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When porcine endothelial cells were exposed to hy-
ertonicity, both the level of ATA2 (amino acid trans-
orter 2) mRNA and activity of amino acid transport
ystem A increased transiently, peaking after about 6
nd 9 h, respectively. Cycloheximide, like actinomycin
, prevented both responses, showing that an earlier

tep also involves protein synthesis. Withdrawal of
ypertonicity after 6 h increased the rate of down
egulation. These findings confirm that ATA2 is a ma-
or isoform of System A and show that changes in the
xpression of ATA2 mRNA precede both the induc-
ion and subsequent down regulation of transport
ctivity. © 2001 Academic Press

Key Words: ATA2 mRNA; System A; amino acid trans-
ort; hyperosmolarity; endothelial cell.

The amino acid transport known as “System A” was
iscovered several decades ago (1), soon shown to be
idespread, and since then has been studied exten-

ively. Its susceptibility to various different kinds of
egulation has also been known for a long time (2), but
he underlying mechanisms involved have remained as
lusive as the mechanism of the transport process it-
elf. One form of regulation is the transient increase of
he activity of System A in cells exposed to hypertonic-
ty, which has been demonstrated to occur in a similar

anner in a variety of different cells (3–13). Inhibitors
f transcription or translation prevent this increase of
ctivity in response to hypertonicity, but exactly which
essage (or messages) and protein (or proteins) are

nvolved is unresolved. For example, experiments
ith NBL-1 cells were interpreted in terms of an
smotically-sensitive gene coding for a protein that

Abbreviations used: ActD, actinomycin D; ATA, amino acid trans-
orter; ChX, cycloheximide; MeAIB, N-methylaminoisobutyric acid.
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he transporters (14), whereas studies with MDCK
ells led to the conclusion that “up regulation of System
” was “likely due to an increase in transporter num-
er” (10). The latter study also concluded that the
ubsequent down regulation of System A activity
ight be caused by “an intracellular factor produced

uring prolonged hypertonic stress.”
The main reason for this slow and uncertain

rogress has undoubtedly been the difficulty of identi-
ying and characterising the transporter at the molec-
lar level, because this meant that no useful probes,
uch as antibodies or cDNA, have been available for
he appropriate experimental study of regulation.
ow, however, this unsatisfactory situation has been

hanged by the recent cloning of at least three different
ransporters with some properties characteristic of the
classical” System A (15–21), which obviously must be
onsidered as a group of similar transporters. One of
hese, designated ATA2 (16, 20) or SAT2 (19) has been
escribed as “an amino acid transporter with func-
ional characteristics and tissue expression pattern
dentical to that of System A” (16). We have used its
DNA as a probe to investigate the induction of System
activity in some porcine endothelial cells during their

xposure to hypertonicity. The results presented below
erve to confirm the identity of ATA2 as a major iso-
orm of System A, and reveal that changes in the cel-
ular content of ATA2 mRNA are associated with both
he induction and the down regulation of the trans-
orter’s activity.

ATERIALS AND METHODS

Materials. A plasmid containing the human ATA2 cDNA was
indly provided by Dr. Vadivel Ganapathy (Department of Biochem-
stry and Molecular Biology, Medical College of Georgia, GA) and a
robe for 28S rRNA was obtained from Dr. Lorenza Tacchini (Uni-
ersity of Milan, Italy). Endothelial cells, obtained and cultured from
ig pulmonary arteries, and all other materials were exactly as



described in detail previously (13). The osmolality of normal growth
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edium was about 0.3 osmol/kg. Hypertonic growth medium con-
ained an additional 200 mM sucrose, giving a final osmolality of
bout 0.5 osmol/kg.

Methods. Total RNA was extracted from cultured cells using the
ltraspec RNA Isolation System from Biotecx (22). RNA samples (30
g) were transferred to nylon filters. The quality and quantity of
NA blotted on the membranes were checked by ultraviolet absorp-

ion. Human ATA2 cDNA (20) and 28S rRNA were nick-translated
Amersham kit) with [a-32P]dCTP (3000 Ci/mmol). Hybridization,
ashing, and autoradiography were carried out as described previ-
usly (23). The rate of uptake of MeAIB (used as the characteristic
ubstrate of amino acid transport System A) by endothelial cells was
easured exactly as explained previously (13), after the cells had

een incubated in isotonic or hypertonic medium for the desired
ime.

ESULTS

The usual stimulation of System A activity in re-
ponse to hypertonicity (Fig. 1A) was preceded by the
etection of ATA2 mRNA in the cells (Figs. 1B and 1C).
he amount of the mRNA was already high after 3 h of
ypertonic incubation, when induced transport activity
as only just detectable, and it had decreased mark-
dly by 9 h, when transport activity peaked. Thereafter
he transport activity also declined quite quickly.
TA2 mRNA has since been detected in cells exposed

o hypertonicity for only 0.5 h, before a significant
ncrease of amino acid transport could be measured
results not shown). This pattern is clearly consistent
ith the mRNA being a precursor to the induced ac-

ivity of System A.
The effects of inhibitors of transcription (actinomy-

in D) and translation (cycloheximide) on these cellular
esponses to hypertonicity are illustrated in Fig. 2.
ach inhibitor abolished the increase not only of Sys-

em A activity (Fig. 2A) but also of the amount of ATA2
RNA (Figs. 2B and 2C). Hence, although transcrip-

ion is necessary for the induction of System A activity,
nd the latter is accompanied by an increase in the
mount of ATA2 mRNA, the inhibition by cyclohexi-
ide shown in Fig. 2B indicates that the translation of

ome protein other than the transporter itself must be
ecessary first.
The data in Fig. 3 show that withdrawal of hyperto-

icity after 6 h caused a rapid loss of ATA2 mRNA,
uickly followed by a loss of the induced transport
ctivity of System A. The ATA2 mRNA decayed with a
alf-life (t1/2) of about 0.5 h (compared with about 3 h
nder hypertonic conditions), and System A activity
ecreased with t1/2 ' 2.5 h (compared with 6–7 h under
ypertonic conditions).

ISCUSSION

The results presented above show that hypertonic
timulation of System A activity is preceded by an
175
ncrease in the cellular content of ATA2 mRNA, which
uggests that increased transcription of the gene un-
erlies the increase in transport activity. Since cyclo-
eximide prevents this increase in ATA2 mRNA, how-
ver, it in turn must depend upon, and be preceded by,
he production or increased production of at least one
rotein. The latter could be (i) a component of any part

FIG. 1. Time course of the effect of hypertonicity on MeAIB
ptake and the expression of ATA2 mRNA. Endothelial cells were

ncubated for the indicated times in hypertonic (0.5 osmol/kg) me-
ium, sucrose being used as the extra osmolyte. Control cells were
ncubated in isotonic (0.3 osmol/kg) medium. (A) Solid symbols: ini-
ial rates of uptake of MeAIB by endothelial cells were measured as
escribed in the text. Values are the means (6 SEM) of 6 measure-
ents. Open symbols: values of the ratio ([ATA2 mRNA]/[28S

RNA]) from C. (B) Total cellular RNA was extracted and analysed
or ATA2 mRNA by Northern blotting as described in the text, with
8S rRNA used for standardisation. C, control cells. (C) Densitomet-
ic quantification of the blots in B, normalised to the level of 28S
RNA.
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f the cellular pathway from the hypertonic signal to
he transcription process; (ii) a transcription factor
ecessary for transcription of the ATA2 gene; (iii) a
erepressor of that transcription; or (iv) an inhibitor of
he normal degradation of ATA2 mRNA. The transcrip-
ion of the protein’s own gene might also be necessary.

FIG. 2. Inhibition of responses to hypertonicity by actinomycin D
nd cycloheximide. Endothelial cells were incubated for 6 h in either
sotonic (0.3 osmol/kg) or hypertonic (0.5 osmol/kg) medium, in the
bsence or presence of 800 nM actinomycin D (ActD) or 35 mM
ycloheximide (ChX). (A) Initial rates of uptake of MeAIB by endo-
helial cells were then measured as described in the text. Open bars,
sotonic medium; shaded bars, hypertonic medium. Values are the

eans (6 SEM) of 4 measurements. (B) Total cellular RNA was
xtracted and analysed for ATA2 mRNA by Northern blotting as
escribed in the text, with 28S rRNA used for standardisation. C,
ontrol cells incubated in isotonic medium. T, test cells incubated in
ypertonic medium. (C) Densitometric quantification of the blots in
, normalised to the level of 28S rRNA.
176
FIG. 3. Effects of withdrawal of hypertonicity. Samples from
ne set of endothelial cells were incubated for 6, 8, or 10 h in
ypertonic (0.5 osmol/kg) medium. Samples from another set were

ncubated identically for the first for 6 h but were then rinsed and
ncubated in isotonic (0.3 osmol/kg) medium for a further 0.5 to

h. (A) Initial rates of uptake of MeAIB by the endothelial cells
ere measured as described in the text. Solid symbols: samples

rom hypertonic conditions throughout. Open symbols: samples
rom cells transferred to isotonic conditions a after initial 6 h.
alues are the means (6 SEM) of 4 measurements. (B) Total
ellular RNA was extracted and analysed for ATA2 mRNA by
orthern blotting as described in the text, with 28S rRNA used for

tandardisation. C (lane 1), control cells incubated in isotonic
edium. T (lanes 2– 4), test cells, incubated in hypertonic me-

ium. T1 (lanes 5–7), cells transferred to isotonic medium after
h. (C) Densitometric quantification of the blots in B, normalised

o the level of 28S rRNA.



Although it is impossible to distinguish among these
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arious different explanations at present, each would
t with the interpretation that hypertonic stimulation
f System A activity results from an increased synthe-
is of the transporter, not from an increase in the
atalytic activity of the transporters already in the
lasma membrane. Hence our findings do not agree
ith the suggested explanation of the similar hyper-

onic stimulation of System A activity in NBL-1 cells
14).

The subsequent down-regulation of System A activ-
ty, whether under conditions of prolonged hypertonic-
ty or its withdrawal, is similarly preceded by a de-
rease in the cellular content of ATA2 mRNA. This
uggests that a decrease in the net synthesis of ATA2
s responsible for the down-regulation of transport ac-
ivity, rather than an inhibition of transporters already
resent in the plasma membrane. Hence the transport-
rs themselves, or at least the newly synthesised ones,
ust turn over quite rapidly. If this situation proves to

e the same in MDCK cells, which in every other re-
pect behave almost identically to these endothelial
ells under hypertonic conditions, it will not support
empson’s suggestion of down regulation being caused
y an intracellular inhibitor of System A activity pro-
uced during prolonged hypertonic stress (10). On the
ther hand, it would support his alternative interpre-
ation that the persistence of System A activity in
embrane vesicles isolated from the cells might have

een due to contamination by cytoplasmic membranes
ontaining System A, formed by endocytosis of the
lasma membrane as part of the normal turnover of
he transporter (10).

Whatever suppresses the initial stimulation of tran-
cription under prolonged hypertonic conditions is ob-
iously less effective than the complete removal of the
ypertonic signal, because the rate of down regulation
as considerably increased when hypertonicity was
ithdrawn after the 6 h (Fig. 3). This observation is

imilar to that made, over a longer time period, in the
tudy of the betaine/GABA transporter, BGT1 (13).
ence it’s likely that the mechanisms of both the in-
uction of ATA2 activity and its subsequent down reg-
lation are similar to those for the induction and down
egulation of BGT1.

Looked at another way, these findings provide con-
rmation that ATA2 is indeed a major isoform of the
irtually ubiquitous amino acid transport System A.
TA2 was first cloned from rat skeletal muscle (16)
nd our results with porcine endothelial cells have
een obtained with the use of human ATA2 cDNA as a
robe (20), so there is no indication of either species or
issue specificity. In contrast, ATA3 (21) has a very
imited tissue distribution and ATA1 (15, 18) does not
xhibit all the characteristics of the classically defined
ystem A.
177
auses a similar increase in System A activity that is
ot accompanied by an increase in expression of ATA2
RNA, indicating that, unless another system A iso-

orm is involved, post-transcriptional regulation medi-
tes this response in regenerating liver (24).
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