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ABSTRACT N

lIn‘ order to determine the role of biogenic monoamines in the control
of pancrea/eic secretion, the metabolism and disposition of
S-hydroxﬁtrygitamme (5-HT) and dépamine in rat exocrine panéreaﬁ was
studied. Pancreatic acinar cells contained 5-HT which was located
exclusively in the zymogen granule fraction. Aromatic amino acid
decarboxylase activity was located exclusively in the cytosol of acinar cells
and was substratc; specifie for the L-isomers of hydroxylated aromatie amino
acia&:i,4—dihydroxypheny1alanine (L-DOPA) aynd 5-hydroxytryptophan (L-5-HTP).

Each substrate competitively inhibited the decarboxylation of the other.

When incubated with [14C]5-HT dispersed acinar cells took up the amine and

concentrated it in zymogen granules. These cells also took up [14C] 5-HTP,

decarboxylated it and stored the (4cy5-HT produced in zymogen granules.

5-HTP decarboxylation and 5-HT concentration into zymogen granules oecured
in the pancreas, but not ip the parotid gland. When pancreatic acinar cells
pre-labelled with ey 5—fiT and [°H] Leucine were stimulated with caer.ulein,'
there was a synchronous increase in secretion of amylase activity, [14C] 5-HT
and [3H] protein. Pancreatic acinar cells took up L-DOPA, decarboxylated
it but the dopamine was not retained by the granules —and dopamine secretion
from the cells incubated with caerulein could not be demonstrated. The
resuits indicate that 1). in the acinar cell of rat pancreas 5-HT is a normal
component of zymogen granule; 2). pancreatic acinar cells possess a single
aromatic amino acid decarboxylase specific for DOPA and 5-HTP; 3).
zymogen granule 5-HT and zymogen granule protein are released together

when the cells are stimulated to secrete protein.

e



Laaas DNLE- A

Y e ¢ T
EaiS

e bl

e oA
I3

©

b

.~

A R R T PRI T T TN W e 2

o

#
"

The work of the present thesis has been submitted for publication:

Stern,L., Tenenhouse,A., Yu,E.W.T. (1983) Uptake, storage and secretion
of 5-hydroxytryptamine and its amino acid precursor by dispersed rat

pancreas acinar cells. J.Physiology London (in press).
Yu,E.W.T., Stern,L., Tenenhouse,A. (1983) Aromatic amino acid

decarboxylation in dispersed rat pancreas acinar cells. (Submitted to

" Pharmacology). ‘ &

A

P

i T T
.

“wi

P

-

S B S

e .
©

.



- ——

| Z RESUME
i

Afin de déterminer le rdle des amines dans le ‘contr8le des séerétions
b \

pancréatiques, nous av‘ox\{s '6tudié le métabolisme de la 5—hydroxytrypta'mine
(5-HT) et de la dopamine (&lians le pancréas exocrine de rat. Les cellules des
acini pancréatiques contiennent de la 5-HT localisée spécifiquement dans les
granules & zymogéng. ’Une .décarboxylase, agissant sur les acides aminés
aromatiques, a‘ été localiseé exclusivement dans le cytoplasme des cellules
des acinij; l‘e‘s acides aminés aromatiques hydroxylés \&
i’.,4~dihydroxyphen;ialanine (L—DOPA) et S-hydroxytryp'tophgn (L-5-HTP) sont
des substrats spécifiques pour cet enzyme. Chaque substrat inhibe de
manidre compétitive la décarboxylation de l'autre. Lorsque des cellules des
acini pancréatiques sont mises en suSpension et incubées avec de la
[14C] 5-HT, elles pompent les amines et les concentrent dans les granules &
qzymogéne.' Ces cellules pompent également la 4c)s-HTP et aprés
décarboxylation, la stockent sous forme de [14(3] -S-HT. dans les granules &
zymogéne. La décarboxylation de la 5-HTP et la concentration de la 5-HT

dans les "granul'isﬁ zymogeéne se fonL!dans le pancréas mais pas dans la

: - f )
parotide. \

]

Y bgsque des eellule; d'acini pancréatiques sont marquées 3 la Mc)5-HT
" /et"/&" la [(,}ll\}eucine puis stimulées par la caeruléine, il y a une augmentation
o paralléie de\ la sécrétion de l'activité amylase, ainsi que de la séc}étion de
T " 1a MC]5-HT et des [3H] protéines.

Les cellules des acini pancréatiques sont capables de pomper la DOPA
) j : -

et de la décarboxyleé mais la dopamine n'est’ pas concentrée dans les
' d PR v - . ' -
granules et la secretion de dopamine 4 partir de’ cellules incubées avec de

1 A )
. la caeruléine n'a pas pu étre dém@rgrée. U .

Ces résultats indiguent
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* 1) dans les cellules des acini du pancréas de rat, la 5-HT est un composé
. ' normal des granules & zymogene -
‘ 2) les cellules des acini pancf@at{qués possédent une seule décarboxylase qui
7 ‘ p . 3 -
agit sur les acides aminés aromatiques et la DOPA ainsi que la 5-HTP
sont ses substrats spéeifiques - /s ) ' .
A 1
-3) la 5-HT granulaire est libérée en m&me temps que les autres protéjnes
A -, 5
granulaires quand les ,cellu(l\es sont stimulées. ,
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11 EXOCRINE PANCREAS - FUNCTION AND ANATOMY
\
The principal function of the exocrine pancreas is to synthesize and

store digestive enzymes and, upon appropriate stimulation, to secrete
these enzymes in an electrolyte solution which provicfes 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 (ductal and

centroacinar cells).

i

" 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 endoplasmic

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

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

In the apex of the cells are numerous spherical, mature storage granules
(zymogen granules). Immature zymogen granules or condensing vacuoles

and the Golgi complex lie between mature z'?'ymogen granule and the

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

provided with numerous microviili which protrude into the duect lumen.

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

acinar cells, the cytoplasmié matrix represents 54% of the cell volume,
the rough endoplasmic reticulum 22%, nuclei 8.4%, mitochondria 8.1%,
zymogen gianules 6.4% and condensing vacuoles 0.7%.

Cenfyoacinar cells and duct cells are characterized by the absencé

»
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of distinctive cy‘iologic specialization, and both are considered to be part
of the pancreatic duct system. Centroacinar cells are connected to the
contiguous acinar cells by luminal }'unctional complexes similar to those
which connect acinar cells ta each other.’ .

. @)

1.2 ACINAR CELLS - SECRETION OF PROTEINS

The secretory process in pancreatic acinar cells can be divided into

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

membranes of . endoplasmic reticulum; b) transfer of the -polypeptide

through the membranes of the rough endoplasmic reticulum into t];e)/\

cisternal space; e) intracellular transport of newly synthesized proteins
to the Golgi complex; d) concen;cration of proteins in the condensing
vacuoles 6f the Golgi complex; e) migration of zymogen granule towards
1-:he‘ apex of the,qeul where they are stored; and f) dischgrge of the

granule contents into the acinar lumen by exocytosis.

L]

1.2.1 Intracellular Transport ' ' - .

* L

‘-

Details of protein synthésis and segregation have been reviewed

extensively (see Case 1978; Scheele 4%80;1982). Proteins that are-

destined to be secreted have been shown to be synthesized on ribosomes -

7 . ®

that are bo to the endoplasmic reticulum while proteins destined to
remain in \the cystol are synthesized on free ribosomes (Redman and
Sabatini 1966; Redman 1969; Hicks et al., 1969). The newly synthesized

secretory beptides are then translocated across the endoplaérpic rebiculum

/
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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 (Blobel and Dobberstein 1975a;b; Case 1978; Scheele
1980;1982). The secretory pathway for exportable proteins in the
exocrine pancreas is from endopla‘smic reticulum to Golgi apparatus to
zymogen granules,

The classic electron mieroscope autoradiographic studies of Jamieson
and Palade (1967a; 197lasb) have bshowed that proteins, pulse labelled
with [3H] —‘Leucine, first appeared in the rough endoplasmic reticulum.

o
After 17 minutes oﬁ chase with a complete mixture of [IH] ~-amino acids,
the autoradiographic ;l‘grains were associated with the Golgi complex.
After 37 minutes 6f‘\ch’ase the grains were associated largely with the

s
{

condensing vacuoles located on the trans side of the Golgi complex.

]

Afte;: 57 minutes of chase, most of the grains were observed in the

AN

’Qpical portion of the cell in association with mature zymogen granules.

In agreement with the autoradiographic data, subcellular fractionation

studies (Jamleson and Palade 1967a; 1968a;b; Scheele et al., 1978)

‘ @
showed that the specific/radioactivity of protein in 'the rough microsomal

fraction {representing the rough endoplasmic reticulum) was maximal

immediately after. the pulse exposure. to [#C]-Leucine. The labelled

I3 ™ A
- proteins were then transfered to the smooth microsomal fraction

-(representing the peripheral Golgi complex) and finally concentrated in the
zymogen granule fractions. Together, the"Fadioautographic and subcellular

Aractionation 'studies demonstrate that newly synthesized proteins from the

-‘rough endoplasmic reticulum are transfered successively to the G;Jlg:i“
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complex and from there to condensing vacuoles and zymogen granules. -

Immunocytochemical procedures at the level of the electron
microscope have been used for qualitative and quantitative local\ization 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 endoplafmic reticulum, Golgi
cisternae, condensing vacuoles and zymogen granules (Bendayan et al,,
1980). Quantitative evaluation showed that secretory proteins were
progressively concentrated during their movement along the rough
endoplasmic reticulum through the Golgi complex to the granule (Bendayan
et al., 1980). In addition, studies by Bendayan and cc;-workers (1980)
using immunocytochemical techniques could not detect secretory proteins
in the cell cytosol. This latter finding provides evidence that secretory
proteins are confined within membrane bound compartments and, under
physiological conditions, are not free in the ecytoplasm.

Although the route of secretion is well defined, the mechanism
responsible for the movement of secretory macromolecules through the
various cellular compartments 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; hSingh et al.,, 1973). Transport
through the cisternae of rough endoplasmic reticulum does not require
energy and presumai)ly occurs by passive flow (Jamieson and Palade,
1968a).

Jamieson and Palade (1967a;b) suggested that secretory proteins are

1
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transported from rough endoplasmic reticulum to Golgi via discrete

) veéi.cles which shuttled back and forth between the tx;vo compartments.
Rambourg et al. (1974) have suggested an alternative mechanism for such
a transport. They hypothesized that convoluted tubules directly connect
the rough endoplasmic reticulum to the Golgi cisternae. The vesicles
deseribed by Jamieson and Palade (1967) may represent the cross section
of such convoluted tubules. Direcet evidence in favourh of any one of the
above mechanisms has notﬁ been provided.

° Proteing in the Golgi cisternae are transported through the Golgi
apparatds, perhaps in a manner similar\to transport through rough
endoplasmic reticulum cfsternae, and reach the mature face of the‘Golgi
cisternae (V6lkl et al., 1976).w The subsequent 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 does
not (iepend on continuous protein synthesis.  When energy supply is
blocked by inhibitors of respiration or oxidative phosphorylation, formation

of condensing vacuoles does not occur (Morrg, 1977; Jamieson and Palade,

"
1968a; 197la;b).

Condensing vacuoles are generally assumed to arise from the inner
Golgi cisternae in the pancreas (Palade, 1975; VOlkl et al., 1976).
Howe‘ver, membranes of zymogen granule and Golgi cisternae differ

greatly in enzymic activity (Meldolesi et al,, 1971; Ronzio, 1973asb). It

has been proposed that at ‘their margins, the inner Golgi cisternae,

manufacture vesicles, the membrahes of which are characteristic of

zymogen granule membrane, and that after these vesicles have reached a
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given size, they break free to form condensing vacuoles (Case, 1978).
‘An alternative view of the origin of condensing vacuoles has been

o

proposed as a result of' studies using electron Tﬁivcroscopic enzyme
cytochemistry., By this technique, thiamine pyrophOyphatase appeared
concentrated m the inner Golgi cisternae. Novikoff 76)- described a
region of smooth endoplasmic reticulum adjacent to the inner Golgi
cisternae which is rich in acid phosphatase activity but lacks thiamine
pﬁthOSphatase activity. Accor'ding to his s;;udies condensing vacuoles of

(3%
exocrine pancreatic acinar cells show acid phosphatase but not thiamine

pyrophosphatase activity, suggesting that condensing vacuoles represent
c-.:xpanded “cisternal portion of Golgi-associated smooth endoplasmic
reticulum involved in lysosome funciion (GERL).
routed to GERL via the Golgi cisternae (Novikoff and Novikoff, 1977;
Hand and Oliver, 1977), and from GERL to condensing vacuoles.

In summary, although the relationship between rough endoplasmic
reticulum, Golg;l‘/complex and condensing vacuoles remain uncertain, it is
known that secretory proteins synthesized in rough endoplasmic reticulum

are transfered from rough endoplasmic reéticulum to Golgi and ultimately

appear in condensing vacuoles.

5]

1.2.2 Storage e

AR

The earliest form of storage granule is the condensi,ng vacuole
(immature zymogen granules). Proteins stored in condensing vacuoles are
progressively concentrated and the density.of these %rganelles

progressively increases to ultimately become that of zymogen granules.

7 1

Secretory proteins are

&
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The high density vacuoles formed from this granule maturation provtess

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

o

Palade, 1967b; Sesso et al., 1980). The conecentration process does not

requirg energy (Jamieson and Palade, 197la) 'nor does it depend on

continued protein synthesis (Jamieson and Palade, 1968a). It probably

involwes a passive and progressive aggregation of proteins withe the

©

formation of osmotically inert complexes, thereby reducing osmotic

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

It has been suggested that ionie interaction plays a predominant role

i x
in the aggregation process since sulfated polyanions and divalent

[

are present in significanf concentdifion in these organelles (Case, 1978;

cations

Reggio and Dagorn, 1980; Scheele, 1982).
known to be unstable in sol,utibn? of alkaline pH (granule will 1y§e when
the pH of the suspension medium is raised above 7.2) and high ionie
strength (5 X 10'2_ M sodium chloride or potassium chloride solution)
(Hokin 1955; Jamieson and Palade, 197la; Meldolesi et al., 197la;
Vandermeers~Piret et al., 197]; Rothman, 197); Fast, 1974). '

It has been postulated by Tartakoff et al., (1974) [fth\gt sulfated
polyanions (proteoglycans) play a role in the protein concentration process
in zymogen granules, presumably by vioniq interaction with cationie
' pancreatic gecretory proteins. Experimental evidence in favour of °such

0

interactions wgg obtained by the addition srall amounts,of either

chondroitin sulfate or glycosaminoglyéans isolated from pancreatic

o

zymogen granules to chymotrypsinogen. This caused the protein to

precipitate (Reggio and Palade, 1978). The resulting aggregates, like

" g L‘ ¢ . ]

Isolated zymogen granules are
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zymogen granules, were insensitive to osmolarity, but sensitive to both
ionie strength and pH (Scheele, 1982). However, glycosaminoglycans in
the pancreas are present at;’ concentrations of less than 0.5 nmole/mg of
zymogen granu}p protein, and this concentration is thought to be
insufficient to participate in charge neutralization of the secretory
proteins (Kronquist et al., 1977). It remains possible that interactions
bétween pfoteoglycans and secretory proteins act only as a triggering
mechanism for the condensation of secretory protein. Interactions
between the secretory proteins themselves ha:fe also been detected. Such

interactions can induce precipitation in vitro at low pH and in vivo when

transport to Golgi complex is slowed down by starvation (Palade, 1956),

‘or blocked by metabolic inhibitors (Kern and Kern, 1969 Kern et al., .

1979). However, when glycosylaminoglycans are present, they always
cop‘recipitate with the protein aggregates (Reggio and Dagorn, 1980).
‘The divalent cations C&+2 and Mg+2 are also components of
pancreatic z‘ymogen granules and it has been suggested that they act as
bridges between adjacent protein molecules to facilitate charge
neutralization and protein condensation (Case, 1978). The large amount
3f Ca'? (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_zxmogen granule architecture (Clemente and Meldolesi, 1975).

Furthermore, both polyanions and Ca+2

are thought to be incorporated
into zymogen granules

packaged along with secretory proteins (Riggo and Palade, 1978;

6
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Ceccarelli et al.,, 1975). Their functions in the protein condensation
process await fﬁrther investigation,

The enzyme conepsition 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 x"eported in which the éomposition of proteins contained within
purified zymogen granule fractions were compared with that secreted by
the pancreas in response to §timulation (Greene et al., 1963; Palla, 1970;
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 fluid. Furthermore,
immunoeytochemical 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 together with eight other secretory proteins

(5raéhenbuhl et al., 1977; Bendayan et al., 1980) have been found in all

acinar cells, and zymogen granules.

3

1.2.3 Secretion

1.2.3.1 Acetylcholine and Pancreozymin

Preganglionic parasympathetic fibers are scattered throughout the

pancreas and pass directly to the acini so that the direct nerve endings

SRR LN

v o i

o,

on the acinar cells are principally cholinergiec.  Although adrenergic

innervation reaches the pancreas through the splanchnic nerves, the

10 / )




adrenergic fibers are mainly distributed to the blood vessels (Pascal and
Vaysse, 1976; Tiscornia, 1976). Acetylcholine released from cholinergic
nerve terminals interacts with muscarinic receptors on the acinar cells,

2

leading to an increase in cytoplasmic ca*? and the secretion of

pancreatic enzymes (O'Doherty and Stark, 1982; Petersen, 1982).
Cholinergic st{mulation of acinar cells also leads to glucose uptake and
increased cyclic GMP (not cyclic AMP) accumulation. This transient
increase in cyclic GMP concentration in acinar cell 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

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

contraction and stimulates pancreatic enzyme secretion (Ilvy and Oldberg,
1928; Harper and Raper, 1943). In the pancreas, pancreozymin acts
primarily on acinar cells (review see Wormsley, 1979) where its action is
mediated through specific binding sites or receptors (Milutinovié et- al.,
1977; Jensen and Gardner, 198]; Williams et al., 1981). Eacf‘i"\’acinar cell
has been estimated to possess 9,000 specific binding sités for
pancreozymin, which on the basis of affinity studies are divided into two
classes. Occupancy of high affinity pancreozymin binding sites correlates
with 45Ca*? outflux and amylase release (Williams and co-workers, 198];
Jdensen and Gardner, 1981). The biological significance of pancreozymin

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

f 1

There are reports suggesting that the stimulation of glucose transport in

dispersed pancreatic acini by pancreozymin correlates with the occupancy

[
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of the lower affinity binding sites (Kore et al., 1979; Williams and
co-workers, 1981). -
Caerulein, a decapeptide originally isolated from the skin of the
Australian hylid frog Hyla Caerulein (Anastasi et al,, 1968), binds
specifically to the high affinity pancreozymin binding site (May et al.,
1978). It shares a common C-terminal pentapeptide amide sequence with
pancreozymin. Studies indicate that binding of pancreozymin to pancreas
acini can be inhibited by caerulein and conversely that the specific
binding of caerulein to pancreatic plasma membrane can also be displaced
by pancreozymin 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 potent pancreozymin-like
secretagogue. It has a EC., approximately seven times lower than
pancreozymin, The action of both pancreozymin and csaerulein in
increasing enzyme secretion is mediated by an increase in intracellular

Ca+2

concentration (review see Schulz and Stolze, 1980). The effeet of
pancreozymin peptides on acinar membrane depolarization, ions fluxes,
cyclic GMP accumulation and glucose uptake into acinar cells are similar
to the effects of cholinergic agonists, however, the two groups of
stimulants act on different types of receptor sites. The actions of
ecetylcholine can be blockgd by atropine in concentrations that have no

effect on responses to pancreozymin peptides, whereas the actions of

pancreozymin peptides can be blocked by dibutyryl ecyclic GMP in

»

concentration that have no effect on acetylcholine-evoked responses

(Petersen, 1982).

-
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Bindihg sites other than specific pancreozymin receptors which are
thought to-be involved in stimulating enzyme secretion from acinar cells,
have also been reported (Jensen‘and Gardner, 1981; Schulz and Stolze,
1980). The physiological significance of those non-pancreozymin binding

sites in pancreatic enzyme secretion has not been determined.

1.2.3.2 Caleium and enzyme secretion

Calcium is essential for secretion of digestive enzymes from the
exocrine pancreas. In the resting mammalian cell, the cytoplasmic
calcium ion concentration ranges between 5X1078M to 3X107M and the
extracellular fluid caleium ion concentration is between 10 and 1073M
(Borle, 1981). The total intracellular calecium, if all of it was evenly
distributed and ionized, would range from IM to 107M.  Most of the
calcium inside the cell, however, is in a non-ionized form, probably as
-caleium phosphate complex (review see Case, 1978; Borle, 1981).

The calcium necessary for secretion is probably derived from the
store in one or more of the following: plasma membrane, endoplasmic
reticulum and mitochondria (Schulz "and Stolze, 1980; Dormer and
Williams, 19:§1; Ponnappa et al., 1981). Although a large proportion of

2

the Ca'? 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 regulation

2

of the Ca'? concentration in the cytosol is different in different-cell

- P

.
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——————types.—Inskeletal muscle which possessesa limited number of

("

mitochondria, intracellular caleium movement is largely controlled by the
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endoplasmic reticulum (i.e. sarcoplasmic reticulum) (Endo, 1977). In liver

and kidney the mitochondria are prdbably more important in regulating

2

cytoplasmie ca*? concentration (Borle, 1981). In pancreas, both

mitochondria and endoplasmic reticulum seem to be involved in "buffering”
eytosolic ca*? concentration (Sehulz et al., 1981).

Théfg is evidence suggesting that the initial effect of se'g:rétagogues
-4

is to release Ca'? from intracellular storage sites until the concentration

of cytosolic Ca*? reaches that required to trigger enzyme secretion. The

2

secretory response of these stimulants s then maintained by ca* entry

from the extracellular space. When secretion is terminated, ca*?

2

entry
from the extracellular space ceases and ceytoplasmic ca* concentration
is restored primarily by the Cca*? buffering eapacity of mitochondria and
endoplasmic retic;.xlum (Schulz et al., 1981; Gardner, 1979; Renckens et

-
al., 1978; Petersen and Ueda, 1976)., Different classes of secretagogues

2 storage sites for enzyme secretion

may utilize different intracellular Ca’

and the effect to extracellular cat? deprivation on enzyme secretion will

also be different with different secretagogues (Argent et al., 1982a).
The role of Ca'? in triggering exocytosis is not clear. Several

2 involvement in enzyme discharge have been

possibilities for ca*
proposed. Dean (1974, 1975) and Dean and Matthew (1975) suggested that
ca*? acts directly to mediate the fusion of the granule membrane with
the plasma membrane leading to enzyme discharge. According to these

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

are negatively charged. Sincethe inner surface of the plasma membrane

is also negatively charged, electrostatic repulsion tends to keep the

/
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granule and plasma membrane apart. ca®* By binding to both granules
and plasrria membranes, can promote adhesion, facilitate membrane fusion
and lead to discharge of secretory product. Other workers have suggested

2 may act through a specific binding protein in the plasma or

that Ca’
| ‘ . vesicle membrane (Zimmeberg et al., 1980). Studies from Creutz et al

(1978, 1979) and Pollard and co-workers (1980)indicate that a protein,

T I TR TR TR

"synexin", is required to initiate in vitro granule aggregation. Pollard and
co-workers (1980) suggested that Ca+2, interacts first with "synexin" and
that the "activated synexin" was responsible for fusion of granule to

plasma membrane.

]

ol 1.3 DUCT CELL - SECRETION OF ELECTROLYTE SOLUTION,

1L.3.1 Release of Secretin

The principal stimulus for pancreatic secretion of electrolytes is

1,
DU

secretin. In 1902 Bayliss and Starling demonstrated that hydrochloric acid
perfused into denervated small intestine would rapidly produce secretion
; of alkaline pancreatic juices. It v;as postulated that such an effect must
be mediated via a blood-borne messenger, released from the intestine.
Purification of porcine secretin, was accomplished in 1961 by Jorpes and
Mutt who subsequently (1968) elucidated the complete amino acid

sequence. Secretin is a peptide hormone localized primarily in the

*‘ duodenum{Hubel, 197 2):- —

( ' The strongest releaser of secretin is H'. It has been reported that

15
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above pH 4.5 secretin is not released in amounts sufficient to stimulate
pancreatic secretion (Chey and Konturek, 1982). Continuous acid}fication

S5
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 and
Grossman, 1972). There is a closed-loop relation between secretin and

bicarbonate. Secretin stimulates pancreatic secretion of bicarbonate into

P NNTRTATEE R PN

w
-

the duodenum; the bicarbonate neutralizes the H' from the stomach,
raises the pH and eventually halts release of secretin.

Secretin is also released in response to food but this is secondary
‘to gastric acid secretion. Schaffalitzky de Muckadell and Fahrenkrué
(1978) reported that in man the release of secretin after a solid meal was

associated with the fall in duodenal pH. 8Such a relationship between

Y

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

et peay

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

Ty

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

in plasma secretin levels correlated with the pH of the liver extract meal

EIRU el s B bafla o

and pancreatic bicarbonate outputs.

- apeetir

Further evidence for the role of gastric acid in the stimulation of

&g
+

secretin release was obtained from the studies on the effects of antacids
(Chey et al., 1978) and the H, receptor antagonist, cimetidine
(Schaffalitzky de Muckadell and Fahrenkrug, 1978; Kim et al, 1979).
%oth 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

16
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! concentration, but rather by the load of acid delivered to the duodenum

- V4 | 3
and the length of intestine acidified.

In addition to acid,\‘ it has been shown that infusion of bile salts
4(Osnes et al, 1978) and sodium oleate (Faichney et al., 1979) into the
duodenum can increase the plasma concentration of secretin., At present,
no gut hormones or peptides have been shown to stimulate t/ye release of
secretin, nor is secretin release influenced by cholinergic mechanisms

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

1.3.2 Action of Sectetin &

The primary action of secretin is to stimulate secretion of H20 and

v
bicarbonate via activation of the adenylate cyclase ~ cAMP system of

pancreatic duct cells (Case, 1979; Sarles, 1977; Greenwell, 1975). The

involvement of cAMP as 4 mediator of the secretin effect was suggested

by Case @., (1972). In their studies secretin was either injected into :

anaesthetized cats intravenously, or included in the perfusion medium in

an isolated saline-perfused preparation of the cat's pancreas. In response °

to secretin the pancre;(é cAMP concentration rose within 30 seconds and
secretion of bicarboﬁb&yté began only after 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) also showed that, in dogs, a correlation exists between

tissue cAMP levels and panéreatic bicarBonate output in the pancreatic

. . . N N + .
increments in plasma secretin are determined not by H 1ion

e

auice after stimulation by exogenous secretin.

17
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Dibutyryl 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, 1972).
These authors also reported that compounds such as theophylline,
theobromine and caffeine which inhibit the destruction of cAMP by
[;hosphodiesterase, potentiate the action of secretin.

The role of cAMP in water and bicarbonate secretion has also been
studied by using cholera toxin, which is known to activate adenyl cyclase
in several tissues (Field et al,, 1972; Al-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 parallél increase in tissue cAMP
concentration and was potentiated by theophylline.

Thus, the above studies demonstrate that electrolyte secretion in the
exocrine pancreas is mediate’d by intracellulz;r cAMP. The mec;hanism by-
which an increase in tissue cAMP concentration mediates the transport

events responsible for electrolyte secretion remains unknown.

1.3.3 Secretin - stimulated Secretion

Secretin-stimulated pancreatic juice is an alkaline solution rich in

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

-

cation in pancreatic electrolyte secretion is Na . Its concentration is

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

.
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K* is secreted at about the same concentration as plasma. The
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concentration of both cations are constant and independent, of secretbry
rate. The major anions are bicarbonate and Cl” and their concentrations
depend on flow rate. Micropuncture and micro-cannulation studi;ss of the
ductal system indicate that when the flow rate increases, bicarbonate
concentration increases and Cl” concentration decreases; the reverse is
observed when the flow rate decreases (Case et al.,'1970; Mangos and
McSherry, 1971; Swanson and Solomon, 1975; Caflisch et «aI’., 1980). The
concentration of bicarbonate in secretin-stimulated secretion fluid is
species dependent. In intermittent feeders such as cat, dog, pig and man,
the gland is sensitive to secretin and the bicarbonate concentration of the
resulting 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 fluid. CI  concentration, in
all species, decreases with increased secretory‘ rate in a reciprocal fashion
with bicarbonate so that the sum of the two anions remains constant and
approximately equal to the sum of Na* and K* at all secretory rates

(review see Case et al., 1980).

B

14 DA, 5-HT AND THE EXOCRINE PANCREAS
1

i

\,\/\\

. 1.4.1 Amine Precursor Uptake and Decarbc{xylation

e
y

TN \
In 1968, Pearse 1ntroducth3‘}uUPUD (Amine Precursor Uptake

R e N

LIRS Y

and Decarboxylation) to designate a system of cells, found in several

4
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organs which are able.to produce and store polypeptides (hormones) and

. . w o . .
¢ biogenic monoamines together in cytoplasmic granules. These cells take

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

"‘;gespectivéy (review see Sundler et ‘al., 1980).

Pearse and Takor Takor (1979) have classified the cells of the APUD
se;"iés as central and peripheral. The central division contains the
neuroendocrine and endocrine cells of the hypothalamo-pituitary axis and
pineal gland, and the peripheral division contains all the APUD cells
outside these regions. The majority of the APUD cells in the periphery
are the gastroenteropancreatic endocrine cells.

Most of the gastroenteropancreatic endocrine cells contain neither
catecholamines nor 5-hydroxytryptamine in histochemically demonstratable
amounts. They have one common characteristic, namely, they are gapable
of taking up either L-DOPA or cL-é-—I:ITP and converting them to their
corresponding amines, which are then stored in the cytoplasmic granules
(Hakanson et| al., 1967).

In neuroendocrine cells of the APUD system, t(he enzyme that is
responsible for converting L-5-HTP to S—H’I; and L-DOPA to DA
respectiviely is L-aromatic amino acid decarboxylase [EC 4.1.1.28]
(Pearse, 1976)(Fig 1). In gastroenteropancreatic endocrine cells;

B
histochemical investigation indicates a close correlation between

L-aromatic amino acid decarboxylase activity and the number of

fluorescent cells that can be produced by treatment of the animal with .

L-5-HTP or L-DOPA (Hakanson et al., 1970).
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1..4.2 L-DOPA and L-S;HTP Metabolism in Exocrine Pancreas
1.4.2.1 In vivo studies of biogenic monoamine synthesis and

storage

The exocrine pancreas, like the cells of APUD system, is able
to take up L-5-HT®sand L-DOPA, decarboxylate them to form 5-HT
and DA respectively and store the monoamine(s) in zymogen
granules,

Alm et al, (1967, 1969), using h{istoﬂuoreseent 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 specific DA
fluorescence was enhanced when animals were pretreated with a
monoamine oxidase inhibitoranddidnotoppear  when animals were
pretreated with an aromatic amino acid decarboxylase. inhibit.or.
Dobamine fluorescence did not ocecur wh;n the animals were given
D-DOPA. These authors suggested that L-DOPA was taken up by
the exocrine pancreas, decarboxylated by L-aromatic amino aqid
decarboxylase to form DA which was stored in zymogen granules.

Gershon and Ross (1966a;b) demonstrated that mouse pancreas

was able to concentrate a large proportion of radioactivity after

7

intravenous administration of [3H] -5-HTP. According to these

I

authors, approximately 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. Elecfron

22
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microscope autoradiography studies by Alm et al. (1972) showed
that mouse pancreatic acinar cells took up L-5-HTP, decarboxylat‘ed
the amino acid to 5-HT and stored the amine in zymogen granules.
The granular autoradiographic grains (representing labelled 5-HT)
were not seen when decarboxylase inhibitor was injected into the
mouse before the administration of labelled amino acid. . These
observations, together with those of Alm et al., (1967; 1969) and

Gershon and Ross (1966a;b), were confirmed by the histochemical,

'

'

fluor;scence'studies of Mori et al (1979a;b). These workers, after

adff\inistéring a large dosé of L-DOPA and/or 5-HTP to animals,

- observed that the turnover of DA in aci'nar cells was faster than
gt of 5-HT and further that DA metabolism in rat exocrine
pancreas was different from that of 5-HT. The role of the” amines
in zymogen granule is not known. ’

Although previous literature has provided information on 5-HTP
and DOPA uptake by pancreatic acinar cells, neither the subcellular
locqlization of DA or 5-HT in acinar cells, nor the secretion of
monoamines with pancreatic en’zymes has been examined.

¥
1.4.2.2 Biogenic Monoamines and Panecreatic Secretion
“A relationship between bic'>genic monoamine metabolism and
exocrine pancreatic secretion was suggested when Greengard et
al/a1942) reported that several biogenic - monoamines including
"oxytyramme" (DA) could stxmulate the seeretlon of canine

P

pancreatic juice.
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The effect 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 s:ecretin—like effect of DA was
mediated by a specific DA receptor and its activity could be
abolished by haloperidol. L-DOPA, the immediate precursor of DA,
was also reported to induce pancreatic secretion similar to that
evoked by secretin when infused into the dog (Hashimoto et al.,
197]; Bastie et al., 1977;. Satoh et al., 1980). Studies of the effect
of L-DOPA on pancreatic secretion indicate that the action of
L-DOPA is mediated by DA formed by decarboxylation of the amino
acid since this effect of L-DOPA was inhibited by a DOPA
decarboxyl;Se 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).

It was suggested that canine pancreatic acinar cells take up
L-DOPA, decarboxylate it to DA which then stimulates a
bicarbonate-enriched pancreatic juice ‘secretion (Fﬁi‘uta 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 t;ccumulation 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

— 24
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species dependent. It ocecurs in the dog, but not in cats aqd
rabbits. Moreover, the rate of pancreatic seeretion in the latter
animals 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 similar to that evoked by secretin (Furuta et al.,

1978). )
The above findings on catecholamine stimulated secretion in
the exoerine pancreas suggest that catecholamines may be

secretagogues or may modify the effect of secretagogues on

pancreatic electrolyte secretion,

B
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1.5 STATEMENT OF THE PROBLEM

The pancreas secretes a fluid composed of a mixture of
digestive enzymes, water and electrolytes, the relative pro?ortions
of which are controlled by both seeretin and pancreozymin (see
Introduction sections 1.2.3 and 1.3). The regulation of pancreatic
secretion by these two hormones requires a precise integration
between enzyme secreting cells (acinar cells) and water and
electrolyte secreting cells (centroacinar/duct cells) since the highly
viscous enzymes packaged in zymogen granules must be solubilized
in the acinus and the duct lumeri‘by electrolyte secretion (Sarles,
1977). It seems, therefore, that an intimate interaction between
acinar cells and centroacinar/duct cells is required to ensure the
optimum composition and rate of flow of p&ixcreatic fluid. The
integration between these two types,of "ceUS‘ would be carried out
by a "communicator" and it is the purpose of the present thesis to
test whether biogenic monoamine(s) could serve this funection. This
communicator must possess the following properties:
(I) acinar cells must synthesize (and/or take up from their

environment) such a substance.
(II) the communicator 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 interact with centroacinar and duct

cells. This interaction must result in an alteration of the ionie

26 .
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composition and volume of pancreatic juice.

Current evidence suggests that biogenic monoamines are good
candidates in that:
(i) in neuroendocrine cells, peptide hormones are stored with a

¥

biogenic monoamine (see Introduction section 1.4.1).

(ii) biogenic monoamines are capable of producing a secretin-like
}

effect in pancreatic secretion at least in some species (see

Introduction section 1.4.2.2).
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2.01 PREPARATION OF DISPERSED ACINAR CELLS

In addition to the cells of exocrine system, the pancreas contains
many cell 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 cells. .

In order to minimize the contribution of biogenic monoamines from
cells other than acinar cells, the rat was used as the source of exocrine
pancreas. This is because of all ecommon laboratory animals, rat
pancreatic islet cells contain the lowest quantities of biogenic monoamines
(Falek and Hellman, 1963; Cegrell, 1968; Lundquist et al.,, 1975; Glyfe,

1977). N

Dispersed acinar cells were prepared as described by Amsterdam and
Jamieson (1974) and modified by Chauvelot et al. (1980). The incubation
media A, B and C for cell 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 the 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 '@;\:,1
solution C) for 25-30 minutes. The collagenase digestion was terminated

by diluting the digestion medium with solution C and the acinar cells

were mechanically detached from undigested pancreatic tissues. The

29
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digested tissues were filtered through a nylon filter (pore size 64 micron)
and acinar cells were collected by centrifuging the filtrate through

6 cells

solution C containing 4% [w/v] BSA. Approximately 75-100 X 10
per pancreas were collected. The cell preparations were examined by
electron microscopy, and found to contain only exocrine acinar cells.
The viability and function of the isolated cells were tested as follow:
(a) Exclusion of Trypan Blue
200 pl Trypan Blue (0.5% in 0.25% saline) was mixed with 750
pl(. 4% [w/v] BSA in solution C [see appendix] and 58 pl cell
sJ;pension. Cells were examined under light microscope to estimate the

amount of deformed and destroyed cells.

(b) Amylase secretion

107 cells were mixed with Biogel P4 in & PD-10 column and

superfused with perfusion buffer (section 2.05). Caerulein (1077M) was
used as secretagogue, and amylase activity was assayed as described in
section 2.09.2. There was approximately a 4 fold increase in amylase
release upon stimulation with caerulein (Fig. 26, 28).

The cell preparation was used only if more than 95% of the cells
were viable as measured by Trypan Blue exclusion and experimental
results were accepted only if after the experiment more than 90% of the
cells were viable. All glasswares used for the preparation and incubation

of cells were siliconized using Prosil-28.

)]
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2.02 INCUBATION OF DISPERSED ACINAR CELLS

Dispersed acinar cells (108) were incubated in 5.0 ml. incubation
buffer I [see appendix]l. The reaction was started with the addition of
radiolabelled substrate. All incubations were done at 37°C and gased
with 95% 02/596 COZ' After incubation, the cells were separated from
the incubation medium by centrifugation at 50 X g for 5 minutes and
resuspended in homogenization buffer (see appendix) for subcellular
fractionation studies (section 2.3).

In pulse-chase experiments dispersed acinar cells were incubated for
5 minutes or 15 minutes in incubation buffer I modified by the removal
of leucine (incubation buffer II) and containing L-[3H] Leucine (50-60
Ci/mMole; 1.0 pCi/ml) and either DL-[Y4CIs-HTP or L-*c] DOPA at
concentrations specified in figure legends. After the pulse-incubation,
cells were separated from medium by ecentrifugation at 50 X g for §
minutes, washed in a large excess of incubation buffer II contairling 1.0
mM non-radioactive counterparts of the radiolabelled compounds used in
the chase-incubation. The cells were then resuspended in this buffer for
the pulse-incubation. The chase-incubation was terminated by separatiné
cells from incubation medium as described above. The cells were washed
with homogenization buffer twice and then homogenized for subcellular

fractionation (section 2.03).

3




B sy = I R War L eahemye s e s a ve o e sr e b - e

2.03 SUBCELLULAR FRACTIONATION OF ACINAR CELLS

| The general scheme for the isolation of the zymogen granule
fraction, 20,000 X g pellet and 100,000 X g pellet from acinar cejl
homoge;l'a,te is described in Fig. 2. The scheme is taken from the

methods of Jamieson and Palade (1967a), Rothman (1970) and Fast (1974).
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FIGURE 2 A general centrifugation scheme for subcellular
fractionation studies. This procedure was adapted from those
J described by Tartakoff and Jamieson (1974) and Fast (1974).
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HOMOGENATE (0.01M sodium phosphaté’ buffer
. + 0.25M sucrose pH 6.0)

180 X g for 15 min

X

' .
sediment SUPERNATANT

2,000 X g for 15 min

~

2,000 X g pellet
CRUDE ZYMOGEN
GRANULE FRACTION

SUPERNATANT ;

10,000 X g for 15 min

- 1
sed! ment SUPERNATANT

20,000 X g for 15 min

;
i

'y 1
20,00 g pellet SUPERNATANT
CRUDE "GOLGI VESICLES AND

CONDENSING VESICLES" 100,000 X g
for 45 min
- |
100,000 X g pellet SUPERNATANT
CRUDE "MICROSOMAL ' "SOLUBLE
FRACTION" FRACTION"
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2.93.1 Isolation of Zymogen Granules FalRES . .

Acinar cells were homogenized in a Potter-Elvehgem homogenizer. '

The cell debris was removed by centrifugation at 180 X_gc for 15 minutes.
The fraction containing the zymogen granules was collected by

centrifugation at 2,000 X g for 15 minutes. The granules wegre further

purified by repeatihg the 180 X g and 2,000 X g centrifugation steps (Fig.

3). Based on amylase activity, the recovery of zymogen granules ranged
from 20-25% of that present in the homogenate. The contamination of
this fraction by nuclei (DNA assay, seetion 2.09.5) ranged from 3-6%; by
mitochondria (succinic dehydrogenase assay, section 2.09.4),,‘ 1-4%; "by
¢ytosol (lactic acid dehydrogenase .assay, section 2.09.3) 0.1-0.3%.of that

in cell homogenate. Y - " @
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- . FIGURE 3 A centrifugation scheme for isolation of zymogen
- © . ~ \ .
. - - granule fraction from a homogenate of rat pancreas. This
., . .
: . . procedure was adapted from .that described by’ Fast (1974).
Details of the method are given in the text.
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HOMOQGENATE (0.01M sodium phosphate buffer
+ 0.25M sucrose, pH 6.0)

180 X g for 15 min

]
sediment SUPERNATANT
Cell debris,nuclei 2,006 X g for 15 min
t |
SEDIMENT supernatant
"CRUDE" ZYMOGEN GRANULE
’ FRACTION

t
¥

o resuspend in sucrose sodium phosphate
buffer and centrifuge at 180 X g, 15 min
. . ¥ ¥

Sedilm ent SUPERNATANT

. ,000 X g for 15 min
W

|

SEDIMENT superr!atant

resuspend in suecrose

sodium phosphate buffer
and centrifuged at
180 X g for 15 min ‘

sedilment SUPEIJ NATANT

2,000X g for 15 min

J
- SEDIMENT - superr]xatant
‘ZYMOGEN GRANULE FRACTION
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2.03.2 Purification of Zymogen Granule Fraction

Zymogen granules prepared as deseribed in section 2.03.1 were
purified by resuspending them in 60% 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 0.01%
of total homogenate DNA and lactate dehydrogenase activity

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

recovery of zymogen granules from the Percoll gradient %anged from 10%
to 17% of that present in the cell homogﬁggj The recovery of
mitochondria in this fraction, based on succinic dehydrogenase activity,
was consistently less than 0.2% of that in the cell homogenate. The

zymogen granule layer was collected, diluted with 10 volumes of

homogenization buffer and centrifuged at 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 centrifuging
the 60% Percoll, a second zymogen granule fl\-action was observed at a

density of 1.108. Based on amylase activity recovery of zymogen

granules from this fraction of the Percoll gradient is 4-6% of that in the

cell homogenate. 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 ¢ Pellet '

Other particuldte fractions were collected by centrifugation of the

10,000 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

;
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 further purified by repeating the 20,000 X g and 100,000
X g centrifugation (Fig. 4B).
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FIGURE 4 A centrifugation scheme for washing:

(A) 20,000 X g pellet, and
3

(B) 100,000 X gnpellet
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(A)

‘CRUDE 20,000 X g PELLET (as from Fig. 2)

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

]
sedilment SUPERNATANT

20,000 X g for 15 min

] |
SEDIMENT supernatant

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

sediment - N SUPERNATANT

20,000 X g for 15 min

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

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

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

7
sedi[nent SUPERNATANT
100,000 X g for 45 min

SEDIMENT supernatant

resuspend in sucrose
sodium phosphate buffer

and centrifuged at 1

20,000 X g for 15 min .

v 5

g

i

sediment SUPERNATANT i
100,000 X g for 45 min

. .u)' f,

100,000 X g pellet ]

"MICROSOMAL FRACTION" B
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2.04 INCORPORATION OF LABELLED 5-HT AND LABELLED PRQTEIN
INTO SUBCELLULAR COMPONENTS

Labelled 5THT 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 subc.ellular fractions as described by Fast (1974). The
protein was precipitated with cold trichloroacetic acid (TCA; 5% [w/v],
final concentration). The precipitate was collected by centrifugation,
dissolved in 0.15M NaOH and reprecipitated with TCA, This procédure
was repeated three times, The final TCA precipitate was then dissolved
in 0.15M 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—LABEI;LED DISPERSED ACINAB CELLS

| Dispersed acinar cells were incubated for 60 minutes in incubation
buffer II (section 2.02) to which had been added L—[3H] leucine (50-60
Ci/mMole; 1pCi/ml) and either L0 mM L-[*C]DOPA (4.0 mCi/mMole)
or 1.0 mM L-{}c]s5-HTP (2.0 mCi/mMole) and soybean trypsin inhibitor
120 pg./ml. After 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~[IZC] 5~-HTP and incubated in the same buffer

for 60 minutes.” At the end of this chase-incubation, the cells were
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washed in pérfusion buffer (incubation buffer I, see section 2.02, modified
by reducing the BSA to 0.001% [w/vl). The cells were then packed into
a 1.5 em X 8.0 em column (PD-10) as described by Guderleyand Heisler
(1980).

Approximately 2.5 ml. of Biogel-P4 slurry (preswollen in 0.9% NaCl)
was washed three times in perfusion buffer (above) and mixed with 2 X
107 cells that were suspended in 1.0 ml. perfusion buffer. The mixture
was poured into the PD-10 column.

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

'perfusion medium was continuously gased with 95% 02/5% CO, to

maintain the pH at 7.4 . The cell column ‘was perfused at a rate of 40
mL/hr. and eluate fractions were collected at 6 minute intervals. After
an equilibration perfusion period of between 2-2.5 hours, secretagogue,
dissolvedlin 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
cells was re-examined by Trypan Blue -exclusion and the results of the
experiment were used only if more than 90% of the cells were viable.
In aliquots of perfusate fractions &mylase activity was assayed as
described in section 2.09.2; 3H] protein was measured by adding BSA as
protein carrier and proceeding as described in section 2.04; [MC] 5-HT

or [14C] DA was measured as described in section 2.086.
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2.06=EXTRACTION AND SEPARATION OF RADIOLABELLED BIOGENIC

MONOAMINES AND THEIR PRECURSOR AMINO ACIDS

To extract biogenic monoamines, cold (4°C) 0.4 M HCIO, with

4
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 at 12,000
X g for 10 minutes at 4°C. The supernatant was collected, the pH
adjusted to 2.0 with 2M KOH and the KCIO4 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 e¢m column of Dowex 50WX4 (400
mesh).

The resin (500 gm.) of Dowex 50WX4 (400 mesh, H' form) was
prepared as described\ by Atack (1977). It was washed successively in ?he
following solutions: a) 2 liters of 2M NaOH + 1% [w/v] EDTA; b) l-é
liters of deionized distilled water until a pH of 7.0 was attained; ¢) 1
liter of 2.4M HCl + 60% [w/v] ethanol; d) 2 liters of 2M HCl e) 2
liters 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. gxzo, pH 7.0, followed by 20 ml. 0.IM sodium phosphate buffer °

containing 0.1% EDTA, pH 6.5 . The columns were covered with
alumi‘num 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 (0.1M, pH 6.5) eontaining 0.1% [w/v] EDTA; 15

3
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ml. water; 25 ml. 1.0M HCl; 60 ml. of 1.0M HCl in 50% [v/v] ethanol;

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

the radioactivity in each sample measured by liquid scintillation -

spectrometry (section 2.10). The amino acids (L-DOPA and L-5-HTP, as
well as Trp., Tyr., His., and Leu.) were eluted with the sodium phosphate
buffer (above), noradrenaline (and adrenaline) eluted with 1M HCI,
dopamine and 5-HT both eluted with ethanolic HC], and histamine was
eluted with 2M HCIl. The amino acid precursors and their resp?ctive
amines were sufficiently well separated from each other to be easily
identified and precisely quantitated. The elution profile is illustrated in
Fig. 5. Using radiolabelled standards, it was determined that recovery
from the column was: amino acids (L-DOPA and 5-HTP), 98%;
noradrenaline, 95%; dopamine, 99%; 5—HT,.99%; histamine, 83%. The
amino acids and biogenie 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

fv/v/vl). v
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FIGURE 5 The elution pattern of amino acids and amines from

A

DOWEX 50W X 4 column !

Radiolabelled standards:L-[3H] Leucine; L—[MC]'I‘yr;
1-1'4c1popa; pL-*4cis-HTe; [PHINA; (PHlAg;

[3H] DA; BH]5-BT and PH1Hm were chromatographed on

a 0.5 X 8.0 cm DOWEX 50WX4 column at a flow rate of
0.25 ml/min. Fraction volume was 1.0 ml. Details for
elution of the amino acids and amines are given in the text.

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

and 5-HTP) 98%; NA, 95%; DA, 99%; 5-HT, 99%; Hm,

-

83%. , :

NA = noradrenaline N
DA = dopamine :

5-HT = 5-hydroxytryptamine ' ‘
Hm = histamine
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2.07 FLUQORIMETRIC ASSAY FOR_5-HT’ ¢

L

Tissues (dispersed ‘acinar ‘cells, iéplated zymogen granules ’and rat
brain) were homogenized with a Polytron Homogenizer (ﬁrinkman Co.) at
top speed in 0.4M perchloric acid (5=7 ml. per gm. tissue)’ for 30 seconds
at 4°C. . Authentic 5-HT was added as an internal standard to the’

!
homogenate for calculation of recovery of the monoamine. After the

+ addition of 0.0l ml. per ml. 5% [w/v] Na,S,0; homogenate and 0.02 ml.

10% [w/vl] EDTA per ml. homogenate, the homogenate was centrifuged
at 14,000 X g for 10 minutes at 49C, the supernatant was collected, and
the pH was adjusted- to 2.0 with 2.5M K,CO;. The resulting KCl0,
precipitate was removed by centrifugation gt 14,000 X g for 10 minutes.
The supernatant was then subjected to—colur‘nn chromatography on Dowex
50WX4 as described in section 2.06. The 5-HT was eluted with 1.0M HCI
in 0% [v/v] ethanol and was assayed by the ’Jmethod deseribed by Atacl’c
and Lindqust (1973) as follow: .

Sample preparation - to 1.0 ml. aliquots of ecolumn eluate wa:s added
0.1 ml. of each of 0.6% [w/vl cysteine~HC1l and 0.2% [w/v]
Ks[Ee(CN)S], 1.2 ml. of Ultrex (Baker Chemical Co.) purified 12M HCl
(Fe+£3 ion free) and 0.05 ml. of 0.3% [w/vl orthophthaldialdehyde [OPT]
{dissolved in absolut¢’ methanol).

Oxidized sample blank preparation - to 1.0 ml. aliquots of column
eluate was added 0.2 ml. of purified 12M HCl and 0.05Vm1. 0.2% [w/vl
Kq[Fe(CN)gl. After 10 minutes on ice, 0.05 ml 6% [w/v] cysteine-HCI,
1.0 ml. of purified 12M HCl and 0.05 ml. 3% [w/v] OPT were added to

. the oxidized sample blank.
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Both sample and oxidized sample blank were incubated at 78°C for
20 minutes, cooled to room t‘emperature and the fluorescence of €he
OPT-5-HT condensate was measured in an Aminco SP’i‘—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 calculafed as follows:

/

[ the fluorescence of sample with ] _ [ the fluorescence of sample ]

% recovery of internal standard alone <«

5-HT

[ lthe fluorescence of external standard ]

The fluorimetrie assay is linear for 5-HT from 10 to 500 ng. , A

'
L )

{

2.08 H.P.L.C.—ELE‘CTROCHEMICAL DETECTOR 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. Yqung

at the Allan Memorial Hospital, McGill University.

The method of biogenic monoamine separation by H.P.L.C (high
performance liquid chromatography) and quantitation with an
electrochemical detecting system was adapted from that described by
Anderson and Purdy (1979); Moyer (1978); Felice et al. (1978) and

Ikenoya and co-workers (1978).

El

Tissue 8r dispersed cells (0.2-0.4 gm. wet weight) were homogenized
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in cold (4°C) 0.1M HCl (3 mL) with I mg/ml. ascorbic acid (0.3 mL).
Epinine was added to the homogenate as internal standard for peak
height calibration and authentie mon?amines (5-HT,DA) were also added
for calculation of recovery. The homogenate was then mixed with
perchlo,ric acid (0.3 ml)) and the precipitated protein was removed by
centrifugation at 10,000 X g for 15 minutes. To the supernatant was
added IM KOH to adjust the pH to 4.0. The resulting KClO4 precipit;te
was removed by ecentrifugation at 14,000 X g for 15 minutes and the

supernatant was applied to an Amberlite CG50 8.0 em X 0.5 em column

(prewasheid with 1M acetate buffer). The Amberlite column was then

washed with water (8 ml.) and the amines eluted with 1.2M HCl1 (4 mL.)

Biogenic monoamines were separated on an ion-paired reverse phase
column under the following chromatographic conditions - stationary phase:

30. cm gg/mm * Bonda Pafk C,g (Water associates); mobile phase:

0.07M"§,odium phosphate buffer 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

and ambient temperature, The detection system consisted of carbon paste

electrode with potential 0.72V"vs Ag/AgCl reference electrode (Ikenoya

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

3

the internal standard (epinine) was calculated for each sample and the

recovery of the monoamine was calculated as follows:

recovery of biogenic

_peak height epinine peak height ebininep

[ peak heightsample +standard ]_, [ peak height sample ]

monoamine ?

[ peak height standard ]

peak height epinine
v TR 46
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The assay is linear \for DA between 20 - 100 pg and 5-HT between 50« pg
- 2 ng.

Although this method was considerably more isensitive than the
fluorimetric method it was not reliable or reproducible because of the
inherent 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 ACTIVITY, AMYLASE

ACTIVITY, SDH ACTIVISI‘Y, LDH ACTIVITY, DNA AND PROTEIN

2.09.1 Assay for Amino Acid Decarboxylase Activity

Dispersed acinar cells were homogenizeci in 0.01M sodium phosphate
buffer containing 0.25M sucrose and soybean trypsin inhibitor 12 mg./100
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 decarboxylase activity, was measuted by (}4C] carbon
dioxide released from L:[Mc—carboxyl] .amino acids by the action of the
decarboxylase. The proceduré was adabted from those described by
Rhoads and Udenfriend (1968), Ellenbogen et al. (1969) and Christenson et
al. (1970). Samples were incubated at 37°C in 2 ml. isotonic sucrose
with 10 mM sodium phosphate buffer (above buffer pH 7.0) in Erlenmeyer

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

paper saturated with hyamine h&droxide. The assay reaction was started

L.

N
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‘with the addition of L-[}4C]-amino acids and was terminated by injecting

0.4 ml. 50% TCA into the main compartment of the incubation flask.
After _addition of 'I“CA,,thuincubation was continued at 37°C for 10
minute in order to insure complete CO2 absorption. Prolongation of the
post incubation period did not result in further CO, absorption. After
the 10 minute post incubation time the filter was removed from the
center well 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. éB) at DOPA
concentration 107°M to 1073M. For 5-HTP the rate is linear from 10 to
40 minutes incubation (Fig. 6C) and 5 mg protein (Fig. 6D) at 5-HTP.

concentration 107°M to 1073M.

e e
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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
acinar cells. DOPA and 5-HTP decarboxylase activity was measured
as a function of incubation time (FIG 6A, C) and proteirn
concentration (FIG 6B, D) at different concentations of

4y

L-[MC—carboxyH DOPA and L-[MC]S—HTP,(IO—SMU-—- ; 107
A—a; 10_3M0——0 ). 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
with a blue dye. As the starch is digested, dye is solubilized and
the rate of release of dye is measured with a spectrophotometer.

Phadebas pills were dispersed in distilled water (one pill per
10 ml. distilled water), mixed thoroughly and transferred (1.0 ml.)
to the reaction tubes. The reaction tubes were then preincubated
for 5 minutes at 37°C. 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 complex. The
solubilized dye quantitated by measuring its absorbance at 620 nm.

Amylase activity was expressed in International Unit (L.OU.).
One Internai’:ional Unit of amylase activity is defined by the
Commission on Clinical Enzyme Units. of the International Union
of Biocherﬁistry as the amount of enzyme that will catalyze the

hydrolysis of 1 pmole 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 mlL) was added to the
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cuvette containing 0.1 ml. sodium pyruvate (0.01M), 0.1 ml. NADH
(0.002M, pH 8.0) and 2.7 ml. sodium phosphate buffer (0.03M, pH
74). 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 25°C. 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 (1955) and modified by Maeno et

al. (1971). The reaction Mixture (total volume 1,0 ml.) contained

100 ’pmoles of sodium/Pphosphate buffer, pH 7.2, 10 p moles of
sodium cyanide, 0.14 fimole of 2,6-dichloroindophenol, 26 pmoles of
sodium succinate, ®mnd the sample (50 pg.-150 pg. protein).
Succinic dehydrogenase activity was assayed by Ffollowing the
decrease in optical density at 600 nm. The change in optical
density was recorded for 3 minutes at 25°C. A unit of activity is
defined as that which caused an initial ra;:e of reduction of one
nmole of 2,6-dichloroindophenol per minute Linder conditions

.y
I'e

described above, .

2.09.5 DNA Determination

The DNA content of cell homogenates and isolated zymogen

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

r
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The samples were homogenized in TCA: (final TCA concentration 5%-

[vy/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 acetie
acid and 5 ml. concentrated HZSO4). 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 conecentrations of the various subecellular fractions were

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

standard.

2.10 DETERMINATION OF RADIOACTIVITY

Radioactivity was determined by liquid scintillation
spectrometry using Formula-950A as the solvent system. Samples
were corrected for quenching by using internal standards. [l4C]
isotope was determined with close to 70% efficiency and [3H]
isotope was about 30% efficiency. In double-label counting, external
standards were used to determine the correction factor for [MC]

spill into the [3H] channel and to eliminate [H] spill into ¢y
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channel. The efficiency of counting of [3H] was about 15% and

4] was about 30%.

2.11 STATISTICAL ANALYSIS

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

specified in figure legends.

0

e,

Wilcoxon signed rank-test was used for evaluating the result in -

experiments involving the measurement of 5-HT in aecinar . cells
compared to that in zymogen granules.

Kruskal-Wallis multiple comparison test was used to assess any
stgtistical difference between [3H]/[l4C] ratio obtained from
zymc;gen granules fractions, and secretory product from the first

stimulation and secretory product from the second stimulation by

ceaerulein.
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2.12 MATERIALS

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

02118, U.S.A.

DL~5-hydroxy (2-44c] tryptophan S.A. 59.2 mCi/mmole
DL-[side chain 3-C]tryptophan  S.A. 0.05 mCi/0.2mg
L-*c(U)] Heucine S.A. 342 mCi/mmole
L-[4.5 3H(N)]-—leucine S.A. 52.2 Ci/mmole
L-Mc(0)] ~tyrosine S.A. 450 mCi/mmole
L-(3-3H] -histidine S.A. 300 mCi/mmole

[3H-(G)] -tyramine S.A. 5 pCi/mmole
From Amersham Corp. 505 Iroquois Shore Rd. Oakville,
| Ontario, Canada
L-3,4-dihydroxyphenyl (3-1%C] alanine S.A. 6.7 mCi/mmole
1.-3,4-dihydroxyphenyl (1-4C] alanine S.A. 7.9 mCi/mmole
L—[carboxyl-MC] tyrosine S.A. 5.7 mCi/mmole
DL-5-hydroxy [G-3H] tryptophan S.A. 5.0 mCi/mmole

L-{earboxyl-4C] histidine S.A. 50 mCi/mmole

L-[earboxyl-MC] tryptophan S.A. 55 mCi/mmole
From Sigm a Chemical Co. P.O. Box 14508, St. Louis,
A
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-dihydroxyphenylalanine(L-DOPA)
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L~tryptophan -,
L-tyrosine
L~histidine
L—cystg_i_ne
Soybean trypsin inhibitor (STI)
Orthophthaldialdehyde(OPT)
Potassium ferricyanide (K3[Fe(CN)6])
Couage;lase ) .
Bovine serum albumin(BSA)
Diphenylamine
2,6~dichloroindophenol
Sodium cyanide
Sodium succinate
Nicotinamide adenine dinucleotide (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 (Canada) Ltd. 2044 St. Regis Blvd.,
Dorval, Quebec ‘
Phadebas Amylase Test Kit
Sephadex G-25M column PD-10,
Percoll ‘

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

Hyaluronidase
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From Sandév Ltd., Gilston Park, Harlow . % :
m—hydroxy—p—bromobenzyl—oxy;{nine (NSD-1055)

From Regis Chemical Co. ' A
Parbgyline hydrochloride

From Grand Island Biological Company of Canada, Ltd.
MEM amino acids solution (50X)

From BDH Chemicals, Mo;\treal, éanada
Sodium metabisulphite R
Deoxyribonucleic ‘acid, sodium salt .

Amberlite cé-so‘

From PCR Research Chemical Inc. Gainesville, Florida

Prosil - 28 ) ‘
o
From Eastman Kodak Co., Rochester, N.Y. 14650, U.S.A.
) L oo

Sodium octylsulfate s

4
From Brinkmann, Rexdal Ontario

-

* Pre-coated TLC plates silica GEL 60F-254

S
£
. @

All’ other chemicals used were obtained from Baker Analyzed Quality

and Fisher Scientific Co.
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. APPENDIX .
-3 P
(a) Incubation media for pancreatic acinar cell isolation: o

o

Solution A contains: NaCl, 8.5 mM; KCl, 4.7 mM; KH,PO,, 1.2

m M; Mézso4, L2 mM; CaCly, 0.1 mM; NaHCO,, 23.7 mM;

i soybean trypsin inhibitor, 12 mg./100 ml.; D-glucose, 15 mM;
pHT4 o

*Solution B contains: NaCl, 118.5 mM; KCl, 4.7 mM; KH2p04, 1.2

mM; EDTA, 2 mM; NaHCOg4, 23.7 mM; soybean trypsin

inhibit9r, 12 mg/100 ml; ’D-gl,gcose, 15 mM; pH 7.4 e

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

complete amino acid supblement solution [see (b)], 2 ml./100

¢
ml. and 1% [w/v] BSA, pH 7.4

’ @

(b) Complete Amino Acid Supplement Solution:

Amino aéids 4 Concentrations
ﬂ ? in mm
/ " L-Alsnine _ 15.60
L-Arginine ‘ 4.62
. L-Aspartic acid - ' 12.10
' L-Cysteine HCLH,O ‘ 0.1
L-Glutamate (Na).H20 , 3.74
g " L-Glutamine ‘ 10.00
v Glycine ‘ | ‘9.61(4
L-Histidine o 1.35 ‘
57




Fat)
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o &
L-Isoleucine . oy 8.56
L-leucine - { 10.90 - °
\ L-Lysine HCl 7.02
L-Methlomne _/7 2:6'1
- L-Phenylalanine » *4.92 \
o L-Proline o 6.34
o "L-Serine - * o :7.50 U
: L-Threonine ' i “ 6.02
L-Try[:;tophan ¢ . 0.90
L-Tyrosine . 1.50. o
L:.Valine , , 0 8.70°

1
v
-}l 5

3

(¢) Incubatisn buffer I contains: NaCl, ‘18.5mft; KCl, 5.9 mM;

CaCly," 1,0 mM; NaHCOg, 23.7 mM; MgSO,, 12 mot

PR KH2P04, 1.2 mM; Dfglucose, 15 mMnl% (w/vl BSA;

pargyline, 0.1 mM; aScorbic acid, 1 peg/ml. and” complete

o

- amino acid solutifn, 2 ml./100 ml.

o

’(é) Homogénization buffer contains: Sucrose, 0.25M; pargylirie, 0.1

mM; NSD-1055, 0.1 mM; ascorbic ‘acid, l()pg/ml and

sodmm phosphate buffer, 0 0iM, pH 6.0
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It is known that islet cells contain varying am‘ounts of \biogenic
monoamines, particularly DA and 5-HT (Cegrell, 1968; Pearse and Takor
Takor, 1979). To study The metabolism of DA and 5-HT in exoc;ine
pancreas, it is therefore imperative that the acinar cell preparation be

free of contaminating islet tissue capable of accumulating and

“subsequently releasing biogenic monoamines. This problem was approached

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

the source of acinar cells because in this animal pancreatic islet cells

contain little, if any, demonstrable 5-HT and DA (Faleck and Hellman,

1963; Cegrell, 1968; Lundquist et al., 1975; Glyfe,1977); secondly, acinar .

cell preparations 'were examined by electron microscopy, and in the
preparations used there were no identifiable cells other than exocrine
acinar cells; finmfy, the Peréoll gradient used to purify zymogen granules
(described in Method section 2.03.2) would easily separate zymogen
granules (density 1.108 - 1.142) from the denser insulin containing granules
(density 1.208 -1.258; yazarow et al.,, 1964; Randall and Shaw, 1964).
Thus, it is concluded that the acinar cell and zymogen granule

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

islet cell contaminat%on.
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3.1 THE PRESENCE OF ENDOGENOUS 5-HT IN EXOCRINE PANCREAS

H.P.L.C. coupled with an electrochemical detector was used in the
initial efforts to detect DA and 5-HT in rat pancreas. In the pancreas,
5-HT was found but there was no detectable DA. The 5-HT
concentration in pancreas was found to be 0.6 nmoles/gm wet weight and

in brain 2.9 nmoles/gm wet weight.

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

isolated pancreatic acinar cells and purified zymogen granules was
measured in 8 separaie experiments (Table 1). Acinar cells contained
10.86 + 2.52 pg/unit of amylase; approximately ’0.33nmoles/gm wet weight
whole pancreas. Whole brain was found to contain 334.55 + 7.51 ng/gm
wet weight (.9 nmoles/gm tissue wet weight) which is approximately 6
times the amount of 5-HT found in pancreatic acinar cells. Zymogen
granules purified from isolated acinar cells contained 10.7 + 3.06 pg/unit
of amylase and there is no statistical difference (p > 0.01), in 5-HT

pg/unit amylase activity, between acinar cells and zymogen granules.

. since 95% of the total acinar cell amylase activity is in zymogen granules

(Bendayan, unpublished observation), thus the present result suggests that
the 5-HT in isolated acinar cells was located exclusively in 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 Celis Zymogen Granules
Number weight pg/unit amylase pg/unit amylase
1 232.70 7.94 5.34
2 o~ 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
: + 7151 + 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 cell zymogen granules

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

organelles. As illustrated in Fig., TA, 5-HT was rapidly taken up by
dispersed pancreatic acinar cell.;. Although the rate of uptake deecreased
with time, the intracellular 5-HT concentration continued to increase even
after 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 cell volume (Nevalainen, 1970), contained
45% of the intracellular 5-HT.

Acinar cells also rapidly acecumulated 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 time 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 cell radioactivity which was 5-HT
varied from 22.7% after 30 minutes incubation to 71% after 90 minutes.
Again the accumulation of 5-HT in th; zymogen granule fraction was 3
to 5 times what would be predicted if the amine distributed randomly
throughout the cell volume; after 60 minutes incubatic;n,. 4K5% of the total
cell radioactivity was 5-HT and of that total more tﬁan 50% was in
zymogen granules. The present results indiiate that 5-HT can be taken
up by acinar cells and incorporated into zymc;gen granules. When 5-HTP

is used as a substrate, the rate of incorporation of 5-HT into the
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FIGURE 7 (A) Time course of accumulation of 5-HT by dispersed
acinar cells
Acinar cells (50 X 10% were incubated with %c]s-HT
(10—3M) for 2 hours in incuba;ion buffer I. ( O ) shows the
total cell homogenate 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,

(B) Time course of accumultion of 5-HTP and 5-HT by
dispersed acinar cells and 5-HT by isolated zymogen granules
Acinar cells (50 X 106) were incubated with L-[MC] 5-HTP

(10'3M) for 2 hours in incubation buffer I. ( © ) shows the

- total cell homogenate 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/5-HTP DECARBOXYLASE IN EXQCRINE PANCREAS

3.3.1 Amino Acid Decarboxylation in Acinar Cells

Dissociated acinar cells were incubated with labelled amine

precursors: L-Tyrosine (L~Tyr.), L-Tryptophan (L-Trp.), L-Histidine

(L-His.), L-DOPA and DL-5-HTP for 30 minutes and the

accumulation of decarboxylation produets were measured as
described in Methods. As illustrated in.Fig. 8, only DL-5-HTP and
L-DOPA were decarboxylated to form S5-HT and DA respectively.
During the 30 minutes incubation, approximately 70% of the

L-DOPA was converted to DA and 509% of DL-5~-HTP was converted )

~

to 5-HT. There was no detectable e@onversion of DA to

‘

noradrenaline or adrenaline, When Tyrosine was used as a substrate,

u

there was neither formation of Tyramine nor dopamine., Similarly,

Tryptophan was not converted to Tryptamine or 5-HT.

o
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FIGURE 8 The conversion of L-amino acids into\their corresponding
L4

amines in pancreatic acinar cells

f/_ Ac\inar cells (50 X 106) were incubated with various L-amino

acids: L-[14C]Tryptophan (2.8 X 107°M, 45 mCi/mmole);

L-I3H] Histidine (2.7 X 10° M, 300 mCi/mmole); L-p-{4

£

(2.6 X 1074M, 450 mCi/mmole); DL-I4C]5-HTP (1.8 X 10”

Tyrosine

(33

, 59.2
. 14 -5 : ;
mCi/mmole)and L{'*C] DOPA (3.8 X 107°M, 6.7 mCi/mmole) for a

period of 30 minutes in incubation buffer 1. Heat-killed acin

cells, upper panel; viable cells, lower panel. At thels end of the
ir\mubation, ‘the amino acids and the accumulated decarboxylation
products were separated by DOWEX 50WX4 column as described in
Methods. The results are expressed as % of total rad£oactivity
eluted from the column as labelled amino acids and labelled amines.

Each bar represents the mean + S.E.M. of 4 experiments.
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3.3.2_Characteristics of DOPA/5-HTP Decarboxylase

y vt
3.3.2.1 Subcellular distribution

DOPA/5-HTP decarboxylase activity was assessed in the
vfollowing subcellular fractions: zymogen granule fraétion, 0,000 X
g supernatant and pellet, 20,000 X g s\tgernatant and pellet, 100,000
X g supernatant and, pellet. DOPA decarboxylase activity was
assessed by measuring the amount of radiolabelled CO2 produce;d
from carboxyl-labelled DOPA while 5-HTP decarboxylase was
assessed by measuring t;le production of 5-HT. Fig. 9A and 9B
illustrate that both DOPA “déearbdxylase and 5-HTP decarboxylase
are located “exclusively in the 100,000 X g supernatant, i.e. the

cytosol fraction. The decarboxylation reaction exhibited no

requirement for added pyridoxal-5-phosphate (Table 2), a co-factor -

for decérboxylation of several amino acids (Lehninger, 1979).
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FIGURE 9 Distribution of DOPA decarboxyldse (3A) and 5-HTP

. N %
decarboxylase (9B) in subcellular fractions of acinar zells

0

The 100,000 X g supernatant (sup.); 100,000 X g pellet; 20,000

X g supernatant; zymogen granule fraction and 400 X £ Ssupernatant
were isolated from dispersed acinar cells ‘by differential

centrifugation (see Methods section 2.03). Each subcellular fraction

N wa% incubated with (A) 1 mM L-[MC—carboxyl] DOPA . for 10

minutes, (B) 0.1 mM L-[M‘C] 5-HTP for 30 minutes in isotonice

sucrose containing 10 mM sodium phosphate pH 7.0 (see Metho;is" ,

2.09.1) at 37°C. For DOPA &ecarboxylation the evolution of carbon
dioxide‘was measured and for 5-HTP decarboxylation, 5-HT was
analysed after separatir\xg 5-HTP from 5-HT in° DOWEX 50WX4
column. Each point is tﬁé\ mean of 3 experiments.
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TABLE 2 THE EFFECT OF EXOGENOUS PYRIDOXAL-5-
PHOSPHATE ON THE DECARBOXYLASE ACTIVITY OF
THE 100,000 X G SUPERNATANT FROM HOMOGENATES
OF DISPERSED RAT PANCREATIC ACINAR CELLS

Pyridoxal-5-P
concentration
0 pM
0.1 pM
1.0 pM
10 pm
100 pM

The 100,000 X g sypernatant
L-(4C-carboxyl] DOPA {10-3 il

SUBSTRATE

DOPA

CO, nmole/
mg protein/min
2.800 + 0.017
2.780 + 0.171
2.81 + 0.056
2.710 + 0.243

2.812 + 0.151

M) and L-{

5-HTP

5-HT nmole/
mg protein/min

0.278
0.288
0.264
0.296

0.270

I+ 1+

|+

+

0.014
0.010
0.023
0.026
0.020

ction was incubated with
C] 5-HTP (10"4M) in buffer

containing isotonic 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 was the substrate.

The rate

of DOPA decarboxylation was assessed by reasuring 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

Substrate 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
10-6M to 10"3M. Decarboxylation was assayed by the evolution of CO2
from carboxylabelled substrates except in the case of 5-HTP where S5-HT
was measured directly. Fig. 10 and 11 show that only 5-HTP and
L-DOPA were substrates for the soluble decarboxylase at all substrate
concentrations tested (Fig. 10) and at pH 6.0 - 8.5 (Fig. 1). 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 acinar cells
incubated with 107°M L-F4C1DOPA were exposed to increasing
concentration of L-[3C] DOPA or D-[IZC] DOPA. As illustrated in Fig.
12, increasing the D-[C] DOPA concentration from 1074 to lO'?M had
no effect on the productic;n of 14CIDA but as the concentration of
L-(12c) pora increased, the production of 4C1DA decressed as a
direct function of the decreasing specific activity of the L—[MC] DOPA
concentration. As illustrated in Table 3 when the 100,000 X g
supernatant from dispersed acinar cell homogenate was used as the
enzyme source, the rate of decarboxylation of 10-5M L-{4C] DOPA was
unaffected by D-(12C] DOPA until the D-DOPA concentration reached
103M. 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 Km (Fig. 13) and ICg, (Fig. 14) were estimated

max’

for both DOPA and 5-HTP decarboxylation. The apparent Vm of DA

ax
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 5-HT from 5-HTP. The apparent Km for 5-HTP
decarboxylation is 2.9 X lO-SM, which is similar to the apparent Km for
DOPA decarboxylation (4.8 X lO-SM). Both 5-HTP and DOPA
decarboxylation were completely inhibited by 1077 to 10°%m NsD-1055
(Aures et al., 1970) (Fig. 14). The IC.,, are within the same order of

magnitude for both substrates (DOPA, IC5 =175 X 10'9M; 5-HTP, IC

0 50 ;
= 4.0 X 107%W).
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FPIGURE 10 The decarboxylation of various amino acid substrates
in the 100,000 X g supernatax;t from dispersed acinar cells
The 100,000 X g supernatant fraction was isolated from acinar
cells by differential centrifugation and was incubated in isotonic
sucrose containing 10 mM sodium phosphate buffer pH 7.0 with
L-[3H-ca;boxyl] His; L—[3H-carboxyl] Trp; L-[14C-carboxy1] Tyr;
L—[MC-carboxyl] DOPA and L-14C]5-HTP at concentrations shown
in the figure., When His, Ttp, Tyr, and DOPA were substrates,
incubﬁtion time was 2 minufes and carbon dioxide evolution was
measured; when 5-HTP was substrate, incubation time was 30

minutes and 5-HT production was measured. Each point is the mean

of 3 experiments.
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FIGURE 11 The effect of pH on the decarboxylation of various
amino acid substrates in the 100,000 X g supernatant isolated

from dispersed acinar cells ‘. ‘

The 100,000 X g supernatant fraction isolated from acinar cells

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 isotoni¢c

sucrose with 10 mM sodium phosphate at the indicated pH. The
rate of carbon dioxide evolution was measured for L-DOPA, L-His,
L-Tyr, and L-Trp decarboxylation and the rate of 5-HT production
was measured for 5-HTP decarboxylatioﬁ. 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-{14C) DOPA by isolated pancreatic acinar cells
Co)
Dispersed acinar cells (50 X 106) were incubated for 3 minute

in incubation buffer I at a constant concentration of L-[MC] DOPA

' (10"5M, 6.7 mCi/mmole) with increasing concentrations of

p-[12c) pOPA ( a ) or L-!2CIDOPA ( O ). Each point is the

mean of 3 experiments.
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TABLE 3 THE EFFECT OF D-DOPA ON L-DOPA

CARBOXYLATION OF THE 100,000 X g SUPERNATANT
FROM HOMOGENATES OF DISPERSED RAT PANCREATIC
ACINAR CELLS

1L~-DOPA D-DOPA co

eoncentr’ation concentration (nmoles/mg %rotein/ min)
10 pv 0 pM 0.38 + 0.020
10 pM 0.1 pM 0.398 + 0.020
10 pM 1 pM 0.348 + 0.018
10 pM 10 pv 0.363 + 0.013
. 10 pM 100 pM 0.385 + 0.01
10 pM 1 mM 0.157 + 0.059

The 100,000 g supernatant fraction” was incubated for 3
minutes with L-{l#C-carboxyl] DOPA (107°M) and increasing
concentrations of D-[2CIDOPA in isotonic sucrose with 10 mM
sodium phosphate, pH 7.0 at 37°C. DOPA decarboxylation was
assessed by measuring the rate of production of carbon dioxide.

Mean + S.E.M. n=4
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FIGURE 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

sqferpatants isolated from acinar cells. The incubation medium was
isotonic sucrose with 10 mM sodium phosbhate buffer pH 7.0
(Methods section 2.09.1) and the incubation time was 30 minutes for
5-HTP and 10 minutes for aOPA. The rate of DOPA
decarboxylation was expressed as nmoles CO,/mg protein/min and
for 5-HTP was nmoles of 5-HT/mg protein/min. Each expernment

is meant S E. of 4 experiments.
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. FIGUORE 14 Inhibition of DOPA and 5-HTP decarboxylation by
NSD-1055 ¢

The 100,000 X g supernatanf isolated from dispersed acinar

B ]

‘cells was ineubated in isotonic sucrose containing 10 mM sodium

phosphate buffer pH 7.0 with either L-DOPA (10°M) or L-5-HTP

[—

(IO'SM) in the presence of increasing concentrations of NSD-1055.
; ’ The incubation time Was 30 minutes for 5-HTP and 10 minutes for -

. DOPA. The rate of DOPA decarboxylation was assessed by

P

measuring the rate of CO, production and 5-HTP decarboxylation by
measuring 5-HT production.” The results are expressed as percent -
(%) inhibition versus NSD-1055 concentration. Each point represents

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 cells, it remained to be determined whether a single
enzyme or two distinet enzymes catalyze the two reactions. Competition
experiments between L-DOPA and L-5-HTP, which are known substrates
and L-Tyr., which is not a substrate, were undertaken in both acinar cells
and 100,000 X g supernatant. Fig. 15 shows the effect of L-Tyr. and
L-5-HTP on [4CIDA synthesis from L-4CI1DOPA (7.5 X 107°M) in
dispersed cells. L-Tyr., an amino acid that was not decarboxylated in the

acinar cells, had no effect on 4c) pa synthesis over all concentrations

teste (10"5M to 10-3m). L-5-HTP, an amino acid that was.

decarboxylated in these cells, at a concentration of 7 X 10°M reduced
the rate of [C] DA production by 50%. At 1073M, L-5-HTP completely
abolished [MC] 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 CO, evolution from L-[14C-carboxyl] DOPA (107%M).
L-5-HTP at a concentration of approximately 3 X 1074M inhibited
dopamine synthesis by 50% while 10™4M Tyr. did not change the rate of
00‘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 1074M L-5-HTP was inhibited 50% by 1074mM L-DOPA.
Tyr. did not change the #fate of 5-HT synthesis until the Tyr.
concentration reached 1073M.

The present results suggest that both L-DOPA and L-5-HTP compete
for the same catalytic site on the decarboxylase and both L-DOPA and
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L-5-HTP have similar affinities for the enzyme.
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f L-Tyrosine and L-5-HTP on {l4C]pA

i

FIGURE 15 The effect

synthesis from L-{4C1 DOPA in isolated pancreatic acinar cells
Dispersed acinar cells (20 06) were incubated for 3 minutes
in incubation buffer I at L~{14CIQOPA concentration of 7.5 X
10'5M, (6.7 mCi/mmole) with increasing concentrations of L-Tyr.
and L-5-HTP. (Mc)pa prodiction in the presence of increasing
concentrations of L-5-HTP o Tyr. is illustrated in the lower panel
and the recovered [14C] DOPA is shown in the upper panel. The
insert shows the % inhibition of DA synthesis with increasing

concentration of L-5-HTP. Each point represents mean of 3

experiments.
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FIGURE 16 The effect of L-Tyrosine and L-5-HTP on
L—[l4C] DOPA decarboxylation in the 100,000 X g supernatant

. ~
from acinar cells

The 100,000 X g supernatant fraction isolated from acinar cells
was incubated for 10 minutes in isotonic sucrose with 10 mM sodium
phosphate pH 7.0 at a L-[14C—carboxyl] DOPA concentration of
10'4‘M with inereasing concentration of L-Tyr. ( A ) or

L-5-HTP ( @ ). The rate of DOPA decarboxylation was

“expressed as the rate of CO2 production. The inset shows the %

inhibition of DA synthesis versus L-5-HTP concentrations. Each

point in the graph is mean + S.E.M. of 4 expériments.
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FIGURE 17 The effect of L-Tyrosine and L-DOPA on

+ L-M4C]5-HTP decarboxylation in the 100,000 X g supernatant
from acinar cells

The 100,000 X g supernatant fraction isolated from acinar cells

was incubated for 30 minutes in isotonic sucrose containing 10 mM

sodium phosphate pH 7.0 with L-(4C]5-HTP, 107*M and with

increasing concentrations of L-DOPA ( @ ) or L-Tyr ( A ).

The rate of. L-5-HTP decarboxylation was expressed as the rate of

5-HT production. The inset shows the % inhibition of 5-HT

synthesis vers;us L-DOPA concentrations. Each point in the graph

is mean + S.E.M. of 4 experiments.
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3.4 AMINE ACCOMULATION IN ZYMOGEN GRANULES OF EXOCRINE

PANCREAS
Biogenic monoamines synthesized in the cytosol of pancreatic acinar
cells are thought to be stored and to be released from zymogen granules

mainly, if not exclusively, by secretion into pancreatic ducts (Mori et al.,

. 1979a3;b). Incorporation of S-HT into zymogen granules was further

investigated.

3.4.1 Stability of 5-HT in Zymogen Granule

As illustrated by the results in section 3.3, pancreatic acinar cells

‘ecan 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
cells were taken, the zymogen 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 98% 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 granulé fraction. There was no detectable decrease of 5-HT
concentration in the granule fraction during the 60 minutes incubaf;;n
period. On the other hand, the DA concentration in the granule fraction

began to decrease after 20 minutes of incubation. After 90 minutes

incubation, approximately 50% of the DA had disappeared from the

84 -

I e S etk ke o e e -

P



e R
S et Y A

D T

zymogen granule fraction. This result 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 with DL—(14C] 5-HTP
(Fig. 18B) L-[MC] DOPA (Fig. 18C) under the same experimentali
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 lost.

5-HT in the zymogen granules does not seem to exchange with
exogenousD 5-HT. This is shown in the experiments in which 2¢c)s-HT
(10"3M) was added to the incubation medium 30 minutes after the pulse
of L-4C]5-HTP (1073M). As illustrated in Fig. 19, .the ratio of
[14C] 5-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 105) that were prelabelled with L-{14C]5-HTP
(1073m, 1.5 mCi/nmole) for one. hour, and chase-i;lcubated with
(12c15-HTP (103M) for one hour. The zymogen granule fraction was
isolated and purified :y passing it through a 60% continuous Pefcoll
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 fraction (density 1.108). As
illustrated, the pelletable_ [14C],5-HT is also restricted to these two
locations of }he gradient, The mature granul,g fraction was“collected,
layered on a discontinuous sucrose gradient (10-60% w/w) and centrifuged
(Fig. 20B). Both amylase and 4C15-HT are in pellets recovered from
fractions number 4 and 5 of the sucrose gradient. Approximately half of
the total [14C]5-HT and amylase activity are recovered from tpﬁ? sucrose
gradient. The proportion of [14C]5-HT and amylase lost are always the
same. Again (4c)s-HT an;i amylase activity are not separable.
Fractions number 12 and 13 are the soluble protein fractions. The
present result provides supporting evidence that 5-HT a;d the enzyme
contents of zymogen granules ;re contained within the same subeellular

7
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FIGURE 18 Time course of incorporation of DA and 5-HT into
zymogen grhnules of pancreatic acinar cells (A) and tissue
slices (B and C) P

(A) Acinar cells (50 X 106) were pulée-incubated with

14, -5 14 < -5
.L-("*C1DOPA (10 °M) or. L-[*C]5-HTP (10°M) for 15 minutes in

incub?tion buffer I and chase-incubated with incubation buffer I for

varying time periods up to 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 ( O ) and nmoles of DA/mg Z.G. protein ( ® )
Each point is th®wmean + S.E.M. of 5 experiments.‘ “

(B and C) Pancreatic tissue slices were pulse<incubated with
{3H] Leucine (1.8 X 1078M, 56.5 Ci/mmole) and either (B)
pL-(!4c)s-HTP (L1 X 1073M, 59.2 mCi/mmole) or (C)
L-c] popa (7.5 X 107°M, 6.7 mCi/mmole) in mcubatxon buffer
I for 15 minutes and chase-incubated in incubation buffer I for

different time periods up to 2 hours. At the end of the

chase-incubation zymogen granules were isolated and the amines

- »

were separated from amino acids as described in (A). The results
t Ve

are expressed as 4C1DA (dpm X 1073 pé&s mg zymogen, granule»

__protein); [14C] 5-HT (dpm X 10~ -3 per mg zymogen granule protem),

and [3H] protem (dpm X 10 -3 per mg zymogen granule protem)'

Each point is the mean of 3 experiments.
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FIGURE 19 The stability of zymogen granules 4C)5-HT in the
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presence of [2C]5-HT in acinar cells

E

Dispersed acinar cells (50 X 10%) were pulse-incubated with
L-*4C15-HTP (1079M) in incubation buffer II for 15 minutes. This
was followed by a chase-incubation of 75 minutes either in the
absence ( O ) or presence ( ® ) of [?201 5-HT. The
results are expressed as [14C]5-HT accumulated per mg zymogen

" granule protein versus chase-incubation time. Each point represents &5 .

’ mean + S.E.M. of 5 experiments.
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FIGURE 20 The [4C]5-HT and amylase qentent of zymogen
granule fractions prepared by density gradient centrifugation
Dispersed acinar cells (100 X 106) were pulse-‘;ncubated with

L-[MC] 5-HTP (1 mM, 1.5 mCi/mmole) in incubation buffer I for 60

minutes. This was followed by a \fhase-incubation period of 60

minutes in the presence ot;/T'Tnﬁ L-IIZC]S-HTP. The crude

zymogen granule fraction was isolated dhd centrifuged through a

60% Percoll continuous densitg gradient as described in Methods. In

this Percoll density gradient the crude zymogen granule fraction was

separated into a high density (density=1.142) (number 2-6) and a low
density idensity=l.108) granule fraction (number 18-23) as shown in

(A). Amylase activity (an index for zymogen granule recovery) and

[14C] 5-HT were measured in each fraction. The comp‘onents of

high density (density=1.142) granule fracﬂtion were further resol\;ed

on a discontinuous sucrose density gradient (10-60% w/w). As

illustrated in (B) (4C]5-HT and amylase are found 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). ( A ) shows the % sucrose in each

-

fraction.
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3.4.2 Accumulation of 5-HT and Labelled Protein by Zymogen Granules

In order to combare the kinetics of incorporation of 5-HT and
protein into zymogen granules, a time course of 5-HT and and
(3] protein accumulation into 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-14cl5-HTP (1073Mm)
and [3H] Leucine (L7 X 108M; 59.8 Ci/mmole). Both [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.
{14C) 5-HT in the granules was>as ‘stable as the [3H]protein for at least
75 minutes of incubation. There were no amine precursors or amine
metabolites found in the zymogen granule fractions. The amount of 5-—1213‘
incorpo’rated into zymogen granules at the end of the 60 minute
incubation (6 nmoles/mg zymogen granule protein) represents 45-50% of
the.total labelled.5-HT present in the cells at that time.

It gis pi)ssible using 60% , Percoll gradient centrifugation to separate
the "erude" zymogen granule preparation (see Methods section 2.03) into
low (1.108) and high (1.142) density granule fractions. This was done with
zymogen granules prepared from acinar cells after 5 and 60 minutes chase
incubation as described above. The high density fraction is the mature
granule fraction whereas®the low density fraction contains immature
zymogen granul;es (cohdensing vacuoles) (review see Case, 1978), Mature
zymogen granules are formed from condensing vacuoles through a’process
imfolving the progressive aggregation of protein within the condensing

vacuoles (see Introduction section 1.2.2).
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Fig. 22A shows the distribution of zymogen granule 3H protein'
between the high density and low density granule fractions. 5 minutes
after the pulse, 68 + 6% of the 3] protein was found in the low density
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 lou‘r density granule fraction whereas the high
density granule fraction now contained 56 + 6% of the [3H] protein. An

estimated 31% of the crude zymogen granule [3H] protein moved from the

1
:
3
|
g,

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. 22B. At 5
minutes after the pulse, 67 + 3% of the total ecrude zymogen granule
[14C] 5-HT was found in the low density granule fraction which decreased

to 33 + 6% after the 60 minutes incubation. On the other hand, 23 +

Saeven

3% of total crude zymogen granule [MC] 5-HT wasﬁi‘found in high density
granule frdetion at 5 minutes after the pulse and this increased to 56 +
3% after the 60 minutes incubation. Similar to the ﬂ[3H] protein an
.  estimated 33% of the crude zymogen granule [4C]5HT moved to the
high density granule fraction fro[n the low density granule fraction during

the chase-incubation.

R % T Ch e A G

-

To further study the kineties of incorporation of 5~-HT and labelled
\ . . .
protein into zymogen granules, acinar cells were pulsed with (14c)5-HT

(1074M) and [3H]leucine (1.7 X 10-8M) for 5 minutes and chase-incubated
in the presence of f2c)s-HT 1}0"3M) and {!H]leucine (10-3M). Samples

were collected at various times during the 60 minutés chase-ineubation

- 91
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period, the cells were homogenized and fractionated into the 100,000 X
g pellet (microsomal); 20,000 X g pellet (Golgi vesicles and condensing
vacuolés) and mature zymogen granule fraction (density 1.142).
(3H] p}rotein and [14C]5-HT incorporation into these fractions was
measured. The rgsults are illustrated in Fig. 23A,B. In both the 20,000
X g i{md 100,000 X g pellets, [Hlprotein concentration was greatest
immédiately after the pulse inecubation and declined throughout the
duration of the incubation (Fig. 23A). In the zymogen granule fractiori,
the [3H] protein concentration was minimal immediately after the pulse
incubation. The conecentration increased to a ;rlaximum at 30 minutes and
remained constant thereafter. An increase in [3H] protei'n concentration
in the zymogen granule fraction is observed with a concomitant decrease
in [3H] protein concentration of the 20,000 X g and 100,000 X g pellets,
a situation combatible with a product/precursor relationship.  §-HT
incorporation intoc the zymogen granule fraction (Fig. 23B) follows the
same pattern as othat of [3H] protein: immediatedly after pulse incubation
the 5-HT, 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
reépectively and él”g\gined with further incubation. The 5-HT concentration
in the zymogen gr;;ltde fraction, at this time, was minimal (0.6 + 0.2
nmoles/mg protein). After 60 minute chase-incubation the 5-HT
concentration in thgy zymogen Eranules increased to 2.5 + 0.5 nmol&e/mg
protein, with a concgmitant 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 100,000 X g pellet Jl‘espectively. 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 at an early stage of zymogen granule formation ard

remain within the granule as it ‘matures.
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FIGURE 21 Time course of incorporation of [3H]protein and 5-HT

into zymogen granules of dispefsed acinar cells

Dispersed acinar cells (50 X 105) were pulse-incubated with
L-4CJ5-BHTP (I mM) and L-{3H]Leucine (3 X 1078Mm; 59.8
Ci/mmole) incubation buffer II for 15 minutes and chase-incubated
in incubation buffer I contain.ing 1 mM [3H]Leucine and 1 mM
12¢cys-HTP for 96 minutes. ( A ) indicates nmoles of 5-HT
per mg zymogen granule protein and ( O ) represents
[3H] protein in dpm X 1073 per mg zymogen protein. Each point is

the mean + S.E.M. of 5 experiments.
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FIGURE 22 Time course of incorporation of (A) [3H] protein 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-[3H] Leucine 7 X 10'8M, 52.2 Ci/n;rmole) for 3 minutes and (B)

L-[14C15-HTP (107°M) for 15 minutes in incubation buffer I and

chase-incubated in incubation buffer I containing 1 mM [IH]Leucine

and 1 mM [2C]5-HTP for varying time periods up to 60 minutes.

Immediately after the chase-incubation a crude ;ymogen granule

fraction (see Methods section 2.03) was isolated and was separated

into low density- (density=l.f08, open bars), and high density

(density=1.142, hatched bars) zymogen granule fractions. Each bar

represents the % of total [3H]protein or [14C]5-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 (A) .

(3H)protein (B) [¥C15-HT in zymogen granules, 20,000 X g

and 100,000 X g pellets X

Dispersed acinar ceus (50 X 106) were pulse-incubated w1th
L-(3H] Leucine (3.3¢ X 10"8M, 59.8 Ci/mmole) (A) and f4c)s-aT
(10™4M) (B) in incubation buffer I for 5 minutes’ and chase-incubated
in inctltﬁation buffer I for varying time periods up to 60 minutes.
Zymogen granule (density=1.42) fraction (- @ ), 20,000 X g
pellet ( = )‘am_:l 100,000~X g pellet ( A ) were isolated as
describéxd in Methods section 2.03 and assessed for their content of

[GH] protein (dpm/mg protein), and as 5-HT (nmole/mg protem)

Each. pomt,representsrmean + S.E.M. of 4 expemﬁents.
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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
glam;I pancreatic acinar cells were incubated with DL-[MC] 5-HTP (1.8 X
10—5M, 59.2 mCi/mmole) for a period of 30 minutes in incubation buffer
I and 5~-HT production was measured. As illustrated in Fig.r 24, 50% of
DL-5-HTP was converted to 5-HT in pancreas whereas in parotid there
was no conversidn 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 of the pancreas also occurs with zymogen granules of
the parotid gland, minced paner:aatic and parotid tissue were
pulséhcubated separately with t4cy s-HT (1674M) and [3H] leucinej (3 X
10—8M) for 5 minutes, then chased with [IH] leucine only. [3H] otein
and [14C] 5-HT in;:orporation int6 zymogen granule fraction was_sareasured.
The results are shown in Fig. 25. At 0 time after the pulse (34 protein
’inct\)rporation into zymogen granules was 0.10 + 0.09 dpm X 102/unit of
amylase for pancreas and 1.0 + 0.1 dpm /unit of amylase for parotid.
At 60 minutes after the pulse [3H] protein incorporation into zymogen
granules was 4.96 + 0.25 dpm X 102 /unit of amylase fo; pancreas
(approxémately 0.78 dpm X 10° /mg zymogen granule protein) and 3.75 +
0.38 dpm X 102 /unit of ar;ylase for parotid (approximately 1.15 dpm X
109 /mg zymogen granule 'protein). During the same 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
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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 25-30% .of the total 5-HT (75
pmoles/unit of amylase) taken up by pancreatic tissue. For parootid gland,
the amountrof 5~-HT (0.35 pmoles/unit of amylase about 0.11 /ﬁ"moles/mg
zymogen granule protein) associated with the zymogen granul¢ fraction 60
minutes after pulse represented approximately 2.4% of the total 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

fl4clpA or L-{}4C]DOPA. It must be concluded therefore, that rat

parotid gland zymogen granules do not accumulate either 5-HT or DA.
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FIGURE 24 Comparison of 5-HTP decarboxylase activity in
pancreatic and parotid gland acinar cells
Acinar cells (50 X 106) from pancreas or parotid gland* were
incubated with DL-04C]5-HTP (1.8 X 107°M; 59.2 mCi/mmole) for
a period of 30 mirytes in incubation buffer I and 5-HT productfon
was measured.( " Each bar represents mean + S.E.M. of 4
experiments.
*Parotid acinar cells were isolated according to Peterfy and

Tenenhouse (1982).

99

a9 s s s e




100
-

[ 1]

5

o

< 50 —
2

5

O

o

2
.8

"é b

0

R g —

Pancreas

S5HTP

SHT

Parotid

I

T
S5HTP 5HT



P

¢
\\\
~

FIGURE 25 Comparison of the incorporation of 5-HT into zymogen

granule fractions from parotid gland and pancreas.

Pancreatic and parotid tissue slices were pulse-incubated with
L-4C15-HTP (0.0 mM) and L-{3H]Leucine (3 X 1078M; 59.8
Ci/mmole) in incubation buffer II for 5 minutes and chase-incubated
in incubation buffer I 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
panql represent picomoles of 5-HT incorporated into zymogen
granule per unit of amyle);se activity. The open bars indicate
pancreatie tissues and hatch;’d bars represent parotid is;es. Each
bar is mean + S.E.M. of 4,exp/eriments. Parotid zymogen granule

s -
fraction were isolated and purified according to Fast (1974).
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3.5 SECRETION OF BIOGENIC MONOAMINES WITH LABELLED PROTEIN

AND AMYLASE ACTIVITY IN RESPONSE T& CAERULEIN MTION

Experiments described below employed the cell colfiynn perfusion
system developed by Guderleyand Heisler (1980) to test whether the 5-HT
incorporatey into pancreatic zymogen granules in y_@g_é would
along with other zymogen granule contents when the acinat

stimulated with a secretagogue. The cell column perfusion %

secreted amines.

When pancreatic aci

A L .
L—[I4C] 5-HTP were stipnulated witzh caerulein, amyl activity,

(3H] protein and (4c]5-HT\were secre ed as illustrated /u/ Fig. 26. The

v

/
secretion of .all three occurged sy(nchronously. The /4gecreted material

&

representgd 8.6 + 0.2%, 8.N+ 0.7% and _64F 0.3% of the total

(4c) 5-HT, 3H) protein and amylase activity respectively (Table 4) in
i

dispersed acina; cells. When the segretagogue was removed, the release
N

4
of all thrée. secretion products declined together. A second expésure to

the secretagogue resulted in an identical pattern of—secretion. —Fhe

e

secreted products again represent 8.4 * 9,396;/9.3 + 0.9% and 6.7 + 0.4%

of the total [14C] 5-HT, 3u) protein and amylase activity respectively in

the cells (Table 4). Greater than 90% of the secreted [4C] wé%;gw

recoverable as [MC] 5-HT with only a trace of [l4C] 5~HTP being

detected (Fig. 26 inset).

~
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In order to determine whether the [14C15-HT recovered in the
secretory product came, exclusively from zymogen granules, the following
experiment was done. Dispersed acinar c¢ells were prelabelled with
4c) 5-HTP and (3H] leucine as described above, Zymogen granules were
isolated from one half the cells and the [4C]5-HT and [3H]protein
content of these organelles measured. The remainder of the cells were
exposed to caeruleh'l as described above and the rate of secretion of
(14C]5-HT and [H] protein measured. As illustrated in Fig. 27, there is
no significant difference (p>0.05) between the ratio of [3H]protein to
(¥4C] 5-HT extracted from the isolated zymogen granules (14.69 + 0.87)

and the ratio of [3Hlprotein to (14C]5-HT in the secretory product

N

during both periods of secretion (Sl, 13.03 + 2.26; S +.48).
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FIGURE 26 Secretion of [14C15-HT, [(3H]protein and amylase from

dispersed acinar cells

Dispersed acinar cells (20 X 106) were pulse~incubated with
L-[14C15-HTP (1073M, 2.0 mCi/mmole) and L-{3H] Leucine (3 X
108M, 52.2 Ci/mmole) in incubation buffer I for 45 minutes and
chase-incubated in incubation buffer I econtaining 1.0 mM
[lH] Leucine and 1.0 mM [12C]5-HTP for 60 minutes. At the end
of the chase-incubation period acinar cells were washed 3 times in
perfusion buffer (incubation buffer I modified’' by reducing 1% to
0.0019 [w/vl BSA). The acinar cells were packed<into a Pharmacia
PD-10 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 minute intervals. The entire system was maintained
at 37°C. After an equilibration period of between 120 minutes and
180 minutes, caerulein, was added to the perfusatg. Sl represents
stimulation for 30 minutes by 10°7m caeru{e}n and 182 a second
period of stimulation with 1084 caerutein. A;'mylast.e activity in
perfusate fractions are expressed as 1.U. per fraction (O---0);

[3H] protein as dpm X 10-3 per fraction ( @&——® ); and

(14C} 5-HT as dpm X 1073 per fraction (m---m). The inset shows

the composition of materials secreted after separation of 5-HT from
5-HTP by DOWEX 50WX4 cglumn (see Methods section 2.06). Filled

bars are 5-HTP and opened col\xmns are 5-HT.
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TABLE 4 3 SECRETION OF (14C]5-HT WITH AMYLASE ACTIVTY AND
’ [("HIPROTEIN FROM DISPERSED ACINAR CELLS

Amine Substance s

8

Precursor secreted % of 1tate.l % of zcot'al
Amylase o 6. + 0.3 6.7 + 0.4

L-5-HTP  [3H] protein 8. + 0.7 9.3 + 0.9
(4c]s5-HT 8.6 +70.2 8.4+ 0.3

>

(14C]5-HT, amylase activity and [3H]protein present in the
"secretory products during 8, and S, stimulations (from Figure 26) are

expressed as percent of the tot present in the zymogen graniile

fractions before the acinar cells were exposed to caerulein (see Methods).
Mean + S.E.M. n=4
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FIGURE 27 Comparison of the ratio of [3H]protein/[!4C]5-HT in’
isolated zymogen granules and in the secretory product of
acinar cells 4

Dispersed acinar cells were prelabelled with L~-14C] 5-HTP and
. L-[3H] Leucine as described in Figure 26. Zymogen granules were
isolated from one half the cells and the [14C]15-HT and [3H] protein
con‘tent of the zymogen granules measured. The remainder of the
cells were exposed to caerulein as described in Methods. The
hatched bars represent the ratio of [14CIS-HT/[3H) protein in the
zymogen granules. ‘The open bars represent the ratio of
04c]5-HT/(3H] protein in the secretory products after the first and
second stimulations. Statistical analyqis (*p >0.05). Each bar is
mean + S.E.M. of 4 experiments. ’
_* Kruskal-Wallis m‘ultip‘li comparis;on test
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FIGURE 28 Secretion of [14C]DA, [3H]protein and amylase from
dispersed acinar cells
Acinar cells (20 X 10%) were pulse-incubated with
L-[14c1porPA (1073M, 4.0 mCi/mmole) and L-[3H]Leucine (3 X
.

10"8M, 52.2‘3 Ci/mmole) in Similar experimental conditions as

described in Figure 26.. Amylase activity in the perfusate‘ is

. expressed as L.U. per fraction (O---0); [3H]protein.is expressed

as dpm’X 10-3 per fraction (e—~——®@). Upon chromatography on
DOWEX 5WX4 90% of the [14C] secreted during’ Sl and S, was
found in the DA fraction. [14ClDA is -expressed as dpm X 10'3

per fraction (®---m).
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TABLE 5 SECRETION OF (14C] DA, [3H]PROTEIN AND AMYLASE
FROM dispersed acinar cells

-

18]

Amine Substance S S
Precursor secreted % of1 total % o? total
amylase 6.3 + 0.3 5.9 + 0.6
L-DOPA 3] protein 7.3 + 0.5 7.1 + 0.2
d4c) pa 0 0

Since [14‘(3] DA is not secreted with amylase activity and
[:?H]protein as shown in Figure 28, only amylase activity and
["H]protein in secretory products during S, and S, stimulation were
expressed as percent in the zymogen granule fractions. Mean +
S.EM. 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 were
concentrated within acinar cells of the rat exocrine pancreas following
administration of large doses of L-DOPA and 5-HTP urespectively (Alm et
al., 1967; 1969; Gershon and Ross, 1966a;b). ) Histofluorescence studies
further suggested that the amines were concentrated within zymogeh
granules of these cells and wel-e eventually secreted, with other zymogen
granule contents into pancreatie duct lumina (Alm et al., 1972; Mori et
al., 1979a;b).

These observations suggest that the biogenic monoamines, DA and/or
5HT may have specific functions in the exocrine pancreas and led us to
formulate the hypothesis that monoamines, @eted from acinar cells,
interact with centroacinar and duct cells gnd in so doing cause alterations
in the ionic composition and volume of pancreatic juice.

If a biogenic monoamine, is functioning as a "communicator" between
acinar and duct cels, it should be possible to demonstrate:

1. that acinar cells 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. tt}at the monoamine is secreted along with the contents of the
zymogen granules. o

The first requirement was to identify and to quantitate the biogenic

.monoamines present in pancreatic acinar cells in‘the absence of treatment
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of the animal with amine or amine precursor. Thus pancreata were
homogenized and various cell fractions screened for the bresence of
biogenic' monoamines. Only 5-HT was found in acinar cells. No
dopamine, epinephrine or norepinephrine was detected. Furthermore, all
of the 5-HT was; located in the zymogen granuf% fraction of the cell
homogenate, that is, it segregated with pelletable amylase.f'{ The
concentration of endogenous 5~HT in acinar cell zymogen granules was
about 11 pgm/unit amylase, or approximately 1 pméles/mg zymogen
granule protein.

When pancreatic acinar cells were incubated with either 5-HT or its
precursor 5-HTP, onl& 5-HT was found in zymogen granules. Subcellular
fractionation studies of pancreatic acinar cells demonstrated that
DOPA/5-HTP decarboxylase activity is located exclusively in the cytosolic
fraction of the cells; there is no evidence from our experiments that the
enzyme is associated with any intracelluar organelle. The decarboxylase
does not act on D-DOPA and a maximum of 50% of the DL~5-HTP is
converted to 5~-HT suggesting that the enzyme is stereospecific for the
L—isom'ers applies to both substrates, Conversion of 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 decarboxy;lation of the two substrates has been observed with the

L-aromatic amino acid decarboxylase activity in several regions of the
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brain as well ‘as in peripheral tissues (Rahman et al.,//11981). Although
there is no requirement for exogenous pyridoxal-s-phospﬁate, the fact that
the /enzyme activity is inhibited by NSD-1055 (Aures et al., 1970), a
kno,élvn specific potent inhibitor of pyridoxal-5-phosphate requiring
decarboxylases, suggests that the pancreatic acinar cell enzyme also
requires this co-enzyme. The substrate preference for L-DOPA and
L-5-HTP in exocrine pancreatic acinar cells resembles that of
neuroendocrine cells of the APUD system_ in which L-DOPA and L-5-HTP
serve as-precursors for DA and 5-HT synthesis respectively. Although the
decarboxylation of L-5-HTP .and L-DOPA in these APUD cells has not
been studied gextensively, it is believed that the reaction is catalyzed by
a single L-aromatic amino acid decarboxylase (L-AAD) [EC 4.1.1.28]
(Peérse, 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 neryvous systems. Although it 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 oceurring 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

naturally 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 (1966a;b) suggested that the conver‘sion of L-DOPA to DA and of
L-5-HTP to 5-HT observed in exocrine pancreas was probably carried out
by L-AAD. The present findings indicate that DOPA/5-HTP decarboxylase
in pancreatic acinar cells exhibits substrate specificity for L-DOPA and
L-5-HTP, stereospecificity for L-isomers and is located excltjsively in the
cytosolic fraction. These properties of DOPA/5-HTP decarboxylase 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 distinet enzymes (Sims et al.,, 1973). These authors
reported that rat brain L-5-HTP decarboxylase and L-DOPA decarboxylase
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
acts on both L-DOPA an\d L-5-HTP (Fellman, 1959; Rosengren, 1960;
Christenson et al.,, 1972; Corgier aﬁd i'Pacheco, 1975; Srinivasan and
Awapara, 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 inhibitorsno-tyrosine or caffeic
acid, 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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optima, the same subcellular distribution in acinar cells; and L-DOPA and
L-5-HTP compete with each other for decarboxylation. When NSD-1055
was tested as an inhibitor of the partially purified p&r)ggeas decarboxylase,
the inhibition constants were similar (within one oég«’e;/ of mggnitu
both substrates, L-DOPA and L-5-HTP. / = yd d

It has been suggested that structura yeen L-DOPA
and L-5-HTP are the basis for their decarbox; »lﬁﬁ by ; same catalytic

site of the enzyme. Hagen and Cohen ;,(1966 havgested that there

are three important points for the attachment of the substrate to L-AAD,
the "aromatic site", the "carboxyl si;é:' ané the "amino site". Attachment "
to the "earboxyl" Qnd the "amino' sites is restricted to L-isomers.whereas
the localization 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 Srinivasan and Awapara (1978). These authors reported that
L-AAD did not decarboxylate phenylalanine, but hydroxylphenylala;'line with

OH groups in the ortho or meta positions was a substrate. Hagen and _
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Cohen (1966) suggested that L-5-HTP and L-DOPA share some 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 all
mammalian organs or whether there are several isozymes. Rahman et al.
(1981) have found different DOPA/5-HTP decarboxylation ratios in various
central and peripheral tissues and have purified from 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

all exocrine organs. Rat parotid gland is an exocrine gland that secretes,,

®
salivary proteins and shares many similarities with exocrine pancreas, i.e.

secretory protein accurpulation into zymogen granules, zymogen granule
formation a:'nd secretion of secretory protein by exocytosis (Wallach, 1982;
Scheele, 1982). Parotid acinar cells cannot convert either DOPA or
5-HTP into the corresponding amines. After incubation of these cells
with the amino acids, only the amino acids were found in the cell
homogenates. Thus, the inability of parotid acinar cells to decarboxylate
DOPA or 5-HTP is not due to an inability of these cells to take up the
amino acids. !

In summaz:y, 5-HT was found in exocrine pancreas. It can be taken
up or synthesized from 5-HTP by pancreatic acinar cells. Although DA
can also be synthesiZed by acinar cells, endogenous DA was not found in

these cells. Thus, 5-HT satisfies the first requirement as the functional
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monoamine in rat exocrine pangreas. In the parotid gland neither 5-HT

nor DA was found and this tissue did not possess the decarboxylase
required for the synthesis of these monoamines. It is clear that these
biogenic monoamines are not found in all exocrine organs and therefore
they may serve an essential function unique to pancreas.

The second requirement fox: the putative "communicator" was to
demonstrate that it can be accumulated by zymogen granules and
packaged with the content of the granules. After pulse-incubation of
pancreatic acinar cells with radiolabelled leucine and radiolabelled 5-HTP
the kinetics of labelled 5-HT incorporationt into zymogen granules was
found to be similar to that of labelled protein i.e. 5~-HT accumulated into
zymogen granules rapidly and remained within the granules. The granular
5-HT did not exchange with extragranular 5-HT. Incorporation of 5-HT
into granules other than amylase containing granules is not likely since
Percoll and sucrose density gradients did not separate the amylase from
5-HT containing granules. These observations suggest that 5-HT
synthesized from 5-HTP in t;e cell cytosol is sequestered by zymogen
granules and segregate with amylase in the granules.

DA was also synthesized i:rom its amino acid precursor by acinar
cells and was incorporated into zymogen granules, but there were
differences in the kineties of uptake and storage between DA and 5-HT.
The retention time,of 5-HT in the zymogen granule fraction was different
from that of DA. 5-HT was stable within the zymogen granule for at

4

least 2 hours whereas DA had a' half-life of 90 minutes in zymogen

granules even though the total cell homogenate DA concentration was .
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constant throughout. The short retention time of DA by zymogen
granules makes it unlikely that DA is stored in zymogen granules for
secretion in Qgrallel with secretory proteins. The present observations on
the difference in turnover rate of 5-HT and DA in acinar cells zymogen
granules is consistent with the findings of Alm et al. (1972); Mori et al.
(1979a;b). 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.

In addition to the difference in retention time for 5-HT and DA in

W
Y
i

z‘ymogen granules, the kinetics of 5-HT incorporation into zymogen
granules is also different .from that of DA. We found that when
pancreatic acinar cells were incubated with L-[14C] 5-HTP, the rate of
uptake of 14C]15-HT was linear as a function of L-{14C]5-HTP

concentrations throughout the -concentration range tested w0%m to

1072M). The rate of accumulation of [}4C]5-HT into zymogen granules °

plateaued at 103M L-{!C]5-HTP and remained constant with further
increase in L-[14C] 5-HTP concentration. In contrast when acinar cells
were incubated with L-[4C] DOPA the rate of accumulation of [4C] DA

into pancreatic cells and into zymogen granules inecreased linearly as a

function of 'L—[MC] DOPA concentration up to 1072M. It appears -

therefore that the uptake of 5-HT into zymogen granule is a.saturable
process whereas the uptake of dopamine is not. The specificity of the
amine uptake system in zymogen granqle has not yet been defined. With
regard to its presence and stability within zymogen granules, the preseﬁt

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 obser'v,aTi:)n that no endogenous DA is found suggests
that DA is not normally present in zymogen granules.

The maximum concentration of 5-HT in zymogen granules under our
experimental conditions was 8 nmoles per 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 done in the presence of pargyline, a monoamine
oxidase inhibitor. This compgund prevents the degradatic;n of 5-HT to
S-hydroxyindole acetic acid thus allowing for the accumulation of greater
amounts of 5-HT within the cell compared to the situation without a
monoamine oxidase inhibitor. Proportionately larger quantities of 5-HT
will also accumulate in the zymogen granules. We believe that this
accounts, at least in part for the fact that cells exposed to 5-HT or
5-HTP in vitro accumulated much greater quantities of 5-HT than that
found in freshly isolated pancreatic acinar cells. A second factor is that
in vitro the cells were exposed to concentrations of substrate which were
co\ré 'rably greater than that seen in vivo. Since the rate of uptake of
5-HT is a function of substrate concentration (10"3M 5-HTP results in
maximum granular [5‘—HT] under our experimental conditions) it follows
that the granular [5:HT] will exceed that seen under normal conditions
in vivo. & !

We next attempted to define at what stage of granule development

5-HT was accumulated. As outlined in the ‘Introduction, secretory
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proteins in the exocrine pancreas are synthesized by membrane-bound

ribosomes, subsequently transported from rough endoplasmic reticulum to
K\

Golgi, and ultimately stc;;';E in the zymogen granules. Since the site of

exportable protein synthesis as .well as the route and kineties of the-

intracellular transport are well known, some information concerning the

cellular disposition of 5-HT can be deduced by comparing the distribution

of labelled protein with labelled 5-HT in isolated subcellular fractions..

The present experiments demonstrate that 5-HT incorporation into the
zymogen granule fractio'n follows closely the kinetics - of pulse-lat;eued
protein incorporation into TCA insoluble zymogen.granule protein.

There is no evidence that 5-HT is covalently bound in the primary
structure of any protein and therefore it is unlikely that the zymogen
granule 5-HT is covalently associated with the Qanular protein.
Furthermore, 98% of granular S—HT‘is se[;arated from pgotein by TbA
precipitation.” We have no evidence for the incorporation of 5-HTP into
protein. In all of our experiments using radiolabelled 5-H'I“P this amino
acid was never detected in TCA precip'itat‘)le protein. It is :tt‘lerefore
concluded that the 5-HT in zymogen granules is free or in non-covalent
(e’.é. ionic) linkage with other granular contents.

It has been shown that condensing vacuoles are 'the precursors from
which zymogen granuléé are formed (Jamieson and;Palade, 1971; also see
Intréduction section 12%), Condensing v;icuoles and zymogen_granules
are sedimented in the ’sa:ne fraction’ and are sepa‘rated frgm each other

by density gradient centrifugation. The low density zymogen granule

fraction (1.108) in the present studies represent the crude fraction of

us,
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condensing vacuoles. This was demonstrated by the observation that
immediately after pulse-incubation with labelled leucine, maximum specific
activity of labelled-protein appeared in the low density granule fraction
while in the high density granule fraction (1.142) consisting of relatively
pure mature 'zymogen granules, the specifié activity of labelled protein
was minimal immediately after the pulse-incubation period.  This
suggested that the low "density granule fraction was indeed newlyi:
synthesized granules. The present experiments suggest_ that labelled
prbteins appear in the ma}:ure zymogen granule fraction from the crude
condensing: vacuoles fracfion and 5-HT followed the kineties of the
pulse-labelled proteins.

Jamieson and Pslade (1967a;b) demonstrated tha;t pulse labelled
proteins were first associated withhthe microsomal fraction, and later
with the condensing vacuoles fraction and zymogen granules fraction. The
present results on kinetics of puléejlabeued proteins are similar to that
reported by Jamieson and Palade (1967a;b). Pulse-labelled proteins first
appeared in the microsomal fraction and the Golgi vesicles and condensing
vacuoles fr.action, and were eventually transported to the high density ‘
zymogen granules fraction (mature zymogen granules). 5-:HT incorporation
into high density zymogen granule fraction follows the same kineties as
that of labelled proteins. The present study is the first demonstration of
this type of association and provides evidence to confirm the
autoradiographic sAtudies by Gershor; and Ross (1966.) in which a striking
similarity was found between the pattern of ~movement of radioactive

5-HT through the acinar cells 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 incorperated into zymogen
granules is not known, the present observations suggest that 5-HT and
secretory proteins are incorporated together at an early~ stage of zymogen
granule formation and remain within the granule as it matures. ‘
Alm et al,, (1972)~reported that, after injection of labelled 5-HTP
into mice, labelled material was found in the duct lumina 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

discharged from the exocrine acinar cells upon the emptying of zymogen

granules that stored them. The same conclusion was made by’ Mori et
al. (1979b) when they detected specigic 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

pteviously been provided.‘ The present study shows that when isolated

' acinar cells were prelabelle& with L—[14C] 5~HTP and L—[3H] leucine and

then exposed to the sec;‘et;agogue, caerulein, (4c] 5-HT and [3H] protein
were released together and the ratio of [3H] protein to [14C] 5-HT in the
secretory product was identical to that found in the zymogen granules. ,
Non-specific leakage of 5-HT during caerulein stimulation is unlikely
since DA which accumulates in large amount within the acin;r cells is
not released during caerulein stimulation (see below). .
During each period of stimulation with caerulein appr_oximately 8%

of the. total [3Hlprotein and {14C}5-HT, and 6% of the totat amylase

are released. Since amylase has been found exclusively in zymogen
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granules (amylase is an index for zymogen granules) and 99% of £he newly
synthesized proteins are stored into zymogen granules (Matos-Medina,
1975), these suggest that approximately 75% of the zymogen granules in
acinar cells are labelled with [3H]protein under our experimental
conditions (one hour "pulse" with [3H]leucine and two hours "chase" with
UH]leucine). The observation that the same proportion (8%) of
4C15-HT and [3H] protein are release;i suggests that the kineties of
[MC] 5-HT incorporation iﬁto zymogen gram;les is the same' as that of
[3H]protein. This further strengthens our statements that 5-HT and
protein are incorl;orated together into zyn{ogen granules and released
together when stimulated by secretagogues.

Under similar experimental conditions, DA was not secreted together
with [3H] protein. Thus, it is consistent v/vith -the-present observaéion that
DA (half life 90 minutes) is not stable with the granuim protein.
Although L-DOPA is taken up by isdlated acinar cells and decarboxylated,
and the amine so formed taken up by zymogen granules, its transient
appearance and its _inability to be releassd with the granule content raises
doubts as to whether DA is a normal element of the zymogen granule
content. . )

The overall sequencé of events of 5-HT synthesis, storage and

secretion from pancreatic acinar cells is summarized in Fig 29.

J
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Figure 29 Synthesis, storage and secretion of 5-HT from pancreatic

\, acinar cells

! Pancreatic acinar cells take up L-5-HTP from the environment

(e.g. blood circulation), decarboxylate it to form 5-HT via a
substrate specific I;—AAD in-the cytoplasm. ;\cinar cells can also
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 cells are activated by a
secretagogue, 5-HT is released along with the granule contents into

the lumen.

5-HTP=5-hydroxy tryptophan

5-HT=5-hydroxytryptamine

p=protein
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‘pancreas is not clear. . ’
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In summary 5-HT satisfies the three criteria for the putative
"communicator" in our working hypothesis. 5-HT exists in acinar cell
zymogen granules; it'can be synthesized by acinar cells or taken up from
their environment; it is stable within the granules and secreted with the
granule contents. Not all biogenic monoamines are able to satisfy these
criteria of a putative communicator in exoerine pancreas and not all
exocrine organs have specificity for the synthesis, storage and secretion
of 5-HT. Thus, 5-HT may have a unique function in exocrin;a pancreas.

The metabolism and disposition of L~5-HTP and 5-HT in exocrine
pancreatic acinar cells are 'analogous to that in cells of the APUD system

deseribed by Pearse (1968) and Pearse and Takor Takor (1979). Acinar

cells decarboxylate the amino acid and store the resultant monocamine

along with protein(s) in cytoplasmic granules. In the case of cells of the
APUD system, the protein is a hormone while in exocrine pancreatic

acinar cells the proteins are digestive enzymes or proenzymes. The fact

that many peptide hormone-producing APUD cells have the capacity to ~

take wup L—DQPA and L-5-HTP, convert them to their respei:tive
monoamines, and retain the monoamines in the ecytoplasmic granules
suggest that monoamines’ai'e somehow important for the function of these
cells (Sundler et al., 1980). The role of the monoamine in the APUD

cells has not yet been defined; similarly, the role of 5-HT in exocrine

'

As proposed in our working hypothesis 5-HT may act as a paracrine
messenger, i.e. the agent that acts "locally per diffusioneum” (Lersson et

al.,, 1979; Larsson, 1979; 1980). The proteins secreted by acinar cells
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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

myoepithelial cell system which exists in some ;)ther exocrine organs

(Case, 1978). The prfmary factors in determining the efficiency of

delivery of secretory protein from the exoerine pancreas are therefore

those properties Ithuat determine viscosity such as electrolyte composition, 4

pH, and the volume of fluid which is secreted primarily by centroacinar

cells and duct cells. Fluid secretion from acinar cells contributes

minimally in this respect (Bundgaard et al., 1981). The major stimulus

of fluid secretion from centroacinar/duct cells in the exocrine pancreas

is secretin (see Introduction se‘ction 1.3). The present studies suggest that

5-HT is secreted with the protein contents of zymogen granules and may

function to modulate the ioniec composition, pH and/or volume of fluid

secreted by centroacinar/duct cells as required for optimum flow of the

secretory product from acinar cells, 9,
 Although the action of 5-HT on electrolyte transport in exocrine

4 1

pancreas has not been investigated, this monoamine has a profound effect

H
4
.
s
H

on intestinal electrolyte secretion. As in the exocrine pancreas, 5<HT in |
the intestiqal tract is stored ir; cytoplasmic granules of the
enterochroma(ffin cells V\!hich also possess the capacity to take up and
decarboxylate L-5-HTP (Thompson, 1971; Alumets et al,, 1977). The
< modulation of electrolyte secretion in intestine by 5-HT has been shown

- to be mediated by ca*? (Kisloff and Moore, 1976; Donowitz et al., 1979;

-
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Hardecastle et al., 1981; Donowitz et al., 1980).

Furthermore, clinical studies from patients with carcinoid syndrome
and diarrhea revealed that there was an increase in jejunal secretion of
water, sodium and chloride ions. Therapy with methysergide, a peripheral
inhibitor of seroéonin 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 is a
potential intestinal secretagogue (Donowitz and Binder, 1975; Don;)witz
et al., 1979).

As outlined in the introduction, secretion from the exocrine pancreas
involves primarily two types of cells, acinar cells (enzyme secreting cells)
and centroacinar/duct 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 cells)
(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
myoepithelial system for the encouragement of flow of secretory product.
T‘hus 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 exoc;rine pancreas. The present
observation that 5-HT is incorporated into zymogen granules in the
exocrine pancreas, and not in p-arotid gland is consistent with this view.

Besides the above proposed role 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 laboratofy indicate that 5-HT at concentrations
10710 to 10‘5M affects neither protein synthesis, nor the rate of protein
incorporation into mature zymogen granules. The mature zymogen granule
is an electron dense, osmotically inert 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*? js packaged with exportable protein at some
time early in the formation of the zymogen granule (Ceccareili et al.,
1975). The role of Ca*? in the granules is not clear. Secretory proteins
are concentrated in the granules in a way which allows the storage, in
aggregated form, of large quantities of "secretory products within a
minimum of granular space. Thus, factors such as charge neutralization,
pH, and ionic strength within the granules are important for condensation
of secretory protein. It has been suggested that Ca*? is involved in
secretory protein condensation and zymogen granule stabilization (Scheele,

1982). Similar to Ca+2, 5-HT was sequestered by zymogen . granules

[

during Eheir early fprmation. 5-HT has a similar retention time in
zymoger;b éranules“as secretory protein,v Unlike DA, 5-HT once it is
incorporated, does not dissociate from the zymogén granule, nor‘ié
granular 5-HT exchanged with cytosolic 5-HT. It is possiBle therefore
that 5-HT has a role, directly or indirectly through regulating the rate

of Ca'? incorporation into granule, and thus in maintaining the stability

of zymogen granules.

\

Another possible role for 5-HT is its direct effect on acinar cells.

126




-
. v

e T b 4y

.-

At the moment of release, the granule contents must be made sufficiently
fluid to flow from the cell into the lumen., The faétors that determine
"fluidization" of granule content, are not understood. It is known that
enzyme Secretion is accompanied by neutral fluid secretion when acinar
cells are stimulated by secretagogues. The neutral fluid secreted from
acinar cells contains Na+, ' and Cl 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 cells.

A role of the exocrine pancreas in excretion of monoamines has
been suggested (Mori et al., 1979a;bse). Such a function 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 rapidly excreted in the
urine, The finding that dopamine, although taken up by zymogen
granules, is rapidly released back into the cytoplasm and is not secreted
from th,é cell indicates that at least for this amine, ‘this is not an
excretory pathway. One is forced to conclude that either 5-HT has a
special fung'gon in the exocrine pancreas or that the postulated excretory
function is restricted to 5-HT. The former seems much more likely than
the latter., |

It has been known for some time that 5-HT has profound effects on
water and electrolyte secretion in the intéstine (see Donowitz et al.,
1979; Hardcastle et al., 1981). The main site of action is the small

intestine (Donowitz 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 electrolyte
secretion in this drgan.

Of all the.functions of 5-HT suggested above, the one which
proposes a role for 5-HT in modulating water and eleetrolyte secretion
by duct cells allows some interesting é)redictions to be made about
exocrine gland function when there is a"id»efkect in the monoamine
modulating system. We have suggésted 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 increased viscosity and
possible decrease or total cessation of flow with duct obstruction. Such
a system may not be necessary in all exocrine organs. In the parotid
gland, which is a pure serous gland, flow is ensured by myoepithelial cells
which surround the acini and propel fluid along the ducts when they
contract. This might explain why biogenic monoamines are not present
in zymogen granules of the parotid gland. Our thesis leads to the
prediction that other salivary glands which do secrete mucous should
contain a biogenic monoamine wifhiﬁ their secretory granules which is
secreted when the other granule contents are secreted. Exocrine glands
of the intestine, lung, reproductive tract sh;mld also contain biogenic
monoamine within their secretory grar;ules.

Cystic fibrosis is an inherited disease of exocrine organs in which
the duct systems of these glands become obstructed with very viscous,
mucous containing secretions (review see Taussig and Lgndau, 1976; Davis
and DiSant'Agneée,lQSO). The systems'most frequently involved inclu;le

the exocrine pancreas, mucous glands of the lung and intestine and the
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glands of the male reproductive system. There are no good animal
models of cystic fibrosis but Martinez et al. (1975a;b) have reported that
rats treated chronié:a]ly with/reserpine develop lesions in the pancreas and
submandhi’ar glands similar to those found in patients with cystic fibrosis.
In the pancreas of the reserpinized rat, there is a reduction in volume
and total bicarbonate secreted in response to secretin administration
(Perimutter and Martinez, 1978). Although reserpine may have many
pharmacological actions its pririciple effect is to deplete all 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 seems likely that chronic administration of the drug would cause

depletion of zymogen granule stores of 5-HT. We would predict therefore

o)

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 chronie. 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 modulating system exists in man interference with it leads to

morphological and functional changes similar to cystic fibrosis.
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SECTION FIVE .
SUMMARY AND CLAIMS TO ORIGINAL RBBARCH
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1. The endogenous content of 5-HT in acinar cells was found to be 10.86

2.

&

‘are substrates of the decarboxylase.

3.

K

+ 2.52 ng/unit of amylase, This can be totally accounted for 'y the
5-HT recovered from the zymogen granule fraction of.the cells (10.70
+ 3.06 ng/unit of amylase).

Pancreatic acinar cells can decarboxylate L-5-HTP and L-DOPA to

form 5-HT and DX. DOPA/5-HTP decarboxylase in acinar cells is

located ‘in the cytosolic fraction and is stereospecific for L-isomers.

Of the five aromatic amino acids tested, only L-DOPA and L-5HTP

Both L-DOPA and L-5-HTP -compete with each other for

decarboxylation, and both decarboxylations are inhibited by NSD-1055.

The IC,'s for decarboxylation of L-DOPA (7.0 X 1079M) and L-5-HTP

50
(3.5 X 107°M) under identical conditions differ by less than one order

R
of magnitude.

4. Conversion of DA to NA is not detected in acinar cells, nor was there

&0

()

"extragranular 5-HT. ) ‘ ' ' ¢ ‘

any detectable decarboxyiétion of the amino acids L-p-tyrosine,
L-tryptophan and “L-histidine. a
Whén incubated with [(14C] 5-HT, dispersed acinar cells take up the

@

amine and concentrate it in zymogen granules. These cells can also
>

take up ¢y 5-HTP, decarboxylate it and store the 4C)5-HT in

zymogen granules. 5-HTP itself is not taken up by the granules.

5-HT within the zymogen granule is not exchangeable with

r

When tissue slices from perotid gland were ifcubated with 5-HT the

amine* was not incorporated into zymogen granule, nor was ‘5-HTP.
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decarboxylated to form 5-HT. . )
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8. When dispersed acinar cells, prelabelléd with (14C}5-HT and

[3H] Leucine, are stimulated with caerulein, [14C] 5-HT, [3H] protein

o

and amylase aém are secreted synchronously. The ratio of

;[3H] brotein/[MC] 5-HT in zymogen g;-aqul‘es and in secretory product
‘are identical. - . )

. v .
.9, Pancreas acinar cells take up L-DOPA, decarboxylate it and store the

’

dopémine produced in zymééen granules, but the amine is riot retained
by the granules (half life approximately 90 minutes), and dopamine

-"‘ seg:retion from cells incubated with caerulein could not be
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