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Abstract. Production of inflammatory cytokines and concentrations of growth hor- 
mone and insulin-like growth factor-I (IGF-I) were studied during experimental Esche- 
richia coli mastitis to determine their potential involvement in reduced animal perfor- 
mance during infectious disease. During the first 10 to 14 hr after intramammary 
infusion of E. coli, bacteria multiplied to maximum levels of 104-109 cfu/ml of milk with 
no clinical signs of mastitis. A rapid and intense inflammatory response, character- 
ized by udder swelling, increased bovine serum albumin (BSA) and somatic cell count 
(SCC) in milk of infected glands, and elevated rectal temperature and serum cortisol 
concentration, began at approximately 12 hr after challenge. Lactational performance 
was reduced greatly at 24 hr, and the maximal decrease averaged 76% and 63% among 
infected and uninfected glands, respectively, of challenged cows; three cows became 
temporarily agalactic in all glands. By 6 days, all cows had nearly or completely 
eliminated the E. coli, and milk production had partially recovered. Milk composition 
showed an initial decrease in fat percentage followed by an increase thereafter. Pro- 
tein percentage was increased and lactose content was reduced during most of the 
mastitic episode. High concentrations of tumor necrosis factor (TNF) and interleukin-1 
(IL-1) were detected in milk of infected glands, and their appearance preceded or 
coincided with development of the mammary inflammation, systemic reaction, and 
hypogalactia. Serum growth hormone concentration was higher among challenged 
cows, whereas serum IGF-I concentrations changed little during the mastitic episode. 
Concentrations of IGF-I in milk whey increased from 5.0 to 12.2 ng/mi among infected 
glands and from 4.4 to 8.5 ng/ml among contralateral, uninfected glands; IGF binding 
proteins also increased in the milk of infected glands. These data demonstrate that (i) 
reduced lactational performance is not caused by reduced concentrations of growth 
hormone or IGF-I and (ii) inflammatory cytokines are produced at a time consistent 
with a possible role in the inhibition of milk synthesis. [P.S.E.B.M. 1995, Vol 2101 

nfectious disease among livestock effects large 
economic losses, estimated at several billion dol- I lars per year in the United States. A primary cost 

is the reduced productive performance among afflicted 
animals. Mastitis is one of the most intensively studied 
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livestock diseases and is the most costly disease of the 
dairy industry, with economic losses of approximately 
$2 billion in the United States annually (1). Costs as- 
sociated with mastitis include reduced milk production 
and milk quality, veterinary costs, culling of afflicted 
cows due to damaged or chronically infected mam- 
mary glands, and death of cows. For this disease, 
more than 60% of economic losses are due to lost milk 
production (1). Lack of knowledge about pathophysi- 
ological causes of reduced animal performance ham- 
pers attempts to minimize adverse effects of infectious 
disease, including subclinical infections. 

We have been studying the effects of mastitis on 
milk production of lactating dairy cows to gain a better 
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understanding of the effects of infectious disease on 
animal physiology and performance. Mastitis provides 
a useful model for these studies because samples of 
inflammatory fluid can be collected repeatedly and 
noninvasively from the infection site. In addition, field 
studies have established that severe episodes of mas- 
titis can readily cause temporary agalactia even in 
high-producing dairy cows, while subclinical mastitis 
also has an adverse effect on lactational performance 
(2, 3). 

In our previous research using endotoxin-induced 
mastitis as an experimental model, we showed that 
much of the hypogalactia results from a systemic 
pathophysiological effect of mammary inflammation 
(4-7). Hormones of the somatotropic axis play an im- 
portant galactopoietic role in ruminant lactation, and 
in addition, exogenous somatotropin partially corrects 
hypogalactia during Escherichia coli mastitis in cows 
(8). Therefore, hypogalactia during mastitis and per- 
haps other infectious diseases may be due to interfer- 
ence with the somatotropic axis. This hypothesis is 
supported by several other published observations. 
Cytokines are produced during bacterial infections and 
inflammation, and high concentrations of interleukin- 1 
(IL- 1) and IL-6 are found during endotoxin-induced 
mastitis, while large amounts of tumor necrosis factor 
(TNF) are produced during E. coli mastitis (9, 10). 
Cytokines and endotoxic reactions induce a number of 
effects on the hypothalamus, anterior pituitary, and 
liver, so interference with the somatotropic axis is pos- 
sible at many levels. Research in cattle has demon- 
strated suppressed plasma somatotropin concentra- 
tions following intravenous administration of endotox- 
in or recombinant bovine TNF (1 1). Subsequent work 
by these researchers showed a direct inhibitory effect 
of TNF on somatotropin release from the anterior pi- 
tuitary in vitro and the presence of TNF receptors in 
the pituitary (12). Together, these observations sug- 
gest that mastitic hypogalactia may result from inter- 
ruption of normal galactopoietic signals to the mam- 
mary gland, perhaps by cytokines. 

The objective of the present study was to expand 
upon these observations and gain a better understand- 
ing of pathophysiological causes of mastitic hypoga- 
lactia by characterizing changes in lactational perfor- 
mance, concentrations of somatotropic hormones, 
production of cytokines, and measures of inflamma- 
tion during experimental E. coli mastitis. 

Materials and Methods 
COWS. Holstein cows, between 1 month postpar- 

tum and 1 month before dry off, were clinically 
healthy, and all experimental mammary glands were 
free of bacterial infection prior to challenge. The ex- 
periment was conducted with nine cows challenged 
with E .  coli and four unchallenged, control cows in 

five separate trials. Within each challenged cow, one 
randomly selected gland was inoculated, while the 
contralateral gland was used as the within-cow control 
gland. The remaining two glands were not sampled. 
One randomly selected gland was sampled in each un- 
challenged, control cow. An intramammary infection 
did not develop in one challenged cow, so all data from 
this cow were excluded from the results. 

Cows were milked with a quarter milking machine 
twice daily throughout the experiment. A sample of 
bulk milk from individual glands was taken after milk- 
ing for compositional analysis. Sterile foremilk sam- 
ples ( 4 0  ml) for bacteriological analysis were taken 
prior to each milking as well as at 2-hr intervals during 
the first 18 hr after challenge and then at 6-hr intervals 
for the next 18 hr. A portion of this milk was also used 
for somatic cell count (SCC) analysis. Another portion 
of foremilk was ultracentrifuged (48,00Og, 40 min), and 
the whey was harvested and stored frozen ( - 20°C) for 
subsequent bovine serum albumin (BSA), cytokine, 
insulin-like growth factor-I (IGF-I), and IGF-binding 
protein analysis. Coccygeal blood samples were col- 
lected at the same times as the foremilk. Blood was 
allowed to clot at room temperature for 30 min and 
then refrigerated until serum was harvested by centrif- 
ugation for cortisol, cytokine, growth hormone, and 
IGF-I analyses. Blood and foremilk samples were col- 
lected more frequently early after challenge than at 
other times so that many of the parameters, which 
change rapidly during this time, could be followed 
more closely. 

Treatments. E .  coli MacDonald strain 487, a nat- 
ural mastitis isolate, was prepared for intramammary 
inoculation as described by Erskine et al. (13). Within 
2 days of an experiment, a fresh colony of E .  coli that 
had grown for 24 hr on blood agar was used to inocu- 
late 10 ml of Todd-Hewlett broth. This broth was cul- 
tured for 6 hr at 37°C and then refrigerated before di- 
lution-plating to determine bacterial concentration. 
Approximately 2 hr before infusion, the broth culture 
was diluted in pyrogen-free phosphate buffered saline 
to give 15 colony forming units (cfu)/ml. Challenged 
glands were infused with 2 ml(30 cfu) of diluted E .  coli 
following the morning milking. Control glands in both 
challenged cows were left untreated. 

Assays. Milk samples for SCC or compositional 
analyses were preserved with bronopol and analyzed 
electronically at a collaborating Dairy Herd Improve- 
ment laboratory. Samples with high cell numbers were 
diluted 1:lO in phosphate buffered saline before anal- 
ysis. Concentration of BSA in whey samples was mea- 
sured by enzyme immunoassay (14). Serum cortisol 
was measured with a radioimmunoassay kit as de- 
scribed by the manufacturer (Endocrine Sciences, 
Tarzana, CA). IL-1 and TNF concentration in whey 
and serum samples were measured as described (9). 
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Serum growth hormone was assayed as described (15). 
IGF-I was assayed after samples were acid/ethanol ex- 
tracted to remove interference from IGF-binding pro- 
teins (1 6). Radioimmunoassay was then performed us- 
ing polyclonal antibody as described (17). Western 
ligand blots of IGF-binding proteins were performed 
on milk as described (18). 

Statistical Analysis. Statistical comparisons be- 
tween treatments were made by comparing area of re- 
sponse curves and values of maximal response for 
each parameter. Between cow treatment comparisons 
were made using Student’s t test. Within cow treat- 
ment comparisons (i.e., infected glands versus contra- 
lateral, uninfected glands of the same cows) were 
made using paired t test. 

Results 
Bacterial Growth and Inflammatory Response. 

Following intramammary inoculation, E .  coli grew 
rapidly in milk with roughly a 10-fold increase every 2 
hr (Fig. 1). Bacteria grew uncontrolled for the first 
10-14 hr after challenge, when no clinical signs were 
apparent and no response was evident in any of the 
inflammatory parameters. Peak bacterial concentra- 
tion averaged 5.9 2 0.7 log10 cfu/ml (Table I). After 
the onset of the mastitic response at roughly 12 hr (see 
below), bacterial concentration decreased. Within in- 
dividual glands, changes in bacterial concentration 
were not always characterized by an initial maximum 
followed by a steady decrease; in most glands, the 
initial decline was followed by a partial relapse. How- 
ever, E .  coli were absent or present only in low num- 
bers in all challenged glands by the end of the exper- 
iment, 6 days after challenge. 

Udder swelling became apparent 10-14 hr after 
challenge and was the first clinical sign of mastitis. 
Concentrations of BSA in milk whey samples from 
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Figure 1. Bacterial numbers in foremilk samples during E. coli 
mastitis. One gland of each of eight cows was inoculated with E. 
coli immediately after milking (time = 0). Data are the geometric 
means. 

infected glands increased shortly after udder swelling 
began (Fig. 2). Concentrations were somewhat ele- 
vated at 12 hr in two infected glands, but by 14 hr most 
infected glands exhibited high concentrations of BSA. 
Peak BSA concentration and area of the response 
curve were significantly higher among infected glands 
compared to either contralateral, uninfected glands of 
the same cows or glands of control cows (Table I and 
11). Concentrations of BSA increased from a basal 
level of 0.2 mg/ml to 0.5 mg/ml among contralateral, 
uninfected glands of challenged cows, and peak BSA 
concentration among these glands was significantly 
higher than among control glands (Table I). Leukocyte 
numbers in milk, as  reflected by SCC, increased 
shortly after challenge (Fig. 2). However, this initial 
increase occurred in all glands regardless of infection 
status and probably resulted from normal variations in 
SCC between milkings. Leukocyte accumulation in 
milk in response to the intramammary infection did not 
appear until 16 hr after challenge when SCC of in- 
fected glands was first elevated relative to contralat- 
eral, uninfected and control glands. The peak SCC and 
the area under the response curve were significantly 
higher among infected glands compared with unin- 
fected and control glands (Table I and 11). The SCC in 
uninfected glands of challenged cows were not signif- 
icantly elevated compared with control glands. The 
increase in SCC among uninfected and control glands 
after 24 hr compared with SCC before challenge is 
unexplained. This increase does not seem to be caused 
by spontaneous intramammary infection as other indi- 
cators of mastitis (e.g., BSA concentration) remained 
normal. 

A systemic reaction occurred in association with 
the mastitic episode. Rectal temperatures increased 
2°C commencing 12-14 hr after challenge with a max- 
imum at 16 hr (Fig. 3). Similarly, serum cortisol con- 
centrations were markedly elevated with an average 
concentration of 94 ng/ml at 16 hr post-challenge (Fig. 
3). Maximum values and areas of the response curves 
for temperature and serum cortisol among challenged 
cows were significantly increased compared to control 
cows (Table I and 11). Other systemic clinical signs 
that were commonly observed in challenged cows at 
this time were lethargy and dyspnea. None of the cows 
became completely recumbent, and systemic signs had 
almost completely resolved by 24-30 hr. 

Lactational Performance. Milk production ini- 
tially averaged 12 kg/cow and 3 kglgland at each milk- 
ing. At 12 hr after intramammary inoculation, milk 
production was not significantly affected even though 
bacterial concentration exceeded lo5 cfu/ml within in- 
fected glands (Fig. 4). However, milk production by 
challenged cows decreased to low levels between 24 
and 60 hr after challenge with average minimums of 
only 24% and 37% of prechallenge production in in- 
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Table 1. Maximum Responses within Glands and Cows Following lntramammary 
Escherichia coli Challenge 

7 ~~ 

6 

5 

Infected U n i nfected Control 

-- 

-- 

E. coli (log10 cfu/ml) 
BSA (mg/ml) 
SCC (log10 cells/ml) 
Temperature ("C) 
Cortisol (ng/ml) 
Milk production ("/.) 
Fat at 24 hr (%) 
Fat after 24 hr (%) 
Protein (Yo) 
Lactose (%) 
TNF (U/ml) 
IL-1 (log10 nglml) 
Growth hormone (ng/ml) 
Serum IGF-I (ng/ml) 
Whey IGF-I (ng/ml) 

5.9 k 0.7 
10.9 k 1.6" 
7.0 k 0.1" 

41.0 2 0.3" 
110 k 21" 
24 k 11" 
2.2 k 0.4" 
5.6 k 0.7" 
5.0 k 0.5" 
2.0 k 0.6" 

5.09 k 2.85" 
1.23 k 0.29" 
12.3 k 2.0" 
120 k 5" 

13.8 k 1.6" 

NA 
0.6 f 0.2' 
6.1 f 0.2' 

37 k 13" 
3.5 k 0.4' 
5.9 k 0.6" 
4.4 k 0.3" 
3.5 2 0.4' 

NA 
NA 

0.65 k 0.36" 
0.05 f 0.09' 

NA 
NA 

10.0 2 1 .2' 

NA 
0.2 k 0.1" 
6.2 k 0.4' 

39.2 k 0.2' 
37 k 13' 
84 k 4' 
3.1 k 0.4* 
3.9 f 0.3' 
3.4 f 0.2' 
4.6 f 0.1' 

1.48 f 1 .15" 
0.18 k 0.15' 
5.4 f 1.6' 
128 f 8" 
5.1 k 1.3" 

Note. Data are the means * SEM for the maximum response to intramammary challenge with E. coli. Infected, challenged cows or 
the challenged gland of these cows as appropriate for the parameter; Uninfected, contralateral, uninfected gland of challenged cows; 
Control, unchallenged cows or glands of unchallenged cows; NA, not applicable. Values within the same row with the same 
superscript do not differ (P  > 0.05). 

fected and uninfected glands, respectively (Table I). 
The maximum decrease and the area of the response 
curve for both infected and uninfected glands were 
significant compared with controls (Table I and 11), 
and the decline as measured by area of the response 
curve was significantly greater among infected glands 
than among uninfected glands. Inhibition of milk pro- 
duction was related to intensity of the infection. Three 
cows became agalactic, and their bacterial counts 
were persistently above lo6 cfu/ml, whereas all other 
cows peaked between lo4 and lo6 cfu/ml. At the end of 
the experimental period, milk production was 66% and 
90% of normal in infected and contralateral, unin- 
fected glands, respectively. Three of four cows that 
had cleared the infection by the end of the experiment 
were producing milk at or above 90% of previous 
yield. The most severely affected cows were produc- 
ing milk at less than 60% of normal from infected 
glands and only 80% of normal from uninfected glands 
at the end of the experiment, even though bacterial 
numbers were less than 100 cfu/ml at this time. 

Like milk yield, milk composition was normal at 
12 hr after challenge, but was markedly altered by 24 
hr in both infected and uninfected glands of challenged 
cows. Fat percentage of milk declined significantly 
among infected glands at 24 hr (Fig. 4 and Table I and 
11). This decline was followed by an increase in fat 
percentage of milk from both infected and uninfected 
glands. Protein content of milk increased in infected 
and uninfected glands of challenged cows beginning 24 
hr after challenge (Fig. 5). Peak protein concentration 
was significantly greater for both infected and unin- 
fected glands compared with controls (Table I), and 
area of the response curve was greater for infected 
glands than for uninfected or control glands (Table 11). 

In contrast, lactose content of milk from infected 
glands decreased after challenge (Fig. 5). The magni- 
tude of this decrease and the area of the response 
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Figure 2. Concentration of BSA and SCC in foremilk samples 
during 15. coli mastitis. Infected glands were inoculated with E. 
coli immediately after milking (time = 0). Data are means from 
the infected and contralateral, uninfected gland of each of eight 
challenged cows and one gland of each of four unchallenged, 
control cows. 
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Table II. Area of the Curve for Responses within Glands and Cows Following lntramammary 
Escherichia coli Challenge 

Infected Un i nfected Control 

E. coli (log10 cfu hr/ml) 
BSA (mg - hr/ml) 
SCC (log10 cells - hr/ml) 
Temperature ("C - hr) 
Cortisol (ng . hr/ml) 
Milk production (Yo hr) 
Fat at 12-24 hr (% - hr) 
Fat at 36-84 hr (% - hr) 
Protein (Yo - hr) 
Lactose (% hr) 
TNF (U hr/ml) 
IL-1 (log10 ng hr/ml) 
Growth hormone (ng hr/ml) 
Serum IGF-I (ng . hr/ml) 
Whey IGF-I (ng . hr/ml) 

5.9 f 0.7 
394 f 1 13" 
175 f 38" 
12.9 * 3.5" 
958 f 354" 

-4670 2 900" 
-8.0 4.6" 
24.3 * 26.7"~' 
59.8 * 22.8" 

- 144.2 5 30.9" 
29.1 f 13.9' 

120 f 390" 

19.9 5 6.7" 
183 5 92" 

531 * 99" 

NA 
14.5 k 11 .3' 

86 * 28' 
NA 
NA 

-3000 f 880' 
0.1 2 3.6' 

49.1 * 14.0' 

4.1 f 2.7' 

17.2 ? 15.6' 
-43.2 f 18.8' 

-3.6 f 2.1' 
NA 
NA 

252 f 64' 

NA 
-1.9 ? 1.5* 
50 f 25' 

-4.4 f 3.8' 

-310 +- 420' 
231 * 159' 

0.5 f 2.5'.' 
8.3 f 2.7' 
5.6 f 3.3' 
2.0 * 3.4' 
5.9 f 6.7'1' 
2.2 2 3.1' 

-12 f 39" 
1270 * 560" 

-9  f 5 l C  

Note. Data are the means t SEM for the area of the response curve following intramammary challenge with E. coli. Infected, 
challenged cows or the challenged gland of these cows as appropriate for the parameter; Uninfected, contralateral, uninfected gland 
of challenged cows; Control, unchallenged cows or glands of unchallenged cows; NA, not applicable. Values within the same row 
with the same superscript do not differ (P  > 0.05). 

curve were significant compared with uninfected and 
control glands (Table I and 11). Lactose concentration 
tended to be lower among uninfected glands compared 
with controls, but this difference was not significant. 

Inflammatory Cytokines. Coincident with or 
preceding development of mammary inflammation, 
systemic reaction, and hypogalactia, elevated concen- 
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Figure 3. Rectal temperature and serum cortisol concentration 
of cows during E. coli mastitis. Infected cows were inoculated in 
one gland with E. coli immediately after milking (time = 0). Data 
are means from eight infected cows and four unchallenged, 
control cows. 
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Figure 4. Milk yield and fat content of bulk milk from individual 
glands during E. coli mastitis. Infected glands were inoculated 
with E. coli immediately after milking (time = 0). Data are means 
from the infected and contralateral uninfected gland of each of 
eight challenged cows and one gland of each of four unchal- 
lenged, control cows. 
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Figure 5. Protein and lactose content of bulk milk from individ- 
ual glands during E. coli mastitis. Infected glands were inocu- 
lated with E. coli immediately after milking (time = 0). Data are 
means from the infected and contralateral, uninfected gland of 
each challenged cow and one gland of each unchallenged, con- 
trol cow. Protein data are from eight challenged and four control 
cows, and lactose data are from six challenged and three con- 
trol cows. 

trations of TNF and IL-1 were detectable in milk whey 
from infected glands (Fig. 6). In contrast to changes in 
milk production, which occurred in both infected and 
uninfected glands of challenged cows, cytokine re- 
sponses were restricted to infected glands. The first 
cytokine to exhibit high concentrations in milk was 
TNF. Maximal concentrations of TNF were present in 
infected glands at 12-16 hr after challenge, and thus, 
coincided with onset of mammary inflammation. Be- 
cause of the variability of the TNF response among 
infected glands and the unexplainable TNF-like activ- 
ity in milk of some control cows at various times dur- 
ing the experiment, the only significant difference was 
the area of the TNF response curves between infected 
and contralateral, uninfected glands (Table I and 11). 
Increases in IL- 1 activity among infected glands began 
slightly after increases in TNF, and maximal concen- 
trations were reached later (Fig. 6). The area of the 
IL-1 response curve and the maximal IL-1 concentra- 
tion in infected glands were significant compared with 
uninfected and control glands (Table I and 11). Con- 
centrations of each cytokine were related to intensity 
of the infection; three of eight infected glands with the 

-e- Control - Uninfected - Infected 
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Figure 6. Tumor necrosis factor activity and interleukin-1 con- 
centrations of foremilk wheys at various times relative to intra- 
mammary inoculation with E. coli at time 0. Data are means from 
the infected and contralateral, uninfected gland of each of eight 
challenged cows and one gland of each of four unchallenged, 
control cows. 

lowest concentration of bacteria had little or no detect- 
able cytokine response, whereas glands with the high- 
est cytokine responses also had the most severe infec- 
tions. Serum samples were also analyzed for TNF and 
IL-1. Little or no activity was detectable in any of the 
samples, and no increase was observed in response to 
intramammary infection (data not shown). 

Galactopoietic Hormones. Serum growth hor- 
mone concentrations increased in challenged cows 
with maximal concentrations at 3 M 8  hr after chal- 
lenge (Fig. 7), coinciding with the time when milk pro- 
duction was minimal. Maximum growth hormone con- 
centration was significantly greater among infected 
cows compared with control cows (Table I), though 
areas of the response curves were not different (Table 
11). In contrast, serum IGF- 1 concentrations seemed 
unaffected during the mastitic episode (Fig. 7), and no 
difference was found between the two groups of cows 
(Table I and 11). 

Concentrations of IGF-1 in milk wheys increased 
in both infected and uninfected glands of challenged 
cows, with a significantly greater increase among in- 
fected glands (Fig. 8 and Table I and 11). The time 
course of these changes generally paralleled increases 
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Figure 7. Serum growth hormone and IGF-I concentration of 
cows during E. coli mastitis. Infected cows were inoculated in 
one gland with E. coli immediately after milking (time = 0). Data 
are means from eight infected cows and four unchallenged, 
control cows. 
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Figure 8. Concentration of IGF-I in whey from foremilk samples 
during E. coli mastitis. Infected glands were inoculated with E. 
coli immediately after milking (time = 0). Data are means from 
the infected and contralateral, uninfected gland of each of eight 
challenged cows and one gland of each of four unchallenged, 
control cows. 

in BSA concentrations and decreases in milk produc- 
tion, but the relative magnitude of the IGF-1 increase 
among uninfected glands was much greater than the 
increase in BSA. To follow up on these observations, 

ligand blot analyses were performed on some of these 
wheys to investigate possible changes in IGF-binding 
protein levels. Figure 9 shows a representative blot of 
the pronounced increase in binding protein that occurs 
in wheys from infected glands at 18 hr and, unlike BSA 
concentrations, remains elevated at 96 hr. The unin- 
fected glands within the same animals showed no ap- 
parent increase and were similar to blots conducted on 
whey from control cows (data not shown). 

Discussion 
These results corroborate previous studies of en- 

dotoxin-induced mastitis or experimental E .  coli mas- 
titis (4-7, 9, 13, 19, 20). Together, these studies dem- 
onstrate that inflammatory responses are limited pri- 
marily to infected glands. Udder swelling is one of the 
first clinical signs of mastitis, and this response is as- 
sociated with breakdown of the blood: milk permeabil- 
ity barrier as indicated by a coincident increase in BSA 
concentrations in milk. Leukocyte recruitment, sys- 
temic reaction, and hypogalactia seem to develop 
somewhat later. In contrast to the localized nature of 
mammary inflammation, reductions in milk produc- 
tion, though greatest in inflamed glands, are very 
marked in uninflamed glands as well. Thus, a signifi- 
cant component of the hypogalactic effect of mastitis 
is apparently mediated through a systemic pathophys- 
iologic effect. Lohuis et al. (20) have shown that the 
severity of systemic reaction is highly correlated to the 
degree of suppression of milk production. The normal 
level of milk yield at the first milking after challenge, 
when bacterial concentration is maximal, supports the 
hypothesis that milk production is inhibited as a con- 
sequence of inflammatory and systemic reactions, 
which developed later, rather than decreasing as a di- 
rect effect of the infection. The collective data show 
that hypogalactia during mild mastitic episodes is tem- 
porary, whether induced by low doses of endotoxin or 
E .  coli infections that do not achieve high bacterial 
numbers. 

Changes in milk composition are also consistent 
across these studies. An initial decline in fat percent- 
age of milk is followed by elevations shortly thereaf- 
ter. As described previously, these changes are attrib- 
utable to earlier and less prolonged inhibition of milk 
fat synthesis relative to synthesis of other milk com- 
ponents (5). Protein content of milk is increased during 
mastitis, while lactose content is reduced. Some of 
these changes are explained by mixing of milk and 
blood components as serum proteins diffuse into milk 
(e.g., BSA) and lactose escapes from the mammary 
gland into blood, from which it is excreted into urine 
(7) .  Reduced synthesis of these milk components also 
occurs as their yields decrease markedly even in un- 
infected glands where permeability changes are small. 

Study of galactopoietic hormones provided little 
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Hours 
Figure 9. Representative ligand blot of IGF-binding proteins (IGFBP). Wheys from the infected (top) and contralateral, uninfected 
(bottom) gland were collected at the indicated times after E. coli challenge. Analysis of the whey indicated the presence of three major 
IGFBP bands. By molecular weight and sequence on the blot, IGFBP-3 (first major band) and IGFBP-2 (second major band) are clearly 
observed. The molecular weight of the remaining ligand blot band suggests that this is IGFBP-4. The minor bands may be the result 
of protease activity of other IGFBP. This blot is representative of results from four infected glands, three contralateral, uninfected 
glands and two control glands that were analyzed. 

explanation for mastitic hypogalactia. Rather than de- 
creasing, serum growth hormone concentrations actu- 
ally increased, a result consistent with an earlier ob- 
servation (21). Despite this increase in serum growth 
hormone, serum IGF-I concentrations were un- 
changed. Previous research has demonstrated that 
growth hormone and IGF-I concentrations remained 
unchanged in serum during endotoxin-induced mastitis 
(22), this difference is probably due to the greater se- 
verity of E.  coli mastitis. Concentrations of IGF-I in- 
creased in milk whey of both infected and uninfected 
glands. This result agrees with an earlier observation 
that IGF-I increases in milk of endotoxin-infused 
glands (22). This increase can be partially explained by 
permeability changes, which would allow passive dif- 
fusion of IGF-I into milk from serum because of a 
concentration gradient that is nearly 25-fold higher in 
serum. Furthermore, this concept is supported by the 
lack of capacity of normal mammary epithelial cells to 
synthesize IGF-I (23). A concentrating effect of re- 
duced milk volume could also contribute to the in- 
crease in whey IGF-I concentration (e.g., the 50% de- 
crease in milk yield among uninfected glands could 
completely account for the 2-fold increase in IGF-I 
concentrations). This concentrating effect may be es- 

pecially important in uninfected glands where perme- 
ability changes were slight. Permeability changes were 
likely part of the cause of the increased IGF-binding 
protein in milk of the infected gland as well. However, 
this hypothesis does not explain our observation that 
IGF-binding proteins were obviously elevated well af- 
ter BSA levels had decreased toward normal levels. 
Another explanation may be increased synthesis of 
IGF-binding proteins, since mammary epithelial cells 
can synthesize and secrete IGF-binding proteins (24), 
and this synthesis is under regulatory control (18). 
Growth hormone concentrations have also been 
shown to increase in milk of E .  coli-infected glands 
(25). 

The significance of increases in galactopoietic hor- 
mone concentrations is unclear, but these increases 
probably would not contribute to hypogalactia. Their 
changes in milk seem to be an effect of mammary in- 
flammation and hypogalactia rather than a cause. 
Vandeputte-Van Messom et al. (21) likened the in- 
creased serum growth hormone concentration during 
E .  coli mastitis to that which occurs during endotox- 
emia and suggested that activation of the sympathetic 
nervous system may be the effector. No decrease in 
concentration of either growth hormone or IGF-I was 
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observed, so it seems unlikely that inhibited secretion 
of these hormones is a contributor to mastitic hypoga- 
lactia. However, growth hormone is normally secreted 
in a pulsatile manner (26). The present experiment has 
not ruled out the possibility that growth hormone 
pulses may have been interrupted, which might con- 
tribute to reduced lactational performance. 

In this study, TNF and IL-1 were produced before 
or coincident with onset of systemic reactions and hy- 
pogalactia, consistent with our earlier demonstration 
of IL- 1 production during endotoxin-induced mastitis 
(9). Sordillo and Peel (10) also demonstrated TNF pro- 
duction during E. coli mastitis and observed a corre- 
lation between TNF concentration and severity of 
mastitis; serum TNF was also detected in severely af- 
flicted cows. In separate experiments, we also ob- 
served TNF in serum of cows with more severe E. coli 
mastitis (unpublished observations). Failure to detect 
cytokines in serum during the experiment reported 
here seems more likely a result of rapid clearance and 
inadequate assay sensitivity, than the actual absence 
of the cytokines in serum. 

Several studies have demonstrated that inflamma- 
tory cytokines can elicit systemic reactions character- 
istic of coliform mastitis (27-29). Thus, cytokines may 
directly or indirectly mediate the systemic reaction 
and hypogalactia during mastitis. IL-1 and TNF are 
known to directly inhibit anabolic metabolism and 
stimulate catabolic reactions in many tissues, and 
these effects are thought to cause at least some of 
the decrease in growth performance during infectious 
disease (see comprehensive review by Klasing and 
Johnstone [30]). Thus, these cytokines may also di- 
rectly alter metabolic activity of mammary tissue to 
reduce milk synthesis. In support of this hypothesis, 
Rejman et al. (31) demonstrated that recombinant bo- 
vine IL-lP inhibited proliferation of the bovine mam- 
mary epithelial cell line, MAC-T, in vitro. A direct 
hypogalactic effect of cytokines could explain the 
greater inhibition of milk synthesis among infected 
glands, compared with uninfected glands of the same 
cow. Cytokines are produced locally within mastitic 
glands and are present in high concentrations, where- 
as nonmastitic glands would only be exposed to the 
low concentration of cytokines absorbed into the 
circulation. 

This experiment demonstrates that IL-1 and TNF 
are produced before or coincident with development 
of mammary inflammation, systemic reaction, and hy- 
pogalactia, and probably mediate these responses ei- 
ther directly or indirectly. Reduced lactational perfor- 
mance is not caused by inhibited secretion of hor- 
mones of the somatotropic axis, because serum 
growth hormone and whey IGF-I concentrations actu- 
ally increased during E. coli mastitis in spite of marked 
hypogalact ia. 

Note added to proof: Cohick recently demonstrated 
that incubation of inflammatory cytokines with the 
bovine mammary epithelial cell line, MAC-T, in- 
creases synthesis of IGF-binding proteins (Cohick 
WS. Regulation of insulin-like growth factor binding 
protein synthesis in bovine mammary epithelial cells. J 
Dairy Sci 78 (suppl. 1):261, 1995). This observation and 
our finding that synthesis of IGF-binding proteins is 
increased in the infected mammary gland, where con- 
centrations of inflammatory cytokines are high, sug- 
gests a causal association between local cytokine pro- 
duction and increased levels of IGF-binding proteins 
in the milk of mastitic glands. 
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