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ABSTRACT

Feeding high-grain diets increases the risk of subacute 
rumen acidosis (SARA) and adversely affects rumen 
health. This condition might impair the responsiveness 
of cows when they are exposed to external infectious 
stimuli such as lipopolysaccharide (LPS). The main ob-
jective of this study was to evaluate various responses 
to intramammary LPS infusion in healthy dairy cows 
and those experimentally subjected to SARA. Eigh-
teen early-lactating Simmental cows were subjected 
to SARA (n = 12) or control (CON; n = 6) feeding 
conditions. Cows of the control group received a diet 
containing 40% concentrates (DM basis) throughout 
the experiment. The intermittent SARA feeding regi-
men consisted in feeding the cows a ration with 60% 
concentrate (DM basis) for 32 d, consisting of a first 
SARA induction for 8 d, switched to the CON diet 
for 7 d, and re-induction during the last 17 d. On d 
30 of the experiment, 6 SARA (SARA-LPS) and 6 
CON (CON-LPS) cows were intramammary challenged 
once with a single dose of 50 μg of LPS from Esch-
erichia coli (O26:B6), whereas the other 6 SARA cows 
(SARA-PLA) received 10 mL of sterile saline solution 
as placebo. To confirm the induction of SARA, the re-
ticular pH was continuously monitored via wireless pH 
probes. The DMI remained unchanged between SARA 
and CON cows during the feeding experiment, but was 
reduced in both treatment groups receiving the LPS 
infusion compared with SARA-PLA, whereby a signifi-
cant decline was observed for cows of the SARA-LPS 
treatment (−38%) compared with CON-LPS (−19%). 
The LPS infusion did not affect the reticuloruminal 
pH dynamics, but significantly enhanced ruminal 
temperature and negatively affected chewing behavior. 
The ruminal temperature increased after the LPS infu-
sion and peaked about 1 h earlier in SARA-LPS cows 

compared with the cows of the CON-LPS treatment. 
Moreover, a significant decline in milk yield was found 
in SARA-LPS compared with CON-LPS following the 
LPS infusion. Cows receiving LPS had elevated somatic 
cell counts, protein, and fat contents in milk as well as 
decreased lactose contents and pH following the LPS 
infusion, whereby the changes in milk constituents were 
more pronounced in SARA-LPS than CON-LPS cows. 
Rectal temperature and pulse rate were highest 6 h 
after LPS infusion, but rumen contractions were not 
affected by the LPS infusion. The data suggest that a 
single intramammary LPS infusion induced fever and 
negatively affected feed intake, chewing activity, rectal 
temperature, and milk yield and composition, whereby 
these effects were more pronounced in SARA cows.
Key words: dairy cow, Escherichia coli 
lipopolysaccharide, subacute ruminal acidosis, fever

INTRODUCTION

Dairy cows are typically fed energy-dense diets rich 
in highly digestible nonstructural carbohydrates to 
fulfill their high energy requirements. This type of feed-
ing impairs chewing behavior and most importantly 
leads to accumulation of large amounts of VFA in the 
rumen fluid (Kleen and Cannizzo, 2012). Ruminants 
need long chewing periods, whereby impaired chewing 
activity hampers rumen buffering, which, together with 
the accumulation of large amounts of VFA, lowers ru-
minal pH, thus increasing the risk of SARA (Kleen et 
al., 2003; Hernández et al., 2014). Subacute ruminal 
acidosis is a prevalent health concern, particularly in 
cows during early lactation, and causes major economic 
losses to the dairy industry (Garrett et al., 1997; Plai-
zier et al., 2008). The severity and duration of SARA 
conditions are particularly relevant for rumen health 
(Khafipour et al., 2009; Schwaiger et al., 2013). Recent 
research of our team observed that intermittent SARA 
conditions are stronger than persistent SARA condi-
tions, likely because the rumen and its microbiota have 
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less chance to adapt and the VFA are less absorbed 
across the reticulorumen wall (Pourazad et al., 2016; 
Qumar et al., 2016; Wetzels et al., 2016). The latter is 
a major concern, as VFA absorption is essential for the 
regulation of the intraruminal pH and the alleviation of 
SARA conditions (Aschenbach et al., 2011; Schwaiger 
et al., 2013).

The rumen plays an important role not only in sup-
plying energy and nutrients, but also in modulating the 
overall health of the cow (Zebeli and Metzler-Zebeli, 
2012). The SARA has been associated with the initia-
tion of a chain of metabolic and microbial alterations 
and dysbiosis in the rumen (Khafipour et al., 2009; 
Steele et al., 2011), which are implicated in multiple 
metabolic health disorders in dairy cows. For example, 
research has shown that cows experiencing SARA are 
more susceptible to laminitis (Nocek, 1997), metabolic 
disturbances and inflammation (Plaizier et al., 2008; 
Zebeli et al., 2011), milk fat depression syndrome 
(Zebeli and Ametaj, 2009; Dong et al., 2014), liver 
abscesses and displaced abomasum, and that these 
cows suffer often from off-feed and ketosis (Kleen et al., 
2003; Plaizier et al., 2008; Zebeli et al., 2015). Thus, 
cows experiencing SARA might be more susceptible 
to external infectious stimuli such as those occurring 
during acute mastitis challenge compared with cows 
that did not experience SARA conditions. However, 
the responses in feed intake, chewing behavior, rumen, 
milk, and clinical variables in cows experiencing SARA 
conditions to an acute mastitis challenges have not 
been yet investigated. An accurate model of naturally 
occurring acute gram-negative mastitis in dairy cows is 
the experimentally induced single intramammary LPS 
challenge (Brooker et al., 1981; Shuster et al., 1993).

We hypothesized that cows subjected to an intermit-
tent and long-term SARA feeding regimen (Pourazad et 
al., 2016) and exposed to a single intramammary LPS 
challenge have lower feed intake, impaired chewing be-
havior and milk yield, and a stronger response in clini-
cal variables compared with a control group that was 
not subjected to SARA conditions. This study aimed 
to investigate the effects of a single intramammary 
LPS infusion on DMI, chewing activity, rumen pH, and 
temperature as well as milk variables, and other health 
parameters such as rectal temperature, pulse rate, and 
rumen contractions in dairy cows experiencing inter-
mittently induced SARA conditions or not.

MATERIALS AND METHODS

Animal, Experimental Design, and Diets

The experimental procedures were approved by the 
Institutional Ethics Committee of the University of Vet-
erinary Medicine Vienna (Vetmeduni Vienna) and the 

National Authority of Austria according to §26 of the 
Law for Animal Experiments, Tierversuchsgesetz 2012-
TVG (GZ BMWFW-68.205/0096-WF/V/3b/2015).

The experiment was conducted at the Dairy Re-
search Station of the University of Veterinary Medi-
cine Vienna (Pottenstein, Austria). A total of 18 early 
lactating Simmental cows (712.3 ± 101.3 kg of BW; 
66.6 ± 20.4 DIM; 8 primiparous and 10 multiparous) 
without a history of mastitis and with a SCC of less 
than 200,000 cells/mL in all quarters were enrolled in 
this study. The cows were blocked by DIM and lacta-
tion number and assigned to 2 different feeding groups: 
control (CON; n = 6) and SARA (n = 12). Cows of 
the CON group received the same diet throughout the 
experiment, consisting of a TMR that contained 27% 
concentrates (DM basis), whereby these cows had addi-
tional access to a concentrate mixture for dairy cows at 
a maximum allowance of 4 kg per cow and day (Table 
1), reaching an overall concentrate level of approxi-
mately 40% of the total daily DMI. The SARA feeding 
regimen was an intermittent concentrate-rich feeding 
challenge, as adapted from Pourazad et al. (2016). This 
feeding challenge consisted of feeding cows a TMR with 
60% concentrate (Table 1) for 8 d (SARA 1), switched 
for 7 d (SARA break) to the same feeding manage-
ment as the CON cows, and subsequently stepped up 
to the 60% concentrate-TMR for the last 17 d of the 
experiment, whereby the first and the second week of 
this time were denoted as SARA 2 and SARA 3, 
respectively, and the remaining 3 d were the intramam-
mary LPS challenge.

Fresh TMR were mixed daily using a feeding and 
mixing robot (Triomatic T15, Trioliet Feeding Tech-
nology, Oldenzaal, the Netherlands) and offered twice 
a day (0800 and 1500 h) to the cows in individual 
electronically regulated feeding troughs (Insentec B.V., 
Marknesse, the Netherlands). The TMR were available 
ad libitum, and feed refusals, reaching between 5 and 
10% of the offered feed, were removed before offering 
the fresh feed in the morning. Also, the daily concen-
trate allowances for cows of the CON group and of the 
SARA group during the 7-d SARA break were sup-
plied twice, at 1000 and 1600 h, in separate automatic 
feeding troughs (Insentec B.V.), based on the profile of 
reticuloruminal pH. This separate and controlled access 
to concentrate ensured that the respective cows did not 
experience SARA while meeting their requirements of 
energy and nutrients. The concentrate refusals were 
also removed before offering the fresh concentrate in 
the morning of the next day. The amount of feeds con-
sumed daily was recorded electronically by the feeding 
troughs.

Diets were formulated according to GfE (2001) 
guidelines to meet or exceed the energy and nutrient 
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requirements of 700 kg cows producing 35 kg of milk/d 
with 4.0% fat and 3.4% protein. The cows had free 
access to water throughout the trial.

Reticuloruminal pH and Temperature and Monitoring 
of SARA Conditions

Reticuloruminal pH and temperature were measured 
continuously throughout the experiment using wire-
less bolus sensors (Smaxtec Animal Care Sales GmbH, 
Graz, Austria). By using an applicator, these validated 
bolus sensors (Klevenhusen et al., 2014) were manually 
administered via the esophagus into the reticulorumen. 
Prior to their use, the boli were calibrated using a buffer 
solution at pH 7.0 following the company instructions 
and were registered to the computer software device 
afterward. A wireless antenna was installed in the free 

stall to communicate with the sensors. Both tempera-
ture and pH data were received every 10 min from the 
wireless antenna. Mean pH values as well as the total 
time of pH below a threshold of 6.0 were calculated 
throughout the entire experiment. Besides the diurnal 
temperature dynamics, also the mean, minimum, and 
maximum temperature as well as the total time and 
area of temperature above a threshold of 39.5°C were 
calculated. As the boli are located in the reticulum 
within 24 h after administration and reticular pH read-
ings are on average 0.24 units higher than ruminal pH 
readings (Falk et al., 2016), the criterion for the occur-
rence of SARA conditions in this study was a reticulo-
ruminal pH below 6.0 for at least 5 to 6 h/d as recently 
adapted to Zebeli et al. (2008) in a validation study 
conducted by V. Neubauer, E. Humer, I. Kroeger, T. 
Braid, M. Wagner, and Q. Zebeli (Institute of Animal 
Nutrition and Functional Compounds, Vetmeduni Vi-
enna, Austria).

Intramammary LPS Infusion

The intramammary LPS infusion occurred on d 
30 of the experiment, 3 h after the morning milking. 
Cows were restrained shortly before the infusion, and 
the teats were cleaned with cotton wool dipped in 70% 
ethanol (Prima, Spillern, Austria). Thereafter, half 
of the SARA cows (SARA-LPS) and all CON cows 
(CON-LPS) received a direct injection of 50 μg LPS 
from Escherichia coli (O26:B6; Sigma-Aldrich Inc., St. 
Louis, MO), diluted in 10 mL of sterile NaCl solution 
(B. Braun, Melsungen, Germany) into the left front 
quarter using a sterile plastic syringe (BOVIVET Pat-
teansats, Langeskov, Denmark) and wearing sterile 
gloves. The remaining 6 SARA cows (SARA-PLA) 
received 10 mL of a sterile NaCl solution as a placebo.

Chewing Activity

The chewing activity was recorded using wireless 
chewing halters (RumiWatch System, Forschun-
gsanstalt Agroscope Reckenholz-Tänikon, Ettenhausen, 
Switzerland; ITIN + HOCH GmbH, Fütterungstechnik, 
Liestal, Switzerland) the day before, as well as during 
LPS challenge and the following 12 h. The RumiWatch 
halter, consisting of a noseband sensor with a liquid-
filled tube, a pressure tube, a pressure sensor, and a 
connection cable, recorded the jaw movements of the 
cows. The raw data were calculated every 1/10 s and 
saved on a micro SD card attached to the RumiWatch 
halter. By using the USB reader antenna, the raw data 
were transferred to the software RumiWatch manager 
using a wireless system. Furthermore, the data were 
processed using the software RumiWatch. All measured 

Table 1. Ingredients and nutrient composition of the control and 
SARA diets

Item Control SARA

Ingredient (% of DM)   
 Grass silage 58.0 31.0
 Hay 15.0 9.0
 Grain mix1 23.0 14.0
 Protein supplement2 4.0 0
 Concentrate mixture3 0 46.0
Chemical composition (% of DM)   
 DM 42.4 51.7
 OM 91.4 91.9
 CP 16.6 17.0
 Ether extract 2.0 1.8
 ADF 26.8 20.5
 NDF 40.9 33.5
 NFC4 31.8 39.6
NEL (MJ/kg of DM) 6.66 7.44
1Contained 50% corn, 47% wheat, and 3% mineral and vitamin premix 
and consisted of (DM basis): 96.7% OM, 11.9% CP, 3.2% ether ex-
tract, 14.4% NDF, 67.2% NFC, 8.17 MJ of NEL, 2.5 g of calcium, 5.45 
g of phosphorus, 7.05 g of sodium, 3.18 g of magnesium, 33,975 IU of 
vitamin A, 5,097 IU of vitamin D, and 136 mg of vitamin E.
2Contained 60% rapeseed meal, 21.5% dried distillers grains with sol-
ubles, 8% soybean meal, 3% rye bran, 2.9% sugar beet molasses, 2.6% 
urea, and 2% mineral and vitamin premix and consisted of (DM basis): 
92.0% OM, 45.5% CP, 3.4% ether extract, 28.9% NDF, 13.9% NFC, 
7.61 MJ of NEL, 10.23 g of calcium, 10.23 g of phosphorus, 3.41 g of 
sodium, 5.68 g of magnesium, 18 mg of copper, 80 mg of zinc, 45 mg of 
manganese, 1 mg of selenium, 0.6 mg of cobalt, 4 mg of iodine, 18,182 
IU of vitamin A, 1,818 IU of vitamin D3, and 34 mg of vitamin E.
3Contained 63% barley, 18% soybean meal, 9.4% rapeseed meal, 5.9% 
beet pulp, 2.0% mineral premix (contained 1.13% calcium, 0.91% 
phosphorus, 0.26% sodium, 0.50% magnesium, 13,683 IU of vitamin 
A, 1,824 IU of vitamin D, 46 mg of vitamin E, 91 mg of iron, 114 mg 
of manganese, 68 mg of zinc, and 17 mg of copper), 1.15% calcium 
carbonate, 0.1% salt, 0.5% monocalcium phosphate, and consisted of 
(DM basis): 93.1% OM, 20.8% CP, 2.28% ether extract, 8.92% ADF, 
19% NDF, 51% NFC, 8.62 MJ of NEL. The concentrate mixture was 
also offered to the control cows separately at maximum of 4 kg per 
cow and day to reach a level of approximately 40% concentrate of the 
total DMI.
4NFC = [100 – (CP + NDF + ash + ether extract)].
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data were used to compute the time spent eating and 
ruminating, as well as the total chewing time, the 
number of boli, the chews per bolus, as well as the 
chews per minute following the procedures described by 
Zehner et al. (2012).

Clinical Health Parameters

To monitor the clinical status of the cows, rectal 
temperature, pulse rate, and rumen contractions were 
measured shortly before, as well as 2, 4, 6, 8, 12, 24, 
36, and 48 h after the infusion of LPS. Rectal tempera-
ture was measured using a rectal thermometer (Henry 
Schein Medical, Vienna, Austria) and pulse rate and 
rumen contractions were measured using a stethoscope.

Feed Sampling and Chemical Analyses

Feed and feed refusal samples were collected once 
a week for proximate analysis. All analyses were con-
ducted in duplicate according to the German Handbook 
of Agricultural Experimental and Analytical Methods 
(VDLUFA, 2012). Prior to analyses, the samples were 
dried at 65°C for 48 h and ground to pass a 0.5-mm 
screen afterward (Retsch, Haan, Germany). The DM 
was determined by drying in an oven at 100°C for 24 
h. Ash was analyzed using muffle furnace at a tem-
perature of 580°C overnight. The CP content was deter-
mined using the Kjeldahl method and ether extract was 
assayed using Soxhlet extraction. The NDF and ADF 
were analyzed following Van Soest et al. (1991), with 
heat stable α-amylase in the NDF procedure and both 
fiber fractions were expressed exclusive of residual ash. 
The NFC were computed as NFC = 100 – (CP + NDF 
+ ash + ether extract). The content of NEL in feeds 
was estimated according to GfE (2001).

Milk Data

The cows were milked twice daily, at 0730 and 1730 
h, in a tandem milking parlor. Milk yields were noted 
automatically using an electronic machine recorder 
(DeLaval Corp., Tumba, Sweden). From d 30 to 32 fore-
milk samples were manually taken from the left front 
quarter during the morning and afternoon milking and 
analyzed separately for SCC, protein, fat, lactose, urea, 
and pH by Combifoss (Foss, Hillerød, Denmark). Also, 
before enrolling in the experiment as well as before and 
after the LPS challenge, the SCC was analyzed. Ad-
ditionally, udder health was monitored using the Cali-
fornia Mastitis Test (SCC <200,000; DeLaval Corp.) at 
the start of the experiment and following LPS infusion 
to detect clinical mastitis.

Statistical Analyses

The data were evaluated by ANOVA using the 
MIXED procedure of SAS (version 9.2, SAS Institute 
Inc., Cary, NC). For each variable tested, the model in-
cluded the fixed effects of time (i.e., day, hour, minute, 
or time interval) and group (CON, SARA) or treatment 
(CON-LPS, SARA-LPS, SARA-PLA), respectively, as 
well as the interaction time × group/treatment. The 
measurements carried out on the day before LPS in-
fusions were considered as covariate in the statistical 
analysis to obtain the effects of the LPS infusion per se. 
The individual cows were considered as random effects. 
The data obtained on the same cow but at different 
times were considered as repeated measurements with 
a first order autoregressive variance-covariance matrix. 
The pdiff option was used for each LSM comparison. 
Furthermore, for assessing the overall effect of the LPS 
infusion, an orthogonal contrast involving the average 
of the 2 LPS treatments versus PLA was tested. Dif-
ferences among LSM with P < 0.05 were considered 
as representing significant differences, and differences 
among LSM with 0.05 ≤ P < 0.10 were accepted as 
representing tendencies.

RESULTS

Feed Intake and Reticuloruminal pH  
Before LPS Infusion

Data of total DMI and differences in reticuloruminal 
pH between CON and SARA cows, measured before 
the LPS challenge, are shown in Table 2. Data were 
summarized between both SARA groups (SARA-LPS 
and SARA-PLA) as no differences in all variables were 
observed between the SARA cows that underwent LPS 
or PLA infusion later. Data showed that the DMI of 
cows did not differ between the different feeding groups 
(SARA vs. CON; P = 0.63), but increased in the SARA 
group after the first SARA challenge (P < 0.05).

The different feeding regimens affected the reticulo-
ruminal pH readings in CON versus SARA cows dur-
ing the high-grain feeding times (SARA 1–3) but not 
during the SARA break, where they were fed the same 
diet (Table 2). Lower mean pH values were observed 
in SARA cows compared with CON cows during all 
SARA challenge times (P < 0.01). More specifically, 
during the SARA 1, which represents the first week of 
feeding 60% concentrate, mean reticuloruminal pH and 
time duration of pH < 6.0 were 6.07 and 571 min/d, 
respectively, in the SARA group. During the SARA 
2 and 3, which corresponded to wk 1 and 2 after the 
1-wk SARA break, the mean pH values of SARA cows 
were 6.14 and 6.17, respectively, thus being higher com-
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pared with the first SARA challenge (P < 0.01). In 
agreement, compared with SARA 1, cows of the SARA 
group spent less time below pH 6.0 in SARA 2 and 3 
(on average 404 and 355 min/d, respectively, P < 0.05). 
Nevertheless, the mean reticuloruminal pH was lower, 
as well as the time duration of pH < 6.0 was extended 
compared with CON cows during all SARA challenge 
times. More specifically, the CON cows had an average 
pH of 6.28 and spent 137 min/d below pH 6.0 through-
out the entire feeding time before LPS infusion.

Feed Intake and Chewing Activity Relative  
to LPS Infusion

As shown in Figure 1a, DMI related to metabolic BW 
(BW0.75) across the first 12 h after the LPS infusion was 
reduced in cows receiving the LPS compared with PLA 
(−19% in cows of treatment CON-LPS and −38% in 
cows of treatment SARA-LPS compared with SARA-
PLA; P < 0.01). As revealed by an interaction between 
treatment and time (P = 0.04), the DMI suppression 
was more pronounced in the SARA-LPS treatment as 
compared with the CON-LPS treatment during the 
first 8 h (P < 0.01, Figure 1a).

Figure 1b shows the time spent eating after the LPS/
PLA infusion. A trend toward an interaction between 
treatment and time (P = 0.07) demonstrates a shorter 
time spent eating in SARA-LPS compared with CON-
LPS during the first 4 h after the LPS infusion (P = 
0.04), whereas the differences diminished thereafter. 
However, both treatment groups receiving LPS lowered 

the eating time similarly from 4 to 12 h after the LPS 
infusion compared with SARA-PLA (P < 0.05). The 
time spent ruminating was also reduced by about 35% 
in cows receiving LPS compared with PLA (P = 0.01), 
and the decline was especially pronounced 4 to 8 h 
after LPS infusion (P < 0.01, Figure 1c). In agreement, 
the total chewing time was negatively affected by the 
LPS infusion (P < 0.01, Figure 1d). An interaction 
between time and treatment (P < 0.01) revealed that 
SARA-LPS cows responded with a significant decline 
in the chewing activity almost the first 4 h after the 
LPS infusion (P = 0.07), whereas the chewing activity 
of the CON-LPS cows was only affected thereafter (P < 
0.05). In total, cows of the SARA-LPS treatment spent 
the shortest time with chewing (97 min) during the 
first 12 h after the LPS infusion, which was especially 
pronounced compared with SARA-PLA (153 min, P < 
0.01), but also tendentially lower compared with CON-
LPS (118 min, P = 0.06). In accordance to the time 
spent ruminating, fewer boli were rejected from the 
LPS-challenged cows (P = 0.02, Figure 2a), and they 
differed especially during the interval 4 to 8 h after in-
fusion (P < 0.01). Also, a difference was noticed for the 
chews per bolus among treatments (P < 0.01, Figure 
2b), showing lowest numbers in SARA-LPS with on 
average 28 chews compared with 42 in CON-LPS and 
50 in SARA-PLA (P < 0.05). The chews per minute 
are presented in Figure 2c, demonstrating a significant 
decline in cows of the SARA-LPS treatment (on aver-
age 31) compared with CON-LPS (53) and SARA-PLA 
(52; P ≤ 0.01).

Table 2. The DMI and reticuloruminal pH in dairy cows experiencing (n = 12) or not (n = 6) SARA conditions1

Item

Group

SEM

P-value2

CON SARA Group Time Time × group

Total DMI (kg/d)   0.83 0.63 0.24 0.36
 SARA 1 20.5 19.5B     
 SARA break 21.1 21.1AB     
 SARA 2 21.0 21.5A     
 SARA 3 20.3 21.6A     
Mean pH   0.03 <0.01 <0.01 0.07
 SARA 1 6.22a 6.07b,C     
 SARA break 6.31 6.27A     
 SARA 2 6.30a 6.14b,B     
 SARA 3 6.30a 6.17b,B     
Time pH <6.0 (min/d)   71.64 <0.01 <0.01 0.36
 SARA 1 264b 571a,A     
 SARA break 101 219C     
 SARA 2 96b 404a,B     
 SARA 3 89b 355a,BC     
a,bDifferent superscripts indicate differences among LSM of the same row at P < 0.05.
A–CDifferent superscripts indicate differences among LSM of the same column at P < 0.05.
1The SARA feeding protocol consisted of feeding cows 60% concentrates for 8 d (SARA 1), followed by 7 d with the control (CON) diet (SARA 
break) and finally of 14 d of 60% concentrates (the first 7 d were considered as SARA 2, whereas the last 7 d were denoted as SARA 3). The 
CON feeding was approximately 40% concentrates throughout the trial.
2Effect of feeding treatment (group), time, interactive effect of group and time (group × time).
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Reticuloruminal pH and Temperature Relative  
to LPS Infusion

The effect of experimentally LPS-induced mastitis 
on reticuloruminal pH during the first 12 h after the 
LPS administration is demonstrated in Figure 3a. The 
LPS infusion did not affect the reticuloruminal pH dy-
namics (P = 0.23). In addition, the mean pH as well 
as the time spent below 6.0 did not differ among the 
treatments (Table 3). In contrast, the intramammary 
LPS injection affected the reticuloruminal temperature 
dynamics, showing a significant increase from 4 h after 
the infusion onward (P < 0.01; Figure 3b). Whereas 
the maximum ruminal temperature in SARA-LPS was 
reached 6.6 h after infusion and also declined earlier, 

the response of the cows of CON-LPS in terms of the 
temperature change was postponed by about 1 h. The 
analyses of the reticuloruminal temperature per time 
interval after LPS infusion are summarized in Table 
3. Whereas no difference in the mean temperature 
was found among treatments during the first 4 h, a 
significant increase in both LPS treatment groups 
was shown thereafter (P < 0.01). Following the aver-
age temperature data, the maximum temperature was 
also higher in cows treated with LPS than PLA (P < 
0.01). Nevertheless, an interaction between treatment 
and time (P < 0.01) demonstrated that the maximum 
temperature reached higher values from 8 to 12 h after 
LPS infusion in CON-LPS cows compared with their 
SARA-LPS counterparts (P = 0.01). Additionally, the 

Figure 1. Dry matter intake related to metabolic BW (BW0.75; a), time spent eating (b), time spent ruminating (c), and total chewing time 
(d) in lactating cows fed a control diet and receiving a LPS infusion (CON-LPS; open bars) or a SARA diet and receiving either a LPS (SARA-
LPS; black bars) or placebo infusion (SARA-PLA; gray bars) during 3 different time intervals (0–4, 4–8, and 8–12 h after LPS/PLA infusion). 
Data are shown as LSM ± SEM. Statistically significant differences between groups and within a timepoint are indicated by different letters 
(P < 0.05).
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time and area (temperature × time) of the temperature 
>39.5°C increased from 4 to 12 h after the LPS infu-
sion in both LPS treatment groups (P = 0.01), but 
remained without differences between CON-LPS and 
SARA-LPS.

Pulse Rate, Rectal Temperature, and Rumen 
Contractions Relative to LPS Infusion

A significant increase in the rectal temperature 
after the LPS infusion was observed in cows receiv-

Figure 2. Number of boli (a), chews per bolus (b), and chews per minute (c) in lactating cows fed a control diet and receiving a LPS infusion 
(CON-LPS; open bars) or a SARA diet and receiving either a LPS (SARA-LPS; black bars) or placebo infusion (SARA-PLA; gray bars) during 
3 different time intervals (0–4, 4–8, and 8–12 h after LPS/PLA infusion). Data are shown as LSM ± SEM. Statistically significant differences 
between groups and within a timepoint are indicated by different letters (P < 0.05).
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ing LPS (P < 0.01), whereas the temperature of the 
SARA-PLA cows remained stable between 38.2 and 
38.6°C throughout all measurement times after the 
PLA infusion. In cows receiving the LPS treatment, 
rectal temperature increased from 4 h after the LPS 
challenge onward, peaked at 40.5°C 6 h after the in-
fusion, and reached the PLA treatment comparable 
temperature again 12 h after the challenge (Figure 
4a, P = 0.01). Effects of LPS infusion on pulse rate 

are shown in Figure 4b. The pulse rate significantly 
increased at 6 and 8 h after the LPS infusion (on 
average 95 beats per min) in both LPS treatment 
groups compared with SARA-PLA (on average 85 
beats per min, P < 0.05). No significant difference 
was observed for rumen contractions among the treat-
ments (SARA-PLA; 1.03 ± 0.03 n/min, CON-LPS; 
1.07 ± 0.03 n/min, SARA-LPS; 1.05 ± 0.03 n/min; 
P = 0.69).

Figure 3. Reticuloruminal pH (a) and temperature dynamics (b) in lactating cows fed a control diet and receiving a LPS infusion (CON-
LPS; diamonds) or a SARA diet and receiving either a LPS (SARA-LPS; squares) or placebo infusion (SARA-PLA; triangles), during the first 
12 h after LPS/PLA infusion.
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Milk Yield and Composition Relative to LPS Infusion

As shown in Figure 5a, an overall decline in milk 
yield after LPS infusion was found in both LPS treat-
ment groups compared with their PLA counterparts (P 
< 0.01). Interestingly, a decline in milk yield was also 
found in SARA-LPS compared with CON-LPS follow-
ing the LPS infusion (P = 0.05), and the differences 
reached significance 24 and 36 h after the LPS infusion. 
Cows receiving LPS had elevated SCC following the 
LPS infusion until the end of the observation time (P < 
0.01, Figure 5b); however, no difference was noticed be-
tween CON-LPS and SARA-LPS (P = 0.71). Further-
more, significant differences in protein concentrations 
in the foremilk were found after LPS infusion, with 
LPS-challenged cows having higher protein contents 
compared with PLA cows (P = 0.05). Whereas the LPS 
infusion significantly increased the protein content in 
the SARA cows from 24 until 48 h after the challenge, a 
significant difference in CON-LPS vs. SARA-LPS cows 
was only found 36 h after the LPS injection (interaction 
between treatment and time: P = 0.02, Figure 5c). In 
addition, the LPS challenge caused an elevated milk fat 
content (P = 0.05; Figure 5d). An interaction between 

treatment and time (P < 0.01), revealed an increase 
in the fat content starting 24 h after the LPS infu-
sion in CON-LPS as well as SARA-LPS cows. Whereas 
no difference was found 36 h after the LPS challenge 
in CON-LPS cows compared with SARA-PLA cows, 
SARA-LPS cows remained at an elevated level until 36 
h after the infusion. Furthermore, the lactose content 
declined almost 12 h after the LPS challenge in both 
LPS-challenged treatment groups (P < 0.01; Figure 
5e); however, whereas the SARA-LPS cows showed a 
lower concentration until the end of the observation 
time, the differences between CON-LPS and SARA-
PLA became insignificant from 48 h after the infusion 
onward. The milk urea nitrogen concentrations did not 
differ among treatments (data not shown), but milk pH 
declined in cows challenged with LPS compared with 
their PLA-counterparts (P < 0.01); however, no differ-
ence was observed between CON-LPS and SARA-LPS 
cows (Figure 5f).

DISCUSSION

The present study was performed to evaluate the ef-
fect of a single intramammary LPS infusion on feed 

Table 3. Reticuloruminal pH and temperature in cows fed a control diet and receiving a LPS infusion (CON-LPS) or a SARA diet and receiving 
either a LPS (SARA-LPS) or placebo infusion (SARA-PLA) during 3 different time intervals (0–4, 4–8, and 8–12 h after LPS/PLA infusion)

Item1

Treatment

SEM

P-value2

CON- 
LPS

SARA- 
LPS

SARA- 
PLA Treatment Time

Treatment 
× time

LPS vs. 
PLA

Mean pH    0.06 0.54 0.57 0.18 0.97
 0–4 h 6.16 6.20 6.28      
 4–8 h 6.14 6.26 6.19      
 8–12 h 6.14 6.27 6.12      
Time pH <6.0 (min)    24.54 0.63 0.32 0.83 0.55
 0–4 h 20.55 35.27 45.83      
 4–8 h 23.88 43.60 59.17      
 8–12 h 35.55 71.93 57.50      
Mean temperature (°C)    0.21 <0.01 <0.01 <0.01 <0.01
 0–4 h 38.23 38.60 38.47      
 4–8 h 40.75a 40.69a 38.58b      
 8–12 h 39.55a 39.16a 38.35b      
Maximum temperature (°C)    0.17 <0.01 <0.01 <0.01 <0.01
 0–4 h 39.86 39.99 39.85      
 4–8 h 41.84a 41.90a 39.75b      
 8–12 h 41.21a 40.55b 39.69c      
Time temperature >39.5°C (min) 15.3 <0.01 <0.01 <0.01 <0.01
 0–4 h 32 36 62      
 4–8 h 212a 205a 55b      
 8–12 h 147a 140a 57b      
Area temperature >39.5°C (°C × min) 619.1 <0.01 <0.01 <0.01 <0.01
 0–4 h 1,266 1,445 2,465      
 4–8 h 8,686a 8,435a 2,195b      
 8–12 h 5,938a 5,612a 2,262b      
a–cDifferent superscripts indicate differences among LSM in the same row at P < 0.10.
1pH and temperature were measured every 10 min.
2Effect of treatment (treatment), time after LPS infusion (time), interactive effect of treatment and time (treatment × time), and overall effect 
of LPS infusion (LPS vs. PLA).
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intake, chewing activity, reticuloruminal pH, milk pa-
rameters as well as further health-related variables in 
dairy cows subjected to an intermittent and long-term 
SARA-feeding regimen before LPS infusion. The SARA 
regimen consisted in intermittent feeding of 60% con-
centrate for 8 d, followed by a SARA break for 7 d with 
the same feeding management as the CON cows, and 
subsequently stepped up to the 60% concentrate for 
the remaining 17 d, which resulted in depressed reticu-
loruminal pH during the feeding challenges, reaching 

the SARA threshold [Zebeli et al., 2008; V. Neubauer, 
E. Humer, I. Kroeger, T. Braid, M. Wagner, and Q. 
Zebeli (Institute of Animal Nutrition and Functional 
Compounds, Vetmeduni Vienna, Austria)]. In contrast, 
the CON cows were fed a moderate but common con-
centrate level (approximately 40%) in dairy cow feed-
ing, which, as intended, maintained the cows above 
the threshold of SARA conditions, while meeting their 
requirements in energy and nutrients. The SARA typi-
cally has been associated with a chain of metabolic and 

Figure 4. Rectal temperature (a) and pulse rate (b) in lactating cows fed a control diet and receiving a LPS infusion (CON-LPS; diamonds) 
or a SARA diet and receiving either a LPS (SARA-LPS; squares) or placebo infusion (SARA-PLA; triangles), measured shortly before as well 
as 2, 4, 6, 8, 12, 24, 36, and 48 h after the LPS/PLA infusion. Data are shown as LSM ± SEM.
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Figure 5. Milk yield (a), SCC (b), protein (c), fat (d), lactose (e), and milk pH (f) in lactating cows fed a control diet and receiving a LPS 
infusion (CON-LPS; diamonds) or a SARA diet and receiving either a LPS (SARA-LPS; squares) or placebo infusion (SARA-PLA; triangles) 
before as well as 12, 24, 36, 48, and 60 h after the LPS/PLA infusion. Data are shown as LSM ± SEM.
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microbial alterations in the rumen, adversely affecting 
rumen and systemic health of the cows (Plaizier et al., 
2008). Our main hypothesis was that cows experienc-
ing repeated periods of SARA (Pourazad et al., 2016) 
are more responsive to external infectious stimuli due 
to such alterations in the digestive tract. Indeed, our 
results demonstrated that a single intramammary LPS 
challenge led to a faster increase in ruminal tempera-
ture as well as a stronger decline in feed intake, chewing 
activity, and milk yield in cows subjected to an inter-
mittent SARA feeding regimen compared with cows 
receiving a lower concentrate level continuously.

More specifically, the cows that received an intra-
mammary LPS infusion showed a reduced DMI and 
chewing activity compared with cows that received 
an intramammary PLA infusion, whereby cows of the 
SARA-feeding regimen showed a faster and stronger 
decline in DMI, total chewing time as well as number 
of chews per minute and bolus. As eating and ruminat-
ing activities in dairy cows are considered as quintes-
sential behaviors, their observation provides helpful 
information in terms of health conditions (González et 
al., 2008; Braun et al., 2013). The present results can 
be explained by the pro-inflammatory response to LPS 
that induces classical signs of sickness behavior that is 
comparable to cows suffering from acute, clinical mas-
titis (Sepúlveda-Varas et al., 2016). Furthermore, our 
results are in agreement with previous studies, report-
ing that intramammary LPS challenge induced obvious 
clinical symptoms such as decreased DMI only a few 
hours after infusion of E. coli (Fogsgaard et al., 2012; 
Lüttgenau et al., 2016). However, the stronger respon-
siveness in cows experiencing SARA compared with 
the control cows is a new finding that deserves further 
investigations. In a recent study, Gott et al. (2015) sub-
jected cows to different starch feeding regimen (control 
vs. high starch vs. acidosis diets) and intramammary 
infused 10 μg of LPS (E. coli O111:B4) after 20 d of 
feeding the different diets. Although an overall decline 
in DMI was observed, no difference in the response of 
the cows of the different feeding regimen was found. 
Also, AlZahal et al. (2011) investigated cows receiving 
diets with a moderate forage:concentrate (52:48 in DM) 
and high forage:concentrate (65:35 in DM) for 21 d, 
which were challenged intramammary with 100 μg of 
LPS (E. coli O111:B4). Decreasing DMI occurred after 
LPS infusion but without differing effects among the 
feeding groups. Possible explanations for the different 
results in our study compared with previous studies 
might be due the fact the SARA feeding challenge was 
long and cows experienced 2 intermittent SARA bouts, 
which are stronger than a single SARA bout (Pourazad 
et al., 2016). Also, different doses and serotypes of LPS 

used might also have contributed to these discrepant 
results.

In accordance to the DMI, the reduced chewing time 
due to LPS infusion indicates effects of clinical disease 
emergence and is in agreement with Zimov et al. (2011), 
who showed that cows spent less time eating and chew-
ing after an intramammary challenge with 25 μg of LPS 
(E. coli O6:B26). Fitzpatrick et al. (2013) also observed 
reduced ruminating time in cows after infusion of 25 
μg of LPS derived from E. coli O111:B4. Despite the 
general effect of LPS infusion versus PLA, the time 
spent chewing and the number of boli decreased more 
strongly in SARA cows receiving LPS compared with 
CON cows, showing a strong deviation from normal 
values (Jeroch et al., 2008). This finding suggests more 
pronounced clinical symptoms during experimental 
E. coli mastitis in cows experiencing SARA, which 
might necessitate greater attention and care to restore 
their feed intake and chewing behavior compared with 
healthy cows.

Reticuloruminal pH was not affected by intramam-
mary LPS infusion. Similar results have been observed 
by AlZahal et al. (2011), who found no effect of an 
intramammary infusion of 100 μg of LPS (E. coli 
O111:B4) on ruminal pH in cows receiving either a 
high forage:concentrate TMR or a TMR with a moder-
ate forage:concentrate ratio. The reason might be the 
decreased DMI observed in cows receiving LPS, which 
concomitantly decreases fermentation processes. There-
fore, a lower production of VFA would be expected to 
increase ruminal pH; however, one has to consider that 
ruminal pH is the product of fermentation as well as 
salivary and mucosal neutralization processes (Aschen-
bach et al., 2011). Therefore, the reduced chewing 
activities in LPS-challenged cows are likely responsible 
for the missing effect on ruminal pH despite lower DMI.

More importantly, higher ruminal temperature as 
well as time durations of the temperature above 39.5°C 
were detected in response to the LPS infusion, whereby 
SARA-LPS cows responded with a faster temperature 
rise than their CON counterparts. Although the fever 
inducing effect of intramammary LPS infusion has been 
reported in previous studies to be accompanied by rising 
ruminal temperature (AlZahal et al., 2011), the faster 
response in SARA cows is a new finding that further 
strengthens our initial hypothesis. In agreement, also a 
previous study by AlZahal et al. (2011) demonstrated 
different responses in certain ruminal temperature vari-
ables to an intramammary LPS infusion in cows sub-
jected to different concentrate levels. More specifically, 
the time duration of ruminal temperature above 38.8°C 
following LPS challenge was higher in cows subjected 
to a moderate forage:concentrate diet than in cows 
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receiving a high forage:concentrate diet. However, the 
exact mechanisms behind some overreaction responses 
to the LPS challenge in cows subjected to SARA com-
pared with healthy cows are unclear so far and deserve 
further investigations.

Similar to ruminal temperature, rectal temperature 
showed a significant increase after LPS infusion with a 
peak 6 h thereafter as reported before (Vels et al., 2009; 
Lüttgenau et al., 2016). An overall high correlation be-
tween rectal and ruminal temperature was found in our 
study, indicating that ruminal temperature measure-
ments are effective in capturing febrile responses of the 
LPS treatment, as reported previously (AlZahal et al., 
2011). Unlike ruminal temperature, rectal temperature 
responses did not differ between SARA-LPS and their 
CON counterparts. This might be explained by the 
continuous measurements obtained with the wireless 
devices, which are more likely to capture changes in 
the temperature compared with intermittent measure-
ments as conducted rectally. Furthermore, along with 
increased rectal temperature, pulse rate jumped to ab-
normal levels 6 and 8 h after LPS infusion (on average 
95 beats per min) in cows treated with LPS treatment, 
but reached normal pulse rates (about 86 beats per 
minute, Divers and Peek, 2008) 12 h thereafter. The 
peak value of pulse rate coincided with the peak value 
of rectal temperature (40.5°C) indicating certain stress 
induced by cortisol changes. In agreement with previ-
ous studies, heart rate increased following LPS infusion 
(Vels et al., 2009; Hagiwara et al., 2014; Lüttgenau et 
al., 2016). However, in the present study no alteration of 
the rumen contractions was found due to LPS infusion. 
This indicates that intramammary infusion of LPS (E. 
coli O26:B6) at a dosage of 50 μg did not induce reticu-
loruminal stasis, a hazardous sign associated with LPS 
as an effect of endotoxicosis (Eades, 1993, 1997; Ander-
sen, 2003). Perkins et al. (2002) observed a decrease in 
rumen contractions after intramammary LPS (E. coli 
O111:B4) infusion at a dosage of 100 μg. However, in 
agreement with our study Gott et al. (2015) observed 
no changes in rumen motility in cows receiving 10 μg of 
E. coli (O111:B4), suggesting dose-dependent responses 
of this variable.

As shown as a clinical inflammatory sign, the LPS 
challenge induced a strong increase in SCC (Wellnitz 
et al., 2011; Vernay et al., 2012; Gott et al., 2015). 
Our findings revealed no difference in SCC between 
SARA-LPS and CON-LPS cows. Interestingly, Gott et 
al. (2015) found a significantly higher SCC in cows fed 
control and acidosis (designed to cause acute bouts of 
ruminal pH depression) diets compared with cows fed 
high starch (formulated to induce chronic ruminal pH 
depression) diets after intramammary LPS infusion, 
thus suggesting a certain endotoxin tolerance at the 

local level of the mammary gland. Nevertheless, the 
underlying mechanisms have not been clarified so far.

Furthermore, the observed changes in the milk con-
stituents corroborate the characteristic alterations that 
have been reported during clinical mastitis (Shuster 
et al., 1991; Auldist et al., 1995; Auldist and Hubble, 
1998). For instance, increased milk protein concentra-
tions have been observed, likely resulting from the 
disruption of the mammary epithelia cells that in 
turn increases influx of blood-borne proteins such as 
serum albumin and immunoglobulins (Auldist et al., 
1995; Auldist and Hubble, 1998). Interestingly, cows 
subjected to the SARA-LPS treatment responded with 
a faster and also longer increase in the protein content 
than their CON-LPS counterparts. Also, milk fat con-
centrations increased after the LPS infusion, whereas 
the opposite was noticed for lactose. These findings are 
supported by previous studies (Shuster et al., 1991; Py-
orala, 2003; Bruckmaier et al., 2004). In accordance to 
the milk protein concentration, the differences between 
the cows that were infused LPS compared with the 
cows that were infused PLA were longer pronounced 
in SARA-LPS cows compared with CON-LPS. A pos-
sible reason might be that SARA-cows were already 
subjected to LPS, which might have been translocated 
from the gastrointestinal tract to the mammary gland 
(Dong et al., 2014).

Furthermore, a stronger decline in the milk yield in 
SARA-LPS cows compared with CON-LPS cows after 
the LPS challenge was found in the present study. In 
contrast, AlZahal et al. (2011) and Gott et al. (2015) 
found no difference regarding the decline in milk yield 
following LPS challenge in dairy cows subjected to dif-
ferent feeding regimen. Although possible reasons for 
the different results regarding the milk yield between 
studies are unclear, differences regarding the LPS 
serotype and dosage as well as diets used might be 
important factors whether hyperresponsiveness to an 
external infectious stimuli would occur or not.

Hitherto little research has been conducted on the 
responsiveness of ruminants to a single LPS challenge 
after prolonged exposure to low amounts of LPS. The 
few studies that have been performed to date indicate 
that the response might differ among animal factors 
(Elsasser et al., 1996; Bieniek et al., 1998; Gott et al., 
2015). Moreover, it has been reported from human 
studies that precedent LPS exposure leads to different 
responses upon subsequent toxic doses of LPS, depend-
ing on the doses and exposure duration (Morris and Li, 
2012). More specifically, low doses can induce a state 
of endotoxin tolerance to a subsequent exposure to a 
high dose of LPS, but very low doses can even have 
an opposite effect (Ametaj et al., 2012; Petzl et al., 
2012). Lastly, the present findings should be evaluated 
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with further research using different dosages of LPS to 
distinguish whether cows would experience tolerance or 
even an overreaction.

CONCLUSIONS

Our results revealed that an experimentally induced 
LPS insult in the udder induced fever as well as nega-
tively affected DMI, chewing activity, milk yield and 
milk composition, whereby cows subjected to SARA 
were more responsive to the intramammary LPS chal-
lenge than the non-SARA cows. The data also suggest 
more pronounced clinical symptoms after LPS infusion 
in cows experiencing SARA, which might necessitate 
greater attention and care to restore their feed intake, 
chewing behavior, milk, and clinical variables com-
pared with cows that do not experience SARA. Further 
research is warranted to elucidate the mechanistic rela-
tionships behind the changes in variables due to SARA 
conditions and the experimentally induced mastitis 
challenge.
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