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phils (10), inducing neutrophil degranulation (27), stimulating
phagocytosis of opsonized particles (7), and recruiting T lymphocytes (12, 16). IL-8 does appear to be specific to neutrophils and T cells in that eosinophils and monocytes do not
respond to it (27). In addition, IL-8 has been detected in
human mammary secretions. Human maternal cells in breast
milk express mRNA for IL-8 (32), and in bovine mammary
secretions, IL-8 was detected in mammary secretions from
glands that had been challenged with Escherichia coli (28, 29).
In this study we examined whether nonmastitic and mastitic
mammary secretions were chemotactic for neutrophil chemotaxis and if IL-8 was responsible. Our results show both mastitic and nonmastitic secretions were chemotactic rather than
chemokinetic for neutrophils. The neutrophil chemotactic activity in mastitic, but not nonmastitic, mammary secretions was
blocked by anti-IL-8 antibodies.

Mastitis is detrimental to both the suckling newborn and the
mammary gland. For the bovine dairy industry, mastitis is also
a major cause of economic loss due to its association with
decreased milk production and low-quality milk (4). One hallmark feature of mastitis is the substantial increase in somatic
cells found in mammary secretions (5, 17). Somatic cells include lymphocytes, a small percentage of epithelial cells, macrophages, and neutrophils (21). The increase in somatic cells,
specifically neutrophils, is thought to serve as a mechanism
against an increase in the infection of the gland (26). The
migration of neutrophils from the peripheral blood, through
the mammary tissue, and into the mammary secretions is called
chemotaxis (22). Briefly, chemotaxis is a highly regulated process in which selectins, integrins, and chemoattractants interact
to generate cell migration (31). Selectins are adhesion molecules on leukocyte cell membranes that have an N-terminal
domain homologous to Ca21-dependent lectins and are responsible for the attachment of leukocytes to vessel walls (2).
Integrins are responsible for leukocyte-endothelial cell interactions which precede the migration into tissue (15). Lastly,
chemoattractants are soluble mediators released at or near the
site of chemotaxis. They function to regulate integrins as well
as to bind leukocytes and modulate migration (22). The cytokine interleukin-8 (IL-8) is one such chemotactic factor.
IL-8 is a chemokine that is produced by numerous cell types
including lymphocytes (9), neutrophils (33), monocytes/macrophages (27), and epithelial cells (8), including human mammary gland epithelial cells (19). Also, many different tumor cell
lines are able to produce IL-8 (34). Additionally, human milk
mononuclear cells that have been stimulated by lipopolysaccharide (LPS) are shown to produce IL-8 (30). IL-8 has several
biological activities, including recruiting and activating neutro-

MATERIALS AND METHODS
Reagents. All reagents were obtained from Sigma Chemical Co., St. Louis,
Mo., unless otherwise noted.
Anti-human IL-8 antiserum produced in chickens that was found to cross-react
with bovine IL-8 (23) was kindly provided by Donald L. Kreutzer (Departments
of Pathology and Surgery, Vision Immunology Center, University of Connecticut).
Mammary secretions. Normal lactation-stage mammary secretions were collected from individual quarters of four Holstein cows as described previously (1)
and from a mastitic Holstein cow (four quarters) housed at the Kellog Dairy
Center at the University of Connecticut. Samples were grouped as nonmastitic or
mastitic based on an increase in somatic cell counts (.7.5 3 105 cells/ml),
bacteriological studies, and clinical signs of inflammation of the mammary gland
(i.e., swelling, redness, and heat) or milk (i.e., clots and flakes) (1). The causative
agent of mastitis in the mastitic samples was Staphylococcus aureus.
Isolation of responder cells. Bovine blood was collected via venipuncture into
an EDTA vacutainer tube (Fisher Scientific, Pittsburgh, Pa.). Whole blood was
centrifuged at 400 3 g for 20 min. The plasma and buffy coat layers were
aspirated, and the erythrocyte pellet, which contained neutrophils, was subjected
to hypotonic lysis to remove the erythrocytes. Neutrophils were recovered (500 3
g, 5 min), washed three times with RPMI medium, and resuspended at a final
concentration of 2 3 106 cells/ml in RPMI medium. Typically, the viability was
greater than 98% as shown by the trypan blue exclusion test.
Preparation of whey. Mammary secretions were centrifuged at 500 3 g for 20
min to remove fat and cells. Samples were then centrifuged at 100,000 3 g at 4°C
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Due to its association with low-quality milk and a decrease in milk production in bovines, mastitis is a major
cause of economic loss. Additionally, mastitis can be harmful to suckling newborns and can cause damage to
the mammary gland. In mastitic mammary secretions there is a substantial increase in somatic cells, specifically neutrophils. In this study we examined the ability of mastitic and nonmastitic mammary secretions to
cause in vitro neutrophil chemotaxis using a microchemotaxis assay. Also, the role of the inflammatory
chemokine interleukin-8 (IL-8) in neutrophil recruitment during mastitis was addressed in these in vitro
experiments. We found that both nonmastitic and mastitic mammary secretions were chemotactic, not chemokinetic, for neutrophils. The neutrophil chemotactic activity in mastitic, but not nonmastitic, mammary
secretions was blocked by anti-IL-8 antibodies. Molecular mass separation of the active components showed
that the chemotactic activity of the mastitic secretions was present in the 10-kDa-or-less fraction and was
blocked by anti-IL-8 antibodies. These results indicate that IL-8 plays a major role in neutrophil recruitment
during mastitis. An understanding of its role will be of help in designing strategies for immunomodulatory
therapies for mastitis.
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RESULTS
Chemotactic activity of mammary secretions. Figure 1 shows
the chemotactic activity of mastitic and nonmastitic mammary
secretions. Nonmastitic secretions had a CI of 3.4 6 0.7 and
mastitic secretions had a CI of 2.8 6 0.4. Both nonmastitic and
mastitic secretions had CIs that were significantly higher than
that of the control medium.
Checkerboard analysis of mammary secretions. Checkerboard analysis was performed to determine whether neutrophil
migration was due to either chemotaxis or chemokinesis. Dilutions of mammary secretions were added to the upper and
lower wells of the Boyden chamber and neutrophil migration
was quantitated. As shown in Fig. 2A (nonmastitic) and B
(mastitic), neutrophil migration generally increased as the concentration gradient between the upper and lower chambers
increased. This indicates that the migratory activity in the
mammary secretions was chemotactic rather than chemokinetic.
Effects of anti-IL-8 antibodies on neutrophil chemotactic
activities of nonmastitic and mastitic mammary secretions.

FIG. 1. Chemotactic activities of nonmastitic and mastitic mammary secretions. The data are from a representative experiment with at least three separate
nonmastitic or mastitic mammary secretions. Samples were run at physiological
concentrations. Data are mean CI values (number of neutrophils which migrated
towards sample/number of neutrophils which migrated towards a control medium) 6 standard errors of the means. p, P , 0.05 compared to the control
medium (media).

Since IL-8 is a potent inducer of neutrophil migration we used
antibodies specific for IL-8 (23) to determine if IL-8 was involved in neutrophil chemotaxis towards mammary secretions.
Figure 3 shows that anti-IL-8 antibodies significantly blocked
the chemotactic activity of mastitic mammary secretions (P ,
0.05). In contrast, anti-IL-8 antibodies did not have a significant effect on the chemotactic activity of nonmastitic mammary
secretions.
Chemotactic activity of molecular mass fractions of mastitic
mammary secretions. Bovine IL-8 has previously been shown
to have a molecular mass of 7.8 kDa (11). We therefore fractionated mastitic samples to determine if the chemotactic activity falls within the anticipated fraction. Prior to this determination, and to facilitate molecular mass fractionation, casein
(a milk protein found in significant amounts) had been precipitated by rennin and the casein-free whey was analyzed for
chemotactic activity. Casein-free whey was found to retain its
chemotactic activity, and this activity could be eliminated by
anti-IL-8 antibodies (data not shown). The fraction of mastitic
casein-free whey greater than 10 kDa did not cause significant
chemotaxis, whereas the fraction smaller than 10 kDa did
cause significant chemotaxis that could be abrogated by antiIL-8 antibodies (Fig. 4).
Protein concentrations. In order to determine if an increase
in IL-8 activity was due to an increase in protein concentration,
the protein concentrations of the whey samples were determined. Table 1 shows that the protein concentrations of nonmastitic and mastitic secretions were not significantly different.
DISCUSSION
Chemotaxis of neutrophils is a complex process involving
attachment of neutrophils to vessel walls, transmigration
through the vasculature endothelium, and migration into the
tissue site (for a review, see reference 22). Soluble mediators of
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for 30 min, and the supernatants (whey) were stored at 220°C until use. Before
use, the clarified whey was passed through a 0.45-mm-pore-sized filter. Protein
concentrations of the samples were determined as described previously (1) by the
bicinchoninic acid method (14).
Molecular mass fractionation of mastitic whey. Mastitic whey was first treated
with rennin (23.6 U/mg; 1 U will coagulate 10 ml of whey) at 30°C for 30 min to
separate casein. Treated whey was centrifuged at 100,000 3 g for 1 h and the
casein-free supernatant was collected. Purity was assessed by the absence of a
casein band on a sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel
(data not shown).
Casein-free mastitic whey was further separated according to molecular mass
by using a filter system. Briefly, casein-free whey was placed into an Amicon
apparatus (Amicon Corp., Beverly, Mass.) with a 10-kDa cutoff membrane. With
constant stirring at 4°C the whey was passed through the membrane by using N2
gas as a source of pressure. Material that was retained was saved as the fraction
greater than 10 kDa, and the effluent was collected and the process was repeated
using a 1-kDa cutoff filter. The material that did not flow through was collected
and labeled as the less-than-10-kDa fraction.
The casein-free whey, the fraction less than 10 kDa, and the fraction greater
than 10 kDa were all dialyzed by using a 3.5-kDa cutoff dialysis membrane
against distilled water overnight at 4°C.
Fractionated samples were lyophilized and stored desiccated at 270°C until
use.
Chemotactic assays. Neutrophil migration-inducing activity in mammary secretions was assayed by a microchemotaxis technique with a 48-well modified
Boyden chamber (Neuroprobe, Cabin John, Md.) (2, 3). A polycarbonate membrane (pore size, 5 mm; Poretics Corp., Livermore, Calif.) was used. A total of
105 neutrophils in a volume of 50 ml was added in the top wells of the chamber.
The bottom wells contained 30 ml of the sample to be measured for chemotactic
activity. Cell migration proceeded in an incubator with humidified air with 5%
CO2 for 30 min. The filters were then removed, the side facing the top well was
rinsed with phosphate-buffered saline and wiped clean to eliminate any nonmigrating cells. Filters were fixed with methanol (30 s), allowed to air dry, stained
with Diff-Quick (Fisher Scientific), mounted with the side facing the bottom well
oriented upward onto a glass slide (75 by 50 mm) (Corning Glass, Corning,
N.Y.), and rubbed with immersion oil. Neutrophils were counted under a light
microscope with a 403 objective and a 103 ocular. Neutrophil migration was
expressed as the chemotactic index (CI), which is the number of neutrophils
which migrated towards a sample/the number of neutrophils which migrated
towards a control medium.
RPMI medium was used as a negative control, and to ensure that the assay was
working properly LPS (GIBCO, Grand Island, N.Y.)-stimulated bovine macrophage culture supernatant was used as a positive control in chemotaxis assays.
Briefly, 2 3 106 blood monocytes were isolated by Ficoll-Hypaque (specific
density, 1.084) and adherence to plastic. Adherent macrophages were stimulated
with LPS (25 mg/ml) in RPMI medium with 10% fetal bovine serum at 37°C for
24 h. The supernatant was collected and stored at 220°C. Positive controls
yielded an average CI of 3.7 6 0.81.
Checkerboard analysis. Checkerboard analysis (35) to differentiate between
chemotaxis and chemokinesis was performed by placing 30 ml of various dilutions
of secretions in the lower wells of the Boyden chamber and by also placing 50 ml
of various dilutions in the upper wells with 105 responder cells. A migration assay
was carried out as described above.
Data analysis. Data were expressed as means 6 standard errors of the means.
A two-tailed Student’s t test was used to determine significance (P , 0.05).
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tions could cause in vitro neutrophil chemotaxis and, if so,
whether IL-8 was involved.
As shown in Fig. 1 both nonmastitic and mastitic secretions
induced neutrophil migration in vitro. A checkerboard analysis
indicated that the activity was chemotactic and not chemoki-

FIG. 2. Checkerboard analysis of nonmastitic (A) and mastitic (B) mammary
secretions. Various concentration gradients were established by placing different
dilutions (Neat, undiluted) of samples in the bottom and top (along with responder cells) wells of a Boyden chamber. The data indicate that migration is
dependent on an increasing concentration gradient. Data are expressed as the
means of triplicate samples. Media, medium alone (used as a negative control).

chemotaxis, chemoattractants, help to regulate and control
migration. IL-8 is one such mediator. It is an 8-kDa protein
(11) which has been shown to induce leukocyte migration in
vitro and to mediate inflammation in vivo (10). Its role in
recruiting neutrophils during inflammation prompted us to
examine the role of IL-8 in inflammation of the mammary
gland (mastitis).
Mastitis is a major cause of economic loss to the dairy
industry (4). It is characterized by increases in the somatic cell
count and viable bacteria in the mammary secretions as well as
by clinical signs. Others have shown that cytokines play an
important regulatory role in mastitis (6, 20, 28, 29). In this
study we determined whether nonmastitic and mastitic secre-

FIG. 4. Chemotactic activities of mastitic milk molecular mass fractions.
Data are expressed as means of triplicate samples 6 standard errors of the
means. p, P , 0.05 compared to the control medium (media); pp, P , 0.05
compared to the ,10-kDa fraction. The ,10-kDa fraction was used at a concentration of 0.1 mg/ml (1 mg/ml was inhibitory to chemotaxis). The .10-kDa
fraction was used at a 1-mg/ml concentration, and further dilution had no effect
on chemotaxis.
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FIG. 3. Effects of anti-IL-8 antibodies on neutrophil chemotaxis towards
nonmastitic and mastitic mammary secretions. Data are representative of at least
three separate samples and are expressed as means 6 standard errors of the
means. p, P , 0.05 compared to the control medium (media); pp, P , 0.05
compared to mastitic secretions.
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TABLE 1. Protein concentrations of nonmastitic and mastitic
mammary secretionsa
Sample

Protein concn
(mg/ml)

1M ................................................................................................. 10.17
4M ................................................................................................. 12.49
5M ................................................................................................. 12.40
7M ................................................................................................. 15.22
2NM .............................................................................................. 12.08
3NM .............................................................................................. 12.33
6NM .............................................................................................. 14.80
8NM .............................................................................................. 16.65

netic (Fig. 2). Since both nonmastitic and mastitic secretions
caused neutrophil chemotaxis, we next determined if IL-8 was
involved in either case. By using anti-human IL-8 antibodies
produced in chickens (which cross-react to bovine IL-8 [23]) to
block chemotaxis, it was determined that mastitic secretions,
but not nonmastitic secretions, contained IL-8. The anti-IL-8
antibodies blocked nearly 100% of the chemotactic activities in
mastitic secretions, whereas they had only a 25% inhibitory
effect (which was not significant) on chemotaxis caused by
normal secretions. Additionally, when the mastitic samples
were fractionated according to molecular mass, the fraction
less than 10 kDa was found to contain chemotactic activity that
could be abrogated by anti-IL-8 antibodies, whereas the fraction greater than 10 kDa did not contain any chemotactic
activity. Currently, nonmastitic mammary secretions are being
further analyzed to characterize properties of the chemoattractants found in them. Interestingly, at high concentrations the
fraction less than 10 kDa did not show chemotactic activity
(data not shown). This may have been due to a previously
identified low-molecular-weight inhibitor that inhibits chemotaxis (18). This inhibitory effect on chemotaxis was, in our
study, alleviated by serial dilutions.
Numerous cell types have the ability to produce IL-8, including leukocytes (9, 26, 33) and epithelial cells (8). Both of
these cell types may produce IL-8 during mastitis. There is a
breakdown of the mammary gland epithelium during mastitis
which may allow leaking of IL-8 and other proteins into the
secretions. Also, leukocytes in mammary secretions could be
activated by other proinflammatory cytokines, such as tumor
necrosis factor alpha and IL-1 (25, 32), to produce IL-8. Tumor
necrosis factor alpha has been shown to be present in bovine
(24) and human (25) mammary secretions, and its concentration in these secretions increases during mastitis (29).
IL-8 was not found to be involved in in vitro chemotaxis of
neutrophils induced by nonmastitic mammary secretions.
More work is being done to assess the chemotactic factors
found in normal secretions and to determine why they were not
present in mastitic secretions. This lack of non-IL-8-induced
chemotaxis in mastitic secretions may be due in part to the
inflammatory environment of the gland allowing for the production of factors that negatively affect the chemotactic activity
of neutrophils towards chemotactic factors by mechanisms
such as the binding of cytokine and/or chemokine receptors or
the inhibiting of the production of chemokines by cells. For
example, transforming growth factor b (1), IL-10 (13), and
IL-4 (which inhibits T-cell migration) have been shown, in
some circumstances, to inhibit chemotaxis (12).
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a
Mammary secretions were collected from individual quarters and were classified as nonmastitic or mastitic based on criteria described in Materials and
Methods. The secretion was assessed for protein concentration to determine if
increased chemotactic activity was related to increased protein concentration. M,
mastitic; NM, nonmastitic.
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