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Mobilization of neutrophils and defense
of the bovine mammary gland

Pascal RAINARD*, Céline RIOLLET

Laboratoire de Pathologie Infectieuse et Immunologie,
Institut National de la recherche Agronomique, 37380 Nouzilly, France

Abstract— The leucocytes present in normal milk are not very efficient in preventing infection, be-
cause very small numbers of bacteria are able to induce infection experimentally. The mobilization
of phagocytes from the blood to milk appears crucial in coping with the expansion of the bacterial
population in the mammary gland. Important parameters for the outcome of mammary infections are
the bactericidal efficiency of neutrophils and the antiphagocytic and cytotoxic properties of the in-
vading bacteria, but several studies have shown that the promptness and the magnitude of the initial
recruitment of neutrophils by the infected mammary gland have a profound influence on the severity
and the outcome of mastitis. This is an incentive for studying the mechanisms behind the mobiliza-
tion of neutrophils to the mammary gland. Although milk macrophages may play a role in the trig-
gering of the inflammatory response, studies on several responses to infections at various epithelium
sites strongly suggest that epithelial cells are capable of responding to bacterial intrusion and play a
major part in the initiation of inflammation. A better knowledge of the effector cells and of the medi-
ators involved in the mobilization of neutrophils could help in devising strategies to modulate this
important determinant of milk quality and udder defense.

PMN / mastitis / dairy cattle / inflammation

1. INTRODUCTION

Concentrations of cells in milk, com-
monly termed somatic cell count (SCC), as
opposed to bacterial cell count, have long
been used as a marker of inflammation and
an indicator of intramammary infection.
The measurement of bulk milk SCC is a key
factor in the assessment of the quality of
herd milk and is used for milk payment and
monitoring schemes of mastitis [1]. The
proportion of neutrophils increases as milk
SCC augments, and the two parameters are
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highly correlated [2]. Uninfected quarters se-
crete milk with low SCC, whereas infected
quarters shed notable amounts of somatic
cells. These amounts vary as a function of the
pathogen involved: in a meta-analysis of pa-
pers published after 1971, the values of SCC
(geometric means) were 68 000 cells-mL™
for bacteriologically negative quarters, ver-
sus 333 000, 1 129 000, 547 000, 1 024 000,
4196 000, 155 000, and 164 000 cells-mL™"
for quarters infected by Staphylococcus
aureus, Streptococcus agalactiae, Strepto-
coccus dysgalactiae, Streptococcus uberis,
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coliforms (Escherichia coli or Klebsiella
spp.), coagulase-negative staphylococci, or
Corynebacterium bovis, respectively [3].

In secretions of the healthy mammary
gland, the predominant cell is the macrophage
[4]. It is assumed that this “resident” cell
population is beneficial to dairy cows, since
milk macrophages are in principle capable
of initiating the inflammatory response [5].
In milk of healthy quarters, neutrophils
comprise 5 to 20% of the cell population
[4, 6-8]. The low concentration of neutro-
phils in the normal mammary gland might
result from the existence of a permanent low
grade attraction of PMN by the constitutive
chemotactic activity found in the milk of
healthy mammary glands [9]. Alternatively,
the nursing or milking stimulus may be re-
sponsible for the presence of PMN in the
milk of uninfected mammary glands [10].
This constant influx of PMN into normal
sterile mammary glands may contribute to
an immune surveillance. Following infec-
tion of the mammary gland, the early phase
of the inflammatory response attracts large
numbers of neutrophils from the blood into
the milk. If the infective agent remains, this
cellular infiltration, comprising initially
about 95% of neutrophils, soon changes to
one involving mononuclear cells (T lym-
phocytes and monocytes), although neutro-
phils still comprise 70-80% of the cell
population in chronic mastitis [6, 8, 11, 12].

The leucocytes present in normal milk
are not very efficient in preventing infection
from the most common mastitis pathogens,
because very small numbers of bacteria are
able to induce infection experimentally
[13]. In practice, less than 100 colony-form-
ing units (cfu) are enough, and the size of
the inoculum seems to primarily modulate
the duration of the lag period preceding the
inflammatory response, not the severity of
the disease: increasing the inoculum, in the
range of 10 to 100 000 (cfu) of mastitis
pathogens such as Escherichia coli or
Staphylococcus aureus, essentially shortens
the lag period before infection manifests
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itself. Once they have penetrated the gland,
bacteria multiply in the milk and reach con-
centrations between 10" and 10° cfurmL™
before they elicit inflammation [14—16].
The growth of E. coli seems to be unre-
stricted in the milk in the first few hours af-
ter inoculation, with the in vivo doubling
time close to 20 min. The growth of staphy-
lococci or streptococci may be much slower,
but eventually the mobilization of phagocytes
appears crucial to cope with the expansion
of the bacterial population. Several studies
have shown that the characteristics of the
recruitment of PMN by the infected mam-
mary gland, such as its promptness and its
magnitude, have a profound influence on
the severity and the outcome of mastitis, in
relation with the antibacterial and the pro-
inflammatory properties of PMN [17-19].
The mechanisms of the recruitment of PMN
in the mammary gland are largely unknown,
yet a better knowledge of the effector cells
and the mediators involved could help in de-
vising strategies to modulate this important
parameter of milk quality and udder defense.

2. THE CONTRIBUTION
OF NEUTROPHILS TO
THE DEFENSE OF THE UDDER

2.1. Neutrophils as the main effector
cells against bacteria

Several lines of evidence support a
prominent role of neutrophils in the defense
of the mammary gland, although most of
them are only circumstantial.

A strong argument in favor of a promi-
nent role of PMN is the effect of equine
anti-bovine leukocyte serum (EABLS) ad-
ministered by the intravenous route on the
development of coliform bacteria (Klebsiella)
or S. aureus mastitis [20, 21]. Inoculation of
the mammary glands with coliforms led to
reduced inflammation in neutropenic cows
compared to control animals, with much
lower numbers of neutrophils in milk.
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Bacterial numbers reached billions per mL
milk and necrosis of the mammary tissue
developed. With S. aureus mastitis, chronic
subclinical mastitis changed to gangrenous
mastitis after EABLS administration. Gan-
grene was attributed to alpha-toxin secreted
by the infecting S. aureus strain, through its
vasoconstricting action. The disappearance
of PMN from the milk was followed by un-
inhibited multiplication of S. aureus: con-
centrations more than 100 million cfu per
mL were attained, compared to less than
500 000 per mL before treatment. Necropsic
examination of one cow showed that S.
aureus had disseminated in the mammary
tissue of all four quarters, as well as in distant
organs like the brain and kidney. Administra-
tion of EABLS resulted in the disappearance
of circulating PMN in a few hours, but
monocytes were also affected, and lympho-
cyte numbers were halved at the peak of the
response to the treatment. The authors con-
cluded that continuous diapedesis of neutro-
phils into the milk in chronic staphylococcal
mastitis protects the gland against the devel-
opment of gangrenous mastitis in the pres-
ence of a strain of S. aureus capable of alpha-
toxin production [21].

Kinetic studies monitoring the concen-
trations of neutrophils and bacteria in milk
often display slightly staggered saw-tooth
patterns, reminiscent of prey and predator
changes of population size [22]. High con-
centrations of PMN coincide with low con-
centrations of bacteria, and vice versa. This
has been interpreted as resulting from a
cause-and-effect link between bacteria and
PMN numbers: bacteria multiply in milk,
triggering an amplification of inflammation,
which results in augmented recruitment of
PMN. PMN entering the milk in high num-
bers reduce bacterial numbers. Then, “as the
pathogen becomes less plentiful, the rate of
leukocyte diapedesis into the milk de-
creases, leading in turn to the reactivation of
bacterial multiplication and recidivation of
the inflammatory process” [21]. Knowing
the phagocytic and bactericidal abilities of
PMN, this alternating see-saw pattern of

bacterial and PMN numbers which occurs
in the milk of an infected quarter strongly
suggests that PMN control the multiplica-
tion of bacteria in milk.

The awareness that a pre-existing leuco-
cytosis in milk could prevent the establish-
ment of infection arose from the work of
Schalm and colleagues [23, 24]. They
showed that pre-existing infections or ster-
ile inflammation preclude the development
of infection following intramammary infu-
sion of coliform bacteria or Streptococcus
agalactiae, without clinical signs. This led
to the notion of a PMN barrier to mastitis
[25]. The contribution of macrophages to
the cell barrier is likely to be only second-
ary, because they are outnumbered by PMN
when such a barrier is present, and milk
macrophages are less efficient than PMN
for the killing of bacteria [26, 27], possibly
in part because they lack myeloperoxidase
[28]. Recognition of the effectiveness of a
PMN barrier in preventing mammary infec-
tions has prompted research on how a per-
manent but mild inflammation could be
beneficial to the udder health. Pre-existing
infection of the udder by minor pathogens,
such as Corynebacterium bovis or coagulase-
negative staphylococci, has been shown to
increase resistance to superinfection by com-
mon major pathogens [29-31]. This protec-
tion, not exclusively but to a large extent, is
due to the elevated PMN concentration in
milk [32].

The intentional use of a low-grade in-
flammatory stimulus has also been consid-
ered. Inserting a polyethylene intramammary
device (IMD) (a plastic loop 2.0 mm in di-
ameter and 115 mm long) into the cistern of
the gland of cows increased the concentra-
tion of leucocytes in quarter foremilk and
intensified the mobilization of PMN after
intramammary infusion of £. coli endotoxin
[33]. In another study, implantation of the
intramammary device resulted in increased
milk SCC in foremilk, strippings and resid-
ual milk to more than 10° cells'mL ™, but the
SCC in total milk remained below 5 x 10°
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cells'mL™" [34]. Quarters fitted with the de-
vice showed a limited protection against
naturally acquired and experimentally in-
duced infections [34, 35]. The intramammary
device was considered to be incapable of
stimulating a leukocytosis sufficient in
stripping milk to prevent intramammary in-
fection [36]. Roughening the IMD surface
by abrasion intensified the recruitment of
PMN: milk from quarters fitted with
abraded IMD had significantly higher SCC
than did milk from quarters implanted with
smooth IMD [37]. This abraded IMD was
associated with a better protection against
experimental E. coli mastitis than did the
smooth IMD [38].

The cellular barrier can be interpreted in
two ways. In a static way, the cells present
in the milk when bacteria make an intrusion
are responsible for the protection. In a dy-
namic way, the cells already in the milk at
the time of infection are mainly markers of
inflammation, and the cells which are
effectors of protection are those swiftly re-
cruited by the amplification of the ongoing
inflammation. The magnitude of the perma-
nent inflammation necessary for protection,
assessed through the concentration of so-
matic cells in milk, has been evaluated close
to 6 x 10°>mL™" milk [39] or less [32] when
inflammation results from infection by mi-
nor pathogens, and protection by the IMD
against the establishment of infection is as-
sociated with SCC greater than 5 x 10°
cells'mL™" milk [38]. Such high SCC would
be on the contrary to current practices in
mastitis control and milk payment. More-
over, since milk yield is negatively affected
by even a mild inflammation [40], such a
light but permanent inflammation is likely
to adversely affect the production of milk.

Severe clinical forms of mastitis have
been shown to coincide with a reduced
speed of mobilization of PMN. Failure of
PMN mobilization in response to coliform
infection of the mammary gland is often as-
sociated with severe local and systemic clin-
ical signs, shock and ultimately death. This
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can occur in newly calved cows, and is asso-
ciated with a delay in the appearance of
PMN in the milk of infected quarters,
whereas in the meantime bacteria reach
concentrations of 107 cfumL™" milk [41].
Some newly calved cows tend to be refrac-
tory to the presence of irritants, and the se-
verity of the mastitis that follows infection
with E. coli depends on the speed at which
neutrophils are mobilized in the gland [17,
18].

A delayed appearance of PMN in the
milk following infection correlates with
high bacterial concentrations in the milk and
severe mastitis. On the contrary, improved
recruitment of PMN through immunisation
reduces the severity of mastitis and aug-
ments the occurrence of bacteriological
cure. Increasing the responsiveness of nor-
mal glands to infection is an alternative to
establishing a permanent PMN barrier in
milk. Studies in cattle indicate that it is pos-
sible to increase the rate and magnitude of
PMN recruitment in response to specific an-
tigens. PMN influx into milk occurs in re-
sponse to ovalbumin in the udders of
systemically immunized cows [42]. The
specific recruitment of PMN can be ob-
tained with a bacterial antigen such as the
alpha hemolysin of S. aureus, and the influx
of PMN results in the appearance of an effi-
cient bactericidal activity in milk [43]. Im-
munization of cows with killed E. coli, or
with a purified surface antigen of S.
agalactiae, is followed by an increase of
PMN influx in response to intramammary
challenge with the corresponding pathogen,
as compared to the response in unim-
munized control cows. This stronger mobi-
lization of PMN corresponded to lower
bacterial counts in milk and to increased
bacteriological cures [16, 44].

A relationship between the severity of
clinical E. coli mastitis and the reactive oxy-
gen species (ROS)-generating capacity of
their blood neutrophils before infection has
been reported [17, 45, 46]. Generation of
ROS plays a part in the bactericidal capacity
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of PMN and a higher activity may thus con-
tribute to reducing the bacterial load and the
severity of the disease. The chemotactic
ability of PMN before infection is also a
predictor of the outcome of E. coli infection
[47, 48]. An increased incidence of clinical
mastitis in high-producing cows may be re-
lated to the reduced phagocytic and
chemotactic efficiency of neutrophils dur-
ing hyperketonemia [49]. Overall, these
studies indicate that preinfection PMN
functional ability has an influence on the ca-
pacity of the cow to cope with the infection
of the mammary gland.

Another indirect evidence of the protec-
tive role of PMN is the reported increased
incidence of clinical mastitis in herds with a
high proportion of cows with low SCC [50,
51]. The authors concluded that very low
SCC during the udder inflammation-free
state is associated with an increased risk of
clinical mastitis. A very low number of leu-
cocytes may reduce the responsiveness of
the gland, by reducing its capacity to initiate
the inflammatory response to the entry of
pathogens.

2.2. Neutrophils as inefficient
phagocytes

The dairy cow mobilizes billions of
PMN to fight infection. Over 20 million
neutrophils per mL of milk are commonly
found in the milk of quarters inflicted with
clinical mastitis. However, in spite of these
numerous PMN, pathogenic bacteria can be
recovered from milk for long periods.
Chronic infections usually last several
months [52], and during this time high con-
centrations (> 10° per mL) of cells are pres-
ent in milk [3, 52], concentrations which
dwarf the concentrations of shedded bacte-
ria, most often in the 10* to 10* per mL
range. Also, severe E. coli mastitis develops
in newly calved cows despite a massive mo-
bilization of PMN in the infected gland [15].
The prolonged survival of bacteria con-
fronted to high concentrations of PMN can

be interpreted as resulting from the ineffi-
ciency of the phagocytic cells and casts
doubt on the importance of the neutrophils
as the main immune defense of the mam-
mary gland. Several explanations can be put
forward to explain why the PMN leuco-
cytes, although they greatly outnumber
mastitis pathogens in milk, are frequently
unable to eliminate them from the mam-
mary gland.

One of these reasons is that the
phagocytic capacity of the neutrophils is re-
duced in the mammary gland [53]. Compar-
isons of the phagocytic ability of the PMN
of milk with that of the PMN of blood
showed that the number of bacteria killed by
PMN isolated from milk is significantly less
than the number killed by PMN isolated
from the blood [54]. This reduced bacteri-
cidal activity is attributed to a deficiency of
milk PMN to phagocytose and to kill intra-
cellularly [53]. In this respect, it is notewor-
thy that the viability of PMN in milk is
lower than in blood, is variable according to
the stage of lactation and parity [55], and
that aging PMN have reduced phagocytic
abilities.

Milk lacks some of the compounds that
favor the functions of PMN. Glucose is a
limiting factor associated with a reduced
phagocytosis of S. aureus by PMN in the
milk [56]. Since milk PMN have reduced
glycogen stores compared to blood PMN,
this may limit the availability of energy. An-
other limiting factor in milk is oxygen, and
the shortage of oxygen has been shown to
impair the bactericidal capacity of PMN in
milk, maybe through the reduced produc-
tion of ROS [57]. It has been shown that
milk PMN have reduced abilities to produce
ROS, when compared to blood PMN, and
this is likely to contribute to their decreased
bactericidal activity [26, 28].

Other components of reduced availabil-
ity in milk are opsonins. Phagocytic killing
of bacteria by PMN is at its best when the
pathogens are opsonized with antibodies
(Ab) or the Ab and complement. Most
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species and strains of bacteria isolated from
clinical cases of mastitis are killed in milk
when blood-derived PMN in excess of 10°
per mL are added [58]. However, opsoni-
zation may not be optimal: mastitic milk is
superior to normal milk in supporting
phagocytosis of Klebsiella organisms [59].
Addition of immune serum to skim milk, or
use of milk of immunized cows, has been
shown to improve phagocytosis of S. aureus
[60, 61]. Moreover, certain bacteria are
more difficult to opsonize than are the aver-
age mastitis pathogens. Encapsulated E. coli
resist to phagocytic engulfment after ops-
onization in normal milk, but are readily
taken up by PMN in immune milk [62].
Mycoplasma are also not efficiently ops-
onized by normal milk, and need specific
Ab to be ingested and killed by PMN [63,
64]. As to the complement, only the alter-
nate pathway of activation is operating in
normal milk, the amount of the C3 fragment
that can be deposited on bacteria is limited,
and mastitic milk is more efficient in this re-
spect than is normal milk [65].

The reduced phagocytic efficiency also
has been attributed to an interference from
components in the milk. PMN in milk ingest
fat globules, and these fat globules exert an
inhibitory activity on phagocytosis [53, 66].
In addition to reducing the ingestion of bac-
teria, fat globules also appear to interfere
with the ability of PMN to kill phagocy-
tosed staphylococci [67]. PMN in the milk
also interact with casein micelles, which are
seen associated with the cytoplasmic mem-
brane and in internal phagosomes [54]. Ca-
sein exerts an inhibitory effect on both
phagocytosis and bactericidal activity of
PMN [54, 68]. Casein in particular interferes
with the oxygen radical generating path-
way, depressing the oxydative burst which
is one of the main bactericidal systems of
the PMN [69].

Finally, virulence factors of bacteria may
reduce the efficiency of phagocytic killing
by PMN. Encapsulated bacteria are usually
more resistant to phagocytosis than are
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unencapsulated bacteria. This is true of en-
capsulated E. coli [70], or of S. uberis, whose
hyaluronic acid capsule has been shown to
prevent phagocytosis by bovine PMN [71,
72]. Apart from antiphagocytic surface mate-
rial, bacteria may target PMN with toxins
which interfere with the phagocytic process.
A special virulence factor may explain why
the PMN barrier evoked by intramammary
infusion of endotoxin is ineffective in pre-
venting infection of the udder by mycoplasma
[73]. Leukotoxins, which are exotoxins pro-
duced by many S. aureus strains isolated from
mastitis, are able to kill bovine PMN, and
consequently are likely to reduce the effi-
ciency of the phagocytic defense during mas-
titis [74, 75].

Another argument against the protective
role of PMN in milk is that higher milk cell
counts in first lactation daughter groups are
associated with a higher susceptibility to
subclinical and clinical mastitis and subse-
quently to a higher mastitis prevalence with
increasing age [76]. Also, a daughter group
which showed a lower milk cell count dur-
ing the first lactation was less susceptible to
experimental mastitis than a group with a
higher cell count [77]. The author con-
cluded that these observations are incom-
patible with the generally accepted role of
leucocytes in the defense of the mammary
gland against infections.

2.3. Important determinants
of the efficiency of neutrophils in milk

Considerable numbers of PMN are nec-
essary to control the development of bacte-
ria in the mammary gland, often with
limited success since chronic infections pro-
ceed for months. This apparent inefficiency
of the recruited PMN has been attributed to
impaired PMN functions in milk, for the
reasons stated above. Other circumstances
intrinsic to the mammary gland may well
contribute to complicate the task of the
phagocytes.
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The concentration of PMN necessary to
exert optimal bactericidal activity in milk
seems to be around 2 x 10° cells'mL™, pro-
vided the cells are freshly recruited and cor-
rectly activated [43]. The results obtained
both in vivo and in vitro indicate that the
bactericidal efficiency increases up to this
value, but does not improve much beyond.
The risks of detrimental side effects, linked
to the pro-inflammatory and enzymatic
properties of PMN, increase at the very high
concentrations that can be reached in the
mammary gland [53, 78]. This optimal con-
centration is close to the most efficient con-
centration of blood PMN when tested in
vitro against bacteria such as S. aureus or
E. coli[79]. Indeed, the rate of phagocytosis
in vitro, when assayed in suspension in a lig-
uid phase under constant agitation, depends
on the bacteria-to-cell ratio, and on the con-
centration of both the bacteria and PMN.
The incubation of 5 x 10* PMN-mL™" with
bacteria suspensions of 10* to 10° per mL
did not lead to any detectable decrease in the
number of extracellular bacteria. About
5 x 10° PMN-mL™" are necessary to induce a
significant decrease in bacterial number un-
der these conditions. This is close to the
concentration of PMN necessary in milk to
constitute an effective cell barrier against
new infections. That such a high concentra-
tion is necessary is not surprising if one con-
siders that once PMN enter the milk, they
are incapable of active and oriented loco-
motion and are consequently dependent on
random collisions to bring them into contact
with the bacteria. To be efficient, the ran-
dom encounters necessitate high concentra-
tions of PMN. Phagocytic efficiency will be
proportional to the concentration of cells
and will depend on liquid convection move-
ments, which are also probably a limiting
factor in the mammary gland. Neutrophils
are more efficient at phagocytosing bacteria
adhering to solid substrates than bacteria
free in a liquid, and even the more so if the
substrate comprises extracellular matrix,
whose components possess activating prop-
erties for PMN primed previously by a

chemotatic factor [80]. Phagocytosis of
adherent bacteria, also termed surface
phagocytosis, requires a lower degree of
opsonization than phagocytosis in a liquid
medium [81, 82], provided they receive a
chemokinetic signal and are allowed to
crawl freely on the solid substrate [83].

The concentration of bacteria in milk may
not result exclusively from the phagocytic ef-
ficiency of milk PMN, depending on the type
of infection. When bacteria develop mainly
in milk, with little or no tissue colonization,
as in most E. coli mastitis, phagocytic effi-
ciency in the milk phase is determinant.
When bacteria are able to adhere to and are
internalized by epithelial cells, and can colo-
nize the mammary tissue by establishing foci
of infections, as occurs in S. aureus mastitis
[84], phagocytosis in the milk phase is proba-
bly of secondary importance. There will be a
continual shedding of bacteria from the foci
of infection, and consequently low concen-
trations of bacteria may apparently persist
concurrently with high milk concentrations
of efficient PMN. Low numbers of planc-
tonic bacteria released from these foci will
need high concentrations of PMN to be pre-
vented from multiplying and colonising new
tissue sites.

Apart from the concentration of PMN in
milk, another important parameter for the
removal of infection is the efficiency of the
recruited phagocytes. It has been shown that
the antibacterial efficiency of milk PMN is
not constant in quarters infected by S. aureus
[22]. Both the phagocytic ability (ingestion)
and the intracellular killing efficiency un-
dergo tremendous variation (more than
1000 fold), being the lowest when SCC is
low, and the highest at or near peak SCC
[22]. It thus seems that maximal biological
activation is attained when the recruitment
of PMN is intense. PMN in milk quickly
loose antibacterial capacity, because they
ingest fat globules and casein, and also as a
result of their short half-life. The mere in-
flux of fresh PMN probably contributes to
the apparent increase in PMN activity at the
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SCC peak. Activation of PMN is also likely
to be related to the cytokines and chemo-
kines which contributed to their recruitment.
The intensity of the inflammatory signal,
and maybe its nature, may influence the de-
gree of activation of the recruited cells.
PMN exist in one of three states: quiescent,
primed, or active, and they are subject to
regulation by cytokines which produce dif-
ferent levels of activation [85, 86]. Enhancing
the inflammatory response, in quarters infected
by S. aureus, with either recombinant bo-
vine interleukin 1 beta (rbIL-1b) or rbIL-2
resulted in different activation of the re-
cruited PMN, thus confirming that different
inflammatory stimuli lead to different de-
grees of activation of PMN in milk [87].

In conclusion, the literature search sug-
gests that the balance is tipped in favor of a
preeminent role of PMN in the protection of
the mammary gland against bacterial infec-
tion, although PMN often cannot rid the
mammary gland of the invading bacteria but
just keep them at bay. Nevertheless, the effi-
ciency of PMN is largely dependent on the
infecting bacterial species. To overcome the
phagocytic defense mobilized by the inflam-
matory response, bacteria which are success-
ful parasites of the mammary gland must
have evolved special adaptive mechanisms
to cope with the bactericidal efficiency of
these leucocytes. The PMN mobilized by the
mammary gland are rather efficient against
E. coli mastitis, fairly efficient against
S. agalactiae and S. aureus mastitis, but
much less efficient against S. uberis and
Mycoplasma mastitis [73, 88]. Even in
E. coli, S. agalactiae and S. aureus mastitis,
PMN efficiency also seems to depend on the
stage of infection. PMN are very efficient at
the stage of the penetration of bacteria, and
can constitute a barrier to infection. They are
still efficient at the early phase of the inflam-
matory response, in the first few hours during
which bacteria multiply in milk and progres-
sively disseminate in the lumen of the gland.
At this stage, bacterial numbers remain mod-
erate (E. coli), and bacteria have not yet set-
tled in the mammary tissue (S. agalactiae,
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S. aureus). Later, PMN are apparently much
less efficient, for reasons which remain to be
elucidated.

The efficiency of phagocytic defense at
the early phase of infection has been docu-
mented by kinetic studies of experimentally
induced infections. These studies indicate
that there exists a lapse of time between the
infusion of bacteria into the teat cistern and
the appearance of PMN in milk. This delay
is rather stereotyped in E. coli mastitis (it
is mainly a function of the size of the
inoculum), and very variable in length in S.
aureus mastitis, but it always exists. The lag
period of the inflammatory response has
been shown to allow E. coli to multiply and
reach concentrations in milk, which condi-
tions the severity of the disease [15, 18].
The lag period is also suspected to provide
time for S. aureus to settle within the gland
and to invade the interstitial tissue [84]. The
shortening of the lag period following the
traversing of the teat canal by bacteria could
change the outcome of the infection, lessen-
ing the severity of clinical mastitis or aug-
menting the proportion of bacteriological
cures. There are several observations
supporting this assumption, obtained by
immunisation with S. aureus, E. coli or S.
agalactiae [16, 19, 44]. These observations
reinforce the recognized importance of the
swift and intense recruitment of PMN fol-
lowing the entry of bacteria in the lumen of
the gland [58], and is an incentive for study-
ing the mechanisms behind the mobilization
of PMN to the mammary gland.

3. MOBILIZATION
OF NEUTROPHILS
FROM THE BLOOD TO MILK

3.1. Model of migration from
the blood to the lumen of a gland

We only have a sketchy knowledge of
the mechanisms of the migration of PMN
from the blood to the milk in the mammary
gland. The time of transit of neutrophils
from the circulation to the milk is about 2 h
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after infusion of the teat cistern with
endotoxin [89]. This represents the time re-
quired for the migratory signal to develop,
plus the time for a neutrophil to adhere to
the postcapillary venule endothelium, mi-
grate between endothelial cells to exit the
blood compartment, then crawl through the
extracellular matrix of the mammary paren-
chyma, and, finally, traverse the epithelial
lining of the teat cistern.

The journey which takes PMN from the
blood to the milk includes the crossing of
two barriers, one endothelial and the other
epithelial, and the crossing of a conjunctive
compartment including the basal lamina on
which the intramammary epithelium rests.
The influx of PMN into the milk supposes
the implementation of a sequence of stimuli
and responses whose spatial and temporal
orchestration has yet to deliver its secrecies.
Contrasting with the limited information on
the inflammatory response of the mammary
gland, the thorough study of human intesti-
nal infections by salmonellas or colon ba-
cilli enteropathogens, or of infections of the
respiratory and the urinary tracts, has al-
lowed the development of a model of rela-
tions between the pathogenic bacteria and
the unspecific immune system of the mu-
cous membranes [90]. This model may pro-
vide a framework for the events taking place
during an intramammary infection.

The first event is the stimulation of epi-
thelial cells by bacteria, either by direct con-
tact (adherence) or via irritating metabolites
or toxins. The epithelial cells react by syn-
thesizing a chemokine, a molecule endowed
with chemotactic properties for the PMN,
and possibly for other leucocytes. It may be
IL-8, the prototype of the chemokines active
on PMN [91]. This chemokine is secreted in
a polarized way, towards the basolateral face,
but not towards the luminal compartment
[92]. It imprints the subepithelial matrix, by
carrying out a decreasing gradient up to the
blood vessels [93]. This gradient is stabi-
lized by the interactions of the chemokines
with the proteoglycans abundant in the
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extracellular matrix of the conjunctive
tissue. The endothelial cells of the venules
react to this signal by expressing on their
surface molecules for both anchoring and
activation of the PMN [94]. Prompted to
extravasate, the PMN follow the gradient of
the chemokine up to the epithelium. There,
they interact with the epithelial cells, and
cross the tight junctions to finally reach the
lumen.

This model endows the epithelial cells
with a preeminent role in the initial recruit-
ment of PMN, and considers these cells as
effectors of non-specific immunity. It has
been shown that respiratory or intestinal ep-
ithelial cells are able to synthetize a coordi-
nated array of pro-inflammatory cytokines
such as IL-6, TNF-o IL-8 and GM-CSF
[95]. Knowledge is much less advanced in
the case of the epithelial mammary cells, but
it is known, however, that they can secrete
IL-8 after stimulation by the E. coli endo-
toxin [96]. The epithelial cells, which are in
first line, could thus start the inflammatory
reaction very early after the penetration of
the bacteria in milk.

The other population of cells in contact
with the bacteria in the very first phases of
the infection is that of the macrophages.
After phagocytosis of bacteria, the macro-
phages of milk are able to secrete factors
which are chemotactic for the PMN [5]. It is
not known if these factors can cross an in-
tact epithelium, or if they can carry out a
gradient in the parenchyma only after deter-
ioration of the epithelial barrier. Alterna-
tively, they may operate by activating the
epithelial cells, provided these cells possess
on their apical face, receptors for the media-
tors released by macrophages. At all events,
the capacity to secrete a whole range of in-
flammatory mediators, cytokines or compo-
nents derived from arachidonic acid, confers
to the macrophages a probably significant
role of the sentinel of the mammary gland.

Another cellular type likely to play a sig-
nificant role in PMN recruitment is the lym-
phocytes in intra- or sub-epithelial positions,



448 P. Rainard, C. Riollet

cells whose number strongly increases dur-
ing staphylococcic infections [97]. The
characterization of these cells has not been
undertaken, and they might be different
from the lymphocytes which migrate into
milk.

Finally, the PMN themselves are likely
to participate in the development of inflam-
mation, through a positive loop of regula-
tion. Some results suggest that an increased
concentration of PMN in the milk would not
only be effective as a phagocytic barrier, but
would also allow for a more rapid infiltra-
tion of PMN into the mammary gland after
infection [98]. Also, the elevated SCC con-
secutive to IMD fitting is associated with
amplification of the initial influx of PMN
after injection of a low dose of E. coli
endotoxin [33]. There is a possible direct
role of PMN through the secretion of pro-
inflammatory cytokines and chemokines
[99], or indirectly through the amplification
of a low-grade pre-existing inflammation.
The content of PMN granules also contrib-
utes to the recruitment of leucocytes [100].

3.2. Mediators of the recruitment
of PMN to the mammary gland

The bovine PMN are not or are only
poorly attracted towards bacterial antigens
(such as formyl-methionyl peptides) or by
their metabolites (present in culture super-
natants), on the contrary to the leucocytes of
other species [101, 102]. It thus should be
supposed that inflammatory agents must be
generated by the udder to initiate the migra-
tion of PMN.

The mediators responsible for the influx
of PMN to milk were looked for either by
infusing the potentially active agent by the
teat canal and by measuring the induced in-
flammation, or by measuring the variations
of concentrations in the milk of mediators
known to be active in other circumstances,
following experimental infections of the
udder.

Inflammatory mediators like bradykinin,
histamine and prostaglandins increase the
vascular permeability, but in general do not
induce an infiltration by PMN [103]. The
histamine infusion through the teat canal
causes an increase in the concentration of
serum albumin in milk, but not an influx of
PMN [100]. The concentrations of certain
prostaglandins and leukotriene B4 (LTB4)
increase during clinical mastitis, which lets
one suppose a participation of these mole-
cules in the exudation of blood protein in
milk [104, 105]. LTB4, which is chemotactic
for bovine PMN [106], does not cause a cel-
lular reaction when it is infused in the udder
[107].

Several cytokines are secreted by stimu-
lated macrophages. Knowing that super-
natants of the culture of mammary macro-
phages with opsonized staphylococci are
chemotactic for PMN [5], one can naturally
turn to the cytokines that this cellular type
can secrete, in particular IL-13, TNF-o,
IL-8 and GM-CSF. The infusion of these
cyto- kines through the teat canal causes a
mobilization of neutrophils in milk [107,
108]. The maximum effect, comparable with
that obtained with endotoxin, is obtained
with IL-1P. The stage of lactation is relevant
to the activity: IL-8 and GM-CSF are active
in the dry period, but not in a gland in lacta-
tion, whereas IL-1P and TNF-o are active
whatever the physiological stage [108].

Another chemotactic factor likely to be
generated in milk by the activation of the
complement system, is the C5a fragment of
the C5 component. Activated plasma (a
source of C5a) or purified C5a is able to in-
duce the recruitment of neutrophils in a dry
udder, but not in an udder in lactation [107,
109]. The addition of unskimmed milk, but
not of skimmed milk, to the source of C5a
suppresses the cellular reaction, which sug-
gests that in lactation, C5a has its activity re-
duced by fat globules [109], although in
vitro experiments have failed to show an in-
hibitory activity of fat globules against bo-
vine C5a [110]. High concentrations of C5a
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are induced early in milk in cases of E. coli
mastitis [111], but since it is often possible
to generate only small quantities of C5a in
normal milk [112], one can consider that
C5a primarily has a role of amplification of
the inflammatory reaction rather than of the
initiation of the reaction.

It is remarkable that the cytokines which
are the most effective in recruiting PMN in
the milk do not have a direct chemotactic ef-
fect on these cells: IL-1B and TNF-o. are
able to induce the secretion of several
cytokines among which are themselves
(amplification) and IL-8. Many cellular
types have receptors for these two cytokines
and the induced answers are manyfold. By
its action on the endothelial cells, IL-1B
starts the diapedesis of PMN. It could seem
paradoxical that these two pro-inflamma-
tory cytokines are more active than factors
endowed with a strong chemotactic capac-
ity, such as IL-8 or C5a. This observation is
in favor of a role of relay played by certain
cells between the pro-inflammatory media-
tors generated in milk and the vascular com-
partment. The mammary epithelial cells
seem clearly designated to fulfil this role.
This function supposes the existence of re-
ceptors for these cytokines at the apical face
of the epithelial cells, which remains to be
established.

The relative inefficiency of chemo-
attractant molecules such as IL-8 or C5a
when administered in the lumen of the gland
during lactation may relate to the integrity
of the epithelium. In lactation and at the
very beginning of infection, the intact epi-
thelial lining may preclude the passage of
the chemoattractants, preventing them to
initiate cell recruitment. During the dry pe-
riod, or when infection has begun to de-
velop, the epithelium may become leaky in
places, and the chemoattractants may find
their way up to the venules to trigger
diapedesis of blood cells.

Significant quantities of pro-inflamma-
tory cytokines (IL-1[3, TNF-o, IL-6 and IL-8)
are found in milk in experimental or natural
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E. coli mastitis [15, 111-113]. IL-1p and
TNF-o.appear about at the same time as the
first wave of cells, whereas the concentra-
tions of IL-8 increase a little later. In all
cases, it takes several hours after the pene-
tration of the bacteria in the gland for the
mediators to appear in the milk. The bacte-
ria are then numerous in the milk, several
tens of thousands per mL. The fact that the
cells appear in the milk at the same time or
even slightly before the increases in concen-
trations of cytokines in the milk [111]
suggests that the first signal of cellular re-
cruitment lies elsewhere, since it takes up to
two hours for the neutrophils to migrate
from the blood to the milk. Perhaps the
cytokines in milk would have as an essential
role the stimulation of the phagocytic and
bactericidal activities of the leucocytes. The
recruited cells themselves could represent
the major source of the cytokines in milk,
since the leucocytes, PMN included, are
good producers of IL-1B, TNF-a and of
IL-8 when they are stimulated by endo-
toxin [99], and mRNA of cytokines such as
IL-1B, TNF-0, IL-6 and IFN-y are found in
milk inflammatory cells [12, 114].

In the case of infections by staphylo-
cocci, which do not release molecules as
strongly activating the inflammatory re-
sponse as endotoxin, the intensity of the
inflammation is in general much more
modest. In cases of subclinical infection by
S. aureus, inflammatory cytokines (IL-1,
TNF-o, IL-8) and C5a are usually not found
in the milk at the beginning of the infection
[115]. This supports the idea that the initial
signals of cellular recruitment have their
source at an epithelial or subepithelial
position.

Several receptors on neutrophils parti-
cipate in the migration from blood to milk.
L-selectin (CD62L) plays a role in the first
step of egress from the blood flow, permit-
ting the initial neutrophil rolling on the en-
dothelium, a prerequisite for endothelial-
dependent neutrophil arrest [116, 117].
The B,-integrins (CD1 1a,b,c/CD18) are also
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important cell surface adhesion molecules
involved in neutrophil migration, as demon-
strated by the impaired recruitment of neu-
trophils to infection sites in calves suffering
from the genetic disease leukocyte adhesion
deficiency (LAD), characterized by defects
in the expression of B,-integrins [118]. It has
been shown in vitro that diapedesis through
bovine mammary endothelial and mam-
mary epithelial cells depends on [,-integrin
function [119]. Antibodies to CD18 inhib-
ited the migration of bovine neutrophils
through mammary endothelial and epithe-
lial monolayers, and through a collagen
type I matrix. Antibodies to CD11b had no
effect on C5a induced neutrophil migration
through collagen, partially inhibited migration
through the endothelial monolayer, and
were as efficient as antibodies to CD18 to
inhibit the migration through the epithelial
monolayer. The endothelial receptor for
neutrophil CD11b/CD18 (Mac-1, CR3) is
likely to be the intercellular adhesion mole-
cule ICAM-1, but the expression of these
receptors on mammary epithelial cells re-
mains to be documented.

The acute inflammatory reaction is pri-
marily a manifestation of non-specific im-
munity. It has the advantage of starting in all
the cases where the luminal compartment of
the udder is invaded by bacteria, even if
these bacteria had never caused infection
before in the individual animal. Besides the
unspecific inflammation, there are specific
reactions which require a preliminary con-
tact with the pathogen and the establishment
of an immunologic memory, carried by the
lymphocytes. These specific responses can
be more intense and more efficient than the
unspecific reactions.

3.3. Antigen-specific recruitment
of PMN

Several studies highlight an increased cel-
lular influx in milk in the hours following an
infection when the cows were immunized
beforehand with bacteria. This is true of the
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infections by mycoplasma [120], staphylo-
cocci [19, 121], streptococci [16] or E. coli
[44]. A simple protein antigen like the egg
albumin, which does not cause by itself any
inflammatory reaction in naive animals, in-
duce an intense recruitment of PMN when it
is introduced at a dose of a few pg through
the teat canal of cows immunized before-
hand by the subcutaneous route [42]. This
reaction, which is induced by systemic im-
munization, is a local manifestation of a
general phenomenon of sensitization to an
antigen. It is also possible to obtain an in-
tense recruitment of PMN by sensitizing
cows with o-toxin of S. aureus [43]. The in-
tensity of the answer depends on the amount
of antigen administered by the diathelic
route and is accompanied by a transitory
stimulation of the bactericidal activity of
circulating PMN. When cows are immu-
nized with a surface protein of Streptococ-
cus agalactiae, the concentration of cells in
milk is increased in the first hours following
the infection (compared to non-immunized
cows) and the bactericidal activity of whole
milk (cells included) is also increased [16].
These results suggest that sensitizing with
bacterial antigens could contribute to the
elimination of the infection at an early stage.

The search of the mechanisms behind the
immune recruitment of neutrophils gave
rise to a few studies. In the guinea-pig, an
intramammary PMN influx can be induced
by immunization with egg albumin or tuber-
culin, and can be transferred by cells, but not
by the serum of actively immunized animals
[122, 123]. Consequently, it is probable that
neither the antibodies, nor the complement
are responsible for the sensitization of the
udder, and that it is a cell-mediated immune
reaction.

In the cow, the concept of a cellular me-
diation of immune recruitment is reinforced
by the absence of recruitment induced by
the intramammary infusion of complexes of
egg albumin-antibody, even when added
with serum as a source of the complement
[42]. Also, it is not possible to induce PMN
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recruitment by intramammary infusion of
staphylococcic capsular polysaccharide in
immunized animals, although they had ele-
vated titres of antibody in milk against this
antigen [43]. This observation discredits the
participation of the antibodies in the phe-
nomenon, but is in agreement with the con-
tribution of memory lymphocytes since this
polysaccharide is regarded as a thymo-inde-
pendent antigen. In the mouse it was shown
that lymphocytes T CD4" are necessary for
the antigen-specific recruitment of the neu-
trophils to mycobacterial infection [124],
and that these lymphocytes could act via
chemotactic cytokines [125].

In conclusion, it is possible to increase
the intensity of the recruitment of PMN by
the mammary gland in response to a particu-
lar antigen, by local or systemic immuniza-
tion, and all the observations are in favour of
a mediation by the T lymphocytes. The
more precise determination of the mecha-
nisms responsible for antigen-specific re-
cruitment of PMN should facilitate its
optimization by vaccination.

4. PROSPECTS

FOR THE ENHANCEMENT
OF THE DEFENSE

OF THE UDDER THROUGH
THE RECRUITMENT OF PMN

To stimulate the early recruitment of
PMN, there is a possible way which exploits
the genetic regulation of the acute inflamma-
tory reaction. In the mouse, it is possible to
select lines whose acute inflammatory reac-
tion (Acute Inflammatory Response, AIR) is
much more intense than that of the parental
lines [126]. These AIRmax lines were ob-
tained by selective breeding of mice which
presented the strongest unspecific inflamma-
tory reaction. The typing of the animals was
carried out by subcutaneous injection of
polyacrylamide beads, which do not induce
neither humoral nor cellular immune re-
sponses. The progressive increase in the in-
flammatory reaction shows that the character

“early recruitment of PMN” is controlled by
several genes segregating independently, and
whose effects are additive. The number of
loci responsible for this polygenic regula-
tion is estimated at 11 [127]. The heritability
of the trait is rather high (h* = 0.26). The
concept of a polygenic regulation with high
heritability for the capacity of the organism
to quickly mobilize high numbers of PMN
at an infectious site with correlative resis-
tance to a broad range of infections by patho-
gens, may be worth considering for the dev-
elopment of selection programs in the bovine
species. Nevertheless, selection for increased
responsiveness to infection, manifested by
increased recruitment of PMN, could result
in higher bulk milk cell counts and more clin-
ical episodes of mastitis, even though infec-
tions might be eliminated more effectively
[58]. The fact that AIRmax mice are more
susceptible to an inflammatory disease like
arthritis suggests that genetically increased
PMN recruitment may be a double edged
sword [128]. Moreover, the observation that
cows with higher cell counts seem to be more
susceptible rather than more resistant to mas-
titis discredits the use of a permanent cellular
barrier [76, 77], and possibly the selection of
cows who are able to massively recruit PMN.
Indeed, since PMN are recruited more in-
tensely in response to endotoxin in quarters
with elevated SCC [33], increased suscepti-
bility of cows with high SCC would mean
that the augmented recruitment of PMN, in-
dependently of stimulated specific immu-
nity, is ineffective in protecting the udder.
The other way of stimulating the recruit-
ment of PMN is the immune-mediated rein-
forcement of the inflammatory response.
Although the mechanisms underlying the
antigen-specific recruitment of PMN are
poorly understood, they do not rely on a per-
manently elevated SCC, and consequently
are compatible with the mastitis control pro-
grams currently in use and with the selec-
tion of cows with low milk SCC. Intense
recruitment of PMN is not sufficient per se
to cope with pathogens. To exert their bacte-
ricidal potential, PMN require opsonins to
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recognize the bacteria, antitoxins to counter
bacterial toxins, and a proper state of activa-
tion, provided by the cytokines and chemo-
kines associated with the inflammatory and
immune responses. Stimulated mobilization
of PMN without opsonins and antitoxins
would probably result in exacerbation of the
severity of the disease, as it apparently oc-
curs with S. uberis or mycoplasmal mastitis.

In conclusion, the recruitment of circu-
lating PMN from the blood to milk is impor-
tant for the defense of the mammary gland
against bacterial infections, and the prompt-
ness of PMN mobilization can dramatically
influence the outcome of infection. Never-
theless, milk is not a favourable medium for
phagocytosis by PMN, and PMN can exert a
deleterious effect on the inflamed tissue un-
der certain circumstances. The mere consid-
eration of the concentration of PMN is not
sufficient to predict the outcome of infec-
tion and the resistance or susceptibility of
the mammary gland to mastitis. Other pa-
rameters such as the activation state of the
PMN, their intrinsic bactericidal activity,
the presence of antibodies opsonizing the
bacteria and neutralizing their toxins, have
to be taken into account. Unraveling the
mechanisms behind the recruitment of the
PMN by the mammary tissue will be neces-
sary to better understand how to modulate
the mobilization of PMN at the advantage of
the mammary gland and the preservation of
its secretory function.
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