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Although the role of members of the Enterobacteriaceae and anaerobes in the pathogenesis of intra-abdom-
inal infections has been extensively demonstrated, the role played by enterococci in these infections remains
controversial. The pathophysiological mechanisms induced by enterococci in intra-abdominal infection were
studied in a nonfatal model of peritonitis in rats by implanting a gelatin capsule containing Escherichia coli and
Bacteroides fragilis with or without increasing concentrations of Enterococcus faecalis or heat-inactivated en-
terococci. The ability of the rat peritoneal cavity to sterilize itself after bacterial challenge was evaluated by
quantifying the inflammatory response in the peritoneal cavity, reflected by both phagocyte and cytokine
responses. Effects were evaluated 6, 12, and 24 h and 3 and 6 days after inoculation. On day 6 after inoculation,
the highest enterococcal concentration (108 CFU/ml) was accompanied by significantly increased concentra-
tions of E. coli in peritoneal fluid and peritoneal phagocytes when compared to other groups. In the first 12 h
after inoculation, tumor necrosis factor and interleukin-6 concentrations were significantly increased in the
peritoneal fluid of the animals that had received the highest inoculum of enterococci or heat-inactivated
enterococci. In the late period of the study (3 and 6 days), significantly increased leukocyte counts were
observed in the peritoneal fluid of these animals. These results suggest that E. faecalis somehow inhibited
phagocytosis and intracellular killing of the other pathogens and also played an inflammatory role, which
might account for the bacterial synergy observed in this model.

The frequencies of isolation of enterococci from surgical
patients and those with nosocomial infections have increased
dramatically during the past decade. The role of enterococci as
potential pathogens in intra-abdominal infection has become a
source of increasing concern, especially since the emergence of
vancomycin-resistant strains (19). Although the role of the
Enterobacteriaceae and anaerobes in the pathogenesis of intra-
abdominal infections has been extensively demonstrated (16,
24, 28, 29), the part played by enterococci in these infections
remains controversial (22, 23), especially because enterococci
are frequently isolated from the polymicrobial flora (21, 22).
Synergy between enterococci and other pathogens has been

previously suspected in experimental models. Matlow et al.
(17) reported an increased incidence of intra-abdominal ab-
scesses and higher mortality when Enterococcus faecalis was
part of the inoculum. In an experimental model of polymicro-
bial peritonitis, we observed that enterococci, when inoculated
at a high concentration, induced an increased frequency of
bacteremia due to the other pathogens and an increase in the
bacterial counts of the other pathogens in the peritoneal exu-
date (20).
To elucidate which of the mechanisms of bacterial synergy

observed in our model of experimental intra-abdominal infec-
tion are attributable to enterococci, we evaluated the effects of
E. faecalis and heat-inactivated enterococci on the ability of the
rat peritoneal cavity to sterilize itself after mixed bacterial
challenge. In addition, we quantified the inflammatory re-
sponse in the peritoneal cavity, reflected by both phagocyte
and cytokine responses.

MATERIALS AND METHODS

Microorganisms. Three strains of bacteria previously described were used for
this study: an encapsulated strain of Bacteroides fragilis, AIP5-86; a strain of
Escherichia coli, CB1496 (6); and a strain of E. faecalis, UA174 (13).
The strains of bacteria used in this study were obtained from the collection of

the Laboratoire des Anaérobies (B. fragilis AIP5-86) and the Unité des Agents
Anti-bactériens, Institut Pasteur, Paris, France (E. coli CB1496 and E. faecalis
UA174). These strains, specifically chosen because of their susceptibility to
antibiotics, were easily identified. The resistance of B. fragilis to amoxicillin was
due to penicillinase production. In the E. coli strain, plasmid pIP55 which
encodes the production of b-lactamase (OXA-3 type) and the production an
adenylyltransferase enzyme (AAD-20 type) was inserted, leading to a strain
resistant to amoxicillin and gentamicin. The E. faecalis strain had an intrinsic
low-level resistance to aminoglycosides.
Animals. Male Sprague-Dawley pathogen-free rats (Charles River France,

St-Aubin-les-Elbeuf, France), weighing 250 to 300 g and housed five per cage,
were used for all the experiments. All animals had access to chow and water ad
libitum throughout the experiment.
Preparation of the inoculum. B. fragilis was grown and diluted anaerobically in

prereduced thioglycolate broth, while E. coli and E. faecalis were grown in brain
heart infusion broth. The final mixtures of strains were made when they were in
the log phase of growth; bacteria were diluted to obtain the numbers of micro-
organisms for the bacterial challenge that are shown in Table 1. Purity was
assessed and counts of each strain were validated immediately before mixing. In
each group, semisolid agar medium was prepared by adding 2% (wt/vol) agar to
the diluted broth cultures mixed with barium sulfate (10% [wt/vol]). Aliquots (0.5
ml) of the final mixture were placed in double gelatin capsules for intraperitoneal
implantation.
Suspensions of heat-inactivated E. faecalis were prepared by growing the strain

in brain heart infusion broth. The cultures were interrupted when they were in
the log phase of growth, and the suspensions were adjusted to a concentration of
108 CFU/ml by using a spectrophotometer (Sequoia-Turner Corp., Mountain
View, Calif.). Bacterial inactivation was achieved by heating the suspensions at
2208C under an atmospheric pressure of 2 3 105 Pa for 1 h. Subsequent cultures
of these heat-inactivated suspensions remained sterile.
Six groups of 25 animals were studied (Table 1). A group of animals (group I,

Table 1) underwent a sham procedure consisting of implantation of a gelatin
capsule containing barium sulfate, semisolid agar medium, and sterile broth. In
group III animals, an enterococcus-free inoculum was used in which the total
number of bacteria remained constant relative to the animals that had received
the highest enterococcus inocula (group V). In addition, a group of animals
(group VI, Table 1) received a capsule containing heat-inactivated E. faecalis
associated with B. fragilis and E. coli.
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Implantation of inoculum. The rats were anesthetized with an intramuscular
injection of ketamine (30 mg/kg of body weight), and the gelatin capsule was
inserted intraperitoneally into the pelvic cavity through a midline abdominal
incision (28). The wound was closed with a musculoperitoneal layer and a skin
layer by using interrupted nylon sutures.
Assessment of spontaneous outcome. After implantation of the inoculum, the

animals were returned to separate cages. No death was observed within 6 h of
capsule implantation. Microbiological parameters, peritoneal cellular responses,
and inflammatory cytokine responses, as described below, were used to evaluate
bacterial interactions. The animals were sacrificed by being given chloroform 6,
12, and 24 h and 3 and 6 days after bacterial challenge. For each experiment, five
animals were studied in each group.
Microbiological study. Blood samples were obtained by aseptic percutaneous

transthoracic cardiac puncture. In all animals but group I rats, semiquantitative
blood cultures were performed by pouring 0.1 ml of fresh blood onto agar for
bacterial counts.
Then, 10 ml of cold phosphate-buffered saline (PBS; Gibco BRL, Cergy

Pontoise, France) was injected intraperitoneally. A midline laparotomy was
performed, and peritoneal fluid samples were recovered from all regions of the
peritoneal cavity. Abscesses usually observed on day 6 (20) and disseminated in
the abdominal cavity were deliberately disregarded. A dilution factor, taking into
account the fluid present in the peritoneal cavity prior to the injection of the
PBS, was applied in all calculations. Therefore, we used urea as an endogenous
marker of peritoneal dilution. Since urea diffuses readily throughout the body,
the urea concentrations in peritoneal fluid and plasma are the same (14). In this
setting, if the concentrations of urea in plasma and a lavage sample are known,
the dilution of the initial volume of peritoneal fluid obtained can be obtained as
follows: dilution factor 5 (concentration of urea in peritoneal fluid)/(concentra-
tion of urea in plasma). Once the dilution factor is known, the concentration of
any component in the peritoneal fluid (e.g., cytokines, cells, or bacteria) can be
assessed. The urea content of peritoneal fluid and plasma was determined by
using a commercially available kit (Boehringer Mannheim, Meylan, France).
A 0.5-ml aliquot of the peritoneal fluid sample was serially diluted, and 0.1 ml

of each dilution was spread on agar plates for bacterial enumeration. The re-
maining peritoneal fluid was then centrifuged at low speed (300 3 g for 5 min),
and cell-free supernatants were diluted and plated as described above. To de-
termine the number of host cell-associated viable bacteria, peritoneal cells pel-
leted by low-speed centrifugation were washed three times with PBS and incu-
bated for 30 min at 48C with 0.1% Triton X-100 (Sigma Chemical Co., L’Isle
d’Abeau, France). Serial dilutions were made, and 0.1 ml of each dilution was
spread on agar to count intracellular bacteria and cell-related bacteria. These
procedures did not alter the viability of the bacteria. The reproducibility of the
cell-pelleting technique was evaluated at the beginning of the investigation.
Peritoneal samples were assayed in triplicate, and the standard deviation was
#10% of the mean.
The limit of detection for every microbiological test was ,1 log10 CFU/ml. In

every case, plates were incubated in the appropriate environments (i.e., jars or
air) for 2 to 5 days. The selective medium used for detection of B. fragilis was
Columbia agar base (BioMérieux, Charbonnières-les-Bains, France) with 5%
sheep blood containing 75 mg of kanamycin per ml, 7.5 mg of vancomycin per ml,
and 4 mg of pefloxacin per ml. Selective media used for culturing aerobes were
Drigalski agar (Diagnostics Pasteur, Marnes-la-Coquette, France) and bile-es-
culin-azide agar (Diagnostics Pasteur).
Quantitation of host peritoneal leukocyte populations. Total cell counts were

made with an aliquot of the original peritoneal fluid by using a Malassez counting
chamber. Aliquots of original fluid, adjusted to 5 3 104 cells, were cytocentri-
fuged in a Cytospin 2 (Shandon Southern Products, Cheshire, England), and
individual preparations from every rat were stained with May-Grünwald-Giemsa
or Gram stain. Differential cell counts were made by examining at least 300 cells.
The mean total number of intraperitoneal leukocytes was calculated.
Cytokine assays. Blood samples were drawn by cardiac puncture and placed

into sterile glass tubes. After coagulation, the sera were divided into aliquots and

kept at 2708C until assayed. Four 1-ml samples of the original peritoneal fluid
recovered from all regions of the peritoneal cavity were centrifuged (300 3 g for
15 min), divided into aliquots, and stored at 2708C until assayed. The serum and
peritoneal fluid samples were assayed in triplicate, and the standard deviation
was 610% of the mean.
Tumor necrosis factor (TNF) activity was determined by a modified version

(15) of previously described cytotoxicity assays (11, 18, 30). The murine connec-
tive-tissue cell line LM was diluted to 4.0 3 105 cells/ml in E199 culture medium
(Gibco BRL), and 150 ml was deposited into all the wells of 96-well flat-bottomed
microtiter plates (Falcon, Polylabo S.A., Paris, France). After 4 h of incubation
(378C under 5% CO2), 50 ml of human recombinant TNF-a (hrTNF-a) (Gen-
zyme, Tebu S.A., St.-Quentin-en-Yvelines, France), which was used as the stan-
dard, and 50 ml of heat-inactivated samples (30 min at 568C), previously diluted
fivefold to avoid nonspecific effects, were serially diluted twofold in culture
medium, and the mixture was added to each well. Actinomycin D (Sigma) was
also added to each well at a final concentration of 1 mg/ml.
After 48 h of incubation (378C under 5% CO2), the amount of lysis was

quantified by a colorimetric assay with a tetrazolium salt (MTT; Sigma), and the
results were read spectrophotometrically at 550 nm with an automatic plate
reader (Molecular Devices, Medi Sciences, Paris, France) hooked up to an
IBM-PC computer. For each serum sample, the TNF concentration that resulted
in 50% cell lysis was determined by interpolation of the standard curve obtained
simultaneously with hrTNFa (10 pg/ml to 5 ng/ml). The percent lysis was calcu-
lated as follows: [(optical density of the control well 2 optical density of the
sample well)/optical density of control well] 3 100; control cells were incubated
with culture medium alone. The limit of detection in serum and peritoneal fluid
was 0.12 ng/ml. The specificity of the response for TNF was assessed by using an
anti-mouse TNF antibody immunoglobulin fraction (Immugenex, Los Angeles,
Calif.).
Interleukin-6 (IL-6) activity was measured by a bioassay with the murine

hybridoma cell line B9 (1). The cells were grown in RPMI 1640 medium (Gibco
BRL) containing 5% fetal calf serum, 5 3 1025 M 2-mercaptoethanol (Gibco
BRL), 100 U of penicillin per ml, 100 mg of streptomycin (Gibco BRL) per ml,
and 50 U of hrIL-6 (Immugenex) per ml (5). The cells were harvested by
centrifugation and, after one wash in IL-6-free medium, distributed at 5 3 103

cells/200 ml into flat-bottomed wells and then cultured for 68 to 72 h in the
presence of heat-inactivated (30 min at 568C) samples.
The proliferation of B9 cells was quantified by means of a colorimetric assay

with MTT. The results were read spectrophotometrically as described above.
Values were compared to a dose-response curve obtained with hrIL-6 expressed
in nanograms per milliliter. The IL-6 concentration in each serum sample was
defined as the reciprocal dilution corresponding to 50% proliferation of the cell
line. The limit of detection in serum and peritoneal fluid was 0.2 ng/ml. The
specificity of the response for IL-6 was assessed with polyclonal rabbit anti-
murine IL-6 antibodies (Genzyme).
Statistical analysis. Results are expressed as the mean6 standard error of the

mean (SEM). Since the design of the study was essentially to evaluate the effect
of an enterococcus on bacterial and inflammatory response, we were not inter-
ested in all possible comparisons and multiple comparison tests were overly
conservative. All parameters were compared by analysis of variance, followed, in
the case of significance, by limited comparisons of means by Fisher’s least-
significant-difference procedure (26) between enterococcus-free animals (group
II) and enterococcal groups (groups IV, V, and VI) on one hand and compari-
sons between groups IV and V and heat-inactivated enterococci (group VI) on
the other hand, according to an a priori decision. In addition, the possible effect
of gross numbers of bacteria was evaluated by comparisons between the animals
receiving a high bacterial inoculum without enterococci (group III) and entero-
coccal groups (groups IV, V, and VI). Statistical significance was inferred for
comparisons for which P , 0.05 (27).

RESULTS

Effects of inoculum on survival.All control animals survived.
No mortality was observed in the other groups prior to the end
of the study.
Effects of inoculum on blood cultures. The results of semi-

quantitative blood culture and the concentration of pathogens
cultured are shown in Fig. 1. Positive blood cultures were
observed in all the animals within 6 h after inoculation, and
thereafter the bacterial concentrations were progressively
lower. At 6 h postinfection, the concentrations of B. fragilis
isolates in group IV animals, which had been given the smallest
number of enterococci, were significantly lower than in the
other groups. The high enterococcal concentrations in the in-
oculum of group V animals was associated at 24 h with high
concentrations of E. faecalis isolates.
Effects of inoculum on total peritoneal isolates. The highest

concentrations of pathogens were recorded at 6 and 12 h post-

TABLE 1. Contents of the gelatin capsule implanted
intraperitoneally in the ratsa

Group Inoculum (CFU/ml)

I.............................Control (agar 1 barium sulfate 1 sterile broth)
II ...........................E. coli (108) 1 B. fragilis (5 3 107)
III..........................E. coli (2 3 108) 1 B. fragilis (108)
IV..........................E. coli (108) 1 B. fragilis (5 3 107) 1 E. faecalis (107)
V ...........................E. coli (108) 1 B. fragilis (5 3 107) 1 E. faecalis (108)
VI..........................E. coli (108) 1 B. fragilis (5 3 107) 1 heat-inactivated

E. faecalis (108)

a In each experiment, 25 rats were studied in each group; evaluation was
performed at 6, 12, and 24 h and 3 and 6 days after challenge in subgroups of five
animals. In each group, the gelatin capsule contained agar, barium sulfate, and
one of the inocula.
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inoculation, followed by progressive tapering (Table 2). No
significant difference between groups was observed at 24 h and
3 days (data not shown). Significantly larger numbers of E. coli
were observed on day 6 in group V animals than in enterococ-
cus-free animals (low-inoculum group II and high-inoculum
group III) and in group IV animals. This discrepancy was not
observed in the group of animals that had been given heat-
inactivated enterococci (group VI).
Effects of inoculum on intracellular and cell-related bacte-

ria within the peritoneal cavity. The highest concentrations of
pathogens were recorded at 6 and 12 h postinoculation, fol-
lowed by progressively tapering values (Table 3). No significant
difference between groups was observed at 24 h and 3 days
(data not shown). Higher E. coli counts were recorded in the
two groups of animals that had received live enterococci than
in enterococcus-free animals at 12 h after bacterial challenge.
On day 6, significantly higher E. coli counts were noted in
group V animals than in enterococcus-free animals (low-inoc-
ulum group II and high-inoculum group III) and group IV
animals. This discrepancy was not observed in the group of
animals that had been given heat-inactivated enterococci
(group VI).
Effects of inoculum on total leukocyte counts in the perito-

neal cavity. Significantly higher leukocyte counts were noted
on days 3 and 6 in the animals that had received the high
concentration of enterococci (group V) and heat-inactivated
enterococci (group VI) than in those that had been given the
enterococcus-free inoculum (Fig. 2). Polymorphonuclear neu-
trophil counts remained elevated for a prolonged period in the

animals that had received the septic inocula, without any dif-
ference within these groups (data not shown).
Effects of inoculum on cytokine release into the circulation.

Although TNF and IL-6 were detected in serum, the concen-
trations measured were far below the peritoneal concentra-
tions of these mediators. The TNF concentrations measured in
serum reached the limit of detection at 6 h postinoculation and
then were always below this threshold: 0.136 0.01, 0.126 0.01,
0.14 6 0.02, 0.16 6 0.02, 0.13 6 0.02, and 0.18 6 0.04 ng/ml at
6 h for groups I, II, III, IV, V, and VI, respectively.
Interleukin-6 was detected in serum from the beginning of

the study, followed by progressive tapering: 0.9 6 0.2, 1.3 6
0.2, 1.7 6 0.5, 2.2 6 0.5, 2.3 6 0.1, and 2.7 6 0.5 ng/ml at 6 h
for groups I, II, III, IV, V, and VI, respectively. From 24 h
onward, the concentrations of IL-6 in serum remained below
the limit of detection. A significantly higher IL-6 concentration
was noted at 6 h in group V than in group II animals (P ,
0.05). In addition, significantly higher IL-6 concentrations were
recorded at 12 h in groups V and VI compared to groups II and
III (1.4 6 0.6 and 1.5 6 0.5 ng/ml for groups V and VI versus
0.2 6 0.07 and 0.4 6 0.14 for groups II and III; P , 0.01 and
P , 0.01, respectively).
Effects of inoculum on cytokine release into the peritoneum.

Significantly higher TNF concentrations were observed at 6 h
postinoculation in the animals that had received enterococci
than in those in groups II and III (Fig. 3). IL-6 concentrations
were significantly higher in the animals that had been given
enterococci compared to those in enterococcus-free animals
(Fig. 3).

FIG. 1. Bacterial counts (log10 CFU per milliliter; mean 6 SEM) of E. coli (A), B. fragilis (B), and E. faecalis (C) isolated from semiquantitative blood cultures
obtained at the time of sacrifice from infected animals receiving a combination of B. fragilis and E. coli at low dose (group II) or high dose (group III) alone or associated
with E. faecalis at 107 (group IV) or 108 (group V) CFU/ml or heat-inactivated enterococci (group VI). p, P , 0.05 compared to group II; †, P , 0.05 compared to
group IV.

TABLE 2. Organisms enumerated from the whole peritoneal fluid collected within the peritoneal cavity in infected
animals at the time of sacrifice

Time post-
infection

No. of organisms (log10 CFU/ml) (mean 6 SEM, n 5 5) ina:

Group II Group III Group IV Group V Group VI

E. coli B. fragilis E. coli B. fragilis E. coli B. fragilis E. faecalis E. coli B. fragilis E. faecalis E. coli B. fragilis

6 h 7 6 0.1 7.4 6 0.6 7.2 6 0.3 7.7 6 0.1 7 6 0.1 8.1 6 0.6 6.3 6 0.2 7 6 0.1 8.1 6 0.4 6.4 6 0.1 7.1 6 0.2 7.6 6 0.1
12 h 6.8 6 0.2 7.6 6 0.2 7.1 6 0.6 7.4 6 0.2 7.3 6 0.1 7.5 6 0.2 5.3 6 0.3 7.1 6 0.2 7.5 6 0.2 5.8 6 0.2 7.1 6 0.2 7 6 0.1
6 days 2.5 6 0.6 2.8 6 0.9 2.3 6 0.6 3.1 6 0.9 2.2 6 0.5 3.1 6 0.9 1.6 6 0.4 4.7 6 0.4b,c,d 4 6 1.3 4 6 0.3d 2.4 6 0.5 3.7 6 1.1

a For a definition of the experimental groups, see Table 1.
b P , 0.01 compared to group II.
c P , 0.01 compared to group III.
d P , 0.01 compared to group IV.
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DISCUSSION
Several attempts have been made to demonstrate a patho-

physiological role of enterococci in intra-abdominal infections.
Our present results suggest that enterococci play a role in
sustaining the peritoneal infection, by inhibiting phagocytosis
and intracellular killing of the other pathogens, in conjunction
with the prolongation of the peritoneal inflammatory response.
Initial data from experimental studies suggested that entero-

cocci acted as synergistic organisms and were not primary
pathogens (28, 29). An experimental study conducted by On-
derdonk et al. (24) with a rat model employed various bacterial
species alone and in combination to induce intra-abdominal
sepsis. Neither early death due to septicemia nor late abscess
formation occurred when enterococci were inoculated alone. A
mixed inoculum of E. coli plus enterococci also failed to result
in abscess formation, although a combination of B. fragilis or
Fusobacterium varium with enterococci resulted in a high rate
of peritoneal abscess formation. These investigators concluded
that the pathogenicity of enterococci is mainly due to a syner-
gism with anaerobes that results in the formation of abscesses.
Despite these initial observations, we have only limited in-

sight into peritoneal defenses against polymicrobial infections.
Most investigations evaluating these processes were carried
out with artificial substrates (8), killed bacteria (7), or monomi-
crobial infection (7). In addition, spontaneous recovery is one
of the common characteristics of intra-abdominal infections in
rats, at least those with infections below a threshold specific to
each model (7). Several mechanisms are involved in this re-
covery, including lymphatic absorption, opsonization, phago-
cytosis, and killing of the pathogens (7, 8, 25).
The peritoneal absorptive mechanism, achieved by lym-

phatic absorption of the pathogens, is one of the earliest means
of defense against intra-abdominal infection (7). After injec-
tion of 2 3 108 bacteria into the peritoneal cavity of rats, the
bacterial levels of 107 organisms reported by Dunn et al. (7) 30
min after inoculation decreased progressively in the following
8 h. Our results confirm the very high concentration of patho-
gens cultured from blood in the first 24 h of peritoneal infec-
tion. The concentration of E. faecalis in the inoculum might
influence the concentrations of other pathogens such as B.
fragilis in blood culture as demonstrated in group IV and V
animals. However, such concentrations of pathogens in blood
cultures have rarely been determined in the course of mixed
intra-abdominal infection. Thus, it seems difficult to draw any
conclusion on the role of enterococci from such preliminary
observations.
Two studies have demonstrated opsonization of enterococci

via the alternative complement pathway (2, 10). However, the
enhancement of neutrophil killing of enterococci in the pres-
ence of complement and specific anti-enterococcal immune
globulin remains controversial (2, 10). The ease with which

enterococci are opsonized is consistent with their apparent
lack of capsular polysaccharide. Such enterococcal properties
could account for the relatively high concentrations of intra-
cellular and cell-related enterococci observed in our study
compared with those of B. fragilis.
A variety of species of obligate anaerobes has been shown to

interfere with the phagocytosis and killing of aerobic bacteria
in vitro. The effect was strongest with strains of Bacteroides
melaninogenicus and B. fragilis (12, 25). By contrast, aerobes
tested in vitro did not have any significant effect on phagocy-
tosis inhibition and killing (12). The relative concentrations of
each pathogen might also play a role in the appearance of the
mechanisms of inhibition of intracellular killing. Ingham et al.
(12) observed maximum inhibition of intracellular killing when
at least 107 CFU of anaerobes per ml was used, a value which
corresponds to the B. fragilis concentration inoculated in our
study. Thus, increased concentrations of intracellular and cell-
related E. coli within the peritoneal cavity of the animals that
had been given enterococci, as reported herein, might, to some
extent, be attributable to inhibition of bacterial killing. How-
ever, these conclusions need to be confirmed by in vitro stud-
ies.
The major pathological changes associated with enterococ-

cal infection are the increased dissemination and prolongation
of the peritoneal inflammation. This increased inflammatory
response might be the result of a specific effect of these organ-
isms or might be related to an inoculum effect. To clarify this
point, we studied the effects of a heavy bacterial inoculum

FIG. 2. Leukocyte counts (mean 6 SEM) collected at the time of sacrifice
within the peritoneal cavity in animals receiving sterile inoculum (group I), a
combination of B. fragilis and E. coli at low dose (group II) or high dose (group
III) alone or associated with E. faecalis, 107 (group IV) or 108 (group V) CFU/ml
or heat-inactivated enterococci (group VI). p, P , 0.01 compared to group II.

TABLE 3. Numbers of intracellular and cell-related bacteria within the peritoneal cavity in infected animals at the time of sacrifice

Time post-
infection

No. of organisms (log10 CFU/ml) (mean 6 SEM, n 5 5) ina:

Group II Group III Group IV Group V Group VI

E. coli B. fragilis E. coli B. fragilis E. coli B. fragilis E. faecalis E. coli B. fragilis E. faecalis E. coli B. fragilis

6 h 6.5 6 0.3 3.7 6 1 6.9 6 0.1 5.1 6 0.2 6.8 6 0.3 4.6 6 0.7 6 6 0.2 6.5 6 0.2 5.3 6 0.4 6.2 6 0.3 6.9 6 0.1 5.1 6 0.2
12 h 6.2 6 0.2 3.2 6 1 6.4 6 0.2 4.6 6 0.6 7 6 0.1b 5.1 6 0.4 5.1 6 0.3 6.8 6 0.2b 4.8 6 0.2 5.7 6 0.2 6.3 6 0.2 4.9 6 0.3
6 days 2.3 6 0.6 1.7 6 0.4 2.2 6 0.6 1.8 6 0.3 2 6 0.4 1.6 6 0.3 1 6 0.6 4.2 6 0.4b,c,d 2.6 6 1.1 3.8 6 0.4d 2 6 0.4 1.8 6 0.3

a For a definition of the experimental groups, see Table 1.
b P , 0.01 compared to group II.
c P , 0.01 compared to group III.
d P , 0.01 compared to group IV.
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without enterococci (group III) and mixed inoculum with heat-
inactivated enterococci (group VI). The microbiological fea-
tures in these two groups of animals were quite similar. On the
other hand, the results of leukocyte and cytokine measure-
ments in these two groups suggest that enterococci exert an
effect on the inflammatory response.
In vitro studies demonstrated that enterococcal pheromones

and their corresponding inhibitory peptides possess the poten-
tial to serve as chemoattractants for polymorphonuclear neu-
trophils and to trigger a respiratory burst (9). An elevated
peritoneal leukocyte count was reported for a prolonged pe-
riod in our study in the animals that had received high entero-
coccus inocula or heat-inactivated enterococci. These data sug-
gest that enterococci play a role in the increased count of
phagocytes during intra-abdominal infection.
Interestingly, Bhakdi et al. (4) demonstrated the ability of

lipoteichoic acid from gram-positive pathogens to stimulate
the production of IL-1b, IL-6, and TNF-a by cultured mono-
cytes. They reported that lipoteichoic acids from Staphylococ-
cus aureus and Streptococcus pneumoniae failed to induce cy-
tokine production whereas lipoteichoic acids at concentrations
ranging from 0.5 to 5 mg/ml from several enterococcal species
led to the release of all three cytokines. In addition, the levels
of these mediators were similar to those synthesized by mono-
cytes after exposure to gram-negative lipopolysaccharides.
Most studies involving experimental models to evaluate the

cytokine levels produced locally in response to focal infections
have been performed with monomicrobial infection (31) or
polymicrobial infection without calibrated inocula (3). In the
present study, we detected elevated concentrations of proin-
flammatory cytokines (TNF and IL-6) in peritoneal fluid when
high concentrations of E. faecalis had been inoculated. How-
ever, low concentrations of E. faecalis also generated a trend
toward higher peritoneal concentrations of IL-6 compared to
the enterococcus-free inoculum, suggesting a specific and
dose-dependent inflammatory effect of enterococci. This effect
was confirmed in the group receiving heat-inactivated entero-
cocci.
In the present study, the selective increases of the TNF and

IL-6 concentrations in peritoneal fluid after bacterial challenge
were observed for a prolonged period. Similar compartmen-
talization of the inflammatory response has previously been
reported in experimental models of intra-abdominal infections
(3, 31) and in clinical infections (32). In our study, the concen-
trations of TNF measured in plasma were almost always below

the limit of detection despite positive blood cultures. Since 6 h
was the first period studied after bacterial challenge, a tran-
sient release of TNF in the blood before 6 h cannot be ex-
cluded. The prolonged inflammatory response observed herein
differs from what is reported in experimental models involving
bolus injection of pathogens. Although clinical data available
in peritoneal infections are scarce, our results might, to some
extent, provide relevant information on the inflammatory re-
sponse in the course of intra-abdominal infection.
Our data suggest that enterococci might play a direct role in

the pathophysiological mechanisms observed during intra-ab-
dominal infection by limiting phagocytosis and intracellular
killing of other pathogens and by spreading and prolonging the
peritoneal inflammatory response. The use of highly diffusible
antibiotics with strong intracellular uptake might be the ideal
treatment to counteract the intracellular effects of enterococci
on phagocytosis.
However, the increasing frequency of enterococci in clinical

isolates and the emergence of highly resistant strains of these
pathogens prompt the investigation of other therapeutic ap-
proaches. Among the new strategies available, treatments
aimed at enhancing local defenses or modulating the inflam-
matory peritoneal response could represent possible ways of
improving the peritoneal response during intra-abdominal in-
fections involving enterococci, but they remain to be evaluated.
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