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ABSTRACT 

In order to determine the role of biogenic monoamines in the control 

of pancrea1ic secretion, the metabolism and disposition of 
. 

S-hydroxytryptamme (5-HT) and dopamine in rat exocrine pancreas was 

studied. Pancreatic acinar ceBs contained 5-HT which was located 

exclusively in the zymogen granule fraction. Aromatic amino acid 

decarboxylase activity was loeated exclusively in the cytosol of acinar cells 
l' 

and was substrate specifie for the L-isomers of hydroxylated aromatie amino 

aci~3,4-dihydroxyphenylalanine (L-DOPA) and 5-hydroxytryptophan (L-5-HTP). 

Each substrate competitively inhibited the decarboxylation of the other. 

When incubated with [14CJ 5-HT dispersed aeinar eeUs took up the amine and 

concentrated it in zymogen granules. These ceUs also took up [14C15-HTP, 

decarboxylated it and stored the [14C15-HT produced in zymogen granules. 

5-HTP decarboxylation and 5-HT concentration into zymogen granules occured 

in the pancreas, but not ifl the parotid gland. When pancreatic acinar ceUs 

pre-Iabelled with [14C15-HT and [3H] Leucine were stimulated with cae~ulein,. 

there was a synchronous increase in secretion of amylase activity, [14C] 5-HT 

and [3 H] protein. Panereatic aeinar ceUs took up L-DOPA, decarboxylated 

it but the dopamine was not retained by the granules and dopamine secretion 

frotn the eeUs incubated with caerulein could not be demonstrated. The 

results indicate that 1). in the acinar celi of rat pancreas 5-HT is a normal 

t 

~', 

component of zymogen granule; 2). pancreatic acinar ceUs possess a single \10 

aromatic amino acid decarboxylase specifie for DOPA and 5-HTPj 3-). 

zymogen granule 5-HT and zymogen gran~e protein are released together 

when the cells are stimulated to secrete protein. 
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( " \\ 1 RESUME 

de déterminer l~ rôle des amines dans le 'contrale des sécrétions 
\, > 

\ ' 
pancréatiques, nous avoris 1 étudié le métabolisme de la 5-hydroxytryptamine 

(5-HT) et de la dopamine dans le pàncréas exocrine de rat. Les cellules des 
" 

acipi pancréatiques contiennent de la 5-HT localisée spécifiquement dans les 

granules à zymogèntr. ,Une .. décarboxylase, agissant sur les acides aminés 

aromatiques, a été localiseé exclusivement dans le cytoplasme des cellules 

des ac i ni; acides 
. , 

amInes aromatiques hydroxylés le s 
" 

3,4-dihydroxyphenylalanine (L-DOPA) et 5-hydroxytryptophan (L-5-HTP) sont 

des substrats spécifIques pour cet enzyme. Chaque substrat inhibe de 

manière compétitive la décarboxylation de l'autre. Lorsque des cellules des 

acini pancréatiques sont mises en suspension et incubées avec de la 
e 

[14C15-HT, elles pompent les amines et les concentrent dans les granules à 
." 

zymogène.· Ces cellules pompent également l~ [14C15-HTP et après 
14 . ' .. 

décarboxylation, la stockent sous forme de [ Cl5-HT. dans les granules a 

zymogène. La décarboxylation de la 5-HTP et la concentration de la 5-HT 

da~'s les '-granul~s à zymogène .se fonl. dans le pancréas m~is pas d~ns la. 

\ \ -' f . 1 
Parotide. . '. 

,~> 

f tue déS cellule~ d'.cini pancr~.tiques sont m.rqu~es à i. [14CI5-HT 

efi la [~Hlleucine puis stim41ées par la caeruléine, il y a une augmentation 
1 / \. f 

~\ -:.,..- 1 ~ "', • " ... 

.. parallèle Qe' la sécrétion de l'activité amylase, ainsi qu~ de la sécrétion de 
o \ 

la [14Cl 5-HT et des [3 Hl protéines. \ 

Les cellules des acini pancréatiques sont capables de pomper la DOPA 

-' 1 
et de la décarboxyler mais 'la dopamine n'est P pas concentrée dans les 

u 
granules et la sécrétion de dopamine à partir inçub~es avec de de ' cellulêS 

la caeruléine n'a pas pu être dém~~rée. (Jo 
J 

Ces résultats indiquent 
<, 
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1) dans les cellules des acini du pancré~ de rat, la 5-HT est un composé 

, normal des lJ'f'anules à zymogène· 

2) les cellules des acini pancftatlques pqssède~t une seule décarboxylase qui 
, 

agi t sur les acides aminés aromatiques et la OOP.A ainsi que la 5-HTP, 
<-

sont ses substrats spécifiques - ./ 

"" . ,~) la 5-HT granulaire est libérée en m@me temps que les autres proté;nes 

tranulaires quand les .cell~es sont stimulées. -z 
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1.1 EXOCRINE PANCREAS - FUNCTION 'AND ANATOMY , 
The principal function of the exocrine pancreas is to synthesize~ and 

store digestive enzymes and, upon appropria te stimulation, to secrete 
~ 

these enzymes in an electrolyte solution which provides the optimal pH 

and ionic strength for their activity within the duodenum. 

Functionally, the exocrine pancreas can be divided into two types 

of cells, namely, those which synthesize and secrete digestive enzymes 

(acinar cells) and those which secrete water And electrolytes (duct!ll and 

centroacinar cells). 

The ,acinar cells are characterized by the presence of massive 

amounts of rough endoplasmic reticulum, typical of cells responsible for 

protein secretion. The cell nucleus occupies a central or basal location 

and is surrounded basally and laterally by rough-surfaced end.oplasrnjc 

reticulum. The rough endoplasmic reticulum is arranged in a series of 

more or less parallel, convoluted and interconnected saccules or cisternae. 

ln the apex of the cells are numerous spherical, mature storage granules 

(zymogen granules). Immature zymogen granules or condensing vacuoles 

and the Golgi c?mplex lie between mature iymogen granule and the 

nucleus. At the luminal surface, the apical plasmalemma of the cell is 

provided with numerous microvilli which protrude into the duct lumen. 

Morphometric studies of Bolender (1974) have revealed that in resting 

acinar cells, the cytoplasmiè matrix represents 54% of the cell voluq1e, 

the rough endoplasmic reticulum 22%, nuclei 8.4%, mitochondria 8.1%, 

zymogen g~anules 6.4% and condensing vacuoles 0.7%. • 

cen~qaçinar cells and duct cells are characterized by the absence 
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of distinctive cytologie specialization, and both are eonsidered to be part 

of the pancreatic duet sys~em. Centroacinar cells are connected to the 

contiguous acinar ceUs by luminaI ~~nctional complexes similar to those 

which connect acinar cells ta. each ottier.' "' 

1.2 ACINAR CELLS - SECRETION OF PROTEINS 

The secretory process in panereatic acinar ceUs can be divided into 

six"major steps: a) polypeptide synthesis on the ribosomes attached to the 

membranes of, endoplasmic retie\,Ùum; b) transfer of the / polypeptide 

through the membranes of the rough endoplasmic reUculum into t~ ~\ 

cisternal space; c) intracellular transport of newly synthesized proteins 

to the Golgi complex; d) concentration of proteins in the condensing 

vacuoles Of the Golgi cp!}1[?lex; e) migration of zymogen gran';Ùe towards 

the apex of the .-~ell where they are stored; and f) discharge of the , 

granule contents into the acinar lumen by exocytosis. 
... 

1.2.1 lntracellular Transport 

Details of protein synth~sis and s.egregation have been reviewed 

extensively (see Case 1978; Scheele ~l80;1982). Proteins that are' 
" 

destined to be secreted have bee~ shown to be synthesized on ribosomes 
. -

that are b! to the endoplasmic reticulum while proteins destined to 

remain in the cystol are synthesized on free ribosomes (Redman and 

Sabalini ~9 ; ~edman 1969; Hiw et al., 1969). The newly synthesized 

secretory peptides are then .translocated across the endoplasmic re\iculum 1 ~ 

'---"-
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membrane into the cisternae and are subsequently transported from the 

cisternal space of the endoplasmic reticulum to secretory granules, for 

secretion (B10bel and Dobberstein 1975ajb; Case 1978; Scheele 

1980;1982). The secretory pathway for exportable proteins in the 

ex~crine pancreas is from endoplasmic reticulum to Golgi apparatus to 

zymogen granules. 

The classic electron microscope autoradiographie studies of Jamieson 

and Palade (1967a; 1971a;b) have showed that proteins, pulse labelled 

with [3H] ~Leucine, first appeared in the rough endoplasmic reticulum. 
o 

After 17 minutes of, ch~e with a complete mixture of [1H] -amino acids, 

th~ autoradiographie "grains were associated with the Golgi complex. 
~ 

After 37 minutes of.-eliase the grains were associated largely with the 

condensing vacuoles located ~n the trans side of the Golgi complex. 

After 57 minutes oÎ chase, most of the grains were observed in the 
~ 

~ica1 portion of the celI in association wit,h mature zymogen gran~es . 

. In B.gr~ement with the autoradiographie data, subcellular fractionation 

" studies (Jamleson and pa-lââê- 1967a; 1968ajb; Scheele et al., 1978) 
0-

showed that the specifie radioactivity of protein in 'the rougl'\ microsomal 
, L " 

fraction (representing the rough endoplasmic reticulum) W!lS maximal 
; . 

1 • 

irp ID ediately aft~r" tRe pulse exposure. to [14C] -Leucine. The 1abelled 

\ 
\ 

, " ,~ c,' 

pro teins ,were then, transfered to the smoôth microsomal fraction 

'(represEmting the peripheral Golgi cdmplex) and finally eoncentrated in the 

zymogen granule fractions. Together, theradioautographic and subcellular , , 

rfractU,natioJ'l 'studies demonstrate that newly synthesized proteins from the 

rough endoplasmic reticulum are transfered successively to the G~lif- ~ ~------
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camplex and from there to condensing vacuoles and zymogen granules •. 

lmmunocytochemical procedures at the level of the electron 

microscope have been used for qualitative and quantitative 10calization of 
\ 

secretory proteins in exocrine pancreas acinar cells (Kraehenbuhl et al., 

1977). Nine pancreatic secretory proteins, including amylase, were 

localized within the cisternae of rough endopla~mic retieulum, Golgi 

eisternae, condensing vacuoles and zymogen granules (Bendayan et al., 

1980). Quantitative evaluation showed that secretory proteins were 

progressively eoncentrated during their movement along the rough 

endoplasmic retieulum through the Golgi eomplex to the granule (Bendayan 

et al., 1980). In addition, studies by Bendayan and co-workers (1980) 

using immunoeytochemical techniques could not deteet secretory proteins 

in the cell cytosol. This latter finding provides evidence thnt secretory 

proteins are' confined within merrtbrane bound compartments and, under 

physiÇ>logical conditions, are not Cree in the cytoplasm. 

Although the route of secretion is weIl defined, the mechanism 

responsible for the movement of secretory macromoleeules through the 

various cellular eompartments is still controversial. Intracellular transport 

of exportable protein is not dependent upon the maintained synthesis and 

segregation into the rough endoplasmic reticulum cisternae (Morimoto et 

al., 1967; Jamieson and Palade, 1968a; Singh et al., 1973). Transport 
Î> 

through the cisternae of rough endoplasmic reticulum does not require 

energy and presumably occurs by passive flow (Jamieson and Palade, 

1968a). 

Jamieson and Palade (1967a;b) suggested that secretory proteins are 
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transported from rough endoplasmic reticulum to Golgi via discrete 

. vesicles which shuttled back and forth between the two compwtments. 

..-

Hambourg et al. (1974) have suggested an alternative mechanism for such 

a transport. They hypothesized that convoluted tubules directly conneet 

the rough endoplasmic reticulum to the Golgi cisternae. The vesicles 

described by Jamieson and Palade (1967) may represent the cross section 

of such convoluted tubules. Direct evidence in favour of any one of the 

above mechanisms has not been provided. 

Proteins in the Golgi cisternae are transported through the Golgi , 
apparatus, perhaps in a m-anner similar to transport through rough 

endoplasmic reticulum cisternae, and reach the mature face of the Golgi 

cisternae (V51kl et al., 1976). The subseq4ent. step in the secretory 

pathway is the transport of protein from the Golgi complex to condensing 

vacuoles.' Such transport has been reported to require energy and do es 
, 

not depend on continuous prote in synthesis. When energy supply is 

blocked by inhibitors of respiration or oxidative phosphorylation, formation 

of condensing vacuoles do es not occur (Morr~, 1977; Jamieson and Palade, 

1968a; 1971a;b), 

Condensing vacuoles are generally assumed to arise from the inner 

Golgi cisternae in the pancreas (Palade, 1975; VOlkl et al., 1976). 

However, membranes of zymogen granule and Golgi cisternae differ 

greatly in enzymic acttvity (Meldolesi et alti 1971; Ronzio, 1973a;b). It 

has been propo~ed that at 'their margins, the inner Golgi cisternae. 

manufacture vesicles, the membrahes of which are characteristic of 

zymogen granule. memQrane, and that aCter these vesicles have reached a 
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given size, they break free to form condensing vacuoles (Case, 1978). 

"An alternative vie.w of the origin of condensing vacuoles has been 

proposed as a result of studies using electron microscopie enzyme 
_ il~V • 

cytochemistry:. By this technique, thiamine pyrop~Phatase apgeared 

concentrated in the inner Golgi cisternae. NOVikOff~,.. described a 

region of smooth endoplasmic reticulurn adjacent to the inner Golgi 

cisternae which is rich in acid phosphatase activity but lacks thiamine 

pYi'aRhosphatase activity. According ta his studies condensing v8;.~uoles of 

exocrine pancreatic acinar cells show aeid phosphatase but not thiamine 

pyrophosphatase activity, suggesting that condensing vacuoles -represent '" 

expanded ~cisternal 'portIon of GOlgi-associated smooth endoplasmic 

reticulum involved in lysosome function (GERL). Secretory proteins are . 

routed to GERL via the Golgi cisternae (Novi!<off and Novikoff, 1977; 

Hand and Oliver, 1977), ~nd from GERL to condensing vacuoles. 

In summary, although the relationship between rough endoplasmic 

reticulum, Golgi complex and condensing vacuoles remain uncertain, it is 

known that secret ory proteins synthesized in rough endoplasmic reticulum 

are transfered from rough endoplasmic réticulum ta Golg.i and ultimately 

appear in condensing vacuoles. 

1.2.2 Storage 

The earliest form of storage granule is the condenS\ftg vacuole 

(immature zymogen granules). Pro teins stored in condensing vacuoles are 
GJ 

progressively concentl"ated and the density. of these organelles 

progressively increases to ultimately become that of zymogen granules. 
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The high density vacuoles formed from this granule maturation process 

are "mature" zymogen granules (Caro and Palade, 1964; Jamieson and 

Palade, 1967b; Sesso et al., 1980). The concentration pro cess does not 

requir~ energy (Jamieson and Palade, 1971a) 'nor C it depend on 

c'ontinued protein synthesis (Jamieson and Palade, 1968a). It probab1y 

invol'les a passive and progressive aggregation of proteins withe the 

for mation of osmotically inert complexes, thereby reduciFlg osmotic 

~activity within the granules and causing water to flow out (Case; 1978). 

It has been suggested that ionic interaction plays a predominant role 

" in the aggregation process since sulfated polyanions and divalent. cations 

are presen~ in significant' concentrtfion in these organelles (Case, 1918;-
" 

Reggio and Dagorn, 1980; Scheele, 1982). Isolated zymogen granules are 

known to b,e unstable in so1uttorry of a1kaline pH (granule will lyse when 

the pH of the suspension medium is raised above 7.2) and high ionic 

strength (5 X 10-2 M sodium chloride or potassium chloride solution) 
~~; 

(Hokin 1955; Jamieson and Palade, 1971a; Meldo1esi et al., 1971a; 

Vandermeers-Piret et al., 1971; Rothman, 1911; Fast, 1974).-

It has been postulated by Tartakoff et al., (1974) \hat sulfated 
'" 

polyanions (proteoglycans) play a raIe in the protein concentration process 

in zymogen granules, presumably by ·ionic interaction with cationic 

, pancreatic §ecretory proteins. Experimental evidence in favour of' such 

interactions wv obtained by the additio.~all amounts, or either 

chondroitin sulfate or glycosaminoglycans isolated from pancreatic .. 
zymogen granules to chymotrypsinogen. This caused the protein to 

precipitate (Reggio and Palade, 1978). The resultiog aggregates, lilce 
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zymogen granules, w~re insensitive to osmolarity, but sensitive to both 

ionic strength and pH (Scheele, 1982). However, glycosaminoglycans in 

the pancreas are present at concentrations of less th an 0.5 nmole/mg of 
1 

zymogen gr8.nu~ protein, and this concentration is thought to be (J 

insufficient to participate in charge neutralization of the secretory 

pro teins (Kronquist et al., 1977). It remains possible that interactions 

between proteoglycans and secretory proteins act only as a triggering 

mechanism for the condensation of secretory protein. Interactions 

betfleen the secretory proteins themselves have alsa been detected. Such 

interactions cao induce precipitation in vitro at low pH and in vivo wh en --- --
transport to Golgi complex is slowed down by starvation (Palade, 1956), 

'or blocked by metabolic inhibitors (Kern ahd Kern, 1969 Kern et al., . 

1979). However, when glycosylaminoglycans are present, they always 

coprecipitate with the protein aggregates (Reggio and Dagorn, 1980). 

The divalent cations Ca+2 and Mg+2 are also components of 

pancreatic zymogen granules and it has been suggested thst they act as 

bridges between adjacent protein molecules to facilitate charge 

neutralization and protein condensation (Case, 1978), The large amount 

t Ca +2 (about 36 nmoles/ mg protein - Ceccarelli et al., 1975; Clemente 

and Meldolesi, 1975) present in zymogen granules is more than that 

required for association with proteins, and may be involved in stabilizing 

the _ z~mogen granule a.rchi tecture (Clemente and Meldolesi, 1915). 

Furthe~m~re, both polyanions and Ca +2 are thought to be incorporated 

înto zymogen granules al ~ ~he-<>olgl c",nploJe -and 10 be 

packaged along with secretor'y proteins (Riggo and Palade, 1978; 
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Ceccarelli et al., 1975). Their functions in the protein condensation 

process await further investigation. 

The enzyme COTsition of zymogen granules has been studied in 

several species (Scheele, 1982), and the weight of evidence suggests that 
. 

zymogen granules form a homogeneous population. Several studies have 

been reported in which the composition of proteins -contained within 

purified zymogen granule fractions were compared with that secreted by . 
the pancreas in response to ~timulation (Greene et a!., 1963; Palla, 1970; 

1 

Tartakoff et al., 1975; Castle et al., 1975). In each case, the relative 

proportions of the various proteins in the purified zymogen granules was 

the same as that in, the secretory fluide Furthermore, 

im munocytoch~mical studies by Bendayan et al. (1980) showed that 

secretory proteins are not free in \ the cytoplasm, but are confined within 

membrane bound compartments. Using immunofluorescent antibody 

techniques, amylase togethe.r with eight other secretory proteins 

(Kraehenbuhl et aL, 1977; Bendayan et al., 1980) have been found in all 
, -

acinar cells. and zymogen granules. 

1.2.3 Secretion 

-
1 

1.2.3.1 Acetylcholine and Pancreozymi~ ,1 
Preganglionic parasympathetic fibers !ire scattered throughout the t...., ~ 

pancreas and pass directly to the acini so that the direct nerve endings J 
-----=----------~----

on the acinar cells are principally cholinergie. Although adrenergic 

innerva tion reaches the pancreas through the splanchnic nerves, the 
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adrenergic fibers are mainly distributed to the b100d vesseIs (Pascal and 

Vaysse, 1976; Tiscornia, 1976). Acetylcholine released from cholinergie 

nerve terminais interacts with muscarinic receptors on the aciner cells, 

leading to an increase in cytoplasmic Ca +2 and the secretion of 

pancreatic enzymes (O'Doherty and Stark, 1982; Petersen, 1982). 

Cholinergie stimulation of acinar ceUs also leads to glucose ,:,ptake and 

increased cyclic GMP (not cyclic AMP) accumulation. This transient 

increase in eyclic GMP concentration in acinar eelI is not correlated with 

enzyme secretion. Its role is not known (Petersen, 1982). 

The major physiological secretagogues for pancreatic enzyme 

secretion is peptide hormone pancreozymin. Distension of the duodenum (l' 

by food causes the release of pancreozymin which causes gall bladder . 

contraction and stimulates pancreatic enzyme secretion (Ivy and Oldberg, 

1928; Harper and Raper, 1943). In the pancreas, pancreozymin acts 

prfmarily on acinar ceUs (review see Wormsley, 1979) where its action is 

mediated through specifie binding sites or receptors (Milutinovii! et'" al., 

1977; Jensen and Gardner, 1981; Williams et al., 1981). Eacfi:Î acinar celi 

has been estimated to possess 9,000 specifie binding sites for 

pancreozymin, which on the basis of affinity studies are divided into two 

classes. Occupancy of high affinity pancreozymin binding sites correlates 

with 45Ca +2 outflux and amylase release (Williams and co-workers, 1981; 

Jensen and Gardner, 1981). The biological significance of pancreozymin 

binding to the low affinity binding sites has not yet been determined. 

There are reports suggesting that the stimulation of glucose transport in 

dispersed pancreatic acini by pancreozymin correlates with the occupancy 

11. 

1 

~ 



( \ 

of the lower affinity binding sites (Korc et al., 1979; Williams and 

eo-workers, 1981). 

Caerulein, a decapeptide originally isolated from the skin of the 

Australian hylid frog Hyla Caerulein (Anastasi et al., 1968), binds 

specifically ta the high affinity pancreozymin binding site (Mayet al., 

1978). 1t shares a common C-terminal pentapeptide amide sequence with 

pancreœymin. Studies indicate that binding of pancreozymin to pancreas 

acini can be inhibited by caerulein and conversely that the specifie 

binding of caerulein to pancreatie plasma membrane can ruso be displaced 

by panereozymin octapeptide ( the 8 amino acids that are necessary for 

full biological activity of pancreozymin)(Milutinovié and co-workers, 1977; 

Jensen and Gardner, 1981). Caerulein is a pote nt pancL'eozymin-like 

secretagogue. It has a EC50 approximately seven times lower than 

pancreozy m in. The ac tion of bqth pancreozymin and caerulein in 

inereasing enzyme secretion is mediated by an increase in intracellular 

Ca +2 concentration (review see SCh,ulz and Stolze, 1980). The effect of 

pancreozymin peptides on Rcinar membrane depolarization, ions fluxes, 

cyc1ic GMP accumulation and glucose uptake into acinar cells are similar 

to the effects of cholinergie agonists, however, the two groups of 

stimulants act on different types of receptor sites. The actions of 

acetylcholine cao be blocked by atropine in concentrations that have no 
(,' 

effect on responses to pancreozymin peptides, whereas the actions of 

pancreozymin peptides can be blocked by dibutyryl cyclic GMP in 

concentration that have no effect on acetyleholine-evoked resp,?nses 

(Peterse'.l, 1982). 
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Binding sites o~her than specific pancreozymin receptors which are 

thought to,lbe involved in stimulating enzyme secretion from acinar cells, 

have also been reported (Jensen and Gardner, 1981; Sehu1z and Stolze, 

1980). The physiologie al significance of those non-pancreozymin binding 

sites in pancreatic enzyme secretion has not been determine~. 

1.2.3.2 Calcium and enzyme secretion 

C~ is essential for secretion of digestive enzymes from the 

exocrine pancreas. In the resting mammalian cell, the cytoplasmic 

calcium ion concentration ranges between 5XlO-8M to 3XlO-7 M and the 

extracellular fluid calcium ion concentration is between 1O-4M and 1O-3M 

(Borle, 1981). The total intracellular calcium, if aU of it was evenly. . 
distributed and ionized, would range from lM to lO-lM. Most of the 

calcium inside the cell, however, is in a non-ionized form, probably as 

-calcium phosphate complex (review' see Case, ~978; BorIe, 1981). 

The calcium necessary for secretion is probably derived from the 

store in one or more of the following: plasma membrane, endoplaSmic 
t' 

reticulum and mi tochondria (Schulz 'and Stolze, 1980; Dorm'er and 

Williams, 1981; Ponnappa et al., 1981). Although a large proportion of 

the Ca +2 is stored in zymogen granules (Introduction section 1.2.2), this 

source of calcium does not contribute to enzyme secretion. 
~ 

The relative importance of various calcium sources in the r~ulation ~, 

of the Ca +2 concentration in the cytoso1 is different in different· cell 

------------{'t;yv-tapees,s • .----l-IH-n--ss,lwle-tal mu~hich possesses Il limited number of , , ' 

mitœhondria, intracellular calcium movement is largely controUed by the 
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endoplasmic reticulum (i.e. sarcoplasmic reticulum) (Endo, 1977). In liver 
, 

and kidney the mitochondria are probably more important in regulating 

cytop1asmic Ca +2 concentration (BorIe, 1981). In pancreas, both 

mitochondria and endoplasmic reticulum seem to be involved in "buffering" 

cytosolic Ca +2 concentration (Schulz et al., 1981). 

Th~ is evidence suggesting that the initial effect of s~cretagogues 
is to re1ease Ca +2 from intracellular storage sites until the ~~centration 
of cytosolic Ca +2 reaches that required to trigger enzyme secretion. The 

secretory response of these stimulants ois then maintained by Ca +2 entry 

from the extracellular space. When secretion is terminated, Ca +2 entry 

from the extracellular space ceases and cytop1asmic Ca +2 concentration 

is restored primarily by the Ca +2 buffering capacity of mitochondria and 

endop1asmic reticulum (Schulz et al., 1981; Gardner, 1919; Renckens et 
..... 

al., 1918; Petersen and Ueda, 1976). Different classes of secretagogues 

may utilize different intracellular Ca +2 storage sites for enzyme secretion 

and the effect to extracellu1ar Ca +2 deprivation on enzyme secretion will 

ruso be different with different secretagogues (Argent et a!., 1982a). 

The role of Ca +2 in triggering exocytosis is not clear. Several 

possibilities for Ca +2 involvement in enzyme discharge have been 

proposed. Dean (1914, 1975) and Dean and Matthew (1915) suggested that 

Ca +2 acts directly to mediate the fusion of the granule membrane with 
l: 

the plasma membrane 1eading to enzyme discharge. According to these 

authors many secretory granules, including those of the exocrine pancreas, 
, 

are negative1y charged. Since/ the inner 'surface of the plasma membrane 
/ 

is aIso negatively charged, electrostatic repulsion tends to keep the 
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granule and plasma membrane apart. C~2+ by binding to both granules 

and plasma membranes, ean promote adhesion, faeilitate membrane fusion 

and lead ta discharge of seeretory produet. Other workers have suggested 

th.a t Ca +2 may aet through a specifie binding protein in the plasma or , 

vesicle membrane (Zimmeberg et al., 1980). Studies from Creutz et al 

(1918, 1979) and Pollard and co-workers (l980)indicate that a protein, 

"synexin fl , is required ta initiate in vitro granule aggregation. Pollard and 

co-workers (1980) suggested that Ca +2, interacts first with "synexinn and 

that the "activated synexin" was responsible for fusion of granule to 

plasma membrane. 

1.3 DUCT CELL - SECRETION OF ELECTROLYTE SOLUTION, 

1.3.1 Release of Secretin 

The principal stimulus for panereatic secretion of electrolytes is 

secretin. I~ 1902 Bayliss and Starling demonstrated that hydroch1oric aeid 

perfused into denervated small intestine would rapid1y produce secretion 

of alkaline pancreatic juices. It was postulated that sueh an effect must 

be mediated via a blood-borne messenger, released from the intestine. 

Purification of porcine seeretin, was aceomplished in 1961 by Jorpes and 

Mutt who subsequently (1968) elueidated the complete amine aeid 

sequence. Secretin is a peptide hormone localized primarily in the 

duodenum (Ilubel,--1972-).----------

Th~ strongest re1easer of secretin is H+. It has been reported that 
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aboye pH 4.5 secretin is not released in amounts sufficient to stimulate 

pancreatic secretion (Chey and Konturek, 1982). Continuous acidification 
';B~ ( 

of duodenal mucosa diminishes mucosal secretin content. Once the 

release of secretin has begun, continued stimulation is pH-dependent, and 

' .. raising the pH above 4.5 will suppress further release (Meyer an~ 

Grossman, 1972). There is a closed-Ioop relation between secretin and 

bicarbonate. Secretin stimulates pancreatic secretion of bicarbonate into 

the duodenum; the bicarbonate neutralizes the H+ from the stomac~, 

raises the pH and eventually halts release of secretin. 

Secretin is also released in response to food but tlJis is secondary 

to gastric acid secretion. Schaffalitzky de Muckadell and Fahrenkrug 

(1978) reported that in man the release of secretin after a soUd meal was 

associated with the faU in d~.odenal pH. Such a relationship between 

duodenal pH and secretin release has been demonstrated 'in dogs (Kim et 

al, 1979; Chey and Konturek, 1982). When a liver extract meal adjusted 

to various pH levels was introduced into canine stomach, the increments 

in plasma secretin leveIs correlated with the pH of the Uver extract meal 

and pancreatic bicarbonate outputs. 

Further evidence for the l'ole of gastric acid in the stimulation of 

secretin release was obtained from the studies on the effects of antacids 

(Chey et aL, 1978) and the H2 receptor antagonist, cimetidine 

(Schaffalitzky de Muckadell and Fahrenkrug, 1978; Kim et al., 1919). 
4 
Both these agents abolish the postprandial rise in plasma secretin level. 

Greenberg (1981) suggested that in man the ingestion of food is associated 
-,-------------------- ---- ------------------------------- ---- ---:--

with increased circulating concentration of plasma secretin. These 
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increments in plasma secretin are dete1-mined not by H+ ion 

concentration, but rather by the load of acid delivered to the duodenum 
/ Jo ' 

and the length of intestine aeidifiec'l. 
1 

In addition to aeid, it has been shown that infusion of bile salts 

(Osnes et al., 1978) and ~odium oleate (Faichney et al., ~979) into the 

duodenum can increase the plasma concentràtion of s~cretin. At present, 

no gut hormones or peptides have been shown to stimulate ~~ release of 

secretin, nor is secretin re1ease influeneed by choliner ic mechanisms 

(Sum et al., 1969; Konturek et al., 1974). 

1.3.2 Action of Sectetin 

The primary action of secretin is to stimulatè secretion of H20 and 
v 

,bicarbonate via activation of the adeny1ate cyclase - cAMP system of 

pancreatic duct ceUs (Case, 1979; Sarle~, 1977; GreenweU, 1975). The 

involvement of cAMP as li mediator of the secretin effect was suggested 

by Case g:, (1972)~ In their studies secretin was eitt]er injected into 

anaesthetized cats intravenously, or included in the perfusion medium in 

an isolated saline-perfused preparation oJ the catIs pancreas. In respohse 

to secretin the pancreaS cAMP concentration rose within 30 secondS' and 
l , 

sécretion o'f bicarbohatè began only alter 45 seconds of secretin 
~/ 

administration. When stimulus was withdrawn, the cAMP concentration 

decreased as secretion declined. Similar studies from Domschke and 
p 

co-workers (1975) aIso showed that, in dogs, a corr~lation exists between 

tissue cAMP level~ and pan&reatic bicar150nate output in the pancreatic 

~uice after stimulation by exogenous secretin. 
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Dit:utyryl cAMP, an analogue of cAMP, was reported to elicit a 

pancreatic secretion which has a water and electrolyte composition similar 

to that secreted in response to secretin (Case and Scratcherd, \iB72). 

These authors also reported that compounds su ch as theophylline, 

theobromine and caffeine which inllibit the destruction of cAMP by 

phosphodiesterase, potentiate the action of secretin. 

The role of cAMP in water and bicarbonate secretion has aIso been 

studied by using cholera toxin, wmch is known to activate adenyl cyclase 

in severaI tissues (Field et aL, 1972; AI-Awqati et al., 1973). Smith and 

Case (1975) showed that cholera toxin evoked a secretory response. The 

composition of the secretion stimulated by cholera toxin resembled that 

evoked by secretin. According to Smith and Case (1975), cholera toxin 

action was accompanied by a paraUei increase in tissue cAMP 

concentration and was potentiated by theophylline. 

Thus, the above studies demonstrate that electrolyte secretion in the 

exocrine pancreas is mediate~ by intracellular cAMP. The mechanism by-
r 

which an increase in tissue cAMP concentration mediates the transport 

events responsible for electrolyte secretion remains unknown. 

1.3.3 Sea.retin - stimulated Secretion 

Secretin-stimulated pancreatic juice is an alkaline solution rich in 

bicarbonate. In aU animal species that have been studied, the major 

ca tion in pancreatic electrolyte secretion is Na +. Its concentration is 

about 155 mM, approximately 10 mM greater than that in the plasma. 

K+ is secreted at about the sarne concentration as plasma. The 
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concentration of both cations are constant and independen~ of secretory 

rate. The major anions are~ bicarbonate and cC and their concentrations 

depend on flow rate. Micropuncture and micro-cannulation studies of the 

ductal system indicate, that when the flow rate increases, bicarbonate 

concentration increases and cC concentration decreases; ~he reverse is 

observed when the flow rate decreases (Case et al., 1970; Mangos and 

McSherry, 1971; Swanson and Solomon, 1975; Cllflisch et <.al~, 1980). The 

concentration of bicarbonate in secretin-stimulated secretion fluid is 

5peCies dependent. In intermittent feeders such as ca t, dog, pig and man, 

the gland is sensitive to secretin and the bicarbonate concentration of the 

resul ting secretion reaches a maximum of approximately 145 mM; in 

continuous feeders such as rat, sheep, cow and rabbit, the gland responds 

poorly to secretin with a maximal bicarbonate concentration of 

approximately 80 mM in secretin-stimulated fluide CC concentration, in 

aIl species, decreases with increased secretory rate in a reciprocal fashion 

with bicarbonate 50 that the sum of the two anions remains constant and 

approximately equal ta the sum of Na + and K+ at ail secretory rates 

(r~view see Case et al., 1980). 

~. 
1.4 DA, 5-HT AND THE EXOCRINE PANCREAS 

1 

\~\ 
. 1.4.1 Amine Precursor U take and Decarb lation 

and Decarboxylation) to designate a system of ceils, found in several .. 
19 ~ 
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:?t organs which are able. to produce and store polypeptides (hormones) and 
1 #, 

() biogenic monriamines together in cytoplasmic granules. These ceUs take 

up L-DOPA and L-5-HTP and decarboxylate them to DA and 5-HT, 
- ~ , 

,~ ~~espectively (review see Sundler et al., 1980). 

Pearse and Takor Takor (1979) have classified the ceUs of the APUD 

seri ès as central and peripheral. The central division contains the 

neuroendocrine ahd endocrine cells of the hypothalamo-pituitary axis and 

pineal gland, and the peripheral division contains aU the APUD ceUs 

outside these regions. The majority of the APUD ceUs in the periphery 

are the gastroenteropancreatic endocrine celIs. 

Most of the gastroenteropancreatic endocrine ceUs contain neit~er 

catecholamines nor 5-hydroxytryptamine in histochemically demonstratable 
L 

amounts. They have one common charactedstic, namely, they are capable 

of taking up either L-DOPA or L-5-HTP and converting them to their 

corresponding amines, which ar~ then stored in the cytoplasmic granules 

(HAkanson ettal., 1967). 

ln neuroe-ndocrine ceUs of the APUD system, the enzyme that is 
( 

responsible for converting L-5-HTP ta 5-HT and L-DOPA ta DA 

respectiviely is L-aromatic amino acid decarboxylase [Ee 4.1.1.28] 

(Pearse, 1976)(Fig 1). In gastroentel'opancreatic endocrine ceUs, 

" histochemical investig'ation indicates a close correlation between 

L-aromatic amino acid decarboxylase activity and the number of 

fluorescent celIS that can be produced by treatment of the animal with 

L-5-HTP or L-DOPA (Hakanson et al., 1970). 
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FIGURE 1 The deéarboxylations of (a) DOPA to DA; (b) 5-HTP to 

5-HT 
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1.4.2 L-DOPA and L-5-HTP Metabolism in Exocrine Pancreas 

1.4.2.1 In vivo studies of biogenic monoamine synthesis and 

storage 

The exocrine pancreas, like the ceUs of APUD system, is able 

to take up L-5-H'W:.Jand L-DOPA, decarboxylate them to form 5-HT 

and DA respecti vely and store the monoamine(s) in zymogen 

granules. 

Alm et al., (1967, 1969), using histofluorescent techniques, 
( 

found that when a large dose (40-100 mg/kg) of L-DOPA was 

injected into mice or rats, a specific DA fluorescence appeared in 

zymogen granules of pancreatic acinar cells. The specifie DA 

fluorescence was enhanced when animais were pretreated with a 

monoamine oxidase inhibitoranddidnotappear when animals were 

pretre,ated with an aromatic amino aeid decarboxylase, inhibitor. 
. 

Dopamine fluorescence did not oecur when the animals yrere-]iven 

D-DOPA. These authors suggested that L-DOPA was taken up by 

the exo~rine pancreas, decarboxylated by L-aromatie amino acid 

decarboxy1ase to form DA which was stored in zymogen granules. 

Gershon and Ross (1966ajb) demonstrated that mouse pancreas 

was 4ble to concentra te a large proporti?n of radioaetivity after 
1 

intravenous administration of [3 Hl -S-HTP. According to these 
----

authors, a~roximately 50% of the total radioactivity concentrated 

----~ 

___ ...-:--- in the pancreas was 5-HT. With the technique of counting silver 

grains, no change of 5'-HT could be detected for 4 hours. Electron 
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microscope autoradiography studies by Alm et al. (1972) showed 
, 

that mouse' pancreatic acinar ceUs took up L-5-HTP, decarboxylated 

the amino acid to 5-HT and stored the amine in zymogen granules. 

The granular autoradiographic grains (representing labeUed 5-HT) 

were not se en when decarboxylase inhibitor was injected into the 

mou~e before the administration of labelled amino acid. T These 

observations, together with those of Alm et a!., (1967;, 1969) and 

Gershon an9 Ross (l966a;b), were confirmed by the histochemical, 

. fluorescence' studies of Mori et al (l979a;b). These workers, after 
. , 

administering a large dose of L-DOPA and/or 5-HTP to animais, 

observed th~t the turnover of DA in acinar ceUs .w~s faster than 

.,t of 5-HT and further that DA metabolism in rat exocrine 

pancreas was different from that of 5-HT. The roie of the' amines 

in zymogen granule is not known. 

Although previous literature has provided information on 5-HTP 

and DOPA uptake by pançreatic acinar ceUs, neither the subceUular 

localization of DA or 5-HT in acinar ceUs, nor the secretion of 
, , 

monoamines wlth pancreatic enzymes has been examined . 
..lr 

1.4.2.2 Biogenic Monoamines and Pancreatic Secretion 

A ttelatioriship between biogenic monoamine metabolisrn and 

exocrine pancreatic secretion was suggested when Greengard et 

8:1,41942) reported that severai biogenic· m~>noamines including 
c/ 

"oxytyramine" (DA) could stimula te. the secretion of canine 

pancreatic juice. 
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Th"e eff ect of DA on secretion was further examined in 

isolated blood-perfused pancreas. DA was found to have a secretin 

like effect in that it stimulated secretion of pancreatic juice 

containing a high concentration of bicarbonate (Hashimoto et al., 

1971; Furuta et al., 1972). This secretin-like effect of DA was 

mediated by a specifie DA receptor and its activity could be 

abolished by haloperidol. L-DOPA, the immediate precursor of DA, 

was aiso reported to induce pancreatic secretion similar to that 

evoked by secretin when infused into the' dog (Hashimoto et al, 

1971; Bastie et al., 1977;_ Satoh et al., 1980). Studies of the effect 

of L-DOPA on pancreatic secretion indicate that the action of 

IrDOPA is mediated by bA formed by decarboxylation of the amino 

acid since this ~ffect of L-DOPA was inhibited by a DOPA 

decarboxylase inhibitor. Furthermore, when the DA content of the 

pancreas was measured, it was found to be increased during 

treatment with L-DOPA (Furuta et al., 1973;1974). 

1t was suggested that canine pancreatic acinar cells take up 

L-DOPA, decarboxylate it ta DA which then stimulates a 
, . 

bicarbonate-enriched pancreatic juice "Secretion (Furuta et al., 1973; 

Bastie et aL, 1977). The mechanism by which DA receptor 

activation leads to stimulation of bicarbonate secretion is unknown. 

A recent report suggested that cAMP accumulation might be 

involved in DA-receptor activation in canine exocrine pancreas 

(Vaysse et al., 1982). 

The stimulation by DA of bicarbonate-rich pancreatic juice is 
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species dependent. It occurs in the dog" but not in cats and 

rabbits. Moreover, the rate of pancreatic seeretion in the latter 

animaIs does not respond to other catecholamines such as adrenaline, 

noradrenaline and isoprenaline (Hashimoto et' al., 1977). In rats, 

beta-adrenoceptors, rather than DA receptors, are present in the 

pancreas. Stimulation of the beta-adrenoceptor by isoprenaline 

causes secretion simUar to that evoked by secretin (Furuta et al., 

1978). 

The above findings on catecholamine stimulated secretion in 

the exocrine pancreas suggest thet catecholamines may be 

secretagogues or may modify the effect of secretagogues on 

pancreatic electrolyte secretion. 
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1.5 STATEMENT OF raB PROBLEM 
( 

The pancreas secretes a nuid composed of a mixture of 

digestive enzymes, water and electrolytes, the relative proportions 
1 

of which are controlled by both secretin and pancreozymin (see 

ln Voduction sections 1.2.3 and 1.3). The regulation of pancreatic 

secretion by these two hormones requires a precise integration 

between enzyme secreting ceUs (acinar ceUs) and water and 

electrolyte secreting eeUs (centroacinar/duct ceUs) sinee the highly 

viscous enzymes packaged in zymogen granules must be solubilized 
• ,:;.1 

in the acinus and the duct lumen by electrolyte secretion (Sarles, 

1977). It seems, therefore,' that an intimate interaction between 

acinar ceUs and centroacinar/duet cells is' required to ensure the 
f 

optimum composition and rate of flow of pancreatic fluid. The 
" \J \ 

integration between these two types,.of ceUs would be carried out 

by a IIcom municator" and ît is the purpose of the present thesis to 

test whether biogenic monoamine(s) could serve this function. This 

communicator must possess the foUowing properties: 

(1) acinar ceUs must synthesize (and/or take up from their 

environment) such a substance. 

(II) the eommunicator must be packaged with the contents of the 

zymogen granules. 

(III) the communicator must be secreted with the contents of the 

zymogen granules. 

(IV) the communicator must intèract with centroacinar and duct 

cells. This interaction must result in an alteration of the ionic 
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composition and volume of pancreatic juice. 

Current evidence suggests that biogenic monoamines are good 

candidates in that: 

(i) in neuroendocrine ceUs, peptide hormones are stored with a 

biogenic monoamine (see Introduction section 1.4.l). 

UO biogenic monoamines are capable of producing a secretin-like 
\ 

effect in pancreatic secretion at Ieast in sorne species (see 

Introduction section 1.4.2.2). 
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2.0l PREPARATION OF OISPERSED ACINAR CELLS 

In addition to the ceUs of exocrine system, the pancreas contains 

many celi types including cells of the Islets of Langerhans, connective 

tissue, blood and blood vessel endothelium • To eliminate any 

contribution made by these other cell types, our studies were done in . 

dispersed acinar ceUs. 

In order to minimize the contribution of biogenic monoamines from 

cells other than sainar ceUs, the rat was used as the source of exocrine 

pancreas. This is because of ail common laboratory animals, rat 

pancreatic islet cells contain the lowest quanti ties of biogenic monoamines 

(Falck and Hellman, 1963; Cegrell, 1968; Lundquist et aL, 1975; Glyfe, 

1977). 

Dispersed acinar cells were prepared as described by Amsterdam and 

Jamieson (1974) and modified by Chauvelot et al. (1980). The incubation 

media A, Band C for ceU isolation are described in the Appendix. 

Pancreata were removed from Wistar rats (125-150 gm.), and cleaned free 

of adhering connective tissue. Collagenase and hyaluronidase (dissolved 

in solution A were injected into ~he pancreatic interstitium and the 

pancreata digested in the enzyme solution for 15 minutes. The tissue was 

then washed and incubated in solution B for 4 minutes. This washing and 

incubation in solution B was repeated twice. The tissue was washed 

twice in solution A and then incubated with collagenase (dissolved in 

solution C) for 25-30 minutes. The collagenase digestion was terminated 

by diluting the digestion me~ium with solution C and the acinar cells 

were mechanically detached from undigested pancreatic tissues. The 
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digested tissues were filtered through a nylon fUter (pore size 64 micron) 

and acinar ceUs were collected by centrifuging the filtrate through 

solution C containing 4% [w/vJ BSA. Approximately 75-100 X 106 cells 

per pancreas were collected. The ceU preparations were exarnined by 

electron microscopy, and found to contain only exocrine acinar cells. 

The viability and function of the isolated ceUs were tested as follow: 

(a) Exclusion of Trypan Blue 

200 pl Trypan Blue (0.596 in 0.25% saline) was rnixed with 750 

.. ~. 4% [w/v] BSA in solution C [see appendixl and 59 pl. cell 

~ension. CeUs were examined under light microscope to estimate the 

amount of deformed and destroyed ceUs. 

(b) Amylase secretion 

10 7 ceUs were mixed with Biogel P4 in a PD-IO column and 

superfused with perfusion buffer (section 2.05). Caerulein (10-7 M) was 
1 

used as secretagogue, and amylase activity was assayed as described in 

section 2.09.2. There was approximately a 4 foid iI'lcrease in amylase 

release upon stimulation with caerulein (Fig. 26, 28). 

The ceU preparation was used only if more than 9596 of the ceUs 

were viable as rneasured by Trypan Blue exclusion and experimental 

results were accepted only if after the experiment more than 9096 of the 

cells were viable. AU glasswares used for the preparation and incubation 

of ceUs were siliconized using Prosil-28. 
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2.02 INCUBATION OF DISPERSED ACINAR CELLS 

Dispersed acinar ceUs (108) were incubated in 5.0 ml. incubation 

bulfer 1 [see appendixl. The reaction was stal"ted with the addition of 

radiolabelled substrate. AlI incubations were done at 370 C and gased 

with 95% °2/5% COZ' After incubation, the ceUs were separated from 

the incubation medium by centrifugation at 50 X g for 5 minutes and 

resuspepded in homogenization buffer {see appendix} for subceUular 

fractionation studies (section 2.3). 

In pulse-chase experiments dispersed acinar ceUs were incubated for 

5 minutes or 15 minutes in incubation buUer 1 modified by the removal 

of leucine (incubation buffer II) and containing L-[3H] Leucine (50-60 

Ci/mMole; 1.0 ,..Ci/ml) and either DL,:,[14C15-HTP or L-[14C] DOPA at 

concentrations specified in figure legends. After the pulse-incubation, 

ceUs were separated from medium by centrifugation at 50 X g for 5 

minutes, washed in a large excess of incubation buffer n containing 1.0 

mM non-radioactive counterparts of the radiolabelled compounds used in 

the chase-incubation. The ceUs were th en resuspended in this buUer Cor 
o 

the pulse-incubation. The chase-incubation was terminated by separating 

ceUs (rofT) incubation medium as described above. The cells were washed 

with homogenization buffer twice and then homogenized for subce)lular 

fractionation (section 2.03). 
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2.03 SUBCELLULAR FRACTIOltATION OF ACINAR CELL$ 

The generaI scheme for the isolation of the zymogen granule 

fraction, 20,000 X g pellet and 100,000 X g pellet from acinar ceU 

homogena,te is described in Fig. 2. The scheme is taken from the 

methods of Jamieson and Palade (I967a), Rothman (1970) and Fast (19741. 
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FIGURE 2 A general centrifugation scheme for subcellular 
, 

fractionation studies. This procedure was adapted from those 

described by Tartakoff and Jamieson (1974) and Fast (1974). 
. -
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HOMOGENATE (O.Ol~ sodium phosphatQJ butter 
'1 + 0.25M sucrose I,lH 6.0) 

_ 180 X g for 15 min 
_1 __ ---.Lo...;r.=z---., 

sediment SOPERNATANT 

12.000 X g for 15 min 

-1 ----~---,I 

2,000 X g pellet SUPERNATAN'f 
CRUDE ZYMOGEN 

GRAN ULE FRACTION 

sedul)ent 

10,000 X g for 15 miR 

SUPERNATANT 

20,000 X g for 15 min 

20,009 g pellet SUPERNATANT 
CRUDE "GOLGI VESICLES AND 

CON DENSING VEsICLES" ' 100,000 X g 

,1 

100,000 X g pellet 
CRUDË "MICROSOMAL 

FRACTION" 

for 45 min 

SOPERNATANT 
"SOLUBLE 

FRACTION" 
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2.03.1 Isolation of Zymogen Granules ri 
Acinar cells were h,qmoge~,zed in a Potter-Elvehgem homogenizer. ' 

The cell debris was removed by centrifugation at 180 X.g for 15 minutes. 
, 0 ,: 

a 
The fraction containing the zymogen granules was coUected by 

centrifugation at "2,000 X g for 15 minutes. The granules \'(ere further 
.' 

puritied by repeating the 180 X g and 2,000 X g centrifugation §teps (Fig., 

3). Based on amylase activity, ~he recovery of zymogen granules rang~d 

from 20-25% of that present in the homogenate. The contamination of 

this frâcHan by nuc1ei (DNA assay, section 2.09.5) ranged frorI;! 3-6%; by 

mitochondria (succinic dehydrogenasé assay, section 2.09.4),. 1-4%; by 

<!ytosol (lac tic acid dehydrogenase ,,,llssay, section 2.09.3) 0.1-0.396u of that 

in ceU homogenate. 
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FIGURE 3 A centrifuga~ion scheme for isolation' of zymogen 

gtanule fraction from à ho~enate of rat pancreas. This 

pro~edure was adapted from, that desc,(lbed by' Fast (1974). 

Details of the'" method are given in the text. 
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HOM GENATE (OoOlM sOdium phosphate butfer 

+ 0025M sucrose, pH 600) 

180 X g for 15 min 

sediment 

CeU debris,nuclei 

SUP RNATANT 

2,000 X g ,for 15 min 

J 

SEDIMENT supernatant 
"CRUDE" ZYMOGEN GRANULE 

1 FRACTION 
1\ 

resuspend in sucrose sodium phosp~ate 
buffer and centrifuge at 180 X g, 15 min 

,v 

Sediment ':' SUPERNATANT 

~,ooo X g for 15 min 

1 
SEO MENT 

rèsuspend in sucrose 
sodium phosphate buffer 
and centrifuged at _ ~ 
180 X g for 15 min 

1 
supernatant 

sedimel1t SUPE NATANT 

- /z,ooox g for 15 min 

1 
supernatant 

1 
SEDIMENT 

\)ZYMOGEN GRANULE FRACTION , 
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2.03.2 Purification of Zymogen Granule Fraction 

Zymogen granÙles prepared as described in section 2.03.1 were 

purified by resuspending them in 6096 Percoll and centrifuging this 

mixture at 80,000 X g for 45 minutes. In the continuous density gradient 

generated by this procedure, zymogen granules, containing less than 0.0196 

of total homogenate DNA and lactate dehydi'ogenase activity 

accumulated at a density of 1.142. Based on amylase activity, the 

recovery of zymogen granules from the Percoll g~t ~anged from iO% 

to 17% of that present in the celi homograte. The recovery of 

mitochondria in this fraction, based on succinic dehydrogenase activity, 

was consistently less th an 0.296 of that in the ce~ homogenate. The 

zymogen granule layer was collected, diluted with 10 volumes of 
,(" 

homogenization buffer and centrifuged !if 2,000 X g for 15 minutes to 

remove the Percoll. This wash procedure was repeated once and the 

resultant purified zymogen granules suspended in this buffer. 

In the same continuous density gradient generated by centri(uging 
\ 

the 60% PercoU, a second zymogen granule fraction was observed at a 

d~nsity of 1.108. Based on amylase activity recovery of zymogen 

granules from this fraction of the Percoll gradient is 4-6% of t'hat in the 

ceU homogena~e. The purity of this "low density" zymogen granule 

fraction has not been assessed. 

2.03.3 Isolation of 20,000 X g Pellet and 100,000 X g Pellet 

Other particulilte fractions were coUected by centrifugation of the 

,10,0.00 X g supernatant (Fig. 2). Centrifugation at 20,000 X g for 15 
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minutes produced a pellet enriched in Golgi vesicles and condensing 

vacuoles. The 20,000 X g supernatant was 
'i 

• centrifuged at 100,000 X g for 60 minutes to produce a microsomal 

pellet. The 20,000 X 'g pellet was further purified by repeating the 

10,000 X g and 20,000 X g centrifugation (Fig. 4A). The 100,000 X g 

pellet was also furtl)er purified by repeating the 207000 X g and 100,000 

X g centrifugation (Fig. 48). 
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FIGURE 4 A centrifugation scheme for washing: 

(A) 20,000 X g pellet, and 
• 

(B) 100,000 X g~Qellet 
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·CRUDE 20,000 X g PELLET (as from Fig. 2) 

sediment 

sediment 

resuspend in sucrose phosphate buffer 
and centrifuged at 10,000 X g for 15 min 

SUPERNATANT 

SEDI~ENT 

120,000 X g for 15 min 

1 
supernatant 

resuspend in sucrose 
phosphate buffer and 
centrifuged at 10,000 X g 
for 15 min 

SUPERNATANT 

20,000 X g for 15 min 

20,000 X g pellet 
"GOLGI VESICLES AND 
CONDENSING VACUOLES" 
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(B) 

CROOE 100,000 X g PELLET (as from Fig. 2) 

sediment 

sediment -

resuspend in sucrose sodium phosphate 
buffer and eentrifuged at 20,000 X g 
for 15 min 

SUPER ATANT 

100,000 X g for 45 min 

SEDIMENt 

resuspend in suer ose 
sodium phosphate buffer 
and eentrifuged at 
20,000 X g for 15 min 

supernatant 

SUPERIATANT 

lO~,OOO X g for 45 min 

100,000 X g pellet 
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2.04 INCORPORATION OF LABELLED 5-HT AND LABELLED PROTEIN 

INro SUBCELLULAR COMPONENTS 

Labelled 5-HT was measured in aliquots of the 180 X g supernatant, 

the purified zymogen granules, the 20,000 X g pellet and the 100,000 X 

g pellet as described in section 2.06. [3H] protein was measured in 

aliquots of the subcellular fractions as described by Fast (1974). The 

protein was precipitated with eold triehloroacetic aeid (TCAj 5% [w/V) , 

final concentration). The precipitate was collected by centrifugation, 

dissolved in 0.15M NaOH and reprecipitated with TCA. This procÊldure 

was repeated three times. The final TCA precipitate was then dissolved 

in O.15M NaOH and an aliquot was taken for measurement of 

radioactivity by liquid scintillation spectrometry as described below 

(section 2.10). 

2.05 SECRETION FROM PRE-LABELLED DISPERSED ACINAR CELLS 

Dispersed aeinar cells were incubated for 60 minutes in incubation 

buffer li (section 2.02) to which had been added L-[3 H) leucine (50-60 

Ci/mMole; IpCi/ml) and either 1.0 mM L-[14C] DOPA (4.0 mCi/mMole) 

or 1.0 mM L-[14C] 5-HTP (2.0 mCi/mMole) and soybean trypsin inhibitor 

120 pg./ml. ACter 60 minutes incubation, the cells were ,separated from 

the medium by centrifugation,' washed three times in incubation buffer II 

free of radiolabelled compounds but containing 1.0 mM L-[lH] leucine, and 

1.0 mM L-[12C] DOPA or L-[12C] 5-HTP and incubated in the same buffer 

for 60 minutes; At the end of this chase-incubatio,n, the cells were 
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washed in perfusion buffer (incubation buffer l, see section 2.02, modified 
ù 

by reducing the BSA to 0.001% [w/v]). The cells were then packed into 

a 1.5 cm X 8.0 cm column (PD-lO) as described by Guderleyand Heisler 
,) 

(1980). 

Approximately 2.5 ml. of Biogel-P4 slurry (preswollen in 0.996 NaCl) 

was washed three times in perfusion buffer (above) and mixed with 2 X 

101 ceUs that were suspended in 1.0 ml. perfusion buffer. The mixture 

was poured into the P D-lO column. 

The entire ceil column system was maintained at 37°C and the 

perfusion medium was continuously gased with 95% °2/596 COZ to 

main tain the pH at 7.4. The ceU column was perfused at a rate of 40 

mLi'hr. and eluate fractions were collected at 6 minute intervals. ACter 

an equilibration perfusion period of between 2-2.5 hours, secretagogue, 
, 

dissolved in perfusion buffer, was administered for 30 minutes. A 30 

minute perfusion with buffer alone separated periods of perfusion with 

secretagogues. After termination of the perfusion, the viability of the 

ceUs was re-examined by Trypan Blue ,exclusion and the results of the 

experiment were used only if more than 90% of the ceUs were viable. 

In aliquots of perfusate fractions âmylase activity was assayed as 

described in section 2.09.2; [3 H] protein was measured by adding BSA as 

protein carrier and proceeding as described in section 2.0~; [14C15-HT 

or [14C1 DA was measured as described in section 2.06. 
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2.06 EXTRACTION AND SEPARATION OF RADIOLABELLED BIOGENIC 

MONOAMINES AND THEIR PRECURSOR AMINO ACIDS 

To extract biogenic monoamines, cold (40 C) 0.4 M HelO 4 with 

ascorbic acid (1.0 g./ml.) was added to dispersed acinar cells .. (section 

2.02), subcellular fractions (section 2.03) or aliquots of the perfusate 

fraction (section 2.05). Precipitated proteins were centrifuged ~t 12,000 

X g for 10 minutes at 40 C. The supernatant was collected, the pH 

adjusted to 2.0 with 2M KOH and the KCIO 4 precipitate formed was 

removed by centrifugation at 14,000 X g for 10 minutes. ,The resulting 

supernatant was applied °to a 0.5 X 8.0 cm column of Dowex 50 WX4 (400 

mesh). 

The resin (500 gm~) of Dowex 50WX4 (400 mesh, H+ form) was 
\ 

prepared as described by Atack (1977). 
IV 

It was washed' successively in the 

following solutions: a) 2 liters of 2M NaOH + 1% lw/v] EDTA; b) 1-2 

li ters of deioni~ed distilled water until a pH of 7.0 was attainedj c) 1 

li ter of 2.4M Hel + 60% lw/v] ethanolj d) 2 liters of 2M HC1; e) 2 

lit ers of H20. The resin was stored in deionized distilled water at pH 

7.0. 

Before the samples were applied, the columns were washed with 20 

ml. ~20, pH 7.0, followed by 20 ml. O.IM sodium phosphate buffer' 

containing 0.1% EOTA, pH 6.5. The columns were covered with 

aluminum foil to exclude light and were run at room temperature at a 

flow rate of 0.25 ml./min. After the sample was applied, the column was 

washed with 15 ml. water and eluted with successive washes as follows: 

25 ml. sodium phosphate (O.IM, pH 6.5) eontaining 0.1% lw/v] EOTA; 15 

" 
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ml. water; 25 ml. 1.0M' Hel; 60 ml. of I.OM HCI in 50% lv/v] ethanolj 

and 40 ml. of 2M HCI. One ml. fractions of effluent were collected and 

the radioactivity in each sam pIe measured by liquid sC!intillation 

spectrometry (section 2.10). The amino acids (L-DOPA and L-5-HTP, as 

weu as Trp., Tyr., His., and Leu.) were eluted wi th the sodium phosphate 

bulfer (above), noradrenaline (and adrenaline) eluted with lM HCl, 

dopamine and 5-HT both eluted with ethanolie Hel, and histamine was 

eluted with 2M HCI. The amino aeid preeursors and their respf!tive 

amines were suffieiently well separated from each other to be easily 

identified and precisely quantitated. The elution profile is illustl"ated in 

Fig. 5. Using radiolabelled standards, it was determined that recovery 

from the column was: amino acids (L-DOPA and 5-HTP), 9896; 

noradrenaline, 9596; dopamine, 9996; 5-HT, 99%; histamine, 8396. The 

amino acids and biogenic monoamines, after column elution, were 

identified with authentic standards by thin layer chromatography (silica 

gel 60F-254) in solvent system - butanol:acetic acid:water (25:4:10 

[v/v/v)). 

.. 

42 



FIGURE 5 The elution pattern oC-amino acids and amines from 

DOWEX 50W X 4 column 

Radiolabelled standards:L-[3H] Leucine; L-[14Cl Tyr; 

L_[I,4 C] DO PA; DL-[14 C ] 5-HTP; [3 Hl NA; [3 Hl Adj 

[3H] DA; [3H] 5-HT and [3 H] Hm were chromalographed on 

a 0.5 X 8.0 cm DOWEX 50WX4 column at a Oow rate of 

0.25 ml/min. Fraction volume was 1.0 ml. Deta.ils for 

elution of the amino acids and amines are given in the texte 

The recovery from the column was: amino acids (L-DOPA 

and 5-HTP) 9896; NA, 95%; DA, 9996; 5-HT, 9996; H'm" 

83%. 

NA = noradrenaline 
DA :; dopamine 
5-HT :; 5-hydroxytryptamine 
Hm :; histamine 

43 
,( ) 

. , 
1 

" -.(J: 
! 
1 
1 



, . 
\" , 

"0 

1 
n 

--. 
\ 
1 
1 
1 
., 
1 
1 

,.0 

1 
• j 

1 
'1 

1 

\10. 

"If os. -1( 

E 
0-
u 
>.. ::::; .. 
:~ .. 
u 
0 
0 
:0 
0 
~ 

...... 
R (~J' 

0 
.. 1.0· 

l' 

rI l, 

0.5-

amino 

~ acid 
~ ~ 0 

0 sb 

, 1 -

ï, 

1 

'" 

" , 
c, ~ 

c 

.~ 
~ 

" 
C 

~ -.. 
c 

.;. 
c 

V r', 

J5iiTl.L Hm NA 0 DA ~ 
~ l 

150 . 200 j 100 , 
! • Fraction numbers 1 
J 
1 

.t 1 
. 

1 



, 
: , 

., 

, 
~>"t.<f'l~,~""'· ... ,.., y";:- """ ..... ~,," '-;' -',-,.,...." ·~-~'.'-fJt"'" .' 

2.07 FLUORIMETRIC ASSAY FOR~5-H'f' 
-----

, 

Tissues (dispersed acinar' cells, iS91ated zymogen grf:\nules and rat 
, 

- 1 
br~n) were homogenized with a Polytron Homogenizer (Brinkman Cc;>.) at 

top speed in O.4M perchloric acid (~-..1 ml. per gm. tissue) for 30 seconds 
1 

at 4 oC __ ' ,Authentic 5-HT was added 8.S an internai standard to the' 
\ 

homogenate for caIculation of recovery of the monoamine. Aftel" the 

addition of 0.01 ml. per ml. 5% lw/v] Na2SZ05 homogenate an? O.OZ ml. 

10% lw/v] EDTA per ml. homogenate, the homogenate was centrifuged 

at 14,000 X g for 10 mi~utes at 4°C, the supernatant was collected, and 

the pH was adjusted-, to 2.0 with 2.5M KZC03• The resulting KCI04 

precipitate was removed by centrifugation at 14,000 X g for 10 minutes. 

The supernatant was then subjected to column chromatography on Dowex , 

50WX4 as described in section 2.06. The 5-HT was eluted with l.OM HCI 
" 

in 5'096 [v/v] ethanol and was assayed by the method described by Atack 

and LindqYlst (1973) as follow: 

Sample preparation - to 1.0 ml. aIiquots of column eluate was added 
-

0.1 ml. of each of 0.696 [w/v1 eysteine-HCl and 0.2% [w/v] 

K3[Be(CN)6]' 1.2 ml. of Ultrex (Baker Chemieal Co.) purified 12M HCI 

(Fe +3 ion free) and 0.05 ml. of 0.396 lw/v] orthophthaldialdehyde [0 PT] 
\ 

(dissolved in absolute" methanol). 

Oxidized sample blank preparation - to 1.0 ml. aliquots of colurnn 

eluate was added 0.2 ml. of purified 12M Hel and 0.05 ml. 0.296 Ew/v] 

After 10 minutes on ice, 0.05 ml. 6% [w/v] cysteine-HCl, 
q 

1.0 ml. of purified 12M HCl ~nd 0.05 ml. 396 lw/v] OPT were added to 

the oxidized sample blank." 
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Both sample and oxidized- sam pIe blank were incub,ated at 7SoC for 
, . 

20 minutes, cooled to room temperature and the fluorescence of the 

OPT-5-HT condensate was measured in an Aminco SPT-125 

spectrophotoflurorometer at 360 nm (excitation)/480 nm (emission). The 

fluorescence of OPT-5-HT condensate in the sample was obtained by 

subtracting that of the sample from that of the oxidized sample blank. 

5-HT recovery ,was calculated as follows: 
1 

internai standard alone ç;, .;. recovery Of 

s-HT 
= 

[
the fluorescence of sample with ] _ [ the flu~rescence of sample ] 

X 100 

[ . Ille. fluorescence .f exlernal sl,"'nI ] 

. 
The fluorimetric assay is linear for 5-HT from 10 to 500 ng. l' 

( 

~-- '\ 

l , 

" i 

2.08 H.P.L.C.-ELECTROCHEMICAL DETECTpR METHOD OF .. 
MEASURING BIOGENIC MONOAMINES 

A preliminary study' to determine if the exocrine pancreas contained 

endogenous DA and/or 5-HT was done with the assistance of Dr. S. Yq.ung . , 

at the Allon Memorial Hospital, McGill University. 

The method of biogenic monoamine separation by H.P .L.C (high 

performance liquid chromatography) and quantitation with an 

electrochem.ical detecting system was adapted from that described by 

Anderson and Purdy, (1979); Moyer (1978); Felice et al. (1978) and 

Ikenoya and co-workers (1978). 

Tissue 6r dispersed cells (0.2-0.4 gm. wet weight) were homogenized 
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in cold (4°C) O.IM Hel (3, ml.) with 1 mg/ml. aséol'bic acid (0.3 ml.). 

Epinine was added to the homogenate as internal standard for peak 

height calibration and authentic monoamines (5-HT,DA) were also added 

for calculation of recovery. The homogenate was then mixed with 

perchloric acid (0.3 ml.) and the precipitated protein was removed by 

centrifugation at '10,000 X g fol." 15 minutes. To the supel'natant was 

added lM KOH to adjust the pH to 4.0. The resulting KCIO 4 precipitate 

was removed by centrifugation at 14,000 X g for 15 minutes and the 

supernatant was applied to an Amberlite CG50 8.0 cm X 0.5 cm co1umn 
'" " 

(pl."ewashed with lM acetate buffer). The Amberlite column was then 

.. ---

IJ 

"1 

,1 , 

washed with water (6 m1.) and the amines eluted with 1.2M HCI (4 ml.):--

Biogenic monoamines were separated on an ion-paired reverse phase 

column undel." , the following chromatographie conditions - stationary phase: 

30, cm ,~~m 'Bonda pa,?k CIS (Water associates); mobile phase: 

0.07-M"{odium phosphate buffel' with _0.1 mM EDTA, 0.25 mM sodium 

octylsulfate and 8% [v/v] methanol, pH 5.0 at a flow rate of 2.0 ml./min 

ànd ambient temperature. Th~ deteetion system consisted of carbon paste 

electrode with potential O.72V 'vs AgI AgCI reCerence eleetrode (Ikenoya 

et al., 1978). 

The ratio of the peak height for a biogenic monoamine to that of 

the internaI standard (epinine) was caleulated for each sample and the 

reeovery of the monoamine was caleulated as Collows: 

[ 
peak height sam pie +standard 1-_ [peak height s~mple ] 

recovery of biogenic _ ,peak height epinine J "peak height epinine. 

monoamine 

'} 46 

[ peak height standard 

peak height epinine ] 
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The 8$8.y is linear ,~or DA between 20 - 100 pg and 5-HT between 50 pg 

- 2 ng. 

Although this method was considerably more :sensitive than the 

fluorimetric method it was not reliable or reproducible because of the 

inheren t instability of the electrode. For this reason, most amine 

determinations described in this thesis were done with the fluorimetric 

technique. 

2.09 ASSAY FOR AMINO ACID DECARBOXYLASE l\CTIVITY, AMYLASE 

ACTIVITY, SDH ACTIV&Y, LOB ACTIVITY, DNA A~D PROTEIN 

2.09.1 Assay for Amino Acid Decarboxylase Aetivity 

Dispersed aeinar ceUs were homogenized in O.OlM sodium phosphate 

buffer containing 0.25M sucrose and soybean try'psin inhibitor 12 mg./IOO 

ml., pH 7.0. The 100,000 X g supernatant was p?epared according to the 

general scheme described in section 2.03. 
" 

Amino acid de carboxylase activity. was measuted by [14Cl carbon 

dioxide released from L-[14C-carboxyll .amino acids by the action of the 

decarboxylase. The procedure was adapted from those described by 

Rhoads and Udenfriend (1968), Ellenbogen et al. (1969) and Christenson et 

al. (1970). Samples were incubated at 37°6 in 2 ml. isotonie sucrose 

with 10 mM sodium phosphate buffer (ab ove buffer pH 7.0) in Erlenmeyer 

flasks equipped with center wells in which was placed a piece of filter 

paper saturated with hyamine hydroxide. The assay reaction was started 

t 
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, 
-with the addition of L-[14C] -amlno acids and was terminated by injecting 

0.4 ml. 5096 TCA into the main compartment of the incubation nask. 

After ,addition of TCA",-the-.-incubation was continued at 37°C for Hl 

minute in order to insure complete CO2 absorption. Prolongation of the 

\ post incubation period did not result in further CO2 absorption. Alter 

the lO minute post incubation time the fnter was removed from the 

center weIl and the radioactivity measured by liquid scintillation 
, 

spectrometry. The rate' of decarboxylation activity is linear up to 10 

minutes incubation -(Fig. 6A) and 8 mg protein (Fig. 6B) at DOPA 

concentration 1O-5M to lO-3M• For 5-HTP the rate is linear from 10 to 
,\ 

40 minutes incu.bation (Fig. 6C) and 5 mg protein (Fig. 6D) at 5-HTP. 

concentration lü-SM to 1O-3M• 

" -~- - -----

,", 
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FIGURE 6 DOPA and 5-HTP decarboxylation as a function of 

incubation time and protein cencentration 

The -100,000 X g supernatant was isolated from dispersed 

acinBr ceUs. DOPA and 5-HTP decarboxylase activity W8S measured 

as a function of incubation time (FIG 6A, C) and proteil1 

concentration (FIG 6B, D) st different concentations of 

Â--A j 1O-3M •• ---e.). The rate of DOPA decarboxylation was 

assessed by measuring the rate of CO2 evolution and the rate of 

5-HT production was used as a measure of the rate of 5-HTP 

decarboxylation. Each point is the mean of two experiments. 
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2.09.2 Amylase Activity Assay 

Amylase activity was assayed with the Phadebas Amylase Test 

kit based on the method developed by Ceska et al. (1969). In this 

method, starch, which is the substrate for the enzyme, is coupled 

wi th a blue dye. As the starch is digested, dye is solubilized and 

the rate of release of dye is measured with a spectrophotometer. 

Phadebas piUs were dispersed in distilled water (one pill pel' 

10 ml. distilled water), mixed thoroughly and transferred 0.0 ml.) 

to the reaction tubes. The reaction tubes were then preincubated 

for 5 minutes at 37oC. To the reaction tubes, aliquots of 50 pl. 

samples were added, mixed and incubated for exactly 15 minutes. 

The reaction was terminated by addition of 250 pl. of 5M NaOH 

and the reaction tubes were centrifuged at 10,000 X g for 10 

minutes to pellet the undigested starch-dye complexa The 

solubilized dye quantitated by measuring its absorbance at 620 nm. 

Amylase activity was expressed in International Unit (I.U.). 

One International Unit of amylase activity is defined by the 

Commission on Clinical Enzyme Units- o( the International Union 

of Biochemistry as the amount of enzyme that will catalyze the 

hydrolysis of 1 .. mole of glucosidic linkages per minute at 37°C. 

2.09.3 Lactate Dehydrogenase Assay 

Lactate dehydrogenase activity was assayed according to the 

conditions described by Kornberg (1955) and modified by Fast (1974). 

A sample of zymogen granule fraction (0.1 ml.) was added to the 
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cuvet te containing 0.1 inl. sodium pyruvate (O.OIM), 0.1 ml. NADH 

(0.002M, pH 8.0) and 2.7 ml. sodium phosphate buffer (0.03M, pH 

7.4). Lactate dehydrogenase activity was assayed by measuring the 

rate of oxidation of NADH. The change in absorbancy at 340 nm 

was recorded for 3 minutes at 2SoC. A unit of activity is defined 

as that which caused an initial rate of oxidation of one micromole 

NADH per minute under conditions described above. 

2.09.4 Succinic Dehydrogenase Assay 

Succinic dehydrogenase activity was assayed under aerobic 

conditions as described by Bonner (195?) and modified by Maeno et 

al. (1971). The reaction ixture (total volume 1.0 ml.) contained 

100 ... moles of sodium phosphate buffer, pH 7.2, 10 ,.. moles of 

sodium cyanide, 0.14 mole of 2,6-dichloroindophenol, 26 p moles of 

sodium succinate, the sample (50 .. g.-I50 .. g. protein). 

Succinic dehydrogenase activity was assayed by following the 

decrease in optical density at 600 nm. The change in optical 

density was recorded for 3 minutes at 250 C. A unit of activity is 

defined 45 that which caused an initial rate of reduction of one 

nmole of 2,6-dichloroindophenol per minute under conditions 

described above. 
., 
r 

2.09.5 DNA Determination 

The DNA content of celI homogenates and isolated zymogen 

granule fractions were determined by the method of Burton (1956). 

r 
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The samples were homogenized in T~A' (final TCA concentration 5%' 

[w/v]), heated for 30 minutes at 90°C, cooled to room temperature 

and centrifuged at 10,000 X g for 15 minutes to sediment the 

precipitated protein. The supernatants were kept for DNA assay. 

To 1.0 ml. of the TCA extract was added 1.0 ml. of the 

diphenylamine reagent (2 gm. diphenylamine in 45 ml. glacial acetic 

acid and 5 ml. concentrated H2SO 4)' The mixture was heated at 

90°C for 60 minutes, cooled to 25°C and the intensity of the colour 

that developed was, measured at 600 nm. Calf thymus DNA was 

used as the standard in a concentration range of 50-300 pg./ml. 

2.09.6 Protein Determination 

Protein concentrations of the various subcellular fractions were 

determined by the method of Lowry et al. (1951) with BSA as a 

standard. 

2.10 DETERMINATION OF RADIOACTIVITY 

Radioacti vi ty was deter m ined by liquid scintillation 

spectrometry using Formula-950A as the solvent system. Samples 

were corrected for quenching by using internal standards. [14C1 

isotope was determined with close to 70% efficiency and [3H] 

isotope was about 3096 efficiency. In double-label counting, external 

standards were used to determine the correction factor for [14C1 

spill into the [3H] channel and to eliminate [3H] spill into [14Cl 
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qhannel. The effieieney of eounting of [3H] was about 1596 and 

[14C] was about 3096. 

2.U STATISTICAL ANALYSIS 

AlI results were expressed as mean + S.E. or else will be 

'specified in figure legends. .,;.'. , 

Wilcoxon signed rank-test was used for evaluating the l'esult in -

experiments involving the measurement of 5-HT in aeinar. eeUs 

compared to that in zymogen granules. 

Kruskal-Wallis multiple comparison test was used to assess any 

statistical difference between [3 H] j[14C1 ratio obtained from 

zymogen granules fractions, and secretory product from the !irst 

stimulation and secretory product from the second stimulation by 

caeruIein. 
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2.12 MATE RIALS 

From New England Nuclear, 575 Albany St., Boston, MasS. 

02118, U.S.A. 

QL-5-hydroxy [2_14C] tryptophan S.A. 59.2 mCi/mmole 

OL-[side chain 3)4C] tryptophan S.A. 0.05 mCi/0.2mg 

L-[14C( O}] -leucine S.A. 342 mC1tmmole 

L-[4.5 3H(N)] -leucine S.A. 52.2 Ci/mmole 

L-[14C(O)] -tyrosine S.A. 450 mCi/mmole 

L-[3-3H}-histidine S.A. 300 mCi/mmole 

(3H-(G)] -tyramine S.A. 5 pCi/mfTlole 

From Amersham Corp. 505 Iroquois Shore Rd. Oakville, 

Ontario, Cana~a 

L-3,4-dihydroxyphenyl [3_14C] alanine S.A. 6.7 mCi/mmole 

L-3,4-dihydroxyphenyl [lJ4C1 alanine S.A. 7.9 mCi/mmole 

L-[carboxyl)4C] tyrosine 

OL-5-hydroxy [G-3H] tryptophan 

L-[carboxylJ4C] histidine 

L-[carboxyl-14C] t~yptophan 

S.A. 5.7 mCil mmole 

S.A. 5.0 mCi/mmole 

S.A. 50 mCi/mmole 

S.A. 55 mCi/mmole 

From Sigm a Chemical Co. P.O. Box 14508, St. Louis, 

MD 63178, U.S.A. 

5-hydroxy-tryptophan(5-HTP) 
, 

5-hydroxy-tryptamine hydrochloride(5-HT) 

D-beta-3,4-dihydroxyphenylalanine(D-DOPA) 

L-beta-3 ,4-dihydroxypheny lalanine(L-DO P A) 

54 

• 1 

\ 
\ 

\ 

Cl 

" 

1 

t 

i 



- , 
.J,.' 
" 

, / 

/ 
i' 

\ 

.. ' .. ~... f 

L-tryptoph~ 

L-tyrosine 

L-histidine 

L-cyst~e 

, 
~, 

Soybean trypsin inhibitor (STI) 

Orthophthaldialdehyde( 0 PT) 

Potassium fe,rricyanide (K3[Fe(CN)61) 

Collagenase 

Bovine serum albumin(BSA) 

Diphenylamine 

2,6-dichloroindophenol 

Sodium cyanide 

Sodium succinate 

Nicotinamide adenine oinucleotide (NADH) 

N-Methyldopamine (Epinine) 

From Bio-Rad Laboratories, 32nd Griffin, Richmond, Calif. 

Bio-Gel P-4 100-200 mesh 

+ Dowex 50WX4 200-400 mesh, H form 

From Pharmacia (Canadà) Ltd. 2044 St. Regis Blvd., 

Dorval, Quebec 
(, 

Phadebas Amylase Test Kit 

Sephadex G-25M column PD-IO 

Percol! 

*' From Boehringer-Mannheim, St. Laurent, Quebec, Canada 

Hyaluronidase 
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From Sandëv Ltd., Gilston Park, Harlow 

m-hydroxy-p-bromabenzyl-oxya~ine (NSD-I055) 

From Regis Chemical Co. 

Pargyline hydtochloride ' 
b 

From' Grand Island Biological Company of Canada, Ltd. 

MEM amino acids solution (50X) 

From BDH Chemicals, Montreal, Canada 

Sodium metabisulphite 

DeoxYribonucleic . acid, sodium salt 

Amberlite CG-50 

From PCR Research Chemical Ine. Gainesville, Floride 

Prasil - 28 
'\ 

From Eastman Kodak Co.~ Rochester, N.Y. 14650, U.S.A. 
r ' 

Sodium oetyl$llfate 
~) 

From Brinkm'ann, Rexdal Ontario 

Pre-coated TLC plates silica GEL 60F-254 

• -""'" -, .... ~ 

AU" other chemicals used were obtained from Baker Analyz~d Quality 

and Fisher Scientific Co. 

. ' 
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APPENDIX 

{a} Incubation media for panéreatic acinar ce11 isolation: 

Solution A ,contains: NaCl, 118.5 mM; KC1, 4.7 mM; KH
2
P0

4
, '1.2 

-
mM; Mg2S04, 1.2 mM;' Ca~12' 0.1 mM; NaHC03, 23.7 mM; 

soybean trypsin inhibitor, 12 mg./lOO ml.; D-glucose, 15 mM; 

pH 7.4 

?Solution B contains: NaCl, 118.5 mM; K~l, 4.7 mM; KH
2
P0

4
, 1.2 

mM; _EOTA, 2 mM; NaHC0 3 '1 23.7 mM; soybean trypsin 

inhibitor, 12 mg/IOO ml.; D-g~~cose, 15 mM; pH 7.4 

J 

Solution C contains: same as solution A with the addition of 

-complete amino acid supplement solution (see (b)], 2 ml./l00 

ml. and 1% lw/v] BSA, pH 7.4 

(b) Complete Amino Acid Supplement Solution: 

Amino acids 

, 

L-Alanine 

L-Arginine 

L-Aspartic acid k ' 
L-Cysteine HCl.H20 

L-Glufamate (Na).H20 

L.;.Glutamine 

Glycine 

L-Histidine 

57 

Concentra tions 

in mM 

15.60 

4.62 

, 12.10 

0.18-

3.74 

10.00 
~ 

9.61 

1.35 

-. 
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L-lsoleucine 
"l;> 

L-leuCine 

L-Lysine Hel 

L-~ethionine 1 
L-'Phenyla1anlne 

L-Proline 

L-Serine 

L-Threof,line 

L-Tryptophan 

L-Tyrosine 

L-Valine 

. . '. 

- t _ 

{:~'" 

6.56 ,1 

10.90 

1.02 

2.61 

~ 
'4.92 

6.34 
II!. 

1.50 

6.02 

O.!)O 

1.50. 

8.70 0 

(c) Incubation buffer 1 contains: NaCI, '1l8.5mM.; KCI, 5.9 mM; 

KH2P04' 1.2 ~M; D glucose, 15 'mM;' 1% [w/v] BSA; , 

pargy!ine, 0.1 1 }lg/ml. and- complete 

amino 2 ml./IOO ml. 

,~ ~ 

'(dl Homogénization buffer contains: Sucrose, O.25M; pargyline, 0.1 

l, 
, ,. 

" 

'. 

mM; NSD-1055, 0.1 mM; ascorbic 'acid, 1.0l'g./ml. and 

sodium phosphate buffer, O.OlM, pH 6.0 
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It is known that islet ceUs contain varying amounts of biogenic 

monoamines, particularly DA and 5-HT (Cegrell; 1968; Pearse and Takor 

Takor, 1979). To study -, metabolism .of DA and 115-HT in exocrine 

pancreas, it is therefore imperative that the acinar celi preparation be 

free of contaminating islet tissue capable of accumulating and 

<\."'subsequ~ntly releasing biogenic monoamines. This problem was approached 
o 

in several ways: Firstly, as indicated in Methods the rat was chosen as 

the source of acinar ce Us because in this animal pancreatic {slet ceUs 

contain HUle, if, any, demonstrable' 5-HT and DA (Falck and Hellman, 

1963; CegreU, 1968; Lundquist et al., 1975; Glyfe,1977); seeondly, seinal,"', 

ceU preparations 'were examined by electron microscopy, and in the 

preparations used there were no identifiable ceUs other than, exocrine 
", 

acinar ceUs; finally, the Percoll gradient used to purify zymogen granules 

(described in Mèthod section 2.03.2) would easily separate zymogen 

granules (density 1.108 - 1.142) from the denser insulin containing granules 

(densi ty 1.208 -1.258;, ~azarow et al., 1964; Randall and Shaw, 1964). 

Thus, it is concluded that the acinar celi and zymogen granule 

preparations used in the experiments reported in this; thesis were free of 

islet ceU contamination. 
c 
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3.1 THE PRESENCE OF ENDOGENOUS 5-HT IN EXOCRINE PANCREAS 

H.P.L.C. eoupled with an eleetroehemieal deteetor was used in the 

initial efforts to deteet DA and 5-HT in rat pancreas. In the pancreas, 

5-HT was found but there was no detectable DA. The 5-HT 

coocentration in pancreas' was round to be 0.6 nmoles/gm wet weight and 

in brain 2.9 nmoles/gm wet weight. 

Using the fluorometrie assay, the 5-HT content of whole rat brain,_ 

isolated panereatie aeinar eeUs and purified zymogen granules was 

measured in 8 separate experiments (Table 1). Acinar eeUs eontained 

10.86 ~ 2.52 pg/unit of amylase; approximately O.33nmoles/gm wet weight 

whole pancreas. Whole brain was found to eontain 334.55 :!: 7.51 ng/gm 

wet weight (1.9 nmoles/gm tissue wet weight) whieh is approximately 6 

times the amount of 5-HT found in' panerestie aeinar eells. Zymogen 

granules purified from isolated aeinar eeUs eontained 10.7 + 3.06 pg/unit 

of amylase and there is no statistieal difference (p > 0.01), in 5-HT 

pg/unit amylase aetivity, between aeinar eeUs and zymogen granules. 

since 95% of the total aeinar eeU amylase activity is in zymogen granules 

(BeJ;1dayan, unpublished observation), th us the present result suggests that 

the 5-HT in isolst~d seinar ceUs was located exclusively ~n the zymogen 

granules. 
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TABLE 1 5-HT IN RAT BRAIN, PANCREATIC ACINAR CELLS AND 
ZYMOGEN GRANULES FROM PANCREATIC ACINAR CELLS 

Brain 
Experiment ng/ g wet Acinar CeUs Zymogen GranlÏles 

Number weight pg/unit amylase pg/uni t amylase 

1 232.70 7.94 5.34 
2 n 309.88 10.60 10.65 
3 304.34 10.60 10.66 
4 335.80 11.98 15.53 
5 331.80 8.48 9.47 
6 397.00 8.70 8.90 
7 470.22 13.84 13.58 
8 294.68 14.76 11.45 

Mean +, S.D. 334.55 10.86 10.70 
+ 71.51 + 2.52 +3.06 

5-HT was extracted and measured according to the Methods as 
described in sections 2.06 and 2.07. 

Statistical analysis (*p > 0.01) 
.p Wilcoxon signed rank-test. 
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3.2 CAN ACINAR CELLS ACCUMULATE 5-HT AND 5-HTP? 

The presence of endogenous 5-HT in acinar celi zymogen gran~es 
v 

, 
, . prompted the investigation of how 5-HT was incorporated into these 

organelles. As illustrated in Fig. 7 A, 5-HT was rapidly taken up by J 
dispersed pancreatie acinar cells. Although the rate of uptake decreased 

with time, the intracellular 5-HT concentration continued to increase even 

alter 2 hours of incubation. The amine rapidly accumulated in zymogen 

granules; after 40-60 minutes of incubation, these granules, which make 

up only 12.4% of the rat acinar celi volume (Nevalainen, 1970), contained 

45% of the intracellular 5-HT. 

Acinar cells also rapidly accumulated 5-HT when incubated with 

5-HTP as illustrated in Fig. 7B. The 5-HTP was taken up, decarboxylated 

and the resultant 5-HT was concentrated in the zymogen granule fraction 

of the cells. At any Ume during the incubation, more than 98% of the 
, 

radioactivity recovered from zymogen granules was identified as 5-HT; 

5-HTP or other metabolites were never detected in this subcellular 

fraction. The proportion of the total ceU radioactivity which was 5-HT 

varied from 22.796 after 30 minutes incubation to 71% after 90 minutes. 

Again the ,accumulation of 5-HT in the zymogen granule fraction was 3 

to 5 times what would be predicted if the amine distributed randomly 

throughout the cell volume; after 60 minutes incubation" 45% of the total 
, 

cell radioactivity was 5-HT and of that total more than 50% was in 

zymogen granules. The present results indicate that 5-HT can be taken -. 
up by aeinar cells and incorporated into zymogen granules. When 5-HTP 

is used as ft substrate, the rate of incorporation of 5-HT into the 
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zymogen granules is determined by the rate of 5-HT synthesis. 
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FIOURE 7 (A) Time course of accumulation of S"::HT by dispersed 

acinar cells 

Acinar cells (50 X 106) were incubated with [14C15-HT 
• 

(10-3 M) for 2 hours in incubation buffer 1. ( 0 ) shows the 

total cel! homogenate 5-HT and ( J). ) shows the isolated 

zymogen granule 5-HT. Each point on the graph r,epresents the 

mean .:!:- S.E.M. of 5 experJments. 

(B) Time course of accumultion of 5-HTP and 5-HT by 

dispersed acinar cells ,~nd 5-HT by isolated zymogen granules 

Acinar cells (~O X 106) were incubated with L-[14C] 5-HTP 

(10-3 M) for 2 hours in incubation buffer 1. ( 0 ) shows the 

, total cell hom9genate 5-HTP and 5-HT, and ( ,A shows the 

isolated zymogen granule 5-HT. Each point on the graph represents 

the mean + S.E.M. of 5 experiments. 
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3.3 DOPA/S-fiTP DECARBOXYLASE IN EXOCRINE PANCREAS 

3.3.1 Amino Acid Decarboxylation in Acinar CeUs 

Dissociated acinar ceUs were incubated with labelled amine 

precursors: L-Tyrosil)e (L-Tyr.), L-Tryptophan (L-Trp.), L-Histidine 

(L-His.), L-DOPA and DL-5-HTP for 30 minutes and the 

accumulation of decarboxylation product~ were measured as 

described in Methods. As illustrated in û Fig. 8, only DL-5-HTP and 

L-DOPA were decarboxylated to 'form 5-HT and DA respectively. 

During the 30 minutes incubation, approximately 70% of the 

L-DOPA was converted to DA ,and 5096 of DL-5-HTP was converted· 

to 5-HT. There was no detectable oonversion of DA to 

noradrenaline or a~ena1ine. WhÉm Tyrosine was used as a substrate, 

there was neither formation of Tyramine nor dopamine. Similarly, 

Tryptophan was not converted to Tryptamine or 5-HT. 

Î 
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FIGOl\E 8 The conversion of L-amino acids into their corresponding 

amines in pancreatic acinar cells 

/'. Ac'inar ceUs (50 X 106) were incubated with v ious L-amino 

acids: L-[14 C1 Tryptophan (2.8 X lO-SM, 45 Ci/mmolel; 

L-[3H] Histidine (2.1 X 10-5 M, 300 mCi/mmole); L-p-[14 Tyrosine 

(2.6 X lO-.4M, 450 mCi/mmole); DL-[14C] 5-HTP (1.8 X 10-5 , 59.2 

mCi/mmole)and L-[14C] DOPA (3.8 X lO-5M, 6.7 mCi/mmole) f~ a 

period of 30 minutes in incubation buffer 1. Heat-killed acin 

cells, upper panel; viable ceUs, lower panel. At the end of the 

inC!ubation, ,the amino acids and the accumulated decarboxylation. 
\ 

products were separatt=:d by DOWEX 50WX4 column as described in 

Methods. The results are expressed as % of total radioactivity 
. , 

eluted from the column as labeUed nmino acids and labelled amines. 

Each bar represents the mean + S.E.M. of 4 experiments. 
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3.3.2 Characteristics 'of, DOPAI.5-HTP Decarboxylase 

~ 
l' C 

3.3.2.1 Subcellular distribution 

DOPA/5-HTP decarboxylase activity was assessed in the 

following subcellular fractions: zymogen ,granule fra~tio~o,OOO X 

g supernatant and pellet, 20,000 X g supernatant and pellet, lfiO,OOO 

X g supernatant and. pel1:et. DOPA decarboxylase activity wSS 

assessed by measuring the amount of radiolabelled COZ produced 

from carboxyl-1abelled DOPA while 5-HTP decarboxylase was 

assessed by measuring the production of 5-HT. Fig. 9A and 9B 

illustrate thst both DOPA 'decarboxylase and 5-HTP decarboxylase 
)' 

\ -
Qre located exclusively in the 100,000 X g supernatant, i.e. the 

cytosol fraction. Th,e decarboxylation reaction exhibited no 

requirement for added pyridoxal-S-phosphate (Tab,le 2), ft co-factor 

for decarboxylation of severaI amino acids (Lehninger, 1979). 
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FIGURE 9 Distribution of DOPA decarboxylgse (9A) and 5-HTP 
- . ~ 

, decarboxylase (9B) in" subcellul~ fractions of acinar iells 

The 100,000 X g supernatant (sup.); 100,000 ~ g pellet; 20,000 - ,. 

X g supernatant; zymogen granule fraction and 400 X g supernatant 

were isola ted from dispersed &cinar ceUs' by differential 
o , 

centrifugati,on (see Methods section 2.03). Each subcellular fraction 

""'" wa~ incubated with (A) _ 1 mM L-(14C-car~oxyl] DOP";." (or 10 

minutes, (B) 0.1 mM L_(14C] 5-HTP for 30 minutes in isotonie 

sucrose containin~ 10 mM sodium phosphate pH 7.0 (see Methods'" 
, , 

. ' 2.09.1) at 37°C. For DOPA decarboxylation the evolution of carbon 

) dioxide was measured and for 5-HTP decarboxylation, 5-HT was 

analysed after separating 5-HTP from 5-HT in' DOWEX 50WX4 
\ 

\ n 

column. Bach point is thè\ mean of 3 experiments. 
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TABLE 2 THE EFF~CT OF EXOGENOUS PYRIDOXAL-5-
PHOSPHATE ON THE DECARBOXYLASE ACTIVITY OF 
THE 100,000 X G SUPERNATANT FROM HOMOGSNATES 
OF DISPERSED RAT PANCREATIC ACINAR' CELLS 

Pyridoxal-5-P 
concentration 

o t'M 

0.1 pM 

1.0 .. M 

10 .. M 

100 .. M 

DOPA 

CO2 nmole/ 
mg protein/min 

2.800 + 0.017 

2.780 + 0.171 

2.8ll + 0.056 

2.710 + 0.243 

2.812 + 0.151 

SUBSTRATE 

5-HTP 

5-HT nmole/ 
mg protein/ min 

0.278 + 0.014 

0.288 + 0.010 

0.264 + 0.023 

0.296 + 0.026 

0.270 + 0.020 

The 100,000 X g s~pernatant f{l;ction was incubated with 
L-[14C-earboxyl] DOPA (10- M) and L-[ C] 5-HTP (l0-4M) in buffer 
containing isotonie sucrose with 10 mM sodium phosphate pH 7.0 at 
37°C. The incubation time was 2 minutes when DOPA was the 
substrate and 30 minutes when 5-HTP Vias the substrate. The rate 
of DOPA decarboxylation was assessed' by measuring the evolution 
of carbon dioxide while 5-HTP decarboxylation was measured by the 
rate of production of 5-HT. 

Mean + S.E.M. n=4 
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3.3.2.2 Substrate specificity 

Substra te specificity of the decarboxylase in the 100,000 X g 

supernatant of acinar cells was examined with the amino acids L-DOPA, 

L-5-HTP, L-His., L-Tyr., and L-Trp., in the concentration range f~om 

1O-6M to 1O-3M• Decarboxylation was assayed by the evolution of CO2 

from carboxylabelled substrates except in the case of S-HTP where 5-HT 

was measured directly. Fig. 10 and il show that only 5-HTP and 

L-DOPA were substrates (or the soluble decarboxylase at all substrate 

concentrations tested (Fig. 10) and at pH 6.0 - 8.S (Fig. 11). The rate 

of L-DOPA decarboxylation was maximal at pH 7.0 (3.1 + 0.3 nmoles/mg 

protein/min); that of 5-HTP had a broad pH maximum from pH 7.0 to 

pH 8.5 (0.29 + 0.03 nmoles/mg protein/min). 

To investigate the substrate stereospecificity, , -dispersed scinar ceUs 

incubated with 1O-5 M L-E14 C] DOPA were exposed to increasing 

concentration of L-(12C1 DOPA or D-[12C1 DOPA. As illustrated in Fig. 

12, . increasing the D-[12C1 DOPA concentration from 10-4 to 10-3M had 

no eff ect on the producti~n of [14C] DA but as the concentration of 

L-[12 C ] DOP A increased, the production of [14Cl DA decreased as a 

direct function of the decreasing specifie _activUy of the L-[14Cl DOPA 

concentration. As illustrsted in Table 3 when the 100,000 X g 

supernatant trom dispersed acinar cell homogenate ~as used as the 

enzyme source, the rate of decarboxylation of 1O-5M L-[14Cl DOPA was 

unaffected by D-[12C] DOPA untU the D-DOPA concentration reached 

10-3 M. These results show that the L-isomer is preferred by the 

decarboxylase by a factor of at least 100/1. 
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The apparent V max' Km (Fig. 13) and ICsO (Fig. 14) were estimated 

for both DOPA and S-HTP decarboxylation. The apparent V max of DA 

production from DOPA is 2.5 nmoles/mg protein/min. which is 8 fold 

higher than the corresponding values (0.3 nmoles/mg protein/min.) for the 

production of S-HT from 5-HTP. The apparent Km for 5-HTP 

decarboxylation is 2.9 X IO-5M, which is similar ta the apparent Km for 

DOPA decarboxylation (4.8 X 1O-5M). Both 5-HTP and DOPA 

decarboxylation were completely inhibited by 10-7 to IO-6M NSD-IOS5 

(Aures et al., 1970) (Fig. 14). The IC50, are within the same arder of 

magnitude lor both substrates (DOPA, ICsO = 7.5 X IO-9M; 5-HTP, ICSO 

= 4.0 X 10-9 M). 
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FIG URE 10 The decarboxylation of various amino acid substrates 

in the 100,000 X g supernataIit trom dispersed acinar ceUs 

The lOO,OOO X g supernatant traction was isolated from acinar 

ce~ by differential centrifugation ~~ was incubated in isotonic 

sucrose containing 10 mM sodium phosphate butter pH 7.0 with 

L-[3H-ca~boxyI1 His; L-[3H-carboxyl] Trp; L-[14C-carboxyl1 Tyr; 

L-[14C-carboxyl1 DOPA and L-[14C15-HTP at concentrations shown 

in the figure. When His, Ttp, Tyr, and DOPA were substrates, 

incubation time was 2 minutes and carbon dioxide evolution was 

measured; when 5-HTP was substrate, incubation time was 30 

minutes and 5-HT production was measured. Each point i8 the mesn 

of 3 experiments. 
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FIGURE 11 The effect of pH on the decarboxylation of various 

amino acid substrat es in the 100,000 X g supernatant isolated 

rrom dispersed acinar ceUs 

The lOq,OOO X g supematant fraction isolated from acinar ceUs 

was incubated for 10 minutes with 0.1 mM amino' acids L-DOPA, 

L-His, L-Trp, L-Tyr, and for 30 minutes with L-5-HTP in isotonie 
N, 

sucrose ~th 10 mM sodium phosphate at the indicated pH. The 

rate of carbon dioxide evolution was measured for L-DOPA, L-Hi8, 

L-Tyr, and L-Trp decarboxyla~ion and the rate of 5-HT production 

was measured for 5-HTP decarboxylation. Each point in the graph 

represents mean + S.E.M. of 4 separate experiments. 
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FIGURE 12 The effect of D-DOPA on the synthesis of dopamine 

from; L-[14Cl DoPA by lsolated pancreatie aeinar cells 
~ ,} 

.DiSpersed acinar cells (50 X 106) were ineubated for 3 minute 

in incubation buffer 1 at a constant concentration of L-[14C1 DOPA 

(10-5 M, 6:7 mCi/mmole) with increasing concentrations of --­

D-[12C] DOPA ( ~ A ) or L-[12Cl DOPA ( 0). Each point is the '. 

mean of 3 experiments. 
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TABLE 3 T~ EFFECT OF D-DOPA ON L-DOPA 
.~CAR80XYLATION OF THE 100,000 X g SUPERNATANT 
~ FROM HOMOGENATES OF DISPERSED RAT PANCREATIC 

ACINAR CELLS 
, • r 

L-DOPA D-DOPA CO2 concentration concentra tion (nmoles/mg protein/min) 
1 

10 JIM o fJM 0.386 + 0.020 

10 J'M 0.1 tJM 0.398 + 0.020 

10 fIM 1 .. M 0.348 + 0.018 

10 pM 10 tJM 0.363 + 0.013 
) 

10 pM 100 tJM 0.385 + O.OU 

10 pM 1 mM 0.157 :f" 0.059 

The 100,000 ~ g supernatant fraction'?}.8S incubated for 3 
minutes with L-[ 4C-carboxyI] DOPA (10- M) and increasing 
concentrations of D-[12C] DOPA in isotonie sucrose with 10 mM 
sodium phosphate, pH 7.0 8t 37°C. DOPA decarboxylation wu 
assessed by measuring the rate of production of carbon dioxide. 

Mean + S.E.M. n=4 
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FIG 0 RE 13 . Lineweaver-Burk plots of DOPA and 5-HTP 

decarboxylase activity 

(A) L-5-HTP or (B) L-DOPA was added to the 100,000 X g 
. . 

!q)er~atants isolated from acinar ceUs. The incubation medium was 

isotonie sucrose with 10 mM sodium phosphate buffer pH 7.0 

(MethoŒ section 2.09.1) and the incubation time was 30 minutes for 

5-HTP and 10 minutes for ~OPA. The rate of DOPA 

decàrboxylation was expressed as ,nmoles CO2/mg protein/min and 

for 5-HTP was nmores of 5-HT/mg protein/min. Each expenment 

is mean:!: S. E. of 4 experiments . 

\ 

\ 

/ 

" • .. 
71 

• 

) 

i 
f 
l 



~m == 48f1M 

-50 
/ 

() 

.. -r-é'*- . .. 

o '. 

'... , 

'" 

) 

Vmax == 2.5 nmoVmg proteë-V-min 

,IJ 10 ~ 

. , r::- ~ -0.,~~ .i\ 4Jr_'lr':iirJf":'.D--:.d;:~,~::~~~~,"":::F'i"":"'--~ -,,----..~ "':", ':":'c-" ,""'itl!!l,.~!4i"',. -, -

! ' 
,1 
" 



.. 

. 
! 

'1 

f 

1 , 
l v 

j 

j 
,\, :w 
l, 

i_ ..... '::'F ... _ .:7V.'.t·. -.~"Z_ ~ ~ 

, ,1 

• 

1 • c 

, 

, 
FlOURE 14 Inhibition of DOPA and 5-HTP decarboxylation by 

NSD-I05S ? 
. 

The 100,000 X g supernatant isolated trom dispersed acinar 

'ceUs was incubated in isôtonic sucrose containing 10 mM sodium 

phosphate buffer pH 1.0 with either L-DOPA (iO-5M) or 'L-5-HTP -
(l0-5M) in the pre~ence of increasing concentrations of NSD-I055. 

The incubation time was 30 minutes for! 5-HTP and 10 minutes for· 

DOPA. The rate of DOPA decarboxylation was assessed by 

measuring the' rate of C,02 production and 5-HTP decarboxylation by 

measuring 5-HT production.' The results are expressed as percent 

(%) inhibition versus NSD-I055 concentration. Each point represents 'ffII' 

mean + S.E.M. of 4 experiments. !). 
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3.3.2.3 Competitive substrate inhibition studies 

Although both 5-HTP and DOPA decarboxylation occur in the soluble 

fraction of the ceUs, it remained to be determined whether a single 

enzyme or two distinct enzymes catalyze the two reactions. Competition 

experiments between L-DOPA and L-5-HTP, which are known substrates 

and L-'I'yr., which is not a substrate, were undertaken in both acinar ceUs 

and 100,000 X g supernatant. Fig. 15 shows the effect of L-Tyr. and 
/ 

L-5-HTP on [14C1 DA synthesis from L-[14C1 06PA (7.5 X 1O-5M) in 

dispersed cells. L-Tyr., an amino acid that was not decarboxylated in the 

acinar cells, had no effect on [14C1 DA synthesis over aU concentrations 

teste'\Oo-5 M to 1O-3M ). L-5-HTP, an amino acid that was. 

decarboxYlated in these cells, at a concentration of 7 X 1O-5M reduced 

the rate of [14C] DA production by 50%. At 10-3M, L-5-HTP completely 

abolished [14C1 DA production. Similar observations were made with the 

100,000 X g supernatant. Fig. 16 shows the effect of L-Tyr., and 

L-5-HTP on CO2 evolution from L-[14C-carboxyl] DOPA (1O-4M). 

L-5-HTP at a concentration of approximately 3 X W-4M inhibited 

dopamine synthesis by 5096 while 1O-4M Tyr. did not change the ;ate of 

CO 2 production' from L-DOPA. In a similar fashion, the rate of 5-HT 

synthesis was decreased by L-DOPA (Fig. 17). The rate of 

.. decarboxylation of 1O-4M L-5-HTP was inhibited 50% .by 1O-4M L-DOPA. 

Tyr. did not change the .pate of 5-HT synthesis until the Tyr. 

concentration reached 10-3 M. 

'The present results suggest that both L-DOPA and L-5-HTP compete 

for the same catalytic site on the decarboxylase and botl1 L-DOPA and 
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FIG,ORE 15 The effect f L-Tyrosine and L-5-HTP on [14C1 DA 

synthesis from L-[14C] , OPA in isotated pancreatic acinar ceUs 

Dispersed acinar ceUs (20 06) were incubated f~r 3 minutes 

in incubation bufler 1 at L-[14Cl OPA concentration of 7.5 X 

10-SM, (6.7 mCi/mmole) with increasing concentrations of L-Tyr. 

and L-5-HTP. [14C1 DA proJ'ction in the presence of increasing 

concentrations of L-5-HTP o~Tyr. is illustrated in the lower panel 

and the recovered [14Cl DOPA i5 shown in the upper panel. The 

insert shows the 96 inhibition of DA synthesis with increasing 

concentration of L-5-HTP. Each point represents mean of 3 

exi>eriments • 
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FIGURE 16 The eff'ect of L-Tyrosine and L-5-HTP on 

L_[14C] DOPA decarboxylation in the 100,000 X g supernatant 

{rom acinar cells 

The 100,000 X g supernatant fraction isolated from acinar ceUs 

was incubated for 10 minutes in isotonie sucrose with 10 mM sodium 

phosphate pH 7.0 at a L-[l4c-carboxyl] DOPA concentration of 

1O-4'M wi th inereasing concentration of L-Tyr. ( ... .> or 

L-S:HTP ( • ). The rate of DOPA decarboxylation was 

. expressed as the rate of CO2 production. The inset shows the 96 

inhibition of DA synthesis versus L-5-HTP concentrations. Each 

point in the graph 18 mean ~ S.E.M. of 4 exp'eriments • . 

l_~ • 

.-
82 

) 

o 

1 

f 
) ( 

\ 



(. Â L-Tyr. + L-DOPA 

• L-5HTP + L-DOPA , 
Q) ..-
::l 
c: 
0- , . 
E 
"-
ID a. 

1.4 1 
c: 

1 o .' 0-
Q) ... 
0 -r "- Â a. .... 

ff Cl 
E , 

+ "-
,) 

f. 
Q) , 
Cl. \ ... ~ N 0.7 ':;C 

~ 
'1 .. l 0 ~ 

i- l \, a ... 
\ ;1 • 1 

t ~ 15 
~ 0 .1 l' 

t en 1 Q) '1 -0 S .. " 3 • E -101 [l-SHTtl ' - .,. 
M 

1 .~ 
t!' ces /-c: 

0 5 .. ~=- 3 
d - IQg [Amino Acid-] ,M 
i 'C'l "" ." "- , 
J 

t. b 



~ . 
" 

~ 

f~ 
! 
f 
~ 
t. 

\ 
~ 

jl 

( 

( 

FIGURE 17 The effect of L-Tyrosine and L-DOPA on 

j. L-[14C] 5-HTP decarboxylation in the 100,000 X g supernatant 

trom acinar cells 

The 100,000 X g supernat~nt fraction isolated trom acinar ceUs 

was incubated for 30 minutes in isotonie sucrose containing 10 mM 

sodium phosphat~ pH 7.0 with L-[14C15-HTP, 1O-4M and with 

increasing concentrations of L-DOPA ( • ) or L-Tyr ( Â ). 

The" rate of. L-5-HTP deearboxylation was expressed as the rate of 

5-HT production. The inset shows the % inhibition of 5-HT 

synthesis versus L-DOPA concentrations. Each point in the graph 

is mean + S.E.M. of 4 experiments. 
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( 3.4 AMINE ACCUMULATION IN ZYMOGEN GRANULES OF EXOCRINE 

PANCREAS 

Biogenic monoamines synthesized in the cytosol of pancreatic scinar 

cells are thought to be stored and to be released trom zymogen granules 
, 

mainly, if not exclusively, by secretion into pancreatic ducts (Mori et al., 

1979s;b). Incorporation of 5-HT into zymogen granules was further 

investiga ted. 

3.4.1 Stapility of 5-HT in Zymogen Granule 

As illustrated by the results in section 3.3, pancreatic acinar ceUs 

'can decarboxylate both L-DOPA and L-5-HTP to form DA and 5-HT 

respectively. The incorporation of DA and 5-HT into zymogen granules 

was studied using the pulse-chase protocol described in "Methods section 

2.02". At various times during the chase incubation, samples of acinar 

ceUs were taken, the zYfl10gen granules were isolated and their amine 

content measured. Figure 18A illustrates that both 5-HT and DA are 

present in zymogen granules as early as 15 minutes after the start of the 

pulse incubation.' More than 9896 of the radioactivity was identified as 

the amines; amine precursors and amine metabolites were not found in 

the zymogen granules. Of the two amines, only 5-HT was stable within 

the granule fraction. There was no detectable decrease of 5-HT 

concentration in the granule fraction during the 60 minutes incubation 

periode On the other hand, the DA concentration in the granule fraction 

began to decrease aCter 20 minutes of incubation. ACter 90 minutes 

incubation, approximately 5096 of the DA had disappeared (rom the 
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zymogen granule fraction. This resu1t is consistent with the results from 

the initial experiments that were done with pancreatic tissue slices, Fig. 

18 B,C in which the tissue slices were incubated wi th DL-[14C] 5-HTP 

(Fig. 18S) L-[14 C] DOPA (Fig. 18C) under the same experimental 

conditions described above for a period of 2 hours. 5-HT once 

incorporated remained in the granule fraction for the 2 hour period 

whereas DA dissociated from the granule fraction so that after 2 hours 

approximately 2/3 of the DA present at the start of the chase incubation 

was 10st. 

5-HT in the zymogen granules does not seem to exchange with 
() 

exogenous S-HT. This is shown in the experiments in which [12C] 5-HT 

nO-3M) was added to the incubation medium 30 minutes after the pulse 

of L-[14 C] 5-HTP (IO-3 M). As illustrated in Fig. 19, ~the ratio of 

[14 C15-HT to zymogen granule protein was not altered by the presence 

of added [12C] 5-HT indicating that the zymogen granule 5-HT was in a 

non-exchangeable state. 

The co-existence of 5-HT and amylase in zymogen granules was 

confirmed using density gradient centrifugation. Experiments were done 

using acinar cells (100 X 106) that were prelabelled witl'l L-[14C15-HTP 

(IO-3M, ,1.5 mCi/!1mo1e) for one hour, and chase-incubated with 

[12C] 5-HTP (lO-3M) for one hour. The zymogen granule fraction was 
1:7 

isolated and purified by passing it through a 60% continuous Percoll 

gradient. Pelletable amylase, activity· -was measured as an index of 

zymogen granule recovery. A zymogen granule fraction with a density 

of 1.142 (mature zymogen granule fraction) was recovered from the 
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Percoll (fraction 2 to 6) gradient as shown in Fig. 20A. Fractions number 

18 to 23 represented the immature granuie (racti?n (density 1.108). As 

illustrated, the pelletab1e _ [14Cl/5-HT is also restricted to these two 

locations of J'le gradient. The mature gran~ fraction wasGPcollected, 

layered on a "disco}ltinuous sucrase gradient (10-6096 w/w) ând centrifuged 

(Fig. 20B). Both amylase and [14Cl 5-HT are in pellets recovered from 

fractions number 4 and 5 of the sucrase gradient. Approximately hall of 

the total [14C15-HT and ~mylas9 activity are recovered from t~: sucrose 

gradient. The proportion of [14C15-HT and amylase 10st are always the 

same. Again [14C]-5-HT and amylase activity are not separable. 

Fractions number l2 and 13 are the soluble, protein fractions. The 
... 

present result provides supporting evidence that 5-HT and the enzyme, 
~ 

contents of zymogen granules are contained within the same subcellular 

• particle. 
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FIGURE 18 Time course of incorporation of DA and 5-HT into 
. , 

zymogen granules of pancreatic acinar cells CA) and tissue 

slices (B and C) " 

(A) Acinar ceUs (50 X 106) were pulse-incubated with 

.L-[14blDOPi\ (lO-SM) or, L-r4c15~HTP (l0-5M) for 15 minutes in 

incubation buffer n and chase-incubated with incubation buffer 1 for 
~ ! 

varying time periads up ta 90 minutes. At the' end of the chase 

",incubation zymogen granules were isolated and the amines were 

separated from amino acids on DOWEX 50WX4 columns (see Methods 

section 2.06). The results are expressed, as nmoles 5-HT/mg Z.G. 

protein ( 0 ) and nmoles of DA/mg Z.G. protein ( • ). 

Bach point is th~ean ~ S.E.M. of 5 experiments. 

(B and C) Pancreatic tissue slices were puIse-incubated with 

(3 H] Leucine (1.8 X 1O-8 M, 56.5 Ci/mmole) and eIthel' (B) 
>J<' 

DL-[14 C] 5-HTP (1.7 X 1O-5 M, 59.2 mCi/mmole) or (C) 

L-[14C] DOP ~ (7.5 X 10-5 M, 6.7 mCi/ mmole) in incubation quffer 
(jl -"x_~~--" 

II for 15 minutes and chase-incubated in incubation buffer 1 for 

different time periods up to 2 hours. At the end of the 

chase-incubation zymogen granules wer~ isolated and the amines -
were separated froin amino acids as described in (A). The results 

( '!Io _ 

are eXPfessed as .[14Cl DA (dpm X 10-3 pét mg zymogen. g~aJlule 
... 

~protein); [14C15-HT (dpm X 10-3 per' mg zymogen granule protain); 

and [3H1 protein (dpm X 10-3 per mg' zymogen granule pr~tein); 
Bach point is the mean of 3 experiments. 
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FIG URE 19 The stability of zymeigen granules [14C1 5-HT in the 

presence of [12Cl 5-HT in acinar cells 

Dispersed acinar ceUs (50 X 106) were pulse-incubated with 

L_[14C] 5-HTP (lO-SM) in incubation bulfer fi for 15 minutes. This 

was followed by a chase-incubation of 75 minutes either in the 

absence ( 0 ) or presence ( • ) of a2C15-HT. The 

results are expressed as [14C15-HT accumulated per mg zymogen 

~1!> 
granule protein versus chase-incubation time. Each point represents .~" 

mean .:!: S.E.M. of 5 experiments. 
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FIGURE 20 The [14C15-HT and amylase ciootent of zymogen 

granule fractions prepared by density gradient ~entrifugation 

Dispersed acinar ceUs (lOO X 106) were pulse-i~cubated with 

L-[14 C] 5-HTP (l mM, 1.5 mCi/mmole) in incubation buffer 1 for 60 

minutes. This was foP.owed by a ~hase-incUbation period of 60 

minutes in the presence oyr----mi L_[12C] 5-HTP. The crude 

zymogen granule fraction was isolated dhd centrifuged through a 
/ 

6096 Percoll continuous density gradient as desc~ibeërm Methods. In 

this Percoll density gradient the crude zymogen granule fraction was 

separated into a high density (density=I.142) (number 2-6) and a low 

density (density=1.l08) granule fraction (number 18-23) as shown in 

(A). Amylase activity (an index for zymogen granule recovery) and 

[14C15-HT were measured in each fraction. The components of 

high density (density=1.142) grEln~e fraction were further resolved 

on a discontinuous sucrose density gradient (10-6096 w/w). As 

illustrated in (B) [14C1 5-HT and amylase are lound in fraction 4,5. 

This sucrose density gradient separates the zymogen granule fraction 

(4,5) from ,mitochondria (6,7) microsomal fraction (8-10) and soluble 

protein fraction (12-13). ( Â ) shows the 96 sucrase in each 

fraction. 
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3.4.2 Accumulation of 5-HT and Labelled Protein by ZymogeJ) Granules 

In order to compare the kinetics of incorporation of 5-HT and 

protein into zymogen granules, a time course of 5-HT and and 

[3H] protein accumulation ioto the granules was measured. 

Fig. 21 shows the accumulation of [14C]5-HT and [3H]protein into 

zymogen granules after a 15 minute pulse with L_[14C] 5-HTP (10-3M) 

and [3 Hl Leucine (1.7 X 1O-8M; 59.8 Cil m mole).. 80th [3H] protein and 

[14C] 5-HT were taken up into the granules, reached a plateau at 40 to 

60 minutes and remained constant for the duration of the incubation, i.e. 
,. , 

[140] S-HT in the granules was as stable as the [3 H] protein for at least 

75 minutes of incubation. There were no amine p'recursors or amine 

metaDolites found in the zymogen granule fractions. The amount of 5-HT 
~I...... 

incorporated into zymogen granules at the end of the 60 minute 
• 

incubation (6 nmoles/mg zymogen granule protein) represents 45-50% of 

the totl\l labeUed. 5-HT present in the ceUs at that time. 

It is possible using 6096 \ Percoll gradient centrifugation to separate . 
the "crude" zymogen granule preparation (see Methods section 2.03) into 

low (l.108) and high (1.142) density granule fractions. This was done with 

zymcgen granules prepared from acinar ceUs after 5 and ~O minutes chase 

incubation as described above. The high density fraction is the mature 

granule fraction whereasCl the 10w density fraction contains immature 

zymogen granules (condensing vacuoles) (review see Case, 1978). Mature 

zymogen granules are formed from condensiltg vacuoles through a' process 
. -

involving the progressive aggregation of protein within the condensîng 

vacuoles (see Introduction section 1.2.2). 
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Fig. 22A shows the distribution of zymogen granule [3 H] protein 

between the high density and low density granule fractions. 5 minutes 

after the pulse, 68 :!: 696 of the (3 H] protein was found in the low densi ty 

zymogen granule fraction and 25 !: 3% in the high density granule 

fraction. After 60 minutes chase-incubation, only 30 ! 9% of the 

[3H] protein remained in the lo~ density granule fraction whereas the high 

density granule fraction now contained 56 ! 6% of the [3H] proteine An 

estimated 3196 of the crude zymogen granule [3H] protein moved from the 

low density granule fraction to the high density granule fraction during 

the chase incubation. Similar experiments were done with 5-HT 

incorporation into zymogen granules, as ,illustrated in Fig. 228. At 5 

minutes after the pulse, 67 _! 3% of the total crude zymogen granule 

[14Cl 5-HT was found in the low density granule fraction which decreased 

to 33 + 696 after the 60 minutes incubation. On the other hand, 23 ! 

3% of total crude zymogen granule [14C15-HT was found in high density 
0-" 

granule frt:lction at 5 minutes after the pulse and this increased to 56 ! 

3% after the 60 minutes incubation. Similar to the [3H] protein an 

estimated 3396 of the crude zymogen granule [1.4C] 5~HT moved to the 

high density granule fraction from the low density granule fraction during . 
the chase-incubation. 

To further study the kinetics of incorporation of 5-HT and labelled 
\ 

protein into zymogen granules, acinar cells were p~lsed with' [14C}5-HT 

(lO-4M) and [3H]Ieucine (1.7 X IO-SM) for 5 minutes and chase-incubated 

in the presence of [12C] 5-HT J!O-3M) and [IH] leucine (l0-3M). Samples 

were colleeted at various times during the 60 minutês chase-incubation 
.N 
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period, the c~s were homogenized and fractionated into the 100,000 X 

g pellet (microsomal); 20,000 X gllopellet (Golgi vesicles and eondensing 

vaeuolés) and mature zymogen granule fraction (density 1.142). 

[3H] protein and [14C15-HT incorporation into these fractions was 
1 

measured. The results are illUstrated in Fig. 23A,B. In both the 20,000 

x g' and 100,000 x g pellets, [3 H] protein concentration was greatest 

immediately after the pulse incubation and declined throughout the 
, , 

duration of the incubation (Fig. 23A). In the zymogen granule fraction, 

the [3H] protein concentration was minimal immediately after the pulse 

incubation. The concentration increased to a maximum at 30 minutes and 

remained constant thereafter. An increase in [3H] protei~ concentration 

in the zymogen granule fraction is observed with a concomitant decrease 

in [3 H] protein concentration of the 20,000 X g and 100,000 X g pellets, 

a sÎtuation compatible with a product/precursor relationship. ~"5-HT 

incorporation into the zymogen granule fraction (Fig. 23B) follows the 

sarne pattern as that of [3 H] protein: immediatedly after pulse incubation 

the 5-H1) concentration (2.0 ~ 3 nmoles/mg protein; 1.5 :: 0.3 nmoles/mg 

protein) was' greatest in the 20,000 X g and 100,000 X g pellet 
1 ( 

rdpectively and d~ined with further incubation. The 5-HT concentration 
~, ~ ~ 

in the zymogen granule fraction, at this time, was minimal (0.6 + 0.2 

nmoles/mg protein). After 60 minute chase-incubation the 5-HT 
,,:;:00. 

conéentration in the zymogen "granules increased to 2.5 :: 0.5 nmoles/mg 

protein, with a concomitant decrease in 5-HT concentration (1.0 + 0.2 
/ ' -

nmoles/mg protein; 0.5 + 0.1 nmoles/mg protein) in the 20,000 X g and 
, 

the 10Q,000 X g pellet respectively. It appears from the results 
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illustrated in Fig. 22A,B and 23A,B that 5-HT and secretory. protein are 
. 

incorporated together 8t an early stage of zymogen granule formation and 

remain within the granule as it 'matures. 
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FIG URE 21 Time course of incorporation of [3H] protein and 5-H'I:' 

into zymogen granules of dispersed acinar ceUs 

Dispersed acinar ceUs (50 X 106) were pulse-incubated with 

L-[14C{S-HTP (1 mM) and L-[3Hl Leucine (3 X IO-SM; 59.8 

Cr/mmole) incubation butfer n for 15 minutes and chase-incubated 

in incubation buffer 1 containing 1 mM [3H] Leucine and 1 mM 

[12C] 5-HTP for 90 minutes. ( A r indicates nmoles of 5-Hr 

per mg zymogen granule protein and ( 0 ) represents 

[3H] protein in dpm X 10-3 per mg zymogen protein. Each point is 

the mean + S.E.M. of 5 exi>eriments. 
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FIGURE 22 Time course of incorporation of (A) [3H1protein and 

(B) 5-HT into low density and high density zymogen granule 

fractions 

Dispersed acinar cells (50 X 106) were pulse-incubated with (A) 

L-[3 H] Leucine (1.11 X lO-8M, 52.2 Ci/mmole) for 3 minutes and (B) 
~ -

L-[14C] 5-HTP (lO-5M) for 15 minutes in incubation bufler n and 

chase-incubated in incubation buffer 1 containing 1 mM [lH1Leucine 

and 1 mM [12C15-HTP for varying time peridds up to 60 minutes. 

Immediately aCter the chase-incubation a crude zymogen granule 

fraction (see Methods section 2.03) was isolated and was separated 

'" into low den si ty· (densi ty=1.108, open bars), and high density 

(density=1.142, hatched bars) zymogen granule fractions. Each bar 

represents the % of total [3H] protein or [14C15-HT distributed into 

-low and high density zymogen granule fractions and are the mean .:!.: 

S.E.M. of 4 experiments. 
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FIGURE 23 Time course of intracellular distribution of CA) 7 

[3H} protein (8) [14Cls-HT in zymogen granules, 20,OnO X g 

and 100,000 X g pe~ets 

Dispersed acinar ceUs (50 X 106) were pulse-incubated with 
~. " 

L-[3H] Leucine (3.34 X 1O-8M; 59.8 Ci/mmole) (A) and [14C15-HT 

(lO-4M) (B) in incubation bulfer n for 5 minutes' àn~ chase-incubated 
1 

in incubation buffer 1 for varying time periods up ta 60 minutes. 

Zymogen granule (density=1.l42) fraction (. • ), 20,000 X g 

pellet ( • ) and 100,000 X g pellet ( Â ) were isolated as . , 

describEid in Methods section 2.03 and assessed for theïr content of 

(3H] protein (dpm/mg proteiIll, and' as 5-HT (nm'ole/mg protein). 

Each. point .repr~sentsrmean ! S.E.M. 'of 4 ~xpe.ri~ên~s: 
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3.4.3 Comparison of 5-HTP Decarboxylation and 5-HT Accumulation Into 

Zymogen Granules in Pancreas and Parotid 

5-HTP decarboxylation in parotid gland was investigated. Parotid 

gland pancreatic acinar cells were incubated with DL-[14C] 5-HTP (1.8 X 

1O-5M, 59.2 mCi/mmole) for a period of 30 minutes in incubation buffer 
r 

1 and 5-HT production was measured. As illustrated in Fig. 24, 5096 of 

o L-5-HTP was converted to 5-HT in pancreas whereas in parotid there 

was no conversi.n of 5-HTP to 5-HT. Under similar experimental 

conditions DOPA was not decarboxylated to DA in parotid gland. 

To investigate whether the observed accumulation of 5-HT by 

zymogen granules oJ the pancreas also oceurs with zymogen granules of 

" the parotid .gland, mineed panereatie and parotid tissue were 

pulstmcubated separately with [14C15-HT (10-4M) and [3H] le:iUine. (3 X 

1O-8M) for 5 minutes, then chased with [lH] leucine only. [3 H] otein 

and [14C1 5-HT incorporation int6 zymogen granule fraction was easured. 

The results are shown in Fig. 25. At 0 time alter the pulse [3H] protein 

iné~rporation into zymogen granules was 0.10 + 0.09 dpm X 102/unit of 
, -
amylase for pancreas and 1.0 :!: 0.1 dpm lunit of amylase for parotide 

At 60 minutes after the pulse [3H] protein incorporation into zymogen 
a 

granules was 4.96 :!:. 0.25 dpm X 102 Junit of amylase for pancreas 

(approx1mately 0.78 dpm X 105 /mg zymogen granule protein) and 3.75 :!: 

0.38 dpm X· 102 /unit of a~ylase for parotid (approximately 1.15 dpm X 

lO? /mg zymogen granule protein). During thè S8me period of time, 16.4 

pmoles 5-HT/unit of amylase (approximately 3 nmoles/mg zymogen granule 

protein) was accumulated by pancreas zymogen granules, but 'no 



(~ 

accumulation of 5-HT in zymogen granules of parotid gland was detected. 

The amount of 5-HT present in zymogen granules after the 60 minute 

incubation period was approximately 25-3Q96. of the total 5-HT (75 

pmoles/unit of amylase) taken up by pancreatic tissue. For parotid gland, . 
the amount of 5-HT (0.35 pmoles/unit of amylase about O.ll j1'i'moles/mg 

zymogen gra~ule protein) associated with the zymogen granul/-fraction 60 

minutes aCter pulse represented approximately 2.4% of the t~ 5-HT (15 

pmoles/ unit of amylase) taken up by the tissue. \. ___ 

There was no detectable dopamine or L-DOPA accumulation in 

parotid tissue zymogen granules when that tissue was incubated with 

[14Cl DA or L-[14Cl DOPA. It must be concluded therefore, that rat 

parotid gland zymogen granules do not accumulate either 5-HT or DA. 
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FIG URE 24 Comparison of 5-HTP decarboxylase activity in 

pancreatic and parotid gland acinar ceUs 

Acinar ceUs (50 X 106) from pancreas or parotid gland. were 

incubated with DL-[14C] 5-HTP (1.8 X 1O-5M; 59.2 mCi/mmole) for 

a period of 30 mi/tes in incubation but fer 1 and 5-HT production 

was measured. ( - Each bar represents mean ! S.E.M. of 4 

experiments • 

• Parotid acinar ceUs were isolated according to Peterfy and 

Tenenhouse (1982). 
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FIGURE 25 Comparison of the incorporation of 5-HT into zymogen 

, granule fractions from parotid gland and pancreas. 

Panereatic and parotid tissue sUces were putse-incubated with 

L-[14 C] 5-HTP (0.1 mM) and L-[3H] Leucine (3 X 1O-8M; 59.8 

Ci/mmole) in incubation buffer Il for 5 minutes and chase-incubated 

in incubation buffer 1 for 60 minutes. The bars in the left hand 

panel represent [3H] protein incorporation into the zymogen granule 

fraction per unit of amylase activity and the bars in the right hand 

panel represent picomoles of 5-HT incorporated into zymogen 

granule per unit of amylase activity. The open _:srs indicate 
\ 

pancreatic tissues and hatch~d bars represent parotid tiss es. Each 

bar is mean :!:. S.E.M. of 4, experiments. Parôtid zymogen granule 
J 

fraction were isolated and purified according to Fast (1974). 

/ 
" 

100 
) 



r c::J p.ncr ••• tissue 
......... . 

4.5 mBm1 parotld tissue 
:;; "D 
..: 3 
> 0 
:!:: .. 
~ T 

. 20 • - Ut U 
Il % 

• -1 - fi 

• • Il 3.0 3 9 

>- ...: 
E ii 
Il 1 .... ... . 
0 • .... n 
)( -

t: E 10 3: 
a. -

"D 
...: 

C 
1.5 :-

C 
"Qi ... 
0 ... 
0. 
~ 

T x: 
ft 
~ 1 L ï or 

0 60 0 60 

Minute" Minutes 



, , \ 

( 

3.5 SECRETION OF BIOGENIC MONOAMI TEIN 

AND AMYLASE ACTIVlTY IN RESPONSE T 

Experiments described below employed the ceU col n perfusion 

system developed by Guderleyand Heisler (1980) to test whe her the 5-HT 

incorporatC into pancreatic zymogen granules in vitr~ woul 

along with other zymogen granule contents when the acin ceUs were 

stimulated with a secretagogue. The ceU column perfusion 

the advantage over a statie incubation system of 

removing seereted proteolytie produets from the eelI 

preventing cellular damage, but it also prevents the 

secreted amines. 

When panereatie aei 

L-[14C] 5-HTP were sti 

[3 H] protein and [14Cl 5-H 

é;;ils, ~ ~relabeUe~ wi.th 
. \ 

ulated wi~h caerulein,' amyl 

were secreted as illustrated 
L_ 

secretion of '~ three occ SyrChrOnOUSlY. 

quiekly 

the 

and 

represent~d 8.6 ~ 0.2%, + ,0.7% and 0.3% of the total 

[14C] 5-HT, [3H] protein and amylase activity respectively (Table 4) in 
"1> 1 

dispersed aeinar ~e_lls. When the se'fretagogue was removed, the release 
, \ 

\ 
of all three, secre~ion products declined together. A second exposure to 

the seeretagogue resulted in an identieaI patte~~ secreuon. The 
~~~ 

secreted produets again represent 8.4 + O~3"3fÇ 9.3 + 0.9% and 6.7 + 0.496 
-~p - -

of the total [14C15-HT, [3H] protein and amylase actlvity respectively in 

the ceUs (Table 4). Greater than 90% of the seereted [14C1 W~, 

recoverable as [14C] 5-HT wi th only a t;ace of [14C] 5-HTP being 

l 
101 f'( 

deteeted (Fig. 26 inset). 
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In order to determine whether the [14Cl 5-HT recovered in the 

secretory product came. exclusively from zymogen granules, the following 

experiment was done. Dispersed acinar cells were pre~abeUed with 

~4C15-HTP and [3Hlleucine as described above. Zymogen granules were 

isola ted from one halt the ceUs and the [14C15-HT and [3H] protein 

content of these organelles measured. The remainder of the ceUs were 

exposed to caerulein as described above and the rate of secretion of 

[14C] 5-HT and [3H] protein measured. As illustrated in Fig. 27, there is 

no significant differenc~ ([:i>O.05) between the ratio of [3H] protein to 

[14C}5-HT extracted from the isolated zymogen granules (14.69 :!: 0.87) 

and the ratio 9f [3 H] protein to [14C15-HT in the secretory product 

,during both periods of secretion (SI' 13.03 :!:. 2.26; 

Since DA does not accumulate in zymoge 

~urprising to find that after 

.48). 

not 
fil 

L-[14C] DOPA 

~laa~~fU~ëfPp~osSiurLiFëe~ttCo caerulein (as described 

was detected (Fig. 28, Ta~le 5). 
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FIG ORE 26 Secretion of [14C15-HT, [3H) protein and amylase from 

dispersed acinar ceUs 

Dispersed a~inar ceIls (20 X 106) were pulse-incubated with 

L-[14C15-HTP (lO-3M, 2.0 mCi/mmole) and L-[3Hl Leucine C3 X 

10-SM, 52.2 Ci/mmole) in incubation buffer n for 45 minutes .and 

chase-incubated in incubation buffer 1 containing 1.0 mM 

[l~l Leucine and 1.0 mM [12C15-HTP for 60 minutes. At the end 

of the chase-incubation period acinar cells were washed 3 times in 

perfusion buffer (incubation buffer 1 modified' by reducing 1% to 

0.00196 lw/v] aSA). The Ilcinar ceUs were packed into Il Pharmacia 
~ 

PO-ID column as ;described in Methods section 2.05. The column 

was perfused at the rate of 40 ml/hr and eluate fractions were 

collected at 6 Iflinute intervals. The entire system was maintained 

at :rr~C. Alter an equilibration period of between 120 minutes and 

180 minutes, caerulein, was added to the perfusate. SI represents 

stimulation for 30 minutes by 10-7 M caer~e~n and 'S2 a second 

period of stimulation with 10-6M caerulein. A1nylase activity in 

perfusate fractions are expressed as 1. U. per fraction (0 - - -0 ); 

[3H] protein as dpm X 10- 3 per fraction (. .); and 

[l4C] 5-HT as dpm X 10-3 per fraction ( .. - -II). The inset shows 

the composition of materials secreted after separation of 5-HT from 

S-HTP b1 DOWEX 50WX4 c~lumn (see MethOds section 2.06). Filled 

\ 
bars are 5-HTP and opened colurpns are 5-HT. 
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TABLE 43 SECRETION OF [14C15-HT WITH AMYLASE ACTlVTY AND 
~ [ H1PROTEIN FROM DISPERSED ACINAR CELLS 

. 
[14Cl 5-HT, amylase activity and [~H] protein present in the 

'secretory products during S1 and 82 stimUlations (from Figure 26) are 
expressed as percent of tbe totaIS present in the zymogen granUle' 
tractions belore the acinar cells were eXposed to caerulein (see Methods). 
Mean + S.E.M. n=4 ' 
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FIGURE 21 Comparison of the ratio or [3H}protein/[14C]5-HT in 

isolated zy:mogen granules and in the secreto~ produet of 

acinar cells 

Dispersed acinar ceUs were prelabelled with L-[14C15-HTP and 

L-[3H) Leucine as deiCribed in Figure 26. Zymogen granules were 

isolated from one half the céns and the [14C] 5-HT and [3H] protein 

content of the zymogen granules measured. The remainder of the 
l ' 

cells were exposed ta caerulein as described in Methods. The 

hatched bars represent the ratio of [14ClS-HT/[3g1 protein in the 

zytnogen gran~les. 'The open bars represent the ratio of 

[14C1 5-HT/[3H] protein in the s~cretory products alter the lirst and 

second stimulations. Statistical analysis (*p ? 0.05). Each bar· is 

mean :!: S.E.M. of 4 experiments. 

* Kruskal-Wallis mj.Ùtip~ comparison ~est 
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FIG URE 28 Secretion of [14Cl DA, [3H] protein and amylase from 

dispersed' acinar ceUs 

Acinar ceUs "(20 X 10 6 ) were pulse-incubated with 

L-114Cl DOPA (lO-3M, 4.0 mCi/mmole) and L-[3H] Leucine (3 X 
<, 

1O-8M, 52.2
0 

Ci/mmole) in <similar experimental condition~ as 

described in Figure 26.. Amylase activity in the: perfusate- is 

expressed as' 1.0. per fraction (0- - -0); [3H] protein. is expressed 

as Cilpm" X 10-3 per ,fraction (e e). Upen chromatography on 

DO W EX SOW-X4 90% of the [14C] secreted during' 8
1 

and 82 was 

found in the D,A fraction. [14Cl DA is ·expressed as dpm X 10-3 

'per fraction ( ..... ). 
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TABLE 5 SECRETION OF [14Cl DA, [3H] PROTEIN AND AMYLASE 
F RO M dispersed acinar ceUs 

Amine 
Precursor 

L-DOPA 

Substance 
secreted 

amylase 

[3 Hl protein 

[14Cl DA 

S 
fjJ 

8 
96 ot total % of total 

6.3 + 0.3 5.9 + 0.6 

7.3 :!: 0.5 7.1 ± 0.2 

0 0 

Since [14c] DA is not secreted with amylase activity and 
~ Hl protein as shown in Figure 28, only amylase activity and 
[ Hl protein in secretory products during 81 and S..2 stimulation were 
expressed as percent in the zymogen granule tractions. Mean + 
S.E.M. n=4 . 
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.Early studies of the uptake and storage of biogenic monoamines and 

their precursors demonstrated that both dopamine and 5-HT w~re 

concentrated within acinar ceUs of the rat exocrine pancreas following 

administration of large doses of L-DOPA and 5-HTP respectively (Alm et 

al., 1967; 196.9; Gershon and Ross, 1966a;b). Histofluorescence studies 

further suggested that the amines were concentrated within zymogen 

granules of these cells and were eventually secreted, with other zymogen 

granule contents into pancreatic duct lumi na (Alm et al., 1972; Mori et 
, 

al., 197~a;b). 

These observations suggest that the biogenic monoamines, DA and/or 

5-HT may have specifie functions in the exocrine pancreas and led us to 

formulate the hypothesis that monoamines, ~1eted from acinar ceUs, 

interact with centroacinar and duct ceUs &nd in 50 doing cause alterations 

in the ionic composition and volume of pancreatic juice. 

If a biogenic monoamine,5 functioning as a "communicatorll between 

acinar and duct ceij.s, it should be possible to demonstrate: 

1. that acinar ceUs contain the monoamine. under normal conditions and 

that there are mechanisms for its synthesis from precursors and/or for 

its uptake from surrounding tissues. 

2. that the monoamine is packaged with the contents of th~mogen 

granules. 

3. that the monoamine is secreted al?ng with' the contents of the 

zymogen granules. \ 
The lirst requirement was to ic:lentify and to quantitate the biogenic 

,monoamines present in pancreatic acinar ce Us in' the absence of treatment 
, ' , 
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of the animal with amine or amine precursor. Thus pancreata were 

homogenized and various celI fractions screened for the presence oC 

biogenic monoamines. OIÙ8 5-HT was round in Rcinar ceUs. No 

dopamine, epinephrine or norepinephrine was detected. ~urthermore, aU 

of the 5-HT w~ located in the zymogen gramat fraction of the ceU 
, 

homogenate, that is, it segregated with peUetable amylase/ The 

concentration of endogenous 5-HT in acinar celI zymogen granules was 

about 11 pgm/unit amylase, or approximately il PfI!oles/~g zymogen 

granule protein. 

When pancreatic Rcinar ceUs were incubated with either 5-HT or its 

precursor 5-HTP, ooly 5-HT was found in zymogen granules. Subcellular 

fractionation studies of pancrea tic Rcinar cells demonstrated that 

DOPN5-HTP decarboxylase activity is located exclusively in the eytosolie 

fraction of the ceUs; there is no evideoee from our experiments that the 

enzyme is associated with aoy intracelluar organelle. The de carboxylase 

does not aet on D-DOPA and a maximum of 50% of the DL-5-HTP is 

converted to 5-HT suggesting thst the enzyme is stereospecific for the 

L-isomers applies to both substrates. Conversion oC tyrosine to DA or 

tyramine, of DA to epinephrine or norepinephrine, and of tryptophan to 

5-HT or tryptamine does not occur in the exocrine pancreas under any of 

the experimental conditions used. 

The rate of DOPA decarboxylation by the enzyme from the exocrine 

pancreas is about 8 fold greater than that of 5-HTP. This difference in 

rate of decarboxylation of the two substrates has been observed with the 

L-aromatie amino aeid decarboxylase activity in severai regions of the 
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brain as well' as in peripheral tissues (Rahman et al.,/1981). Although 

there is no requirement for exogenous pyridoxal-5-phosphate, the fact that 

the jenzyme activity is inhibited by 'NSD-1055 (Aures et al., 1970), a 

knqWn specific potent inhibitor of pyridoxal-5-phosphate requiring 

decarboxylases, suggests that the pancreatic acinar ceU enzyme also 

requires this co-enzyme. The substrate preference for L-DOPA and 

L-5-HTP in exocrine pancreatic acinar ceUs resembles that of 

neuroendocrine cells of the APUD system. in ,which L-DOPA and L-5-HTP 

~rve as- precursors for DA and 5-HT synthesis respectively. Although the 

decarboxylation of L-5-HTP and L-DOPA in these APUD ceUs has not 

been studied ,Pxtensively, it is believed that the reaction is catalyzed by 
/ 

a single L-aromatic amine acid de carboxylase (L-AAD) [Ee 4.1.1.28] 

(Pearse, 1976; 1982; Pearse and Takor Takor, 1979). 

Mammalian L-AAD was discovered by Holtz et al. (1938) and by 

Clark et al. (1954) as the enzyme that is responsible for the synthesis of 

DA and 5-HT. This enzyme exists in various mammalian tissues as well 

as the central and peripheral nervous systems. Although i t has been 

suggested that L-AAD can decarboxylate a broad range of naturally 

occurring L-aromatic amino acids, including phenylalanine and histidine 

(Lovenberg et al., 1962), other workers (Hagen, 1962; Awapara et al., 

1964; - Corgie and Pacheo, 1975; Srinivasan and Awapara, 1978) have 

shown that, among all naturally occurring L-aromatic amino acids, only 

L-DOPA and L-5-HTP are substrates. Srinivasan and Awapara (1978) 

reported that L-AAD can decarboxylate L-o-tyrosine and L-m-tyrosine (not 

naturaily occurring amino acids) because of the structural features that 
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they have in common with L-DOPA. Alm et al. (1969), and Gershon and 

Ross (l966ajb) suggested that the conversion of L-DOPA to DA and of 

L-5-HTP to 5-HT observed in exocrine pancreas was probably earried out 

by L-AAD. The present findings indicate that DOPA/5-RTP deearboxylase 

in pancreatic aeinar ceUs exhibits substrate specificity for L-DOPA and 

L-5-HTP, stereospecificity for L-isomers and is located exclusively in the 

eytosolic fraction. These properties of DOPA/5-HTP de carboxylase in 

exocrine pancreas correspond closely with the general properties of 

L-AAD [EC 4.1.1.28] reported by previous workers who studied this 

enzyme in various tissues. 

It has been suggested that L-DOPA decarboxylase and 5-HTP 

decarboxylase are distinct enzymes (Sims et al., 1973). These authors 

reported that rat brain L-5-HTP decarboxylase and L-DOPA deearboxylase 

activities exhibited different optima for pH and temperature and had 

different subcellular distributions. However, as analytical procedures 

improved, reports from many laboratories using various mammalian tissue 
~ . 

preparations (including rat brain) indicated that a single species of L-AAD 

B;cts on both L-DOPA and L-5-HTP (~,ellman, 1959; Rosengren, 1960; 
, 1 

Christenson et a!., 1972; Corgier and 1 Pacheco, 1975; Srinivasan and 

A wapara, 1978). Rosengren (1960) showed that the decarboxylation of 

L-DOPA by a rabbit kidney extract was competitively inhibited by 

L-5-HTP and that in the presence of the inhibitors o-tyrosine or caffeic 

Reid, the inhibition constants were the same irrespective of whether 

L-DOPA or L-5-HTP were used as substrate for the decarboxylase. On 

the basis of similar inhibition studies with L-DOPA and L-5-HTP, Fellman 
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(1959) concluded that bath substrates 

enzyme in extractts of ox adrenal gland. Highly purified L-A D from pig 

kidney (Srinivasan and Awapara, !978) and rat brain (Corgi and Pacheo, 

1975) indicated that the de carboxylase activity could not 

separa te L-DOPA and L-5-HTP decarboxylase activities. 

Although extensive purification of the pancreatic decarbo 

not been done, the present findings indicate that L-DOPA and 

share the sarne catalytic site; both catalytic activities have the same pH 

optima, the sarne subceUular distribution in acinar ceUs; and L-DOPA and 

L-5-HTP compete with each other for decarboxylation. When NSD-I055 

was tested as an inhibitor of the par~ially purified pa~eas decarboxylase, 

the inhibition constants were similar (within one 0&)01 m~gnitude) 
both substrates, L-DOPA and L-5-HTP. 

It - has been suggested that structur 

j 

si te of the enzyme. Hagen and Cohen i<1966 have ggested tha~ there 

are three important points for the atta4ment of the substrate to IrAAD, 
, " 

;/ . 
the "aromatic site", the "carboxyl si~~" and the "amino site". Attachment 

to the "carboxyl" ~nd the "aminol~tes is restricted to L-isorners· whereas 

the 10caUzation of the aromatic hydroxyl groups in the substrate 

determines binding to the "aromatic site". That the location of the 

aromatic hydroxyl group in the substrate is important, is shown by the 

findings of Srînivasan and Awapara (1978). These authors reported that 
1 

L-AAD did not decarboxylate phenylalanine, but hydroxylphenylalanine with 

OH groups in the ortho or rneta positions was a substrate. Hàgen and ~ .' 
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Cohen (1966) suggested that L-5-HTP and L-DOPA share sorne common 

spatial structural relationships, thus allowing both substrates to bind to 

the same catalytic site of the enzyme. 

At present, it is not known whether one L-AAD is common to aU 

mammalian organs or whether there are severa! isozymes. Rahman et al. 

(1981) have found different DOPA/5-HTP decarboxylation ratios in various 

central and peripheral tissues and have purified fro$ rat brain two forms 

of L-AAD with different affinities of L-DOPA and L-5-HTP. The 

enzymic properties of the decarboxylase of the exocrine pancreas suggests 

that this enzyme is similar to, or an isozyme of the mammalian, L-AAD. 

, The ability to decarboxylate 5-HTP and DOPA is not universal of 

aIl exocrine organs. Rat parotid gland is an exocrine gland that secretes.~, 
I.i> Gi> 

salivary proteins and shares many similarities with exocrine pancreas, i.e. 

secretory protein accumulation into zymogep granules, zymogen gl"anule 

formation and secretion of secretory protein by exocytosis (Wallach, 1982; 

Scheele, 1982). Parotid acinar ceUs cannot convert either DOPA or 

5-HTP into the corresponding amines. After incubation of these celis 

wi th the amino acids, only the amino acids were found in the celi 

homogenates. Thus, the inability of parotid acinar ceUs to decarboxylate 

DOPA or 5-HTP is not due to an inability of these ceUs to take up the 

amino acids. 

In summary, 5-HT was found in exocrine pancreas. It can be taken 

up Ol" synthesized from 5-HTP by pancreatic acinar celis. Although DA 

can also be synthesiied by achlar cells, endogenous DA was not found in 

these c.elis. Thus, 5-HT satisfies tHe first requirement as the functional 
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monoamine in rat exocrine pan9reas. In the parotid gland neither 5-HT 

nor DA was found and this tissue did not possess the de carboxylase 

required for the synthesis of these monoamines. It is clear that these 

biogenic monoamines are not found in an exocrine organs and therefore 

they may serve an essential function unique to pancreas. 
1 

The second requirement for the putative "communicator" was to 

demonstrate that it can be accumulated by zymogen granules and 

packàged with the content of the granules. After pulse-incubation of 

pancreatic acinar ceUs with radiolabelled leucine and radiolabeUed 5-HTP 

the kinetics of labeUed 5-HT incorporation into zymogen granules was 

found to be similar to that of labeUed protein i.e. 5-HT accumulated into 

zymogen granÙles rapidly and remained within the granules. The granular 

5-HT did not exchange with extragranular 5-HT. Incorporation of 5-HT 

in ta granules other than amylase containing granules is not likely sinee 

Pereol! and sucrose density gradients did not separa te the amylase from 

5-HT containing granules. These observations suggest that 5-HT 
\) 

synthesized from 5-HTP in the ceU cytosol is sequestered by zymogen 

granules and segregate with amylase in the granules. 

DA was also synthesized from its amine acid precursor by acinar , 

ceUs and was incorporated into zymogen granules, but there were 

differences in the kinetics of uptake and storage between DA and 5-HT. 

The retenti on time of 5-HT in the zymogen gramùe fraction was different 

from that of DA. 5-HT was stabie within the zymogen granule for at 
\ 

leést 2 hours whereas DA had al half-life of 90 minutes in zymogen 

granules even though the total ceU homogenate DA concentration was' 
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constant throughout. The short retention Ume of DA by zymogen 

granules makes it unlikely that DA is stored in zymogen granules for 

secretion in plU'alle1 with secretory proteins. The present observations on 
f0 

the difference in turnover rate of 5-HT and DA in acinar ceUs zymogen 

granules is consistent with the findings of Alm et al. (1972); Mori et al. 

(l979ajb). These authors observed that L-DOPA was metabolized 

somewhat faster than the L-5-HTP and the turnover rate of granular 

5-HT was slower than that of DA in exocrine pancreas. 

.. 
l, 

\ 

In addition to the difference in retention time for 5-HT and DA in 

zymogen granules, the kinetics of 5-HT incorporation into zymogen 

, 
" '---' 

granules is aIso different. from that of DA. We found that when 

pancreatic acinar ceUs were incubated with L-[14C1 5-HTP, the rate of 

uptake of [14C15-HT was linear as a function of L-[14C15-HTP 

concentrations throughout the "concentration range tested (lO-6 M to 

1O-2M). The ra'te of accumulation of [14C15-HT into zym~en granules 0 

p1ateaued at 1O-3M L-[14C15-HTP and remained constant with further 

increase in L-[14Cl 5-ijTP concentration. In contrast when acinar ceUs 

were incubated with L-[14C] DOPA the rate of accumulation of [14Cl DA 

into pancreatic ceUs and into zymogen granules increased linear1y as a 

function of ·L-~14Cl DOPA concentration up to 1O-2M. It appears­

therefore that the uptake of 5-HT into zymogen granule is aosaturable 

process whereas the uptake of dopamine is note The specificity of the 

amine uptake system in zymogen granule has not yet been defined. With 

regard to its presence and stability within zymogen granules, the present 

study suggests that 5-HT is a normal constituent of rat pancreas zymogen 
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granules. On the other hand, the short' half-life of DA in zymogen 

granules, and the observation that no endogenous DA 1'5 found suggests 

that DA is not normally present in zymogen gl"anules. 

The maximum ~oncentration of 5-HT in zymogen granules under our 

experimental conditions was 8 nmoles pel' mg zymogen protein. This is 

approximately 700 times higher than that of the endogenous 5-HT 

concentration. There are two possible explanations for this discrepancy 
, 

in granular 5-HT concentration. Our studies of 5-HT accumulation into 

zymogen granules were '<lone in the presence of pargyline, a monoamine 

oxidase inhibitor. This compound prevents the degradation of 5-HT to 

5-hydroxyindole acetic aeid thus allowing for the accumulation of greater 

amounts of 5-HT -within the ceU compared ta the situation without a 

monoamine oxidase Înhibitor. Proportionately larger quantities of 5-HT' 

will also accumulate in the zymogen granules. We believe that this 

'-' accounts, at. 'least in part fOl" the fact that cells exposed to 5-ltl' or 

5-HTP in vitro acèumulated much greater quantities of 5-HT than that 

fOlBld in freshly isolated pancl"eatic acinar cells. A second fa.ctor is that 

in vitJ'o the ceUs were exposed to concentrations of substrate which wel"e 
,~ 

considérably gre~ter than that seen in VIVO. Smce the rate of uptake of 

5-HT is a 'function of substrate concentration (1O-3M 5-HTP results in 

maximum granular [5-HT] under our experimental conditions) it fo11ows 

that thé granular [5:HT] will exceed that seen under normal conditions 

in vivo. i --
We next attempted ta define at what stage of gra~ule development 

5-HT was accumulated. As outlined in the 'Introduction, seyretory 
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proteins in the exocrine panc~eas are synthesized by m,rmbrane-bound 

ribosomes, subsequently transported from rough endoplasmic reticulum to 
.~ 

--------=::.. 
Golgi, l,lnd ultimately stored in the zymogen granules. Since the site of 

exportable protein synthesis as. weIl as the route and kinetics of the" 

intracellular transport are well known, sorne information concerning the 

cellular disposition of 5-HT can be deduced by comparing the distribution 

of labelled protein with labelled 5-HT in isolated subcel1ular fractions •. 
. ; 

Th,e present experiments demonstrate that 5-HT ÏfiC!orporation into the 

zymogen granule fraction follows closely the kinetics' of pulse-Iabelled 

protein incorporation into TCA insoluble zymogen. granule proteine 

There is no evidence that 5-HT is covalently bound in the primary 

structure of any protein and therefore it is urùikely that the zymogen 

granule 5:-HT is covalently associa ted wi th the granular proteine 

Furthermore, 98% of granular 5-HT is separated from p.rotein by TCA 

precipitation.' We have .no evidence for the incorporation of 5-HTP into 

protein. In ail of our experiments using radiolabelled 5-HTP this amino 

acid was never detected in TCA precipitable pro~ein. It is therefore 

concluded that the. 5-HT in zymogen granules is free or in non-covalent 

(e~g. ionic) linkage with other graoular contents. 
<Il 

It has been' shown that condensing vacuoles are ,the precursors from 
" . 

which zymogen granules are formed (Jamieson and 'Palade, 1911; also see 

Introduction section 1.~.2k Condensing vacuoles and zymogen. granules 

are sedimented in thesame fraction' and are separated from each other 
J ,. • 

by density gradient centrifugation. The low density zymogen granule , . 
fraction (1.IOS) in the present studies represent the crude fraction of 

us, 
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condensing vacuoles. This· was demonstrated by tt:le observation that . 
immediately after pulse-incubation with labeUed leucine, maximum specifie 

acti vi ty of labelled-protein appeared in the low density granule fraction 

while in the. hig~ density granule fraction (l.142) consisting of relatively 

pure mature zymogen granules, the specifie activity of labelled protein 

was minimal im~ediately after the pulse-incubation period. This 

suggested that the low -density granule fraction was indeed newly( 

synthesized granules. The present experiments suggesty that labelled 

proteins appear in the mature zymogen granule fraction from the crude 

condensing. vacuoles traction and 5-HT followed the kinetics oC the 

pulse-Iabelled proteins. 

JamÎeson and PaIade (1967a;b) demonstrated that pulse labelled 
. ... 

proteins were Cirst associated with the microsomal fraction, and later 

with the condens~ng vacuoles fraction and zymogen gramùes ~raction. The 

present results on kinetics of pulse-labelled ~roleins are similar to that 

reported by Jamieson and Palade (l967a;b). Pulse-Iabelled proteins first 

appeared in the microsomal fraction and the Golgi vesicles and condensing 

vacuoles fraction, and were eventually transported to the hign density 

zymogen granules fraction (mature zymogen granules). 5-HT incorporation 

into high density zy~ogen granule fraction follows the same kinetics as 

that of labeUed proteins. .The p'resent study is the first demonstration of 

this type of association and provides evidence to confirm the 

autoradiographic studies by Gershon and Ross (1966) in which a striking 

similarity was found between the pattern of movement of radioactive 

5-HT through the aeinar ceUs and the movement of proteins labelled by 
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injection of tritiated leucine reported by Caro and Palade (1964). 

Although the mechanism by which 5-HT is incorporated into zyrnogen 

granules is not known, the present observations suggest that 5-HT and 

secretory proteins are incorporated together st an early_ stage of zyrnoge~ 

granule formation and remain within the granule as it matures. 

Alm et aI., (1972) reported that, after injection of labelled 5-HTP 

into mice, labelled material was found in the duet lumi na of exocrine 

pancreas. Although these authors were not able to identify the labelled 

,material" they suggested that it was probably 5-HT that had been 
o 

disctiarged from the exocrine aeinar cells upon the emptying' of zymogen 

granules that stored them. The sarne conclusion was made by' Mor~ et 

al. (l979b) when they detected specifie 5-HT fluorescence in the 

pancreatic juice ,after injection of L-5-HTP into rats. However, evidence 

for co-secretion of 5-HT with the contents of zymogen granules has not 

pt'èviously been provided. The present study shows that when isolated 

acinar eeUs were prelabelled with L-[(4C] 5-HTP and L-[3H] leucine and 

then exposed to the secretagogue, eaerulein, [14C15- HT and [3H] protein 
\ 

were' released ~ogether and the ratio of [3 H1 protein to [14C15-HT in" the 

secretory 'product was identical to that round in the zymogen granules. 

NOO-speclfic leakage of' 5-HT during caerulein stimulation is unlikely 

sinee DA which aecumulates in large amount within the acinar ceils is 

not released during caerulein stimulation (see below). . 

During each pel"Ïod of stimulation with eaerulein approximately 8% 

ôf the· total [3Hlprotein and [14C15-HT, and '6% of the total> amylase 
~ , 

are released. Since amylase has been found eKclusively in zymogen 
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granules (amylase is an index for zymogen granules) and 99% of the newly 

synthesized proteins are stored into .zymogen granules (Mat~s-Medina, 

1975), these suggest that approximate~y 75% of the zymogen granules in 

acinar cells are labelled with [3H1 protein under our experirnen~al 

conditions (one hour "pulse" with [3H] leucine and two hours "chase" with 

[IHlleucine). The observation that the same proportion (896) of 

[14C15-HT and [3H] prdtein are released suggests that the kinetics of 

[14C15-HT incorporation into zymogen granules is the sarne as that of 

[3 H] proteine This further strengthens our statements that 5-HT and 
-

protein are incorporated together into zymogen granules and released 

together when stimulated by secretagogues. 

Onder simUar experimental conditions, DA was not secreted together 
, ' 

with [3H] proteine Thus, it is consistent with ethe.present observation that 

DA (half liCe 90 minutes) is not stable witll the granular proteine 

Although L-DOPA is taken up by isolated acinar cells and decarboxylated, 

and the amine 50 formed taken up by zymogen granules, its transient 

appearance and its)nability to be released with the granule content rais es 
'" 

doubts as to whether DA is a normal element of the zymogèn granule 

content. 

The overall sequence of everfts of 5-HT synthesis, storage and 

secretion from pancreatic aeinar ceUs is suml1}arized in Fig 29. 
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Figure 29 SynthesÎs, storage and secretion of S':'HT from pancreatic 

\ acinar ceUs 
1 

Pancreatic acinar ceUs take up L-5-HTP from the environment 

(e.g. blood circulation), decarboxylate it to form 5-HT via a 

substrate specifie L-AAD in ,the cytoplasm. Acinar ceUs can a.lso 

take up 5-HT from the surroundings. 5-HT, sequestered by the cell / 

and/or synthesized from L-5-HTP in the cell cytoplaSm, is packaged 

,with the granule proteins. When acinar ceUs are activated by a 

secretagogue, 5-HT is released along with the granule contents into 

the lumen. 

5-HTP=5-hydroxy tryptophan 

5-HT=S-hydroxytryptamine 

p=protein 
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· .. In sum mary 5-HT satisfies the three criteria for the putative 

"communieator" in our working ~ypothesis. 5-HT exists in aeinar cell 

zymogen granules; it can be synthesized by acinar eeUs or taken up from 

their environme~t; it is stable within the granules and seereted with the 

granule contents. Not all biogenic monoamines are able to satisfy these 

criteria of a putative communicator in exocrine pancreas and not an 

exocrine organs have speeificity for the synthesis, storage and secretion 

of 5-HT. Thus, 5-HT may have a unique function in exocrine pancreas. 

The metabolism and disposition of L-5-HTP 8.{ld 5-HT in exocrine 

pancreatic aciner ceUs are analogous to that in cells of the APOD system 

described by Pearse (1968) and Pearse and Takor Takor (1979). Acinar 

cells deearboxylate the amino acid and store the resultant monoamine 

along with protein(s) in eytoplasmic granules. In the ease of eeUs of the 

APUD system, the protein is a hormone while in exocrine panereatie 

aeinar eeUs the proteins are digestive enzymes or proenzymes. The lact 

that many peptide hormone-producing APUD ceUs have the capacity to . 

take up L-DOPA and L-5-HTP, convert them to their respective 

monoamines, and retain the monoamines in the cytoplasmie granules 

suggest that monoamines are somehow important for the function of these 

eells (Sundler et al., 1980). The role of the monoamine in the APUD 

cells has not yet been defined; similarly, the l'ole of 5-HT in exocrine 
, , 

'pancre~ is not clear. 

As proposed in our working hypothesis 5-HT may act as a paracrine 

messenger, i.e. the agent that aets "locally per diffusioneum" (Larsson et 

aL, 1979; L8rsson, 1979; 1980). The proteins secreted by aeinar ceUs 
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must be delivered to their sites of action. In the exocrine pancreas, the 

rate of removal of secreted products (hydrolytic enzymes and mucus) 

depends primarily on secretion pressure and viscosity of the fluid' 

produced, since there is no propulsion system such as the contractile 

myoepi thelial cell system which exists in sorne other exocrine organs 

(Case, 1978). The primary factors in determining the efficiency of 

delivery of secretory protein from the exocrine pancreas are therefore 

th~ properties that determine viscosity such as electrolyte composition, 

pH, and the volume of fluid which is secreted primarily by centroacinar 

cells and duct ceUs. Fluid secretion from acinar cells contributes 

minimally in this respect (Bundgaard et al., 1981). The major stimulus 

of fluid secretion from centroacinar/duct ceUs in the exocrine pancreas 

is secretin (see Introduction section 1.3). The present studies suggest that 

5-HT is secreted with the protein contents of zymogen granules and may 

function to modulate the io!,ic composition, pH and/or volume of fluid 

secreted by centroacinar/duct ceUs as required for optimum flow of the 

secrëtory product from acinar ceUs. 

. Al though the action of 5-HT on electro1yte transport in exocrine 
~ 

pancreas has not been investigated, this monoamine has a profound effect 

on intestinal electrolyte secretion. As in the exocrine pancreas, S"'HT in . 

the intestinal tract is stored in cytoplasmic granules of the 

enterochromaffin cells which also possess the capacity to take up and 
'(" , 

decarboxylate L-S-HTP (Thompson, 1971; Alumets et al., 1917). The 

-<i:! modulation of electrolyte secretion in intestine by 5-HT I:\8s been shown 

. to be mediated by Ca +2 (Kisloff and Moore, 1976; Donowitz et al., 1919; 
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Hardcastle et al., 1981; Donowitz et al., 1980). 

Furthermore, clinical studies from patients with carcinoid syndrome 

and diarrhea revealed that there was ân increase in jejunal secretion of 

water, sodium and chloride ions. Therapy with methysergide, a peripheral 

inhibitor of serotonin action, significantly decreased the diarrhea in these 

patients. Because patients with carcinoid syndrome have been shown to 

have increased blood levels of 'serotonin, it is suggested that 5-HT ls a 

potential intestinal secretagogue (Donowitz and Binder, 1975; Donowitz 

et al., 1979). 

As outlined in the introduction, secretion from the exocrine pancreas 

involves primarily two types of qells,. acinar ceUs (enzyme secreting cells) 

and centroacinarÎduct cells (water and electrolyte secreting cells). Unlike 

the pancreas, in the parotid gland, the mechanisms for protein and 

electrolyte secretion appears to co-exist in one cell type (acinar ceUs) 

(Scratcherd . and Case, 1973). Epinephrine is a major stimulus for 

secretion of enzymes (beta-adrenergic) and water and electrolytes 

(alpha-adrenergic) from the parotid gland. This organ also possesses a 

myoepitnelial system ~or the encouragement of flow of secretory product. 

Thus the necessity for a transmitter system in the parotid gland to 

stimulate water and electrolyte secretion and maintain optimum flow of 

secretory products is not as great as in exocrine pancreas. The present 

observation that 5-HT is incorporated into zymogen granules in the 

exocrine pancreas, and not in parotid gland is consistent with this view. 

Besides the above propose~ ro1e of 5-HT there are other possible 

functions that this amine can have. One of these may be in the 
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packaging of proteins with the zymogen granules. Preliminary 

experiments from our laboratory indicate that 5-HT at concentrations 

10-10 to 1O-5M affects neither protein synthesis, nor the rate of protein 

Ùlcorporation into mature zymogen granules. The mature zymogen granule 

is an electron dense, osmotically iner~ organelle containing large 

quantities of Ca+2 as well as protein and 5-HT. Pancreatic zymogen 

granules contain approximately 36 nmoles Ca+2/mg protein and it has 

been proposed that this Ca +2 is packaged with exportable protein at some 

time e~rly in the formation of the zymogen granule (Ceccarelli et al., 

1975). The l'ole of Ca+2 in the granules is not clear. Secretory proteins 

are concegtrated in the granules in a way which allows the stoJ."age, in 

aggregated form, of large quantities of ·secretory products within a 

minimum of granular space. Thus, factors such as charge neut~a1ization, 

pH, ana ionic strength within the granules are important for condensation 

of secretory proteine lt has been suggested that Ca +2 is involved in 

secretory protein condensation and zymogen granule stabilization (Scheele, 

1982). Similar to Ca+2, 5-HT was sequestered by zymogen. granules 

during their early formation. 5-HT has a similar retention time in 
t-

zymogen granules Cas secretory proteino Unlike DA, 5-HT once it is 

incorpora ted, does not dissociate from the zymogen granule, nor' is 

granular 5-HT exchanged with cytosolic 5-HT. It is possible therefore 

tha t 5-HT has a role, directly or indirectly through regulating the rate 

of Ca +2 incorporation into gramùe, and thus in maintaining the stability 

of zymogen granules. 

Another possible l'ole for 5-HT is its direct effect on acinar ceUs. 
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At the moment of release, the granule contents must b,e made sufficiently 

fluid to flow from the ceU into the lumen. The factors that determine 

"fluidization" of grimule content, are not understood. It is known that 

enzyme secretion is aceompanied by neutral fluid secretion when aeinar 

ceUs are stimulated by 'seeretagogues. The neutral fluid seereted from 

aeinar ceUs contruns Na +, K+ and cC at concentrations close to those in 

plasma (Case et al., 1980; Petersen et al., 1981). 5-HT may be involved 

in "fluidization" of granule contents by modulating the composition and/or 

the secretion of neutral fluid by acinar ceUs. 

A role of the exocrine pancreas in excretion of monoamines has 

been suggested (Mori et al., 1979a;b;c). Such a ftlnction seems unlikely 

for several reasons. These compounds are very rapidly and efficiently 

metabolized to biologically inactive compounds by several organs including 

the exocrine pancreas. These metabolites are rapi<lly excreted in the 

urine. The finding that dopamine, although taken up by zymogen 

granules, is rapidly released baek into the cytoplasm and is not secreted 1 

from tl'\e ceU indicates that at least for this amine, this is not an 
~ ', .. ' 

excretory pathway. One is foreed to conclude that either 5-HT has a 
("") . 

special fùnë~on in the exocrine pancreas or that the postulated excretory 

function is restrieted to 5-HT. The former seems mueh more like1y than 

the latter. 

It has been known for sorne time that 5-HT has profound effects on 

w a ter and electrolyte secretion in the intestine (see Donowi tz et al., 

1979; Hardcastle et al., 1981). The main site of action is the small , 

intestine (DonowÜz .et al., 1980), therefore,·it is possible that the major 
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role of 5-HT in pancreatic secretion is to modulate water and eleatrolyte 

secretion in this organ. 

Of aIl the. funations of 5-HT suggested above, the one which 

proposes a role for 5-HT ~n mo~u1ating water and eleatrolyte secretion 

by duat ceUs allows sorne interesting predictions to be made about 
.' 

exocrine gland function when there is a (.de(ect in the monoamine 

/. modulating system. We have suggested that 5-HT plays a role in 

maintaining fluid viscosity and thereby ensuring that the fluid will flow. 

Any interference with this system will lead to an inareased viscosity and 

possible decrease or total cessation of flow with duct obstruction. Such 

a system may not be necessary in au exocrine organs. In the parotid 

~land, which is a pure serous gland, flow is ensured by myoepithelial cells 

which surround the aaini and propel fluid along the ducts when they 

contract. This might explain why biogenic monoamines are not present 

in zy m ogen granules of the parotid gland. Our thesis leads to the 

prediction that other sali vary glands which do secrete "mucous should 

contain a biogenic monoamine within theïr secretory granules which is' 

secreted when the other granule contents are secreted. Exocrine glands 

of the intestine, lung, reproductive tract should also contain biogenic 

monoamine within their secretory granules. 

Cystic fibrosis is an inherited disease of exocrine organs in which 

the duct systems of these glands become obstructed with very vis cous, 

mucous containing secretions (review see Taussig and Landau, 1916; Davis 
" 

and DiSant'Agnes~,1980). The systems most frequently involved include 

the exocrine pancreas, 'mucous glands of the lung and intestine and the 
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glands of the male reproductiv,e syst~m. There are no good animal 

models of cystic fibrosis but Martinez et al. (1975ajb) have reported that 

rats treated chronically with,ireserpine develop lesions in the pancreas and 

subm~r glands similar to th ose found in patients with cystic fibr~is. 

In the pancreas of the reserpinized rat, there is a reduction in volume 

and total bicarbonate secreted in response to secretin administration 

(Perlmutter and Martinez, 1978). Although reserpine may have many 

pharmacological actions its principle effect is to deplete an stores of 

catecholamines and 5-HT (Weiner, 1980). Given the fact that no known 

store of catecholamines or 5-HT is resistent to this effect of reserpine 

it 8eems likely that chronic administration of the drug would cause 

depletion of zymogen granule stores of 5-HT. We would predict therefore 

that this drug would impair the ability of the exocrine pancreas to make· 

the adjustments in fluid' volume, ionic strength and pH required to' ensure 

the flow of pancreatic juice. Inspissation of fluid contents and duct 

obstruction would ensue. These effects of chronic, reserpine 

administration lend support to our hypothesis and suggest that interference 

with the "amine" system leads to pathology. They further suggest that 

_ if such a ffiQdulating system exists in man interference with it leads to 

morphological and functional changes similar to cystic fibrosis. 
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l. The endogenous content of 5-HT in acinar cells was found to be 10.86 

! 2'.52 ng/unit of amylase" This can be totally accoW1ted f-or ~ the 
, 

5-HT. recovered from the zymogen granule fraction ofc. the cells (10.70 

'" ! 3.06 ng/unit of amylase). 

2. Pancreatic acinar ceUs can decarboxylate Ir5-HTP and L-DOPA to 
... 

form 5-HT and Dli. DOPA/5-HTP decarboxylase in acinar ceUs is 

located 'in the cytosolic fraction and is stereospecific for L-isomers. 

Of the five aromatia amino acids tested, only L-DOPA and L-5HTP 

~ are substrat es of the dec.arboxylase. 

3. Both L-POPA and L-5-HTP 'compete with each other for 
, /0 \ 

decarboxylation, and both decarboxylations are inhibitéd by NSD-I055. 

The IC50's for decarboxylati~~ of, L-DOPA (7.0 X 1O-9M) and L-5-HT,P 

(3.5 X 1O-9M) under identical conditions differ by less than one order 

of magnitude. 

4. Conversion of DA to NAis not detected in aainar ceUs, nor was thère 

any detectable deaarboxylâtion of the amino, acids L-p-tyrosine, 

L-tryptophan and "L":histidine. 

5. Whén incubated with [14C15-6T, dispersed acinar ceUs take up the r 
" 

-'" 

, 
.' 

amin~ and concentrate it i~ zymogen granul~. These cells CM aiso 1 
• ts • • 

take up [14Cl 5-H'tP, d~carboxylate it and store the [14C15;"HT in 

zymogen granules. 5-HTP 'itself is not také~. up by the' granuleS. 

6. 5-HT within the zymogen granule is not exch~ngeable with 

extragranular 5-HT. 

7.' WhE!O tissue slices from parotid gland wer~ iitcûbated with 5-HT the 

aminé was not incorporatedv intQ zymogen granule, nor was· 5-HTP. 0 
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decarboxylat~d to form 5-HT. / 
o 

8. When dispersed acinar cell~, prelabelled with [14C15-HT and 

[3H] Leucine, are ~timulated with caerulein, [14C] S:"HT, [3H] protein 

,and s,mylase a~~ a~e secreted ~nc~rOnOUSIY. The ratio of 

J3 Hl protein/[14C] 5-HT in zymogen gra~14es and in secretory prOduct 
, 

"are identical. 

" .'9:. Pancr~as acinar cells take up L-DOPA, decarboxylate it and store the 
, ~ l' t 

~ .dopamine proQuced in zymogen granules, but the amine is not retainèd 

by the g~anu1es {half Jife approximately 90. minutes), and dopamine 
, J 1 

", secretion from cells incubated with caerulein could not be 
. , 

, demo.nst~ated., . , 
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