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  ABSTRACT 

  The objective of this study was to determine effects 
of glucose on milk protein yield and mammary mam-
malian target of rapamycin (mTOR) activity in dairy 
cattle in early lactation. Eight multiparous cows at 73 
± 8 d in milk were randomly assigned to 2 treatments 
in a crossover design for two 6-d periods. Treatments 
were jugular infusion of either saline (Sal) or 896 g/d 
glucose (Glc). All cows were fed a total mixed ration 
with 42% neutral detergent fiber, had free access to wa-
ter, and were milked twice a day. Within each period, 
blood samples were taken (d 5) and mammary tissue 
was collected by biopsy (d 6) from each hindquarter for 
Western blot analysis. In addition to Sal and Glc treat-
ments, on d 6, rapamycin dissolved in 50% dimethyl 
sulfoxide was administered via the teat canals into the 
left quarters, with a control solution administered into 
the right quarters. Rapamycin had no effect on milk pro-
tein yields or phosphorylation state of mTOR signaling 
proteins. Infusions of Glc significantly increased milk 
yield but only tended to increase milk protein yields. 
Milk fat tended to be decreased in cows infused with 
Glc, whereas lactose yields were significantly increased. 
Glucose infusion did not increase plasma glucose lev-
els, but insulin and nonessential AA concentrations 
increased by 21 and 16%, respectively, branched-chain 
AA concentrations decreased 24%, and essential AA 
concentrations tended to decrease by 14%. Infusion of 
Glc significantly decreased abundances of both phos-
phorylated and total ribosomal S6 kinase 1 (S6K1) in 
mammary tissue by 27 and 11%, respectively. Abun-
dance of phosphorylated eukaryotic initiation factor 
4E-binding protein 1 (4EBP1) decreased significantly 
by 25%, whereas total 4EBP1 exhibited a tendency to 
decrease by 16%. We conclude that the mTOR signal-
ing pathway is not the only regulator of milk protein 
synthesis. Decreases in essential AA concentrations in 
plasma suggest that protein synthesis was stimulated in 

nonmammary tissues of the body, presumably skeletal 
muscle. 
  Key words:    glucose infusion ,  dairy cow ,  mammary 
protein synthesis ,  mammalian target of rapamycin 
(mTOR) 

  INTRODUCTION 

  Milk protein synthesis in the lactating dairy cow is 
greatly influenced by 2 major nutritional sources, pro-
tein and energy, with recent research attention being 
heavily focused on energy. Many studies have found 
that glucose infusion in dairy cows increases milk pro-
tein yield (Rulquin et al., 2004; Al-Trad et al., 2009; 
Toerien et al., 2010), whereas others have shown glu-
cose to have no effect on milk protein yield (Hurtaud et 
al., 1998; Cant et al., 2002; Lemosquet et al., 2009). As 
a result of these inconsistencies, the mechanism behind 
how glucose carries out its effects on milk protein syn-
thesis remains unknown. 

  Glucose infusion does not increase essential AA 
(EAA) concentrations in circulation but Raggio et al. 
(2006) found that mammary uptake of nonessential AA 
(NEAA) was increased during propionate infusion. 
Rulquin et al. (2004) suggested that glucose directs 
AA to the mammary glands by stimulating mammary 
blood flow. This hyperemia could be mediated by in-
sulin, which stimulates mammary blood flow and milk 
protein yield in cows (Mackle et al., 2000). However, 
elevating mammary blood flow with vasodilators does 
not increase milk protein yield (Lacasse and Prosser, 
2003); therefore, blood flow itself cannot explain the 
effect of glucose or insulin on milk protein yield. If, 
instead, glucose or insulin stimulated milk protein 
synthesis, the associated ATP expenditure would be 
expected to increase mammary blood flow according 
to a metabolic control hypothesis (Cant et al., 2003). 
Toerien et al. (2010) found that glucose infusion into 
fasted cows caused activation of mammary eukaryotic 
initiation factor 2 (eIF2) by dephosphorylation of its 
α subunit; eIF2 is an important controller of the rate 
of initiation of mRNA translation (Proud, 2005). Rius 
et al. (2010) found that the mammalian target of ra-
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pamycin (mTOR) pathway of translational regulation 
was activated in mammary glands of cows infused 
abomasally with starch. Both insulin and intracellular 
energy charge are known activators of the mTOR path-
way (Wullschleger et al., 2006) and have been shown to 
activate mTOR in mammary epithelial cells in culture 
(Appuhamy et al., 2011; Burgos et al., 2013).

We hypothesized that signaling to the translation ap-
paratus in mammary tissue is responsible for the milk 
protein response to glucose. Therefore, the objective of 
the present study was to determine effects of glucose 
on milk protein yield and mammary mTOR activity in 
dairy cattle in early lactation. Intramammary infusions 
of the mTOR inhibitor rapamycin were given to test 
whether mTOR is involved in the effects of glucose on 
milk protein synthesis.

MATERIALS AND METHODS

Animals and Housing

The Animal Care Committee at the University of 
Guelph approved all experimental procedures in this 
study. Eight multiparous Holstein cows began the ex-
periment at 73 ± 8 DIM and 674 ± 84.7 kg of BW. 
Cows were housed in a tiestall barn at the Ponsonby 
Livestock Research Station (Ponsonby, ON, Canada) 
and had free access to feed and water throughout the 
study. A high-forage diet (Table 1) containing 42% 
NDF was formulated for 32 kg/d of ME-allowable and 
MP-allowable milk according to the Cornell Net Car-
bohydrate and Protein System (CNCPS v6.1; AMTS 
LLC, Cortland, NY). Feed offered and refused was re-
corded throughout the study for determination of daily 
ad libitum feed intakes of individual cows. Feed samples 
were collected daily and pooled weekly over the 5-wk 
study and submitted for nutrient composition analysis 
by wet chemistry at a commercial laboratory (Agri-
Food Labs, Guelph, ON, Canada). Orts from individual 
cows were sampled daily and pooled weekly. Dry mat-
ter contents of feed and orts samples were determined 
using a forced-air oven at 60°C.

Treatments

Cows were randomly assigned to a 6-d continuous 
infusion into the jugular vein of either a physiological 
saline (Sal) treatment or 896.2 ± 12.9 g/d of glucose 
(Glc) treatment via peristaltic pump. After a 7-d rest 
period between infusion periods, cows were switched 
to the opposite treatment. One day before each infu-
sion period, cows were weighed and fitted with long-
term catheters (14-gauge, 20 cm; MILA International 
Inc., Erlinger, KY) in the left jugular vein. Ceftiofur 

(Excede; Zoetis Canada, Kirkland, QC, Canada) was 
administered after catheter insertion as a precautionary 
measure to prevent infection. Glucose was completely 
dissolved in 3 L of 0.9% NaCl saline and both infusates 
were sterilized via autoclave.

To test the role of mTOR signaling in effects of glu-
cose on milk protein synthesis, 10 mg of rapamycin dis-
solved in 150 mL of 50% dimethyl sulfoxide (DMSO) 
solution was rapidly infused, following the 1530 and 
0500 h milkings on d 5 and 6, respectively, of each 
period, into the 2 left mammary glands of each cow via 
the teat canals. As a control, 150 mL of 50% DMSO 
was infused into each of the right mammary glands.

Milking and Milk Sampling

During infusion periods, cows were milked twice daily 
at 0500 and 1530 h using a bucket milker modified to 
collect milk from the 2 udder halves separately. Milk 
yields from each udder half were recorded daily and 
samples were collected and analyzed for fat, lactose 
and protein by spectroscopy at the Laboratory Services 
Division, University of Guelph (Guelph, ON, Canada).

Blood Sampling and Metabolite  
and Hormone Concentrations

Blood samples were collected from the tail vein on 
d 5 of each period after the morning milking and on d 

Table 1. Ingredient and chemical composition (% of DM unless 
otherwise noted) of the experimental TMR (DM basis) fed to lactating 
dairy cattle (n = 8) infused i.v. with physiological saline or glucose 
for 6 d 

Item Value

Ingredient composition  
 Alfalfa silage 29.4
 Corn silage 24.6
 Soybean hulls, ground 11.1
 Mixed grains, chopped 7.8
 Tripro soy plus1 7.3
 Corn grain, ground fine 6.9
 Straw 5.0
 Corn distillers 2.1
 Wheat shorts 1.0
 Soybean meal 0.9
 Canola meal 0.9
 Vitamin and minerals 2.9
Chemical composition
 CP 15.1
 Soluble CP (% of CP) 35.6
 NDICP2 (% of CP) 32.4
 NDF 42.1
 ADF 29.1
 Lignin 5.7
 NFC 37.8
 Starch (% of NFC) 40.2
 Ether extract 3.1
 NEL (Mcal/kg) 1.4
1West Central (Ralston, IA).
2Neutral detergent-insoluble CP.
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6 before mammary biopsies. Tubes were placed on ice 
until centrifuged at 2,000 × g for 10 min and plasma 
was transferred to polypropylene tubes to be stored at 
−20°C. Plasma was analyzed as described by Weekes et 
al. (2006) for glucose (kit no. GAGO-20; Sigma-Aldrich, 
St. Louis, MO), insulin (kit no. 90060; Crystal Chem 
Inc., Downers Grove, IL), BHBA, NEFA (kit no. 999-
34691; Wako Chemicals, Neuss, Germany), and tria-
cylglycerol (kit no. TR0100; Sigma-Aldrich). Acetate 
(kit no. K-ACETRM; Megazyme International, Bray, 
Ireland) was analyzed following the manufacturer’s pro-
tocol. Plasma AA concentrations were analyzed using 
ultra-performance liquid chromatography in conjunc-
tion with Empower Chromatography Data Software 
(Waters Corporation, Milford, MA) according to the 
protocol described by Boogers et al. (2008).

Mammary Biopsies

On d 6 of each infusion period, following the morning 
milking, mammary samples were collected via biopsy 
(Farr et al., 1996) from rapamycin- and DMSO-infused 
hindquarters after sedation with 0.5 mL of xylazine i.v. 
and 5 mL of lidocaine injected subcutaneously at the 
biopsy site. Ketoprofen (3 mg/kg of BW) was admin-
istered intramuscularly. Biopsy samples (~0.5 g) were 
immediately rinsed with saline, snap-frozen in liquid 
N2, and stored at −80°C for further analysis.

Cell Signaling Analysis

Approximately 500 mg of mammary tissue was ho-
mogenized with 1 mL of lysis buffer (1% Triton X-100, 
0.1% SDS, 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 
and 0.5% sodium deoxycholate) containing protease 
and phosphatase inhibitors (Thermo Scientific, Nepean, 
ON, Canada) for 10 s before inversion for 1 h at 4°C. 
Lysates were centrifuged at 13,000 × g for 15 min at 
4°C, supernatants extracted, and stored at −20°C. The 
DNA concentration was measured using the Qubit 2.0 
Fluorometer (Life Technologies Inc., Burlington, ON, 
Canada) with the Qubit dsDNA BR Assay.

Mammary supernatant samples were diluted in lysis 
buffer and sample buffer (4% SDS, 20% glycerol, 10% 
β-mercaptoethanol, 0.125 M Tris HCl, and 0.004% bro-
mophenol blue) and boiled at 95°C for 5 min. Samples 
(30 μg of total protein), along with BLUeye Prestained 
Protein Ladder (Froggabio, Toronto, ON, Canada), 
were separated by 10% SDS-PAGE at 120 V for ap-
proximately 90 min. Proteins were electrotransferred 
(Bio-Rad Laboratories Inc., Mississauga, ON, Canada) 
onto polyvinylidene difluoride membranes (Millipore, 
Mississauga, ON, Canada) at 100 V for 60 min. Mem-

branes were incubated in blocking buffer for 1 h at 
room temperature, followed by three 5-min washes in 
Tris-buffered saline-Tween (TBST) buffer. Membranes 
were incubated for 1 h at room temperature with rab-
bit monoclonal antibodies to phospho-S6K1 (Thr389, 
1:800; #ab2571, Abcam, Cambridge, MA), phospho-
4EBP1 (Thr37/46,1:1,000; #9459, Cell Signaling, 
Danvers, MA), or eIF4E (1:1,000, #9742, Cell Signal-
ing). All antibodies were diluted using 1% milk TBST 
buffer. Membranes were washed with TBST buffer and 
incubated at room temperature for 1 h with horserad-
ish peroxidase-linked anti-rabbit IgG (1:2,000; #7074, 
Cell Signaling). Membranes were washed and proteins 
were developed by autoradiography using enhanced 
chemiluminescence (Amersham, Arlington Heights, 
IL). Membranes first probed with the phosphorylated 
protein were immediately stripped with Restore West-
ern Blot Stripping Buffer (Thermo Scientific) according 
to the manufacturer’s protocol and re-probed with an-
tibodies against the corresponding nonphosphorylated 
proteins S6K1 (1:800; #ab9366, Abcam) or 4EBP1 
(1:1,000; #9452, Cell Signaling). Finally, images from 
radiographic film (VWR International, Pittsburgh, 
PA) were scanned and the integrated density was de-
termined by using ImageJ software (http://rbs.info.
nih.gov/ij). Densities were normalized to the DNA 
content of homogenates, and phosphorylated protein 
densities were normalized to those of the corresponding 
nonphosphorylated protein.

Statistical Analysis

Cow performance was averaged for the 3 d of each 
period before intramammary infusions. Cow perfor-
mance and plasma metabolite observations (Yijk) were 
subjected to ANOVA using PROC MIXED (SAS Insti-
tute Inc., Cary, NC) according to the following model:

Yijk = μ + cowi + perj + trtk + εijk,

where μ = overall mean, cowi = random effect of cow 
(i = 1 to 8), perj = fixed effect of period (j = 1 or 2), 
trtk = fixed effect of treatment (k = 1 or 2), and εijk = 
experimental error. For milk composition and Western 
blot results after intramammary infusions, the treat-
ment effect was split into intravenous, intramammary, 
and intravenous × intramammary effects. Yields of 
milk from control and rapamycin-infused udder halves 
were not equal before intramammary infusion, so ratios 
of post- to preinfusion milk yield and composition were 
calculated and subjected to ANOVA to determine ef-
fects of rapamycin. Differences were considered signifi-
cant at P ≤ 0.05 and tendencies at 0.05 < P ≤ 0.15.
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RESULTS

Lactational Performance

Dry matter intake did not differ between Glc and Sal 
treatments (Table 2). Cows infused with Glc produced 
2.2 kg/d more milk than those infused with Sal (P = 
0.006). Milk fat and protein yields of cows on the Glc 
treatment tended to decrease by 56 g/d (P = 0.12) and 
to increase by 34 g/d (P = 0.15), respectively, whereas 
daily lactose yield was 142 g/d higher in cows infused 
with Glc (P = 0.001). Fat and protein percentages 
decreased by 0.37 (P < 0.001) and 0.08 (P = 0.003) 
percentage units on the Glc treatment, respectively. 
The Glc-infused cows had, on average, lactose contents 
0.07 percentage units higher (P < 0.001) compared 
with those infused with Sal.

Milk yield of rapamycin-infused udder halves was 
100% of the yield of the previous 2 d from that half, 
whereas yield from DMSO-infused halves was 80% of 
the previous yield. The difference between rapamycin 
and DMSO treatments was significant (P = 0.02). We 
observed no effect of intramammary rapamycin on milk 
fat, protein, or lactose percentages (P > 0.27).

Plasma Constituents

Glucose treatment did not have a significant effect 
on plasma glucose (Table 3); however, it did increase 
insulin concentrations by 21% compared with Sal (P 
= 0.004). Infusions of Glc tended to decrease plasma 
NEFA concentrations by 16% (P = 0.09) relative to 
Sal, and tended to increase circulating triacylglycerol 
concentrations by 8% (P = 0.06). We found no sig-
nificant effect on plasma BHBA or acetate concentra-
tions.

The Glc treatment led to a 16% increase of NEAA 
concentrations in plasma (Table 4; P = 0.03) while 
having a tendency to decrease EAA by 14% (P = 
0.12). Concentrations of Gln (P = 0.006) and Gly (P 
= 0.01) both increased in cows on Glc treatments, 
by 25 and 28%, respectively. Cows receiving the Glc 
treatment had 24% lower (P = 0.044) concentrations 
of branched-chain amino acids (BCAA) relative to 
those receiving Sal. Specifically, Glc decreased Val (P 
= 0.03) by 23%, while having the tendency to decrease 
Leu by 25% (P = 0.05) and Ile by 24% (P = 0.07). 
Total circulating AA concentrations did not differ be-
tween the 2 treatments.

Table 2. Dry matter intake, milk yield, and milk composition of lactating dairy cattle (n = 8) infused i.v. 
with Sal or Glc for 6 d1 

Item

Treatment2

SEM P-valueSal Glc

DMI (kg/d) 22.9 22.1 0.72 0.14
Yield     
 Milk (kg/d) 37.3 39.5 1.13 0.006
 Fat (g/d) 1,666 1,610 71.4 0.12
 Protein (g/d) 1,223 1,257 48.9 0.15
 Lactose (g/d) 1,803 1,945 56.6 0.001
Percentage     
 Fat 4.44 4.07 0.17 <0.001
 Protein 3.27 3.19 0.09 0.003
 Lactose 4.82 4.89 0.02 <0.001
1Data for statistical analysis were taken from the last 3 d of each period.
2Sal = infusion of physiological saline; Glc = infusion of 896.2 ± 12.9 g/d of glucose.

Table 3. Plasma concentrations of insulin and metabolites in lactating dairy cattle (n = 8) infused i.v. with 
Sal or Glc for 6 d 

Item

Treatment1

SEM P-valueSal Glc

Glucose (mM) 3.11 3.26 0.06 0.12
Insulin (ng/mL) 1.23 1.49 1.00 0.004
BHBA (mM) 0.71 0.67 0.08 0.75
NEFA (μM) 118 99 6.48 0.09
Acetate (mM) 1.37 1.39 0.08 0.88
Triacylglycerol (μM) 99.0 107.0 5.77 0.06
1Sal = infusion of physiological saline; Glc = infusion of 896.2 ± 12.9 g/d of glucose.
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Translational Proteins

Treatments did not differ in abundance of total eu-
karyotic initiation factor 4E (eIF4E; data not shown). 
We observed decreases in phosphorylated and total 
S6K1 abundances of 27% (P = 0.05) and 11% (P = 
0.005), respectively, in mammary tissue of cows on the 
Glc treatment (Figure 1). However, Glc failed to have 
an effect on phosphorylated S6K1 normalized to S6K1 
abundance in mammary tissue. The Glc treatment led 
to a 25% decrease in phosphorylation of mammary 
4EBP1 (Figure 2; P = 0.009) and a tendency to de-
crease total 4EBP1 by 16% (P = 0.12). Phosphorylated 
4EBP1 normalized to total 4EBP1 tended to be 16% 
lower in mammary tissue of cows that received Glc (P 
= 0.07). Rapamycin treatment tended to increase total 
S6K1 abundance in mammary tissue (P = 0.06) by 7%. 
We observed an interaction between intravenous and 
intramammary infusions (P = 0.001), where rapamycin 
decreased abundance of total S6K1 on Sal treatment 
and increased it on the Glc treatment. However, the 
interaction was opposite for total 4EBP1 (P = 0.08), 
where rapamycin increased abundance on the Sal treat-
ment and decreased it on Glc.

DISCUSSION

Contrary to significant increases in milk protein 
yield in response to infusion of glucose or glucogenic 
substrates (Rulquin et al., 2004; Raggio et al., 2006; 
Rius et al., 2010; Toerien et al., 2010), we found only a 
tendency for an increased milk protein yield. In agree-
ment with our study, Huhtanen et al. (2002) reported 
only a tendency for increased milk protein yield with 
abomasal infusion of 250 g/d of Glc for 14 d. Others 
reported no significant change in protein yield with Glc 
(Oldick et al., 1997; Hurtaud et al., 1998; Cant et al., 
2002). It is interesting to note that cows infused with 
Glc had greater milk production efficiency as a result of 
a tendency for lower DMI and significantly higher milk 
production than cows on the Sal treatment. This ef-
ficiency difference can be explained by the lactose syn-
thesis response to Glc infusion, causing increased water 
secretion into milk and thus, increased milk yields. This 
lactose response was also responsible for the decreases 
in milk fat and protein percentages on the Glc treat-
ments, which Cant et al. (2002) reported in their study.

The increase in lactose production accounted for ap-
proximately 17% of the 896 g/d of infused glucose. It is 

Table 4. Plasma concentrations of amino acids (μM) in lactating dairy cattle (n = 8) infused i.v. with Sal or 
Glc for 6 d 

AA

Treatment1

SEM P-valueSal Glc

His 32 35 2.0 0.32
Asn 61 66 4.6 0.43
Ser 56 67 7.58 0.24
Gln 503 674 28.89 0.006
Arg 83 70 5.81 0.17
Gly 184 255 20.98 0.01
Glu 95 96 3.54 0.80
Thr 87 102 6.40 0.14
Ala 288 282 20.03 0.76
Pro 84 83 4.58 0.99
Lys 71 60 5.44 0.20
Tyr 57 51 3.84 0.33
Met 19 19 1.33 0.91
Val 276 214 18.27 0.03
Ile 126 96 9.98 0.07
Leu 159 119 13.86 0.05
Phe 48 39 3.22 0.10
BCAA2 561 429 41.74 0.04
EAA3 900 774 57.89 0.12
NEAA4 1,332 1,589 64.23 0.03
TAA5 2,232 2,343 85 0.38
1Sal = infusion of physiological saline; Glc = infusion of 896.2 ± 12.9 g/d of glucose.
2BCAA = branched-chain amino acids (Val, Ile, and Leu).
3EAA = essential amino acids.
4NEAA = nonessential amino acids (Ser, Gln, Arg, Gly, Asp, Glu, Ala, Pro, Asn, and Tyr).
5TAA = EAA + NEAA.
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possible that some of the remaining 83% of infused glu-
cose spared gluconeogenesis in the liver, because cows 
infused with Glc had higher plasma NEAA concentra-
tions than those on Sal treatments. Nonessential AA 
are consumed in the liver for gluconeogenesis, resulting 
in elevated levels of NEAA in the blood when gluconeo-

genesis is suppressed. This conclusion is in agreement 
with that of Lemosquet et al. (2004), who also found 
an increase in glucogenic NEAA concentrations when 
Glc or propionic acid was infused into lactating dairy 
cattle.

Figure 1. Abundances of (A) phosphorylated ribosomal S6 kinase 
1 (pS6K1), (B) total S6K1 normalized per unit of DNA, and (C) 
pS6K1 normalized to total S6K1 in mammary tissue of lactating dairy 
cattle (n = 8) infused i.v. with glucose (Glc) or saline (Sal), with and 
without intramammary rapamycin (R) treatment. Values are mean 
densities and Pglc, Prapa, and Pglc × rapa represent P-values for Glc, ra-
pamycin, and the interaction between Glc and rapamycin, respectively.

Figure 2. Abundances of (A) phosphorylated eukaryotic initiation 
factor 4E-binding protein 1 (p4EBP1), (B) total 4EBP1 normalized 
per unit DNA, and (C) p4EBP1 normalized to total 4EBP1 in mam-
mary tissue of lactating dairy cattle (n = 8) infused with glucose (Glc) 
or saline (Sal), with and without rapamycin (R) treatment. Values 
are mean densities and Pglc, Prapa, and Pglc × rapa represent P-values 
for Glc, rapamycin, and the interaction between Glc and rapamycin, 
respectively.



436 CURTIS ET AL.

Journal of Dairy Science Vol. 97 No. 1, 2014

Plasma BCAA concentrations were decreased in cows 
receiving Glc treatments, in accordance with previous 
experiments (Raggio et al., 2006; Rius et al., 2010; 
Toerien et al., 2010). However, these previous studies 
found an increase in milk protein yield, whereas ours 
did not. A decrease in plasma BCAA concentrations 
can be indicative of muscle protein synthesis because 
these EAA account for a disproportionately large per-
centage of the AA profile of skeletal muscle protein 
(Anthony et al., 2001). Lower BCAA levels in blood, 
in conjunction with unaffected milk protein yields, sug-
gest that protein synthesis was stimulated in muscle 
rather than the mammary glands with infusion of Glc.

Effects of glucose on mammary and muscle protein 
synthesis could be mediated by insulin. Plasma insu-
lin concentration was elevated 21% with Glc, which is 
similar to increases observed during previous glucose 
infusions (Hurtaud et al., 2000; Lemosquet et al., 2004; 
Rulquin et al., 2004). Insulin clamp studies in dairy 
animals increase plasma insulin 3 to 4 times over basal 
concentrations (Mackle et al., 2000; Bequette et al., 
2001). Accompanying these elevated insulin levels is a 
reduction of circulating BCAA (Mackle et al., 2000; 
Bequette et al., 2001), as well as a higher efficiency of 
BCAA extraction by skeletal muscle for protein synthe-
sis. Insulin clamps caused higher EAA extraction ef-
ficiency by the mammary glands (Bequette et al., 2001) 
as well as increased mammary blood flow to support 
protein synthesis (Mackle et al., 2000; Bequette et al., 
2001). Because increasing glucose via infusions causes 
blood insulin to increase simultaneously, glucose effects 
on milk protein yield may, in part, be explained by 
insulin and its influence on protein synthesis in mam-
mary and muscle tissue.

Although the milk protein yield response to Glc ap-
pears to be associated with changes in mammary blood 
flow (Cant et al., 2002; Rulquin et al., 2004), the flow 
response cannot be causing protein yields to increase 
because increasing flow by vasodilation does not af-
fect milk protein synthesis or secretion (Lacasse and 
Prosser, 2003). The mTOR signaling pathway, which is 
responsible for translational regulation of protein syn-
thesis in many tissues, is activated by both insulin and 
intracellular ATP levels in mammary epithelial cells in 
culture (Appuhamy et al., 2011; Burgos et al., 2013). 
Glucose infusion can affect insulin concentration, as in 
our experiment, and mammary energy charge. Although 
9 h of glucose infusion into fasted cows did not affect 
mammary mTOR activity (Toerien et al., 2010), Rius 
et al. (2010) found that abomasal infusion of starch for 
36 h led to activation of mammary S6, a substrate of 
the mTOR substrate S6K1. We found that Glc tended 
to decrease the phosphorylation state of 4EBP1 and 
had no effect on S6K1 phosphorylation, indicating 

that mTOR was not activated and was potentially de-
pressed. Furthermore, total and phosphorylated S6K1 
abundances were decreased by Glc, suggesting that 
translational capacity was reduced.

We were unable to use rapamycin to probe the in-
volvement of mammary mTOR in the milk protein 
response to glucose because intramammary rapamycin 
infusion failed to inhibit mTOR signaling, as evident 
from the lack of decrease in milk protein yield and 
small, inconsistent S6K1/4EBP1 phosphorylation re-
sponses. It is plausible that the route of administration 
was ineffective in delivery of rapamycin into the glands 
and across mammary epithelial cell membranes. The 
150-mL volume of solution infused into the mammary 
glands may not have reached cells that comprised the 
tissue collected by biopsy. Although the 10-mg dose of 
rapamycin is sufficient for inhibition of mTOR in an 
animal with a BW of 13 kg (Suryawan et al., 2008), 
greater than the weight of a bovine mammary gland, 
rapid washout of the dose into the venous circulation 
may necessitate much higher doses to maintain a pro-
longed inhibition of mammary mTOR.

Our finding that abundance of mTOR signaling pro-
teins was depressed highlights a novel aspect of long-
term translational control. Changes in the phosphoryla-
tion state of these proteins occurs rapidly, within min-
utes, and has been shown to be important in short-term 
upregulation of protein synthesis in tissues after a meal 
(Davis et al., 2000), for example. Long-term effects 
of a change in nutritional status, such as after 6 d of 
glucose infusion, may be expected to be mediated not 
just through phosphorylation state of these regulatory 
proteins but also through transcriptional regulation of 
their abundance. In support of this contention, Sciascia 
et al. (2013) found that after a 6-d growth hormone 
treatment of lactating cows, abundances of S6K1 and 
several other mTOR signaling compounds were elevated 
in mammary tissue. Transcriptional regulation of S6K1 
is poorly understood. Estrogen stimulates mammary 
S6K1 expression (Maruani et al., 2012) but, to our 
knowledge, the panel of transcription factors binding 
upstream of the S6K1 gene has not been identified. 
Amino acids, particularly Leu, are potent activators 
of mammary mTOR signaling in vitro (Burgos et 
al., 2010; Appuhamy et al., 2012), so the decrease in 
plasma EAA concentrations, particularly BCAA, could 
account for the reduction in phosphorylated S6K1 and 
4EBP1 abundances.

If mTOR, particularly through the key signaling 
proteins 4EBP1 and S6K1, was solely responsible for 
regulating milk protein synthesis, a decrease in milk 
protein yield would have been expected as a conse-
quence of mTOR downregulation. However, we found 
no such decline in milk protein yield. We conclude that 
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mechanisms other than mTOR signaling can influence 
milk protein yields. The integrated stress response net-
work involving eIF2 phosphorylation and the insulin 
signaling pathway impinging on eIF2B activity are 2 
alternative translational control mechanisms (Proud, 
2005). Transcriptional regulation of the milk protein 
genes is also a potential mechanism for milk protein 
synthesis control.

CONCLUSIONS

In the present study, our objective to stimulate a 
milk protein response to Glc infusion into dairy cattle 
was not met. We propose that skeletal muscle was more 
sensitive than mammary tissue to Glc treatment in 
this study. The decreased concentrations of BCAA in 
plasma, in conjunction with decreased phosphorylation 
state of 4EBP1, decreased abundance of S6K1 in mam-
mary tissue, and the lack of a milk protein response, 
collectively support the proposition that glucose directs 
amino acids into skeletal muscle, rather than into mam-
mary glands for milk protein synthesis. In addition, the 
maintenance of milk protein yield while mTOR signal-
ing was depressed indicates that the mTOR pathway is 
not the only regulator of milk protein synthesis.
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