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ABSTRACT 

Metabolism in the mammary gland was related to 
changes in milk output in response to changes in 
dietary protein intake. Three diets of grass silage and 
concentrate were fed to four lactating dairy cows 
equipped with intravascular catheters across. the 
mammary gland. Concentrates differed in the inclu- 
sion of protected soybean meal and provided 11.3, 
15.4, and 20.1% CP, respectively. Blood samples were 
taken to  assess the effect of protein percentage on the 
nutrient fluxes across the gland and their relation- 
ship to  milk production. Milk production, milk protein 
yield, and milk protein concentration were all in- 
creased as CP intake increased, although these 
responses were not linear. Concentrations of urea in 
milk reflected those in plasma and increased as 
dietary protein intake increased. Uptake of glucose 
and BHBA by the mammary gland tended to increase 
as milk production increased. Arterial supply of es- 
sential AA increased as the dietary protein increased. 
Supply and uptake of nonessential AA were un- 
changed by dietary treatment, and uptake was in- 
sufficient to  account for output of nonessential AA 
residues in milk protein. The supply of essential AA 
was not limiting for milk protein synthesis, and some 
alternative mechanism must have existed for the con- 
trol of milk protein yield. 
( Key words: protein, mammary gland, metabolism, 
lactation) 

Received March 8, 1995. 
AcceDted December I. 1995. 

Abbreviation key: EAA = essential AA, HP = high 
protein, LP = low protein, M P  = medium protein, 
NEAA = nonessential AA, PAH = p-aminohippuric 
acid, T3= triiodothyronine, T4 = thyroxine. 

INTRODUCTION 

Previous studies (3, 9, 14, 16)  have shown that 
milk protein output can be increased by dietary pro- 
tein supplementation and by gastric and intravascu- 
lar infusions of proteins or AA. This response sug- 
gests that the regulatory mechanism for milk protein 
synthesis may, at least in part, be substrate driven. 
Responses of cows to abomasal infusion of protein o r  
AA have shown a variability that has not been satis- 
factorily explained ( 6 )  and may to some extent be 
related to limitations in available energy in the diets 
used. Casein infusions have yielded the largest 
response, and the AA contributing to this response 
have been largely identified by the elegant ex- 
perimentation of Schwab et al. (19) .  The efficiency 
with which abomasal casein is used for milk protein 
also vanes ( 1'2 ) . Other protein supplements, when 
infused into the abomasum, have failed to  show large 
increases in milk protein output ( 5 ) .  

Some of the problems in identifylng a response t o  
supplementary protein may be due to a reduction in 
response with advancing lactation (18).  However, 
this factor is unlikely to  be the only one involved, 
because sequential increases in casein supplementa- 
tion via the abomasum are directed into milk protein 
with diminishing efficiency (2  3 ) . The present experi- 
ment was one part of a coordinated trial undertaken 

'Cukent address: ADks Bridgets, Martyr Worthy, Winchester, in this laborat& to quantify the effect of sequential 

pearance, hepatic output, and mammary gland up- 
take of nutrients. Duodenal and hepatic measure- 
merits are reported but Some reference is 
made to  those results in this paper. Our experiment 
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attempted t o  change only one variable, protein supply 
to the cow, while minimizing changes in metaboliza- 
ble energy intake and other factors that  might affect 
milk protein output because of changes in the diet. 
The current experiment measures metabolite flux 
across the mammary gland of cows given a basal diet 
alone or supplemented with two percentages of 
formaldehyde-treated soybean meal. A preliminary 
report of this work has already been published ( 17) .  

MATERIALS AND METHODS 

Four Holstein-Friesian dairy cows in their second 
( n  = 3 ) or third ( n = 1) lactation were prepared with 
catheters inserted into the external pudic artery 7 to 
10 d aRer calving as previously described (16) .  The 
cows were allowed t o  recover for 4 wk and then were 
fed diets of grass silage (177 g of CPkg of DM) and 
one of three concentrates [113, 154, or 201 g of CPkg 
of DM; low protein ( LP), medium protein ( M P ) ,  and 
high protein ( H P ) ,  respectively] in a 40:60 ratio of 
DM in a 3 x 3 Latin square design with one repeated 
sequence. Each period consisted of 4 wk. During wk 1 
and 2, the cows were fed to meet calculated energy 
requirements for maintenance, milk production, and 
0.5 kg of BW gaidd ( 1); the ration at  the end of the 
2nd wk was then fixed for the remaining 2 wk. Milk 
production and composition were measured daily over 
d 15 to 28, and blood samples were taken on d 26 of 
each period. Milking was performed a t  12-h intervals, 
and blood samples were taken hourly over a 12-h 
period between milkings. Arterial samples were 
paired with samples from the subcutaneous abdomi- 
nal vein taken from a temporary catheter that had 
been inserted a t  least 24 h earlier. Silage was fed 
twice daily a t  0930 and 1630 h, and the concentrates 
were automatically fed every hour. Concentrate for- 
mulations are shown in Table 1. Concentrates were 
calculated t o  contain similar amounts of metaboliza- 
ble energy ( 3 . 0  Mcalkg of DM); protein concentra- 
tion was increased by the inclusion of protected soy- 
bean meal [Sopralin; Trouw Nutrition (UK),  
Northwich, Cheshire, England]. 

Blood flow was measured by the dye dilution tech- 
nique using p-aminohippuric acid ( PAH) infused at 
90 mg/min. The extent of crossover of venous blood 
was also estimated (15) .  Blood samples were taken 
hourly and were prepared as previously described 
( 14) ,  except that 2-mercaptoethanol was not included 
in the laking solution, because of the problems previ- 
ously identified (14) .  Blood samples were 
deproteinized t o  give a final sulfosalicylic acid concen- 
tration of 6.3% and were then analyzed for individual 
AA concentrations (Beckman 6300 AA analyzer; 

Beckman Instruments, High Wycombe, Buckingham- 
shire, England). Plasma samples were pooled and 
also analyzed for AA, because some AA (Asp and 
Thr) were not well resolved on whole blood samples; 
Arg was degraded by the release of arginase from the 
erythrocytes, which was caused by the laking of the 
whole blood. Individual plasma samples were ana- 
lyzed for glucose (Trinder, Sigma test 315; Sigma 
Chemical Co. Ltd., Poole, Dorset, England), BHBA 
(Sigma test 310; Sigma Chemical Co. Ltd.), L-lactate 
(Sigma test 826; Sigma Chemical Co. Ltd.), urea 
(Roche Diagnostic Products, Welwyn Garden City, 
Hertfordshire, England), and PAH using a Cobas 
Mira@ chemistry analyzer (Roche Diagnostic 
Products); concentrations of acetic acid were also de- 
termined by GLC as previously described (14) .  Ar- 
terial supply (concentration x blood flow) and uptake 
(arteriovenous difference x blood flow) of AA deter- 
mined on whole blood was calculated using whole 
blood flow estimated from PAH concentration at the 
time of sampling for each sample, and plasma flow 
was used for the calculation of uptake and supply for 
metabolites and AA determined on plasma. Because 
PAH concentrations were determined in plasma, 
whole blood flows were calculated by correction of 

TABLE 1. Concentrate formulation and chemical analysis of ex- 
perimental diets.1 

Composition LP MP HP Silage 

Ingredient fresh weight, kg/tonne 
Barley 545 478 411 
Wheat 91 80 68 
Corn 109 96 82 
Molassed sugar beet pulp 100 88 75 
Molassine meal 64 56 48 
Protected soybean2 0 124 247 
Cassava3 90 80 68 

Chemical composition 
CP, &g of DM 
NDF, g k g  of DM 
Fiber, g/kg of DM4 
OM, g k g  of DM 
Water-soluble carbohydrate, 

Starch, g k g  of DM 

NAN, g k g  of DM 
oH4 

g k g  of DM 

NH3 N, g k g  of DM 

113 154 201 
170 157 166 
103 95 107 
943 938 934 

74 81 86 
510 462 408 
ND ND ND 
ND ND ND 
ND ND ND 

177 
463 
324 
908 

113 
ND5 
3.1 
28.4 
4.22 

1LP = Low protein (113 g of CPkg  of DM), MP = medium 
protein (154 g of CPkg of DM), and HP = high protein (201 g of 
CPkg of DM). 

%Oprah@ [BR Nutrition (UK), Northwich, Cheshire, Eng- 
land]. 

3Alkali-treated straw and cassava (l:l, wt/wt). 
4Determined by near infrared reflectance spectroscopy. 
5N0t determined. 
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plasma flows using the packed cell volume. Plasma 
flow was calculated as follows: plasma flow(liters/ 
minute) = infusion rate of PAH (milligrams per 
minute)/downstream concentration - background 
concentration of PAH (milligrams per liter). Mam- 
mary extraction was calculated as arteriovenous 
difference divided by arterial concentration; the 
balance of AA was calculated from mammary uptake 
over 24 h, divided by daily milk protein yield minus 
5% allowance for NPN, using literature values for 
milk AA composition as previously described (14).  
Concentration of CP was determined on whole milk 
samples after storage a t  -20°C as Kjeldahl N x 6.38. 
Milk samples were homogenized for 30 s before they 
were divided t o  ensure resuspension of fat globules 
aRer freezing. Milk urea was also determined on 
these samples aRer defatting by centrifugation at 
1500 x g for 5 min at  4°C before analysis using the 
same procedure as for plasma urea. ~ 

The concentrations of insulin, IGF-I, cortisol, 
thyroxine ( T 4 ) ,  and triiodothyronine ( T 3 )  were all 
measured using radioimmunoassay. The method for 
insulin was based on that described by Tindall et al. 
( 2 2 )  using bovine insulin for iodination and stan- 
dards (Novo Bio Laboratories, Guildford, Surrey, En- 
gland) and guinea pig anti-insulin serum (Immuno 
Diagnostic Systems Ltd., Boldon, Tyne and Wear, 
England). The total concentration of IGF-I was meas- 
ured in plasma after dissociation from the IGF- 
binding proteins using the modified acid ethanol ex- 
traction procedure described by Breier et al. ( 4  ).  The 
assay used recombinant human IGF-I for iodination 
and standards (rh- IGF-I CGP 35126; Ciba Geigy 
Limited, Basel, Switzerland) and rabbit anti-IGF-I 
serum (UB3-189) obtained through the hormone dis- 
tribution program of the National Institute of Arthri- 
tis, Diabetes, Digestive and Kidney Diseases (Balti- 
more, MD). Total cortisol concentration was 
measured using the method described by Symonds et 
al. ( 2  0 )  , using rabbit anticortisol serum (Biogenesis 
Ltd., Bournemouth, Dorset, England) and tritiated 
cortisol (Amersham International plc, Aylesbury, 
Buckinghamshire, England). The assays for T4 and 
total T 3  concentrations used 8-anilinonaphthalene 
1-sulfonic acid as the dissociation agent with rabbit 
anti-T4 or anti-T3 serum (Sigma Chemical Company 
Ltd.), respectively, and iodinated T4 or T3 [Du Pont 
( U K )  Ltd., NEN Products, Stevenage, Hertfordshire, 
England]. 

Statistical Analysis 

Statistical analysis was performed on mean values 
for each parameter by ANOVA using Genstat 

(General Statistical Package; Lawes Agricultural 
Trust, Rothampstead, Hertfordshire, England) based 
on a 3 x 3 Latin square with one repeated sequence in 
which cows and periods were the blocking factors. 
Four degrees of freedom existed for the error term for 
significance testing of treatment effects using the F 
distribution. Differences between the individual me- 
ans for significant treatment effects were tested using 
the t distribution. Significance was declared at P < 
0.10 unless otherwise specified; a trend was recog- 
nized at  P < 0.15. 

RESULTS 

Milk production (Table 2 )  was higher for cows fed 
the LP diet than for those fed the MP diet, but the HP 
diet failed to stimulate any further increase. Milk 
protein concentrations were similar for cows fed the 
LP and MP diets, but were higher for cows fed the HP 
diet; LP milk protein yields of cows fed the two sup- 
plemented diets were similar and higher than that 
with the LP diet. Both the concentration ( P  < 0.01) 
and yield ( P  < 0.05) of urea in milk increased mar- 
kedly as dietary CP increased. 

The arterial supply of glucose to  the mammary 
gland (Table 3)  showed no trend as protein percen- 
tages increased, but glucose uptake tended to  in- 
crease. The supply (and concentration, not shown) of 
urea in plasma increased markedly as dietary CP 
increased, but uptake was negligible and unaffected 
by diet. Neither supply nor uptake of BHBA was 
significantly affected by diet although both tended to 
be greatest for cows fed the HP diet. Supply and 

TABLE 2. Milk production and composition and dietary DM and CP 
intakes at three percentages of CP intake.' 

LP MP H P  SED* 

Intake 
DM, kg/d 
CP, kg/d 

16.5 17.5 16.4 0.62 
2.33c 2.86b 3.148 0.117 

Milk production, kg/d 20.78 22.1b 21.4ab 0.43 
Milk protein 

Concentration, gikg 32.6b 32 .W 34.08 0.51 
Yield, g/d 675b 723a 7228 19.0 

Milk urea 
Concentration. me/ke 185c 248b 3508 25.8 

I - -  
Yield, g/d 3.9b 5.4ab 7.la 0.80 

8.b.cMeans in the same row without a common superscript differ 
(P < 0.10). 

1LP = Low protein (113 g of CPkg of DM), MP = medium 
protein (154 g of CPkg of DM), and HP = high protein (201 g of 
CPkg of DM). 

ZStandard error of the difference. 
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output of acetic acid and lactate were also unaffected 
by diet. 

Arterial supply of essential AA (U) in blood 
was increased from 5.5 (LP  diet) to  7.1 (MP diet) 
and 8.2 ( H P  diet) mmoVmin ( P  < 0.05; Table 4). 
Mammary uptake of E M  was not significantly differ- 
ent among diets but tended to reflect milk protein 
output for groups of EAA. The EAA have been 
grouped as previously suggested (81, based on the 
ratio of their uptake from blood to  output in milk. 
Arterial supply of Phe, Tyr, and His (group 1 AA, for 
which uptake was considered to be equal to  or less 
than output) tended to increase as CP intake in- 
creased, but only His reached significance. Mammary 
uptake of Met, another group 1 AA, was higher for the 
HP diet than for the LP diet, although supply was not 
affected. Arterial supply of branched-chain AA (Val, 
ne, and Leu; group 2, for which uptake was consi- 
dered to be greater than output) increased as dietary 
CP increased, but only Val ( P < 0.05) and Leu ( P < 
0.10) reached significance, and only Ile showed a 
significant increase in uptake between the LP and HP 
diets. Of the other group 2 EAA, Lys supply increased 
between the LP and MP diets but not between the MP 
and HP diets, and uptake of Lys reflected arterial 
supply. 

There were no significant changes in the supply 
and uptake of nonessential AA ( NEAA), either in- 
dividually or as a group. The overall tendency for a 
decrease in uptake of NEAA for cows fed the HP diet 
was largely due to the change from net uptake to 
output of Ala. Proline substantially increased in ar- 
terial supply as CP intake increased, but uptake of 
Pro did not change; extraction by the mammary gland 
decreased from 7% of supply (LP diet) to  6 and 5% 
(MP and HP diets, respectively). 

Arterial concentrations and uptake (arteriovenous 
difference x plasma flow) of free AA that were deter- 

mined on plasma have been included for reference 
(Table 5); those values show trends similar to  those 
of free AA in blood (Table 4). The concentrations of 
AA were determined on 13 times more samples for 
whole blood than for plasma samples, which gave a 
greater certainty that erroneous or contaminated 
samples had been identified. Hence, the balance of AA 
between mammary uptake and milk output (Table 6)  
has been determined using blood and not plasma AA. 

Arterial concentrations of insulin showed no 
response to  protein intake, averaging 1.21 ng/ml, and, 
similarly, no significant responses were seen for IGF- 
1 (67.8 ng/ml), T3 (1.33 ng/ml), or T4 (48.9 ng/ml), 
although concentration of T3 did tend to decline as CP 
intake increased (Table 7).  Concentrations of cortisol 
were significantly different among dietary treat- 
ments; the MP diet produced lower concentrations 
than did the LP or HP diets, and the LP diet was 
significantly lower than the HP diet. However, there 
was a significant effect of period on the concentrations 
of cortisol; lower concentrations of cortisol occurred in 
later lactation: 19.1, 20.9, and 7.8 k 2.60 ng/ml (x k 
SE of difference; P < 0.05) in successive periods. 

DISCUSSION 

This experiment was designed to complement a 
previous study ( 1 4 )  that used one concentration of 
fish meal supplementation to  increase duodenal sup- 
ply of AA. In that earlier experiment, the response in 
milk protein output to  dietary protein supplementa- 
tion was small, even though circulating EAA concen- 
trations were substantially increased. As the CP con- 
tent of the basal diet increased in the current 
experiment, milk output was stimulated by almost 
1.5 kg/d, which in turn led to  the increased DMI of 

TABLE 3. Plasma flows and arterial supplies of metabolites to, and uptake by, the whale mammary gland at three percentages of CP 
intake.' 

Supply Uptake 

LP MP HP SED2 LP MP HP SED 

. . .  . . .  . . .  Plasma flaw, Umin 7.5 7.5 7.4 1.14 . . .  
Packed cell volume, % 26.1 26.9 27.0 1.32 . . .  . . .  . . .  . . .  
Glucose, mmoVmin 26.7 26.7 27.3 4.71 5.0 5.3 5.7 0.60 
Lactate, mmol/min 3.0 2.7 2.0 0.52 -0.3 -0.1 -0.6 0.42 
Acetic acid, mmol/min 13.4 12.9 13.0 1.36 9.8 9.1 9.2 0.98 
BHBA, mmoVmin 5.9 5.9 6.7 1.45 2.3 2.4 2.7 0.37 
Urea, mmoVmin 29.9' 39.6ab 56.6b 7.73 -0.5 0.1 -0.1 0.29 

4bIcMeans in the same row without a comlnon superscript differ ( P  < 0.10). 
ILP = Low protein (113 g of CPkg of DM), MP = medium protein (154 g of C P k g  of DM), and HP = high protein (201 g of C P k g  of 

%tandard error of the difference. 
DM). 
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TABLE 4. Arterial supply and mammary uptake of selected free AA in whole blood at three percentages of CP intake.' 

AA 

Supply Uptake 

LP MP HP SED2 LP MP HP SED 

( pmollmin) 
Group 1 

Met 266 272 268 37.7 69b 8 O h  838 5.0 
Phe 364 412 460 41.3 100 116 117 11.0 

430 504 530 75.6 102 101 108 11.1 
478b 726ab 7648 99.0 60 62 65 8.2 

Tyr 
His 

Val 1276b 19428 2386a 211.2 267 300 267 38.0 
Ile 852 1012 1176 145.6 209d 240* 271C 17.8 
Leu 948b 1230ab 15148 176.2 298 337 371 30.9 
LYS 8 8 8 b  11208 1124a 83.8 268d 315* 321C 16.8 

Group 2 

Nonessential 
GlY 3486 3422 3530 605.6 -72 -50 -62  77.8 
Ala 1580 1736 1720 346.6 78 44 -84 84.6 
Pro 730 922 1004 168.6 53 59 51 14.6 
Ser 870 966 956 161.4 60 102 46 35.9 
Gln 1564 1642 1468 379.2 198 266 252 55.2 
Glu 1258 1064 1052 176.4 294 130 310 105.4 

Essential 5494b 7068ab 8249a 592.4 1374 1550 1604 98.7 
Nonessential 9487 9756 9733 1652.9 610 550 513 295.7 
Branched-chain 3076c 4186b 50768 424.8 774 876 9 10 67.0 

a.b.cMeans in the same row without a common superscript differ ( P  < 0.10). 
1LP = Low protein (113 g of CP/kg of DM), MP = medium protein (154 g of C P k g  of DM), and HP = high protein (201 g of C P k g  of 

ZStandard error of the difference. 
DM). 

TABLE 5. Arterial concentration and mammary uptake of selected free AA in plasma a t  three percentages of CP intake.] 

AA LP MP HP SED2 LP MP HP SED 

Group 1 
Met 
Phe 
Tyr 
His 

Thr 
Val 
Ile 
Leu 
LYS 
k g  

GlY 
A1 a 
Pro 
Ser 
Om 
Asp 
GI n 
Glu 

Group 2 

Nonessential 

Essential 
Nonessential 
Total 

20.6 21.2 19.0 
40.5 46.0 50.2 
40.5 49.7 48.6 
25.8b 5 6 . 9  59.88 

85.1 96.1 92.7 
155.0b 2 10.0ab 262.1" 
98.4b 120.68 134.4a 
92.48 128.2b 1 5 6 9  
74.2b 104.08 102.6ab 
72.0b 104.68 109.98 

270.4 
198.7 
70.4b 
82.9 
28.6 
13.0 

217.0 
85.9 

705b 
967 

1672b 

258.9 
207.8 
86.6ab 
90.3 
39.7 
13.6 

196.9 
81.7 

937ba 
976 

1913ab 

234.0 
199.4 
91.58 
85.1 
44.2 
15.0 

181.4 
79.5 

1036a 
930 

1967a 

2.00 
3.94 
5.67 
4.56 

10.02 
31.30 

6.67 
11.37 
10.70 
7.23 

16.16 
12.82 
6.33 
9.53 
7.54 
3.13 

13.94 
6.65 

80.3 
45.2 
94.0 

61 72 64 
126 137 129 
117 128 116 
64 78 75 

187 199 196 
190d 431C 405cd 
249 282 285 
346e 402de 413d 
3 1 1 d  396c 415c 
198 2 00 226 

59 
1628 
60 
89 
94b 
94 

248 
372 

1850d 
1118 
2968 

-7 
86ab 
51 
96 

106ab 
109 
265 
307 

2325c 
963 

3288 

4 8  
-7 l b  
44 
75 

126a 
115 
159 
3 28 

2325c 
684 

3010 

5.9 
6.5 
5.8 
8.8 

51.9 
89.8 
19.3 
21.3 
24.7 
49.9 

64.9 
80.5 
41.9 
40.6 

5.8 
101.1 

40.4 
72.0 

137.6 
256.0 
330.3 

Gb,c,4eMean~ in the same row without a common superscript differ (P c 0.10). 
lLP = Low protein (113 g of CPkg of DM), MP = medium protein (154 g of C P k g  of DM), and HP =high  protein (201 g of CP/kg of 

ZStandard error of the difference. 
DM). 
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cows fed the MP diet, because the cows were rationed 
according to  milk production. Milk protein content 
was not affected by the MP diet, and, thus, for an 
overall increased CP intake of 530 g/d, only 48 g/d (9/ 
100 g )  were identified in increased milk protein out- 
put. The magnitude of this response was similar to 
that recorded in the earlier trial of Metcalf et  al. (14 )  
in which the reported increase in milk protein output 
was equivalent to  only 10% of the dietary protein 
increment. The relatively low milk yields observed for 
these cows were average for cows of this, age within 
the herd. Because cows had their first calf at 18 mo, 
the three cows in second lactation were partitioning a 
higher proportion of nutrients to  growth than the cow 
in third lactation. 

The previous experiment ( 1 4 )  was limited to ex- 
amination of only one percentage of dietary protein 
supplementation. In the present study, two protein 
supplementations were used but, at the higher pro- 
tein inclusion, there was no response of milk produc- 
ticn or of milk protein output above that seen for the 
lower supplementation, which in part might be due to  
the decreased DMI of cows fed the HP diet. However, 
despite a reduction of 1 kg of DWd, dietary CP intake 
was increased by 230 g/d; yet none of this extra 
protein was apparent as milk protein. 

TABLE 6. Mammary uptake of free AA as percentage of their 
output in milk protein minus 5% for NPN at three percentages of 
CP intake.' 

AA LP MP HP SED2 

Group 1 
Met 
Phe 
Tyr 
His 
Mean 

Group 2 
Val 
Ile 
Leu 
LYS 
Mean 

GlY 
Ala 
Pro 
Ser 
Gln 
Glu 
Mean 

Nonessential 

80 86 89 
75 79 81 
65 68 75 
77 75 90 
76 77 83 

103 109 99 
101 108 124 
88 92 104 

105 113 104 
99 106 112 

-65 18 -9 
47 28 -51 
14 14 11 
32 54 26 
68 86 75 
84 77 72 
25 31 11 

4.6 
8.5 

11.2 
16.7 
3.4 

14.2 
8.8 
9.3 
6.9 
7.3 

68.2 
51.4 

3.2 
20.5 
13.5 
8.8 

21.0 

'LP = Low protein (113 g of CPkg of DM), MP = medium 
protein (154 g of CP/kg of DM), and HP = high protein (201 g of 
CPkg of DM). 

*Standard error of the difference. 

TABLE 7. Effect of three percentages of dietary CP intake1 on the 
arterial plasma concentration of selected hormones in four lactating 
dairy cows. 

~~~~ 

Hormone LP MP HP SED2 

(ng/ml) - 
Insulin 1.17 1.21 1.25 0.271 
IGF-I 64.1 64.6 74.7 9.55 

2.60 7.3= 23.7a Cortisol 16.7b 
52.5 52.4 41.9 6.33 

1.51 1.34 1.13 0.351 
Tq3 
T34 

a,b,cMeans in the same row without a common superscript differ 

'LP = Low protein (113 g of CPkg of DM), MP = medium 
(P c 0.05). 

protein (154 g of CP/kg of DM), and HP = high protein (201 g of 
CPkg of DM). 

2Standard error of the difference. 
3Thpoxine. 
4Triiodothyronine. 

Preliminary observations from another part of this 
trial to  establish the effect of these diets on the flow of 
NAN and total AA t o  the small intestine confirmed 
that duodenal AA supply of all AA detected was in- 
creased in line with the dietary protein increase (J. 
A. Metcalf, 1992, unpublished results). This result 
appears to agree with the observations reported in an 
earlier study ( 1 4  1 and provides further evidence that 
a simple increase in duodenal supply of AA does not 
necessarily guarantee any substantial change in milk 
protein content or output. 

The use of three percentages of CP in the diet of 
lactating dairy cows was designed t o  examine 
nutrient metabolism in the mammary gland of the 
cows when they showed a differential response to the 
increments in dietary CP. This situation was achieved 
in this experiment; efficiencies of conversion of the 
supplementary dietary protein into milk protein were 
9 and 0% for the two percentages of CP. 

Examination of nutrient flux t o  the mammary 
gland indicated some broad similarities with the data 
provided from earlier work ( 1 4 )  as well as some 
important differences. In both experiments, arterial 
supply of glucose was unaffected by dietary protein 
supplementation, but the values recorded in the 
present study were only 0.65 of those reported previ- 
ously, despite similar milk production. In both experi- 
ments, net glucose extraction by the mammary gland 
averaged between 17 and 20% of arterial supply, such 
that in the present experiment mean glucose uptake 
across all treatments was only 0.68 of that reported 
earlier. Translated into daily production terms, 
however, data from the present experiment indicated 
a net glucose uptake of approximately 65 g/kg of milk 
produced. This value compared well with results from 
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another laboratory ( 9  1,  which averaged 61 gkg. Both 
of these studies have produced lower values than the 
70 g L  previously proposed ( 12  1 for milk of average 
composition that was based on biochemical principles. 

From results of the current study, the mammary 
gland appeared to be a net producer of lactate, in 
agreement with results of earlier work ( 141, although 
t h s  agreement appears to be of limited biological 
significance. The suggestion made previously, that an 
increased supply of AA to the gland might reduce 
lactate output through increased availability of tricar- 
boxylic acid cycle intermediates, has not been estab- 
lished. 

Arterial supply of urea increased as dietary CP 
intake increased in both experiments, primarily be- 
cause of increased plasma urea concentrations. 
Although there was no apparent trend in uptake or 
output of urea across the mammary gland in relation 
to the diets, output of urea in the milk increased from 
3.9 to 7.1 g/d with the increases in protein intake. 
Concentrations of milk urea correlated well with ar- 
terial plasma concentrations [milk urea (millimolar) 
= 0.899 x plasma urea (millimolar) + .552; r2 = 0.901 
when individual daily mean values were compared ( n  
= 121, confirming a direct relationship between urea 
in the blood and milk (10) .  

Concentrations of insulin, IGF-I, Tq, and T3 were 
not significantly altered by either the dietary treat- 
ments or the changes in milk production. The effects 
of period were most pronounced for insulin (0.93, 
1.17, and 1.53 k 0.271 ng/ml for periods 1, 2, and 3, 
respectively; x F SE of difference), although concen- 
trations did not reach statistical significance. Cortisol 
concentrations, however, changed significantly be- 
cause of diet and period effects. Although the lower 
cortisol concentrations in the final period of the ex- 
periment were probably due to the cows becoming 
more used t o  handling, explanation of the relation- 
ship to dietary effects is more difficult. Cows might 
have failed to  respond to the HP diet above the 
response to  the MP diet because of these high concen- 
trations of cortisol, but the cause of the elevated 
concentrations remains unknown. Other researchers 
( 9 1 have shown no changes in concentrations of insu- 
lin, prolactin, or  growth hormone in response to  duo- 
denal casein infusion, and together these experiments 
indicate that there is little interaction between these 
hormones and the stimulation of milk output. 

The increase in CP intake from the LP t o  MP diets 
was 530 g/d, which stimulated arterial EAA supply by 
2.26 movd. Comparable values between the MP and 
HP diets were 280 g/d and 1.70 molfd, respectively, 
suggesting a direct relationship between dietary CP 

intake and arterial supply of EAA similar to  that 
previously observed (21) .  Because there was no 
change in blood flow with treatment, these increases 
in arterial supply reflect changes in arterial concen- 
tration of E M .  This result compares well with those 
of previous work in which an increase of CP intake by 
437 gfd increased EAA concentration by 1.78 moVd 
( 141, but fewer AA were determined in that earlier 
study. Abomasal infusion of casein ( 9 )  tended to 
show similar increases in arterial supply of EAA 
(1.02, 0.75, and 1.43 mol/d) in plasma for smaller 
increments in CP intake (154, 136, and 380 g/d). The 
changes in milk protein yield resembled the increase 
in uptake of EAA, suggesting some relationship be- 
tween these two, but did not reflect the increases in 
arterial supply, suggesting that EAA supply was not 
the primary limitation to  milk protein synthesis. 
These findings are in agreement with those of 
Guinard et al. (91, who also found that uptake of 
EAA by the mammary gland reflected milk protein 
output but not arterial supply. Individual EAA gener- 
ally showed similar trends; uptake of Met increased 
from the LP to MP diets, but was unchanged from the 
MP to HP diets, even though arterial supply was 
unchanged throughout the experiment. Davis et al. 
( 7 )  have suggested that Met is limiting for milk 
production, and the 80 to  89% of Met output in milk 
protein provided from the blood (Table 6 )  confirmed 
that free Met was apparently insufficient to account 
for output as milk protein. 

Hanigan et al. ( 11) suggested that mammary up- 
take of AA from blood is greater than that from 
plasma; however, our data tended to disagree. In our  
data, uptake from whole blood varied between 81 and 
94% of that from plasma. However, this variation, 
although of interest, is not a good comparison because 
the plasma values were determined on pooled sam- 
ples for each sampling day, and whole blood was from 
13 individual samples. Thus, a comparison of these 
data with those of Hanigan et al. ( ll),  which com- 
pared 948 paired samples from 21 different cows, may 
not be appropriate. 

Arterial supply of the other group 1 AA (Phe, Tyr, 
and His) tended to increase as dietary protein in- 
creased, but only His was significant. Mammary up- 
take of Phe showed the largest increase with diet, and 
uptake of Tyr and His showed no significant changes, 
even though arterial supplies were increased. The 
supply of branched-chain AA increased with diet, and 
Leu and n e  showed similar increases in uptake, 
although only Ile reached significance. Supply and 
uptake of Lys also increased with differences between 
the LP and MP diets for supply and between the LP 
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and HP diets for uptake; the MP diet failed t o  reach 
significance at P = 0.1. Uptake of Leu, Ile, and Lys by 
the mammary gland might possibly be substantially 
regulated by supply because these results were simi- 
lar to those reported previously ( 14).  

In this study, changes in supply or uptake of NEAA 
with diet were not significant, although other 
researchers ( 9 )  have shown linear increases in ar- 
teriovenous difference of NEAA across the mammary 
gland as milk protein output increased. Supply of Pro 
increased with diet, but uptake did not change, in- 
dicating a decrease in mammary extraction of Pro 
from 7 to 5%. When a balance was constructed be- 
tween AA uptake from blood and output as milk 
protein (Table 61, Pro uptake from the blood ac- 
counted for only 13% of Pro in milk protein, indicat- 
ing a major shortfall for milk protein synthesis. The 
deficit of Pro in milk might be synthesized from Arg 
within the mammary gland ( 131, and uptake of Arg, 
which was only determined in plasma in this study, 
was 2.8 times its output in milk protein, regardless of 
dietary treatment. One molecule of Arg can provide N 
for two molecules of P r o  and one molecule of urea. 
Thus, the excess Arg could provide an additional 369 
pmoVmin of the Pro output, which, together with Pro 
uptake, accounts for 94% of Pro output in the milk. 
The increase in urea production by the mammary 
gland at this rate of transamination would be approx- 
imately 185 pmoYmin, which might be released into 
the bloodstream or into the milk. Because the arterial 
supply of urea was 170 times this rate of release for 
the LP diet, such a small increase would not have 
been detectable, and the appearance of this urea in 
the milk would be equivalent to  15 g/d, a value that 
was twice that for the HP diet. Hence, these calcula- 
tions suggest that any urea produced by mammary 
metabolism of AA was released into the blood stream 
and that the appearance of urea in milk was related 
to arterial supply rather than t o  metabolism. 

Calculated balances between uptake and milk out- 
put for most AA generally agreed with the groupings 
suggested by Davis and Mepham (8); group 1 EAA 
were removed at concentrations equal to or below the 
estimated minimal requirement, and group 2 EAA 
were removed above the estimated requirement. 
NEAA were taken up at an amount that, in all cases, 
was below output. No specific trends were evident for 
changes in balance with dietary treatment; however, 
uptake of Ile approached significance ( P  = 0.110) 
relative to output as dietary protein increased, and 
the other branched-chain AA, together with Lys, 
showed a similar trend. The fate of the excess AA 
taken up by the mammary gland was unclear, but 

those AA probably provided the N for NEAA synthe- 
sis. Mammary uptake of most AA was apparently 
higher from plasma than from blood (Tables 4 and 
5 ) .  Although the data were not strictly comparable 
because of the differing numbers of individual ana- 
lyses making up the mean values, constructing a 
balance for uptake and milk output did reduce the 
deficit for the group 1 AA. However, there was still a 
shortfall in AA uptake for all treatments. When the 
total amount of AA N provided in free AA was calcu- 
lated, there was a deficit of 11% in uptake compared 
with milk protein AA N output. If all of the Arg, 
which has four N per molecule, were used to synthe- 
size Pro, then the deficit in free AA N would increase 
to  29%. Such a large deficit, which assumes the con- 
servation of all AA N except Arg, suggests that there 
is a substantial contribution of AA N from a peptide 
or small protein source ( 2 ) .  

CONCLUSIONS 

Increased dietary CP typically produces a cur- 
vilinear response in milk protein output. One theory 
for this response is the limitation of AA supply to the 
mammary gland. In this study, EAA supply to the 
mammary gland increased linearly as CP intake in- 
creased, but NEAA supply was unchanged. Similarly, 
EAA uptake by the mammary gland was close to  the 
estimated requirement for milk protein output but 
was not linear as supply increased; NEAA uptake was 
always well below requirement. The linear increases 
in uptake with increased supply of specific AA sug- 
gest that the uptake of these AA might be manipu- 
lated by appropriate dietary supplementation. The 
overall discrepancy between AA N uptake and output 
in milk suggests that a proportion of milk AA must be 
supplied in a bound form for milk protein synthesis 
and also that a high degree of interconversion of AA 
must occur within the lactating mammary gland. 
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