative confluent POL stem cell 

culture just prior to centrifuging. 
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Figure 10b 
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Figure 10c 

Figure 10d 

Figures 10a-10d. TEM revealed a thin elongated cytoplasm and a relatively 

large, elongated nucleus typical of STR0-1 positive perivascular POL stem cells. 
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Figure 11a 

Figure 11b 

Figures 11 a-11 b: Immunofluorescence shows the general cell population to be 

positive for STR0-1 surface antigen (green), a stem cell marker (a. 20x, b. 40x 

power). The presence of blue stained nuclei is due to the DAP1 nuclear counter 

stain. 
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flow across the cell membrane. This was' indicated by the white cells with the 

blue background (see figure 12). This ensured the cellular graft was vital. 

The surgical procedure was performed· on 12 athymic rats. Four rats died during 

the procedure or immediately post-operative. The surgeons observed a 

significant increase in the temperature of the animals intra-operatively. The 

temperature probe utilized showed the temperature to exceed 1 08 degrees 

Fahrenheit. Attempts to reverse the sudden increase in temperature by the 

attending veterinarian proved futile. Immediate post-mortem necropsy revealed 

highly erythematous lungs, consistent with malignant hyperthermia (see 

figure13). The decision was made to forgo the use of inhalational agents and use 

injectable anesthesia only. Signs of malignant hyperthermia were not 

encountered with injectable anesthesia and the complication was attributed to a 

sensitivity to inhalation agents. 

Eight athymic rats healed uneventfully with post-operative pain minimally 

observed. One week and two week post-operative exams were performed and 

showed primary closure to be maintained and minimal swelling. No signs or 

symptoms of infection were observed. 

Micro-CT analysis was performed for the test and control resected 

specimens from the eight athymic rats. The morphology of the bone in the 

regenerated sites appeared to be fairly irregular in contour and there was a slight 

increase in the width of the POL space on the buccal side compared to the 

lingual (see figures 14-17). The distance was measured from the CEJ to the 

alveolar crest on the coronal view of the mesial root (see tables 1-2). The mean 
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Figure 12a. Trypan blue stain confirming cell vitality, 40 power. 

Figure 12b. Trypan blue stain confirming cell vitality, 100 power. 
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Figure 13. Immediate post-mortem necropsy of one of the four affected animals 

revealed erythematous lungs, consistent with malignant hyperthermia. 
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Figure 14. A representative micro-computed tomographic image from the control 

group. Pixels were counted measuring the distance from the buccal CEJ to the 

alveolar crest. 
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Figure 15. A representative micro-computed tomographic image from the test 

group. Pixels were counted measuring the distance from the buccal CEJ to the 

alveolar crest. 
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1. 2. 3. 4 . 

5. 6 . 7. 8. 

Figure 16. Micro-CT images of the control side are labeled according to animal 

number. The buccal surface is facing left. 
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1. 2. 3. 4. 

5. 6. 7. 8. 

Figure 17. Micro-CT images of the test side are labeled according to animal 

number. The buccal surface is facing right. 
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distance was 1.707 ± 0.145 mm (standard deviation, (SO)) and·1.983 ± 0.124 

mm for the control and test sides respectively (P=0.170). While there was no 

statistical significance between the test and control side, the control side without 

the addition of POL stem cells showed a more coronal position of the alveolar 

crest post-GTR. 

Micro-CT relative mineral density analysis was performed comparing the 

buccal bone on the test side to the control. This revealed a mean arbitrary unit 

value of 80.1 ± 13.9 and 86.6 ± 9.6 for the test and control sides respectively 

(P=0.293). There was no statistical difference between the two groups (see 

tables 6 and 7). 

Histologic examination of the distance from the CEJ to the alveolar crest 

displayed results similar to the micro-CT (see figures 18-21). The mean distance 

measured was 1.409 ± 0.124 mm and 1.437 ± 0.100 mm for the control and test 

respectively (P=0.862). No statistically ~ignificant difference was found between 

the groups (see tables 3-5). 

Histomorphometric analysis of the bone and cementum resulted in 

comparable figures for the test and control sides. The volumes of the test and 

control sites were compared to the respective lingual bone and cementum 

volume. The test buccal side was 343.59 1Jm3 ± 111.1 and the control buccal side 

was 484.84 1Jm3 ± 176.7 (P=0.076). The test lingual was 640.64 1Jm3 ± 137.1 and 

the control lingual was 630.31 1-1m3 ± 111.7 (P=0.871 ). No significant difference 

was observed between the test and control sides (see tables 8 and 9). The 

cementum results were similar. The test buccal side was 118.77 1-1m3 ± 27.6 and 
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Figure 18. Representative histology of the control side for qualitative analysis. 

Incomplete regeneration of the cementum is observed where dentin is in direct 

contact to the connective tissue (CT). 
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Figure 19. Representative histology of the test side for qualitative analysis. 

Incomplete regeneration of the cementum is observed where dentin is in direct 

contact with the connective tissue. A tissue pellet was visible within the 

connective tissue (CT) in many test specimens that may represent the implanted 

stem cells (SC). 
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Figure 20. Representative histology of the control side displaying the measured 

landmarks from the CEJ to the alveolar crest. 
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Figure 21. Representative histology of the test side displaying the measured 

landmarks from the CEJ to the alveolar crest. 
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the control buccal side was 90.47 11m3 ± 41.1 (P=0.128). The test lingual was 

115.68 1Jm3 ± 30.9 and the control lingual was 107.89 11m3 ± 20.3 (P=0.561). No 

significant difference was observed between the test and control sides (see 

tables 10 and 11). 

Cementum regeneration was· observed to be incomplete for the test and 

control. The coronal aspect of the defect was characterized with dentin in direct 

contact with the connective tissue attachment. Some areas of the root showed a 

near perforation into the root canal with subsequent secondary dentin present in 

the canal. This was likely due to excessive use of the rotary instrument during 

cementum removal on the thin roots. In both the test and control sides, the 

periodontal ligament was observed to be in a functional orientation between 

thealveolar bone and cementum (see figure 22). Several residual DFDBA 

particles were visible with empty lacunae (see figure 23). The particles were 

generally seen in contact with the vital bone of the alveolar crest. 

A pellet of tissue was visible within the connective tissue on the test side 

of many of the specimens (see figure 19). The cells seemed encapsulated and 

separate from the surrounding cells. These cells may be an isolated area of 

proliferation of the implanted stem cells. 

Immunohistochemistry was performed on test and control sides. Positive 

red staining was observed exclusively on the test side in all of the varied 

concentrations of the primary antibody (see figures 24-25). No red staining was 

visible in the specimens that received no primary antibody. These human cells 

were only visible in the region of the connective tissue attachment coronal to the 
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Figure 22. The periodontal ligament was observed to be in a functional 

orientation between the alveolar bone and cementum in the test and control 

sides. 
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Figure 23. Representative histology of DFDBA particles in contact with vital bone. 

DFDBA is observed with empty lacunae. 
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Figure 24. Immunohistochemistry with positive red stain (black arrow) indicating 

the presence of human derived cells in the rat connective tissue. 
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Figure 25. Immunohistochemistry with positive red stain (black arrow) indicating 

the presence of human derived cells in the rat connective tissue. 
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alveolar crest. The positive results indicate the presence of human-derived cells 

growing in the rat tissue. 

The control and test sides similarly appeared to be in a higher state of 

turnover relative to the unreflected lingual side. The periosteum in the crestal 

region of the alveolar bone had an increase in thickness and hypercellularity 

relative to the lingual side (see figure 26). Osteopontin remodeling lines were 

prevalent on the buccal surgery sites in areas of bone turnover (see figure 27). 

Osteopontin is a glycoprotein involved in bone turnover, where it functions as a 

glue that binds the newly formed bone matrix to the existing bone [48]. 

The teeth observed had predominately acellular cementum present in the 

coronal region of the root and cellular cementum apically. The buccal and lingual 

similarly showed a thick region of cellular cementum in the apical third of the root 

(see figures 28 and 29). 
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Figure 26. The periosteum (black arrow) is seen to be thicker and hypercellular 

on the reflected test and control sides (B) relative to the unreflected lingual sides 

(A.). 

56 



Figure 27. Remodeling lines composed of osteopontin are prevalent on the test 

and control sides (black arrow). 
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Figure 28. The buccal and lingual sides of the test and control specimens 

showed thick cementum (black arrow). 

58 



Figure 29. Representative slide of the thick cellular cementum present on all 

teeth observed. 
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Discussion 

The initial complications of cell growth in culture led to the concern that the 

stem cells were no longer present and some other residual cell type was 

responsible for the observed growth. This concern was furthered by the rapid 

growth after the initial mass cell death. Gingival fibroblasts are known for rapid 

cell growth when compared to POL fibroblasts. It was suspected that a residual 

gingival fibroblast culture might be responsible for the rapid growth. The concern 

was eliminated principally by STR0-1 immunofluorescence, showing the general 

cell population to be STR0-1 positive cells. This observation suggested POL 

stem cell proliferation in culture was more rapid than POL fibroblasts. 

TEM analysis of the POL stem cells showed a thin elongated cytoplasm 

and a relatively large, elongated nucleus. This appears to be consistent with 

STR0-1 and C0-146 positive cells found in the perivascular niche within the 

POL. Two phenotypes of STR0-1 and C0146 positive cells have been observed 

in the periodontal ligament [40]. Cells found in the perivascular niche were 

described to have an elongated cytoplasm and nucleus similar to the neighboring 

endothelial cells. STR0-1 and C0146 positive cells were also observed in 

extravascular clumps. These cells showed a differing phenotype with a round 

shaped nucleus and small amounts of cytoplasm [40, 49]. Electron microscopy 

revealed the cells in this study to have a phenotype similar to the perivascular 

endothelial-like cells. 

While there was no statistically significant difference in regeneration 

between the test and control sides for either the histology or micro-CT studies, 
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these results should be interpreted cautiously. The statistical power of the test 

performed was 0.155 which was below the desired power of 0.800. The loss of 

four rats intraoperatively significantly altered the power of this study. 

In humans, malignant hyperthermia is a potentially fatal syndrome linked 

to the usage of inhalation anesthesia agents such as isoflurane, halothane, 

sevoflurane, and desflurane. An uncontrolled calcium release from the 

sarcoplasmic reticulum of skeletal muscles initiates an acute hypermetabolic 

state. Signs and symptoms of malignant hyperthermia include a rapid elevation in 

temperature, elevated PaC02, metabolic acidosis, tachycardia, hypertension, 

and muscle contraction [50]. A significant genetic component has been observed. 

Malignant hyperthermia demonstrates a pattern of autosomal dominant 

inheritance. Excessive calcium release may occur from an interference in the 

excitation/ contraction coupling mechanism or from increasing the passive leak of 

calcium when unstimulated [51]. The combination of isofluorane and a genetic 

predisposition is likely the etiology of the observed hyperthermic response, 

though no literature is currently available describing a genetic susceptibility of 

athymic rats to malignant hyperthermia. The use ·of injectable anesthetic agents 

herein prevented the loss of additional animals. 

The use of POL stem cells with GTR failed to improve the parameters 

measured with micro-CT and histology. The results did not support my 

hypothesis. The distance from the alveolar crest to the CEJ was similar in both 

groups, but was observed to be greater using the micro-CT compared to 

histology. This is likely due to the lack of radio-dense mineralization in the newly 
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regenerated bone. An increase in the length of the healing period might have 

resulted in increased mineralization of the crestal bone and a crest-to-CEJ 

dimension that was similar to the distance found histologically. 

Histomorphometric analysis of bone and cementum was performed in 

order to assess the ·volume of the regenerated tissues. While no statistical 

differences were observed, the test side buccal bone, with stem cells added, had 

a lower volume compared to the control buccal side. The lingual bone on the test 

and control sides was similarly greater than the buccal bone volume. The 

cementum was observed to be greater in volume for the test buccal side 

compared to the control buccal side, though the difference was not statistically 

significant. The test lingual side similarly had a greater though non-significant 

volume of cementum compared to the control lingual side. 

Immunohistochemistry revealed the presence of human cells growing in 

the rat periodontal defect. This finding agrees with previous studies that 

demonstrated human cells present in the rat periodontium using 

immunohistochemistry [46]. The lack of significantly improved regeneration with 

added stem cells may be due to a number of factors. This study examined the 

regenerative response over a period of only eight weeks. An increase in the 

healing time may be required to show an improved regenerative response. 

The defect created on the mandibular first molar spanned the distance 

from the mesial line angle to the distal line angle. This resulted in complete 

removal of the buccal plate over the roots. The potential for regeneration in this 

situation is low, as there are no bony walls adjacent to the defect site to provide a 
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blood supply to the graft. A narrower defect has been utilized in other studies that 

removed the buccal bone only on the distal root of the first molar [52]. This 

provided a blood supply to the defect from bone and POL of the adjacent bony 

walls. The potential for regeneration may be greater in this narrower defect, and 

enhanced regeneration with the use of stem cells may result. 

The lack of improved parameters with stem cells added to GTR may show 

that an increase in the number of stem cells does not augment regeneration. 

Periodontal ligament stem cells are resident cells of the POL in health and 

disease. The test side in this study had a dramatic increase in the number of 

stem cells compared to the resident stem cell population without providing any 

improvement in regeneration. Rather than increasing the number of stem cells 

from the resident population, proliferation may be better augmented by increased 

stimulation of those cells. BMP, for example, has been shown to stimulate bone 

marrow stem cells, and this growth factor is used clinically for osteoinduction in 

bone grafts [37, 53]. 

The use of human cells as a xenograft in the rat may not completely 

exploit the regenerative potential of periodontal ligament stem cells. A more 

accurate analysis would utilize autogenous cells. Autogenous POL stem cells 

could be harvested and isolated from an extracted tooth of the recipient animal. 

The response of the animal's own stem cells in a periodontal defect may better 

display the ability. to augment regeneration. This would also prevent the need of 

an immunocompromised animal and greatly simplify aspects of the study relating 

to animal husbandry. 
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POL stem cells were added to the defect site in this study without the use 

of an inert carrier. Other studies have utilized carriers that act as a scaffold for 

the graft. Particulate carriers such as hydroxyapatite and tricalcium phosphate 

can be used for cell attachment in culture and be utilized as a graft upon 

placement [40]. Collagen or polyglycolic acid scaffolds have been used as a 

matrix with cells seeded throughout [54]. The use of a particulate or scaffold as a 

carrier might have improved the results seen here. 

Summary 

Guided tissue regeneration of a surgically created periodontal defect was 

augmented with human POL stem cells and compared to GTR without stem cells 

in an athymic rat. POL stem cells were cultured and characterized with TEM, light 

microscopy and immunofluorescence. Immunofluorescence showed the cells in 

culture to be positive for the STR0-1 cell surface antigen, characteristic of 

multipotent stem cells in the POL. TEM revealed a thin elongated cytoplasm and 

a relatively large, elongated nucleus consistent with the perivascular phenotype 

of the resident POL stem cell population. 

Twelve athymic rats received bilateral, surgically created periodontal 

defects on the buccal surface of the mandibular first molars. The bone, POL, and 

cementum were removed and POL stem cells were added to the test side. Both 

the test and control side received OFOBA and a membrane for GTR. Four 

animals died intraoperatively from anesthesia-related causes. Eight animals 

healed uneventfully. 
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Analysis of tissues was performed using micro-CT, histology, and 

immunohistochemistry. Immunohistochemistry positively confirmed the growth of 

human cells in the rat tissue. The parameters measured showed no statistical 

difference between the test and control in the position of the alveolar crest 

relative to the CEJ, the bone and cementum volume, and the relative mineral 

density of the bone. Human POL stem cells did not augment the amount of bone 

or cementum in the surgically cr~ated periodontal defect. This may indicate that 

the healing potential of the rat periodontium is at its maximum and not improved 

upon by stem cells. 
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Data from micro-computed tomography: contrql 

Animal number Pixels from CEJ to crest Distance from · CEJ to 
crest (mm) 

1 48 1.680 

2 69 2.415 

3 62 2.170 

4 49 1.715 

5 48 1.680 

6 34 1.190 

7 39 1.365 

8 41 1.435 

Mean 49 1.706 (± 0.145 SD) 

Table 1. M1cro-CT measurement of the control s1de (mandibular nght). A 
calibration factor of 35 J.lm/pixel was utilized. 

66 



Data from micro-computed tomography: test 

Animal Number Pixels from CEJ to crest Distance from CEJ to 
crest (mm) 

1 60 2.100 

2 72 2.520 

3 58 2.030 

4 56 1.960 

5 59 2.065 

6 40 1.400 

7 63 2.205 

8 45 1.575 

Mean 57 1.982 (± 0.124 SO) 

Table 2. M1cro-CT measurement of the test s1de (mandibular left). A calibration 
factor of 35 J.lm/pixel was utilized. 
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Data from histology: control 

Animal number Pixels from CEJ to crest Distance from CEJ to 
crest (mm) 

1 306 1.3020 

2 515 2.1913 

3 272 1.1574 

4 323 1.3744 

5 381 1.6212 

6 285 1.2127 

7 301 1.2808 

8 266 1.1318 

Mean 331 1.4090 (± 0.124 SO) 

Table 3. H1stolog1c measurement of the control s1de (mandibular nght). 
Measurements were taken from a 40 power photomicrograph with a calibration 
factor of 0.004255 mm/pixel. 
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Data from histology: test 

Animal number Pixels from CEJ to crest Distance from CEJ to 
crest (mm) 

1 377 1.6041 

2 259 1.1020 

3 372 1.5829 

4 416 1.7701 

5 397 1.6892 

6 284 1.2084 

7 356 1.5148 

8 241 1.0255 

Mean 338 1.4371 (± 0.100 SD) 

Table 4. H1stolog1c measurement of the test s1de (mandibular left). 
Measurements were taken from a 40 power photomicrograph with a calibration 
factor of 0.004255 mm/pixel. 
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Table 5. Graphical representation of the linear distance from the CEJ to the 
alveolar crest as measured from histology and micro-CT. 
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Micro-CT Relative Bone Mineral Density 

Animal Number Test Side Control Side 

1 91.7 99.7 

2 85.9 93.4 

3 77.2 98.5 

4 81.4 77.7 

5 50.1 88.0 

6 89.0 78.1 

7 92.6 81.5 

8 72.8 76.2 

Mean 80.1 (± 13.9) 86.6 (± 9.6 SD) 

. 
Table 6. M1cro-CT measurement of relat1ve bone mmeral density expressed 1n 
arbitrary units. 
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Table 7. Graphical representation of micro-CT measurement of relative bone 
mineral density expressed in arbitrary units. 

72 



Bone Histomorphomeby 

Animal Test side: Test side: Control side: Control side: 
Number Buccal Lingual Buccal Lingual 

1 520.89 686.98 508.88 761.18 

2 224.49 929.92 408.65 753.59 

3 292.24 641.35 354.43 590.54 

4 362.14 558.06 385.77 575.25 

5 193.39 550.22 641.10 418.13 

6 369.34 653.36 530.88 668.66 

7 462.49 639.45 245.59 593.83 

8 323.71 465.78 803.39 681.29 

Mean 343.59 640.64 484.84 630.31 
(± 111.1 SD) (± 137.1 SD) (± 176.7 SD) (± 111.7 SD) 

. 
Table 8. Bone h1stomorphometry of the test and control buccal sites compared to 
the respective lingual surfaces as a reference. Volume measurements are in 
J.lm3. 
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Table 9. Graphical representation of bone histomorphometry of the test and 
control buccal sites compared to the respective lingual surfaces as a reference. 
Volume measurements are in 1-1m3

. 
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Cementum Histomorphometry 

Animal Test side: Test side: Control side: Control side: 
Number Buccal Lingual Buccal Lingual 

1 119.41 119.84 51.91 105.23 

2 137.69 167.42 177.95 143.38 

3 122.88 82.41 73.61 88.49 

4 131.52 120.79 99.37 92.38 

5 142.46 125.76 115.64 100.27 

6 96.38 91.45 64.59 101.71 

7 138.68 140.98 80.45 96.01 

8 61.15 76.78 60.21 135.66 

Mean 118.77 115.68 90.47 107.89 
(± 27.56 SD) (± 30.86 SD) (± 41.09 SD) (±20.32 SD) 

Table 10. Cementum h1stomorphometry of the test and control buccal s1tes 
compared to the respective lingual surfaces as a reference. Volume 
measurements are in (.1m3

. 
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Table 11. Graphical representation of cementum histomorphometry of the test 
and control buccal sites compared to the respective lingual surfaces as a 
reference. Volume measurements are in !Jm . 
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