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ABSTRACT

We investigated the contribution of plasma and red
blood cells to amino acid (AA) supply for milk protein
synthesis during a combination of treatments that in-
cluded abomasal infusion of casein and AA and utiliza-
tion of a hyperinsulinemic-euglycemic clamp. Treat-
ments resulted in substantial differences in circulating
concentrations of AA, mammary uptake of AA, and
rates of milk protein synthesis. Arterial concentrations
of all AA in plasma were highly correlated with that of
whole blood. Concentrations of AA in red blood cells
were either higher (Asn+Asp, Gly, His, Leu, Met, Orn,
Ser, Tau, Thr, and Tyr), lower (Ala, Arg, Cit, Cys, Ile,
and Val), or similar (Gln+Glu, Phe, and Pro) to that of
plasma. Arteriovenous difference measurements dem-
onstrated that interorgan transfer of AA to the mam-
mary gland was primarily by plasma. There was little
involvement of red blood cells except for small quanti-
ties of Leu, Met, and Thr to the mammary gland; this
contribution was greatest for Met and accounted for
14% of the total mammary uptake. Countercurrent
transport of Gln + Glu, Asn + Asp, and Pro was also
evident where these AA were extracted from plasma,
but were released into red blood cells as blood passed
through the mammary gland. This net influx of
Gln+Glu, Asn+Asp, and Pro into red blood cells was
equivalent to 26, 17, and 30% of their mammary uptake
from plasma. Overall, the interorgan transport of free
AA for the mammary gland was predominantly by
plasma, and red blood cells were limited to minor contri-
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butions in mammary uptake for a few AA. Furthermore,
arteriovenous differences of essential AA across the
mammary gland were highly correlated between
plasma and whole blood.
(Key words: amino acids, insulin, red blood cells,
plasma)

Abbreviation key: AV = arteriovenous, BCAA =
branched-chain AA, CB casein plus BCAA, CB+I = ca-
sein plus BCAA plus insulin treatment, EAA =essential
AA, Ht = hematocrit, NEAA = nonessential AA, RBC
= red blood cells, Water = water treatment, Water + I
= water plus insulin treatment, WB = whole blood.

INTRODUCTION

Arteriovenous (AV) difference measurements allow
the quantification of AA uptake by tissues or organs
(20). Whether AA concentrations are measured in
plasma or whole blood (WB) could affect the accuracy
of this technique. Earlier research suggests that plasma
and red blood cells (RBC) play important roles in the
interorgan transport of AA in nonruminants and rumi-
nants, although the importance of these two sources
has been equivocal (8, 11, 12, 13, 17, 18). Lobley et al.
(21) recently examined both mass and isotope transfers
of AA in wether lambs; they observed a primary role
for plasma in interorgan transfer of free AA, but found
little evidence of any major or general involvement of
the RBC.

Hanigan et al. (16) systematically compared the im-
portance of plasma and RBC in the interorgan transfer
of AA to the mammary gland of dairy cows. They con-
cluded that RBC played a major role in the transfer of
AA mass taken up by the mammary glands of lactating
cows. They also observed that AV differences for indi-
vidual AA from whole blood were poorly correlated with
uptake measurements obtained with plasma and con-
cluded that uptake data derived from plasma were inad-
equate (16). In contrast, other studies with lactating
dairy cows and goats have suggested only a minimal
role for RBC in mammary supply of AA, although these
investigations have not involved extensive or system-
atic comparisons of plasma and WB (3, 4, 6, 27).
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Plasma has been utilized in the majority of research
on mammary gland uptake of AA, so clarifying the im-
portance of plasma and RBC in the interorgan transfer
of AA is essential to evaluate published literature and
for the design of future studies (7, 14, 20, 24, 26). Our
objective was to conduct a systematic evaluation of the
contribution of plasma and RBC to the transport and
exchange of AA between the blood and the mammary
gland of lactating dairy cows. To obtain a range in blood
AA concentrations and mammary synthesis of milk pro-
tein, we employed a combination of treatments that
included abomasal infusion of casein plus branched-
chain AA (BCAA) and utilization of a hyperinsuli-
nemic-euglycemic clamp. This provided us with a range
in conditions over which plasma and RBC involvement
in AA exchange might logically vary.

MATERIALS AND METHODS

The Cornell University Institutional Animal Care
and Use Committee approved all procedures involving
dairy cows. Details of this study have been described
previously (23, 24). Briefly, four multiparous, lactating,
rumen-fistulated Holstein cows [220 ± 11 DIM (X ± SD)]
were used in an experiment that consisted of two 12-d
periods that were separated by 4 d. Abomasal infusions
were applied throughout the entire 12-d period; the
initial 4 d allowed for an acclimation interval, the sec-
ond 4 d represented the baseline interval, and the third
4-d interval involved the hyperinsulinemic-euglycemic
clamp. The abomasal infusions (6 L/d) and hyperinsuli-
nemic-euglycemic clamp treatments were arranged as
a two-way crossed factorial design where each cow was
clamped twice at two levels of abomasal infusion. Thus,
treatments were: 1) abomasal infusions of water (Wa-
ter); (2) abomasal infusions of casein (500 g/d) plus
BCAA (88 g/d) (CB); 3) water infusion plus insulin
clamp (Water+I); and 4) casein plus BCAA infusion
plus insulin clamp (CB+I). The casein plus BCAA infu-
sions provided a daily nitrogen intake of 0.081 kg com-
pared with an average of 0.69 kg from the diet.

Details of the abomasal infusates, the abomasal infu-
sion procedure, and the hyperinsulinemic-euglycemic
clamp technique have been described (23).

Arteriovenous Difference Measurements

Blood samples were collected simultaneously from
an intercostal artery (arterial sample) and the caudal
superficial epigastric vein (mammary venous sample)
to measure AV differences of AA across the mammary
gland. Details of sampling procedures and analytical
techniques have been previously described (22, 24).
Briefly, indwelling catheters (0.065 cm o.d. × 0.03 cm
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i.d. for intercostal artery catheter and 0.08 cm o.d. ×
0.041 cm i.d. for mammary vein catheter; Micro-Rena-
thane, Braintree Scientific Inc., Braintree, MA) were
installed during the acclimation interval of the first
period, and patency was maintained throughout the
entire experiment. During each period, blood samples
were collected on d 4 of the baseline interval and d 4
of the insulin clamp interval. On the two collection days,
arterial and mammary venous blood samples were si-
multaneously collected at 1-h intervals over the 12 h
between the a.m. and p.m. milkings. An aliquot (∼ 5 ml)
of the sampled blood was centrifuged to obtain plasma;
hematocrit (Ht) value was determined and the re-
maining blood (∼ 5 ml) was used as the WB sample.
Equal volumes (0.65 ml) of either WB or plasma, and
ice-cold sulfosalicylic acid (10%) containing the internal
standard norleucine (1.5 µM) were mixed and vortexed
extensively. Weights of all additions were recorded so
samples could be corrected to the internal standard
with specific gravity values. Samples were stored at –
20°C until analysis.

Samples from the 12 hourly samples were composited
at 2-h intervals to give a total of six pairs of arterial
and venous samples within each day for each cow. These
were then analyzed by HPLC as described by Mackle
et al. (22) to give values for all AA except Asn, Gln, and
Glu. In this initial analysis of WB samples, we observed
that glutathione coeluted with the peaks for Asn, Gln,
and Glu. To remove the glutathione peak and determine
WB concentrations of Asn, Gln, and Glu, the six daily
samples of arterial or venous WB were pooled within
each day, and reanalyzed following the method of Joo
et al. (19). Briefly, 1.2 ml of the pooled arterial and
venous WB samples were freeze-dried, reconstituted in
0.52 ml of 0.4 N LiOH, and refrigerated for 1 h at 4°C
to permit auto oxidation of glutathione. Next, 0.079 ml
of 0.5 M Na2SO3 were added and the samples were
chilled for 30 min; this step is performed to complete
oxidation of glutathione to glutathione-S-sulfonate (19).
Approximately 0.008 ml of concentrated HCl was added
and pH was adjusted to 2.6 to 2.8 with 3 N LiOH.
Samples were centrifuged at 8320 × g for 5 min at
4°C, filtered through a 2-µm filter, and frozen at –20°C
until analysis.

Plasma concentrations of Trp were not quantified be-
cause of analytical difficulties in separating this AA
from NH4. In addition, concentrations of Lys and Trp
in WB were not quantified due to their coelution in at
least 50% of the samples.

Amino acids were grouped according to their essen-
tial importance for milk protein synthesis in the lactat-
ing cow (7). Essential AA (EAA) comprised Arg, Cys,
His, Ile, Leu, Lys, Met, Phe, Thr, and Val. Nonessential
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AA (NEAA) were Ala, Asn+Asp, Cit, Gln+Glu, Gly, Orn,
Pro, Ser, and Tyr.

Calculation of Parameters and Statistical Analysis

Red blood cell concentrations of AA were calculated
from the AA concentration of WB and plasma with cor-
rection for the Ht value as described by the equation
of Hagenfeldt and Arvidsson (15):

[RBC AA] = [WB AA] – [Plasma AA] * (1 – Ht)
Ht

This calculation assumes that the contribution of plate-
lets and leukocytes to WB content of AA is negligible,
and that the aqueous space in which RBC AA are dis-
solved is equal to the entire Ht value (9).

Uptake to output ratios for selected AA were derived
using the calculated uptake of individual AA from
plasma or WB, divided by the estimated output using
AA concentrations for milk casein and whey protein as
reported previously (24).

Data were analyzed by using the mixed model proce-
dure of SAS (30) with cow and period as random effects,
and insulin treatment and CB treatment as fixed effects
in the model. The model used was described by:

Yijkl = µ + ρi + κj + ιk + βl + ιβkl + εijkl

where µ = constant, ρi = period blocking effect, κj = cow
blocking effect, ιk = insulin treatment effect, βl = CB
treatment effect, ιβkl = insulin by CB interaction, and
εijkl = error term.

Paired t-tests were performed to compare the concen-
trations of AA in plasma and RBC, and to determine
whether the AV difference of AA from RBC was differ-
ent from zero.

RESULTS

All cows completed the study in excellent health;
catheters remained patent and all blood samples were
obtained according to the study design. The hyperinsul-
inemic-euglycemic clamp elevated circulating insulin
concentrations approximately fourfold above baseline
concentrations and blood euglycemia was maintained
(23). Abomasal infusion of casein plus BCAA affected
arterial concentrations of several AA (24). However,
this treatment had little effect on AV difference, the
main variable of interest in the present study, and
therefore, only least squares means for the insulin main
effects are presented.

Arterial concentrations of AA in WB and plasma and
calculated concentrations in RBC are presented in Ta-
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ble 1. In general, insulin clamp had similar effects on
concentrations of AA in WB, plasma, and RBC, al-
though there were some quantitative differences. Insu-
lin clamp decreased (P < 0.05) concentrations of several
EAA, including Cys, His, Ile, Leu, Met, Phe, and Val.
Effects were most evident for the concentrations of
BCAA, which were reduced by 50% in WB, 53% in
plasma, and 50% in RBC. The insulin clamp had no
effect on Thr concentrations in any of the blood frac-
tions, and Arg concentrations in RBC were not affected
but were very low initially (Table 1). For the NEAA, the
insulin clamp decreased (P < 0.01) the concentrations of
Cit, Orn, and Tyr, but increased (P < 0.01) the concen-
trations of Gly in WB, plasma, and RBC pools. Plasma
concentrations of Tau were decreased (P < 0.01) while
concentrations of Gln+Glu and Ser were increased (P
< 0.05) by insulin clamp; concentrations of these AA in
RBC were unaffected. Conversely, arterial concentra-
tions of Ala and Pro in RBC were decreased (P < 0.05)
by the insulin clamp, but plasma values for these AA
were unaffected.

Comparison of the RBC:plasma ratio of AA concentra-
tions indicates some AA (His, Leu, Met, Thr, Asn+Asp,
Gly, Ser, Orn, Tau, and Tyr) were greater (P < 0.05) in
RBC than in plasma, whereas concentrations of others
(Arg, Cys, Ile, Val, Ala, and Cit) were less (P < 0.05)
(Table 1). Only a few AA (Phe, Gln+Glu and Pro) were
of similar concentration (P < 0.1) in plasma and RBC.

Figure 1 presents scatter plots of plasma arterial
versus WB arterial concentrations for EAA and selected
NEAA. In general, there were strong linear relation-
ships between concentrations in plasma and WB with
r2 values ranging from 0.80 for Cys to 0.98 for Val. The
intercepts of Ala, His, Thr, and Tyr are clearly greater
than zero, consistent with their greater concentrations
in WB than plasma. The r2 values for the remaining
NEAA measured in this study but not shown in Figure
1 were Asn+Asp (0.43), Cit (0.78), Gln+Glu (0.20), Gly
(0.92), Pro (0.10), Ser (0.59), and Tau (0.16).

Table 2 presents AV differences of AA in plasma (cor-
rected for Ht value) and WB pools for the Water and
CB treatments compared to the two insulin clamp treat-
ments (Water+I and CB+I). Insulin clamp treatment
decreased (P < 0.05) the AV differences of His, Ile, Leu,
Phe, Val, and Orn in both Ht-corrected plasma and
WB (Table 2). Further, there were significant effects
of insulin clamp treatment on AV difference of Thr,
Asn+Asp, and Tyr for the WB pool; the apparent AV
differences of these AA were lower (P < 0.05) during the
insulin clamp (+Ins) treatment than during the control
treatment (–Ins). Figure 2 presents scatter plots of AV
differences for EAA and selected NEAA for Ht-corrected
plasma and WB pools. Strong linear relationships were
evident for most EAA with a range for r2 of 0.54 to 0.93
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Table 1. Least squares means for arterial concentrations (µM) of AA in whole blood, plasma, and red blood
cells, and their ratio (RBC:PL ratio)1.

Whole Blood Plasma Red Blood Cells RBC:PL ratio2

AA −Ins +Ins3 SEM −Ins +Ins3 SEM −Ins +Ins3 SEM Mean4 SEM

Essential
Arg 59.1 49.5** 2.4 81.4 57.6*** 4.7 6.1 0.8 6.1 0.05*** 0.06
Cys 11.3 8.8*** 1.3 18.7 16.1*** 2.5 −6.5 −9.6† 3.3 −0.44*** 0.08
His 79.9 65.5** 2.2 52.8 41.3** 2.2 146.0 126.6* 6.4 2.97*** 0.14
Ile 137.1 69.2*** 6.2 146.0 76.1*** 4.9 116.5 51.9** 18.2 0.74** 0.07
Leu 203.0 100.8** 9.5 197.3 91.7*** 8.6 218.4 123.5** 23.7 1.25* 0.08
Lys5 — — — 90.7 62.1*** 4.1 — — — — —
Met 21.9 19.2** 1.8 19.7 17.5† 1.3 27.5 23.4* 3.5 1.39** 0.12
Phe 47.3 34.9*** 1.6 47.9 37.9** 2.7 46.1 27.7** 4.9 0.88 0.09
Thr 113.7 103.6 6.5 102.5 94.9 7.5 141.8 126.1 9.1 1.39*** 0.08
Val 322.5 161.4** 21.6 336.5 168.8** 17.9 290.5 143.0** 37.2 0.86** 0.05

Nonessential
Ala 164.7 150.8 7.5 174.4 166.8 8.9 142.2 110.7* 10.6 0.75*** 0.05
Asn+Asp 118.0 111.6 21.1 57.3 57.1 3.1 260.8 245.6 63.9 4.36*** 0.46
Cit 75.2 54.1*** 4.2 88.2 66.8** 3.1 44.3 19.7** 9.3 0.40*** 0.06
Gln+Glu 236.6 250.0 5.9 230.7 261.2* 10.7 252.5 222.2 27.4 1.01 0.11
Gly 274.9 374.4** 14.2 201.3 306.3** 12.9 455.4 546.6** 28.4 2.04*** 0.11
Ser 84.9 99.0*** 1.8 69.7 84.5*** 2.3 122.1 136.2 6.8 1.71*** 0.10
Orn 84.4 54.4*** 3.4 77.9 49.4*** 4.7 100.8 66.9** 6.9 1.38** 0.11
Pro 110.3 91.5** 9.9 88.4 89.8 10.2 161.2 95.8** 51.5 1.66 0.35
Tau 140.3 126.8** 10.1 43.9 35.4** 2.6 372.4 358.1 29.1 9.43*** 0.48
Tyr 60.1 47.6** 1.9 55.1 46.3** 2.7 73.0 50.8** 8.8 1.26† 0.12

† = P < 0.1; * = P < 0.05, ** = P < 0.01; *** = P < 0.001.
1Treatment least squares means represent without (−Ins) and with (+Ins) the insulin clamp, for the plasma

and whole blood measurements; Measurements were performed on the last day of the 4-d periods.
2The ratio of plasma arterial AA concentrations:RBC arterial AA concentrations.
3Superscripts listed beside +Ins values within these columns show the F-test for the main effect of INS

on arterial concentration of AA in WB, plasma or RBC.
4Superscripts listed beside mean ratios in this column show the probability that the arterial AA concentra-

tions in RBC are different to that found in plasma.
5Lys concentrations were not determined in whole blood or RBC.

(excluding Cys). The r2 values for the remaining NEAA
not shown in Figure 2 were Asn+Asn (0.63), Cit (0.05),
Gln+Glu (0.38), Gly (0.02), Pro (0.08), Ser (0.19), and
Tau (0.10).

The mean AV differences for RBC are also presented
in Table 2, and represent the calculated difference be-
tween Ht-corrected plasma and WB. Overall, AV differ-
ence for RBC was not different from zero for most AA.
However, Leu, Met, and Thr were significantly greater
(P < 0.05) than zero (Table 2), indicating mammary
uptake of these AA from RBC. Conversely, the AV dif-
ferences of Asn+Asp, Gln+Glu, and Pro from RBC were
all significantly less (P < 0.05) than zero, suggesting
that these AA were concentrated in RBC as they pass
through the mammary gland.

DISCUSSION

Whether to analyze AA concentrations in plasma or
WB pools deserves careful consideration during the
study of AA kinetics. This is particularly pertinent to
the development and use of computer models, which
require accurate data to simulate nutrient use and pro-
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ductive output by the body. In the present study, the
combination of dietary supplement of AA (abomasal
infusions of casein plus BCAA) and endocrine manipu-
lation (hyperinsulinemic-euglycemic clamp) resulted in
substantial differences in AA concentration, mammary
AA uptake, and milk protein yield in well-fed cows (23,
24). Relative to the water treatment, milk protein yield
was increased by 28 g/d (+3%), 128 g/d (+15%), and 210
g/d (+25%) for the CB, Water+I, and CB+I treatments,
respectively. Increased mammary blood flow and AA
extraction efficiency provided the increased AA supply
required to support treatment increases in milk protein
yield. We hypothesized that the contribution of plasma
and RBC to the uptake of AA by the mammary gland
might vary according to the supply and demand of AA
for milk protein synthesis and, thus, the data set pro-
vided an excellent opportunity to evaluate the role of
plasma and RBC in the interorgan transfer of AA for
mammary gland use.

The concentration of AA in RBC in our study was
determined from the AA concentration of plasma and
WB with correction for the Ht (15). We assume that
contributions of platelets and leukocytes to AA content
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Figure 1. Relationship between plasma and whole blood arterial concentrations of essential AA and selected nonessential AA. Each
point represents a single cow (n = 4) during each of four treatments as described in Materials and Methods section. WB = whole blood.

Journal of Dairy Science Vol. 83, No. 6, 2000
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Table 2. Least squares means for arteriovenous difference (µM) of AA in whole blood, plasma, and red
blood cells (RBC).1

Whole Blood Plasma2 RBC

AA −Ins +Ins3 SEM −Ins +Ins3 SEM Mean4 SEM

Essential
Arg 26.5 23.2 2.6 25.2 22.5 2.6 1.0 0.7
Cys 1.6 1.2 0.3 1.3 1.2 0.1 0.2 0.2
His 10.0 7.1** 0.8 8.9 7.1* 0.7 0.5 0.5
Ile 38.1 26.5*** 3.1 36.2 26.2** 1.7 1.1 1.3
Leu 57.5 37.7*** 3.7 53.2 37.1*** 2.2 2.5† 1.4
Lys5 — — — 35.7 28.6* 2.6 — —
Met 9.2 7.7 0.7 7.7 6.8 0.5 1.2** 0.4
Phe 15.6 13.2* 1.6 15.3 13.2* 1.2 0.2 0.6
Thr 22.8 17.9*** 1.8 20.1 17.8 1.9 1.4* 0.96

Val 42.4 34.7** 2.5 43.1 33.1** 4.9 0.5 1.6
Nonessential
Ala 13.3 17.3 1.8 13.0 19.8 3.1 −1.1 1.3
Asn+Asp 11.6 7.6* 1.7 13.9 11.6 1.1 −3.3*** 0.86

Cit 0.5 0.4 1.4 0.8 2.4 1.0 −1.2 1.2
Gln+Glu 37.8 37.6 6.0 44.1 46.5 4.4 −7.6* 3.4
Gly 0.1 −2.9 3.7 4.3 1.8 1.9 −4.5 2.8
Ser 18.6 14.1 2.4 19.3 14.7 1.2 −0.6 1.5
Orn 21.9 13.2*** 1.3 21.1 12.5*** 1.1 0.7 0.5
Pro 10.1 7.1 2.7 10.9 13.5 2.0 −3.6† 1.9
Tau 0.07 −0.84 1.6 0.2 0.0 0.6 −0.5 1.3
Tyr 13.6 9.6** 1.4 11.9 10.6 1.2 0.3 0.66

† = P < 0.1; * = P < 0.05; ** = P < 0.01; *** = P < 0.001.
1Treatment least squares means represent without (−Ins) and with (+Ins) the insulin clamp, for the plasma

and whole blood measurements; only the mean AV difference is presented for RBC. Measurements were
performed on the last day of the 4-d periods.

2Plasma AV differences of AA are corrected for hematocrit value and are presented on µM of whole blood
basis.

3Superscripts listed beside +Ins values within these columns show the F-test for the main effect of Ins
on AV difference.

4Superscripts listed beside mean ratios in this column show the probability that the AV difference of RBC
differs from zero.

5Lys arteriovenous differences were not determined in whole blood.
6There were significant (P < 0.05) insulin effects on AV difference of AA from RBC for Thr, Asn+Asp and

Tyr; their apparent AV difference from RBC was lower during +INS treatment.

in WB are negligible and that the distribution space
for the AA is equal to the Ht value. Darmaun et al.
(9) pointed out that the first assumption may lead to
overestimation of certain AA in RBC, because leuko-
cytes or platelets may contain concentrated amounts of
specific AA such as Tau. In the present study, apparent
concentrations of Tau were about ninefold greater in
RBC than in plasma (Table 1). The second assumption
may lead to an underestimation of AA concentrations
in the intracellular water of RBC because the cell mem-
brane of RBC accounts for 25 to 30% of the Ht value
(9). Nonetheless, this second error would be systematic
across all AA, and overall the approach provides a rea-
sonable estimate of intracellular AA concentrations
in RBC.

We found concentrations of His, Leu, Met, Gly, Ser,
Orn, and Tyr were all moderately greater in RBC than
plasma, whereas concentrations of Tau and Asn+Asp
were substantially greater (Table 1). Concentrations of
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Ala, Arg, Cit, Ile, and Val were less in RBC than plasma.
These data are in general agreement with results from
other studies in mature and growing sheep (17, 21) and
growing calves (8). In our study (Table 1) and others
(6, 8, 17), Arg concentration in RBC was approximately
zero. Lobley et al. (21) chose not to present Arg concen-
trations in WB and suggested the low concentrations
were due to metabolism by arginase that is released
from RBC during hemolysis. Cys concentrations in RBC
were less than zero (Table 1), similar to results with
calves (8). However, these findings may be artifacts
related to analytical problems or oxidation of Cys in
WB. Cys is a component of the gamma-glutamyl cycle
(25) needed for the synthesis of glutathione, an im-
portant peptide found in RBC, thus it seems likely that
some free Cys would be present in the RBC.

Changes in AA concentrations in plasma and RBC
caused by the insulin clamp, were qualitatively and
quantitatively similar, except for Arg, Ala, Gln+Gln,
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Figure 2. Relationship between plasma and whole blood arteriovenous differences of essential AA and selected nonessential AA. Each
point represents a single cow (n = 4) during each of four treatments as described in Materials and Methods section. WB = whole blood, AV
= arteriovenous.

Journal of Dairy Science Vol. 83, No. 6, 2000
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and Pro. For example, during the insulin clamp concen-
trations of BCAA were substantially reduced in both
plasma (–53%) and RBC (–50%). Concentrations of Gly
and Ser were increased in both plasma (+52% for Gly;
+21% for Ser) and RBC (+20% for Gly; +12% for Ser).
These qualitative and quantitative similarities suggest
an equilibrium exists between the plasma and RBC
pools. Others have observed nutritional effects on con-
centration of AA in RBC in calves (8), rats (2), and
humans (31). Although we generally found changes in
AA concentrations in RBC reflected those occurring in
plasma (µM basis; Table 1), Azar et al. (2) reported
differential effects when rats were fasted or fed a pro-
tein-free diet.

Relative to our objective, we found that plasma repre-
sented the major pool from which free AA were taken
up by the mammary gland (Table 2). The RBC made a
minimal contribution and of the EAA measured, only
Leu, Met, and Thr had AV differences for RBC that
were significantly different from zero (Table 2). Relative
to their total uptake by the mammary gland, the RBC
AV differences of Leu, Met, and Thr accounted for 5.3,
14.0, and 7.0%, respectively. In a previous study with
lactating dairy cows, Hanigan et al. (16) systematically
compared plasma and WB and found extensive involve-
ment of RBC in the mammary uptake of many AA.
However, a less extensive study conducted by the same
research group showed little involvement of RBC (6).
For example, mammary uptakes of Ile, Lys, and Met
using plasma alone would be underestimated by 79, 26,
and 20% with data of Hanigan et al. (16), whereas with
data of Cant et al. (6) one can calculate these AA would
be overestimated by 220, 31, and 140%, respectively. In
agreement with our results, a recent study by Pacheco-
Rios et al. (29) utilized lactating cows fed only pasture
and found plasma was the major pool of free AA used by
the mammary gland. In addition, several recent studies
have reported AV differences for plasma and WB across
the mammary glands of lactating goats and cows. Al-
though these investigations did not represent system-
atic comparisons, based on the similarity of AV differ-
ences between plasma and WB, the authors concluded
that plasma was the primary means of interorgan
transport of AA with RBC playing little or no significant
role (3, 4, 27).

We were particularly interested in the interorgan
transport of AA during the insulin clamp because circu-
lating concentrations of EAA are reduced by 30 to 50%
during this treatment (14, 24). Our results indicated
that plasma was the predominant source of AA taken
up by the mammary gland during the insulin clamp,
just as it was for the noninsulin treatments (Table 2).
The insulin clamp had no effect on AV difference for
most AA from RBC, except for Asn+Asp, Thr, and Tyr.
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The latter two AA had greater AV differences during
the baseline period, although the AV difference of Tyr
from RBC was not different from zero. The negative AV
difference of Asn+Asp was greatest during the insulin
clamp, indicating this pair of AA was concentrated in
the RBC. Data on effects of nutritional signals such as
insulin on RBC involvement in AA transport are scarce.
Aoki et al. (1) found that in humans insulin was capable
of markedly increasing forearm muscle uptake of Glu
from RBC. Conversely, insulin reduced the uptake of
AA by RBC in trout (5).

The interorgan transport of AA has been investigated
in several species. In general, the RBC appear to ac-
tively participate in the transfer of some AA between
blood and some tissues (1, 8, 10, 11, 12, 13, 16, 17,
33). However, RBC involvement in AA transport and
exchange in ruminants, particularly in cattle, is not
well characterized, and results have been inconsistent
for specific AA (6, 8, 16, 17, 18, 21, 29). Heitmann and
Bergman (17) compared AA transport in both plasma
and WB across the portal-drained viscera, liver, kid-
neys, and hindquarters in nonpregnant, nonlactating
ewes fed at maintenance. They concluded that RBC
transport of AA, per unit volume, was always concomi-
tant to, and usually at the same rate as, plasma trans-
port across all organs examined (17). However, Lobley
et al. (21) investigated AA transfers across the splanch-
nic bed of growing lambs using AV difference and net
isotope movement techniques and found no major or
general involvement of RBC in the transport of free
AA from the liver. Similary, Houlier et al. (18) found
absorbed AA were transported to liver mainly by
plasma in preruminant calves and Danilson et al. (8)
found that RBC were important in the interorgan trans-
port to the hindlimb muscle bed for only a few AA in
growing calves. Variations in physiological state, nutri-
tional status, and analytical methodology may explain
some of the differences between studies.

Treatments used in our study resulted in a range in
circulating concentrations of AA, and we found that
AV differences of EAA between plasma and WB were
generally highly correlated (r2 = 0.54 to 0.93; Figure 2).
Arteriovenous differences for NEAA were also corre-
lated although relationships were weaker. Heitmann
and Bergman (17) also reported that AA uptake across
the portal-drained viscera, liver, kidneys, and hind-
quarters in sheep were highly correlated between
plasma and WB. However, Hanigan et al. (16) found
plasma and WB AV differences across the mammary
gland were poorly correlated (r2 ranged from only
0.0001 to 0.16 for all AA) and concluded that uptake
data for plasma did not adequately represent whole
blood. Causes of the differences between our work (Fig-
ure 2) and that of Hanigan et al. (16) are not apparent.
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This difference is of importance in evaluating published
research because the majority of studies on AA uptake
by the ruminant mammary gland have based measure-
ments on plasma. Our study involves both endocrine
manipulation and alterations in AA supply, and results
clearly demonstrate that correlations between plasma
and WB AA for AV differences were generally strong
(Figure 2), despite substantial treatment affects on cir-
culating AA concentrations and milk protein yield.

Another interesting feature of our AV difference data
is the apparent concentration of Asn+Asp, Gln+Glu,
and Pro in RBC as blood passed through the mammary
gland (Table 2). Because blood passes only briefly (3 to 9
s) through the microcirculation of an organ and because
equilibration of AA between plasma and RBC is slow,
it is proposed that AA are transferred directly between
the organ and RBC, rather than having plasma as an
intermediate pool (9, 11, 32). Countercurrent transport
or opposite flow of some AA between plasma and RBC
pools and an organ, has been previously observed in
calves (8), dairy cows (16), fish (28), dogs (11), and hu-
mans (13). However, evidence for counterexchange of
AA was not observed in sheep (17, 21). In the current
study, the increase in AA concentration in RBC was
equivalent to 26, 17, and 30% of the Asn+Asp, Gln+Glu,
and Pro extracted by the mammary gland from plasma
(Table 2). It is not possible to ascertain whether both
or only one of the AA from the Asn+Asp and Gln+Glu
pairs was involved in this countercurrent transport.
These AA were paired for comparison of plasma and
WB to avoid possible errors caused by the instability
of Gln and Asn.

Results from our study also have other implications.
First, an important analytical consideration is whether
to use WB or plasma in the calculation of blood flow by
using the Fick principle (20). Phe and Tyr are often
used as indicators in this calculation because they are
assumed to be stoichometrically transferred from blood
to milk; plasma AV differences of Phe and Tyr would
overestimate mammary blood flow if RBC were also
contributing to their AV differences. Our data show
that because AV differences of Phe and Tyr from RBC
were not different from zero (Table 2), mammary blood
flow estimates made with WB would not differ from
those calculated with plasma (24). Second, uptake of
Met is often regarded as a limiting AA because of high
extraction rates from plasma and close uptake to output
ratios (7, 26). We found that 14% of the total mammary
Met uptake was derived from RBC. This contribution
of RBC to Met uptake by the mammary gland would
change the uptake to output ratio reported previously
(24) from slightly below (0.95) to slightly above unity
(1.08). Thus, the mammary gland appears to obtain a
portion of this important AA from the RBC pool, and
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this will need to be considered when estimating lim-
iting AA.

CONCLUSIONS

To examine the contribution of plasma and RBC to
mammary AA supply, we measured AV differences dur-
ing AA supplementation (abomasal infusion of casein
plus BCAA) and endocrine manipulation (hyperinsuli-
nemic-euglycemic clamp) in well-fed cows. Results dem-
onstrated that plasma was the primary pool for interor-
gan transport of AA to the mammary gland. The RBC
made minimal contributions for most EAA, except for
small quantities of Leu, Met, and Thr; RBC accounted
for 14% of the total mammary uptake of Met and 5 to
7% for Leu and Thr. In contrast, Gln+Glu, Asn+Asp,
and Pro were extracted from plasma, but also were
concentrated in RBC as blood passed through the mam-
mary gland. This net influx of Gln+Glu, Asn+Asp, and
Pro in RBC was equivalent to 26, 17, and 30% of their
mammary uptake from plasma, respectively. Insulin
clamp treatment had minimal effects on AV differences
of most AA from RBC, although AV differences of Thr
and Tyr were decreased and the negative AV difference
of Asn+Asp increased. Overall, the interorgan supply
of AA for the mammary gland was primarily by plasma,
and the AV differences for mammary gland uptake of
EAA from plasma and whole blood were highly corre-
lated. The contribution of RBC to the supply and ex-
change of AA by the mammary gland was limited to
only a few AA but may need to be considered to obtain
a complete AA balance for the mammary gland.
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préruminant. Reprod. Nutr. Dev. 31:399–410.

Journal of Dairy Science Vol. 83, No. 6, 2000

19 Joo, P. K., Heitmann, R. N, S. S. Reulein, and E. N. Bergman.
1975. Single-column chromatographic analysis of labeled gluta-
mine and other amino acids in whole blood. J. Dairy Sci.
59:309–314.

20 Linzell, J. L. 1974. Mammary blood flow and methods of identi-
fying and measuring precursors of milk. Pages 143–225 in Lacta-
tion: A Comprehensive Treatise, Vol I. B. L. Larson and V.R.
Smith, eds. Academic Press, New York, NY.

21 Lobley, G. E., A. Connell, D. K. Revell, B. J. Bequette, D. S. Brown,
and A. G. Calder. 1996. Splanchnic-bed transfers of amino acids
in sheep blood and plasma, as monitored through use of a multiple
U-13C-labelled amino acid mixture. Br. J. Nutr. 75:217–235.

22 Mackle, T. R., D. A. Dwyer, and D. E. Bauman. 1999. Effects of
branched-chain amino acids and casein on milk protein concentra-
tion and yield from dairy cows. J. Dairy Sci. 82:161–171.

23 Mackle, T. R., D. A. Dwyer, K. L. Ingvartsen, P. Y. Chouinard,
J. M. Lynch, D. M. Barbano, and D. E. Bauman. 1999. Effects of
insulin and amino acids on milk protein concentration and yield
from dairy cows. J. Dairy Sci. 82:1512–1524.

24 Mackle, T. R., D. A. Dwyer, K. L. Ingvartsen, P. Y. Chouinard,
D. A. Ross, and D. E. Bauman. 1999. Effects of insulin and post
ruminal supply of protein on use of amino acids by the mammary
gland for milk protein synthesis. J. Dairy Sci. 83:93–105.

25 Meister, A., and S. S. Tate. 1976. Glutathione and related gamma-
glutamyl compounds: biosynthesis and utilization. Annu. Rev.
Physiol. 21:559–604.

26 Mepham, T. B. 1982. Amino acid utilization by lactating mam-
mary gland. J. Dairy Sci. 65:287–298.

27 Metcalf, J. A., D. Wray-Cahen, E. E. Chettle, J. D. Sutton, D. E.
Beever, L. A. Crompton, J. C. MacRae, B. J. Bequette, and F.R.C.
Backwell. 1996. The effect of dietary crude protein as protected
soybean meal on mammary metabolism in the lactating dairy
cow. J. Dairy Sci. 79:603–611.

28 Ogata, H., and T. Murai. 1988. Changes in ammonia and amino
acid levels in the erythrocytes and plasma of carp, Cyprinus car-
pio, during passage through the gills. J. Fish Biol. 33:471–479.

29 Pacheco-Rios, D., B. P. Treloar, J. Lee, T. N. Barry, and W. C.
McNabb. 1999. Amino acid utilisation by the mammary gland:
Whole blood versus plasma free amino acid pools. Proc. N.Z. Soc.
Anim. Prod. 59:62–65.

30 SAS User’s Guide: Statistics, Version 6.12. 1996. SAS Inst., Inc.,
Cary, NC.

31 Shobaki, F. A., N. El-Shawarby, M.F.S. Hawary, and R. Sakr.
1980. Red blood cells amino-acid pattern in protein energy malnu-
trition and the effect of oral dosing with single amino acids. Z.
Ernahrungswissenschaft 19:147–153.

32 Winter, C. G., and H. N. Christensen. 1964. Migration of amino
acids across the membrane of the human erythrocyte. J. Biol.
Chem. 239:872–878.

33 Young, J. D. and J. C. Ellory. 1977. Red cell amino acid transport.
Pages 301–325 in Transport in Red Cells. J. C. Ellory and V. L.
Lew, eds., NY Academic Press, NY.


