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ABSTRACT:

The digestive tract of the Atlantic salmon, Salmo salar L., was studied on a histological and an
ultrastructural basis and was found to be fairly similar to the digestive tract of the rainbow trout,
Oncorhynchus mykiss. Endocrine cells containing granules, hypothetically with a cholecystokinin-
like (CCK-like) hormone, were identified in the pyloric caecal region of the intestine. Supportive
evidence is presented for the hypothesis that digestive enzymes from the pancreatic tissue are
conveyed by many small ducts into the pyloric caeca and the pyloric caecal region of the

intestinal wall.

Pepsinogen was found to be stored in the oxynticopeptic cells of the stomach glands, in the
cardiac- and the transitional area of the stomach. The number of oxynticopeptic cells were
gradually reduced in the caudal direction in the transitional area. The results support the
hypothesis that pepsinogens have not undergone much change during vertebrate evolution.
Trypsinogen and chymotrypsinogen were found to be stored in the secretory granules of the

acinar cells, which were embedded in the fatty tissue surrounding the pyloric caeca.

Optimal assay conditions, and optimal processing and storage of samples for pepsin, trypsin and
chymotrypsin analysis were determined. These enzymes were found to follow the kinetics of

single substrate reactions.

Purified, natural, porcine CCK, sulphated, stimulated the secretion of trypsinogen and
chymotrypsinogen both in vivo and in vitro. The effect of the CCK was found to be temperature
dependent in vivo. It was also found to cause the discharge of the gallbladder in vivo. These
findings support the hypothesis that the CCK-like peptides were established early in the evolution

of vertebrates.

Starvation for 2 days resulted in a slight increase of the stored pepsinogen, trypsinogen and
chymotrypsinogen, but no reduction in these activities was found after at least 16 days.
Starvation caused a drastic reduction of secreted trypsin and chymotrypsin activities to a
minimum within 16 days, but not in secreted pepsin activity, which remained roughly the same.

Ingested food stimulated immediate secretion and resynthesis of pepsinogen. Digesta from the
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stomach entering the pyloric caecal region of the intestine stimulated secretion of trypsinogen
and chymotrypsinogen, caused the discharge of the gallbladder and probably peristalsis of the
intestine, since trypsin and chymotrypsin activities appeared in all parts of the intestinal lumen
at the same time. The relevance of these results for the identification of a CCK-like hormone is
reviewed. The results may suggest that the pancreas secretion is under a feedback control. The
intestinal lumen as well as the pancreas appear to be under a strict homeostatic control with

regard to its content of trypsin and chymotrypsin.

The arrest of growth of the lower modal group (LMG) fish during their first winter was not
caused by a lack of digestive capacity, since quantities of pepsin, trypsin and chymotrypsin were
no less than in the upper modal group (UMG) fish. A challenge with a pureified, natural, porcine
CCK, sulphated, demonstrated that the pancreas of both groups was able to secrete both
trypsinogen and chymotrypsinogen. The response to starvation and the response to CCK
demonstrated that the stomach mucosa and the pancreas were secreting pepsinogen, trypsinogen
and chymotrypsinogen more actively, in the UMG fish than in the LMG fish. This was also
reflected in greater feeding activity of the UMG fish, which contained greater amounts of
stomach digesta during the winter months. The suppression of appetite and the thresholds of

response to plasma thyroxine in the LMG are reviewed.
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Chapter I.

General introduction.

1. The biology of the Atlantic salmon.

The Atlantic salmon (Salmo salar L.) is a member of the Protacanthopterygii, one of the
most primitive superorders of the teleosts, which is mainly made up of the family
Salmonidae. This family contains the Salmoninae (the Atlantic and Pacific salmon, the
trout and the charr), the Thymallinae (the grayling) and the Coregoninae (the whitefishes;
Norden, 1961). The Atantic salmon’s habitat is the Northern Atlantic and the Baltic seas
and most rivers flowing into these (MacCrimmon and Gots, 1979). It is an anadromous
animal, reproducing in freshwater with subsequent feeding and growth of the new

generation occurring in the sea.

Spawning occurs in late autumn or winter, i.e. from November to February, the salmon
preferring a clean, silt-free, acrated gravel for their redds. Size distribution of the gravel
has been found to vary greatly, but more than 20 % of sand caused a low permeability,
i.e. water flowing through the redd (Peterson, 1978). A minimal permeability (1 m/h)
appears to be necessary for successful emergence of fry (/bid.). Spawning salmon appear
to prefer certain water velocities and depths (Beland et al., 1982). A relationship between
the fork length of the salmon and the number of eggs produced has been found (Pope et
al., 1961). Females which had developed more rapidlly in fresh water produce more but
smaller eggs at any given body size, than slower developers (Thorpe et al., 1984). Almost
no males and only a small proportion of the females survive spawning. Surviving females

can return to spawn a second time.

The eggs, buried in the gravel, hatch in March / April, 2-5 months after laying of the
eggs, depending on the water temperature. Large eggs result in large first-feeding fry, but
this size advantage is not necessarily maintained (Thorpe et al., 1984).



In northern countries and in high altitude streams, the water temperature appears to be the
most decisive factor in salmon survival. Low water temperature may inhibit the
development of the egg and delay the hatch of alevins. This in turn shortens the feeding
time before winter, when feeding stops (Niemela et al., 1985). In countries further south,
low pH values and high concentrations of suspended solids are probably the factors

limiting egg survival.

The alevins, ca. 2 cm long, possess a large yolk sac. Their movements in the gravel are
guided by photokinesis and geo-and rheotaxes (Dill, 1969, 1977; Brannon, 1965, 1972;
Mason, 1976), being first downwards and then upwards. When the fish have emerged
from the gravel, their yolk sac has been absorbed and they are ready to start feeding.
These are now known as fry. Through positive thigmotaxis and positive rheotaxis the fry

are able to keep their location in the river.

The fry are subject to high mortality rates in the first week after hatching, caused by
starvation, predation and competition for territories, and these decide the carrying capacity
of the stream (Mills, 1964, 1965, 1969a, 1969b; Egglishaw and Schackley, 1977, 1980).
When the fry have reached a fork length of ca. 6.5 to 7.0 cm, they develop dark blotches
along their sides, the parr marks. They are now known as parr. The fry stage ends after
dispersal from the redd (Allan and Ritter, 1975).

Young salmon are territorial (Kalleberg, 1958; Keenleyside and Yamamoto, 1962; Ledniz,
1988). The density of the fry and the parr in the stream depends on this territoriality and
on water temperature, gross production of the stream, other fish species, stream bed

stability, water depth and water velocity (Egglishaw and Schackley, 1982, 1985).

The juvenile salmon selects areas of bed where at least 10 % of the substrate is of particle
size greater than 10 cm (Gray et al., 1986), in streams of moderate size (Kennedy, 1984).
They prefer a riffle habitat in summer, but move into deeper water in winter, when
feeding ceases. This movement appears to be temperature-dependent (Allen, 1940a, 1940b,
1941a, 1941b; Gardiner and Geddes, 1980; Gibson, 1978; Rimmer et al., 1984).



Growth of fry and parr has been found to take place from early April to October in the
River Eden, England (Allen, 1940a, 1941a). It is known that populations of juvenile
Atlantic salmon in their first year of growth develop a bimodal distribution with respect
to the fork length. The upper modal fish (which become S1 smolts) smoltify 1 year earlier
than the lower modal fish (which become S2 smolts). Lower modal group fish become
smolts in their 2nd to 4th year of life (Mills, 1989). The age of smolt migration increases
towards the north, and can become as high as 7 years (Dahl, 1910; Sgmme, 1941). This
is probably the result of a slower growth in the northern areas, caused by lower
temperature, but it has been hypothesised that a certain size threshold must be obtained
in the spring, before migration can take place (Elson, 1957). Results showing that a higher
smolt rate is correlated with a higher growth rate in juvenile Atlantic salmon support this

hypothesis (Thorpe et al., 1980).

The proportion of juveniles becoming upper modal fish is determined mainly by
inheritance (Simpson and Thorpe, 1976). This is apparently caused by internal suppression
of appetite in the destined lower modal fish, commencing in midsummer and continuing
during the winter (Metcalfe et al., 1986). Factors in favour of growth will tend to increase
the proportion becoming upper modal fish, such as increased water flow (Ibid.) or
°Cxdaylight hours (Thorpe et al., 1989). Factors which decrease growth, such as crowding
(Simpson and Thorpe, 1976), tend to reduce the proportion ot: fish becoming upper modal.

Smoltification encompasses a number of changes, morphological, physiological and
behavioral, which occur whilst the fish is in fresh water, preadapting it for life in the sea
(Hoar, 1976). Smoltification is likely to be triggered when parr have reached a certain
size, towards the end of one growing season (Elson, 1957). Photoperiod is considered to
be the environmental cue, acting through the endocrine system, triggering the changes
which result in smoltification (Saunders and Sreedharan, 1977). The timing of migration
appears however to be mostly influenced by water temperature (Berry, 1932, 1933; Mills,
1964; Solomon, 1978; Einarsson, 1987), or by a combination of rate of increase in

temperature and absolute water temperature in spring (Jonsson and Ruud-Hansen, 1985).



Salmon usually spend 1 to 4 winters at sea before returning to their river to spawn. Those
which return from the sea after 1 winter are termed grilse. The way in which the salmon

finds its way back to its home river is reviewed by Mills (1989).

2. Feeding of salmon in the wild, in culture and in relation to the digestive enzymes.

In freshwater juvenile Atlantic salmon feed mainly on aquatic larvae of insects, while at
sea adults feed mainly on crustaceans and small fishes, such as herring, sprat, sand-eels,

capelin and small gadids (Whitehead et al., eds., 1986).

Salmonid fish show a high degree of prey selection based on body size (Ricker, 1932;
Allen, 1941a; Martin, 1952; Lindstrom, 1956; Nilsson, 1957, 1958; Zordidi, 1970; Metz,
1974; Moore and Moore, 1974). In the juvenile Atlantic salmon moth breadth and gill
raker spacing have been proposed as morphometric limitations to the range of prey sizes
available, which remains constant at 0.06 x fish fork length (Wankowski, 1979). This is
the upper size threshold since, from observations, salmon ingest prey whole and do not
bite pieces out of large items. Maximum breadth of prey animals have in various teleosts
been found to correspond closely to predator mouth breadth (Northcote, 1954; Lawrence,
1958; Yasuda, 1960; Okada and Taniguchi, 1971; Wong and Ward, 1972; Werner, 1974).
Gill raker spacing has been associated with minimum prey size in some fish (Nilsson,
1958, 1965; Ivlev, 1961; Luzanne, 1970; Nakamura, 1968). Abrupt lower prey size
threshold found in rainbow trout, Oncorhynchus mykiss, was however due to selection of
individual prey (Galbraith, 1967). A high degree of prey size selection exists within these

morphometrically determined limits.

Prey size of 0.025 x fish fork length elicited a maximum feeding and a maximum growth
response in the juvenile Atlantic salmon (Wankowski, 1979). A close correlation in the
pattern of prey size selection from laboratory work and in fish from natural environment
has been demonstrated (/bid.). Further studies demonstrated maximum growth of the
juveniles on particle diameters of 0.022 to 0.026 x fish fork length during spring
(Wankowski and Thorpe, 1979b). But a progressive decrease in mean relative prey size
from early summer to autumn has been found (/bid.; Allen, 1940a, 1940b, 1941a),

reflecting the animals reduced energy needs during falling water temperatures. It has also



been suggested that decreased food abundance in autumn leads to reduced specialisation
in feeding, i.e. a comparatively wider range of prey sizes (Wankowski, 1981).

Consumption and prey accessability may no longer be critical factors at this time of year.

Predator-prey models predict that successful predators are able to maximise their net
energy gain during predation (MacArthur and Pianka, 1966; Emlen, 1968; Pulliam, 1974).
The prey size reflecting the maximum feeding and growth in juvenie Atlantic salmon
gives probably the highest het energy gain during growth in early summer. Larger prey
is scarcer causing increased energy costs in search. Smaller prey costs proportionally more
in energy terms to catch. The optimal prey size with respect to the net energy gain of the

animal should be somewhere between these limits.

It is tempting to suggest that the selection of prey/particle size is a learned activity as
observations of alevin behaviour indicate that the capture of particulate material
irrespective of its size and composition is characteristic of the initial stages of feeding
(Allen, 1941a; Wankowski and Thorpe,1979b). In support of this view are studies done
on rainbow trout, where this animal acquired a "searching image", based on familiarity
with a prey item facilitating future searches for that prey (Ware, 1971). Wild Atlantic
salmon parr may possess a greater variety of prey searching images than do hatchery parr,
as a result of their more varied diet, but greater number of taxa have been identified in
wild parr stomachs than in hatchery parr (Sosiak et al., 1979). It was also suggested that
hatchery-reared parr feed less effectively than do wild parr, for at least 2 months after

release in streams (/bid.).

Juvenile salmon are territorial and feed while holding station in water current. In
salmonids feeding is accomplished by visual location of prey (Polyak, 1957; Ali, 1959;
Protasov, 1968; Ware, 1973; Wankowski, 1977). Prey can be substrate associated, drifting
on the water surface or drifting suspended. Atlantic salmon juveniles make use of all three
types of prey (Allen, 1941a, 1941b; Miiller, 1954; Thomas, 1962; Egglishaw, 1967), but
drift feeding was found to be the predominant method of food acqisition (Wankowski and
Thorpe, 1979a). The utilisation of drift prey is independent of local productivity and
eliminates the energy expenditure which results from the hunting and actively searching

for the prey (Schoener, 1969). Atlantic salmon juveniles sometimes avoided maintainance



of a station against a current flow by remaining in low-velocity conditions immediately
adjacent to areas of high-velocity and high drift abundance within which feeding took
place (Wankowski and Thorpe, 1979a), thus avoiding the high energy costs connected

with stations in high stream waters.

The maximum capture distance for the juveniles was linearly related to fish body length
(Ibid.) implying a close relationship with swimming ability (Bainbridge, 1958). Larger fish
were also found to keep a position in faster currents (Wankowski and Thorpe, 197%a),
which reflected greater food requirements. Th fish are thus segregated into different
territories with respect to size, which at least partially explains greatest aggression between
individuals of the same size (/bid.). The space within which a visul predator, such as the
Atlantic salmon responds to prey depends in the first instance of the maximum distance
at which the prey is detected. This distance is determined by the following:

i) Environmental factors such as light intensity (Hemmings, 1966; Protosov, 1968),
turbidity (Tyler and Preisendorfer, 1962; Moore and Moore, 1976) and the contrast of prey
and its background (Duntley, 1962; Hemmings, 1966).

if) The predators visual system, where the probability of detection is highest in the
binocular part of the visul field (Tamura, 1957; Hester, 1968).

iii) Prey characteristics such as size.

Atlantic salmon do not feed during night. Greatest appetite, swimming speed and food
intake is highest in early morning and evening (Hoar, 1942; Kadri et al, 1991).

Considerable depression in feeding activity occurs in early afternoon (Ibid.).

Appetite in salmonids has been found to depend on stomach fullness, which in turn
depended on the stomach evacuation rate and up to a certain temperature level, ca. 15 to
18 °C, the stomach evacuation rate was found to increase (Brett and Higgs, 1970; Brett,
1971; Elliot, 1975b; Doble and Eggers, 1978; Grove et al, 1978). It was also
demonstrated for rainbow trout that appetite depended on ingested calorific value rather
than the stomach fullness (Grove et al., 1978). A kaolin diluted food increased the feeding
rate and the stomach evacuation rate in this animal (/bid.). Pre-prandial starvation of
Atlantic salmon caused a larger test meal to be consumed (Talbot et al., 1984) further

aiding the hypothesis that food intake is dependent on the animals need for calories and



nutrition such as vitamins, essential amino- and fatty acids. Incoming nutrition is somehow
able to signal its presence to the feeding center in the animals hypothalamus, which

processes this information to ballance the feeding activity with its requirements.

No studies on the feeding of adult Atlantic salmon at sea have been undertaken with
regard to net energy acquisition through predation. It is however likely that the animals
behaviour at sea is directed towards a maximal net energy gain through this activity, just

as it is for the juveniles.

In aquaculture, the progress in feed formulation, feeding methods and management have
made it possible to realise more of the growth potential of the fish (Austreng et al., 1987).
These and other factors of genetic origin, are constantly increasing the growth potential

and growth rate of farmed salmonids such as the Norwegian ones (/bid.).

As a predator feeding on protein, i.e. a carnivore, the Atlantic salmon has a well
developed set of proteolytic digestive enzymes. Few studies have been done on the
relationship of feeding habits of fish with their composition of the digestive enzymes. In
a study done on some freshwater fishes (Hsu and Wu, 1979), it was found that carnivores
with shortest gut had highest pepsin level and lowest chymotrypsin level, while
microphages with longest gut had highest chymotrypsin level and no pepsin activity. The
herbivores had intermediate chymotrypin level, with intermediate gut length, but with no
pepsin activity. Pepsin activity is apparently related to predation. Increase in the
chymotrypsin activity of the herbivore- and the microphage fish, may supplement loss of
pepsin activity. These results however, do not confirm in this respect, i.e. increased
chymotrypsin activity for the herbivore- and the microphage fish, with results from
another study, where proteolytic activity in the digestive tract was related to the gut length
(inversely) and the feeding habits of the fish (Hofer and Schiemer, 1981). The
concentration of proteolytic activity was higher in carnivorous and omnivorous species
than in herbivorous species. Herbivorous species compensated lower concentration in
proteolytic activity with longer gut length, i.e. longer exposure time of ingested food to
digestive enzymes. These species have often lower digestion- and assimilation efficiencies
than carnivorous species (Fischer and Layokhnovich, 1973; Mironova, 1974; Moriarty and

Moriarty, 1973), which they compensate with greater intake of plant material, which has



a lower nutritive quality than nutrition from animals. Carnivorous species such as the
Atlantic salmon have specialised on fast and complete processing of their food, i.e. their
prey, as hunting takes time. Here proteolytic enzymes play a central role, where pepsin
activity in the stomach speeds up digeston. Herbivores on the other hand do not have to

hunt, so more time can be spent on feeding itself.

In aquaculture, Atlantic salmon is of great importance for countries such as Norway,
Scotland and Iceland. Feed and labour are the greatest running cost factors. Improving the
feed is of vital importance with respect to the economy of the aquaculture stations. Basic
knowledge on how this animal digests its food, with respect to digestive enzymes, is

needed, if the feed is to be improved.

3. The digestive enzymes pepsin, trypsin and chymotrypsin.

As the Atlantic salmon (Salmo salar L.) is a carnivorous species, the major aspect of its
digestion will be the breakdown of protein. This is achieved mainly by the following
proteolytic digestive enzymes: Pepsin in the stomach and trypsin and chymotrypsin in the
intestine. Pepsin from Atlantic slamon has been purified and characterised (Norris and
Elam, 1940). Trypsin and chymotrypsin activity has previously been identified in this
animal (Pringle et al., 1992). These are endopeptidases and convert most of the ingested
protein to smaller and soluble peptides. The peptides are in turn broken down to amino
acids by exopeptidases. The amino acids are absorbed by the intestinal epithelium and

enter the blood stream of the animal.

3.1. Endopeptidases of the stomach.

For most teleostei, pepsin is undoubtedly the major, if not the only endopeptidase in the
stomach. Pepsin is a proteinase of broad side chain specificity (Hill, 1965). It breaks the
bond between the dicarboxylic acid and the aromatic acid in the substrate. Pepsin splits
peptide bonds on the amino side of aromatic amino acids or other amino acids with bulky
side chains (Barrett, 1977). It is an aspartic proteinase, a class of endopeptidases active
at acid conditions. Chymosin, rennin, cathepsin D and E and some microbial proteinases

belong to this group (Gildberg, 1988). The active site of these enzymes contains two



aspartate residues. The one aspartate group makes a nucleophilic attack against the
carboxyl carbon of the peptide binding, while the other supplies a proton for the

"leaving" amide end of the polypeptide chain.

Only one isozyme of pepsinogen has been idntified in rainbow trout (Twining et al.,
1983), while one isozyme was found in the juveniles and two isozymes in the adult

salmon fish Oncorhynchus keta (Sinches-Chiang et al., 1987).

The aspartic proteinases are inhibited reversibly by the pentapeptide pepstatin, a very
specific inhibitor (/bid.). Pepstatin is probably a transition state analogue of the substrate
during peptic catalysis (Tang, 1976).

The presence of pepsin in fish stomachs is already well established. Pepsin has been
purified and characterised from various teleostei, such as the sardine (Noda and Murakami,
1981), the capelin (Gildberg and Raa, 1983) and the Atlantic cod (Brewer et al., 1984;
Haard, 1986; Martinez and Olsen, 1989). Gastric proteases have also been characterised
in the Greenland cod (Squires et al., 1986) and the Dover sole (Glass et al., 1989).

Pepsin has also been characterised in salmonids. As early as 1940, Norris and Elam had
purified pepsin by crystallisation from the Pacific Coast king salmon (Oncohrynchus
tschawytscha). Proteases from the rainbow trout stomach have been characterised
(Kitamikado and Tachino, 1960). Pepsinogen, the inactive precursor of pepsin, has also
been characterised in this fish (Twining et al., 1983) and the process of its activation
studied. The conversion of pepsinogen to pepsin occurs in the stomach lumen and is
known in mammals to be caused by acid or active pepsin (Stryer, 1981). It has been
shown that many fish secrete at least two pepsins with different pH optima (Noda and
Murakami, 1981; Gildberg and Raa, 1983; Martinez and Olsen, 1986). These pepsins are
usually referred to as Pepsin I (pH optimum 3-4 when assayed with hemoglobin) and

Pepsin II (pH optimum 2-3 when assayed with hemoglobin).

Partial purification of pepsins from the Pacific salmon (Oncorhynchus keta), revealed that
juveniles only contained pepsin II, whereas adult fish had both pepsin I and II (Sdnches-

Chiang et al., 1987). It was also shown for this anadromous fish that pepsin I was



activated by NaCl, whereas pepsin II was not. An interesting question arises, as to whether
smoltification of the Atlantic salmon triggers transcription of a new pepsin, which is salt

activated.

3.2. Endopeptidases of the intestine.

The endopeptidases of the intestine are trypsin, chymotrypsin and elastase. These are
secreted from the pancreatic tissue as their respective inactive zymogens and are activated
in the intestine by enterokinase and/or trypsin. These enzymes are closely related and have
probably evolved from a common ancestral enzyme (Stryer, 1981). These are serine

proteases.

At least 3 isozymes of trypsin have been identified and studied in the Atlantic salmon
(Torrissen and Torrissen, 1985; Torrissen, 1991; Torrissen and Shearer, 1992). Various
isozymic forms of chymotrypsin and elastase have not been identified in the Atlantic
salmon. Three isozymes of trypsin and 4 of chymotrypsin have been purified from
chinook salmon (Croston, 1965). Two pancreatic proelastases from the African lungfish

have been isolated and partially sequence analysed (de Haén and Gertler, 1974).

The following description of the active site and the substrate binding site is taken mainly
from Stryer (1981), reviews of serine proteases by Hess (1971) and by Kraut (1977) and
a review by Stroud (1974).

The active site comprises an "oxyanion hole", containing a serine residue and a proton
shuttle. The proton shuttle consists of a histidine (Schoellmann and Shaw, 1963; Ong et
al., 1965; Shaw et al., 1965; Smillie and Hartley, 1966; Shaw and Springhorn, 1967) and
an aspartic residue side chain (Stewart et al., 1963).

After binding of the substrate to the enzyme, the proton shuttle removes the proton from
the hydroxyl group of serine. The O- of the serine now makes a nucleopilic attack against
the carboxyl carbon of the peptide binding, while the proton shuttle supplies a proton for
the leaving amide end of the polypeptide chain. The carboxyl end of the polypeptide chain
is then cleared off, with the hydrolysis of one water molecule as a result.

Trypsin, chymotrypsin and elastase differ with respect to their substrate binding site and

hence their substrate specificity. The substrate binding site of trypsin contains an ionized
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carboxyl group from aspartate, and hence it cleaves the peptide chain on the carboxyl side
of basic amino acids, such as lysine and arginine.

The substrate binding site of chymotrypsin is uncharged, hence it cleaves the peptide chain
on the carboxyl side of amino acids with aromatic or bulky nonpolar side chains. The
specificity of elastase is directed towards the smaller uncharged side chains, as its

substrate binding site is mainly blocked by valine and threonine.

It is well established that trypsin and chymotrypsin are inhibited by the Bowman-Birk
inhibitor (Cohen et al., 1981; Birk, 1985; Hanlon and Liener, 1986). The soybean trypsin
inhibitor (SBTI) has been proven to be an inhibitor of trypsin from mammals, birds and
fish (Krogdahl and Holm, 1983) and a weak inhibitor of bovine chymotrypsin (Kunitz,
1947). SBTI has also been shown to inhibit tryptic activity in Chinook salmon (Croston,
1960).

Trypsin and chymotrypsin from various fish species have been inactivated by Na-p-tosyl-
L-lysine chloromethyl ketone (TLCK) and N-tosyl-L-phenylalanine chloromethyl ketone
(TPCK) respectively. Examples are trypsin and chymotrypsin from the Atlantic cod (Raae
and Walther, 1989), trypsin and chymotrypsin from anchovy (Martinez and Serra, 1989),
chymotrypsin from herring and capelin (Kalac, 1978b) and trypsin and chymotrypsin from
herring and capelin (Kalac, 1978a).

Trypsin and chymotrypsin are stored in the pancreas as their respective zymogens. These
are activated by enterokinase and/or trypsin upon entering the intestinal lumen. This

process of activation has been studied in the catfish (Yoshinaka et al., 1981b).

Trypsin, chymotrypsin and elastase have been purified and characterized from the Atlantic
cod (Raae and Walther, 1989) and from carp (Cohen et al., 1981). Trypsin from rainbow
trout (Genicot et al,, 1988) and from Chum salmon (Uchida et al., 1984 ) has been
purified and characterised. Proteases from the pyloric caeca of herring and capelin have
been partially purified and characterized (Kalac, 1978a), while two trypsin-like enzymes
from the pyloric caeca of the salmon Oncorhynchus keta have been purified and
characterised (Ushiyama, 1968). Three trypsin like enzymes have been identified in the

Atlantic salmon by electrophoretic zymograms (Torrisen and Torrisen, 1984). Trypsin was
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assayed with Na-benzoyl-DL-arginine p-nitroanilide (BApNA) as a substrate (Erlanger et
al., 1961), and chymotrypsin with N-succinyl-alanine-alanine-proline-phenylalanine p-

nitroanilide (SAAPPpNA) as a substrate (Del Mar et al., 1979).

Proelastase, the inactive precursor of elastase, has been purified and characterised, from
pig (Gertler and Birk, 1970), and elastase from the Atlantic cod (Gildberg and @verbg,
1990), and from catfish (Yoshinaka et al., 1982). The general pattern from these studies
is that the characteristics of these enzymes are roughly the same for all vertebrates. The
major difference between these enzymes from mammals and from fish, lies in the fact that
mammals are homeothermic and fish poikilothermic. The fish enzymes are adapted to a
colder environment, which is reflected in higher catalytic efficiency (k./K,,) at lower

temperatures, but faster inactivation at higher temperatures. k_,, is the turnover number of

cat
an enzyme, i.e. the number of substrate molecules converted into product per unit time,
when the enzyme is fully saturated with substrate. K, is the Michaelis constant, and is the
substrate concentration giving a reaction rate equal to half of the maximal reaction rate,
which in turn is at infinately high concentration of substrate, i.e. the saturatin of the
enzyme with the substrate. k_, reflects how fast the enzyme can work during saturation

of the substrate, and K,, represents the binding affinity of the enzyme overfor the

substrate.
4. Digestive physiology of teleostei.
4.1. Digestive physiology of the stomach.

The stomach mucosa secretes acid and pepsinogen, in response to ingested food. The same
cells, termed the oxynticopeptic cells, secrete both H* and pepsinogen in nonmammalian
species (Sedar, 1962; Smit, 1968; Helander, 1981). This had already been indicated by
histological studies (Weinreb and Bilstad, 1955; Western and Jennings, 1970; Yasutake
and Wales, 1983). These have been located by indirect immunofluorescence in the
stomach mucosa of the rainbow trout (Yasugi, 1988). Indirect immunofluorescence is
based on primary antibodies binding to the antigen and then secondary antibodies binding

to the primary antibody. The secondary antibody contains some detectable marker. The
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secretion is known in mammals to be triggered via neuronal and humoral mechanisms

(Bell et al., 1980).

Gastric acid secretion in the teleostei has mostly been studied in the Atlantic cod
(Holstein, 1975, 1976, 1977, 1979a, 1979b, 1982, 1983, Holstein and Cederberg, 1980;
Holstein and Humphrey, 1980). A summary of gastric acid secretion is given by Jonsson
and Holmgren (1989).

Gastrin (Little gastrins, gastrin-17: Gastrin II: Glu-Gly-Pro-Try-Met-Glu-Glu-Glu-Glu-Glu-
Ala-Tyr(SO,H)-Gly-Try-Met-Asp-Phe-NH,; gastrin I is identical, except it lacks the
sulphate group on the Tyr; Gregory et al., 1964. Big gastrin, gastrin-34, sulphated: Gln-
Leu-Gly-Leu-Gln-Gly-His-Pro-Pro-Leu-Val-Ala- Asp-Leu-Ala-Lys-Lys-Gln-Gly-Pro-Trp-
Met-Glu-Glu-Glu-Glu-Glu-Ala-Tyr(SO,H)-Gly-Trp-Met-Asp-Phe-NH,; gastrin-34 canalso
exist nonsulphated; Vigna, 1979) is known to be the humoral factor causing the secretion
of pepsinogen in mammals (Hirschowitz, 1984). Gastrin in mammals also causes
stimulation of gastric acid secretion, antral contraction, and the growth of the gastric
mucosa (Grossman, 1977). Pentagastrin (N-t-butyloxycarbonyl-g-Ala-Trp-Met-Asp-Phe-
NH,; Vigna and Gorbman, 1977), the active component of gastrin, has been found to
induce hypertrophy of the fundic mucosa in mammals and an increase in DNA, RNA and
protein synthesis; the variants of gastrin, G34 and G17 I (not sulphated) and II
(sulphated), have been shown to have similar actions (Johnson and Guthrie, 1976).
Sulphation of G17 had no significant effect on its trophic activity. The humoral factor(s)

responsible for these actions in fish has not been identified.

Gastrin (G; Sulphated: -Glu-Glu-Glu-Ala-Tyr(SO,;H)-Gly-Trp-Met-Asp-Phe-NH,. The
nonsulphated form is without the SO,H on the Tyr; Larsson and Rehfeld, 1977) and
cholecystokinin (CCK; Sulphated: -Asp-Arg-Asp-Tyr(SO,H)-Met-Gly-Trp-Met-Asp-Phe-
NH,; Ibid.) share a common pentapeptide sequence at the carboxyl end (-Gly-Trp-Met-
Asp-Phe-NH,; /bid.), containing the biological activity of the molecules, and this sequence
is very immunogenic (Nilsson and Holmgren, 1989). Immunocytochemical methods are
therefore unable to discern between G and CCK, hence the term G/CCK. G/CCK
immunoreactive cells have been reported in the antral mucosa of the stomach and the

intestine of the cod. The molecule causing G/CCK immunoreactivity is suggested to be
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a caerulein (Sulphated: Pyroglutamic acid-Gln-Asp-Tyr(SO,H)-Thr-Gly-Trp-Met-Asp-Phe-
NH,. Nonsulphated caerulein lacks the SO,H of Tyr; Ibid.) or caerulein-like peptide
(Larsson and Rehfeld, 1978). G/CCK like immunoreactivity has been reported in the
stomach mucosa of two teleostei, the perch and the catfish (Noaillac-Depeyre and
Hollande 1981). No G/CCK immunoreactivity was found in the stomach of the rainbow
trout (Holmgren et al., 1982), but endocrine cells showing G/CCK like immunoreactivity
were found in the lower part of the cardiac and in the pyloric stomach of the Atlantic cod
(Jonsson et al., 1987). Gastrin-related peptides have a weak inhibitory effect, if any, on
pepsin secretion (Holstein and Cederberg, 1986).

The humoral mediator of pepsin secretion in fish is presently not known. Serotonin, i.e.
5-hydroxytryptamine (5-HT), has been found to cause a secretion of pepsin in the Atlantic
. cod and it has been suggested that 5S-HT may be a physiological regulator of acid and
pepsin secretion in the teleostean fish (Holstein and Cederberg, 1984). The combined
effect of 5S-HT and histamine was found to produce a maximal effect.

Tachykinins, which are a family of peptides with widespread distribution in vertebrate
tissue (Erspamer, 1981; Pernow, 1983), have been found to be extremely powerful
pepsigogues, i.e. causing stimulation of pepsin secretion (Holstein and Cederberg, 1986).
Physalaemin (an amphibian tachykinin: Pyr-Ala-Asp-Pro-Asn-Lys-Phe-Tyr-Gly-Leu-Met-
NH,; Erspamer, 1981) and eledoisin (a molluscan tachykinin: Pyr-Pro-Ser-Lys-Asp-Ala-
Phe-Ile-Gly-Leu-Met-NH,; /bid.) were the most potent, but substance P (a member of this
family, found in the gut of mammals and fish: Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-
Leu-Met-NH,; Ibid.) and eledoisin-related peptide less so. It has been suggested (Ibid.),
that some tachikinins may be physiological stimulators of pepsin secretion and that the

effect of acid secretion results from activation of both stimulatory and inhibitory pathways.

Substance P has been suggested as a candidate gastrointestinal hormone, since elevation
of substance P immunoreactivity in the blood stream, following a protein meal or
bombesin (Pyr-Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH,; Melchiorri,
1978) infusion, has been demonstrated in dogs (Jaffe et al.,, 1982; Martensson, et al.,
1984). Bombesin is a potent gastrin-releasing agent in mammals, the gastrin in turn
stimulating pepsinogen and acid secretion (Walsh et al., 1981). Bombesin is known to

stimulate acid secretion in the Atlantic cod (Holstein and Humphrey, 1980).
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Substance P-like immunoreactivity has been found in the endocrine cells of the gastric
mucosa of the Rainbow trout (Holmgren et al., 1982). For various teleostei, substance P
has been found in the upper midgut or in the pyloric caeca, but not in the stomach
(Langer et al., 1979). Studies on gastrointestinal peptides in fish have been reviewed by
Holmgren et al., (1986).

Distension of the stomach has been found in the bluegill to cause both secretion of H* and
pepsin from its mucosa (Smit, 1967; Norris et al., 1973). The mechanism by which this

occurs in fish is not known.
4.2 Digestive physiology of the pancreas.

A thorough review of the exocrine pancreas in mammals has been provided by Go et al.

(1986).

Most teleostei, including salmonids, have a dispersed pancreas. In rainbow trout the
pancreatic tissue is spread over the surface of fatty tissue surrounding the pyloric caeca
(Weinreb and Bilstad, 1955; Yasutake and Wales, 1983).

The pancreas in mammals is known to secrete a cocktail of digestive enzymes, together
with water and electrolytes. The gut hormone secretin (His-Ser- Asp-Gly-Thr-Phe-Thr-Ser-
Glu-Leu-Ser-Arg-Leu-Arg-Asp-Ser-Ala-Arg-Leu-Gln-Arg-Leu-Leu-Gln-Gly-Leu-Val-NH,;
Bodansky et al., 1973b) causes the centroacinar and duct cells to secrete water and
electrolytes, containing bicarbonate anion, which neutralises the acid coming from the
stomach (Bell et al., 1980). Acetylcholine, released from the vagus, and cholecystokinin,
released from the anterior intestinal gut wall, upon food entering the intestine, stimulate
the pancreatic acinar cells to secrete digestive enzymes and the gallbladder to discharge
gall (/bid.). Duodenal acidification and intra arterial injection of CCK(8), sulphated, have
been found to increase gallbladder motility in the rainbow trout, Oncorhynhus mykiss
(Aldman et al., 1992). Trypsin and chymotrypsin are among the secreted enzymes. An

overview of pancreatic exocrine secretion on a cellular basis is given by Grossman (1984).

Not many studies have been made on secretion of digestive enzymes from the teleostean
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pancreas. Intestinal extracts from the river lamprey and the marine lamprey have been
found in mammals to cause an increase in the flow of pancreatic secretion, with an
increase in its protein concentration in the rat (Barrington and Dockray, 1970). Intestinal
extract from the eel has been found to cause a gallbladder contraction in vitro in the rabbit
and a pancreatic secretion of fluid and protein in the rat (Barrington and Dockray, 1972).
These studies have revealed that some factor(s), residing in the intestinal gut wall of these
fish, cause the secretion of digestive enzymes from the pancreas and the discharge of gall
from the gallbladder. Cholecystokinin octapeptide (CCK(8), sulphated: Asp-Tyr(SO,H)-
Met-Gly-Trp-Met-Asp-Phe-NH2; Vigna and Gorbman, 1977), caerulein and nonsulphated
caerulein (cholecystokinin analogues), have been found to stimulate secretion of lipase
from the pancreas in the killifish during in vivo conditions (Honkanen et al., 1988). This
study gives strong support to the hypothesis that a gut hormone, with a structure common
to CCK(8) or caerulein, probably sulphated, causes the secretion of digestive enzymes
from the teleostean pancreas. This secretion was not inhibited by atropine, indicating that

the hormones are acting directly on the exocrine pancreas in the killifish (/bid.).

Studies on various teleosts have revealed that sulphated cholecystokinin or cholecystokinin
octapeptide, sulphated and desulphated, caused a discharge of the gallbladder in the Coho
salmon (Vigna and Gorbman, 1977), the rainbow trout (Aldman and Holmgren, 1987,
Aldman er al., 1992) and the bluegill, killifish and bowfin (Rajjo et al., 1988a). Sulphation
of CCK or caerulein increased potency. These studies support the hypothesis that some
cholecystokinin-like hormone triggers the discharge of gall from the gallbladder. It has
been found for the Atlantic salmon, that food entering the intestine triggers the discharge
of gall from the gallbladder (Talbot and Higgins, 1982), presumably via some

cholecystokinin-like factor.

Many studies have been carried on the localisation of the various gut hormones in fish,
and a review on gastrointestinal peptides in fish has been published by Holmgren et al.

(1986).

The intestinal mucosa in the rainbow trout has been found to contain endocrine cells
reactive to G/CCK antiserum (Holmgren et al., 1982) and CCK-like immunoreactivity

extracted from the small intestine and the pyloric caeca of this fish exhibited marked
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molecular heterogeneity (Vigna et al., 1985). Gastrin/CCK immunoreactive endocrine cells
have also been found in the proximal part in the intestine of the Atlantic cod (Jonsson et
al., 1987). CCK immunostained cells were found in the anterior and midintestine of the
bowfin, a holostean fish, and in the anterior and the mid intestine and the pyloric caeca
of the bluegill, a teleostean fish (Rajjo et al., 1988b). Interestingly, the immunoreactive
cells were open in appearance, i.e. making contact with the gut lumen.

These studies support the hypothesis that CCK-like peptides, present in the proximal
intestinal gut wall, are released into the blood stream in response to food entering the

intestine and hence acting on the pancreas and the gallbladder.

In mammals, cholecystokinin, sulphated, is known to stimulate protein synthesis (Reggio
et al., 1971) and growth (Go, 1978) of the pancreas. The factors serving this role in fish

have not been identified.

5. Workplan.

Many studies have been undertaken on feeding of the Atlantic salmon (Hoar, 1942; Talbot
and Higgins, 1983; Talbot et al., 1984; Higgins, 1985; Usher et al., 1988; Usher et al.,
1990; Kadri et al., 1991; Carter et al., 1992), especially with respect to behaviour
(Metcalfe et al., 1986; Metcalfe et al., 1988; Metcalfe et al., 1992; Stradmeyer, 1992,
Erikson and Alanird, 1992; Holm, 1992). How well this animal utilises its food, i.e. the
weight gain in flesh per weight of consumed feed, is of vital importance for the
aquaculture industry. Progress in feed formulation, feeding method and management has
made it possible to realise more of the growth potential of the Atlantic salmon and the
rainbow trout (Austreng et al., 1987), but the growth potential and the growth rate of these
animals farmed in Norway are continuously increasing (/bid.). Obviously, digestion plays
a great part in the utilisation of ingested food. As the Atlantic salmon is a camivore, the
major component of its food will be protein. The first step in the digestion of protein is
executed by the endopeptidases of the gut, where pepsin, trypsin and chymotrypsin are the
most common. Few studies exist on digestive enzymes in fish, with respect to biology or

physiology. Hardly any such studies have been undertaken in the Atlantic salmon.

A systematic study on the histology and ultrastructure of the gut of the rainbow trout
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(Oncorhynchus mykiss) has been undertaken (Weinreb and Bilstad, 1955; Yasutake and
Wales, 1983; Ezeasor, 1978), but none on the Atlantic salmon. Species differences in this
respect, might exist between the rainbow trout and the Atlantic salmon. Such a study will
be appropriate in the beginning for the thesis work, as a basis for further studies.
Knowledge of the localisation of the oxynticopeptic cells of the stomach, which synthesise
pepsinogen, and the acinar cells of the pancreas, which synthesise trypsinogen and
chymotrypsinogen, is therefore a necessary basis for the experimental study of digestive

physiology. The localisation of endocrine cells is also of interest.

The main theme of this thesis will revolve around the enzymes pepsin, trypsin and
chymotrypsin, with respect to the biology and digestive physiology of the salmon. These
enzymes will be characterised biochemically and the validity of their assay methods tested
and improved if necessary, with respect to accuracy, precision and pH. Elastase will not
be included in this study. Elastase and other endopeptidases, apart from trypsin and
chymotrypsin, are generally either absent from fish alimentary canals (Nilsson and Fiange,
1970; Jany, 1976), or only found at low concentrations (Yoshinaka et al., 1978; Nilsson
and Finge, 1969; Buddington and Doroshov, 1986).

Pepsinogen has been localised in the rainbow trout (Yasugi et al., 1988) and trypsin and
chymotrypsin in the Atlantic cod (Overnell, 1973). A histological or an ultrastructural
study can not be taken as a definite proof of the localisation, with respect to storage of
pepsin, trypsin and chymotrypsin. Pepsin, trypsin and chymotrypsin will be localised on
a morphological and a cellular basis, and trypsin and chymotrypsin on an ultrastructural
basis. Pepsinogen will be localised with an immunocytochemical method, using a
monoclonal antibody. If CCK causes secretion of trypsin and chymotrypsin, it will be used

to localise the site of release of these enzymes on an ultrastructural basis.

Food in the stomach of teleostei probably stimulates secretion of pepsinogen via distension
of the stomach (Norris et al., 1973), where substance P is likely to play a role (Holmgren
et al., 1985). The secretion of trypsinogen and chymotrypsinogen in mammals is initiated
when food in the duodenum stimulates secretion of CCK from endocrine cells in the

duodenal mucosa (Dockray, 1989).
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The UMG fish is known to retain its appetite better into the autumn (Metcalfe et al.,
1986) and to have higher levels of food intake and growth during the winter months, than
the LMG fish (Higgins, 1985). How does pepsin, trypsin and chymotrypsin, stored and
secreted, conform with the intake of food in the upper and the lower modal fish during

the winter months?

The digestive tract of the Atlantic salmon will be studied with respect to histology and
ultrastructure with special emphasis on the localisation of oxynticopeptic-, acinar-and
endocrine cells (Chapter II).

Pepsin, trypsin and chymotrypsin will be studied with respect to kinetics, pH and substrate
specificity (Chapter III).

The role of CCK in the secretion of trypsin and chymotrypsin will be studied in vivo at
two temperature levels, and also by in vitro methods (Chapter IV).

The exact and definite localisation of pepsinogen, trypsinogen and chymotrypsinogen will
be found (Chapter V).

The synthesis and secretion of pepsin, trypsin and chymotrypsin and the discharge of the
gallbladder in response to food will be studied (Chapter VI).

The LMG and the UMG fish will be studied with respect to their feeding and their stored
and secreted pepsin, trypsin and chymotrypsin (Chapter VII).

19



Chapter II.

Morphology and ultrastructure of the digestive tract.

1. Introduction.

In this chapter a survey of the histology and the ultrastructure of the gut of the Atlantic
salmon will be undertaken to aid in the understanding of its function. The histology of the
digestive tract, with its related structures, has been described in the rainbow trout
(Oncorhynchus mykiss) by Weinreb and Bilstad (1955) and Yasutake and Wales (1983).
Ezeasor (1978) has also undertaken a histological and ultrastructural study of the gut of

this animal.

The ultrastructure of the gastric epithelium and the stomach glands in the perch (Perca
fluviatilis) has been described by Noaillac-Depeyre and Gas (1978). The exocrine pancreas
in the Atlantic salmon (Munro et al., 1984) and the intestinal absorptive cells in the
rainbow trout (Bauermaeister et al., 1979; Ezeasor and Stokoe, 1981) have also been

studied.

Pepsin is found in all vertebrates, except the stomachless fish (Vonk, 1937). It is known
to be in the stomach glands of teleostean fish (Kapoor et al., 1975). Pepsin has also been
shown to be in the stomach glands of rainbow trout (Yasugi et al., 1988). Trypsin has
been found in the pyloric caeca of rainbow trout (Stevens and McLeese, 1988) and the
pyloric caeca and intestine of the Atlantic salmon (Torrissen and Torrissen, 1985). The
main emphasis will therefore be on the tissues containing these enzymes, i.e. the stomach

glands and the pancreatic tissue with its ductal system.

In mammals endocrine cells located in the gut epithelium play a role in the control of
digestion. Gastrin and cholecystokinin are regulatory peptides, secreted by both neurons

and gastrointestinal endocrine cells, and play a role in the regulation of digestion.
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Endocrine cells showing gastrin-/cholecystokinin-like immunoreactivity (G/CCK-like IR),
have been demonstrated in the intestinal wall of the rainbow trout (Holmgren et al., 1982),
while no immunoreactivity was found in the stomach. CCK-li IR has been found in the
walls of, the antral region of the stomach and the intestine of the rainbow trout (Vigna et
al., 1985). G/CCK-li IR cells have been reported in the mucosa of the antral region of the
stomach and in the intestinal mucosa of the Atlantic cod (Larsson and Rehfeld, 1977). It
has also been reported in the lower part of the cardiac and the pyloric regions of the
stomach, and in the proximal part of the intestine (Jonsson et al., 1987). Endocrine cells
will therefore be localised, to shed some light on the possible role they may have in

digestion.

2. Materials and methods.

2.1. The fish.

The experimental animals were hatchery-reared fish from the River Almond and had been
kept on a commercial salmon food (Freshwater smolt 1, commercial pellets, size 3 mm,
BP Nutrition) in excess, ad libitum, at least 3 months prior to the experiment. They were

killed by a blow to the head.

The animals used for light microscopy (LM) and transmission electron microscopy (TEM)
were immature lower modal group fish in their 1st year, 13.5-14.5 cm in fork length (ca.
30-40 g fresh weight). The fish were starved for 15 days at 4.5-14.0 °C prior to sampling.
Sampling was executed at the end of September 1991 and 3 fish were sampled for the
LM-, and 4 fish were sampled for the TEM studies.

The two fish used for the scanning electron microscopic studies were upper modal in their
2nd year (post smolts), 29.1 and 29.5 cm in fork length (242.9 and 242.6 g fresh weight).
The fish were starved for 13 days at 4.5-12.8 °C prior to sampling. Sampling was executed
in April 1992.
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2.2. Light microscopic studies.

The fish were opened ventrally and the gut with the gallbladder was removed and put on
ice. Some digesta remained in the descending intestine. The gallbladder was extended and
dark green. Transverse sections of the gut, ca. 1.5 mm in width, were then removed with
scissors as follows:

i) Stomach, cardiac area: One specimen immediately posterior to the airbladder duct and
one specimen ca. one third from the transitional area (See Fig. 1).

i) Stomach, transitional area: One specimen from approximately the middle of this
region.

iii) Stomach, pyloric area: One specimen from approximately the middle of this region.

iv) Intestine, pyloric caecal region: One specimen from approximately the middle of this
region. This was a section going through the intestine, the pyloric caeca and surrounding
fatty tissue (See Fig. 1).

v) Mid-intestinal region: One specimen from approximately the middle of this region.

vi) Rectum: One specimen from approximately the middle of this region.

The specimens were immediately fixed in Bouins fluid at 0 °C and kept in the fixative for

3 days at 2-5 °C.

Dehydration, clearing and primary waxembedding was executed with a Histokine
Automatic Tissue Processor (2 L Processor Mk II), as follows:

1. 70, 70 and 90 % alcohol for 3 hrs each.

2. 8 % phenol and 95 % alcohol for 2 hrs.

3. Absolute alcohol I and II for 2 hrs each.

4. Histoclear I and II for 2 hrs and 1 hr respectively.

5. Paraffin wax(BDH: Prod. no. 361078 F) 1 and 2 at 56-60 °C for 3 hrs each.

Tissue specimens were finally embedded in a paraffin wax(BDH: Prod. no. 361078 F)
block at 56-60 °C and stored at 2-5 °C.

Specimens were sectioned (4-8 um). The slides were kept at 60 °C for 40 minutes and
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stained with haematoxylin and eosin (H and E). The staining procedure was modified from
Bancroft and Stevens (1990: pp. 109, 112 and 700) as follows:
1. Histoclear I for 10 minutes.
2. Absolute alcohol I for 3-5 minutes.
3. Sections to water through graded alcohols:
a. Absolute alcohol II for 3 minutes.
b. 90, 70, 50 and 30 % alcohol for 3 minutes each.
c. Distilled water for 3 minutes.
. Harris’s haematoxylin for 2 minutes.
. Wash in running water.
. Differentiate in acid alcohol; 3-4 dips.

. Wash in running water.

R N & W A

. Scott’s tap water until blue for 10-15 seconds.
9. Wash in running water.
10. Examination under the microscope: Nuclei should appear blue,
mucosa light blue and muscle transparent.
11. Differentiate nuclear stain further if necessary: Into haematoxylin,
if the stain is too weak or into acid alcohol if the stain is too strong.
12. Counterstain in Putt’s eosin for 4 minutes.
13. Differentiate in running water.
14. Examination under the microscope if necessary: Muscle and mucosa should
appear fairly red.
15. Differentiate further if necessary: Into water, if the stain is too strong, or into
Putt’s eosin if the stain is too weak.
16. Sections dehydrated through graded alcohols:
a. 30 % alcohol for 10 seconds.
b. 50 % alcohol for 20 seconds.
c. 70 and 90 % alcohol for 30 seconds each.
d. Absolute alcohol III for 30 seconds.
17. Histoclear II for 5 minutes.
18. Histoclear III for 5 minutes.
19. Sections mounted with DPXmountant (BDH: Prod. no. 36029).
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Slides were left for 3 days and then photographed on Fujicolor DXfilm, 160 ASA.

2.3. Transmission electron microscopic studies.

The protocol for the specimen sampling was identical to the one used for light
microscopic studies
(See section 2.2. i-vi), except for the pyloric caecal region, which was sampled as follows:
Three specimens were taken from this region:

1. Pancreatic tissue and pyloric caecal fat. This was gently scraped off

the gut wall and the pyloric caeca.

2. Pyloric caeca, a transverse section. All fat was carefully cleaned away.

3. Intestinal wall, a transverse section. All fat was carefully cleaned away.

The fixation procedures, dehydration, embedding and sectioning were adapted from Hayat,
(1989).

After removal from the gut , the specimens were fixed at 0 °C, for 2 hrs. The fixative

solution was made up as follows:

25 % glutaraldehyde (Sigma: G-5882) 10 ml
0.2 M phosphate buffer, pH = 7.4 50 ml
0.1 % calcium chloride 2 ml
distilled water 38 ml
sucrose lg

Osmolarity of this solution was 300 mOsm.

The phosphate buffer was made up as follows:
0.2 M KH,PO...ocoinirnrincrinccsnsrisenessenies 19 ml.
0.2 M Na,HPO,.....cccceirirrncrinirenccsisieienssessisnsnene 81 ml.

The specimens were trimmed to a diameter of less than 1 mm in the fixative solution

(the prefixsoln) and left at O °C for 2-3 hrs. These were then washed overnight at 2-5 °C
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in a buffer rinse solution made up as follows:

0.2 M phosphate buffer, pH = 7.4 50 ml

0.1 % calcium chloride 2 ml
distilled water 48 ml
sucrose lg

After the rinse was changed 3 times, 5 minutes each, the specimens were postfixed for 1
hr in a solution comprising equal volumes of 2 % OsO, (in distilled water) and the buffer

rinse. After this the following procedure for the specimens was executed:

. Distilled water, 3x10 minutes.

. 0.5 % uranyl acetate, 1 hour in the dark.

. Quick rinse in distilled water.

. 30, 50 and 70 % alcohol, 2x5 minutes each.

. 1 % p-phenylenediamine in 70 % alcohol, for 1 hour under rotation .
. 70 and 90 % alcohol, 2x5 minutes each.

. Absolute alcohol, 3x10 minutes.

. Dried absolute alcohol, 2x10 minutes.

O X NN AW N =

. Epoxypropane, 3x5 minutes.

10. 1:1 araldite embedding mixture: epoxy propane, under rotation overnight.

11. Araldite embedding mixture under vacuum for 2 hrs and then rotation for 5 hours.
12. Araldite vacuum embed for 4 hours.

13. Polymerise at 60 °C for 48 hours.
The embedded samples were left for ca. 24 hours after the polymerisation. Sections (80-
100 nm) were cut with a glass knife on an ultra microtome (Reichart OME 3) and

mounted on grids coated with 1 % formvar (Agar Scientific: Prod. no. R 1202).

The sections were stained as follows:

1. 2 % methanolic uranyl acetate in the dark < 5 minutes
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2. Distilled water 1x30 seconds
3. Distilled water, gentle agitation 3x10 seconds
4. 0.02 N NaOH 1x30 seconds
5. Reynold’s lead citrate in a Na OH chamber < 5 minutes
6. 0.02 N NaOH 1x30 seconds
7. Distilled water 1x30 seconds
8. Distilled water, gentle agitation 3x10 seconds

After the staining, the grids were dried and the sections examined in a transmission

electron microscope (Zeiss 902). Photographs were taken using Agfa Scientia: 23D56 film.
2.4. Scanning electron microscopic studies.

The fish were opened ventrally and transverse sections of 4-5 mm were removed from the
pyloric caeca and the intestinal wall in the pyloric caecal region of the intestine (See Fig.
1). The tube-like specimens were placed in 0.2 M phosphate buffer, pH = 7.4 and opened
by a single longitudinal incision. They were then pinned down on a piece of a cork with
the luminal side uppermost. The pyloric caeca was jet washed 10 times and the intestinal

wall 20 times with the phosphate buffer, from a 1ml pipette.

The specimens were then fixed, post fixed, stained with uranyl acetate and quickly rinsed
in distilled water, as in the transmission electron microscopic studies (See section 2.3.).
The dehydration was done with 30, 50, 70 and 90 % acetone, 2x5 minutes each, and
subsequently 100 % and 100 % dried acetone, 2x10 minutes each. Specimens were now
processed according to the criticl point drying method (Anderson, 1951) as described by
Hayat (1978) and stored desiccated.

The specimens were mounted with carbon tape on aluminium stubs. The carbon tape was
covered with a conductive silver paint. Finally the specimens were gold coated by
sputtering (Polaron E 5000 sputtercoater) for 30 minutes. The specimens were then
examined with a scanning electron microscope (Philips SEM 500) and photographed with
Kodak Plus-Xfilm.
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3.Results.

The gross anatomy of the salmon gut is displayed in Figure 1 (a). The terminology
presented in Figure 1 (b) is similar to that presented by Weinreb and Bilstad (1955).

3.1. The cardiac and the transitional area.

The cardiac area, stretching from the airbladder duct to the transitional area, contains the
mucosa, with its surface epithelium and its stomach glands, the submucosa, the muscularis
externa and serosa (Fig. 2 (a) and 2 (b)). The submucosa became less prominent as one
moved down the cardiac area and the primary folds become more prominent and the
stomach glands occupy a proportionally greater area. The gastric pits lead from the lumen
and frequently extend into one third of the mucosa. The stomach glands gradually
disappear in the transitional area (Fig. 2 (d)) and the stratum granulosum appears

somewhat thinner than in the cardiac area (Fig. 2 (c)).

The lumen of the cardiac area is covered by a tall columnar epithelium, with a poorly
developed apical brush border. Junctional complexes are frequently seen between the
columnar epithelial cells at the level of the terminal web. The terminal web is a
cytoskeletal network right basalt to the bruh border (Fig. 5(c)) giving mechanical strength
to the epitelial cells. This network is connected between cells at the desmosomes. The
epithelium of the gastric mucosa contains cells with numerous fine granules, which are
mainly situated on the basal laminal side of the nucleus. These cells are found throughout
the cardiac area of the stomach, but also in the pyloric area, where they are more frequent.
These cells are similar in appearance to the so called " type II endocrine cells " of rainbow

trout (Ezeasor, 1978) and the endocrine cells of perch (Noaillac-Depeyre and Gas, 1978).

The stomach glands are situated beneath the epithelium (Fig. 2 (a) and 2 (b)). These are
simple, sometimes branched tubular glands, and open into the gastric pits (Fig. 2 (c)). The
gland cells are situated radially around a narrow central lumen (Fig. 3). Their apical
surface contains scattered and sinusoidal microvilli. The apical cytoplasm of these cells

consists of a tubulovesicular network of smooth membranes, whereas the supra nuclear
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Figure 1: Gross anatomy of the gut of
the Atlantic salmon. (a) Overall view of
the gut and its related components, such

as the airbladder, gallbladder and
liver.






Figure 1: Gross anatomy of the gut of
the Atlantic salmon. (b) Schematic map
explaining the terminology of the gut.
EP oesophagus posterior; AD airbladder
duct; S stomach: CA cardiac area, TA
transitional area, PA pyloric area; PT
pancreatic tissue; PC pyloric caeca; I
intestine: AI ascending intestine (PCA
pyloric caecal region and MI mid
intestinal region) and DI descending
intestine (rectum).
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Figure 2: Sections from the cardiac and
transitional area of the stomach
(Haematoxylin and Eosin). (a) Transverse
section from the whole upper cardiac
area. Bar equals 200 pm. L lumen; PF
primary fold; GP gastric pits; E
epithelium; GG stomach glands; SM
submucosa; M muscularis externa; S
serosa. (b) Transverse section from the
whole lower cardiac area. Bar equals 200
pm. Abbreviations as for (a).






Figure 2: Sections from the cardiac and
transitional area of the stomach
(Haematoxylin and Eosin). (c) Section
showing the stomach glands in the
cardiac area. Note the apparent tubular
shape of the glands. Bar equals 30 pm.
GP gasric pits; E epithelium; GG stomach
glands; SG stratum granulosum; sC
stratum compactum.
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Figure 2: Sections from the cardiac and
transitional area of the stomach
(Haematoxylin and Eosin). (d) Section
from the transitional area of the
stomach. Note the disappearing stomach
glands and the thin stratum granulosum.
Bar equals 30 pm. GP gasric pits; E
epithelium; GG stomach glands; SG
stratum = granulosum; SC stratum
compactum; M muscularis externa.






Figure 3: T.E.M. section from the
cardiac area of the stomach; transverse
section from gastric gland. Bar equals
10 pum. L lumen; MV microvilli; TVN
tubulovesicular network; G granules; M
mitochondria; RER rough endoplasmic
reticulum. '







area, i.e. the area of the cytoplasm immediately on the luminal side of the nucleus,
contains round and electron dense granules and mitochondria. Frequently in this area, and

invariably in the basal cytoplasm, a rough endoplasmic reticulum is seen.

3.2. The pyloric area.

The pyloric area stretches from the transitional area to the pyloric sphincter. It is basically
similar to the cardiac area, except that it lacks stomach glands and the stratum granulosum
appears somewhat thinner (Fig. 4 (a) and 4 (b)). The muscularis circularis is also thicker.
Endocrine cells are found throughout this region. These are similar in appearance to those

of the cardiac area (See section 3.1.), but occur more frequently.

3.3. The intestine.

The pyloric caeca appear as a numerous finger-like projections from the pyloric caecal
region (Fig. 1), surrounded by fatty tissue. The walls of the caeca and the remaining part
of the intestine appear histologically fairly similar in structure (Fig. 5 (a) and 5 (b)). These
comprise mucosa, muscularis externa and serosa. The intestine lacks a true submucosa and
a muscularis mucosa. The mucosa is thrown into large primary folds. It is in turn
composed of an epithelium, stratum granulosum and stratum compactum. The epithelium
is tall columnar (Fig. 5 (c) and 5 (d)). In passing from the ascending to the descending
intestine, the following observations may be made:

i) The brush border becomes shorter: 2.89-3.16 um in length in the

ascending intetine and 0.79-1.45 yum in length in the descending intestine.

if) The smooth endoplasmic reticulum becomes finer: 0.53-1.46 ym appearing in

length in the ascending intetine and 0.09-0.39 ym appearing in length in

the descending intestine.

iii) The epithelial cells containing electron dense granules increase from being

nonexistent in the pyloric caecal region to becoming ca. 95-100 % in the rectum.

The granules within these cells also inceased, having an apparent diameter of

0.26-0.66 um in the mid-intetinal area and 0.46-2.51 um in the rectum (Fig. 5 (d)).
It is likely, that the electron dense granules (EDG) seen in Fig. 5 (c) are within a

secretory duct coming from the pancreatic tissue (See later), because epithelial cells in this
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Figure 4: Sections from the pyloric area
of the stomach. (Haematoxylin and
Eosin). (a) Transverse section through
the whole pyloric antrum. Bar equals 200
um. PF primary fold; M mucosa; SM
submucosa; ME muscularis externa; S
serosa.






Figure 4: Sections from the pyloric area
of the stomach. (Haematoxylin and
Eosin). (b) Section from the mucosa of
the pyloric area. Bar equals 30 pum. GP
gastric pit; E epithelium; PG pyloric
glands; SG stratum granulosum; SC
stratum compactum,






Figure 5: Sections from the intestine.
(a) Transverse section from the pyloric
caeca and the surrounding fat and
pancreatic tissue. (Haematoxylin and
Eosin). Bar equals 100 pum. PC pyloric
caeca; E epithelium; SG stratum
granulosum; M mucosa; ME muscularis
externa; PT pancreatic tissue; FC fat
cells; D duct; A arteriole.






Figure 5: Sections from the intestine.
(b) Section from the ascending
intestinal wall. (Haematoxylin and
Eosin). Bar equals 30 pm. E epithelium;
GC goblet cell; BM basement membrane; SG
stratum granulosum; sC stratum

compactum; ME muscularis externa; S
serosa. '






Figure 5: Sections from the intestine.
(c) T.E.M. section from the epithelium
of the pyloric caecal region. Bar equals
10 um. BB brush border; TW terminal web;
SMR smooth endoplasmic reticulum; GC
goblet cell; EDG electron dense
granules.
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Figure 5: Sections from the intestine.
(d) Section from the epithelium of the
rectum. Bar equals 10 pm. BB brush
border; TW terminal web; SMR smooth
endoplasmic reticulum; GC goblet cell;
EDG electron dense granules.
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area, i.e. the pyloric caecal area were not found to contain such electron dense granules.
Epithelial cells in the mid intestine were clearly observed to contain electron dense
granules. These cells are identical in appearance to comparable cells in the rectum (Fig.
5 (d)), but with fewer and smaller granules (See before). Goblet cells, frequently

discharging, were observed throughout the intestine.

Endocrine cells of a similar structure to the so called "type II endocrine cells" found in
the rainbow trout intestine (Ezeasor, 1978) were observed in the ascending intestine (Fig.
6 (a) and 6 (b)). These frequently occur in groups and appear to be more frequent in the
pyloric caecal region, where they are usually situated at the base of the intestinal folds.
These cells are long and thin and appear to stretch from the lumen down to the basal
lamina. They have long thin‘nuclei (Fig. 6 (a)), and have distinctive fine electron-dense
granules, which are invariably located on the basal laminar side of the nucleus (Fig. 6 (a)
and 6 (b)).

The muscularis is somewhat thinner in the pyloric caeca, than in the remaining part of the

intestine (Fig. 5 (a) and 5 (b)) and also thinner than in the stomach.

The luminal surface of the pyloric caecal region of the intestine is characterised by duct
openings of various sizes. These were observed on the primary folds of the pyloric caeca
(Fig. 7 (a)). These duct openings also occur on the primary folds in the intestinal wall in
the pyloric caecal region (Fig. 7 (b)) and were either seen as singular (Fig. 7 (b)), or

composed of 2 or 3 smaller openings.
3.4. Pancreatic tissue.

The pancreatic tissue can be seen as strands embedded in the fat surrounding the pyloric
caeca (Fig. 5 (a)). The tissue was occasionally observed as acini. The cytoplasm of the
haematoxylin and eosin stained pancreatic cells was seen to become somewhat brighter
towards the acinar lumen, i.e. the apical region, indicating the presence of secretory
granules. The typical pancreatic acinar cell could be described as follows: From the apical
region to the nucleus, numerous granules, condensing vacuoles and mitochondria were

observed (Fig. 9 (a)). The endoplasmic reticulum appeared vesicular here. Basally to the
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Figure 6: T.E.M. sections from the
epithelium of the intestinal mucosa in
the pyloric caecal region, showing
endocrine cells. (a) Section showing how
the granules are situated on the basal
laminal side of the nucleus. Bar equals
10 pm. L to lumen; N nuclei; G granules.
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Figure 6: T.E.M. sections from the
epithelium of the intestinal mucosa in
the pyloric caecal region, showing
endocrine cells. (b) Section showing the
cytoplasm of the endocrine cells packed
with granules, where it makes contact
with the lamina propria. Bar equals 10
pm. G granules; LP lamina propria; WL
wandering lymphocyte.






nucleus, the only structure observed was an extensive lamellar endoplasmic reticulum.
Occasionally, pancreatic acinar cells were encountered, where the endoplasmic reticulum

was thrown into extensive sheets and whorls and occupied the whole cytoplasm.

Ducts and arteries are frequently encountered in the strands of acinar cells embedded in
the fatty tissue surrounding the pyloric caeca (Fig. 5 (a)). Duct-like structures were also
observed, going from the pancreatic tissue into the muscularis of the pyloric caeca (Fig.
8 (b)) and also directly into the intestinal wall in the pyloric caecal region. The duct
openings observed on the luminal surface of the pyloric caeca (Fig. 7 (a)) and on the
luminal surface of the intestine in the pyloric caecal region (Fig. 7 (b)) are probably the

openings of these ducts.

Islets of Langerhans tissue (Brockmann bodies) are frequently seen scattered in the
pancreatic tissue
(Fig. 8 (a)). The islet cells have irregular nuclei and their cytoplasm contains electron

dense tiny granules (Fig. 9 (b)).

4. Discussion.
~ 4.1. The cardiac stomach and the transitional area.

The stomach epithelium is similar to the surface mucous cells found in the perch
(Noaillac-Depeyre and Gas, 1978). In the rainbow trout, stubby microvilli are found only
on the cell boundaries in the stomach epithelium (Ezeasor and Stokoe, 1980). In the
present study similar results to those found for the rainbow trout were observed: either
small and stubby microvilli, or none at all. The results suggest that véry limited absorption

of nutrients occurs in the stomach.

The mucous secreting cells in the epithelium of the cardiac area have the same appearance
as comparable cells described for the perch (Noaillac-Depeyre and Gas, 1978). The

absence of goblet cells in this area is in accordance with findings on pike (Bucke, 1971).

The existence of endocrine cells in the cardiac area confirms findings on the perch
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Figure 7: A scanning electron micrograph
of duct openings of the luminal surface
of the pyloric caecal area of the
intestine. (a) Duct openings on the
surface of the primary fold of a pyloric
caeca. Note the polygonal pattern on the
surface. Bar equals 30 pm.






Figure 7: A scanning electron micrograph
of duct openings of the luminal surface
of the pyloric caecal area of the
intestine. (b) Duct opening on the
surface of the intestinal wall lumen,
partially clogged by mucus. Bar equals 5
pm.






Figure 8: Sections from the pancreatic
tissue (Haematoxylin and Eosin). (a)
Pancreatic tissue containing Islet of
Langerhans. Bar equals 30 pum. IL islet
of Langerhans; PT pancreatic tissue; FC
fat cells.






Figure 8: Sections from the pancreatic
tissue (Haematoxylin and Eosin). (b)
Pancreatic duct. Bar equals 30 pum. PT
pancreatic tissue; PD pancreatic duct;
PC pyloric caeca.






Figure 9: T.E.M. sections from the
pancreatic tissue. (a) Exocrine
pancreatic cells. Bar equals 5 pm. N
nucleus; G granules; CV condensing
vacuoles; VSER vesicular smooth
endoplasmic reticulum; M mitochondria.
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Figure 9: T.E.M. sections from the
pancreatic tissue. (b) Endocrine
pancreatic cells (Islet of Langerhans
cells). Bar equals 10 pm. N nucleus; G
granules; EP exocrine pancreas.






(Noaillac-Depeyre and Gas, 1978). These cells are similar in structure to the so called "
type II endocrine cells" found in a comparable region in rainbow trout (Ezeasor, 1978).
Gastrin/CCK-like immunoreactive endocrine cells have been found in the lower part of

the cardiac area in the Atlantic cod (Jonsson et al., 1987).

The location and the characterisation of the stomach glands of the Atlantic salmon was
in good agreement with previous studies on rainbow trout (Weinreb and Bilstad, 1955;
Yasutake and Wales, 1983). These glands appear to be simple tubular, and open into the
gastric pits. The glandular tissue appears to increase as one goes from the anterior cardiac
area to the posterior cardiac area. This would predict that the highest stored pepsinogen

concentration would be in the posterior cardiac area, where the stomach is most extensible.

The transitional area shows the gradual disappearance and appearance of the characteristics
of the cardiac and the pyloric area respectively. These results were in good agreement with

findings on the rainbow trout (Weinreb and Bilstad, 1955).

The gland cells in the rainbow trout were found to be similar in appearance to the chief
cells in mammals (/bid.) and similar to those described for the king salmon (Greene,
1912). The glandular cells in the stomach of the teleost are thought to secrete both acid
and pepsinogen (Barrington, 1957; Iro, 1967; Smit, 1968). A histochemical demonstration
of hydrochloric acid in the gastric tubules of fingerling brown trout (Western and
Jennings, 1970) and ultrastructural studies of the gastric gland cells in the perch (Noaillac-
Depeyre and Gas, 1978) support this. The present study of the ultrastructure of the
stomach gland cells is also in good agreement with their description. These cells have the
structure of protein secreting cells: The rough endoplasmic reticulum is located basally and
at the level of the nucleus, whilst electron-dense granules are found in the supra nuclear
region of these cells. These granules are similar in structure and cytochemical properties
to the chief cell granules of mammals (Ibid.). They are probably the source of pepsin
activity in fish gastric juice (Norris and Mathies, 1953; Kitamikado and Tachino, 1960;
Kitamikado et al., 1965). The similarity of these cells to protein secreting cells, suggests
that the granules are being synthesised in the same manner as protein, and are being

secreted.
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The tubulovesicular network is found in the apical region of these cells. This is a well
developed network of smooth membranes. A similar system appears in the parietal cells
of mammals, but also in chloride cells of fish (Pilpott and Copeland, 1963). These
tubulovesicles are believed to migrate towards the apical cell surface, fuse with the apical
plasma membrane and release their acid into the gastric lumen, during acid secretion
(Noaillac-Depeyre and Gas, 1978). Stimulated gland cells in rainbow trout showed the
tubulovesicular system making contact with the luminal surface (Ezeasor, 1978). The
hypothesis that the gland cells of the teleostei stomach secrete both acid and pepsinogen
is well founded. The present results give support to this hypothesis.

The stomach can be regarded as a processing tank, where proteins are made accessible to
proteolytic breakdown by acid denaturation. Proteolytic breakdown commences in the
stomach. Stomachless fish are known to have a lower apparent K,, value for their trypsins,
than fish with a stomach (Hofer et al., 1975). The trypsins in the stomachless fish have
to attack native protein, in contrast to fish with a stomach. These enzymes must therefore
have a greater catalytic efficiency, which is partially reflected in a lower apparent K,,
value. The low pH of the stomach also serves as a defence mechanism against infection

(Barrington, 1942).
4.2. The pyloric area.

This area was found to be basically similar to the cardiac area of the stomach, except that
stomach glands are lacking and the muscularis circularis is thicker here, than in the cardiac
area. The thickening of the muscularis circularis reflects the role of this area, which is the

pumping of the chyme into the intestine.

The endocrine cells found here are similar in appearance to the so called "type II
endocrine cells", found in the comparable region of the rainbow trout (Ezeasor, 1978).
G/CCK-like IR endocrine cells have been found in the pyloric area of the Atlantic cod
(Jonsson, et al., 1987) and a CCK like immunoreactivity has been found in the pyloric

area of the rainbow trout (Vigna, et al., 1985).
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4.3. The intestine.

Apart from the goblet cells, the cells of the intestinal epithelium show morphological
characteristics of absorption, i.e. the microvillous brush border and smooth endoplasmic
reticulum in the apical cytoplasm. The pyloric caecal region of the intestine displays a
greater surface area, resulting from longer microvilli, and has more elaborate smooth
endoplasmic reticulum, than the descending intestine. This indicates greater absorption of

nutrients in this area.

The smooth endoplasmic reticulum plays a key role in lipid assimilation. Greater lipid
absorption was shown to be in the ascending intestine of the carp (Noaillac-Depeyre and
Gas, 1974). Lipid absorption has been studied in the pyloric caeca of the rainbow trout
(Bauermeister et al., 1979). Similar patterns emerged from these studies as for other
vertebrates (Trier and Rubin, 1965): free fatty alcohols and free fatty acids are absorbed
across the intestinal brush border and resynthesized into triacylglycerols in the smooth
endoplasmic reticulum. These are then transferred to and processed in the Golgi region

and finally discharged into the intercellular space.

Electron dense granules in the epithelial cells of the mid intestine and the rectum are
somewhat unexpected in fish starved for 15 days. The possible explanation is that this is
pinocytosed indigestible material in the feed, and some digestal remains were observed
in the descending intestine upon dissection of the fish. Pinocytosis of protein in the
descending intestine has been established in the goldfish (Gauthier and Landis, 1972) and
in the rainbow trout (Ezeasor and Stokoe, 1981). These granules may again be the result

of a progressive accumulation of undigested lipoid material (7bid.).

The finding of endocrine cells in the ascending intestine is in agreement with previous
findings in rainbow trout (Ezeasor, 1978). These cells were similar to the " type II
endocrine cells " found in the comparable area of this animal (/bid.), with two exceptions:
i) These cells were seen to make contact with the lumen. ii) The secretory granules of
these cells were invariably on the basal laminal side of the nucleus. If these cells are

comparable, then the effect of starvation might explain the slight difference in the location
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of the secretory granules. G/CCK-li IR endocrine cells have been found in the intestine
of the Atlantic cod (Jonsson et al., 1987) and the rainbow trout (Holmgren et al., 1982),
with a higher concentration of these cells in the ascending intestine, especially in the
pyloric caeca. This was in agreement with the present observations of endocrine cells in

the intestine. These appeared to be highest in number in the pyloric caecal region.

The stratum granulosum and stratum compactum layers are situated in the lamina propria

throughout the intestine as well as muscularis externa and the serosa.

4.4. The pancreatic tissue.

The histological structure of the pancreatic tissue is in fairly good agreement with previous
studies on pancreatic tissue in rainbow trout (Weinreb and Bilstad, 1955; Yasutake and
Wales, 1983). The presence of active and non active pancreatic cells was also observed.
These have previously been identified in the Atlantic salmon and called cells A and B,
respectively (Munro et al., 1984). An active cell (type A) has the typical appearance of
a protein-secreting cell. The electron dense granules probably contain the zymogens,
secreted by the pancreas. The increase of non active cells (type B) in the pancreatic tissue
of the Atlantic salmon, is known to be the first sign of exocrine pancreas disease of the

pancreas in this animal (/bid.).

Islets of Langerhans (The Brockmann bodies) are also frequently observed in the
pancreatic tissue. This is an endocrine tissue, and is found in all vertebrates, except the
cyclostomes and is generally recognised to produce the following hormones at least:
glucagon, insulin and islet hormone (Epple, 1969). Secretory granules were indeed
observed in the cells of this tissue. These granules probably contain some hormone(s), but
immunoreactivity to somatostatin, insulin and glucagon has been found in the Brockmann
bodies of the teleost species Carassius auratus, Salmo trutta, Oncorhynchus mykiss and

Gadus morhua (Jonsson, 1991).

The observation of many duct-like structures, passing from the pancreatic tissue into the
pyloric caeca or the intestinal wall of the pyloric caecal region, suggests the route taken

by the pancreatic zymogens. The frequent ductal openings found on the luminal surface
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of the pyloric caeca and intestinal wall of the pyloric caecal region support this
hypothesis. Peculiar electron dense granules, having the appearance of pancreatic zymogen
granules, were seen in the epithelium of the pyloric caeca. The epithelial cells in this
region do not appear to have granules of this kind in their apical cytoplasm. The possible
explanation is that these granules are within a small duct, leading from the pancreatic
tissue into the intestine. This possible duct may then be one of many of a similar structure
and may convey secretion from the pancreas and into the intestine. Weinreb and Bilstad
(1955) mention "the large pancreatic duct", giving an indication of a collective ductal
system in the rainbow trout. Munro et al. (1984) found the ductal system of the Atlantic
salmon to be collective, i.e. leading into a single large duct, which entered the duodenum
in close proximity to the bile duct. No results regarding this were however presented.
Yasutake and Wales (1983) present compelling evidence of tiny ducts, leading from the
pancreatic tissue into the pyloric caeca, in the rainbow trout. The possibility exists that the
ductal system in the Atlantic salmon comprises a collective system, draining into one

single duct, and also many smaller ducts entering the intestine directly.
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Chapter III.

Assay procedures for digestive enzymes,

1. Introduction.

The Atlantic salmon (Salmo salar) is a camivorous species, and its diet is therefore mainly
constituted of protein. Proteolytic enzymes play a major role in the necessary breakdown
of protein, before assimilation of amino acids and peptides can take place. These are
classified as endopeptidases (cleaving the protein chain into peptides and amino acids) and
exopeptidases (removing one amino acid at a time from either end of the chain).
Endopeptidases play a central role in initiating the breakdown of protein, i.e. turning these
into peptides, and solubilizing structural proteins. Pepsin is the major protease in the
stomach of mammals (Stryer, 1981). Peptic hydrolysis has been found to lead to a
significant change of the type of protein in the rainbow trout (Oncorhynchus mykiss) from
soluble polypeptides to di-and oligopeptides during intestinal digestion (Grabner and
Hofer, 1989). So there is little doubt that pepsin hydrolysis in the stomach aids intestinal
digestion. A study of proteolytic digestive enzymes from carnivorous (Silurus glanis L.),
herbivorous (Hypophthalmichthys molitrixVal.) and omnivorous (Cyprinus carpio L.) fish
found that in all three the largest part of the proteolytic enzymes in the intestine consisted
of seryl proteinases (Jénas et al., 1983). Of these trypsin, chymotrypsin and elastase are
regarded as by far the most common in mammals (Sryer, 1981). Elastase and other
endopeptidases, apart from trypsin and chymotrypsin, are generally either absent from fish
alimentary canals (Nilsson and Finge, 1970; Jany, 1976) or occurs at low concentrations
(Yoshinaka et al., 1978; Nilsson and Finge, 1969 ; Buddington and Doroshov, 1986). It
is obvious that trypsin and chymotrypsin are the major endopeptidases in fish intestine.
Pepsin in the stomach and trypsin and chymotrypsin in the intestine are the major
endopeptideses in mammals and probably also in fish. The optimalisation of the assays
and the identification of pepsin, trypsin and chymotrypsin comprises the contents of this

chapter.
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Substrate saturation of pepsin, trypsin and chymotrypsin will be studied, in order to find
an appropriate substrate concentration for the assays and to establish if these enzymes
follow single substrate Kinetics, i.e. if the Briggs and Haldane modification (Briggs and
Haldane, 1925) of the Michaelis Menten equation (Stryer, 1981) applies. If the Briggs and
Haldane modification applies, a direct linear relationship (Enzyme concentration =
constant x Rate) between enzyme activity, i.e. rate, and enzyme concentration, is valid

under the conditions of substrate saturation (Palmer, 1981).

Profiles of pepsin, trypsin and chymotrypsin activities, at varying pH, will be found, to
establish an optimal pH for the assays.

Pepstatin A is an effective inhibitor of aspartic proteinases, including pepsin (Gildberg,
1988). It is well established that trypsin and chymotrypsin are inhibited by the Bowman-
Birk inhibitor (Cohen et al., 1981; Birk, 1985; Hanlon and Liener, 1986). The soybean
trypsin inhibitor has been proven to be an inhibitor of trypsin from mammals, birds and
fish (Krogdahl and Holm, 1983) and a weak inhibitor of bovine chymotrypsin (Kunitz,
1947). SBTI has also been shown to inhibit tryptic activity in Chinook salmon (Croston,
1960). Trypsin and chymotrypsin from various fish species have been inactivated by
TLCK and TPCK respectively (specific inactivators for trypsin and chymotrypsin,
respectively). These include trypsin from the Atlantic cod (Raae and Walther, 1989),
trypsin from anchovy (Martinez and Serra, 1989) and chymotrypsin from herring and
capelin (Kalac, 1978b) as well as trypsin and chymotrypsin from herring (Kalac, 1978a).
These inhibitors and inactivators will be used to identify the pepsin, trypsin and

chymotrypsin activities.

In assaying an enzyme, one is always concerned with how specific the assay is, i.e. the
accuracy of the assay. The specificity of the substrates used for assaying pepsin, trypsin

and chymotrypsin towards their respective enzymes will be studied.

If pepsin was assayed with hemoglobin (Anson and Mirsky, 1932) cathepsin D, which is
the major lysosomal proteinase in fish muscle (Reddi et al., 1972), might be expected to
interfere with the assay in samples from homogenised stomachs. Neither pepstatin nor

diazoacetyl compounds could be used to differentiate between pepsin and cathepsin D,
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because of the relatedness of this enzyme to pepsin (See before). However, cathepsin D
from squid mantle muscle did not digest azocasein (Sakai-Susuki et al., 1983). Similar
results were obtained with enzyme extracts from crawfish waste, which showed no ability
in digesting casein at pH 4, although rapid tissue autolysis was detected at this pH (Chen
and Meyers, 1983). There are no apparent differences between cathepsin D from
invertebrates, fishes and mammals. Most data on the molecular properties and the catalytic
activity of cathepsin D are consistent regardless of the animal source (Gildberg, 1988). It
is therefore highly unlikely that cathepsin D from the Atlantic salmon will digest
azocasein. Trypsin will be assayed with BApNA as a substrate (Erlanger et al., 1961), and
chymotrypsin with SAAPPpNA as a substrate (Del Mar et al., 1979).

2. Materials and methods.
2.1 The kinetics of pepsin, trypsin and chymotrypsin activity.

An analysis of velocity data using Linweaver-Burk plots allows direct comparisons of

kinetic constants with data published elsewhere.

The experimental protocol and the preparation of the samples:

The experimental animals used were a mixture of lower-and upper modal fish from the
River Spey, fresh weight 9-33 g. The fish had been kept on a commercial salmon food
(See Chapter II, section 2.1.).

The fish were killed by a blow on the head, and thereafter all samples were kept on ice,
until frozen. The abdomen was opened ventrally and the stomach and intestine, together
with the fat surrounding the pyloric caeca, removed. The stomachs were sampled together
with their digesta and the remaining part of the gut was sampled as a whole. All samples
were frozen at-20 °C.

Samples from the stomachs were homogenised in an ice cold Johnson Lindsay-buffer
(Johnson and Lindsay, 1939), pH = 4.25 and 5 % CCl, (Hjelmeland and Raa, 1982).
Buffer volume was ca. 10xthe volume of the samples on a v/w (ml/g) basis. The final pH
was adjusted to pH = 4.25.

The samples from the intestine were homogenised in ice cold saline, 0.9 % NaCl, 20 mM

CaCl, (Del Mar et al., 1979) and 20 % CCl, (Hjelmeland and Raa, 1982). Buffer volume
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was ca. 15xthe volume of the CCl, on a v/v (ml/ml) basis.
All samples were left overnight at 2-5 °C and centrifuged at 9,000 g for 4 minutes. They

were kept on ice, and assayed as follows:
The pepsin assay:

Initial studies had shown the following, which gave guidelines for the assay:

Pepsin activity in the extract remains stable for 6 days at 2-5 °C and pH = 3.75. It should
be left overnight after the homogenisation, at these conditions, to secure full activation.
Freezing may reduce the pepsin activity by almost 7 %. The delta absorbance, i.e. the
difference in the absorbance values of the samples and the blanks, should never exceed
a value of 0.97, due to a deviation from linearity for the assay of pepsin as executed

below.

Pepsin activity was measured in the samples from the stomachs with azocasein as a
substrate (Charney and Tomarelli, 1947; Tomarelli et al., 1949; Brock et al., 1982). 200
M5 % (wiv) azocasein (Sigma: A 2765), dissolved in distilled water, was added to
Johnson Lindsay-buffer (Johnson and Lindsay, 1939), pH = 4.25. The supernatant added
was 200 1 and the buffer volume was adjusted to make the total volume of the incubation
mixture 1 ml, giving final azocasein concentrations of 0.00, 0.15, 0.29, 0.56, 1.00 and
1.67 % (w/v). Incubation time was 0.5, 2.0, 4.0 and 6.0 hours at 25 °C. The respective
reaction rates were calculated in milliunits (mU). One milliunit (mU) was defined as one
microgram of azocasein broken down in one hour. The reaction was stopped with 600 ul
of 20 % (w/v) TCA (trichloroacetic acid). The blanks were incubated with the TCA and
a pepstatin A concentration of 0.17 mM. The pepstatin A (Sigma: P 4265) was dissolved
in the buffer by stirring for ca. 2-4 hrs at room temperature and then aliquoted into the
incubation medium, and incubated with the stomach extract for 20 minutes at room
temperature, prior to the assay. After stopping the reaction, the incubation medium was
left for at least S0 min at room temperature and then centrifuged for 6 min at 9,000 g. 1ml
of NaOH was mixed with 1ml of the supernatant. The spectrophotometer was zeroed at
450 nm with 3.75 % (w/v) TCA. The initial reaction rate, V,, was found by a backward

extrapolation at 0.0 hours.
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The trypsin assay:

Initial studies had shown the following, which gave guidelines for the assay:

Trypsin activity in the extract remains stable for 4 days at 2-5 °C and pH ca. 7. It should
be left overnight after the homogenisation, at these conditions, to secure full activation.
Freezing may reduce the trypsin activity by almost 17 %. At 20 °C and pH ca. 7 trypsin
activity in the extract is reduced by less than 1 % over a period of S minutes. The delta
absorbance should never exceed a value of 0.21, due to deviation from linearity, for the

assay of trypsin as executed below.

The trypsin activity was measured in the samples from the intestine, with DL BApNA as
a substrate (Erlanger et al., 1961). The DLBApNA (Sigma: B 4875) was dissolved in
DMFA (dimethylformamide), with a resulting concentration of 12 mM. 200 ul of this
solution were mixed with 200 mM tris buffer (Fasman, ed., 1976), pH = 7.8, in the
cuvette at 25 °C. An aliquot of the sample supernatant, 100 ul, was added and mixed with
the buffer substrate solution. The volume of the buffer was adjusted to g<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>