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Abstract

Background

The objective of this study was to characterize the changes in varicalsotieparameters in
blood and milk during IMI challenge witkscherichia coli (E. coli) for dairy cows durin

early lactation. Thirty, healthy primiparous Holstein cowsemafused (h =0) with ~20-40

cfu of live E. coli into one front mammary quarter at ~4-6 wk in lactation. Dagdfintak

and milk yield were recorded. At -12, 0, 3, 6, 12, 18, 24, 36, 48, 60, 72, 96, 108, 120, 132,
144, 156, 168, 180 and 192 h relative to challenge rectal temperatures ecgtkedean
quarter foremilk was collected for analysis of shedding.ofoli. Composite milk samples
were collected at -180, -132, -84, -36, -12, 12, 24, 36, 48, 60, 72, 84, 96, 132 ang 180 h
relative to challenge (h = 0) and analyzed for lactate dielggnase (DH ), somatic cel

count, fat, protein, lactose, citrate, beta-hydroxybutyrBtéBA), free glucosefglu), and
glucose-6-phosphaté&EP). Blood was collected at -12, 0, 3, 6, 12, 18, 24, 36, 60, 72, 84,
132 and 180 h relative to challenge and analyzed for plasma non-edtdafiy acid
(NEFA), BHBA and glucose concentration. A generalized linear mixed medelused t
determine the effect of IMI challenge on metabolic responses of cows daripdeetation.




Results

By 12 h,E. coli was recovered from challenged quarters and shedding continued tf
h. Rectal temperature peaked by 12 h post-challenge and retarpexichallenge values
36 h post-IMI challenge. Daily feed intake and milk yield deadaB <0.05) by 1 and 2
respectively, after mastitis challenge. Plasma BHBA desa@ (12 hP <0.05) from 0.96
1.1 at 0 hto 0.57 £ 0.64 mmol/L by 18 h whereas concentration of plasma (1Bm) an
glucose (24 h) were significantly greater, 11 and 27%, respectafédy challenge. In mil
fglu, lactose, citrate, fat and protein yield were lower whengeld of BHBA and G6P wefe
higher after challenge when compared to pre-challenge values.

Conclusions

Changes in metabolites in blood and milk were most likely assdciaith drops in fee
intake and milk yield. However, the early rise in plasma NERr#y also signify enhanced
adipose tissue lipolysis. Lower concentrations of plasma BHBA beaattributed to
increase transfer into milk after IMI. Decreases in bothk nakctose yield and % after
challenge may be partly attributed to reduced conversion of fglactose. Rises in GGP
yield and concentration in milk after challenge (24 h) may signiéyeased conversion pf
fglu to G6P. Results identify changes in various metabolic parasriatblood and milk aftgr
IMI challenge withE. coli in dairy cows that may partly explain the partitioning of nutaent
and changes in milk components after IMI for cows during early lactation.
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Background

During early lactation (i.e. 0-8 wk in milk), the homeorhetic mecmasigassociated with
hormonal changes, as well as changes in the nervous system andeiraystem, shift the
partitioning of nutrients from peripheral tissues towards the sgiglof milk. This massive
re-partition has been identified as a major contributor to the hsghofidisease at this time
[1]. Mastitis, an inflammation of the mammary gland, is thetngostly of all diseases and
occurs more frequently after parturition [2,3]. The innate immurgore® patterns to major
mastitis-causing pathogens (ekHj. coli, Streptococcus uberis and Saphylococcus aureus)
have been well-documented [4-6] but the characterization of the nmetedggonses in dairy
cows during an IMI are not fully understood.

Most studies have focused on the effect of metabolic status on inmespense for dairy
cows [1,7,8]. During mastitis, the immunometabolic responses primbrdys on the
transcription-level responses in liver and mammary tissue [9-1&YyidRs work indicates
that the ability of the liver to metabolize fatty acidseduced and key genes associated with
metabolic processes are down-regulated after intramaninao)i challenge [12] as well as
after intramammary endotoxin challenge [13]. Furthermore, chamgesrculating non-
esterified fatty acidsNEFA), beta-hydroxybutyrateBHBA) and glucose, prior to decreases
in feed intake and milk production, during an IMI in dairy cows have begorted [14-16].
To our knowledge, changes in free glucoggu) and glucose-6-phosphat&gP) in milk



during mastitis in relation to changes in circulating metaboétes$ other milk components
has not been elucidated. The mammary gland primarily reliesraumating glucose for the
synthesis of lactose, a disaccharide composed of the monosaccligiiesose and D-
galactose [17]. Other fates of glucose in the mammary glandgdec¢he conversion to G6P
for the synthesis of galactose [18]. Characterizing the metatasiponses of fglu and G6P in
relation to other metabolic components during inflammation may furthesidate the
partitioning of nutrients and changes in milk composition that occur dumiasfitis. The
objective of this study was to characterize the changes inugametabolic parameters in
blood and milk during IMI witlE. coli for dairy cows during early lactation.

Methods

The experiment was carried out at the cattle researchtiésciat Department of Animal
Science, Aarhus University. Experimental procedures involving animale approved by
the Danish Animal Experiments Inspectorate and complied withDdr@sh Ministry of
Justice Laws concerning animal experimentation and care of expairapimals.

Animals, experimental design and sample collection

Thirty primiparous Holstein cows at ~4-6 wk in lactation were usedhis study. Only
healthy cows not treated for any clinical signs of diseaserddhe study period were
included. Details on animal housing, total mixed ration fed and refusediment,
preparation and infusion @&. coli and clinical examinations have been previously described
[19,20]. Briefly, eligible cows were considered healthy and freemafstitis-causing
pathogens based on body temperature, white blood cell count, glutaradebkydCalifornia
Mastitis Test (Kruuse, Marslev, Denmark) and bacteriologeaminations of aseptic
quarter foremilk samples prior to the start of the study pelisthg the portable DelLaval
Cell Counter (DeLaval, Tumba, Sweden), the front quarter with thesibsomatic cell count
(SCC; <27,000 cells/mL) was used far coli infusion.

Cows were housed and fed in individual straw-bedded tie-stalls, haacfress to water, and
were milked twice at 0600 and 1700 h. Cows averaged 27.5 + 5.5 kg milk/dstdrthef the
trial. Cows were fed a standard total mixed ration for laxgatows ad libitum twice at 0800
and 1530 h. Daily feed intake and milk yield were recorded throughostutig period. Orts
were collected in the mornings (~0800 h). To clarify, IMI oladle occurred after the
afternoon milking, and therefore, d =0 was calculated from milkl yied feed intakes from -
36 to -12 h prior to IMI challenge where -12 h represents the morning relative tongballe

All cows were infused with ~20-40 cfu of live coli (Danish field isolate k2bh2) into one

front mammary quarter immediately following the afternoon milkihng=0). The IMI
challenge was imposed in the same year (i.e. 2007) and staggatiblabut in 4 different

blocks: May (n = 8), June (n = 7), August (n =8) and SeptembeBjn Rectal temperature

was recorded at -12, 0, 3, 6, 12, 18, 24, 48, 60, 72, 84, 96, 108, 120, 132, 144, 156, 168, 180
and 192 h relative to IMI challenge. Composite milk samples wehected relative to IMI
challenge (h =0) during the morning milking period at -180, -132, -84, -36,12nd at each

milking after challenge at 12, 24, 36, 48, 60, 72, 84, 96 h, and during tmenmonilking

period at 132 and 180 h. Aseptic quarter foremilk samples were cdll#zota challenged
quarters at -12, 0, 3, 6, 12, 18, 24, 48, 60, 84, 96, 108, 120, 132, 144, 156, 168, 180 and 192 h
relative to IMI challenge. One day prior to IMI challenge, ikévlicro-Renathane polyvinyl



catheters were inserted into the jugular vein and flushed witbridge 0.9% NaCl solution
containing 50 IU Na-heparin (Loevens Kemiske Fabrik, Ballerup, DefymBlood was
collected at -12, 0, 3, 6, 12, 18, 24, 36, 60, 84, 132 and 180 h relative to IMIhgealFor a
subset of cows (n =16), liver biopsies were collected at -144, 12, 2ZWardrelative to IMI
challenge for gene expression profiling and results are repetssvhere [12]; and a
mammary biopsy was collected at 24 and 192 h relative to IMlestgl for gene expression
analysis using a minimally invasive biopsy technique [19]. After thenmary biopsies had
been collected (i.e. 24 and 192 h post-biopsy), cows were administeremplaylactic
antibiotic treatment against infection with Gram-positive bactey intramuscular injection
of 30 mL of Penovet® vet (300,000 IE benzylpenicillinprocain/ml; Boehringgelheim
Danmark A/S,Copenhagen, Denmark). No other antibiotic therapy was athredi after
IMI challenge for all cows, regardless of biopsy.

Sample analysis

Composite milk samples were analyzed for fat, protein, lactosatecand SCC (cells/mL)
using a CombiFoss 4000 (Foss Electric A/S, Hillerad, Denmark) BtHBA, lactate
dehydrogenaseLDH), N-acetyl$-D-glucosaminidaseNAGase and alkaline phosphatase
activity (ALP) were analyzed according to methods previously described [21-233}. Fr
glucose and G6P were analyzed by an enzymatic-fluorometritochas described by Larsen
[24]. Quarter foremilk was analyzed for SCC and quantificatiorE.otoli (cfu/mL) as
previously described [19].

Plasma was harvested following centrifugation at 2,090or 20 min at 4°C and stored at -
18°C until further analysis. All plasma components were analj@e®EFA, BHBA and
glucose using an autoanalyzer, ADVIA 1650® Chemistry Systerem@is Medical
Solution, Tarrytown, NY, USA) according to methods described by @jdarpath et al.
[21].

Statistical analysis

Plasma NEFA and BHBA were normalized by natural log {ransformation and SCC and
shedding ofE. coli were logo transformed for statistical analyses. Yields for all milk
components were calculated at each milking. Data were analyaeal generalized linear
mixed model using the MIXED procedure of SAS, version 9.3 [25] whih repeated
measure of time (i.e. hour) relative to IMI challenge (h =&ing the MIXED procedure of
SAS, combined biopsy had no effeBt€0.05) on any of the metabolic parameters in blood
and milk for this study and was, therefore, left out of the finatlel. The random effect of
cow within block was used as the error term in the REPEATRERsent with compound
symmetry CS) as the covariance structure. The model was used to determia#ettteof

IMI challenge on metabolic and immune responses in blood andfamilkows in early
lactation. The class variables included cow, block and time relatiNn| challenge. Degrees
of freedom were estimated with the Kenward-Roger specificdti the model statements.
Separation of least square meabSN]) for significant effects was accomplished using the
Tukey’s option within the MIXED procedure of SAS. Statistical ddfeces were declared as
significant and highly significant & <0.05 andP <0.01, respectively. Trends towards
significance are discussedR0.10. Plasma NEFA and BHBA were back-transformed for
presentation in figures.



Results and discussion

Indicators of infection and immune response

The bacterial counts d&. coli (A) and rectal temperature (B) relative to IMI challereye
shown in Figure 1. By 12 I&. coli was recovered from challenged quarters and shedding
continued through 72 h similar to those of others [26,27]. Rectal temperetiumeed to pre-
challenge values by 36 h post-IMI challenge as observedddgt8@nd Harmon [27]. These
findings are consistent with signs of experimemtatoli mastitis and confirmed the model
system.

Figure 1 Colony forming units (cfu) of Escherichia coli (E. coli)/mL of mammary
secretion (A) and rectal temperature (B) after intramammary chalénge with
Escherichia coli (h =0) for 30 primiparous Holstein cows during early lactation.
*Differences P <0.05) when compared to h =0.

Composite milk LDH (A), SCC (B), NAGase (C) and ALP (D) camtcations were greater
after IMI challenge withE. coli (Figure 2). During an IMI challenge, a cascade of changes
occur including increased LDH, ALP and NAGase activity in maksociated with
infiltrating neutrophils and resident macrophages [28,29]. These indigenaymes are
accurate real-time indicators for detecting mastitis on-fafmen compared to composite
SCC or bacterial culture [28-30].

Figure 2 Composite milk concentrations of lactate dehydrogenase (LDH\), somatic
cell count (SCC; B) N-acetytp-D-glucosaminidase (NAGase; C) and alkaline
phosphatase (ALP; D) at time points relative to intramammary challeng&vith
Escherichia cali (h =0) in 30 primiparous Holstein cows during early lactation.
*Differences P <0.05) when compared to h =0.

Cow-level and metabolic responses

Changes in daily feed intake (as fed; A) and milk yield (Batree to IMI challenge are
shown in Figure 3. To clarify, d =0 reflects the daily feed intaka milk yield from the 24 h
period prior to IMI challenge (i.e. -36 to -12 h relative to IMI ¢éradie). Day =1 reflects -12
to 12 h post-IMI challenge. Daily milk yield decreased 23% fcba® to d = 1 and 36% by d
= 2 whereas feed intake was not significantly reduced until 2 tdlidbgshallenge from 29.7
kg at d =0 to 21.7 kg by d =2. Feed intake and milk yield returnpdetahallenge values by
3 and 4 d post-IMI challenge, respectively. As lactation progie$sed intake continued to
increase as normally observed during early lactation [31]. Dexsea feed intake and milk
yield have been previously shown for cows experimentally clggi@with E. coli during
early lactation [27]. Multiple local and systemic factors, peduction of cytokines and the
changing hormonal environment, contribute to reduced feed intake dkdpraduction
observed during an IMI [32] and most likely explain the majority ofat@n in blood and
milk metabolites for this study.

Figure 3 Dalily feed intake (as fed; A) and daily milk yield (B) for 30 primiparous

Holstein cows during early lactation relative to intramammary challenge \ith

Escherichia cali (h =0). *Differences P <0.05) when compared to d =0 (d =0 includes -36 to
-12 h relative to challenge).




Changes in concentration of plasma NEFA (A), glucose (AB) andBHB relative to IMI
challenge are shown in Figure 4. Blood samples collected pritinetanorning feeding
included -12, 12, 36, 60, 84, 132 and 180 h relative to IMI challenge. Plasiha NE
increased 11% by 18 h, after the morning feeding, but no other time pdfeted from pre-
challenge values throughout the study period. Although changes in plaSka May be
primarily attributed to changes in feed intake, increases isma@aNEFA may also be
associated with enhanced lipolysis in adipose tissue, regardlessmmjes in feed intake,
which has been proposed to be the primary source of elevated NEFAad during
inflammation [33]. Steiger et al. [34] showed increased NEFAblomod following a
prolonged low-dose intravenou$V( lipopolysaccharide L(PS) infusion in non-lactating
heifers. Similar results were reported after intramamndogllenge with LPS for both
primiparous and multiparous cows at 7 days in milk [14] and aftenii¥sion of LPS for
multiparous cows in mid-lactation [16]. These results contradicetbb¥Valdron et al. [15]
where plasma NEFA decreased after intramammary LPS inféisiomultiparous cows in
early lactation as well as Moyes et al. [7] where no chamgdasma NEFA was observed
after IMI challenge withStreptococcus uberis for multiparous cows in mid-lactation. Our
results, and those of others, indicate that plasma NEFA incresgardless of stage of
lactation or parity, in response to both live bacteria reported fie. E. coli) and LPS
administered either intramammary [16] or IV [34].

Figure 4 The effect of intramammary challenge withEscherichia coli (h =0) on
concentration of plasma noresterified fatty acids (NEFA; A), glucose (B) and beta
hydroxybutyrate (BHBA,; C) in 30 primiparous Holstein cows during early lactation.
Samples collected at -12, 12, 36, 60, 84, 132 and 180 h were collected prior to morning
feeding. *DifferencesK <0.05) when compared to h = -12.

Plasma glucose was greater at 24 and 36 h when compared to(Figute 4B) where
plasma glucose was 26.6% greater at 36 when compared to -12ive reldMI challenge.
Increases in plasma glucose are primarily attributed toggdsain feed intake and reduced
demand for lactose synthesis in the mammary gland in respohidé ¢ballenge. However,
Steiger et al. [34] observed increases in plasma glucose after IVaftB®n in non-lactating
heifers indicating that hyperglycemia is independent of changes in milk pimduc

The mechanisms regulating glucose homeostasis during IMI ateaurand the primary
theories are 1) changes in feed intake, 2) increased circulgiiicgcorticoids observed
during infection [16,35], 3) decreased lactose synthesis in the mgnghaad, 4) increased
hepatic lactate recycling via the Cori cycle [16,36], 5) in@dagycogenolysis in peripheral
tissues [34,37] and/or 6) increased hepatic gluconeogenesis [36]. éscreggucocorticoids
observed after infection are associated with increased adigsse tipolysis, increased
hepatic gluconeogenesis and inhibition of insulin sensitivity in tMateuscle [38]. Changes
in plasma glucocorticoid concentrations were not assessed fatutisand the contribution
to changes in plasma glucose are unknown. Hyperglycemia basrégorted in sheep [36]
and in non-lactating dairy heifers [34] after inflammation andefioee decreases in milk
lactose synthesis may not be the only factor explaining ireseasplasma glucose at this
time. Furthermore, glycogen stores are largely depleted durirg leatation [39] and
increased glycogenolysis unlikely explains changes in glucose subabed on
transcriptional responses in liver for this study [12]. A down-regulabf key genes
associated with hepatic gluconeogenesis was observed inisisee for this study by 24 h
post-IMI challenge [12] including phosphoenolpyruvate carboxykinaseCKZ; -8.2-fold
change versus pre-IMI challenge) and glucose-6-phospha&g&feCy -1.7-fold change).



However, an up-regulation of both lactate dehydrogenadeDRA; 1.2-fold change) and B
(LDHB; 1.1-fold-change) were observed in liver at 24 h post-IMI challeBgtéh LDHA and
LDHB code for functional LDH, the enzyme responsible for the reversitawersion of
lactate to pyruvate, and supports the theory of a potential seciedactate recycling via the
Cori cycle during IMI challenge [16,36].

Plasma BHBA decreased by 12 h post-IMI challenge when compmapre-challenge levels
(Figure 4C). Other studies have reported decreased circulatimgertrations of BHBA
during an intramammary challenge with LPS for lactatingydaows [14,15,34]. During
inflammation, decreases in BHBA in blood are a consequence of &jthecreased blood
glucose; 2) changes in BHBA supply via reduced rumen motBity4[]; 3) impairment of
hepatic ketogenesis [34,41]; or 4) a combination of the above. Trarmuailpgrofiling of
liver tissue indicated a down-regulation of genes associated wittibieketogenesis [12]
including 3-hydroxy-3-methylglutaryl-CoA synthase HMGCSL; -2.5-fold change) and
HMGCS2 (-28.0-fold change) and may partly explain lower plasma BHB/Ar afi|
challenge for this study. Concentration of milk BHBA were diedat 12 and 36 h post-IMI
challenge and returned to pre-challenge levels by 48 h (Fig@ye Furthermore, yield of
milk BHBA increased at 12 h post-IMI challenge (Figure 5D) andcatds that the lower
BHBA observed in blood is due to an increase transfer into milk after IMI challenge

Figure 5 The effect of intramammary challenge withEscherichia coli (h =0) on
concentration and yield of milk glucose (A and B, respectivelyBHBA (C and D,
respectively) glucose6-phosphate (G6P; E and F, respectively)actose (G and H,
respectively) citrate (I and J, respectively) and fat (K and L, respectively) in 30
primiparous Holstein cows during early lactation.Samples collected at -12, 12, 36, 60, 84,
132 and 180 h were collected prior to morning feeding. *Differerfée® (05) when

compared to h =-12.

Changes in fglu, BHBA, G6P, lactose, citrate and fat irk melative to IMI challenge are
shown in Figure 5. In addition, milk protein % decreased during IMIllexing¢ (data not
shown). Yield of fglu, lactose, fat, protein (data not shown) andeiware lower whereas
yield of G6P and BHBA were higher after IMI challenge. Desesan milk component yield
are mostly explained by lower milk yield (-36% by d =2 postiehgle) observed when
compared to the pre-challenge period. Transcriptomic-level problimygammary quarters at
24 h post-IMI challenge revealed no changes in key genes assdocidth glucose
metabolism and utilization between challenged and unchallengedrgyd@gand therefore
cannot support changes in major milk components discussed in this Gutyentration of
citrate was greater by 36 h post-IMI challenge followed &ydecrease in citrate to
concentrations below those observed at h = -12 (Figure 5I) whereas détdt@as lower by
24 h post-IMI challenge (Figure 5J). Concentration of milk citnates also shown to
decrease in LPS challenged quarters from lactating dairy @2ksMilk citrate, a marker of
mitochondrial metabolism in the mammary gland [43], induces thec feitriate transport
system and is competing with lactoferrin for iron [42]. Lactafecontributes to host defense
by binding iron thereby reducing availability of iron to invadingtbaa [44] and lower yield
of citrate may indicate an increase in the iron-binding capacity of bovinedaeatd#5].

Concentration and yield of milk lactose decreased by 24 h afltesHMlenge and returned to
pre-challenge levels by 72 h (Figures 5G and H, respectitedgjose is the major osmole in
milk and decreases in milk yield and the synthesis milk components,asutactose and
protein, most likely explain the majority of changes in lactose dutlvg challenge.



However, lower milk lactose yield may be attributed to lowetdyof fglu (Figure 5B where
the yield of fglu (Figure 5B) was lower at 24 and 48 h when cordparel2 h relative to
IMI challenge. Both concentration and yield of G6P (Figure S5E amdspectively) rose after
IMI challenge. Elevated levels of G6P by 24 h post-IMI @rade may signify increased
conversion of fglu from lactose synthesis and towards the syntifeSBP. However, this is
not supported by the transcription-level profiling in mammaryuésat 24-h after IMI
challenge [19]. Glucose-6-phosphate may serve as a substrate fpertose phosphate
pathway for the production of reducing equivalents used for several anabolic psd@dds

Conclusions

Although drops in feed intake and milk yield are major contributorshemges in the
metabolic response in blood and milk, the early rise in plasma NitiiAg IMI challenge
with E. coli may be partly attributed to increased adipose tissue lipolysisei_plasma
BHBA may be associated with increase transfer into milk. aMethe first to characterize
changes in fglu and G6P in milk during IMI challenge. Lower yielandk lactose may be
attributed to lower yield of fglu. Higher G6P vyield after IbHallenge may signify increased
conversion of fglu to G6P. Results identify the metabolic responsarmius parameters in
blood and milk and characterize the changes in fglu and G6HMftehallenge withE. coli

for cows in early lactation that may partly explain the partihg of nutrients and changes in
milk components in dairy cows with mastitis during early lastatFuture research is needed
to determine how i.e. stage of lactation, parity, bacteria dle=et metabolic changes that
may help identify risk factors for the development, severity andtidur of mastitis for dairy
cows during lactation.
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