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Gingival inflammation, bacterial infection, alveolar bone destruction, and subsequent tooth loss are char-
acteristic features of periodontal disease, but the precise mechanisms of bone loss are poorly understood. Most
animal models of the disease require injury to gingival tissues or teeth, and the effects of microorganisms are
thus complicated by host responses to tissue destruction. To determine whether three putative periodontal
pathogens, Porphyromonas gingivalis, Campylobacter rectus, and Fusobacterium nucleatum, could cause localized
bone resorption in vivo in the absence of tissue injury, we injected live or heat-killed preparations of these
microorganisms into the subcutaneous tissues overlying the calvaria of normal mice once daily for 6 days and
then examined the bones histologically. We found that all three microorganisms (both live and heat killed)
stimulated bone resorption and that the strain of F. nucleatum used appeared to be the strongest inducer of
osteoclast activity. Treatment of the mice concomitantly with indomethacin reduced but did not completely
inhibit bone resorption by these microorganisms, suggesting that their effects were mediated, in part, by arachi-
donic acid metabolites (e.g., prostaglandins). Our findings indicate that these potential pathogens can stimu-
late bone resorption locally when placed beside a bone surface in vivo in the absence of prior tissue injury and

support a role for them in the pathogenesis of bone loss around teeth in periodontitis.

Periodontal disease is a common inflammatory disorder that
often leads to irreversible alveolar bone resorption and tooth
loss. It begins as a mixed bacterial infection in the gingiva sur-
rounding teeth (18, 34) and leads subsequently to loss of at-
tachment of the periodontal ligament, which anchors teeth to
the surrounding bone. Since there are minimal systemic effects
of periodontitis, it is likely that the bone and soft tissue destruc-
tion around affected teeth results from the local release of in-
flammatory mediators secondary to bacterial infection (8, 10,
17, 21, 38). Several potential periodontal pathogens have been
studied, and of these, Porphyromonas gingivalis, Campylobacter
rectus, Actinobacillus actinomycetemcomitans, and Fusobacte-
rium nucleatum are considered to represent a significant portion
of the pathogenic microbiota (7, 10, 21, 40). They possess or can
induce in host cells several factors, such as lipopolysaccharide
(LPS) (37), interleukin-1 (IL-1) (9), IL-6 (28, 29), tumor necrosis
factor (31), surface-associated proteins (27), fimbriae (12), vesi-
cles, toxins, and enzymes (30), which are thought to cause,
directly or indirectly, irreversible loss of periodontal supportive
tissues.

We showed previously that P. gingivalis (13) and C. rectus (14)
can cause soft tissue destruction following injection of viable
bacteria into the mid-dorsal subcutaneous (s.c.) tissue of nor-
mal mice. Others have shown that a variety of bacterial prod-
ucts from some of these microorganisms can stimulate osteo-
clast formation (26) and bone resorption in organ cultures of
rodent bone (17, 19, 20, 25, 38, 39). To date, however, there have
been no reports of any individual putative periodontal pathogen
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causing bone resorption in an in vivo model without damage to
soft tissues or bone before the introduction of microorganisms.

To address this question, we injected potential periodontal
pathogens into the s.c. tissues overlying the calvaria of normal
mice using a model that we had developed previously to ex-
amine the in vivo effects of potential osteoclast-stimulating
factors (1, 2). We hypothesized that this model would be ame-
nable to evaluating host-bacterium interactions which con-
tribute to bone resorption in vivo. We found that P. gingivalis,
C. rectus, and F. nucleatum stimulated bone resorption in this
model and that the effects were mediated, in part, by arachid-
onate metabolites.

MATERIALS AND METHODS

Animals. Female ICR Swiss mice (Harlan Laboratories, Indianapolis, Ind.)
weighing 20 to 25 g were housed in isolator cages in an American Association for
Accreditation of Laboratory Animal Care-accredited animal facility at the Uni-
versity of Texas Health Science Center at San Antonio. Autoclaved TEKLAD
chow (Sprague-Dawley Co., Madison, Wis.) and water were provided ad libitum.

Microorganisms. We chose to study three potential periodontopathogenic
bacteria: P. gingivalis W50 (13), C. rectus 576 (14), and F. nucleatum T18 (16).
The bacteria were grown on prereduced Trypticase soy agar plates enriched with
5% (vol/vol) sheep blood (ETSA) in an anaerobic chamber (85% N,, 5% CO,,
10% H,). P. gingivalis and C. rectus were cultured for 72 h while F. nucleatum was
cultured for 24 h on these plates.

All bacterial manipulations were carried out with Coy anaerobic chambers to
ensure maximum viability. The cells were harvested aseptically with a sterile
cotton applicator soaked in reduced transport fluid (RTF) (36) and immediately
suspended in RTF. A sample was diluted up to 1/1,000, the optical density was
measured at 600 nm (Beckman DV-65 spectrophotometer), and the bacterial cell
concentration was determined by use of strain-specific growth curves. The stock
suspension was then either diluted with RTF or centrifuged at 7,000 X g for 6
min, and a portion of the supernatant was removed to obtain the desired con-
centration. Bacterial cell suspensions were transported in anaerobic gas-filled
vacuum vials and were used within 15 to 30 min of preparation. Previous studies
with vital dyes (15) demonstrated that >95% of bacteria treated in this way are
viable at the time of injection.

Heat-killed bacteria were prepared by placing 200 pl of bacterial cell suspen-
sion in a sealed tube and heating it to 85°C for 10 min. Samples of both live and
heat-killed bacterial cell suspensions were plated on ETSA and cultured for 24
to 72 h to determine their viability and/or purity.
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Injection of bacterial suspensions. Live and heat-killed bacteria (2 X 10° to
2 % 10 in 10 pl of RTF) or RTF was injected into the s.c. tissue overlying the
parietal bone on the right side of the calvarium of mice by use of a Hamilton
(Reno, Nev.) syringe once daily for 6 days. The mice were euthanatized 8 h after
the last injection, and the calvaria were removed for histological assessment. Based
on preliminary experiments, the number of injected bacteria needed to evoke a
resorptive response ranged from 2 X 10° to 2 X 10° for C. rectus and F. nucleatum
and 2 X 107 to 2 X 10° for P. gingivalis. Generally, five mice were used for each
dose of the bacteria and three mice were used for evaluation of the RTF control.

To determine whether any of the observed effects were prostaglandin medi-
ated, mice (five to nine per group) injected with 2 X 10° bacteria of each species
were also given s.c. injections of either indomethacin (40 pg in phosphate-
buffered saline [PBS] three times daily) or PBS into the flank beginning 2 h
before the first bacterial injection and continuing until 4 h after the last injection.
This dosage schedule has been shown to be effective in previous studies (1) and
was the highest dose of indomethacin that could be given without causing animal
sickness or death over the duration of the experiment. None of the treated mice
exhibited general signs of sickness during the experiment. A control group was
injected with RTF over the calvarium and given indomethacin s.c.

Bone histology. The calvaria were fixed in 10% phosphate-buffered formalin
and decalcified in 14% EDTA. The anterior half of the frontal bones and most
of the occipital bones were trimmed off, and the parietal bones were cut coro-
nally. These half calvaria were then embedded in paraffin with the cut edges at
the bottom of the cassettes, and four nonconsecutive levels were cut, providing
eight coronal sections through each calvarium. These sections (5 wm thick) were
stained with hematoxylin and eosin. Histomorphometric analysis of the following
variables was carried out on the two sections from each calvarium which con-
tained the largest number of bone marrow spaces and thus the greatest length of
bone surface available for assessment of resorption by use of the Bioquant image
analysis system (R&M Biometrics, Nashville, Tenn.) and a digitizing tablet: total
bone area between the sagittal suture and the temporalis muscle insertion and
osteoclast number (expressed per square millimeter of total bone area) (1).
Additional sections were cut at the four levels in each calvarium, and sections
from mice treated with each type of bacterium or vehicle were stained by the
Gram stain method for the detection of bacteria which might have survived in the
soft tissue and bone.

Statistical analyses. Statistical analyses were carried out with Minitab (State
College, Pa.) statistical software. Values for all variables for control groups of
mice were found similar by one-way analysis of variance and were pooled for
comparison with those for treatment groups. Differences between control groups
and individual treatment groups were compared with Student’s ¢ test. Differences
between dose responses were tested by two-way analysis of variance with dose and
microorganism as the independent variables. In groups in which values did not
have a normal distribution, the data were log transformed prior to analysis.

RESULTS

Soft tissue swelling occurred at the injection site within 24 h of
the first injection and increased in size throughout the exper-
iment in almost all of the mice injected with bacteria but not in
the controls. This finding was most pronounced in animals giv-
en the highest numbers of bacteria and was barely detectable in
those given the lowest numbers. Two mice given the highest
dose of P. gingivalis developed abscesses and ulceration of the
overlying skin and were excluded from the study. No difference
in the extent of soft tissue swelling was observed between mice
given live bacteria and those given heat-killed bacteria. The mice
did not display any systemic effects of the injections, main-
tained normal weight and behavior, and had no evidence of
spread of infection to other sites, as determined at autopsy.

Histological examination revealed edema and a mixed in-
flammatory infiltrate of variable intensity in the soft tissues
overlying the calvaria; this infiltrate consisted of polymorpho-
nuclear leukocytes, lymphocytes, and macrophages. Microab-
scesses (Fig. 1) and areas of soft tissue necrosis were evident in
sections from mice given the highest numbers of bacteria, and
where the necrosis abutted the bone, there was necrosis of the
underlying periosteal cells. No bacteria were seen in Gram-
stained calvarial sections from mice with either a pronounced
or a mild soft tissue inflammatory infiltrate. Thus, we assumed
that the bacteria were removed by host cells during the 8 h
between the last injection and euthanasia.

Increased numbers of osteoclasts were seen inside the cal-
varia of mice treated with the highest numbers of all three
bacteria, and the effects are illustrated in Fig. 2; however, the
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FIG. 1. Effects of local injections of F. nucleatum on murine calvarial bone
and soft tissue. Live F. nucleatum bacteria (2 X 107) were injected once daily for
6 days into the s.c. tissues overlying the calvaria of mice, and the animals were
sacrificed 24 h later. Edema and abscesses (A) developed in the soft tissue over-
lying the calvarium of this mouse injected with F. nucleatum. In addition, increased
numbers of osteoclasts (arrows) were seen inside the calvarium, and these caused
an increase in the size of the bone marrow spaces (see Fig. 2C for comparison)
due to increased endosteal bone resorption. Hematoxylin-eosin stain was used.

intensity of the resorption and the numbers of osteoclasts seen
varied in response to similar numbers of injected microorgan-
isms (Fig. 2). Thus, although each bacterial species produced a
dose-dependent increase in osteoclast numbers within the cal-
varia (Fig. 3), within the context of the species examined, F. nu-
cleatum was found to be the most potent inducer of osteoclasts
and P. gingivalis was found to be the least potent inducer. At
lower doses, osteoclasts tended to be confined to the endosteal
marrow surfaces, particularly in mice given P. gingivalis (Fig.
2); at higher doses, they were also present on the upper peri-
osteal surface, consistent with more aggressive resorption. In
many places, osteoclasts had eroded through the full thickness
of the bone into the overlying periosteal tissues, particularly
when the highest numbers of microorganisms were injected.
Both live and heat-killed P. gingivalis and C. rectus were equally
effective in stimulating osteoclast production (Fig. 3). How-
ever, heat-killed F. nucleatum stimulated the production of
significantly fewer osteoclasts than live F. nucleatum. Indo-
methacin treatment of mice given numbers of bacteria eliciting
similar levels of bone resorption (2 X 10° for P. gingivalis and
2 X 108 for C. rectus and F. nucleatum) resulted in a significant
reduction in osteoclast numbers (Fig. 4). The intensity and
extent of the soft tissue inflammatory infiltrate, however, were
histologically similar in bacterially challenged mice treated
with indomethacin or PBS.

The osteoclast-stimulating effects of the bacterial injections
appeared to be confined locally to the superior part of the
calvaria at the site where the microorganisms were injected,
because we saw no increase in osteoclast numbers within the
bone marrow cavities inside the temporal bones, which are
attached to the lateral borders of the parietal bones. Injected
microorganisms can spread over the surface of the parietal
bones because the skin is very loosely attached. However, firm
attachment of the temporalis muscle prevents the spread of
microorganisms to the temporal bones.

DISCUSSION

Periodontitis is an important oral infection that occurs
around the teeth of up to 40% of U.S. citizens (5) and, like
osteoporosis, is often quoted as a potentially cytokine-medi-
ated cause of significant bone loss. Numerous potential patho-
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FIG. 2. Effects of local injections of F. nucleatum and P. gingivalis on mouse
calvaria. Live bacteria were injected once daily for 6 days into the s.c. tissues
overlying the calvaria of mice, and the animals were sacrificed 24 h later. (A)
Increased numbers of osteoclasts (arrows) were seen in the bone marrow spaces,
which were enlarged as a result of the increased osteoclast activity in the calvar-
ium of a mouse injected with 2 X 107 F. nucleatum bacteria. (B) In contrast, only
occasional osteoclasts (arrows) were seen in the bone marrow spaces of the
calvarium of a mouse injected with 2 X 107 P. gingivalis bacteria, and few of these
marrow spaces were enlarged. These appearances (B) are similar to those of the
calvarium of a control mouse (C) given daily injections of the vehicle (RTF). A
moderately heavy acute inflammatory infiltrate and moderate edema are present
in the soft tissues overlying the calvaria of the mice injected with bacteria. Mild
edema and a few inflammatory cells are present in the soft tissue overlying the
calvarium of the control mouse. Hematoxylin-cosin stain was used.

gens have been isolated from the pockets of inflammation in
the gingiva adjacent to affected teeth of patients with peri-
odontal disease (22), and of these, P. gingivalis has frequently
been considered to be responsible for causing the associated
bone loss in adults (6). Surprisingly, although all three of the
potential periodontal pathogens that we chose to study stimu-
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lated bone resorption, P. gingivalis elicited the least osteoclast-
stimulating activity in our in vivo calvarial bone resorption
model. The number of microorganisms that we injected (2 X
10° to 2 X 10%) is relatively small in comparison to the number
of microorganisms required to cause soft tissue-destructive
inflammatory lesions following injection into the flanks of nor-
mal mice (>5 X 10°) (4, 13) and is within the range of the level
of colonization in the gingival sulci of patients with periodon-
titis (35). Thus, the effects that we observed on osteoclasts in
the calvaria of mice in the present study, particularly with the
lower numbers of microorganisms, are unlikely to have been
due to overwhelming infection.

Increased bone resorption and localized osteolysis are well-
established features of infections occurring inside bones (osteo-
myelitis) as a result of pathogenic microorganisms, such as gram-
positive staphylococci (24) and streptococci and gram-negative
Escherichia coli, Proteus spp., and Haemophilus influenzae (23).
The activation of osteoclasts in such infections is likely to be
mediated by cytokines and inflammatory mediators released
locally by host cells in response to bacterial cell products. It is
widely believed that similar mechanisms lead to alveolar bone
loss around affected teeth in patients with periodontitis, with
the potential for tooth loss. Gingival fibroblasts have been re-
ported to increase prostaglandin E2 and IL-1 production when
cultured with LPS from P. gingivalis (33), and IL-1B, tumor ne-
crosis factor alpha, and IL-6, which stimulate bone resorption
in vivo (3, 11, 32), are found in gingival crevicular fluid (9, 31).

The dramatic increase in osteoclast numbers and the full-
thickness calvarial bone resorption defects that we observed in
response to all three bacteria were similar to the effects that we
observed in the calvaria of mice following local injections
of IL-1 (1). In those experiments, we saw resorption defects
through the full thickness of calvarial bones 4 days after the
last of three daily injections of IL-1. This time corresponds to
the day of experiment termination following local calvarial
injections of bacteria for 6 days in the present study. The local
osteoclast-stimulating effect seen 4 days after the IL-1 injec-
tions was prevented by concomitant treatment with indometh-
acin and thus appeared to be eicosanoid dependent (e.g., pros-
taglandins) (1). Treatment of mice with indomethacin in the
present study significantly attenuated the increase in osteoclast
numbers and activity; thus, the changes observed in the cal-
varia were likely to have been partly eicosanoid mediated.
Although the dose of indomethacin given (40 mg three times
daily for 7 days) was less than half that which we administered
previously to prevent IL-1-induced local bone resorption in
mice (1), it was the highest dose that we could administer for
7 days in the present study, since higher doses (60 mg or more
three times daily) caused morbidity or mortality in the mice.
Thus, we believe that the dose was sufficiently high to have
reached therapeutic levels in blood and to have accounted for
the reduced bone resorption.

Our observation that preparations of heat-killed P. gingivalis
and C. rectus stimulated bone resorption to the same degree as
live organisms suggests that the effects are likely to be due
either to direct stimulation of osteoclasts by bacterial cell prod-
ucts or to indirect stimulation of osteoclasts by products, such
as cytokines, released locally by host cells, rather than to the
release of osteoclast-stimulating factors by live bacteria during
the infection. This observation was not uniform, however, since
live F. nucleatum elicited significantly greater osteoclast num-
bers than heat-killed bacteria. The basis for this difference is
not obvious; however, it is clear that the lipopolysaccharides of
many oral microorganisms vary in their biologic activities and
are quite different from the classic LPS molecules of the En-
terobacteriaceae. We propose that heat-killed bacteria primar-
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FIG. 3. Effects of injections of live or heat-killed bacteria on osteoclast numbers in mouse calvaria. Organisms were injected once daily for 6 days at the doses indicat-
ed. The mice were sacrificed 24 h later, and osteoclast numbers in decalcified calvarial sections were counted. Values are means = standard errors of means. *,
Significantly different from mean value for vehicle-treated (RTF) mice (P < 0.05). #, Dose response significantly different from that to P. gingivalis (P < 0.01). +, Dose
response significantly different from that to C. rectus (P < 0.001). $, Significantly different from mean value for mice treated with live F. nucleatum bacteria (P < 0.01).

ily elicit host responses via LPS or heat-stable polysaccharide
components. One inference is that the LPS from F. nucleatum
was less active in our model system than LPS components from
the other microorganisms examined. Our previous studies with

local calvarial injections of IL-1 (1) suggested that a cascade of
inflammatory mediators may be activated during IL-1 exposure
and that these mediators may be responsible for the subse-
quent dramatic osteolytic defects. Thus, localized bacterial gin-
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FIG. 4. Effects of indomethacin and live bacteria on osteoclast numbers in mouse calvaria. Injections of indomethacin (40 pg in PBS) were given s.c. every 8 h for
6 days, beginning 2 h before the first bacterial injection and continuing until 4 h after the last injection in groups of mice (n = 5 for bacteria alone; n = 5, n = 6, and
n = 7 for indomethacin with P. gingivalis, F. nucleatum, and C. rectus, respectively; n = 8 and n = 9 for RTF alone and RTF with indomethacin, respectively). Values
are means * standard errors of means. All values for the bacterium-injected mice (with and without indomethacin) were significantly different from values for the
vehicle-treated (RTF) mice (P < 0.05). *, Significantly different from values for mice given bacteria alone (P < 0.01).
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gival infection could lead to the initiation of a cascade of in-
flammatory events that lead to alveolar bone loss that may or
may not require the continuous presence of live bacteria. The
in vivo model described in this paper will permit further studies
with purified or partially purified bacterial cell products and
inhibitors of known cytokines to explore the mechanisms that
lead to localized tooth loss.

To our knowledge, this is the first report of bone resorption
being caused in vivo in a dose-dependent monoinfection by mi-
croorganisms which have been identified in the gingival pock-
ets of affected teeth in patients with periodontitis. Our findings
raise the prospect that specific antimicrobial or antiosteoclast
therapy could be evaluated in this model with the goal of pre-
venting the establishment of bone loss in individuals at high
risk of developing periodontitis or of abrogating the progres-
sion of the bone destruction that can result in the loss of other-
wise healthy teeth in patients with established periodontitis.
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