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Acute coliform mastitis can be produced
in dairy cows by intramammary infusion of
Escherichia coli (E. coli) endotoxin (1).
Such an approach is desirable from an
experimental standpoint because it evokes
coliform mastitis without causing permanent
damage to mammary secretory tissue or
lowering of subsequent milk production
2).

Leukocyte profiles in blood and milk as
well as overt clinical signs following E. coli
endotoxin-induced mastitis have been eluci-
dated (1, 2). In general, these include: (i)
marked depressions in circulating leuko-
cytes consisting primarily of neutropenia,
beginning 2 hr postinfusion, (ii) hyper-
thermia, (iii) marked swelling and hyper-
sensitivity of the infused quarter, and (iv)
occurrence of abnormal milk (clots, flakes,
off-color).

Pathological changes accompanying an
acute exposure to bacterial endotoxins may
be ameliorated, in part, by administering
corticosteroids (3). In view of this, one
might hypothesize that the naturally occur-
ring defense response of the cow during the
early stages of mastitis would be one of
heightened adrenocorticosteroid secretory
activity. This hypothesis was examined in
the present study by relating changes in
plasma corticosteroid concentration during

1 Journal article 2728 of the Oklahoma State
University Agricultural Experiment Station, Still-
water, OK 74074.

2 Present address: Department of Zoology, The
University of Texas, Austin, TX 78712.
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E. coli endotoxin-induced mastitis to
changes in leukocyte concentrations in
blood and milk.

Materials and Methods. Six Holstein-
Friesian cows in the second (4 cows) and
the seventh (2 cows) postpartum month
of lactation were used. Cows were free from
pathogens known to cause mastitis as deter-
mined by cultures which were made twice
weekly throughout the experiment.

Cannulas (PV-400, Clay Adams, Inc.,
New York, NY) were inserted into the
jugular vein of each cow 24 hr before the
start of the study (4). One quarter of each
of 4 cows was infused 3 hr after milking
with 0.5 mg endotoxin (Lipopolysaccharide
B, E. coli 026:B6, Catalog No. 3920-25,
Difco Laboratories, Detroit, MI) dissolved
in 3 ml of 0.85% NaCl prepared in sterile
pyrogen free water (Cutter Laboratories,
Inc., Berkeley, CA). The solution was in-
fused into the cistern of the mammary
gland by inserting a blunted 19 gauge needle
through the streak canal. Infused quarters
were massaged to disperse the endotoxin
throughout the lower portion of the mam-
mary gland. Sterile syringe and needles were
used for each infusion. The remaining two
cows served as controls and were infused
with the vehicle alone.

Blood samples (30 ml) were obtained
at 30 min intervals 1 hr before intramam-
mary infusion through 6 hr postinfusion, at
hourly intervals through 12 hr postinfusion,
and every 24 hr through 216 hr postinfu-
sion. Blood samples were not collected dur-
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ing the 60 min period following milking,
because the milking stimulus provokes
marked alterations in plasma corticosteroid
(4) and circulating leukocyte concentra-
tions (5).

Blood was transferred to 50-ml centrifuge
tubes containing 36 mg of disodium ethyl-
enediaminetetraacetate, mixed and placed
in an ice bath. A 5 ml portion was taken
for total erythrocyte and total and differen-
tial leukocyte counts. Total cell counts were
made electronically with a Model B Coulter
counter using an upper threshold setting of
9. Blood films were prepared for differential
leukocyte counts and stained with Wright’s
stain (5). Blood plasma was obtained after
centrifuging the remaining sample at 5000g
for 30 min at 5°. Aliquots of this sample
were subjected to solvent extraction and
competitive protein binding analysis to
quantify total plasma corticosteroids and
all values were corrected for 100% recov-
ery (6). In addition, samples of blood sera
were collected from one of the endotoxin-
infused cows at —1, 0, 1, 4, 5, 6, 8 and
10 hr postinfusion for glucose analysis
(Glucostat, Worthington Biochemical Corp.,
Freehold, NJ 07728).

Foremilk samples (20 ml) were collected
immediately after taking the blood samples
from an infused and uninfused quarter
(within cow control) of each of the 4
endotoxin-infused cows, and from one quar-
ter of the 2 control cows. Milk films were
prepared and stained with Levowitz stain
(7), to determine the concentration of total
milk somatic cells (neutrophils, lympho-
cytes, monocytes, and epithelial cells) (8).
Additional milk films were prepared from
an endotoxin-infused quarter and stained
with Pyronin Y-methyl green stain (9) for
differential milk somatic cell counts.

After obtaining each sample of blood or
milk the infused and control quarters were
palpated for signs of swelling and rectal
temperatures were obtained.

A mixed-model least squares analysis of
variance was performed, fitting effects for
treatment groups (endotoxin vs control),
cows within treatment group, time intervals,
and treatment by time interval interaction.
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Differences between treatment groups were
tested against differences among cows within
groups.

Results and Discussion. The total and
differential leukocyte profiles for the two
control cows remained unchanged (P >
0.05) throughout the study. Total circulat-
ing leukocyte, neutrophil, lymphocyte, eosin-
ophil and monocyte concentrations aver-
aged 8700, 2300, 5100, 540 and 770 cells/
mm?, respectively. Thus, minor disturbances
attributable to blood sampling technique
and intramammary infusion of saline were
not sufficient to cause detectable changes in
these blood constituents.

The dynamic aspects of acute coliform
mastitis were readily apparent within 1.5 hr
following intramammary infusion of endo-
toxin as evidenced by a significant (P <
0.01) reduction in the concentration of
segmented neutrophils (Table I). The con-
centration of circulating neutrophils de-
clined precipitously over the next 3.5 hr,
and by 5 hr only 6% of the original con-
centration of these cells were present in
the circulatory system.

Importantly, significant changes in the
concentration of milk somatic cells (Table
II) was not detected until 3 hr postinfusion
at which time concentrations increased
from 5.7 X 10* cells/ml milk at O hr to
57.5 X 10* cells/ml. Thus, a time lag of
1.5 hr occurred between the noted depres-
sion in circulating segmented neutrophils
and the extravascular mobilization of these
cells into milk. This time lag may not be
attributed to a paralysis in the immigration
of these cells into milk but rather to lysis
which prevented visually counting these
cells. This interprctation is supported by
the finding that swelling, was apparent
within 2 hr after endotoxin infusion (Table
IT). Swelling was mediated, in part, by the
lysis of newly immigrated blood neutrophils,
since Jain, Schalm and Lasmanis (10)
failed to detect swelling following intra-
mammary infusion of 5 mg of E. coli endo-
toxin into cows made neutropenic by the
intravenous administration of equine anti-
bovine leukocyte serum.

The increase in body temperature fol-
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TABLE II. Rectal Temperature, Udder Swelling and Total Milk Somatic Cell Counts Following
Intramammary Infusion of E. coli Endotoxin.®

Hours relative

Mammary swelling®

Somatic cells?
(x 10°/ml in milk)

to infusion Rectal Uninoculated Inoculated Uninoculated Inoculated
of endotoxin temp (°) quarter quarter quarter® quarter
0 38.8 — — 0.124 0.057
0.5 38.8 — — 0.050
1 38.9 — — 0.156 0.046
1.5 389 — — 0.158 0.064
2 39.0 — + 0.156 0.022
25 39.3 — ++ 0.155 0.022
3 39.6 — +4++ 0.136 0.375
4 40.2 — 444 0.107 1.721
5 40.8 +++ 1.740
6 409 — ++ 0.034 8.490
8 39.9 — ++ 0.130 37.261
10 39.1 + 28.943
12 38.7 — + 0.019 28.311
18 - — 0.019 53.776
24 38.6 — — 0.120 38.351
72 386 — — 0.326 19.714
120 38.7 — - 0.183 1.979
168 — — 0.120 0.153
216 — — 0.030 0.052
Significance
level —* NS§° —*
Coefficient of
variation (9,) 1 200 94
* Each value represents the mean of 4 cows.
¥ _ — no swelling; 4 — slight swelling; 44 — moderate swelling; 44 — extreme swelling.

° Within cow control quarter.

4 Includes granulocytes (neutrophils, eosinophils and basophils), agranulocytes (lymphocytes and

monocytes) and epithelial cells.
¢ NS — not significant (P > 0.05).
* (P < 0.01).

lowing endotoxin infusion coincided with
the degree of mammary swelling of the
infused quarter (Table II). At 2.5 hr
postinfusion, body temperatures rapidly
increased reaching critical temperatures
between 4—6 hr postinfusion. Following this
crisis, temperatures quickly returned to nor-
mal, with the infused quarter regaining its
normal texture shortly thereafter.

A shift left in the differential circulating
leukocyte count was initiated 2.5 hr fol-
lowing endotoxin infusion with the appear-
ance of band neutrophils (Table I), nor-
mally rare in bovine blood (11). This
emphasis toward immature neutrophils, be-

came more pronounced with the appearance
of myelocyte and metamyelocytes at 3 hr.
With time, the shift left continued to be-
come more pronounced and reached maxi-
mum proportions between 18-24 hr. More-
over at this time, the concentration of total
milk somatic cells reached enormous pro-
portions averaging at least 1000-fold above
control values (Table II). On the basis of
these results it is readily apparent that the
overwhelming response initiated by endo-
toxin was one of massive mobilization of
immature neutrophils into circulating blood
and rapid extravascular migration of these
cells into milk as a result of intensive
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chemotactic activity in the udder.

During the left shift, many abnormal
neutrophils were observed in peripheral
blood smears (Fig. 1). The nuclei of these
“toxic” neutrophils (Fig. 1a) were horse-
shoe-shaped, containing densely clumped
chromatin, similar to that found in normal
mature segmented neutrophils. Thus it
would appear that toxemia expressed itself
morphologically by delaying the segmenta-
tion of neutrophilic leukocytes. Other signs
of toxemia were the appearance of neutro-
phils with bizarre nuclear patterns (Fig.
1b).

The acute neutrophil response diminished
following a peak shift to the left at 18 hr.
Attenuation of the shift left began approxi-
mately 72 hr (Table 1) and by 120 hr,
myelocyte and metamyelocytes were no
longer present in peripheral blood. How-
ever, a significant concentration of band
cells was still evident. It appears that the
attenuation of the shift left was the result
of diminished release of chemotactic factors
within the mammary gland, since the mas-
sive movement of cells into milk rapidly
diminished after 72 hr (Table II). A sub-
stantial increase in segmented neutrophils
beyond preinfusion levels occurred at 72
hr. This was interpreted as an overshoot by
the hemopoietic system in its attempt to
restore neutrophil equilibrium.

Further examination of the sequential
hemogram (Table I), revealed that lympho-
cytes and eosinophils were all depressed
(P < 0.01) as a consequence of the host
defense response to endotoxin. The con-
tinued decrease in lymphocytes, monocytes
and eosinophils was consistent with the
findings by Carroll, Schalm and Lasmanis
(1) who also reported similar changes in
a cow given an intramammary infusion of
20 mg endotoxin. As to the fate of these
cells, extravascular mobilization into milk
could not account for their decrease since
differential milk somatic cell counts of pre-
pared milk films from an endotoxin-infused
quarter indicated that milk lymphocyte con-
centrations were very constant, averaging
less than 5.0 X 10* cells/ml of milk
throughout the study. Monocyte and eosino-
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phil migration into milk was more difficult
to assess because of their low concentra-
tions in peripheral blood and the difficulty
in distinguishing these cells once in milk
from polymorphonuclear leukocytes.

The initial decline in circulating lympho-
cytes noted within 1.5 hr after endotoxin
infusion was not attributed to the lytic
effect known to be produced by corti-
costeroids (12), because significant depres-
sions in circulating lymphocytes occurred
0.5 hr following the noted increase in
plasma corticosteroid concentrations (Table
I). Most importantly, definitive studies by
this (13) and other laboratories (14)
clearly indicate that elevated plasma corti-
costeroid concentrations seen after adreno-
corticotropin (ACTH) stimulation occurs
within 15 min following ACTH administra-
tion and that significant depressions in the
percentage of circulating lymphocytes will
not occur until 2 hr post-ACTH injection.
Furthermore, the lymphopenia in response
to ACTH administration differs markedly
from that observed in response to endo-
toxin. Circulating lymphocyte concentra-
tions following ACTH administration tend
to remain unchanged, whereas the percen-
tage of lymphocytes relative to the total
leukocyte count is significantly depressed.
Such a response was termed “relative lym-
phopenia” by Smith and Merrill (15) who
also observed such changes following intra-
muscular administration of 250 TU ACTH
into mature dairy cows. Thus the decrease
in circulating lymphocytes during the first
4 hr following endotoxin infusion may be
attributed to either cell lysis as a result of
the immune response to endotoxin and/or
to their removal by mammary lymph nodes
(16).

Lymphocytes with unusual morphological
characteristics were found in peripheral
blood smears 24-120 hr following endo-
toxin infusion (Fig. 1). Some of these
lymphocytes contained an irregular nucleus
whose staining characteristics tended to be
more basophilic than normal (Fig. 1c),
while in others the nuclear chromatin mate-
rial was condensed into numerous nuclear
whirls (Fig. 1d).
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Plasma corticosteroid  concentrations
(P < 0.01) 2 hr following infusion, reached
a maximum at 4 hr, and returned to pre-
infusion concentrations at 12 hr (Table I).
The magnitude and duration of the plasma
corticosteroid response to endotoxin noted
between 2 and 12 hr was similar to that
observed folowing intravenous administra-
tion of 100 TU ACTH (13). The elevation
in plasma corticosteroids at 2 hr appeared
to have little effect at restoring equilibrium
in the number of total and differential cir-
culating leukocytes, since the concentration
of neutrophils and total leukocytes did not
increase until 6 hr after the noted elevation
in plasma corticosteroids. Thus it would
appear that immigration of neutrophils to
the mammary gland caused by endotoxin
infusion, overshadowed any neutrophil po-
tentiating effect characteristically associated
with corticosteroids.

Serum glucose determinations performed
on samples collected from one of the endo-
toxin-infused cows averaged 62, 72, 73,
140, 126, 95, 102, 75 and 70 mg % at
—-1,0,1, 4,5, 6, 8 and 10 hr postinfu-
sion, respectively. Peak serum glucose con-
centrations coincided with peak plasma
corticosteroid concentrations. Others (1)
observed 2-fold increases in serum glucose 5
hr following intramuscular infusion of endo-
toxin in cows, suggesting a cause-and-
effect relationship. Thus it would appear
that one of the major physiological effects
derived from elevated plasma corticosteroid
concentrations was not related to the neu-
trophil potentiating effect, but to its gluco-
neogenic effect. Further evidence supporting
this conclusion stems from the finding that
increased survival of mice given a lethal
injection of endotoxin and a therapeutic
dose of cortisone was related primarily to

Fic. 1. Abnormal cells commonly found in
peripheral blood smears following intramammary
infusion of E. coli endotoxin: (A) Neutrophil
showing evidence of delayed maturation; Wright’s
stain, X 1250; (B) neutrophil with bizarre nu-
clear pattern; Wright’s stain, X 1250; (C) lympho-
cyte with an irregular shaped nucleus; Wright’s
stain, X1250; (D) lymphocyte containing
numerous nuclear whirls (arrow).
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carbohydrate metabolism (3).

Summary. A mammary quarter in each
of 4 cows was infused with 0.5 mg E. coli
endotoxin to determine its effect on plasma
corticosteroids, circulating leukocytes and
milk somatic cells. At 1.5 hr following
endotoxin infusion, segmented neutrophils
decreased 23%, and by 5 hr dropped 93%.
A shift left in the differential circulating
leukocyte count began at 2.5 hr and reached
maximum proportions between 18-24 hr
postendotoxin infusion. Circulating lym-
phocytes, monocytes and cosinophils were
all depressed in response to endo-
toxin. Plasma corticosteroid concentrations
increased (P < 0.01) 2 hr following endo-
toxin infusion, reached maximum concen-
trations at 4 hr, then returned to prein-
fusion concentrations by 12 hr. The initial
decrease in circulating lymphocytes at 2.5
hr was not attributed to the lytic effect of
the plasma corticosteroids, since depressions
in circulating lymphocytes occurred too
soon (0.5 hr) after the increase in plasma
corticosteroids. The high plasma corti-
costeroid concentration appeared to have
little effect at restoring leukocyte equilib-
rium, since the concentration of neutrophils
and total leukocytes continued to decline
up to 4 hr past the initiation of the plasma
corticosteroid response. Serum glucose con-
centrations coincided with peak plasma
corticosteroid concentration and appeared
to be one of the primary physiological ef-
fects mediated by elevated plasma corti-
costeroid concentrations. Three hours fol-
lowing endotoxin infusion or 1.5 hr after
the noted depression in segmented neutro-
phils, the concentration of milk somatic
cells increased from 5.7 X 10* cells/ml
milk at O hr to 37.5 X 10* cells/ml. How-
ever swelling of infused quarters was de-
tected as early as 2 hr postinfusion and was
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attributed to diapedesis and lysis of neutro-
phils. Total milk somatic cell concentrations
reached maximum proportions at 18 hr,
averaging 54 X 10° cells/ml milk.

The authors thank Miss Barbara A. Becker,
Mr. D. Carroll, Mr. S. T. Kirk, and Mr. A. J.
Kral for their excellent technical assistance.

1. Carroll, E. J., Schalm, O. W., and Lasmanis,
J., Amer. J. Vet. Res. 25, 720 (1964).

2. Schalm, O. W., and Ziv-Silberman, G., Vet.
Rec. 27, 100 (1968).

3. Mills, L. C., Proc. Soc. Exp. Biol. Med.
138, 507 (1971).

4. Paape, M. J., Desjardins, C., Schultze,
W. D, and Smith, J. W., Amer, J. Vet. Res.
33, 1753 (1972).

5. Paape, M. J., and Guidry, A. J., J. Dairy
Sci. 52, 998 (1969).

6. Murphy, B. E. P., J. Clin. Endocrinol. 27,
973 (1967).

7. Levowitz, D., and Weber, M., J. Milk Food
Technol. 19, 121 (1956).

8. National Mastitis Council Subcommittee on
Screening Tests. J. Milk Food Technol. 31, 350
(1968).

9. Paape, M. J., Hafs, H. D.,, and Snyder,
W. W., J. Dairy Sci. 56, 1211 (1963).

10. Jain, N. C., Schalm, O. W., and Lasmanis,
J., Amer. J. Vet. Res. 30, 715 (1969).

11. Schalm, O. W., in “Veterinary Hema-
tology,” p. 231. Lea and Febiger, Philadelphia
(1967).

12. Dougherty, T. F., and White, A., Endo-
crinology 35, 1 (1944).

13. Paape, M. J., Desjardins, C., Guidry, A. J.,
Miller, R. H., and Smith, V. R., Amer. J. Anim.
Sci. 37, 323 (1973).

14. Wegner, T. N., and Scott, G. H., J. Dairy
Sci. 55, 1464 (1972).

15. Smith, V. R., and Merrill, W. G., J. Dairy
Sci. 37, 967 (1954).

16. Gupta, B. N., Langham, R, F., and Con-
ner, G. H.,, Amer. J. Vet. Res. 32, 1785 (1971).

Received Sept. 14, 1973. P.S.E.B.M,, 1974, Vol. 145.



