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Secretagogue-induced changes in exocrine pancreatic amino acid transport are poorly understood. In this
study uptake of the specific non-metabolized System A amino acid analogue 2-methylaminoisobutyric acid
(2-MeAIB) was measured in the isolated perfused rat pancreas during 60 min loading with D-[*H]mannitol
(exiracellular tracer) and 2-['*C]MeAIB. Tracer 2-MeAIB reached a maximal uptake of 37 + 4% (n=4)
after 3 min of loading and gradually decreased to a steady-state uptake of 13 + 1%. Infusion of carbachol
(3+ 107 M) during the tracer loading period abolished net tracer 2-MeAIB uptake, and reperfusion in the
absence of carbachol restored net uptake to the prestimulus value. Less than 41% of the arterial
2-[“C]MeAIB or D-{*H]mannitol activity appeared in the basal pancreatic secretion. Carbachol evoked a
4.8-fold increase in pancreatic juice flow and appeared to reduce the activity of beth tracers in the exocrine
secretion. During washout of the pancreas with an isotope-free medium 2-{*“*C]MeAIB cleared from a
rapidly exchanging pool with a time constant (7,) of 1.4 + 0.3 min (n=4) and a more slowly exchanging
pool with a time constant (7,) of 20.7 + 1.1 min. Carbachol accelerated efflux of 2-|'*C]MeAIB from the
epithelium but had no effect on the slow phase of D-]*Hjmannitol washout. Qur findings suggest that
activation of cholinergic receptors modifies Na*.dependent System A amino acid transport in the basolateral
membrane of the exocrine pancreatic epithelium.

Little is known concerning the mechanisms by
which secretagogues modulate amino acid trans-
port in the exocrine pancreas. Although earlier
work in pancreatic fragments failed to identify a
regulatory role for secretagogues [1,2], more recent
studies in isolated mouse pancreatic acini demon-
strated that caerulein, cholecystokinin and
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carbachol stimulated facilitated D-glucose trans-
port [3] but inhibited Na*-dependent amino-
isobutyric acid (2-AIB) accumulation {4]. Caerulein
was shown to simultaneously reduce influx and
stimulate efflux of 2-AlIB. Inhibition of 2-AIB
accumulation appeared to be mediated by in-
tracellular Ca®*, however, indirect effects of
changes in the membrane potential and Na*:
gradient could not excluded [4].

Our previous studies of methylaminoisobutyric
acid (2-MeAIB) transport in the isolated perfused
rat pancreas revealed that influx of this non-
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metabolized System A analogue was saturable (K,
=17mM, V, . = 0.49 pmol /min per g), critically
dependent upon the Na* gradient, inhibited by
ouabain and sensitive to trans-inhibition [5,6].
Electrogenic Na*/alanine cotransport has been
described in pancreatic membrane vesicles [7], and
in pancreatic acinar cells L-alanine evokes a
marked basolateral membrane depolarization [8,9].
Recent whole-cell patch clamp studies with mouse
pancreatic acinar cells have established that this
cotransporter exhibits sensitivity to 2-MeAlB,
transport symmetry, pH dependence and a
sodium/ alanine stoichiometry of 1:1 [10]. These
findings together with our observations [5,6] are

studies (K, =2.9 mM, [10]) and previous micro-
electrodes studies (K, =1.2-1.6 mM, [9,10]) are
similar to the K, we measured for 2-MeAIB in the
perfused rat pancreas [5].

In the present study we have investigated the
effects of carbacho! on 2-["*C]MeAIB uptake and
efflux in the isolated perfused rat pancreas [14-16).
Transfer of an extracelluler iracer and 2-{*C}-
MeAIB into the pancreatic secretion was de-
termined simultaneously. A dual isotope loading
and washout technique [17] was used to assess
2-["*C]MeAIB transport at the basolateral mem-
brane of the exocrine epithelium. Simultaneous
measuresnents of uptake and release of D-

consistent with transport occurring via the
hormone sensitive System A [11-13]. Moreover,
K, values for alanine transport in patch clamp

[*H]mannitol were used (o correct transport for
the extraceflular component. The protocol for a
tracer loading and washout experiment is il-

1or
s——a D-{*H]Mannitol

\ e 2-HCIMAIB

g 8 8
Ll 1 T
in MeAIB cpm
o - ®

&
=3
T

'/. Arterial cpm in venous effuent

(/

0 1 i

] 10

20 30 a0 50 60 70
Perfusion time {min}

Fig. 1. Steady-state loading and washout experiment in the perfused rat pancreas. (A) pancreata were isolated from anesthetized rats
(6 mg/10G g Sagatal, i.p.) and perfused at constant flow (1.75 ml/min) via the coeliac and superior mesenteric arteries with an
oxygenated Krebs-Henseleit bicarbonate medium containing 2.5 mM b-glucose, 5% Dextran T70 and 0.25% bovine serum albumin
(see Refs. 5, 6, 14). The pancreatic effluent was collected from the portal veir. and pancreatic juice flow was sampled from a small
cannula in the main exocrine duct. Following 20 min equilibration pancreata were preloaded for 60 min with p-[>H]mannitol (0.2
pCi/ml) and the nonmetabolized amino acid analogue 2-['*CJMeAIB (0.4 uCi/ml). Recoveries of both tracers in successive venous
samples (100 p1) are expressed as a % of the radioactivity present in 100 pl of arterial reservoir perfusate. The abscissa denotes the
time elapsed from commencing artificial perfusion of the isolated pancreas. At 60 min the perfusate was switched to an isotope-free
solution and washout of both 2-["*CJMeAIB and p-[>H]mannito! was monitored for a further 40-45 min, Pasicreata were challenged
with 3-10~7 M carbacho! (hatched bars) during the loading (30-40 min) and washout (85-105 min) periods. (k) regression analysis
of the semilog plot of the later part of 2{'*C}MeAIB washout (perfusion time 65-100 min) yielded an exponential which could be
distinguished from the initial rapid phase of washout. This line was extrapolated to 7 = 0 (end of 60 min loading) and linear values
were subtracted from the early data points. Regiession analysis of the remaining data yielded a second line for fasi phase of washout.
Reciprocals of the slopes of these two lines gave time constants for, respectively, the fast (7)) and slow (7;} phases of washout.



lustrated in Fig. 1A. Isolated pancreata were pre-
perfused for 20 min with an amino acid-free and
tracer-free solution and then loaded with 2-
['4C]MeAIB and p-{*H]mannitiol for 60 min. Ini-
tially sequential samples of the pancreatic venous
effluent were collected to monitor the rise in tracer
concentrations, and thereafter the sampling rate
was reduced to 1 min~! throughout the 60 min
loading period. The venous recovery of D-
[*Hjmannitol rapidly approached 100%, suggest-
ing that D-mannitol is a2 useful exiracellular tracer
in the perfused rat pancreas. The lower recovery
of 2-{*C]MeAIB in the venous effluent partly
reflects cellular uptake and movement into the
secretory duct system.

Tracer washout from extracellular and cellular
compartments was monitored during perfusion of
the preloaded pancreas with an isotope-free
medium (Fig. 1A). p-{>H]Mannitol was rapidly
cleared from the pancreas and washout could be
fitted by a double exponential (data not shown).
The time constant for the prominent fast phase
(7)) of washout was 1.5 + 0.2 min (mean £ S.E,,
n = 4) compared to 35.1 + 3.8 min (n = 4) for the
slower phase of washout. The time constant for
the fast phase (1.35 min) of 2-{'*C]MeAIB washout
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was similar to that for D-mannitol, whereas the
slow phase of washout had a time constant of 22.1
min (Fig. 1B). In four experiments time constants
for the fast (7,) and slow (w;) phases of 2-
["*C]MeAIB washout were, respectively, 1.4 + 0.3
min and 20.7 + 1.1 min,

Net tracer 2-MeAIB uptake was determined
from the difference in the venous recoveries of the
labelled extracellular tracer and test amino acid
(see Fig. 1A). The uptake measured for 2-
[14C]MeAIB (37 + 4%, mean + S.E., n = 4) during
the early loading phase was identical to the un-
idirectional uptake (37 + 2%, n = 8) measured pre-
viously under zero-trans conditions in the isolated
perfused rat pancreas [15]. Increasing efflux of
2{C]MeAIB from the epithelium decreased net
tracer uptake, and after 25-20 min a steady-state
uptake of 13 £ 1% was measured (¥1g. 2A). When
the pancreas was challenged with 3-1077 M
carbachol during the isotope loading period net
uptake of 2-{'*C]MeAIB was immediately in-
hibited (Fig. 2A). Reference to Fig. 1A shows that
venous recoveries of 2-[*C]MeAIB actually ex-
ceeded recoveries for D-[*H]mannitol during the
first 4 min of carbachol infusion, suggesting that
cellular efflux may also have been stimulated. At
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Fig. 2. Effects of carbacho! on 2-MeAIB uptake and efflux in the pancreatic exocrine epithelium. (A) 2-[**C]MeAIB uptake relative
to p-{*H]mannitol was measured during the 60 min tracer loading period: % uptake = (1 ~(2-'*C|MeAIB/p-{*Hjmannitol)) X 100.
After 35 min of loading the perfusate was switched for 10 min to a solution containing the same specific isotope activities and 3 1077
M carbachol. Tracer loading was then continued for another 15 min in the absence of carbachol. At 60 min the perfusate was
switched to an isotope-free solution and tracer washout was monitored for a further 40-45 min (see Fig. 1A). (B) Effects of carbachol
on washout profile of 2{'4C]MeAIB (@ @) and o-{*H]mannitol (@ m). Carbachol was infused after 25 min of washout
and the venous sampling rate was initially increased from 1 min~' to 25 samples per min. Values denote the mean + S.E. or +8S.E.
(n = 4), and if not shown the error falls within the symbol.
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an arterial flow rate of 1.75 ml/min it seems
unlikely that the carbachol evoked juice flow of 6
#l/2 min would have led to a concentration of
counts in the venous outflow. Upon removal of
carbachol net 2-[!*C]MeAIB uptake returned to
prestimulus levels.

£ €]
> 1
2 6} 1
£ st ] I
2 II
$ 4}
c
L 3t
€
& 2t
[72]

1 L

o lh”llmllliln.m

30 60 90 min

1 L 1 i — |

P S B
30 60

ol ® ﬁii@ Ccen]
§ 20 ﬁ'f \—[\M.\"-M-
v M~
'E 1 1 1 1 ] 1 1 1
5 ° [+] 30 60 90 min
H .

; ol © | [ccn ]
o ’J‘M
SIRP il
t 5

oLkt ooed e

90 min

Fig. 3. Effects of carbachol o1 transepithelial permeability and
secretion in the pancreas. (A) Basal and carbachol-induced
(CCh, 3-1077 M) pancreatic secretion was collected from the
pancreatic duct at two minute intervals during the isotope
ioading (0—60 min perfusion) and tracer washout (60-105)
periods. The hatched rectangle denotes the 60 min tracer
loading period. (B) Concentration of p-{*H]mannitol in the
pancreatic secretion collected under basal conditions and dur-
ing infusion of carbachol in the loading and washout phases of
the experiment. Tracer concentrations in pancreatic juice are
cxpressed as the % of aciivity in an identical volume of arierial
perfusate. (C) Concentration of 2-['*C]MeAIB in pancreatic
juice in the absence and presence of 3:10~7 M carbachol.
Values denote the mean+S.E. or +S.E. (n=4), and if not
shown error bars fall within the symbols.

In these experiments we simultaneously mea-
sured transfer of labelled p-mannitol (Fig. 3B)
and 2-MeAIB (Fig. 3C) into the basal and
carbachol-evoked pancreatic sccretion (Fig. 3A).
Pancreatic juice flow increased from a basal value
of 0.75 £ 0.04 pl/2 min (n = 69 observations) to
3.63 1+ 0.38 1 /2 min (mean + S.E., n = 28) during
a vascular challenge with 3-10~7 M carbachol.
Tracer recoveries per ul of pancreatic juice were
expressed as a % of the radioactivity present in an
equal volume of arterial perfusate. Both tracers
appeared in the basal secretion within 5 min, and
after 25-30 min loading the collected pancreatic
juice contained between 25-41% of the arterial
p-[*H}mannitol and ["“CJMeAIB activity. Al-
though carbachol increased the total number of
counts in pancreatic juice, the concentration of
both tracers was decreased by the enhanced fluid
secretion.

To further characterize the mechanism underly-
ing the carbachol-induced inhibition of 2-MeAIB
uptake, we monitored amino acid efflux into the
circulation under zero-trans conditions following
60 min tracer loading. After 25 min washout with
an isotcpe-free perfusate the pancreas was chal-
lenged with 3-10~7 M carbachol. Fig. 2B shows
the venous recoveries for both tracers before and
during stimulation with carbachol. The venous
recovery of D{*H]mannito] was now very low
compared with that for 2-["*C]MeAIB. Carbachol
transiently accelerated efflux of 2-[*C]MeAIB but
had no effect on the residual washout of p-
[*Hlmannitol. During the initial period of
carbachol infusion the time constant for the slow
phase of 2-[**C]MecAIB washout decreased from
20.7 min to 15.1 435 min (n=4). Pancreatic
Jjuice flow increased from a basal value of 0.81 +
0.03 pl/2 min to 4.27 + 0.31 pl/2 min (Fig. 3A)
and concentrations of 2-['*C]MeAIB and D-
[*H]mannitol were again decreased (Figs. 3B and
30).

Previous studies in vitro using an isolated rab-
bit pancreas immersed in a saline-filled bath [18]
reported that extracellular sucrose [19] or D-man-
nitol [20] rapidly appeared in the secreted fluid.
Ductal activities of D-mannitol in rabbit pancreas
(60% of bath activity, see Table 1 in Ref. 20) are
somewhat higher than values measured in the
perfused rat pancreas (Fig. 3B). In the isolated



rabbit pancreas cholinergic agonists appear to de-
crease juice flow [20] but to increase protein out-
put and the concentration of sucrose [19] and
D-mannitol [20] in the secretion. Spontaneous juice
secretion from the isolated [18] or vascularly per-
fused {21} rabbit pancreas occurs at near maximal
rates and appears to be insensitive to high doses of
a cholinergic agonist [20,21}. The marked increase
in pancreatic juice flow evoked by carbachol in
the rat pancreas would tend to dilute isotope
activities (Figs. 3B and 3C), whereas in the rabbit
pancreas ductal concentrations may increase as a
result of a decreased juice flow and, as Jansen et
al. [20] suggested, a secretagogus evoked increase
in paracellular permeability. By conirast, the per-
fused cat pancreas has been shown to be imper-
meable to b-mannitol [22],

Sodium dependent System A amino acid up-
take is driven by the electrochemical gradient for
Na*, and an increase in intracellular sodium (Na;)
may decrease unidirectional transport (sez Ref.
23), However, experiments in Ehrlich cells, using
voltage sensitive dyes, have shown that an eleva-
tion in intracellular Na* in a metabolically active
cell can also increase the membrane potential
thereby compensating for increased intraceliular
Na* [24]. The membrane potential in these cells
appears to be influenced by coupled Na*-amino
acid efflux and the activity of the Na*/K* pump
[24]. Recent studies in Ehrlich cells have shown
that System A amino acid transport is stimulated
2-3-fold by a 60 mV membrane hyperpolarization
[25). Studies in pancreatic acinar cells suggested
that cholinergic stimulation of basolateral
Na*/K* pumps may be mediated indirectly via
Na* influx [26]. Although there is no direct evi-
dence that pancreatic secretagogues maintain an
elevated steady-state intracellular Na* concentra-
tion (see Refs. 27, 28), microelectrode studies in
mouse pancreatic fragments have confirmed that
acetylcholine induces a rapid membraue depolari-
zation and an increase in both cytoplasmic Na*
and Ca?* [29,30]. In this study activation of pan-
creatic secretion by acetylcholine appeared to be
linked to an increase in membrane permeability to
Na™* which resulted in an increased intracellular
Na* concentration. Furthermore, in the rat pan-
creas uptake of **Na has been reported to be
stimulated transiently by acetylcholine [31]. In the
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perfused rat pancreas acetylcholine causes only a
small transient depolarization of the acinar cell
{32]), and it seems unlikely that s change in
potential could fully account for the observed
inhibition of 2-MeAIB uptake. Without direct
measurements of cellular Na* or p,, in our study
it is difficult to establish whether the Na* gradient
or other factors, unrelated to this ion oradient, are
involved.

Our findings in the perfused rat pancreas con-
firm earlier studies in pancreatic acini (see Table 3
in Ref. 4) and parotid gland fragments (see Table
1 in Ref. 33) in which carbachol inhibited accumu-
lation of the less specific transpori analogue
aminoisobutyric acid (2-AIB) by, respectively, 71%
and 53%. Although A23187 mimicked the inhibi-
tory effects of caerulein (and presumably carba-
chol) in pancreatic acini [4], the calcium ionophore
had no effect on 2-AIB accumulation in parotid
gland fragments [33]. Iwamoto and Williams [4]
conciuded that the inhibition of 2-AIB accumula-
tion in mouse pancreatic acini may have been
caused directly by changes in cytoplasmic Ca®* or
indirectly by changes in cell metabolism or the
Na* gradient. In pancreatic fragments A23187 has
previously been shown to evoke a membrane de-
polarization and parallel increases in cytosolic
Ca?* and Na* {30]. Moreover, the magnitude of
changes in intracellular Ca?* and Na* paralleled
those observed in cells exposed to acetyicholine
[30). Keryer and Rossignol [33] have argued that
the decreased accumulation of 2-AlB in the paro-
tid gland was not directly related to variations in
the membrane potential but mainly duc to alter-
ations in the Na™* concentration gradient.

Our observation that carbacho! evoked efflux
of 2-MeAIB from the preloaded rat pancreas cor-
roborates earlier studies with 2-AIB in mouse
pancreatic acini [4], however, the ceflular mecha-
nism(s) mediating thesc cffects remain unclear,
Efflux of 2-MeAIB has been reported to be accel-
erated from HTC hepatoma cclls containing high
intracellular Na*, and exit v:a System A was
attributed to ouabain-induced changes in the Na*
gradizin [34]. Furthermore, in Ehrlich cells efflux
oi amino acids is stimulated by cellular Na* sug-
gesting coupled Na*-amino acid efflux [35), The
present findings demonstrate that cholinergic
secretagogues rapidly inhibit influx and accelerate
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efflux of Na*-dependent System A amino acids at
the basolateral membrane of the exocrine pan-
creatic epithelium.
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