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Leukocytes are recruited from peripheral blood into milk as part of the inflammatory response to mastitis.
However, excessive accumulation of inflammatory cells alters the quality of milk and the proteases produced
by polymorphonuclear neutrophils (PMNs) and macrophages may lead to mammary tissue damage. To
investigate PMN recruitment and the kinetics of their intracytoplasmic enzymes in inflammation, we generated
mastitis in six cows by intramammary infusion of lipopolysaccharide (LPS). Clinical signs of acute mastitis
were observed in all of the cows, and normal status was resumed by 316 h. Intracytoplasmic elastase,
collagenase, and cathepsin activities were measured within live cells by flow cytometry in peripheral blood
leukocytes and milk PMNs before and during the inflammatory process (at 10 time points between 4 and
316 h). The proportion of immature PMNs was appreciated by CD33 surface labeling measured in flow
cytometry. Leukopenia was observed in the peripheral blood 4 h postinfusion, concomitant to an increase in
somatic cell counts in milk. CD33� PMNs were preferentially recruited from the peripheral blood to milk.
Enzymatic activities were detected in PMNs, lymphocytes, and monocytes at levels depending on the cell type,
sample nature, and time of collection. Milk PMNs had lower enzymatic activities than peripheral blood PMNs.
This study showed that milk PMNs recruited during LPS-induced experimental mastitis have an immature
phenotype and significantly lower enzymatic activities than peripheral blood PMNs. This suggests that CD33,
an adhesion molecule, may be involved in the egress from blood to milk and that the enzymatic contents of
PMNs are partly used during this process.

Bacterial infections of cattle are a major source of economic
loss, and mastitis is the most prevalent disease of dairy cows
(20). Polymorphonuclear neutrophils (PMNs) represent the
major line of defense against bacterial infection of the mam-
mary gland (26) because of their ability to phagocytose and kill
opsonized or nonopsonized bacteria by using bactericidal en-
zymes and oxy radicals.

During mastitis, PMNs emigrate from the peripheral blood
into milk through the mammary epithelium in response to
chemotactic stimuli (cytokines such as interleukin-8, comple-
ment fractions such as C5a, some adhesion molecules, etc.)
produced locally as a reaction to invading microorganisms or
their components (4, 11, 21, 25). PMNs then phagocytose for-
eign particles or bacteria (22), discharge their granules’ con-
tent (2, 6), and generate reactive oxygen metabolites (18).
These processes are regulated, and the inflammatory response
is proportional to the magnitude of the PMN influx (29).

Bovine PMNs have azurophil, secondary and tertiary gran-
ules containing a variety of proteins that differ between the
types of granules (16). The enzymes stored within the granules
are synthesized at different stages of myelopoietic differentia-
tion (24). PMN granules contain both antibacterial peptides
and enzymes (elastase, collagenase, cathepsins, phosphatases,
lysozyme, etc.) that are involved in the elimination of bacteria

but are also able to disrupt the extracellular matrix (ECM).
During mastitis, PMN products are also able to modify milk
proteins, thus altering the composition of milk (34; I. Mich-
elutti, Y. Le Roux, and F. Laurent, 4th Meet. 3R, abstr. 1997,
p. 357, vol. 4).

Little is known, however, of the enzymatic capacities of
PMNs recruited in the mammary gland during mastitis. Here
we examined the enzymatic activities of PMNs during experi-
mental mastitis induced by lipopolysaccharide (LPS). Elastase,
collagenase, and cathepsin activities were studied in peripheral
blood leukocytes and milk PMNs. We analyzed the activity of
enzymes involved in cell migration, PMN degranulation,
phagocytosis, apoptosis, and cytotoxicity.

Collagenase, an enzyme produced by PMNs and monocytes/
macrophages, facilitates the migration of blood leukocytes by
degrading ECM collagen. Collagenase cleaves type I, II, III,
and X collagens (32). Cathepsin C is a lysosomal enzyme con-
tained in cytotoxic cells. Cathepsin G is stored in the primary
(or azurophil) granules of PMNs (14) and in monocytes (10)
and is released upon activation and phagocytosis (3). Elastase,
another enzyme of PMN azurophil granules, present in mac-
rophages and lymphocytes as well, is also involved in leukocyte
migration, tissue destruction by digestion of ECM macromol-
ecules, and phagocytosis. It has been reported to be able to
cleave such leukocyte antigens as CD4 or CD8 and to modu-
late leukocyte adhesion by binding to or cleavage of ICAM-1
(8, 9, 12, 15).

These enzymes have a pathological role in inflammation in
various diseases (5, 13). Elastase and cathepsin G play an
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important role in such inflammatory diseases as arthritis, as
demonstrated by the fact that neutrophil elastase �/� or ca-
thepsin G �/� mice are resistant to arthritis induction (1). In
another study, we have also demonstrated alterations of enzy-
matic activities in human immunodeficiency virus-infected pa-
tients, who display lowered collagenase and cathepsin D activ-
ities in monocytes and increased elastase and cathepsin D
activities in PMNs compared to controls (30).

Another aim of this study was to determine how peripheral
and medullary stores of PMNs are used to support efflux to the
mammary gland. We therefore examined the proportion of
immature PMNs recruited during the inflammatory process.
This was achieved by assessing the surface expression of CD33
on PMNs. CD33 is a molecule of the immunoglobulin super-
family expressed as one of the earliest markers of myeloid
lineage commitment, which disappears from mature cells. Its
structure suggests that it is likely to be involved in adhesion
and cell emigration (27, 28).

Both CD33 expression and PMN enzymatic activities were
monitored over time in sequentially collected peripheral blood
and milk samples.

MATERIALS AND METHODS

Animals. Six Prim’ Holstein cows, free of intramammary infection, were se-
lected from the experimental herd of the Laboratoire des Sciences Animales
(ENSAIA, Nancy, France). All cows were in the early stages of lactation, i.e.,
periparturient with less than 6 weeks of lactation. Each cow was infused intra-
mammarily in one rear quarter of the gland with 10 ml of pyrogen-free saline
containing 10 �g of purified LPS from Escherichia coli (LPS B6; Sigma Chemical
Co., St. Louis, Mo.).

Peripheral blood samples were collected before LPS inoculation and at 4, 8,
12, 16, 25, 36, 52, 64, 76, and 316 h postinfusion. Milk samples were collected
from the experimental quarter at 4, 8, 12, 16, 25, 36, 52, 64, 76, and 316 h
postinfusion. All of the peripheral blood and milk samples collected were exam-
ined within a few hours after sampling.

Blood samples. Peripheral blood samples were collected into EDTA-contain-
ing Vacutainer tubes (Becton Dickinson, San Jose, Calif.). Peripheral white
blood cell (WBC) counts in each sample were determined with an automated cell
counter (Coulter Z1; Beckman Coulter, Fullerton, Calif.).

The proportions of lymphocytes, monocytes, and PMNs were determined by
microscopic examination of May-Grünwald-Giemsa-stained smears (Dade Diff-
Quick, Düdinger, Switzerland).

For each sample, 1 ml of whole blood was diluted 1:10 in phosphate-buffered
saline (PBS), pH 7.4, and centrifuged at 200 � g for 10 min. The pellet was
washed twice in PBS at 500 �g for 5 min and then adjusted to 3 � 106 � 0.5 �
106 cells/ml in PBS.

Milk samples. Somatic cell counts in milk samples were assessed with a
Fossomatic 5000 counter (Foss Electronic, Hillerd, Denmark).

Each milk sample was diluted 1:2 in PBS (pH 7.2) and centrifuged at 350 � g
for 10 min. The cream-containing supernatant was centrifuged under the same
conditions. The pellets of the two samples were pooled and centrifuged again in
fresh PBS at 250 � g. The final cell pellet was suspended in Dulbecco modified
Eagle’s medium (Sigma) with 1 g of glucose per liter, supplemented with 4 mM
L-glutamine (Sigma), 10% fetal calf serum (Sigma), 5 �g of insulin (Sigma) per
ml, 5 �g of hydrocortisone (Sigma) per ml, 100 U of penicillin (Sigma) per ml,
and 100 �g of streptomycin (Sigma) per ml. The final cell count was measured
with an automated cell counter (Beckman Coulter), and the suspension was
adjusted to 3 � 106 � 0.5 � 106 cells/ml in PBS.

Leukocyte proteolytic activities. Three CellProbe reagents, namely, GPLGP
Collagenase, TP cathepsin, and AAPV elastase (Beckman Coulter) were used in
this study. Each of these cytoenzymologic reagents comprises synthetic nonfluo-
rescent enzyme substrates of two leaving groups conjugated to a dye molecule
(Rhodamine 110). Conjugation of the leaving groups to the dye quenches the
dye’s fluorescence. The leaving groups conjugated to the dye diffuse through the
cytoplasmic membrane of live cells and reach the intracellular compartment,
where the relevant specific intracellular enzyme can cleave the reagent. Cleavage
results in release of the dye within the cell, inducing fluorescence that can be

detected by flow cytometry. The intensity of the fluorescence emitted is thus
proportional to the enzymatic activity in each cell. The letters before each
reagent’s specificity indicate the amino acid sequence of the substrate that will be
specifically cleaved by the respective enzyme.

Enzymatic activity assays were performed concomitantly, by using, for each
sample, four 50-�l aliquots of washed cells prewarmed for 10 min in a 37°C water
bath. Just prior to being used, CellProbe reagents were reconstituted with 250 �l
of distilled water and 25 �l of the appropriate reagent was added to each warmed
tube and gently mixed by hand. A blank control tube was performed by replacing
the CellProbe reagent with 25 �l of PBS in the tube containing the prewarmed
fourth aliquot for each sample. The reaction was allowed to proceed for 10 min
precisely at 37°C in the water bath. The tubes were then placed on crushed ice
for at least 10 min to stop the enzymatic reaction. Red blood cells were lysed at
this stage with the Multi-Q-Prep system (Beckman Coulter). For milk somatic
cells, 1 ml of cold PBS was added. Enzymatic activities were measured by flow
cytometry (EPICS XL; Beckman Coulter) strictly within the next 15 min in order
to avoid fluorescence release from the cells and nonspecific background labeling.
Three gates were defined by using a forward scatter-side scatter biparametric
histogram in order to discriminate among lymphocytes, monocytes, and PMNs.
A control histogram displaying the same forward scatter ordinate but fluores-
cence on the abscissa allowed display of the fluorescence intensity of the three
cell subsets. The percentage and mean fluorescence intensity of labeled cells
were then recorded for each cell type by using monoparametric histograms.

PMNs subsets. Several trials were performed to determine the cross-reactivity
between an anti human CD33 monoclonal antibody and bovine peripheral blood
cell samples. The percentage of labeled cells appeared to be consistent with the
data obtained from humans (25), and we thus considered that the bovine homo-
logue of CD33 was stained.

For each sample, 50 �l of fresh whole blood or milk somatic cells was mixed
with 5 �l of anti-human CD33 monoclonal antibody (My9; Beckman Coulter).
After 30 min of incubation at 4°C, 10 �l of fluorescein isothiocyanate-conjugated
rabbit anti-mouse antibody (Dako, Glostrup, Denmark) diluted 1:40 in PBS was
added and the cells were incubated for 30 min at 4°C. Peripheral red blood cells
were lysed with the Multi-Q-Prep System (Beckman Coulter), and 300 �l of PBS
was added to milk somatic cell samples. The proportion of labeled PMNs was
then assessed by flow cytometry (EPICS XL; Beckman Coulter)

Statistical analyses. The mean fluorescence intensity (MFI) ratio, defined as
the MFI of the test tube divided by the MFI of the control, was calculated for
each sample and for each enzymatic activity tested. Results of the six experiments
were expressed as the mean level � the standard deviation (SD). Gaussian
distributions were tested by the Kolmogorov-Smirnov test, and then comparisons
with baseline values (i.e., preinoculation samples) were performed by analysis of
variance and unpaired or paired t tests adjusted for time (GraphPad Prism V2.1).
The Mann-Whitney test was used when distributions were not Gaussian.

RESULTS

All of the cows displayed clinical signs of acute mastitis with
fever (mean temperature before infusion, 37.8°C; mean maxi-
mal temperature, 39.8°C) and a decrease in milk production.

Cell counts. Mean peripheral WBC counts decreased signif-
icantly (P � 0.05) at 4 and 8 h postinfusion (Fig. 1) and then
increased significantly between 16 and 25 h (P � 0.05) before
returning to the baseline by 36 h postinfusion. Mean absolute
numbers of PMNs showed the same kinetics but with a second
wave of neutropenia by 64 h postinfusion (Fig. 1). Absolute
monocyte numbers decreased between 4 and 12 h postinfusion
and then increased by 316 h postinfusion. Absolute lymphocyte
numbers decreased at 4 h postinfusion (P � 0.01) and then
increased at 25, 36, 52, and 76 h postinfusion (P � 0.05).

Mean milk somatic cell counts increased significantly (P �
0.05) by 4 h postinoculation and then plateaued at around
107/mm3 before returning to the baseline by 316 h postinocu-
lation (Fig. 1).

CD33� PMNs. The baseline value of peripheral blood
CD33� PMNs was around 22% (Fig. 2). These cells became
nearly undetectable in the peripheral blood by 4 h postinfusion
(P � 0.01) and remained at significantly low levels at 8 h
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postinfusion (P � 0.05). A peripheral blood CD33� PMN peak
was then observed at 25 h postinfusion. In the meantime,
CD33� PMNs rose sharply in milk and plateaued by 8 h postin-
fusion, representing more than 70% of the milk PMNs (Fig. 2).
By 316 h postinfusion, the percentage returned to the baseline,
at around 15%. Examination of peripheral blood smears al-
lowed us to see numerous images of PMN bands at the times
when CD33� cell counts were highest (Fig. 3)

Enzymatic activities. For the three types of cells tested,
MFIs were significantly lower (P � 0.05) in controls (cells
without substrate, background autofluorescence) than in ex-
perimental samples. This demonstrated that the three enzy-
matic activities investigated were detectable in the three cell
types studied.

For all samples, collagenase activity was the highest in PMNs
but the difference was statistically significant only with respect
to that in lymphocytes (P � 0.01). Elastase and cathepsin
activities were also statistically significantly higher (P � 0.05)
in PMNs than in monocytes and lymphocytes. The three enzy-
matic activities studied were statistically significantly lower (P
� 0.001) in milk PMNs than in peripheral blood PMNs.

Enzymatic activities over time. (i) Peripheral blood. The
collagenase activity of lymphocytes decreased significantly at

36 and 52 h and increased at 316 h (P � 0.05). Collagenase
activity in monocytes was significantly decreased at 4, 16, 25,
36, and 52 h postinfusion (P � 0.03). Collagenase activity in
PMNs (Fig. 4A) was decreased significantly at 12 to 16 h and
at 36 h after infection (P � 0.05).

Cathepsin activity in lymphocytes was stable over time. A
significant decrease (P � 0.05) in cathepsin activity was noted
at 16 and 36 h postinfusion in monocytes and at 36, 52, and
76 h postinfusion in PMNs (Fig. 4B).

Elastase activity in lymphocytes decreased significantly 4 h
postinfusion (P � 0.024), was stable over time, and then in-
creased at 64 h postinfusion (P � 0.026). Elastase activity in
monocytes was relatively stable over time, with a significant
decrease at 4 and 36 h postinfusion (P � 0.042 and 0.013,
respectively). Elastase activity of PMNs (Fig. 4C) decreased
significantly at 4 h postinfusion (P � 0.024) and then increased
sharply between 25 and 76 h postinfusion (P � 0.03).

(ii) Milk samples. Enzymatic activities were detected in milk
PMNs between 4 and 316 h postinfusion. The results were
compared to the 316-h postinfusion data because the somatic
cell count was lower at 316 h postinfusion than at 4 h postin-
fusion and this lower level was more likely to represent the
baseline.

Collagenase activity (Fig. 4A) was significantly increased (P
� 0.05) for a long time (4 to 64 h postinfusion). Cathepsin
activity (Fig. 4B) was significantly increased between 8 and 16 h
postinfusion (P � 0.05). Elastase activity (Fig. 4C) was signif-
icantly increased over the whole period of study (P � 0.05).

DISCUSSION

This study allowed us to appreciate the kinetics of an in-
flammatory reaction induced in the mammary gland by infu-
sion of LPS in terms of cellular recruitment and activation.
One advantage of this model is that it allows us to examine
significant cell numbers both in the peripheral blood and at the
site of inflammation for a long time and after a precisely

FIG. 1. Kinetics of absolute numbers of milk somatic cells (black
bars), peripheral blood PMNs (white bars), and peripheral blood WBC
(�) over the 316 h of the LPS experiments. At each time point, the bar
or line represents the mean � SD of the six cows studied. � � P � 0.05.

FIG. 2. Kinetics of the percentage (mean � standard error) of
CD33� peripheral blood and milk PMNs over the 316 h of the LPS
experiments. � � P � 0.05.

FIG. 3. Example of immature band PMNs (arrows) in peripheral
blood at 25 h postinfusion. May-Grünwald-Giemsa staining was used.
Initial magnification, �200.
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monitored single initiating event. The LPS infusion model thus
allows an accurate evaluation of the initiation and regulation of
the inflammatory reaction. Here we focused both on the re-
cruitment of PMNs in the inflamed mammary gland and on the
modifications of intracellular enzymatic activities induced by
the ongoing inflammation.

Blood cell counts appeared to be rapidly and significantly
affected by the inflammatory process. Four hours after LPS
infusion, a sharp leukopenia was observed, with a reduction in
both WBC and PMN counts to more than half of the baseline

level. In parallel, milk somatic cell counts, which were lower
than 22,000 cells/mm3 at the baseline, increased nearly 100-
fold. Peripheral blood recovered from the sharp neutropenia
by 12 h postinfusion, likely through the release of marginated
PMNs (25). It may be hypothesized that the manipulation of
the animals (stress), the inflammatory process itself, or both
involved the secretion of corticosteroids liable to free margin-
ated PMNs and to promote egress of PMNs from the bone
marrow (7, 19, 31). This is also supported by the fact that the
numbers of CD33� PMNs, which initially decreased sharply,
returned to baseline levels in the peripheral blood by 12 h. As
peripheral blood counts continued to increase up to 25 h, other
mechanisms were likely involved in the supply of these cells.
Peripheral blood PMN counts also kept increasing, and at 25 h,
these cells expressed higher levels of CD33, indicating that
they might originate from the bone marrow and represent a
medullary pool of incompletely mature PMNs. This was also
suggested by the examination of peripheral blood smears
showing immature forms of band PMNs. Interestingly, the
majority of milk PMNs expressed CD33 during the whole du-
ration of the experiment, suggesting that CD33� cells were
preferentially recruited.

Two peaks of milk cell counts were observed at 16 and 36 h.
It may be hypothesized that many of these cells died between
16 and 25 h and that peripheral blood levels of PMNs were not
high enough to maintain high milk PMN counts during that
period. The immature CD33� PMNs, likely released from the
bone marrow, observed in the peripheral blood at 25 h were
then able to reach the milk for the last wave of PMNs. At later
times, as the inflammatory response was downregulated, a re-
turn to baseline values was observed in both compartments.

As consecutive waves of PMNs could be seen first in the
peripheral blood and then in milk, the three enzymatic activ-
ities we chose to study also appeared to be modified by the
ongoing inflammatory process. The enzymes examined are in-
volved in cell migration, PMN degranulation, phagocytosis,
apoptosis, and cytotoxicity. Indeed, intracellular collagenase,
cathepsin, and elastase activities could be specifically measured
in bovine peripheral blood leukocytes and milk PMNs by flow
cytometry. As observed previously (30) yet seldom reported,
we were able to detect significant levels of enzymatic activity in
lymphocytes, although at lower levels than in phagocytic cells.
Peripheral blood lymphocytes, monocytes, PMNs, and milk
cells contained enzymes with different levels of activity, de-
pending on the cell type tested.

Mean enzymatic activities were lower in milk PMNs than in
peripheral blood PMNs. PMNs that reach the mammary gland
thus appear to have used up part of their enzymatic content
during their migration in order to cross the endothelium,
ECM, and epithelium. Activation may then lead them to go on
releasing enzymes locally in milk. Consistent with our obser-
vations, Gruner et al. (17) have shown that the myeloperoxi-
dase content decreases by 39% after diapedesis across the
blood-milk barrier in vivo. Owen and Campbell also reported
that PMN enzymes can be released or expressed on the cell
surface to degrade ECM components (24). A recent study
further demonstrated that diapedesis across the mammary ep-
ithelium reduces the phagocytic activity and oxidative burst of
PMNs (33). Naidu and Newbould (23) have postulated that the
poor phagocytic and oxidative burst activity of milk PMNs,

FIG. 4. Enzymatic activity in peripheral blood and milk PMNs over
time. Data are expressed as an MFI comparing the reaction tube and
the control. Histograms were built with the mean MFI ratios � SD of
the six cows studied on a logarithmic scale. � � P � 0.05. The enzy-
matic activities represented are, respectively, collagenase (A), cathep-
sin (B), and elastase (C).
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compared to that of blood PMNs, was due partially to low
energy stores within these cells. Those authors observed a 38%
loss of the initial glycogen content of PMNs after diapedesis
into the mammary gland.

PMN collagenase activity was almost always lower in milk
than in peripheral blood, but between 4 and 64 h postinfusion,
milk PMN collagenase activity was significantly higher than the
baseline. The highest level was noted at 16 h postinfusion,
concomitant with a significant decrease in peripheral blood
collagenase activity. This suggests that although PMNs use up
some of their collagenase content during diapedesis, those with
the best activity seem to be preferentially recruited from the
peripheral blood.

The cathepsin activity measured in this study represents the
activities of cathepsins C and G. Cathepsin G is localized in the
same granules as elastase in PMNs. In the peripheral blood,
minor modifications were observed, merely suggesting slightly
less activity in the more immature cells of late samples. The
kinetics of cathepsin activities in milk cells showed that signif-
icantly higher cathepsin activity could be detected between 8
and 16 h postinfusion. This suggests that PMNs with the high-
est enzymatic activity are recruited in the early stages of in-
flammation.

Elastase activity was high and stable in milk PMNs over the
whole inflammatory period and returned to the baseline level
by 316 h postinfusion. However, this stability in milk PMNs was
not reflected in peripheral blood. In the latter, PMN elastase
activity decreased significantly 4 h after infusion and then in-
creased by 8 h postinfusion. This might reflect either the fact
that PMNs with the richest elastase content were first recruited
or the fact that marginated PMNs are in a resting state and
need some time to increase their enzymatic activities (i.e., by
8 h postinfusion). More interestingly, from 25 to 76 h postin-
fusion, there was a sharp 1-log rise in peripheral blood PMN
elastase activity. This did not appear to correlate with the
immaturity of the cells, i.e., with CD33 expression. However, it
did coincide with the significant decrease in milk cell counts.
Assuming that elastase-rich PMNs are preferentially recruited
(i.e., 4 h postinfusion), this could reflect the retention of such
cells in the peripheral blood when chemotactic signals decrease
as the inflammatory reaction subsides.

In conclusion, this study, performed with a well-monitored
model of experimental mastitis, allowed us to obtain precise
information on the kinetics of PMN recruitment at the inflam-
mation site, together with data regarding their maturation
stage and enzymatic activities. The concomitant study of pe-
ripheral blood and milk samples allowed a thorough analysis of
the peripheral consequences of local inflammation, indicating
that all pools of available PMNs (peripheral, marginated, and
medullary) can participate in recruitment at the inflammatory
site.
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