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Persson, K. and C. Hallen Sandgren: A study of the development of endotoxin-indu
ced inflammation in the bovine teat. Acta vet. scand, 1992, 33, 283·295. - Endotoxin
induced local inflammation was studied by frequent samplings in a bovine teat cistern
model , which provides a unique possibility for in vivo studies of reactions in the teat
without interference from the mammary gland.
A rapid inflammatory response of rather short duration was elicited after endotoxin
administration. An initial increase in the concentrations of bovine serum albumin and
N-acetyl-B-D-glucosaminidase, indicating a disturbance in the epithelial integrity, was
observed between 1 and 1.5 h post infusion (p.i.). Approximately 0.5 h later, the first
influx of leukocytes , mainly neutrophils, appeared. The neutrophils tended to enter
the teat cistern in several peaks occurring between 2.5 and 5 h p.i.. The sampling pro
cedure decreased the accumulation of cells by approximately 40%, which was pro
bably due to the removal of inflammatory mediators at an early stage. The parallel
use of 2 teats instead of 1 had no major influence on the inflammatory process.
This teat cistern model and the experimental procedure used should be suitable for
further studies of the development of local inflammation.

leukocytes; BSA; NAGase.

Introduction
The defence mechanisms in the bovine teat
are of the utmost importance in the defence
against udder infections (Nickerson 1985).
However, to date , few investigations of the
inflammatory process in the teat tissues have
been published (Frost et al. 1984, Nickerson
1985). Hence , to elucidate this subject, a teat
cistern model was developed (Persson &
Astrom 1989). The model provides a unique
possibility for frequent sampling of inflam
matory exudate in vivo, without any pro
found influence on the inflammatory process.
In the ovine, the non-lactating gland has
been used for similar studies (Colditz &
Presson 1988). Moreover, another experi
mental approach has been to study the tissue

accumulation of leukocytes after intradermal
injection of inflammatory substances (Col
ditz & Movat 1984, Colditz 1988). However,
few such models have been used in the
bovine (Heidel et al. 1989, Luthman et al.
1988).
Endotoxins from Gram-negative bacteria are
largely responsible for the morbidity and
mortality associated with infections by these
microorganisms in various animal species,
and have therefore been widely used as
inflammatory elicitors. In a recently pub
lished study of the endotoxin-induced
inflammation in the bovine teat, we found
that the cellular response had reached its
maximum already at 6 h post infusion (Pers-
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son 1990). Rapid infiltration of leukocytes
has also been observed in other models using
endotoxin (Colditz & Movat 1984, Colditz
1988, Colditz & Presson 1988).
Consequently, the aim of this study was to
obtain detailed information about the
inflammatory response during the first 7 h
after infusion of endotoxin into the bovine
teat cistern . For this purpose, the alterations
in the cell count, the serum protein bovine
serum albumin , and the intra-cellular enzyme
N-acetyl-B-D-glucosaminidase were studied.

Materials and Methods
Animals
Six clinically healthy primiparous cows of the
Swedish Red and White Breed were used.
They were non-pregnant and non-lactating
and had no earlier record of udder disease,
as measured by clinical symptoms and
monthly cell count recordings (<150,000
cells/ml) throughout the previous lactation
period. Quarter milk samples at drying off
were bacteriologically negative .
In each cow, the teat and udder cisterns were
separated from each other by a modification
of a surgical procedure described by Persson
& .A.strom (1989), to enable studies of reac
tions in the teat in vivo without interference
of the mammary gland secretion. The surgi
cal procedure was performed under general
anaesthetic. A linear incision was made
through the teat wall along the cranial part of
the teat cistern. The inside was exposed, and
a horizontal incision (2 mm wide), was made
through the epithelial lining as dorsally as
possible in the teat cistern. According to the
original procedure, the cut through the epi
thelial lining was made using electrocoagula
tion (Radioton 704, Siemens) in 9 udder
quarters in 3 cows (3 quarters per cow),
while the incision was made by cutting a strip
of the epithelial lining using a pair of scissors
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in 15 udder quarters in 6 cows (1 quarter per
cow (n=3), or 4 quarters per cow (n=3». The
passage between the teat and the udder cis
terns was closed by placing 1 purse string
suture of absorbable suture material dorsal
to and 1 ventral to the incision. The skin was
sutured with single interrupted sutures.
Three to 4 weeks post surgery, saline (sterile
0.9% (w/v) NaCI) was infused through the
teat canal via a blunt infusion cannula, to
determine whether the surgical closure
between the teat and udder cisterns was
complete. This was the case in all quarters in
which the epithelial incision was made with
scissors, while a complete closure was found
in 6 out of 9 quarters in which the epithelial
incision was made with electrocoagulation.
No experiments were performed earlier than
6 weeks after surgery.

Endotoxin
The Salmonella typhimurium endotoxin (lip
opolysaccharide, LPS) was extracted by the
hot phenol-water method from batch-grown
cultures of formaldehyde-killed S. typhimuri
um SH 4809 and the LPS was further puri
fied and characterised as previously de
scribed (Svenson & Lindberg 1978, Lindberg
et al. 1983). The endotoxin was dissolved in
sterile 0.9% (w/v) NaCl.
A limulus amoebocyte lysate assay (Kabi,
Goteborg, Sweden) was used to measure the
presence of detectable concentrations (>10-11

g/ml) of endotoxin in teat samples .

Cell Count
The cell count in the teat cistern samples was
determined microscopically by counting du
plicate samples in a Burket chamber, after
dilution in TUrk's solution. Teat cistern sam
ples were centrifuged, smears prepared and
stained by the conventional May-Grunewald
Giemsa method. The differential cell counts
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were assessed by counting 200 cells in micro
scope.

Bovine Serum Albumin (BSA)
The BSA content, in mg/ml, was measured
by the radial immunodiffusion principle
(Mancini et al. 1965) using agar plates con
taining rabbit or porcine anti-BSA serum.
BSA standards, 3.0, 1.0, 0.3, 0.1, and 0.03
mg/ml, were present on each agar plate. The
diameter of the precipitation zones (x) was
measured after 72 h and the BSA values (y)
were interpolated using a least squares fit
program (log(y)=a+blog(x)).

N-Acetyl-f3-D-Glucosaminidase (NAG)
The NAG value, in units/lO Ill, was analysed
(Mattila & Sandholm 1985) using the Milk
NAGase Test (Labsystems, Helsinki, Fin
land) , which essentially is a microplate mod
ification of the fluorogenic method of Kitch
en et at. (1978). A NAG value of 100 repre
sented a release of 5 picomoles of product (4
methylumbelliferone) per minute at 25°C, as
catalysed by 1111 of milk.

Bacteriological Examinations
Teat cistern samples were examined accord
ing to the Scandinavian recommendations
given by Klastrup (1975).

Blood and Serum Analyses
Total and differential counts of blood leuko
cytes and measurements of serum cortisol
(Coat-A-CountR, Diagnostic Products Cor
poration, Los Angeles, USA) were per
formed according to standard procedures as
used at the Department of Clinical Chemis
try, Swedish University of Agricultural Sci
ences, Uppsala, Sweden .

Experimental Procedures
The cows were in mid-cyclus on the day of

the experiment. One h before the experi 
ment the teat cisterns were flushed with 10
ml saline (sterile 0.9% (w/v) NaCl) to
remove accumulated cells. On each sampling
occasion, teat cistern samples were taken by
infusing 3.5 ml saline into the teat cistern and
immediately stripping it out into a test tube.
One flushing of 3.5 ml saline was considered
enough as more than 90% of the cells were
recovered in the first sample when flushing
of the same teat was done twice on the same
occasion. Preliminary experiments were per
formed to select an endotoxin dose which
induced a clear inflammatory response in the
teat cistern.

Experiment 1 - Endotoxin infusion
into 1 teat cistern. The day before the
experiment the cows were fitted with a semi
permanent catheter in the jugular vein for
blood sample collection.
In 3 cows, 1 teat cistern (A) was infused with
20 ug Salmonella endotoxin in 0.5 ml saline,
and 1 teat cistern (B) with 0.5 ml saline as a
control. Teat cistern samples were taken just
before infusion of endotoxin or saline (0
hour), at 1 h post infusion (p.i.) and then eve
ry 30 min up to 7 h p.i., Blood samples were
collected just before infusion of endotoxin
and once every hpj.. The rectal temperature
was measured hourly during the experi 
ments . The cell count was determined in the
fresh samples while samples for BSA and
NAG analyses were frozen (-18°C). Bacteri
ological examinations of the fresh samples
were performed at 0, 1, 2, 3, and 7 hpj..
The experiment was repeated after six
weeks, with infusion of endotoxin into teat
cistern B and saline into teat cistern A.

Experiment 2 - Endotoxin infusion
into 2 teat cisterns. Minimum 6 weeks
after experiment 1, a second series of experi-
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ments was performed, in the same cows, for
several reasons. Firstly, 2 teat cisterns per
cow were infused with endotoxin at the same
time, to evaluate the impact of 2 inflammato
ry foci instead of 1 on the inflammatory
response to the endotoxin. Secondly, the ori
gin of NAG, which may be extracellularly
released or intracellularly located (Kaartinen
et al. 1988), was further evaluated by measur
ing the concentrations of NAG in cell-free
samples (FreeNAG). Thirdly, the remaining
concentrations of endotoxin in the teat cis
tern samples after endotoxin infusion were
measured.
In 3 cows, 2 teat cisterns in each cow were
each infused with 0.5 ml saline containing 20

Salmonella endotoxin. The experimental
procedure was the same as in experiment 1,
but no blood samples were taken. Samples
for analysis of cell count , BSA and NAG
were treated as in experiment 1. Additional
ly, samples were frozen for analysis of endo
toxin, and cell-free samples for FreeNAG
analysis were frozen after centrifugation of
the teat cistern samples (200xg, 5 min).

Experiment 3 - Influence of the sam
pling procedure. As a result of the sam
pling procedure used in experiments 1 and 2,
endotoxin and endogenous inflammatory
mediators (including the leukocytes) present
in the teat cistern were flushed out on every
sampling occasion. To evaluate the effect of
this procedure on the inflammatory process,
the following experiment was performed.
In 3 cows (not used in experiments 1 and 2),
2 teat cisterns were infused with 20 ug Sal
monella endotoxin in 0.5 ml saline each.
Samples were taken just before infusion (0 h)
in both teats, and a) at 1 and 7 hpj. in one
teat, and b) at 7 hpj . only in the other teat.
The cell count was determined in all the sam
ples, while samples taken at 7 hpj. were fro-
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zen for measurements of endotoxin concen
trations.

Statistics
The difference between the value on each
sampling occasion and the pre-infusion value
was calculated for each teat and parameter.
The change over time was evaluated by tak
ing the value for each parameter in each teat
on one sampling occasion, minus the value
on the previous sampling occasion. In experi
ment 2, these differences were calculated on
the average for 2 teats per cow. The paired
t-test on log-transformed data was used for
the statistical evaluation, except when com
paring experiments not including the same
animals (unpaired t-test). Appropriate corre
lations were calculated using the correlation
test in the program.

Results
Throughout the experiments, the general
condition of the animals was not affected and
the rectal temperature remained normal
(38.3-39.0°C). The teats were swollen, some
times sore, between 2 hand 5 hpj.. The infu
sion of endotoxin resulted in a significant
influx of leukocytes into the teat cistern.
Most of the leukocytes were neutrophils
(93.2±3.3%). A small influx of mononuclear
cells (5.2±2.3%) and eosinophils (1.6±1.8%)
was also seen. No major differences in diffe
rential cell count over time post infusion
were observed .
Two ways of analysing the material were
used. Firstly, the number of cells and the con
centrations of BSA, NAG and FreeNAG on
each sampling occasion in each cow were
compared with the pre-infusion value. Sec
ondly, to illustrate the change over time, the
alterations in cell count, BSA, NAG and
FreeNAG values, expressed as an increase or
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Figure 1. Cell count (eq, and concentrations of bovine serum albumin (BSA) , and N-acetyl-B-D-glucosa
minidase (NAG), in teat cistern samples after infusion of 20 IlgSalmonella-endotoxin at 0 h into 1 teat cistern
per cow, on 2 separate occasions in cow 1 (a.b), cow 2 (c.d), and cow 3 (e,f).
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a decrease between 2 successive samplings,
were calculated.

Before infusion of endotoxin, the number of
cells in the teat cistern samples was 0.06±0.09
x 106/ml (Fig . 2). After endotoxin infusion,
the influx of neutrophils started to increase
between 1.5 and 2 h p.i., and continued
between 2 and 2.5 h (Fig. 2). The influx of
neutrophils occurred in several peaks as the
cell count first decreased and then increased
again between 3.5 and 4 h p.i. (Fig . 2). From
2 h p.i. the number of cells on each sampling
occasion was significantly higher than before
the infusion. The highest cell numbers,
4.5±1.6 x 106 cells/ml at both occasions, were
recorded at 3 and 4 h p.i. (Fig. 2). In the sam
pling interval between 2 and 5 h p.i., 81.1%
of the total number of cells were recovered
(Fig. 2). The cell count then decreased grad
ually towards the end of the sampling period.
Before infusion, the concentration of BSA
was 0.03±0.03 mg/ml (Fig. 2). The leakage of
BSA increased significantly already between
1 and 1.5 h, and continued up to 2 h p.i., then
decreased gradually (Fig. 2). The BSA con
centration on each sampling occasion from
1.5 to 6 h p.i. was significantly higher than
the pre-infusion value. The peak concentra
tion of BSA, 0.71±0.16 mg/ml, occurred at 2
h p.i. (Fig. 2).
The NAG concentration was 6.5±4.7 units/lO
JlIpre-infusion (Fig. 2). A significant increase
in NAG release was seen already between 1
and 1.5 h, which continued up to 2 h p.i. (Fig.
2) . The NAG concentration on each sam
pling occasion from 1.5 to 7 h p.i. was signifi
cantly higher than pre-infusion. The highest
concentrations, 19.7±7.0 and 20.2±7.0 units/
10 JlI, was detected at 2 and 3 h p.i., respec
tively (Fig.2) .
Moderate to good correlations were found
between the cell count and NAG values
(0.63), between cell count and BSA (0.48),
and between BSA and NAG (0.72) .
In the control teat cisterns only minor chang-
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Experiment 1 - Endotoxin infusion into 1 teat
cistern
The total and differential blood leukocyte
counts, and the concentration of serum corti
sol were within normal ranges throughout
the sampling period. All teat cistern samples
were bacteriologically negative.
The results of the teat cistern sample analy
ses, expressed as the accumulation of cells,
BSA, NAG, and FreeNAG per time-unit
(0.5 h), are given as individual values in Fig.
1 and as average values (n=6) in Fig. 2.

3 4

HOURS

Figure 2. Average cell count (Ce), and concen
trations of bovine serum albumin (BSA), and N
acetyl-B-D-glucosaminidase (NAG), in teat cistern
samples after infusion of 20 ug Salmonella-endo
toxindissolved in saline into 1 teat cistern (e), and
infusion of salineonly into another teat cistern(0),
at 0 h in 3 cows. The experiment was repeated
once.
a The value differs from the pre-infusion value at
p<0.05.
*The changeduring the timeperiod (0.5h)is signif
icant at p<0.05.
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F igu re 3. Cell count (cq, and concentrations of bovine serum albumin (BSA), N-acetyl-B-D-glucosamini
dase in samples containing cells (NAG), and N-acetyl-B-D-glucosaminidase in cell-free samples (FreeNAG),
in teat cistern samples after infusion of 20 ug Salmonella-endotoxin each at 0 h into 2 teat cisterns per cow, on
1 occasion, in cow 1 (a,b), cow 2 (c,d), and cow 3 (e,f).
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es in the cell count, BSA and NAG values
were noted throughout the sampling period
(Fig. 2).

Figure 4.Average cell count (CC), and concentra
tions of bovine serum albumin (BSA), N-acetyl-B
D-glucosaminidase in samples containing cells
(NAG), and N-acetyl-B-D-glucosaminidase in cell
free samples (FreeNAG), in teat cistern samples
after infusion of 20 ug Salmonella-endotoxin each
at 0 h in 2 teat cisterns per cow in 3 cows,on 1 occa
sion.
a The value differs from the pre-infusion value at
p<0.05.
*The change during the time period (0.5h) is signif
icant at p<0.05.

Experiment 2 - Endotoxin infusion into 2 teat
cisterns
The teat cistern sample results, expressed as
the accumulation of cells, BSA, NAG, and
FreeNAG per time-unit (0.5 h), in experi
ment 2 are given as individual values in Fig. 3
and as average values (n=6) in Fig. 4.
Small numbers of cells (0.03±0.01 x 106/ml)

were found in the pre-infusion teat cistern
samples (Fig. 4). After endotoxin infusion,
the neutrophil influx started to increase
between 1.5 and 2 h, and continued up to 3 h.

When the values were pooled, only 1 cell
peak was seen (Fig. 4), even though more
than 1 peak occurred in 5 out of 6 teats (Fig.
3). The number of cells on each sampling
occasion from 2 h throughout the experi
ment , was significantly higher than pre -infu
sion. The maximum cell number, 2.9±0.4 x
106 cells/ml, was observed at 3.5 hpj. (Fig.
4). In the sampling interval between 2 and 5
hpj., 71.1% of the total number of cells
were recovered (Fig. 4).
The pre -infusion concentration of BSA was
0.02±0.01 mg/ml (Fig. 4). A significant
increase in the BSA value was seen between
1.5 and 2 h. The concentrations of BSA on
each sampling occasion from 2.5 to 5.5 hpj.
were significantly higher than pre-infusion.
The peak concentration of BSA, 0.92±0.0.49
mg/ml, occurred at 2 hpj. (Fig. 4).
Before infusion , the NAG concentration was
4.4±2.8 units/lO J.1l (Fig. 4). The NAG release
increased already between 1 and 1.5 h (Fig.
4). The NAG concentration was higher than
pre-infusion from 1.5 h throughout the ex
periment. The peak concentration, 29.4±4.4
units/lO Ill, was detected at 4 hpj. (Fig. 4).
The concentration of FreeNAG before infu
sion was 3.6±2.6 units /10 III (Fig. 4). The
release of FreeNAG was increased signifi
cantly already between 1 and 1.5 hpj.. The
concentration of FreeNAG was significantly
higher than pre-infusion from 1.5 to 5.5 hpj..
The peak concentration, 1O.7±3.5 units/lO J.1l,
occurred at 2.5 hpj. (Fig. 4). The FreeNAG
concentration was significantly lower than
the NAG level on each sampling occasion
from 2.5 hpj..
Moderate to very good correlations were
seen between the cell count and NAG (0.91),
between the cell count and FreeNAG (0.47),
between BSA and FreeNAG (0.87), and
between FreeNAG and NAd (0.59), while
the correlations between the cell count and
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91.2 46.2 31.7 119.7
87.8 78.5 97.4 111.3
71.2 68.4 62.6 129.5

x±SD 83.4±1O.7a 63.4±18.2· 63.9±32.9a 120.2±9.1b

Table 2 . Total numbers (x 1()6) of leukocytes col
lected in a 7 h period after infusion of Salmonella
endotoxin (20 ug/teat) into the teat cistern, follow
ing different experimental procedures, in experi
ments 1,2, 3a, and 3b (*).

Table 1. Endotoxin concentrations (g/ml) in teat
cistern samples after infusion of 20 ug Salmonella
endotoxin , at 0 h, into a teat cistern in 3 cows.

Cows

Hours 2 3

0 <10-11 <10-11 <10-11

1 10-6 10-6 10-6
1.5 10-8 10-8 10-8

2 <10-11 10-10 10-10

2.5 <10-11 <10-11 <10-11

Experiments

21 3a 3b

BSA (0.22) and between BSA and NAG
(0.31) were poor.
Detectable concentrations (>10-11 g/ml) of
endotoxin were found in the teat cistern sam
ples taken at 1, 1.5 and 2 hpj. (Table 1).
In experiment 1, the increase in the influx of
cells between 2 and 2.5 h, and between 3.5
and 4 hpj. was greater than in experiment 2.
A larger total number of cells per teat was
collected in experiment 1 (83.4±1O.7 x 106

cells) than in experiment 2 (63.4±18.2 x 106

cells), but the difference was not significant.
Regarding the BSA and NAG, no significant
differences between the experiments were
observed.

Experiment 3 - Influence of the sampling pro
cedure
The total number of cells collected in teats
sampled at 7 h only, 120.2±9.1 x 106 (n=3),
was higher than in teats sampled both 1 and
7 h p.i., 63.9±32.9 x 106 (n=3), and also higher
than the total numbers of cells collected in
experiment 1, 83.4±1O.7 x 106 (n=6), and in
experiment 2, 63.4±18.2 x 106 (n=6) (Table
2). No such differences were noted when the
teats sampled both 1 and 7 h p.i., were com
pared with experiments 1 and 2, respectively
(Table 2).
Much higher concentrations of endotoxin
were detected at 7 h, in the teats sampled at

* Experimental procedures are given in materials
and Methods

1 Average of 2 teat cisterns/cow
a.b Values with different letters differ at p<0.05

7 h only (10-6 g/ml) than in the teats sampled
at both 1 and 7 h (10-9 g/ml).

Discussion
Infusion of endotoxin into the teat cistern
induced inflammation, as measured by local
clinical symptoms and the inflammatory
markers cell count, BSA and NAG, but did
not induce any general symptoms, or changes
in concentrations of blood leukocytes and
serum cortisol. Intramammary infusions of
similar doses of endotoxin in the bovine lac
tating gland, however, were reported to
induce general symptoms as well as altera
tions in blood parameters (Paape et al. 1974,
Lohuis et al. 1988).
The first sign of inflammation in the teat cis
terns was an increase in BSA and NAG
between 1 and 1.5 h p.i., indicating a distur
bance in the epithelial integrity, which
occurred approximately 0.5 h prior to the
first entry of leukocytes. The highest BSA
concentrations were recorded before or dur
ing the initial influx of cells, which corre
sponded to an increase in teat blood flow
reported between 1 and 2 hpj. (Persson
1991). After endotoxin infusion into the lac-
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tating bovine mammary gland, a rise in BSA
prior to a rise in milk somatic cell count was
also noted, and was suggested to be due to
the accumulation of leukocytes in the tissues
(Frost et al. 1984).
The initial increase in the concentration of
NAG, an intracellular enzyme, paralleled the
leakage of BSA. Epithelial cells and leuko
cytes both contain NAG (Kitchen et al. 1978,
Dulin et al. 1985, Mattila et al. 1988), but as
few leukocytes were present, the increase in
NAG at this early stage indicated epithelial
cell damage. Later on, however, when leuko
cytes were present in the samples, the NAG
could have been extracellularly released
from epithelial cells and leukocytes in vivo,
and/or released from leukocytes disrupted
due to freeze-thawing of the sample (Kaar
tinen et al. 1988). The FreeNAG, the NAG
measured in cell-free samples, however, only
reflects the extracellular release of the
enzyme in vivo. This was illustrated by the
good to very good correlation between the
cell count and NAG, while the correlation
between cell count and FreeNAG was only
moderate. The FreeNAG was significantly
lower than the NAG from 2.5 h p.i., a time
when the influx of leukocytes to the teat cis
tern started to increase, but remained elevat
ed for most of the sampling period.
The influx of leukocytes, mainly neutrophils,
into the teat cistern was first seen 1.5 to 2 h
p.i., and reached its maximum between 2.5
and 5 h. A similar neutrophil accumulation
was seen after endotoxin infusion in the
ovine non-lactating gland (Colditz & Presson
1988). After intradermal injection of endo
toxin in the sheep (Colditz 1988) and rabbit
(Colditz & Movat 1984), the neutrophil
influx started earlier and peaked already dur
ing the second hpj.. Although different ani
mal species were used , the response after
endotoxin infusion into a body cavity cov-
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ered with epithelium could be expected to be
different from the response after intradermal
infusion.
The influx of neutrophils tended to occur in
several peaks. The peak pattern was not so
prominent when 2 parallel teats were used
but could be observed when the individual
curves were studied. Only 1 peak was seen
after intradermal endotoxin injections (Col
ditz & Movat 1984, Coldit; 1988) and after
endotoxin infusion into the ovine non-lactat
ing gland (Colditz & Presson 1988). In the
latter experiment, however, samples were
only taken every 2 hours . There is no clear
cut interpretation of the neutrophil influx
pattern observed. It could be a result , e.g. of
the sampling procedure, or of the endotoxin
dose which was high compared to the doses
used in the sheep and rabbit models . During
the first 6 h after i.v. injection of the cytokine
tumour necrosis factor (TNF) in rats, 2 peaks
of neutrophilia was seen when higher doses
of TNF were used; however, not with lower
doses (UUch et al. 1987). The appearance of
several peaks of neutrophils might also indi
cate that different mediators, and/or differ
ent sources of mediators, were responsible
for the recruitment of neutrophils at differ
ent stages of the inflammatory process . Leu
kocytes released into the teat cistern could
produce chemotactic substances, identical to
or different from the substances responsible
for the initial leukocytosis, and thereby
induce continued emigration of cells. One
important inflammatory mediator, interleu
kin-l (IL-1), has been reported to be pro
duced by bovine polymorphonuclear leuko
cytes and macrophages (Canning & Neill
1989, Politis 1991). Other factors of impor
tance in the recruitment of leukocytes, such
as TNF and leukotriene B4, are also pro
duced by leukocytes (Ford-Hutchinson et al.
1980, Beutler & Cerami 1987).
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As a result of the sampling procedure used in
this paper, endotoxin as well as endogenous
inflammatory mediators present in the teat
cistern, were flushed out on every sampling
occasion. Probably as a result of this, the
total numbers of cells collected in experi
ments 1 and 2 were approximately 40% low
er than in teats sampled only at 7 hpj.. An
additional sampling at 1 hpj. reduced the
total number of cells collected during a 7 h
period compared to sampling only at 7 h.
Additional samplings every 0.5 h up to 7 h,
like in experiments 1 and 2, did not , however,
reduce the total cellular accumulation more
than taking only 1 sample at 1 hpj. Small
doses of endotoxin and short contact times
are needed to induce inflammation (Schultze
1980, Colditz & Presson 1988), and endotox
in was still present at 7 h in teats sampled
also at 1 hpj., while no endotoxin was
detected in teat cistern samples after 2 hpj .
in experiments 1 and 2. The early removal of
endotoxin as well as the removal of early
produced endogenous inflammatory media
tors, e.g. IL-1, was probably of importance
for the magnitude of the cell accumulation.
Flushing samplings every 2 h up to 8 h after
endotoxin infusion in non-lactating ovine
mammary glands were not reported to affect
the accumulation of cells (Colditz & Presson
1988), which may indicate that 2 hours are
enough for a complete initiation of inflam
mation. However, in an additional experi
ment, in which teat cistern samples were tak
en 2 and 7 h after endotoxin infusion (results
not shown), the total number of cells,
52.8±24.3 x 106 (n=3), was similar to in teats
sampled 1 and 7 h p.i., and lower than in
teats sampled at 7 h only.
The mode of action of the endotoxin for the
initiation of inflammation is not completely
understood, but resident tissue cells are
probably the target cells, as a sampling

before infusion , and the consequent deple
tion of the accessible leukocyte population in
the teat cistern, still resulted in a consider
able inflammatory response, an observation
that has also been reported by others from
studies in the ovine non-lactating gland (Col
ditz & Presson 1988).
However, a more rapid response was seen in
teats in which the pre-infusion samples had a
higher cell count (Fig. 1 b,c), which may indi
cate that the tissues were triggered before
the experiment.
Endotoxin may directly alter the cellular
function of a number of cells, including rna
crophages and endothelial cells (Bradley
1985), and thereby induce inflammation by
initiating the production and/or release of a
cascade of inflammatory mediators in the
host which, among other things, stimulate the
accumulation of neutrophils in the inflamma
tory lesions. Endotoxin shows chemotaxini
genic properties in vivo (Colditz & Movat
1984), but was not shown to promote chemo
taxis of neutrophils in vitro (Issekutz &
Bhimji 1982). A recent paper by Zwahlen &
Roth (1990), however, reported a stimulation
of bovine neutrophil migration in vitro. The
purity of the neutrophil preparations could
have influenced the results (Klesius et at.
1984).
Endotoxin has been shown to induce secre
tion of the cytokines IL-1 and TNF from
monocytes/macrophages and other cells
(Beutler & Cerami 1987, Dinarello 1984), and
both substances have been found to be able
to induce neutrophil migration in vivo
(Cybulsky et al. 1988). Substantial evidence
suggests that IL-1 and TNF are responsible
for many effects previously attributed to
endotoxin.
In summary, we conclude that a rapid local
inflammatory response of rather short dura
tion was elicited by endotoxin infusion into
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the teat cistern. The inflammatory response
was somewhat delayed, compared to the
response reported after intradermal injec
tions . The influx of leukocytes, mainly neu
trophils, into the teat cistern tended to occur
in several peaks, maybe indicating the roles
for different chemotactic substances and/or
different sources of such substances, at dif
ferent stages in the inflammatory process .
The sampling procedure decreased the total
accumulation of leukocytes by approximately
40% . This was probably due to the removal
of inflammatory mediators at an early stage,
suggesting that a longer time period than 1 h
was required to elicit a full inflammatory
response. The parallel use of 2 teats instead
of 1 had no major influence on the inflamma
tory process. The experimental procedure
used should be suitable for further studies of
the development of local inflammation.

Acknowledgements
This study was supported by grants no 606/85D204,
0709/89 D343 and 31.0289/91 from the Swedish
Council for Forestry and Agricultural Research.

References
Beutler B, Cerami A : Cachectin: More than a

tumour necrosis factor. N. EngI. J. Med. 1987,
316, 379-385.

Bradley SG: Interactions between endotoxin and
protein synthesis. In: Berry U (Ed.): Handbook
of endotoxin Volume 3, Cellular biology of
endotoxin, 1985, 340-371.

Canning PC, Neill JD: Isolation and characteriza
tion of interleukin-l from bovine polymorpho
nuclear leukocytes . J. Leukocyte BioI. 1989, 45,
21-28.

Colditz 1G, Movat HZ: Kinetics of neutrophil accu
mulation of acute inflammatory lesions induced
by chemotaxins and chemotaxinigens. J. Immu
nology 1984, 133,2169-2173.

Colditz 1G: 1\vo patterns of early neutrophil accu
mulation in acute inflammatory lesions. Inflam
mation 1988, 12, 251-263.

Acta vet. scand. vol. 33 no. 4 - 1992

Colditz 1G, Presson BL: Kinetics of endotoxin
induced inflammation in ovine mammary gland.
Inflammation 1988,12,491-501.

Cybulsky M1, McComb DJ, Movat HZ: Neutrophil
leukocyte emigration induced by endotoxin :
Mediator roles of interleukin 1 and tumor
necrosis factor-a. J. Immunology 1988, 140,
3144-3149.

Dinarello CA: Interleukin-l , Rev. Infect. Dis. 1984,
6,51-95.

Dulin AM, Paape MJ, Miller RH: NAGase activity
of neutrophils, macrophages and lymphocytes.
J. Dairy Sci. 1985,68 (Suppll) , 207.

Ford-Hutchinson AW, Bray MA , Doig MY, Shipley
ME, Smith MJH: Leukotriene B, a potent che
mokinetic and aggregating substance released
from polymorphonuclear leukocytes . Nature
1980,286,264-265.

Frost AJ, Brooker BE, Hill AW.· The effect of
Escherichia coli endotoxin and culture filtrate
on the lactating bovine mammary gland. Austr.
vet. J . 1984,61 ,77-82.

Heidel JR, Taylor SM, Laegreid ww, Silflow RM,
Liggitt HD, Leid RW.· 1n vivo chemotax is of
bovine neutrophils induced by 5-lipoxygenase
metabolites of arachidonic and eicosapentaeno
ic acid. Amer. J. Path. 1989,134,671-676.

Issekut z A C, Bhimji S: Role for endotoxin in the
leukocyte infiltrat ion accompanying Escherichia
coli inflammation. Infect. Immun. 1982,36, 558
566.

Kaartinen L, Kuosa PL , Veijalainen K, Sandholm
M: Compartmentalization of milk N-acetyl-B
D-glucosaminidase (NAGase). Release of
NAGase from the cellular compartment by
storage , freezing and thawing, detergent and
using cell stimulants. J. Vet. Med. B 1988, 35,
408-414.

Kitchen BJ, Middleton G, Salmon M: Bovine milk
N-acetyl-B-D-glucosaminidase and its signifi
cance in the detection of abnormal udder secre
tions. J. Dairy Res. 1978,45, 15-20.

Klastrup 0: Scandinavian recommendations on
examination of quarter milk samples. In: Pro
ceedings of the IDF Seminar on Mastitis Con
trol, 1975,49-52.

Klesius PH, Chambers WH, Schultz RD: Effect of
bacterial lipopolysaccharide on bovine poly
morphonucl ear neutrophil migration in vitro.
Vet. ImmunoI. ImmunopathoI. 1984, 7, 239-244.

Lindberg AA, Greisman SE, Svenson SB: Induct ion
of endotox in tolerance with nonpyrogenic 0-



Endotoxin-induced inflammation in the teat 295

antigenic oligosaccharide-protein conjugates .
Infect. Immun . 1983,41, 888-895.

Lohuis JACM, Verheijden JHM, Burvenich C, van
Miert ASJPAM: Pathophysiological effects of
endotoxins in ruminants. 1. Changes in body
temperature and reticulo-rumen motility, and
the effect of repeated administration. Vet.
Quart. 1988, 10,109-116.

Luthman J, Kindahl H, Jacobsson SO, Thunberg L:
Local and general effects of Salmonella typhi
murium endotoxin in calves. J. Vet. Med. A
1988,35, 586-595.

Mancini G, Carbonara AO, Heremans JF: Irnmuno
chemical quantitation of antigens by single radi
al immunodiffusion. Immunochem. 1965,2,235
254.

Mattila T, Sandholm M:Ant itrypsin and N-acetyl-B
D-glucosaminidase as markers of mastitis in a
herd of Ayshire cows. Amer. J. vet. Res. 1985,
46, 2453-2456.

Mattila T, O'Boyle D, Frost AJ: Distribution of
lysosomal enzymes within the non-secretory
epithelium of the bovine mammary gland. J.
Dairy Res. 1988,55, 339-344.

Nickerson SC: Defense mechanisms of bovine teat
end tissues. Kieler Milchwirtschaftliche Fors
chungsberichte 1985,37, 462-465.

Paape MJ, Schultze WD, Desjardins C, Miller RH:
Plasma corticosteroid, circulating leukocyte and
milk somatic cell responses to Escherichia coli
endotoxin-induced mastitis. Proc . Soc. Exp.
BioI. Med. 1974,145, 553-559.

Persson K, Astrom G: Sampling of the bovine teat
for studies of defence mechanisms and inflam
matory reactions based on a surgical procedure
separating the teat and udder cisterns. J. vet.
Med . B 1989,36, 527-531.

Persson K: Inflammatory rections in the teat and
udder of the dry cow. J. vet. Med. B 1990, 37,
599-610.

Persson K:Microcirculation in the bovine teat skin,
measured by laser-Doppler flowmetry. Acta vet.
scand. 1991,32,131-133 .

Politis 1,McBride BW, Burton JH, Xin Zhao, Turn
er JD: Secretion of interleukin-1 by bovine milk
macrophages. Amer. J. vet. Res . 1991,52, 858
862.

Schultze WD: The inflammatory response of the
bovine mammary gland to infused Escherichia
coli endotoxin. J. Dairy Sci. 1980,63 (Suppl.1) ,
122.

Svenson SB, Lindberg AA: Immunochemistry of
Salmonella O-antigens: Preparations of an octa
saccharide-bovine serum albumin immunogen
representative of Salmonella serogroup B 0
antigen and characterization of the antibody
response. J. Immunol. 1978,120, 1750-1757.

Ulich TR, Castillo J, Keys M, Granger GA, Rong
Xiang Ni: Kinetics and mechanisms of recombi 
nant human interleukin 1 and tumor necrosis
factor-a-induced changes in circulating numbers
of neutrophils and lymphocytes . J. Immunol.
1987,139,3406-3415.

Zwahlen RD, Roth DR: Chemotactic competence
of neutrophils from neonatal calves. Functional
comparison with neutrophils from adult cattle .
Inflammation 1990,14,109-123.

Sammanfattning
En studie av utvecklingen av endotoxininducerad
inflammation i den bovina spenen.

Bovin endotoxininducerad lokal inflammation i
spenen studerades med hjalp av en spencisternmo
dell. Denna modell ger en unik mojlighet till studier
av spenreaktioner in vivo utan paverkan fran
juverkorteln,
Ett snabbt inflammatoriskt svar med relativt kort
duration utlostes . Ett okat innehall av bovint serum
albumin och N-acetyl-B-D-glucosaminidase i spen
cisternen, vilket indikerade en storning i epitelets
integritet, noterades redan 1 till 1.5 t efter infusion.
Cirka 0.5 t senare sags det forsta inflodet av leuko
cyter, ffa neutrofiler. Cellinflodet tenderade att ske
i flera omgangar mellan 2.5 och 5 t efter infusion.
Provtagningsforfarandet minskade cellansamlingen
i spenen med cirka 40%, troligen pga avlagsnande
av inflammationsmediatorer under initialskedet.
Samtidigt anvandande av 2 spenar istallet for 1
hade ingen storre inverkan p<'l inflammations
processen.
Denna spencisternmodell bor vara lamplig for
vidare studier av lokal bovin inflammation.
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