CHAPTER 5

Deciduous Tooth Resorption after
Overtilling of Root Canal Filler: Function
and Nature of Multinucleated Giant Cells

Hiromasa Hasegawa
Motoyoshi Antoh
Noriyuyki Takei
Takanaga Ochiai

(Abstract)

There are numerous reports on physiological root resorption
claiming that the root resorption process of primary teeth is
regulated in a manner similar to bone remodeling [28]. However,
complex histological changes occur under several pathological
conditions. Abnormal tooth resorption could be found in primary
teeth due to certain causes until the completion of the permanent
dentition. In Japan and eastern Asia, calcium hydroxide paste with
silicon oil added iodoform is widely used for endodontic treatment of
deciduous teeth. This material is sometimes excessively filled within
root canals, and pathological reactions have been already discussed
in previous sections. In this part, the influences on deciduous tooth
endodontic therapy will be described in detail. The most characteris-
tic feature is abnormal tooth resorption via osteoclast-like multi-
nucleated giant cells (MGCs) and foreign body giant cells (FBGCs).
In the later part of this section, the characteristics of foreign body
type giant cells will be discussed through in vivo experiments.

Influence oi Excess Root Canal Filler upon Deciduous Teeth

To examine the influence of inadequate root canal filling, the following experiment was
planned. The second and third deciduous lower molars received pulpectomy, root canal
preparation, and root canal filling using Vitapex® composed of 30.3% of calcium hydroxide, 40.
4% of 10odoform and 22.4% of silicone oil, under general anesthesia. Contralateral molars without
treatment served as controls. Roentgenographic examinations were performed after filling, 2, 4
and 8 weeks after treatments. The following data are for the experiments in dogs from 2 to 3. 5
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months of age. Root surfaces of deciduous teeth showed that numerous MGCs seem to be
derived by stimuli based on excessive filling paste which flowed out from the apical foramen,
showing that root resorption of experimental teeth might be earlier than that of controls.

1) Acceleration of deciduous tooth resorption via excess filler

Roentgenograms showed that the second and the third deciduous lower molars were
incompletely formed. At this stage, permanent teeth crowns were of low radiopaque appearance
without root formation (Figure 1, a, b, e and f). Controls without treatment showed no root
resorption 4 weeks and 8 weeks after operation (Figure 1, ¢ and g). Compared with these
controls, examples with adequate root filling also demonstrated no significant changes after
eight weeks (Figure 1, h). As mentioned above, this experiment was designed to study
experimental teeth which received root canal preparation and root filling between 2 to 3. 5
months after birth. This stage is consistent with findings from the late root formation stage to
the root stable stage of deciduous dentitions, in which root apices were almost closed. Roots
which were adequately filled showed the same findings as those of controls. Root apices
appeared to be stable and permanent teeth were successfully developing 8 weeks after filling
(Figure 1, h).

Radiographic changes of deciduous teeth with overfilling are of interest, since intentionally
overfilled paste flows out around the permanent tooth germs. The amounts of overflowed paste
are variable by case. In some cases, a large amount of the paste covers a tooth crown (Figure 1,
b). Two weeks after the operation, the radiopacity of the excess paste decreased without
obvious root resorption of deciduous teeth. Four weeks after the operation, the radiopacity of
the excess filling paste declined significantly, and for ones measuring about a few millimeters in
diameter, it completely disappeared. However, a large amount of the paste flowed into periapical
tissue and around permanent tooth crowns, where it seemed to be hardly absorbed (Figure 1, d).
In this stage, roughly half of excessively filled cases showed root resorption, accompanied by
remarkable examples showing more than half-length resorption. Eight weeks after root canal
filling, the trabecular-radiopaque feature was observed in the area where the excess paste was
absorbed. The resorption was also detected in roots with excessively filled paste, but there were
no distinctive root resorption in adequately treated cases (Figure 1, h).

Light microscopic observations confirmed some evidence of radiographic changes. In
controls and adequately filled cases, there were no significant histological changes 2 or 4 weeks
after experimental start. The paste was filled neither over nor under in root canals, accompanied
by no inflammatory cells in the apical periodontal tissue. Root apices were completely formed
without physiological root resorption (Figure 2, a). In 8-week cases, some kinds of deciduous
teeth reached the exchanging stage. Once physiological root resorption occurred, the filling
paste appeared in the periodontal tissue along with the progression of root resorption. The filling
material was surrounded by inflammatory cell-rich granulation tissue with some vacuoles. New
trabecular bone also formed with the absorbing paste (Figure 2, b). Excess paste widely flowed
not only into the periapical tissue, but also into spaces between the permanent teeth and bone,
and sometimes the paste directly touched permanent tooh germs. Two weeks after the
treatment, root resorption was infrequent and slight (Figure 2, c). The granulation tissue
surrounding the paste comprised numerous foamy cells, large irregular cells having ovoid
nucleus, spindles cells, and MGCs (Figure 2, d).

In 4-week examples, excessively filled cases showed marked root resorption compared
with controls and adequately treated cases. The extruded paste scattered throughout the
periodontal tissue and surrounded by the granulation tissue contained the same kinds of cells as
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Figure 1  Radiographic feature sets of a 4-week (a-d) and 8-week group (e-h)

a:

Root apices are incompletely formed at the beginning of the experiment. Permanent teeth also
show incompletely formed crowns with poor radiopacity.

b: This case shows variable amounts of the overfilled paste just after the treatment.

g

Four weeks after the start of experiment, the control displays shows no significant root
resorption and normal progression of permanent teeth.

Radiopaque features of the excess paste decrease, especially a small amount of the extruded
paste is completely absent (arrow heads). Note abnormal root resorption (arrows).

The feature of the beginning is same as that of Figure 1, a.

In this case, only a small amount of the excess paste (asterisk) is observed.

After 8 weeks, a control specimen shows normal development of permanent teeth.

Eight weeks after the operation, a small amount of excess paste is completely absorbed with the
feature of trabecular radiopacity (arrow heads). The root close to the excess paste is absorbed
(arrow).
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Figure 2  Histological features after root canal filling

a:

b:

An adequately filled case shows no inflammatory changes in the apical periodontal
tissue 2 weeks after the operation.

Eight weeks after operation, the filling paste is covered by marked inflammatory cell
infiltration (arrows) as physiological root resorption even in an adequate case. Some
vacuoles appear in the granulation.

A large amount of the excess paste is observed as cavities (P) with slight root
resorption (arrows) 2 weeks after the root filling.

A two-week example shows multinucleated giant cells (arrow heads) and foamy cells
(arrows) infiltrating around the excess paste.
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Figure 3  Histological changes 4 weeks after the treatment

a:

C:

Excess paste (asterisk) distributes through the periodontal tissue with the marked
resorption cavity formation and bone formation (arrow heads). Note no resorption on
the root surface of the opposite side. P: filling paste

The contra-lateral tissue of Figure 3, a shows no significant changes with a completely
formed root apex and a normal looking permanent tooth (PT)

An instance of significant root resorption shows that numerous odontoclasts align on
the dentin surface (arrows).

The contra-lateral side of Figure 3, ¢ shows that the root apex with mild resorption is
recovered by cementum deposition (arrows).
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the 2-week samples. Resorption lacunae frequently formed in front of the granulation tissue
treated with excess paste (Figure 3, a), but the contra-lateral, control roots were stable without
resorption (Fiure 3, b). In significant instances, more than half of the deciduous root in length
was removed by numerous odontoclasts aligning on the dentin surface of lacunae (Figure 3, ¢).
Although some deciduous tooth roots showed mild resorption, cellular cementum covered the
scraped dentin surfaces (Figure 3, d).

As is well known, the primary root resorption process is regulated in a manner similar to
bone remodeling, involving the same receptor ligand system known as receptor activator of
nuclear factor-kappa B/RANK ligand (RANK/RANKL). Its minor part is promoted by
upregulation of vascular endothelial growth factor (VEGF) that upregulates the expression of
RANK on osteoclast precursors as does M-CSF [28, 74, 76]. The overfilling of root canals
results in the acceleration of deciduous tooth resorption. In all experiments with excess paste,
the varied degrees of granulation tissue that developed in the periodontium seem to intimately
relate to marked root resorption. The number of monocytes which appeared around the tooth
germ of a permanent tooth correlates with the number of osteoclasts absorbing the deciduous
tooth. The increase in number of monocytes or precursor cells of osteoclasts accelerates bone
resorption, which simultaneously relates to the permanent tooth eruption [42, 45, 75].

In this experiment, infiltrated macrophages may have two important roles. The first is as a
source of cytokines inducing odontoclasts/osteoclasts and the second is as a precursor of
odontoclasts /osteoclasts. Mononuclear precursors of human osteoclasts have been identified in
both bone marrow and the circulation. Precursor cells capable of osteoclast differentiation are
present in the marrow compartment, the monocyte fraction of peripheral blood, and in the
macrophage compartment of extraskeletal tissues, and these cells are capable of differentiating
into mature functional osteoclasts [56]. In inflammatory reactions, macrophages play a key role
for tissue regeneration and tolerance. Their differentiation is thought to be regulated by
macrophage colony stimulating factor (M-CSF)/colony stimulating factor-1 (CSF-1). The ability
of macrophages to produce M-CSF secures macrophage differentiation under Thl and Th2 cells
[55]. M-CSF is essential for producing in inflammatory lesions and osteoclast formation, but the
participation of inflammatory cytokines in osteoclast differentiation is complex [29, 40, 55]. In
addition to M-CSF, interlukin-la (IL-1a), tumor necrosis factor-a (TNF-a) and other key
molecules take part in the bone resorption and osteoclast differentiation [72, 77]. Excess filler
also causes proliferation of granulation tissue composed of fibroblasts, endothelial cells and
lymphocytes. Lymphocytes are immune cells that can produce IL-1, IL-6, and IL-17, TNF-a and
RANKL [4, 27]. Quinn and his coworkers demonstrated that fibroblasts of extraskeletal tissues,
such as skin fibroblast, could express RANKL and M-CSF and support osteoclast formation [57].
Furthermore, IL-1 directly activates RANK signaling other than inducing RANKL to promote
osteoclastgenesis [41]. Thus, the area with extruded filler provides the backgrounds for the
increasing number of odontoclasts and acceleration of tooth resorption (Figure 4).

2) Increase in number of TRAP-positive multinucleated giant cells by excess filling
paste
Controls and experiments without overfilling show scattered tartrate resistant acid
phosphatase (TRAP)-positivity, and flattened mononuclear cells on the surface of cementum
without resorption 2 weeks after treatment (Figure 5, a). At 4 and 8 weeks, TRAP-positive cells
were slightly increased in number.
Excessively filled cases showed that mononuclear cells and MGCs appeared in the
periodontal tissue, accompanied by flattened or dendritic TRAP-positive cells on/close to the
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Figure 4  Activation of odontoclastgenesis: M-CSF, TNF-«a and IL-1 induce the monocyte proliferation or
RANKL production, consequently accelerating tooth resorption.

root surface 2 weeks after operation. Foamy mononuclear cells and some MGCs having large
vacuoles did not demonstrate TRAP activity. However, other MGCs containing phagocytotic
vacuoles showed a weak TRAP activity in part. The intensity of TRAP activity varied from
cytoplasm to cytoplasm (Figure 5, b and c). In the distant periodontal tissue from the root apex
with the overflowed filling paste, mononuclear cells and multinuclear cells with a weak TRAP-
positivity increased in number (Figure 5, d). After 4 and 8 weeks, increased lacunae contained
odontoclasts with strong TRAP activity, while mononuclear cells and MGCs surrounding the
paste showed somewhat weak and variable reactions to TRAP, the as same as that in two-week
cases.

Bone marrow macrophages show TRAP activity in certain pathological conditions such as
chronic leukemia, metastatic cancer, excess transfusion, osteomyelodysplasia after chemother-
apy, and so on. Therefore, TRAP is considered as a marker of cell activity rather than of cell
differentiation [10]. Giant cell tumor of bone contains not only TRAP strongly positive MGCs
but also TRAP weakly positive macrophage-like cells [46]. In experimental cases with excess
filler, preodontoclast-like multinuclear giant cells as well as FBGCs with vacuoles demonstrated
a weak TRAP positive reaction. These two types of giant cells can be divided by the extent of
reaction. However, this result suggests that TRAP reaction is not a specific marker of
osteoclasts/odontoclasts. A TRAP appears to reflect the phagocytotic activity or function of
these cells rather than their differentiation. Osteoclasts/odontoclasts have numerous
mitochondria, cytoplasmic vacuoles and lysosomes similar to mature macrophages and FBGCs
[14]. In another example, extraskeletal or giant cell tumors of soft tissue show the same
histological and immunohistochemical characteristics as giant cell tumors of bone, that is,
osteoclastoma [26]. Concerning the immunophenotypic character, osteoclasts share the same
membranous antigens with both macrophages and FBGCs [7, 56], which shows a similarity
among these cells. Of this in vivo examination, the results suggest that FBGC can phagocytize
dental hard tissue in certain pathological conditions; details of the findings will be described in
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Figure 5 TRAP staining features counterstained with hematoxylin

a: A TRAP activity is detected in the cytoplasms of mononuclear cells laying on the cementum surface
without resorption in a 2-week-control.

b: In a 2-week experimental case, TRAP-positive-dendritic cells (arrows) are recognized. Moreover,
multinucleated giant cells are phagocytizing the excess paste in the periodontium.

c: This photomicrograph is a high-power view of Fig. 5, b. A multinucleated giant cell is positive for
TRAP staining (arrowheads), but negative for foamy mononuclear cells (arrows).

d: In the distant periodontium from the root apex with overfilling, there are proliferating mononuclear
cells and multinuclear cells with a weak TRAP-reaction (arrows).
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the following sections. Detection of TRAP positivity on FBGCs is an interesting phenomenon
that shows the cell activity or function seems to change according to the kinds of foreign bodies
or the periods of reactions. On the other hand, a well-developed ruffled border and strong TRAP
reaction of odontoclasts could show extremely stronger phagocytotic activity than that of
FBGCs.

The environment might significantly affect the function which a multinuclear giant cell
could obtain. Whether FBGCs can alter their character is discussed on in vivo experimental
models using rat subcutaneous tissue in parts 2 and 3 of this chapter.

3) Formation of multinucleated giant cells by overflowing filling paste

As described above, the excess paste that flowed out into the periodontal tissue was
surrounded by granulation tissue composed of mono- and multinuclear cells. Numerous
macrophages infiltrated around the overfilled paste 4 weeks after the operation. In electron
microscopic photographs, the overflowing paste was mostly observed as spaces so that the paste
mostly disappeared during the preparation of tissues. Sometimes, delicate, moderate electron-
dense microfibrils with reticular structure remained in the peripheral areas of the spaces.
Cytoplasms of macrophages facing the paste showed scanty organelles and relatively short and
thick processes extending into the paste. Macrophages were most frequently observed 4 weeks
after the operation. In this stage, the granulation tissue, predominantly composed of
macrophages, proliferated in a granuloma-like fashion. Macrophages, measuring 5 to 20um in
diameter, phagocytosed medium electron dense substances and these complexly contacted
and/or combined with adjacent cells by their long-elongated cytoplasmic processes.
Macrophages with phagocytic vacuoles scattered throughout the tissue distant from the excess
paste. Mitotic figures were frequently observed in the cells arranged in a cobblestone
appearance (Figure 6, a).

Macrophages which phagocytosed the excess paste were widely distributed throughout
peripheral nerve tissue observed in places distant from the periapical tissue with extruded
paste. Roughly 1um-diameter nerve fibers, running sparsely or fascicularly, showed phagocytic
and regenerative appearances (Figure 6, b). Nuclei of macrophages infiltrating around the roots
were large and irregular. Chromatin was sparsely scattered throughout the nuclei, but
heterochromatin was distributed in the periphery. Most macrophages showed that their
cytoplasms contained numerous mitochondria, vesicles and phagocytotic vacuoles. Some
macrophages with poor organelles were somewhat immature. In the intercellular spaces
between proliferating macrophages, there were necrotic cells, degenerated nuclei and
organelles as well as much debris irregularly invaded by elongated cytoplasmic processes of
macrophages (Figure 7, a). Irregular MGCs were also noted in the periodontal tissues. These
MGCs had prominent cytoplasms with well-developed Golgi apparatus, numerous mitochondria
and phagolysosome/phagocytic vacuoles. Some macrophages contained a huge phagocytic
vacuole which was made up of accumulation of organelle-like reticulum measuring 20um in
diameter. This macrophage extended a long and slender cytoplasmic process or a villous process
whose expanded tip contacted with an adjacent lymphocyte (Figure 7, b). The extruded paste
was distributed in small clusters around the root apex. These clusters were observed as spaces
containing cell debris and amorphous or granular substances. Long spindle-shaped macrophages
with irregular processes surrounded these spaces (Figure 7, c¢). These macrophages had
numerous mitochondria, phagolysosomes and phagocytic vacuoles in their cytoplasm, but the
cytoplasm facing the paste or connecting with each other showed poor organelles (Figure 7, d).
In this manner, it enclosed the clusters of overflowed filling paste or seemed gradually to
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Figure 6  Macrophages infiltrating around the overfilled paste 4 weeks after the operation

a: The area where the excess paste flows out is observed as a space (P). In this space, a small amount
of the medium density material (asterisk) is noted. Numerous macrophages contain vacuoles
(arrows) of various sizes and some of them show a mitotic figure (arrowheads). Inset: Macrophages
extend pseudopodia to the micro-filamentous material (asterisk).

b: Macrophages (Mp) containing droplets scatter throughout the nerve fivers that show phagocytosis
(arrows) and regeneration (arrowheads) of neurofilaments in the peripheral tissue of the overflowed
paste (P).
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Figure 7 Multinucleated giant cell formation 2 weeks after the operation

a:

The nucleus and organelles (arrows) of degenerated cell (DN) are surrounded by
macrophages (Mpl-Mp5) that have phagocytic vacuoles (PV). But some macrophages show
scanty cytoplasms.

A large phagocytic vacuole contains the structure suspected as accumulated endoplasmic
reticula (asterisk) in the multinucleated giant cells with numerous phagocytic vacuoles (PV)
and phagolysosomes (Ph). Note a lymphocyte (Ly) contacts with a multinucleated giant cell
by an elongated process (arrowhead).

Some macrophages (Mp) enclose the overflowed paste.

Cytoplasms facing the paste (p) show scanty organelles. Pseudopodia (Ps) or cytoplasmic
processes surrounding the paste connect with each other (arrowheads). M: mitochondria,
Ph: phagolysosome, PV: phagocytic vacuole
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transform into MGCs.

MGCs enclosing the paste were variable in shape. These showed flattened cytoplasms and
a reticular fashion in part. The cytoplasms had numerous mitochondria and phagolysosomes, but
relatively scant phagosomes. Reticular cytoplasms combined with their villous cytoplasmic
processes or connected with macrophages (Figure 8, a). Some MGCs surrounded the space in an
almost ring-like fashion. The external cytoplasmic membrane had irregularly extended
processes, but the internal surface of the ring-like cytoplasm was smooth. The spindle nuclei
with irregular nuclear membranes were situated in the periphery of the cytoplasm.
Furthermore, the circular giant cells connected with the cells with mitotic figures, which
expanded their cytoplasm to completely enclose the excess paste (Figure 8, b).

As clearly demonstrated by this study, the tissue reaction to excessively overfilled paste
results in proliferation of granulation tissue that is composed of foamy macrophages and MGCs
after 2 weeks. This reaction is also derived when the paste enters the periodontal tissue after
tooth absorption in the cases with adequate root canal filling. Electron microscopic observations
disclosed that this reaction is similar to the formation of epithelioid granuloma [3]. Four weeks
after the operation, the paste was surrounded by a proliferation of mature macrophages,
arranged in a cobblestone appearance. At the later stage, the number of infiltrating macrophages
appeared unchangeable.

The metabolism of the silicone has been controversial. In this study, macrophages with
large phagocytic vacuoles were widely distributed, only in the periodontal tissue, but also in the
tissue distant from the root apex. Phagocytic vacuoles of macrophages contained some droplets
which seemed to be silicone. Kawakami and his colleagues have reported that silicone
embedded in the subcutaneous tissue is detected in macrophages, MGCs, capillaries of
originally embedded tissue, and distant cutaneous tissue and digestive organs [35, 36]. A small
amount of silicone seems to be excreted in the urine after transition into blood. This
examination does show the systemic movement of the paste, but infiltrated macrophages take an
important roll in the disposal of the excess paste including silicone oil. The wide movement of
macrophages with the paste implies wide distribution of the paste, as well as silicone. The filling
paste excessively carried out of the root canal does not stay in the apical periodontium. This is
an important problem after the overfilling since some components of the paste remain for at
least 8 weeks in the peripheral tissues.

It is thought that MGCs are formed by mitoses without cell division or by cell fusions. Black
and his co-workers [14] had been already showed that MGCs arising in the metal granuloma did
not divide their cytoplasms through the *H-thymidine labeling method. All of the interdigitation
of epithelioid cells did not reveal their cell fusion, but they thought that this feature could explain
the formation of MGC and FBGCs, or that Langhans type giant cells could be made by cell
fusion. In this model, we can find two types of giant cells: irregular-solid and circular ones.
Concerning these features that show macrophages surrounding degenerated cells and the
excess paste, accompanied by the connection of neighboring cells, the processes of giant cell
formation are estimated to be as follows. The former irregular-solid type giant cell is made by
following processes: a) some macrophages surround relatively small particles of the paste or
degenerated cell debris; b) neighboring macrophages connect with each other; and c) cell fusion
occurs with large phagocytic vacuoles in its cytoplasm. The later circular type giant cell is made
by following processes: initially macrophages surround a large amount of the paste and
neighboring macrophages connect with each other; finally cell fusion occurs, but the paste
remains without phagocytosis. It is well known that macrophages have the scavenger receptor
CD36. Recent study suggests that CD36 is required for cytokine-induced fusion of macrophages
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Figure 8 Multinucleated giant cell formation 2 weeks after the operation

a:

Giant cells (MGC) surrounding the paste show a reticular structure in part and contact macrophages
(Mp). The high power electron micrograph of a rectangular part demonstrates the interdigitation
between extending processes from mitochondria (arrows) and phagosome-(arrowheads) rich cells
(inset).

Another giant cell (MGC) surrounding the paste shows a ring-fashion. Its cytoplasms contain a few
phagosomes and show a smooth internal surface. Note a cell with mitosis (asterisk) connected with
this giant cell. D: dentin, F: fibroblast, Mp: macrophage
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Figure 9  Normal appearance of root resorption in the control 8 weeks after the operation

a: The control without treatments shows the internal and external resorption of the root apex. The pulp
tissue of the root canal shows odontoclastic (Oc) dentin resorption, accompanied by infiltration of a
few macrophages (Mp). Note remaining cementum in the apex.

b: A high power field of Fig. 10a shows an odontoclast with well developed ruffled border (RB) and
extended cytoplasmic processes in all directions. F: fibroblast

c: An odontoclast extends its process across the apical constriction and the cementum (Ce).
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and is involved in the formation of multinucleated giant cells [31]. Furthermore, circular type
giant cell showed mitosis, which might represent the possible feature of MGC formation. It
suggests that FBGC made by cell fusion increases its nuclei by mitosis without cell division.

4) Tooth resorption via foreign body type giant cells

In the root apices of the controls without treatment, many resorption lacunae were
sometimes observed in the pulp, due to internal resorption, even when there was no finding of
root resorption. A small number of macrophages and many fibroblasts extending dendritic
processes were found within the pulp. However, neutrophils or lymphocytes did not infiltrate.
Odontoclasts in the physiologic tooth resorption had a well developed ruffled border and a
bouquet of cytoplasmic villi which extended to the center of the pulp. The tooth resorption
seemed to develop from the internal dentin to the external cementum of the apical foramen. An
odontoclast extended its cytoplasmic process across the apical constriction and absorbed the
cementum (Figure 9).

The overfilled cases showed that there were many fibroblasts, macrophages and
preodontoclast-like giant cells in the periodontal tissue around markedly absorbed root apices.
The dentin surface formed many absorbed lacunae in which mitochondria-rich odontoclasts with
a bizarre morphology were situated. These odontoclasts had well-developed ruffled borders
(Figure 10, a). The periodontal tissue distant from root resorption developed phagocytosis of
collagen fibers by fibroblasts. In these areas, ovoid or irregular-shaped MGCs appeared around
capillaries. The cytoplasm of MGCs contained numerous mitochondria, infrequently a
centrosome, located in the center of some nuclei. Their cellular surface had numerous micro-
villi, accompanied by an irregularly extending cytoplasmic process (Figure 10, b).

In the experimental cases with overfilling, macrophages frequently infiltrated around
absorbed roots. Some of them were close to the dentin surface, accompanied by mitotic figures.
Giant cells laid their slender cytoplasmic processes on the absorbed dentin surface. Their
cytoplasms with numerous mitochondria had phagosomes or vacuoles which contained granular
substances. The cytoplasm facing the dentin surface showed scant organelles, which was
somewhat similar to the structure of clear zones of odontoclasts. However, these giant cells
never had ruffled borders (Figure 11, a). The macrophages covered the absorbed dentin and also
showed extending cytoplasmic processes with poor organelles that mimicked clear zones.
Collagen bundles of the dentin covered by macrophages showed a characteristic future of fibers
loosely arranged in a fluffy fashion (Figure 11, b).

Our experimental model with overfilling showed active root absorption with numerous
macrophages and MGCs, but no significant changes were noted in the controls and in those with
adequate root canal filling. The experimental phenomenon is thought to be abnormal or an
unphysiological reaction due to foreign body reactions. The characteristic reaction to the excess
pastes is a significant infiltration of macrophages. We have no doubt that odontoclasts take a
main role in root resorption. There is an important relationship between odontoclasts and
macrophages in the root resorption with foreign body reactions.

Odontoclasts and osteoclast are thought to be cells of the same linage, but their detail has
not been clarified. Osteoclasts are derived from a monocyte-macrophage cell line [7]. It is well
recognized that 1o, 25-(OH) 2D3, RANK- RANKL, and other important signaling pathways
participate in osteoclast differentiation. Under the presence of these factors, precursor cells
capable of osteoclast differentiation are present in the marrow compartment, the monocyte
fraction of peripheral blood, and in the macrophage compartment of extraskeletal tissues. These
cells of macrophage-monocytic lineage have the ability to differentiate into mature functional
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Figure 10 Odontoclasts markedly absorbed the deciduous teeth in the experiment, 8 weeks

after the operation

a: The periodontal tissue of an overfilled case shows macrophages (Mp) and preodontoclast-
like cells (PO) in addition to periodontal fibroblasts (F). Many odontoclasts (Oc) make
resorption lacunae on the dentin (D).

b: A high power view of odontoclasts (Oc) shows a relatively developed ruffled border (RB) in
its structure.

c: In the periodontal tissue distant from the overfilled area, multinucleated giant cells and
fibroblasts (F) phagocytosed collagen fibers around a capillary (CL). This giant cell has
microvilli and extends a long cytoplasmic process (arrow). In the rectangular area of
multinucleated giant cell, many mitochondria (arrowheads) and the sentrosome or central
body (CB) are observed.
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Figure 11 Dentin resorption by foreign body giant cells 2 weeks after the operation

a: In the overfilled case, a giant cell (GC) with large phagocytic vacuoles (PV) lies on the dentin (D) surface.
Immature macrophages contact with a giant cell. GC: giant cell, F: fibroblast

b: Elongated process of a macrophage (Mp) contacting with dentin shows clear-zone like structure of the
odontoclast. The collagen fibers of the dentin (D) covered by the cytoplasmic process of a macrophage
(Mp) are fluffy or loose (arrowheads).
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osteoclasts [29, 58, 70]. Simultaneously, the presence of osteoblasts producing induction factors
is necessary for osteoclast differentiation [1]. However, we have insufficient knowledge how
physiological root resorption by odontoclasts is controlled. Just after the stable period,
numerous fibroblasts and macrophages, which phagocytize collagen fibers, appear in the
periodontal tissue of deciduous teeth. Cementoblasts seem to take the same role as that of
osteoblasts in odontoclast differentiation [63]. Many pre-odontoclastic MGCs were also seen in
the perivascular tissue which is distant from the overfilled area, and which might represent that
the cementoblast is not an essential factor to odontoclastic root resorption. Not only skeletal
fibroblasts but also extraskeletal fibroblasts such as skin fibroblasts are capable of produce
RANKL and M-CSF and supporting osteoclast formation [57] so periodontal fibroblasts act
similarly.

The number of odontoclasts appearing around the crown of a permanent tooth correlates
with that of monocytes in the tooth exchange of a dog. The increase in the number of monocytes
could accelerate the bone resorption, which simultaneously would help permanent tooth
eruption [43, 47, 77]. In previous research, fully-developed alveolar macrophages differentiated
into odontoclast-like cells whose prevalence related to the number of alveolar macrophages [69].
Odontoclast differentiation from its precursor cells is controlled under the presences of several
induction factors such as macrophage colony stimulating factor (M-CSF)/colony stimulating
factor 1 (CSF-1), interleukin-1lae (IL-1a), tumor necrosis factor a (TNFa), and so on. It is well
known that macrophages produce some of them [27, 55, 73]. For example, IL-1a stimulated the
formation of osteoclast-like cells via an increase in M-CSF and prostaglandin E2 (PGE2)
production, and a decrease in osteoprotegerin (OPG) production by osteoblasts [67]. Concerning
these facts, the overflow of the filling paste could result in the increased infiltration of
monocytes and macrophages with the production of some cytokines, M-CSF, IL-1a or TNFq,

Figure 12 Tooth resorption via odontoclast and odontoclast-like foreign body giant cells: Overfilling causes
odontoclast activation and odontoclast-like MGC formation that participates in tooth resorption.
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which appears to accelerate tooth resorption under the development of odontoclast
differentiation in the periodontal tissue with excess paste. Thus, the excess paste makes the
local cytokine level up-regulate through the assembly of macrophages and accelerates tooth
resorption by both odontoclasts and odontoclast-like giant cells (Figure 12).

Under the physiologic condition, both odontoclasts and macrophages are closely related to
root resorption. In fact, dentin fragments are sometimes phagocytozed by macrophages [62] and
the exact example will be presented in part 2 of this chapter. Odontoclasts are similar to
osteoclasts but their nature is controversial. MGCs appear in various lesions, such as foreign
body granulomas or some neoplastic lesions. MGCs arise in giant cell tumor of which neoplastic
cells are capable of absorb hard tissue [46]. MGCs of breast caner could absorb bone fragments
in vitro. Interestingly, this resorption is directly activated by parathyroid hormone stimulation
[8]. In other examples, hydroxyapatite or polymethylmethacrylate particle-associated
macrophages are differentiated into multinucleated giant cells with tartrate resistant acid
phosphatase (TRAP)-positive reaction [60]. Similarly, iz vivo phenomena will be presented and
discussed about their biological characteristics in part 3. MGCs located on the surface of
deciduous roots (Figure 11) have the mitochondria-rich cytoplasms with numerous and various
sized phagocytotic vacuoles but lack ruffled borders. This feature shows that these giant cells
have not differentiated into odontoclasts. Therefore, this type of giant cell should be called
FBGC, closely related to dentin resorption under the excess root canal filling.

Tooth resorption via experimentally-induced foreign body
multinucleated giant cells in vivo

As mentioned above, root canal overfilling brought early root resorption both for
odontoclasts and foreign body giant cells (FBGCs) i vivo. In the examination using deciduous
teeth of dogs, the start times of the experiments and the conditions of root canal filling are varied
or inconstant. Moreover, it is problematic that odontoclasts arise in physiological root absorption
with the eruption of permanent teeth as the background. It was thought that this experimental
model was insufficient to clarify the function of foreign body type multinucleated giant cells
(MGCs) and the relationship between odontoclast induction and the excess root canal
overfilling. Therefore, another experimental model regarded as a root apex was prepared to
focus on these problems.

In this model, we performed subcutaneous implantation of root fragments in rats. Under
abdominal anesthesia, lower left and right incisors were amputated and shaped into cylindrical
teeth fragments measuring 4 mm in length. Root canals of left teeth fragments were enlarged up
to size N-40 (Figure 13). Finally, the root canals of these experimental fragments were filled
with calcium hydroxide paste without excess or deficiency. The right side fragments were used
as controls without root canal treatment. Three days, 1 week, 2 weeks and 4 weeks after
implantation in the dorsal subcutaneous tissue, embedded teeth fragments excised with
surrounding connective tissue were routinely process for histochemical examination and non-
specific esterase activity was detected.

Histologically, 3 days after implantation, pulp cells of controls remained without significant
changes. Slight degeneration and inflammatory cell infiltrations were observed in the pulp of
controls. Some neutrophilic leukocytes and mononuclear cells infiltrated the connective tissue
that surrounded the cut surface of tooth fragments. In this model, these areas were regarded as
apical foramen and periodontal tissue (Figure 14, a). Monocytes were highlighted by granular
positivity to non-specific esterase. Especially, dark brown granules were observed in the
perinuclear area (Figure 14, b). The number of infiltrated mononuclear cells, including non-



72 Chapter 5

Figure 13 Tooth preparation for the experiment:
An amputated incisor (upper) was
shaped into a cylindrical fragment
measuring about 4mm in length. The
root canal was enlarged to size N-40
(lower).

specific esterase-positive monocytes in experiments, was more than that in controls. Numerous
rounds cells infiltrated around a virtual apical foramen. Especially, a lot of polymorph nuclear
leukocytes intermingled with mononuclear cells (Figure 14, ¢ and d).

One week after implantation, infiltration of round cells decreased in the surrounding
connective tissue that consisted of the fibroblast and the collagenous stroma. Only hyperemic
changes still remained in the control group (Figure 14, e). While experimental tissue showed
interesting changes in the surrounding tissue at 7 days, polymorph nuclear leukocytes markedly
decreased, yet mononuclear cells were prominent. Mononuclear cells with empty cavities were
large and small vacuolated or signet-ring like cells that were scattered throughout the
surrounding granulation tissue. Moreover, MGCs with irregular-situated nuclei appeared on the
dentin surface. However, these giant cells did not begin hard tissue absorption yet at this stage
(Figure 14, f).

Two weeks after implantation, almost all inflammatory cells disappeared in the
encapsulating connective tissue comprising collagen fibers and some fibroblasts in control
sections. The dentin surface displayed mild absorption by MGCs that had poorly morphological
characteristics as typical odontoclasts (Figure 15, a). Experimental specimens showed that the
paste in root canals somewhat protruded from the virtual apical foramen. The protruded paste
was surrounded by granulation tissue (Figure 15, b and c).

Four weeks after implantation, tooth fragments of controls were encapsulated by thin
granulation tissue similar to that of controls after 2 weeks. Multiple scalped-shape lacunae were
observed on the dentin surface (Figure 15, d). In experiments, clear resorption lacunae on the
dentin surface were accompanied by infiltration of mononuclear cells such as monocyte-
macrophages and flat MGCs. Numerous macrophages and MGCs surrounding vacuoles were
observed around the filling paste. Interestingly, some MGCs were attached to both the paste and
the dentin (Figure 15, e). Note Figure 16. Giant cells that were irregular in shape had fine
vesicular phagocytotic vacuoles which faced and attached to both dentin and filling paste. As
shown in part 1(Figure 11), this MGC had not only small vacuoles but also relatively large ones
in its cytoplasm.

The pathological change in the periodontal tissue with excess paste seems to strongly
depend on the components of this filler, which contains silicone as a lubricant. About the fate of
silicone oil extruded into periodontal tissue, details are given in the previous section. Briefly,
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Figure 14 Tissue reactions to experimental models

a:

Slight infiltration of round cells are observed in control specimens 3 days after
embedding (D: dentin, P: pulp tissue)

Mononuclear cells show granular positive reactions (arrows) to non-specific
esterase in controls at 3 days.

Numerous inflammatory cells infiltrate around a filled canal of a left tooth
fragment as an experiment after 3 days.

Higher magnification of Figure 14, c shows neutrophils (arrowheads) and
monocytes (arrows).

In controls, a few inflammatory cells infiltrate in the granulation tissue
encapsulating untreated teeth fragments 1 week after embedding
Multinucleated giant cells (arrow) appeared closed to the cut surface of dentin,
accompanied with scattering vacuolated macrophages (arrow heads) in an
experimental case.
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Figure 15 Resorption of tooth fragments and filling paste

a: Multinucleated giant cells (arrow) form shallow resorption lacunae in a control.

b: Granulation tissue proliferates around filling paste (FP) in an experiment 2 weeks after implantation. Note
resorption lacunae (arrows) of the dentin surface.

c: A high-power view of Figure 15, b shows multinucleated giant cells (arrow) in lacunae.

d: At 4 weeks, giant cells make pits on the dentin surface of a control. A multinucleated giant cell (arrows) lies
along both the dentin and filling paste in an experimental case.
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Figure 16 Multinucleated giant cells with minute
vacuoles facing both dentin (D) and filler
(asterisks) at 4 weeks.

silicone is hardly absorbed and mainly remains in the local tissue. Some amount of silicone is
phagocytozed by macrophages or MGCs, which is well demonstrated in studies using *C-
labelled silicone oil embedded in rat subcutaneous tissues [34, 36]. The reaction to over filling
paste in periodontal tissue is also characterized by infiltration of numerous macrophages and
MGCs. MGCs seem to be formed through degenerated or necrotic cells.

Numerous i vivo experiments of odontoclasts have been conducted, but many of these are
based on models of orthodontic root resorption [16]. This unique experimental model in the rat
subcutaneous tissue clearly shows mono/MGCs with cytoplasmic vacuoles around the both ends
of a tooth figment, namely, the hypothetical apical foramen. This change seems to be caused by
filling paste because it cannot be found in the controls. Acute inflammatory reaction is localized
around the virtual foramen and granulation tissue consequently formed in the limited area. In
this experiment, because the root canal paste was filled in canals having the same diameter, the
cross-section of canals and the contact area between the paste and surrounding tissue was
almost equal. Therefore, the extent of granulation tissue that appeared around the virtual apical
foramen may be constant. The most impressive feature of this model is the formation of
resorption lacunae. 14 days after implantation, lacunae which formed on the surfaces of the
virtual root apices were found in both controls and experiments. The precise amount of dentin
resorption is unclear from this experiment because quantitative data for both groups are not
shown. However, MGCs can be found in experiments but not in controls after 7 days. This result
suggests that MGC formation is accelerated by foreign body reaction to root canal filling paste.
In fact, there are numerous inflammatory cells observed in experiments in comparison with
controls.

Increased inflammatory reaction in experimental cases may serve cytokines more than
controls. Interleukin-1a (IL-1a) is one of the most potent bone-resorbing factors involved in the
bone loss that is associated with inflammation [67]. Macrophages secrete an array of
inflammatory mediators following activation. A resting macrophage becomes activated in
response to microbial products, immune complexes, chemical mediators, certain extracellular
matrix proteins, and T lymphocyte-derived cytokines. Activated macrophages are capable of
secreting a wide range of cytokines such as IL-1, IL-6, IL-10, IL-12, IL-18, and TNF-«a, TGF-j3
TGF A 3-8, MCP-1, and MIP-1a/8 [4]. Activated macrophages play an important role in several
pathological conditions such as inflammation and tissue regeneration including foreign body
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reaction [55]. In tooth resorption, several cytokines control the induction and function of
odontoclasts or osteoclast, and macrophages have a close connection with the control of LI-1 and
other cytokine production [1, 53]. Odontoclasts and osteoclasts have the same biological
characteristic, which has long been known [22], and both tooth and bone resorption is thought to
be regulated in the same manner [28]. Concerning these facts, the increased number of
macrophages seems to participate in formation of MGC, odontoclastic tooth resorption and
alveolar bone resorption in the shedding process of experimental cases, as described in part 1.

Another interesting finding of this experiment is a MGC of which cytoplasm extends over
the resorption lacunae of the embedded tooth and the paste filled in the root canal. This feature
might show that the giant cell simply contacts with the paste without phagocytosis. Whether this
giant cell can phagocytose the paste was not confirmed because an ultrastructural investigation
was not performed in this study. However, this feature is thought to be representative for the
nature of MGCs and we believe that these are capable of the processing various materials
depending on its environment. In other word, osteoclast is one of specially differentiated foreign
body giant cell. Although the exact molecular mechanisms that lead to macrophage fusion have
not been fully elucidated, many cytokines such as IL-4 or IL-13 produced in inflammatory foci
work as inducers for cell to cell fusion [4]. Therefore, the rat subcutaneous model is suitable for
an examination of the functions of extraskeletal or soft tissue foreign body macrophages or
odontoclastic giant cells iz vivo. Further findings of MGCs in soft tissue will be described in the
next.

Characteristics of multinucleated giant cells

Foreign body type and osteoclastic type giant cells cannot be easily divided into two groups.
About a hundred year ago [30], multinuclear giant cells (MGCs) were classified into two groups
on the basis of their origins: the first group includes MGCs arising in specific tissues such as
megakaryocytic, myoblastic MGC and placental trophoblastic giant cells; the second group
comprises reactive such as foreign body giant cells (FBGC), Langhans type giant cells of
granulomatous inflammation, and osteoclasts. It is generally considered that the former is
created through mitoses but the multinucleation of the later is caused by cell fusion. Here, we
will discuss the morphological and histochemical characteristics of MGCs that are
experimentally induced.

As described parts 1 and 2, certain environments enable MGCs of foreign body giant cells to
process various materials, not only dental hard tissue but also biomedical materials for bone
regeneration or plastic surgery. Hydroxyapatite (HAP), with an osteoinductive ability, is a non-
absorbable and excellent biocompatible material [41, 49], while 3-tricalcium phosphate (TCP) is
a bioactive ceramic that is replaced by bone tissue after degradation [49]. Bovine bone particle
(BP) that is a deproteinized, as well as sterilized bone particle for artificial bone grafting, has an
osteoinductive effect. There are many reports on tissue reactions of calcium phosphate ceramics
embedded in rat subcutis [20, 54, 65], soft tissue [19, 48] or bone tissue [19, 20, 23, 39, 41, 49,
52, 54, 66] and in vitro experiments [21, 37]. HAP and TCP have been frequently applied to bone
augmentation and sinus lift surgery prior to dental implantation. MGCs induced by HAP
implantation in periodontium show features similar to osteoclasts, including ruffled borders and
clear zones and tartrate-resistant acid phophatase (TRAP) activity [33, 52].

Figure 17 shows an example of sinus augmentation surgery using a bone graft mixture with
B-TCP granules. In this pathological condition, MGCs seem to play an important role in
processing of embedded hard tissue particles. Our experimental model for soft tissue MGCs
could clarify characteristics of MGCs as follows.
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Figure 17 Pathological changes of a bone graft mixture in a sinus augmentation surgery four months after the
operation
a: [} -tricalcium phosphate granules (asterisks) remain in regenerated tissue with newly developed bone
trabeculae (arrows).
b: A high-power view of some multinucleated giant cells (arrows) appears close to embedded f -tricalcium
phosphate granules (asterisks).

Briefly, four kinds of materials — hydroxyapatite (HAP), 3-tricalcium phosphate (TCP),
baked particles of bovine bone (BP) and cholesterin crystals (CHOL) — were milled to
diameters of less than 20 um and embedded in subcutaneous tissue of anesthetized rats. Three
days, 1 week, 2 weeks 3 weeks and 4 weeks after operation, excised samples fixed with 0.1M
cacodylate buffered 1. 25% glutaraldehyde 1% paraformaldehyde fixative mixture were
embedded in Technovit7100® (Kulzer, Germany) with or without decalcification using 10%
EDTA solution (pH7.0). Decalcified or undecalcified 5 um-thick sections were histologically and
enzyme-histochemically investigated. Enzyme-histochemical characteristics of the MGCs were
analyzed as the positive-area ratio of cells reacting positively to non-specific esterase (NSE),
acid phosphatase (ACP), tartrate-resistant acid phosphatase (TRAP), and ACP pretreated with
cyanuric chloride (CCAP); and TRAP samples with the same pretreatment (CCTP) were
measured by means of a color image analysis system. TRAP and CCAP activities were used as
osteoclastic markers [47, 50, 71].

1) MGCs induced via HAP embedding

Microscopically, the embedded HAP was observed as nodules with infiltration of oval or
irregular-shaped mononuclear cells. Immature or capillary-rich granulation tissue proliferated
around the embedded material (Figure 18, a). MGCs were scattered in foci with many
mononuclear cells. These MGCs showed relatively small cytoplasms having two or three nuclei.
After 1 week, the implanted area showed aggregation of mononuclear cells within proliferating
granulation tissue where oval or irregular-polygonal MGCs with 5 to 10 nuclei had appeared.
The number and size of MGCs and the number of nuclei increased compared with the 3 days
examples (Figure 18, 2b). Two week cases showed that both mononuclear cells and MGCs
increased in number. MGCs had oval or irregular-polygonal cytoplasms showing distinct cell
borders compared with that of 1 week samples. Small amounts of HAP particles were observed
in their cytoplasms. Relatively large nuclei of MGCs had one or two distinct nucleoli and scanty
chromatin (Figure 18, c). In certain parts, many spindle-shaped mononuclear cells were piled up
around MGCs and mimicked epithelioid cell features (Figure 18, d). Interestingly, three nuclei
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Figure 18 HAP group

a:

Q

Mononuclear cells infiltrate around the HAP. Some (arrow) are arranged in like MGC, 3 days
after the embedding.

Many MGCs with 5 to 10 nuclei appear, 1 week after embedding.

Most MGCs showing an evident cell border have clear nuclei, 2 weeks after embedding.
Many spindle-shaped mononuclear cells are piled up around MGCs, 2 weeks after the
embedding.

Three nuclei simultaneously mitose in a MGC (arrow), 2 weeks after embedding.

MGCs show an increase in size of cytoplasm and the number of nuclei with decrease of
embedded granules, 3 weeks after embedding.
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of MGCs synchronously showed mitoses (Figure 18, ). The number, size and nuclear number
of MGCs had increased more rapidly than those of 1 week samples. Three weeks later,
granulation tissue mainly consisted of oval mononuclear cells and MGCs formed nodules. Most
MGCs showed similar findings to those of two weeks cases, and their size and number of nuclei
were further increased (Figure 18, f). The nuclei of MGCs were often arranged in the periphery
of the cytoplasms in the 4 weeks cases. Although their size and the number of nuclei arranged in
the periphery of their cytoplasms were quite large, the number of MGCs had decreased (Figure
19, a).

Enzyme-histochemically, positive rates of MGCs and their multiple comparison data in
different materials are summarized in Table 1 and 2. Cytoplasms of mononuclear cells were
diffuse or granular-positive for NSE (Figure 19, b) but most MGCs were negative. NSE positive
reaction appeared at three days and reached maximum reaction at four weeks. Positive reaction
of APC was diffuse or granular, infrequently irregular in the cytoplasms of MGCs. Some
mononuclear cells were also positive (Figure 19, c). ACP positivity was seen in few cells at three
days; it increased after 1 week, reached a maximum at 2 weeks, and then decreased (Figure 20).
Similar to ACP, some MGCS and peripherally-situated mononuclear cells showed a strong ACP
reaction. There was also a strong and small round positive reaction which was compatible with
phagocytic vacuoles of MGCs (Figure 19, d). TRAP activity could not be detected at 3 days but it
was observed after 1 week and showed peak reaction at 2 weeks, the same as for ACP.
However, the whole positive rate of TRAP was lower than that of ACP (Figure 20). CCAP
reaction, which was a relatively weak and diffuse positivity in MGCs and mononuclear cells, was
almost similar to the ACP and TRAP reactions (Figure 19, e). In the early stage, namely at 3
days and 1 week, no CCAP reaction was detected but CCAP activity increased at 2 weeks, then
gradually decreased after that (Figure 20). As expected, the positive rate of CCAP was
considerably lower than that of TRAP. Also in CCTP, a few MGCs and mononuclear cells
showed diffuse cytoplasmic reaction that was only observed in 2 and 3 weeks cases (Figure 19,
f). The positive rate at 2 weeks was higher than that at 3 weeks, and the CCTP rates were the
lowest of all enzyme activities. There was no difference between morphological characteristics
of positive and negative MGCs (Figure 20).

2) MGCs induced via 3-tricalcium phosphate (TCP) embedding

Three days after embedding, TCP was localized in nodules, and those nodular lesions were
encapsulated by immature granulation tissue (Figure 21, a). Most TCP was observed as a large
mass but some showed granules of varied sized surrounded by infiltration of oval mononuclear
cells in certain parts (Figure 21, b). A large TCP mass was infiltrated by mononuclear cells
having swollen and foamy cytoplasms that occasionally demonstrated mitoses (Figure 21, c¢). At
3 days, MGCs with 2 or 3 nuclei were infrequently scattered in some parts. However, at 1 week,
there were a few irregular TCP granules surrounded by many mononuclear cells that
occasionally showed MGC-like features. There were numerous MGCs that had about 10 nuclei
arranged in the periphery of cytoplasms like Langhans type giant cells (Figure 21, d). After 2
weeks, the number of MGCs, showing distinct cell borders was slightly reduced, but the size
and nuclei of MGCs augmented the MGCs in contrast to those at 1 week. Mononuclear cell
infiltrates decreased in number and some spindle mononuclear cells piled up around MGCs.
(Figure 21, e). MGCs after 3 weeks showed the same histological feature as after 2 weeks, but
their size and the number of nuclei had considerably increased (Figure 21, f). Four weeks after
the embedding, large MGCs were intermingled with the small MGCs observed at 1 or 2 weeks.
Large MGCs, especially measuring over 200 um in diameter, were surrounded by lamellarly-
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Figure 19 HAP group

a:

Many nuclei of MGCs are lined with the periphery of the cytoplasms, 4 weeks after
embedding.

Mononuclear cells are positive for NSE (arrow), but MGCs are negative, 4 weeks after
embedding, NSE.

Mononuclear cells around MGCs show a strong positive reaction for ACP, 2 weeks after
embedding. ACP.

Mononuclear cells around MGCs are strongly positive for TRAP like ACP, 2 weeks after
embedding. TRAP.

Diffuse positive reactions to CCAP, like both ACP and TRAP, 2 weeks after embedding.
CCAP.

Relative weak reaction is noted similar to CCAP, 2 weeks after embedding. CCTP.
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Table 1  Positive rate of various enzyme activities in HAP group

3 days 1 week 2 weeks 3 weeks 4 weeks
NSE 0.32 £ 0013 1.24 £ 0.083 1.48 + 0.065 2.90 + 0.039 425 + 0.062
ACP 0.03 £ 0.011 553+ 0365 15.76 = 0.877 13.05 + 0.441 9.70 + 0.295
TRAP 0 1.12+ 0043 11.24 + 0.308 8.05 + 0.203 5.57 +£ 0328
CCAP 0 0 1.33 £ 0.158 0.14 + 0.036 0.02 + 0.010
CCTP 0 0 0.56 + 0.065 0.01 + 0.0001 0
(Average tStandard error ;  n=80, N=2000)
Table 2  Multiple comparisons using Scheffé's method of
positive rates in HAP group
[NSE]
559.92%* | 327.93%* | 279.42%* 65.98** 4 weeks
241.49%* 99.72%* 73.84%* 3 weeks
48.26** 1.94NS 2 weeks
30.85** 1 week
3 days
[acp]
47.93%* 8.90** 18.87** S.77** 4 weeks
86.98** 29.01%* 3.77** 3 weeks
126.95** 53.67** 2 weeks
15.52%* 1 week
3 days
[TRAP]
77.64%* 49 44%* 80.74** 15.48** 4 weeks
162.72%* 120.25%* 2551%* 3 weeks
316.72%* | 256.44** 2 weeks
317* 1 week
3 days
[ccap]
0.0INS 0.0INS 40.03** 0.36NS 4 weeks
0.47NS 0.47NS 32.78** 3 weeks
4]1.13%* 41.13%* 2 weeks
0 NS 1 week
3 days
[ccTr)
0 NS 0 NS 44.01%* 0.00INS 4 weeks
0.00INS 0.00INS 4385** 3 weeks
44.0]1%* 44.0]1** 2 weeks
0 NS 1 week **1<0.01
3 days * :p<0.05

arranged mononuclear spindle cells with indistinct cell borders (Figure 22, a).

Enzyme-histochemically, positive rates of MGCs and their multiple comparison data in
different materials are summarized in Table 3 and 4. NSE activity of the TCP group was the
same as that of the HAP group; namely, it was a diffuse cytoplasmic-positive reaction in the
mononuclear cells but negative in almost all MGCs (Figure 22, b). NSE activity was very weak
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Figure 20 Time course of positive rate changes in
enzymatic activities after embedding
HAP

at 3 days, gradually increasing intensity and reaching peak intensity at 4 weeks (Figure 23). ACP
stain demonstrated diffuse or fine-granular reactions in mononuclear cells and MGCs, especially
strong activity in the cytoplasms of MGCs which directly attached to embedded TCP granules.
Impressive positive reaction was seen as wavy lines surrounding TCP (Figure 22, c). The time
course of ACP reaction showed that the activity was not found at 3 days; it gradually increased
after 1 week and reached a maximum at 3 weeks, but decreased at 4 weeks (Figure 23).
Although the activity of TRAP was very similar to that of ACP, the reaction of TRAP was
considerably weak and diffuse, which was restricted in some parts of cytoplasms of mononuclear
cells and MGCs (Figure 22, d). The number of positive MGCs was fewer than that of ACP, but
the time courses of TRAP and ACP showed similar curves (Figure 23). CCAP activity was also
weak-diffuse or fine-granular reaction in some parts of the cytoplasm of MGCs adjacent to TCP
and a few mononuclear cells. CCAP-positive cells were very few compared with APC and TRAP
(Figure 23, e). Low CCAP activity was only observed at 2 and 3 weeks but not during other
periods. The activity was somewhat higher at 3 weeks (Figure 23). CCTP activity was closely
similar to CCAP. Diffuse positive reaction was infrequently seen in small parts of cytoplasms of
MGCs and a few mononuclear cells situated around MGCs (Figure 22, f). The curve of the time
course of CCTP activity slightly rose at 2 and gently reached the top at 3 weeks (Figure 23).
There was no morphological difference between positive and negative MGCs.

3) MGCs induced via of bovine bone particle (BP) embedding

In Hematoxylin and Eosin staining of BP, embedded materials were observed as a large
mass that was the aggregating of bone fragments and aggregation of scattered materials in some
parts as well as materials in bone clusters in other parts after 3 days. Oval mononuclear cells
infiltrated around bone fragments with some small MGCs that had 2 or 3 nuclei in their
cytoplasms showing indistinct cell borders (Figure 24, a). After 1 week, scatted small fragments
were phagocytozed by mononuclear cells, while relatively small masses were surrounded by
MGCs. Large bone masses were infiltrated by numerous oval or spindle shaped mononuclear
cells and MGCs having about 10 nuclei. Infiltrating cells mostly showed indistinct cell borders
(Figure 24, b and c). After 2 weeks, large and irregular MGCs phagocytosed small bone
fragments within their cytoplasms. Spindle shaped mononuclear cells aggregated and piled up
around MGCs with 20 to 40 nuclei (Figure 24, d). In part, spindle cells, gathering around MGCs,
showed mitotic figures (Figure 24, e). MGCs, showing the same findings as those at 2 weeks,
were becoming distinct cell borders at 3 weeks. Nuclei arranged in the periphery were flattened,
but those located near the center were round and clear (Figure 24, f). Although the 4 week
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Figure 21 TCP group

a:
b:

Mononuclear cells infiltrate around TCP (asterisk), 3 days after embedding.

Mononuclear cells infiltrate between granules of TCP aggregates (asterisks), 3 days after
embedding.

Scattered mononuclear cells with mitosis (arrow), 3 days after embedding.

Many of Langhans type MGCs (arrows), 1 week after embedding.

Mononuclear cells (arrows) are close to MGCs showing distinct cytoplasmic outline, 2 weeks
after embedding.

MGCs increase in size and number of nuclei like 2 weeks example, 3 weeks after embedding.
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Figure 22 TCP group

a:
b:

Numerous mononuclear cells are piled up around large MGCs, 4 weeks after embedding.
NSE positive reaction is found in mononuclear cells (arrows) located around NSE-negative
MGCs, 4 weeks after embedding, NSE.

Note NSE positive reactions in both MGCs attached to granular mass and mononuclear cell
located in the periphery, 3 weeks after embedding. ACP.

TRAP positive reaction is found as wavy shaped lines surrounding granular masses, 3 weeks
after embedding. TRAP.

e: Faint positive reactions around the granular masses, 3 weeks after embedding. CCAP.

Weak reaction in some mononuclear cells and MGCs, 3 weeks after embedding CCTP.
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Table 3  Positive rate of various enzyme activities in TCP group

Table 4  Multiple comparisons using Scheffé’'s method of
positive rates in TCP group
[NSE]
307.69** 147.86%* 5.58%* 2.44%* 4 weeks
255.29%* [ 112.20%* 0.64NS 3 weeks
230.42%* 93.01** 2 weeks
28.96** 1 week
3 days

[acp]

18.81** 15.28** 1.26NS 9.91** | 4 weeks
56.00** 49 78** 18.21** 3 weeks

10.34%* 7.77%* 2 weeks

0.18NS 1 week

3 days

[TRAP]
6.36%* 5.20%F 0.06NS 11.21** | 4weeks
3444%% | 3167°* §.63%% 3 weeks

7.65%* 6.37%* 2 weeks
0.06NS 1 week

3 days
[ccap]

0 NS 0 NS 4.06** 497** | 4 weeks
4,97+ 4.97** 0.05NS 3 weeks

4.06** 4.06** 2 weeks

0 NS 1 week

3 days

[ccrp]
0 NS 0 NS 0.16NS 11.69** | 4 weeks
11.69** 11.69** 9.15%+ 3 weeks

0.16NS 0.16NS 2 weeks

0 NS 1 week **n<0.01

3 days * :p<0.05

sample demonstrated nearly same histological features as those at 3 weeks, MGCs increased in
size and number of nuclei (Figure 25, a).

Enzyme-histochemically, positive rates of MGCs and their multiple comparison data in
different materials are summarized in Tables 5 and 6. NSE staining showed a faintly diffuse
positive reaction in the mononuclear cells but not in MGCs (Figure 25, b). A positive reaction
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Figure 23 Time course of positive rate changes in
enzymatic activities after embedding
TCP.

was seen at 3 days and then it reached a peak at 4 weeks by gradually increasing (Figure 26).
Mononuclear cells showed a diffuse-positive reaction of APC that was mostly located in the
cytoplasms adjacent to BP granules. The number of positive cells was fewer than that of the
HAP and TCP groups (Figure 25, c). The ACP-positive rate rose after 1 week in proportion to
the time-course (Figure 26). TRAP reaction was faintly diffuse-cytoplasmic in a few
mononuclear cells and MGCs (Figure 25, d) and its positive rate that was rising on the right and
it was lower than that of ACP (Figure 26). CCAP reaction was infrequently found in a few
mononuclear cells and MGCs. Diffuse positive features were restricted around vesicles that
were phagocytozed in the cytoplasms (Figure 25, e). This positive rate was extremely lower
than that of TRAP. CCAP reaction was only observed after 2 weeks and slightly increased at 4
weeks (Figure 26). Extremely weak CCTP reaction could be detected as a vesicular feature
compatible with phagocytotic vacuoles of MGCs or mononuclear cells in only the case after 4
weeks (Figure 25, f). As shown in Figure 26, the positive rate remained almost at the baseline.

4) MGCs induced via cholesterin (CHOL) embedding

Microscopically, embedded CHOL was observed as various-sized vacant spaces at 3 days.
Numerous oval or spindle mononuclear cells infiltrated in the foci of aggregating vacuoles and
surrounded them (Figure 27, a). However, the area with scattering CHOL spaces showed that
mononuclear cells with oval eosinophilic cytoplasm were arranged in a doughnut shape around
spaces. Infiltrated MGCs with a few nuclei were relatively small (Figure 27, b). At 1 week, most
traces of CHOL became oval or ovoid spaces and MGCs, with 5 to 10 nuclei frequently showing
cytoplasmic vacuoles that were considered as englobed cholesterin. These MGCs and
mononuclear cells formed nodular granulation tissue (Figure 27, ¢). On the other hand, large
CHOL spaces were surrounded by numerous MGCs and mononuclear cells arranged in
doughnut shapes as seen at 3 days. In these nodules, some small clusters of mononuclear cells
mimicked MGC with 2 to 5 nuclei because their cell borders were indistinct (Figure 27, d). At 2
weeks, MGCs increased in size, number, and number of nuclei and these showed doughnut-like
or circular cytoplasm surrounding the embedded CHOL. As seen in other examples, nuclei of
MGCs were flattened in the periphery but round in the center (Figure 27, e). After 3 weeks,
MGCs increased in size and number of nuclei by the time-course, but they reduced their
number. This artificial cholesterol granuloma appeared oval or ovoid nuclei in general but lacked
cholesterol clefts like pine-needles that were frequently observed in inflammatory changes
(Figure 27, f and Figure 28, a).

Enzyme-histochemically, positive rates of MGCs and their multiple comparison data in
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Figure 24 BP group

a:

BP is found as the mass (asterisks) with mononuclear cell infiltration, 3 days after
embedding.

Somewhat small MGCs (arrow) attached to granular masses, 1 week after embedding.
High power view of Figure b marked by an asterisk shows mononuclear cells with unclear
cell border (arrow), 1 week after embedding.

d: Spindle mononuclear cells stack up around MGCs, 2 weeks after embedding.

High power view of the part marked by an asterisk in Figure d shows aggregated spindle
cells with mitotic figures, 2 weeks after embedding.
The cell border of MGCs is considerably distinct, 3 weeks after embedding.
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Figure 25 BP group

a:

The size of MGCs is same as that at 3 weeks but the number of nuclei increase, 4 weeks
after embedding.

: NSE is negative in MGCs but in mononuclear cells (arrow), 4 weeks after embedding, NSE.

Frequent ACP positive reactions are observed in cytoplasms of MGCS attached to BP, 4
weeks after embedding. ACP.

d: Diffuse and weak TRAP positive reaction, 4 weeks after embedding. TRAP.

Weak CCAP positive reaction in some mononuclear cells and MGCs, 4 weeks after
embedding. CCAP.

Note weak CCTP positive reaction (arrows) in the cytoplasms which show phagocytotic
vacuoles, 4 weeks after embedding. CCTP.
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Table 5  Positive rate of various enzyme activities in BP group

3 days 1 week 2 weeks 3 weeks 4 weeks
NSE 0.34 £ 0.020 043+ 0.023 061 +0.019 1.26 + 0.061 2.02 + 0.047
ACP 0 043+ 0065 087 +0.041 1.37 = 0.706 2.14 + 0.081
TRAP 0 004+ 0.009 032+0.012 0.74 = 0.613 1.63 + 0.094
CCAP 0 0 0.05 + 0.024 0.11 £ 0.08 0.25 + 0.056
CCTP 0 0 0 0 0.01 + 0.004

{Average +Standard error; n=80, N=2000)

Table 6 Multiple comparisons using Scheffé’'s method of
positive rates in BP group

[NSE]
307, 69%* | 147, 86%x* b, o8%k 2. 44%% 4 weeks
255, 29%kx | 112, 29%k [ 0, 64NS 3 weeks
230.42%% | 93.01xx 2 weeks
28, 96%* 1 week
3 days

[AcP]
18. 8% 15, 28*x 1. 26NS 9. 9Lk 4 weeks
56. 00k 49, T8xx 18. 21xx 3 weeks
10. 343 7. 7Tx% 2 weeks
0. 18NS 1 week

3 days

[TRAP]
6. 36wk 5.20%% [ 0.06NS [ 1L 2I% | 4 weeks

34. 44%x 31. 67%% 9. 635k 3 weeks
7. 65k 6. 37*kx 2 weeks

0. O6NS 1 week

3 days

[ccap)
0 NS 0 NS 4. 06%% 4.97%% | 4 weeks

4. 7% 4. 97*xx 0. 05NS 3 weeks
4. 063 4. 063 2 weeks

0 NS 1 week

3 days

[ccrp]

0 NS 0 NS 0. 16NS L1. 69%x | 4 weeks

L1. 693k L1. 69 9, 15%x 3 weeks

0. 16NS 0. 16NS 2 weeks #x1p<0. 01
0 NS 1 week * 1p<0.05
3 days NS:not significant

different materials were summarized in Tables 7 and 8. Diffuse and weak cytoplasmic reactions
were seen in mononuclear cells around MGCs in NSE staining but MGCs and oval-swollen
mononuclear cells seldom demonstrated positive reactions (Figure 28, b). The positive rate of
this example showed a peak at 3 days and gradually declined for 4 weeks (Figure 29). Granular
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Figure 26 Time course of positive rate changes in
enzymatic activities after embedding
BP.

positive reaction for APC was found in mononuclear cells aggregating around CHOL spaces and
some small MGCs. However, large MGCs were mostly negative (Figure 28, c). APC positive
reactions were faintly observed at 3 days and showed a peak at 1 week, followed by gradual
decreasing after 2 weeks (Figure 29). Reactivities of TRAP, CCAP and CCTAP were faintly
demonstrated compared with that of NSE and APC. A weak positive reaction was mostly found
in mononuclear cells around COHL spaces. A few small MGCs showing diffuse positive
reactions were intermingled with negative MGCs (Figure 28, d). The line chart for TRAP
positivity was nearly flat and a small increase was seen at 1 to 3 weeks (Figure 29). The level of
CCAP reactivity was also extremely low, similar to TRAP. A positive reaction was only detected
in mononuclear cells gathered around CHOL spaces (Figure 28, €). CCAP reaction was mostly
negative and only showed extremely low positivity at 1 week and 2 weeks (Figure 29). There
was no reaction of CCTP enzyme histochemistry in all periods (Figure 28, f and Figure 29).
Moreover, no distinguishable feature was observed between enzyme-positive and negative cells
in all groups.

5) Enzymatic characteristics of multinucleated giant cells (MGCs) under different
conditions

Many previous studies reported on the enzymatic activity of MGCs induced by degradative
or non-degradative materials. These data were not quantitative analyses but subjective ones
such as “positive or negative”, “many or few”, “high or low”, and so on [6, 24, 33, 54, 71]. Some
investigations were assessed by the positive rate of mononuclear cells per all cells or per unit
area [50, 59]. Our model was statistically analyzed after quantitative measurement (total 8, 000
points) using a color image analysis system.

As shown in Table 9, the analysis of variance of positive rates in each enzymatic reactivity
revealed a statistical significant (p < 0.01) for all factors. Multiple comparisons using Scheffé’s
test indicated significant differences between values of all enzyme activities. ACP
histochemistry showed the highest value, followed by TRAP, NSE, CCAP and CCTP (Table 10).
The values of positive rates of the HAP group were the highest, followed by those of the TCP
and BP groups. Although CHOL group showed the lowest values in all stainings, some values
were statistically significant except values between TCP versus BP, and BP versus CHOL in
CCAP staining, and BP versus CHOL in CCTP staining (Table 11). These results show the
following: a) transition of positive rate of ACP is nearly similar to those of TRAP, CCAP and
CCTP in every group; and b) positive rates of TRAP, CCAP and CCTP are lower than that of
APC. MGCs generally appear after 5 to 7 days [37], which suggests that the intensity of tissue
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Figure 27 CHOL group

a:

R

Mononuclear cells surround vacant spaces of the trace of embedded CHOL (asterisks), 3 days
after embedding.

Mononuclear cells (arrows) are arranged in a doughnut shape with a few neutrophils, 1 week
after embedding.

Nodular proliferation of mono and multinucleated cells, 1 week after embedding.

Small MGCs (arrows) appear in a doughnut shaped cell mass, 1 week after embedding.
Most nuclei of MGCs in the periphery are flattened (arrows), 2 weeks after embedding.
MGCs show an increase in size of their cytoplasms and number of nuclei, 3 weeks after
embedding.
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Figure 28 CHOL group

a:

MGCs show a more increase in size of their cytoplasms and number of nuclei similar to 3
weeks cases, 4 weeks after embedding.

. NSE is only positive to spindle shaped mononuclear cells (arrows) in the periphery, 3 days

after embedding, NSE.

Some mononuclear cells and MGCs with a few nuclei show an ACP-positive reaction, 1 week
after embedding. ACP.

Note some MGCs are TRAP-weak positive (arrow) but others are negative, 1 week after
embedding. TRAP.

Granular positive reaction to a small number of mononuclear cells (arrows) is observed, 1
week after embedding. CCAP.

None of MGCs and mononuclear cells shows a positive reaction, 1 week after embedding.
CCTP.
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Table 7  Positive rate of various enzyme activities in CHOL group

3 days 1 week 2 weeks 3 weeks 4 weeks
NSE 1.53 £ 0.020 1.39 + 0.041 1.08 £ 0.041 1.08 + 0.027 0.81 + 0.028
ACP 0.01 = 0.004 071 £ 0.024 024 +£0.024 0.16 = 0.021 0.02 + 0.006
TRAP 0 0.08+ 0012 0.05+0.012 0.03 = 0.005 0
CCAP 0 0.02+ 0.001 001 +0.001 0 0
CCTP 0 0 0 0 0

(Average +Standard error ;  n=80, N=2000)

Table 8 Multiple comparisons using Scheffé’'s method of
positive rates in TCP group

[NSE]

44.05%* 28.41*%* 7.00%* 6.18** 4 weeks

17.24** 8.09** 0.12NS 3 weeks

15.53** 6.27%* 2 weeks

1.7INS 1 week

3 days

[Acp]

0.0INS 4421%* 4.36** 1.76NS | 4 weeks
2.06NS 28.32%* 0.58NS 3 weeks

4.81** 20.80** 2 weeks

45.63** 1 week

3 days

[TRAP]
¢ NS 0.84%* 316** 0.8SNS | 4 weeks
0.89NS 481%* 0.6ONS | 3 weeks

3.16* 1.85NS 2 weeks

0.84** 1 week

3 days
[ccaP)

0 NS 2.82* 0.27NS 0 NS | 4 weeks
0 NS 2.82* 0.27NS 3 weeks

0.27NS 1.35NS 2 weeks

2.82* 1 week

3 days
fccTp]

0 NS 0 NS 0 NS 0 NS | 4weeks
0 NS 0 NS 0 NS 3 weeks

0 NS 0 NS 2 weeks

0 NS 1 week **1<0.01

3 days * 1p<0.05

reaction to embedded materials might reach its peak at about 1 week. Three days after
embedding, only limited MGCs appeared in the foci which were small in size and had a few
nuclei. Then MGC increased in size and number after 3 weeks. Foreign body reaction or
granuloma is one type of chronic inflammation that is caused by cell-mediated immunity. In the
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Figure 29 Time course of positive rate changes in
enzymatic activities after embedding
CHOL.

acute phase, infiltration of macrophages is maximally activated at 3 days. MGCs mostly appear
for 2 weeks in both intraosseous and extraosseous tissues. Mariano and Specter [43] suspected
that the life span of MGCs was 6 days after formation based on a quantitative analysis. This
hypothesis seems to be appropriate because peaks of enzyme activities are at 2 or 3 weeks after
embedding of non-degradative materials. However, in cases of degradative materials, the
formation of MGCs might be continuing until the embedded materials are completely absorbed.
This is why enzyme activity gradually rises over time in the case of sterilized bovine bone
particles.

The environments of embedded material are also important for MGC formation.
Implantation of artificial bone within intraosseous or parosteal tissues are able to induce
osteoclast-like MGCs resorbing embedded materials [33, 52]. In this condition, it is impossible
to distinguish whether MGCs were originally located or MGCs experimentally induced.
Moreover, there is a possibility that MGCs are not induced by embedded ceramics but by
originally existing factors. Naturally, osteoclasts cannot be derived in soft tissues, such as
subcutaneous tissue, so that MGCs induced in this model are not osteoclasts. Activities of

Table 9  Analysis of variance in positive rate of enzyme activities

factor S d.f. v Fo
A:material 11147.605 3 3715.869 1161.935%#*
Bienzyme 11897.396 4 2974.349 930.065**
C:period 5824.215 4 1456.054 455.301**
AxB 13823.883 12 1151.990 360.222**
AXC 6776.717 12 564.726 176.587**
BxC 5714.436 16 357.152 111.679*%*
crror 25417775 7948 3.198
total 69454.422 7999
**: P<0.01

Table 10 Multiple comparisons using Scheffé’s method of positive
rates by ezyme activities

141.09** 123.63** 155.53%* 441 84** | NSE
1082.28** 1032.90** 73.08** ACP
592.89%* 556.49** TRAP

0.58NS CCAP ** p<0.01

CCTP *: p<0.05
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Table 11 Multiple comparisons using Scheffé's method
of positive rates of enzyme activities by
embeded meterials

[NSE]

283.608** | 472.580** 11.979** | HAP
179.014%* | 334.080** TCP

23.993*+* BP

CHOL

[ACP]

625.156** | 522.269** [ 255.400** | HAP
81.395%+ 47.244%% TCP

4.622%+* BP

CHOL

[TRAP]

633.313*+ | 513.841** | 256.400** | HAP
83.930%* 44.405%+* TCP

6.238%+* BP

CHOL

[ccaP]

23.842%%* 12.937+* 10.907** | HAP
2.497* 0.087NS TCP

1.654N S BP

CHOL

[ccTP)

30.973** 29.985%* 10.626** |  HAP
5316*%* 4,91 2%* TCP

0.008NS BP

CHOL *+: n<0.01

*: p<0.05

TRAP, CCAP and CCTP are those of ACP after inhibition by tartrate acid, cyanuric chloride and
both, respectively. CCAP and CCTP are able to identify a more restricted population in the
osteoclastic lineage than that detected by TRAP staining [50]. In this sense, MGC induced by
HAP or TCP could be considered to belong to a family of osteoclasts.

Most MGCs show enzymatic activity similar to that of osteoclasts/odontoclasts: NSE
negative, ACP or TRAP positive [47, 71]. NSE positive rates of mononuclear cells gradually
increased in the HAP, TCP and BP group but decreased in the CHOL group. In other words, the
supply of NSE positive macrophages lasts for a relatively longer time in HAP, TCP and BP than
in CHOL. Macrophages change their NSE positive nature to NSE negative after multi-
nucleation. Positive rates of ACP and TRAP are extremely high in HAP, TCP and BP so that the
evaluation of TRAP activity is useful for the identification of osteoclasts or osteoclast-like cells
(Figure 30). Generally, TRAP has been used as a specific marker of osteoclast [5, 47, 50, 51, 71]
but it can be detected in alveolar macrophages [50, 59], splenic macrophage, proximal
uriniferous tubules and some hepatocytes, osteoblasts and osteocytes (12). Some foreign body
giant cells also are TRAP positive not only in artificial bone graft (6) but also cholesterol
granulomas. This result show that TRAP is not a complete marker of osteoclasts. CCAP and
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Figure 30 Time-course of enzyme activities; a: NSE, b: ACP, c¢: TRA and d: CCAP show different enzyme
activities and chart lines in embedding different materials. These chart lines seem to depend on
the properties of embedded materials. Y-axis scale (positive rate) of all graphs is aligned. Positive
rates of CCAP and TRAP in CHOL group are below 1%, so these lines are on the baseline.

CCTP are more specific as markers for osteoclasts than is TRAP (50), which is confirmed by
multiple comparison tests of our data. After 3 days, MGCs were mostly TRAP negative but
turned TRAP positive after 1 week. Even in the CHOL group, CCAP positive cells were faintly
present after 1 to 2 weeks (Figure 30). In any foreign body reactions, MGCs slightly
demonstrate tartrate or cyanuric chloride resistant ACP activities at an early stage but cannot
maintain these enzymatic activities. MGCs seem to stop enzymatic activities because these do
not require the phagocytotic function in cholesterol granuloma. On the other hand, in
deproteinized and sterilized bone particles (BP), MGCs continue to maintain TRAP-/CCAP
activity for englobing hard tissue. These enzymatic activities seem to represent the functional
status of multinucleated giant cells.

6) Formation and nature of multinucleated giant cells (MGCs)

Many investigators have accepted that foreign body giant cells and osteoclasts are formed
through cell fusion of monocytes/macrophages [13, 18, 24, 25, 32, 43]. Infiltrated mononuclear
cells are NSE-positive and partially APC-positive, which is an enzymatic characteristic of
macrophages. NSE-positive spindle cells frequently pile up around embedded materials, and
they closely contact each other and finally lose cell borders. Similar to ultrastructural features of
part 1, macrophages change their round cytoplasm to a flat one at first, followed by elongation
and contact of cytoplasmic processes like pseudopodia, and finally membrane fusion. As
described above, CD36 participates in cell fusion and works at the cell fusion site. In addition to
CD36, recognition of phosphatidylserine is also required for macrophage polykaryon formation
[31]. On cell fusion, old macrophages seem to recognize immature ones [43]. In the early stage
(at 1 or 2 weeks) of our subcutaneous model, MGCs with a few nuclei were relatively small,
while MGCs were large and they decreased in number in the late stage (at 3 and 4 weeks). This
suggests that large MGCs were made by fusion of small MGCs. Osteoclast formation requires
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the presence of mononuclear marrow cells having a mitotic ability i vitro [17]. Many mitoses of
mononuclear cells around embedded material may satisfy a factor of giant cell formation. In
addition, mitotic features were rarely observed in giant cells of the HAP group at 2 weeks when
giant cell formation was most active. This provides the possibility of giant cell formation by
mitosis without division. Taking together the features of both periodontal tissue and soft tissue,
mitosis is an important phenomenon for multinucleated giant cell formation in various tissues.

Non-degradative or degradative properties of embedded materials come out as different
histological appearances in this experiment. Although their morphological features seem to be
somewhat different from those of clinical cases such as Figure 18, these differences might to be
caused by components of mixtures or by observation periods. On the other hand, CHOL is an
organic substance that is frequently found in oral lesions such as radicular cysts or radicular
granulomas [15, 64]. As shown in Figure 31, a characteristic feature of cholesterol granuloma or
foreign body granuloma is scattered vacant spaces similar to pine needles, while traces of CHOL
were oval or ovoid vacant spaces in the current experiment. However, in all examples, non-
organic or organic material can induce numerous spindle-shaped macrophages and MGCs with
variable features. There are intimate relationships between the size of embedded materials and
their processing manner. Particles measuring 5 to 10 um, 6 to 15 um 10 to 15 um or even over
7 wm, can be processed by macrophages and MGCs [65]. In this model, all embedded particles
were prepared to be under 20 um, so that MGCs might efficiently induced.

Prior to phagocytosis, macrophages seem to recognize the size or nature of a foreign body.
If a foreign body was too large to phagocytose for a single macrophage, macrophages might
process the foreign body after alteration to a multinucleated giant cell. Namely, it could be that
macrophages alter the phagocytic method according to the kind of foreign body. In the model of
reaction to various kinds of foreign bodies such as HAP, TCP, BP and CHOL, pathological
features are somewhat different. The morphological characteristic of MGC is roughly divided
into two types; oval and irregular. The former shows small cytoplasm including fine granules,
while the later mostly attaches to large embedded granules or aggregates of materials. As with
macrophages, morphological characteristics of MGCs might depend upon the size of the foreign
body. In case the material is easily englobed, MGC shows a small and oval shape. However,
MGC changes its cytoplasm and simultaneously surrounds an object that is difficult to englobe

Figure 31 Inflammatory MGCs induced by choles-
terol: Some multinucleated giant cells
(arrows) appear around cholesterol
clefts (asterisks).
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[65]. Therefore, the outline of MGC depends upon the form of the material [20, 41, 48].

Ultrastructural investigations previously reported to show that MGC occasionally has a
ruffled border and clear zone [24, 25, 32, 39] but not in most cases. MGC arising in the bone
tissue with HAP implantation frequently demonstrated a ruffled border and clear zone [33, 52].
Contrarily, not all giant cells found in dentin resorption (shown in Figure 11) have these
structures.

Ruffled border-like structure is found in the case of HAP baked at 200°C but not in cases
treated at 1,250°C, which means that the physicochemical nature is one important factor for
osteoclast differentiation [66]. The microenvironment, which could be affected by the property
of artificial bone, is an important factor of osteoclast differentiation. Different materials
embedded within tissues may affect the microenvironment iz vivo. In fact, hyponatremia affects
sodium signaling mechanisms in osteoclasts and leads to a resorptive osteoporosis [10].
Macrophages or MGCs are capable of altering their shape and function according to the
properties of their targets.
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