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Treponema maltophilum, Treponema med-
ium, Treponema socranskii, Treponema
vincentii, Mogibacterium timidum (for-
merly Eubacterium timidum), Capnocyt-
ophaga ochracea, and Capnocytophaga
sputigena have also been recognized as
pathogens of periodontitis based on their
presence and relative numbers in healthy vs.
diseased sites (18, 24, 48, 51). Actinobacil-
lus  actinomycetemcomitans, Prevotella
tannerae, Prevotella intermedia, Prevotella
nigrescens, Centipeda periodontii, and
Selenomonas sputigena have been found
in subgingival lesions of periodontitis
patients (1, 23, 25, 36). Dialister pneumos-
intes, Slackia exigua (formerly Eubacteri-
um exiguum), Eubacterium saphenum, and
Porphyromonas endodontalis have also
been considered to be associated with
periodontitis (10, 18, 46).

Although all 25 bacterial species men-
tioned above are thought to be related to
periodontitis, they have not been consid-
ered in the same study. Therefore, firstly,
we undertook a comprehensive investiga-
tion of the 25 bacteria in subgingival and
supragingival plaque using polymerase
chain reaction (PCR) of the 16S rRNA
genes. Secondly, we evaluated the rela-
tionship between periodontitis and the
detection frequency of these bacteria.
Thirdly, we compared the bacterial detec-
tion frequencies in subgingival plaque with
the frequencies in supragingival plaque.

Material and methods
Subject population

Eighteen patients with periodontitis (mean
age 63 = 10.4 years; range 41-77 years)
and 12 periodontally healthy subjects
(mean age 27 + 1.8 years; range 22—
29 years) were randomly selected for this
study. They had not received periodontal
treatment or antimicrobial therapy for at
least 6 months and were free of systemic
diseases. Informed consent was obtained
from each subject. Probing depths were
measured in all teeth at six sites per tooth
in each subject, and the teeth with the
deepest probing depths were chosen as the
target sites of sampling. The deepest
probing depths were <4 mm (range 2.0~
3.0 mm; mean 2.4 £ 0.5 mm) in period-
ontally healthy subjects (n = 12) and
24 mm (range 4.0-10.0 mm; mean
6.2 £ 2.1 mm) in subjects with period-
ontitis (n = 18).

Collection of samples

Supragingival plague samples were taken
with sterile explorers. For subgingival

plaque samples, each of the target teeth
was isolated with cotton rolls and air-dried
after thorough removal of supragingival
plague with sterile cotton pellets. The
samples were then collected using sterile
periodontal pocket probes. In addition,
alveolar mucosal samples (7 of 12 healthy
subjects, 6 of 18 periodontitis subjects)
were collected at the same sampling sites
by swabbing 10 times with sterile swabs.
All samples were immediately suspended
in 1 ml of sterile distilled water and stored
at —20°C before extraction of genomic
DNA.

DNA extraction and nested PCR detection

After thawing, samples were centrifuged at
7740 x g for 5 min and the supematants
removed. Genomic DNA was then extrac-
ted from the pellets using an InstaGene
Matrix Kit (Bio-Rad Laboratories, Rich-
mond, CA) according to the manufac-
turer’s instructions.

In the first amplification, the 16S rRNA
genes were amplified by PCR with unj-
versal primers 27F and 1492R (19, 34, 35)
and Tag DNA polymerase (HotstarTaq
Master mix; Qiagen GmbH, Hilden,
Germany) according to the manufacturer’s
instructions. The primer sequences were:
27F, 5'- AGA GTT TGA TCC TGG CTC
AG -3'; and 1492R, 5’- TAC GGG TAC
CTT GTT ACG ACT T-3". PCR mixtures
were 5 pl of genomic DNA and 95 pl of
reaction mixture containing 1.5 mMm
MgCl,. PCR amplification was performed
in a PCR Thermal Cycler MP (TaKaRa
Biomedicals, Ohtsu, Shiga, Japan) pro-
grammed for 15 min at 95°C for initial
heat activation, 35 cycles of 1 min at 94°C
for denaturation, 1 min at 60°C for anneal-
ing, and 1.5 min at 72°C for extension,
and 10 min at 72°C for final extension.
The predicted PCR product with the
universal primers was 1505 bp in length.

The 25 bacteria were identified by
amplification of the first PCR amplification
products using species-specific primers
(Table 1) based on 16S IRNA gene
sequences. PCR mixtures were 1 pl of
the first PCR amplification mixture and
24 ul of reaction mixture containing
1.5 mmM MgCl,. PCR amplification was
performed in a PCR Thermal Cycler MP
(TaKaRa Biomedicals) programmed for
15 min at 95°C for initial heat activation,
35 cycles of 1 min at 94°C for denatura-
tion, 1 min at 55°C for annealing, and
1.5 min at 72°C for extension, and 10 min
at 72°C for final extension. The predicted
sizes of PCR products with species-speci-
fic primers are listed in Table 1.

The PCR products were separated on
2% agarose gels (High Strength Analytical
Grade Agarose, Bio-Rad Laboratories) in
Tris-borate EDTA buffer (100 mm Tris,
90 mM borate; 1 mM EDTA, pH 8.4)
stained with ethidium bromide and photo-
graphed under ultraviolet light. A 100-bp
DNA Ladder (Invitrogen Corp., Carlsbad,
CA) was used as a molecular size marker.

Data analysls

Fisher’s exact probability tests were
applied to compare the detection frequen-
cies of the bacterial species between the
healthy and periodontitis subjects, and
between supragingival and subgingival
plaques to evaluate significance. P-value
was adjusted from 0.05 to 0.002 based on
the Bonferroni comrection for multiple
comparisons.

Results

The detection frequencies of target bacteria
in subgingival and supragingival plaque
are shown in Fig. 1. The bacterial species
were listed in order of the differences
(P-values) in their detection frequencies in
subgingival plaque between healthy and
periodontitis subjects. There were no
significant differences (P > 0.05) in the
detection frequencies of the first 14
bacteria between healthy and periodontitis
subjects. Eleven of the 14 species
(F nucleatum, C. rectus, E. corrodens,
F. nigrescens, C. ochracea, T. maltophi-
lum, 8. exigua, M. micros, T forsythia
(T. forsythensis), C. sputigena, and C. per-
iodontii) were frequently detected in
subgingival plaque samples (250%) of
both periodontitis and healthy subjects.
A. actinomycetemcomitans, 1. amylovo-
rum, and T. vincentii were infrequently
detected in both periodontitis and healthy
subjects (Fig. 1).

Of the last 11 species in Fig. 1, the
detection frequencies of nine bacteria
(E. saphenwum, P. intermedia, T. denticola,
P. tannerae, I. medium, D. pnewmosintes,
1. socranskii, P. endodontalis, and S. sputi-
gena) seemed to be higher in subgingival
plaque samples from periodontitis sub-
jects than in healthy subjects, although
these differences were not statistically
significant by multiple comparisons
(0.002 < P < 0.05, Fig. 1). The detection
frequencies of M. timidum and P gingi-
valis of periodontitis subjects were signi-
ficantly higher (P<0.002) than those of
healthy subjects. In addition, P. gingivalis
was not detected in the subgingival plaque
of healthy subjects (Fig. 1).
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Table 1. Target bacteria and their species-specific primers
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Species Sequence (5’-3”) Size References

Actinobacillus actinomycetemcomitans CTC AGA GAT GGG TTT GTG CC 273 bp @7
AGA TTC ACT CCC CAT CGC TG

Campylobacter rectus TTT CGG AGC GTA AAC TCC TTT TC 598 bp [63)
TTT CTG CAA GCA GAC ACT CTT

Capnocytophaga ochracea AGA GTT TGA TCC TGG CTC AG 185 bp “)
GAT GCC GTC CCT ATA TAC TAT GGG G

Capnocytophaga sputigena AGA GTT TGA TCC TGG CTC AG 185 bp 4)
GAT GCC GCT CCT ATA TAC CAT TAG G

Centipeda periodontii AGA GTT TGA TCC TGG CTC AG 450 bp 36)
TTA CAA AGG ATT ATT CGC CC

Dialister pneumosintes TTC TAA GCA TCG CAT GGT GC 1105 bp )
GAT TTC GCT TCT CTT TGT TG

Eikenella corrodens CGA TTA GCT GTT GGG CAA CTT 410 bp &)
ACC CTC TGT ACC GAC CAT TGT AT

Eubacterium saphenum TCT ACT AAG CGC GGG GTG A 430 bp (12)
A CCC GAT TAA GGG TAC

Fusobacterium nucleatum GAA GAA ACA AAT GAC GGT AAC AAC 705 bp [€20)

. GTC ATC CCC ACC TTC CTC CT

Micromonas micros TCG AAC GTG ATT TTT GTG GA 1074 bp 29
TCC AGA GTT CCC ACC TCT

Mogibacterium timidum AAG CTT GGA AAT GAC GC 524 bp (12)
CCT TGC GCT TAG GTA A

Porphyromonas endodontalis GCT GCA GCT CAA CTG TAG TC 672 bp )
CCG CTT CAT GTC ACC ATG TC

Porphyromonas gingivalis GCG TAT GCA ACT TGC CTT AC 518 bp 47
GTT TCA ACG GCA GGC TGA AC

Prevotella intermedia CGT GGA CCA AAG ATT CAT CGG TGG A 259 bp (26)
CCG CTT TAC TCC CCA ACA AA

Prevotella nigrescens GTG TTT CAT TGA CGG CAT CCG ATA TGA AAC 828 bp (26)
CA CGT CTC TGT GGG CTG CGA

Prevotella tannerae CTT AGC TTG CTA AGT ATG CCG 550 bp (50)
AG CTG ACT TAT ACT CCC G

Selenomonas sputigena AGA GTT TGA TCC TGG CTC AG 478 bp 36)
TC AAT ATT CTC AAG CTC GGT T

Slaclia exigua GCC AAG CGG CCT CGT CGA AG 697 bp (12)
C GGC TTT AAG GGATTC GCT CG

Tannerella forsythensis AAA ACA GGG GTT CCG CAT GG 426 bp (22)
C ACC GCG GAC TTA ACA GC

Treponema amylovorum AGA GTT TGA TCC TGG CTC AG 193 bp (48)
C ACG CCT TTA TTC CGT GAG

Treponema denticola TAA TAC CGA ATG TGC TCATTIT ACAT 316 bp [6)]
TCA AAG AAG CAT TCC CTC TTC TTC TTA

Treponema maltophilum AGA GTT TGA TCC TGG CTC AG 438 bp “48)
CT ATT GTG CTIT ATT CAT CAG GC

Treponema medium CAC TCA GTG CTT CAT AAG GG 856 bp 33)
CG GCC TTA TCT CTA AGA CC

Treponema socranskii AGG TAG ACA GCG GGA AAG GA 902 bp 32)
AA CCC AAC ACCTCACGG CA

Treponema vincentii GTC TCA ATG GTT CAT AAG AA 856 bp (33)

CAA GCCTTATCT CTA AGA CT

There were no significant differences in
the detection frequencies of the 25 bacteria
between subgingival and supragingival
plaque (Fig. 1). The detection frequencies
in alveolar mucosal plaque samples were
generally lower than those in the respect-
ive subgingival and supragingival plaque
samples (Fig. 2).

The percent agreement of detection
frequencies of the 25 bacteria was also
evaluated. In subjects with periodontitis,
the percent agreement of subgingival vs.
supragingival plaque was higher (mean
81%, range 50-100%) than that of alveolar
mucosal plaque vs. subgingival plaque
(mean 63%, range 17-100%) and alveolar
mucosal plaque vs. supragingival plaque

(mean 60%, range 33-83%). This trend
was also observed in healthy subjects (data
not shown).

Discussion

In this study, the detection frequencies of
25 bacteria in subgingival, supragingival,
and alveolar mucosal plaque of untreated
periodontitis subjects and periodontally
healthy subjects were obtained by nested
PCR based on 16S rRNA genes. Since the
subject’s age is one of the most important
risk factors of periodontitis, the periodon-
titis subjects were first divided into two
groups according to age (41-64 years and
65-77 years). However, as the detection

frequencies of the 25 bacterial species
were quite similar in subgingival plaque
samples from the two groups (data not
shown), the groups were combined into
one in the present study.

The first 14 bacteria in Fig. 1 showed no
significant differences in detection frequen-
cies in subgingival plaque between healthy
and periodontitis subjects (P = 0.05);
11 of these bacteria were detected at high
frequencies (250%) in both periodontitis
and healthy subjects (Fig. 1). The detection
rates of C. rectus and E. corrodens have
been reported to be unrelated to the
progression of attachment loss (28). More-
over, C. rectus, E. corrodens, C. ochracea,
and C. sputigena have been frequently
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Fig. 1. Detection frequencies of target bacteria in subgingival and supragingival plaque. P-values of differences between healthy and periodontitis
subjects are given in parentheses. Bacterial species are listed in order of P-values.

detected in plaque samples from healthy
children (14). The results obtained in this
study are therefore in accordance with
those of previous studies, suggesting that
these species are among the commensal
bacteria of the oral cavity. F. nucleatum and
T. forsythia (I forsythensis) were also
frequently detected in both healthy and
periodontitis subjects in this study, sug-
gesting that their relationship with perio-
dontitis is uncertain. The F nucleatum
species consists of several subspecies
(subspecies  nucleatum, polymorphum,

Jusiforme, and vincentii) (7), and the
T. forsythia (I. forsythensis) species has
been reported to have prtH genetic sub-
types (42). Thus, the pathogenicity of
E nucleatum and T. forsythia (. forsythen-
sis) probably varies depending on the strain
(8, 30, 42). Further study will be required
to determine the subspecies and subtypes
of F. nucleatum and 1. forsythia (1. forsy-
thensis) specific to periodontitis. 4. actin-
omycetemcomitans was detected at the
adult periodontitis sites in less than 25%,
which was lower than at healthy sites in

this study (Fig. 1). This is consistent with a
recent study (11), although this species has
been considered to be associated with
juvenile and adult periodontitis (17, 20,
52, 53). This discrepancy could be due to
differing pathogenicity of the various ser-
otypes and genotypes of A. actinomyce-
temcomitans (3, 43).

Of the remaining 11 species, the detec-
tion frequencies of nine bacteria in sub-
gingival plaque were  higher in
periodontitis subjects than in healthy
subjects, but this difference was not
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Fig. 2. Detection frequencies of target bacteria in alveolar mucosal plaque. Bacterial species are

listed in the same order as in Fig. 1.

statistically ~ significant (0.002<P<0.05)
(Fig. 1). Two species (M. timidum and
P. gingivalis) were detected significantly
more frequently (P<0.002) in subjects
with periodontitis than in healthy subjects
P gingivalis was detected only in the
periodontitis subjects. This is further evi-
dence of an association of these two species
with periodontitis, as reported previously
for P, gingivalis (3, 18, 41, 51). M. timidum
has also been isolated from deep perio-
dontal pockets, supporting such an associ-
ation (24, 45).

The detection frequencies of the bacteria
in subgingival and supragingival plaque
were similar in this study. A few studies
have also suggested that the microbiota of
subgingival and supragingival plague were
similar (16, 24, 51). Supragingival plaque
may play an important role in bacterial
invasion to subgingival sites, providing a
reservoir of bacteria (51).

The recently proposed concept of ‘bio-
film’ implies that bacteria establish a kind
of supportive community (5). Based on this
concept, bacterial species in dental plaque
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cooperate to make their environment anaer-
obic through oxygen consumption in their
sugar and amino acid metabolic pathways
(15, 21, 44) and maintain neutral pH via
acid-neutralization by amino acid meta-
bolism (39, 40), thus providing an envi-
ronment where obligate anaerobic and
acid-sensitive periodontopathic bacteria,
such as P gingivalis, are able to survive
and grow. This may explain why P, gingi-
valis was detected at supragingival sites,
which often become acidic and aerobic, in
this study. From this point of view, the
bacteria, frequently detected both in supra-
gingival and subgingival plaque and at
both healthy and periodontitis sites, are not
individually pathogenic in the oral cavity,
but rather may influence the initiation and
progression of periodontitis when present
together with periodontopathic bacteria.

The detection frequencies of bacteria in
alveolar mucosa (Fig. 2) were generally
lower than those in subgingival and
supragingival plaque (Fig. 1), and the
agreement rate of these bacteria at alveolar
mucosa vs. subgingival (63%) or supra-
gingival (60%) sites was also lower than
those at subgingival vs. supragingival sites
(81%). This suggests that alveolar mucosa
has a microbiota composition that appar-
ently differs from that of subgingival and
supragingival plaque. This may be due to
unique environmental factors of alveolar
mucosa such as oxygen exposure and
mobility, which result in less suitable
environments for the target bacteria used
in this study.

In conclusion, of 25 bacteria, 14 species
showed no relationship with periodontitis,
and 11 out of these 14 species were
frequently detected (250%) in subgingival
plaque in both periodontitis and healthy
subjects. Nine bacteria seemed to be related
to periodontitis, although their higher detec-
tion frequencies in subgingival plaque were
not statistically significant by multiple
comparisons. Only two species (M. timidum
and P. gingivalis) in subgingival plaque
were detected significantly more frequently
in subjects with periodontitis than in healthy
subjects, suggesting that the two species are
closely related to periodontitis. In addition,
the similarity of detection frequencies ofthe
bacteria between subgingival and supragin-
gival plaque suggests that analysis of
supragingival plague microbiota is useful
in estimating the microbial composition of
subgingival plaque.
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The present study was undertaken to examine whether synthesis of type IV collagen
and laminin around the epithelial rests of Malassez (ERM) requires direct contact
between cells from ERM and periodontal ligament fibroblasts. Human periodontal
ligament (HPDL) explants produced outgrowths containing both ERM cells and
fibroblasts when cultured in a modified serum-free medium. The interface between
ERM cells and fibroblasts was examined using phase-contrast microscopy (PCM) and
scanning electron microscopy (SEM). Expression of type IV collagen and laminin was
studied by immunohistochemistry and in situ hybridization. It was observed that ERM
cells grew underneath fibroblasts or attached to them. At the interface, type IV col-
lagen and laminin and their respective mRNAs were abundant in both ERM cells and
fibroblasts, while these proteins and mRNAs showed little if any staining in cells
further away from the interface. Hence, these findings indicate that synthesis of type
IV collagen and laminin is induced by direct interaction between ERM cells and
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The epithelial rests of Malassez (ERM) are normal
consistent constituents of the periodontal ligament
(PDL) and persist throughout the life of a tooth as a
network of cell clusters connected to each other and
possibly also to the junctional epithelium of gingiva (1, 2).
Although their functions are still unknown, it has
been suggested that they play a role in maintaining the
PDL space (3), and they are perhaps also associated
with cementum formation and cementum repair (4-7).
Increased proliferation of the epithelial-rest cells has
been reported to occur after surgical trauma or infec-
tion (8, 9).

In general, epithelial cells are separated from the
underlying connective tissue by a basement membrane,
which is composed of a mixture of matrix components
mainly including type IV collagen (10), laminin (11, 12),
and heparin sulfate proteoglycan (10, 13). It has been
shown that extracellular matrix molecules are essential
for cell adhesion, migration, differentiation, and growth,
and that production of the extracellular matrix is
involved in the interaction between the epithelial and
connective tissue cells of the periodontium (14-19).
Similarly, the ERMs are surrounded by a continuous
basement membrane (20, 21). In an in vitro ultrastruc-
tural study, BRUNETTE ef al. (22) found material remi-
niscent of a basal lamina, apparently synthesized by

epithelial cells cultured from monkey periodontal liga-
ment, in an area where the epithelial cells were in contact
with collagen-like material that may have been produced
by fibroblast-like cells. Hou et al. (23) have suggested
that human PDL fibroblasts adjacent to the mouse epi-
thelial root sheath cells may exhibit enhanced intracel-
lular fluorescence for collagen I and fibronectin.

The aim of the present study was to determine whether
a basement membrane could develop in vitro under
conditions that allowed epithelial cells and fibroblasts
derived from human PDL to interact directly with each
other under chemically defined conditions. Since extra-
cellular matrix components are essential for the forma-
tion of a basement membrane between two cell types, we
evaluated the synthesis extracellular matrix proteins and
their corresponding mRINA to elucidate the effect of the
interaction between epithelial cells and fibroblasts from
human PDL.

Material and methods
Cell culiure

Freshly extracted third molars from 34 patients between
17 yr and 28 yr of age were obtained from the Department



of Oral Surgery, Tohoku University Graduate School of
Dentistry. Informed consent was obtained from the
patients before extractions. After washing the teeth several
times with alpha-minimum essential medium («-MEM,;
Cosmo Bio, Tokyo, Japan) supplemented w:th 10% fetal
bovine serum and antibiotics (60 pug mi™' kanamycin,
20 units ml™! penicillin G, 10 pg mi™? fungison, Sigma,
St Louis, MO, USA), PDL explants were carefully
removed from the root with a scalpel. They were then
plated in 35-mm culture dishes in «-MEM. The explants
produced outgrowths that were primarily composed of
fibroblasts. After 1 wk, a-MEM was replaced by a modi-
fied serum-free medium (3:1 (v/v) MCDB153 medium;
Sigma) su 1pplemented with 5 pugmi™ insulin (ngma),
0.5 pg ml™ hydrocortlsone (Sigma), 10 pg ml™? transferrin
(Sigma), 141 ug ml™! phosphorylethanolamine (Sigma),
10 ng mi™! epidermal growth factor (EGF; Slgma) and
antibiotics (24-26): «-MEM) including 40 ug ml™' bovine
pituitary extract (Kyokuto, Tokyo, Japan) (27-29). This
resulted in outgrowths of epithelial cells next to fibroblast-
like cells. Cultures were incubated at 37°C in a humidified
atmosphere of 95% air and 5% CO,. Differential adhe-
sion to the surface in the presence of 0.25% trypsin/0.02%
ethylenediaminetetraacetic acid (EDTA) solution was used
to produce cultures that were predominantly of one cell
type (i.e. either fibroblasts (510 min) or epithelial cells
(15-20 min)) (30).

Gingival tissues were removed from clinically healthy
patients at the time of the third molar extraction. After
mincing they were cultured as described above. Cultures of
PDL epithelial cells only or PDL fibroblasts only were used
as controls.

Growth curves

Epithelial cells from PDLs and gmglval tissues (second
subculture) were seeded at 2 x 10* cells cm™ in 12-well
culture plates (Falcon; Nippon Becton Dickinson, Tokyo,
Japan). The number of cells per dish on successive days was
determined using a hemocytometer after trypsinizing the
cells from the dish.

Statistical analysis

Statistical analysis of data was performed using Student’s
t-test (P < 0.05).

Scanning electron microscopy

Qutgrowths of both epithelial cells and fibroblasts from
human PDL cultured on the dishes were fixed with 2.5%
glutaraldehyde in PBS at 4°C for 1 h and processed
according to the tannic acid technique of KATSUMOTO et al.
(31). Specimens were dried in a critical point dryer (HCP-2;
Hitachi, Tokyo, Japan), ion-sputtered with Au-Pd in a
coating unit (Hitachi 01-101), and examined with a scan-
ning electron microscope (Hitachi S-510).

Immunohistochemisiry

Cells were fixed with 4% paraformaldehyde at room tem-
perature for 10 min. Alternatively, cells cultured on plastic
discs (Sumilon; Sumitomo Bakelite, Tokyo, Japan) were
dehydrated using a graded series of ethanol treatments, and
then embedded in paraffin. Serial sections of 10-ym thick-
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ness were cut on a microtome. Both the cells on the dish and
the vertical sections were processed for immunohistochem-
ical examination. To inhibit endogenous peroxidase, 3%
hydrogen peroxide was added. The cells and the vertical
sections were then incubated with 10% normal goat serum
for 30 min to block non-specific binding. They were then
treated at room temperature for 2 h with a primary anti-
body to monoclonal mouse antihuman cytokeratin AEIl/
AE3 (1 : 50) (Dako, Carpinteria, CA, USA) to detect epi-
thelial cells. The cells and vertical sections were then incu-
bated overnight at 4°C with primary annserum to rabbit
antiporcine 25 kDa amelogenin (0.1 ug ml™) (courtesy of
Dr T. Uchida, Second Department of Oral Anatomy,
Hiroshima University School of Dentistry, Japan), which
recognizes both human and rat amelogenin (6, 32), and with
primary antibodies to monoclonal mouse antihuman type
IV collagen (1 : 500) (Sigma) or polyclonal rabbit antihu-
man laminin (1 : 50) (Rockland, Gilbertsville, PA, USA).
After rinsing in PBS, the cells were incubated with biotin-
ylated immunoglobulin at room temperature for 30 min and
stained by the avidin-biotinylated peroxidase complex
(ABC) method, using an ExtrAvidin peroxidase staining kit
(Sigma) and an AEC (3-amino-9-ethylcarbazole) chromo-
gen kit (Sigma).

Proliferating, DNA-synthesizing cells in co-cultures
were identified by nuclear incorporation of 100 pmol [
5-bromo-2’-deoxy-uridine (BrdU; Boehringer Mannheim
Biochemica, Germany) for 24 h. Labeled nuclei were
detected with monoclonal mouse anti-BrdU antibodies for
30 min at 37°C. After washing three times in PBS, the cells
were incubated with HRP-conjugated goat antimouse
immunoglobulin (Chemicon International, Temecula, CA,
USA) for 30 min at 37°C and stained with 3,3-diam-
inobenzidine (DAB) and H,0,. Mayer’s hematoxylin solu-
tion was applied for counterstaining. For control staining,
PBS was used instead of the primary antibody.

In situ hybridization

The oligonucleotide probes used for in situ hybridization
were synthesized by Nihon Gene Research Laboratories,
Sendai, Japan. The sequences were as follows:

Probe 1: 5-TCC AGG GTA GCC CCT CTC TCC TTT
TTC TCC CAA AGG TCC TGT GCC-3 for type IV
collagen «-1 mRNA (33);

Probe 2: 5-GCC ACC AGG TGG TGT CGG CCT GGT
TGT TGT AGT CGG TCA GGA AGG-3 for laminin
y-1 mRNA (34).

A biotin label was added at the 3’ end.

A computer-assisted search (GenBank) using the above
antisense sequences, as well as the corresponding sense
sequences, revealed no significant homology with any
known sequences, other than that of the type IV collagen
a-1 chain and the laminin y-1 chain, respectively.

In situ hybridization was carried out using the In Situ
Hybridization Detection Kit for Biotin Labeled Probes
(Sigma). Briefly, the cells were fixed with 4% paraformal-
dehyde at room temperature for 10 min. They were then
immersed in PBS including RNase 1nh1b1tor and then
digested with proteinase K (0.1 ug ml™) at room tempera-
ture. To inhibit endogenous peroxidase, 3% hydrogen per-
oxide was added. The specimens were hybridized with
biotin-labeled probes in the hybridization solution in a
humid incubation chamber overnight at 37°C. After washing
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Fig. 1. (a) Phase-contrast photomicrograph of a primary coculture from human periodontal ligament. A sheet of epithelial cells (E) is
covered by a ribbon (R) of fibroblasts (F). (b,c) Scanning clectron micrographs of a primary cultures: (b) in the mixed multilayer, the
epithelial cells (E) are seen to move under the fibroblasts (F); (c) epithelial cells (E) tightly attach to each other and push out the
fibroblasts (F). (d) Photomicrograph showing assessment of proliferation by BrdU-labeling in epithelial cells (E) and fibroblasts (F)
from human periodontal ligament. (¢) Photomicrograph showing intense immunoreactivity for cytokeratin AE1/AE3 in epithelial
cells (E) from human periodontal ligament. Immunostaining for cytokeratin in fibroblasts (F) is not seen. (f) Photomicrograph
showing intense immunoreactivity for amelogenin in epithelial cells from human periodontal ligament; (g) immunostaining for
amelogenin is not seen in epithelial cells from human gingival tissue.

in PBS, the specimens were reacted with blocking solution
(5% BSA, 500 ug ml™! normal sheep IlgG, 100 pg ml™
salmon testicular DNA, and 100 pg ml™ yeast tRNA in
PBS) at room temperature for 15 min. They were then
incubated with ExtrAvidin peroxidase solution (Sigma) at

37°C for 20 min, reacted with biotin-conjugated anti-
avidin antibody (Sigma) in a humid chamber at 37°C for
30 min, and re-reacted with ExtrAvidin peroxidase solution.
Following this, they were washed three times in PBS and the
peroxidase sites were visualized using a solution containing



DAB and H,0,, with counterstaining using Mayer’s
hematoxylin solution.

Resulis
Characterization of celis In mixed cultures

Explant cultures from human PDL showed initial out-
growth of fibroblasts from the explant edges when main-
tained in -MEM for 1 week. After replacing e-MEM with
the modified serum-free medium, outgrowth of epithelial
cells was induced in 50 out 0of 225 explant cultures (22.2%),
and multilayers of both epithelial cells and fibroblasts were
seen within 2-3 wk. All the co-cultures showed similar
epithelial-mesenchymal interaction phenomena. When
both epithelial cells and fibroblasts were cultured together
in the modified serum-free medium, they were distin-
guishable from each other morphologically (Fig. la).
Furthermore, scanning electron microscopy revealed that
the epithelial colonies grew under fibroblasts (Fig. 1b), or
attached adjacent to them (Fig. 1c).

Figure 2 shows typical growth curves of epithelial
cells from PDLs and gingival tissues. The PDL epithelial
cells had a lower growth rate than gingival epithelial cells
under our culture conditions. In addition, PDL epithelial
cells incorporated BrdU more extensively than PDL
fibroblasts derived from the same PDL explant, indica-
ting that PDL epithelial cells have a higher proliferation
rate than PDL fibroblasts (Fig. 1d).

fmmunchistochemistry

Human PDL epithelial cells in mixed cultures stained
positive for broad-spectrum antibodies to cytokeratins
(AE1/AE3), indicating their epithelial origin, while
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Fig. 2. Growth curves of epithelial cells from human perio-
dontal ligament (dashed line with Xs) and gingival tissue
(unbroken line with boxes). Values are the mean + S.D. of five
samples. *P < 0.05.
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fibroblasts in the same culture did not show cytokeratin
expression (Fig. le). Moreover, immunoreactivity for
amelogenin was observed in human PDL epithelial
cells, indicating their odontogenic epithelial origin, while
human gingival epithelial cells did not show amelogenin
expression (Fig. 1f,g).

In co-cultures (Fig. 3a) and vertical sections
(Fig. 3c,d), the intensity of immunostaining for type IV
collagen in human PDL fibroblasts immediately adjacent
to human PDL epithelial cells was markedly high.
Similarly, the intensity of immunostaining for laminin
was increased at the interface (Fig. 3b). Immunostaining
for both proteins showed little if any staining in areas
further away from this interface. Control epithelial cells
cultured alone showed only weak staining for type IV
collagen (Fig. 3¢} and laminin (data not shown). Control
fibroblasts cultured alone showed little if any staining for
type IV collagen (Fig. 3f) and laminin (data not shown).

In situ hybridization

To localize mRNA expression of type IV collagen
a-1 chain and laminin y-1 chain, the cells were hybrid-
ized in situ with biotin-labeled antisense oligo-DNA
probes. The PDL fibroblasts immediately adjacent to
PDL epithelial cells showed higher positive signals
for both type IV collagen o-1 mRNA and laminin
y-1 mRNA (Fig. 4a,b). These results were consistent
with the immunohistochemical observations (Fig. 3a,b).
In the epithelial cells or the fibroblasts cultured alone,
signals for type IV collagen o-1 mRNA and laminin
7-1 mRNA (data not shown) were weak compared with
the co-culture.

Discussion

Both fibroblasts and epithelial cells were successfully
cultured from human PDL tissue, using the explant
technique in a modified serum-free medium. There were
fwo steps in our co-culture system: in the first step,
outgrowth of fibroblasts was induced from explants in
a-MEM; and in the second step, outgrowth of epithelial
cells was induced from the same explants, after replacing
o-MEM with a modified serum-free medium. In this case,
two different cell types were derived from the same tissue,
but these cells did not mix, and instead formed fibro-
blasts as multilayers around epithelial cells. Keratin
expression clearly distinguished epithelial cells from
fibroblasts, since only the former cell type expressed this
protein (Fig. le). In addition, amelogenin was expressed
only in the cultured human PDL epithelial cells, and was
not detectable in the human gingival epithelial cells
(Fig. 1f,g). In a previous in vitro study, amelogenin
synthesis has been reported in rat ameloblast-lineage
cells (35), and these results suggest that our cultured
human PDL epithelial cells were derived from the
odontogenic epithelium, the epithelial cells of Malassez.

The morphological properties observed in the present
study were similar to those found in an in vitro culture of
monkey PDL fibroblasts and epithelial cells (22), and
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Fig. 3. (a,b) Photomicrographs showing intense immunoreactivity for type IV collagen (a) and laminin (b) between epithelial cells (B)
and fibroblasts (F) from human periodontal ligament. (c,d) Photomicrographs showing intense immunoreactivity for type IV
collagen at the interface between epithelial cells (E) and fibroblasts (F) from human periodontal ligament in vertical section. (e)
Photomicrograph showing weak immunoreactivity for type IV collagen in control epithelial cells from human periodontal ligament.
(f) Photomicrograph showing little immunoreactivity for type IV collagen in control fibroblasts from human periodontal ligament.

those of human PDL fibroblasts and mouse PDL epi-
thelial cells (23). Ultrastructural changes of fibroblasts
adjacent to the epithelial cells have also been reported for
intracellular organelles, and have been related to protein
synthesis, processing and transport (23). Additional
features of interest in the ultrastructural studies were the
presence of extracellular matrix between epithelial cells
and fibroblasts under co-culture conditions (22, 23).

It is well established that extracellular matrix mole-
cules regulate various physiological activities, such as cell
growth, migration and differentiation (14-19). The
basement membrane, a part of the extracellular matrix,
separates the connective tissue from the epithelium and
contains collagen (mainly type IV) and non-collagenous
glycoproteins such as laminin. Under in vitro culture

conditions, many cells secrete the components of the
basement membrane (14, 15, 34, 36-41). In our study,
enhanced expression and distribution of type IV collagen
and laminin were found at the interface between epi-
thelial cells and fibroblasts, while little staining for these
proteins was apparent in areas further away from the
interface of the mixed culture. These results suggest
that interactions between epithelial cells and fibroblasts
stimulate type IV collagen and laminin expression in
epithelial cells in vitro. The modulation of the expression
of extracellular molecules in fibroblasts by epithelial cells
has been documented in previous cell culture studies (23),
which showed that, under co-culture conditions, the
synthesis of type I and III collagen and fibronectin was
stimulated in PDL fibroblasts adjacent to PDL epithelial
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Fig. 4. Photomicrographs showing intense immunoreactivity for type IV collagen mRNA (a) and laminin mRNA (b) at the interface
between epithelial cells (E) and fibroblasts (F) from human periodontal ligament.

cells. These observations are concordant with our
observations, but the matrix proteins (type I and III
collagen and fibronectin) detected are not components
specific to the basement membrane. In another study in
organotypic co-cultures of epithelial cells and fibroblasts
derived from gingival tissue (41), type IV collagen and
laminin were observed immunohistochemically under-
neath the basal epithelial cells. However, to our know-
ledge, our study is the first to show the synthesis of
basement membrane constituents at the interface
between epithelial cells and fibroblasts derived from
PDL.

The effects of cell density and cell-cell contacts on pro-
tein syntheses appear very interesting. In our study,
fibroblasts were clearly distinguishable from epithelial
cells (Fig. 1a), and type IV collagen and laminin were
strongly expressed only at the interface (Fig. 3a,b) where
direct cell—cell contacts occurred, suggesting the involve-
ment of such contacts in protein expression. During cell
culture, an area of high cell density is sometimes produced,
and in our study this area was observed in the culture of
fibroblasts alone and epithelial cells alone (Fig. 3e,f), but
significant protein expression was not observed in either of
these cultures. Hence, these observations do not support
the hypothesis that cell density itself affects protein
expression. However, it is still unclear whether increased
protein expression requires cell-cell contacts, synthesis of
other proteins, or an appropriate cell density, and this
remains to be elucidated.

The role of PDL epithelial cells in periodontal
physiology is unclear. However, it is known that, when

stimulated by endodontal infection, these cells can
proliferate and give rise to periapical cyst formation
(1, 42). It has been reported that epithelial cells derived
from porcine rests of Malassez secrete prostaglandin,
which possibly contributes to cyst growth (43). It has
also been speculated that PDL epithelial cells may
participate in periodontal diseases by proliferating
during pocket formation and development of new
junctional epithelium during postoperative gingival
healing (2).
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Characteristic Intestinal Microflora of Specific Pathogen-
Free Mice Bred in Two Different Colonies and their
Influence on Postnatal Murine Immunocyte Proﬁles
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Abstract: Cecal microflora of BALB/c mice originating from two different SPF-breeding
colonies were compared. The analysis of cultivable bacteria in the ceca showed
significantly higher numbers of total bacteria in BALB/cCrSlc (SL.C mice) than in BALB/cA
Jel (JCL mice) (p<0.05), which were mainly based on higher numbers and occurrence of
Peptococaceae. Bifidobacteria were detected only in SLC mice. Feeding an
oligosaccharide, raffinose, to the mice also induced different shifts in the composition of
cecal microflora and the concentration of cecal organic acids. In the second experiment,
hysterectomy-derived (HD) SLC mice were fostered to SPF lactating SLC mothers, or SPF
lactating JCL mice, together with the mother's own natural birth (NB) pups in each isolator.
HD mice fostered to SLC-mothers showed significantly higher percentages of T-cell
receptor aff cells expressing a CD8a homodimer (p<0.05) and a CD8of heterodimer
(p<0.001) in the intraepithelial lymphocytes (IEL) compared with HD mice fostered to JCL-
mothers. IEL profiles of HD mice corresponded well to those of NB mice that were breast-
fed by the same mothers. Differences in the ratio of B220*cells to Thy1.2*cells in the
splenocytes were also observed as a trend between both HD mice fostered to SLC or JCL
mothers (p=0.06). These results suggest that postnatal colonization of various
characteristic intestinal microflora derived from SPF-breeding colonies results in differences
in development of lymphocyte populations in the intestinal and systemic organs of mice.
Key words: immunity, intestinal microflora, intraepithelial lymphocytes, SPF mice

Introduction has also been reported that the composition of intesti-

nal microflora of adult mice was based on genetic

It is considered that postnatal formation of intestinal factors in each mouse strain [7] including levels of ma-
microflora of mammals is influenced by bacterial con-  jor histocompatibility complex [11], and was not
tamnination from the mother during lactation [5, 8]. It  affected very much by bacterial contamination from
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the mothers {7]. Thus if mice, particularly inbred mice,
are bred in barrier-sustained colonies, their intestinal
microflora should be strongly affected by their mother’s
microflora because they are strictly isolated from the
external environment. It is possible that the character-
istic composition of microflora in each breeding colony
might have different effects on characteristics of SPF
mice. Microbes have various characteristics related to
microbial metabolism, immunogens and pathogenicity
in hosts. However, there are few reports showing dif-
ferences in intestinal microflora of mice in SPF-breeding
colonies, and also the influence of these differences on
characteristics of SPF mice. In order to clarify the
situation, we focused on whether different SPF-intesti-
nal microflora affect development of immune organs
because the immune system is susceptible to coloniza-
tion of intestinal microbes. For example, germ-free
animals are well known to show immunological under-
development of systemic and intestinal immune organs,
such as the spleen, lymph nodes [4], Peyer’s patches
[10] and intraepithelial lymphocytes (JEL) [2, 14], com-
pared with conventional animals.

In this study, we compared the cecal microflora of
two BALB/c mice from different breeding colonies and
also examined the composition of cecal microflora and
the concentration of cecal organic acids after feeding
indigestible oligosaccharide to both groups of mice.
Lastly, we demonstrated that postnatal association with
these 2 kinds of SPF-microflora in hysterectomy-de-
rived mice induces development of different
immunocyte profiles in the hosts.

Materials and Methods

Animals

SPF animals, female BALB/cCrSlc mice (SLC mice),
female BALB/cAJcl mice (JCL mice), and pregnant
mice, were purchased from Japan SLC (Hamamatsu,
Japan) and CLEA Japan (Tokyo, Japan). The mice
used for analysis of intestinal microfiora were housed
in plastic cages at 22 + 2°C with a 12 h light-dark cycle
under conventional conditions. The mice used for fos-
ter-nursing experiments were housed in vinyl isolators
sterilized with 2% peracetic acid. Metal cages and wa-
ter were sterilized by autoclaving at 121°C for 70 min.
The isolators were placed in a room with a controlled
12 h light dark cycle at 24 + 1°C with a relative humid-

ity of 55 £ 5%. All mice were given sterilized diet and
water ad libitum. All experiments were performed in
accordance with the guidelines for the care and use of
laboratory animals of The University of Tokyo.

Diets

The purified basal diet was composed of (g/kg) casein
200.0, maize starch 481.7, o, B-starch 90.0, sucrose 50.0,
cellulose 50.0, soyabean oil 60.0, mineral mixture (AIN-
76) 50.0, vitamin mixture (AIN-76) 13.0, choline
chloride 2.3, and methionine 3.0 (1). The oligosaccha-
ride diet was prepared by adding raffinose (Nippon Beet
Sugar Mfg, Tokyo, Japan, purity > 995 g/kg DM) to
the basal diet (50 g/kg diet) instead of maize starch.
The diets were pelletized and vacuum-sealed in plastic
bags by Funabashi Farm (Chiba, Japan), and were ster-
ilized by yirradiation at 10 kGy.

Oligosaccharide feeding experiment

BALB/cCrSlc mice and BALB/cAJcl (6 weeks of
age) were randomly allocated to two groups (n=5 per
group, total 4 groups). Each group was fed the basal
diet or the oligosaccharide diet for 2 weeks. After the
mice were sacrificed by cervical dislocation, ceca re-
moved from the mice were each subjected to analysis
of intestinal microflora and organic acids.

Foster-nursing experiment: association with different
SPF microflora

Ten pregnant BALB/cCrSlc mice were maintained
under SPF conditions. After the pups were removed
from the pregnant mice by hysterectomy, the pups were
randomly fostered to BALB/cCrSlc lactating mothers
(n=5) or BALB/cAJcl lactating mothers (n=5), together
with the mother’s own natural birth pups in each vinyl
isolator. After both the hysterectomy-derived (HD) and
natural birth (NB) pups were weaned at 4 weeks of
age, they were kept in the same isolators until 6 weeks
of age. Thereafter, HD and NB mice were sacrificed
by cervical dislocation, and the small intestine, spleen
and mesenteric lymph nodes (MLN) removed from these
mice were each subjected to flow cytometric analysis.

Analysis of intestinal microflora

Bacteriological analysis of mice cecal contents was
carried out according to the method of Mitsuoka [9].
Briefly, fresh samples were immediately diluted in 10-
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fold steps with anaerobic phosphate buffer and 0.05 ml
of each dilution was inoculated on two non-selective
media (BL and TS agar) and three selective media
(mLBS, DHL and TATAC agar). BL and mLBS agar
plates were incubated at 37°C for 48 h in an anaerobic
steel wool jar filled with oxygen-free CO,, and TS,
DHL and TATAC agars were incubated for 24-48 h
aerobically. Bacterial groups were identified using
colony and cell morphology, Gram staining, spore for-
mation and aerobic growth.

Determination of cecal organic acids

Cecal contents were weighed and homogenized with
a 20-fold volume of 0.2 N HCI. Pyroglutamic acid was
used as the internal standard. Organic acids in the
cecal contents were determined by high performance
liquid chromatography using the postcolumn method
with bromothymol blue as pH indicator (wave length
for detection; 445 nm, column; RSpak KC-811, Showa
Denko K.K., Tokyo, Japan).

Lymphocyte preparation

IEL were prepared as previously described [6]. In
brief, contents of the small intestines of mice were thor-
oughly washed out with Hank’s balanced salt solution
(HBSS: Gibco BRL, Gaithersburg, MD). Each intes-
tine was inverted, and individually transferred to a 50-ml
conical tube containing 45 ml of HBSS supplemented
with 5% (v/v) fetal calf serum (Sigma-Aldrich, Mo,
USA). The tubes were shaken at 150 rpm in the hori-
zontal position for 45 min at 37°C, and then were shaken
several times by hand. Each resultant cell suspension
was collected and filtered through a glass-wool col-
umn. Subsequently, the cells were suspended in 30%
Percoll (Pharmacia Biotech, Uppsala, Sweden) solution
and centrifuged at 400 x g for 20 min. Cells pelleted at
the bottom of the tube were applied to Percoll discon-
tinuous density gradient centrifugation. IEL were
recovered at the 44 to 70% Percoll interface. Single-
cell suspensions of splenocytes and MLN cells were
prepared by mashing the organ with the end of a sy-
ringe, and passing each cell suspension through a
polyester mesh. '

Flow cytometry
Lymphocytes (5 x 10° cells) were incubated with
fluorochrome-labeled or biotinylated monoclonal anti-

bodies (mAb) for 20 min in ice water after blocking Fc
receptors with anti CD16/32 mAb (2.4G2; PharMingen,
San Diego, CA). If necessary, fluorochrome-labeled
streptavidins were used as the second antibodies. After
staining, the cells were washed with HBSS containing
1% (w/v) fetal calf serum and 0.01% (w/v) sodium
azide. Cytofluorometric analysis was performed by flow
cytometry (FACSort, Becton Dickinson, Franklin Lakes,
NJ). The following mAb were used: biotin-anti-TCRp
mAb (H57-597; PharMingen), fluorescein
isothiocyanate (FITC)-anti-TCRy mAb (GL-3;
Cedarlane, Hornby, Ontario, Canada), biotin-anti-TCRy
mAb (GL-3, Cedarlane), FITC-anti-CD4 mAb
(H129.12; PharMingen), phycoerythrin (PE)-anti-CD8a
mAb (53-6.7; Gibco BRL), FITC-anti-CD8 mAb
(Y8.77; Seikagaku-Kogyo, Tokyo, Japan), PE-anti-B220
mAb (RA3-6B2, Gibco BRL), FITC-anti-Thyl.2 mAb
(30-H12, PharMingen), FITC-streptavidin (Gibco BRL),
PE-streptavidin (Gibco BRL), and RED 670-streptavidin
(Gibco BRL); all were purchased from the sources in-
dicated.

Statistical analysis

Results were expressed as mean values with standard
deviations. Differences in bacterial counts and organic
acid concentrations in the ceca of mice were analyzed
using Scheffe’s F post-hoc test, and differences in oc-
currences of microbes were analyzed using Fisher’s
exact probability test. Differences in lymphocyte pro-
files of mice were analyzed using Student’s ¢ test.

Results

Intestinal microflora of mice bred in different colonies

Differences in cecal microflora between SLC mice
and JCL mice were compared in terms of cultivable bac-
teria (Table 1). SLC mice showed significantly higher
numbers of total bacteria than JCL mice (p<0.05). In
particular, higher numbers and significantly higher oc-
currences of Peptococaceae in SLC mice were observed
compared with those in JCL mice (p<0.05). The per-
centage of Peptococaceae to total bacteria was 52 + 16%
in SLC mice, while that in JCL mice was below 4%.
Bifidobacteria were detected only in SL.C mice. There
were no differences between groups in numbers of fac-
ultative aerobes such as Lactobacilli, Enterobacteriaceae
and Streptococaceae. Feeding of the oligosaccharide diet
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Table 1. Comparison of cecal microflora of BALB/cAJcl and BALBc/CrSlc fed basal diet or oligosaccharide diet

Basal diet Oligosaccharide diet

BALB/cAlcl BALB/cCrSlc BALB/cAlcl BALB/cCrSlc
Total bacteria 9.1+ 0.2 (100)™ 9.6 £ 0.3* (100) 9.5+ 0.1 (100) 9.9+ 0.3 (100)
Bacteroidaceae 8.8+ 0.2 (100) 9.1+ 0.2 (100) 94 % 0.2¢ (100) 93+ 04 (100)
Bifidobacteria : © 7.2 (40) () 7.8+ 04 (100)
Eubacteria 7.9 40 7.9 (40) 8.3 20) 8.6+ 0.6 (80)
Peptococaceae 7.6 20) 9.3+ 04 (100)* 6.6 (20) 9.6+ 0.2 (100)
Clostridia (V) 7.2 (40) 8.1 (40) 7.8+ 04 (100)
Fusiform bacteria ()] (V)] 8.0+ 0.2 (60)* (O]
Curved rods 7.6 20) (V) 7.6 (40) ()
Lactobacilli 8.6+ 04 (100) "85+ 0.2 (100) 8.0+ 0.6 (100) 83+ 04 (100)
Enterobacteriaceae 54+ 05 (100) 56+ 04 (100) 49+ 0.9 (100) 4.4+ 0.2¢ (100)
Streptococaceae 6.6+ 0.3 (100) 6.5+ 0.5 (100) 6.6+ 0.0 (100) 6.5+ 0.7 (100)

The mice were fed purified basal diet or oligosaccharide diet (containing raffinose at 50 g/kg) for 2 weeks. a) Values are
expressed as mean £ S.D. of bacterial counts (log no./g cecal contents). Figures in parentheses refer to frequency of
occurrence (%). Significant difference * (p<0.05) between BALB/cA and BALB/cCr fed basal diet, # (p<0.05) between
basal diet and oligosaccharide diet within the same mouse strain.

Table 2. Cecal organic acids of BALB/cAJcl and BALB/cCRSIc fed basal diet or oligosaccharide diet

Basal diet Oligosaccharide diet
BALB/cAlcl BALB/cCrSlc BALB/cAlcl BALB/cCrSle
Acetic acid 254%75 23.1+£7.8 255+8.8 29.2+6.4
Propionic acid 33+£0.7 3.7+0.8 48+2.0 8.0 £ 1.9¢
n-Butyric acid 2.7+0.7 3.1%16 47132 9.2 £3.0¢
Formic acid 0.1£0.1 1.1 £0.4%* 0.0£0.0 0.2 £0.3¢
Succinic acid 0.0£0.0 0.1+£0.1 02+£04 0.2+0.2
Lactic acid 03+£0.2 0.0£0.0 0.2+£0.2 1.2+1.1%

Values are expressed as mean + S.D. of organic acids (itmol/g cecal contents) of mice. * and *; see

footnotes of Table I.

(50 g raffinose/kg diet) to JCL mice for 2 weeks signifi-
cantly increased numbers of Bacteroidaceae (p<0.05) and
occurrence of fusiform bacteria (p<0.05). In contrast,
SLC mice fed oligosaccharide diet showed increasing
tendencies in the numbers or occurrences of various strict
anaerobes such as Bacteroidaceae, bifidobacteria,
eubacteria, Peptococaceae and clostridia, and a signifi-
cant decrease in the number of Enterobacteriaceae
(p<0.05). On the other hand, the organic acid concentra-
tion in the ceca of mice fed a basal diet showed a
significant difference only in formic acid concentration
between SLC and JCL mice (Table 2). There were no
significant differences in cecal organic acids of JCL-
mice between mice fed the basal diet and the
oligosaccharide diet. However, the oligosaccharide diet

fed to SLC mice induced significant increases of cecal
propionic, butyric and lactic acid concentrations com-
pared with those fed the basal diet (p<0.05).

Effect of postnatal association with different SPF micro-
flora on lymphocyte profiles of the mice

HD mice were fostered to SPF lactating SL.C moth-
ers or SPF lactating JCL mothers in each isolator
together with NB pups. With this method, intestinal
microflora of HD mice should have been transferred
from foster mothers. There were marked differences in
the IEL populations between SLC-NB mice and JCL.-
NB mice (Fig. 1). The SLC-NB mice showed higher
percentages of TCRo IEL and lower percentages of
TCRYS IEL than the JCL-NB mice. The high percent-
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Fig. 1. Comparison of intraepithelial lymphocyte profiles among
natural birth and hysterectomy-derived BALB/c mice fos-
tered to lactating mothers from different colonies. The
hysterectomy-derived (HD) SLC mice were fostered to
SPF lactating mothers together with the mother’s own
natural birth (NB) pups until 4 weeks of age. Data show
means of each population in intraepithelial lymphocytes
of NB and HB mice at 6 weeks of age. a) JCL; BALB/cA
Jel. b) SLC; BALB/cCrSle.

age of TCRof IEL in the SLC-NB mice consisted of
increased percentages of both CD8cwo* cells and
CD8af3* cells. The percentages of CD8a.* cells and
CD8o.a* cells in SLC-NB mice were 4-fold and 2-fold
higher, respectively, than those in JCL-NB mice. There
were few differences in the percentages of CD4* TCRo3
IEL between SLC-NB mice and JCL-NB mice. On the
other hand, IEL profiles of HD mice show good agree-
ment with those of NB mice that were breast-fed by the
same mothers. HD mice fostered to SLC-mothers
showed significantly higher percentages of TCR¢f3 IEL
expressing CD8aa (p<0.05) and CD8wf (p<0.001)
compared with HD mice fostered to JCL-mothers.
Therefore, the ratio of TCRo 3 IEL to TCRyS IEL was
significantly higher in SLC-fostered HD mice compared
with JCL-fostered HD mice (p<0.05: SLC-fostered HD
mice, 2.4 + 0.2; JCL-fostered HD mice, 0.4 £ 0.1).
Moreover, the ratio of B220*cells to Thyl.2*cells in
the spleen of SLC-fostered HD mice tended to be higher
than that in JCL-fostered HD mice (Table 3).

Discussion

It is possible that the compositions of intestinal mi-
croflora in SPF experimental animals might differ

Table 3. Ratio of B220+ cells to Thy1.2+* cells in the spleen and
mesenteric lymph nodes of hysterectomy-derived mice
fostered to lactating mothers for different colonies

Foster mother

JCL» SLC» p
Spleen 1.88+£039 233+0.06 0.06
Mesenteric lymph nodes 0.42£009 0.52£007 0.11

Ratio of B220* cells to Thy1.2+ cells in the spleen and mesenteric
lymph nodes of hysterectomy-derived mice shown in Fig. |
(means £ SD, n=4) p values were calculated using Student’s ¢ test.
a, b) see footnotes in Fig. 1.

among breeding colonies, and this difference might have
some effect on development of immune organs in the
animals. In order to prove this hypothesis, cecal mi-
croflora of different colonies of BALB/c mice, BALB/
cCrSlc and BALB/cAlcl, were compared. An analysis
of cultivable bacteria in the ceca showed higher num-
bers and occurrences of Peptococaceae in SLC mice
than in JCL mice. Bifidobacteria were also detected
only in SLC mice. These results show that there was a
major difference in composition of cecal anaerobes be-
tween JCL and SLC BALB/c mice. Raffinose is known
to be a fermentable indigestible oligosaccharide and
growth factor of bifidobacteria in vitro [15] and in hu-
mans in vivo [3]. Feeding this sugar to mice also
induced different changes of various bacterial counts
between the two mice colonies. Analysis of changes in
cecal organic acids by oligosaccharide feeding also gave
different results: a significant increase of some organic
acids in SLC mice but no changes in JCL mice. The
difference in metabolism of orally fed oligosaccharide
by indigenous microflora suggests that not only culti-
vable bacterial counts in the intestine but also essential
microbes composing microflora differed in SLC and
JCL mice.

In the second experiment, HD mice were fostered to
SPF lactating SLC mothers or SPF lactating JCL moth-
ers together with the mother’s NB pups. This method
resulted in association of HD and NB mice with the
intestinal microflora of the foster mother in the isola-
tor. HD and NB mice acquired identical intestinal
microflora because the BALB/cCr and BALB/cA mice
used in the present study have identical genetic back-
grounds. SLC-NB mice and SLC-fostered HD mice
showed significantly higher percentages of TCRof cells
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expressing CD8 molecules in IEL compared with those
of JCL-NB and JCL-fostered HD mice. This result
suggests that SLC-flora induce expansion of CD8*
TCRoaS IEL more strongly than JCL-flora. Moreover,
the ratios of B220*cells (B-cell marker) to Thyl.2*cells
(T-cell marker) in the splenocytes also differed between
SLC-fostered HD mice and JCL-fostered HD mice.

It is known that the number of TCRa3 IEL in germ-
free mice is greatly reduced compared with conventional
mice [2, 14]. The ratios of TCRa.f cells to TCRYS cells
in the IEL of the JCL-fostered HD mice in our results
showed good agreement with those of germ-free mice
reported previously (JCL-fostered HD mice, 0.4 £ 0.1;
germ-free mice, 0.39 as reported in Reference No.13).
These results suggest that JCL-flora might lack microbes
able to induce expansion of CD8* TCRo3 IEL. It has
been reported that mono-association with segmented fila-
mentous bacteria (SFB) in germ-free mice induced
marked expansion of CD8* TCRaf IEL in the small
intestine from germ-free levels to conventional levels
[13]. In the present study, we were not able to clarify
whether SFB colonized the intestinal lumens of JCL and
SLC mice because SFB is a non-cultivable bacteria [12].

In conclusion, we showed that BALB/c mice bred in
two different colonies have essentially different compo-
sitions of intestinal microflora in terms of not only
bacterial counts but also metabolic responses to oligosac-
charides. Moreover, postnatal association with each
microflora in HD mice resulted in different development
of lymphocyte populations in the intestinal and systemic
immune systems. Specific indigenous microflora of each
breeding colony might affect not only development of
the immune system but also systemic metabolism and
pathology. We consider that investigators should pay
more attention to the possibility that results obtained from
animal experiments might be influenced by characteris-
tic microflora of each breeding colony.
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Summary

Migration of intraepithelial lymphocytes (IELs) into intestinal epithelium is
not yet well understood. We established an 1EL-cell line from ovalbumin
(OVA) 23-3 transgenic (Tg) mice and investigated the effect of antigen stim-
ulation on the dynamic process of IEL migration into small intestinal mucosa.
The cell line was a T cell receptor (TCR) 0f* CD4* CD8~ phenotype, express-
ing OEP7 integrin in 90% of cells, Under intravital microscopy, the lined IELs
adhered selectively to the microvessels of the intestinal villus tip of the Tg
mice. The accumulation of 1ELs was significantly inhibited by an antibody
against B7-integrin and MAdCAM-1. When IELs were stimulated with OVA,
the accumulation was attenuated compared to that of resting cells, with
decreased expression of 0EB7 integrin. In Tg mice fed with OVA, the number
of IELs which migrated in the villus mucosa was significantly smaller than in
the non-fed controls. The preferential migratory capacity of IELs to villus
mucosa may be altered by specific antigen stimulations.
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Introduction

The intestinal epithelium is a region constantly exposed to
intraluminal substances, such as intestinal flora and food
antigens. It has been suggested that the functions of
intraepithelial lymphocytes (1ELs) are first-stage protection
and maintenance of the epithelial layer. IELs consist of both
of and ¥d T cell receptor (TCR)-bearing cells with pheno-
typic and functional features distinct from those of cells in
the peripheral lymphoid tissue [1]. Indeed, peripheral T
cells and IELs have many different characteristics; for exam-
ple, concanavalin A (ConA), which is mitogenic to periph-
eral T cells, cannot stimulate 1ELs [2]. These lymphocytes,
mainly CD8" T cells, are largely unresponsive to prolifera-
tive signals mediated via conventional stimulation of the
CD3-TCR complex [3]. Most IELs express characteristic
integrin oEPB7, which is hardly observed in peripheral T
cells [4,5].

These T cells have diverse sources of origin: it is known
that most peripheral T cells differentiate in the thymus, but a
large population of IELs differentiate extrathymically. Some
IELs may arise in situ in the gut epithelium [6]. Some may
develop in the thymus, and yet others come from extraint-
estinal, extrathymic sources, and these lymphocytes reach

ovalbumin, small intestine

the intestine. IEL precursors in the blood may gain access to
the mucosal sites. It has been speculated that the 8 T cells
present in the vaginal epithelium originate from the periph-
eral lymphoid organs [7]. There have been reports that
injected peripheral T cells, under adequate conditions, can
fill the epithelial compartments and acquire the characteris-
tics of IELs [6,8]. However, there has been little information
about the exact route and mechanisms by which IELs reach
the microvessels of intestinal villi before they gain access to
the epithelium.

There is evidence that the homing behaviour of lympho-
cytes can be altered profoundly by activation and differenti-
ation. The migration properties of activated lymphocytes
appear to be both more selective and more diverse than those
of naive lymphocytes. Some migration properties of ‘mem-
ory’ lymphocytes resemble more closely those of activated
lymphocytes {9-11]. Most memory and effector lympho-
cytes probably traffic through lymphoid organs, but unlike
naive cells, they can also access and recirculate through
extralymphoid immune effector sites such as the intestinal
mucosa or inflamed skin and joints [11-13], In humans, for
example, CD4 cells that express both CLA and L-selectin
preferentially accumulate in inflamed skin [14]. However,
the effect of antigen-specific activation of IELs on their

© 2005 British Society for immunology, Clinical and Experimental Immunology, 140: 249-257 249





