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ABSTRACT. The placenta supplies many nutrients to the
fetus, including amino acids by active transport. Although
the exact regulatory mechanism is unknown, a few studies
have suggested a role for calcium in amino acid transport.
Therefore, we examined the relationship between calcium
and amino acid uptake by term human placental slices.
Calcium depletion of slices significantly reduced uptake of
a-aminoisobutyric (AIB), which is actively transported
primarily by a sodium-dependent, carrier-mediated mech-
anism. Impairment of AIB uptake induced by calcium
depletion was reversed by repletion with calcium but not
with other divalent cations. In contrast, uptake of phenyl-
alanine, which is transported primarily by a sodium-inde-
pendent mechanism, was not affected by calcium depletion.
Uptake of leucine and valine, which accumulate by both
sodium-dependent and independent mechanisms, was par-
tially affected by calcium depletion. Verapamil (10 uM),
an inhibitor of transmembrane calcium flux, significantly
reduced AIB uptake. Trifluoperazine, a calmodulin antag-
onist, also inhibited AIB uptake. Analysis of AIB uptake
kinetic constants for control and calcium-depleted slices
showed no change in the diffusion constant, a 37% reduc-
tion in Vmax, and a 2-fold increase in Km. The results
indicate that calcium may be an important factor in the
cellular regulation of active transport of amino acids. (Pe-
diatr Res 23: 9-13, 1988)

Abbreviations

EBSS, Earle’s balanced salt solution

AIB, *C-amino isobutyric acid

Val, "C-value

EGTA, ethyleneglycol-bis-(B-aminoethyl ether) N,N” tet-
raacetic acid

ICW, intracellular water

Kd, diffusion constant

Y, transport velocity

R, ratio

Maternal to fetal transfer of nutrients by the placenta is critical
to normal fetal growth. Among these nutrients are essential
amino acids. The placenta actively transports neutral amino
acids, maintaining a higher concentration in fetal blood than in
maternal blood. Enders ef a/. (1) have demonstrated at least three
neutral amino acid transport systems in human placental villous
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tissue, which correspond approximately to the A, L, and ASC
systems described by Christensen and coworkers (2, 3). The A
and ASC systems are known to be sodium dependent; the L
system is sodium independent. In some cases, the transport
systems have overlapping specificity. Although some of the char-
acteristics of the transport mechanisms are characterized, the
precise mechanisms for regulation of active transport for each
system remain uncertain.

Early studies by Christensen (4) suggested that ir vitro amino
acid uptake by rat diaphragm may be calcium dependent. More
recently, studies with isolated hepatocytes have indicated that
glucagon stimulation of the A system is calcium sensitive (5).
Since the placenta is a readily available source of human trans-
port epithelium, we have examined the effect of tissue calcium
depletion upon amino acid uptake by term human placental
villous slices.

MATERIALS AND METHODS

EBSS with glucose and phenol red was obtained from Gibco
Laboratories (Grand Island, NY); “C-AIB, '“C-valine, '“C-leu-
cine, '*C-phenylalanine, '“C-inulin from New England Nuclear
(Boston, MA); nonradioactive amino acids, choline chloride,
choline bicarbonate, trifluoperazine, EGTA, cycloheximide, and
actinomycin D from Sigma Chemical Co (St. Louis, MO). Ver-
apamil HCI was a gift from Mr. T. B. Martinez, G. D. Searle &
Co. (Skokie, IL).

Term placentas were obtained and slices were prepared by a
modification of the methods of Smith et al. (6), as described
previously (7). Briefly, slices were prepared within 20 min of
delivery, rinsed three times in ice cold physiologic saline, and
incubated in EBSS, pH 7.4, at 37° C in a Dubnoff metabolic
shaking incubator. In all incubations the tissue to volume ratio
was 10-20 mg/ml EBSS. In order to modify the tissue calcium
content, slices were exposed to a series of incubations. Following
the 30-min incubation in complete EBSS (preincubation phase),
slices were depleted of calcium by a 30 minute incubation in
calcium-free EBSS containing 2 mM EGTA (depletion phase).
Amino acid uptake (uptake phase) was determined after the
depletion phase, in order to assess the effect of diminished tissue
calcium. In some experiments, the depletion phase was followed
by incubation in calcium (1.8 mM)-containing EBSS for 60 min
(repletion phase), to restore tissue calcium. This repletion phase
was inserted into the protocol prior to uptake in order to assess
reversibility. Repletion with the ionophore A23187 offered no
advantage (in terms of restoration of AIB uptake) over 60 min
repletion without ionophore. Therefore, A23187 was not used in
this phase of the protocol.

To evaluate the effectiveness of the depletion phase on decreas-
ing total tissue calcium, slices were incubated in calcium-free
EBSS, containing 2 mM EGTA for 30 min. Following incuba-
tion, slices were washed in calcium-free EBSS, homogenized,
extracted with 6 N nitric acid at 90° C for 60 min, centrifuged at
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3000 X g for 10 min, and the supernatant utilized for measure-
ment of total tissue calcium. The calcium concentration in both
the acid extract supernatant was determined by atomic absorp-
tion flame spectrometry, using a Perkin-Elmer model 3058 spec-
trometer.

Accumulation of amino acid during the uptake phase was
measured by incubating two slices each in sealed 25-ml flasks,
containing 5 ml of aerated (95% O./5% CO,) EBSS and radio-
labeled amino acid, under an atmosphere of 95% 0,/5% CO..
Final amino acid concentrations in the medium were 125 uM
for AIB and 50 uM for leucine, valine, and phenylalanine. At
the end of the uptake phase, slices were pressure-blotted, weighed
and processed to determine radioactivity per ml ICW (8). Extra-
cellular water was calculated from the "*C-inulin space in separate
slices for each placenta (7). Transport activity was expressed as
the R of the concentration of '*C-amino acid in the intracellular
water to that in the medium (8).

In some experiments, verapamil (0.1-50 uM) was added to
either the repletion and/or uptake phases (Table 1) to study the
effect of blocking transmembrane calcium flux. In other experi-
ments, trifluoperazine (10-100 M) was added to the uptake
phase to assess the effect of calmodulin blockade upon amino
acid transport. Experiments designed to determine the role of
new protein synthesis utilized cycloheximide (1 ug/ml) and
actinomycin D (1 ug/ml) in the repletion and uptake phases.

To study the effect of calcium depletion on sodium-independ-
ent transport, amino acid uptake was carried out in sodium-free
EBSS. Sodium was replaced with equimolar choline; otherwise
the tissue handling procedure was unaltered.

For determination of the AIB Kd and Y, the method of Akedo
and Christensen (9), as described by Smith (10), was used. The
other AIB transport kinetic parameters, Km and Vmax, were
determined using the Woolf-Augustinsson-Hofstee plot (20).

Data are expressed as mean + SEM and analyzed by the ¢ test
for paired data or by analysis of variance. Differences between
group means were considered significant for p < 0.05.

RESULTS

Effect of EGTA treatment on tissue calcium and fluid distri-
bution. EGTA treatment reduced the total tissue calcium by
approximately 50% similar to that reported for rat hepatocyte
studies (11): control = 5.98 + 0.51 mg/g tissue; calcium depleted
= 3.37 £ 0.45 mg/g tissue. Subsequent incubation in calcium
containing-EBSS for 60 min restored tissue calcium to 85-90%
of control levels. Calcium depletion by EGTA treatment had no
effect on total, ICW, or extracellular water concentrations (Table
1).

Effect of tissue calcium depletion upon amino acid uptake.
Tissue calcium depletion significantly reduced AIB uptake over
a 60-min uptake time course (Figs. 1 and 2). This effect was
reversed when tissue was repleted with calcium prior to Uptake
(Fig. 1). Active accumulation of AIB into placental slices was
temperature sensitive: after incubation for 60 min at 4° C, the R

Table 1. Effect of calcium depletion on fluid distribution*

Percent wet wt

Treatment ECW ICW ™
+Ca 37.9+ 09 432+ 1.1 81.2+0.6
—Ca 39.1£1.5 433+ 1.6 82.5+0.6

* Placental slices were incubated in either control EBSS or calcium-
free EBSS containing 2 mM EGTA for 30 min (depletion phase).
Following the repletion phase, slices were further incubated for 60 min
with "“C-inulin. Slices were rinsed in calcium-free EBSS, pressure-blotted,
weighed, and processed as described in the text to determine '*C-inulin
space. Values represent means * SE of eight experiments totaling 48
slices. ECW, extracellular water; TW = total water.
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Fig. 1. Effect of Ca** depletion and repletion on AIB uptake by term
human placental slices. Slices were incubated as described in Table 1. A
60-min AIB uptake was determined for control (O), Ca** depleted (W),
and Ca** Repleted (A) slices. Values are mean R + SEM from five to
nine experiments totaling 25-45 slices. *p < 0.01. (analysis of variance).
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Fig. 2. Effect of Ca*™ depletion on amino acid uptake by human
placental slices in the presence of sodium. Amino acid uptake by either
control or Ca**-depleted slices was carried out in the presence of sodium.
*p < 0.01. n = number of observations.

was 0.75 + 0.03. This suggest that nonspecific binding does not
contribute to an R > 1.

Tissue calcium depletion also reduced uptake of leucine and
valine (Fig. 2). However, the percentage of uptake which was
calcium sensitive was smaller than that seen with AIB. Human
placental slice uptake of phenylalanine, on the other hand, was
unaffected by reduced tissue calcium.

Effect of calcium depletion upon sodium-independent amino
acid uptake. When sodium was replaced with choline in the
incubation medium, active uptake of AIB was eliminated, as
indicated by an R of essentially 1 (Fig. 3). The small amount of
AIB which did enter the tissue, presumably due to the binding
and diffusion, was unaffected by calcium depletion (Fig. 3).
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Fig. 3. Effect of Ca** depletion on amino acid uptake by human
placental slices in the absence of sodium. Amino acid uptake by either
control or Ca**-Depleted slices was carried out in the absence of sodium.
Sodium was replaced by choline. *p < 0.01. n = number of observations.

However, active uptake of other neutral amino acids, leucine
and valine, were only partially reduced by the absence of sodium
in the medium. Therefore, uptake of these amino acids were
both sodium-dependent and sodium-independent. Approxi-
mately 24% of leucine and 25% of valine uptake is sodium-
dependent in human placental slices. Phenylalanine, an aromatic
amino acid that has high selectivity for the L system in other
tissues, was totally sodium independent.

Depletion of tissue calcium reduced both the sodium-depend-
ent and sodium-independent uptake of leucine and valine (Figs.
2 and 3). However, phenylalanine uptake was unaffected by
calcium depletion in the presence or absence of sodium.

Specificity of calcium ion effect on AIB uptake. In order to
examine the effect of calcium depletion on amino acid uptake,
AIB uptake was selected as a model. The effect of calcium appears
to be specific, in that substitution of other divalent cations,
namely strontium or barium (1.8 mM), failed to induce recovery
when used in the repletion phase:calcium repleted R = 5.63 +
0.46; calcium depleted = 2.89 + 0.12; strontium repleted R =
3.20 £ 0.11; barium repleted = 2.43 £ 0.11.

Effect of verapamil upon AIB uptake. Verapamil, an inhibitor
of transmembrane calcium flux in some tissues, was used to
estimate the effect of calcium entry blockade upon AIB uptake.
When verapamil (0.1, 1, and 10 ¢M) was included during the
uptake phase there was a small but significant dose-dependent
inhibition of AIB uptake (Table 2). Similarly, 50 uM verapamil
partially prevented the usual uptake restoration seen with cal-
cium repletion: calcium repleted (control) R = 5.88 + 0.35;
calcium depleted R = 3.58 £ 0.19; calcium repleted + verapamil
R =4.78 = 0.35 (p < 0.05, compared to control or depleted)

Effect of trifluoperazine upon AIB uptake. Many intracellular
calcium functions are modulated by the cytosolic calcium-bind-
ing protein, calmodulin. In order to assess a role for calmodulin
in the regulation of AIB uptake, trifluoroperazine, a calmodulin
blocker, was included during uptake phase. A dose-related (10—
100 uM) inhibition of AIB uptake was found (Fig. 4) with a
maximal inhibition by 50 uM.

Effect of cycloheximide and actinomycin D upon AIB uptake.
In the experiments described above, slices were treated for as
long as 2 hr before determination of amino acid uptake. Because
this was sufficient time for new protein synthesis, the effect of
calcium depletion upon amino acid uptake might have been due
to an alteration in protein synthesis. When tissues was exposed
to the protein synthesis inhibitors, cycloheximide or actinomycin
D, there was no effect on the calcium repletion effect (Table 3).
Cycloheximide did reduce overall uptake, but the proportional
recovery with the calcium repletion was unchanged.

Effect of calcium depletion upon AIB uptake kinetics. AIB
uptake by calcium depleted and control slices was determined

Table 2. Inhibition of placental AIB uptake by verapamil*

Group R + SEM
Control 6.63 +=0.63
Verapamil

0.1 uM 6.59 + 0.55
1.0 uM 5.92 £ 0.56
10.0 LM 5.62 £ 0.371

*In this experiment, slices were incubated with complete-EBSS
through all phases and verapamil was present only during the 60 min
AIB Uptake Phase. Values are mean R + SEM from six experiments (six
placentas) totaling 30 slices per group.

T p < 0.05 (analysis of varance).
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Fig. 4. Inhibition of AIB uptake by trifluoperazine (TFP). All slices
were incubated as described in Table 1. TFP was added to repletion and
uptake phases. *p < 0.01 (analysis of variance).

by incubating tissue with 0.05 to 20.0 nM '"“C-AIB for 20 min.
A representative plot of R versus 1/C (Fig. 5), from which Kd is
derived, demonstrates that both lines approach the same Y
intercept at high AIB concentrations. Therefore Kd was not
altered by calcium depletion. The mean value of Kd from four
placentae is presented in Table 4. The Woolf-Augustinsson-
Hofstee plot (Y versus Y /Co; Fig 6) indicate that both the Vmax
(X-intercept) and Km (negative slope) have been altered by
calcium depletion. Mean values for Vmax and Km (Table 4)
show that calcium depletion caused a 37% decrease in the Vmax
and a 2-fold increase in the Km.

DISCUSSION

The result of this study demonstrate that tissue calcium deple-
tion selectively reduces in vitro active uptake of amino acids such
as AIB, leucine, and valine, while phenylalanine is unaffected.
The observations were not due to changes in total water, extra
cellular water, or ICW content. It was also not due to nonspecific
cytotoxicity from EGTA treatment, as phenylalanine transport
was unaffected and virtually complete recovery of AIB uptake
occurred with calcium repletion.

Evidence for the findings being specific to calcium comes from
the failure of other divalent cations to induce recovery following
the repletion phase. If calcium depletion merely removed diva-
lent cation blockade of sodium ion channels, recovery would not
have been specific for calcium (12).

The specific role of calcium is further supported by the phar-
macologic manipulations with verapamil and trifluoperazine.
The former is considered to be a generalized blocker of trans-
membrane calcium flux (13). Accordingly, the presence of vera-
pamil in the repletion and/or uptake phases reduced AIB uptake
and partially prevented the usual recovery with repletion of
calcium. The latter drug has, among other actions, the capacity
to block calmodulin. In all tissues, intracellular calcium is par-
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Table 3. Effect of actinomycin D and cycloheximide on AIB

uptake*
R + SEM
Actinomycin
Group None D Cycloheximide
Ca™ depleted 251 £0.11 240%+0.17 1.82+0.11
Ca** repleted 392+0.24 430+0.32 3.08+0.24
Repleted as % of depleted 156 179 169

* Actinomycin D (1 pg/ml) and cycloheximide (1 ug/ml) were added
to the repletion and uptake phases.
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Fig. 5. Representative plot of R vs reciprocal of AIB concentration
in medium (1/Co) for control (O) and Ca**-depleted (A) groups. Inset is
an expanded scale showing data for high AIB concentrations. These data
show that the y-intercept is unaltered (inset), indicating no alteration in
Kd. At lower concentrations, such as 0.125 mM AIB used for single
concentration timed uptakes, the uptake ratio is constant within each
treatment group.

titioned (14). In the cytosol, calmodulin binds calcium and is an
important mediator of calcium sensitive cell functions (15).
Inhibition of AIB uptake by trifluoperazine suggests that at least
part of the sensitivity of amino acid uptake to calcium may be
mediated through calmodulin. However, trifluoperazine may be
altering other calcium-related cell functions: microtubules (16),
calcium pump (17), and protein kinase C (18).

The effect of calcium depletion on placental amino acid uptake
suggests that calcium sensitivity may be an additional parameter
for defining transport characteristics. We found that both the
sodium-dependent and independent transport of leucine and
valine are calcium sensitive. In contrast, phenylalanine uptake is
sodium independent and is calcium insensitive. Finally, AIB was
exclusively sodium dependent in our study. Its uptake was pro-
portionally more sensitive to calcium depletion than the sodium-
dependent uptake of either leucine or valine.

From the AIB uptake kinetic data, it appears that calcium
depletion may have exerted its effect in more than one fashion.
This is illustrated by alterations in apparent Km and Vmax.

In summary, we have observed that tissue calcium depletion
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Fig. 6. Woolf-Augustinsson-Hofstee plot of AIB uptake [uptake ve-
locity (Y) vs ratio of Y to AIB concentration in medium (Y/Co)]. Slices
were incubated as described in Table 1. AIB uptake was determined
during a 20-min uptake phase for control (O) and Ca** depleted (A).

Table 4. Effect of Ca** depletion on AIB uptake kinetic

constants*
Vmax, mmol
Group Kd, h™! liter ICW™' h™! Km, mM
Control 3.94 + 0.63 9.54 + 1.70 0.78 £ 0.24
Ca** depleted  3.69 £ 0.50 6.00 + 0.94% 1.43 +0.31%

* Slices were incubated through four phases as described in Table 1.
AIB uptake was determined during a 20-min uptake incubation period.
Data represent mean + SEM from four experiments.

tp< 0.05.

may help to further characterize amino acid transport in the
human placenta. Uptake of AIB, found to be totally sodium
dependent, is also strongly inhibited by calcium depletion. Un-
like other tissues, placental uptake of valine and leucine exhibited
both sodium-dependent and sodium-independent pathways.
Both pathways were modestly sensitive to tissue calcium deple-
tion. Finally, phenylalanine uptake was totally sodium depend-
ent and calcium insensitive. The findings imply that calcium
sensitivity, as well as tissue specificity, may be important param-
eters in studies of amino acid transport.
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