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Specific immunity has been implicated in the pathogenesis of periapical lesions, although the extent to which
these mechanisms are actually involved in either protection or destruction of the pulp-periapex complex is yet
to be established. To investigate this question we compared periapical-lesion pathogenesis in RAG-2 severe
combined immunodeficient (SCID) mice with immunocompetent control mice following surgical pulp expo-
sure. In order to equalize the bacterial challenge, an infection protocol using Prevotella intermedia, Fusobacte-
rium nucleatum, Peptostreptococcus micros, and Streptococcus intermedius was devised. The results demonstrated
that after infection, the proportion of the root canal flora represented by the four pathogens was almost iden-
tical in both groups (39.9 and 42.2% for RAG-2 and immunocompetent control mice, respectively). The effects
of abrogation of T- and B-cell mechanisms on periapical pathogenesis were then assessed. Approximately one-
third of the RAG-2 mice developed endodontic abscesses, while no immunocompetent controls had abscesses,
results which indicated regional dissemination of the infection. A similar incidence of abscesses was found in
two additional experiments. Abscessed RAG-2 teeth had significantly larger periapical lesions than did non-
abscessed RAG-2 teeth (P < 0.05) and exposed immunocompetent controls (P < 0.01), whereas nonabscessed
RAG-2 teeth were not significantly different from those of exposed immunocompetent controls in periapical-
lesion size. We conclude that B- and T-cell-mediated immunity protects the host from the dissemination of endo-
dontic infections and that RAG-2 mice are more susceptible to infection-induced pulp-periapex destruction.

Specific immune mechanisms are implicated in periapical
pathogenesis, based largely upon the presence of T and B
lymphocytes (7, 19, 20, 25, 31, 32), immunoglobulins (4, 5, 17,
24, 39), immune complexes (16, 37, 38), complement compo-
nents (16, 44), and cytokines (3, 22, 23, 34, 35, 41, 42) in
periapical lesions. Although these associations are informative,
researchers have been unable to determine whether these
mechanisms protect against pulpal infection and periapical
pathology, actually contribute to their development, or are
merely epiphenomenal.

A more direct approach to these questions involves the use
of naturally occurring and genetically engineered mutations
that result in defects of the specific immune system in animals.
To date, only a few studies have made use of these models to
investigate the pathogenesis of periapical disease, and these
have yielded conflicting results (33, 40). In the present study we
have developed a model of induced pulpal infection by using a
defined pathogenic bacterial inoculum in RAG-2 severe com-
bined immunodeficient (SCID) mice. RAG-2 animals are ge-
netic knockouts for the recombination activation 2 gene which
are unable to join V, D, and J segments to generate functional
immunoglobulin or T-cell receptors. They consequently lack
mature T and B cells and are incapable of mounting either
specific antibody or cell-mediated responses, although cells
involved in nonspecific immunity, including neutrophils and
monocytes, are intact and fully functional (30). Unlike conven-
tional SCID beige mice, which generate VDJ recombinants
and functional lymphocytes with increasing age, RAG-2 ani-
mals do not exhibit a “leaky” phenotype and are therefore an

appropriate model in which to determine the role of B- and
T-cell-mediated mechanisms in periapical disease.

MATERIALS AND METHODS

Animals. Breeding pairs of RAG-2 mice produced by targeted gene disruption
were kindly provided by Frederick Alt, Children’s Hospital Medical Center,
Boston, Mass. Animals were bred and maintained in isolators in the Forsyth
Dental Center Animal Facility under pathogen-free conditions. Immunologically
intact wild-type mice (Taconic, Germantown, N.Y.) with the same background as
the RAG-2 animals (F1 between strains C57BL/6 and 129/SvEvTac) served as
controls and were bred and maintained separately under identical conditions.

Pulp exposures. RAG-2 and control mice aged 10 to 12 weeks and weighing 20
to 25 g were anesthetized by the intramuscular injection of ketamine (80 mg/kg
of body weight) and xylazine (10 mg/kg) in sterile phosphate-buffered saline
(PBS) and mounted on a jaw retraction board. The pulps of all four first molars
were exposed with a surgical microscope (model MC-M92; Seiler, St. Louis,
Mo.), a portable variable-speed electric handpiece (Osada Electric, Los Angeles,
Calif.), and a sterile size 1/4 round bur. The pulp chambers were opened until the
entrances of the canals could be visualized and probed with a no. 10 endodontic
file.

Infection with endodontic pathogens. Tryptic soy broth with yeast (TSBY)
agar plates of four common endodontic pathogens, Prevotella intermedia ATCC
25611, Fusobacterium nucleatum ATCC 25586, Peptostreptococcus micros ATCC
33270, and Streptococcus intermedius ATCC 27335, were grown for 7 days under
anaerobic conditions (80% N2, 10% H2, and 10% CO2), harvested, and trans-
ferred to vials containing prereduced anaerobically sterilized Ringer’s solution
(PRAS) under the influx of nitrogen. The final concentration of each organism
was determined spectrophotometrically, and the four pathogens were mixed to
yield 109 cells of each pathogen/ml in 0.01 g of methylcellulose/ml.

In order to create “ecological space” for introduced organisms, prior to infec-
tion both groups of animals were placed on an antibiotic regimen of tri-
methoprim (0.125 ml)-sulfamethoxazole (4 ml) (Sulfatrim) in the drinking water
for 3 days/week for 2 weeks (2). The animals were then caged together for 1 week
to allow exchange of residual oral flora. At the time of pulp exposure (day 0),
animals were infected with 100 ml of the inoculum mixture in the exposed pulp
and oral cavity, a procedure which was repeated on days 7 and 14.

Bacterial sampling and quantification. Swab samples were obtained from the
oral cavities prior to pulp exposure (day 21). Swabs were placed into PRAS,
serially diluted, plated on TSBY agar plates, and incubated in an anaerobic
chamber in an atmosphere of 80% N2, 10% H2, and 10% CO2. Abscesses were
sampled by needle aspiration of pus after surface disinfection with 2% tincture
of iodine and 70% isopropyl alcohol. Pus specimens were transferred to vials
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with PRAS, serially diluted, plated on TSBY agar plates, and incubated anaer-
obically as described above. The root canal flora was sampled at sacrifice on day
35. The maxillae were isolated, the tissue surface was disinfected with 2%
tincture of iodine, gingival tissues were removed, and the apical third of the
mesial root of one of the maxillary first molars was extracted with a surgical
microscope. Unexposed teeth served as negative sterility controls. Root tips were
homogenized in 2 ml of PRAS by using a sterile mortar and pestle. Log10
dilutions of samples were plated on TSBY plates and were incubated in an
anaerobic chamber. After 1 week of growth, plates were photographed for
counting of CFU.

Pathogens were quantified by a colony lift method, as described previously
(13). In brief, digoxigenin-labeled whole chromosomal DNA probes were pre-
pared for each of the four introduced pathogens. Colonies cultured from the root
tips were lifted onto Nytran filters and treated with a lysing and denaturing
solution (0.5 M NaOH–1.5 M NaCl) and with proteinase K (100 mg/ml in 0.5%
sodium dodecyl sulfate) to remove cellular proteins. Chromosomal DNA was
fixed to the filters by baking for 2 h at 80°C. The filters were cut into quadrants,
and each quadrant was prehybridized for 2 h at 42°C in 50% formamide, 53 SSC
(13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 53 Denhardt’s solution,
25 mM sodium phosphate (pH 6.5), and 0.5 mg of freshly denatured herring
sperm DNA/ml. Each filter quadrant was then hybridized with one of the four
probes at 52°C overnight. Positive reactions were detected with an antidigoxige-
nin antibody conjugated to alkaline phosphatase and revealed by bromo-chloro-
indolyl phosphate and nitroblue tetrazolium.

ELISA. Serum samples were obtained at sacrifice on day 35 by cardiac punc-
ture. Serum from control animals not subjected to pulp exposure was also
evaluated to assess the presence of “natural” antibodies. For determination of
specific antibodies against pathogens, plates were coated with formalin-killed
microorganisms in PBS (optical density at 580 nm [OD580], 0.3) and incubated
for 3 h at room temperature. After at least two days at 4°C, the plates were
washed three times with buffer II (0.9% NaCl, 0.05% Tween 20) and incubated
with diluted serum (1/300) in buffer III (PBS with 0.05% Tween 20 and 0.02%
NaN3) for 2 h at room temperature. The optimal serum dilution of 1/300 was
determined after testing a range of dilutions of serum (1/100 to 1/2,700). The
plates were washed three times with buffer II, and bound immunoglobulin G was
detected by reaction with goat anti-mouse immunoglobulin G conjugated to
alkaline phosphatase (1/500) (Sigma, St. Louis, Mo.) for 12 h at room temper-
ature. Conversion of substrate (p-nitrophenylphosphate [1 mg/ml]; Sigma) was
determined at OD405 by an enzyme-linked immunosorbent assay (ELISA)
reader (BIO-TEK Instruments, Inc., Winooski, Vt.).

Quantification of pulp and periapex destruction. Mandibles were dissected
free of soft tissue, fixed in 5% neutral formalin, and decalcified in EDTA (10%
[wt/vol] in 0.1 M Tris, pH 6.96). Six-micrometer paraffin sections were cut and
stained with hematoxylin and eosin. The sections were encoded and evaluated by
two independent blinded observers. Sections which included the crown and distal
root of the mandibular first molar and which exhibited a patent root canal apex
representing the central portion of the pulp and root canal were selected for
analysis. A minimum of three sections per tooth were evaluated histomorpho-
metrically with an Optimas Bioscan image analysis system. The largest values of
periapical-lesion size, in square millimeters, from replicate sections of left and
right lower first molars were averaged to obtain summary measures of tissue
destruction for each animal. In order to assess the relationship between abscess
development and periapex destruction, a separate analysis was carried out with
the tooth as the unit.

Statistical analysis. All comparisons between groups were made with a two-
tailed Wilcoxon rank sum test.

RESULTS

Equalization of bacterial challenge. In previous studies, we
observed that the endogenous flora of RAG-2 animals was able
to induce periapical bone destruction, albeit with relatively low
pathogenicity. However, since these animals have been peri-
odically exposed to antibiotics and are maintained under
pathogen-free conditions, they have very few gram-negative
microorganisms resident in their oral cavities compared to
wild-type controls (36a). In this situation, it is difficult to sep-
arate the effects of immunodeficiency from those secondary to
a difference in the pathogenicity of the oral flora. An infection
protocol was therefore devised to equalize the bacterial chal-
lenge in RAG-2 and immunocompetent control animals by
using a combination of four commonly isolated human root
canal pathogens, P. intermedia, F. nucleatum, P. micros, and S.
intermedius. Both groups (n 5 15) were first placed on an
antibiotic regimen to create ecological space for introduced
organisms (2). Following pulp exposure (day 0), pathogens
were introduced into the exposed pulp and oral cavity. Micro-

biological samples taken from the oral cavities prior to infec-
tion were negative for all 4 organisms (day 21), as assessed by
using DNA probes specific for each bacterium (data not
shown). The apical one-third of maxillary molar roots were
isolated aseptically on day 35, and the microbiota infecting the
root canals was analyzed. Twelve animals in the RAG-2 group
and 14 animals in the control group were available for analysis.
Nonexposed second molars served as sterility controls and
yielded negative cultures. As shown in Table 1, the total num-
bers of cultivable anaerobic CFU present in the apical third of
the mesial root of the first maxillary molars were similar in the
two groups, with 381.6 6 265.4 and 311.9 6 265.0 CFU/apical
third of the maxillary first molar mesial root (mean 6 standard
deviation) isolated from RAG-2 and control animals, respec-
tively. Of interest, the proportion of the root canal flora rep-
resented by the four pathogens was almost identical in both
groups: 39.9% for RAG-2 and 42.2% for controls (Table 1).
There were no significant differences in the distribution of the
four pathogens in the two groups. These findings demonstrate
that the infection regimen was successful in equalizing the
bacterial challenge in the two groups.

Development of periapical abscesses. The effect of the ab-
rogation of the specific immune response on periapical patho-
genesis was then assessed. Twenty RAG-2 and 13 C57BL/6-129
immunocompetent controls were subjected to pulp exposure
and the standardized infection regimen. Notably, of the 20
RAG-2 animals, 7 developed grossly evident orofacial ab-
scesses of endodontic origin (one abscess per animal) (Fig. 1),
while none of the 13 control animals exhibited abscesses. Ab-
scesses developed between days 12 and 28 and persisted to the
end of the experiment (day 35). All animals within the RAG-2
group lost weight and exhibited malaise and lymphadenopathy.
Splenomegaly was evident in abscessed RAG-2 animals, indi-
cating systemic effects of the root canal infection. One ab-
scessed animal died before the end of the experiment. Similar
incidences of abscesses were found in two additional experi-
ments, with 5 of 13 mice exhibiting abscesses in an experiment
preceding that reported in this paper and 6 of 26 mice exhib-
iting abscesses in a later experiment.

Five of the seven abscesses could be sampled microbiologi-
cally, revealing the presence of a mixture of P. intermedia,
S. intermedius, and P. micros in three of the abscesses and P.
intermedia and S. intermedius in a fourth abscess, while one
abscess lacked any of the introduced pathogens (Table 2).
Interestingly, the latter was the last abscess to develop, on day

TABLE 1. Distribution of introduced pathogens in
RAG-2 mice and exposed control mice

Pathogen

Mouse strain

RAG-2 Control

% of total
CFUa Prevalenceb % of total

CFUc Prevalenced

F. nucleatum 6.0 6 14.2 6 3.2 6 4.4 8
P. intermedia 5.0 6 7.7 6 8.2 6 12.4 9
S. intermedius 23.4 6 22.3 11 20.4 6 21.3 9
P. micros 5.4 6 12.7 3 10.5 6 19.0 9

Total 39.9 6 19.2 12 42.2 6 38.3 12

a Total CFU, 381.6 6 265.4 (anaerobic colonies from the apical third of the
mesial root of the maxillary first molar). Values are means 6 standard devia-
tions.

b n 5 12.
c Total CFU, 311.9 6 265.0.
d n 5 14.
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28 after pulp exposure. Taken together, these findings indicate
that T- and B-cell immune responses are protective against
dissemination of endodontic infections from the root canal
system.

Kinetics of bone destruction. In order to study the kinetics
of development of periapical lesions, half of the animals in
each group were sacrificed 21 days after exposure, with the
remainder sacrificed on day 35. The amount of periapical tis-
sue destruction was assessed by histomorphometry (Fig. 2). As
shown in Fig. 3, the median area of lesions in the RAG-2 mice
was larger than in control animals at both time points (P # 0.01
on day 21 and P # 0.05 on day 35). Lesions in the RAG-2
animals reached maximum size faster than those in control
animals. This was reflected in the finding that lesion size in the
RAG-2 group did not change significantly between days 21 and
35, whereas there was a considerable increase (P # 0.05) in the
area of the lesions in the control group (Fig. 3).

The relationship between abscess development and in-
creased tissue destruction was substantiated by comparisons
between the abscessed teeth and the remaining teeth within
the RAG-2 group. As shown in Fig. 4, when abscessed teeth
were factored separately in the analysis, they were found to
have larger lesions than did nonabscessed RAG-2 teeth (P #
0.05) and control teeth (P # 0.01). In addition, nonabscessed
teeth in the RAG-2 group had no significant difference in
periapical lesion size compared to the controls. Therefore, it
appears that the immunodeficient status of the RAG-2 mice
resulted in dissemination of the endodontic infection, leading
to a concomitant increased tissue destruction at the periapex.

Antibody response to pathogens. ELISAs were carried out
to assess the presence of specific antibodies against the four
pathogens. The results demonstrated a statistically significant
response against all pathogens in the sera from exposed im-
munocompetent controls compared to sera from nonexposed,
noninfected immunocompetent controls (Fig. 5). As expected,

RAG-2 mice possessed absolutely no antibody against any
organism, confirming their immunodeficient status. The pres-
ence of modest antibody levels against F. nucleatum, S. inter-
medius, and P. micros in normal serum from noninfected, non-
exposed control animals indicates natural or cross-reactive
antibodies. These data demonstrate that the introduced patho-
gens elicited a vigorous antibody response in exposed controls,
which may represent a mechanism which interferes with bac-
terial dissemination.

DISCUSSION

The specific immune response has been implicated in the
pathogenesis of periapical and periodontal diseases, although
it remains unclear to what extent these mechanisms play a
significant role in tissue protection or destruction. In order to
begin to answer this question, we developed a murine peri-
apical-lesion model in RAG-2 knockout SCID mice which lack
both T- and B-cell-mediated functions. RAG-2 and immuno-
competent controls were subjected to an infection protocol
which equalized the pathogenic oral flora so that observed
differences in periapical pathogenesis would be ascribable to
their immunological status and not to differences in the bac-

FIG. 1. (a) Nonabscessed RAG-2 mouse. (b) Clinical manifestation of an orofacial abscess of endodontic origin in a RAG-2 mouse.

TABLE 2. Isolation of pathogens from sampled abscesses

Abscess
Pathogen

F. nucleatum P. intermedia S. intermedius P. micros

1 2 1 1 1
2 2 1 1 1
3 2 1 1 1
4 2 1 1 2
5 2 2 2 2
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terial challenge. Our findings demonstrate an increased sus-
ceptibility of systemically compromised SCID animals to the
dissemination of endodontic infections, as well as to increased
local periapical bone destruction. To our knowledge, this is the
first study which clearly shows that immune mechanisms me-
diated by B and T cells serve to limit infections to the confines

of the root canal system and prevent sepsis of endodontic
origin.

Acute periapical abscesses result when large numbers of
bacteria escape through the apex and elicit a severe inflamma-
tory response. Grossly evident abscesses developed in approx-
imately one-third of the RAG-2 mice, while none of the im-

FIG. 2. (a) Photomicrograph of the periapex of a nonexposed tooth from an immunocompetent control mouse. (b) Photomicrograph of periapical lesion associated
with an abscessed tooth in a RAG-2 mouse 35 days after pulp exposure and infection of the root canal system. (c) Photomicrograph of periapical lesion associated with
a tooth from an immunocompetent control mouse 35 days after pulp exposure. (d) Photomicrograph of periapical lesion associated with a nonabscessed tooth in a
RAG-2 mouse 35 days after pulp exposure. Hematoxylin-eosin stain; magnification, 3200. DR, distal root of mandibular first molar; PDL, periodontal ligament; B,
bone; PL, periapical lesion.
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munocompetent animals became abscessed. The development
of abscesses was found to be reproducible in two other exper-
iments and was never observed in non-RAG-2 animals. Most
microbiological samples obtained from abscesses contained
the inoculated pathogens, although in one case none of the
four pathogens were identified. Thus, although this inoculum
clearly contributed to dissemination of the endodontic infec-
tions in RAG-2 mice, in certain cases organisms from the
endogenous oral flora may also emerge and cause sepsis. In-
terestingly, microbiological studies of pus samples from human
acute dentoalveolar abscesses revealed that Prevotella spp. and
Peptostreptococcus spp. are common isolates (21), a finding
that correlates well with our results. Conversely, two-thirds of
the RAG-2 animals failed to form abscesses, at least within the
time frame of the experiment. It is possible that the strains
utilized, which were originally isolated from humans, are not
optimally adapted to the murine system. Organisms isolated
from abscesses, or which have been selected by passage in
mice, are being assessed for their ability to cause disseminated
infections.

Athymic nu/nu models have previously been explored for
effects on oral infections, including periapical disease, but have
yielded conflicting results. nu/nu rats were reported to have
similar periapical bone destruction, as did immunologically
intact animals (40), whereas in another study nu/nu mice had
significantly less periapical resorption than controls (33). It is
not clear whether immunodeficient and immunocompetent an-
imals were subjected to an equivalent microbial challenge in
these experiments. Nevertheless, the lack of T-cell function per
se, including delayed type hypersensitivity and T-cell-depen-
dent antibody responses, may not predispose animals to the
spread of root canal infections. Alternatively, the intact T-cell-
independent antibody responses in nu/nu animals may be pro-
tective.

The generation of an antibody response in immunocompe-
tent controls both confirms the establishment of pathogens

within the root canal system and suggests that antibodies or
other specific immune mechanisms may serve to prevent mi-
crobial dissemination and lesion progression. Such a protective
effect of specific antibodies was suggested by Dahlen et al. (10),
who showed that preimmunization of monkeys resulted in a
more distinct limitation of the periapical resorptive process in
immunized animals, as determined radiographically, although
no significant difference in lesion size was observed. In non-
immunized animals, the inflammatory infiltrate extended into
the trabecular system of bone, resembling osteitis or osteomy-
elitis.

Although not strictly comparable, periodontal disease mod-
els have also been used to investigate the role of T- and B-cell
mechanisms in modulating oral infections. Baker et al. (2),
employing infection with Porphyromonas gingivalis, reported
that beige SCID animals developed less alveolar bone loss than
did two other strains of immunocompetent mice, although
these differences were quite small (,10%). A protective effect
of immunization was reported in some periodontal disease
studies (6, 9, 12, 14, 18, 26), although in others increased tissue
destruction was observed (8, 11, 36). It is possible that the
specific immune system may play a less critical role in localiz-
ing periodontal versus pulpal infections, given that the epithe-
lial barrier of the periodontal pocket serves to separate patho-
gens from host tissues in the periodontium, whereas direct
parenteral contact occurs following root canal infection. In-
deed, as noted above, when dissemination of the root canal
infection did not occur, there was no significant difference in
the size of periapical lesions between the RAG-2 and control
mice. Taken together, these data suggest that specific immune
responses may help to protect against systemic spread of in-
fections from the root canal but may otherwise have relatively
minor modulatory effects on localized periapical bone destruc-
tion.

Animal models of periapical and periodontal disease using
immunosuppressive agents have also shown an increased
amount of bone loss in immunosuppressed animals (1, 15, 28,

FIG. 3. Kinetics of periapical-lesion development in nonexposed (Non-exp)
immunocompetent control mice, exposed RAG-2 mice (darkly shaded bars), and
exposed immunocompetent control mice (lightly shaded bars). The bars encom-
pass the 25th to 75th percentiles, the horizontal lines represent the medians
(values indicated), the brackets extend to adjacent values, and the circles repre-
sent outliers in the data. a, significantly different from the exposed RAG-2 group
at days 21 and 35 (P # 0.01) and the exposed immunocompetent control group
at days 21 and 35 (P # 0.05 and P # 0.01, respectively); b, significantly different
from the exposed immunocompetent control group at day 21 (P # 0.01); c,
significantly different from the exposed immunocompetent control group at day
35 (P # 0.05); d, significantly different from the exposed immunocompetent
control group at day 21 (P # 0.05).

FIG. 4. Comparison of areas of periapical lesions in teeth from nonexposed
immunocompetent control mice (n 5 7) (open bar), abscessed teeth from ex-
posed RAG-2 mice (n 5 6) (darkly shaded bar), nonabscessed teeth from
exposed RAG-2 mice (n 5 30) (lightly shaded bar), and teeth from exposed
immunocompetent control mice (n 5 25) (hatched bar). The bars encompass the
25th to 75th percentiles, the horizontal lines represent the medians (values
indicated), the brackets extend to adjacent values, and the circles represent
outliers in the data. a, significantly different from abscessed teeth from exposed
RAG-2 mice (P # 0.05), nonabscessed teeth from exposed RAG-2 mice (P #
0.01), and teeth from exposed immunocompetent control mice (P # 0.01). b,
significantly different from nonabscessed teeth from exposed RAG-2 mice (P #
0.05) and teeth from exposed immunocompetent control mice (P # 0.01).
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29, 43, 45). Kawashima et al. (15) demonstrated that immuno-
suppression induced by cyclophosphamide resulted in in-
creased periapical bone destruction in rats. Although those
authors did not investigate the development of septicemia,
bacterial colonies were found not only in the pulp but also in
the periapical area, suggesting some degree of dissemination.
In two periodontal disease studies, septicemia developed in
cyclophosphamide-treated animals (27, 28). In general, the risk
of sepsis has been linked to depressed neutrophil counts, but it
is clear that lymphocytes are also affected, given the nonspe-
cific nature of chemotherapeutic regimens. Hence, the model
described here may be useful not only in exploring the function
of different immune mechanisms in the pathogenesis of peri-
apical disease but also in assessing therapeutics in those clin-
ical situations in which infections of oral origin may lead to
sepsis.

In summary, our studies have shown that animals deficient in
both T and B cells have increased susceptibility to the dissem-
ination of endodontic infections. Although it is likely that this
is the result of a deficiency in specific T- and/or B-cell functions
(i.e., secondary to antigen-induced cell activation), it is possible
that one or more nonspecific activation pathways and functions
of these cells are also important in protection.
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