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The rate of protein synthesis in the isolated peffused rat pancreas was measured from the rate of incorporation of 
L.[aH]phenylalanine into total protein, and was compared with the transporl of this amino acid into the epithelium. 
Unidirectional (15 s) and net (15-30 rain) uptake of L-[all] phenylalanine was measured relative to D-[ 14C]mannitol 
(extracellular marker) using a cell loading technique. The fractional rate of protein synthesis in the pancreas was 
also measured in vivo using a flooding dose technique and found to be 118 __ 10% day -t  (corresponding to an 
absolute rate of incorporation of bPhe into protein of 36.1 +_. 3 nmol rain -!  g - t )  in overnight fasted rats. 
Compared with the in vivo rate, the perfused pancreas exhibited a markedly lower rate of protein synthes~,s which 
increased significantly when amino acids were added to the peffusate (15.6 __ 1.9 vs. 22.5 __ 0.9% day -t or 4.7 _ 0.6 
vs. 6.9 + 0.3 nmol L-Phe min -t  g - t ) .  Carbachol ( 3 . 1 0  -7 M) stimulated protein synthesis provided amino acids 
were also supplied in the perfusate. Protein synthesis rates measured under all conditions in vivo and in vitro were 
at least an order of magnitude lower than the unidirectional influx ~ 12| _ 14 nmol rain - ~ g - t) of L-phenylalanine 
into the pancreatic epithelium. These results demonstra~'e that amino acid transport across the basolateral 
membrane of the epithelium is nol ~a~e-|iufifiag for pancreatic protein synthesis. 

Introduction 

Synthesis and secretion of pancreatic enzymes ap- 
pears to be under dietary [1-5] and hormonal control 
[6-10]. Although both dietary manipulation and treat- 
ment with secretagogues cause parallel and nonparallel 
changes in the rates of synthesis of different pancreatic 
enzymes both in vivo and in vitro, there is little infor-. 
mation on the absolute rates of pancreatic protein 
synthesis. Fractional synthesis rates of up to 290% 
day-~ were reported in overnight fasted rats [11] and 
185% day-~ in fed 4-week-old rats [12], while in the 
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developing ovine pancreas synthesis rates ranged be- 
tween 144-244% day-~ depending on age [13]. These 
findings indicate that the fractional rate of protein 
synthesis in the pancreas is amongst the highest in any 
mammalian tissue. Moreover, many studies have shown 
that under appropriate conditions cholecystokinin 
(CCK), or its analogue caerulein, induces a marked 
increase in the rate of pancreatic protein synthesis 
[6,7,9,14]. It is thus theoretically possible that substrate 
supply could become rate-limiting for protein synthesis, 
and that the influx of amino acids into the pancreatic 
epithelial cell could modulate the rate of protein syn- 
thesis. 

We have previously shown that undirectional trans- 
port of amino acids, inch, ding L-phenylalanine, into the 
rat exocrine pancreatic epithelium is carrier-mediated 
and sensitive to dietary manipulations [15,16]. This 
study examines whether influx of L-phenylalanine into 
the exocrine pancreas is rate-limiting for total protein 
synthesis by measuring both processes simultaneously 



136 

in the isolated perfused rat pancreas. For comparative 
purposes we also measured the rate of pancreatic 
protein synthesis in vivo in a matched group of rats. 
Preliminary findings of part of this work have been 
published in abstract form [17]. 

Methods 

Isolation and perfusion of the pancreas. Male 
Sprague-Dawley rats weighing 210-260 g were allowed 
free access to water and a standard laboratory diet 
(No. 491, Grain Harvesters Ltd., Kent, U.K.) Animals 
were fasted overnight and anaesthetized with an intra- 
peritoneal injection of sodium pentobarbitone (60 
mg/kg Sagatai). Intact pancreata, including a small 
section of the duodenum (previous experiments have 
shown that amino acid transport rates are not signifi- 
cantly different in pancreatic preparations with or 
without the small duodenal section (Norman, P.S.R. 
and Mann, G.E,, unpublished observations)), were per- 
fused at constant flow (about 1.8 ml/min) via the 
superior mesenteric and coeliac arteries with the portal 
vein as outlet [15,16,18]. The hepatic and common bile 
duct were ligated, and pancreatic juice v, as collected 
from the duodenal end of the cannulated main duct 
[18]. Isolated pancreata were maintained in a tempera- 
ture-controiled tissue bath and perfused with a heated 
(37 ° C), Krebs-Henseleit bicarbonate solution (gassed 
with 95% )2/5% CO2 to a pH of 7.35-7.45) of the 
following composition (mM): NaCI, 131; KCI, 5.6; 
CaC! 2, 2.5; MgCl2, 1.0; NaH2PO 4, 1.0; NaHCO3, 25; 
D~.glucose, 2.5; c-phenylalanine, 0.1; Dextran T70 (5% 
w/v, Meito Sangyo Co., Japan). In some experiments 
an amino acid mixture (5.16 raM) prepared in our 
laboratory was added to the perfusate to reproduce the 
plasma composition of individual amino acids as mea- 
sured previously in fed animals [19]. The composition 
of this amino acid mixture was (raM): Arg, 0.223; His, 
0.105; Ile, 0.107; Leu, 0.163; Lys. 0.347; Met, 0.067; 
Pbe, 0.102; Thr, 0.158; Val, 0.238; Ala, 0.777, Cys, 
0.036; Glu, 0.176; Asp, 0.052; Gin, 0.863; Gly, 0.473; 
Set', 0.273; Tyr, 0.076, Tau, 0.354; Cit, 0.139; Asn, 
0.0k~;; Tip, 0.047; Pro~ 0.3. In other experiments pan- 
creata were ~ffused with carbachol (3.10 -~ M), an 
analogue of the pancreatic secretagogue acetylcholine, 
to induce pancreatic secretion. 

Unktirectional and steady-state uptake of amino acids. 
Unidirectional (15 s) and steady-state c-phenylalanine 
uptake was measured at a substrate concentration of 
0.1 mM using a dual tracer loading technique, which 
has previously been applied to the perfused rat pan- 
creas [20]. After 20 rain pre-equilibration, pancreata 
were pcrfused from a reservoir to which D-[14C]manni. 
tel (0.05-0.09 ~Ci/~ai) and L-[3H]phenylalanine (0.5- 

0.9 /zCi/ml giving a final specific activity of 5-9 
~Ci//zmol) were added, and the portal vein effluent 
was immediately sampled (100 ~1) at rapid intervals (25 
samples in < 1 min) followed by 1 min intervals for 5, 
15 or 30 min. Tracer concentrations in the venous 
samples were expressed as a percentage of the activity 
(cpm/ml) in the arterial reservoir and L-[aH]phenyl - 
alanine uptake (U) was measured in successive sam- 
ples from: U - 1 - ( %  [3H])/(% [14C]). During the 
loading period L-[3H]phenylalanine ugtake decreased 
steadily, due to progressive tracer efflux tracer from 
the epithelium, and approached a steady-state in which 
there was a small net uptake (see Fig. 1). Unidirec- 
tional fractional amino acid uptake (Umax, see Fig. 1, 
inset), measured over the first 15-30 s was used to 
calculate influx (v) from 

,, - [ -  F . I n ( l  - U,,,,,,). C,,] 

where C,, is the perfusate phcnylalanine concentration 
((1.1 raM) and F the perfusion rate in ml/min per g 
[21]. Steady-state L-phenylalanine transport was mea- 
sured similarly from the averaged uptake value after 15 
rain of cell loading (Fig. 1). 

Estimation of pancreatic juice outflow and amylase 
activity. Basal and carbachol-stimulated pancreatic se- 
cretion was collected using a calibrated silicon tube 
(0.5 mm o.d.) attached to the free end of a cannula 
inserted into the main exocrine duct [18]. The tubing 
was replaced at 5-rain intervals and the pancratic juice 
content in the tube was measured. The a-amylase 
content was assayed by using a standard kit from 
Pharmacia Diagnostics (Sweden). Under basal condi- 
tions there was a small but consistent pancreatic juice 
flow with little amylase activity. Upon continuous per- 
fusion with 3.10 -~ M carbachol there was a marked 
stimulation of pancreatic juice flow and amylase output 
(data not shown). 

Protein synthesis in perfused pancreas. Perfusion with 
L-[3H]phenylalanine was maintained for 5, 15 or 30 
rain and the pancreas was then rapidly separated from 
the remaining small section of duodenum and immedi- 
ately frozen in liquid nitrogen and stored at - 20  °C 
for subsequent analysis. Pancreatic tissue was ho- 
mogenised in 2% perchloric acid at 4°C and free 
amino acids wece separated as the supernatant after 
centrifugation. Precipitated proteins were washed three 
times with 2% perchloric acid and hydrolysed in 6 M 
hydrochloride acid at 105°C for 18 h. The specific 
radioactivity of phenylalanine in hydrolysates, free 
amino acids and arterial perfusate samples was mea- 
sured by the method of Garlick et al. [22]. Briefly this 
consists of enzymatic conversion of phenylalanine to 
fl-phenylethylamine, extraction of/3-phenylethylamine 
into heptane/chloroform (3:1) at alkaline pH fol- 
lowed by back extraction into 0.01 M sulphuric acid. 



Radioactivity was measured in one aliquot by scintilla- 
tion counting and /3-phenylethylamine content was 
measured in another aliquot by the fluorometric assay 
of Suzuki and Yagi [23]. 

The fractional rate of protein synthesis (/( ,)  was 
calculated from: 

K s = ( SA p,'otei./b"~t'rce)" t (n) 

where SAprotei n is the final specific radioactivity of 
L-phenylalanine in pancreatic protein, g A r ~  is the 
average specific radioactivity of free L-phenylalanine in 
the precursor pool, and t is the time of incorporation. 
In these experiments SAr~,~ c was taken as equal to the 
final specific radioactivity of L-phenylalanine in the 
acid soluble fraction of the tissue, since we found rapid 
equilibration between the intraeellular pool and the 
perfusate (see Fig. 3). 

Protein synthesis hi t'h,o. Rats were fasted overnight 
and anaesthetized with an intraperitoneal injection of 
sodium pentobarbitone (60 mg/kg Sagatai). L- 
[3H]phenylalanine (150 ~mol and 50 ~Ci per ml per 
100 g) was then injected via a lateral tail vein, and after 
5 or 15 min the peritoneum was opened, a sample of 
blood was taken from the abdominal aorta and the 
pancreas was removed, rapidly cleared of the surround- 
ing fat and frozen in liquid nitrogen. After storage at 
- 2 0 ° C  the plasma and pancreas samples were ana- 
lyzed for specific radioactivity of free and protein- 
bound L-phenylalanine as described for the perfusion 
experiments. 

The specific radioactivity of intracellular free 
phenylalanine was found to fall from a mean value of 
678 :!: 16 (n = 6) dpm/nmol at 5 min to 536 ± 12 (n = 6) 
dpm/nmol at 15 min. The rate of protein synthesis was 
therefore calculated for the rats killed at 15 min from 
Eqn. 1, taking SAf~¢c (mean precursor specific activity 
over 15 rain) as 1.20 times the final intracellular free 
phenylalanine specific activity. 

Amino acid analysis. Perchloric acid soluble super- 
natants from the pancreas homogenates were neu- 
tralised with saturated tripotassium citrate and ana- 
lyzed for amino acid composition by high pertbrmance 
liquid chromatography, using the method described 
previously [19]. 

Radioactive molecules arm other materials. L. 
Phenyl[2,3-3H]alanine (45 Ci/mmol) and D-[1 _n4 
C]mannitol (53.4 m C i / m m o l ) w e r e  obtained from 
NEN, Dreieieh, F.R.G. All amino acids and carbachol 
were of the highest grade and were purchased from 
Sigma Chemical Co., U.K. 

Statistics. All values are expressed as mean + S.E. 
where n indicates the number of animals. Statistical 
analyses were performed using analysis of variance and 
student's unpaired t-test; values of P < 0.05 were con- 
sidered significant. 
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Results 

Undirectionai and net uptake of L-phenylalanme 
Fig. 1 illustrates a typical dual-isotope experiment in 

which both unidirectional and steady-state L-phenyi- 
alanine uptake by the pancreatic epithelium were mea- 
sured. During 30 min perfusion with D-[~aC]mannitol 
and t.-[3H]phenylalanine, the radioactivity of o- 
[m4C]mannitol (extracellular marker) in the venous per- 
fusate rapidly approached that in the arterial per- 
fusate, whereas the recovery of t,-[3H]phenylalaniiae in 
venous samples was relatively much lower than that of 
the extraceilular marker. This difference in the venous 
concentrations-time profiles represents t.-[3H]phenyl- 
alanine uptake by the exocrine pancreas. The maximal 
uptake (Urn, x, about 70%) occurred within seconds 
(Fig. 1 inset) and was followed by rapid tracer efflux 
leading to steady-state uptake values of a few percent 
after 15-3(I min. 

Effects of amino acids and carbachol on t,-phenyAdanine 
transport 

In preparations perfused in the absence of amino 
acids (except 0.1 mM t,-phenylalanine) and carbachol 
the measured maximal uptake (71 + 4%) corresponded 
to a unidirectional influx of 162 + 6 nmol/min per g 
(n = 7). Net uptake (4 + 1%) measured between 15 
and 30 min corresponded to a net transport of 5.0 _+_ 1.4 
nmol/min per g (n ~ 3). The addition of a mixture of 
amino acids (5.16 mM), equivalent to plasma concen- 
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Fig. 1. Unidirectional and net ;,iptake of ~-[';H]phenylalanine in the 
perfused rat pancreas. The ordinate represents the venous effluent 
recovery of radioactivity, expressed as a percentage of the respective 
arterial reservoir cpm/mi for n.+[3H]phenylalaninc (A)  and D- 
[14C]mannitol (zx, extracellular marker). Uptake (U) of t.° 
[3H]phenylalaninc (e) was calculated from U = I -{[3H activity]/[D- 
[14C]mannitol activity]} in successive venous samples. The inset shows 
% uptake measured during the first 2 min (expanded scale) of cell 
loading. In this experiment the perfusate was free of amino acids and 

carbachol. 
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TABLE ! 

Effects of carbuchol (3.10 r M) and extmcelhdar amhzo acids (5.16 
n:M) on t..phenylahmine transport in the perfused rat pancreas 

Unidirectional influx and net transport were measured over the first 
15-30 s and over the steady-state period (20-30 rain, see Fig. 2), 
respectively. Results are mean +- S.E. of n pancreata in each group. 
Significance of difference by unpaired t-tests: "P  < 0.03 compared 
with amino-acid-free and carbachol(CCh)-free group; b P<0.01 
compared with amino-acid-free and CCh-free group. 

Influx 
(nmol/min per $) (n) 

Net transport 
(nmol/min per $) (n -~ 3) 

Amino-acid-free + Amino acids 

CCh-free +CCh CCh-free +CCh 

162+-6 127+-6" 121 +- 14 h 127+- 16 
(7) (3) (6) (6) 

5.t1:t:: 1.4 - I ±0,8 h 5.4:t: 12 6,9:t: 1.5 

8 0  ............................................................................................................................................................................... 
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Fig. 2, Effect of carhachol on unidirectional and net uptake of 
t+-phenylalanine, The inset illustrates % uptake measured during the 
first I rain (expanded scale) of cell loading, In these experiments 
pancreata were perfused with an amino acid+free solution in the 
absence or presence of 3, It) -v M carbachol which was perfused 
continuously starting 211 rain prior to uptake measurements, Values 

are mean ~ S,E, of three preparations in each group, 

TABLE I! 

Tinw course of specific (SA) o]" L-phenylalanine pools and rates of 
protebl synthesis (K~) in the perfi~sed pancreas 

Results are mean-+S.E, of three perfused with an amino-acid-free 
and carbachol-free medium. 

SA trcc SA pro|cin Ks 
(dpm/nmol) (dpm/nmol) (% day - i ) 

5 min 19963+- 1396 14.0+-2.9 19.9+3.3 
15 min 19343+- ! 894 34.2+5.9 16.7+ 1.4 
30 rain 202375:323 65.7-+8.0 15.6+ 1.9 

trations, to the perfusate significantly reduced unidi- 
rectional influx by about 25%, but had no effect on net 
uptake (Table !). This presumably reflects competition 
by some of these amino acids for the L-phenylalanine 
carrier [24]. 

Fig. 2 illustrates that continuous perfusion with 3.  
1 1 1 - 7  M carbaehol (:over 30 rain), in the absence of 
amino acids, resulted in a reduction in the unidirec- 
tional and net uptake of L-[aH]phenylalanine. In con- 
trast carbachol had no effect on L-phenylalanine trans- 
port during perfusion with amino acids (Table 1). 

Pancreatic protein synthesis 
The specific activities of free and protein-bound 

t°-phenylalanine in pancreata perfused with amino 
acid-free medium are shown in Table It. Fractional 
rates of total protein synthesis calculated from these 
data remained unchanged (P > 0.05, one way analysis 
of variance) after 5, 15 or 30 rain of perfusion of 
isolated pancreata. In subsequent experiments mea- 
surements were made at 5 and 30 min, but since the 
results were similar only the data obtained at 30 min 
will be discussed. 

T A B L E  ! ! !  

Sl~'cifi¢" at'tivilh, s (SA) of L-pheny/ahltline I~ds, rates oj" protein synthesis (K~) mid rates of L-phenyhdanine incorporation into total protein in the 
i,~dated l~.'r/h,wd i~mcreas aml in vi+'o 

Results are mean + S,E,, n = 3 pancreata in perfusion experiments and 6 pancreata hi rive, Carbachol (CCh) concentration was 3. !11 7 M. 
Significance of differences in K~ in 30 rain perfusion experiments by two way analysis of variance: effect of amino acids, P < 0.001: effect of CCh, 
P n,s,: interaction, P < 0,01, 

SAt I~:L, SA prm~m K, 
(dpm/nmoh (dpm/nmol) (% day i) 

Incorporation into protein 
(nmol t+-Phe/min per g) 

Perfused pancreas 
Amino-acid.free: 

CCh-fnee 20237 5 :323 65.7 5:8.0 15.(, X i.; 4.7 + 0.6 
+CCh 15335+_ 107g 35.9+- i.I 11.3+ 0.7 3.5-+0.2 

+ Amino acids: 

CCh-free 15,'N.5 _+ 1679 72.6 + 10.5 22.5 + 0.9 6.9 -+ 0.3 
+CCh i0917+ 125 65.8+ 2.14 28.9+- 1.1 8.9-+0.3 

Pancreasb~vivo 536+- 12 7.92-+ 0.66 !18 ~10 36.1+3.0 



Effect of  amino acid supply and carbachol on pancreatic 
protein synthesis 

Previously in our laboratory most transport studies 
have been performed in the absence of other amino 
acids in the perfusate in order to maximise tracer 
uptakes. Thus, pancreatic protein synthesis in this study 
was initially measured under these conditions. How- 
ever, it was also important to examine the effects of 
added extraceilular amino acids on protein synthesis. 
Table II1 show,~: that the presence of a mixture of 
amino acids almost doubled the rate of protein synthe- 
sis. Perfusion with carbachol (3. 10 -7 M) in the pres- 
ence, but not in the absence, of amino acids further 
increased the rate of total protein synthesis by about 
30%. 

The maximum fractional rate of protein synthesis 
measured in the i~olated perfused rat pancreas was 
28.9 :k 1.1% day ~l (Table !11). If we assume that the 
pancreas contains 15% protein, and that pancreatic 
protein contains 49.6 mg L-phenylalanine per g protein 
Emery, P.W., unpublished observations), this corre- 
sponds to incorporation of L-phenylalanine into protein 
at a rate of 8.9 + 0.3 nmol/min per g (n = 3). This is at 
least an order of magnitude lower than the unidirec- 
tional influx (Table I). 

hi t'it,o protein synthesis 
For comparative purposes we also measured the 

rate of protein synthesis in t,ico, and Table ill shows 
that this was about 5-fold greater than that measured 
in vitro in the perfused pancreas, in the presence of 

- i  amino acids. The fractional rate of l l 8 _  10% day 
corresponds to L-phenylalanine incorporation at a rate 
of 36.1 4- 3.0 nmol/min per g. This is still considerably 
lower than the unidirectional influx. 

Precursor pool for protein synthesis 
Fig. 3 shows that the specific activity of intracellular 

free L-phenylalanine in the perfused pancreas, ex- 
pressed as a proportion of the arterial perfusate spe- 
cific activity, rose rapidly, reaching a value at 5 min 
which did not change significantly after 15 or 30 min 
during perfusion with an amino acid-free medium. The 
presence of a mixture of other amino acids in the 
perfusion medium slowed the attainment of isotopic 
equilibrium in the first 5 min, again presumably be- 
cause of competition for carrier sites. The addition of 
carbachoi did not significantly affect the isotopic equi- 
librium between the intracellular free amino acid pool 
at any of the time points measured (data not shown). 
The intracellular free L-phenylalanine specific activity 
at 30 min was 82-88% of the corresponding arterial 
perfusate value for all conditions tested. Thus, if the 
true precursor pool for protein synthesis is actually 
extracellular our calculations based on the intracellular 
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100 F ~ ' ~  +Amino acids (5.16 raM) 
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20 
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T 
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Fig. 3. Time course of equilibratiou of i-phcnylalaninc specific 
activity between the intracelhllar free amino acid pool and perfusatc. 
The ratio of specific activities (SA) between the pools is shown for 
two of the conditions studied in perfusion experiments in citro. 
Unlabelled L-phenylalanine was always present at 0.1 mM and carba- 
chol was absent. Data are mean _+ S.E. of three experiments in each 

group. 

specific activity would overestimate the true rate of 
protein synthesis by about 12-18%. 

The attainment of isotopic equilibrium between the 
pancreas and the plasma in t,it,o was also rapid, ~:.nd 
did not change significantly between 5 (84.7 :t: !.3%) 
and 15 (79.8 + 0.4%, n = 6) rain. 

Concentrations of fi'ee amino acids 
In an attempt to correlate the protein synthetic 

rates measured in vitro with the amino acid content of 
pat~creatic tissue we measured the concentration of a 
range of amino acids in the perfused pancreata and in 
civo. Table IV shows the concentrations of free amino 
acids in pancreata at the end of 30 min perfusion with 
labelled t.-phenylalanine, and in t:ivo at the time (15 
min following the injection of e-[3H]phenylalanine) of 
measuring the rate of protein synthesis. Perfusion with 
amino acid-free medium caused a 60% reduction in 
total amino acid concentration in comparison with 
pancreata perfused with plasma concentrations of 
amino acids and this may account for the reduced rate 
of protein synthesis rates. Pancreatic concentrations of 
phenylalanine and tyrosine in rats used for in t~ivo 
measurements were affected by the large does of L- 
phenylalanine which had been injected intravenously. 
However, even after subtracting the concentrations of 
L-phenylalanine and tyrosine, the total amino acid con- 
centration in vivo appeared to be 40% greater than 
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TABLE IV 

Amino acM concentrations in pancreatic tissue in ch,o and following 
perfusion of the isolated pancreas in vitro 

Results are mean ± S.E. of seven pancreata bz ciro and three pancre- 
ata in l,itro (perfused for a total period of 50 min). " Total amino 
acid concentration excludes phenylalanine and its metabolite tyro- 
sine since a large dose of L-phenylalanine was injected during these 
experiments; n.d.0 not detectable. 

Amino acid Concn. (/zmoi/g pancreas wet wt.) 

in vit,o perfused pancreas 

+ amino acids Amino-acid-free, 
+ CCh CCh-free 

E~entials 
Arginin¢ 0,43 ± 0,03 0,14±0,01 0.04:1:0,01 
isoleucine 0.32±0,08 0,11 ±0.01 0,03±0,01 
Leucine 0.20±0.04 0.15 ±0,01 0,03 ± 0.01 
Lysine 0.55:1:0,10 0.23±0,02 n.d. 
Methionine 0,14 ± 0,01 n.d, n,d, 
Phenylalanine 4,10±0,26 0,14~0,02 0.18±0.02 
Threonine 0,80 ± 0.12 0,52 ± 0,09 0,23 ± 0.08 
Valine 0,35 ± 0,07 0.37 ± 0.09 0,05 ± 0.0 I 

Non-essential 
Alanine 0,55 ± 0,05 0,84 ± 0, I0 0,16 ± 0,01 
As~ragine n.d, 0.06:1:0.01 n.d, 
Aspartate I. 17 ± 0.05 0.94 ± 0,15 0.3 ! ± 0.03 
Glutamate 6.75:1:0.52 2.41±0,19 ! . i l  :1:0.09 
Glutamine 1,95 + 0,25 0.48 ± 0,02 0.50 ± 0,06 
Glycine 2,47±0.16 1,35 ±0,12 0.93±0.09 
Serine 0.62+0.08 0,43±0.06 0,17±0,01 
Tyrosine !.32 ± 0.3 ! 0.10 ± 0,02 n.d, 

Total 15,85" 8,31 3,77 

that in pancreata perfused with plasma concentrations 
of amino acids. 

Discussion 

The exocrine pancreas avidly accumulates amino 
acids against a large concentration gradient [19,25,26] 
and exhibits high protein synthetic activity [8,11-13]. 
Previous studies from our laboratory have shown that 
the influx of L-phenylalanine into the exocrine epithe- 
lium of the isolated peffused rat pancreas is mediated 
predominantly via a large neutral Na+-independent 
system L [24]. Though the isolated perfused pancreas 
has been used extensively for physiological and trans- 
~ r t  studies, ratps of protein synthesis have not, to our 
knowledge, been reported in this model, it has been 
suggested that the transport of substrates into the 
pancreatic epithelium may be a limiting factor for the 
high protein synthetic rates observed in this organ. 
This study establishes that the rate of amino acid influx 
across the pancreatic exocrine epithelium is consider- 
ably higher than the rate of protein synthesis measured 
in vit, o or in vitro, indicating that transport was not 
rate-limiting for protein synthesis. 

Effects of  amino acids and carbachol on protein synthe- 
sis and L-phenylalanine influx 

Contradictory obser ations have been made regard- 
ing the immediate source (intracellular or extracellu- 
lar) of amino acids for incorporation into pancreatic 
protein [8,26,27]. In a detailed investigation using rat 
pancreatic fragments, van Venrooij et al. [27] con- 
cluded that the amino acids incorporated into protein 
are derived directly from the extracellular pool. This 
would imply that the charging of t-RNA is linked 
directly to membrane transport (see review, Ref. 8). 
However, the intracellular pool may make a significant 
contribution to protein synthesis when extracellular 
amino acid supply is reduced [28]. 

in the present study the rate of protein synthesis 
measured in the perfused pancreas was responsive to 
added amino acids. Even without the addition of these 
substrates to the perfusion medium, amino acids were 
still present in pancreatic tissue, presumably as a result 
of protein degradation, which allowed continued incor- 
poration into protein, though at a reduced rate com- 
pared with the presence of amino acids (Table 1). 
Under these conditions amino acid content of the 
perfused pancreas was reduced by half as a result of a 
reduction in the concentration of most individual amino 
acids with the exception of i.-phenylalanine, which was 
present in the perfusate (Table IV). Since these mea- 
surements were performed at the end of a 30 min 
perfusion period, and since the rate of protein synthe- 
sis was not significantly different when measured at 5, 
15 or 30 min following a pre-equilibration period of 20 
rain, it could be argued that in the absence of a source 
of extracellular amino acids protein synthesis proceeds 
at a constant but reduced rate, possibly determined by 
the availability of certain intracellular amino acids. 
However, although intracellular amino acids clearly 
can act as substrates for protein synthesis under these 
conditions, it is still possible that extracellular amino 
acids are the major precursors for protein synthesis in 
rico under normal conditions. 

Carbachol and other pancreatic secretagogues are 
known to influence pancreatic protein synthesis, but 
their effects appear to be biphasic in relation to agonist 
concentration [6,7,9,29]. For example, in fragments of 
rat pancreas the incorporation into protein of labelled 
leucine, methionine and tyrosine was reduced by high 
concentrations of carbamylcholine (> 10 -6 M), pan- 
creozymin (> 0.1 unit/ml) and caerulein (> 2 ng/ml) 
[29]. In contrast, in isolated pancreatic acini a low dose 
of CCK~ (10- "~ M) markedly stimulated the rate of 
incorporation of L-[aH]phenylalanine [9] and L- 
[3H]leucine [6] into pancreatic protein. Similarly, fol- 
lowing in vivo infusion of maximal secretory doses of 
caerulein, L-[aH]leucine incorporation into protein In 
vitro was enhanced [7]. Carbachol at maximal stimula- 
tory concentration (3- l0 -~ M) caused a 44% increase 
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in L-[3H]leucine incolporation into protein [6] but ex- 
hibited a maximaW inhibitory effect at 10 -4 M [6]. In 
the present study 3" 10 - 7  M carbachol stimulated pro- 
tein synthesis by about 30% (Table I11). However, this 
effect of the secretagogue was only observed when 
pancreata were perfused with added amino acids. The 
mechanism responsible for this increase in protein 
synthesis is presently unknown, though we can exclude 
a stimulatory effect on L-phenylalanine influx into the 
cell (see Table I). 

Time-dependent changes in amino acid incorpera- 
tion into protein have been observed in response to 
injection of cholecystokinir~-pancreozymin [30]. In this 
study the rate of ~4C incorporation into total pancre- 
atic protein following an intraperitoneal injection of a 
tracer dose of L-[14C]phenylalanine was decreased after 
5 rain, maximally stimulated by 17 min and returned to 
control value after 45 rain [30]. In our preparations 
carbachol stimulated total protein synthesis at both 5 
and 30 rain in the perfused pancreas and caused a 
marked increase in enzyme secretion over the whole 31) 
rain period. 

The little information available on the effects of 
seeretagogues on amino acid transport in the pancreas 
suggests both stimulatory and inhibitory effects - de- 
pending on agonist concentration - on the accumula- 
tion of a-aminoisobutyric acid (AIB), a nonmetaboliz- 
able amino acid analogue [7]. Support for the inhibi- 
tion of L-phenylalanine influx by carbachol in the ab- 
sence of amino acids may be found in previous studies. 
In mouse pancreatic acini not only was AIB uptake in 
the absence of amino acids inhibited by carbachol (and 
other secretagogues), but efflux was also accelerated 
from the preloaded tissue [31]. Studies from our labo- 
ratory [32] have shown that carbachol (3 .10 -7  M) 
abolished net a-methylaminoisobutyric acid (MeAIB) 
uptake via the Na~-dependent System A [24] whilst 
stimulating MeAIB efflux. In the pancreas the wide 
tolerance of System A for different amino acids [24], 
including L-phenylalanine, suggests that the reduction 
in L-phenylalanine uptake may reflect decreased up- 
take via the seeretagogue-sensitive System A. 

Protein synthesis in relation to influx o f  t.-phenylalanine 
The protein synthetic rates measured in vivo in 

overnight fasted animals (118% day-~) compared well 
with other studies in rat pancreas. Sakamoto et al. [11] 
reported rates of 142-293% day -t  in animals of 
similar age using a 6 h constant infusion of labelled 
tyrosine, a method which is known to yield less reliable 
results than the flooding dose technique which we 
employed, particularly when applied to tissues with a 
high rate of protein synthesis [22,23]. Permutt et al. [12] 
reported rates of 185% day -~ in much younger (4- 
week-old) non-fasted rats using a flooding dose tech- 

nique similar to that used here. It is likely that overnight 
fasting causes a reduction in protein synthesis in the 
pancreas, as it does in many other tissues [33]. In our 
study the in t,ico protein synthetic rate was about 
5-fold greater than that measured in t, itro. Neverthe- 
less, the perfused pancreas exhibited not only an ability 
to synthesise and secrete proteins but was also respon- 
sive to the addition of amino acids and carbachol. The 
fact that the perfused pancreas had a significantly 
lower free amino acid content - even with the addition 
of amino acids in the perfusate - than the pancreas in 
t,it;o may at least partially explain the difference in the 
protein synthetic rates between in t,it,o and in citro 
situations. 

Even the highest rate of protein synthesis recorded 
in the literature, 293% day -~ [11], corresponding to 
about 90 nmol/min per g, is considerably less than the 
unidirectional influx (121 nmol/min per g)of L-phenyl- 
alanine (Table !). Thus, we have demonstrated that 
pancreatic protein synthesis in t,it,o or in the pancreas 
perfused in t~itro under basal or secretagogue-stimu- 
lated conditions, would not be limited by amino acid 
transport into the epithelium. 
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