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Abstract

During lactation, the mammary gland increases the needs for nutrients to fulfill the milk production requirements. Among these nutrients,
amino acids play an important role for the synthesis of milk proteins. Amino acids are supplied to the mammary gland through amino acid
transporters, although some are synthesized in situ. The purpose of this study was to establish the pattern of changes in messenger RNA
abundance of the amino acid transporters ASC, system L, EAAC1, GLAST, CAT-1, and Tau in the mammary gland of the rat during different
stages of pregnancy and lactation. Rats were fed during pregnancy and lactation a 20% casein diet. Food intake increased significantly during
the lactation period. Amino acid transporter ASC expression increased during the first days of pregnancy about 2-fold, and it was increased in
a lesser extent again during the peak of lactation. The expression of system L (LAT-1) and CAT-1 transporters was increased only during the
lactation period. On the other hand, the expression of the transporters for anionic amino acids EAAC1 and GLAST was low during both
stages. Finally, taurine transporter expression decreased during pregnancy; and it was significantly lower during lactation. These results
showed that amino acid transporters were not expressed similarly in the mammary gland during pregnancy and lactation, indicating that the
expression of these transporters did not respond only to the metabolic needs of the gland but depended on the dietary protein supply and

possibly the specific hormonal changes that occur during pregnancy and lactation.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Pregnancy and lactation greatly increase the nutrient
needs. These are met by an increase in food intake and by
mobilization of body reserves, which accumulate during
pregnancy and are used during late pregnancy for fetal
growth and during lactation to sustain an active milk
synthesis. Thus, utilization of carbohydrates and lipids by
maternal tissues is minimized in favor of the fetus, placenta,
and mammary gland [1,2].

During lactation, uptake of amino acids from blood into
the mammary gland is enhanced [3-12] to support the high
requirement of amino acids needed to sustain an active
synthesis of milk proteins such as caseins [11,13-16].
Furthermore, oxidation of certain amino acids, mainly
branched-chain amino acids (BCAAs), increases during the
peak of lactation [17,18]. Some enzymes involved in BCAA
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catabolism are induced in response to lactation in the
mammary gland [17], shuttling more BCAA, especially
leucine, to increase in situ the novo fatty acid synthesis [12].
In addition, f-amino acids such as taurine, which is present
in maternal milk, are obtained from maternal sources.
Therefore, amino acid transport into the lactating mammary
gland can control the rate of substrates entry for the synthesis
of different milk components.

Amino acid uptake by the mammary gland is carried out
by different transporters located in the plasma membrane
of the mammary epithelial cells. Despite changes in
metabolic needs between pregnancy and lactation, and
the different pattern of hormones produced in the different
stages of pregnancy and lactation, there are few studies that
show the changes in the expression of the amino acid
transporters along these 2 stages in the mammary gland.
We have demonstrated that activity and expression of the
sodium-coupled neutral amino acid transporter 2 (SNAT2)
in rat mammary tissue increase progressively during
pregnancy until day 18 and decrease rapidly near the end
of pregnancy [19]. During lactation, SNAT2 messenger
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RNA (mRNA) increases again around days 12 to 16,
coinciding with the peak of milk production [20]. The
activity and expression of several amino acid transporters,
including the glutamate transporter [21-24], transporters for
neutral amino acids with branched or aromatic side chains
[25], B-amino acids [26,27], and cationic amino acids
[28,29], have been described in the lactating mammary
gland of various species. Among the expressed glutamate
transporters GLAST, GLT-1, and EAAC-1, the GLAST
transporter has been shown to be present in the mammary
gland; and its expression is modified by the diet [30].
Transport of neutral amino acids by a Na'-independent
mechanism involves transporters LAT1 and LAT2, which
are expressed in the mammary gland; however, the main
contribution of the transport of these amino acids in the
gland is via transporter LAT2 [25]. Cationic amino acids
are transported in the mammary gland via transporter CAT-
1 and CAT-2; however, it has been demonstrated that CAT-
1 resembles strongly the properties of system y+ [31].
There is no information about the expression of S-amino
acid transporters in the mammary gland. Data for the ASC
system have been controversial; Neville et al [32] did not
find evidence of ASC system activity in mouse mammary
tissue, whereas Verma and Kansal [33] demonstrated the
presence of this system in the same tissue. It has been
demonstrated that there are 2 isoforms of system ASC:
ASCTI1 and ASCT2. However, ASCT1 is mainly found in
the brain [34], whereas ASCT2 has been found in several
tissues [35] and possibly represents most of the ASC
system activity in the mammary gland. However, it is not
known whether the expression of the amino acid
transporters in the mammary gland is up-regulated during
lactation, which is the stage of high demand of milk
production, or during pregnancy to prepare the gland for
lactation and if the pattern of expression is the same for the
different amino acid transporters.

Therefore, the objective of the present work was to
determine whether the rat mammary gland expresses the

Table 1

Composition of the diet used in this study

Ingredients g/kg diet
Vitamin-free casein® 200
Dextrose® 344.2
Starch® 344.2
Corn oil 50
Inorganic nutrient mix® 50
Vitamin mix® 10
Choline citrate 1.65

? Teklad test diets.

° Rogers-Harper, Teklad test diets.

¢ Vitamin mix, Teklad 40060 (milligrams per kilogram diet): p-
aminobenzoic acid, 110; ascorbic acid, 991; biotin, 0.4; vitamin B12, 30;
calcium pantothenate, 66; choline dihydrogen citrate, 3497; folic acid, 2;
inositol, 110; menadione, 50; niacin, 99; pyridoxine HCI, 22; riboflavin, 22;
thiamin HCI, 22; vitamin A palmitate, 40; cholecalciferol, 4; and vitamin E
acetate, 242.

amino acid transporters CAT-1, GLAST, EAAC-I1,
ASCT-2, rBl6a (taurine), and LAT-1 and to determine
changes in mRNA abundance during pregnancy, lactation,
and weaning periods.

2. Materials and methods
2.1. Animals

A total of 45 female Wistar rats with a weight of 200
to 250 g were obtained from the animal research facility at
the Instituto Nacional de Ciencias Médicas y Nutricion.
Animals were housed in individual stainless steel cages at
18°C with a 12-hour light/dark cycle and allowed free access
to water and diet (Table 1). The diet was provided in dry
form and contained (grams per kilogram diet) 690 of
cornstarch and sucrose (1:1 ratio), 200 of vitamin-free
casein, 50 corn oil, 50 mineral mix, and 10 vitamin mix
(Teklad, Madison, WI). The same diet was administered
throughout pregnancy, lactation, and weaning.

Gestational age was determined by vaginal smear to
detect spermatozoa. Mammary gland tissue was obtained as
described below from virgin (n = 3 rats), pregnant (1, 5, 10,
14, 16, and 18 days) (n = 3 rats per day), lactating (1, 5, 10,
12, 14, 16, and 18 days) (n = 3 rats per day), and
postweaning rats (24 hours) (n = 3 rats). After delivery,
litters were adjusted to 8 pups per dam. Pups were weighed
after birth every 5 days. Rats were separated from their pups
at day 21 postpartum. Nonpregnant, nonlactating rats were
used as control rats and are referred to as virgin rats. This
study was approved by the Animal Care Committee of the
Instituto Nacional de Ciencias Médicas y Nutricion, México,
in accordance with international guidelines for the use of
animals in research.

2.2. Preparation of mammary tissue

Rats were anesthetized with CO, and then killed by
decapitation. The mammary gland was immediately
removed and frozen in liquid nitrogen. The tissue was
conserved at —80°C until use.

2.3. RNA preparation

Total RNA was extracted following the method of
Chomczynski and Sacchi [36]. Mammary tissue was
homogenized in guanidinium buffer containing 4 mol/L
guanidinium thiocyanate, 25 mmol/L sodium citrate (pH
7.0), 0.1 mol/L 2-mercaptoethanol, and 0.5% N-lauryl
sarcosine with a polytron (PT2000; Kinematica, Lucerne,
Switzerland) at the lowest setting. The homogenate was
centrifuged at 12 000g for 15 minutes at 18°C, and the
resulting supernatant was layered onto a cesium chloride
solution containing 5.7 mol/L CsCl and 25 mmol/L sodium
acetate (pH 5.2). The cesium chloride gradient was formed
by centrifugation at 113 000g for 18 hours at 18°C to yield
total RNA. The RNA was precipitated with 100% ethanol
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Table 2

Primers used to measure the expression of the amino acid transporters in the mammary gland during pregnancy and lactation

Gene Upper primer Lower primer

Annealing temperature (°C) GenBank accession no.

ASCT2 5" TTC TGG GCC TGG TCG TGT 3’ 5" TGG TGG CAT CAT TGA AGG AGT 3" 56.5 AJ132846
CAT1 5’ GTG CCC TTC CTT CTT GTC TCT 3’ 5’ CTG GGG CAC CTT CTG AAA 3/ 55.4 U70476
EAAC1 5’ CAT GCC GAT CGG TAT TTT GTT 3’ 5" ATT GCA AGC CCA CTC AGG A 3/ 535 U39555
Glut/ 5" TGC CCT TTC TTC TGA CTC TCA 3’ 5’ CAT TGG GGA GCC TCA CTT T 3’ 54.6 S59158
Asp

LAT1 5" TGG CCG TGA AAG AAA CCT 3’ 5" CAG TCC CCA AAG TCA GAA AGA 3" 55 AB015432
Taurine 5" TTC CAT CCT GGG CTT CAT 3’ 5" ATG GTC ACA GCT TTT GGG TAG 3’  54.6 M96601
p-Actin 5" GGT CGT ACC ACT GGC ATT GTG 3’ 5" GGA GCG CGT AAC CCT CAT AGA 3’ 56.8 NMO031144

and 3 mol/L sodium acetate (pH 5.2), washed twice in 75%
ethanol, and resuspended in sterile deionized water. The
RNA was quantified in a spectrophotometer (Beckman DU
640, Palo Alto, CA) by optical density at 260 nm and stored
at —80°C until use.

2.4. Relative gene expression by quantitative real-time
polymerase chain reaction

The first-strand complementary DNA was synthesized
from 100 ng of total RNA with the Multiscribe master Mix
(PE Applied Biosystems, Foster City, CA). Amino acid
transporter mRNA abundance was quantified by polymerase
chain reaction (PCR) using Power SYBR Green Master Mix
(PE Applied Biosystems). The procedure was optimized
regarding primer concentrations and denature/extension
temperatures. Different primer concentrations were probed,
and the optimum found at 0.2 umol/L was used for all the
genes tested. The optimized temperatures used for each gene
were as follows: ASCT-2, 56.5°C; CAT-1, 55°C; EAAC-1,
53.5°C; LAT-1 and GLAST, 55°C. The reaction was carried
out in a 25-uL final reaction volume containing 0.2-umol/L
concentration of each forward and reverse primer, 3 ulL of
100 ng complementary DNA (template), 9 uL distilled
water, and 12.5 uL of kit-supplied SYBR PCR master mix
(including SYBR Green I dye, Ampli Taq Gold DNA
polymerase, dNTPs, passive reference, and optimized buffer
components). Positive and negative reference samples were
tested along with the unknown samples in each run. Two
different pairs of primers were separately used: 1 pair to
amplify the gene of interest and the other pair for the
endogenous control gene fB-actin. Because mammary gland
during gestation and lactation has changes in cell differentia-
tion, we studied first changes in mRNA abundance of
different housekeeping genes including glyceraldehyde-3-
phosphate dehydrogenase, 18S, and p-actin. The less
variable gene was f-actin, and its variability was about
+10.2% (0.91-1.12) along pregnancy and lactation with
respect to the beginning of gestation; but it did not reach
significant difference according to 1-way analysis of
variance. Thus, it was selected as the reference gene. The
forward and reverse primers for each amino acid transporter
and f-actin genes were designed with the Oligo 5.0 software
(National Biosciences, Inc, Plymouth, MN) and are

described in Table 2. The ABI PRISM 7000 system was
used for the reaction and detection (Applied Biosystems). A
disassociation curve was generated in each run to verify the
specificity of PCR products.

2.5. Statistical analysis

Values are expressed as mean =+ standard error of the
mean. Results were evaluated using 1-way analysis of
variance for fixed effects followed by Fisher protected
least significant difference test (SPSS 11.0 for Macintosh;
SPSS, Chicago, IL). Differences were considered signifi-
cant at P less than .05.

3. Results

3.1. Weight gain and food intake during pregnancy and
lactation

At the beginning of the study, dams weighed in average
284 + 5.8 g. Dams were fed a 20% casein diet during
pregnancy and gained approximately 112 + 13.5 g (Fig. 1A),
with an average daily food intake of 20 + 4.8 g (Fig. 1B).
After pregnancy, the dams lost 58 + 13.8 g and maintained an
average weight of 317 + 12.3 g during lactation (Fig. 1A).
However, food intake during lactation increased from 26 =+
4.4 g/d at the beginning of lactation to about 100 = 1.7 g/d at
the end of lactation (Fig. 1B). The change in food intake is
associated with an increase in the pups’ weight gain; and
after 21 days of lactation, pups gained approximately 39.3 +
1.9 g (Fig. 1C).

3.2. The Na " -dependent amino acid transporter ASCT2
is expressed in the mammary gland predominantly
during pregnancy

Transporter ASCT2 mRNA abundance in the mammary
gland increased 3.2-fold (P < .0001) at day 10 of
pregnancy when compared with the virgin rats. After day
10 of pregnancy, mRNA abundance decreased (P <.0001).
There was a 2-fold increase in ASCT2 mRNA abundance
from day 5 to 10 of lactation (P < .04), followed by a
decrease thereafter (P <.003) until the first day of weaning
(Fig. 2A).
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3.3. The Na"-independent transport of neutral amino acids
by L system is preferentially expressed in the mammary
gland during lactation

Transporter LAT-1 mRNA abundance increased (P <.05)
from day 5 to 10 of lactation, reaching a significant 20-fold
increase at day 10 (P <.002), when compared with the virgin
rat mammary gland. LAT-1 mRNA expression was the
highest on lactation days 14 and 16 (P <.0001). There was a
sharp rise in mRNA abundance on day | postweaning (P <
.0001). During pregnancy, there was no difference in LAT-1
mRNA expression when compared with the virgin rats
(Fig. 2B).

3.4. The Na"-independent cationic amino acid transporter
CAT-1 is preferentially expressed in the rat mammary gland
during lactation

Abundance of CAT-1 mRNA increased during lactation
compared with pregnancy (P <.0015). The maximum level
of expression was attained at day 14, where a 12-fold
increase (P <.0001) was observed, when compared with the
first day of lactation. During pregnancy, there were no
differences in mRNA abundance compared with virgin rats
(Fig. 2C).

3.5. The Na"-dependent glutamate transporters EAACI and
GLAST are expressed only at low levels in the rat mammary
gland during pregnancy, lactation, and postweaning

There was low mRNA abundance of EAAC1 and GLAST
transporters during lactation (Figs. 3A, B). For EAACI,
mRNA abundance was lower in pregnancy when compared
with the virgin rats; and its expression remained similar
across pregnancy, lactation, and postweaning. On the other
hand, the GLAST transporter mRNA abundance dropped
gradually from day | to the middle of pregnancy (P <.0001)
and remained similar across lactation and postweaning
(Fig. 3A, B).

3.6. The Na'-dependent transport of B-amino acids is
preferentially expressed during pregnancy in the rat
mammary gland

Taurine transporter mnRNA abundance peaked at day 5 of
pregnancy (P < .0001), followed by a consistent decrease
through pregnancy. This level of expression was maintained
until day 18, to decrease again at the first day of lactation
(P <.000) to levels not significantly different from the virgin
rats (Fig. 3C).

4. Discussion

The lactating mammary gland has an increased require-
ment of amino acids to synthesize milk proteins. As a
consequence, there is also an increase in the uptake of amino
acids by the gland as has been described in several species by
measuring plasma amino acid arteriovenous differences

450
400 <
350

L
300 || IH} I IH

250 4

Dams weight (g)

200

0 10 20 10 20

A Pregnancy Lactation

120 S
100
80
60

40 4

20-M
[

0 1 ID 2'0 1b 2'0

Food intake (g/d)

Lactation

B Pregnancy
60

Pups weight (g)

0 5 10 15 20 25
C Lactation (d)

Fig. 1. Weight gain (A) and food intake (B) during pregnancy and lactation
of dams consuming a 20% casein diet. Weight gain (C) of pups during
lactation.

across the mammary gland [37-40]. However, it has not been
shown whether the elevated needs of amino acids for the
mammary gland coincide with an elevated expression of the
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amino acid transporters to fulfill the amino acid require-
ments. Our study clearly showed that the expression of the
amino acid transporters in terms of abundance of specific
mRNA changed during specific stages of pregnancy or
lactation, indicating that the regulation of the expression of
the genes for each transporter is controlled by different
factors, presumably involving specific hormones and the
amount of diet consumed.

The presence of the ASC system in the mouse mammary
gland has been suggested [41], along with specificity for
methionine transport. Our study confirms the presence of
ASCT?2 transporter in the rat mammary gland and also
shows that it is highly expressed during pregnancy, but is
also present during lactation. A very similar pattern of
expression was observed previously for transport system A
(SNAT2) [20]. During lactation, the most actively trans-
ported amino acids into the mammary gland are alanine and
glutamine, which are substrates of system ASC [42] and A,
respectively [11]. It has been recently shown that alanine
concentration increases in the mammary gland during
lactation, possibly to increase adenosine triphosphate
concentration [43], as a result of an increase in the activity
of the amino acid degrading enzyme alanine aminotransfer-
ase in the mammary gland [44]. Thus, the increase in
alanine in the mammary gland is associated with an
increased uptake of this amino acid via system ASC and
A. We have recently shown in mammary gland explants that
SNAT2 mRNA abundance is activated by estradiol and also
by prolactin, indicating that both hormones are stimulators
of the SNAT2 gene [20]. There are no studies that show that
ASC system is also responsive to these hormones, but its
pattern of expression indicates that these hormones might
be involved in its regulation.

In addition to alanine, the anionic amino acids glutamate
and aspartate are abundant in the lactating mammary gland.
It is not clear whether the concentration of these amino
acids increases as a consequence of their transport or
because they are actively synthesized in situ. Several studies
have demonstrated the activity of glutamate transporters in
the lactating mammary gland of rats and mice [21-24]. In
contrast, although our results showed that the transporters
for anionic amino acids GLAST and EAAC] are present in
the mammary tissue, their mRNA concentration did not
change during pregnancy, lactation, or postweaning periods.
Despite glutamate and aspartate being abundant free amino
acids in the mammary gland and also in casein proteins
[9,15], we suggest that the transport of these amino acids
may not be a limiting factor controlling their intracellular
concentration and that, perhaps, the endogenous synthesis is
more important. For instance, it has been shown that
glutamate is synthesized in the mammary gland by
transamination of the BCAAs with the mitochondrial
isoform of the BCAA aminotransferase and that the
expression of this enzyme increases during lactation,
indicating increased synthesis of glutamate during this
stage [17].

Most of the large neutral amino acids are indispensable
amino acids that are obtained from the diet. To sustain
protein synthesis in the mammary gland, these amino acids
are transported by the L system, which consists of LATI,
LAT2, and 4F2hc proteins [45]. Our results showed an
important increase in LAT1 expression during lactation, but
not during pregnancy. This increase paralleled the increase in
food and protein intake observed during lactation. These
results are in accordance with those of Shennan et al [25],
who described the presence of LAT-1 in mammary tissue
from lactating rats. In addition, a recent study also showed
that LAT-1 expression is higher in lactation than in
pregnancy in mammary gland from mice [43].

Cationic amino acids are actively transported into the
lactating mammary gland by Na'-independent transport
systems [46-49], but the cationic amino acid transporters
have been poorly described in the mammary gland [28,50].
In this study, CAT-1 mRNA abundance increased during
lactation when compared with the virgin rats. This pattern
parallels LAT1 expression in the mammary gland, and this
may explain in part the interaction between cationic and
large neutral amino acids in the mammary gland because
large neutral amino acids such as leucine stimulate the efflux
of lysine [48,49].

Taurine is one of the most abundant amino acids in milk,
and a high intracellular taurine level has been showed in the
mammary gland [26]. Sturman et al [27] demonstrated that
radiolabeled taurine injected intraperitoneally into lactating
rats is transported into milk. Our results showed that taurine
transporter mRNA was highly abundant during pregnancy in
the rat mammary gland, but was not different in lactation
from that observed in the virgin rats. These results are in
agreement with those observed in microarray analysis that
showed a reduction in the expression of this transporter in
mice mammary gland during lactation in comparison with
pregnancy [43]. The expression of the rate-limiting enzyme
required for taurine synthesis, cysteine sulfinate decarbox-
ylase (EC 4.1.1.29), is highly induced during pregnancy and
lactation [51,52], suggesting that taurine might be synthe-
sized de novo in the mammary gland and not only
transported from the blood.

This study showed the differential mRNA abundance of
several amino acid transporters across stages of pregnancy
and lactation in the rat mammary gland. Our results showed
that the mRNA abundance of the transporters studied did not
follow the same pattern along pregnancy and lactation.
Transporters for anionic amino acids decreased rapidly their
expression from the beginning of pregnancy, and no change
was observed during lactation. Taurine and ASCT2 trans-
porters expression is strongly induced during pregnancy,
with modest changes during lactation. CAT1 and LATI
expression did not occur during pregnancy, but were up-
regulated during lactation. Results from this and other
studies demonstrate that mRNA concentration of the amino
acid transporters studied changes differentially during
pregnancy and lactation [20,28]. Therefore, expression of
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each transport gene must be regulated in a different manner.
Apparently, some transporters are not responding to the
metabolic and nutritional needs of the mammary gland cells.
More studies are needed to understand the physiologic
reason for this differential pattern of expression of the amino
acid transporters in the mammary gland during pregnancy
and lactation.

Acknowledgment
Supported by grant CONACYT 46134.

References

[1] Millican PE, Vernon RG, Pain VM. Protein metabolism in the mouse
during pregnancy and lactation. Biochem J 1987;248:251-7.

[2] Williamson DH. Integration of metabolism in tissues of the lactating
rat. FEBS Lett 1980;117(Suppl):K93-K105.

[3] Barber T, Triguero A, Martinez-Lopez I, Torres L, Garcia C, Miralles
VI, et al. Elevated expression of liver gamma-cystathionase is required
for the maintenance of lactation in rats. J Nutr 1999;129:928-33.

[4] Bell AW. Regulation of organic nutrient metabolism during

transition from late pregnancy to early lactation. J Anim Sci 1995,

73:2804-19.

Hanigan MD, Calvert CC, De Peters EJ, Reis BL, Baldwin RL.

Kinetics of amino acid extraction by lactating mammary glands in

control and sotribove-treated Holstein cows. J Dairy Sci 1992;75:

161-73.

Linzell JL, Peaker M. Changes in colostrum composition and in the

permeability of the mammary epithelium at about the time of

parturition in the goat. J Physiol (London) 1974;243:129-51.

[7] Mepham TB. Synthesis and secretion of milk proteins. In: Peaker M,
editor. Comparative aspects of lactation. London: Academic; 1977. p.
57-75.

[8] Metcalf JA, Sutton JD, Cockburn JE, Napper DJ, Beever DE. The
influence of insulin and amino acid supply on amino acid uptake by the
lactating bovine mammary gland. J Dairy Sci 1991;74:3412-20.

[9] Trottier NL, Shipley CF, Easter RA. Plasma amino acid uptake by the
mammary gland of the lactating sow. J Anim Sci 1997;75:1266-78.

[10] VinaJR, Puertes IR, Vina J. Effect of premature weaning on amino acid
uptake by the mammary gland of lactating rats. Biochem J 1981;200:
705-8.

[11] Vifa JR, Williamson DH. Utilization of L-alanine and L-glutamine by
lactating mammary gland of the rat. A role for L-alanine as a lipogenic
precursor. Biochem J 1981;196:757-62.

[12] Vina JR, Williamson DH. Effects of lactation on L-leucine metabolism
in the rat. Biochem J 1981;194:941-7.

[13] De Santiago S, Gonzalez M, Barbosa L, Hernandez-Montes H,
Villalpando S. Maternal protein metabolism during lactation and
abrupt weaning in the rat. In: Picciano MF, Lonnerdal B, editors.
Mechanisms regulating lactation and infant nutrient utilization. New
York: Wiley-Liss; 1991. p. 373-80.

[14] Sampson DA, Jansen GR. The effecto of dietary protein quality and
feeding level on milk secretion and mammary protein synthesis in the
rat. J Pediatr Gastroenterol Nutr 1985;4:272-6.

[15] Shennan DB, Peaker M. Transport of milk constituents by the
mammary gland. Physiol Rev 2000;80:925-51.

[16] Tovar AR, Becerril E, Hernandez-Pando R, Lopez G, Suryawan A, De
Santiago S, et al. Localization and expression of BCAT during
pregnancy and lactation in the rat mammary gland. Am J Physiol
Endocrinol Metab 2001;280:E480-8.

[17] DeSantiago S, Torres N, Suryawan A, Tovar AR, Hutson SM.
Regulation of branched-chain amino acid metabolism in the lactating
rat. J Nutr 1998;128:1165-71.

[5

[k}

6

—_

[18] DeSantiago S, Torres N, Tovar AR. Leucine catabolism in mammary
tissue, liver and skeletal muscle of dam rat during lactation and
weaning. Arch Med Res 1998;29:25-32.

[19] Tovar AR, Avila E, DeSantiago S, Torres N. Characterization of
methylaminoisobutyric acid transport by system A in rat mammary
gland. Metabolism 2000;49:873-9.

[20] Lopez A, Torres N, Ortiz V, Aleman G, Hernandez-Pando R, Tovar
AR. Characterization and regulation of the gene expression of amino
acid transport system A (SNAT2) in rat mammary gland. Am J Physiol
Endocrinol Metab 2006;291:E1059-66.

[21] Kansal VK, Sharma R, Rehan G. Characterization of anionic amino
acid transport systems in mouse mammary gland. Indian J Exp Biol
2000;38:1097-103.

[22] Martinez-Lopez I, Garcia C, Barber T, Vina JR, Miralles VJ. The L-
glutamate transporters GLAST (EAAT1) and GLT-1 (EAAT2):
expression and regulation in rat lactating mammary gland. Mol
Membr Biol 1998;15:237-42.

[23] Millar ID, Calvert DT, Lomax MA, Shennan DB. The mechanism of L-
glutamate transport by lactating rat mammary tissue. Biochim Biophys
Acta 1996;1282:200-6.

[24] Millar ID, Calvert DT, Lomax MA, Shennan DB. Substrate specificity
of the mammary tissue anionic amino acid carrier operating in the
cotransport and exchange modes. Biochim Biophys Acta 1997;1326:
92-102.

[25] Shennan DB, Calvert DT, Travers MT, Kudo Y, Boyd CA. A study of
L-leucine, L-phenylalanine and L-alanine transport in the perfused rat
mammary gland: possible involvement of LAT1 and LAT2. Biochim
Biophys Acta 2002;1564:133-9.

[26] Shennan DB, McNeillie SA. High affinity (Na(+) + Cl-)-dependent
taurine transport by lactating mammary tissue. J Dairy Res 1994;61:
335-43.

[27] Sturman JA, Rassin DK, Gaull FE. Taurine in developing rat brain:
transfer of [35 S] taurine to pups via the milk. Pediatric Res 1977;11:
28-33.

[28] Perez Laspiur J, Burton JL, Weber PSD, Kirkwood RN, Trottier NL.
Short Communication: Amino acid transporters in porcine mammary
gland during lactation. J Dairy Sci 2004;87:3235-7.

[29] Sloan JL, Mager S. Cloning and functional expression of a human Na+
and Cl- - dependent neutral and cationic amino acid transporter BO,+. J
Biol Chem 1999;274:23740-5.

[30] Martinez-Lopez I, Garcia C, Barber T, Vina JR, Miralles VJ. The L-
glutamate transporters GLAST (EAAT1) and GLT-1 (EAAT2):
expression and regulation in rat mammary gland. Mol Membr Biol
1998;15:237-42.

[31] Closs EI, Boissel JP, Habermeier A, Rotmann A. Structure and
function of cationic amino acid transporters (CATs). J] Membr Biol
2006;213:67-717.

[32] Neville MC, Lobitz CJ, Ripoll EA, Tinney C. The sites for a-
aminoisobutyric acid uptake in normal mammary gland and ascites
tumor cells. J Biol Chem 1980;255:7311-6.

[33] Verma N, Kansal VK. Characterisation of the routes of methionine
transport in mouse mammary glands. Indian J] Med Res 1995;98:
297-304.

[34] Arriza JL, Kavanaugh MP, Fairman WA, Wu YN, Murdoch GH, North
RA, et al. Cloning and expression of a human neutral amino acid
transporter with structural similarity to the glutamate transporter gene
family. J Biol Chem 1993;268:15329-32.

[35] Bode BP. Recent molecular advances in mammalian glutamine
transport. J Nutr 2001;131:2475S-85S [discussion 86S-7S].

[36] Chomczynski P, Saachi N. Single step method for RNA isolation by
acid Guanidinum Thyocinate-Phenol-Chloroform Extraction. Anal
Biochem 1987;162:156-9.

[37] Fleet IR, Mepham TB. Mammary uptake of amino acids and
glucose throughout lactation in Friesland sheep. J Dairy Res 1985;
52:229-37.

[38] Guan X, Pettigrew JE, Ku PK, Ames NK, Bequette BJ, Trottier NL.
Dietary protein concentration affects plasma arteriovenous difference



G. Aleman et al. / Metabolism Clinical and Experimental 58 (2009) 594-601 601

of amino acids across the porcine mammary gland. J Anim Sci 2004;
82:2953-63.

[39] Mepham TB, Linzell JL. A quantitative assessment of the contribution
of individual plasma amino acids to the synthesis of milk proteins by
the goat mammary gland. Biochem J 1966;101:76-83.

[40] Vina JR, Puertes IR, Montoro JB, Vina J. Effect of starvation and
refeeding on amino acid uptake by mammary gland of the lactating rat.
Role of ketone bodies. Biochem J 1983;216:343-7.

[41] Verma N, Kansal VK. Characterisation of the routes of methionine
transport in mouse mammary glands. Indian J] Med Res 1993;98:
297-304.

[42] Kanai Y, Segawa H, Chairoungdua A, Kim JY, Kim DK, Matsuo H, et
al. Amino acid transporters: molecular structure and physiological
roles. Nephrol Dial Transplant 2000;15:9-10.

[43] Rudolph MC, McManaman JL, Phang T, Russell T, Kominsky DJ,
Serkova NJ, et al. Metabolic regulation in the lactating mammary
gland: a lipid synthesizing machine. Physiol Genomics 2007;28:
323-36.

[44] De Santiago S, Aleman G, Hernandez-Montes H. Alanine amino-
transferase activity in mammary tissue, muscle and liver of dam rat
during lactation and weaning. Arch Med Res 1996;27:443-8.

[45] Palacin M, Kanai Y. The ancillary proteins of HATs: SLC3 family of
amino acid transporters. Pflugers Arch 2004;447:490-4.

[46] Baumrucker CR. Cationic amino acid transport by bovine mammary
tissue. J Dairy Sci 1984;67:2500-6.

[47] Hurley WL, Wang H, Bryson JM, Shennan DB. Lysine uptake by
mammary gland tissue from lactating sows. J Anim Sci 2000;78:391-5.

[48] Calvert DT, Shennan DB. Evidence for an interaction between cationic
and neutral amino acids at the blood-facing aspect of the lactating rat
mammary epithelium. J Dairy Res 1996;63:25-33.

[49] Shennan DB, McNeillie SA, Jamieson EA, Calvert DT. Lysine
transport in lactating rat mammary tissue: evidence for an interaction
between cationic and neutral amino acids. Acta Physiol Scand 1994;
151:461-6.

[50] Vekony N, Wolf S, Boissel JP, Gnauert K, Closs EI. Human cationic
amino acid transporter hCAT-3 is preferentially expressed in peripheral
tissues. Biochemistry 2001;40:12387-94.

[51] Hu JM, Ikemura R, Chang KT, Suzuki M, Nishihara M, Takahashi M.
Expression of cysteine sulfinate decarboxylase mRNA in rat mammary
gland. J Vet Med Sci 2000;62:829-34.

[52] Ueki I, Stipanuk MH. Enzymes of the taurine biosynthetic pathway are
expressed in rat mammary gland. J Nutr 2007;137:1887-94.



	Changes in messenger RNA abundance of amino acid transporters in rat mammary gland during pregn.....
	Introduction
	Materials and methods
	Animals
	Preparation of mammary tissue
	RNA preparation
	Relative gene expression by quantitative real-time �polymerase chain reaction
	Statistical analysis

	Results
	Weight gain and food intake during pregnancy and lactation
	The Na+-dependent amino acid transporter ASCT2 �is expressed in the mammary gland predominantly.....
	The Na+-independent transport of neutral amino acids by L system is preferentially expressed in.....
	The Na+-independent cationic amino acid transporter CAT-1 is preferentially expressed in the ra.....
	The Na+-dependent glutamate transporters EAAC1 and GLAST are expressed only at low levels in th.....
	The Na+-dependent transport of β-amino acids is preferentially expressed during pregnancy in th.....

	Discussion
	Acknowledgment
	References




