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Nitrogen Efficiency and Regulation of Protein Synthesisin Lactating Dairy Cows

Agustin G. Rius
ABSTRACT
Dairy herds are major contributors to N polluticechuse 70% of the N intake is lost to
the environment and 30% or less is retained in pridkein. Plasma amino acids (AA)
that are not used for protein synthesis in mamrglnyds (MG) are catabolized in post
splanchnic tissues (liver plus gastrointestinaitirpancreas, spleen, portal system, and
associated adipose tissue) and two thirds of theupply of essential AA (EAA) are
cleared in splanchnic tissues. Thus, increasingcAgture in MG would be expected to
reduce AA catabolism and thereby increase effigiarfcAA utilization. The objectives
of the work presented in this dissertation wertesd the effect of energy and N intake on
cell regulatory mechanisms, nutrient kinetics, mitklk protein yield, and N efficiency
in dairy cows.

The aim of the first study was to test whether melizable protein (MP) and
dietary energy exerted independent effects on pridkein synthesis and postabsorptive
N efficiency. Forty mid-lactation cows (32 multipais Holstein and 8 primiparous
Holstein x Jersey cross-breds) were used in a cmphandomized design with a 2 x 2
factorial arrangement of diets. Cows were assiga@the of four dietary treatments:
high-energy, high-protein (HE/HP); high-energy, {pvotein (HE/LP); low-energy, high-
protein (LE/HP); and low-energy, low-protein (LE).PEnergy concentrations were 1.55
(HE/HP and HE/LP) or 1.44 (LE/HP and LE/LP) Mcal M&y DM according to the
NRC model. Changes in predicted MP were achieydedding diets with 6.6 (HE/HP

and LE/HP) or 4.6% (HE/LP and LE/LP) ruminally ugdedable protein (DM basis).



Ruminally degradable protein was held constanDat% of DM. All cows were fed
HE/HP diet from day 1 to 21 followed by the respectreatments from day 22 to 43
(n=10). Milk protein yield was reduced as dietangrgy was reduced. There were no
interactions between dietary energy and proteirefitver milk or protein yield. Milk

urea N was significantly affected by energy andgirowith an interaction (HE/HP=17.2,
HE/LP=12.2, LE/HP=21.0, LE/LP=12.2 mg/dl). Nitragefficiency was affected by
energy and protein supplies with no interaction emdjed from a low of 31% (LE/HP)
to a high of 43% (HE/LP). Although energy and pmoetindependently affected milk and
protein yield the tissue and cellular mechanisras tgulate milk production were not
studied.

The second experiment studied cellular mechaniarG that contributed to the
regulation of protein synthesis in the presencenafrgy or protein supply. We
hypothesized that metabolism of AA in the MG istrolted by systemic and local tissue
adaptations and when combined with altered mamighyunction controlled milk
protein yield. Six primiparous mid-lactation Hast cows with rumen cannulas were
randomly assigned to abomasal infusions of casedrstarch using a 2 x 2 factorial
arrangement. The design was a replicated incomgl&t4 Latin-square. All animals
received the same basal diet (17.6% CP and 1.58 Nidkg DM) throughout the
study. Cows were restricted to 70% of ad libitumake and infused abomasally for 36 h
with water, starch (2 kg/d), casein (0.86 kg/d)the combination (2 kg/d starch + 0.86
kg/d casein) using peristaltic pumps. Milk weightslk samples, and arterial and
venous blood samples were collected during theBl&sof infusions. Mammary biopsy
samples were collected and tissue protein pregaredaluate cell signaling. Animals

infused with casein had increased arterial conagaotrs of NEAA and EAA, as well as



net uptake and clearance; however, milk proteifdyd& not increase. Animals infused
with starch however, exhibited reduced arterialoemtrations of NEAA and EAA but
increased clearance and net uptake of most AA.itibddlly, infusions of starch
increased circulating concentration of insulin, ¥GBnd glucose as well as the rate of
mammary plasma flow. Abomasal infusions of stactivated mammary activity of
ribosomal protein S6 irrespective of other treatteetdowever, mammary tissue mTOR
increased activity in response to casein only wdtarch was present during the
infusions. These results suggest that cell siggadctivation responded to different
nutritional stimuli. Milk and protein yield incread in animals infused with starch.
Therefore, MG positively responded to energy suply engaged local and intracellular
regulatory mechanisms to achieve that responseletrdtanding these adaptations could
be beneficial in the development of mathematicptasentations for nutrients utilization
in lactating animals. These two studies suppartegchypotheses that regulatory
mechanism are activated during limiting supply & # sustain protein synthesis in
MG. The accuracy of mathematical models for laatpanimals would increase if
effects of energy on AA metabolism and cell signglielated to protein synthesis were

included in the representation of milk protein $\yadis.
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Chapter 1:

I ntroduction
Excess of N from dairy operations represents air@mwiental hazard in the US (NRC,
2003). Ruminants generally consume large amountisbut less than 30% is typically
retained in marketable products (Tamminga, 1992 efficiency of N utilization in
synthesis and secretion of milk in dairy cows igadty poor i.e. only 20 to 30% is
captured in milk protein (Bequette et al., 1998yea is excreted in urine and the N
released can lead to pollution of air, soil, andeze water. However, it is believed
possible to reduce N output to the environmentinatase N retention in farm animals
(Jonker et al., 2002).

The metabolizable protein (MP) efficiency of utdton in pigs ranges from 74%
to 80% (Chung and Baker, 1992) but dairy cows shyaconvert less than 37% of the
MP into milk protein (Rius et al., unpublished datdhus, it might be possible to narrow
the gap between simple-stomached and ruminant éand increase MP and overall N
efficiencies in the lactating cow. Reducing CPteahfrom 18.7 to 14.8% (DM basis),
which reduces N losses, is a possible mechanisnttease N efficiency without
compromising milk production (Ipharraguerre andril2005). Reducing urinary N
losses would increase overall efficiency in lactgttattle (Hanigan, 2005). The majority
of N losses occur in splanchnic tissues. Portalrgéd viscera (PDV) catabolized an
average of 30% and the liver 20% of the EAA thatassorbed from the gut lumen
(MacRae et al., 1997; Wray-Cahen et al., 1997)e mhjority of catabolized AA are
drawn from arterial supply (MacRae et al., 199@gréfore, recycling of AA back to

these tissues in arterial blood is a key deterntimasetting catabolic rate. Increasing the



supply of AA to these tissues resulted in increasgedbolism with the extra AA carbon
funneled into gluconeogenesis and N into ureagsr{ééiay-Cahen et al., 1997). If
utilization of AA for milk protein synthesis coulte stimulated the proportion of AA
recycled to the splanchnic tissues where theywargested to catabolism would be
reduced thereby improving animal efficiency (Hamig2005).

Stimulation of milk protein synthesis at a givempgly of AA is a potential
strategy to reduce recycling of AA to splanchnssties, and if AA supply remains
constant, reductions of arterial concentration8Afshould be observed (Hanigan et al.,
1998a). If true this mechanism could lead to dwuether progress by increasing use of
AA for protein synthesis and reducing AA suppltiie peripheral tissues. Indeed,
reduced circulating AA concentrations triggeredagge proportional mammary capture
which patrtially sustained protein synthesis (Betgiet al., 2000; Raggio et al., 2006).
Conversely, increased mammary AA removal in theabs of greater protein synthesis
would likely increase AA degradation (BequetteletE096a; Bequette et al., 1996b).
Greater intracellular concentrations of AA resuliteéhcreased oxidation to a large
extent (Bequette et al., 1996a; Raggio et al., R0U6us, increasing protein synthesis
should be associated with greater AA removal, redwoterial AA concentrations and
less AA degradation.

Increasing dietary energy content at a given CBllmay stimulate mammary
protein synthesis and milk protein production (Hmi et al., 1998a). Increasing
duodenal glucose supply in cows fed isonitrogerthets stimulated insulin secretion and
milk protein yield (Rulquin et al., 2004). Greabesulin concentration and glucose

supply to the animal increased mammary capturefofcdsustain greater protein



synthesis (Mackle et al., 2000; Rulquin et al.,£00The latter could compensate for
reductions in arterial AA concentrations if low peim diets are fed and protein synthesis
is stimulated in lactating animals.

Insulin stimulated initiation of protein synthesisthe molecular level in growing
animals (Davis et al., 2001) and the mTOR signatiagcade was up-regulated during
protein synthesis in muscle tissue (Escobar e@06). Increased mTOR activity was
associated with greater AA usage for protein sysith@ growing animals, however this
molecular mechanism has not been evaluated in M&ctdting cows (Escobar et al.,
2006). Increases in protein synthesis are indeg@hdregulated by both nutrient intake
and insulin (Davis et al., 2001; Davis et al., 199Therefore feeding high energy diets
to stimulate insulin release should stimulate mangmalk protein synthesis even when
dietary CP is low. Mammary glands should incraasg affinity for EAA and capture
of AA if arterial concentrations are reduced bydieg low protein diets. Thus high
energy diets may stimulate the mammary secretdryacmaintain milk protein synthesis

and yield by increasing mTOR activity even when |motein diets are fed.
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Impact of Nitrogen in the Dairy Farm and the Environment

Soybean meal is a major source of crude protein &88 widely used in North
American dairy rations. The Dec 2008-USDA natigméte received by farmers
averaged $11 per bushel, an all-time high for sagbe Thus, an increase in the
efficiency of nitrogen (N) utilization should maa milk production with less N
consumed. This would benefit the dairy industryégucing feeding costs.

In addition, concentrated animal operations, paldity dairy farms, are a
significant source of pollution through exportsitfate to land and water and ammonia
(NHs) to the atmosphere via urine and feces. The NROJ) indicates that NdHrom
animal farm operations contributes to the detetimneof air quality at regional, national,
and global levels. Aerial ammonia concentratiom$au50 ppm resulted in 51% greater
bacterial load in the lungs of growing piglets ampared with control piglets. High
levels of NH impaired growth and feed conversion in growindegtg)(Drummond et al.,
1980). Therefore, lower Nfemissions should benefit animal health and prodoct

Livestock are estimated to be responsible for 80%eUnited Sates NH
emissions and cattle are the largest contribBattyfe 1994). For example, N content in
urine and feces equaled more than 70% of the Menfdamminga, 1992). Therefore
strategies to lessen the negative aspects of fdams should include nutritional

interventions to both increase N efficiency anduasN pollution.

Nitrogen Retention in Cattle
Nitrogen efficiency varies from 20 to 30% in laatgtcattle in field conditions (Moorby

and Theobald, 1999). Investigations conductetiénUnited States to study N balance



on dairy farms showed that cows retained only 1264 of the dietary N in milk
products whereas most of the remaining 64 to 88%ref@ased into the environment
(Castillo et al., 2000; Spears et al., 2003). &fee, increasing N efficiency is a
promising opportunity to both increase N retenfiomarketable products and reduce N
pollution arising from dairy operations (Jonkeag&f 2002; Rotz et al., 1999).

Nitrogen efficiency increased from 25 to 33% wihestating cows were fed
14.8% CP as compared to cows fed 18.7% CP (DM jdasiarraguerre and Clark,
2005). Typically N efficiency is poor in lactatirgnimals that are fed high forage diets
with low levels of energy compared to cows thatfackmedium or high grain content
diets (Broderick, 2003; Castillo et al., 2001). uShoverall N efficiency increased when
cows were fed low forage combined with low N anghhtoncentrate diets.

Milk and protein yields increased when high lexasorn were substituted for
barley in diets of lactating cows (Castillo et @D01). However, high corn diets with
limited digestion of starch in the rumen can leafetmentation in the hind gut with
reduced or no benefit to the animal (Orskov, 198B9nversely, rapidly fermented grains
can cause reductions in ruminal pH which can impaien function, fiber digestion, N
flow, production, and N efficiency. Reducing rumlipH below 5.6 for long intervals
increased the likelihood of subacute acidosis aused health problems including
laminitis, ruminal abscesses, and liver abscesstesé, 2004). Thus high starch diets
could negatively impact the N efficiency and penfance of the lactating cow if too
much starch is fermented in the rumen. Dietary gvain with low ruminal
degradability is more likely than high ruminal dadability sources such as wheat and

barley to increase N retention and efficiency withihe negative health effects.



Deleterious effects observed with high levels afdt in the diet must be prevented to

successfully use these feedstuff to improve N iefficy.

Nitrogen Recommendationsfor Dairy Cattle

Crude protein requirements for ruminants includerses of N which are available to
ruminal microorganisms and N available for the fawsimal. The latter is provided by
both microbial protein and dietary protein escapimginal fermentation. Maximizing
microbial growth improves digestibility, productiyj and N utilization in the lactating
cow (Allen, 2000). Therefore, sufficient ruminaHhlconcentrations are necessary for
maintenance of normal microbial function. Dietshaas low as 14.7% CP (DM basis)
provided sufficient levels of NHto maintain milk production (Cyriac et al., 2008).
However, increasing dietary CP to more than 19%ained microbial growth (Maeng et
al., 1976). Indeed diets with 17% CP content oreiowered production and
reproductive activity in lactating cows (Butler,99). However, reductions of dietary CP
below 14.2% could impair bacteria growth and distinmilk production in dairy cows
(Ipharraguerre and Clark, 2005).

Dietary protein that escaped rumen fermentatigrartially digested and
absorbed in the small intestine. Manipulationdiefary CP to change AA composition
and to increase dietary AA flow to the small intestdid not show benefits to lactating
cows (Santos et al., 1998). Thus varying AA contpmsand supply does not seem to
offer a plausible mechanism to increase N efficgendowever, methionine is thought to
be the first limiting AA in dairy cows fed typicalorth American rations (Leonardi et al.,

2003). Therefore the addition of ruminally proeztinethionine to diets could



ameliorate any such deficiencies. However, supeigimg dairy rations with protected
methionine failed to increase milk and protein prctcbn, and N efficiency when cows
were fed either 16.1 or 18.8% CP. Presumablyrégbponse to Met supplementations
should be observed in animals fed diets with lowp@Reentage (e.g. 14.0% CP;
Leonardi et al., 2003). Interestingly, the authmoacluded that reducing dietary CP from
18.8 to 16.1% was an effective approach to redutmsses and increase N efficiency
(Leonardi et al., 2003).

Pigs can be fed low CP diets (e.g. 12.0%) if deeéssupplemented with limiting
EAA hence increasing N efficiency (Chung and Bak®82), but in ruminants it is
difficult to establish an order of limiting AA. Netheless as with swine, AA
requirements for lactating cows could be met fegtlmv protein diets. Thus this
approach would be a feasible platform to maintaodpction, reduce AA catabolism,

and increase N efficiency in lactating cows.

Greater Energy Supply Improves N efficiency

Castillo et al., (2000) indicated that milk protgield was highly correlated with both N
and energy intake. The variation in milk proteielgf explained by energy intake was
greater than the proportion explained by the viamain N supply. In fact, increasing
energy intake increased milk protein yield in a finear manner (Broderick, 2003;
Hanigan et al., 1998a). Part of the positive raspanay be associated with greater
microbial growth in the rumen (Castillo et al., 200 Readily fermentable carbohydrates
such as those found in barley, provide energy stesumicrobial growth during dietary

N reductions which in turn increases N efficien@gastillo et al., 2001). However,



propionate infused in the rumen and starch infusede duodenum stimulated milk and
milk protein synthesis (Raggio et al., 2006; Rutgei al., 2004) when neither would be
expected to elicit a change in microbial flow. $hi efficiency and milk protein
production can be manipulated by altering propiemqaibduction or the supply of post-
ruminal carbohydrates and this effect is not reldatechanges in microbial yields.

Infusion of glucose in the duodenum was assochattdincreased mammary
blood flow (MBF), mammary EAA uptake, and insulglease (Rulquin et al., 2004).
Nocek and Tamminga (1991). Reynolds et al., (18péfulated that postruminal starch
digestion increased glucose absorption and pronmotidprotein yield by sparing AA
utilization in the splanchnic tissues allowing méw to reach the MG. Collectively,
dietary carbohydrates with different fermentatiatt@rns activate ruminal and post-
ruminal metabolism to maintain production even whews were fed low protein diets.
Thus high levels of dietary energy would increaseffi¢iency while maintaining

productivity.

Nitrogen M etabolism in Splanchnic Tissues

Splanchnic tissues (liver plus gastrointestinaitirpancreas, spleen, portal system, and
associated adipose tissue) are responsible fostibge absorption, and intermediary
metabolism of AA (Reynolds et al., 1991). In ldictg cows, the largest losses of dietary
N occurred in the splanchnic tissues (Hanigan.e2@D4). Casein delivered to the
duodenum resulted in greater absorption and coratent of AA but also
correspondingly greater removal of AA and catalmolis/ splanchnic tissues (Hanigan et

al., 2004).

10



Liver AA affinity is very low with only 0 to 10% ofA in blood being removed
in a single pass (Hanigan, 2005). Thus most absoMA reach arterial blood as
evidenced by increased arterial AA concentrati@s®eaiated with casein infusion
(Guinard and Rulquin, 1994). However approxima&9o of the cardiac output, and
thus systemic AA, flows back to the splanchnicuess Therefore AA not used for
productive purposes or catabolized by periphesaligs will be recycled to the
splanchnic tissues (Hanigan, 2005). Even thouggtitrnal removal is low in the
splanchnic tissues, this constant recycling resuliarge catabolic removal with 60 % of
the daily supply of postabsorptive AA removed bgsh tissues (Hanigan, 2005; Hanigan
et al., 1998b). This ensures that almost all ef¢hsorbed AA are presented for use (e.qg.
protein synthesis) and only those not used by perad tissues are cleared from the
system. Therefore increasing MG removal of AA vabrdduce recycling and improve
AA utilization in the peripheral tissues.

High starch diets can trigger insulin release whicieases AA capture in milk
protein (Mackle et al., 2000). Part of the effemtienergy status are mediated by
increased blood supply to MG (Bequette et al., 20@8dth, greater systemic insulin and
local blood flow in MG were associated with grea&ér capture and protein synthesis
even under dietary CP restrictions. These mechendgfer the opportunity to reduce

AA catabolism in splanchnic tissues (Hanigan et24l04).

Mammary Glands Maintain Protein Synthesis When Amino Acidsare Limiting

The udder can locally regulate AA supply and exttoacto maintain milk synthesis even

when concentrations of EAA are low (Bequette et24100). Mammary tissue regulated

11



EAA extraction as observed in lactating goat withiting arterial supply of His. When
arterial concentrations of His were extremely I&yuM), MG responded with a 43-fold
increase in the capacity to remove plasma His (Betget al., 2000).

The mammary cell synthesizes nitric oxide (NO) frAng which diffuses from
capillaries in the vicinity of the alveoli. Incread concentration of NO acts to relax the
smooth-muscle arterioles and increased MBF (Lacetsak, 1996). However, this
mechanism has not been shown to mediate incread&8foduring shortages of His or
EAA.

Administration of leucine increased protein synit@s muscle of growing
animals (Escobar et al., 2006). Although, greptetein intake linearly increased the
circulating concentrations of Leu and MG oxidatfoom 4.7 to 13.6% with no increase
in milk protein output while reduced arterial contration of Leu reduced MG oxidation
by 33% (Bequette et al., 1996b). Inducing an iaseel MP flow also increased oxidation
of Leu by 259% in MG (Raggio et al., 2006). Clgareduced AA supply triggered
mammary mechanisms to maintain production, whileater MP supply increased AA
catabolism in MG. Possible mechanisms engagedtontain production include greater
EAA uptake, and diminished AA oxidation in MG. HBaaf these would improve N
efficiency by improving AA capture in protein anebiucing catabolism in mammary

tissue.

Mammary Glands Adapt to Energy Supply

Mammary glands have the capacity to regulate mitgepply and uptake to sustain milk

production (Delamaire and Guinard-Flament, 200B)inard et al., (1994) concluded

12



that greater milk yield was associated with greptasma concentrations of acetate,
glucose, beta-hydroxybutyrate (BHBA), and noneBégfifatty acids (NEFA) by 3, 18,
22, and 91% respectively. Hormones (e.g. insulioh I&F-1) and locally produced
metabolites regulate mammary metabolic activityclhin turn regulates MBF and milk
production (Mackle et al., 2000).

Elevations in insulin increased milk and milk piatgield by increasing
extraction of EAA particularly branched chain AAGBA; Mackle et al., 2000). The
concentrations of circulating plasma EAA were restlby 33% and BCAA by 41%
during insulin infusion and milk protein yield wascreased by 15% (Mackle et al.,
2000). Restriction of energy and glucogenic fatonited extractions of AA and
synthesis of milk. However, intravenous infusidrglucose increased the AA extraction
when compared to either intravenous or postrumiriasion of AA (Schei et al., 2007).
Moreover, greater insulin concentration, whichgsaxiated with hyperglycemia,
increased MBF and reduced Leu oxidation in the udfiactating animals (Bequette et
al., 2002).

Insulin and IGF-I stimulate NO production via phbepylation and cellular
activation of PI-3 kinase which leads to greateodlflow (Zeng and Quon, 1996).
Nitric oxide was proposed to be an endocrine réguthat stimulated insulin secretion
in the pancreas (Schmidt et al., 1992). These boafresponses suggest that
carbohydrates supplied post ruminally may triggemnfonal release and local adaptation
in MG.

Collectively, adaptations at the MG include gred®&F and AA extraction and

reductions in AA oxidation. Digestion of carbohgts in the duodenum may increase

13



glycemia and insulin release which can increase many metabolism. Therefore under
these circumstances, reduction of mammary AA cédisahpgreater AA capture to

maintain milk protein synthesis, and greater Noggficy are expected.

Glucose and Amino Acids Increased Protein Synthesisat Cellular Level

Increased dietary energy, which increases milk petdn, triggers hormonal changes
including elevations in insulin, somatotropin, d@d-l. However, there is no conclusive
demonstration of the complete mechanism of actidhese hormones on milk and
protein synthesis. Cellular signaling cascade® leaen shown to mediate and integrate
signals arising from changes in AA and hormonalcemtrations. These signaling
proteins act to modify rates of protein syntheBiglter et al., 2004).

The mammalian target of rapamycin (MTOR) signatiagcade regulates protein
synthesis in growing muscle in part through itdighio phosphorylate and control the
activity of the translational regulators, p70 Seadse 1 (p70 S6K1), ribosomal protein S6
(rpS6), and eukaryaotic initiation translation facd& binding protein 1 (4E-BP1; see
figure 1-1). This pathway has been explored iglsistomach animals and cell culture.
In turn, mTOR signaling is controlled through itsogphorylation state which is
mediated by upstream kinases including AKT alsonkmas Protein kinase B. AKT is
activated by insulin, IGF-1 and AMP-activated piatkinase (AMPK; Bolster et al.,
2004), the latter being regulated by energy intake energy status of the cell.
Additionally, mTOR phosphorylation and activityparticularly sensitive to Leu
concentrations (Escobar et al., 2006). HowevernthfOR cascade has not been

explored in MG of lactating cows.
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Protein kinase B also phosphorylates endothelidgtroxide synthase (eNOS),
which catalyzes the synthesis of NO and contratallblood flow (Boo and Jo, 2003;
Zeng and Quon, 1996). NO production from endo#heklls is promoted by a number
of factors. eNOS can be activated by shear staessylcholine, growth factors such as
IGF-I, vascular endothelial growth factor, histamiand estrogen. However, the activity
of eNOS is largely mediated by at least 5 spegifiocsphorylation sites (Boo and Jo,
2003). Protein kinase B has shown to regulateiachf eNOS and inhibitors of PI3K
(upstream regulator of AKT) failed to phosphorylai¢OS during stimulations with IGF-
| (Boo and Jo, 2003). Thus if the energy statuhiefmammary cell and growth factor
concentrations increase activating protein kinasie &uld in turn activate eNOS, NO
production, and increase local BF. The latter damantribute to maintenance of
mammary AA supply when arterial concentrations éf #&e low. Reducing dietary CP
was proposed as a means to reduce AA recyclinggase mammary AA capture while
maintaining protein synthesis and increase ovél&ifficiency. However, limiting
delivery of AA could also down regulate mTOR adinand negatively affect protein
synthesis (Bolster et al., 2004).

It is likely that similar signaling cascades exsbovine MG including mTOR,
eNOS and intermediary signaling proteins. Givenrtile of mTOR in integration of
signals arising from AA supply, energy status & ¢tell, and hormonal signals it may be
possible to manipulate mTOR to achieve greatecieffcy of AA use for milk protein
synthesis. Specifically, increased energy supptythe associated increase in insulin
and IGF-I concentrations may be able to maintairfdiRTignaling activity during a loss

of signaling from AA associated with a reductiorpiotein supply. If true, this would
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maintain mammary AA capture and use for milk pro&inthesis at the expense of
splanchnic catabolism of AA. Such a mechanism @aillbw increased N efficiency,
reduced N intake, and reduced released of N ternkiEonment.

We hypothesized that milk and protein yield couédnbaintained and N
efficiency improved by reducing MP in combinatioittwhigh energy diets as compared
to a low energy low protein diets. Our first studlgs conducted to test our hypotheses at
the animal level. The first objective of this sfudlas create an MP deficiency and assess
N efficiency when dietary energy was varied. Teeosid objective was to test the NRC
(2001) model predictions of energy and protein neguoents for lactating dairy cows.

The second study was conducted to test our hypethethe animal, tissue, and
cellular levels. We hypothesized that AA and glysmaic substrate support protein
synthesis independently. We reasoned that theiexifiy of protein synthesis in
mammary tissue is associated with local adaptivehauigisms at the cellular level
including greater activity of the protein transtattifactors consistent with the
mechanisms described in muscle tissue of growingas. The objectives of this study
were to test if MG can regulate blood flow, AA uggaand protein synthesis when AA

supply was reduced and energy status increased.
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Figure 1-1. Proposed aggregated representatidreohf OR signaling cascade in
the mammary secretory cell. This figure partiaipresents initiation of the protein
synthesis translation process. Some of the mTCa&nimalian target of rapamycin)
signaling cascade is illustrated. Energy status@ficell and insulin up regulate the
MTOR cascade. Phsophorylation (P) of AKT (proteirases B) activates and
phosphorylates mTOR which phosphorylates rpS6 fobwal protein S6) which
promotes initiation of protein synthesis. Additadly, amino acids (AA) activates mTOR
which promotes initiation of protein synthesis.sé\|l increased cellular concentrations of

AA inhibit the AA uptake.

Energy, Insulin
S

Blood

Milk Protein
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Chapter 3
Interactions of Energy and Predicted M etabolizable Protein in Deter mining

Nitrogen Efficiency in the Lactating Dairy Cow

ABSTRACT
Lactating cows are relatively inefficient in contneg dietary N to milk N as compared to
the efficiency of N use for growth in simple-storhad animals. The majority of
productive N losses occur in the postabsorptiveesys The aim of the study was to test
whether predicted metabolizable protein (MP) aredady energy exerted independent
effects on milk protein synthesis and postabsoegi\efficiency. If true, postabsorptive
N efficiency could be expected to be greater whemals are fed high energy diets.
Forty mid-lactation cows (32 multiparous Holstemda primiparous Holstein x Jersey
cross-breds) were used in a complete randomizedrdesth a 2 x 2 factorial
arrangement of diets. Cows were assigned to ofeuoflietary treatments: high-energy,
high-protein (HE/HP); high-energy, low-protein (HIE)); low-energy, high-protein
(LE/HP); and low-energy, low-protein (LE/LP). Eggrconcentrations were 1.55
(HE/HP and HE/LP) or 1.44 (LE/HP and LE/LP) Mcal W&y DM. Changes in
predicted MP were achieved by feeding diets wih(BIE/HP and LE/HP) or 4.6%
(HE/LP and LE/LP) ruminally undegradable proteirMDasis). Ruminally degradable
protein was held constant at 10.1% of DM. All comexe fed HE/HP diet from day 1 to
21 followed by the respective treatments from daya®?43 (n=10). Milk protein yield
was reduced as dietary energy was reduced. Malk yollowed a similar pattern as milk

protein yield. There was a trend for decrease# yidld as CP was reduced. There were
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no interactions between dietary energy and prdtzieither milk or protein yield.
Plasma amino acid concentrations were not affdoygdeatment. Milk urea N was
affected by energy and protein with a significaméraction (HE/HP=17.2, HE/LP=12.2,
LE/HP=21.0, LE/LP=12.2 mg/dl). Nitrogen efficiencglculated from predicted MP
supply was affected by energy and protein suppligsno apparent interaction and
ranged from a low of 31% (LE/HP) to a high of 430f&(LP). The NRC model would
predict N efficiency more accurately if a represéion of the effects of energy on N
efficiency were included in the postabsorptive syst

(Key words: metabolizable protein, energy, nitrogen efficignmyw)

INTRODUCTION

The lactating dairy cow has a relatively low effiecy of converting dietary N to milk N
when fed to NRC requirements (N output in milk/Xake; Bequette et al., 1998; Castillo
et al., 2000), and efficiency decreases as di€&ygontent increases (Broderick, 2003;
Ipharraguerre and Clark, 2005). An improvemem iefficiency would lead to increased
N capture and reduced N losses in the lactating(@owker et al., 2002). The majority
of the N losses occur in the postabsorptive tis¢eigs gut, liver), and the magnitude of
the losses are variable (Hanigan, 200B)e NRC (2001) assumes fixed conversion
partial efficiencies in calculating N requiremefus postabsorptive processes in the
lactating cow. The efficiency of use of MP forti@iion is assumed to be a constant 0.67
meaning that each gram of milk protein output resgiil.5 g of metabolizable protein
(MP). Similarly the efficiency of MP use is assumedistant for maintenance functions.

The model thus predicts that an increase in mitikgdn output in response to increased
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dietary energy can only occur if additional MP isypded to support the increase in milk
protein output for a given animal.

A meta analysis demonstrated that energy suppdgtfthe capacity for milk
protein synthesis, but it did not suggest thatetfieiency of conversion of dietary
protein to milk protein was affected by energy dypghen cows were fed at or below N
requirements (Hanigan et al.1998). It is posdihée the effects of energy on milk
protein synthesis are caused entirely by changesdrobial growth and outflow from
the rumen. However, Castillo et al., (2001) reparihat the efficiency of N utilization
was improved and N excretion reduced when cows Weeréiets low in degradable
starch which is not consistent with the hypothes$ia microbial protein response.
Ruminal infusions of propionate were also obseteedcrease milk protein percentage
and yield (Raggio et al., 2006), and postruminflsions of starch stimulated milk
protein output (Reynolds et al., 2001). These onfag®ns all support a role for energy
supply in regulating postabsorptive N utilizatiardeefficiency independent of the effects
of metabolizable protein supply.

Rulquin et al., (2004) concluded that lactating sded isonitrogenous,
isoenergetic diets and duodenally infused with gdecincreased arterial flux and
mammary uptake of essential amino acE&A) which led to increased milk protein
output. While Lapierre et al., (2006) concludedttthe splanchnic tissues (liver and
portal-drained viscera) were the primary causeoof gfficiency of postabsorptive AA
use fomilk protein, the relatively low affinity for aminacids AA) exhibited by these
tissues does not support that hypothesis. Fisst pamoval has been shown to be low,

and thus these tissues are not preventing AA feahing the mammary glanil G).
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The problem lies with recycling of AA not used byammary in a given pass. The
splanchnic tissues receive 50% of the cardiac aipavis et al., 1988). Therefore, a
large proportion of AA not used by the MG are ratd to the splanchnic tissues
(Hanigan, 2005). This constant recycling of unu&@do splanchnic tissues results in a
60% loss of the postabsorptive AA supply on a dadgis (Hanigan, 2005). Thus,
increased mammary uptake and use for protein sgistivould reduce recycling of AA
to the splanchnic tissues and improve efficiencpafuse by the MG, i.e. excessive
splanchnic catabolism is an effect rather thanusea

Certainly the MG can be very efficient at extragtitA when they are needed. A
dietary deficiency of a single EAA triggered a 48dfincrease in transport activity in the
MG for that single EAA plus a 33% increase in bldlodv reaching the MG (Bequette et
al., 2000). Thus itis clear that the MG is aldlalter EAA transport activity which will
increase in response to either decreased supjpAfor increased use of EAA for
protein output (i.e. increased milk protein synikesThis results in variable
postabsortive transfer efficiencies from the gumitk protein. Therefore, if energy
supply can stimulate milk protein output, the M@uld respond by increasing AA
removal from blood resulting in reduced recyclirighd to other tissues and improved
efficiency.

We hypothesized that milk protein yield could bentained and N efficiency
improved when reduced dietary MP (elicited by clenig RUP) was combined with
high dietary energy as opposed to the single lingitiutrient paradigm assumed by the
NRC (2001) model. This can only be true if enesgy protein exert independent,

additive effects on milk production. The first ebjive of this study was to assess the
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efficiency of N utilization under predicted conditis of MP deficiency when dietary
energy density was varied. A second objective twdsst the NRC (2001) model

predictions of energy and protein requirementgHerlactating dairy cow.

MATERIAL AND METHODS

Animals and Diets

All experimental procedures were approved by tlséitutional Animal Care and Use
Committee of Virginia Tech. Thirty-two multiparot#olstein and 8 primiparous Jersey
x Holstein cross-bred cows (186 + 89 DIM) were siedd from the Virginia Tech dairy
herd. Cows were housed in a free-stall barn aVttgnia Tech dairy complex and
individually fed using a Calan door system (Amemi€alan, Inc., Northwood, NH).
Animals were milked twice daily at 0230 and 1500Milk weights and BW were
recorded automatically at each milking. Body ctiodiscoresBCS) were recorded for
each cow at d 21 and 43 according to the methotléldiman (1982). Animals were
balanced (stratified) in four groups based on Dpisliity, breed, body weighBW), milk
production, and randomly assigned to one of the ti@atments. The study was a
complete randomized design with a 2 x 2 factoniedregement of treatments. Dietary
treatments were 2 levels of energy (high and lavd) 2 levels of MP (high and low)
indicated as following: high-energy, high-protelhE/HP); high-energy, low- protein
(HE/LP); low-energy, high- proteinLE/HP); and low-energy, low- protei E/L P;
Table 1). Diets were formulated to meet NRC (20@tpmmendations for RDP,
minerals, and vitamins of a mid-lactation dairy ceeighing 635 kg (BCS = 3.0) and

producing 36.3 kg milk/d containing 3.5% fat an@%.protein and consuming 22.9 kg/d

29



DM. Final diets contained either 50% forage anSncentrate (LE/HP and LE/LP)
or 39% forage and 61% concentrate (HE/HP and HEdbP3 DM basis (Table 1).
Ruminally undegradable protein was manipulatedevhdlding RDP constant through
the use of varying amounts of soybean meal andnaifyiprotected soybean meal
(HiVap®). The latter was manufactured by Land O’ LakesfRuFeed (Gainesville,
GA) using an extrusion based process (Patent NB8AD) resulting in conformational
and chemical changes in the protein that conferrrainstability. The resulting product
was previously found to contain 51.6% CP which W% soluble, 85% insoluble, and
the insoluble portion had a ruminal degradatior tdt0.02%/h (Cyriac et al., 2008).
Tallow was included in two treatments to maintasnstant energy concentrations as
dietary protein was manipulated and to compensatthé fat present in the protected
soybean meal. The percentages of forages and maieewere adjusted weekly on an
as fed basis to reflect changes in the DM contétiteoforages and concentrates. Diets
were mixed at 0800 and fed once daily as a totaédhration (TMR). Feed offered and
refused was recorded daily. Feed offered eaclwdayadjusted to achieve between 5
and 10% refusals. The HE/HP diet was fed fromtlor@ugh 21 (the covariate period)

followed by the respective experimental diets frd22 to 43 (the treatment period).

Sample Collection and Analyses

Samples of forages, concentrates, and orts welectad twice weekly to assess DM
content of the ingredients and refusals. Feed Emmyere dried overnight at 105°C for
DM content (Mechanical Convection Oven, Freas @4rmo Electron Corporation,

Waltham, MA). During collection weeks, samplesmgfredients were obtained daily and
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stored frozen at —20°C for later chemical analy$esily subsamples were dried at 55°C
for 48 h and ground through a Wiley mill (1-mm sargArthur H. Thomas,
Philadelphia, PA). Subsamples were combined tatrtrent and period on an equal
weight basis, and submitted to Cumberland Valleglgiical Service Inc., (Hagerstown,
MD) for analysis of ether extract, Kjeldahl N (AOAC990) starch, sugars, lignin, ADF,
NDF (Van Soest et al., 1991) and Ca, P, Mg, ang Kxluctively coupled plasma
spectrometry.

Milk samples were collected from 6 consecutive mijs during d 19 through 21
for covariate period analysis and d 41 throughot3reatment period analysis (wk 3 and
6). Individual milk samples were analyzed for fate protein, lactose, total solids, and
somatic cells by infrared analyses (DHIA, Blackshu/A; AOAC (1997); Foss North
America, Eden Prairie, MN). The MUN analyses wawaducted using the Berthelot
procedure (ChemSpec 150 Analyzer; Bentley InstrusyéZhaska, MN). Daily milk
composition was calculated from the weighted AM Bid observations.

Two blood samples were collected from the coccygessel on d 21 and 43 into
vacuutainer tubes containing either sodium heparsodium floride plus EDTA and
placed immediately on ice (10 or 5 ml; Becton Dickin and Co., Frankin Lakes, NJ).
Plasma was harvested by centrifugation at 1,3@@ox 20 min at 4°C within 2 h of blood
collection. Plasma was stored at -20°C until asedywere conducted for AA, glucose,
acetate, lactate and beta-hydroxybutyrate. FreevAre determined by isotope dilution
using a gas chromatograph-mass spectrometer (GG=btsis-PolarisQ GC-MS,
Thermo Electron Corporation; Waltham, MA) accordioghe methods of El-Kadi et al.,

(2006) and Calder et al., (1999).
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Proton nuclear magnetic resonance spectrosdelyR) was conducted on the
NaF treated plasma samples to assess glucosegeatattate and beta-hydroxybutyrate
concentrations (Beckonert et al., 2007). Brieflyg mL of plasma was deproteinized by
addition of an equal volume of acetonitrile. Samsplere vortexed and centrifuged at
14,000g for 20 min at 4°C. The supernatant was removeldi@eze dried (Savant
SpeedVal SC 110, GMI Inc.; Ramsey MN). Dried samples wersuspended in 0.5
mL of phosphate buffered (100 mM}»®O (Sigma Aldrich, St. Louis, MO) with 0.5% Na
azide and 2,2-dimethyl-2-silapentane-5-sulfonid dBISS) as an internal standard (0.45
mM final concentration). Proton NMR (Varian 40@&I® Alto, CA) was performed and
the spectra were baseline adjusted, phase correctddhe peak areas integrated using
the Know-It-All Informatics System (Bio-Rad; Heresl CA). Validation of this
procedure using samples from a previous study atelitthe peak areas were linearly
correlated with observed concentrations. Howevygwaeent recoveries were not 100%
when comparing the NMR determined concentrationk emzymatically determined
concentrations. Although the technique clearlydestrelative differences among
samples with reasonable precision, we are not denfithe method can accurately
determine concentrations. Thus metabolite valere presented as relative peak areas

with respect to the DSS peak area.

Statistical Analysis
Data were tested for normality using the univar@tecedure of SAS (SAS Institute,
2004). Nutrient and DM intake, BW, milk yield, amdlk composition data were

analyzed as repeated measures in time (days) tengixed procedure of SAS (SAS
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Institute, 2004) to test for differences in theatmeent means. Excepting milk
composition, data from the last 7 d of each pewede analyzed to allow for complete
diet adaptation. Milk composition data from d 29, 21, 41, 42, and 43 were subjected
to analyses. Body condition score and blood méitasavere analyzed using the Mixed
procedure without the effect of time. The stat@timodel used is described in Table 2.
Interactions between main effects were removed thermodel if they were not
significant. The autoregressive covariance stnectvas used for each variable analyzed.
This structure was chosen based on AIC and AIC&idiistics and the expected
relationship among days. The smallest value f@ Ahd AICC information criteria was
used to identify the appropriate covariance stmectDbservations from d 15 to 21 were
used for covariate analysis of BW, DMI, and milklg. Milk composition data on d 19,
20, and 21 were used for covariate analysis of nolkponent percentages and yield.
The covariate was removed from the model if it wassignificant. Observations from
the covariate period were averaged and includedcavariate adjustment in the model.
Unless otherwise stated, significance was declar&d< 0.05. All results are reported as

least square means (LSM).

NRC Model Analysis

Predictions of NEand MP by the NRC model (2001) were assessecéuracy using
the observed values for production and N efficien®lodel predictions were compared
to the LSM values from the statistical analysi®dl, milk yield, milk composition, and
BW for each dietary treatment. Diet compositiors\sat to values listed in Table 3 and

observed DMI was used to set the feeding rate df esgredient. The nutrient content of
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each grain mix was then calculated using tabullkregaand compared to the observed
chemical composition of the grain mix in TableA&djustment was needed because the
tabular values of CP, ADF, and NDF differed frora tibserved values obtained by
chemical analysis. Because ruminally protected SBl SBM were the major
contributors of CP in the grain mixes, the tabuGP content of these two ingredients
was increased to bring the average CP of the gnaias in line with the predicted values
(from 52.2 to 65% of DM for ruminally protected SBid from 53.8 to 54.9% of DM
for SBM). The large adjustment required for thenmmally protected SBM to bring
observed and predicted grain mix CP contents @with observed values likely reflects
mixing or formulation errors at the plant giventtitavould be highly improbable that a
ruminally protected SBM ingredient could have shidh CP content. It is also possible
the chemical analyses of the grain mixes wererior gbut reanalyses confirmed the
original observations. The ADF and NDF contentatton seed hulls and soybean hulls
were modified in a similar manner to reflect thsetved chemical analysis of the grain
mixes. The tabular ADF content for cotton seedshwhs reduced from 65.0 to 55.0%
DM, and the tabular value for soybean hulls wasgased from 44.6 to 47.0% DM. The

tabular value for NDF in soybean hulls was incrddsem 60.3 to 70.0% DM.

RESULTS
Chemical Composition of the Diets and Feed I ngredients
The nutrient requirements as predicted by NRC (@04 shown in Table 1. The
observed nutrient concentrations of dietary comptare listed in Table 3. The CP,

ADF, NDF, and NFC contents of the experimentaldaffered from the formulated
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values due to nutrient variation in the ingredieagsompared to tabular values used for
formulation and possibly variation in formulatios @oted above. The predicted energy
content of the treatments was slightly lower thgpeeted probably because of the
greater ADF and NDF contents in the concentrateem{Xable 4), but the differences
among treatments was maintained. As intendedCEhdifference between the HP and

LP treatments was greater than 3.0 percentage (Taitde 4).

Animal Performance

Least squares means for DMI, BW, BCS, milk yielad anilk composition are presented
in Table 5. Dry matter intake was not affectedreatments. As anticipated, CP intake
was greater for cows consuming the HE/HP and LEileE than for those consuming
the HE/LP and LE/LP diets (4.70 and 4.68 versug and 3.64 kg/d respectively).
Reduced dietary energy decreased milk producion @.003), and there was a trend for
decreased production in association with inadeqdiatary CP P < 0.08). There was no
apparent interaction of energy and CP effect ok pribduction. Lactose concentration
and lactose yield decreased in association witthiieethe low energy diet®(< 0.01 and
0.01 respectively). Cows that received high eneligis (HE/HP and HE/LP) produced
more milk protein P < 0.001; 1.13 and 1.03 kg/d respectively) thars¢hied low energy
diets (LE/HP and LE/LP; 0.91 and 0.87 kg/d respety). Milk protein percentage was
not affected by dietary energy, but there wasmrdtfer a CP effect to increased protein
percentageR < 0.10). Energy and CP both affected milk facpatage® < 0.004 and
0.01 respectively), and there was no interactidwéen treatments. However, milk fat

yield was not different among treatments. Nomafdk solids percent and yield were
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reduced P < 0.001 and 0.01 respectively) when dietary enargy inadequate (LE/HP
and LE/LP). Milk urea N was reduced in cows fed IGP diets (HE/LP and LE/LP;
12.2 and 12.0 mg/dl respectively) as compared wsded high CP diets (HE/HP and
LE/HP; 17.2 and 21.0 mg/dl) but at low CP, prousad addition energy did not result in
a reduction in MUN concentrations. The interacti@tween energy and CP was
significant for MUN @ < 0.005). Somatic cell counts were reduced insfed high
energy dietsR < 0.02). Reduced CP intake was associated wadlilnced ending BWR

< 0.04). Body condition scores were not signifibaaffected by energy or protein and

there was no interaction.

NRC Model Analysis

Observed DMI was greater than that used in forrmdahe diets, resulting in a nutrient
supply greater than expected (Table 4). After stitjg for observed intakes, ingredient
composition, and milk performance the NRC (2001yel@verpredicted allowable milk
yields for the HE/HP, LE/HP, and LE/LP diets andlslly underpredicted yields for
cows fed the HE/LP diets. The relative predictesponses to energy on the high CP
diets were close to observed with the model predjct 3.9 kg/d response and an
observed response of 5.4 kg/d. However, the velasponses to CP were greatly
overpredicted with predicted responses of 9.0 (HE/HHE/LP) and 8.2 kg/d (LE/HP -
LE/LP) for the high and low energy diets, respeatiyand observed responses of 2.8

and 4.7 kg/d, respectively.

Amino Acids and Blood Metabolites
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Although DMI, CP, and milk protein yield were afted by treatments, neither
concentrations of plasma free NEAA nor EAA changerbss treatments (Table 6).
There was an effect of energy on plasma beta-hytdyrate concentration®
0.001), and an interaction between energy and Qftamd glucose concentratior® €

0.01; Table 7).

Nitrogen Utilization

Nitrogen supply was reduced for low protein didtal{le 8). Cows that received the
HE/HP and LE/HP diets had greater predicted uritdgxcretion (292 and 338 g/d,
respectively) relative to those that received tiHP and LE/LP treatments (216 and
202 g/d, respectively) and there was an interagfon 0.01). High CP diets increased
predicted urinary N excretion but especially stoat dietary energy. There was an
effect of energy on milk N outpuP(< 0.002) with cows fed high energy diets incregsin
N output in milk relative to those animals fed lewergy diets. Consistent with our
hypothesis, postabsorptive N efficiency improve@iasrgy increased, with the greatest
efficiency observed for cows fed high energy d{es 0.001; HE/HP and HE/LP; 37.1
and 43.0% respectively) relative to cows fed lowrgy diets (LE/HP=31.0 and
LE/LP=38.5%). Likewise, cows fed low CP diets lygdater N efficiency compared

with cows fed high CP diet®(< 0.001).

DISCUSSION

Lactation Response
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Cows fed the low CP diet were apparently proteiicont based on the trend for a milk
yield response to increased CP supply%(0.08) and reduced ending BW € 0.04).
Based on the single-limiting nutrient paradigm usethe NRC, these protein deficient
animals should not have been able to respond teased energy supply, yet they clearly
did. The lack of a significant interaction betwesrergy and CP for both milk and milk
protein yields supports this conclusion. Thereftiie effects of energy and CP were
additive and independent. Therefore, greaterieffy of N use in the postabsorptive
system can be expected when animals are fed eehmfigy diet as compared to a low
energy diet. The independent effects of energyGidre consistent with observations
at the tissue level wherein increased rates of MiEep synthesis resulted in increased
removal of AA from blood and reduced recycling ok £0 and catabolism by the
splanchnic bed and other peripheral tissues (Begjeetl., 2000; Bequette et al., 2001,
Hanigan et al., 2000; Hanigan, 2005). Our obseymatare also consistent with the
observations of Raggio and coworkers (2006) whalemied that propionate infusions
promoted milk protein concentration and yield bgreasing AA uptake by the MG. The
observed improvement in N efficiency in the currstnidy from 38.5% for the LE/LP
diet to 43.0% for the HE/LP diet (Table 8) are atsasistent with this conclusion.
Finally, the N efficiency results are consistenthathose of Broderick (2003) if one
assumes the responses in the prior work resulbaa éhanges in RUP rather than RDP
as concluded by the authors. The lack of an intemabetween energy and protein
supply was also consistent with the observatiorBrotlerick (2003) and supportive of a
postabsorptive mechanism given that dietary RDR&atnations exceed NRC

requirements in both studies and were controlletiéncurrent work.
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Milk urea nitrogen was affected by both energy @Rdsupply, and there was a
significant interaction. Provision of additionabgein in the diet when dietary energy
was low resulted in the greatest MUN concentratiofise HE/HP diet had intermediate
MUN concentrations consistent with increased useé®for milk protein. Low dietary
CP resulted in comparably low MUN regardless ofatigenergy. It was anticipated that
the HE/LP diet would result in the lowest MUN contration given the comparable N
intakes and significant effects of energy on milétpin output and N efficiency (Table
8).

Concentrations of MUN were greater than those tegddrsy other authors
(Broderick, 2003; Ipharraguerre and Clark, 200&phn and coworkers (2004) compared
different methods to determine MUN and concluded the BentleyCL 10, Foss 6000,
and Skalar instruments explained more than 98%eotariance that was due to farm-to-
farm variance. Machine accuracy and precisionkiMlaboratories is checked monthly
against known standards (CL10 method) and reswlts & split-sample test indicated the
machine was properly calibrated and reporting ately.

Plasma beta-hydroxybutyrate concentrations weectdt by dietary energy
content. The large changes in ruminally fermemt@bkbohydrate content may have
contributed to this, however endogenous produdtimm partial oxidation of fatty acids
in the liver was likely stimulated by the dramatiop in energy metabolite supply to the
animal which would be expected to elicit a changfatty acid mobilization from
adipose. The liver would also be expected to seleetate under these conditions
(Hanigan et al., 2004) which may have been adedaaiffset any reductions in acetate

supply associated with lower diet digestibilityoz milk and lactose yield would be
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likely to reflect for reductions in mammary glucaggtake. Thus reduced mammary

removal would have caused increased glycemia.

Nitrogen Utilization

Predicted postabsorptive N efficiency was affedtgdlietary energy and CP
independently with the greatest efficiency obserfeeadows fed the HE/LP diet (43.0%)
and lesser efficiency for HE/HP and LE/HP diets.13nd 31.0% respectively). These
results are in agreement with those presented bgeBick (2003) that reported an
increase in N efficiency as CP in the diet was el@sed and energy density increased and
no significant interaction between CP and enef@gducing N intake by approximately
100 g resulted in less than a 16 g reduction ik Mibutput while changing energy
density in the diet changed milk N output by appmeately 30 g/d. The present study is
consistent with observations of Castillo et aldQ@) who reported that reductions in N
intake from 750 to 400 g/d had a greater impadt grartitioning to urinary output
(R?=0.62) than to milk protein output t80.14). These findings suggest that
postabsorptive N efficiency in lactating cows isi@hale and independently affected by N
and energy supply. Feeding diets with less RUR thkaommended by the NRC (2001)
in combination with high concentrations of dietenergy may be a useful strategy to

improve the N capture in milk protein.
NRC analysis

The patrtitioning of absorbed AA is represented ixed set of transfer coefficients in

the NRC (2001) model. Further, this model assuitmagtsa single nutrient limits animal
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performance. Thus if CP is the first limiting natit as appears to be the case herein for
the HE/LP and LE/LP diets (Table 5), then the mqutetlicts that the animals cannot
respond to provision of any other nutrient. Howewalk production increased by 6.6
kg/d and milk protein output by 160 g/d when adufiil energy was provided with fixed
dietary CP concentrations (LE/LP versus HE/LP) Iteggin a 4.5% unit increase in the
efficiency of MP use for milk production. Thesesebvations are consistent with those
of Bequette et al. (2000) where the efficiencyrahsfer of AA into milk protein in the
mammary gland was found to be variable. Not oidytde model fail to predict the
response to energy in a protein limiting situatiout, it also overpredicted responses to
CP in general. The model predicted a 9 kg/d naponse to provision of additional CP
to the HE/LP diet and 8.2 kg of response for thé_LBEdiet, but the cows exhibited a 2.8
kg/d response for the HE/LP diet and a 4.7 kg/darse for the LE/LP diet, i.e. the
observed response was at best 50% of the predetpdnse. These observations are
consistent with the independent effects of energl/M supply, and variable N capture
efficiencies observed by Hanigan et al. (1998).tHAs variable efficiency is not captured
in the NRC (2001) model, an improved representatiguostabsorptive partitioning of N
should result in a model that more accurately gtsdl requirements. Additionally, the
new representation would result in improved feegirggrams and reduced N release to

the environment.

CONCLUSIONS

The effects of postabsorptive energy and CP suppliemilk and protein yield were

independent and greater energy or CP was ablémalate production. The efficiency
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of N utilization was maximum when feeding the conation of high energy and low CP
in the diet. Therefore, the single limiting nutrieconcept used in the NRC should be
replaced with a multi-nutrient representation ta@ommodates at least energy and CP

supply to better predict milk protein output anefficiency.
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Table 1. Predicted nutrient requirements as detexdiirom NRC (2001) on % of DM

basis.
Treatments

Energy High High Low Low

Protein High Low High Low
Corn silage 34.97 34.89 45.86 45.82
Mixed grass + legume silage 4.81 4.80 4.80 .804
Cottonseed hulls - - 20.53 17.89
Soybean hulls 25.70 31.62 10.70 19.55
Corn grain, ground, dry 22.07 22.03 - -
Tallow - 1.18 - 1.13
Urea 1.16 1.24 0.74 0.79
Soybean meal, solvent (48% CP) 3.06 2.53 79.1 8.25
Protected soybean méal 6.56 - 6.55 -
Calcium carbonate 0.30 0.30 0.30 0.30
Calcium phosphate (DF) 0.35 0.57 0.48 0.63
Sodium bicarbonate 0.20 0.20 0.20 0.20
Salt 0.24 0.24 0.24 0.22
Trace mineral and vitamin mix 0.10 0.10 0.10 0.10

1HiVap®, Land O’ Lakes / Purina Feed, Gainesvil&,.

Contained 22% Ca and 19.3% P.

3Land O’ Lakes/Purina Feed, Gainesville, GA; fornedhto provide (per kg of dietary DM)
25x10° IU of vitamin A, 400,000 IU of vitamin D, and 00" IU of vitamin E, 0.1 mg of Co,
12 mg of Cu, 0.7 mg of I, 60 mg of Fe, 48 mg af,M8 mg of Zn, 0.3 mg of Se.
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Table 2. Definition of effects for the statistiecabdel.

Effect Type df ddfnf
Energy (E) Fixed 1 31
Crude Protein (P) Fixed 1 31
Breed (B)' Fixed 1 31
ExB Fixed 1 31
PxB Fixed 1 31
ExP Fixed 1 31
ExPxB Fixed 1 31
b Fixed 1 31
Cow (ExPxB) Random 31
Day (D)* Fixed 6 192
ExD Fixed 6 192
PxD Fixed 6 192
ExPxD Fixed 6 192
BxD Fixed 6 192
ExBxD Fixed 6 192
PxBxD Fixed 6 192
ExPxBxD Fixed 6 192
Residual Random 192
Total 279

The energy effect (high or low E), the crude pmiect (high or low P), the breed
effect (Holstein or crossbreed), the effect ofriagression analysis of the covariate b for
the variable of interest, and the effect of dayhfbugh 7).

2df = degrees of freedom, ddfm = balanced denomirtEgrees of freedom for F-test
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Table 3. Analyzed chemical composition of the feed ingrathaised in the experimental diets (% DM basis).

Ingredients

Corn silage Haylage Conc. mix A Conc. Mix B Conc. mix C  Conc. mix D
Item
DM, % of feed 28.5 50.9 90.3 89.5 89.8 90.2
NDF, % of DM 43.7 48.8 36.0 41.5 50.1 54.6
ADF, % of DM 26.3 38.0 22.5 27.2 B6. 40.9
CP, % of DM 8.9 17.6 24.2 20.0 30.6 21.8
Fat, % of DM 3.6 2.5 2.8 3.7 2.1 4.0
NFC, % of DM 42.1 22.1 34.1 32.2 11.9 14.6
Lignin, % of DM 3.0 7.4 1.8 1.8 6.0 55
Starch, % of DM 30.0 1.2 28.5 24.3 4.0 2.8
Sugar, % of DM 1.2 4.3 3.7 3.9 5.1 3.6
Ash, % of DM 3.1 10.8 5.6 5.8 8.6 8.6
Calcium, % of DM 0.17 0.86 0.61 0.83 0.98 0.97
Phosphorous, % of DM 0.20 0.29 0.33 0.47 0.49 0.50
Magnesium, % of DM 0.15 0.23 0.19 0.20 0.27 0.25
Potassium, % of DM 1.04 3.01 1.07 0.94 1.50 1.23
Sulfur, % of DM 0.13 0.26 0.19 0.13 0.25 0.19
Sodium, % of DM 0.002 0.027 0.479 0.497 0.849 0.663
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Table 4. Observed composition of experimental diets andipted nutrient requirements
as determined from the NRC(2001)

Treatments

Energy High High Low Low

Protein High Low High Low
DM, % 49.6 47.8 46.0 44.8
CP, % of DM 18.7 15.2 19.1 155
NDF, % of DM 38.7 42.1 48.9 51.8
ADF, % of DM 24.5 26.8 31.2 33.4
RDP, % of DM 11.5 10.5 11.2 10.3
RUP, % of DM 7.2 4.7 7.9 5.2
NFC, % of DM 35.6 34.9 25.3 25.0
Crude fat, % of DM 3.3 4.4 2.9 4.0
NE,_ Mcal/kg 1.54 1.53 1.45 1.45
RDP required, g/d 2463 2453 2355 2141
RDP supplied, g/d 2907 2639 2866 2364
RDP balance, g/d 444 186 511 223
RUP required, g/d 1333 1265 1203 1075
RUP supplied, g/d 1826 1176 2026 1203
RUP balance, g/d 493 -89 823 128
MP required, g/d 2574 2424 2395 2089
MP balanced, g/d 412 -68 679 97
MP supplied, g/d 2986 2356 3074 2186
MP allowable milk, kg/d 43.5 32.0 45.6 28.9
NE, allowable milk, kg/d 41.0 39.6 37.1 30.3

"Values predicted using actual DMI, milk yield, aramponents for each treatment.
NRC (2001) ingredients composition was modifiedetibect the actual chemical values
for CP, ADF, and NDF or, in the case of the graires, the composition that would be
required to achieve the observed values.
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Table 5. Least square means of intake, milk production hedight and body condition score for cows fed vagyamounts of

energy and protein.

Experimental Diets

Energy High High Low Low EffectR <)
Protein High Low High Low SEM Energy MP E*MP
Intake, kg/d
DM 24.8 24.4 24.9 23.2 0.8 0.50 0.21 0.39
CP 4.70 3.72 4.68 3.64 0.13 0.001 0.001 0.84
NDF 9.53 10.27 12.23 12.00 0.18 0.001 0.25 0.02
ADF 6.03 6.53 7.80 7.73 0.10 0.001 0.12 0.04
NE 38.8 37.8 35.3 33.9 1.50 0.01 0.39 0.90
Milk Production
Milk yield, kg/d 36.1 33.3 30.7 26.0 2.0 0.003 ®.0 0.64
Lactose, kg/d 1.71 1.69 1.49 1.28 0.12 0.01 0.32 43 0.
True protein, kg/d 1.13 1.03 0.91 0.87 0.05 0.001 .160 0.57
Fat, kg/d 1.14 1.26 1.13 1.18 0.09 0.61 0.32 0.72
MSNF, kg/d 3.13 3.04 2.72 241 0.20 0.01 0.29 0.58
Lactose, % 4.97 4.94 4.76 4.79 0.03 0.001 0.95 4 0.3
True protein, % 3.24 3.12 3.19 3.16 0.04 0.90 0.10 0.29
Fat, % 3.46 3.75 3.82 4.30 0.15 0.004 0.01 0.54
MSNF, % 9.12 8.98 8.85 8.88 0.04 0.001 0.24 0.07
MUN, mg/dl 17.2 12.2 21.0 12.0 0.81 0.01 0.001 0.005
SCC, 1000 cells/ml 32.79 23.57 132.8 161.35 56.03 0.02 0.85 0.71
BW, kg 642 635 650 640 4.0 0.13 0.04 0.80
BCS 3.09 3.11 2.90 2.97 0.08 0.24 0.35 54 0.

*Milk solid non-fat
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Table 6. Concentrations of free AA in plasma of cows fedyirag amounts of energy and

protein
Experimental Diets
Energy High High Low Low EffectR <)
Protein High Low High Low SEM Energy MP E*MP
__________________ P —

Total Essential AA 907 924 913 997 53 0.47 0.36 .530
Arg 109 118 100 116 14 0.71 0.38 0.81
lle 100 100 104 100 6 0.79 0.72 0.72
Leu 150 145 150 221 29 0.19 0.26 0.19
Lys 82 85 93 91 7 0.26 0.92 0.75
Met 10 17 13 14 2 0.92 0.23 0.27
Phe 96 56 67 62 18 0.56 0.24 0.37
Thr 85 93 86 92 7 0.99 0.35 0.91
Trp 40 44 a7 46 3 0.13 0.68 0.44
Val 207 236 211 221 16 0.73 0.27 0.57

Total Nonessential AA 623 622 605 635 42 0.95 40.7 0.72
Ala 184 199 196 187 10 0.99 0.80 0.25
Asp 14 15 15 14 1 0.80 0.50 0.34
Glu 52 50 46 45 3 0.18 0.69 0.92
Gly 262 239 246 252 34 0.96 0.79 0.67
Pro 82 90 85 93 4 0.64 0.09 0.98
Ser 89 97 99 100 7 0.40 0.60 0.66
Tyr 50 52 46 50 3 0.49 0.46 0.87

Table 7. Relative amount of plasma metabolites with regarSS concentration (100%) as
analyzed by NMR method in cows fed the experimeditzts.

Experimental Diets

Energy High High Low Low EffectR <)

Protein High Low High Low SEM Energy MP E*MP
Metabolite
Acetate 599 704 75.1 91.2 140 0.18 0.32 830.
Beta-hydroxybutyrate 18.9 16.3 31.0 30.1 3.20.001 0.56 0.78
Lactate 75.3 89.4 70.5 91.7 211 0.95 040 .860
Glucose 26.2 23.1 23.2 27.4 14 0.62 0.70 0.01

"The DSS peak area (0.45 mM) was set to 100% anatltiee metabolite peak areas were

expressed as a percentage of the DSS peak area.
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Table 8. Nitrogen utilization in cows fed varying amountfsenergy and protein.

Experimental Diets

Energy High High Low Low Effectq <)

Protein High Low High Low SEM Energy MP E*MP
N supplied in MP, g/d 470 372 468 364 14 0.71  000. 0.84
Milk protein N, g/d 176 160 143 136 8 0.002 .19 0.63
Predicted Urinary § g/d 292 216 338 202 11 0.20 0.001 0.01

N efficiency % 37.1 43.0 31.0 38.5 1.4 0.001 0.001 0.53

"Estimated urine N output = 0.026 x MUN (mg/dl) x BWdg)(Kauffman and St-Pierre, 2001).
°N efficiency (%) = 100xMilk N (g/d) / N supplied P (g/d).
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Chapter 4
I nteractions of Energy and Amino Acidsin Deter mining the Regulation of Protein

Synthesisin Mammary Glands of L actating Dairy Cows

ABSTRACT
The objective of this study was to test local aralaoular adaptations regulating protein
synthesis in the mammary gland. We hypothesizadnitammary glands can regulate
AA metabolism via local and cellular adaptationsriaintain milk protein yield when
AA is limiting production. Six primiparous mid-lgation Holstein cows with ruminal
cannulas were randomly assigned to casein andhstdtused abomasally ina 2 x 2
factorial arrangement. The design was a replicetesimplete 4 x 4 Latin-square. All
animals received the same basal diet (17.6% CH &8Mcal NE/kg DM) throughout
the study. Cows were restricted to 70% of ad Iriintake and infused for 36 h with
water, casein (0.86 kg/d), starch (2 kg/d), andctirabination (2 kg/d starch + 0.86 kg/d
casein) using peristaltic pumps. Milk yields amdnposition was assessed throughout
the study. Arterial and venous blood samples wellected during the last 8 h of
infusions. Mammary biopsy samples were collecteéti@end of each infusion and
assessed for cell signaling phosphorylation stAt@mals infused with casein had
increased arterial concentrations of AA, increasaenmary extraction of AA from
plasma and no change or a trend to reduce mamrfiemyyefor AA, however milk
protein yield did not increase. Animals infusedhnstarch experienced reduced arterial
concentrations of AA but increased affinity and nptake of some AA. Additionally,

infusions of starch increased glucose concentrstimsulin, IGF-I, mammary plasma
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flow, and activated the ribosomal protein S6. HeeremTOR activity increased in
response to casein only when starch was presdnits, Tell signaling activation
responded to different nutritional stimuli. Milké protein yield increased in animals
infused with starch. Therefore, starch infusiomseased metabolism of mammary
glands and engaged local and intracellular regiatechanisms to stimulate milk
protein synthesis. These metabolic and cellulaptations should be included in current

models to improve the accuracy of prediction ofieat utilization in lactating cows.

(Key words: amino acids, cell signaling, mammary gland)

INTRODUCTION
The efficiency of N utilization is relatively poar lactating cows, and reducing CP
content from 19.1 to 15.2% (DM basis), which redulidosses, is a possible tool to
increase N efficiency although it compromises rpiladuction (Rius et al unpublished
data). Lactating cows fed diets with 18.3% CP tetliced N efficiency as compared to
cows fed 15.4% CP diets (27.7 vs 35.5 %) with 83 i@ milk or milk protein yield
(Cyriac et al., 2008).

The majority of N losses occur in the postabsogpsiystem (e.g. splanchnic
tissues; Hanigan, 2005). Under normal feeding timms, less than a third of
posthepatic AA supplied to mammary glands (MG)wsed for milk protein synthesis
(Bequette et al., 1998). The majority of circulgtihA are drawn from arterial supply
and catabolized in the splanchnic tissues due @o gapture at the peripheral tissues

(Hanigan, 2005; MacRae et al., 1997). Therefaeyaling of AA back to the splanchnic
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tissues in arterial blood is a key determinantagébolic rate. If utilization of AA for
milk protein synthesis could be stimulated, thepprtion of AA recycled to the
splanchnic tissues would be reduced thereby impgpanimal efficiency (Hanigan,
2005).

Stimulation of milk protein synthesis at a givepgly of AA is a potential
strategy to reduce recycling of AA to splanchnssties. If AA supply remains constant
while use for milk protein synthesis is increasedluctions in arterial concentrations of
AA should be observed (Hanigan et al., 1998ajrul this should lead to greater use of
AA for protein synthesis and reduced AA catabollgnthe splanchnic tissues.
Conversely, increased mammary AA removal in theabs of greater protein synthesis
would likely increase AA degradation within thestie (Bequette et al., 1996a; Bequette
et al., 1996b). Greater intracellular concentratiof AA resulted in increased oxidation
to a large extent (Bequette et al., 1996a; Raggid. €2006).

Reduced concentrations of circulating AA triggegeeater proportional
mammary capture which partially sustained protgimtlsesis (Bequette et al., 2000;
Raggio et al., 2006). Limiting arterial concenwas of His from 73 to 8 uM elicited an
increase of 43-fold in the transport activity fenroval of His by the MG (Bequette et al.,
2000).

Therefore limiting the supply of AA to MG shouldgger local adaptations to increase
affinity and removal of EAA thereby partially miagng losses in rates of milk protein
synthesis.

Increasing energy intake increased milk and mitkgin yield and N efficiency

(Broderick, 2003; Rius et al., unpublished). lasiag dietary energy content at a given
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CP level may stimulate mammary protein synthesismitk protein production
(Hanigan et al., 1998a). Increasing duodenal gngugply in cows fed isonitrogenous
diets stimulated insulin secretion and milk protgield (Rulquin et al., 2004). Greater
insulin concentration and glucose supply to thenahincreased mammary capture of
AA to sustain greater protein synthesis (Macklalgt2000; Rulquin et al., 2004). The
latter could compensate for reductions in artekilalconcentrations if low-protein high-
starch diets are fed and protein synthesis is ited in lactating animals.

Insulin stimulated initiation of protein synthesisthe molecular level in growing
animals (Davis et al., 2001) and the mTOR signatiagcade was up-regulated during
protein synthesis in muscle tissue (Escobar eR@06). Increased mTOR activity was
associated with greater AA utilization for protsynthesis in growing animals, however
this molecular mechanism has not been evaluat®btf3rof lactating cows (Escobar et
al., 2006). Increases in protein synthesis arepgeddently up regulated by either greater
AA intake or greater insulin concentrations (Dastisl., 2001; Davis et al., 1991).
Therefore feeding high energy diets to stimulaseliim release can maintain milk protein
synthesis even when dietary CP is low.

Mammary glands should increase their affinity fétAzand capture of AA if
arterial concentrations are reduced by feedingdootein diets (Bequette et al., 2000).
High starch diets stimulate mammary secretory egfich can maintain milk protein
synthesis and yield by increasing mTOR activityrewdnen low protein diets are fed.
Collectively the reduction in AA supply and thenstilus of protein synthesis could be

the platform to maintain production and to increlsefficiency at the MG.
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The objectives of this study were to test if MG cagulate blood flow, AA
capture, and protein synthesis when AA supply wedsiced and energy status increased.
We hypothesized that AA and glucogenic substratgdcsupport protein synthesis
independently. The efficiency of protein synthesiald be associated with local
adaptive mechanisms at the cellular level includjrgater activity of the protein

translation factors as it is described in musdsug of growing animals.

MATERIALS AND METHODS
Animalsand Housing
All experimental procedures were approved by tlséitutional Animal Care and Use
Committee of Virginia Tech. Six primiparous Hoisteows (612 kg of BW) were fitted
with a ruminal cannula 55 d before commencemettt@ttudy. Animals were housed in
a free stall barn with constant access to waterf@edl. A common TMR was mixed
0800 daily and offered ad libitum for the first d2f each period and restricted to 70% of
ad libitum intake on an individual basis for thetl86 h of each period. Diets were
formulated to meet NRC (2001) recommendations {@ithprotein content for a mid-
lactation cow weighing 650 kg, consuming 22 kg MR, and producing 40 kg/d of milk
with 3.0% CP and 3.5% fat. Final diets containB#4orage and 55% concentrate on a
DM basis. The DM content of the forages was maadaveekly and used to adjust the
mix to maintain constant DM proportions in the fidget. Samples of forages and
concentrates were taken daily during the last vedeach period, pooled, and submitted

to Dairyland Laboratories (Arcadia, WI) for analgs# nutrients.
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Treatments

The effect of two levels of abomasal starch anéicasfusions were tested ina 2 x 2
factorial arrangement. Cows were assigned to 6hea 4 x 4, incomplete Latin
squares. Starch and casein were purchased frownbBStarch and Chemistry
Company (Bridgewater, NJ) and International IngeatiCorporation (St Louis, MO),
respectively. The study consisted in four 14 dqukr. The first 10 d of each period were
allotted for diet acclimation of the animals andstvaut of the previous treatment. On
day 11, cows were moved to a metabolism unit withvidual tie stalls and abomasal
infusion lines were placed via the ruminal cannuan d 13 and 14 the TMR offered was
restricted to 70% of the observed ad libitum intalker the previous 10 d for each
animal. During the treatment infusions, the TMReo#éd was subdivided into equal 3 h
proportions which were delivered at 0300, 0600,009200, 1500, 1800, 2100, and 2400
on d 13 and 0300, 0600, 0900, 1200, and 0300 hieh dAt 0400 on d 13, abomasal
infusions were started and consisted of: 1) con#qelwater; 2) starch (2 kg/d); 3) casein
(0.86 kg/d); 4) and the combination of starch gasein (2 kg/d of starch + 0.86 of
casein kg/d). Infusates were delivered in a wit&5 kg of tap water/d. Suspensions
were maintained by continuous stirring. Peristgitimps (Harvard apparatus Co., Inc.
Millis Mass) were set at a ~66 ml/min to deliveuabvolumes of the infusates into the

abomasum.

Milking and Milk Samples

Animals were milked at 0800 and 2000 daily fromt 1.3 on each period. On d 14

cows were milked out every hour from 0800 to 1608 samples were collected (during
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the last 8 h of the infusion on each period). Aguat was collected and submitted for
analyses of fat, true protein, lactose, total soladhd somatic cells by infrared analyses
(DHIA, Blacksburg, VA; AOAC, 1990; Foss 4000 Coniiorth America, Eden Prairie,
MN). The MUN analyses were conducted using ther&ot procedure (ChemSpec 150

Analyzer; Bentley Instruments, Chaska, MN).

Mammary Biopsy

Mammary glands were prepared for biopsy and tisgagecollected at the end of the
infusion periods according to Harvatine and Baui{2296). Briefly, mammary biopsies
were collected using a biopsy tool (Magnum® CoreBl System, Bard, Covington,
GA) fitted with a 12 gauge needle. One aliquotalfected tissue (~0.1 g) was
immediately snap frozen in liquid N and stored8x °C for later analysis. A second

aliquot was processed for western blot analysis.

Catheters Surgery and Maintenance

Two weeks before the onset of the study a permandwielling catheter was introduced
~40 cm into the intercostal artery (for cathetende see Mackle et al., (2000). During
the study, 4 catheters failed and replacement athevere inserted into the contralateral
intercostal artery. On day 11, one indwelling eé¢h was inserted into the jugular vein
and another catheter was inserted into the subeotsrabdominal vein. The venous
catheters were removed on day 14 at the end ofisAcion period. Arterial catheters
were flushed weekly with a 0.9% NaCl solution camteg 400 IU of heparin (Baxter;

Deerfield, IL) prior to initiation of the study armktween sapling periods. A second
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solution containing 20 1U of heparin was used tsHi the catheters during the sampling

sessions.

Blood Collection, Hormone, and Metabolite Concentrations

During the last 8 h of each infusion period, agkaind venous samples (~7 ml) were
collected simultaneously every 20 min into syringeated with sodium heparin. Plasma
was prepared by centrifugation (2009 for 10 min), pooled by hour and cow, and
stored at -20 °C until analysis. Blood was hame@sthile cows were standing to insure
representative sampling from the abdominal veiam@es were subsequently subjected
to glucose, insulin, insulin-like growth factorlGF-I), and AA analysis. Glucose
concentrations were determined using an enzymagtbad (according to manufacture
procedures; Beckman Coulter Inc.; Fullerton, CAhe intra-assay CV was < 3%.
Insulin and IGF-1 were determined by double-antjp&dA as described by Daniels et
al., (2008). For the IGF-I assagid-ethanol extraction of binding protepreceded the
RIA. Intra and inter-assay CV were 2.1 and 1.3%HelGF-I, and 3.2 and 2.4%
respectively for the insuliconcentrationsEqual hourly plasma aliquots were pooled by
period and cow, and analyzed for hematocrit, n@néigtd fatty acids (NEFA),
triglyceride (TG), and IGFI-binding proteins 3,ahd 5 (IGFBP-3, 4, and 5).
Nonesterified fatty acids (Wako Chemicals; Richmovid) and TG concentrations were
determined using an enzymatic method (Beckman €olt.; Fullerton, CA). The
intra-assay CV were less than 1% for each met&oWestern ligand blotting was used
to determine relative abundance of IGFBP 3, 4,%8ad described by Daniels et al

(2008). Two 12% gelsere electrophoresed at the same time to minimetéoggel
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variation. Briefly, proteingere electrotransferred to a nitrocellulose memésan
incubated with?1-IGF-1 (1 x 10° cpm/mL) overnight, washed tris-buffered saline and
visualized by autoradiography (Amersham; PiscataMdy for 24 h at —-80 °C. Relative
abundance of binding proteins were determined byrsagdensitometry (Un-Scan It
v6.1; Orem, UT). Free AA was determined by isotdjhation using a gas
chromatograph-mass spectrometer (Focus-PolarisMSCFhermo Electron
Corporation; Waltham, MA) according to the methof@l&l-Kadi et al., (2004) and

Calder et al., (1999).

Cdll Signaling Analysis

Tissue samples from mammary biopsies (0.1 g) wasessed for Western blot analysis
(Escobar et al., 2006). Briefly, the tissue wagadil:7 with homogenization buffer
containing a mix of protease and phosphatase ion#{Sigma Chemical Compar§t.
Louis, MO), homogenized (Power Gen 1000; Fishee@dic, Waltham, MA), and
centrifuged at 10,000 g for 10 minat 4°C. The supernatant was diluted in Laemmli
sodium dodecyl sulfate sample buffer, boiled fonif, and stored at —80 °C urgilotein
immunoblot analyses. Proteins were electrophakyiseparated in polyacrylamidels
and transferred to a PVDF membrane (Bio-Rad, HesaO), blocked with 5% of
nonfat dry milk on tris-base tween buffer (10 mMsHbase, 150 mM NaCl, and 1%
tween 20), and probed with various antibodies nag#enst the signaling proteins of
interest as previousbescribed (Escobar et al., 2006). Antibodies agdire
phosporylated forms of each of these initiationtdeswere procured from Cell Signaling

Technology and included anti-phospho-AKT ($3r anti-phospho-mTOR (S&f9),
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anti-phospho-rpS6 (S&r'?*and Ser*®?*). Membranes were probed initially for the
phosphorylated initiation factors then stripped] as-probed to determine the total form
of initiation factors. Total- AKT1, mTOR and ribm®al protein S6 (rpS6) were
guantified using antibodies from Cell Signaling fieclogy (Danvers, MA). Blots were
developed using an enhanced chemiluminesden@eCL Plus, Amersham; Piscataway,
NJ), visualized using ECL film and a medical filmopessor (SRX 101A Konica
Minolta; Wayne, NJ). The films were scanned anadseguantified by densitometry as

described above.

Measurements and Calculations

Mammary plasma flow (MPF, L/h) was calculated adouy to the Fick principle, using
plasma and milk Met, Thr, Lys, Phe and Tyr fluxiwén allowance of 3.5% contribution
from blood-derived proteins (Thivierge et al., 2R02

MPF = ([AAy] x 0.965) / (AM¥a) X (1 — hematocrite)

where[AAn] represented milk concentrations of AA in pmol/h ék\daa) represented
arterio-venous concentration differences for eaglA ih pmol/L. The Fick principle
assumes that milk output = arterio-venous plasomaentration differences (AV) of AA
x mammary plasma flow. Essential AA listed abowrewsed assuming negligible
degradation in the MG. Milk AA composition was @aahted from Hanigan et. al.
(2004).

Clearance or transport activitly, (L/h) of AA and metabolites by MG were calculated

from the model of Hanigan et al. (1998b) as appieBequette et al (2000):
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k =([A] x MPF [ [Vi]) - MPF

where A\] and V] represented arterial and venous plasma conciemtsaf the '

AA (umol/L) and MPF (L/h). The value &frepresents the transport activity of AA or
metabolites in the MG (L/h) or the ability of thiagd to clear AA or metabolites from
blood. The advantage of this form over the usanoéxtraction efficiency is that the
transport activity accommodates changes in plasmma fNet Uptake or extraction of
AA or metabolites across the MG were calculated as:

Uptake = (MPF) X (AVaa)

Uptake is expressed in pmol/h [(L/h) x (umol/L)]

Statistical Analysis

The main effects of starch and casein and theaati®n between starch x casein were
tested (Table 3). Statistical computations wergopmed using the Proc Mixed
procedure of SAS (2001; 3.01, SAS Institute In@ryCNC). Cow was defined as
random effect whereas periods and treatments vwedireed as fixed effects for the
analyses of hormones, NEFA, TG, and Western bipttithe same model was used for
analyses of milk yield, milk composition, and md&mponent yields, AA, glucose,
plasma flow, and mammary calculations as repeatsbsuores in time using the MIXED
procedure of SAS to test for differences. The i@gessive covariance structure (AR1)
was used based on goodness of fit as indicated®yBd ACIC. Unless otherwise

stated, significance was declaredPat 0.05.
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RESULTS
The ingredient composition of the basal diet ispreed in Table 1 and the chemical
composition of the ingredients are presented inelrab
Milk production, Milk Components, and I ntake
Intake of TMR DM did not change among cows howetagl DMI (TMR + infusate)
increased in animals that received starch andcasstmentsK < 0.03; Table 4). Milk
production, milk solid percentages and yields ass@nted in Table 4. Infusion of starch
resulted in increased milk yiel® & 0.02) however, there were no observed effects of
casein infusion on milk yield. There was no inti@an between casein and starch for
milk yield. However, there was an interaction betw casein and starch for milk protein
yield with a positive response to casein in thesgnee of starciP(< 0.02). The infusion
of casein increased milk protein percentage (0.03), however, there was a negative
response to casein in the presence of starchadated milk protein percentage (casein x
starch interactior? < 0.04). Milk urea N was reduced by infusion afreh ¢ < 0.01;
11.1 mg/dl), and increased by the infusion of ca¢ei< 0.01; 13.9 mg/dl). Lactose
yield was greater in cows treated with stafelx(0.01). There was neither an effect of
starch nor casein on milk fat yield, but there wasnteraction with a positive response
to casein in the presence of starch that increfaadeld (casein x starch interactidh <
0.03; 42.6 vs. 50.0 g/h). There was a positiveafbn SNF yield in cows infused with
starch P < 0.03; 84.5 g/h) and there was an interactioh @ipositive response to casein

in the presence of starch (casein x starch interad® < 0.03; 104.0 g/h).

Insulin, IGF-I, and | GF Binding Proteins
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Insulin, IGF-I, and IGFBP data are presented inl@&b As expected, cows that received
starch infusions had increased insulin and IGFAcentrations® < 0.01). There was a
trend for an interaction between casein and staittha negative response to casein in
the presence of starch that reduced insulin coretgmt @ <0.08). There was an
interaction of casein and starch for IGF-BP4 amb&ndance with a negative response to
casein in the presence of starBh<(0.05). There was a trend for the interactionasfein
and starch with a negative response to caseireiprisence of starch on IGF-BP3

abundanceR < 0.06).

Metabolite Kinetics and Plasma Flow

Arterial plasma concentrations of energy yieldingtabolites, AV, transport activity, and
net uptake are shown in Table 6. Plasma flow waased in cows infused with starch
(P < 0.05). Arterial plasma concentrations of gliecagre increased in cows infused
with starch P < 0.01) and there was a casein x starch intera@a 0.01). There was a
positive effect of casein in the absence of sténahincreased glycemia however, there
was a negative effect of casein in the presenstaoth that reduced glycemia. Arterio-
venous concentration differences and net uptakgucbse increased in response to
casein infusion in the absence of starch but, AY et uptake of glucose decreased in
response to casein in the presence of starch fcastarch interactior® < 0.02). These
changes in uptake were caused by changes in mantraasport activity which
increased in response to casein in the absendarohshowever, the transport activity of
glucose was reduced in response to casein in &sepce of starch (casein x starch

interaction,P < 0.01). There was a trend for increased trangmbivity of glucose in
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cows infused with starchiP(< 0.08). Arterial NEFA concentrations were greatecows
infused with casein relative to cows infused wilreh @ < 0.05, 0.20 vs. 0.15 mEg/L).
Arterio-venous concentration differences of NEFAsweduced during starch infusions
(P <0.01; -0.02 mEg/L). Net uptake of NEFA wereueed in cows infused with starch
(P <0.01; -21.0 mEg/L) but, increased in cows intuséth casein (P < 0.01; 5.0
mEq/L). Likewise, transport activity of NEFA dratially declined in cows infused
with starch P < 0.01; -153.2 mEg/L). However, there was a tremdncreased NEFA

transport activity P < 0.07; 13.2 mEg/L) in cows infused with caseiona.

Amino Acids Kinetics

Arterial concentrations of AA are presented in Babl Casein infusions increased
plasma concentrations of all EAA except PRe<(0.02). Casein infusions increased
plasma Cys, Pro, Ser, and Ti#< 0.02). Infusions of casein reduced arterial
concentrations of GIrf(< 0.01). Infusions of starch reduced arterialogmtrations of
lle, His, Leu, Lys, Phe, and VdP (< 0.05). Moreover, there was a trend for redudetl
concentrations in cows infused with starBh<(0.07). Infusions of starch reduced
arterial concentrations of the NEAA Asp, GIn, Gind Pro P < 0.01) and there was a
trend for a reduction in Al&P(< 0.07). However, starch infusions increased Gly
concentrationsR < 0.01). Leu and Trp were affected by the caaashstarch interaction
with a positive response to casein in the absehs&ach P < 0.01). There was a casein
x starch interaction for arterial concentration®\tf, Cys, and GInK < 0.01) and the
effect of casein in the presence of starch red@edarterial concentrations. However,

Ala and GIn concentrations increased in responsadein in the presence of starch.
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Arterio-venous concentration differences of AA presented inTable 8. Casein
infusion increased AV for Arg, lle, Leu, Lys, Tlamd Val f < 0.03) and Cys, GIn, Gly,
Pro, and Ser{ < 0.02). However, Ala AV were reduced in cowsus#d with caseir(
< 0.01). Infusions of starch increased AV for MBty, Ala and Glu (P < 0.05), and there
was a trend for Phé>(< 0.06). There was a trend for a reduction indiiference for
Leu in cows infused with starcP & 0.08). Arterio-venous concentration differenoés
Cys, His, Phe, and Thr were affected by the intemadetween casein and starch with an
increase in response to casein in the absencarchstnd a reduction in response to
casein in the presence of stareh<(0.03).

Transport activity of AA are shown in Table 9. &ilance of Arg, Leu, Lys, Met,
Phe, and Trp were increased during starch infugiers0.05). Clearance of His and Thr
were affected by the casein x starch interactiahtha effect of casein in the absence of
starch increased clearance however, casein redies@dnce of His and Thr in the
presence of starc?(< 0.05). Similarly there was trend by the casestarch interaction
for clearance of Lys, Met, and Trp and the effdatasein in the absence of starch
increased clearance however, casein reduced cteaodys, Met, and Trp in the
presence of starct?(< 0.07). Conversely, there was a significaneoag starch
interaction for the clearance of Val and the eff#fatasein in the absence of starch
reduced clearance however, the effect of caseimeipresence of starch increased
clearance the of VaP(< 0.05). Clearance of Ala, Asp, and Tyr were @é@sed by starch
infusions P < 0.05). However, the clearance of Pro was redidceing infusion of
starch P < 0.03). The clearance of GIn was increased byrtfusion of casein however,

the clearance of Tyr was reduced by the infusiocastin P < 0.05).
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The net uptake of AA in the mammary gland is shawhable 10. The infusion
of starch increased the net uptake of Arg, Phe,TapdP < 0.05). Net uptake of His,
Met, and Thr were affected by casein x starch augon with a greater uptake in
response to casein in the absence of starch hoygewet uptake reduction when casein
was infused in the presence of stafelx(0.04). The infusion of starch increased the net
uptake of Ala, Asp, and GlWP(< 0.05). Casein infusions reduced net uptakelaf(A <
0.02). However, casein infusions increased uptdkaly (P < 0.04). Net uptake of Ala,
Cys, and Tyr were affected by casein x starch actésn with a greater uptake in
response to casein infusions in the absence afstawever, the uptake of Ala, Cys, and

Tyr was reduced in response to casein in the pcesafnstarch® < 0.02)

Cdll Signaling

The ratio of phosphorylated to total abundanceetifsignals factors mTOR, AKT, and
rpS6 in the mammary gland are presented in Figurénk phosphorylated ratio of
MTOR increased in response to casein when starsipreaent and declined in response
to casein in the absence of starch (casein x stantenactionP < 0.05). There was a
trend for the interaction of casein x starch onghesphorylation ratio for AKTR <

0.14) with an increase in response to casein iptegence of starch. Infusions of starch
increased the phosphorylation ratio of rpB6<(0.03). However, infusion of casein

failed to increase phosphorylation ratio of mTOR.

DISCUSSION
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The study described in this paper was designeestalie effect of infusions of starch,
casein and the interaction of the main effectsystesnic, tissue, and cellular adaptations
to regulate protein synthesis in MG of lactatingeso The mTOR cell signaling cascade
was evaluated in mammary tissue and the role etsal cell signaling mediators in
regulating mammary protein synthesis was determined

The presence and activity of these selected ggibsing factors were identified in
the mammary tissue and the activity of these faalemonstrated to change when
treatments were imposed. In our study, starctsiofuincreased the activity of rpS6
factor. Infusion of casein in the presence ofcstancreased mTOR activity (Figure 1).
This likely produced an increase in rpS6 which@ased AA capture in milk protein
(Table 3). In contrast, this cell signaling cascdd not respond to casein infusions in
our study. Escobar et al (2006) reported thatdaativated the mTOR cascade and
protein accretion in muscle of growing piglets. eBupply of AA is a key signal that
activates mTOR signaling (Bolster et al., 2004)wéeer, in our experiment increasing
mammary supply of AA did not stimulate the mTORazate.

The positive effect of starch on cell signaling\att could have been partially
mediated by greater concentrations of insulin &1 in agreement with O’Connor et
al., (2003). They proposed that AA and insulingpendently increased protein synthesis
and activity of this cell signaling cascade in nlegissue (O'Connor et al., 2003).
However in our study, casein infusions did not state the mTOR cascade. The
identification and the evaluation of the activifytbe mMTOR cascade in bovine mammary
tissue presents a potential regulatory mecharosatidw manipulation of protein

synthesis through nutritional and hormonal intetim1s. However, the precise
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molecular adaptation and change in the mTOR casesaains uncertain in the present
study.

Release of insulin and IFG-I increased blood flaetjvity of endothelial nitric
oxide synthase (eNOS), and nitric oxide produc{®; lantorno et al., 2007; Zeng and
Quon, 1996). Nitric oxide that was produced in maary tissues increased MBF
(Lacasse et al., 1996). mTOR, which is activatedhbulin, and eNOS partially share a
cell signaling mechanism that activates NO produncf(lantorno et al., 2007). Although
NO was not measured in the present study, phosiatiiory and activity of eNOS by
insulin and IFG-I secretion provides a plausibldenolar mechanism to explain
increased MPF even when glucose arterial concemratcreased (Cant et al., 2002).

Net uptake and affinity of AA was increased in aaisnnfused with starch in the
present study. This is part of a local adaptivetmeaism orchestrated to support protein
synthesis in MG (Bequette et al., 2000). FurtheemAA captured to sustain proteins
synthesis should improve the efficiency of AA adtion by MG. In our study the
average efficiency of extraction of EAA increasedrenthan 50% in cows infused with
starch however, intracellular AA were not used esilely for milk protein synthesis.
Perhaps catabolism of AA contributed to intraceltuises of AA in MG (Raggio et al.,
2006). Reductions of EAA supply to MG did not inrpailk protein yield in animals
infused with starch. These finding agree with lisseported by Bequette et al., (2000)
where lactating goats with limiting supply of Higachatically reduced concentration of
circulating His but increased transport activity48¢/fold in MG. Similarly, Raggio et
al., (2006) found that cows infused with propionatéhe rumen increased AA net uptake

to support milk protein synthesis. In the presgatly net uptake and clearance of
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glucose responded positively to casein in the alessehstarch but the response to casein
declined in the presence of starch. Thus trangmbitity was up-regulated to maintain
glucose extraction for metabolic functions in MG.

As expected, measured increases in MUN during icaskision suggested that
AA derived from casein in the absence of adequagegy supply were oxidized rather
than used for protein synthesis in MG (Raggio £t24106). The infusion of starch had a
positive effect on milk yield and protein yield whiagrees with results from Rulquin et
al., (2004).

Collectively, animals that were infused with staestpressed increases in AA
affinity, MPF, and net uptake to support nutrieattjtioning to MG. The rise in insulin
concentration probably activated the mTOR signatiagcade that channeled AA
removed from blood supply through protein synthesiss plausible that these local and
cellular adaptations regulated at least partiatiyk protein synthesis during lactation.
However, the long term effect on cell signaling\att and local adaptive mechanisms
need to be addressed to fully understand respoogestein and energy supply and

regulation of protein synthesis in MG.

CONCLUSIONS

The efficiency of protein synthesis could be assed with molecular adaptive

mechanisms including greater activity of the proteanslation factors mTOR and rpS6.

The objectives of this study were to determine & ian regulate blood flow, AA

capture, and protein synthesis when AA supply wedsiced and energy status increased.
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Indeed, local adaptations occurred and proteirdyses maintained. We hypothesized
that AA and glucogenic substrate could supportginosynthesis independently but only
starch increased protein synthesis. These findinggde valuable information to better
understand dynamic of AA and nutrients in lacta@ngmals. Collectively, this
information can be used to empower mechanistic lsddepredict milk protein
production. The identification of key moleculagrsaling cascade involved in protein
synthesis could be included in mathematical motteiscrease accuracy in predicting

AA capture and protein synthesis regulation indéiog animals.
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Table 1. Ingredient composition of the basal diet.

Item % of DM
Corn silage 40.00
Mix grass + legume silage 5.00
Soybean hulls 21.66
Corn grain, ground, dry 14.50
Soybean meal, solvent (48% CP) 12.40
Protected soybean meal 4.78
Calcium carbonate 0.30
Calcium phosphate (Di-) 0.20
Sodium bicarbonate 0.20
Sodium Selenate 0.04
Salt 0.40
Vitamins and Trace Mih 0.01

vitamin A, D, E, magnesium oxide, manganous oxaite; oxide, hydrated sulfate, cobalt
carbonate, ferrous sulfate, copper sulfate.
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Table 2. Chemical composition of the feed ingretii®f the basal diet (% DM basis)

Item Haylage Corn Silage Forage Mix  Concentrate
DM 55.7 27.8 30.4 91.5
NDF 43.2 43.3 43.9 31.2
ADF 34.2 26.1 26.3 21.0
CP 21.6 7.2 9.7 235
Fat 3.3 4.1 3.8 2.9
Lignin 7.1 2.1 2.6 1.9
Starch 0.5 30.6 23.6 17.8
Sugar 2.6 1.0 2.2 5.7

Minerals
Ash 11.1 3.1 4.8 6.4
Calcium 1.0 0.2 0.6 0.8
Phosphorous 0.4 0.2 0.3 0.4
Magnesium 0.3 0.2 0.3 0.3

Table 3. Definition of the effects for the statsili model

Effect Type Df ddfnt
Starch (S) Fixed 1 8
Casein (CN) Fixed 1 8
CNxS Fixed 1 8
Period Fixed 3 8
Cow! Random 5
Error Random 8
19
Hour (H)* Fixed 8 128
SxH Fixed 8 128
CNxH Fixed 8 128
CNxSxH Fixed 8 128
Residual Random 128
Total 179

The effects of S, CN, period, cow, and H.
%df = degrees of freedom, ddfm = balanced denomirtgrees of freedom for F-test.
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Table 4. Effect of starch (S) and casein (CN)sidun in the abomasum of dairy cows on total dry
matter intake, milk yield, and milk composition.

Experimental Treatments

Starch - - + + Effect (P<)

Casein - + - + SEM S CN CN*S
DMI, kg/d* 13.0 14.7 17.9 16.9 0.8 0.01 0.4 0.01
Milk yield, kg/h 0.98 0.83 1.09 1.20 0.10 0.02 0.8 0.2
Protein yield, g/h 31.4 25.0 30.2 37.5 4.2 0.05 0.8 0.02
Lactose yield, g/h 45.5 35.3 44.6 56.5 7.0 0.01 0.8 0.1

Fat yield, g/h 48.0 34.9 42.6 50.0 4.7 0.3 0.4 0.03
SNF vyield, g/h 85.0 68.7 84.0 104.0 12.7 0.03 0.8 .030
MUN, mg/dI 12.0 14.7 9.2 13.1 0.5 0.01 0.01 0.2
Protein % 3.05 3.29 3.15 3.18 0.11 0.9 0.03 0.04
Lactose % 4.35 4.41 4.59 4.62 0.12 0.01 0.3 0.7
Fat % 4.68 4.40 4.25 3.73 0.30 0.05 0.1 0.6
SNF % 8.32 8.68 8.66 8.68 0.12 0.01 0.01 0.01

Voluntary total mixed ration intake plus infusate

Table 5 Effect of starch (S) and casein (CN) iidasn the abomasum of dairy cows on arterial
insulin, IGF-1, and IGF-I binding proteins.

Experimental Treatments

Starch - - + + Effect (P<)

Casein - + - + SEM S CN CN*S
Hormones

Insulin, ng/ml 0.78 0.85 1.29 1.0 0.18 0.01 0.8 0.08
IGF-I, ng/ml 352 376 399 405 51 0.01 0.3 0.5
IGF- binding proteins

IGF-BP3 326 350 356 261 30 0.3 0.2 0.06
IGF-BP4 247 349 277 246 33 0.2 0.3 0.05
IGF-BP5 171 170 183 127 15 0.2 0.04 0.05
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Table 6. Plasma flow, arterial concentration,réstgenous difference, net uptake, and transpdiviacof
energy metabolites in dairy cows abomasally infusgld starch (S) and casein (CN).

Experimental Treatments

Starch - - + + Effect (P<)
Casein - + - + SEM S CN CN*S
Plasma Flow, L/h 190 366 522 439 100 0.05 0.6 0.2
Arterial Concentrations

Glucose, mmol/L 4.1 4.3 4.6 4.3 0.16 0.01 0.5 0.01
NEFA, mEqg/L 0.24 0.17 0.14 0.16 0.03 0.4 0.05 0.1
Triglycerides, mg/d| 9.0 9.1 8.8 8.4 0.7 0.6 0.9 0.8
AV Difference

Glucose, mmol/L 0.49 0.78 0.63 0.51 0.11 0.4 0.3 0.02
NEFA, mEqg/L 0.001 0.002 -0.031 -0.009 0.007 0.01 0.1 0.1
Triglycerides, mg/d| 3.7 3.5 3.0 3.1 1.1 0.5 0.9 0.8
Net Uptake

Glucose, mmol/h 63 301 447 104 86 0.5 05 .010
NEFA, mEqg/h -3.6 13.6 -31.4 -11.0 6.0 0.01 0.01 0.7
Triglycerides, mg/h 182.9 203.5 243.4 197.1 83.2 0.06 0.8 0.6
Transport Activity

Glucose, L/h 0.9 4.0 6.8 2.5 1.3 0.08 0.6 0.01
NEFA, L/h -30.8 4.6 -223.9 -82.5 44.0 0.01 0.07 0.2
Triglycerides, L/h 38.1 22.8 51.9 49.3 18.6 0.3 0.6 0.7

Ki =([Ai] x MPF/[Vi]) - MPF (Obtained from Hanigan et al., 1998b)
WherekKi is the transport activity of glucosé&i] and [Vi] represented arterial and venous
plasma concentrations of glucose (mmol/L) and M8the mammary plasma flow (L/h).
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Table 7. Arterial concentration of amino acidsaictating dairy cows abomasally
infused with starch (S) and casein (CN).

Experimental Treatments

Starch - - + + Effect (P<)
Casein - + - + SEM S CN CN*S
Essential AA e UM mmmmmm e
Arg 76 98 72 99 7 0.8 0.01 0.6
lle 82 131 64 109 8 0.01 0.01 0.6
His 30 39 27 36 3 0.05 0.01 0.9
Leu 116 205 85 150 6 0.01 0.01 0.01
Lys 63 96 52 83 5 0.01 0.01 0.7
Met 22 27 19 27 2 0.07 0.01 0.2
Phe 89 94 64 77 13 0.04 0.2 0.5
Thr 59 85 57 82 6 0.7 0.01 0.6
Trp 95 99 99 100 1 0.08 0.02 0.01
Val 190 350 140 272 18 0.01 0.01 0.2
EAA 769 1028 518 843 80 0.01 0.01 0.5
BCAA 386 681 293 530 30 0.01 0.01 0.1
Nonessential AA
Ala 160 143 148 170 12 0.07 0.5 0.01
Asp 7 7 5 6 1 0.01 0.1 0.07
Cys 16 17 19 15 1 0.5 0.02 0.01
GIn 92 33 32 71 11 0.01 0.01 0.01
Glu 30 32 25 28 2 0.01 0.1 0.8
Gly 191 192 222 216 10 0.01 0.7 0.6
Pro 57 136 42 122 8 0.01 0.01 0.9
Ser 64 84 62 83 4 0.6 0.01 0.8
Tyr 37 58 32 57 3 0.1 0.01 0.3
NEAA 564 654 564 704 23 0.01 0.1 0.1
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Table 8. Arterio-venous difference of amino adidtactating dairy cows abomasally
infused with starch (S) and casein (CN).

Experimental Treatments

Starch - - + + Effect (P<)
Casein - + - + SEM S CN CN*S
Essential AA - uM - --
Arg 8 29 17 24 8 0.7 0.03 0.3
lle 19 30 23 29 4 0.6 0.01 0.5
His 1 6 5 3 2 0.3 0.1 0.03
Leu 35 55 33 38 7 0.08 0.03 0.1
Lys 22 38 25 37 4 0.7 0.01 0.4
Met 4 8 9 10 2 0.03 0.2 0.5
Phe 1 27 37 19 11 0.06 0.8 0.01
Thr 4 22 18 18 3 0.05 0.01 0.01
Trp 10 10 12 12 2 0.2 0.9 0.7
Val 26 37 18 34 7 0.3 0.03 0.6
EAA 121 242 174 169 35 0.6 0.02 0.01
BCAA 80 128 83 111 15 0.6 0.01 0.4
Nonessential AA
Ala 8 1 20 4 5 0.03 0.01 0.4
Asp 2 3 3 2 1 0.8 0.7 0.3
Cys 1 2 6 1 1 0.01 0.03 0.01
GIn -6 4 -4 1 3 0.7 0.01 0.2
Glu 16 18 21 24 2 0.04 0.3 0.8
Gly -27 -13 -23 2 6 0.1 0.01 0.3
Pro 1 17 6 11 5 0.8 0.01 0.1
Ser 10 19 9 14 4 0.2 0.02 0.5
Tyr 8 12 10 10 2 0.8 0.2 0.2
NEAA 1 37 36 53 15 0.06 0.05 0.4
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Table 9. Effect of starch (S) and casein (CN) admiiy infused on lactating dairy cows
on transport activityof amino acids in the mammary gland.

Experimental Treatments

Starch - - + + Effect (P<)
Casein - + - + SEM S CN CN*S
Essential AA - L/h -----mmmm--
Arg 24 80 266 135 63 0.03 0.5 0.1
lle 185 119 226 176 49 0.2 0.2 0.8
His 6.1 123 136 44 54 0.5 0.7 0.02
Leu 62 80 232 246 46 0.01 0.7 0.9
Lys 138 209 423 255 71 0.01 0.4 0.06
Met 77 154 304 146 58 0.04 04 0.07
Phe 65 55 509 277 137 0.04 0.4 0.4
Thr 89 97 171 63 23 0.3 0.08 0.05
Trp -43 -0.8 28 13 13 0.01 0.3 0.06
Val 75 32 59 98 19 0.2 0.9 0.05
Nonessential AA
Ala 2.8 6.0 60 15 15 0.02 0.1 0.1
Asp 107 150 389 249 89 0.05 0.6 0.3
Cys 19 19 34 15 17 0.7 0.5 0.5
GIn -43 29 -46 -9.8 40 0.3 0.05 0.4
Glu 306 193 629 390 313 0.7 0.5 0.5
Gly -49 -43 -43 -42 37 0.7 0.8 0.8
Pro 68 70 53 6.0 14 0.03 0.1 0.1
Ser 57 57 61 106 37 0.3 0.4 0.4
Tyr 100 54 285 106 42 0.02 0.03 0.1

'Ki =([Ai] x MBF/[Vi]) - MBF (Obtained from Hanigan et al., 1998b)
WhereKi is the transport activityAi] and [Vi] represented arterial and venous plasma
concentrations of thie' AA (umol/L) and MBF is the mammary plasma flowIf)/
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Table 10. Effect of starch (S) and casein (CN)ad®ally infused in lactating dairy cows
on amino acids net uptake in the mammary gland.

Experimental Treatments

Starch - - + + Effect (P<)
Casein - + - + SEM S CN CN*S
Essential AA - mmol/h --------------
Arg -0.3 3.9 13 11 3.1 0.01 0.7 0.2
lle 8.5 10 11 14 3.0 0.3 0.4 0.8
His 0.3 4.6 2.0 0.4 1.3 0.2 0.2 0.02
Leu 16 18 18 21 6.3 0.6 0.6 0.9
Lys 9.7 10 12 11 3.5 0.6 0.9 0.8
Met 0.7 2.5 3.2 0.6 0.8 0.6 0.6 0.03
Phe 1.7 1.7 18 6.4 4.4 0.02 0.4 0.1
Thr 5.3 12 9.4 5.1 2.2 0.5 0.6 0.04
Trp -3.7 0.3 2.0 1.2 1.3 0.05 0.3 0.1
Val 12 8.9 12 14 3.6 0.4 0.8 0.5
Nonessential AA
Ala -1.5 0.1 12 1.0 2.7 0.01 0.05 0.02
Asp 0.1 -0.1 1.3 0.6 0.3 0.01 0.2 0.4
Cys -0.1 0.6 0.8 0.2 0.2 0.2 0.8 0.02
GIn 0.1 1.5 -2.2 0.2 1.3 0.1 0.09 0.6
Glu 55 5.5 11 12 2.6 0.02 0.7 0.7
Gly -5.5 -1.9 -9.8 2.4 4.2 0.9 0.04 0.2
Pro 3.1 6.4 2.6 3.0 1.4 0.2 0.2 0.3
Ser 5.0 3.1 3.2 6.3 21 0.7 0.7 0.2
Tyr 3.0 3.9 6.1 1.2 0.9 0.8 0.1 0.02
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Figure 1. Protein initiation factors activity ined mammary gland of lactating dairy cows
abomasally infused with starch (S) or casein (CN).
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Chapter 5

Overall conclusions

The hypothesis of the first study was that milktpio yield could be maintained and N
efficiency improved when reduced dietary MP was loimad with high dietary. The first
objective of the production study was to assesefti@ency of N utilization under
predicted conditions of MP deficiency when dietangrgy density was increased. A
second objective was to test the NRC predictiorenefgy and protein requirements for
the lactating dairy cow. Results of this invediigaindicated that there were no
interactions between energy and CP for milk andgmmoyield. Therefore, these results
allow us to confirm the hypothesis that milk pratgield was increased by increasing
dietary energy content and promoting duodenal tigesf starch. Additionally, high
and low energy in the diet resulted in variableéceghcies of MP utilization. Milk urea N
concentrations were low when feeding high energysdivhich is an indication of low
AA catabolism. The predicted post absorptive efficy of N utilization was maximal
when feeding the combination of high energy and G®vin the diet. Low
concentrations of MUN associated with high predidteefficiency suggests that AA are
captured for proteins synthesis in mammary tissUdgerefore, the single limiting
nutrient concept used in the NRC should be replaggda multi-nutrient representation
that accommodates at least energy and CP supphyctoate predict milk protein output
and N efficiency.

The second study was proposed to investigate detaral, and cellular
adaptations during nutritional interventions on thgulation of protein synthesis. The

responses on AA metabolism and protein synthesd\tsupply at different levels of
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postabsorptive energy supply were tested. Ofqasti interest was exploration of the
molecular mechanisms that regulate protein syrghggihave not been described in MG.
The objectives of this study were to test if MG cagulate blood flow, AA capture, and
protein synthesis when AA supply were reduced arailgy status increased. We
hypothesized that AA and glucogenic substrate csufiport protein synthesis
independently. Results of this investigation suppar hypothesis that molecular
mechanisms similar to muscle tissue are presenaetidhted during protein synthesis in
MG. Infusion of starch increased the activity oF@R signal factors and protein
synthesis in MG. Other results include generaptataons that were driven by greater
hormonal concentrations during starch infusiomsulin and IGF-I could have
contributed to the up-regulation of cell signalfagtors. However in this study, casein
infusions did not elicit a molecular response aisged with initiation factors of protein
synthesis. Increased insulin likely caused theeolesl increase MPF which in turn
increased supply of AA to MG. Starch infusionsreased AA affinity and net uptake
when AA supply were limiting. The reduced supplyA@ in cows infused with starch
did not limit activation of protein synthesis. Té@pply of AA is a key signal that
activates the mTOR signaling however, in our expernit increasing mammary supply of
AA did not stimulate the mTOR cascade. Therefbeeidlentification of the mTOR
cascade present a potential mechanism that carabiputated through nutritional and
hormonal intervention. However, the precise mdecadaptations and changes in the
MTOR cascade remained uncertain in the preseng.stuadreasing mTOR signaling
activity could be use to maintain protein synthé@siependently form AA supply and
increase efficiency of intracellular AA utilizationThese results provide valuable

information to better understand dynamic of AA andirients in lactating cows.
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Collectively, this information can be used to empowechanistic models to accurately
predict milk protein production. The identificatiof mTOR signaling cascade could be
included in mathematical models, however, moreare$eis needed to accurately capture

the regulatory role in protein synthesis.
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