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Abstract – Migration of polymorphonuclear neutrophil leukocytes (PMN) into the mammary gland
provide the first line of defense against invading mastitis pathogens. Bacteria release potent toxins
that activate white blood cells and epithelial cells in the mammary gland to secrete cytokines that
recruit PMN that function as phagocytes at the site of infection. While freshly migrated PMN are
active phagocytes, continued exposure of PMN to inhibitory factors in milk such as fat globules and
casein, leads to altered PMN morphology and reduced phagocytosis. In the course of phagocytosing
and destroying invading pathogens, PMN release chemicals that not only kill the pathogens but that
also cause injury to the delicate lining of the mammary gland. This will result in permanent scarring
and reduced numbers of milk secretory cells. The life span of PMN is limited by the onset of
apoptosis. To minimize damage to mammary tissue, PMN undergo a specialized process of
programmed cell death known as apoptosis. Macrophages quickly engulf and phagocytose
apoptotic PMN, thereby minimizing the release of PMN granular contents that are damaging to
tissue. The PMN possess an array of cell surface receptors that allow them to adhere and migrate
through endothelium and to recognize and phagocytose bacteria. One receptor found on phagocytes
that is receiving considerable attention in the control of infections by Gram-negative bacteria is
CD14. Binding of lipopolysaccharide (LPS) to membrane bound CD14 causes release of tumor
necrosis factor-� and sepsis. Binding of LPS to soluble CD14 shed from CD14-bearing cells results
in neutralization of LPS and rapid recruitment of PMN to the site of infection. Recent advances in
the fields of genomics and proteomics should greatly enhance our understanding of the PMN role
in controlling intramammary infections in ruminants. Further, manipulation of PMN, through either
recombinant proteins such as soluble CD14 that enhance PMN response or agents that mediate
PMN apoptosis, may serve as novel therapeutics for the treatment of mastitis. 
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1. INTRODUCTION

Polymorphonuclear neutrophil leuko-
cytes (PMN) form the first line of cellular
defense against invading pathogens. The
PMN is characterized by a polymorphic-
segmented nucleus, numerous cytoplasmic
granules that provide constituents for kill-
ing bacteria, large stores of glycogen for
energy and a highly convoluted surface that
is used for phagocytosis of bacteria and for-
mation of intracellular phagocytic vacu-
oles. Numerous receptors are present on the
PMN surface. Some receptors are used to
detect chemoattractants that allow PMN to
migrate toward areas of inflammation.
Adhesion receptors provide the feet for
moving across, through endothelium and
into sites of infection. Other receptors bind
immunoglobulins and complement compo-
nents that allow PMN to initiate phagocytic
and bactericidal functions. Another group
of receptors bind bacterial toxins and
cytokines that initiate protein tyrosine
phosphorylation for synthesis and expres-
sion of functionally important cell surface
receptors that are used in host defense. A
striking change in morphology occurs
when PMN leave blood and enter milk. In
milk, PMN ingest milk fat globules and
casein that result in large intracellular
membrane bound vacuoles. Internalization
of cell membrane leads to loss of pseudopo-
dia and cell rounding. Cytoplasmic gran-

ules migrate and fuse to vacuoles forming
phagolysosomes. This loss of membrane
and cytoplasmic granules results in dimin-
ishment of PMN phagocytic and bactericidal
activities and compromises intramammary
defense. Intramammary defense against
invading microorganisms is dependent on
an increase in number of PMN recruited to
the mammary gland, whereas, resolution is
dependent on diminishment in elevated
numbers of PMN. Both of these processes
are mediated, in part, by changes in PMN
life span and inhibition and/or acceleration
of PMN apoptosis. 

2. MORPHOLOGY OF BOVINE PMN

2.1. Light microscopy

When PMN in Wright stained blood
smears are examined by light microscopy
the cytoplasm is clear and contain numer-
ous light pink cytoplasmic granules.
Mature PMN contain a polymorphic seg-
mented nucleus (Fig. 1A). The nuclear
lobes are connected by short filaments. In
healthy cows immature PMN are seldom
seen in blood (Tab. I) [126]. Immature
PMN (myelocyte, metamyelocyte and
band) are normally found only in bone mar-
row. Band PMN are about the size of a
mature PMN with clear cytoplasm contain-
ing light pink granules (Fig. 1B). The
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Figure 1. Light micrographs of normal mature bovine polymorphonuclear neutrophil leukocytes
(PMN) and immature and abnormal bovine PMN commonly found in peripheral blood smears after
intramammary injection of Escherichia coli endotoxin (Wright’s stain, � 1250). (A) Cytospin
preparation of isolated blood leukocytes (85% PMN). Mature PMN contain the characteristic
polymorphic segmented nucleus (arrows). (B) Immature blood PMN (band) with typical horseshoe
shaped nucleus. (C) Immature blood PMN (myelocyte) with typical large spherical nucleus.
(D) Immature blood PMN (metamyelocyte) with typical kidney-bean shaped nucleus.
(E) Endotoxin induced abnormal PMN showing evidence of delayed maturation. (F) Endotoxin
induced apoptotic PMN with bizarre nuclear pattern.
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nucleus is in the shape of a horseshoe and
is non-segmented. To be classified as a
band, at least 60% of the sides of the
nucleus wall must be parallel. Myelocytes
contain a round nucleus and faint blue cyto-
plasm (Fig. 1C). To the untrained eye, these
cells could be mistaken for lymphocytes.
However, myelocytes contain more cyto-
plasm and the nucleus is devoid of plaqued
chromatin. Metamyelocytes also contain
faint blue cytoplasm and the nucleus is kid-
ney-bean in shape (Fig. 1D).

During acute coliform mastitis induced
by intramammary injection of Escherichia
coli endotoxin, immature PMN are found
in blood and is referred to as a “left shift”
(Tab. I) [126]. By 18 h post injection, 12%
of the circulating leukocytes are band
PMN and 20% are juvenile PMN (includes
myelocytes and metamyelocytes). During
the left shift many abnormal PMN are
observed. Toxemia delays segmentation of
PMN and nuclei of these PMN are horse-
shoe shaped, containing densely clumped

chromatin similar to that found in normal
mature segmented PMN (Fig. 1E). Another
sign of toxemia is the appearance of apop-
totic PMN with bizarre nuclear patterns
(Fig. 1F). 

2.2. Transmission electron microscopy

 The fine structure of circulating and
mammary bovine PMN has been carefully
defined [125, 131]. The most prominent
characteristic is the multilobulated nucleus
(Fig. 2A). The multilobulated nucleus is
important because it allows PMN to line up
its nuclear lobes in a straight line, allowing
for rapid migration between endothelial
cells. Macrophages on the other hand have
a large horseshoe shaped nucleus that
makes migration between endothelial cells
difficult. Thus, PMN are the first newly
migrated phagocytic cells to arrive at an
infection site. Within the cytoplasm are
isles of glycogen and numerous bacteri-
cidal granules that are used by PMN in

Table I. Circulating leukocyte and polymorphonuclear neutrophil leukocyte (PMN) count and milk
somatic cell count (MSCC) after intramammary injection of 0.5 mg Escherichia coli endotoxina

(adapted from [126]).

PMN (per mm3 in blood)

Hours relative 
to injection

Circulating 
leukocytes

Juvenileb Band Segmented MSCC (��106/mL)

0 6126  0  61 2389 0.06

1 5558  0  30 2445 0.05

2 4513  0  23 1625 0.02

4 2295 103 115  356 1.72

6 1958 176 235  284 8.49

8 2704 406 379  662  37.26

10 3669 532 807  660  28.94

12 5226 967 653  993  28.31

18 6434  1287 804 1544  53.78

72 8342 167 417 3503 19.71

168 6463 0.15

Significance 
level

P < 0.01 P < 0.01 P < 0.01 P < 0.01 P < 0.01

a Each value represents the mean of 4 cows. b Includes metamyelocytes and myelocytes.



The bovine neutrophil 601

Figure 2. Transmission electron micrographs of bovine polymorphonuclear neutrophil leukocytes
(PMN) isolated from blood and milk. (A) The blood PMN contain portions of a multilobed nucleus
(N1 to N4), glycogen granules (G), specific granules (S), peroxidase negative large “novel” granules
(N), and peroxidase positive azurophilic granules (A). The azurophilic granules are stained more
intensely than the specific or “novel” granules because the leukocyte was incubated with
diaminobenzidine and hydrogen peroxide. As a result, an electron-dense product, indicative of
peroxidatic activity, has formed in azurophilic granules, � 15 000. (B) A milk PMN with a large
phagocytic vacuole (arrow) containing numerous previously phagocytosed casein micelles,
� 11 250. (C) The surface of this milk PMN is smooth and spherical due to loss of pseudopods
caused by internalization of membrane material that now forms the phagosomes that contain milk
fat globules (FG), � 5 300. 
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killing bacteria. Like other species, bovine
PMN contain azurophilic and specific (sec-
ondary) granules. Azurophilic or primary
granule is the first granule to appear during
the progranulocyte stage of granulopoiesis
[13, 14, 83]. They are large electron-dense
granules. These granules are peroxidase-
positive and when incubated with diami-
nobenzidine and hydrogen peroxide, an
electron-dense product is formed, indica-
tive of peroxidatic activity (Fig. 2A). The
most important antibacterial mechanism
derived from azurophilic granules is perox-
idase [94]. Peroxidase in the presence of
hydrogen peroxide and halide ions kill bac-
teria. Lysozyme, an important bactericidal
component found in azurophilic granules
of other species, is present in very low
concentrations in bovine azurophilic gran-
ules [145]. Secondary or specific granules
appear during the myleocyte stage [14, 83].
These granules are peroxidase-negative
and not as electron dense as azurophilic
granules. The formation of azurophilic
granules stops once synthesis of secondary
granules begins. Thus, secondary granules
outnumber azurophilic granules in mature
PMN. A third “novel” large peroxidase-
negative granule has been identified in
cows, goats and sheep [54]. These granules
are larger than azurophilic and secondary
granules, first appear in myelocytes and are
the predominant granules in mature bovine
PMN [12]. These granules contain the
majority of the antimicrobial protein activ-
ity [53]. They contain lactoferrin and a
group of highly cationic proteins termed
bactenecins. Two bactenecins with approx-
imate molecular weights of 7000 and 5000
called Bac7 and Bac 5 have been identified
[50]. Both are highly cationic polypeptides
that permeabilize the outer and inner mem-
branes of Escherichia coli. “Novel” gran-
ules are also the exclusive store of powerful
oxygen-independent bactericidal compounds
called �-defensins. Defensins are cysteine
and arginine rich peptides, containing 38–
42 residues, and display bactericidal activ-
ity against many Gram-positive, Gram-
negative, and anaerobic bacteria, fungi

and viruses [153]. In milk from infected
quarters where oxygen tension is low, oxy-
gen independent mechanisms of killing
bacteria may be more important. Three
�-defensins have been cloned, expressed,
characterized and shown to exist as fully
processed peptides within “novel” large
granules [191]. A synthetic defensin mole-
cule called dodecapeptide was recently syn-
thesized [144]. Its structure mimics the
structure of large defensins found in “novel”
granules and appear to have microbicidal
activity similar to defensin molecules.

During mastitis, lactoferrin from “novel”
and secondary granules is released during
migration into the mammary gland as a
consequence of PMN degranulation. Inflam-
matory mediators like platelet-activating
factor (PAF) and interleukin (IL)-8 will
also cause release of lactoferrin from
bovine PMN [167]. The release of lactofer-
rin at sites of infection is important because
lactoferrin has a strong affinity for iron and
makes it unavailable to Gram-negative
bacteria that require it for growth. Lactof-
errin also has a negative feed-back effect
on granulopoiesis thus controlling over
production of PMN during acute infection
of the mammary gland [122]. The inflam-
matory mediators PAF and tumor necrosis
factor (TNF) induce an increase in size of
bovine PMN [108], slow diapedesis of
PMN through the microvasculature of the
mammary gland, and regulate movement
of PMN to the infection site. Alkaline phos-
phatase is also present in secondary gran-
ules [13]. 

Examination of PMN isolated from
milk reveals the presence of phagocytosed
casein micelles, fat globules and fat glob-
ule membrane material (Figs. 2B and 2C)
[125]. The predominant cytoplasmic gran-
ule in milk PMN appear to be dense
azurophilic granules. Milk PMN have
reduced numbers of secondary and “novel”
granules compared to blood PMN. Sec-
ondary and “novel” granules are the first
granules to be released into phagosomes
and are extruded from PMN in greater
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number during diapedesis into milk than
are azurophilic granules [13, 83]. Glyco-
gen particles are also present throughout
the cytoplasm of milk PMN. 

2.3. Scanning electron microscopy

Examination of leukocytes isolated from
blood (53% PMN) reveals a homogeneous
population of spherical leukocytes with
95% containing numerous pseudopodia
protruding from the cell, creating infold-
ings or pockets (Fig. 3A) [132]. Presence
of these protrusions add considerably to
the surface area of PMN. PMN lack ability

to regenerate plasma membrane, there-
fore, these protrusions give PMN an exten-
sive plasma membrane surface area. This
increased surface area is crucial to phago-
cytic function of PMN because extensive
areas of plasma membrane are internalized
during phagocytosis to form phagosomes.
Examination of leukocytes isolated from
milk (97% PMN) reveals a heterogeneous
population of leukocytes of varying shapes
with only 37% of the cells exhibiting exten-
sive pseudopod formation (Fig. 3B). Loss
of pseudopodia is due to phagocytosis of
milk fat globules and casein, and internali-
zation of plasma membrane to form phago-
somes containing fat globules and casein.

3. GRANULOPOIESIS 
AND GRANULOKINETICS

The three phases in the life span of
PMN are the intramedullary, circulatory
and tissue phases [83]. The intramedullary
phase consists of the proliferative, matura-
tive and storage pools of PMN in bone
marrow. The proliferative pool consists of
myeloblasts, promyelocytes and myelo-
cytes. The maturative pool consists of met-
amyelocytes and band cells. The storage or
reserve pool consist of mature PMN. Lim-
ited studies have been performed on gran-
ulopoiesis in the bovine. Myelopoiesis was
studied using autoradiography in calves
[174]. In normal calves the mean time for
production of labeled PMN is 5.77 days.
The mean time of arrival of labeled PMN
in blood is 7.01 days. Mature PMN leave
the hematopoietic compartment of bone
marrow and enter the vascular sinus by
traveling in migration channels through the
endothelial cell, adjacent to the intracellu-
lar endothelial junction. The half-life of
PMN in the circulation is 8.9 h [30]. The
liver, lungs and spleen serve as important
removal sites for PMN [83].

Unlike many animal species where
PMN comprise the majority of the leuko-
cytes in blood, bovine PMN make up only
25% of the total leukocyte count [83].

Figure 3. Scanning electron micrographs of pol-
ymorphonuclear neutrophil leukocytes (PMN)
isolated from blood and milk. (A) Leukocytes
(53% PMN) were isolated from blood. About
98% of these cells are spherical and have a
highly convoluted cell membrane that forms
protruding pseudopods, � 2 500. (B) Leukocytes
(98% PMN) isolated from milk after irritation of
the mammary gland with saline containing 0.1%
oyster glycogen. Only 37% of these cells exhibit
the extensive pseudopod formation that charac-
terize leukocytes from blood, � 2 500.
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However, when one considers the size and
blood volume (8% body weight) of mature
lactating Holstein cows, a potential pool of
over 100 billion circulating mature PMN
are present [131]. In addition to circulating
PMN is a marginal pool of mature PMN
adhering to walls of blood vessels [83]. The
number of PMN in the various storage
compartments can be examined by intrave-
nous injection of adrenocorticotropin
(ACTH), lipopolysaccharide (LPS) and
intramammary injection of LPS. After
injection of 250 IU of ACTH circulating
PMN increase 60% (68 billion) [127]. In a
study that examined the kinetics of the glu-
cocorticosteroid and PMN response fol-
lowing injection of ACTH, it was found
that glucocorticosteroids increase within
15 min after injection of 200 IU of ACTH
(Tab. II) [129]. However, it took two hours
for the concentration of circulating PMN to
increase and the increase accounted for
almost all of the increase in circulating leu-
kocytes. Immature PMN were not observed
indicating that the increase in mature PMN
came from the marginal pool of mature

PMN adhering to walls of blood vessels.
Glucocorticosteriods are known to reduce
adhesion of PMN to the surface of endothe-
lial cells, mediated by shedding of cell
surface L-selectin (CD62L) and CD18
adhesion receptors [26]. Intravenous injec-
tion of 100 �g of LPS into lactating cows
reduces concentration of circulating leuko-
cytes by 6 h postinjection (Tab. III) [85].
This is accompanied by an increase in band
PMN and a decrease in segmented PMN. A
transient rebound in PMN is observed at
30 h post injection and precedes the grad-
ual normalization of PMN numbers in
blood. Lipopolysaccharide-induced neu-
tropenia is attributed to a variety of causes
such as increased adhesiveness that leads to
increased margination and sequestration of
PMN into the microvasculature particu-
larly of the lungs. Rebound neutrophilia
and left shift were attributed to increased
mobilization of mature and immature PMN
from the bone marrow PMN pool [85].

The number of PMN storage pools that
respond to an irritation in the mammary
gland depends on severity of the irritation

Table II. Plasma corticosteroid and circulation leukocyte and polymorphonuclear neutrophil
leukocyte (PMN) response following intravenous injection of 200 IU ACTH (adapted from [129]). 

Hours relative 
to injection

Corticosteroid 
(ng/mL plasma)

Leukocytes 
(��103/mm3)

PMN 
(��103/mm3)

–1 3 7.5 3.3

0 3 7.7 3.1

0.25 15* 7.5 3.2

0.50 45* 7.5 3.3

1 38* 7.4 3.1

2 9.3* 4.3*

4 34* 9.3* 5.0*

6 12* 9.7* 5.7*

8 9.7* 5.4*

12 9.4* 4.6*

24 5 8.2* 3.6

48 7.2 3.1

* Significantly different from basal (–1, 0 h) (P < 0.01).
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and strength of the chemotactic agent.
Intramammary injection of saline contain-
ing 0.1% oyster glycogen into two mam-
mary quarters results in a milk leukocytosis
of 4.2 � 106 /mL (Tab. IV) [130]. Cytolog-
ical examination of milk PMN indicates
that 98% of the cells were mature. This
indicates that the number of mature PMN
in circulating and marginal pools is large
enough to mobilize mature PMN into milk.
In contrast, injection of 0.5 mg of E. coli
endotoxin induces a much greater chemo-
tactic response that results in an excess of
53.78 � 106 /mL of milk, depletes all three
storage pools of mature PMN and causes
release of immature PMN from bone mar-
row (Tab. I) [126].

4. PMN APOPTOSIS

4.1. Regulation of PMN life span

Host recovery from bacteria-induced
mastitis is balanced by elimination of the
infectious agent and resolution of the elic-
ited inflammatory response. PMN are an
essential component of the immune system
that serve as the primary defense against
bacterial infection of the bovine mammary

gland. Although PMN provide a beneficial
effect by eliminating the infectious agent,
prolonged exposure of mammary tissue to
PMN results in injury to secretory epithe-
lium [29]. One mechanism by which this
may occur is through release of toxic oxy-
gen radicals and proteases, agents which
are both bactericidal and cytotoxic to
host tissue [96, 181]. Prolonged inflamma-
tion resulting in injury to the mammary

Table III. Circulating leukocytes and polymorphonuclear neutrophil leukocyte (PMN) response
after intravenous injection of 100 �g Escherichia coli endotoxin (adapted from [85]).

Hours 
post-injection

Leukocytes 
(per mm3)

PMN

Bands Segmented

% Per mm3 % Per mm3

0 9996 1.1 113 43.0 4350

6 4697a 11.1a 511a  31.6a 1471a

30 11003 10.4a 1162a 43.9 4925

54 10264  6.1a 643a 35.8 3752

78 9478 2.9 285 33.7 3359

150 9266 2.1 211 35.1 3401

a Significantly different from 0 h (P < 0.05).

Table IV. Circulating leukocyte and polymor-
phonuclear neutrophil leukocyte (PMN) count
and milk somatic cell count (MSCC) after
intramammary injection of 0.1% oyster glyco-
gena (adapted from [130]).

Parameter
measured 

Before
0 h

After 
11 h

Total circulating
leukocytes (per mm3)

7 106 6 754

PMN (per mm3)

 Segmented 2 533 2 079

 Band 0 40

 Juvenile 40 0

MSCC (��106/mL) 0.06 4.17

 a Each value represents the mean from 3 animals.



606 M.J. Paape et al.

secretory epithelium results in scarring and
leads to a permanent decrease in milk pro-
duction [165]. Therefore, rapid elimination
of PMN by macrophages following bacte-
rial neutralization is essential to minimiz-
ing inflammatory-derived injury to the
host.

There is compelling evidence that PMN
apoptosis plays a key role in resolution of
the inflammatory response in both humans
[63, 81, 152] and cows [35, 158]. Apopto-
sis is a form of cell death morphologically
characterized by chromatin condensation,
nuclear fragmentation, cell shrinkage and
blebbing of the plasma membrane [58,
146]. The end result of apoptosis is frag-
mentation of PMN into small membrane-
bound bodies that are quickly cleared
by phagocytotic cells [38, 152, 157]. In
contrast, necrotic cell death is character-
ized by cell swelling and lysis. The loss of
membrane integrity of necrotic cells is
accompanied by release of cellular con-
tents that injure neighboring cells and trig-
ger an inflammatory response [58, 146].

Under physiological conditions, bovine
PMN have a relatively short half-life [30]
and spontaneously undergo apoptosis [48].
Differences in developmental stages, how-
ever, influence rate of spontaneous PMN
apoptosis. PMN isolated from human
umbilical cord blood exhibit decreased
spontaneous apoptosis and impaired sensi-
tivity to apoptosis-inducing agents, such as
anti-Fas IgM and cycloheximide, com-
pared with PMN derived from adults [6]. In
cows, PMN apoptosis is influenced by
stage of lactation. In one study, blood was
obtained from early lactating (13  6 days
after parturition) and mid-lactating (170 
26 days after parturition) cows and subse-
quently incubated for four hours to induce
apoptosis [175]. PMN isolated from the
blood of early lactating cows demonstrated
a higher rate of apoptosis than PMN derived
from mid-lactating cows. Interestingly,
PMN isolated from early lactating cows
also display impaired function [89]. Fur-
ther, onset of apoptosis has been similarly

reported to downregulate bovine PMN
phagocytic and respiratory burst activity
[176]. One may speculate that increased
susceptibility of bovine PMN to apoptosis
during the period immediately following
parturition contributes to impaired PMN
function [89] and increased severity of mas-
titis observed during this period [27]. 

4.2. Influence of inflammatory 
mediators

During infection, pro-inflammatory
cytokines and bacterial products may delay
or accelerate onset of PMN apoptosis [4].
Several cytokines that are upregulated dur-
ing inflammation, including IL-�� [37],
IL-2 [138], IL-6 [21], IL-8 [92, 102],
IL-15 [56], IFN-� [37], G-CSF [37], and
GM-CSF [37, 97], reportedly prolong
human PMN survival. Another pro-inflam-
matory cytokine that is upregulated at the
onset of mastitis, TNF-��[75, 160], induces
apoptosis in both human- [61, 190] and
bovine-derived PMN [176]. The signaling
pathway by which TNF-� induces apopto-
sis has been well-described [11]. TNF-�
induces trimerization of its receptor result-
ing in clustering of the receptors’ intracel-
lular death domains (DD). These DD are
highly conserved regions that facilitate
protein-protein interaction with other
DD-containing proteins, including TNF
receptor-associated death domain protein
(TRADD). TRADD recruits Fas-associ-
ated death domain protein (FADD), another
DD-containing molecule. FADD contains
another conserved binding domain, the
death effector domain (DED), which is
used to recruit DED-containing pro-cas-
pase-8 via respective interactions of each
protein’s DED regions. Pro-caspase-8 is
one member of a larger family of proteases
that are centrally involved in mediating
apoptosis. Pro-caspase-8 has intrinsically
low levels of proteolytic activity, which
enables it to cleave and activate other pro-
caspase-8 molecules brought into close
proximity following recruitment to FADD

�

�
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[116]. Activation of caspase-8 initiates a
proteolytic cascade that results in activation
of downstream effector caspases, including
caspase-3, and onset of apoptosis [69]. 

Fas (CD95)-induced apoptosis is a key
regulator of the immune response. Fas
contributes to deletion of activated lym-
phocytes and mediates T cell-induced killing
of virally-infected cells [11, 33]. The role of
Fas in mediating human PMN apoptosis
remains controversial. While it is clear that
PMN express Fas [105], there are conflict-
ing reports as to whether PMN express the
ligand for Fas (CD95L) [23, 80, 105].
Despite the uncertainty surrounding Fas
ligand (FasL) expression, several studies
have demonstrated PMN sensitivity to Fas-
mediated apoptosis [23, 80, 82, 105]. Fur-
ther, cells of monocytic origin express FasL
and induce PMN death in a Fas-dependent
manner [23]. Thus, interaction of mono-
cytic cells at inflamed sites would obviate
the need for FasL expression on PMN. In
contrast to data supporting a role for Fas
signaling in regulating PMN longevity,
PMN derived from Fas (lpr)- or Fas ligand
(gld)-deficient mice undergo similar rates
of apoptosis in vitro as those isolated from
control animals [49]. These data suggest
existence of a redundant pathway(s) that
can mediate PMN apoptosis in the absence
of Fas signaling. Although much of the
research on Fas signaling has involved
human and/or murine systems, a role for
Fas in mediating apoptosis in the bovine has
been reported [169].

Bacterial LPS is a highly pro-inflamma-
tory molecule that is a component of the
outer membrane of all Gram-negative bac-
teria. LPS has been reported to inhibit spon-
taneous PMN apoptosis [61, 95, 97, 168]
and to protect against TNF-�-induced
apoptosis in human PMN [61]. Although
the exact mechanism by which LPS inhibits
human PMN apoptosis remains unknown,
protein tyrosine phosphorylation [168] and
mitogen-activated protein kinase [95] sig-
naling have been implicated in mediating
this effect. Further, LPS upregulates PMN

expression of the cytoprotective protein,
Mcl-1 [114]. 

LPS, when injected into the mammary
gland, suppresses mammary but not circu-
lating PMN apoptosis. Sladek et al., reported
PMN isolated from mammary glands stim-
ulated with LPS display a delay in reaching
peak apoptosis compared with PMN obtained
from saline-treated mammary glands [158].
In contrast, infusion of bovine mammary
glands with LPS has been reported by Van
Oostveldt et al., to have no effect on the
rate of circulating PMN apoptosis [178],
whereas, others have reported an actual
increase [189]. The conflicting results from
these experiments are difficult to interpret
because the PMN assayed were isolated
from distinct compartments (i.e., mammary
gland versus blood). After intramammary
injection of LPS there is little to no absorp-
tion of LPS into the bloodstream [75]. Thus,
in the studies examining circulating PMN
there likely was no direct contact of PMN
with LPS, whereas, Sladek et al., probably
studied direct effects of LPS on mammary
PMN. Incubating bovine blood with high
concentrations of LPS (  1 �g/mL) induces
PMN apoptosis [176]. The physiological
relevance of this latter finding is difficult to
ascertain as these concentrations of LPS
reportedly induce cell injury in a receptor-
independent manner [9]. Although the data
with human PMN is consistent with an anti-
apoptotic effect of LPS, the role of LPS in
promoting or inhibiting apoptosis in bovine
PMN remains less clear. Interestingly, spe-
cies-dependent sensitivity to LPS-induced
apoptosis has been reported for endothelial
cells as well. Bovine [15] and ovine [79]
endothelial cells are exquisitely sensitive to
LPS-induced apoptosis, whereas, human
endothelial cells are resistant to direct LPS
killing [16]. The mechanism for this differ-
ential species sensitivity remains unknown.

In addition to soluble mediators of
inflammation, there is evidence to suggest
that the actual processes of adhesion and
migration influence PMN apoptosis [55,
157, 177, 182]. First, the composition of the

�



608 M.J. Paape et al.

extracellular matrix which PMN adhere
to and migrate through alters the rate of
human [55] and bovine [177] PMN apop-
tosis. Second, the type of cell which bovine
PMN adhere to and diapedese through
influences onset of PMN apoptosis [177].
Third, PMN adherence to quiescent or acti-
vated endothelium accelerates or delays,
respectively, PMN apoptosis [55, 182].
Fourth, PMN isolated from rat lungs fol-
lowing induced transmigration demon-
strate a delay in onset of spontaneous
apoptosis [182]. Although the mechanism
by which adhesion influence PMN apopto-
sis remains unclear, there is evidence to
suggest a role for the �-2 integrin, CD11b,
in mediating this event [39, 182].

4.3. Cellular regulation of apoptosis

The ability of a cell to commit to apop-
tosis is determined by both pro- and anti-
apoptotic signaling pathways. The Bcl-2
family of proteins play a central role in
mediating these diametrically opposed
processes [2, 8]. The Bcl-2 related proteins
can be divided into pro- and anti-apoptotic
members. A key mechanism by which
these proteins mediate apoptosis is through
regulation of mitochondrial cytochrome c
release [2, 8]. Cytochrome c is a co-factor
in activation of caspase-9, the latter of
which activates downstream effector cas-
pases, including caspase-3. Pro-apoptotic
Bcl-2 family members promote cyto-
chrome c release whereas anti-apoptotic
members restrict transport of cytochrome c
out of mitochondrion. Bcl-2 family mem-
bers are characterized by the presence of
one or more of four distinct Bcl-2 homol-
ogy (BH) domains that facilitate protein-
protein interactions. Anti-apoptotic Bcl-2
family members exert their effect by form-
ing heterodimers via these BH domains
with pro-apoptotic members, and restrict-
ing ability of the latter to facilitate cyto-
chrome c release.

Human PMN express both pro- (Bad
[151], Bak [19, 151], Bax [44, 185]) and

anti- (A1 [36], Bcl-xL [185], Bcl-w [151],
Bfl-1 [151], Mcl-1 [114, 115]) apoptotic
members of the Bcl-2 family. Several lines
of evidence exist to suggest that changes in
relative expression of these proteins can
determine whether PMN will undergo
apoptosis. GM-CSF inhibition of PMN
apoptosis occurs temporally with enhanced
expression of the anti-apoptotic protein
Mcl-1 [47, 114] and with decreased expres-
sion of the pro-apoptotic protein Bax [185].
Targeted downregulation of the expression
of anti-apoptotic Mcl-1 protein [103] or
pro-apoptotic Bax protein [44], enhances
and delays, respectively, spontaneous PMN
apoptosis. Further, spontaneous apoptosis
is reportedly enhanced in PMN isolated
from A1-a knockout mice relative to wild-
type control PMN [62]. Finally, A1-a-defi-
cient PMN are insensitive to LPS-induced
inhibition of PMN apoptosis, suggesting a
role for the anti-apoptotic A1 protein in
mediating this response. Thus, relative
expression of the Bcl-2 homologs serves as
a rheostat to determine fate of PMN.

A hallmark of apoptosis is activation of
highly specific effector proteases of the cas-
pase family. Caspases exist as inactive
zymogens (proenzymes) that are activated
by proteolytic processing of the procaspase
molecule in one of three ways: (1) autoac-
tivation due to low levels of intrinsic cata-
lytic activity; (2) transactivation by other
caspases within close proximity; or (3) acti-
vation by non-caspase proteases [172].
Once activated, caspases cleave and acti-
vate other members of the caspase family
leading to amplification of a proteolytic
cascade. The end result is a series of prote-
olytic events that lead to cleavage of
intracellular substrates, chromatin conden-
sation, DNA fragmentation, and eventual
cell death. Of the 14 distinct caspases iden-
tified in mammals, seven (caspases-1, 3, 4,
7, 8, 9, 10) are expressed in PMN [151].
Among these seven caspases, caspase-3
and 8 have a central role in mediating PMN
apoptosis. Spontaneous PMN apoptosis is
temporally associated with activation of
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both of these caspases [41, 93, 140] and
is attenuated by specific inhibitors of cas-
pase-3 [140] and caspase-8 [93]. Similarly,
inducible PMN apoptosis, in response to
ultraviolet irradiation [51], Fas [41, 51], or
TNF-� [190], is mediated by caspase-3
and/or caspase-8. Together, these data sug-
gest a central role for caspases in regulating
lifespan of PMN under physiological and
pathophysiological conditions.

The requisite involvement of caspases in
regulating life span of bovine PMN
presents a novel target for therapeutic inter-
vention. Because onset of apoptosis leads
to functional impairment of bovine PMN
[176], in vivo administration of caspase
inhibitors may play an effective role in
enhancing the ability of PMN to respond to
intramammary infection. Further, caspase
inhibitors may have the additional benefit
of protecting secretory epithelium from
deleterious effects of PMN-derived cyto-
toxic mediators produced in response to
infection [29, 96]. In support of a potential
therapeutic benefit for caspase inhibitors in
mastitis, two studies have shown that pre-
vention of lymphocyte-induced apoptosis
with the caspase inhibitor z-VAD enhances
survival in a murine model of sepsis [76,
77]. 

Although a delay in PMN apoptosis may
be advantageous in early stages of infec-
tion, accelerated PMN apoptosis may be
beneficial following elimination of the
infectious agent. Because activated PMN
and their products induce injury to bovine
mammary tissue [29, 96], prompt elimina-
tion of PMN following infection would be
expected to enhance resolution of the
inflammatory response. In agreement with
this hypothesis, induction of bovine PMN
apoptosis with tilmicosin has been reported
to prevent amplification of inflammatory
injury following infection with Pasteurella
haemolytica [34]. Therefore, agents that
can specifically target PMN and initiate
caspase activation may have a therapeutic
role in resolution of mastitis and/or other
inflammatory responses.

5. PMN CELL SURFACE 
RECEPTORS

5.1. Chemotactic receptors

Directional migration of PMN along a
chemoattractant gradient is essential for
delivery of PMN to an infection site. During
mastitis, inflammatory chemoattractants
guide PMN toward foci of infection. Impor-
tant chemoattractants for recruiting bovine
PMN are complement components C5a and
C3a, LPS, IL-1, IL-2 and IL-8 [31, 40, 42,
59, 60, 99, 171]. These chemoattractants
bind to specific receptors on the PMN
plasma membrane. Interleukin-8 plays a
role in not only chemotaxis but in inducing
release of alkaline phosphatase from sec-
ondary granules and production of reactive
oxygen species by PMN during chemotaxis
[52, 66, 163]. Both non-mastitic and mas-
titic mammary secretions exhibit chemo-
tactic activity [17]. However, chemotactic
activity in mastitic secretions is blocked by
anti-IL-8 monoclonal antibodies (MAB).
This indicates that IL-8 plays a major role
in PMN recruitment during mastitis and is
not involved in chemotaxis of PMN in
non-mastitic mammary glands. Bovine
C5adesArg has been purified from blood
serum. MAB and an ELISA have been pro-
duced for measurement of bovine C5a/
C5adesArg [142]. Low concentrations of
C5a/C5adesArg are present in normal milk
(0.12 ng/mL) and high concentrations are
found in milk collected after LPS induced
mastitis (6.5 ng/mL). The C5a in normal
milk may contribute to chemokinetic activ-
ity of non-mastitic milk. In vitro, purified
C5a/C5adesArg induce migration of PMN
through a multilayered culture system
[161]. Anti-bovine C5adesArg MAB blocks
diapedesis induced by purified C5a but not
diapedesis induced by zymosan or LPS
activated fetal bovine serum. This suggests
that factors other than C5a, possibly C3a,
were responsible for inducing chemotaxis.
Escherichia coli endotoxin alone does not
induce in vitro chemotaxis of bovine PMN
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[60], and recruitment of PMN associated
with LPS occurs through activation of com-
plement with production of C3a and C5a
and release of IL-1 and IL-8 [40]. The syn-
thetic peptide formyl-L-methionyl-L-phe-
nylalanine, a potent chemoattractant for
human PMN does not induce chemotaxis of
bovine PMN [170]. Anti-bovine PMN
MAB have been developed that up-regulate
chemotaxis of PMN [150]. The mecha-
nisms contributing to this up-regulation
have not been elucidated but could be the
result of cell activation and expression of
either cell surface chemotactic receptors or
adhesion molecules. 

Differential induction of complement
fragment C5a occurs during intramam-
mary infection with E. coli and Staphylo-
coccus aureus [147]. Low levels of C5a are
found in milk from S. aureus infected cows
compared to high levels in milk from cows
infected with E. coli. This could account
for the intense PMN response in milk for
cows infected with E. coli compared to the
attenuated PMN response in cows infected
by S. aureus, and may contribute to estab-
lishment of chronic S. aureus mastitis. 

5.2. Cluster of differentiation 14 (CD14) 

Membrane CD14 (mCD14) has been
identified on bovine PMN, monocytes and
macrophages [136]. LPS binding protein
(LBP) binds LPS with high affinity, and the
resulting LPS-LBP complex is recognized
by mCD14 and causes activation of those
phagocytes (Fig. 4) [188]. The mCD14 is
anchored to the membrane surface by a
glycosylated phosphatidylinositol (GPI)-
anchored transmembrane linkage, is easily
cleaved off by proteinases in body fluids
and results in the formation of soluble
CD14 (sCD14) [64]. Soluble CD14 is
present in bovine blood and milk [180].
Soluble CD14 binds LPS with high affinity
and this complex interacts with Toll-like
receptors on epithelial and endothelial
cells causing secretion of chemoattractants
[188]. Intramammary injection of recom-
binant bovine sCD14 together with low
concentrations of LPS (0.2 �g) into lactat-
ing dairy cows caused recruitment of PMN
when compared to either LPS or CD14
[180]. Intramammary injection of a high
concentration of LPS (100 �g) causes an
increase of sCD14 in milk attributed to

Figure 4. Binding of the LPS-bind-
ing protein/LPS complex to mCD14
on monocytes and macrophages
causes release of TNF-�, and bind-
ing of the sCD14/LPS complex to
Toll-4 receptors on endothelial and
epithelial cells causes release of che-
moattractants.
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shedding of mCD14 from recruited PMN,
and plays a role in modulating the inflam-
matory response during coliform mastitis
[137]. In addition to its role in modulating
the host innate immune response, CD14
has been implicated in mediating resolu-
tion of mammary gland injury. Sladek
et al., have reported that LPS challenge
increases the proportion of CD14+ neu-
trophils present in mammary glands and
that this increase accompanies resolution
of the LPS-induced injury [159]. 

5.3. Opsonin receptors

The first event to occur in the process of
phagocytosis is contact and recognition.
Bacteria resist recognition and recognition
or opsonization must be conferred to bac-
teria before phagocytosis can occur [121].
Immunologic recognition is principally
accomplished by specific antibodies that
recognize bacterium through Fab regions
and bind to PMN via Fc-receptors (FcR) on
the plasma membrane (Fig. 4). The main
opsonizing antibodies for bovine PMN are
IgM and IgG2 [7, 111]. Correlation analysis
indicated that IgM is more highly corre-
lated to phagocytosis than other immu-
noglobulin isotypes [111]. Contrary to
human PMN, bovine PMN do not express
Fc�RI and Fc�RII receptors, and have a spe-
cial receptor for IgG2, the Fc�2 receptor,
which is distinct from all other Fc� recep-
tors [192]. Incubation of bovine PMN with
recombinant bovine (rbo) interferon-�
increases binding of IgG2 and is associated
with enhanced PMN function [186]. The
increase in PMN function is inhibited by
actinomycin D and puromycin, inhibitors
of mRNA transcription and protein transla-
tion. Rbointerferon-� does not increase
binding of IgM [186]. During in vitro and
in vivo chemotaxis of bovine PMN recep-
tors for IgG2 and IgM are expressed [20,
187]. On the other hand, IV endotoxin chal-
lenge exposure transiently decreases bind-
ing of IgG to PMN [85]. Taken together,
these studies indicate that FcR numbers on
bovine PMN are under the dynamic control

of external factors that are crucial for host
defense of the mammary gland.

The C3b component of complement
also opsonizes bacteria and binds to CR1
receptors on PMN [10, 60, 78]. Bovine
C3b has been purified and used to study its
binding to CR1 on bovine PMN [43]. The
CR1 receptor is more abundant on mam-
mary PMN compared to blood PMN indi-
cating that migration of PMN from blood
into milk induces expression of CR1, sim-
ilar to that observed for IgM and IgG2.
However, mammary PMN have dimin-
ished up regulation of CR1 in the presence
of inflammatory activators compared to
blood PMN suggesting that the intracellu-
lar pool of CR1 was expended as a conse-
quence of chemotaxis. 

An important phagocytic mechanism
for control of intramammary infection by
Gram-negative bacteria is non-opsonic
phagocytosis [45, 136]. Non-immunologi-
cal recognition consists of lectins and
hydrophobic properties of cell surfaces
(Fig. 5). Carbohydrate receptors on the
cell surface of bovine PMN mediate inter-
action with carbohydrate-rich pili of Gram-
negative bacteria. This lectin-carbohydrate
interaction results in recognition and phago-
cytosis of Gram-negative bacteria in the
absence of specific opsonins. In a recent in
vitro study, 80% of the PMN were able to
adhere E. coli and 18% were able to phago-
cytose E. coli in the absence of opsonins
[136]. Such an event, in the absence of sig-
nificant phagocytosis, would allow a flush-
ing out of E. coli adhered to PMN during
milking.

5.4. Adhesion receptors

The adhesion molecules CR3 and
L-selectin (CD62L) are present on bovine
PMN [43, 179]. Both L-selectin and
�2-integrins contain Ca2+-binding domains,
and their binding to ligands is Ca2+ depend-
ent [87]. Complement receptor CR3 (Mac-1,
CD11b/CD18) is a member of a family of
leukocyte adhesion molecules also referred
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to as �2 integrins, consisting of three non-
covalently linked heterodimers LFA-1
(CD11a/CD18), MAC-1 (CD11b/CD18)
and p150.95 (CD11c/CD18). These mole-
cules bind to endothelial intercellular adhe-
sion molecules (ICAM-1 and ICAM-2),
C3bi and endothelial leukocyte adhesion
molecules (ELAM-1) on the endothelial
surface [1, 3]. The dominant �2 integrin
expressed on bovine PMN is CD11b/CD18
with a 185 kDa � chain and a 95 kDa
� chain [90, 98]. 

Diapedesis of bovine PMN was studied
using monolayers of primary mammary
endothelium, collagen matrices and mon-
olayers of primary mammary epithelium.
Migration of PMN across endothelial cells
is almost completely dependent on CD18,
the �-chain of �2 integrins, and to a lesser
extent on CD11b, one of the �-chains of
the �2 integrins, because PMN migration is
partially blocked by MAB to CD18 [162,
164]. No inhibition is observed by MAB to
CD11b. However, diapedesis of PMN
across mammary epithelial cells was
blocked by MAB to CD11b. Those results
provide evidence for different CD11b/
CD18 dependent mechanisms for PMN
diapedesis across various cell layers of the

blood-milk barrier. A genetic deficiency of
CD11/CD18 called bovine leukocyte
adhesion deficiency (BLAD) has been
associated with an autosomal recessive
granulocytopathy syndrome in cattle [90].
PMN of BLAD animals have defective
chemotactic and phagocytic activity but
higher oxidative burst activity than normal
animals [117, 118]. 

The L-selectin protein is constitutively
expressed on PMN surfaces. It mediates
rolling of PMN along the endothelium lin-
ing postcapillary venules and localizes
PMN to endothelium adjacent to inflamed
tissue. L-selectin molecules are attached to
the PMN membrane by a GPI-linkage [64].
Expression of L-selectin on the surface of
bovine PMN is influenced by cytokines,
steroids and physiological and pathological
events. The cytokines C5a and IL-8,
released during intramammary infection,
trigger proteolytic shedding of L-selectin
on bovine PMN and simultaneously
increase expression of CD18 [87, 107].
CD18 mediates firm attachment of PMN to
endothelium and helps PMN move across
the vascular endothelium. Activation of
human PMN with PMA, leukotriene B4,
IL-1, LPS and granulocyte-macrophage

Figure 5. Immunological recognition of bacteria is conferred by Fc and complement receptors on
the surface of polymorphonuclear neutrophil leukocytes, and non-immunological recognition is
conferred by lectin, carbohydrate and hydrophobic interactions (adapted from [121]). 



The bovine neutrophil 613

colony stimulating factor (GM-CSF)
induces shedding of L-selectin [87]. Impor-
tantly, the inflammatory mediators PAF
and TNF induce an increase in size of
bovine PMN and may slow diapedesis of
PMN through the microvasculature of the
mammary gland [108]. Treatment of cows
with dexamethasone and cortisol results
in down-regulation of membrane bound
L-selectin on resting and activated PMN
and increases mammary gland susceptibil-
ity to S. aureus following experimental
challenge [25]. Following experimental
infection of the mammary gland with
E. coli, a decrease in L-selectin expression
is observed on circulating PMN [112]. Such
an event may be important in controlling
over migration of PMN into milk. The
increased concentration of plasma gluco-
corticoids that occurs after experimental
challenge of the mammary gland with E. coli
endotoxin contributes to the decrease in
L-selectin expression [126]. A reduced
expression of L-selectin on bovine PMN
around parturition has been reported [98,
113]. This reduction in L-selectin may have
a negative impact on the ability of PMN to
be recruited into the mammary gland, and
could contribute to the increase in intramam-
mary infection around parturition [28, 106].
L-selectin mRNA expression as a conse-
quence of elevated plasma glucocorticoids
is correlated to reduced surface expression
of L-selectin on bovine PMN [184]. This
indicates that bovine PMN have the capac-
ity to alter L-selectin gene expression in
response to changes in plasma glucocorti-
coids. Studies performed on human endothe-
lial cells demonstrated that 17�-estradiol,
which is also elevated at parturition, inhib-
its IL-1 mediated endothelial cell adhesion
molecule transcription, and results in dimin-
ished membrane protein expression and
reduced IL-1 induced leukocyte adhesion
[32]. 

Monoclonal antibodies (MAB 11G10
and 2G8) were produced against bovine
L-selectin and have been used to study
modulation of these adhesion molecules on
bovine PMN [150, 179]. Pretreatment of

bovine PMN with anti-bovine L-selectin
MAB 11G10 and 2G8 reduces chemotaxis
and increases native chemiluminescence
activity. Crosslinking both MAB with sec-
ond antibody induces a rapid increase in
intracellular free calcium concentration.

6. FUNCTIONAL ACTIVITY 
OF BOVINE BLOOD 
AND MAMMARY PMN

6.1. Bactericidal and respiratory 
burst activity

Once complement components and
immunoglobulins bind to receptors on the
PMN surface, the cell becomes activated
and generation of the oxidative burst is ini-
tiated (Fig. 6). This response is followed
by increased oxygen consumption and
hexose monophosphate activity and is
called the “respiratory burst” [88]. Stimu-
lation of NADPH oxidase in the plasma
membrane initiates hexose monophos-
phate activity. Bovine PMN release large
amounts of superoxide (O2

–) and hydrogen
peroxide (H2O2) when their plasma mem-
brane is perturbed [46, 100, 109, 183]. The
O2

–
 and H2O2 formed on the cell surface

and phagosomal membrane interact to
form hydroxyl radical and singlet oxygen,
key components of oxygen-dependent kill-
ing mechanisms of PMN. When the phago-
some containing ingested microorganisms
fuses with primary or azurophil granules of
PMN, myeloperoxidase is released. This
enzyme catalyzes formation of hypochlo-
rite, an oxidizing agent from Cl– and H2O2.
The respiratory burst can be monitored by
measuring chemiluminescence (CL) activ-
ity of PMN. Highly unstable oxygen
metabolites are in electronically excited
states, and excitation is accompanied by
emission of light or CL. Chemilumines-
cence is enhanced by use of the substrates
luminol or lucigenin [5]. Stimulatory
effects of various immunoglobulin and
zymosan preparations that react with either
Fc or complement receptors or with both
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on luminol-dependent CL responses of
isolated bovine PMN have been described
[100, 101]. Unopsonized zymosan in the
presence of extracellular divalent cations
binds to C3bi receptors of bovine PMN
and induce a strong CL response. Zymosan
opsonized with bovine IgG1, IgG2, fresh
serum or serum from which zymosan-spe-
cific antibodies but not complement have
been removed also induces strong CL
responses, with nearly equal maximal
peaks. Zymosan opsonized in fetal bovine
serum produces a markedly lower CL
response. PMN from BLAD calves fail to
produce a CL response with C3-opsonized
zymosan but produce a CL response to
IgG2 opsonized zymosan [100].

A panel of MAB to bovine PMN surface
antigens were produced that stimulated CL
2.5 fold when reacted with isolated blood

PMN [150]. To determine if these MAB
may provide a novel means of enhancing
PMN function three bispecific antibodies
(BsAb) were produced [173]. These BsAb
were formed by chemically coupling anti-
bovine PMN MAB and anti-S. aureus cap-
sular polysaccharide 5 (Cp5) MAB with the
crosslinking compound N-succinimidyl-3-
(2-pyridithiol)-propionate. BsAb increased
intracellular killing of S. aureus by PMN 2
to 3 fold [173]. These data suggest that
BsAb immunotherapy may serve as an
alternative to antibiotic treatment against
bovine mastitis, and may be used to target
and kill antibiotic-resistant pathogens that
infect the mammary gland.

Native CL activity of unstimulated PMN
isolated from milk is higher compared to
unstimulated PMN isolated from blood [46,
109]. The higher CL response of milk PMN

Figure 6. Once complement and immunoglobulins bind to receptors on the surface of
polymorphonuclear neutrophil leukocytes, the cell becomes activated and generation of the
oxidative burst is initiated.
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was attributed to a triggering of the CL
response through ingestion of milk fat glob-
ules and casein micelles with subsequent
degranulation. Stimulation of milk cells
with PMA results in a decreased capacity to
produce reactive oxygen species (ROS)
when compared to blood PMN [109]. This
indicates that milk PMN are less responsive
to stimulating agents because they have
been stimulated by milk components. This
pre-stimulated status will progressively
lead to a functionally exhausted cell. 

Diapedesis of PMN across mammary
epithelium in vitro reduces ROS produc-
tion of PMN, and also contributes to
reduced bactericidal activity of milk PMN
[163]. Adherence of bovine PMN to extra-
cellular matrix (ECM) proteins (collagen IV,
laminin, fibronectin and thrombospondin)
reduce ROS production after exposure to
inflammatory mediators PAF, TNF and
IL-8, whereas adherence to heparan sulfate
proteoglycan enhances ROS production
[22]. In a field study involving 70 lactating
dairy cows, depressed milk PMN CL activ-
ity was associated with intramammary
infection by S. aureus [139], and suggest
a relationship between PMN CL and sus-
ceptibility to intramammary infection by
S. aureus. Such a relationship suggests that
intramammary infection may be controlled
through enhancement of PMN CL activity.

Variation exists among cows in oxida-
tive burst activity of PMN [149]. Such var-
iation contributes to variation among cows
in susceptibility to intramammary infec-
tion. Age dependent changes in CL and
bactericidal activity of bovine PMN has
been documented [67, 110]. The ability of
PMN to phagocytose IgG-coated yeast and
CL activity is lower in neonatal calves
(< 1 week of age) and young calves (2 to
4 weeks of age) than in cows (2 to 3 years
of age). The depression of these PMN
functions is attributed to reduced Fc recep-
tors found on PMN isolated from neonatal
and young calves, and contributes to the
highly susceptible nature of calves to bac-
terial and viral pathogens [24, 148]. 

A number of cytokines enhance oxida-
tive burst activity of bovine PMN. These
include rboGM-CSF, TNF-� and rbointer-
feron-� [68, 91, 166]. Although PMN
function is related to the outcome of
intramammary infection, therapeutic use
of cytokines during clinical mastitis to
enhance function has not been very prom-
ising because of detrimental side effects.
On the other hand, rbosomatotrophin
(BST) which also increases oxidative burst
activity is used to reduce clinical symp-
toms of mastitis in dairy cows [28, 74].
Cows receiving BST in order to improve
milk yield have fewer days of lost milk
production due to clinical mastitis than
cows not receiving BST [86].

Oxidative burst activity of bovine PMN
is influenced by therapeutic agents at
concentrations observed after intramam-
mary treatment. Enrofloxacin increases
CL activity whereas neomycin, lincomy-
cin, dihydrostreptomycin oxytetracycline,
danofloxacin, penicillin, ceftiofur, spiramy-
cin, erythromycin and chloramphenicol
reduce oxidative burst activity of bovine
PMN [70–72, 134]. Because functional
activity of bovine milk PMN is already
impaired as a result of ingestion of milk
components, use of antibiotics that will not
cause further impairment of PMN function
becomes more critical in the ability to clear
invading bacteria from the mammary
gland. Glucococorticosteroids show no
adverse effect on oxidative burst activity of
bovine PMN at therapeutic concentrations
[73].

Slime producing strains of S. aureus are
more resistant to phagocytosis and intrac-
ellular killing by bovine PMN compared to
non-slime producing strains [18]. The
slime layer prevents binding of immu-
noglobulins to Fab sites on the cell mem-
brane of S. aureus and enhances virulence
of the organism by reducing phagocytosis
and killing by PMN. 

Vitamin E and selenium are critical
antioxidants. Cattle consuming feed low in
vitamin E and selenium have increased
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intramammary infections. In vitro and
in vivo studies show that vitamin E and
selenium increase function of bovine PMN
[65].

6.2. Phagocytosis

Milk PMN are less effective phagocytes
than blood PMN. This inefficiency is attrib-
uted in part to lower energy reserves in the
form of stored glycogen, because milk
PMN contain 38% less glycogen than blood
PMN [119]. Addition of glucose increases
in vitro phagocytosis of milk PMN. For max-
imal phagocytosis, PMN require a large
quantity of plasma membrane for formation
of pseudopodia necessary for trapping and
engulfing bacteria (Fig. 7). Milk fat glob-
ules and casein reduce phagocytosis [124,
128]. This is attributed to internalization of
plasma membrane that is used to form
phagosomes containing fat and casein.
Intracellular killing of phagocytosed bacte-
ria is inhibited by milk components because
of loss of lysosomes that fuse with phago-
somes containing fat and casein instead of
phagosomes containing bacteria [124]. 

Recombinant bovine interferon-�, TNF-�
and C5adesArg and rboGM-CSF upregulate
phagocytosis of bovine PMN [68, 91, 141,
143, 166]. Highest phagocytic activity is
obtained when TNF-� and C5adesArg are
used together. At the infection site, gener-
ation of C5a for recruitment of PMN will
synergize with TNF-� secreted by macro-
phages to increase phagocytosis [137]. 

A 3-fold difference exists among cows in
ability of milk to support phagocytosis and
a 2-fold difference in ability of PMN to
phagocytose [125, 132]. There is also a neg-
ative correlation between presence of clin-
ical mastitis and ability of milk to support
phagocytosis. Variation among cows in
phagocytosis and intracellular killing might
explain differences in susceptibility of the
mammary gland to infection. However, the
degree to which results from in vitro phago-
cytosis assays correspond to actual in vivo
processes has yet to be determined.

Activation of complement components
C3b and C3bi, on the surface of bacteria
following antibody union promotes phago-
cytosis by binding to CR1 and CR3 recep-
tors, respectively, on the PMN [118].

Figure 7. Scanning electron micro-
graph of a bovine blood polymor-
phonuclear neutrophil leukocyte
with extended pseudopodia phago-
cytosing Staphylococcus aureus.
Numerous individual bacteria can
be seen in the process of being
phagocytosed, � 10 000.
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Fc-mediated phagocytosis of PMN from a
heifer lacking cell surface CR3 receptors
(BLAD) was 10% of those of PMN from a
normal animal [117]. This suggests that Fc
receptor-mediated phagocytosis is depend-
ent on the presence of CR3 on the PMN
surface. This confirmed results from previ-
ous studies where PMN from calves
homozygous for BLAD had reduced PMN
phagocytosis and bactericidal activity than
PMN from calves heterozygous for BLAD
[156]. 

A number of pharmacological agents
used in dairy cows for the treatment of mas-
titis and other diseases affect phagocytosis
of bovine PMN. Glucocorticoids (corticos-
teroid anti-inflammatory agents) and
adrenocorticotrophic hormone (ACTH),
are used in the treatment of some forms of
clinical mastitis. However, ACTH at a
pharmacological concentration of 200 IU
and at a physiological concentration of
100 IU reduces phagocytosis of S. aureus
by bovine PMN isolated from milk [129,
131]. The 100 IU dose of ACTH produces
a plasma glucocorticoid response similar to
that observed during acute coliform masti-
tis [129]. These data indicate that: (1) ther-
apeutic use of ACTH may compromise
PMN function, and (2) the glucocorticoid
response observed during acute coliform
mastitis is sufficient to reduce phagocyto-
sis of PMN, and contributes to reduced
clearance of bacteria from the mammary
gland. Studies have been conducted that
examined the effect of antibiotics, nonster-
oidal anti-inflammatory drugs (NSAID)
and secretolytic agents within the same
chemical class on phagocytic activity of
bovine PMN [120, 134, 135]. Concentra-
tions of drugs used approximated concen-
tration in milk following intramammary
use. The potential for enhanced phagocyto-
sis exists through use of some NSAID and
for depressed phagocytosis through use of
aminoglycosides, chloramphenicol, pep-
tolids, tetracyclines and �-lactams as well
as certain nonsteroidal and anti-inflamma-
tories. As more research becomes availa-
ble, choice of an antibiotic should depend

not only on the sensitivity of the organism
to the drug, but also to the effect of the drug
on host defense mechanisms.

6.3. Chemotaxis 

In response to chemotactic stimuli gen-
erated by invading pathogens, PMN
migrate (diapedesis) from blood through
the endothelium, subepithelial matrix,
basement membrane and mammary epithe-
lium into milk. Migration of PMN is aided
by release of matrix metalloproteinases
through degranulation during transend-
othelial and transepithelial migration and
breaks down ECM (basement membrane
and tissue stroma) [104]. These proteinases
degrade collagen, laminin, fibronectins,
elastin and the protein core of proteogly-
cans [104, 144]. However, diapedesis uti-
lizes energy reserves of PMN needed for
efficient phagocytosis and killing of invad-
ing pathogens [119]. Consequently, diaped-
esis of PMN across mammary epithelium
results in decreased phagocytosis and oxi-
dative burst activity [154]. Upon entering
the mammary gland, PMN ingest fat and
casein, which further decrease phagocyto-
sis of invading pathogens [124, 128]. As a
result, large numbers of PMN are needed to
prevent infection of the mammary gland.
This led researchers to develop ways of
inducing milk PMN neutrophilia to prevent
establishment of intramammary infection.
The protection offered by PMN against
establishment of intramammary infection is
greatest when PMN are present at concen-
trations over 500 000/mL of milk [84, 155].
Resident mammary PMN initiate events
that lead to increased vascular permeability
and infiltration of blood PMN into the
mammary gland [154]. Thus, high concen-
trations of PMN in the teat cistern would not
only be effective as a phagocytic barrier,
but would initiate a more rapid infiltration
of PMN into milk after infection. The high
concentration of PMN would reduce the
24 hours delay in the appearance of PMN in
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milk after entry of pathogenic organisms
into the mammary gland [132]. 

A polyethylene intramammary device
(IMD) was inserted into gland cisterns of
cows in order to increase diapedesis of
PMN into milk to concentrations that
protected cows from intramammary infec-
tion [133]. Insertion of the IMD elevates
MSCC in stripping milk and reduces
intramammary infection after experimental
intramammary challenge with S. aureus,
E. coli and Streptococcus uberus. The
AIMD is 100% effective in preventing infec-
tion when the cell count exceed 900 000/mL
of stripping milk. Results from field trials
report a 75% decrease in clinical mastitis in
cows with AIMD [57, 133]. Bucket MSCC
from cows in late lactation with AIMD is
more than double (400 � 103/mL) counts
from control cows. The legal limit for bulk
tank MSCC in the United States is 750 �
103/mL and in the European Union the legal
limit is 400 � 103/mL [123]. Because of
concerns that the AIMD would cause
MSCC to approach legal limits it was never
adopted as a method for controlling mastitis
in dairy cows.

Based on the discovery that rbosCD14
in the presence of low concentrations of
LPS increase MSCC [180], cooperative
studies were conducted between the USDA
and McGill University to determine if
rbosCD14 would be protective after
intramammary challenge with E. coli. A
more rapid diapedesis of PMN occurred in
mammary quarters injected with E. coli
plus rbosCD14, and caused a rapid clear-
ance of E. coli compared to quarters
injected with only E. coli. It was previously
shown that quick recruitment of PMN into
the mammary gland following experimen-
tal challenge with E. coli was critical for
elimination of the organisms and resolution
of the infection [106]. Taken as a whole,
rapid recruitment of PMN into the mam-
mary gland to concentrations that are pro-
tective (> 900 000/mL of milk) appears
critical in preventing intramammary infec-
tion. 

7. FUTURE DIRECTIONS

Bovine PMN constitute the first intramam-
mary defense against bacterial invasion.
Over the last several decades, a large body
of information has accumulated on the
unique characteristics of bovine PMN in
blood and milk. However, the biochemical
pathways involved in bovine PMN activa-
tion and functionality have not been com-
pletely delineated. The rapidly growing
area of molecular biology and bioinformat-
ics will lead to quick resolution of these
unsolved pathways.

Rapid recruitment of sufficient numbers
of PMN into the mammary gland and
increased phagocytosis at the beginning of
infection prevent establishment of mastitis.
This can be accomplished by inducing
increased production of chemoattractants,
increased expression of cell surface chem-
otactic receptors or adhesion molecules
and increased opsonization of invading
bacteria. This concept has been confirmed
using the IMD and intramammary injec-
tion of CD14. In addition to its effect on
migration of PMN, other roles of CD14 in
the inflammatory response need to be clar-
ified before application of CD14 trans-
genic animals to prevent mastitis. 

Knowledge of mechanisms about when
and where PMN degranulation and secre-
tion occur would be of extreme value as we
attempt to preserve the beneficial, protec-
tive aspects of inflammatory cell accumu-
lation while seeking to limit injurious
effects to mammary tissue. The content in
PMN granules, in particular antimicrobial
proteins, needs to be further identified and
characterized. Insight into the structure of
those naturally occurring antimicrobial
agents can be potentially used to design
new classes of therapeutics. 

PMN function is tightly regulated, in
particular by cytokines. A better under-
standing of the orchestration of the synthe-
sis of cytokines for a more specific
inflammatory response such as granulo-
poiesis, PMN recruitment, phagocytosis
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and degranulation is prerequisite for
manipulation of PMN function by use of
cytokines.

The life span of PMN is limited by the
onset of apoptosis. By delaying the onset of
this process, increased numbers of PMN
will be available to mount a defense against
invading microorganism. Inhibitors of
apoptosis that block caspase activation
have been successfully used in vivo.
Whether these agents can augment the abil-
ity of bovine PMN to fight infection by pro-
longing the onset of PMN apoptosis
remains unknown. Once infection is cleared,
however, accelerated PMN apoptosis is
desirable in order to prevent PMN-medi-
ated injury to the epithelial lining of the
mammary gland. Caspase inhibitors block
inflammatory mediator-induced apoptosis
in both sepsis and endotoxin shock models.
The efficacy of these agents in limiting
epithelial injury during mastitis warrants
future consideration.
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