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Abstract 

Secretory granules from the rat pancreas contain electrolyte transport pathways that may contribute to exocrine fluid 
production. The C1- selective transport pathway was measured indirectly in isolated granules by ionophore-induced lysis after 
suspension in isotonic KC1. This C1- transport was shown to respond to alterations in the granule membrane lipid environment. 
Exogenously added phospholipase A 2 (PLA 2) caused an increase of up to 193% in the CI- specific transport by the isolated 
granules. In addition, the products of PLA 2 hydrolysis, lysophospholipids and unesterified fatty acids, directly increased the rate 
of CI transport when incubated with granules in vitro. Lysophospholipids (2.0 /xg/ml) increased the C1 transport between 
280-450% (depending on the lysophospholipid species). Similarly, free fatty acids (10/zM) increased the granule C1- transport 
from 25% with capric acid (10:0) to 255% with arachidonic acid (20:4). The relative extent of stimulation by fatty acids was 
dependent on their carbon chain length and to a lesser extent, the degree of unsaturation. The inhibition (68%) of PLA 2 
promoted granule lysis by 4-acetamido-4'-isothiocyanatostilbene 2,2'-disulfonic acid (0.5 mM) also suggests that the effect is 
specific for the granule C1- channel. Thus, the data show that zymogen granule CI- transport is influenced by membrane lipids 
and supports a role for PLA 2 in controlling electrolyte transport during stimulus-secretion coupling. 
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1. Introduct ion 

Exocrine secretion involves the insertion of cytoplas- 
mic secretory granules into the plasma membrane with 
the subsequent release of the macromolecular product 
into the extracellular environment. This process re- 
quires the coordinated promotion of both membrane 
fusion and electrolyte transport. Two transport pro- 
teins found in the membranes of pancreatic secretory 
granules are; an ATP-sensitive K ÷ conductance [1-3] 
and a CI-  conductance inhibitable by 4-acetamido-4'- 
isothiocyanatostilbene 2,2'-disulfonic acid (SITS) [4-6]. 
The exocytotic fusion of granule membrane with the 
apical plasma membrane results in the insertion of 
these electrolyte transport proteins into the luminal 
facing surface of the acinar cell. These channels may 
promote local fluid production which solubilizes and 
flushes the macromolecular granule product into the 
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acinar lumen. Alternatively, they may contribute to the 
efficiency of exocytotic membrane fusion by promoting 
vesicle swelling, and therefore widen and stabilize the 
fusion pore. To guard against premature granule 
swelling (and conceivably lysis), the activation of these 
transport pathways must be timed to coincide with the 
fusion of the granule and apical plasma membranes. 

The intracellular signaling mechanisms that control 
stimulus-secretion coupling include the second messen- 
gers cAMP and calcium, as well as the accompanying 
activation of phospholipases and kinases. These signal- 
ing systems likely control vesicle movement to the 
plasma membrane and their subsequent fusion [7], as 
well as the granule electrolyte transport. For example, 
there is evidence to suggest that the granule C1- trans- 
port can be regulated by cAMP-dependent  protein 
kinase [8], nucleotides [9], and changes in membrane 
fluidity [10]. In addition, PLA 2 may be an important 
effector enzyme in the coordination of membrane fu- 
sion and electrolyte transport during stimulus-secretion 
coupling. Activation of PLA z coincides with exocytotic 
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secretion in a variety of tissues including adrenal chro- 
mat in  cells [11,12], pancreas [13], rat synaptosomes 
[14,15], the sperm acrosome reaction [16]; and it is also 
associated with purified pancreatic secretory granule 
membranes [17]. Products of PLA z hydrolysis of mem- 
brane phospholipids cause a net increase in the fluidity 
of the lipid bilayer [18], which may influence granule 
membrane C1- permeability [10]. Therefore, the alter- 
ation of the granule membrane lipid environment by 
PLA 2 may contribute to the regulation of C1- trans- 
port in the exocrine secretory system. 

The hydrolysis of membrane phospholipids by PLA 2 
can result in the release of a variety of fatty acids, 
depending on the phospholipid. This fatty acid is typi- 
cally unsaturated, with arachidonic acid being the most 
extensively studied because of its metabolism to other 
biologically active eicosanoids. However, free fatty acids 
have also been implicated in having a direct effect on 
membrane proteins [19,20], including ion channels [21- 
23]. This study investigates the effect of fatty acids and 
lysophospholipids on secretory granule C1- transport, 
based on the possibility that secretory granule mem- 
brane phospholipids are utilized as a substrate by 
PLA ~. 

2. Materials and methods 

2.1. Secretory granule isolation 

Secretory granules were isolated from the pancreas 
of Sprague-Dawley rats (150-200 g) by a methodology 
that has been previously described in detail [3]. Briefly, 
rats were killed by cervical dislocation while under 
ether anesthesia. The pancreas was removed and placed 
in an ice-cold, low ionic strength homogenization 
buffer. This buffer consisted of: 250 mM sucrose, 40 
mM 3-(N-morpholino)propanesulfonic acid (Mops; 
titrated to pH 7.0 with NaOH), 0.1 mM MgSO4, 0.1 
mM EGTA (free calcium 0.1/zM), 1.0 mg/ml fatty-acid 
free bovine serum albumin (BSA), and 0.1 mM phenyl- 
methylsulfonyl fluoride, added immediately before use. 
The pancreas was minced to a paste and homogenized 
with a glass-Teflon tissue grinder. This homogenate 
was disrupted further by nitrogen cavitation at 750 psi, 
a process that broke the majority of the cells and 
released the secretory granules intact. The homogenate 
was supplemented with Percoll stock (100%) to give a 
final concentration of 45% by votume, while maintain- 
ing the original homogenization buffer constituents 
and concentrations. A density gradient was then formed 
by centrifugation at 20000 × g for 20 min in a Sorvall 
SV-288 vertical rotor. The granules formed a distinct 
band in the high density portion of the gradient (1.11- 
1.13 g/ml). Zymogen granules were always prepared 
fresh and stored concentrated at 4°C. 

2.2. Evaluation of granule membrane chloride permeabil- 
ity 

The anion permeability of isolated secretory gran- 
ules was determined indirectly by the method of 
ionophore-dependent granule lysis in a defined salt 
solution. The technique has been described previously 
in detail [4,5], and measures permeabilities based on 
solute driven osmotic influx of fluid and the observed 
kinetics of the subsequent swelling and lysis of the 
organeIle. The granules were suspended in a solution 
consisting of: 150 mM KC1, 20 mM N-2-hydroxyethyl- 
piperazine-N'-2-ethanesulfonic acid (Hepes; titrated to 
pH 7.0 with KOH), 0.2 mM EGTA, and 0.2 mM 
MgSO 4. The C1- transport was identified by increasing 
the K + permeability of the membrane with the 
ionophore, valinomycin. As electroneutrality must be 
maintained for net solute accumulation and granule 
swelling, the endogenous C1- permeability of the gran- 
ule membrane becomes rate-limiting. Therefore, the 
granules accumulate fluid and lyse at a rate dependent 
upon the endogenous Cl- transport pathways in the 
zymogen granule membrane. Valinomycin was consid- 
ered to induce a maximal K + permeability at 10 ~g /ml  
based on dose-response experiments showing no fur- 
ther increase in granule lysis rate when valinomycin 
exceeded 5-8 /~g/ml. Granule lysis was followed by 
the change in optical density (OD) of the granule 
suspension at 540 nm. This OD is proportionate to the 
number of secretory granules in suspension, with intact 
granules accounting for at least 90% of the optical 
signal. The lysis rate was quantified as the time re- 
quired for the OD of the granule suspension to de- 
crease by 50% (half-life). 

PLA2, from Naja mocambique mocambique (1500 
units per mg protein), lysophosphatidylcholine (pre- 
pared from egg phosphatidylcholine), lysophos- 
phatidylethanolamine (oleoyl, 18:1,[cis]-9), lysophos- 
phatidylserine (monoacyl-sn-glycero-3-phospho-L- 
serine), and fatty acids were purchased from Sigma. 
Lysophospholipids are reported as g/ml due to uncer- 
tainty in the sn-1 fatty acid of lysophosphatidylcholine. 
Stock concentrations of lysophospholipids and fatty 
acids were solubilized in 100% ethanol; however, the 
ethanol concentration never exceeded 0.5% when in 
the granule suspension. This level of ethanol has been 
previously shown not to influence the acute granule 
transport behavior [5]. Furthermore, the final concen- 
tration of BSA in the test solutions was approx. 1.7 
/.~g/ml, an amount that did not seem to significantly 
alter lipid availability. Granules that displayed half-time 
rates for lysis of less than 40 rain prior to the addition 
of valinomycin were considered to be unstable and 
were excluded from further analysis. 

Experimentally, the granules were incubated for 5 
min at 37°C (in the presence or absence of PLA 2, 
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lysophospholipids, or fatty acids) prior to the addition 
of valinomycin. This period allowed for the hydropho- 
bic lipids to partition from the aqueous suspension into 
the native granule membrane. Control experiments 
were always performed to quantify the granule lysis 
rate in the absence of valinomycin. This control value 
served as the baseline for comparison after addition of 
valinomycin. 

All experiments were conducted at 37°C with a 
Beckman DU-64 spectrophotometer equipped with a 
constant temperature chamber, 6-unit sample changer, 
computerized data capture system, and software for 
kinetic analysis. Data are reported as means + S.E. 
Figs. 1-4 illustrate a single experiment but are repre- 
sentative of at least five other experiments that dis- 
played similar results. 

3. Results 

Secretory granules from the rat pancreas are osmot- 
ically stable in a solution of 150 mM KCI (pH 7.0) at 
37°C when isolated as described above [1,3]. The mean 
half-life for granule lysis for the preparations used in 
the following experiments was approx. 74 min in the 
absence of an ionophore (valinomycin). However, when 
the untreated granules are suspended in KC1 and per- 
meabilized to K + with valinomycin, they displayed a 
mean half-life of approx. 31 min, an increase of over 
2-fold compared to the ionophore-free control rate. 
This increase in lysis rate is taken to be proportional to 
the endogenous granule membrane CI- conductance, 
due to the electrogenic nature of valinomycin and the 
need to maintain electroneutrality for intragranular 
solute and therefore fluid accumulation. By this tech- 
nique, the measured anion permeability is selective, 
displaying a sequence of SCN - > I - > Br - > C1 - > F - 
> SO4 z- >> gluconate, consistent with other reported 
C1- channels [24]. Valinomycin addition in the absence 
of a permeant  anion did not increase the granule lysis 
rate over the control values. For example, when valino- 
mycin is added to granules suspended in K+-gluconate, 
the half-time for lysis was 66 + 7 rain, compared to 
71 + 8 rain in the absence of valinomycin. 

Changes in the intracellular calcium concentration 
of pancreatic acinar cells is thought to regulate PLA2 
and induce its association with the secretory granule 
membrane [17,25]. The enzyme will utilize the mem- 
brane phospholipids as substrate, yielding an unesteri- 
fled fatty acid and a lysophospholipid. The subsequent 
transient alteration of the membrane composition could 
serve to regulate granule electrolyte transport. This 
type of lipid second messenger regulation was tested 
with exogenous additions of PLA 2 (Naja mocambique 
mocambique). The enzyme was incubated with secre- 
tory granules and the CI- dependent  lysis rate quanti- 

fled before and after the addition of valinomycin. Con- 
sistent with the calcium requirement of Naja rnocam- 
bique PLA2, the enzyme (0.5 ng/ml ;  7 . 5 . 1 0  -4 
uni ts /ml)  produced only a nominal effect on the C1- 
transport (less than 5% increase from the control) 
when incubated with zymogen granules in the absence 
of calcium. However, when 0.25 mM calcium was added 
to the granule suspension solution, the rate of C1- 
specific lysis increased by 139% in comparison to the 
untreated control (granules plus valinomycin without 
PLA 2) (Fig. 1). In the absence of valinomycin, the 
half-time for granule lysis was 46 + 5 min at this con- 
centration of PLA2, illustrating that the treatment did 
not make the granules nonspecifically lyric. Calcium in 
the absence of PLA 2 caused an increase in CI-  trans- 
port of 30% +_ 9 over the control rate. However, 
quinacrine (0.1 mM), an inhibitor of PLA 2 [26], did not 
block the calcium promoted increase in C1- transport. 
This failure by quinacrine suggests that the added 
calcium did not activate an endogenous PLA 2 at the 
zymogen granule membrane. In the presence of 0.25 
mM added calcium, Naja mocambique PLA 2 displayed 
a dose-dependent increase in effectiveness, promoting 
a 61% increase in C1- specific granule lysis at 50 
p g /m l  (7.5 • 10 .5 uni ts /ml)  and a 193% increase at 1.0 
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Fig. 1. The effect of exogenously applied phospholipase A 2 on 
zymogen granule C I -  transport  in vitro. PLA 2 (0.5 n g / m l )  with and 
without calcium (0.25 mM) was added to a suspension of zymogen 
granules and preincubated for 5 min The  suspension solution con- 
sisted of 150 mM KCI, 20 mM Hepes  (pH 7.0), 0.2 mM EGTA,  and 
0.2 mM MgSO 4 at 37°C. CI transport  was measured  as the rate of 
C1- dependent  granule lysis after increasing the K + membrane  
permeability with the ionophore valinomycin (10 ~ g / m l ) ,  at the 
arrow. Control represents  the CI -  dependent  lysis is the absence of 
PLA 2 treatment;  PLA 2 represents  CI -  dependent  lysis of the same 
granule population after t rea tment  with PLA 2 in the absence of 
calcium; and PLA 2 +Ca lc ium represents  the CI -  dependent  lysis 
after t reatment  with PLA 2 and calcium. 
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Table 1 
Dose dependent  change in granule CI -  transport in response to 
increasing concentrations in PLA 2 

% Change in CI transport 

PEA 2 (g /ml )  
5 .10  tl 61.5_+14.5 
2"10 m 119.7+31.6 
5 '  1() m 140.4_+34.0 
1 • 10 '~ 193.3-+39.9 

CI transport was measured as the rate of C1 dependent  granule 
lysis after addition of the ionophore valinomycin (10 /~g/ml).  The 
data are expressed as the % change in CI -  dependent  lysis com- 
pared to an untreated control from the same granule population. 
Granules were suspended in 150 mM KCI, 20 mM  Hepes  (pH 7.0), 
0.2 mM EGTA,  and 0.2 mM  MgSO 4 at 37°C. All t reatments  repre- 
sent the mean_+S.E, of experiments from at least five different 
granule preparations. PEA2+0 .25  mM  Ca 2+ were added to the 
granule suspension and incubated 5 min at 37°C before addition of 
the ionophore. 

ng/ml  (1.5 • 10 -3 units/ml),  following a 5 min preincu- 
bation at 37°C (Table 1). When the stilbene SITS (0.5 
mM) was added to the cytoplasmic surface of the 
granule membrane, 68% _+ 11 of the PLA 2 (0.5 ng/ml )  
promoted C1- specific lysis was inhibited. This respon- 
siveness to SITS is further evidence that the osmotic 
lysis is due to solute accumulation associated with a 
granule CI-  conductance. At concentrations above 1.0 
ng/ml ,  PLA 2 began to induce significant lysis of the 
zymogen granules (half-life less than 40 rain) in the 
absence of valinomycin and was therefore excluded 
from further consideration. 

PEA2 hydrolysis of membrane phospholipids results 
in the production of a lysophospholipid and a free fatty 
acid from the sn-2 position. Lysophosphatidyl-choline, 
-ethanolamine, and -serine were directly tested to de- 
termine their contribution to the PLA 2 induced in- 
crease in CI-  transport. Fig. 2 illustrates the change in 
the granule lysis rate (limited by the endogenous mem- 
brane Cl-  conductance) in response to incubation with 
0.6 /zg/ml  lysophospholipids. The lysis rate in the 
presence of lysophospholipids was always greater than 
40 min prior to the addition of valinomycin, although 
the CI specific lysis rate increased significantly after 
addition of valinomycin. In general, the ability of the 
lysophospholipids to promote Cl-  transport (granule 
lysis) followed the order lysophosphatidyl-choline > 
-ethanolamine > -serine (Table 2). Lysolipid concentra- 
tions lower than 0.2 # g / m l  were without significant 
effect on the C1- specific granule lysis rate. The maxi- 
mal measurable response was achieved with 2 .0 /xg /ml  
lysophospholipid, causing an increase of over 400% 
with lysophosphatidylcholine and ethanolamine and 
280% with lysophosphatidylserine, compared to the 
untreated control rate (granules plus valinomycin with- 
out lysolipid treatment) (Table 2). Once again, 0.5 mM 
SITS inhibited a significant portion of the treatment 
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Fig. 2. The effect of lysophospholipids on zymogen granule CI-  
transport in vitro. CI -  transport was measured as the rate of  CI 
dependent  granule lysis (decrease in OD) after addition of the 
ionophore valinomycin (10 /xg /ml ) ,  at the arrow. The granules were 
suspended in a solution consisting of 150 mM KCI, 20 mM Hepes  
(pH 7.0), 0.2 mM EGTA,  and 0.2 mM MgSO 4 at 37°C. 2 . 0 / z g / m l  of 
lysophosphatidyl-choline (LPC), -ethanolamine (LPE), or -serine 
(LPS) were preincubated with granules for 5 min prior to initiation 
of transport with valinomycin. Control represents the rate of  CI 
dependent  granule lysis in the absence of lysophospholipid pretreat- 
ment.  

enhanced granule lysis (60% + 10 inhibition of the 0.6 
p,g/ml lysophosphatidylcholine promoted rate in- 
crease). Lysolipid concentrations in excess of 2.0 # g / m l  
began to cause significant granules lysis in the absence 
of valinomycin and were excluded from further consid- 
eration. 

The other product of PLA 2 hydrolysis is typically an 

Table 2 
Dose dependent  change in granule CI transport in response to 
increasing concentrations of lysophospholipids 

% Change in CI -  transport 
concentration ( /~g/ml)  

0.2 0.6 2.0 

Lysophosphatidylserine 54.7-+ 18.5 84.8 -t- 31.4 279.1 + 37.6 
Lysophosphatidyl- 38.3_+10.7 121.5_+19.7 451.6-+44.8 

ethanolamine 
Lysophosphatidylcholine 107.4_4-38.7 208.5-+91.0 419.7-+88.9 

CI-  transport was measured as the rate of CI dependent  granule 
lysis after addition of the ionophore valinomycin (10 Izg/ml).  The 
data are expressed as the % change in CI -  dependent  lysis com- 
pared to an untreated control from the same granule population. 
Granules  were suspended in 150 mM KCI, 20 mM Hepes  (pH 7.0), 
0.2 mM EGTA, and 0.2 mM MgSO 4 at 37°C. All t reatments  repre- 
sent the mean_+S.E, of experiments from at least five different 
granule preparations. Lysophospholipids, at the above concentra- 
tions, were incubated with granules for 5 min prior to the addition of 
valinomycin. 
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Fig. 3. The effect of unsaturated fatty acids on zymogen granule CI- 
transport in vitro. CI- transport was measured as the rate of C1- 
dependent granule lysis (decrease in OD) after addition of the 
ionophore valinomycin (10 ~g/ml) ,  at the arrow. The granules were 
suspended in a solution consisting of 150 mM KCI, 20 mM Hepes 
(pH 7,0), 0.2 mM EGTA, and 0.2 mM MgSO 4 at 37°C. 10 ~M of 
palmitoleic (16:1), linolenic (18:3), or arachidonic acid (20:4) were 
preincubated with granules for 5 min prior to initiation of transport 
with valinomycin. Control represents the rate of CI- dependent 
granule lysis in the absence of fatty acid pretreatment. 

Table 3 
Dose dependent change in granule CI- transport in response to 
increasing concentrations of unsaturated fatty acids 

% Change in C1- transport 
concentration (p.M) 

0.3 3.0 10.0 

Palmitoleic (16: 1) 13.0.+11.0 52.4.+20.2 86.5.+27.0 
Oleic (18: 1) 44.4.+13.7 189.5_+35.9 
Linoleic (18:2) 55.1 _+ 19.3 209.2.+30.7 235.1 .+30.1 
Linolenic (18 : 3) 42.3.+ 1.6 98.0+18.9 225.2-+51.6 
Arachidonic (20: 4) 43.0 + 16.0 100.1 -+ 12.3 255.4 +_ 89.7 

CI- transport was measured as the rate of CI- dependent granule 
lysis after addition of the ionophore valinomycin (10 ~zg/ml). The 
data are expressed as the % change in C1- dependent lysis com- 
pared to an untreated control from the same granule population. 
Granules were suspended in 150 mM KC1, 20 mM Hepes (pH 7.0), 
0.2 mM EGTA, and 0.2 mM MgSO 4 at 37°C. All treatments repre- 
sent the mean+S.E, of experiments from at least five different 
granule preparations. Lysophospholipids, at the above concentra- 
tions, were incubated with granules for 5 min prior to the addition of 
valinomycin. 

granule lysis. Fig. 4 shows the response to 10 /xM 
saturated fatty acids with the effectiveness being corre- 
lated to the carbon chain length up to 18 carbons. 
Dose-response data shows that lignoceric acid (24:0) 
was less effective than stearic acid (18:0) at all concen- 
trations (Table 4). At a concentration of 10/zM, capric 
acid (10:0) caused a 26% increase in the C1- depend- 

unesterified unsaturated fatty acid liberated from the 
sn-2 position of the phospholipid. Fig. 3 shows that free 
unsaturated fatty acids (10 /zM) can have a dramatic 
effect on the C1- transport after a 5 min preincubation 
with the isolated zymogen granules. Significant changes 
in the transport rate could be seen with exogenously 
applied fatty acids as low as 0.3 /xM. The increase in 
transport ranged from a modest 13% increase induced 
by palmitoleic acid (16:1) to 40% or more after the 
addition of arachidonic, (20:4), linolenic (18:3), linoleic 
(18:2), and oleic acid (18:1) (Table 3). In general, the 
maximal fatty acid concentration that elicited a CI- 
specific increase in lysis rate was 10/xM. This concen- 
tration caused increases of 86% with palmitoleic (16:1), 
225% with linolenic (18:3), 235% with linoleic (18:2), 
and 255% with arachidonic acid (20:4). Oleic acid was 
an exception, producing a maximal effect at 3.0 /zM, 
above which it began to cause significant lysis in the 
absence of ionophore. Indeed, the 18 carbon fatty acids 
were the most potent activators of CI- transport at 
concentrations between 0.3 and 3.0 /xM. At 3.0 /xM, 
the ordered effectiveness for the fatty acids tested was 
linoleic (18:2) ~ oleic (18:1) > linolenic (18:3) ~ 
arachidonic (20:4) > palmitoleic (16:1) (Table 3). 

Saturated fatty acids, although not a primary prod- 
uct of intracellular PLA 2 hydrolysis of phospholipids, 
also have the ability to increase the C1- specific rate of 
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Fig. 4. The effect of saturated fatty acids on zymogen granule CI- 
transport in vitro. CI- transport was measured as the rate of CI- 
dependent granule lysis (decrease in OD) after addition of valino- 
mycin (10 /zg/ml), at the arrow. The granules were suspended in a 
solution consisting of 150 mM KCI, 20 mM Hepes (pH 7.0), 0.2 mM 
EGTA, and 0.2 mM MgSO 4 at 37°C. 10tzM of capric (10:0);palmitic 
(16:0), stearic (18:0), or lignoceric acid (24:0) were preincubated with 
granules for 5 min prior to initiation of transport with valinomycin. 
Control represents the rate of CI- dependent granule lysis without 
fatty acid pretreatment. 
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Table 4 
Dose dependent change in granule CI- transport in response to 
increasing concentrations of saturated fatty acids 

% Change in C1- transport 
concentration (~M) 

0.3 3.0 10.0 

Capric(10:0) 3.2_+ 8.0 25.2_+ 7.0 26.1_+ 5.0 
Palmitic (16:0) 2.4-+11.8 46.3-+22.3 40.1-+16.0 
Stearic (18:0) 21.9+ 5.9 95.0+_28.0 130.7_+43.4 
Lignoceric(24:0) 16.7_+ 9.3 31.2-+ 7.0 93.4-+35.0 

C1- transport was measured as the rate of CI- dependent granule 
lysis after addition of the ionophore valinomycin (10 /~g/ml). The 
data are expressed as the % change in CI dependent lysis com- 
pared to an untreated control from the same granule population. 
Granules were suspended in 150 mM KCI, 20 mM Hepes (pH 7.0), 
0.2 mM EGTA, and 0.2 mM MgSO 4 at 37°C. All treatments repre- 
sent the mean_+S.E, of experiments from at least five different 
granule preparations. Lysophospholipids, at the above concentra- 
tions, were incubated with granules for 5 rain prior to the addition of 
valinomycin. 

ent granule lysis, palmitic (16:0) a 40% increase, stearic 
(18:0) a 130% increase, and lignoceric (24:0) a 93% 
increase in the putative C1- transport. 

The degree of unsaturation is typically related to the 
ability of a fatty acid to increase membrane fluidity. 
However, in these experiments, the number of double 
bonds was not a steady predictor of fatty acid potency 
in stimulating CI- transport, although all unsaturated 
fatty acids were more potent than saturated fatty acids 
of equal chain length. For example, a comparison of 18 
carbon fatty acids with 0-3 double bonds shows a 
pattern of linoleic (18:2) ~ oleic (18:1) > linolenic 
(18:3) > stearic (18:0). The overall ability of fatty acids 
(saturated and unsaturated) to increase granule C1- 
transport displayed a pattern of linoleic (18:2)~ oleic 
(18:1) > linolenic (18:3) ~ arachidonic (20:4) > stearic 
(18:0) > palmitoleic (16:1) > lignoceric (24:0) > palmitic 
(16:0) > capric (10:0). 

Based on the indirect nature of the CI- transport 
measurements, it could be argued that PLA 2 or lipid 
treatments increase the apparent CI-  transport rate by 
making the secretory granules more vulnerable to os- 
motic lysis. However, when the lysis rate of treated 
granules was measured in response to an acute 150 
mOsm reduction of the solution osmolarity with dis- 
tilled H20 ,  no significant difference could be detected 
compared to untreated granules. The half-time for 
osmotic lysis was 32 _+ 9 min for untreated granules 
(n = 8); whereas treatment of zymogen granules with 
PLA 2 (0.5 ng/ml) ,  arachidonic acid (3.0 /~M), or 
lysophosphatidylcholine (0.6 /~g/ml) yielded half-lives 
of 2 8 + 8  (n - - 4 ) ,  31_+6 ( n = 3 ) ,  and 30_+7 ( n = 3 ) ,  
respectively, after an osmotic challenge. This suggests 
that the results cannot be explained as a simple in- 

crease in the membrane leakiness or susceptibility to 
lysis. 

4. Discussion 

The carbon chain length of fatty acids (saturated 
and unsaturated) was identified as an important char- 
acteristic in their capacity to promote granule Cl-  
transport. The ability of saturated fatty acids to stimu- 
late CI-  transport increased with the length of the 
carbon chain up to stearic acid (18:0) and decreased 
with the 24 carbon lignoceric acid. This relationship 
between chain length and physiological response has 
been noted previously [27-30] and has been suggested 
to reflect an influence on membrane thickness or fluid- 
ity. Our results show 18 carbon fatty acids, along with 
the 20 carbon arachidonic acid, to be the most effective 
modulators of C1- permeability in the concentration 
range of 0.3 to 10 ~M. 

Although fatty acid unsaturation was a significant 
factor as well (ie., all unsaturated fatty acids were more 
effective than saturated fatty acids of equal chain 
length), a correlation between the degree of unsatura- 
tion and transport activation was less well defined. For 
example, when comparing 18 carbon fatty acids, the 
potency followed a pattern of linoleic (18:2)~ oleic 
(18:1) > linolenic (18:3) > stearic (18:0). Chain length 
remains a critical feature for unsaturated fatty acids as 
shown by the comparison of oleic (18:1) and palmi- 
toleic acid (16:1). Although both fatty acids contain a 
double bond at carbon number 9, oleic acid promotes 
C1- transport to a much greater extent than palmi- 
toleic, 189% vs. 52% at 3.0/~M. 

The physiological significance of these results is 
based on the proposed use of the granule phospholipid 
bilayer as a substrate by PLA 2. The transient activa- 
tion of this enzyme during stimulus-secretion coupling 
would in turn cause the transient accumulation of 
PLA 2 reaction products, lysophospholipids and unes- 
terified fatty acids, in the membrane. Eventually, these 
intermediates can be reacylated in the phospholipid 
metabolic cycle by acyltransferases, returning the mem- 
brane to its former status and composition. Clearly, a 
major physiological function of PLA 2 is the liberation 
of arachidonic acid, which serves as a precursor for a 
large number of biologically active eicosanoids. How- 
ever, there is increasing evidence that some PLA 2 
mediated events are independent of further arachi- 
donic acid metabolism. In these cases a physiological 
response is thought to be elicited directly by the tran- 
sient membrane accumulation of PLA 2 products. 

Several solute transport systems have been shown to 
be directly influenced by free fatty acids or lysophos- 
pholipids. Calcium accumulation in pancreatic islets 
was increased by lysophospholipids [31] and glucose 
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transport by red blood cells was inhibited by nanomo- 
lar concentrations of non-metabolizable lysophospho- 
lipids [32]. K ÷ channels may also be regulated by PLA 2 
products. The ATP-sensitive K ÷ channel was inhibited 
by lysophospholipids in the pancreas [3] and in cardiac 
myocytes [23]; whereas outwardly-rectifying (ATP-in- 
sensitive) K ÷ channels were directly activated by 
arachidonic acid and other unsaturated fatty acids in 
cardiac [33] and smooth muscle [22]. 

The mechanism by which these products influence 
solute transport could involve a direct effect of the 
fatty acid or lysophospholipid on the integral mem- 
brane protein, or be mediated through bulk changes in 
membrane structure and fluidity. Previous evidence 
has shown that the lipid bilayer fluidity of exocrine 
secretory vesicles is variable and that the C1- transport 
rate across those granule membranes was directly cor- 
related to the fluidity [10]. If membrane fluidity or lipid 
composition is a regulatory event in the control of 
exocytotic secretion, there must also be a mechanism 
to alter the membrane on a time scale consistent with 
exocytosis. Physiologically, this could be accomplished 
by PLA 2, since it liberates products that have been 
shown to increase membrane fluidity or influence so- 
lute t ranspor t  systems [3,18,32]. F u r t h e r m o r e ,  
stimulus-secretion coupling in pancreatic acinar cells 
includes the activation of PLA 2 [13]. There are other 
routes for the liberation of unesterified fatty acids, 
such as phospholipase C production of diacylglycerol 
and the subsequent deacylation by glycerol lipases; 
however, P L A  2 has been specifically identified at the 
cytoplasmic membrane surface of activated secretory 
granules [17]. P L A  2 likely partitions to the membrane 
in response to an increase in cytoplasmic calcium. 
Since the secretory granules in this study were isolated 
from unstimulated cells in a low Ca 2÷ concentration, 
they probably lacked endogenous PLA 2. 

Our results support a mechanism whereby PLA 2 
promotes a transient modification of the secretory 
granule membrane in vivo as part of stimulus-secretion 
coupling. The subsequent increase in the membrane 
concentration of unesterified fatty acids and lysophos- 
pholipids could in turn promote granule CI-  transport. 
Indeed, the fatty acid levels required (3-10 /zM) to 
promote a significant C1- transport response by the 
granules in vitro are within the physiological range 
observed after activation of some secretory cells 
[13,34,35]. Furthermore,  the levels of lysophospholipids 
employed in this study were estimated to range from 
approx. 0.8-9.0 mol% of the total granule phospho- 
lipids, if all the lysolipid partitioned to the granule 
membrane. Due to the transient nature of lysolipid 
accumulation, it is difficult to put this value in physio- 
logical context; although previous reports suggest that 
this level is in the physiological range [34,36]. The 
activation of granule CI-  transport by PLA 2 may then 

help to drive primary fluid production after exocytotic 
fusion, or alternately, have a more fundamental role in 
exocytosis, contributing to vesicle swelling and the effi- 
ciency of fusion pore formation or stabilization 
[6,37,38]. 

A physiological model consistent with the available 
information would suggest that resting or unstimulated 
acinar cells contain secretory granules with a low ca- 
pacity for electrolyte transport. Net salt transport in 
this state would be tonically blocked by ATP inhibition 
of the granule K ÷ channel [2,3]. Furthermore,  the C1- 
channel would be inhibited by the phosphorylation 
state [8] and a rigid vesicle membrane [10]. Stimulus- 
secretion coupling includes an increase in cytoplasmic 
cAMP and Ca 2÷ leading to the activation of protein 
kinase A and P L A  2. These enzymes may convert the 
granule into an active or primed state by protein kinase 
A phosphorylation of the C1- channel and PLA 2 alter- 
ation of the granule membrane with the transient accu- 
mulation of lysophospholipids and unesterified fatty 
acids. There is evidence to suggest that these primed 
granules have a greatly enhanced fusion capacity with 
the apical membrane [38,39]. Net salt transport by the 
granule would require an additional signal to override 
the ATP-inhibition of the K ÷ channel, possibly involv- 
ing granule contact with the apical membrane. Impor- 
tantly, the model allows those activated granules that 
do not make contact and fuse with the apical mem- 
brane to be recycled back to the resting state after 
termination of the stimulus signal. This could be ac- 
complished by the dephosphorylation of the C1- chan- 
nel and reacylation of PLA 2 products, which would in 
turn restore the original membrane composition and 
electrolyte transport capacity. 
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