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Udder defence mechanisms are not completely explained by current mastitis research. The
anatomical construction of the udder implies that infection of one udder quarter does not
influence the immune status of neighbouring quarters. To test this hypothesis, we compared the
immune reactions of individual udder quarters in response to microbial attacks. In the course of
immune reactions, polymorphonuclear leucocytes (PMN) release oxygen radicals, which can be
determined by chemiluminescence (CL). Milk from 140 udder quarters of 36 cows was analysed
for somatic cell count (SCC), differential cell count, viability and CL activity. Quarters with an
SCC <100 000 cells/ml and free of pathogens were defined as uninfected, all other quarters
were categorized as infected. Three groups of cows were classified cytologically: group
A (healthy, 11 animals, SCC limit <100 000 cells/ml) ; group B (moderate mastitis, 8 cows, SCC
o100 000 and <400 000 cells/ml in at least one quarter) ; and group C (severe mastitis, 17 cows,
SCC o400 000 cells/ml in at least one quarter). Infected and uninfected quarters in groups B
and C were analysed separately. Viability of PMN leucocytes was significantly (P=0.0012)
lower in group A (72.6%) than in healthy quarters of group C (84.0%). Lowering the SCC limit
of healthy quarters to <50 000 cells/ml (group A: all quarters within the udder) revealed striking
differences between samples of groups B and C: in addition to varying differential cell counts
and viabilities, CL activity of group B<50 (2929 CL units/million PMN) was markedly lower than
that of the other groups (5616 in group A<50 and 6445 CL units/million PMN in group C<50).
These results allow the conclusion that the infection of one udder quarter influences the cell
activity of neighbouring quarters. When the SCC threshold for healthy quarters was reduced to
50 000 cells/ml, greater differences in cell activities were detected between healthy udders and
healthy quarters of infected udders.
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The study of udder immune defence mechanisms has be-
come part of research on subclinical mastitis (Allen et al.
1972; Jain, 1976; Burvenich et al. 1995). Milk contains
the following immune cells : polymorphonuclear leuco-
cytes (PMN), lymphocytes and macrophages (Paape et al.
1981; Wever & Emanuelson, 1989; Schröder & Hamann,
2005). These immune cells are differently distributed in
normal and mastitic milk, and the presence of PMN seems
to play a central role in the defence of the mammary gland
(Burvenich et al. 1994; Paape et al. 2002). The main task
of PMN is to defend against bacteria at the beginning of an

acute inflammatory process (Jain, 1976; Paape et al. 1979;
Vangroenweghe et al. 2005). Not only the number of
PMN increases enormously, but also their level of defence
activity (Targowski, 1983; Craven & Williams, 1985;
Paape et al. 2003). PMN ingest particles and bacteria and
set off a series of immune reactions (Burvenich et al.
2003). One of these reactions is the oxidative burst
(Babior, 1984), including high oxygen consumption (Rossi
& Zatti, 1964) and the release of reactive oxygen species
like superoxide (O2

–) and hydrogen peroxide (H2O2)
(Weber et al. 1983; Lein & Paape, 1993; Mehrzad et al.
2001c).

PMN activity can be measured by the chemi-
luminescence (CL) reaction (Allen et al. 1972), which is*For correspondence; e-mail: roswitha.merle@tiho-hannover.de
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characterized by the oxidation of H2O2 under emission
of photons, which are then detected in a luminometer
(Allen et al. 1972). The higher the CL activity per
million PMN, the stronger the defence reaction. CL is
used in human and veterinary medicine and in dairy
research, mainly to investigate blood PMN (Lohuis
et al. 1990; Hoeben et al. 2000a, b). Some researchers
also use PMN isolated from milk to measure CL activity
(Weber et al. 1983; Dosogne et al. 1999; Mehrzad et al.
2001b).

Previous studies on udder defence mechanisms have
dealt with physiological variations (Mehrzad et al. 2001b)
in the respiratory burst activity: i.e., lactation stage
(Mehrzad et al. 2002; Piccini et al. 2005), metabolism
(Hoeben et al. 1997) and drugs (Paape et al. 1990a, b;
Hoeben et al. 2000a). Several studies also focused on
changes in the defence activity caused by mastitic events
(Lohuis et al. 1990; Hoeben et al. 2000a).

The present study details the udder-health relevant cell
activity of PMN from infected quarters, from neighbouring
quarters and from quarters of healthy udders. In addition to
determining CL activity, we evaluated the somatic cell
count (SCC), viability and differential cell count from milk
samples of healthy, moderately affected and severely in-
fected mammary glands. The goal was to investigate the
defence activities in healthy udders, infected and non-
infected quarters of infected udders, and to compare the
results from these three groups. We expected that the
groups would differ in viability, differential cell count and
CL activity.

Material and Methods

Study design

Three groups of cows were classified cytobacter-
iologically: a healthy reference group A (11 animals, SCC
limit <100 000 cells/ml, no pathogen, n=44 quarters) ;
group B (moderate mastitis, 8 cows, SCC o100 000 and
<400 000 cells/ml in at least one quarter) ; and group C
(severe mastitis, 17 cows, SCC o400 000 cells/ml in at
least one quarter). Most of the infected quarters of groups
B and C were bacteriologically positive, but some quarters
had unspecific mastitis on the day of investigation. Group
C included four animals with only three quarters that

secreted milk, as one quarter was missing. Infected and
uninfected quarters of groups B and C were analysed sep-
arately (Table 1).

The non-infected quarters of groups B and C (SCC
<100 000 cells/ml) were redefined as group B<100 (n=17)
and C<100 (n=12). Groups B100–400 (n=15) and C100–400

(n=19) contained the samples with SCC of 100 000–
400 000 cells/ml, while group C>400 (n=33) contained
those from quarters with SCC o400 000 cells/ml. Further-
more, those quarters of groups B<100 and C<100 that had
an SCC <50 000 cells/ml were redefined as group B<50

(n=11) and group C<50 (n=10). In group A<50, all quarters
of the udder contained <50 000 cells/ml (n=28).

Animals and milk sampling

This study included 36 cows from two farms. Animals
were selected on the basis of results of a 3-week (farm B)
pilot survey and on continuous surveillance data (farm A).
All animals were in lactation for at least 60 d.

After cleaning and disinfection of the teat, 10 ml fore-
milk was collected in sterile glass tubes for cytobacter-
iological analysis. Afterwards 500 ml quarter milk was
manually withdrawn in glass bottles for cell isolation.

Cell isolation

Somatic cells from 500 ml milk were isolated according to
Schröder et al. (2005). In brief, the samples were diluted in
500 ml phosphate-buffered saline (PBS) and centrifuged
1000 g at 4 8C for 15 min. The supernatant was carefully
removed and the remaining cell pellet was resuspended in
PBS and centrifuged three times with decreasing speed
(400, 300, 200 g). The resulting cell pellet was stored on
ice in 0.5 ml PBS and diluted to 4.0r106 cells/ml if
necessary (cells counted by: Haematology Analyzer,
Nihon Kohden, Bad Homburg, Germany).

Preparation of a smear and microscopic differential
cell count

The smear was prepared with the aid of a modified coffee
grinder for smooth distribution of the cells (Schröder et al.
2005). After air drying, the smear was stained with
Hemacolor (Merck Eurolab GmbH, Darmstadt, Germany).

Table 1. Cow groups, based on highest quarter SCC. A: all quarters with SCC <100 000 cells/ml (11 cows); B: at least one quarter
with SCC 100 000–400 000 cells/ml (8 cows) ; C: at least one quarter with SCC >400 000 cells/ml (17 cows)

Group A B C
n=44† n=32† n=64†

Subgroup A< 100 B< 100 B100–400 C< 100 C100–400 C> 400

n=44† n=17† n=15† n=12† n=19† n=33†

Redefined group A< 50 B< 50 C< 50

n=28† n=11† n=10†

† n=quarters
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Oil immersion was used to differentiate 100 cells into
PMN, lymphocytes, macrophages and epithelial cells.

Viability

Viability of PMN was analysed by flow cytometry
(FACSCalibur, Becton Dickinson, Heidelberg, Germany)
using propidium iodide (Sigma Aldrich Chemie GmbH,
Steimheim, Germany), which binds to the DNA of
membrane-defective cells.

Chemiluminescence

Chemiluminescence was determined in a Luminoscan
Ascent luminometer (Labsystems, Helsinki, Finland),
which has a sensitivity of <1 fmol ATP per well. A reac-
tion solution was prepared with Dulbecco’s PBS contain-
ing 666 nmol/ml luminol (5-amino-2,3-dihydro-1,4-
phthalazindion; Sigma Aldrich) and 1000 ng/ml PMA
(Sigma Aldrich), and adjusted with NaOH to a pH
value of 10.0. A white microtitre plate (Nunc GmbH,
Wiesbaden, Germany) containing 50 ml cell suspension
per well was introduced into the luminometer. The dis-
penser of the luminometer added 150 ml reaction solution
to each well immediately before the detection of light
emission was started at 38 8C. Values were recorded at
90-s intervals as relative light units (RLU). After 45 min of
measurement, the area under the curve (AUC) was taken
as the final result. The study included 12 blind samples
without cells and multiple (5–7) samples of each cell
suspension, the means of which were determined
(SD <5.0%). Results were documented as CL activity/1 mill-
ion PMN.

Statistical analysis

Statistical tests were conducted with SAS 8e 2002 software
(SAS Institute Inc., Cary NC, USA). Different SAS pro-
cedures were applied to run Ryan-Einot-Gabriel-Welsch
Multiple Range Test, Student’s t tests and tests based on
the Pearson correlation coefficient.

Results

Data for the different groups are shown in Table 2. SCC in
healthy quarters of mastitic cows (C<100) tended to be
higher than in the reference (A), even though the same
definition was applied to the three groups on a quarter
level (A, B< 100, C<100). The difference in the SCC between
the reference (A) and the healthy quarters of cows with
severe mastitis (C<100) was confirmed statistically
(P<0.05). This difference between the reference quarters
and the results of all other groups became even more dis-
tinct in view of the differential cell count. The percentage
of PMN was significantly lower in group A than in groups
B<100 and C<100 (P=0.0058 and P<0.0001, respectively),
and the percentage of macrophages differed significantly
between the groups A and C<100 (P<0.0001).

There was a significant difference in viability between
the reference (A) and groups C<100 and C100–400

(P=0.0012 and P<0.0001, respectively). CL activity was
significantly lower in group B<100 than in group B100–400

(P=0.0004). There were no significant differences in CL
activities of the groups A, B<100 and C<100, but SD was
high. The correlation coefficient (r) between SCC and PMN
was 0.70 (P<0.0001); between SCC and macrophages,
–0.53 (P<0.0001); between SCC and CL activity, 0.42

Table 2. Means (x̄) and standard deviations (SD) of different cytological data of the quarter groups A, B< 100, B100–400, C< 400, C100–400,
and C> 400

Group A B< 100 B100–400 C< 100 C100–400 C> 400

Log SCC x̄ a4.31 a,b4.39 c5.30 b4.55 c5.31 d5.91
SD 0.28 0.36 0.18 0.29 0.18 0.27

PMN, % x̄ a27.2 b45.8 b,c58.7 b,c57.4 c,d71.7 d81.9
SD 21.9 22.2 24.6 20.9 24.5 13.9

Lym†, % x̄ a23.8 a,b19.1 b,c9.6 a,b17.2 b,c8.5 c4.8
SD 18.6 10.2 8.1 12.0 9.0 5.3

Mac‡, % x̄ a46.3 a,b32.3 a,b31.2 b,c22.5 b,c19.5 c12.9
SD 23.2 15.7 21.8 10.1 15.8 9.3

Viability, % x̄ a72.6 a,b77.3 a,b82.7 b84.0 b83.2 a,b82.0
SD 12.1 10.3 12.1 6.1 9.1 14.2

CL· x̄ a,b5389 a3843 b,c9290 a,b,c7068 b,c10 110 b,c10 541
SD 6358 3285 3952 6090 5845 5566

† Lym=lymphocytes

‡ Mac=macrophages

·CL activity/1 million PMN

Values within a row without a common superscript letter indicate significant differences between the groups (Ryan-Einot-Gabriel-Welsch Multiple Range

Test, level of significance P<0.05)
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(P<0.0001); and between SCC and viability, 0.32
(P=0.0002).

Differences in groups A<50, B<50 and C<50 mainly oc-
curred between groups A<50 and C<50 (Table 3). It has to
be stressed that the SCC was different in those groups de-
spite the selection conditions. The percentage of PMN was
significantly higher both in groups B<50 (P=0.0087) and
C<50 (P=0.0026) than in group A<50, but the differences in
the percentage of macrophages and viability are statisti-
cally significant only between groups A<50 and C<50.
Furthermore, it should be noted that the mean CL activity
was lowest in group B<50 and highest in group C<50.

Discussion

Cell functionality was determined for milk of healthy
(group A), moderately (group B) and severely diseased
(group C) udders, and the results for healthy and infected
quarters were interpreted separately. SCC of the healthy
udder quarters of diseased animals (B<100 and C< 100) were
below the physiological threshold of 100 000 cells/ml
as defined by the German Veterinary Society (DVG,
1994). SCC even fell within the physiological range
(<50 000 cells/ml) as cited by Doggweiler & Hess (1983).
However, SCC in the healthy quarters of mastitic cows was
slightly higher than in the reference (A). Experimental
udder infections with Staphylococcus aureus or Escherichia
coli also led to a rise in SCC in the adjacent quarters
(Wever & Emanuelson, 1989; Burvenich et al. 1994;
Leitner et al. 1995).

There were high percentages of PMN in the differential
cell count in the diseased quarters of the groups B100–400,
C100–400, and C>400. It reflects the knowledge of immune

defence mechanisms (Lohuis et al. 1990; Burvenich et al.
1994; Hoeben et al 2000a; Paape et al. 2003) that in the
beginning of an acute inflammation PMN flow massively
into the affected area.

But also in the non-inflamed quarters in groups B<100

and C<100 the percentage of PMN in the differential cell
count was significantly higher than in the reference (A)
(P=0.0058 and P<0.0001, respectively) (Jain, 1976;
Paape et al. 1979; Burvenich et al. 1995). Viability in
groups B<100 and C<100 almost reached the values of their
neighbouring diseased quarters (Mehrzad et al. 2004).

Correspondingly, in groups B<50 and C<50 both PMN
content and viability were higher than in group A<50, in-
dicating the presence of defence activities. It could not be
explained satisfactorily, why the lowest mean CL activity
was found in group B<50. Group C might have consisted of
animals with acute infections and a very effective immune
system. Previous investigations have mainly dealt with
acute or peracute infections and report very high cell ac-
tivities in the infected udder quarters (Burvenich et al.
1994; Leitner et al. 1995). As no other comparisons be-
tween healthy animals and healthy and infected udder
quarters have yet been published, further research is
necessary to clarify the phenomenon observed here.

There were striking differences between healthy quar-
ters of the groups B<100 and C<100 and neighbouring dis-
eased quarters, not only in SCC and differential cell count
but also in functional properties like viability and CL ac-
tivity. CL activity of group B100–400 was significantly higher
than that of group B<100 (P=0.0004). This could be seen
as support for the common assumption that the quarters
within an udder react independently. But it might also be
an indication that milk from diseased udder quarters es-
sentially contains more mediators, which generate influx
and activation of immune cells even if the general defence
situation is bad (Jain & Lasmanis, 1978; Guidry et al.
1980; Paape et al. 1981; Riollet et al. 2000). The non-
infected quarters even had lower CL activities than the
quarters of group A, so that it seems that the high immune
reactions are at the expense of the immune protection of
the non-infected quarters.

The view that the four quarters of the bovine mammary
gland act as independent units is apparently based on the
anatomical structure of the mammary gland. Nevertheless,
there are some publications which clearly show interac-
tions between udder quarters. Interdependent reactions
have been determined between four udder quarters for
milk yield (Woolford, 1985; Hamann & Reichmuth, 1991),
for the growth of gland tissue (Knight & Peaker, 1991), for
milk cell count (Hamann & Gyodi, 1994) and for milk
constituents (Hamann et al. 1998; Hamann, 2002). Thus,
it seems plausible that udder quarters are interdepen-
dent in the CL response and in udder health status.
Contradictory results of other studies cannot be used
for a direct comparison with ours, mainly because in
those studies completely different definitions of udder
health were used. Although many experiments have been

Table 3. Means (x̄) and standard deviations (SD) of different
cytological data of groups A < 50, B<50, and C<50

Group A < 50 B< 50 C< 50

Log SCC x̄ a4.14 a4.15 b4.44
SD 0.17 0.16 0.24

PMN, % x̄ a22.3 b37.3 c56.7
SD 14.6 14.5 24.4

Lym†, % x̄ a24.5 a21.3 a19.3
SD 20.0 8.4 13.3

Mac‡, % x̄ a49.6 a,b36.6 b23.1
SD 23.0 14.3 10.9

Viability, % x̄ a69.3 a,b77.1 b83.6
SD 11.7 10.1 6.2

CL· x̄ a5216 a2667 a6445
SD 6961 1721 5880

† Lym=Lymphocytes

‡ Mac=Macrophages

·CL activity/1 million PMN

Values within a row without a common superscript letter indicate signifi-

cant differences between the groups (Ryan-Einot-Gabriel-Welsch Multiple

Range Test, level of significance P<0.05)
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conducted in recent years, the intention of the experiments
and therefore their design differed. Most researchers deal
with the peracute phase of experimental infections, e.g.,
with Esch. coli or endotoxin (Lohuis et al. 1999; Mehrzad
et al. 2001a, 2004), the functional activity during early
lactation (Vangroenweghe et al. 2001; Mehrzad et al.
2002; Piccinini et al. 2005), or with the influence of
certain drugs on cell functional activity (Paape et al.
1990a, b). Investigations comparable to our study design
found similar results regarding, e.g., the strong correlations
between SCC and functional parameters (Lilius & Pesonen,
1990).

Correlations between SCC and differential cell count
(PMN, macrophages) were more distinct than correlations
between SCC and functional parameters viability and
CL activity. However, SCC does not seem to describe
completely the defence activities within the udder. To
estimate the cellular defence during infectious events in
the udder, the determination of functional parameters is
recommended.

The results of our study regarding both the differential
cell count and the viability of the cells indicate that udder
quarters do not seem to act independently but are influ-
enced by infections of neighbouring quarters. These ob-
servations cannot be explained by the results of other
studies. Our findings thus contradict the results of Wever &
Emanuelson (1989), who found no evidence of the inter-
dependence of udder quarters during their investigations
of differential cell counts of milk cell suspensions.

Our present results suggest that milk from healthy ud-
ders and from infected and uninfected quarters differs in
their cell functionality. A similar effect has been reported
for milk components in the case of a mastitic event
(Hamann, 2002). Those results indicate that the infection
of one udder quarter possibly influences the cell activity of
neighbouring quarters. When the SCC threshold for the
definition of a healthy quarter was reduced to 50 000 cells/
ml, the effects observed here became even more distinct.

This study was sponsored by Boehringer Ingelheim Vetmedica
GmbH.
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Deutsche Veterinärmedizinische Gesellschaft (DVG) 1994 Guidelines to
combat bovine mastitis on farm level 3rd Edn. Giessen, Germany:

German Veterinary Association

Doggweiler R & Hess E 1983 Somatic cell count in the milk of undamaged

udders. Milchwissenschaft 38 5–8

Dosogne H, Burvenich C, Freeman AE, Kehrli Jr ME, Detilleux JC,

Sulon J, Beckers J-F & Hoeben D 1999 Pregnancy-associated glyco-

protein and decreased polymorphonuclear leukocyte function in

early post-partum dairy cows. Veterinary Immunology and Immuno-

pathology 67 47–54

Guidry AJ, Paape MJ, Pearson RE & Williams WF 1980 Effect of

local immunization of the mammary gland on phagocytosis and

intracellular kill of Staphylococcus aureus by polymorpho-

nuclear neutrophils. American Journal of Veterinary Research 41

1427–1431

Hamann J 2002 Relationships between somatic cell count and

milk composition. Proceedings Animal Health Conference IDF

World Dairy Summit 2001, Auckland, New Zealand. IDF Bulletin 372

56–59
Hamann J & Gyodi P 1994 Effects on milk yield, somatic cell count and

milk conductivity of short-term non-milking of lactating quarters of

cows. Journal of Dairy Research 61 317–322

Hamann J, Gyodi P, Krömker V & Stahlhut-Klipp H 1998 Physiological

variation of milk components in bovine udder quarters with special

regard to milking frequency. Proceedings 10th International

Conference on Production Diseases in Farm Animals, Utrecht, The

Netherlands p. 313

Hamann J & Reichmuth J 1990 Exogenous influences on the somatic cell

count of milk in consideration of the udder’s state of health.

Milchwissenschaft 45 286–290
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