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INTRODUCTION  

Resorption 

Resorption of the human permanent tooth has long been considered an unfortunate event 

in which portions of the internal or external surface of the tooth are destroyed. A variety 

of underlying causes have been identified as playing a role in initiating the process of 

resorption; these include: systemic conditions, local factors, physiologic processes, and 

idiopathic processes (Yusof 1989).  Systemic conditions known to cause root resorption 

include hormonal imbalance, Pagetôs disease (Barnett 1985), and herpes zoster (Solomon 

1986).  Local factors include: periapical inflammation, dental trauma, tumors and cysts, 

excessive mechanical or occlusal forces, impacted teeth, intracoronal bleaching of 

pulpless teeth, and periodontal procedures (Andreason 1985).  Physiologic resorption is 

the natural resorptive process associated with the shedding of deciduous teeth.  Idiopathic 

resorption is a process for which and underlying cause cannot be identified (Bakland 

1992). Unlike bone, which is constantly undergoing a process of turnover as part of it is 

normal physiologic mechanism, the mineralized tissues of permanent teeth are only 

resorbed when pathologic mechanisms are at work.  The dental hard tissues are generally 

protected in the root canal space by the predentin layer and on the root surface by the 

cementoblasts and precementum layer (Tronstad 1988).  Osteoclasts utilize specific 

binding proteins, namely the arginine-glycine-aspartic acid sequence (RGD) of amino 

acids, to bind to cells.  Hammarstrom et al in 1995 demonstrated that cementum and 

predentin lack this amino acid sequence and thus inherently confer protection to these 

layers of the tooth from resorptive mechanisms.  If these layers become mechanically 

damaged, scraped off, or mineralized, multinucleated cells are able to attach to these 

surfaces and induce resorption (Lindskog 1987).   

Dento-alveolar trauma is known to be one of the primary causes for root resorption.  

Dental-alveolar trauma can occur in a number of forms including subluxation, lateral 

luxation, extrusive luxation, intrusive luxation, or avulsion (exarticulation) of the tooth.  

Though any of these traumatic injuries can lead to radicular resorption, this paper will 

focus specifically on avulsion as it is typically considered to have the highest potential for 
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resorptive changes (Andreasen 2006), and is the only traumatic injury amenable to 

treatment via chemical modification of the external radicular surface.  The two primary 

categories of resorption as related to the tooth are based on where this pattern is occurring 

on the tooth: internal or external.  External resorption is the primary pattern of resorption 

seen following exarticulation of the tooth. If the tooth is not managed appropriately 

following injury, the overwhelming majority of these teeth will experience resorptive 

changes and probable tooth loss in the future (Andreasen 1995).  External resorption can 

be sub-categorized as three distinct processes that appear to occur on a continuum.  Ne et 

al in 1999 describes these as follows:  

Surface Resorption:  Minor structural damage to the outer surface of the tooth or PDL 

attracts hard tissue resorbing cells that colonize this surface and induce resorption.  

However, due to a lack of continued stimulation of these cells by bacteria or 

inflammatory mediators, the process is transient and arrests, allowing the resorbed area to 

repair with cementum like tooth structure.  Surface resorption is typically not visible 

radiographically, however if it is, small cupped-out areas will be visible adjacent to a 

normal PDL and lamina dura.  Surface resorption generally precedes other forms of 

external resorption if continued stimulation occurs.  Generally, no treatment is indicated 

for this process.  

External Inflammatory Root 

Resorption (EIRR):  This is the most 

common form of external resorption 

and is typically characterized by the 

semi-circular resorption defects 

created as the process penetrates the 

dentin.  EIRR can occur at any point 

on the external root surface and can 

be caused by structural damage to 

the external surface of the tooth 

secondary to trauma, damage to the 
Fig. 1.  Diagram of external inflammatory root 

resorption (Fuss 2003) 
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PDL, or orthodontic treatment.  Trauma is the most frequent underlying cause. Disruption 

of the cementum layer and communication with the root canal system via dentinal tubules 

can allow for bacteria or bacterial by-products to communicate with the resorptive 

process and perpetuate the process through an inflammatory response in the PDL space.  

This process will arrest only after the source of the inflammatory process has been 

removed.  Following initiation, EIRR progresses rapidly and if left untreated, it can 

quickly lead to a lack of stability and irreparable damage to the outer surface of the tooth 

(Fig1).  Radiographic findings typically show a widened PDL space and a loss of lamina 

dura.  There are varying degrees of irregularity on the mesial and distal external root 

surface depending on the stage of the resorptive process.  Treatment efforts are generally 

directed at inactivating the clastic cells through delivery of appropriate chemicals through 

the root canal space.  To date, calcium hydroxide (Ca(OH)2), is the most effective means 

of arresting this process.  

Replacement Resorption (RR):  

Typically occurs following 

structural damage to large areas of 

the dental root and associated PDL.  

As healing occurs, it does so from 

the alveolar side of the socket 

leading to the tooth being slowly 

replaced by bone during is normal 

physiologic turnover process (Fig. 

2).  Replacement resorption is 

primarily seen following luxation or 

avulsion injuries to the tooth, and despite efforts to treat or arrest this process, to date, no 

reliable methods are available.  Radiographic findings associated with this process 

include a disappearance of PDL space and the appearance of bone replacing spaces 

previously occupied by the root.  Ankylosis and RR are commonly referred to 

interchangeably, however these are actual separate entities.  RR has a layer of inflamed 

connective tissue between the bone and the adjacent tooth making it a dynamic and 

Fig. 2.  Diagram of replacement resorption/ ankylosis 

(Fuss 2003) 
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progressive process, while ankylosis lacks this layer of inflammation and is static.  Both 

processes are commonly found after avulsions or appropriate management of EIRR.  

The characteristic cells associated with external resorptive processes are cells of ñclasticò 

nature.  As the definitions above indicate, the recruitment and progression of these cells 

are under the control of a variety of factors.  These factors control the type and extent of 

damage caused by the osteoclasts to the external root surface during dental root 

resorption.    

Osteoclasts 

Osteoclasts are specialized cells which are responsible for mediating nearly all hard tissue 

resorption in the body.  These cells are known to collaborate with osteoblasts, hormones, 

and local immunoregulatory mediators to maintain and remodel the skeleton, preserve 

mineral homeostasis in the body, and perpetuate pathologic bone resorption (Pierce 

1991).  Structurally, osteoclasts are multinucleated giant cells with specialized 

membranes capable of mediating the resorptive process in bone and other mineralized 

hard tissues of the body (Pierce 1991).    

Formation 

Hematopoietic stem cells (HSCs) are cells capable of differentiating into all blood cells 

lineages (Mosaad 2014) and characteristically differentiate along one of 2 pathways: 

lymphoid precursors or myeloid precursors.  Osteoclasts represent a terminally 

differentiated cell of the myeloid stem cell line.  These cells are typically formed through 

the fusion of myeloid hematopoietic precursor of monocyte-macrophage lineage in the 

bone marrow and undergo a characteristic differentiation process mediated by local and 

systemic cues (Boyce 2013).   In general, this differentiation is known to progress as 

follows: 

HSC Ą Myeloid Stem Cell Ą Osteoclasts Progenitor Ą Preosteoclast Ą Multinucleated 

Osteoclast (Fig. 3) 
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Osteoclast Precursors (OCPs) are attracted from the bone marrow to the bloodstream 

under the direction of chemokines where they circulate until being directed back into 

bones under the control of signaling factors like macrophage-colony-stimulating factor 

(M-CSF) and NF-ǶB ligand (RANK-L) to differentiate into multinucleated osteoclasts 

(Boyce 2012).  M-CSF controls the early stages of osteoclast differentiation by 

promoting the expression of RANK on the myeloid precursor cells (Boyce 2013).  

Numerous inflammatory cytokines such as TNF and IL-1 (Boyce 2013, Lee 2006) are 

also capable of priming these progenitor cells to respond to RANK-L however a detailed 

discussion of these factors is outside of the scope of this paper.  Upon expressing a 

RANK receptor, the cell enters the osteoclast precursor stage in which binding of RANK-

L will drive further differentiation by encouraging fusion of osteoclast precursors and 

ultimately specialization into a mature multinucleated osteoclast.  A number of 

transcription factors like NF-ǶB, c-Fos, and NFATc1 are activated in response to RANK-

L binding.  In turn, gene encoding factors like cathepsin-K, tartrate resistant acid 

phosphatase (TRAP), and calcitonin are expressed and H+, Cl- ions are regulated to form 

the HCl acid dissolution front under the ruffled border (Boyce 2013).  M-CSF and 

RANK-L, in addition to promoting osteoclast differentiation, also mediate all osteoclastic 

function and promote cell survivability (Tanaka 2006).  Following terminal 

differentiation, osteoclasts possess the unique ability to resorb mineralized hard tissues. 

Mellis et al. 2011 describe this process as occurring in three stages: osteoclast attachment 

and polarization, initiation of resorption, and cessation of resorption.   
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Fig. 3.  Stages of osteoclast differentiation (Boyce 2013) 

 

Attachment 

Initiation of resorption begins by integrin mediated attachment of osteoclasts to bone 

surfaces.  Mellis in 2011 describes the attachment structures as ñpodosomesò that 

reorganize into a densely packed ring called the sealing zone (Luxenburg et al 2007).  

This sealing zone (a.k.a. clear zone) is critical in the resorptive process of osteoclasts as it 

effectively seals off the compartment beneath the cell and allows for lysosomal enzymes 

and protons to act in their intended manner.  Interestingly, the sealing zone is transient 

and only present when the cell is adjacent to bone or mineralized hard tissue (Teitelbaum 

2011).  Cells plated on plastic or glass do not form a sealing zone (Mellis 2011). Inside of 

the sealed zone, the formation of a ruffled border occurs when polarized lysosomal 

vesicles fuse with the plasma membrane (Boyce 2013), which allows for the delivery and 

integration of a proton pump and chloride channel into the ruffled border which 

ultimately acidifies the resorptive space.  The formation of the ruffled border also 

promotes the delivery of cathepsin K which works in combination with the low pH 

environment to degrade the organic matrix of bone (Teitelbaum 2011).   
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Fig. 4.  Intracellular mechanisms involved with osteoclast 

resorption (Novack 2013) 

Osteoclastic Resorption 

Following establishment of the ruffled border and the sealing zone, osteoclastic bone 

resorption takes place in multiple steps.  This process is succinctly described by Novack 

et al. 2016.  Initially, osteoclasts acidify the space between the ruffled border and the 

bone through the secretion of H+ ions.  H+ ions are generated intracellularly following a 

hydration of CO2 (H2O + CO2 Ą H2CO3), which occurs intracellularly and is followed by 

an anhydrous reaction which yields H+ and HCO3
-.  H+ enters the vacuolar space by 

means of the electrogenic proton pump which is mediated by vacuolar H+-ATPase.  

Simultaneously, Cl- enters the vacuolar space through the ClC-7 channel in the ruffled 

border. H+ combines with Cl- ions to form hydrochloric acid (HCl).  This acidification of 

the resorption space leads to dissolution of the mineralized bone matrix and exposes the 

organic phase of the bone.  Following exposure of the organic phase, which is composed 

of approximately 95% Collagen Type I, lysosomes like cathepsin K and matrix 

metalloproteinases 2,9, and 13 degrade the collagen proteins (Fig. 4).  The organic and 

inorganic breakdown products are endocytosed by the ruffled border and transported 

through the osteoclast to the basolateral membrane where they are subsequently released 

from the cell through the 

functional secretory domain 

(FSC) (Mellis 2011).  One of 

the primary collagen 

breakdown products during 

this process is C-telopeptide 

(CTX-1), which is a useful 

marker of bone resorption in 

humans (Kawana 2002).  

The osteoclast maintains 

cytoplasmic pH neutrality 

throughout this process by 

means of a Cl- /HCO3
- anion exchanger located in the basolateral membrane of the cell. 
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There still exists some uncertainty as to whether osteoclasts and tooth-resorbing cells like 

odontoclasts, dentinoclasts, and cementoclasts are the same cell.  Despite a lack of 

definitive evidence, a number of similarities do exist (Ne et al 1999).   All cells exhibit 

intense tartrate resistant acid phosphatase activity (TRAP), have similar enzymatic 

properties, are able to form a ruffled border, and primarily exist as multinuclear cells 

(Domon 1994).  Furthermore, their resorptive mechanism appears to be very similar in 

that they both produce large resorptive pits on the hard tissue substrate as the resorptive 

process progresses (Pierce 1991).  The reported differences between these cell types 

generally focuses on the size or nuclear componentry seen in the different cells.  

Osteoclasts generally have more nuclei, are larger, and have a more developed clear zone 

than the small or non-existent clear zone found in clastic cells associated with teeth 

(Hammarstrom 1985).  Wesselink et al 1986 gave reason to believe these cells may not 

be any different by showing that clastic cells can be actively resorbing bone and tooth 

simultaneously.  This suggests that appropriate terminology for these cells may be more 

useful in describing the substrate they are resorbing rather than the actual observable 

differences between the cells themselves.  For the purposes of simplicity, the use of the 

term osteoclast in this paper will refer to all related clastic cells including odontoclasts, 

dentinoclasts, and cementoclasts.   

Osteoclast identification in vitro  

Osteoclasts are characterized in vitro through their intense expression of TRAP.  Though 

other cells of the monocyte/macrophage cell lineage also express TRAP under certain 

conditions (Tsuboi 2003), this enzyme is characteristically linked to osteoclasts, and is 

the classic marker for osteoclast presence.  Following fixation of cells with 

paraformaldehyde in vitro, TRAP staining uses fast red violet dye to form a precipitate in 

the presence of acid phosphatase function and renders the cells visible under light 

microscopy (Filgueira 2004) 
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Bisphosphonates 

Bisphosphonates are a class of drug that are known to mechanistically inhibit the 

resorption of bone.  They are the treatment of choice for numerous bone related diseases 

in which increased osteoclastic activity is known to be the primary pathologic feature.  

Examples of useful applications in medicine include the treatment of Pagetôs disease, 

bone metastasis with or without hypercalcemia, osteoporosis, multiple myeloma, and 

other conditions in which bone fragility is a characteristic feature (Russell 2011).  

Bisphosphonates were originally developed in the late 1800ôs and used as corrosion 

inhibitors and complexing agents during a variety of industrial processes.   Their unique 

ability to sequester calcium and inhibit calcium carbonate precipitation prevented scaling 

in domestic and industrial water installations and made them effective water softeners 

(Blomen 1995).  Despite this long history of use in industry and agriculture, 

bisphosphonates have only been used to treat medically related disorders for the past 45 

years.  They exhibit a particularly high affinity for binding bone mineral which in turn 

can modify the mechanism of calcification both in vitro and in vivo (Widler 2002).  The 

bisphosphonates used in clinical medicine are referred to as such due to their common P-

C-P core structure where the P represents a phosphate group that is covalently bonded to 

a central carbon (Russell 2011).  The presence of the central carbon atom allows for the 

attachment of side chains, typically deemed R1 and R2, to the bisphosphonate which can 

alter the chemical properties, mode of action, strength, and pharmacokinetics of the drug.  

R1 is typically a hydroxyl group which further increases the affinity of the drug to Ca2+ 

products in the mineralized bone (it is often referred to as the ñhookò).  R2 represents the 

long side chain and is responsible for determining the specific mode of action, the 

strength, and the chemical properties of the individual drug (Widler 2002) (Fig. 5).  

When classifying bisphosphonates, they are typically categorized as either Nitrogenous 

(N-containing) or non-Nitrogenous (non-N-containing) based on the chemical 

composition of their R2 side chain.  This distinction is important in determining the 

mechanism of action, chemical structure, and strength of a given drug.  
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Fig. 5.  Bisphosphonate structure (Widler 2002)             Fig. 6. Alendronate structure (Russell 2011) 

 

Non-nitrogenous bisphosphonates     

These are typically referred to as first generation bisphosphonates and have a relative 

anti-resorptive potency much lower than nitrogenous bisphosphonates.  Common 

examples of these drugs include etidronate (which most potency values compare to), 

clodronate, and tiludronate.  The mechanism of action of these drugs involves inhibiting 

osteoclast function by creating toxic ATP metabolites that compete with ATP in the cells 

energy metabolism pathway.  This eventually leads to apoptosis and death of the 

osteoclast. (van Beek 2003, Frith 1997). 

Nitrogenous bisphosphonates 

These second generation bisphosphonates have a much higher relative potency than the 

non-N-containing and include drugs like Alendronate (ALN), ibandronate, olpadronate, 

pamidronate, and zoledronate among others (Fig. 6).  The mechanism of action of the N-

containing bisphosphonates involves inhibition of the enzyme farnesyl pyrophosphate 

synthase in the HMG Co-A reductase pathway.  The inhibitory action blocks the 

synthesis of Farnesyl-PP and Geranylgeranyl-PP and prevents the prenylation (i.e. 

cellular trafficking) of small GTP binding proteins in the formation and maintenance of 

the cytoskeleton of the osteoclast.   This ultimately results in an inability to form a stable 

ruffled border and leads to a functionally inactive cell.  In cases of high concentrations or 

doses, it can also lead to apoptosis of the osteoclast (van Beek 1999, Fisher 1999). 
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REVIEW OF THE LITERATURE  

A basic understanding of the mechanism underlying the pathologic resorption process in 

human teeth has been in place for decades.  Early work on this subject by authors like 

Andreason, Lindskog, Blomlof, and Hammarstrom among others implicates osteoclast 

like cells as the primary cells mediating the resorptive process.  Tronstad in 1988 

describes this process of tooth resorption, particularly replacement resorption, to be a 

ñmistakeò, stating that these cells cannot recognize the differences between bone and 

tooth structure. 

Most historic literature regarding mechanisms involved with downregulating the 

resorptive process in dental substrates stems the field of dental traumatology.  Type and 

extent of injury, damage to the hard tissue substrate, and damage to the soft tissue 

attachment of the tooth, namely the periodontal ligament (PDL), are factors that have 

been shown to be correlated with the process of resorption (Fuss 2003, Ne 1999, Tronstad 

1988).  Effective means of downregulating EIRR have been thoroughly reported on 

throughout the literature with authors like Tronstad 1981, Trope 1995, and others 

demonstrating that the pH change effected by intracanal placement of Ca(OH)2 can 

effectively ñturn offò osteoclasts adjacent to the radicular root surface.  These authors do 

note however, that replacement resorption commonly occurs subsequent to the arrest of 

EIRR.  Management of replacement resorption has proven to be confounding up until this 

point.  To date, researchers have been unable to find any effective treatment that 

consistently inhibits this form of resorption.  One interesting approach is through 

chemical surface treatment with topical agents.  This method of application is not 

achievable with most forms of traumatic injury due to the closed nature of the event, 

however with up to 16% of traumatic dental injuries resulting in avulsion (Andreason 

1970), a predictable external surface treatment may prove extremely beneficial.  Previous 

research on management of avulsion injuries typically focuses on the storage conditions 

of the avulsed tooth, the length of time between avulsion and replantation, and the 

associated damage to the PDL (Andreason 1970, 1995).  The findings of these studies 

show that even with optimal management of these three factors, varying degrees of 
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replacement resorption or ankylosis are still probable.  With sub-optimal management of 

an exarticulated tooth (extended dry time, improper storage media, loss of PDL on root 

surface) extensive root resorption is certain following replantation.  The current treatment 

modalities for managing these sub-optimal conditions have aimed at slowing the 

resorptive process rather that completely inhibiting it (Levin 2001) through chemical 

modification of the root surface with antibiotics, fluoride treatments, or enamel matrix 

derivatives (Shulman 1968, Selvig 1990, 1992, Bjorvatn 1989, Iqbal 2001, Lam 2004).  

The aforementioned mechanism of action of bisphosphonates appears to possess many 

qualities that would prove beneficial in the process of limiting dental resorption following 

traumatic injury. 

Though previous research has been undertaken to investigate the potential benefits of 

bisphosphonates in limiting root resorption, no clear applications have been developed 

from these findings.  Some studies have focused on the utilization of bisphosphonates 

delivered through the root canal system to prevent resorption.  Kitchens 2007 evaluated 

the trans-dentinal diffusion on ALN Disodium in dentin discs and suggested that the use 

of intracanal ALN may be a useful means of limiting external root resorption.  Thong 

2009 compared the intracanal application of Etidronate and calcium hydroxide following 

intentional extraction and replantation of monkey teeth and found the Etidronate group 

had significantly more inflammatory root resorption and ankylosis than the calcium 

hydroxide group.  In a similar model, Mori 2007 used ALN as an intracanal medicament 

in rat teeth submitted to late replantation and found it had a very similar effect in limiting 

resorption to Ca(OH)2, however neither medication could eliminate resorption.  Martins 

et al. 2014 evaluated the effects of ALN on osteoclast formation and activity in an in 

vitro model using cell viability assays of human PDL fibroblasts and human osteogenic 

sarcoma cells.  Their model was primarily evaluating the effect of concentration in the 

maintenance of cell viability.  They found that ALN at very low concentrations was an 

effective inhibitor of osteoclastogenesis and reduced the activity of the osteoclasts 

without impacting cell viability.  Higher concentrations of bisphosphonates were found to 

be cytotoxic to fibroblasts and osteoblasts and thus may be harmful if used in vivo. 
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Other studies have used animal models to investigate the ability of bisphosphonates to 

limit resorption.  Lustosa-Pereira 2006 used a topical application of ALN to the root 

surface of extracted and replanted rat teeth and found ALN treatment was able to 

significantly decrease inflammatory root resorption, but could not prevent ankylosis.  A 

similar study was performed by Levin in 2001.  She and her colleagues extracted dog 

teeth, allowed them to dry, performed NSRCT, and placed them in either an ALN 

solution or a Hankôs Balanced Salt Solution (HBSS) prior to replantation.  They found 

the ALN groups had significantly less root resorption and less loss of root mass than the 

groups not soaked in ALN. 

A thorough review of the literature found that despite the promising findings of the 

aforementioned investigations, little published research has been performed to advance 

the ideas of using topical bisphosphonate application to limit resorption following dental 

trauma.  There is also a noticeable lack of research into cellular mechanisms of this 

process in vitro.  No previous research has demonstrated human osteoclasts on human 

tooth sections and no previous research has attempted to comparatively quantify the 

breakdown products of root resorption.  It is the hope of this investigation that developing 

a methodology for achieving these two goals will lead to future investigations on this 

topic, and ultimately the development of a reliable treatment protocol to limit the 

resorptive process following avulsion and replantation.   

 

Specific Aims 

1. To demonstrate the presence of fully differentiated, multinucleated human 

osteoclasts on bovine and human dentin and cementum in vitro. 

2. To comparatively quantify osteoclast presence and distribution on tooth sections 

and adjacent lab wells following differentiation. 

3. To comparatively quantify the amount of resorption that occurs when human root 

sections are subjected to a bisphosphonate antiresorptive treatment in comparison 

to no treatment. 
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Hypotheses 

The null hypotheses are as follows: 

1. Isolation, proliferation, and differentiation of human osteoclasts cannot be 

achieved on bovine or human tooth root sections in vitro. 

2. No differences in resorption of dental root will occur between groups treated with 

antiresorptive medications and those with no treatment. 

 

MATERIALS AND METHODS  

An Institutional Review Board (IRB) category 4 exemption was filed with the IRB office 

at the University of Minnesota and subsequently approved. 

1st Pilot Study ï This portion of the study was carried out with the help of Dr. Walter 

Bowles.  Freshly extracted teeth were collected from the Oral and Maxillofacial Surgery 

department at the University of Minnesota School of Dentistry.  Teeth were stored in 

0.9% sterile saline to limit the likelihood for chemical modification of the cementum 

surface during the storage period.  The teeth were decoronated at the level of the 

cemento-enamel junction and the apex of the root was removed such that an 

approximately 10mm length of root was available.  The sections were trimmed 

peripherally and on the dentin facing surfaces to create approximately 3x10mm (or 

approximately 300mm2) sections and the dentinal underside of each section was flattened 

to create a surface that would be stable in culture. Care was taken to avoid unnecessary 

damage to the outward facing cementum surface as this surface would later be the surface 

undergoing evaluation.  Each root trunk was responsible for creating between 1 and 4 

usable sections.  The sections were created and modified using carbide burs in high-speed 

handpieces and Garnett discs in slow speed handpieces.  It was felt that creating uniform 

sections would help standardize the surface area and tooth substrate available to the 

osteoclasts during the experiment.  The dentinal surface of each respective tooth section 

was covered with nail polish to prevent the osteoclasts from attaching to and resorbing 

these surfaces in culture.  For this phase of the experiment, the nail polish was placed in a 
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color coded manner with each section from a given tooth receiving the respective color 

pattern.  It was felt that this would help limit variation in resorptive potential that may be 

demonstrated in different individuals and proved to be wholly unnecessary for reasons 

listed below.  Following application of nail polish, the tooth sections were returned to a 

fresh bath of sterile saline.  Throughout the process of sectioning and coating with nail 

polish, the sections were kept hydrated on damp gauze when not submerged in saline. 

For decontamination, the teeth were subjected to over 900 minutes in a Cesium irradiator 

(J.L. Shepherd Mark 1 Model 30 Irradiator) on the campus of the University of 

Minnesota.  A previous study by Shambarger et al demonstrated this decontamination 

protocol was capable of attenuating the growth of Lactobacillus casei at specific 

positions in the irradiator after a defined period of time.  These findings were obtained 

during an unpublished pilot phase of the aforementioned study.  They found that no 

bacterial growth was appreciable at 5.5 hours.  The findings from the Shambarger study 

indicated this exposure time should have successfully decontaminated the tooth sections. 

The sections were divided into four treatment groups:  

1. Hankôs Balanced Salt Solution 

2. ALN 2mM. 16.3mg/25mL 

3. Sodium Flouride (NaF) ï 2.7% acidulated phosphate fluoride 

4. Anti-cavity topical APF 

The specimens were transferred to 24 well plates and plated with human osteoclast 

progenitor cells obtained from Lonza Pharma and Biotech (Basel, Switzerland).  1 

million cells were initially purchased for approximately 60 wells leaving an initial cell 

density of 16,666 cells per 2cm2 well, which is far less than the recommended 30,000 cm2 

recommended by the manufacturer.  The lack of appropriate cell density quickly became 

irrelevant as within 3 days fungal, then bacterial contamination of all of the samples took 

place.  This contamination killed the osteoclast progenitor cells and prevented any further 

research on these sections. 

 



 

 16 

Second Pilot Study 

A second pilot was carried out to identify shortcomings encountered during the first pilot 

study.  Intact human teeth were collected from the Oral and Maxillofacial Department at 

the University of Minnesota and were stored in a 1% solution of sodium hypochlorite 

(NaOCl).  The teeth were kept in this solution for a period of 4-7 days prior to being 

transferred to a sterile saline solution until sample preparation.  Samples were prepared in 

a method identical to those defined above with the exception that the final sectioning and 

planing of these teeth was performed with a Brasseler diamond coated sectioning disc 

(Brasseler USA, Savanah, GA) in a slow speed handpiece.  A total of 14 sections were 

created.  This method expedited the process of sectioning and gave a smoother finished 

surface. Initial preparation was carried out with a high speed carbide bur under water 

irrigation through the handpiece and each root trunk was then sectioned using a slow 

speed diamond separating diamond disk using no irrigation.  Following preparation, the 

sections were returned to 1% NaOCl bath for 2 hours prior to transfer to sterile saline.  

During the first pilot phase, there was some uncertainty as to the exact time necessary for 

the nail polish to completely dry and the efficacy of binding of the nail polish to the tooth 

surface.  For these reasons, dentin bonding agent (DBA) (Scotchbond Universal, 3M 

ESPE, St. Paul, MN) was used to block out the dentinal surfaces on the underside of each 

section.  The DBA was applied to all dentin surfaces using the manufacturers microbrush 

and cured per manufacturers recommendations. 

Seven sections were subjected to a 2mM solution of alendronate disodium for 60 minutes 

and seven sections received no treatment, then all sections were transferred into 

individual wells on separate, labeled, sterile 12-well TPP tissue culture plates (Sigma-

Aldrich, St. Louis, MO), and were plated with mouse osteoclast progenitor cells per the 

protocol of the University of Minnesota Bone Research department.  The osteoclasts 

were fed at regular intervals (every 2-3 days) with mouse M-CSF followed by M-

CSF/RANK-L until the osteoclasts had differentiated and attached to the surface of the 

tooth.  Sections were viewed and photographed under light microscopy proving the 

concept that mouse osteoclasts could successfully be differentiated and attached to 
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human cementum.  This pilot study did prove that multinucleated mouse osteoclasts 

could be successfully attached to human tooth sections in vitro, which provided hope that 

the same could be accomplished with human osteoclasts in future experiments.  The 

authors noted that appropriately orienting these sections with the cementum surface 

facing upwards was extremely challenging due to the lack of contrast provided by the 

DBA.  Sections have a tendency to move during feeding cycles and for this purpose, 

utilizing DBA was abandoned in the next pilot. 

Third Pilot Study  

Human tooth samples were collected and sectioned in a method identical to those of the 

second pilot.  The third pilot was originally planned to be the final study until cell 

viability problems were encountered late in the experiment.  Dentin surfaces were painted 

with nail polish in a similar fashion to those described in the first pilot study.  The nail 

polish provided the specimen with contrast such that changes in orientation could be 

corrected if encountered during feeding cycles.   

A total of 48 tooth sections were prepared for sampling.  The teeth were divided into two 

equally sized groups of 24.  Group 1 was the no treatment group or for the purposes of 

this study, the positive control.  Group 2 was the treatment group and was subjected to a 

60 min bath of 2mM ALN Disodium prior to plating.  Six sections were painted with nail 

polish on all surfaces to act as a negative control. 

Whole human blood was collected in a vacutainer from the primary investigator.  The 

blood was prepared and osteoclast progenitor cells were derived from the blood via the 

method described below.  The OC progenitor cells were plated with the tooth sections at 

an approximate cell density of 60,000 cells per well on 24 well plates.  The cells were fed 

every 2-3 days using the feeding protocol listed above however using the appropriate 

human growth and differentiation factors as indicated (also described below). 

The experiment was carried out in triplicate over the course of 1.5 months where the first 

batch contained 6 positive controls, 6 sections from the treatment group, and 2 negative 
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controls.  A row of 6 empty wells was plated with OC progenitor cells on each tray.  The 

process was repeated weekly for 3 weeks.    

The row of empty wells exhibited thriving cells after 2 weeks in culture for each 

respective tray with some cells differentiating into multinucleated osteoclasts.  Each well 

containing a tooth section, regardless of the treatment, showed little- no cellular viability 

yielding no quantifiable data.  None of these wells exhibited evidence of contamination 

by micro-organisms.  The cell death could be explained by one of two mechanisms: 

1. The nail polish used to coat the dentinal surface contained an ingredient that was 

cytotoxic to the osteoclasts. 

2. Despite extended soaking time sterile saline following sectioning and prior to 

plating of the cells, the dentinal tubules sequestered trace amounts of NaOCl 

which subsequently diffused into solution and proved cytotoxic to the cells. 

Final Experiment 

Human Tooth Collection and Preparation 

Freshly extracted human teeth were collected from the Oral and Maxillofacial Surgery 

department at the University of Minnesota School of Dentistry.  The teeth were initially 

stored in a 1% NaOCl solution for a period of time between 3-7 days.  Sodium 

hypochlorite was chosen for its antibacterial and tissue dissolving properties (Stojicic 

2010, Dunavant 2006).  The diluted concentration of NaOCl was used to limit the 

likelihood of damage to the hard tissues of the tooth in solution while maintaining the 

strong antimicrobial properties of this solution (Zhang 2010).  Decontamination of the 

prepared sections is critical to obtain viable osteoclasts in an in vitro culture due to their 

lack of immunocompetancy and susceptibility to dying upon exposure to bacterial or 

fungal contaminants.  Inadequate decontamination can lead to a lack of proliferation, 

differentiation, and growth of these cells. The teeth were serially sectioned using an 

IsoMet separating saw (Buehler, Lake Bluff, IL).  Three mm of the root apex was 

sectioned off the apical portion of the tooth and then sections were created at a thickness 

of 2mm.  Four to 5 sections were created for each tooth.  An explorer was used to remove 
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the central pulp from each section and the sections were then returned to a 1% NaOCl 

bath overnight (18 hours).  The following morning, the sections were placed in 17% 

EDTA solution for 1 minute to remove the smear layer created by the saw, returned to the 

1% NaOCl solution for 5 minutes, placed in a 5% sodium thiosulfate solution for 10 min, 

and finally placed in a saline solution to reside until treatment.  Ideally, all teeth would 

completely be denuded of soft tissue remnants in the root canal space and on root surface 

prior to the final transfer to sterile saline.  If soft tissue remnants remained, they were 

lightly scaled off prior to aforementioned transfer.  The teeth were kept in solution 

throughout the storage period with the exception of removal for preparation of tooth 

slices and treatment.   

An additional 4 samples were created to examine the potential culprit for lack of cellular 

proliferation in the previous pilot studies.  2 groups of 2 sections were created as follows: 

DBA (Scotchbond Universal, 3M ESPE, St. Paul, MN) ï Teeth sectioned, returned to 1% 

NaOCl, removed pulp tissue, 1 min 17% EDTA, 5 min 1% NaOCl, 10 min in 5% sodium 

thiosulfate, application of DBA/ cure, returned to 1% NaOCl overnight, 10 min in 5% 

sodium thiosulfate, returned to sterile saline bath. 

White Nail Polish ï Teeth sectioned, returned to 1% NaOCl, removed pulp tissue, 1 min 

17% EDTA, 5 min NaOCl, 10 min 5% sodium thiosulfate, application of nail polish, 

complete drying allowed (overnight ~18hrs), 5 min 1% NaOCl, 10 min 5% Sodium 

Thiosulfate, returned to sterile saline bath. 

Bovine Tooth Collection and Preparation 

A similar collection and storage protocol was observed for the bovine teeth used in this 

study.  Bovine incisors were collected from freshly sacrificed cattle at T&R Meats in 

Clearwater, MN.  The bovine teeth were strategically extracted such that matched pairs 

were created upon extraction with right central incisor being placed in one vial and left 

central in a different vial.  This protocol was used throughout the extraction process as 

each matched pair allowed for teeth that were roughly uniform in size.  The teeth bathed 

in 1% NaOCl for 48 hours.  Following this bath, the teeth were serially sectioned using 
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an IsoMet separating saw.  3mm of the root apex was sectioned off the apical portion of 

the tooth and then sections were created at a thickness of 2mm.  Eight sections were 

created for each bovine incisor.  Three matched pairs of incisors were used totaling 24 

sections in the no treatment group and 24 sections in the treatment group.  An explorer 

was used to remove the central pulp from each section and the sections were then 

returned to a 1% NaOCl bath overnight (18 hours).  The following morning, the sections 

were placed in 17% EDTA solution for 1 minute to remove the smear layer the saw 

created, returned to the 1% NaOCl solution for 5 minutes, placed in a 5% sodium 

thiosulfate solution for 10 minutes, and finally placed in a saline solution to reside until 

treatment. 

A total of 48 bovine sections were created and assigned to 2 groups: 

1. No treatment.  Positive control.  The teeth were removed from sterile saline, 

lightly dried on sterile paper towels, and plated with Human OC precursors via 

the method described below. 

2. 2mM ALN Disodium.  Treatment group.  The teeth were removed from the sterile 

saline, transferred to a 2mM solution of ALN Disodium and allowed to soak for 

60 minutes.  The sections were then lightly dried on sterile paper towels, and 

plated with Human OC precursors via the method described below. 

Assignment of groups and treatment 

A total of 34 sections of human tooth and 48 sections of bovine tooth were created.  In 

the human group, 30 sections were evaluated and matched to create two groups of near 

identically sized sections such that relative standardization of the substrate was available 

to the osteoclasts for digestion (Fig. 7).  The 30 sections were then divided into 2 groups 

of 15.  The remaining 4 human sections were used to create 2 groups of 2 for purposes 

listed above.  As mentioned above, the bovine tooth sections were divided into 2 groups 

of 24 sections each.  All attempts were made to create sections of similar size in each 

respective group. 

Group 1: No treatment (human and bovine) 
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Group 2: ALN 2mM in sterile water (16.3mg/25mL) (human and bovine) 

Group 3: No treatment with DBA coating dentinal surfaces (human only) 

Group 4: No treatment with white nail polish coating dentinal surfaces (human only) 

   

 

Group 1,3,4 

Sections were removed from saline solution with sterile cotton pliers and lightly dried on 

sterile paper towels.  Each section was then transferred into an individual well on a sterile 

24-well TPP tissue culture plate (Sigma-Aldrich, St. Louis, MO) measuring 1.86cm2. 

Group 2 

A 2mM solution of ALN Disodium (USP Reference Standard) was created by dissolving 

16.3mg of ALN Disodium in 25 mL of sterile water in a sterile glass beaker.  The 

solution was mixed on a stir plate using a sterile stir bar for 10 minutes.  Fifteen human 

tooth sections were transferred to this solution and allowed to soak for 60 minutes.  The 

sections were removed from the ALN solution with sterile cotton pliers, lightly dried on 

sterile paper towels, and placed into individual wells on a sterile 24-well TPP tissue 

culture plate.  

Blood collection and handling 

Ten mL of whole human blood was collected from the primary researcher and placed into 

an EDTA lined vacutainer (Fig. 8).  The blood was diluted 1:1 in Phosphate Buffered 

Fig. 7. Matched pairs of human teeth 
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Saline (PBS) for total volume of 20mL over 1 volume of Histopaque-1077.  During 

experimentation, it was discovered the blood and PBS should be at room temperature for 

ideal layer stratification, so blood and PBS were allowed to sit for approximately 2-hours 

real time prior to initial centrifugation.  Diluted blood was spun down at 400x gravity for 

30 minutes in a centrifuge (Eppendorf 5810 R) and allowed to slow without brake 

applied.  The mono-nuclear cell layer (MNC) (Fig. 9) was pipetted off with 5 mL pipette.  

The MNC is the cloudy-clear intermediate layer which consists primarily of lymphocytes 

and monocytes.  The MNC layer was transferred to a 15mL conical tube and spun down 

at 1,500x gravity for 15 minutes allowing for pellet to form.  The pellet was re-suspended 

in 10mL osteoclast medium [phenol red-free Alpha-MEM (Gibco) with 10% heat-

inactivated fetal bovine serum (Hyclone), 25 units/mL penicillin/streptomycin 

(Invitrogen), 400mM L-Glutamine (Invitrogen), and supplemented with 50mcg/mL 

human M-CSF] and cells were counted.  This yielded approximately 14 million 

mononuclear cells in 12 mL of solution.  

 

  

 

 

 

 

 

 

 

 

 

 

Fig. 8.  Diagram of blood collection assembly 
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Plating of Cells 

Calculations were made to determine ideal number of human osteoclast precursors for a 

given well on each tissue culture plate.  Lonza Pharma & Biotech (Basel, Switzerland), a 

distributer of human osteoclast precursors and media, suggests using 30,000 cells/cm2.  

The 24 well plates were 1.86 cm2, so 60,000 cells/well was decided upon.  The human 

osteoclast precursors were plated by placing 80 µl/well of the blood derived mononuclear 

 

 

 

 

Erythrocytes  

Polymorphonuclear cells ï 

Neutrophils and eosinophils 

Mononuclear cells ï Monocytes 

and Lymphocytes 

Plasma 

Fig. 9.  Stratification of blood following centrifugation 
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cell media, 10mL osteoclast medium [phenol red-free Alpha-MEM (Gibco) with 10% 

heat-inactivated fetal bovine serum (Hyclone), 25 units/mL penicillin/streptomycin 

(Invitrogen), 400mM L-Glutamine (Invitrogen), and supplemented with 50mcg/mL 

human M-CSF].  The plates were placed in an incubator at 37 degrees C and 5% CO2 for 

3 days. 

Cell Differentiation, Growth, and Maintenance 

The osteoclasts were grown and maintained in the laboratory and the following timeline 

was followed: 

Day 1: Tooth sections treated and placed in culture.  Osteoclasts precursors plated with 

tooth sections and osteoclasts medium 

Day 4: 150µL drawn off and replaced with fresh osteoclast medium 

Day 8: 150µL drawn off and replaced with fresh osteoclast medium, and RANK-L 

Day 11: 150µL drawn off and replaced with fresh osteoclast medium, and RANK-L 

Day 16: 150µL drawn off and replaced with fresh osteoclast medium, and RANK-L 

Day 19: 150µL drawn off and replaced with fresh osteoclast medium, and RANK-L 

Day 22: No media drawn off, add RANK-L 

Day 24: 200µl of supernatant drawn off each well and deposited into numbered and color 

coded Eppendorf tubes.  The samples frozen at ï 80C. 

Between treatments tooth sections were incubated as described above. 

Fixing Cells 

The samples were fixed using the following protocol:  The remaining media was 

vacuumed off, 250µL of paraformaldehyde was placed in each well, and allowed to sit 

for 15 minutes.  The paraformaldehyde was vacuumed off and 250uL PBS added to each 

well. 

Tartrate Resistant Acid Phosphatase (TRAP) Staining 
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The cells were then stained for TRAP expression with tartrate 5mg, naphthol AS-MX 

phosphate, 0.5 mL M, M-Dimethyl formamide, 50 mL acetic acid buffer (1mL acetic 

acid, 6.8g sodium acetate trihydrate, 11.5g sodium tartrate in 1L water) and 25mg Fast 

Violet LB salt. Cells were then observed and captured with light microscopy and the 

measurements were analyzed using NIH Image J software (Fig. 10,11). 

                                  

 

 

 

 

 

 

 

 

 
Fig. 11.  Bovine tooth sections following TRAP+ staining 

Fig. 10.  Human tooth sections and residual wells following TRAP+ staining 
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 Enzyme Linked Immunosorbent Assay (ELISA) 

A C Telopeptide of Type I Collagen (CTX 1) BioAssay ELISA Kit (Human) was 

obtained from USBiological Life Sciences (Salem, MA) and was used to measure the 

collagen breakdown products of the osteoclasts following their resorptive period.  On day 

19, the media was changed and a combination of M-CSF and RANK-L was given to the 

specimens.  The media was not drawn off again.  On day 22, RANK-L was added to the 

wells.  On day 24, 200µl of supernatant drawn off each well and deposited into numbered 

and color coded Eppendorf tubes.  The human no treatment group was added to Pink 

Eppendorf tubes with numbers placed on top of the tube to correspond to their respective 

places in the wells.  The human ALN group was added to green Eppendorf tubes in a 

similar manner.  The human no treatment group with DBA application and nail polish 

were added to blue and yellow tubes respectively.  The samples were frozen at -80C until 

the ELISA was ready to be completed.  In preparation for the ELISA, the tubes were 

removed from the freezer and placed on ice for 90 minutes to thaw.  The ELISA was 

performed per manufacturerôs instructions with each sample being run in duplicate on the 

ELISA tray.  The ELISA was not performed on the bovine tooth sections 

Quantitating TRAP+ Cells on Tooth Substrate and in Residual Wells 

Following TRAP staining, the sections of teeth from all groups were moved to fresh 24 

well plates and submerged in PBS, while the residual wells were left undisturbed.  

TRAP+ cells were visualized with an Olympus IX70 light microscope (Shinjuku, Tokyo, 

Japan) at 4x/0.13 magnification and were individually counted for each human or bovine 

tooth section in their respective groups. Images were acquired of TRAP+ cells in the 

residual wells of the human samples using the aforementioned microscope at an identical 

magnification, and the cells larger than 1 micron were counted and averaged using NIH 

Image J software to identify if the ALN treatment had a peripheral effect on the growth 

and differentiation of the osteoclasts in the surrounding media. 
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Statistics 

An unpaired two-tail student t-test using GraphPad/Prism software (La Jolla, CA) was 

used to determine if a significant difference existed between the groups.  Similarly, an 

unpaired two-tail student t-test was run for cell counts and cell sizes in the residual wells 

to identify differences between groups.  In all cases, the results were considered 

statistically significant with a P value < 0.05. 

 

RESULTS 

Cellular Attachment 

Osteoclast attachment was observed on all human and bovine samples with the exception 

of one bacterially contaminated well in the ALN treatment group and those sections 

coated with DBA or nail polish.  The distribution of osteoclast attachment showed no 

regularity across samples with some exhibiting uniformity to the distribution and others 

showing clustering of osteoclasts in varied areas of substrate.  Osteoclasts could be 

observed on both the dentin and cementum surfaces of the tooth section (Fig. 12).  One 

notable observation was that osteoclasts had a tendency to be located near the peripheral 

aspect of each section where the junction of the dentin and cementum is located.  This 

observation was also noted in the residual wells.  

Osteoclast Differentiation and Activity is Reduced in tooth sections subjected to 

ALN Disodium 

The highest and lowest cell count values were discarded to guard against the impact of 

outliers on the results.  TRAP+ cell counts on human tooth sections averaged 63.23 cells 

per section with the human no treatment group and 31.15 cells per section in the human 

ALN disodium group (Table 1).  Statistical analysis of these groups yielded a P-value of 

0.0099 with a standard error of 11.446.  These results showed there was a statistically 

significant difference between groups. 
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(a) (b) 

Fig. 12.  (a) TRAP+ cells on human tooth with no treatment    (b) TRAP+ cells on human tooth with 

ALN treatment  

      

Following a similar discarding of the highest and lowest values, TRAP+ cells counts on 

bovine tooth sections averaged 76.27 cells per section with the bovine no treatment group 

and 25.09 cells per section in the bovine ALN group (Table 1).  Statistical analysis of 

these groups yielded a P-value of 0.0002 with a standard error of 12.533.  These 

differences were statistically significant. 

Osteoclast Differentiation and Activity is Reduced In the Presence of ALN Disodium 

in Residual Wells of Human Osteoclasts 

Similar to cellular quantification in the substrate groups, the highest and lowest cell count 

values were discarded from each group to guard against outliers impacting the results.  

TRAP+ cell counts in the no treatment group averaged 127.8 cells/well while those in the 

ALN group averaged 37.31 (Fig. 14)(Table 3).  The un-paired two-tail t-test resulted in a 

P < 0.0001, which was statistically significant.  There was also a statistical difference in 

size of the cells with the ALN Disodium treatment group having larger than their no 

treatment counterparts on average (P = 0.0384) (Fig. 13). 



 

 29 

 

 



 

 30 
                


