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Summary. Rapid unidirectional transport (15 sec) of L-serine and
2-methylaminoisobutyric acid (MeAIB) was studied in the iso-
lated perfused rat pancreas using a dual-tracer dilution tech-
nique. Time-course experiments in the presence of normal cation
gradients revealed a time-dependent transstimulation of L-serine
influx and transinhibition of MeAIB influx. Transport of the
model nonmetabolized System A analog MeAIB was Na* depen-
dent and significantly inhibited during perfusion with 1 mM oua-
bain. Although transport of L-serine was largely Na* indepen-
dent, ouabain caused a time-dependent inhibition of transport.
Influx of both amino acids appeared to be inhibited by the
ionophore monensin but unaffected by a lowered extracellular
potassium concentration. Removal of extracellular calcium had
no effect on influx of the natural substrate L-serine, whereas
stimulation of transport by exogenous insulin (100 xU/ml) was
entirely dependent upon extracellular calcium and unaffected by
ouabain. Paradoxically, exogenous insulin had no effect on the
time-course of MeAIB influx. The characteristics of L-serine in-
flux described in earlier studies together with our present find-
ings suggest that insulin may modulate the activity of System asc
in the exocrine pancreatic epithelium by a calcium-dependent
mechanism.
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Introduction

The postulated existence of a pancreatic portal cir-
culation conveying islet hormones directly to the
exocrine epithelium provides a mechanism for local
endocrine control of acinar cell nutrient transport,
metabolism and secretion. Recent morphological
[16, 32} and functional [18, 36, 42] evidence sup-
ports this hypothesis. Insulin receptors have been
identified on pancreatic acinar cells [20], and both
exogenous and endogenously released insulin po-
tentiates cholecystokinin-induced amylase release
in the isolated perfused pancreas [36]. Moreover,
exogenous insulin has been shown to stimulate neu-
tral amino-acid transport in the perfused exocrine
pancreas and to reverse the paradoxically high

transport rate observed in pancreata isolated from
streptozotocin-diabetic rats [26]. Earlier studies of
pancreatic amino-acid transport established no reg-
ulatory role for islet hormones [4, 5, 8, 20] or al-
loxan-induced diabetes [4], albeit glucose transport
was stimulated by insulin in pancreatic acini [20]. In
rat hepatocytes Na*-dependent neutral amino-acid
transport via the hormone-sensitive System A [14,
38] is elevated by insulin, glucagon and streptozoto-
cin-induced diabetes, and activation of transport by
diabetes may occur in vivo as a result of the hy-
perglucagonemia associated with the disease [2].

The important role of cation gradients in ener-
gizing amino-acid transport [9, 12, 14, 21, 30, 33, 38,
41, 43, 45, 47] together with the modulation of ionic
events by insulin and its ability to induce a mem-
brane hyperpolarization [see 1, 18, 30, 39, 47] im-
plies a close relationship between hormonal regula-
tion of transport [see reviews 14, 38] and cation
gradients. Previous studies with exocrine pancre-
atic fragments, acini or vesicles have identified a
number of parallel amino-acid carriers differing in
their substrate specificity, ionic dependency and
ouabain sensitivity [4, 23, 29, 33, 43]. Electrogenic
Nat-alanine cotransport has been described in exo-
crine pancreatic membrane vesicles [43], and more-
over many neutral amino acids evoke a membrane
depolarization in mouse pancreatic acinar cells [see
review 33]. An increase in intracellular Na* would
activate the Na™-K* pump thereby sustaining the
Na* gradient [6, 9, 21, 30, 33, 38, 43]. Accumulated
K* could exit via Ca’*-activated monovalent cation
channels identified in rat pancreatic acinar cells
[34]. Our recent studies in the perfused pancreas
have confirmed that influx of the nonmetabolized
System A analog MeAIB is critically dependent
upon extracellular sodium [29, 31], whereas influx
of L-serine [29] is largely mediated by a novel Na*-
independent System asc preferring alanine, serine
and cysteine [11, 44].



154

In the present study we have examined the
time-course of Me AIB and L-serine transport in the
intact pancreas during perfusion with different con-
centrations of potassium and calcium, as well as
ouabain and the Na*-selective ionophore monensin.
In the presence of extracellular sodium 1 mm oua-
bain inhibited both methylaminoisobutyric acid and
L-serine influx in a time-dependent manner. The se-
lective stimulation of L-serine transport by insulin
was dependent upon extracellular calcium and unaf-
fected by ouabain. Preliminary abstracts of part of
this work have been communicated [27, 28].

Materials and Methods

ISOLATION AND PERFUSION OF THE PANCREAS

Male Sprague-Dawley rats weighing between 180 and 250 g were
fasted for 24 hr but allowed water ad libitum. Animals were
anesthetized with an intraperitoneal injection of sodium pento-
barbitone (60 mg/kg ‘Sagatal’) and supplementary anesthetic was
administered as required via a cannula in the external jugular
vein. Pancreata were surgically isolated from the spleen, stom-
ach and small intestine except for a small duodenal segment
attached to the head of the pancreas, and then perfused with a
Krebs-Henseleit bicarbonate medium via the superior mesen-
teric and celiac arteries [31, 36]. The fully isolated preparation
was placed in a temperature-regulated Perspex® perfusion bath
containing colloid-free perfusate gassed with 95% O,, 5% CO,.
The pancreatic effluent was collected from the cannulated portal
vein and the outflow rate was continuously monitored using a
photoelectric drop recorder. At a constant flow of 1.75 ml/min
perfusion pressures ranged between 20 and 35 mm Hg. The iso-
lated preparation and all perfusates were maintained at 37°C in a
temperature-regulated cabinet.

PERFUSATES

The composition of the perfusate was (mm): NaCl 131, KC1 5.6,
CaCt, 2.5, MgCl, 1.0, NaHCO; 25.0, NaH,PO, 1.0, p-glucose
2.5, dextran T70 (5% wt/vol, Pharmacia, Sweden), bovine se-
rum albumin (0.25% wt/vol, Cohn Fraction V, Sigma Chemical
Co., U.K.). When insulin was included in the perfusates, it was
diluted just prior to the experiment from a stock bovine insulin
solution (40 IU/ml, Wellcome Laboratories, U.K.). Some per-
fusates also contained either 10 mMm L-serine or 50 uM 2-methyl-
aminoisobutyric acid, and all solutions were continuously
gassed with 95% O,, 5% CO, at 37°C to a pH between 7.3 and
7.4.

In ionic replacement experiments with potassium and cal-
cium no osmotic adjustments were made since the total change
was always less than 5 mM. Monensin (10~ and 10~7 M, sodium
salt, Calbiochem-Boehringer Corp., USA) and ouabain (1073 M,
Strophanthin G octahydrate, Sigma Chemical Co., U.K.) were
added directly to select perfusates. The concentration of sodium
and potassium in each perfusate and in the pancreatic venous
effluent was measured using a Type 343 flame photometer (In-
strumentation Laboratory Ltd., U.K.).
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MEASUREMENT OF UNIDIRECTIONAL AMINO-ACID
INFLUX

Pancreatic amino-acid transport was quantitated using a rapid
dual tracer dilution technique [46] previously applied to the per-
fused rat pancreas [26-29, 31], in which small metabolites rap-
idly diffuse across the fenestrated capillary endothelium [16]. As
the endocrine pancreas comprises only 2 to 4% of the total pan-
creatic weight and preferentially utilizes D-glucose as an energy
substrate [8], we believe that our measured transport rates reflect
amino-acid uptake at the basolateral membrane of the exocrine
epithelium. Moreover, neutral amino-acid transport rates mea-
sured in isolated rat islets during 2 to 15-min incubation in vitro
[35] are at least two orders of magnitude lower than our influx
values measured in 15 sec.

Unidirectional amino-acid uptake was quantitated by di-
rectly comparing portal vein tracer concentration-time curves
obtained for a labeled amino-acid and p-mannitol (extracellular
reference marker) following an intra-arterial bolus injection (100
ulin 1 to 2 sec) of perfusate containing both tracer molecules
(Fig. 1). Usually 20 to 30 successive 100-ul venous samples were
collected during 45 to 60 sec, and a final venous sample was
accumulated for a further 4 min to maximize tracer recoveries.
The time-course of either L-(3-*H)serine or (“C)MeAIB uptake
was assessed relative to D-mannitol in each of the successive
venous samples using the expression: uptake = 1 — (test amino
acid/p-mannitol). Depending on the label associated with the
amino acid, either p-(*C or *H)mannitol was used as the extra-
cellular reference tracer. Unidirectional amino-acid influx was
quantified from the maximal fractional tracer uptake (U,,,), the
perfusion rate (ml/min per g wet weight) and the perfusate con-
centration of the unlabeled amino acid (C,, mm): influx = —F - In
(1 = Upax) - C,. As previously reviewed [46], the logarithmic
transformation corrects for an exponential tracer profile along
the length of the microvascular exchange site.

TiME-DEPENDENT TRANSPORT CHANGES

In control experiments pancreata were initially perfused with an
amino-acid-free solution for 10 min and then with one containing
either 10 mM L-serine or 50 uM MeAIB. In order to assess time-
dependent changes in amino-acid transport, repeated measure-
ments of influx were made 3, 13, 25, 35 and 45 min after switch-
ing to an amino-acid-containing solution. This experimental
design enabled us to also investjgate transstimulation or trans-
inhibition of influx during prolonged perfusion with a fixed extra-
cellular amino-acid concentration. The same protocol was
adopted in ionic replacement experiments or during perfusion
with ouabain or monensin. When the effects of insulin were
tested, pancreata were perfused for 25 min with an amino-acid-
free solution containing 100 #U/ml bovine insulin. This prelimi-
nary perfusion interval was found to be adequate for detecting
stimulation of L-serine transport by insulin in the rat exocrine
pancreas [26]. After 25 min the perfusate was switched to one
containing 100 £ U/ml insulin and either 10 mM L-serine or 50 um
MeAIB and repeated influx measurements were made. The de-
pendency of insulin’s action on extracellular calcium was tested
by perfusing pancreata for 25 min with 100 x¢U/ml insulin in
absence or presence of 2.5 mmM calcium, and then switching to
the appropriate amino-acid perfusate containing insulin and ei-
ther zero or 2.5 mM calcium.
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Fig. 1. Analysis of pancreatic amino-acid transport by rapid dual tracer dilution. (A) Simultaneous portal vein dilution curves obtained
for L-(CH)serine and p-(*C)mannito] (extracellular reference) following a bolus injection (100 ul in 1 to 2 sec) of both tracers into the
perfusate supplying the isolated rat pancreas. Tracer recoveries in successive venous samples have been expressed as percentages of
the respective radioactive doses injected intra-arterially and are plotted against the venous sampling time. (B) Time-course of L-(H)
serine uptake relative to p-(**C)mannitol (uptake % = 1 — L-(CH)serine/p-(**C)mannitol X 100) in a pancreas perfused in the presence
(E—M, dilution data shown in panel A) and then absence (LI—(, dilution data not shown) of 156 mM sodium. Small arrows denote the
time of maximum venous recovery recovery for p-(**C)mannitol, (C) Time-course of 2-(*C)methylaminoisobutyric acid uptake ob-
tained in a pancreas perfused in the presence (ll—HM) and then absence (O—J) of 156 mM sodium. The inhibitory effects of sodium
removal were fully reversible upon reperfusion with normal sodium

INSULIN AND GLUCAGON RADIOIMMUNOASSAYS

We assessed the effects of experimental interventions on the
endocrine pancreas by assaying immunoreactive insulin and glu-
cagon levels in the portal vein effluent. Samples of pancreatic
effluent were collected at 2- or 4-min intervals in chilled tubes
containing 30 ul aprotonin (Trasylol, Bayer, Belgium) and frozen
at —20°C until time of assay. Insulin and glucagon were assayed
in duplicate using 100-ul aliquots of the venous samples and
release were quantified as ng/min per gram wet weight of pan-
creas. The tracers were ['*I] iodinated rat insulin and ['**I] iodi-
nated pig/bovine glucagon and standards were purified rat insulin
(Lot R170, Novo, Denmark) and pig/bovine glucagon (Novo,
Denmark). The limit of detection for these assays was 0.08 ng/ml
for insulin and 78 pg/ml for glucagon; details have previously
been published [17].

RADIOACTIVE MOLECULES AND COUNTING
PROCEDURES

The radioactive molecules L-[3-*H]serine (20 Ci/mmol), p-[1-1C]
mannitol (53.4 mCi/mmol), p-[1-*H]mannitol (19 Ci/mmol), 2-[1-
14CImethylaminoisobutyric acid (48.4 mCi/mmol) were obtained
from New England Nuclear Chemicals, Dreieich, F.R.G. or

Amersham International, U.K. Paired tracer injectates con-
tained a radioactive amino acid and p-mannitol and were made
up to volume with a given perfusate. Each isotope injectate nor-
mally contained 2.1 uCi of [*C] and 7 uCi of [*H]. Portal vein
effluent samples, aliquots of the paired tracer injectates and [*H]
and [“C] channel standards were mixed with 2 ml of liquid scin-
tillant (Ready-Solv HP, Beckman, U.K.) and counted concur-
rently on a Beckman LS-250 liquid scintillation counter inter-
faced to a CBM microcomputer.

Results

EPITHELIAL UPTAKE OF L-SERINE AND
2-METHYLAMINOISOBUTYRIC ACID

Figure 1 illustrates the analysis of paired venous
dilution profiles obtained for labeled L-serine and D-
mannitol (extracellular reference) following a bolus
injection of both tracers into the arterial circulation
of the isolated perfused rat pancreas. The lower
concentration-time profile for L-[*H]serine relative
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Fig. 2. Effects of ouabain and monensin on
the time-course of amino-acid influx.
Pancreata were preperfused for 10 min with
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B). After 5-min perfusion with either
unlabeled amino acid an initial 5-min influx
measurement was made and thereafter
repeated influx measurements were made at
10-min intervals. When 1 mM ouabain or
10~° M monensin was included in the
amino-acid-containing perfusates, pancreata
were perfused with these solutions 10 min
after switching to either 10 mM L-serine or 50
M 2-methylaminoisobutyric acid. In each
experiment influx data at each time interval
has been expressed as a percentage difference

+45

- 5.0

Kt (mM) »—n

+20 :

Art 5 15 25 35 45
t (min)

from the 5-min influx determination made in
the same pancreas, and the mean = sE for »
animals is shown. The inset illustrates the

-20

-40 |

-60 |

% Difference from MeAIB influx at 5-min

effect of 1 mm ouabain on sodium and
potassium concentrations in the pancreatic
venous effluent. An unpaired Student’s z-test
was used to assess the significance of mean
differences between the unhatched control
columns and the hatched columns for ouabain
or monensin at time intervals of 15, 25, 35 and
45 min. The ouabain-induced inhibition in
L-serine influx was significant (P < 0.001) at
all time intervals and other significance levels
were: ¥*P = 0.02, **P = 0.008
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to D-{"*C]mannitol indicates uptake of the amino
acid at the basolateral membrane of the pancreatic
epithelium. Quantitative analysis of the tracer dilu-
tion profiles (Fig. 1A) revealed that the time-course
of L-[*H]serine uptake in the presence of normal
sodium reached a maximum (Up,,) of 64 = 2%
within 6 to 8 sec after injection of the tracers (Fig.
1B). This maximal unidirectional uptake was often
followed by a declining uptake profile indicating ef-

flux of transported serine from the epithelium [26,
29]. As shown in Fig. 1C, a much lower uptake was
measured for the nonmetabolized System A analog
MeAIB. When sodium dependence of transport was
investigated, NaCl and NaHCOs; in the Krebs-Hen-
seleit perfusate were replaced by buffered Trizma
HCI (Sigma) and unidirectional amino-acid uptake
was measured 5 min equilibration with the sodium-
free solution. Transport of L-serine (Fig. 1B) was
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largely Na*-independent [29], whereas transport of
MeAIB (Fig. 1C) was dependent upon extracellular
sodium [31].

TiME-COURSE OF AMINO-ACID INFLUX

When time-dependent changes in amino-acid influx
via Systems asc and A were studied, pancreata
were equilibrated with an amino-acid free solution
(2.5 mM D-glucose, 156 mm Na) for 10 min, and then
at zero time the perfusate was switched to one con-
taining either 10 mm L-serine or 50 uM MeAIB.
Measurements of unidirectional amino-acid influx
were obtained 5, 15, 25, 35 and 45 min after switch-
ing to either 10 mMm L-serine (Fig. 24) or 50 uM
MeAIB (Fig. 2B). As illustrated in Fig. 24, a time-
dependent increase in unidirectional L-serine trans-
port was observed when sequential influx measure-
ments were compared to the value determined at 5
min {influx data shown in Fig. 5B). During contin-
ued perfusion (15 to 45 min) with unlabeled L-
serine, influx increased by 19 = 2% (n = 19 observa-
tions in 5 pancreata), suggesting that transport of
L-serine may have been transstimulated by elevated
intracellular concentrations. When in parallel ex-
periments MeAIB influx was assessed in the pres-
ence of 50 uM MeAIB, a time-dependent inhibition
in influx was observed (Fig. 2B) with a mean de-
crease of 14 = 3% (n = 16 observations in 4 pan-
creata) occurring over the 15 to 45-min perfusion
interval. A comparison of transport rates measured
for L-serine and MeAIB after 5-min perfusion with
10 mM unlabeled substrate revealed that MeAIB in-
flux (0.41 = 0.02 wmol/min * g, n = 3) was signifi-
cantly lower than that measured for L-serine (9.8 =
I pmol/min - g, n = 5).

TiME-DEPENDENT EFFECTS OF OUABAIN AND
MONENSIN

To characterize the dependency of amino-acid
transport on existing cation gradients we evaluated
the effects of ouabain, an inhibitor of Na*, K+-AT-
Pase, and monensin, an ionophore mediating elec-
troneutral Nat/H* exchange. In experiments with
ouabain pancreata were perfused with either 10 mm
L-serine or 50 uM MeAIB and an initial influx mea-
surement was obtained in the absence of ouabain.
The perfusate was then switched to one containing
the respective unlabeled amino acid and 1 mm oua-
bain, and repeated measurements of influx were ob-
tained at 10-min intervals. Ouabain inhibited trans-
port of both amino acids in a time-dependent
manner, although the maximum inhibition of L-
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serine influx relative to the influx measured at 5 min
was only 25 + 4% (n = 5) compared to 65 = 10% (n
= 5) for MeAIB (Fig. 2). When unpaired data for -
serine influx measured in the absence or presence of
ouabain were compared, it was apparent that oua-
bain not only inhibited influx but also abolished the
transstimulation of influx at each time interval (Ta-
ble). In these experiments we also measured the
sodium and potassium concentrations in the venous
effluent by flame photometry. Quabain caused a
measurable release of K7 into and loss of Na* from
the perfusion medium (Fig. 2, inset). In experiments
using the same protocol 10~7 M monensin had a neg-
ligible effect on influx (data not shown), whereas
10~3 M monensin generally decreased influx com-
pared to the transport rate measured at 5 min in the
absence of the ionophore. We were unable to detect
monensin-induced changes in the venous concen-
trations of sodium or potassium.

EFFECTS OF Low EXTRACELLULAR K* ON
AMINO-ACID TRANSPORT

In a similar series of experiments we investigated
the effects of a low K* perfusate (0.3 mm) on the
time-course of 10 mM L-serine and 50 um MeAIB
influx. Five min after switching to a perfusate con-
taining either unlabeled amino acid, an initial influx
measurement was made in the presence of 5.1 mm
K*. The perfusate was then switched to one con-
taining the same amino-acid concentration but only
0.3 mMm K*; however, the portal vein effluent K*
concentration only approached 0.7 mm after 15-min
perfusion. Both the time-dependent stimulation of
L-serine transport and the inhibition of MeAlIB
transport were unaffected by this reduction in ex-
tracellular K* (data not shown).

IMMUNOREACTIVE INSULIN AND GLUCAGON
RELEASE

Previous studies [16, 18, 32, 36, 42] have concluded
that an insulo-acinar portal axis conveys islet hor-
mones to the exocrine epithelium. Since we had
demonstrated that 1-serine transport was activated
by insulin [26], we considered it important to moni-
tor immunoreactive insulin (IRI) and glucagon
(IRG) release during perfusion of isolated pancreata
with initially an amino-acid-free solution (2.5 mMm D-
glucose), and then 10 mM L-serine or 50 uM MeAIB
in the absence or presence of ouabain, monensin or
low K*. Figure 3 compares the IRI and IRG re-
sponses of the isolated pancreas to perfusion with
10 mM L-serine and 16.8 mMm p-glucose. As shown
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Fig. 3. Effects of L-serine and D-glucose on immunoreactive in-
sulin (IRI) and glucagon (IRG) release from the isolated perfused
pancreas. Control measurements of IRI and IRG release were
obtained during perfusion of pancreata with an amino-acid-free
medium containing 2.5 mM D-glucose. {A) Immunoreactive insu-
lin (IRI) release in response to 16.8 mM D-glucose (z = 4) and 10
mM L-serine (2.5 mM D-glucose, n = 5). (B) Immunoreactive
glucagon (IRG) release in response to 16.8 mM D-glucose (n = 3)
and 10 mM L-serine (n = 4). Values denote the mean = SE of
duplicate measurements in three to five animals

in Fig. 3A, perfusion with L-serine for 1 min tran-
siently elevated insulin release from 0.2 = 0.06 to
0.7 £ 0.3 ng/min - g (n = 5, P = 0.005) but subse-
quent IRI levels were not significantly different
from levels measured during amino-acid-free perfu-
sion (n = 53 observations in five animals). Although
10 mM L-serine evoked a significant release of glu-
cagon, this level was not maintained and returned to
the amino-acid-free level after 8 min. In similar ex-
periments 50 uM MeAIB had no effect on immuno-
reactive insulin or glucagon release (data not
shown). Perfusion of pancreata with 16.8 mmMm D-
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glucose evoked the characteristic and well-reported
biphasic insulin release profile (Fig. 34) and an inhi-
bition of IRG release (Fig. 3B).

In the presence of 2.5 mm D-glucose and 10 mm
L-serine, 1 mM ouabain caused an immediate re-
lease of IRI insulin which continued to rise linearly
with time (Fig. 44). The maximum ouabain-induced
insulin release was similar to the level measured in
the presence of 16.8 mmM D-glucose (Fig. 34). In two
of the experiments with 0.3 mMm K* we monitored
the time-course of immunoreactive insulin release
and observed that it rose markedly once the effluent
K™ concentration approached 0.7 mmM (Fig. 4B). In
three experiments 1077 M monensin had a negligible
effect on insulin release, and when determined in
one experiment 107> M monensin stimulated gluca-
gon release.

EFFECT OF EXOGENOUS INSULIN ON L-SERINE
AND MeAIB TRANSPORT

In these experiments pancreata were initially per-
fused for 25 min with an amino-acid-free solution
containing 100 wU/ml bovine insulin and then with
either 10 mM L-serine or 50 uM MeAIB in the con-
tinued presence of 100 wU/ml insulin. Repeated
measurements of influx were made 5, 15, 25, 35 and
45 min after switching to the respective amino acid
containing perfusates. In the presence of 2.5 mm
extracellular calcium, insulin stimulated L-serine in-
flux (Fig. 5A) compared to values measured in the
absence of insulin (Fig. 5B). A closer analysis of the
time-course of L-serine transport in the presence
and absence of insulin revealed that transport was
only significantly elevated over the 5 to 15-min per-
fusion interval. In the presence of insulin transsti-
mulation of r-serine influx (Fig. 24) was absent,
and moreover the elevated transport rate remained
constant throughout the time-course of the experi-
ment (Fig. 54). The transstimulation of transport
observed in the absence of insulin may partially ex-
plain the lack of a significant difference between
influx measurements in the presence or absence of
insulin at later perfusion intervals. However, the
full insulin-stimulated transport rate was never at-
tained simply by transstimulation. Contrary to the
inhibitory effect of 1 mM ouabain on L-serine trans-
port in the absence of insulin (Fig. 24), no inhibition
of insulin-stimulated L-serine transport was ob-
served (Table).

In similar experiments 100 wU/ml insulin had
no effect on the time-course of 50 um MeAIB in-
flux. After 25-min perfusion with or without insulin
unidirectional influx of MeAIB was, respectively,
39 = 7 nmol/min - g (n = 3) and 36 *+ 8 nmol/min - g
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Fig. 4. Immunoreactive insulin release during perfusion of the pancreas with ouabain or low potassium. (4) In the presence of 10 mM
L-serine 1 mM ouabain caused an immediate release of insulin which rose linearly over the 35-min experimental period. Amino-acid
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Fig. 5. Calcium dependence of insulin’s stimulatory effect on L-serine transport. The effect of extracellular calcium removal on
L-serine influx was tested in pancreata perfused in the presence (A) or absence (B) of 100 uU/ml bovine insulin. Pancreata were
preperfused for 25 min with an amino-acid-free medium (= insulin and/or + 2.5 mM calcium) and the time-course of L-serine influx was
then measured repeatedly at 10-min intervals after switching to an identical perfusate but containing 10 mM L-serine. Values denote the

mean * SE of measurements in five to six perfused pancreata

(n = 3). Furthermore, the time-dependent reduction
in MeAIB influx observed previously (Fig. 2B) was
unaffected by insulin.

Is INSULIN STIMULATION OF L-SERINE
TRANSPORT Ca?* DEPENDENT?

In order to test whether L-serine transport and/or its
stimulation by insulin were dependent upon extra-

cellular calcium, pancreata were continually per-
fused with a calcium-free solution both in the ab-
sence or presence of 100 pwU/ml insulin. In these
experiments calcium was also omitted from the so-
lution bathing the pancreas. In the absence of exog-
enous insulin, removal of calcium had no significant
effect on the time-course of L-serine influx, al-
though a time-dependent increase in L-serine influx
(Fig. 5B) was not observed. The insulin-induced
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Table. Influence of insulin on ouabain-induced inhibition of
L-serine transport?

Perfusion % Inhibition in n P
time L-serine influx

(min) (mean difference)

Insulin-free 15 23.5 10 0.0006
25 28.3 9 0.001
35 36.9 10 0.0004
45 37.1 10 0.0002

+ 100 pU/ml 15 9.2 9 0.14

insulin 25 1.5 9 0.67
35 5.0 9 0.32
45 11.7 9 0.14

2 Pancreata were preperfused with an amino-acid-free solution
containing either no insulin or 100 «U/ml insulin, and then per-
fused with 10 mM L-serine in the continued absence or presence
of insulin. 1 mM ouabain was added to the respective perfusate
10 min after switching to 10 mM L-serine. The time-dependent
inhibition of L-serine influx induced by ouabain was quantified as
the mean difference between the unhatched (control) and
hatched (ouabain) columns at each time interval shown in Fig.
2A. The data for ouabain effects in pancreata perfused with
insulin is not shown graphically. An unpaired Student’s z-test
was used to assess significance and n denotes the total number of
animals.

stimulation of L-serine transport was completely in-
hibited following 25-min preliminary perfusion with
insulin and zero calcium (Fig. 5A).

Discussion

It is generally accepted that influx of Na* and the
energy from the Na* gradient can drive uphill
amino-acid transport [9], although some studies
have concluded that active amino-acid transport
also occurs in the absence of cation gradients [15,
23]. In the pancreas many amino acids evoke a simi-
lar depolarization of the acinar cell membrane [33],
but it is difficult based on these electrical measure-
ments to quantify what fraction of amino-acid up-
take was actually Na® dependent. Our previous
studies in the perfused rat exocrine pancreas dem-
onstrated that influx of L-serine was largely medi-
ated by a Na* independent System asc for small
neutral amino acids, whereas influx of MeAIB oc-
curred via the classically Nat-dependent System A
[29, 31]. We have now exploited this differential
Na' sensitivity in characterizing the effects of oua-
bain, monensin, low K*, calcium removal and insu-
lin on the transport activity of L-serine and MeAIB.
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EFFEeTS OF OUABAIN, MONENSIN, Low K* AND
CaLciuM REMoOvAL

Ouabain and monensin are known to inhibit amino-
acid transport in exocrine pancreatic fragments [4,
23] and vesicles [43] but, to our knowledge, the
time-course of this inhibition and their effects of L-
serine and MeAIB influx in the perfused pancreas
have not been reported. The time-dependent trans-
stimulation of L-serine influx (Fig. 2) by accumu-
lated intracellular substrate is characteristic of Sys-
tem asc [11, 44] and, as in other tissues [7, 14, 38],
MeAIB transport via System A would be inhibited
by elevated intracellular MeAIB.

Ouabain inhibited unidirectional influx of
MeAIB to a greater extent than that of L-serine, but
the significance of the effect on MeAIB was re-
duced as a consequence of the time-dependent
transinhibition of influx (Fig. 2). Although inward
transport of L-serine was predominantly Na™ inde-
pendent (Fig. 1), it is possible that exchange diffu-
sion of L-serine with intracellular amino acids may
have been modified by altered ionic gradients and
membrane potential. The Nat/H* exchanger
monensin was a less effective inhibitor of pancre-
atic amino-acid transport (Fig. 2). Dissipation of the
Na* gradient by monensin has been shown to in-
hibit Na*-dependent aminoisobutyric acid (AIB)
transport in rat parotid membrane vesicles [41]. In
pancreatic acinar cells extrusion of cytosolic free
calcium by Na*/Ca?* countertransport is also de-
creased in the presence of monensin [3]. In cultured
3T3 mouse fibroblasts monensin apparently stimu-
lated AIB transport by elevating intracellular Na*
and activating the Na®™-K* pump [40]. Moreover, in
this study ouabain abolished stimulation of AIB up-
take by monensin but had no effect on valinomysin-
stimulated AIB uptake.

Following incubation of Chinese hamster ovary
cells in 0.3 mM K*, both K* influx and AIB trans-
port via Na*-dependent and Nat-independent path-
ways was found to be stimulated [12]. When we
examined the time-course of MeAIB and L-serine
transport in pancreata perfused with 0.3 mm K+, no
significant changes in unidirectional influx were ob-
served. The delayed washout of extracellular K*
during 30-min perfusion with 0.3 mMm K* may par-
tially explain the lack of an effect on amino-acid
transport (Fig. 4B). In other experiments omission
of calcium from the perfusate had no effect on the
time-course of L-serine transport (Fig. 5B), albeit
removal of extracellular calcium evokes an acinar
cell membrane hyperpolarization in the perfused rat
pancreas [18].



P.S.R. Norman and G.E. Mann: Pancreatic Amino-Acid Transport

When immunoreactive insulin and glucagon re-
lease was monitored under different experimental
conditions, 1 mM ouabain and 0.3 mm K* (in the
presence of 2.5 mM D-glucose) caused a similar de-
layed release of insulin (Fig. 4). Earlier studies in
the perfused rat pancreas revealed that in the pres-
ence of 2.8 mM D-glucose 1 mm ouabain only tran-
siently stimulated glucagon release, whereas omis-
sion of K* evoked a rapid and sustained inhibition
of glucagon release but had not effect upon insulin
release [22].

REGULATION OF AMINO-ACID TRANSPORT BY
INsuLIN .
Stimulation of L-serine transport by insulin was cal-
cium dependent (Fig. 5A) and insensitive to ouabain
(Table). As in the pancreas, MeAIB transport in the
perfused rat liver is insulin-insensitive but stimu-
lated by glucagon [19]. Although insulin hyperpolar-
izes pancreatic acinar cells [18, 39], it seems un-
likely that stimulation of L-serine transport by
insulin was dependent upon activation of the so-
dium pump. It remains controversial whether or not
the hyperpolarization induced by insulin occurs by
a ouabain-inhibitable mechanism [30, 47].

In perfused rat skeletal muscle ouabain was re-
cently shown to have no effect on 200 1 U/ml insu-
lin-stimulated AIB transport, although it signifi-
cantly inhibited the Na*-K* pump and the basal
rate of AIB uptake [48]. It was suggested in that
paper that activation of amino-acid transport by in-
sulin was not dependent upon the Na™ electrochem-
ical potential difference but rather the consequence
of an increased activity or number of membrane
transporters. Experiments in vitro with frog skeletal
muscle have shown that resting AIB uptake was
paradoxically Na*' independent, whereas stimula-
tion of AIB transport by 250 mU/ml insulin was
dependent upon extracellular sodium [13]. In this
study ouabain at 10> M had no inhibitory effect on
either resting or insulin-stimulated AIB uptake.
Moreover, the action of insulin appeared to be inde-
pendent of protein synthesis since cycloheximide
did not diminish AIB uptake. In diced mammary
gland tissue 0.4 wU/ml insulin has been reported to
increase AIB transport and the rate of intracellular
amino-acid utilization [24]. It was proposed that a
decrease in the intracellular amino-acid pool due to
hormonal activation of metabolism or protein syn-
thesis could stimulate the transport activity of pre-
existing membrane carriers.

Insulin also modulates cyclic nucleotide levels,
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and in barnacle muscle 7 to 50 uM insulin increases
the cyclic GMP content, decreases the cyclic AMP
content and lowers cytosolic ionized calcium [1].
Changes in cyclic nucleotide levels preceded stimu-
lation of sugar transport induced by insulin, and
both calcium and ¢cGMP appeared to mimic the
action of insulin. By contrast, in superfused mouse
pancreatic acinar cells 1 uM insulin evoked an over-
all increase in cyclic AMP levels and only a tran-
sient increase in cyclic GMP concentrations [39].
Whether these differential effects of insulin reflect
tissue and/or species differences or actual varia-
tions in intracellular regulatory mechanisms re-
mains to be clarified.

Activation of Nat/H™" exchange by insulin has
been shown to elevate intracellular pH and to in-
crease System A amino-acid transport and incorpo-
ration into protein [30]. Moreover, an inhibition of
Ca?"-activated ATPase and a stimulation of endo-
plasmic reticulum calcium uptake by insulin could
also lead to an increase in cytosolic pH [25, 30].
These mechanisms together with the Na* pump
may play important roles in mediating the action of
insulin in the pancreas. In addition to its effects on
ions, insulin has recently been shown to enhance
phosphatidylinositol breakdown and amylase secre-
tion in the pancreas [10]. Incubation of adipocytes
with insulin has been reported to remove a 90 kD
protein from the plasma membrane [37]. These au-
thors speculated that this protein might be a glucose
transport-limiting factor. Their hypothesis is attrac-
tive, insofar as insulin may stimulate glucose trans-
port by removal of this protein (or prevention
of its accumulation) from the plasma membrane
1371.

The characteristics of L-serine transport in the
pancreas closely resemble those of the Na*-inde-
pendent System asc identified in erythrocytes [11,
44], and it is conceivable this membrane carrier may
be regulated by insulin. Since 1-serine entry is me-
diated by several parallel carriers [29], we cannot
exclude the possibility that the stimulatory action of
insulin was restricted to a fraction of L-serine influx
mediated by Systems A or ASC. If insulin modu-
lated the intracellular concentration of other natural
amino acids, its effects on L-serine transport may be
the consequence of transstimulation associated
with System asc. In recent experiments somatos-
tatin-14 (another islet hormone) completely inhib-
ited the stimulation of L-serine transport induced by
insulin (G.E. Mann and P.S.R. Norman, unpub-
lished data). Our present findings provide a basis
for evaluating the cellular mechanisms by which is-
let and other gastrointestinal hormones interact to
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modulate basolateral amino-acid transporters in the
exocrine pancreatic epithelium.
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