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ABSTRACT

A review is given of information available to produce a dynamic mechanistic maodel of amino
acid uptake and subsequent intracellular metabolism including milk and tissue protein synthesis
within the lactating bovine mammary gland. To be a truly mechanistic representation of actual bio-
logy the model must address each AA individually, uptake via transporters must be described bi-
directionally as has been observed in vitro and in vivo, and the requirements for all mammary origin
milk proteins including o-lactalbumin and B-lactoglobulin must be addressed. A conceptual frame-
work for such a model is advanced.
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INTRODUCTION

Consider the number of permutations involved in describing a system of syn-
thesis and secretion of 6 milk proteins, produced from 20 amino acids (AAs),
concomitant with the synthesis and degradation rates of all components of intra-
cellular protein translation machinery, and fluxes of all metabolites involved.
A comprehensive study of such a complicated system would appear to be difficult.
However the goal, at some point in the future, is to possess an understanding of
this system, in sufficient detail, to predict if bovine milk composition can be ma-
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nipulated, and if so, at which control point(s) in this complex system. Many of the
"general principles” of milk synthesis and secretion, which are repeated in nume-
rous reviews, have been developed using data from rodents, or small ruminants
such as goats or sheep, and in many cases from very small data sets, Several of
these principles have not been corroborated using quantitative data from the lac-
tating dairy cow and therefore must be viewed with some reservation. Thus this
review will focus on previous research relating to milk and milk protein synthesis,
where ever possible, in a quantitative context as applied to the lactating dairy cow.
The method of study employed here is compilation of known information, for use
in the development of a dynamic mechanistic model, which forces the investigator
to usc a structured and gquantitative approach. The model produced can then be
used to highlight specific areas of knowledge which are important but missing,
and thus merit consideration in subsequent experiments.

CURRENT BIOLOGICAL KNOWLEDGE

The large and diverse body of information, currently available in the literature
can be used fo structure a mechanistic model of milk protein synthesis, scaled to
the size of a lactating dairy cow. Useful information has been derived using both in
vitre and in vivo methods. '

(A) MECHANISMS RESOLVED USING /N VITRO METHODS
Transport

Amino acids are transported across biomembranes by a family of AA trans-
porters. Thirtecen different AA transporters have been characterized, of which three,
the A, ASC and L systems appear to be ubiquitous in animal cells (Christensen,
1990). Detailed methods of distinguishing both presence and activity level of the
individual AA transporters in tissues have also been developed (Christensen, 1989).
fmmortalised cells, derived from tissues of hepatic, renal, and blood-brain barrier
orvigin have been the predominant cell types used to characterize AA transport
however one attempt has been made 10 comprehensively characterize the AA trans-
porter population in laclating bovine mammary tissue (Baumrucker, 1985). De-
velopment of bovine mammary epithelial cell culture systems, which secrete milk
in vitro, and could be uscd to characterise AA transporter activity, is continuing
(Huynh ¢t al., 1991). The specificity of each individual transporter for its substrate
AA varies, for example the A system will transport a wider range of AAs than the
ASC system. There is considerable overlap, in which specific AAs each transpor-
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ter type conveys across membranes. i.e. several AAs are transported by multiple
transporter types. Seven transporter types, including the A and ASC systems, are
Nat-dependent, and thus derive their encrgetic requirements directly from inhe-
rent inorganic ion gradients. The L-system transporter is a Na'-independent sys-
tem, and acts as a counter-transporter operating in a simultaneous bidirectional
fashion across a cell membrane, importing one amino acid molecule simultane-
ously as it exports another, analogous to a revelving door (Christensen, 1990).
In cells under experimental conditions in vitro, the L-system transporter usually
generates amino acid gradients which are much smaller than those developed by
Na'-dependent systems and is very responsive 1o trans-stimulation, 1.¢. increasing
the intracellular concentration of one amino acid is associated with increased
uptake of another.

Seven AA transporters, including A, ASC, and L, have been characterized in
bovine mammary tissue using a mammary tissue slice preparation (Baumrucker,
1985). The results suggest that the L-system transporter is the primary transporter
involved in mammary uptake of valine (Val), leucine (Leu), isoleucine (Ile), tyro-
sinc (Tyr), phenylalanine (Phe) and trypiophan (Trp}, with methionine (Met) up-
take being partitioned between the L and ASC systems (Baumrucker, 1985). In-
formation from this single set of experiments has been used very widcly in the
study of mammary metabolism therefore it would be useful to repeat these expe-
riments, and expand the measurements to include kinetic parameters of transport
systems, using established techniques which have applied to other cell types.

Mammary AA transport work (Baumrucker, 1985), along with earlier studies
could not resolve mammary uptake of the quantity of sulphur-containing AAs,
which appeared inadequate to meet output in milk. An alternate method of AA
transport was proposed involving the cysteine-containing tripeptide glutathione,
by the y-glutamyl transpeptidase system, which was initially identified in erythro-
cytes, The y-glutamyl transpeptidase activity level in bovine mammary secretory
tissue explants was measured (Baumrucker and Pocius, 1978) bul the results were
inconclusive and have not been repeated. The authors later showed that rate of AA
uptakc was variable between mammary tissue taken from different cows, but that
uptake across the basal membrane was consistently exhibited against a concentra-
tion gradient, at physiological AA concentrations {Pocius and Baumrucker, 1980).

The presence of ability of cells to alter the rate of AA uptake, known as adap-
tive regulation, has also been identified in several animal tissues and cells (Gui-
dotti et al., 1978). Reducing the extracellular AA concentration, while holding
initial intracellular AA concentration constant, was associated with increased up-
take of the A-system transporter substrates alanine (Ala) and serine (Ser), how-
ever Leu uptake by L-system did not change in human fibroblast cells grown in
culture (Gazzola et al., 1981). However adaptive regulation of the L-systcm, was
demonstrated when increased Leu uptake was associated with increased extracel-
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lular Leu concentration in Chinese hamster ovary cells (Shotwell et al., 1982).
Adaptive regulation of the transport systems 1s attributed, when observed, to al-
tered number of transporters with no change in binding affinity of the transporter
for the AA. Kinetic values for Phe transport via the L-system transporter have
been reported in cat salivary gland cells (Mann et al., 1980}, lymphocytes (Segel
et al., 1984, 1988), rat blood-brain barrier membrane (Miller et al., 1985), and
virus-transformed blastocyst cells (Gandolfi et al., 1987). The number of trans-
porters per cell was found to range from 1.98x107 to 2.58x 10" mmol of Phe up-
take per ml cell water per hour or about 130 fold from lowest to highcst across
these tissue types. The affinity of these transporters, usually described as the Michae-
lis-Menten K™ value, ranged from 1.20x107 to 2.6x10* mmol ml"', or a 462 told
range from lowest to highest, in the same experiments. One set of experiments by
Baumrucker et al. (1985) determined only presence or absence of specific AA
transporter types in bovine mammary tissue, and not kinetics of AA transport,
therefore large gaps in our knowledge stifl remain.

A large body of information derived using ccll- and tissnc-culture systems,
mcluding estirnates of kinetic parameters describing AA trangport, can be used to
structurc and parameterize a mechanistic model. These methods will continue to
provide valuable kinetic information on AA transport and uptake, which can be
utilized effectively but this information must be used with circumspection.

Intraceilular metabolism

Cell- and tissue-culture methods have been used extensively to study mecha-
nisms of mammary metabolism and endocrinology particularly in the area of can-
cer research with emphasis on human breast cancer (Rosen et al., 1981). Milk
production rate, total mammary DNA content, RNA : DNA ratios, and enzymatic
activity invelved in initiation and maintenance of lactation, were initially charac-
terized in the rat (Baldwin and Milligan, 1966). The increase in total DNA con-
tent, at parturition suggested that galactopoiesis was associated with a 2 fold in-
crease in lactating cell number, when compared to cell number during late preg-
nancy. Aspartatc aminotransferase activity level, an indicator of rate of AA meta-
bolism, and RNA : DNA ratio increased concomitantly 5 fold and 3.6 fold respec-
tively. When combined these results suggest that cell number increased during the
first 5 days of lactation, and that the subsequent increase m milk production was
due to increased quantitics of synthetic machinery per cell.

Researchers have found it particularly difficult 1o get mammary cells grown in
culture to secrete milk, however much insight has been gained into the specific
environmental conditions which cause the cell to initiate and maintain milk syn-
thesis. Expression of milk protein genes in murine (Eisenstein and Rosen, 1988)
and bovine (Huynh et al., 1991) cells, grown in culture, are affected by extracellu-
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lar matrix constituents and cell-cell interactions. The ability to develop and main-
tain polarity, where cells are allowed to orientate in an epithelial tissue layer, with
opposite basal and luminal sides also seems necessary (Streuli et al., 1991). Pro-
duction of B-casein, in the murine cells. was highest when the cells were grown on
collagen gels which were allowed to float in media. Cells plated on collagen gels
which were attached to the dish, reduced the rate of cascin synthesis, which was
further reduced when cells were cultured directly on plastic. The collagen gel ap-
pears to facilitate differentiation such that production of a complex basement mem-
brane, similar to the normal extracellular membrane found in mammary tissue, is
produced. When plated at high density, on collagen gels, bovine cells rearranged
themselves into small organoid-like structures which appeared to have a lumen at
the centre of cach structure (Huynh et al., 1991). Immunostaining of these cells
suggcested that synthesis of B-casein was occurring (Huynh et al., 1991) however
the quantity of casein measured in the media, presumably secreted from the cells,
was almost undetectable. Explants of rabbit mammary tissue demonstrated the
occurrence of intracellular casein hydrolysis, and that the magnitude of hydrolysis
was much higher than the minimum necessary to account for post-translational
hydrolysis of signal peptide (Razooki Hasan et al., 1982). The authors suggest this
as 4 possible mechanism for controlling the rate of casein synthesis and secretion,
by simply recyeling all proiein produced in cxcess of some pre-set limit.
Secretion of milk proteins, via exocytosis from the cell can occur immediately
after synthesis and packaging into secretory versicles, called constitutive exocyto-
sis, or following variable periods of storage in scerctory vesicles, referred to as the
regulated exocytosis. Treatment of cells with the Ca*' ionophore ionomycin, which
depletes cytosolic Ca?’ concentration, was associatcd with increased rate of pre-
synthesized protein sccretion and was able to stimulate protein secretion after con-
stitutive secretion had terminated (Turner et al., 1992). This suggests that lactating
mammary cells have two separate exocytotic pathways, one of which is Ca*'-de-
pendent. *S-labelled Met was taken up lincarly by primary-cultured murine mam-
mary cells for the first 5 h of incubation with no lag period. but secretion of la-
belled protein from the cells had a lag time of approximately 1 h, consistent with
exocytotic secretion (Turner et al., 1992). A system of culturing pre-secretory bo-
vine and ovine mammary gland cells, using serum-free medium and grown on
floating type-I rat-tail collagen gels (Winder ct al., 1992), expressed «-lactalbu-
min when cortisol, prolactin and insulin were added to the culture medium. Know-
ledge of the extent of endocrine control of these processes is still incomplete. The
process of casein exocytosis, and the association between rate of exocytosis and
extent of intracellular protein hydrolysis also require further examination.
Several research groups have studied the cndocrine control of lactation and
milk synthests. Addition of prolactin to the culture media caused hypertrophy of
murine mammary cells (Foster et al,, 1977) and was associated with a 2-4 fold
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mcrease in the rate of casein mRNA transcription within 1 h (Guyctte et al., 1979).
However this increase in rate of transcription was not sufficient to account for the
mass accumulation of casein mRNA observed, suggesting that another mecha-
nism reduced the rate of mMRNA degradation, thus casein gene expression could be
mediated at several levels including both transcription and translation. These ex-
periments, along with several others involving rodents also established that pro-
lactin secretion was necessary for both initiation and maintenance of lactation.
However an experiment, in which prolactin-blocker CB154 was infused into lac-
tating cows, showed that prolactin was not required for maintenance of lactation in
the bovine (Akers et al., 1981). While inferences from one species to another are
made routinely, consideration of the variation in milk composition described pre-
viously (Jenness, 1974} suggests that the possibility of substantial differences in
mammary metabolism and function, between species, must also be acknowledged.

(B) MECHANISMS RESOLVED USING IV FIVO METHODS
Blood flow

Measurement of AA uptake and metabolism by the lactating mammary gland
has relicd heavily on arteriovenous difference methodology, often referred to as
the Fick principle. The product of total blood flow through the mammary gland,
multiplied by the difference in arterial and venous AA concentration gives an esti-
mate of net AA uptake (Guyton, 1974). The Fick method is appropriate to estimate
mammary uptake of AA if:

1) both arterial and venous blood samples are representative of blood entering
and leaving the tissue;

2) the rate of AA metabolism in the mammary gland is constant;

3) arterial and venous AA concentration is constant;

4) blood flow is constant (Linzeli, 1974).

The Fick method is useful in calculating mammary blood flow, or net uptake of
a metabolite, however it is not a functional mechanistic definition of metabolite
uptake by a tissue (Cant and McBride, 1995a). Thus it is incorrect to assume that
mammary uplake can be affected directly by altering either blood flow or arterial
metabolite concentration.

The bovine mammary gland is supplied by two arteries, the pudendal artery
provides approximalely 90%, and the perineal artery provides approximately 10%
of the total supply (Turner, 1952). Mammary venous drainage occurs by three
veins in the cow, the subcutaneous abdominal vein, otherwise known as the milk
vein, the pudendal vein which passes up through the abdomen to the inguinal canal
and joins the vena cava, and the perineal vein, which runs parallel to the perineal
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artery, and drains into the vena cava, near the tail head. The relative proportion of
mammary drainage exiting via each vein depends on several factors such as com-
petence of the valves in the subcutancous mammary vein which tends to decline
with increasing animal age, and the posture of the animal (Linzell, 1974).

Acquiring a representative arterial blood sample is relatively simple because
arterial blood arrives at peripheral tissues directly from the heart, therefore its
composition is not altered by tissue metabolism. Thus arterial blood can be sam-
pled from any artery in the animal. Acquiring a representative sample of all the
venous blood draining the mammary gland however, is more difficult, particularly
in the cow. Mammary venous blood is usually sampled from the subcutaneous
abdominal vein, because of its easy access. In mature animals, the valves of the
subcutancous abdominal vein can become incompetent (Linzell, 1974), and allow
blood of abdominal origin to flow in the reverse direction, caudally, and enter the
milk vein, altering its composition. Linzell reduced the possibility of reverse flow
in the subcutaneous abdominal veins of goats, by applymng gentle hand pressure to
the rear of the goats mammary gland, thereby occluding the pudendal vein. This
forced all mammary venous drainage to exit via the milk vein, thus insuring that
samples taken from the milk vein were representative of mammary venous blood.
This procedure also reduced the error in blood flow calculations. The pudendal
vein in the bovine can only be occluded surgically, however representative sam-
ples can be obtained by using a flexible catheter, inserted into the milk vein and
pushed caudally until its tip, and thus the location of sampling, 1s close to the gland
itself.

The Fick method is still widely used (Hanigan et al.. 1991; Hanigan et al.,
1992; Cant et al. 1993}, though several of the necessary assumptions are often
invalid over short time perieds. Blood flow to any organ is usuaily variable over
time (Mepham, 1982), and arterial concentration of most metabolites varies with
time, influenced largely by stage of lactation and the cows feeding regime. These
compromises are recognised, however the method does provide reasonable results
if blood sampling is done often and it is assumed that the mean arterial congentra-
tion and metabolite secretion rate, over the time of blood sample collection are
representative of steady-state metabolism in the animal. The results provided are
mean blood flow, and mean net arteriovenous uptake over the sampling time period,
therefore this method is limited to measuring chronic responscs to perturba-
tions and hence is somewhat limited when attempting to identify acute control
mechanisms associated with kinetics of mammary AA uptake.

Uptake and metabolism

Experimental work which has been performed with a goal of characterizing
AA uptake by the lactating mammary gland, and AA metabolism within the gland
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can be subdivided into four categories:

1) the system has not been perturbed by A A infusion;
2) infusion of unlabelled AA,

3) infusion of radie-labelled AA,;

4) infusion of stable isotope labelled AA.

(a) No infusion

As early as 1966, it was shown that mammary arteriovenous AA uptake from
plasma by the lactating mammary gland was sufficient to provide the nitrogen in
mammary-origin milk proteins of the goat (Mepham and Linzell, 1966). When
quantities of individual AAs were considered, essential AA (EAA) uptake was
approximately cqual to that secreted in milk. Mammary uptake of non-cssential
AAs (NEAASs) was variable, with some AAs being extracted in quantities much
greater than that secreted in milk, The net extraction rate, by the gland from blood
plasma, averaged 36% for EAAs, the highest being Met at 77% (Mepham and
Linzell, 1966). In contrast NEAAs extraction averaged only 24%. The methods
employed in this experiment allowed estimation of net AA balance across the
gland and AA accumulation within the gland, however they could not differentiate
total versus net uptake of AAs, or specific paths of AA metabolism within the
gland. The work was a significant step forward, both in experimental methodolo-
gy and in understanding of AA metabolism. Some of the theories regarding mam-
mary AA metabolism brought to the forefront were that excess uptake of some
EAAs might be transarninated within the gland to supply the requirements of those
NEAAg which were not extracted in sufficient quantities to supply output in milk.
Subsequently EAAs were divided into two groups:

1) group-1 EAAs, including Met, Phe, Tyr, histidine (His) and tryptophan (Trp)
which were taken up by the gland and transferred stoichiometrically to milk;

2) group-1T EAAs, including threonine (Thr), Val, Leu, Ile, lysine (Lys) and ar-
ginine (Arg) which were extracted by the gland in greater quantities, than that
secreted in milk.

The percentage extraction of group-I EAAs was generally higher than that of

group-1I EAAs (Mepham et al., 1992) which led to the hypothesis that group-1

EAAs, were most likely to limit the overall process of milk protein synthesis rate.

Estimates of mammary AA uptake of 4 cows producing from 12.6 to 22.9 litres
of milk per day, showed that Met consistently had the highest extraction rate, how-
ever the AA balance (uptake/milk output) and mammary gland extraction ratio
was different for individual AA (Bickerstaffe et al., 1974). A comprehensive ex-
periment measured arteriovenous difference across the mammary gland of 21 lac-
tating cows, blood sampled 4 times at 35 day intervals during the first half of
lactation (Hanigan et al., 1991). Arteriovenous difference estimates of individual
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AAs, across the gland, were consistently higher when analysis was done on whole
blood compared to analysis on blood plasma. This suggests that whole blood rather
than plasma better represents the true AA precursor pool for milk protein syn-
thesis. Plasma analysis has traditionally been used because laboratory analysis
methods for estimating AA concentrations in whole blood are more involved.
Whether AAs are transferred directly from red blood cells to lactating alveolar
cells, or indirectly through the plasma pool is inconclusive. A second analysis of
the same data to determine kinetic parameters of uptake suggested that for many
AAs, including all group-1 EAAs, with the exception of Trp, net extraction by the
mammary gland was correlated linearly with arterial concentration (Hanigan ct
al., 1992). Arterial Met concentration was positively correlated with arteriovenous
Met uptake by the gland, and concomitantly with milk protein yield (Hanigan et
al., 1992). Extraction of a different group, including all group-I EAAs except Phe,
were correlated with arteriovenous difference of Met, suggesting that it was the
first limiting AA in this experiment. A kinetic equation was developed to describe
AA uptake, relative to arterial concentration. The cquation was a form of the nor-
mal Michaelis-Menten saturation type equation, with an extra exponential term
(Hanigan et al., 1992}. This exponential term causes the response in uptake to
increased arterial AA concentration, 1o be of sigmoid shape, and thus more sensi-
tive over the normal physiological range of arterial AA concentrations. The equa-
tion adequately describes net AA uptake however fails to recognize bidirectional
fluxes between blood and the gland, and appears to have the underlying assump-
tion that AA uptake by the gland is a "push" mechanism whereby AA uptake can
be increased simply by increasing arterial concentrations of limiting AAs.

(b) Unlabelled infusions

Cant et al. (1993) attempted to ascertain the mechanism of milk protein depres-
sion associated when cows are fed diets containing added fat. Hydrolysed casein,
but not fat, infused into the abomasum was associated with increased arterial AA
concentrations and arteriovenous EAA differences across the mammary gland.
Milk nitrogen content increased with casein infusion and decreased with fat infu-
sion. Mammary blood flow, calculated using the Fick principle and Phe + Tyr
output in milk, suggested that abomasal fat infusion was associated with reduced
mamunary blood flow, When both casemn and fat were infused, mammary blood
flow decreased and EAA extraction rate increased, thus the net quantity of EAAs
removed by the gland was unchanged. This suggests that mammary blood flow
was locally controlled by arterial concentrations of "energy yielding” substrates
such as acetate, giucose and i-hydroxybutyrate. Therefore total milk yield increased,
but AA uptake and protein yield remained constant, resulting in reduced milk
protein per cent.
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Casein infused into the duodenum increased milk, milk fat and protein yields,
as well as protein content of milk, yet blood flow was not affected (Guinard et al
1994). Arterial AA concentrations, which were calculated from duodenal appea-
rance of protein, increased as did extraction of all AAs, however the net increase
in quantity of AA extracted was much greater for EAAs than NEAAs, Increased
A A uptake was not transferred directly to milk protein. The concentration of all
component milk proteins increased in equal proportion and the mammary blood
flow to milk output ratio actually decreased resulting in reduced AA utilization
efficiency, with increasing amounts of casein infused. Mammary AA uptake, milk
output, and milk output per unit mammary uptake of both EAAs and NEAAs in-
creased in a curvilinear fashion as duodenal flow of AAs increased, in a normal
saturation kinetic fashion but the curve approached platcau much more quickly for
NEAAs than EAAs. This experiment attempted to demonstrate the response of the
mammary gland to a specific perturbation of arterial AA profile, in an effort to
bring the arterial AA profile closer to that of casein.

Subsequently this data set broken down from EAAs and NEAAs groups to
individual AAs (Guinard and Rulquin, 1994a). The calculated quantity of Phe
added 1o arterial blood by casein infusion was completely extracted by mammary
gland. The ratio of uptake to milk output increased for all EAAs as casein infusion
rates increased, suggesting that increasing NEAA concentration may have reduced
the obligatory requirement for EAAs. Group-1 AAs were almost completely uti-
lized for milk protein synthesis, AA balances across the gland, calculated from
this data set, predicted large accumulation of AAs by the gland, which is highly
unlikely over the long term. Positive mammary gland AA balances over extended
periods, would suggest that the quantity of alveolar or constituent tissue in the
gland increases constantly. This dilemma could have been caused by analysis of
plasma as opposed to whole blood, or accuracy of the calculations used to predict
AA uptake across the small intestine, and hence arterial AA concentration. This
method does not accommodate calculation of net versus total AA uptake but the
authors do suggest that mammary AA uptake may be regulated by intracellular
processes.

Duodenal infusion of Lys, which is often considered to be one of the first limi-
ting AAs for milk protein synthesis, failed to increase milk, fat or protein yield
(Guinard and Rulquin, 1994b). However Lys infusion was associated with increased
-milk protein content and increased N utilization by the mammary gland. At the
lower Lys infusion rates, Lys uptake by the gland balanced Lys output in milk, but
at highcr infusion rates Lys uptake exceeded output in milk, suggesting that it was
no longer the limiting AA.

Data sets such as these are very useful in terms of net AA uptake and also total
AA output in milk, however they are less useful to identify mechanisms that con-
trol AA uptake or metabolism. Metabolism within the gland is still generally trea-
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ted as a black box because these experimental methods are unable to elucidate
specific pathways of AA metabolism, such as protein translation, AA oxidation or
AA transamination. More insight can be gained from such data sets when they are
combined in the form of a model, and then challenged with other data scts. These
methods allow observation of overall responses in terms of milk output to an ap-
plied treatment, however estimation of the rate of intra-mammary AA metabo-
lism, in¢cluding transamination or oxidation requires the use of labelled AA.

{¢) Radio-labelled infusions

The next important development, the use or radio-labeHed amino acids, al-
lowed estimation of direction and magnitude of many metabolic pathways such as
bidirectional AA flux rates, AA oxidation, AA transamination and rate of AA
translation into milk protein. Dually [U-C; 2,3-'H] labelled Leu, Phe, Thr and
Val, infused into isolated perfused goat mammary glands showed that 90, 96, 85
and 93%, respectively of these AAs in milk casein were derived directly from
blood frec AAs (Verbeke ct al., 1972; Roets et al., 1979, 1983). This technigue
allowed estimation that 36% of Leu, 0% of Phe, 15% of Thr, 0.3% of Tyr, and 30%
of Val taken up by the gland was oxidised to CO,. Ten per cent of Val and 8% of
Leu found in mammary venous blood had been reversibly transaminated, i.e.
converted to another AA, and then back to the original AA, during a single pass
through the gland. This demonstrated the presence of bidirectional AA uptake by
the mammary gland {Roets et al., 1979, 1983). Seventy to eighty per cent of Leu
molecules found in casein had been reversibly transaminated before incorporation
into milk protein (Roets et al., 1983). In two separate experiments, there was large
variation in the amount of conversion of Phe to Tyr suggesting that phenylalanine-
hydroxylase activity may be influenced, directly or indirectly, by the concentra-
tion of Phe and Tyr in blood. Infusion of radicactively labelled Val, Leu, His and
Phe into isolated perfused guinca-pig mammary glands corroborated that amino
acids in milk protein were derived from perfusate, Phe and His were transferred
stoichiomecirically into cascin, and Val was oxidised to CO, (Davis and Mepham,
1976).

An experiment using “C-Leu infused into the artery supplying the mammary
gland of a lactating goat {Oddy et al., 1988), was the first attempt to quantify
bidirectional flux of AA uptake, and the magnitade of mammary gland constitucnt
tissue protein turnover. Estimates of tissue protein turnover allow calculation of
total AA flux to and from the tissue protein pool, which could theoretically be
used as a source of AAs for milk protein synthesis, for short time periods. The
results suggested that mammary constituent tissue turnover is considerable, at
approximately 30% per day, and therefore is a potential precursor pool for milk
protein.
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{d} Stable isotope infusions

The most recent advance n the study of mammary AA uptake and metabolism
involves infusion of AAs labelled with stable isotopes and analysis using mass-
spectrometry techniques. The major advantage of this method over previous radio-
active labelling methods is that problems of handling and disposal of radioacti-
vity are overcome. A compromise is that isotope enrichment in products must be
increased to allow accurate measurement, therefore quantities of infused label must
be increased, and in some cases may actually perturb the system being studied.
C-labelled Leu, Phe, and Met infused systemically into four lactating goats showed
that plateau enrichment of casein occurred approximately 16 h after infusion was
started (Bequette et al., 1994). This delay corroborated previous suggestions of the
presence of at least one intermediate precursor pool between blood and milk pro-
tein. Casein isotope enrichment was eventually higher than the venous blood drai-
ning the gland, therefore the authors suggest that some other source of amino nitro-
gen, found in blood, such as plasma peptides, must also be a precursor for milk
protein. However this is only one of several possible explanations. Enrichment
levels are close enough to be within the range of experimental error, specifically
venous blood enrichment does not appear to be significantly different from that of
secreted casein however standard errors or probability values were not given. Fur-
thermore, casein as opposed to all mammary-origin proteins, was analyzed for
isotope enrichment, and blood analysis was done on plasma, instead of whole
blood. Both of these experimental considerations could have affected the results.
This technique, using systemic infusion, opposed to local infusion to the mamma-
ry gland, negated the ability to ascertain presence of bidirectional flux at the site of
AA uptake or if labelled AA was transaminated to a different AA during passage
through the mammary gland. Backwell et al. (1994) suggested that AAs in peptide
form are absorbed by the mammary gland and subsequently translated to casein
however whether the peptide is taken up by the cell intact or hydrolysed prior to
uptake is still inconclusive. A mechanistic model {France et al., 1997), produced
using the same data did not support peptide involvement in milk protein synthesis.

In separate experiments, the amino acids Phe, Thr, Tle, Leu, Val, and glutamate
(Glu) have all been identified as potentially limiting milk protein synthesis (Cant
and McBride, 1995b), demonstrating the disparity in research findings. This is not
surprising when the wide variation in diet composition fed to these animals 18
considered. Comparison of AA flows to the duodenum versus calculated potential
milk yield, showed that Met, Lys, His, lle, and Leu were found to be limiting milk
protein yield in 25, 17, 13, 2, and 2 experiments respectively, and efficiency of
protein production, defined as milk protein yield divided by calculated maximum
protein yield, ranged from 0.32 1o 0.76. This variability supports the need for a
mechanistic dynamic mathematical model to combine previous quantitative infor-
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mation and allow prediction of the kinetics of process involved in milk protein
synthesis and secretion, over a wide range of dicts.

Experiments such as these made a significant contribution to the base of know-
ledge and understanding of mammary AA metabolism, however they also cncom-
passed some important compromises. All results report incorporation of AAs into
cascin, but failed to measure AA utilization for other proteins synthesized within
the gland, and exported into milk, in particular a-lactalbumin and B-lactoglobulin,
which comprise 13.4% of protein found in bovine milk (Davies and Law, 1980).
Secondly, much of the work was done using small ruminants, or rodents for seve-
ral reasons. They were lcss expensive to acquire and maintain, much smaller quan-
tities of expensive radioactive tracer were required, and disposal of the radioactive
animal carcass afier completion of the experiment was simpler, compared to simi-
lar experiments utilizing cows. These animal models have been used successfully
o gain insight into milk protein synthesis, however species differences such as
milk composition, range of diets, and normal arterial AA concentrations suggests
that inferences can be made confidently to bovine milk protein synthesis in a quali-
tative sense. However, quantitatively, the magnitude of flux of all AAs, or specific
individual AAs could be much different in the cow.

EXTANT MATHEMATICAL MODELS

A number of models have been written and tested and are now widely used in
research, teaching and extension. Several have been written to describe whole
animal metabolism of the lactating dairy cow (Baldwin et al., 1987 a, b, ¢, 1995;
Danfeer, 1990; O'Connor et al., 1993) and these usually have a component describ-
ing lactating mammary gland metabolism. Models have also been written to study
comprehensive mammary metabolism (Waghorn and Baldwin, 1984; Hanigan and
Baldwin, 1994) or specific components, such as Leu metabolism (France et al,,
1995), or control of mammary blood flow (Cant and McBride, 1995a).

(A) ORGAN MODELS

The first dynamic mechanistic model of bovine mammary gland metabolism
(Waghorn and Baldwin, 1984) was written specifically to balance carbon flow into
and out of the mammary gland, with particular emphasis on the energetic costs of
synthesizing the components of milk. The authors state that previous investiga-
tions of the chemical and biological processes in lactating mammary tissue were
relatively comprehensive however a dynamic model integrating this information
to evaluate its ability to describe milk synthesis and secretion was lacking. The
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model represents a 650 kg Holstein cow producing 15 kg of milk per day of com-
position 4.8% lactose, 3.5% fat, and 3.6% crude protein. Mammary blood flow is
set at 500 ml of whole bloed per ml of milk produced and packed cell volume at
30%, therefore the ratio of mammary plasma flow to milk produced was 350:1.
The model described fluxes of radioactively labelled substrates to quantify the
contribution of pyruvate as a source of energy for fatty acid synthesis. This re-
quired addition of kinetic equations to trace the path of each individual carbon
from glucose, pyruvate and acetate. The relatively low level of milk production
was selected because parameters included in the model were experimentally de-
rived from low-producing or late lactation cows.

This model appears to meet the goals of the project, namely that estimates of
carbon flow through the gland were adequate to support low levels of milk synthe-
sis. Carbon flux rates and pool sizes were within physiological ranges. It does not
however address the subtleties of amino acid uptake and protein synthesis, which
were not part of the project. Nitrogen taken up by the gland balanced N outputs in
all mammary origin proteins however allowance was not made for mammary tis-
sue protein turnover, AA oxidation or AA transamination. The model showed clearly
that estimates of EAA uptake from bloed plasma in previous experiments, was not
sufficient to meet the absolute EAA requirernents for milk synthesis. In the case of
several individual AAs, predicted uptake had to be doubled to balance input with
output, corroborating earlier suggestions (Mepham, 1982) that erythrocytes might
be contributing AAs to milk protein. The model was unstable when changes were
made in arterial concentrations, due to the use of mass action (i.e. non-saturable)
kinetic equations, which were found to be inadequate.

The mammary model of Waghomn was subsequently updated (Hanigan and
Baldwin, 1994) such that most fluxes were converted to Michaelis-Menten satura-
tion kinetics, and the description of AA uptake and metabolism was expanded.
This model consists of 62 differential equations and 32 state variables and is mecha-
nistic in the areas of energy substrate metabolism and fat synthesis. The model
traces individual radioactively labelled carbons, analogous to infusion of labelled
glucose or lactate, through intermediary metabolism via citrate, ¢-ketoglutarate
and malate to final products such as CO, and labelled carbon in milk fatty acids.
The arcas of AA uptake, AA metabolism and protein synthesis are present but are
represented in less mechanistic detail than that of metabolism of energy yielding
substrates. Provision for tracing the fate of labelled AAs was not made in this
model. Intracellular AA concentrations are assumed to be the same as that
of extracellular, which conflicts with previous reports of concentrative uptake by
AA transporters in most tissues (Christensen, 1990} including mammary tissue
(Baumrucker, 1985). While intracellular and extracelluiar concentrations are
assumed to be the same, the energetic costs of AA transport, in terms of ATP
utilization, is identified in total requirements of the gland. The model also
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accounts for production of some NEAAs such as Ser, glycine (Gly), and proline
(Pro) from glyceraldehyde-3-phosphate and Arg or ornithine (Orn).

In the model of Hanigan and Baldwin (1994) protein synthesis rate is control-
led by a routine that continuously monitors intraccllular concentration of EAAs
and limits the protein synthesis rate based on the one AA, which is lowest at any
point in time. In general all EA As are grouped together into a single pool which go
directly to a milk protein pool, with the excess being oxidised. Uptakes of EAAs
are unidirectional Michaelis-Menten saturation type equations with an exponent
applied to the substrate/affinity constant ratio which atlows a sigmoid response in
AA uptake with respect to the arterial concentration, However previous work with
both AA transporters {Christensen, 1990) and Iactating mammary glands suggest
that AA transport is actually bidirectional. Therefore AA uptake in this model of
the EAAs is strictly arterial concentration driven, which implies that increasing
arterial concentration "pushes" increased quantities of all AAs into the cell.

This model (Hanigan and Baldwin, 1994) also provides a major step forward in
our understanding of bovine mammary metabolism. [t does provide useful infor-
mation regarding which labelled metabolites are required, and the specific loca-
tions at which the label must be attached to obtain useful kinetic information from
subsequent experiments. It also suggested that previous estimates of activity le-
vels of several mitochondrial and cytosolic enzymes involved in oxidative metabo-
lism were too low to support normal milk production, and therefore must be reas-
sessed experimentally. The authors do correctly point out several areas where key
data is missing, such as mammary AA uptake and milk protein translation. While
much of this information is missing, we do have knowledge of many of the con-
straints involved in the process of milk protein synthesis, which could be incorpo-
rated into a model. This would produce different model outputs in terms of poot
sizes and flux rates when the animal is at stcady-state.

A model was written to study mechanisms controlling bovine mammary biood
flow and the effects of perturbing these various mechanisms on nutrient uptake by
the gland ({Cant and McBride, 1995a). Nutrients taken vup by the gland for milk
synthesis were grouped into four groups: glucose, acetate, fatty acids, and amino
acids. In this model, previous mammary balance data was used and intra mamma-
ry metabolism of these nutricnts was not addressed. AA uptake by the gland is
described by mass-action kinetics and all AAs are grouped together. AA uptake in
excess of that incorporated into milk protein is oxidised. Thus uptake of AAs by
the gland is unidirectional. The model predicted that increasing mammary blood
flow, by increasing artcrial pressure, analogous to neural regulation, without alte-
ring arterial metabolite concentrations resulted in reduced uptake of all nutrients
except acetate. However, when arterial metabolite concentrations were altered,
intracellular adenylate charge changed, resulting in local control of blood flow by
opening or closing pre-capillary sphincters, thus increasing or decreasing total

+
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mammary blood flow. When blood flow was manipulated by local control, nutri-
ent uptake and milk synthesis rate did increase in response to increasing arterial
concentrations. Under this method of control, relatively small changes in arterial
concentration had large cffects on quantity of nutrients taken up. These results also
suggest that blood flow is controlled locally, primarily by the arterial concentra-
tion of energy yielding metabolites. Therefore milk protein yield and concentra-
tion would be maximised at some optimum level of energy yielding metabolite to
AA concentration ratio.

The model of France et al. (1995) was written 1o resolve mammary uptake and
metabolism of arterial Leu under steady state conditions. Three mid-lactation cows,
with milk yields ranging from 22.9 to 25.6 kg d'', were fed a diet containing either
high or low protein content. Data were derived from an experiment where "‘C
labelled Leu was infused systemically into the jugular vein for 16 h and the pattern
of Leu enrichment in both blood and milk protein was measured under steady-
state conditions. Inputs into the model are mammary blood flow, arterial and ve-
nous Leu concentration, enrichment of Leu in milk protein-bound and milk free
pools. The model predicts bidirectional Leu uptake by the gland, bidirectional flux
from intracellular free pool to constitutive tissue protein, bidirectional flux from
intracellular free pool to milk protein, and intracellular Leu oxidation. Infusion
was systemic, therefore arterial enrichment was estimated from enrichiment of free
Leu in milk, which is presumed to be the same as that of the true precursor pool.
Intracellular Leu oxidation, transamination or translation to whey proteins was not
accounted for in this model. Solving the model showed that approximately 67% of
the Leu presented to the mammary gland was extracted, and that 65% of that ex-
tracted went directly to scereted milk protein. This model, with some minor alte-
rations to the experimental methods used in vive can theoretically be used to rank
each individual AA in terms of potential to limit milk protein synthesis, and thus
predict the ideal AA patiern to provide to the bovine mammary gland. A subse-
quent model was uscd to evaluate the contribution of arterial AA, in peptide form
to milk protein synthesis in the ruminant mammary gland using a dual-labelled
tracer technique (Francc ct al., 1997).

(BY WHOLE ANIMAL MODELS

The dairy nutrition group at Cornell University published a model {O'Connor
et al., 1989), which combined the National Research Council recommendations
for dairy cow feeding in a linear programming ration formulation program. Subse-
quently the model was updated (Fox ct al., 1992; Russell et al., 1992; Sniffen ct
al., 1992; O'Connor et al., 1993) to integrate information in the area of ramen
degradable and rumen undegradable protein requirements for lactating dairy cows
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and was designed to formulate least cost rations for a given level of production.
The empirical nature of the model does predispose it to some significant compro-
mises. For example, the empirical equations suggest that fibrolytic microbial growth
ceases when rumen fluid pH drops below 5.7, and even when the fibrolytic bacte-
ria disappear, the model suggests that fibre digestion continucs (Dijkstra ¢t al.,
1998). Of particular importance when considering milk composition and milk pro-
tein synthesis is the compromise that the CNCPS model fails to accommodate the
increased efficiency of rumen microbial growth when the supply of amino acids
and peptides, as opposed to ammonia, is increased. This model is now widely used
for agricultural extension applications such as dairy ration formulation and ope-
rates on the traditional approach of predicting nutrient requirements for a set input
level of milk production. Its application to rescarch or defining mechanisms which
limit milk, or milk component synthesis is limited because milk vield and compo-
sition are required as inputs into the model.

The model of Danfer (1990) is a mechanistic, deterministic, dynamic whole
animal moedel of a lactating dairy cow. The model has 9 tissue compartments re-
presenting rumen, intestinal lumen, intestinal wall, liver, peripheral blood and ex-
tracellular fluid, mammary gland, muscle tissue, adipose tissue, and other tissues.
The units are moies of carbon and nitrogen and the integration interval is onc day,
therefore flux rates are in units of moles of C and N per day. Carbon pools repre-
sent carbohydrates, lipids and other nitrogen-free carbon substances, while nitro-
gen pools represent protein, peptides, amine acid, ammonia/ammonium, and urea.
Kinetic cquations use Michaelis-Menten saturation or first-order mass action ki-
netics. Input variables required by the model include chemical composition of the
feed, cow live weight and stage of lactation. The model predicts feed dry matter
intake, milk yield, milk composition, live weight gain, tissue energy balance, milk
energy yicld, total energy intake, metabolic energy losses, and net energy intake.
This model is composed of 77 state variables, and 1500 equations, 340 of which
are differential equations.

The structure of this model implies that milk protein synthesis rate is equal to
amino acid uptake rate, by the gland, and milk protein secretion rate is equal to
that of protein synthesis, both which are known to be oversimplifications, from
studics of mammary metabolism in other ruminants (Oddy et al., 1988). The mo-
del was tested using data from a previous experiment using different diefs as treat-
ments. In general, the model performed well except that milk yield was underesti-
mated and live weight gain was overestimated.

Danfer wrote a good comprehensive critique of the strengths and weaknesses
of his model, and states clearly that regulation of marmmary gland capacity for milk
synthesis requires mechanistic description. Two critical issues that are known to be
oversimplificd in this model are that rate of milk synthesis is regulated only by sub-
strate availability, and synthetic capacity does not change with progressing lactation.
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The fact that the author could write such a clear and comprehensive critical summary
demonstrates the value of the process of mechanistic modelling, namely that the scien-
tist can identify key arcas of knowledge and understanding which are lacking.

The most comprehensive mechanistic mode! of metabolism in the lactating
dairy cow was originally assembled by Baldwin ct al. (1987a, 1995). The purpose
of this modelling project was to determine if data and concepts produced from
tissue culturc and cell culture experiments could be utilized to produce a dynamic
rescarch model amenable to evaluation of mechanisms and hypotheses about par-
titioning of nutrients in the lactating cow. Experimental work involving cffects of
recornbinant bovine somatotropin on lactating cows suggested that it was an eifec-
tive partitioning agent, allowing the cow to preferentially channel nutrients to milk,
and away from body tissue synthesis (Bauman and McCutche-
on, 1986). The mechanism of this partitioning effect was unknown, vet of consi-
derable interest. Thus the model is heavily orientated toward energy balancc
within the whole animal in an effort to explain this partitioning effect.

Inputs required by the model are the supply of propionic acid, glucose, acetic
acid, fatty acids, butyric acid and AA in moles per day. The model describes total
body pools of adenosine diphosphate (ADP), adenosine triphosphate { ATP), acetic
acid, butyric acid, fatty acids, glucose, glycerol, lactic acid, lactose, propionic
acid, triglyceride in milk and triglyceride in storage, and predicts oxygen con-
sumption and carbon dioxide production.

Total body free amino acid, body protein and milk protein pools are also reco-
gnised. All AAs are combined into a single pool, Fluxes describing AA absorption
from the gastrointestinal tract, used for milk protein and used for gluconeogenesis
arc unidirectional. Fluxes of AAs from the body free pool to body protein and
body visceral protein pools are bidirectional. Fluxes of AAs from viscera and adi-
pose tissue to the free AA pool are described using mass action kinetics, because
of lack of information to parameterize more complex cquations. The remaining
cquations calculating metabolite fluxes, including AAs, are either one- or two-
substrate Michaelis-Menten saturation kinetic equations. Provision is made to
change the affinity for AAs for synthesis of body protein, visceral protein, and
gluconcogenesis in response to altered hormonal levels.

The model successfully predicted the apparent costs of milk synthesis, in terms
of energy yielding substrates. It predicted that more than half of the cost of milk
synthesis is directly attributable to biosyathetic costs. The remaining costs were
distributed between heart work and respiration, ion transport as well as the cost to
resynthesise protein and triglyceride in milk from mobilized body stores. When
mammary capacily was increased, milk yield increased but milk protein content
did not change, as had been obscrved in the rbST experiments. The authors make
an important obscrvation that most responses of the model to specific metabolic
perturbations could well have been predicted a priori, however the magnitude of
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complexity of the responses involving several metabolites, could not have been
predicted or comprehended. The number and magnitude of interactions between
metabolites is too complex to comprehend, even in a qualitative sense without a
model. Subsequently this model was ¢xpanded by inclusion of a rumen digestion
model and uscd to describe whole cow metabolism over an entire lactation {Bald-
win et al., 1987b, ¢, 1993},

While this model compiles a tremendous quantity of information in the area of
biochemistry and metabolism of the lactating cow, it was not designed to test hy-
potheses relative to specific mechanisms controlling milk composition, or identify
mechanisms which limit the rate of milk protein synthesis. Amino acids are pooled
together in a single pool and neither AA uptake by the mammary gland, or intra-
cellular protein synthesis are represented mechanistically in that this model does
not describe AA efflux from the gland to blood or extent of intracellular milk
protein degradation.

CONCEPTUAL FRAMEWORK FOR FUTURE MODELLING

Previous research appears to mirtror the market trends for dairy products. Ini-
tially research emphasis was focussed on increasing total milk volume which stimu-
lated interest in mammary uptake and utilization of glucose and acetate for lactose
synthesis. Subsequently interest in mammary fatty acid uptake and synthesis, for
milk fat production, teok priority. More recently mammary AA metabolism, and
interest in milk protein synthesis, has been primarily focussed on establishing that
amino acids in blood were precursors for milk protein and that the quantity of
EAAs taken up by the mammary gland balanced the quantity secreted in milk.
Therefore the volume of published literature in the area of metabolite uptake and
metabolism within the ruminant mammary gland appears large, however a small
proportion of this total focusses on mammary AA uptake and protein metabolism.

Interest in sustainable agriculture, and in some European countries the issue of
livestock manure disposal, has stimulated interest in minimising nitrogen excre-
tion. Analogous to this is interest in maximising efficiency of nutrient utilization,
or optimising milk protein synthesis efficiency. The difference between maximi-
sing efficiency vs maximising production is a subtle but important differentiation.
A robust mechanistic model of milk protein synthesis will be very useful in testing
various feeding and management scenarios, and to design appropriate experiments
in this area.

Mathematical models of mammary protein synthesis will have much greater
utility in the future if they represent:

1) total AA uptake describing uptake of each individual AA, recognising the spe-
cific AA transporter which accomplishes this uptake;
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2) bidirectional fluxes of AAs, both at the level of mammary uptake, and also
with mammary constituent tissue and milk protein synthesis;

3) AA requirements for all mammary-origin proteins, including o-lactalbumin
and B-lactoglobulin;

4) the documented biology and metabolism of mammary tissue in a mechanistic
form.

The process of modelling this complex process may also be simplified substan-
tially if biological "constraints" are judiciously included. For example the intracel-
lular machinery that translates milk protein cannot proceed based on intracellular
concentration of AA "mixtures". The AA profile of all mammary origin proteins is

Arterial Lactating Aveolar Cells Mammary
Blood —  —————\ Aveolar Lumen

Milk Protein

[Ala] oS-1, aS-2, B+y, and
[Arg) k Casein,
[Asn] o—lactalbumin,

-lactoglobulin .
ey e Secretion
[Cys] :

[Glu]
{GIn]
[Gly]
[His)

el oy Amino Acid

[Leu] Oxidation
[Lys]
(Met]
[Phel
[Pro]
[Ser)
[Thr]
[Trp]

i Constituent
[Vall

Na] \ \ Protein
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Figure 1. A conceptual framework for a mechanistic model of amino acid uptake and metabolism,
and protein synthesis within the lactating bovine mammary gland. Square brackets denote the con-
centration of individual amino acids in arterial blood and in the cytosol of the lactating alveolar cell
respectively. Amino acids are transported into the cell by membrane bound sodium-dependent (X, ,
A, ASC) or non sodium-dependent (y~, L) transporters. Intracellular amino acids can be used to
synthesize milk protein or cellular constituent protein, or can be oxidized or transaminated to another
amino acid. Each of these metabolism processes is bi-directional. Milk protein is secreted into the
alveolar lumen after an appropriate time delay to allow for post-translational modifications
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fixed, and therefore translation can only proceed at the rate at which the first limi-
ting AA, among all 20, is supplied.

Figure 1 demonstrates a proposed model of AA uptake and metabolism by the
lactating bovine mammary gland. The model will describe uptake of individual
AAs from arterial blood via transporters which reside on the basolateral mem-
brane of the lactaling alveolar cell. Transporters X, ., A, and ASC are drawn with
a heavy line to indicate that they are sodium-dependent, therefore the rate at which
AAs are transported is dependent on the net sodium gradient across the mem-
brane. The single, double-hcaded arrow indicates that they are bi-directional trans-
porters however can only transport in one direction at any single point in time,
depending on the orientation of the sodium gradient. The remaining y° and L
transporters which have also been identified in mamrnary tissue (Baumrucker, 19853),
are non sodium-dependent and are thus drawn with light lines. These transporters
operate by exporting an amino acid while simultaneously importing another. There-
fore the rate of AA transport via these transporters is dependent on the relative
concentration of individual AAs, shown in square brackets, on either side of the
membrane. The figure shows that intracellular AAs are then available for each of
several metabolic processes including synthesis of milk proteins and constituent
tissue proteins which make up the cell and its contents. A proportion of both milk
protein and constituent protein are hydrolysed intracellularly and the resulting amino
acids recycled for subsequent use. Intracellular A As are also available for transami-
nation reactions to other AAs or to be oxidised in the tricarboxylic acid cycle.
Milk proteins would be secreted to the alveolar lumen after an appropriate time
delay to accommodate post-translational processes such as removal of the signal
peptide, glycosylation, and phosphorylation. All transactions including AA trans-
port, protein synthesis and degradation, and AA oxidation and transamination would
be described mathematically using scveral forms of saturable Michaelis-Menten
kinetic equations (France et al., 1998). We suggest that this is an appropriate re-
presentation of true mammary biology and that appropriate estimates for most of
the required parameters are available in the literature. We proposc development of
this mathematical model of mammary AA uptake and metabolism.
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STRESZCZENIE

Studia nad mechanistycznym modelem wchlaniania i przemian aminokwaséw w gruczole mle-
kowym Kkréw

W opracowaniu podano przeglad dostgpnych w literaturze informacji o pracach nad dynamicz-
no-mechanistycznym modelem przyswajania aminokwasow i ich wewnatrzkomdarkowym metaboliz-
mem z uwzglednieniem syntezy biatka mleka i tkanek gruczotu mlekowego krow w okresie lakeacji.
Realistyczny model biclogiczny, aby mogl by¢ traktowany jako mechanistyczny, musi bra¢ pod
uwagg kazdy z aminokwasdw, wehlanianie z pomocy transporterédw okreslone metodami in vitro
oraz in vive musi byt opisane dwukierunkowo, a takze musi uwzglednia¢ zapotrzebowanie do wy-
twarzania w gruczole mlekowym wszysikich biatek z wigczeniem o-laktoalbumin i B-globulin,
Koncepeyjne opracowanie szkielety takiego modclu jest zaawansowane.





