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The utilisation of essential amino acids (EAA) by the mammary gland of lactating dairy cows fed fresh forages was studied to provide
basic information useful in designing strategies to increase the production of milk protein from pasture-fed dairy cows. The relationship
between the flux of EAA in the whole body and their uptake by the mammary gland was determined in four cows in early lactation
(length of time in milk 44 (SD 14·5) d) producing 21 (SD 4·0) kg milk/d. The cows were maintained in metabolism stalls and fed
fresh perennial ryegrass (Lolium perenne) and white clover (Trifolium repens) pasture ad libitum or restricted to 75 % ad libitum
intake. The whole-body fluxes of amino acids (AA) were measured using an arterio-venous infusion of universally 13C-labelled AA.
Whole-body fluxes of fourteen AA were estimated. Isotope dilution indicated that mammary utilisation accounted for one-third of
the whole-body flux of EAA, with individual AA ranging between 17 and 35 %. Isoleucine, leucine, valine and lysine were the
EAA with the greatest partitioning towards the mammary gland (up to 36 % of the whole-body flux), which could reflect a potentially
limiting effect on milk protein synthesis. In the case of AA with low partitioning to the mammary gland (for example, histidine), it is
suggested that non-mammary tissues may have priority over the mammary gland and therefore the supply of this AA may also limit
milk protein synthesis.

Mammary gland: Amino acid metabolism: Dairy cows: Pasture diets

The characterisation of amino acid (AA) utilisation by the
mammary gland is an initial step towards the development
of strategies for increasing the output or changing the rela-
tive proportions of proteins secreted in the milk of lactating
dairy cows. It is well understood that the nutrients reaching
the mammary gland are ultimately the result of complex
interactions between organs and tissues in the whole
body. With their concept of homeorhesis, Bauman &
Currie (1980) described lactation as the result of a series
of metabolic controls, which orchestrate a prioritisation
of tissues and organs in terms of the relevance of their
metabolic function at a particular stage. A major effect
of these controls is the diversion (partitioning) of nutrients

from other tissues to the mammary gland to sustain lacta-
tion, sometimes at the expense of other bodily functions
(Champredon et al. 1990).

Although the concept of partitioning is generally
accepted for various nutrients and physiological states,
there is little quantitative assessment of its magnitude in
terms of AA metabolism in lactating dairy cows, particu-
larly when fed fresh forage diets. Most of the current feed-
ing systems and nutrient requirement guidelines (AFRC,
1993; National Research Council, 2001) propose that the
rates of partitioning to the mammary gland and utilisation
for milk protein synthesis are the same for all AA.
However, even in the most comprehensive studies, only
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the partitioning of a limited number of AA, often in iso-
lation, has been studied in dairy cows (Bruss & Black,
1982; Black et al. 1990; Boirie et al. 1995).

One way to measure the total body flux of an AA in ani-
mals is by quantifying the dilution of a tracer substance
(Reeds, 1992; Lobley, 1993). Both radioactive (Hammond
et al. 1987; Lobley et al. 1987; Crompton & Lomax, 1993)
and stable isotopes (Bequette et al. 1994; Liu et al. 1995;
Lapierre et al. 1996, 1999) have been used to label AA
for this purpose. A technique using the infusion of a mix-
ture of 13C-universally labelled AA of algal origin has
allowed the simultaneous estimation of the whole-body
fluxes of an array of AA. Using this technique, several
studies have been conducted to study the proportional
impact of specific organs and tissue beds on the whole-
body metabolism of AA in sheep (Lobley et al. 1996)
and dairy goats (Bequette et al. 1997). However, no infor-
mation is available on the simultaneous estimation of the
partitioning of AA in lactating dairy cows.

The present paper describes the measurement of the
whole-body AA fluxes in lactating dairy cows fed fresh
perennial ryegrass (Lolium perenne)- and white clover
(Trifolium repens)-dominant pasture. These fluxes were
then related to the mammary utilisation of AA to estimate
the partitioning of individual AA towards milk protein
synthesis. In that way, it provided, first, a characterisation
of the whole-body AA fluxes in lactating cows fed fresh
pasture and, second, more information to identify those
AA that may limit the synthesis of milk proteins.

Materials and methods

Animals and diets

Four lactating Friesian cows in early lactation were
assigned to one of two levels of DM intake (DMI) in a
2 £ 2 crossover design (ad libitum and 75 % ad libitum
intake). The average time in milk of the cows was
44 (SD 14·5) d with the average live weight being 498
(SD 64·2) kg at the beginning of the experiment. The exper-
iment consisted of two 16 d experimental periods compris-
ing a 5 d period for diet adaptation and an 11 d period for
measurement of milk production and composition, DMI
and feed composition. During this period, faeces and
urine were collected, sampled and analysed as described
by Carruthers & Neil (1997) for N balance measurements.
Animals were fed individually and maintained outdoors
from day 1 to 5, and in individual metabolism stalls from
day 6 to 16 at the Dairy Centre of Excellence facilities
in Hamilton, New Zealand.

The experimental diets consisted of fresh cut ryegrass
and white clover-dominant pasture that was offered at 6 h
intervals (03.00, 09.00, 15.00 and 21.00 hours). Pasture
samples were collected and pooled across the two periods
before being analysed for nutritional composition by near-
infrared reflectance spectroscopy (NIRSystems Inc., Silver
Spring, 20904, MD, USA). The average chemical compo-
sition (per kg, DM basis) of the pasture offered, during
periods 1 and 2 respectively, was 180 and 150 g crude pro-
tein, 200 and 200 g soluble carbohydrates, 300 and 280 g

acid-detergent fibre, 500 and 530 g neutral-detergent fibre
and 12·1 and 12·5 MJ metabolisable energy/kg DM.

On day 11 of each period, the experimental animals were
fitted with custom-made polyvinyl chloride catheters
(length 1·2 m; 1·0 mm internal diameter £ 1·5 mm external
diameter; Critchley Electrical Products, Silverwater, NSW,
Australia) in the aorta via the costoabdominal (intercostal)
artery, and the jugular and mammary (caudal superficial
epigastric) veins. The catheters were fitted in the aforemen-
tioned vessels following tranquillisation with xylazine
hydrochloride (0·8 ml Rompun 2 %; Bayer New Zealand
Ltd, Auckland, New Zealand) and local subcutaneous
anaesthesia (lignocaine hydrochloride 2 %; Ethical
Agents, Auckland, New Zealand). In the case of the cost-
oabdominal artery catheterisation, lignocaine was injected
subcutaneously cranial and dorsal to the incision area.
Additional local analgesia was provided by injecting
lignocaine around the nerve accompanying the artery prox-
imal to the incision area. All catheterisations were carried
out using aseptic procedures. Cows were allowed to
recover from the surgery for 1 d before starting blood
sampling and tracer infusions. The intercostal catheters
were maintained during the two experimental periods,
while both venous catheters were removed at the end of
the first period and new catheters inserted on day 11 of
the second period. The catheters in the artery and
mammary vein allowed simultaneous blood sampling to
assess the uptake of AA across the mammary gland,
whilst the jugular catheter was used for infusing the
isotopic tracer. A bolus injection of heparin (150 IU/kg
live weight; New Zealand Pharmaceuticals Ltd, Linton,
New Zealand) was administered before starting blood
collection to minimise clot formation in the sampling
catheters. Patency of all the catheters was ensured by
daily flushing with 3 ml heparinised saline (200 IU/ml).

Animals were milked twice daily during the whole
experiment, except during the last 24 h of each period,
when milking was conducted every 2 h. Animals were
machine-milked after an intravenous injection of 1 IU
oxytocin (Oxytocin EA; Ethical Agents Ltd, Auckland,
New Zealand). To ensure complete removal of milk, a
second oxytocin injection (1 IU) was administered and
residual milk was removed by hand-stripping.

Measurements

Whole-body irreversible loss rates (ILR; flux) were
measured at the end of each experimental period. AA
uptake by the mammary gland was measured and com-
pared with the whole-body flux to obtain an estimation
of the partitioning of AA towards milk protein synthesis.
DMI was recorded daily. Milk yield during the infusion
period was recorded and samples were collected every
2 h and analysed for N using macro-Kjeldahl techniques
(Barbano, 1994).

Determination of whole-body irreversible loss rate of
amino acids. Whole-body ILR of AA was measured
using 13C-universally labelled AA of algal origin as
markers, as described by Lobley et al. (1996).

Preparation of the mixture of 13C-universally labelled
amino acids. The 13C-labelled AA infusates were
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prepared using a modification of the procedure described
by Lobley et al. (1996). Briefly, the mixture of U-13C-
labelled AA was prepared by hydrolysis of de-starched
and de-lipidated labelled Spirulina (Martek Biosciences
Corporation, Columbia MD, USA; enrichment . 98 %).
Four 18·75 g batches of Spirulina were hydrolysed separ-
ately in 3·75 litres of boiling 6 M-HCl containing 25 mg
phenol crystals and 500 mg DL-dithiothreitol/l. The
hydrolysis was conducted for 22 h under continuous N2

flow. The resulting hydrolysates were taken to near-dryness
(approximately 15 ml final volume) in a rotary evaporator
and diluted in 0·1 M-sodium phosphate buffer (approxi-
mately 60 ml buffer/g Spirulina) and the pH was adjusted
to 7·4. The final infusate was prepared by diluting this
solution (1:2, v/v) with sterile saline and sodium heparin
(400 IU/g final infusate) and filtering through a 0·2mm
filter before storage at 2208C. Infusates were thawed
and re-filtered (0·2mm filter) before infusion into the
experimental animals.

Infusions. On day 14 and 15 of each period, the
mixture of U-13C-labelled AA was infused into the jugular
vein of two cows for 12 h (day 14) and two cows for 6 h
(day 15) to determine the whole-body ILR of AA in the
experimental animals. The isotope mixture was infused at
a rate of 1 ml/min. The concentrations (mmol/l) of essential
AA (EAA) in the infusate were: histidine (His) 1·2
(SD 0·05); isoleucine (Ile) 5·6 (SD 0·15); leucine (Leu) 8·8
(SD 0·28); lysine (Lys) 3·7 (SD 0·13); methionine (Met)
2·2 (SD 0·06); phenylalanine (Phe) 3·6 (SD 0·13); threonine
(Thr) 5·1 (SD 0·16); tyrosine (Tyr) 1·8 (SD 0·07) and valine
(Val) 6·1 (SD 0·20).

Before the infusion, arterial samples were collected to
correct for background abundance of 13C in the blood of
the experimental animals. During the isotope infusion,
blood was sampled from the intercostal artery and the
mammary catheters every 2 h as 1 h integrated samples
(i.e. continuous sampling for 1 h, no sampling for 1 h).
Samples were collected at a rate of 1 ml/min using peristal-
tic pumps (Desaga GmbH, D-6900 Heidelberg, Germany)
into plastic tubes kept on ice with 50ml Na-EDTA (satu-
rated aqueous solution) added as an anticoagulant. The
blood was divided into two subsamples. One subsample
was centrifuged at 3270 g at 48C for 15 min. Plasma
was harvested and mixed (10:1, v/v) with a solution of
0·2 M-sodium phosphate buffer containing 0·08 M-DL-
dithiothreitol. Whole blood in the remaining subsample
was haemolysed with deionised water (1:1, v/v) and
mixed with 0·2 M-sodium phosphate buffer containing
80 mm-DL-dithiothreitol (0·1 ml phosphate buffer/ml
blood). Both whole-blood and plasma samples were
stored at 2858C until processed for AA concentration
and isotopic enrichment (IE).

Laboratory methods

Blood, plasma and infusates were processed and analysed
for AA concentrations as described previously (Pacheco-
Rios et al. 1998).

Sample preparation for stable-isotope determination.
The concentration of 13C in the AA in whole blood and
plasma was determined in deproteinised samples. Samples

of whole blood (3 ml) and plasma (1·5 ml) were deprotei-
nised by ultrafiltration (Centrisart, molecular weight
cut-off 10 000 Da; Sartorius AG, Goettingen D-37070,
Germany). AA in the ultrafiltrate were concentrated and
cleaned of interfering ions using ion exchange columns
(100 mg SCX strong cation exchanger; Alltech Associates,
Inc. Deerfield, IL, USA). Columns were preconditioned
with 0·005 M-HCl (2 ml) and deionised water (4 ml)
before use. After conditioning, ultrafiltrate (1 ml) was
added to the column and washed with 0·01 M-HCl (2 ml)
followed by deionised water (5 ml) to remove sample
contaminants. The AA were eluted from the column with
4 M-NH4OH (2 ml) into 4 ml vials and then frozen and
freeze-dried. Before analysis, the freeze-dried extract was
reconstituted in 0·1 M-HCl (100ml), transferred into a
3 ml tapered vial and carefully reduced to dryness with a
stream of N2 gas at 708C. To the dried extract, n-tert-butyl-
dimethylsilyl-N-methyl-trifluoroacetamide (50ml, Fluka;
Sigma-Aldrich Pty. Ltd, Castle Hill, NSW, Australia),
dry acetonitrile (50ml) and dimethylformamide (50ml)
were added. The vial was sealed and heated to 708C for
20 min to convert the AA to their corresponding N,O-
tert-butyldimethylsilyl (TBDMS) derivatives.

Determination of 13C concentration in blood, plasma
and infusates. IE of the samples was measured by GC–
MS (gas chromatograph model 17A and mass selective
detector model QP5050A; Shimadzu Scientific Instruments
Ltd, Columbia, MD, USA) equipped with a capillary
column (DB-5MS; 30 m £ 0·25 mm internal diameter,
0·25mm film thickness; J&W Scientific, Folsom, CA,
USA) and using He as the carrier gas. A proportion of
TBDMS AA derivative (1ml) was injected using a split
ratio of 1:20 and injector temperature of 2608C. Column
temperature was initially maintained at 1508C for 6 min,
then increased to 2408C (at 358C/min) for 6 min and then
increased to 2808C (at 358C/min) for 10 min. The mass
selective detector was operated in electron impact
mode and selected ion monitoring was performed for
the (M-15)þ and (M-57)þ m/z 12C- and 13C-TBDMS-AA
ion fragments as outlined by Chaves das Neves &
Vasconcelos (1987).

Calculations

The IE of the AA was calculated using equation 1 (Lobley
et al. 1996):

IE ¼
ðRt 2 R0Þ

1 þ ðRt 2 R0Þ
; ð1Þ

where IE is expressed as mol percent excess and R is the
ratio of the mass of the monitored fragment containing
the 13C over the mass of the unlabelled molecule. The sub-
script t refers to the enrichment measured at time t over the
infusion period, while the subscript 0 indicates the enrich-
ment measured in background samples (arterial) obtained
before the beginning of the isotope infusion.

The values obtained from the different sampling times
for each cow were then used to estimate the plateau of
IE for individual AA in whole blood and plasma during
the course of the 13C-labelled AA infusion. An exponential

Amino acid fluxes in pasture-fed dairy cows 273

https://doi.org/10.1079/BJN
2003886  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN2003886


model (equation 2) was fitted to the mean of IE obtained
from duplicate samples for each AA:

IE ¼ A £ ð1 2 ektÞ; ð2Þ

where A defines the plateau value of IE assuming the
enrichment increases at a rate k over time t (Bequette
et al. 1998).

The whole-body ILR (mmol/h) for each AA was deter-
mined using the model described in equation 3:

ILR ¼
IEinf

IEb or p

2 1

� �
£ IR; ð3Þ

in which IR is the infusion rate (mmol/h) for each AA and
IEinf is the IE of the infusate (98 %; measured in our lab-
oratory) and IEb or IEp is the IE of the corresponding
AA in blood or plasma at plateau (Lobley et al. 1996).

Partitioning of each AA to the mammary gland was
expressed as the percentage contribution of the net
uptake of AA to the whole-body ILR, as described by
Bequette et al. (1997):

Net uptake ðNUÞ

Whole body ILR
£ 100; ð4Þ

where net uptake is:

NU ¼ concentration of AAa 2 concentration of AAv

£ MBF ð5Þ

given that AAa and AAv represent unlabelled AA in the
arterial and venous samples, respectively from either
whole blood or plasma; and MBF is the mammary blood
flow estimated using the Fick principle with the arterio-
venous differences of Phe and Tyr and the output of
these AA in milk (Pacheco-Rios et al. 2001).

Statistical methods

Estimation of plateau enrichment in samples. Plateau
values for the ILR calculation were estimated using the
NonLINear regression procedure of SAS (SAS Institute
Inc., 1996) by fitting an exponential model (equation 2)
to the IE values measured for each cow during the infusion
of the 13C-labelled AA. For calculation purposes, it was
assumed that a plateau was attained when the slope of
the regression of enrichment from time 6 to 12 h was not
significantly different from zero.

Treatment and pool effects. Means of the ILR of indi-
vidual AA for each cow were obtained and then analysed
using the MIXED procedure of SAS (SAS Institute Inc.,
1996) for a crossover design (Ratkowsky et al. 1993).
Treatment, period and type of fluid, and the interaction
of type of fluid £ treatment were used as fixed effects;
while cow (treatment) was used as a random effect. The
treatment effects were tested by using cow (treatment) as
the error term and the effects of type of fluid (plasma or
blood, where applicable) were evaluated as a repeated
measurement with cow (treatment) as a subject. The var-
iance-covariance matrix used was defined as unstructured.
The components of the N balance were analysed using

the same model without the repeated measurement
statement in the SAS program. Given the limited number
of animals that can be used in a study of this nature,
significant effects were declared when P,0·10 and
trends are discussed when P,0·15.

Ranking of partitioning. The analysis of the partition-
ing of EAA to the mammary gland was performed on the
ranked values using non-parametric ANOVA (SAS Insti-
tute Inc., 1996). For each animal and period, the AA
were ranked according to their partitioning percentage
(i.e. the AA with the highest partition to the mammary
gland had a score of 1, the second highest 2, and so on).

Animal care

All procedures used were reviewed and approved by the
Animal Ethics Committees of both AgResearch and the
Dairy Centre of Excellence.

Results

Due to problems with one arterial catheter, deep jugular
samples were collected from one animal and those samples
treated as their arterial counterparts. However, from the
analysis of AA concentrations it was apparent that the
deep jugular samples were not representative of the arterial
supply. Therefore, all the results collected from this one
animal were omitted from the statistical analysis reported
in Tables 2, 3 and 4.

Compared with the ad libitum period, animals consumed
26 % less DM during the period of DMI restriction (12·3 v.
16·7 kg DM/d; P,0·01). The restriction in DMI was
associated with a 13 % decrease in the yield of protein
(0·61 v. 0·70 kg/d; P¼0·09). The decrease in protein
yield was, in turn, the combined effect of both decreased
milk yield (19·8 v. 21·6 kg/d; P¼0·14) and a decreased
concentration of milk protein (31·1 v. 32·8 g/kg; P¼0·09).

The dietary restriction caused a lower N retention
(Table 1). There was a significant (P,0·10) reduction
in N intake as a consequence of the dietary restriction.
This resulted in decreased (P,0·10) N excretion in
faeces and urine.

Table 1. Components of the nitrogen balance measurements in
four lactating dairy cows fed ad libitum or restricted dry
matter intakes during the experimental periods (days 6 to 11)*

(Least squares means and standard errors of the mean)

Ad libitum Restricted SEM P†

N intake (g/d) 0·445 0·328 0·0083 0·01

Milk N (g/d) 0·111 0·097 0·0039 0·13
Faecal N (g/d) 0·143 0·082 0·0094 0·04
Urinary N (g/d) 0·173 0·141 0·0055 0·06
Total N excretion (g/d) 0·426 0·320 0·0091 0·01

N balance (g/d) 0·019 0·009 0·0072 0·44

N intake to milk (%) 24·9 29·3 0·51 0·03
N intake to faeces (%) 31·7 24·8 1·90 0·12
N intake to urine (%) 38·8 43·3 2·73 0·37
N retained (%) 4·5 2·6 1·75 0·53

* For details of diet and procedures, see p. 272.
† Probability of difference between treatments.
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No adverse reactions were observed as result of the infu-
sion of the Spirulina hydrolysate. Most of the AA studied
exhibited a rapid increase in 13C enrichment over the first
4 h of the infusion period, with a discernible plateau
attained after this time (Fig. 1).

The data collected from the animals with the 12 h infu-
sion showed that the CV of the IE was less than 10 %
over the period 6 to 12 h for most of the EAA studied,
with exception of Met (17 %). The regression analysis of
IE v. time (6 to 12 h) revealed that, in most cases, the
slope was not significantly different from zero (P.0·05;
i.e. plateaux were attained).

For all the variables, the interaction between dietary
treatment and type of sample was not significant (P.0·15).

The 13C enrichment measured in whole blood ranged
from 0·23 to 0·89 with the values for His and Met being
the extremes. In plasma, the IE ranged from 0·36 (serine;
Ser) to 1·09 (proline). Plasma had higher IE for all the
AA studied, although the effect was not significant
(P.0·10) for Met and Ser. Irrespective of the pool studied,
the restricted animals had numerically higher IE than the
cows with ad libitum intakes; however, the treatment
effect attained statistical significance for only some AA
(Table 2).

Table 3. Whole-body irreversible loss rates (mmol/h) of amino acids calculated from arterial
whole blood or plasma 13C isotopic enrichments in three lactating dairy cows fed ad libitum

or restricted dry matter intakes*

(Least squares means and standard errors of the mean)

Ad libitum Restricted Probabilities

Blood Plasma Blood Plasma SEM Diet Fluid

EAA
Histidine 32 14 27 14 3·2 0·57 ,0·01
Isoleucine 50 46 38 35 3·6 0·08 0·03
Leucine 84 66 72 55 6·9 0·28 ,0·01
Lysine 56 39 47 33 5·1 0·29 0·02
Methionine 23 16 14 15 1·6 0·06 0·05
Phenylalanine 35 28 29 24 3·2 0·32 0·01
Threonine 67 50 59 37 7·1 0·23 0·04
Tyrosine 29 19 26 16 1·8 0·24 ,0·01
Valine 69 61 52 49 5·5 0·12 ,0·01

NEAA
Alanine 164 129 123 104 10·8 0·09 ,0·01
Glutamic acid 191 72 192 77 13·4 0·86 ,0·01
Glycine 182 125 134 83 24·1 0·14 0·09
Proline 44 25 35 20 2·8 0·11 ,0·01
Serine 99 78 73 65 13·8 0·22 0·35

EAA, essential amino acids; NEAA, non-essential amino acids.
* For details of diet and procedures, see p. 272.

Table 2. Plateau isotopic enrichment (13C IE) of amino acids in whole blood or plasma of
three dairy cows fed ad libitum or restricted dry matter intakes, as determined from the model

IE ¼ A £ (1 2 e kt )*

(Least squares means and standard errors of the mean)

Ad libitum Restricted Probabilities

Blood Plasma Blood Plasma SEM Diet Fluid

EAA
Histidine 0·23 0·47 0·27 0·53 0·055 0·49 ,0·01
Isoleucine 0·66 0·73 0·89 0·96 0·076 0·10 ,0·01
Leucine 0·60 0·77 0·72 0·94 0·081 0·26 ,0·01
Lysine 0·39 0·55 0·46 0·70 0·052 0·18 ,0·01
Methionine 0·60 0·80 0·89 0·97 0·100 0·09 0·21
Phenylalanine 0·65 0·75 0·71 0·88 0·077 0·44 ,0·01
Threonine 0·50 0·58 0·53 0·78 0·072 0·23 0·05
Tyrosine 0·36 0·52 0·45 0·72 0·031 0·02 ,0·01
Valine 0·53 0·57 0·68 0·74 0·061 0·14 ,0·01

NEAA
Alanine 0·36 0·47 0·55 0·63 0·043 0·04 ,0·01
Glutamic acid 0·28 0·86 0·29 0·67 0·087 0·37 ,0·01
Glycine 0·26 0·46 0·38 0·61 0·043 0·09 ,0·01
Proline 0·51 0·88 0·68 1·09 0·060 0·06 ,0·01
Serine 0·42 0·36 0·44 0·50 0·055 0·99 0·22

EAA, essential amino acids; NEAA, non-essential amino acids.
* For details of calculations, diet and procedures see equation 2 and p. 272.
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The ILR calculated using whole-blood IE were higher
(P,0·05) than those calculated from plasma for all the
AA studied with the exception of Ser (Table 3). Irrespec-
tive of the type of sample analysed, the animals undergoing
the dietary restriction had ILR that were numerically lower
than those measured in animals fed ad libitum.

Depending on the AA and pool analysed (whole blood or
plasma), the ILR of AA in restricted animals was 65–95 %
of that observed in ad libitum animals (average 89 and
80 % using whole-blood and plasma IE, respectively).
However, this effect was statistically significant
(P,0·10) for Ile, Met and alanine only. Glutamic acid
(Glu) was the only AA for which the ILR was numerically
higher in restricted animals. In those cases, the ILR of
Glu in restricted animals was 101 and 107 % (whole
blood and plasma, respectively) of that measured in the
ad libitum group.

The partitioning of AA to the mammary gland ranged
from 6 to 36 % and 17 to 35 % as calculated from whole-
blood or plasma ILR, respectively (Table 4). For the
non-essential AA, the partitioning to the mammary gland
was between 0 and 22 %, and for most of those AA it
was below 10 %. Partitioning for most EAA was remark-
ably similar for ad libitum and restricted animals, and in
many cases was similar when the calculation was done
using whole blood or plasma. Ile, Lys, Leu and Val, in
that order, were the AA with the highest partitioning to
the mammary gland. This finding was consistent between
animals and treatments.

Discussion

The milk production recorded during the present study
is representative of the performance of dairy cows
grazing fresh pastures during spring in New Zealand. As a

comparison, the average production of the parent herd
(from which the experimental animals originated) under
normal grazing and management practices during the
period of the present study was 20·3 kg milk/d (n 261).
Therefore, it is possible to conclude that all the reported
results are reasonably representative of the conditions
encountered in dairy cows fed fresh pasture in
New Zealand.

The use of Spirulina-derived 13C-labelled AA has been a
valuable tool to estimate simultaneously the fluxes of AA
in different tissues and species (Lobley et al. 1996;
Bequette et al. 1997). To our knowledge, the present
study represents the first report of such measurements in
lactating dairy cows fed fresh pasture.

The uptake of AA by the mammary gland for milk pro-
tein synthesis represented up to 36 % of the whole-body
flux of AA in the lactating cows fed fresh pasture.

The validity of the ILR estimation relies on the assump-
tion that the IE of plasma is representative of steady-state
conditions during the measurement period (Lobley,
1993). The data collected from the animals with the 12 h
infusion had a CV for the IE of less than 10 % over the
period 6 to 12 h for most of the AA studied, with the
exception of Met (CV 17 %). This finding, together with
the sharp increase in 13C enrichment measured during the
first 4 h of the infusion (Fig. 1), indicated that enrichment
plateaux were attained for the AA studied in the cows
receiving the 6 h infusion.

The reported presence of D-isomers of AA in the Spiru-
lina hydrolysates has to be borne in mind when interpreting
the ILR values obtained in the present study. Using a simi-
lar technique to produce the algal infusates, Bequette et al.
(1997) reported that up to 20 % of the Lys in the hydroly-
sate was present as the D-isomer, while for the rest of
the AA the contribution of D-isomers was less than 4 %.

Table 4. Partitioning (net uptake/irreversible loss rates £ 100) of amino acids from whole
blood and plasma to the mammary gland of three lactating dairy cows fed fresh pasture at

ad libitum and restricted intakes*

(Least squares means and standard errors of the mean)

Ad libitum Restricted

Blood Plasma Blood Plasma SEM P diet Ranking

EAA
Histidine 9 19 6 19 1·9 0·56 9d

Isoleucine 31 29 36 32 3·1 0·36 1a

Leucine 24 29 26 32 2·0 0·43 3ab

Lysine 25 32 25 35 2·1 0·47 2ab

Methionine 21 29 26 25 3·5 0·86 6bc

Phenylalanine 21 21 21 24 2·1 0·64 7cd

Threonine 11 17 7 19 2·5 0·90 8 d

Tyrosine 22 28 25 33 2·4 0·19 5ab

Valine 25 29 30 29 2·1 0·31 4ab

NEAA
Alanine 5 7 5 5 1·0 0·58
Glutamic acid 7 22 10 20 3·4 0·90
Glycine 0 2 3 3 1·7 0·40
Proline 7 9 18 17 3·0 0·93
Serine 4 7 6 7 1·4 0·53

EAA, essential amino acids; NEAA, non-essential amino acids.
a,b,c,dRankings within a column for the EAA with unlike superscript letters were significantly different

(P,0·05, non-parametric ANOVA of ranked values).
* For details of diet and procedures, see p. 272.
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In the present study, the infusates were not analysed for the
presence of D-isomers. Given the results observed by other
researchers using similar techniques, the value of ILR for
Lys may be an underestimation of its true value. For the
rest of the AA, the bias arising from the presence of D-iso-
mers would be less than 5 %.

The variation in IE observed between individual AA and
between whole blood and plasma is comparable to that in
previous studies using the same technique in sheep and
goats. Assuming that the composition of the Spirulina
hydrolysates used in the present study was similar to
those used in sheep (Lobley et al. 1996) and goats
(Bequette et al. 1997), the variation in IE between the
studies is most probable from inter-species variation in
AA concentrations. In the present study, the measured IE

is compatible with the relative AA concentrations
measured in whole blood and plasma (i.e. the higher the
concentration of unlabelled AA, the lower the measured
enrichment). Whole-blood IE ranged from 0·50 (His) to
0·92 (Ile, Val) of the IE measured in plasma. As the iso-
topes are infused into the plasma, it is expected that a
higher IE would be measured in this pool. The lower IE
in whole blood compared with plasma samples has been
attributed to either an incomplete equilibrium across the
erythrocyte membrane or the dilution of intracellular AA
with unlabelled molecules originating from peptide
hydrolysis inside the erythrocyte (Backwell et al. 1994).
The higher IE measured in plasma ultimately translates
into an ILR value that provides the minimum estimate of
whole-body flux of AA (Lobley et al. 1996). Nevertheless,

Fig. 1. Examples of the isotopic enrichment (IE) curves for histidine (a), isoleucine (b), leucine (c), methionine (d), tyrosine (e) and valine (f),
as measured in whole blood (W) or plasma (†) in one cow in the ad libitum treatment group. AA, amino acid. Also shown are the fitted lines
from IE ¼ A £ (1 2 e kt ) to determine the plateau values in whole blood (- - -) and plasma (—), where A defines the plateau value of IE
assuming the enrichment increases at a rate k over time t (Bequette et al. 1998).
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it is considered that the use of plasma ILR as a precursor
pool provides a better approximation to the ‘true’ partition-
ing, as the mammary gland obtains AA mainly from this
pool (Pacheco-Rios et al. 1999; Mackle et al. 2000).
Furthermore, plasma IE is a better indicator of the labelling
of the mammary intracellular pool, by comparison of the
IE of whole blood, plasma and casein (Backwell et al. 1996).

Another methodological consideration is related to the site
of infusion of the tracer. It has been reported that up to 65 %
of the AA-N appearing in the portal circulation is removed
by the liver (Lescoat et al. 1996). When the tracer is infused
directly into the peripheral circulation (as in the present
study) it is not possible to account for the moderating
effect of the liver as a result of the first-pass removal of
AA from the portal circulation (Bruss & Black, 1982).

The ILR of AA measured in the present study are com-
parable when expressed on a metabolic weight basis to
those obtained in lactating dairy goats (Bequette et al.
1997) using the same type of algal tracer. Studies on AA
fluxes in dairy cows have been limited to single-AA tracers
(His, 89mmol/h per kg live weight (LW )0·75 (Bruss &
Black, 1982); Leu, 890mmol/h per kg LW 0·75 (Bequette
et al. 1996b)). Thus, the present study represents, to our
knowledge, the first report of simultaneous estimation of
an array of AA in lactating dairy cows. Despite the differ-
ences in methodology and amount of tracer used, the
results obtained here (His, 133mmol/h per kg LW0·75;
Leu, 770mmol/h per kg LW0·75) are similar to those
reported in the aforementioned studies (Bruss & Black,
1982; Bequette et al. 1996b).

For all AA, dietary restriction resulted in a numerical
decrease in ILR irrespective of the type of sample (whole
blood or plasma) analysed. Similar effects of feed intake
on Leu ILR have been reported in beef cattle (Hammond
et al. 1987; Lobley et al. 1987; Lapierre et al. 1996,
1999), sheep (Liu et al. 1995) and dairy goats (Riis,

1988). The only exception to this finding was Glu, for
which the ILR in restricted animals was numerically
higher. Although the transfer of 13C from glutamine (Gln)
that can occur during sample preparation for GC–MS anal-
ysis may confound the IE for Glu, this effect would appear
equally in both treatments. Thus, this finding could be
explained in terms of the important role of Glu and Gln in
transport of N between organs (Black et al. 1990; Lacey
& Wilmore, 1990). In contrast to the rest of the AA, the
liver releases Glu and Gln to the peripheral circulation
(Lobley et al. 1996; Lopez et al. 1998). During diet depri-
vation, the hepatic release of these two AA has been
reported to increase in rats (Lopez et al. 1998) as a means
of channelling N originating from tissue protein mobilis-
ation (particularly from the muscle). Therefore, the numeri-
cal increase in the whole-body flux of Glu measured in the
present experiment could be attributed to the mobilisation of
body reserves as a result of the dietary restriction.

Based on the two-compartment model described by
(Lobley, 1993), the ILR represents the sum of the net
fluxes of AA utilised for protein synthesis and oxidation.
Under steady-state conditions, the ILR can be equated to
the sum of AA absorbed from the lumen of the gastrointes-
tinal tract (GIT) and those originating from protein break-
down in the tissues (protein turnover). This model was
used to estimate the contribution of each of those four pro-
cesses (absorption from the GIT, oxidation, whole-body
protein synthesis and degradation) in the protein metab-
olism of the experimental animals (Table 5).

Kolver et al. (1999) measured the flows of AA to the
small intestine of dairy cows using the same pasture, treat-
ments and experimental design as those described here.
Based on their measurement of duodenal flow of AA and
using an average of the intestinal absorption rates for AA
in ruminants (Armstrong, 1973; Stern et al. 1985), it was
possible to obtain an estimate of the apparent absorption

Table 5. Estimation of the contribution of essential amino acids absorbed or protein breakdown to the amino acid flux and the partition-
ing of this flux between protein synthesis and oxidation in lactating dairy cows fed fresh pasture*

Proportion of the ILR contributed by: Proportion of the ILR partitioned to:

Net absorption† Protein breakdown‡ Protein synthesis§ Oxidationk

Ad libitum Restricted Ad libitum Restricted Ad libitum Restricted Ad libitum Restricted

His 0·40 0·31 0·60 0·69 0·94 0·95 0·06 0·05
Ile 0·30 0·27 0·70 0·73 0·93 0·96 0·07 0·04
Leu 0·41 0·38 0·59 0·62 0·90 0·91 0·10 0·09
Lys:

Uncorrected 0·48 0·46 0·52 0·53 0·90 0·91 0·10 0·09
Corrected{ 0·41 0·39 0·59 0·61 0·92 0·92 0·08 0·08

Met 0·30 0·26 0·70 0·74 0·95 0·97 0·05 0·03
Phe 0·34 0·32 0·66 0·68 0·92 0·94 0·08 0·06
Thr 0·43 0·47 0·57 0·53 0·77 0·74 0·23 0·26
Tyr 0·39 0·38 0·61 0·62 0·97 0·97 0·03 0·03
Val 0·33 0·30 0·67 0·70 0·90 0·94 0·10 0·06

ILR, irreversible loss rate, His, histidine, Ile, isoleucine, Leu, leucine, Lys, lysine, Met, methionine, Phe, phenylalanine, Thr, threonine, Tyr, tyrosine, Val, valine
* Calculated from the ILR measured using the isotopic enrichment of arterial plasma as precursor pool.
† Calculated from the duodenal amino acid flows reported by (Kolver et al. 1999) and the intestinal absorption coefficient reported by Armstrong (1973) and

Stern et al. (1985).
‡ Calculated as ILR 2 net absorption. Whole body amino acid composition from Gibb et al. (1992) and MacRae et al. (1993).
§ Calculated from N retention (from N balance) þ milk protein output þ protein breakdown.
kCalculated as ILR 2 protein synthesis.
{A correction (ILR Lys £ 1·2) was made to account for the presence of D-Lys in the isotopic tracer infused.
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of AA and, by difference, the contribution of tissue turnover
to ILR. Absorption of AA from the GIT accounted, on aver-
age, for 35 % (range 26 to 48 %; Table 5) of the ILR
measured from arterial plasma IE. The results obtained are
comparable to those reported in the few studies in which
GIT flows and ILR of AA were measured simultaneously.
For instance, Egan et al. (1983) reported that absorption
from the GIT represented 30 % of the Thr ILR measured
in mature sheep. Liu et al. (1995) reported that, for Leu,
the contribution of GIT absorption ranged from 2 to 34 %
of the ILR measured in lambs. Comparing the amounts
absorbed from the GIT and partitioned to the mammary
gland (Table 4), it appears that mammary utilisation by
itself may account for a large proportion of the absorbed
His (78 %), Ile (76 %), Lys (75 %), Met (81 %) and Tyr
(86 %). Although the process of tissue turnover represents
a major contribution to the total body flux of these AA
(up to 74 %), it could be hypothesised that their dietary
supply could be limiting milk protein synthesis.

The other two terms in the model, namely protein syn-
thesis and oxidation, can be estimated using the N retention
calculated from the N balance (Lapierre et al. 1996) cor-
rected to estimate total protein accretion (MacRae et al.
1993). Black et al. (1990) and Bequette et al. (1998)
have suggested that the AA that are most likely to be limit-
ing milk protein synthesis will be conserved relative to
others and thus least oxidised. Based on that premise,
His, Met and Tyr are the AA most likely to be limiting pro-
tein synthesis in the present study. Despite the limitations
of the oxidation estimates described in the present study,
the results were comparable to studies in which individual
radioactive tracers were used to estimate oxidation of AA
to CO2 (Black et al. 1990).

Kolver et al. (1999) reported a 23 % (range 18 to 30 %,
depending on the AA) reduction in AA flow to the small
intestine of restricted animals in the study run parallel to
this one. In the present study, the reduction in ILR associ-
ated with the dietary restriction was, on average, 21 %
(range 11 to 41 %) and 18 % (range 3 to 30 %) as calcu-
lated from whole blood and plasma, respectively.

Partitioning of AA to the mammary gland ranged from
17 to 35 % of the whole-body ILR depending on the AA.
This finding is similar to the partitioning values reported
for dairy goats (Bequette et al. 1997) and congruent with
the major role of the mammary gland in the AA economy
of the lactating ruminant (Champredon et al. 1990; Baracos
et al. 1991).

Total EAA uptake by the mammary gland was, on aver-
age, 28 % of the EAA whole-body flux. Deviations on the
partitioning from these percentages can depict the AA
requirements of the mammary gland relative to the
whole-body flux of that AA. For instance, the branched-
chain AA (BCAA) and Lys utilised by the mammary
gland represented up to 35 % of the whole-body ILR
(Table 4). These four AA accounted for approximately
60 % of the total EAA in milk protein. Besides their role
in protein synthesis, the BCAA are also used in the mam-
mary gland to yield C skeletons and a-amino groups for
the synthesis of non-essential AA, mainly Glu and aspartic
acid (Wohlt et al. 1977; Lobley, 1992). These two major
metabolic pathways (milk protein synthesis plus mammary

catabolism) may explain the high partitioning to the
mammary gland observed for these AA. Experiments
with supplementary BCAA have failed to show a positive
effect of extra supply of BCAA on milk protein synthesis
(Mackle et al. 1999). However, the objective of their
experiment was to assess the effect of BCAA supplemen-
tation with concentrate diets formulated to exceed the
cows’ requirements for metabolisable protein and energy.
Similarly, studies on the Leu metabolism of lactating rumi-
nants (Bequette et al. 1996a,b) have been conducted using
concentrate-rich diets. More research is required to quan-
tify BCAA metabolism in pasture-fed animals in order to
ascertain their role as potentially limiting AA.

In contrast to the BCAA, Thr and His are present in smal-
ler proportions in milk protein, which may explain their
lower partitioning to the mammary gland. However, in the
case of His, for which measured uptake by the mammary
gland did not account for its output in milk protein, the
low partitioning to the mammary gland may indicate that
other functions in the body have priority over the lactating
mammary gland. His is not a major precursor for the
synthesis of non-essential AA (Bruss & Black, 1982) or a
major energy contributor (Black et al. 1990). In fact,
according to Black et al. (1990) His is the AA with the
lowest oxidation in the lactating dairy cow. These findings
would suggest that His is spared for the synthesis of protein
and specific metabolites (for example, histamine involved in
mammary blood flow regulation; Bequette et al. 1998).
More research is required to determine whether the low
partitioning of His to the mammary gland is the result of
competition by other metabolic pathways or rather the
reflection of limited ability by the appropriate AA transport
system in the mammary epithelial cell (Baumrucker, 1985).

In the present study, it has been shown that it is possible
to obtain adequate estimates of the whole-body AA fluxes
in large ruminants using relatively low amounts of tracer.
More research is still required on the metabolic fate of cer-
tain AA (including His, Ile, Phe and Tyr) to increase our
understanding of the metabolic processes underlying milk
protein synthesis.
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