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nterferon-gamma, Interleukin-10, Intercellular Adhesion
olecule-1, and Chemokine Receptor 5, but not

nterleukin-4, Attenuate the Development of Periapical
esions
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bstract
his study examines the role of Th1 (interferon-gamma
IFN-�]) and Th2 (interleukin-4 [IL-4] and IL-10) cyto-
ines, an intercellular adhesion molecule (ICAM-1), and
chemokine receptor (CCR5) in the pathogenesis of

eriapical lesions at different stages of development in
nockout mice. For lesion induction, the first molar was
pened and inoculated with 4 bacterial strains and left
pen to the oral environment. After 21 and 42 days, the
FN-�, IL-10, ICAM-1, and CCR5 knockout animals pre-
ented periapical lesions larger than those of wild-type
nimals. There was no statistically significant difference
etween periapical lesions induced in IL-4 knockout
nd wild-type animals during the periods evaluated.
ur findings suggest an important role for IFN-�, IL-10,

CAM-1, and CCR5 in the pathogenesis of experimen-
ally induced pulp infection and bone destruction as
ndogenous suppressor of periapical lesion develop-
ent, whereas IL-4 appears to present a nonsignificant

ffect on periapical lesion modulation. (J Endod 2008;
4:31–38)
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acterially induced bone destruction, including periapical periodontitis (periapical
lesion), marginal periodontitis, or osteomyelitis, is the most prevalent skeletal

isease (1). Periapical lesions are an expression of the host defensive reaction against
acteria and their toxic components to prevent its dissemination into bone. The host
esponse is complex and involves the recruitment of inflammatory cells and the partic-
pation of an extensive network of immunologic mechanisms including the generation
f cytokines, the expression of cell surface adhesion molecules, and the production of
hemotactic molecules such as chemokines and their receptors, which ultimately result
n destruction of alveolar bone (2). Recently, there has been great interest in determin-
ng whether these mechanisms protect against bone loss, contribute to its development,
r are merely epiphenomenal.

Specific T- and B-cell–mediated antibacterial responses activate a network of
egulatory cytokines that are produced by infiltrating T-helper type 1 (Th1) and type 2
Th2) lymphocytes. Interleukin-1 (IL-1) has been implicated as a central mediator of
one and tissue destruction (3). A model for the operation in periapical lesions predicts

hat the Th1 subset up-regulates IL-1 and other proinflammatory cytokines, whereas
nhibitors of IL-1 are related to the Th2 subset (4, 5). However, some studies have
emonstrated that gene knockouts of the Th2-type cytokines IL-10 and to a lesser extent
L-6, but not IL-4, resulted in enhanced periapical bone destruction after infection of the
ental pulp (6, 7). Thus, the role of Th1 and Th2 cytokines in periapical lesions is still
ontroversial in the literature.

Chemokines, a family of chemotactic cytokines, attract leukocyte populations to
he infection sites by binding to the 7 transmembrane-spanning G-protein coupled
eceptors CCR1 through CCR8. The interest in the role of CCR5 during the immune
esponse to infectious diseases has emerged because of their function as a co-receptor
n human immunodeficiency virus–1 (HIV-1) (8). The CCR5 receptor has also been
tudied because of therapeutic potential in infectious and allergic pulmonary disease
9). The statement that CCR5 is present in human periapical lesions and not in clinically
ealthy periodontal ligaments (10) suggests its possible participation in the process of
eriapical disease.

Migration of various types of lymphocytes from the circulation into sites of infec-
ion is mediated not only by specific chemokine receptors but also by adhesion mole-
ules. The intercellular adhesion molecule–1 (ICAM-1) is an immunoglobulin-like cell
dhesion molecule expressed by several cell types, including leukocytes and endothelial
ells. ICAM-1 on endothelium plays an important role in migration of activated leuko-
ytes to the sites of inflammation and is also important in adaptive immunity. Integrin
inding to ICAM-1 is a co-stimulatory signal for T- and B-lymphocyte activation, in
ddition to their extravasation. Some adhesion molecules and chemokine receptors
ave been found in diseased human periapical tissues (10, 11), but their role in the
athogenesis of periapical lesions remains to be solved.

The precise role of cytokines, adhesion molecules, and chemokine receptors in
timulation or protection of bone resorption is unknown. The use of genetically engi-
eered models of immunodeficiency is beginning to shed some light on this area. A few

tudies have been using knockout (�/�) animals to investigate isolate mechanisms in
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he pathogenesis of periapical disease at restricted stages of develop-
ent (6, 7, 12, 13), occasionally with conflicting results (6, 14).

In an attempt to better describe the pathogenesis of periapical
esions, it is important to conduct an investigation on the general mech-
nisms involved in stimulation or protection of bone destruction at
ifferent stages of periapical lesion development. This study examines
he role of Th1 (interferon-gamma [IFN-�]) and Th2 (IL-4 and IL-10)
ytokines, ICAM-1, and a chemokine receptor (CCR5) in the pathogen-
sis of periapical lesions at different stages of development by using a
ell-established in vivo model of periapical disease in knockout mice.

Material and Methods
nimals

All animal procedures performed in this study were in accordance
ith international guidelines for the use of animals and received prior
pproval by the Animal Ethics Committee of the Faculty of Medicine of
ibeirão Preto, University of São Paulo. Male C57BL/6 wild-type mice
WT) and mice deficient in IFN-�, IL-4, IL-10, ICAM-1, and CCR5, 6- to
-weeks-old in the beginning of the experiments, were used. The mice
ere bred and maintained in microisolator cages in the animal housing

acility of the Department of Pathology, Faculty of Medicine of Ribeirão
reto, University of São Paulo. Mice with targeted disruption of IFN-�,
L-4, IL-10, ICAM-1, and CCR5 were obtained from Jackson Laborato-
ies (Bar Harbor, ME). All knockout mice were originally generated in

mixed 129-B6-DBA background and then backcrossed to the
57BL/6J background for more than 8 generations.

eriapical Lesion Induction
For lesion induction, mice were anesthetized by intramuscular

njection of ketamine (150 mg/kg of body weight) and xylazine (7.5
g/kg of body weight) and mounted on a jaw retraction board. A classic
ouse model of periapical lesion induction was used (6, 7, 13). The
andible first molar pulp chamber was opened by using a variable

peed electric dental handpiece with a #1/4 dental round bur until the
ntrances of the canals could be visualized and probed with a #08
ndodontic file. The root canals were directly inoculated with 10 ìL (106

acteria) of a mixture of 4 common endodontic pathogens, Porphy-
omonas gingivalis (ATCC 33277), Prevotella nigrescens (ATCC
3563), Actinomyces viscosus (ATCC 91014), and Fusobacterium
ucleatum subsp.polymorphum (ATCC 10953), and then left open to

he oral environment. Mice without pulp exposure served as controls.

istopathologic Analysis
All animals were killed by CO2 asphyxiation on days 7, 21, or 42

fter pulp inoculation. The mandible was removed. After removal of soft
issue, the teeth were separated and individually fixed in 10% phos-
hate-buffered formalin and demineralized in 4.13% ethylenediami-
etetraacetic acid, pH 7.2, at room temperature for 5 weeks. Once
ecalcified, the specimens were washed in running water for 24 hours,
ehydrated in ascending concentrations of ethanol, cleared in xylol, and
mbedded in paraffin. Longitudinal 5-�m-thick sections were cut in
esiodistal orientation at the tooth apex level, stained with hematoxylin-

osin (HE), modified Brown and Brenn (BB) staining method for gram-
ositive and gram-negative bacteria (15), and tartrate-resistant acid
hosphatase (TRAP) for osteoclast identification (16), and examined
nder a light and fluorescence microscope (Leica DMR; Leica Micro-
ystem Wetzlar Gmbh, Wetzlar, Germany). All quantitative measure-
ents were made with videomicroscopy with Leica QWin software

Leica Imaging Systems Ltd, Cambridge, UK) in conjunction with the
ight microscope, videocamera (Leica DC-300F; Leica Microsystems

G, Heerbrugg, Switzerland), and an on-line computer. The sections of p

2 De Rossi et al.
ach jaw sample containing the distal root of the mandibular first molar
nd simultaneously showing the coronal and apical pulp through the
pical foramen and the connecting periapical tissue were selected for
uantitative measurements. For each data point, specimens were ob-

ained from 5 mice.

orphometric Analysis under Fluorescence Microscopy
Morphometric analysis of periapical lesion size was performed in

issue sections stained with HE, with the microscope operating in fluo-
escence mode (17). Measurements were restricted to histologic sec-
ions representing the maximum lesion size. A skilled observer masked
o the specimen strain performed all morphometric procedures. Delin-
ation was performed excluding intact tooth and bone structures and
ncluding the inflammatory infiltrate areas. If necessary, the observer
ould manipulate image characteristics of brightness, contrast, and
agnification to improve the visualization of the inflamed areas of the

eriapical lesions in tissue sections.

olymorphonuclear Leukocyte Recruitment
The number of polymorphonuclear leukocytes was counted under

onventional light microscopy. A counting frame was centered at a fixed
istance from the apical foramina of distal roots throughout the selected
ection of each different specimen of the HE-stained slides. Within these
esignated areas, the number of polymorphonuclear leukocytes was
ounted by using their identifying characteristics such as darkly stained
ells with multilobed, horseshoe-shaped nuclei.

acterial Penetration of Tissues
Bacterial penetration in tissue sections stained with a modified BB

echnique (15) was assessed under conventional light microscopy. The
issues within the root canal were divided into 3 equal parts: coronal
hird, middle third, and apical third. The following scale was used to
ssess the bacterial penetration from coronal to apical third: 0, no
acteria; 1, bacteria in the coronal third; 2, bacteria in the middle third;
, bacteria in the apical third; 4, bacteria in the periapical lesion. The
ighest score represented the bacterial status of that canal.

steoclastogenesis (TRAP Assay)
Osteoclastogenesis was measured as the number of osteoclasts per

illimeter length of resorbed bone. TRAP is a histochemical marker of
steoclasts (16). Deparaffinized sections were incubated in a solution
repared by dissolving 8 mg of naphtol AS-BI (Sigma Chemical Co, St
ouis, MO) in 500 �L of N-N-dimethylformamide followed by the addi-
ion of 50 mL of 0.2 mol/L sodium acetate buffer (pH 5.0) and 70 mg of
ast Red Salt TR (Sigma Chemical Co). Sodium tartrate dihydrate (50
mol/L) was added to the solution. After incubation at 37°C, the sec-

ions were washed in distilled water and stained with hematoxylin.
RAP-positive cells appeared red. As a control of specificity for TRAP
ctivity, sections were incubated in substrate-free medium. The quanti-
ative analysis of the number of TRAP-positive osteoclasts was deter-

ined by counting multinucleated TRAP-positive cells in direct contact
ith bone on the light microscope and expressed as the number per
illimeter of bone length. The surface of the alveolar bone was mea-

ured with the image analysis system.

tatistical Analysis
Data were analyzed with the GraphPad Prism software (Prism,

hicago, IL). One-way analysis of variance and the Dunnett test (for
ultiple comparisons) were used to evaluate the differences between

he means of periapical lesion dimension at days 7, 21, and 42 after

rocedures. A level of significance of 5% was chosen to denote the

JOE — Volume 34, Number 1, January 2008
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ifference between group means. Data are presented as mean � stan-
ard error of the mean (SEM).

Results
istopathologic and Morphometric Analysis

At day 7, the qualitative analysis revealed that all specimens ap-
eared similar, with pulp necrosis mainly at the coronal and middle
hirds of the root canal. A thin layer of inflammatory cells, composed of
eutrophils and lymphomononuclear cells, capped the periapical re-
ion. The neutrophils were the most prevalent cells, mainly concen-
rated in the apical third of the root and adjacent to the apex. The use of
luorescence microscopy allowed adequate resolution of the periapical
esion, clearly detected and delineated; the periodontal ligament ap-
eared completely destroyed at the bone side, and ligament fibers re-
ained attached to the cementum. Quantitatively, the mean size of the

eriapical lesion, in mm2, was similar in all strains: 0.06 � 0.01, 0.06
0.01, 0.07 � 0.01, 0.07 � 0.01, 0.06 � 0.01, and 0.07 � 0.01 in

T, IL-4�/�, IL-10�/�, IFN-��/�, ICAM-1�/�, and CCR5�/� ani-
als, respectively (Fig. 1). Although microabscesses near the apical

perture could be seen in all specimens, the proportion of cells of the
eriapical lesions varied according to the strains. The absolute number
f neutrophils, associated with relative increase in the number of mono-
uclear cells, was similarly decreased in IL-10�/� (38.50 � 1.32),
FN-��/� (38.00 � 2.00), and ICAM-1�/� (38.10 � 1.76) mice in
omparison with the amount of neutrophils in the lesions in WT (51.67

1.20) and IL-4�/� (51.25 � 1.25) mice. In contrast, the number of
eutrophils, with a relatively decreased amount of lymphomononuclear
ells, was increased in CCR5�/� (73.59 � 5.01) mice as compared

igure 1. Values represent the mean size � SEM of the periapical lesion around
pening and contamination of the root canal from WT and IFN-�, IL-4, IL-10,
ith WT controls (Fig. 2). �

OE — Volume 34, Number 1, January 2008
At day 21, the specimens from all strains presented complete pulp
ecrosis, with root canals containing remnants of necrotic pulp tissue
nd debris. The surface of the root apex was occasionally corrugated
ith lacunae, indicating initial cementum resorption. The mean size of

tal root of mandibular first molar determined at days 7, 21, and 42 after coronal
1, and CCR5 knockout (�/�) mice. NS, not significant. *P � .05; **P � .01.

igure 2. The number of polymorphonuclear leukocytes was counted at days 7,
1, and 42 after coronal opening and contamination of the root canal from WT
nd IFN-�, IL-4, IL-10, ICAM-1, and CCR5 knockout (�/�) mice. A counting
rame (0.02 or 0.03 mm2) was centered at a fixed distance from the apical
oramina of distal roots. Within these designated areas, the number of polymor-
honuclear leukocytes was counted by using their identifying characteristics
uch as darkly stained cells with multilobed, horseshoe-shaped nuclei. Values
epresent the mean � SEM per 0.03 mm2 of bone lesion. NS, not significant. *P
the dis
.05; **P � .01.
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he periapical lesion in IL-4�/� mice (0.14 � 0.01) was similar to that
f WT controls (0.13 � 0.01), whereas those of IL-10�/� (0.26 �
.03), IFN-��/� (0.23 � 0.01), ICAM-1�/� (0.24 � 0.02), and
CR5�/� mice (0.24 � 0.02) were 120%, 93%, 100%, and 100%,
espectively, larger than that of WT controls. Fig. 3 is representative of
onventional light and fluorescence microscopy of the periapical le-
ions at day 21. Although microabscesses near the apical aperture could
e seen in all specimens, the proportion in cells of the periapical lesions
aried according to the strains. The absolute number of neutrophils,
ith relative increase in the number of mononuclear cells, was similarly
ecreased in IL-10�/� (48.50 � 1.44), IFN-��/� (62.72 � 7.28),
nd ICAM-1�/� (56.00 � 3.34) mice as compared with the amount of
eutrophils in the lesions in both WT (81.50 � 2.02) and IL-4�/�

81.25 � 2.28) mice. In contrast, the number of neutrophils, with a

igure 3. Conventional light and fluorescence microscopy of representative view
ccess and contamination of the root canal from WT and IFN-�, IL-4, IL-10, IC
elatively decreased number of lymphomononuclear cells, was in- d

4 De Rossi et al.
reased in CCR5�/� (100.80 � 5.96) mice as compared with WT mice
Fig. 2).

At day 42, specimens from all strains presented root canals con-
aining remnants of necrotic pulp tissue and debris. The surface of the
oot apex was corrugated with large lacunae, indicating advanced ce-
entum resorption. The mean size of the periapical lesions in IL-4�/�

ice (0.19 � 0.01) was similar to that of WT controls (0.17 � 0.01),
hereas those of IL-10�/� (0.35 � 0.04), IFN-��/� (0.36 � 0.04),

CAM-1�/� (0.33 � 0.05), and CCR5�/� mice (0.34 � 0.03) were
08%, 112%, 94%, and 94%, respectively, larger than that of WT con-

rols (Fig. 1). Although microabscesses near the apical aperture could
e seen in all specimens, the proportion of cells of the periapical lesions
aried according to the strains. The absolute number of neutrophils,
ith relative increased number of mononuclear cells, was similarly

e periapical lesions in distal root of mandibular first molar at day 21 after crown
and CCR5 knockout (�/�) mice (HE; bars � 200 �m).
s of th
ecreased in IL-10�/� (79.67 � 3.48), IFN-��/� (83.20 � 10.07),

JOE — Volume 34, Number 1, January 2008



a
n
�
d
C
(

B

t
p
i
a
t
c
i

O

c

p
d
0
1
T
3
I
r
s
�
I

t
s
d
c

F
g
a
p
i

Basic Research—Biology

J

nd ICAM-1�/� (78.00 � 0.57) mice as compared with the amount of
eutrophils in the lesion in WT (113.80 � 6.00) and IL-4�/� (111.00

5.29) mice. In contrast, the number of neutrophils, with a relatively
ecreased amount of lymphomononuclear cells, was augmented in
CR5�/� (140.00 � 4.89) mice as compared with WT controls
Fig. 2).

acterial Penetration of Tissues
There was no significant difference in bacterial penetration of the

issues between WT and all knockout animals at days 7, 21, and 42 after
ulp exposure and inoculation. In all periods, all strains were included
n score 3; gram-positive and gram-negative bacteria were found in
bundance at the coronal portion of the dental pulp and in dentinal
ubules and in less numbers at the medium and apical thirds of the root
anal. In all specimens bacteria were absent in periapical lesion. Fig. 4
s representative of the bacterial status of periapical lesions at day 7.

steoclastogenesis (TRAP assay)
There was no significant difference in number of TRAP-positive

igure 4. Representative view of the bacterial penetration after crown access
ram-negative (red) bacteria were found in abundance at the coronal portion of
t medium third of the root (D), penetrated until the end of the root canal (E), an
enetration of the tissues between all strains at 7, 21, and 42 days after crown a

n (B–F) � 10 �m).
ells between WT and all knockout animals. The mean number of TRAP- m

OE — Volume 34, Number 1, January 2008
ositive cells per millimeter length of resorbed bone was climaxed at
ay 7: 5.86 � 0.43, 7.97 � 0.937, 6.55 � 0.68, 6.66 � 0.33, 6.55 �
.35, and 6.62 � 0.24 in WT, IL-4�/�, IL-10�/�, IFN-��/�, ICAM-
�/�, and CCR5�/� animals, respectively. At 21 days the number of
RAP-positive cells similarly decreased: 3.95 � 0.52, 4.53 � 0.21,
.72 � 0.53, 4.02 � 0.83, 3.24 � 0.38, and 3.64 � 0.24 in WT,
L-4�/�, IL-10�/�, IFN-��/�, ICAM-1�/�, and CCR5�/� animals,
espectively. At 42 days even fewer TRAP-positive cells could be ob-
erved in the lesion site: 3.06 � 0.20, 3.55 � 0.21, 2.75 � 0.36, 2.37

0.42, 3.46 � 0.63, and 3.24 � 0.55 in WT, IL-4�/�, IL-10�/�,
FN-��/�, ICAM-1�/�, and CCR5�/� animals, respectively (Fig. 5).

Discussion
The inflammatory response is controlled by a network of regula-

ory cytokines produced by Th1- and Th2-type lymphocytes and adhe-
ion and chemotactic molecules. In the present work we examined
evelopment of periapical lesions in knockout mice for the central Th1
ytokine, IFN-�, the central Th2 cytokines, IL-4 and IL-10, an adhesion

ontamination of the root canal (A). At all periods, gram-positive (blue) and
ntal pulp, dentinal tubules (B), and cervical third of the root (C), in less number
e absent in periapical lesion (F). There was no significant difference in bacterial
and contamination of the root canal (BB staining; bar: in (A) � 500 �m and
and c
the de
d wer
ccess
olecule, ICAM-1, and a chemokine receptor, CCR5, aiming to estab-
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ish whether such responses are predominantly protective or destruc-
ive regarding bone resorption after dental pulp infection.

The mice model of coronal opening followed by inoculation of
ndodontic pathogens and then left open to the oral environment has
een shown to be effective for the experimental induction of periapical
nflammation and bone destruction (6, 7, 13). In our study, bacteria
ere observed in the root canal system of all animals, whereas the
btained periapical lesion was free of bacteria. It is very likely that the
efense system mobilized by periapical inflammation first eliminates the
acteria that invade the periapex; the presence of the inflammatory

igure 5. Representative views of the osteoclasts, identified as TRAP-positive m
2 after crown access and contamination of the root canal. The number of oste
ay 42 fewer TRAP-positive cells could be observed (TRAP, bars � 100 �m)
esorbed bone length. Values represent the mean � SEM. In all strains osteoc
2. At any time point, there was no significant difference in number of osteocla
nfiltrate resulted from the penetration of bacterial by-products. The i

6 De Rossi et al.
odification of the BB technique used in the current study (15) allowed
xcellent stainability, because it was possible to identify and discrimi-
ate bacterial profiles along the teeth.

h1 and Th2 Cytokines
Both proinflammatory Th1 and anti-inflammatory Th2 cytokines

ight modulate IL-1 expression, implicated as central mediators of
eriapical bone resorption and activity by macrophages (5). A model

or the operation in periapical lesions predicts that the Th1 subset
p-regulates IL-1 and other proinflammatory cytokines, whereas inhib-

leated cells, lining alveolar bone in intact teeth (day 0) and at days 7, 21, and
was climaxed on day 7. At day 21 the number of osteoclasts decreased, and at

oclastogenesis was measured as the number of osteoclasts per millimeter of
nesis increased dramatically by day 7 and decreased gradually at days 21 and
tween all strains.
ultinuc
oclasts
. Oste

lastoge
tors of IL-1 are related to the Th2 subset (4, 5). We tested the hypoth-

JOE — Volume 34, Number 1, January 2008
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sis that IFN-�, the major product of activated Th1 cells, would enhance
eriapical inflammation and bone resorption adjacent to sites of infec-
ion. Our findings, however, could show that IFN-��/� mice developed
reater periapical lesions than WT controls at days 21 and 42, suggest-
ng that, at least individually, endogenous IFN-� might have protective
ffect on the pathogenesis of late periapical bone resorption in vivo.
ecently, it has been proposed that IFN-� is critical for the suppression
f pathologic bone resorption associated with inflammation because it
nhibits osteoclastogenesis by interfering with the receptor activator for
uclear factor-�B ligand (RANKL)-RANK signaling pathway and induc-
ng rapid degradation of tumor necrosis factor receptor–associated
actor 6 (18). Conversely, previous investigation suggested that
FN-��/� mice do not have significantly reduced infection-simulated
one resorption, possibly as a result of functional redundancy in proin-
lammatory pathways (13). Moreover, our findings also demonstrated
hat the Th2 cytokines, IL-4 and IL-10, exhibited different functions in
one destruction modulation; IL-10�/� mice developed greater peri-
pical lesions than those in IL-4�/� mice, and these latter were quite
imilar to the lesions induced in WT animals. Functional discordance
mong the Th2-type cytokines was previously pointed out; IL-10�/�,
ut not IL-4�/�, mice exhibited enhanced periapical bone destruction
fter infection of the dental pulp (6). By contrast, mice immunized to
evelop strong and polarized Th1 response developed an extensive
nflammation associated with alveolar bone destruction heavily infil-
rated with osteoclasts, whereas Th2-biased mice and controls devel-
ped minimal lesions and no obvious osteoclasts (14).

CAM-1
Although adhesion molecules have been observed in human peri-

pical lesions (11), their implication in its pathogenesis has not been
valuated. Endothelial ICAM-1 plays a key role in leukocyte migration to
he site of infection. We tested and confirmed the hypothesis that ICAM-1
eficiency results in compromised immune response reflected by en-
anced periapical inflammation and bone resorption. Correspondingly,
/E selectin knockout mice, which lack rolling adhesion of leukocyte to
ndothelium, also presented increased bone destruction and higher
evels of the bone resorptive cytokine, IL-1�, in the periapical inflam-

atory sites (19). A study from our laboratory demonstrated that
CAM-1 is effectively involved in the early formation of granulomas and
articipates in the resistance of mice to infection with the fungus Para-
occidioides brasiliensis; the absence of ICAM-1 resulted in decreased
umber of CD4 and CD8 T cells and increased production of IL-4 in the
nflammatory site (20).

CR5
Once CCR5 receptor is critical mediator of leukocyte trafficking

nd activation, we tested the hypothesis that the absence of this receptor
esults in compromised immune response in periapical lesion develop-
ent. Our results clearly showed that CCR5�/� mice developed greater

eriapical lesions at days 21 and 42 after procedure in comparison with
T controls and exhibited a more pronounced neutrophilic infiltrate,

hus suggesting a role for CCR5 in periapical bone resorption. Similarly,
recent study demonstrated that CCR5�/� mice developed a more

evere pancreatic injury than WT mice during cerulein-induced acute
ancreatitis as assessed by a more severe inflammatory infiltrate, mainly
eutrophilic (21). However, the precise mechanism by which CCR5 can
odulate the immune response in periapical lesion has to be deter-
ined.

olymorphonuclear Leukocyte Recruitment
Polymorphonuclear neutrophils are usually thought of as the leu-
ocyte population involved in acute inflammatory responses, acting as a

OE — Volume 34, Number 1, January 2008
irst line of defense against invading microorganisms. On the other
and, recent findings have shown that these cells are able to synthesize
ytokines in response to a variety of inflammatory stimuli (22). Accord-
ng to our results, periapical lesions occurred as a tissue reaction to
acterial infection and consisted of inflammatory cell infiltration,
ainly composed of neutrophils at all stages of development. These

indings place neutrophils at a pivotal position in which they regulate not
nly acute inflammatory reaction but also the chronic inflammatory
esponse in the present case, as understood as a long-term persistent
nfection caused by root canals left opened to the oral environment. A
egative correlation between the extent of periapical lesions and the
umber of neutrophils was demonstrated in WT and IFN-�, IL-4, IL-10,
nd ICAM-1 knockout animals, suggesting a protective role of neutro-
hils in the control of infection-stimulated alveolar bone resorption in

his model. The role of neutrophils in defense against bacteria in pulpal
issue was previously demonstrated in rats (23). However, an exception
as observed for CCR5�/� animals; a larger periapical lesion was cor-

elated with an increase in the number of neutrophils during all periods.
he higher number of neutrophils in these animals could be ascribed to

he abrogated recruitment of monocytes caused by CCR5 deficiency, the
ain receptor for macrophage inflammatory protein-1� (MIP-1�)

24). In addition, the degranulation of neutrophils could be implicated
n connective tissue destruction. In rats, the methotrexate-induced neu-
ropenia elicited after pulpal exposure did not change the status of the
eriapical lesion, whereas the neutropenia before the exposure inhib-

ted the infiltration of inflammatory cells, especially that by neutrophils,
nto the lesion and the development of the periapical lesion (25). This
inding suggests that neutrophils infiltrated in periapical tissue initiate
he development of the periapical lesion. Further studies are needed to
lucidate the protective or destructive role of neutrophils in acute and
hronic stages of periapical lesions in this model, possibly by use of
nockout mice with experimentally induced neutropenia.

steoclastogenesis (TRAP Assay)
Microscopic examination of TRAP-stained sections demonstrated

hat the osteoclast number proceeded rapidly for all strains at day 7 and
hen gradually decreased at days 21 and 42. This decrease in the num-
er of TRAP-positive cells contrasting with the increased size of the

esion was also reported in periapical lesions induced in IL-1 and/or
umor necrosis factor (TNF) knockout mice (26) and in normal rats
nd correlated to a decrease in the expression of receptor activator of
ANKL (27). Synergic effects of RANKL and proinflammatory cytokine
ignaling are considered to be induced in the periapical area in re-
ponse to bacterial stimuli, which would be responsible for the progress
f periapical lesion expansion. On the other hand, the synthesis of
egative regulators of RANKL and proinflammatory cytokines is rapidly

nduced with lesion progression (28). This negative response would
ontrol the severe progress of bone destruction and inflammatory dis-
ase. Further studies are needed to reveal the components and functions
f the mediator network correlated with the progress of periapical bone
estruction.

Conclusion
Multiple mechanisms are involved in the pathologic changes as-

ociated with acute and chronic periapical lesions. Our results suggest
hat at least individually, IFN-�, IL-10, ICAM-1, and CCR5 play an im-
ortant role in the pathogenesis of experimentally induced pulp infec-

ion as endogenous suppressor of periapical lesion development,
hereas IL-4 did not present significant effect on periapical lesion mod-
lation. Further studies are in progress to elucidate the intrinsic mech-

nism implicated in the development of perapical lesions, such as the
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etermination of the levels of proinflammatory and anti-inflammatory
ytokines, the regulation of IL-1 production, and regulatory mecha-
isms governing osteoclast activity. The investigation of the dynamic
quilibrium between defensive and destructive mechanisms might pro-
ide a pathologic basis for better understanding of the clinical signs and
ymptoms of pathologic bone resorption associated with inflammation,
ossibly influencing treatment strategy and shedding some light on the
echanism of bone destruction.
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