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The prompt recruitment of neutrophils to the site of infection is essential for the defense of the bovine
mammary gland against invading pathogens and is determinant for the outcome of the infection. Escherichia
coli is known to induce clinical mastitis, characterized by an intense neutrophil recruitment leading to the
eradication of the bacteria, whereas Staphylococcus aureus induces subclinical mastitis accompanied by a
moderate neutrophil recruitment and the establishment of chronic mastitis. To elicit the neutrophil recruitment into the udder, inflammatory mediators must be produced after recognition of the invading pathogen. To
our knowledge, those mediators have never been studied during S. aureus mastitis, although understanding of
the neutrophil recruitment mechanisms could allow a better understanding of the differences in the pathogeneses elicited by E. coli and S. aureus. Therefore, we studied, at several time points, the accumulation of
neutrophils and the presence of the chemoattractant complement fragment C5a and of the cytokines interleukin-1␤ (IL-1␤), tumor necrosis factor alpha, and IL-8 in milk after inoculation of E. coli or S. aureus in
lactating bovine udders. The low levels of C5a and the absence of cytokines in milk from S. aureus-infected cows,
compared to the high levels found in milk from E. coli-infected animals, mirror the differences in the severities
of the two inflammatory reactions. The cytokine deficit in milk after S. aureus inoculation in the lactating
bovine mammary gland could contribute to the establishment of chronic mastitis. This result could help in the
design of preventive or curative strategies against chronic mastitis.
mastitis is of two types, i.e., (i) clinical or (ii) subclinical with
eventual sporadic clinical episodes. Escherichia coli causes severe mastitis, during which death or extensive damage to mammary tissues may result (11, 20). When the cow survives, the
clinical episode is followed by a spontaneous bacteriological
cure (19). In contrast, Staphylococcus aureus infection often
starts with an acute phase and generally becomes chronic and
subclinical (44).
These opposed characteristics are likely to result from the
different pathogenic mechanisms used by the two pathogens.
Among these mechanisms, the role of bacterial adherence is a
controversial topic (2, 14, 17). It has been suggested that adhesion is important for the virulence of S. aureus but not for E.
coli, which multiplies rapidly within the milk compartment
between milkings (19). Moreover, S. aureus expresses several
specific virulence factors such as protein A and a capsule or a
pseudocapsule (slime), which are antiphagocytic factors, and
toxins (alpha and beta) which appear to play a major role in the
staphylococcal virulence (44). On the other hand, E. coli releases endotoxins (lipopolysaccharide [LPS]-protein complexes)
that appear to be the primary initiator of inflammation (23).
Although LPS is not a chemoattractant for bovine neutrophils
(7, 16), it can induce the production of cytokines, one of which,
IL-1, mediates many of the biologic responses to LPS, including fever and the acute-phase response (10, 15).
The differences in the proposed pathogenesis and clinical
reactions offer the opportunity to contrast two inflammatory
responses which have different outcomes: the inflammatory
reaction allows the eradication of E. coli and a bacteriological
cure, whereas in S. aureus infection, bacteria are persistent in
the udder and a chronic infection develops.
This work was designed to compare the early host responses

An acute inflammatory reaction is crucial in the defense of
host tissue against invading pathogens. Leukocytes, especially
neutrophils, are the major contributors to this mechanism of
natural defense, and their migration to the site of infection is
determinant for the outcome of the infection. Neutrophil migration is elicited by inflammatory mediators which are produced in the infected tissue by cells responding to bacterial
toxins or metabolites. The array of known inflammatory mediators is vast and includes complement fragments, arachidonic acid metabolites, vasoactive amines, and cytokines. Cytokines mediate the leukocyte recruitment to inflammatory
sites by their chemotactic activity and by activation of adhesion
molecules on circulating leukocytes and endothelial cells in
adjacent vasculature (5, 22). Several cytokines, including interleukin 1␤ (IL-1␤), IL-8, tumor necrosis factor-alpha (TNF-␣),
granulocyte-macrophage colony-stimulating factor, and gamma
interferon, and the complement fragment C5a are known to be
important for the accumulation of leukocytes at sites of inflammation (3, 10, 18, 38, 42). Cytokines can also enhance the
bactericidal activity of phagocytes (35, 43).
Inflammation of the mammary gland caused by invading
pathogens is common among lactating dairy cows and is a
major cause of economic losses (8). The mammary gland is
particularly suited to investigations on the inflammatory response to infection at an epithelial surface, because it lends
itself to kinetic studies of the appearance of inflammatory cells
and mediators in the luminal compartment as a result of the
ease of noninvasive and repeated samplings of milk. Bovine
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MATERIALS AND METHODS
Animals. Eleven clinically healthy Holstein cows in midlactation were experimentally infected in one randomly selected mammary gland. Quarters were
determined to be free of bacterial infection prior to challenge upon bacteriological analyses. In experiment 1, five cows were challenged with E. coli. In experiment 2, the other six cows were challenged with S. aureus.
Bacterial challenge. E. coli strain P4 and S. aureus strain 107-59 were isolated
from natural cases of bovine mastitis (6, 31). The bacteria were cultivated in a
brain heart infusion medium (Difco Laboratories, Detroit, Mich.) at 37°C for 5
to 6 h to allow them to be in the exponential growth phase. They were then
harvested, washed once in pyrogen-free saline (PFS) and suspended in PFS. The
optical density at 550 nm was measured, and the number of CFU was determined
using a standard curve. After appropriate dilution in PFS, 0.2 ml of the bacterial
suspension (⬃50 CFU of E. coli and 50 to 100 CFU of S. aureus in experiment
1 and experiment 2, respectively) was injected in the challenged glands via the
teat canal immediately after the evening milking.
Samples. Just before the inoculation of the bacteria, foremilk and blood
samples were collected and rectal temperatures were measured. After E. coli
infusion, rectal temperatures and blood samples were obtained at 8, 12, 14, 16,
24, 48, and 72 h postinfusion (p.i.) and at 4, 8, and 14 days p.i., and sterile
foremilk samples were collected at 4, 6, 8, 10, 12, 14, 16, 18, 24, 39, 48, 63, and
72 hours p.i. and at 4, 8, and 14 days p.i. After S. aureus infusion, rectal
temperatures and blood and sterile foremilk samples were obtained once a day
from day 1 to 5 p.i. and then at 7, 11, 14, 21, and 28 days p.i.
Aseptically taken foremilk samples (⬃30 ml) were used for bacteriological and
bacterial concentration analysis. A portion of this milk was also used to determine the somatic cell count (SCC), i.e. the number of cells in milk, as a measure
of inflammation (recruitment of leukocytes). Another portion of foremilk was
centrifuged; the cream was discarded, and the skim milk was harvested. The cell
pellet was suspended in saline buffer, and a portion, after appropriate dilution,
was cytocentrifuged for differential cellular count; the rest, after cell numeration,
was centrifuged, and then the supernatant was discarded and the pellet was
frozen (⫺20°C) for subsequent cytokine analysis. The skim milk was ultracentrifuged at 90,000 ⫻ g for 30 min, and the whey was harvested and stored frozen
(⫺20°C) for subsequent BSA and cytokine analysis.
A portion of the blood samples was used to count under a microscope the total
blood cell number after dilution in Hayes liquid. A drop was used for a smear to
determine the differential cellular composition. The rest was centrifuged; the
plasma was harvested and stored frozen (⫺20°C) for subsequent haptoglobin
analysis.
Assays. The SCC assays were performed with a Coulter Counter (Coultronics
France S.A., Andilly, France). Differential cellular counts were performed under
a microscope after May-Grünwald staining. Bacterial concentrations were obtained from cultures of appropriate dilutions of milk samples on sheep blood
agar plates for 24 h at 37°C.
The concentration of BSA in milk samples was determined by the radial
immunodiffusion technique (30). Haptoglobin in plasma was measured using a
colorimetric method, and results were expressed as haptoglobin-binding capacity
(Hb-BC mg/100 ml of plasma) (26).
Whey samples were analyzed for TNF-␣, IL-1␤, and IL-8 concentrations, in
addition to the complement fragment C5a concentration. TNF-␣ and C5a were
quantified by enzyme-linked immunosorbent assay (ELISA) as previously described (32, 33). Zymosan (2 mg/ml; Sigma Chemical Co., St. Louis, Mo.) was
used in vitro to activate, in the whey samples, the complement that was not
consumed in vivo; thereafter, C5a in both activated and nonactivated whey
samples was measured by ELISA. IL-1␤ was measured by ELISA using commercial antibodies against ovine IL-1␤ (Serotec Ltd., Oxford, England). The
coating monoclonal antibody and the detecting antiserum were diluted as suggested by the manufacturer. IL-8 was measured with a human IL-8 ELISA kit as
described by the manufacturer (R&D Systems, Minneapolis, Minn.). IL-8 in the

milk cell pellets was also measured using the same kit (27). Before ELISA, frozen
cells were suspended in saline buffer at a concentration of 106 cells/ml and cells
were lysed by two successive cycles of freezing and thawing.
Levels of inflammatory mediators in milk whey are reported as concentrations.
No correction was made to account for changes in the volume of milk within the
gland at any particular time.
Statistical analysis. For each experiment (E. coli and S. aureus challenges),
infected glands were compared to the same prechallenged glands in a paired t
test. E. coli- and S. aureus-infected glands were compared in a two-sample t test.
Data for bacterial concentrations and SCC were logarithmically transformed to
maintain a normal distribution. Data are expressed as means ⫾ standard errors
of the means.

RESULTS
Clinical signs. In the E. coli-challenged cows there was profound swelling of the infused quarters by 12 h, which increased
in severity until 39 to 63 h, depending on the cow, and subsequently declined until quarters were normal by approximately
1 week. At the same times, the milk secretion was grossly
abnormal, containing clots and from time to time blood. The S.
aureus-infused glands showed no swelling, and there was no
visible change in the milk appearance.
A systemic reaction occurred in association with the E. coli
mastitic episode. Rectal temperatures increased from 38.3 ⫾
0.09°C to 41 ⫾ 0.2°C at 16 h p.i. and were maximal at this time.
After the S. aureus challenge, rectal temperatures did not increase (data not shown).
Bacteria and somatic cells. E. coli growth in the gland was
exponential until the 10th hour. The bacterial peak concentration averaged 6.6 ⫾ 0.3 log10 CFU/ml. The number of bacteria
decreased slowly from the 39th hour until the end of the
experiment (Fig. 1A). The SCC increased significantly (P ⬍
0.015) from 5.07 ⫾ 0.03 log10 cells/ml to 5.9 ⫾ 0.2 log10 cells/ml
at 12 h after E. coli infusion and reached a maximum of 7.2 ⫾
0.02 log10 cells/ml at 72 h p.i. (Fig. 1A). S. aureus growth in the
udder was much lower than E. coli growth and varied markedly
from one cow to another (Fig. 1B). The bacterial peak concentration averaged 4.4 ⫾ 0.1 log10 CFU/ml at 11 days after
challenge. The SCC increased significantly (P ⬍ 0.04) from
5.01 ⫾ 0.07 log10 cells/ml to 5.4 ⫾ 0.1 log10 cells/ml at 24 h p.i.
and reached a plateau at 5.9 ⫾ 0.2 log10 cells/ml from day 3 to
day 14 after challenge. SCC kinetics were very different among
the animals, and the SCC remained significantly (P ⬍ 0.0004)
lower than that observed in E. coli-infected glands (Fig. 1B).
Differential cellular counts indicated that during the inflammatory episode, most of the recruited cells in the mammary
gland were polymorphonuclear neutrophils. Before challenge,
the percentage of polymorphonuclear neutrophils in milk was
38.8% ⫾ 5.2% of the total cells. After E. coli infusion, it
increased dramatically up to 97.3% ⫾ 0.9% at 16 h p.i., but
after 3 days, mononuclear cells constituted again the main
population (76% ⫾ 5.6% of the total cells). After S. aureus
infusion, the neutrophil percentage did not increase so much,
reaching 70% ⫾ 6.2% at 2 days p.i. The percentage remained
high (74.3% ⫾ 3.7% of the total cells) until the 28th day p.i.,
the end of the experiment (data not shown).
Foremilk was still collected during the month following the
experimental infections for bacteriological analysis and SCC.
The results indicated that all of the E. coli-challenged glands
were free from bacteria (spontaneous cure) at about 10 days
after the intramammary infusion, but the level of somatic cells
remained high (more than 400,000 cells/ml) during about 1
month. In the mammary glands infused with S. aureus, a
chronic infection was established (data not shown).
BSA. During the E. coli experimental mastitis, milk BSA
concentrations were significantly increased (P ⬍ 0.047) from
the 12th hour p.i. (10.4 ⫾ 3.6 mg/ml) compared to the baseline
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to E. coli and S. aureus intramammary infections by measuring
inflammatory markers (bovine serum albumin [BSA] and haptoglobin) and inflammatory mediators involved in neutrophil
recruitment (TNF-␣, IL-1␤, IL-8, and C5a). To achieve this,
experimental infections of the bovine udder were carried out.
E. coli-induced inflammatory mediators in the bovine mammary gland have been the subject of previous works, in contrast
to S. aureus-induced inflammatory mediators, which have
never been studied. This research related the moderate cell
recruitment during S. aureus infection to an apparent lack of
production of the major chemoattractant and inflammatory
mediators in the luminal compartment of the mammary gland,
contrasting with the intense accumulation of mediators in the
case of E. coli infection. These results contribute to a better
understanding of subclinical, chronic infections at an epithelial
surface.
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concentrations (0.23 ⫾ 0.02 mg/ml). The kinetics of the BSA
transudation (Fig. 2A) roughly paralleled the somatic cell variations. These results were very different from those obtained
for the S. aureus-infected glands in which a slight but not
significant increase in BSA concentrations was observed (Fig.
2B).
Haptoglobin. Haptoglobin, an acute-phase protein that is
not constitutive, was detected from the 8th hour p.i. in the sera
of four E. coli-infected cows and from the 12th hour in the
serum of the other cow. The mean of the maximal concentrations was high (119.6 ⫾ 8.9 Hb-BC mg/100 ml of plasma), and
concentrations remained elevated (P ⬍ 0.02) for all of the
animals from the 16th hour to the 4th day (Fig. 2A). Haptoglobin was detected from 24 h p.i. in the sera of four S. aureusinfected cows and from 48 h p.i. in the sera of the other two
cows (Fig. 2B). The increase was less pronounced than during
E. coli infections, with a mean of the maximal values of 21.9 ⫾
6.3 Hb-BC mg/100 ml of plasma.
TNF-␣. During the E. coli infection, TNF-␣ concentrations
in whey increased dramatically between the 10th and the 39th
hours p.i. The peak concentrations (14.1 ⫾ 3.2 ng/ml) were
observed between the 14th and the 18th hours p.i. for all of the
animals. From 24 h p.i. on, the concentrations decreased rapidly to a low level (Fig. 3). No TNF-␣ was detected in the whey
obtained from the S. aureus-infected animals.

FIG. 2. BSA concentration in whey (F) and haptoglobin concentration in
plasma (E) obtained from quarters experimentally infected with E. coli (A) or S.
aureus (B). Data are expressed as means ⫾ standard errors of the means. ⴱ,
significant difference (P ⬍ 0.05) compared with preinfection values.

IL-1␤. Increases in IL-1␤ concentrations in whey from E.
coli-infected glands began slightly after increases in TNF-␣,
and maximal concentrations were reached later (Fig. 3). No
IL-1␤ was detected in whey obtained before challenge. In
samples from one cow, a very small amount of IL-␤ was detected only at 48 h p.i. In samples from the other five cows,
peak levels ranged from 0.53 to 3.22 ng/ml. No IL-1␤ was
detected in S. aureus-infected samples.
IL-8. In the whey from the E. coli-infected cows, IL-8 was
detected from the 10th hour p.i. for one cow and from the 12th
hour p.i. for the others. The concentrations remained high
(1.08 ⫾ 0.1 ng/ml) during the first 2 days (P ⬍ 0.02) and then
decreased rapidly (Fig. 3). IL-8 was not detected in whey from
S. aureus-infected cows (the detection limit of the method was
31 pg/ml). IL-8 in the milk cell pellets was also measured. Only
samples from one cow infected with E. coli were available and
analyzed. However, samples from the six S. aureus-infected
cows were analyzed. High concentrations of IL-8 (20 pg/ml to
28.4 ng/ml, corresponding to 15 pg/106 cells to 1.99 ng/106
cells) were detected in cells from the E. coli-infused udder
from the 16th hour p.i., so that most IL-8 was cell associated at
40 h and after (Fig. 4). No IL-8 was detected in cells from S.
aureus-infected glands.
C5a. No C5a was detected in whey samples collected before
intramammary infusions. In whey of E. coli-infected animals,
C5a was detected from the 10th hour p.i. for four cows and
from the 12th hour p.i. for the fifth cow. The kinetics was
comparable to kinetics of TNF-␣, but with a longer persistence
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FIG. 1. Bacterial count (F) and SCC (E) in milk samples from quarters
experimentally infected with E. coli (A) or S. aureus (B). Data are expressed as
means ⫾ standard errors of the means. ⴱ, significant difference (P ⬍ 0.05)
compared with preinfection values.
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(Fig. 5A). Some increases at sporadic points were observed in
three cows among the six that were infected with S. aureus (Fig.
5B). The ability of milk to generate C5a was also measured in
the whey samples after addition of zymosan. The amount of in
vitro-generated C5a in E. coli infected animal whey was huge,
up to 100-fold the amount of the in vivo-generated C5a (Fig.
5C). In the S. aureus-infected animal whey, C5a was also produced through complement activation. The quantities were not
as high as those found in E. coli-infected animal whey (the
mean of the maximal concentrations was 6.1 ⫾ 1.9 ng/ml for S.
aureus and 1.3 ⫾ 0.4 g/ml for E. coli during the first 7 days
p.i.). However, all of the samples contained unconsumed complement during the studied inflammation time (Fig. 5D).
DISCUSSION
The outcomes of the experimental infections performed in
the present study were as expected on the basis of the current
forms displayed by naturally occurring infections. Intramammary E. coli infusions provoked clinical mastitis with severe
signs associated with a breakdown of the blood-milk barrier, as
indicated by a coincident increase in BSA concentrations in
milk. S. aureus infusions induced subclinical mastitis, which

FIG. 4. Amount of cell-associated IL-8 per 106 cells (F) and amount of free
IL-8 in a volume of whey containing 106 cells (E). Values were obtained from
one cow experimentally infected with E. coli.

became chronic. The acute-phase response, which represents
the host’s reaction to the infection, involved the production
and release of acute-phase proteins by the liver, demonstrating
that a systemic inflammatory response developed. High levels
of haptoglobin, the most reactive acute-phase protein in cattle
(12), were measured in plasma of cows infected with E. coli
during the first 4 days after challenge, in keeping with a previous report (34). Compared to E. coli mastitis, about 50-fold
less haptoglobin was found in the plasma of S. aureus-infected
cows, and haptoglobin was detected throughout the 21 days of
the experiment, indicating that a systemic reaction developed
and persisted, although with a much lower magnitude than in
E. coli infections.
Following E. coli intramammary infusion, bacteria grew exponentially until the 10th hour p.i.; at that time, cells began to
arrive in the udder and the growth was then controlled. The
total eradication of bacteria occurred within 10 days after challenge without any therapeutic treatment. Compared to E. coli,
S. aureus grew slower and reached a maximal concentration at
6 days p.i. Moreover, cells arrived later in the udder (between
the 1st and the 4th days p.i. depending on the cow), and SCC
kinetics were considerably heterogeneous among the cows. All
of the challenged quarters became chronically infected. Our
results support the hypothesis that the establishment of S.
aureus chronic mastitis is the consequence of a low cell recruitment due to a quasiabsence of the major inflammatory mediators at the site of infection, at least in the milk compartment.
In response to intramammary E. coli infection, multiple inflammatory mediators, including TNF-␣, interleukins, and
C5a, are produced (38, 40). To our knowledge, no results are
available concerning S. aureus bovine mastitis. To better understand staphylococcal mastitis, we compared the production
of those mediators in milk from E. coli- and S. aureus-infected
quarters.
One of the major inflammatory cytokines that mediates the
acute-phase reaction is TNF-␣. The TNF-␣ concentrations
found following E. coli challenge in the present study are in
accordance with those in previous work where biologic tests
were used to measure TNF-␣ activity (37, 38, 40). In contrasting to the case for E. coli infection, no TNF-␣ was found in the
milk from S. aureus-infected glands. The moderate reaction
induced by S. aureus could explain the fact that TNF-␣ was not
detected. Indeed, intramammary infusions of a small amount
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FIG. 3. TNF-␣ (F), IL-1␤ (‚), and IL-8 (E) concentrations in whey obtained from quarters experimentally infected with E. coli. Data are expressed as means ⫾
standard errors of the means. ⴱ, significant difference (P ⬍ 0.05) compared with preinfection values.

VOL. 7, 2000

INFLAMMATORY MEDIATORS IN MASTITIC SECRETIONS

165

(10 g) of E. coli endotoxin does not allow the measurement of
TNF-␣ activity in milk (39), in contrast to the case for higher
doses (24, 37, 41). Nevertheless, the detection limit of the
method was 0.4 ng/ml. Since TNF-␣ biological activity can be
observed at 0.01 ng/ml, it is not excluded that TNF-␣ was
present in those samples at a low but active level.
Another major inflammatory cytokine is IL-8, a powerful
chemoattractant for neutrophils (38). In accordance with previous work, no IL-8 was detected in any of the milk samples
obtained before challenge (4). Following E. coli injection, we
detected IL-8 earlier than Shuster et al. (38) (between the 14th
and the 16th hours p.i., versus between the 24th and the 48th
hours p.i.). We found the kinetics and concentrations of IL-8 to
be very similar among the five challenged glands, in contrast to
Shuster et al. (38), who described a heterogeneous production,
with three of the eight infected glands not exhibiting obvious
increases in IL-8.
No IL-8 was detected in milk from cows infected with S.
aureus. In vitro, Barber and Yang (4) found that an IL-8
neutrophil chemotactic activity exists in S. aureus mastitic secretions. Therefore, it cannot be excluded that IL-8 was
present in the milk samples of S. aureus-infected cows at concentrations of ⱕ30 pg/ml (the detection limit of the ELISA
kit). At those low concentrations, the chemotactic activity of

bovine IL-8 on bovine neutrophils remains unknown, but
strong chemotactic activity of recombinant human IL-8 on
bovine neutrophils was found at concentrations of ⱕ50 pg/ml
(28, 38). Since IL-8 has the capability to link itself to cell
membrane receptor or to be rapidly internalized by cells (27),
we also measured IL-8 in the milk cell pellets. High levels of
IL-8 were found in the cells from the E. coli-infected cow
during the inflammatory period, suggesting that in previous
studies, the quantities of IL-8 present in inflammatory milk
were underestimated (up to more than 100-fold in some samples). In contrast to the case for the E. coli samples, no IL-8
was detected in the S. aureus cell samples. This result reinforced the results we obtained with the whey samples. The fact
that no TNF-␣ or IL-1␤ was detected in whey samples of S.
aureus-infected cows could explain why IL-8 was not detected
either. Indeed, studies showed that IL-1 and TNF-␣ stimulate
IL-8 secretion (25, 28). In contrast, TNF-␣ and IL-1␤ must
have enhanced IL-8 secretion in E. coli-infected glands.
The last inflammatory mediator we measured was the complement fragment C5a. The role of complement in the recruitment of leukocytes in the udder is still uncertain (9, 28, 38). In
the milk of E. coli-infected cows, the presence of C5a was
detected from the 12th hour p.i. and was concomitant with the
cell arrival and IL-8 increase, so it was not possible to conclude
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FIG. 5. C5a concentration in whey of cows experimentally infected with E. coli (A) or S. aureus (B) and C5a concentration in zymosan-activated whey obtained from
cows experimentally infected with E. coli (C) or S. aureus (D). Data are expressed as means ⫾ standard errors of the means, except for panel B, where individual data
are shown. ⴱ, significant difference (P ⬍ 0.05) compared with preinfection values.
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if C5a represented the initial chemoattractive activity, as Shuster et al. suggested (38). In milk from S. aureus-infected animals, no C5a was detected, except sporadically in three animals. At those times, elevations of C5a concentrations were
not correlated with increases in cell numbers in milk. Moreover, despite the absence of C5a, cell recruitment did occur
following S. aureus infusion. Together, these results make clear
that the cell recruitment in the udder was not dependent upon
C5a chemoattractant activity.
The quasiabsence of C5a in milk from S. aureus-infected
cows could be attributed to an absence of C5 activation or to a
lack of C5 or any other complement components playing a role
in the complement cascade before the C5a generation. To
verify this hypothesis, unconsumed complement was activated
by addition of zymosan, a complement activator, in infectious
milk samples. The C5a eventually in vitro generated was then
quantified. Some was detected from the 4th day to the 14th or
the 28th day p.i., depending on the cow. These results showed
that the absence of C5a in milk from S. aureus-infected cows
was not due to a lack of complement in the udder. Therefore,
S. aureus infection, under our experimental conditions, did not
permit the activation of the complement. This can be attributed to an insufficient number of bacteria in milk or to an
incapacity of S. aureus in activating the complement. Either
case would contribute to the persistence of S. aureus, as C5a
plays an important role in neutrophil activation (21).
The low cell recruitment during S. aureus infection appears
to be the consequence of a lack of production of the chemoattractant or inflammatory mediators. The moderate numbers of
S. aureus organisms in milk could explain this phenomenon by
being below the threshold necessary for the triggering of an
effective inflammatory response. Another explanation could be
a repressive effect of S. aureus exerted on the expression of
cytokines by the host cells, as has been observed with other
bacteria (29, 36).
However, cell influx does exist after S. aureus intramammary
infusions, and haptoglobin was detected in the plasma of infected cows, proving that there were local and systemic inflammatory reactions. Therefore, inflammatory mediators should
have been synthesized at the site of infection, but none of the
expected ones were detected in milk. S. aureus is known to
adhere to the mammary epithelium, and several studies have
demonstrated that epithelial cells can generate a variety of
inflammatory mediators upon interaction with the bacteria (1,
13). Therefore, it could be conceivable that with S. aureus
stimulation, the mammary epithelial cells could have secreted
inflammatory cytokines directly in the interstitium. This could
explain why there were neutrophil recruitment and a systemic
inflammatory reaction without any cytokines detectable in the
milk of the infected udder.
Further investigations, in particular on the contribution of
epithelial cells to leukocyte recruitment, are necessary to understand those mechanisms. This could help in the development of strategies to prevent the installation of chronic mastitis
in lactating cows.
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