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ABSTRACT

A study was carried out on the pancreatic islets in

rainbow trout, Salmo gairdneri Richardson, and also the

effects of zinc pollution upon insulin secretion in this
species.

In the first experiment, a histological study of the ..
pancreatic islets was done in which polypeptide hormone-
producing cells were localized, using immunocytochemical
staining techniques. Four different cell-types were identi-
fied in this manner. These were the insulin, somatostétin,
pancreatic polypeptide and glucagon/gastric inhibitory
polypeptide (GIP) cells. The glucagon/GIP cell was designated
thus as antisera to both hormoﬁes cross-reacted with a common
population of cells. A fifth cell-type, commonly referred
to as a clear cell, was also identified although its secretory
product is as yet undetermined.

The second experiment involved the localization of zinc .

within the pancreatic islets of Salmo gairdneri. Individual

fish were injected with 65Zn and the distribution of the iso-
tope within the islets was determined by autoradiography. It
was found that the insulin cells accumulated approximately
twice as much zinc per unit area as the rest of the islet
tissue. It is presumed that this zinc is involved with the
crystallization and storage of insulin within the insulin

cells.
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The third experiment'involved a study on the effects
of zinc upon carbohydrate metabolism and insulin secretion
in Salmo gairdneri. An LC50 study was first done to
determine the toXicity of zinc to this species in Vancouver

water. A 48-hour LC50 of 0.99 ppm of zinc was established.

50
and 0.56 ppm respectively. A 31-day exposure of Salmo

The upper and lower confidence 1limits of this LC were 1.73

gairdneri to water containing 0.081, 0.096, 0.352 and less
than 0.04 (control) ppm of zinc was then conducted. At all
the experimental concentrations of zinc, significant hyper-
glycemia resulted after one day of exposure. In fish
'exposed to 0.352 ppm of zinc this hyperglycemia persisted
until day 5 and was éccompanied by severe mortalities. Liver
giycogen and plasma insulin levels were monitoréd in the
control and the 0.352 ppm zinc groups. In the expefimental
group, there was a significant depletion of liver glycogen
on days 3 and 5. The levels then became significantly
higher than controls on day 9. vPlasma insulin levels were
significantly lower in the experimental group on days 2, 3
and 7 and only returned to control levels on da& 9. The
changes in carbohydrate metabolism and insulin levels are
discussed in relation to increased plasma corticosteroids

and catecholamines as a result of zinc-induced stress.
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GENERAL INTRODUCTION

Zinc is a naturally occurring trace metal in Canadian
freshwater and is also important in biological systems. It
is often found in elevated concentrations in waters adjacent
to stripmining and pulpmilling operations, resulting in
severe fish mortalities (Sprague et al., 1965). Consequently,
much research has been devoted to the toxic action of zinc
upon morphological and physiological parameters, utilizing

rainbow trout, Salmo gairdneri Richardson, as the test species

because of its sensitivity to zinc.

A primary physiological response of Salmo gairdneri to

zinc toxicity is stress-induced hyperglycemia (Watson 1975),
which may involve changes in plasma insulin, an'important
hormone in teleost carbohydrate metabolism (Ince and Thorpe
1977b) . These alterations in the levels of plasma insulin
may be due to the combined actions of other hormones, or to
the direct action of zinc upon the insulin cells, as it is
important in insulin storage in many vertebrates (Petkov 1970).
While assayable insulin has been found in the plasma of

Salmo gairdneri (Thorpe and Ince 1976), the localization of

the insulin cells and their requirements for zinc have not
yet been determined. Therefore, experiments were conducted
to determine a) the localization of insulin and other cell

types within the pancreatic islets of Salmo gairdneri, -




b) the presence of zinc within the insulin cells, and c) the -
effects of zinc-induced hyperglycemia stress upon insulin

secretion and glycogen metabolism in this species.



CHAPTER I

The immunocytochemical localization
of hormone-producing cells within the

pancreatic islets of

Salmo gairdneri Richardson



Introduction

Interest in the pancreatic islets of teleosts has
grown considerably in the last decade and there is now a
large body of literature on this subject (Brinn, 1973,
1975, Epple and Brinn, 1975, Epple and Lewis 1973, Johnson
et al., 1976, Klein and Lange 1977, Klein and Van Noorden
1978, Kobayashi et al., 1976, Lange et al., 1975 and Thomas
1970, 1975). In much of the early work, cell types were
identified according to their affinity for tinctorial
stains. In recent years however, many authors have relied
upon immunocytochemical techniques as the means of cell
identification (Johnson et al., 1976, Klein and Van Noorden
1978, Lange et al., 1975, Van Noorden and Patent 1978).

As a result, the identity of at least four cell types has
been confirmed. These are the insulin (B) cell, the
glucagon (o) cell, the somatostatin (D) cell and the
pancreatic polypeptide (F) cell. In comparison, the human
pancreatic islets are comprised of these same four cell
types.

Furthermore, a fifth cell type, designated as a clear
cell on account.of its appearance under the light microscope,
has been identified in teleosts by at least two laboratories
(Klein and Lange 1977, Kobayashi et al., 1976). Secretory
granules have been observed in these clear cells, although

their content is not known.



The pancreatic islets of the Rainbow Trout, Salmo
gairdneri (Richardson), have received only cursory atten-
tion in the literature to date (Brinn 1973, Epple and Brinn
1975) and their histology has not been studied.

The purpose of this study was to map the pancreatic

islets of Salmo gairdneri, using the best histological

techniques available. These included both tinctorial
stains which were noted for their affinity for individual
cell types, and the peroxidase anti-peroxidase (PAP) stain-

ing technique developed by Sternberger (1974).

Materials and Methods

Juvenile Rainbow and Steelhead Trout, Salmo gairdneri

(Richardson), obtained from the Abbotsford Hatchery, Abbotsford,
B. C., were maintained in 760-liter fibreglass tanks supplied
with dechlorinated tap‘water (6 - 12° C). The lighting was
adjusted to a natural photoperiod (Vancouver) and the fish

were fed ad libitum daily with Oregon Moist Pellets. Tissue

was collected by first stunning the fish (20 - 50 g) with a
blow to the head and then immediately removing the islet

organ and intestine.

Histology. Tissues were fixed in either Bouin's fluid,
" Bouin-Hollande solution or 3% Glutaraldehyde buffered with
0.1M cacodylate to pH 7.4. Bouin's and Bouin-Hollande-

fixed tissues were dehydrated in graded ethanols, cleared



in toluene and embedded in paraplast (56° C). Tissues

fixed in glutaraldehyde were dehydrated in graded ethanols,
cleared in absolute ethanol and embedded in Spurr's low-
viscosity embedding media. The clearing stage which
normally employs propylene oxide was omitted, since this
solvent has been found to reduce subsequent immunoreactivity
of fixed endocrine tissue to specific antibodies (VanNoorden
and Pearse 1974). Paraplast-embedded -tissue was sectioned
on a rotary microtome (4 u) whereas Spurr's embedded tissue
was sectioned on an LKB Ultramicrotome (0.5 u). All
sections were mounted on gelatinized glass slides. Prior

to staining, paraplast embedded sections were dewaxed in
toluene ana réhydrated. Sections embedded in Spurr's

media were also rehydrated after removing the resin with
sodium methoxide according to Mayoret al., -1961).

Islet tissue was stained for insulin cells with aldehyde
fuchsin following permanganate oxidation (Scott 1952), for
glucagon cells by Grimelius' (1968) silver impregnation
technique and fbr somatostatin cells by the silver impregna-
tion procedufe described by Hellman and Hellerstrom (1960).
Following the staining procedures, all slides were dehydrated,
cleared in toluéne and mounted under glass coverslips with

permount (Fisher Sc. Co,)}.



Immunocytochemis try

Islet organs from both rainbow and steelhead trout were
stained according to the PAP immunocytochemical technique of
Sternberger (1974) after the application of one of the
following primary antisera: guinea pig anti-porcine
insulin serum (GP-APIS, Dr. R. A. Pederson, U. B. C.),
rabbit anti-porcine glucagon serum (E-APGS, Dr. B. A.
McKeown, S. F. U.), rabbit anti-somatostatin serum (R-ASS,
Dr. C. McIntosh, U. B. C.), rabbit anti-porcine gastric
inhibitory polypeptide serum (R-APGIPS, Dr. J. C. Brown, -
U. B. C.) and rabbit anti-bovine pancreatic polypeptide
serum (R-ABPPS, Dr. R. E. Chance, Eli Lilly Labs Ltd.,
Indiana, U. S. A.). The dilutions of primary antisera used
(diluted with 0.15 M NaCl which contained 0.05 M Tris-HC1
buffer and 1% normal goat serum, pH 7.6) were GP-APIS
1/200, R-APGS 1/700, R-APGIPS 1/200, R-ASS 1/200 and
R-ABPPS 1/200. Antisera could generally be used at a much
higher dilutioh on Bouin's-fixed material than on glutar-
aldehyde-fixed material.

All primary antisera were applied overnight at 4° C.
Goat anti-rabbit gamma globulin serum was then applied
(1/10 dil. for 10 min. at 22° C) followed by rabbit peroxi-
dase anti-peroxidase seruﬁ (Miles Yeda, Ltd.) at a 1/50

dilution for 10 min. at 22° C.



After eaéh antiserum application, the slides were
washed for at least 10 minutes in Tris-buffered saline
(0.15 M NaCl containing 0.05 M Tris-HC1 buffer, pH 7.6).
The sites of peroxidase activity were then visualized by
transferring the slides to 0.01% HZOZ containing 0.025%
(W/V)- 3,3-diaminobenzidene (Graham an& Karnovsky, 1966).
The slides were then post-fixed in 0.1% 0504, washed
thoroughly in distilled water, dehydrated and mounted with
Permount (Fisher Sc. Co).

Several control procedures were carried out to confirm
the specificity of antibody binding. These includéd the
application of a non-immune serum as primary antiserum,
the omission of the primary antiserum step altogether and
the saturation of the primary antiserum with its comple-
ment antigen prior to application (saturation was always
carried out overnight at 4° C). Because glucagon and

GIP antisera have been shown to bind to and stain a common

cell type in the rat (Smith et al., 1977), additional control

procedures were carried out for the GIP antiserum, which has
been well characterized and found to be non-reactive with
glucagon under radioimmunoassay conditions (Brown, pers.
comm.). Individual aliquots of GIP antisera were saturated
with either glucagon (Sigma) or GIP (Dr. J. C. Brown).

To retard any molecular degradation of the glucagon and GIP
the diluent buffer contained 1200 K. I. U./ml. of Trasylol

(Boehringer Ingelheim Ltd.) and 0.05 M benzamidine (Sigma).



The saturation was carried out at 4° C for either four hours
or overnight. The saturated antisera were then applied to
tissue sections for one hour after which time the PAP pro-
cedure was followed. The application of the primary anti-
sera for only one hour was found to be a good alternative
to the overnight application. Non-saturated GIP antiserum
was also maintained at 4°.C alongside: the saturating anti-
sera. This served as aAcontrol-against'any potential
failure of the PAP technique.

All stained material was microphotographed (Carl

Zeiss, Photdmicroscope) using Kodak Panatomic X film.

Results

Some of the pancreatic islets of Salmo gairdneri were

found to be concentrated into an islet organ that is
located alongside the wall of the gall bladder. Other
islets'were also found in the curvature of the spleen,
dispersed in exocrine pancreatic tissue. The islet organ
consisted of several islets fused together and surrounded
by a capsule of exocrine pancreatic tissue. The most
conservative arrangement consisted of a single; large islet
surrounded by exocrine tissue. In this case there .was no
invasion and subsequent subdivision of the islet by exo-

crine tissue. In more extreme cases, the exocrine tissue
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had invaded the islet to such an extent that the latter
had been subdivided into its individual component islets.
The single, large islet arrangement was seen to predominate
in the smaller fish (< 30 grams) while the subdivided islet
arrangement was more prevalent in fish greater than 30

grams.

Histology. Aldehyde fuchsin was found consistently to be
the most reliable of the staining methods used. A large
number of insulin cells were revealed by this staining
method. These cells ﬁere arranged in simple aggregates or
in cords that varied in length. The insulin cells occurred
in most parts of the islet but were never found on the
extreme periphefy. Morphologically, fhe insulin cells

are elliptical in appearance and the nucleus is situated at the
pole distal to the capillaries. In glutaraldehyde-fixed,
resin-embedded tissue, the cells appeared quite granular.
The use of fresh paraldehyde in the preparation of the

stain was found to be essential for dense staining, thus
confirming Gairdner's (1969) recommendations.

The silver impregnation procedure of Grimelius (1968) -
was unreliable, but often revealed a population of cells.
Although these cells were not confirmed as being glucagon
cells (by staining the adjacent section using the PAP

technique) their pattern of distribution within the islet
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was similar to that of the glucagon cells. Material fixed
with glutaraldehyde and embedded in Spurr's media revealed
that these cells took up the stain in two different ways.
One group of cells stained a deep reddish;brown while the
second group exhibited granular black staining. The
reddish brown ceils_also appeared to Be the smaller of the
two types.

The silver impregnation procedure of Hellman and
Hellerstrom (1960) stained some cells.._However, their
numbers were fewer than the population bf_cells revealed
by the PAP technique using anti-somatostatin serum.

In all specimens that were examined, large numbers of
oval, cleér cells were obéerved. These cells generally
demonstrated no affinity for any stains. However they
were stained non-specifically by Grimelius's (1968)
technique, showing marked granulation. Individual large
granules appeared to be scattered sparsely ' throughout the
cytoplasm which may explain the general lack of affinity

of these cells for other stains. These cells appeared

larger and more prominent in steelhead than in rainbow trout.

Immunocytochemistry. The peroxidase-anti-peroxidase

technique (PAP) was found to be both specific and reliable
in its staining of individual cell types. Non—Specific

background staining, which inevitably resulted when testing



Figure 1.

A)

B)

'c)

D)

A portion of the islet tissue stained immuno-
cytochemically for insulin cells. Note that
the cells (dark staining) appear quite granu-
lar and occur in clusters or cords. Glutar-

aldehyde fixed, resin embedded. X350

A higher magnification of the islet tissue also
stained for .insulin cells. Tissue preparation

same as in "A". X560

Islet tissue stained immunocytochémically for
somatostatin cells. These cells form "halos"
inside of which insulin cells may be found.
All of the islet tissue is surrounded by exo-
crine (EX) tissue. Bouin's fixed, paraffin

embedded. X260

One isolated islet surrounded by exocrine (EX)
tissue and stained for somatostain cells. The
""halo" arrangement of the cells is evident
here. Insulin (I) cells are located within
the "halo". A vein (V) is situated in the
upper right corner. Tissue preparation same

as in "C". X450.
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a new primary antiserum, could be reduced, but not usually
eliminated, by diluting the antiserum. Pre-treating all
sections with undiluted normal goat serum, fer 10 minutes
at room temperature, also reduced background staining as
well as shortening the washing times of the slides. This
procedure apparently bleocks all non-specific binding sites
on the tissue sections to which the goat anti-rabbit gamma
globulin serum (secondary antiserum) tends to bind (Smith,
pers. comm.).

Anti-insulin serum reacted specifically with the alde-
hyde fucﬁsin positive cells. There was a high intensity of
staining in Bouin's fixed tissue and a complete absence of
background staining at even low dilutions. Lower dilutions
of antiserum were required in glutaraldehyde-fixed tissue
and the insulin cells appeared quite granular in such

material.(Figure 1a). Capillaries were more prevalent

amongst the insulin cells than any other cell type.

Staining with anti-somatostatin serum revealed a
population of cells that was always closely associated with
the insulin cells (Figs. 1C,D"). Each aggregate of insulin
cells was found to be surrounded by an intermittent 'halo®
of somatostatin cells. These cells were ellipsoidal in

shape, the nucleus situated at one pole while the other



Figure 2. A comparison of glucagon cells in the islet tissue

of Steelhead and Rainbow Trout.

A)

B)

C)

D)

A portion of Steelhead islet tissue stained
immunohistochemically for glucagon cells;
Although the cells appear to be randomly
scattered, they do form several circles in which
insulin and somatostatin cells may be found

(arrow). X370

A portion of Steelhead (> 30 g) islet tissue
into which there has been an invasion of exo-
crine tissue (EX). Note the large clear cells

containing a granular cytoplasm (arrow). X370

A portion of the islet tissue from Rainbow Trout
also stained for glucagon.cells. These cells
are similar in shape and distribution to the

Steelhead. (EX) Exocrine tissue. X370

Rainbow islet tissue stained for glucagon cells
and exhibiting large, distinctly granular clear
cells (arrow). At the base of the arrow are a
cluster of insulin cells surrounded by glucagon

and clear cells. X550

All tissue was glutaraldehyde fixed, resin embedded.
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pole tapered to a point.

Staining with anti-glucagon serum revealed a popula-
tion of cells that wasd confined to the periphery of the
islet. However periodically these cells were observed to
have invaded the centre of the islet (Figure 2B). The
glucagon cells were always found encircling groups of
insulin and somatostatin cells. As wasvobServed'with the
Grimeiius (1968) silver impregnation technique, use of the
PAP technique with anti-glucagon serum resulted in some .
cells staining more densely than others. There were very
few capillaries found amongst the glucagon cells.

Anti-GIP serum was found to cause staining in the
glucagon cells as well. Examination of serial sections
stained with antisera to glucagon and GIP, confirmed that
both of these antisera reacted with a common population of
cells (Figs. 3C,D).

Staining with anti-pancreatic polypeptide serum
revealed a very small population of cells (Figs. 3a,B).
These pancreatic polypeptide cells were found on the extreme
periphery of the islet, between the glucagon cells and the
connective tissue capsule. Here the cells formed a single
layer with periodic interruptions. Occasionally, these
cells were found invading the centre of the isiet, but not
to the extent observed for the glucagon cells.‘ The pancre-

atic polypeptide cells were irregular in shape and had many



l6a

Figure 3. A) Islet tissue stained immunocytochemically for
pancreatic polypeptide cells. The cells (dark
staining) are confined to thevislet periphery.
(EX) exocrine tissue. Glutaraldehyde fixed,

resin embedded. X175

B) Islet tissue stained for pancreatic polypeptide
cells. Note the granular nature of the dark
staining cells. Tissue preparation same as in

"A". X410

C) Islet tissue stained immunocytochemically for
glucagon cells.showing a siﬁgle islet, Bouin's

fixed, paraffin embedded. X365

D) Section'immediately adjacent to "C" and stained
immunocytochemically for GIP cells., Tissue

preparation same as in "C". X365
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cytoplasmic processes.

Although none of the antisera used reacted specifi-
cally with the clear cells, some non-specific staining
resulted after staining with anti-glucagon and anti-GIP
serum. Both of these antisera revealed a granular material
within the clear cells that was not evident in unstained
sections (Figs. 2B,D). The granular material was similar to
that revealed non-specifically by the Grimelius (1968)
silver impregnation technique. This non-specific staining
could be reduced, but - not eliminated, by diluting the anti-
serum further and it was only observed in glutaraldehyde
fixed, resin embedded material.

When standard control procedures were carried out,
negative staining resulted in all céses. When the GIP
antiserum was saturated with glucagon, negative staining
also resulted after either four hours of saturation or
overnight saturation. The control antiserum that was
treated similarly, but which did not receive any antigen,

demonstrated no deterioration.

Discussion

The islet organ of Salmo gairdneri consists of at

least four different endocrine cells, each of which

occupies a unique position within the islet. These are
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Figure 4. The fusion of individual pancreatic islets to form

the islet organ in Salmo gairdneri. The cell

types in each islet are distributed in an identical
fashion that is maintained upon their being inte-
grated into the islet organ. The distributive
pattern of each cell type was determined as a
result of extensive observations on several islet
organs. The frequencies of each cell type were
assessed subjectively and do not reflect actual
cell counts. The islet organ shown is representa-
tive of fish under 30 grams in which there has

been no invasion by exocrine tissue.
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the insulin cells, the glucagon /GIP cell, the stométostatin
cell and the pancreatic polypebtide cell. Although each
cell does in fact occupy a specific location in the islet
organ, at first glance this does not appear to be the case.
For example, the glucagon/GIP cells which are generally
peripherally located, frequently invade the centre of the
islet organ. Further microscopical observations revealed
that the islet organ actually consists of several individual
pancreatic islets that have fused together and then been
encapsulated by exocrine tissue.

Figure 4 illustrates the manner in which these individual
islets fuse to form an islet organ. The cell types in each
islet are distributed iﬁ an identical fashion that is main-
tained upon the islets being integrated into the islet organ.
It is a result of islet fusion, that a portion of the
glucagon/GIP cells from each islet become incorporated into
the centre of the islet organ. |

It is not known at what point in the early life history
the islet organ is formed or when the integration of the
islets is at a maximum. However, in smaller fish (< 30 g)
the islet organ is very compact, while in larger fish
(> 30 g) there may be considerable invasion and subdivision
of the islet organ by exocrine tissue.

The anatomical substructure reported here for Salmo
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gairdneri has not been reported in other teleosts to date.
Islet fusion has only recently been reported in the human

pancreatic islets (Unger et al

e

1978).

Although each of the cell types described in Salmo
gairdneri has been identified immunohistochemically in
other teleosts (Johnson et al., 1976, Klein and Van Noorden
1978, Lange et al., 1975 and Van Noorden and Patent 1978),
this is the first reported identification of four cell
types and their secretoryvproducts in one species, using
this technique. The distributive pattern of these cell

types may differ radically between species. 1In the

channel catfish, Ictalurus punctata, for example (Johnson

et al., 1976) there is no obvious pattern of cell type
distribution. However, the distribution of
islet cells (insulin, glucagon and somatostain cells) is

similar for Salmo gairdneri, Cottus corpius (Falkner 1961),

Gadus callarias (Thomas 1970) and Limanda limanda (Thomas

1975). The significance of islet cell distribution patterns
and anatomical associations between cell types is specula-

tive at best. In Salmo gairdneri for example, the somato-

statin cells are closely associated anatomically with the
insulin cells and the region around these cells is exten-
sively vascularized. In mammals, héterocellular regions,
in which insulin, glucagon and somatostatin cells are in

close proximity to one another (Orci and Unger, 1975) and
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which are highly vascularized and innervated (Fujita et al.,
1976) , have been identified. It has been suggested that
coordinated secretion of pancreatic hormones may be facili-
tated by these heterocellular régions (Unger et al., 1978).

The vascular networks around the insulin and somatostatin

cells in Salmo gairdneri may in fact be the sites of islet

organ heterocellular regions. Vascularization of the islet

tissue in Salmo gairdneri occurs almost exclusively in the

regions of these two cell types, which however are in close
proximity to the clear cells and are surrounded by glucagon/
/GIP cells. As in teleosts, the cellular distribution
patterns in mammalian islets also differ between species,
but a heterocellular region has been nevertheless identi-
fied in each species (Orci and Unger 1975). This region
might permit intercellular communication and coordinated
secretion regardless of cellular distribution patterns.

In fact, the different islet cell distribution patterns

may only reflect species diversity and not necessarily any
fundamental change in islet physiology.

On a comparative basis, Salmo gairdneri has as many

pancreatic hormones as man (Pelletier 1977). However,
their modes of action and secretion still remain the sub-
ject of considerable controversy. Insulin has been puri-

fied from several teleosts (Grant and Reid 1968, Neuman
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and Humbel 1969, Neuman et al., 1969) and the subsequent

development of radioimmunoassays employing teleost insulin

components (Noe et al., 1977, Patent and Foa 1971, Thorpe
and Ince 1976) have greatly assisted the investigations
on teleost islet physiology. Cod insulin lowers plasma

glucose and amino acid nitrogen levels in Esox lucius (Thorpe

and Ince 1974) as well as cholesterol levels in Anguilla
anguilla (Ince and Thorpe 1974). The studies by Thorpe and
Ince (1974) also point out the importance of using at least
teleost insulin, if not species specific insulin, when
investigating its physiology in fishes. They found that
bovine insulin exerted only hypoaminoacidemic effects in

Anguilla anguilla, at the same dose level (2 I. U./kg) at

which cod insulin lowered plasma glucose, amino acid

nitrogen and cholesterol levels (Ince and Thorpe 1974).
Studies on glucagon physiology in fishes have employed

mammalian glucagon exclusively, due to the unavailability

as yet of the teleost hormone. 1In all species under study,

glucagon invoked significant hyperglycemic responses at

doses ranging from 50 ug/kg to 2 mg/kg (Chan and Woo 1978,

Ince and Thorpe 1977, Inui and Yokote 1977, Larsson and

Lewander 1972, Wagner and McKeown, unpublished observations).

Any effects of mammalian glucagon upon amino acid metabolismv

are questionablé, however. Of all the forementioned
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studies only Anguilla japonica responded with lowered amino

acid nitrogen levels, and only after repeated injections
(500 ug/kg/4 hours) over twelve hours (Inui and Yokote
1977). Glucagon also elevates free fatty acid levels in

Esox lucius (Ince and Thorpe 1975), but not in Anguilla

anguilla (Larsson and Lewander 1972).

Somatostatin effects upon the endocrine pancreas in
teleosts have not been given serious attention to date.
One study has demonstrated that somatostatin inhibits

insulin release in the hagfish, Epatretatus stouti

(Stewart et al. 1978). The hormone demonstrates a similar
activity in mammals (Vale et al., 1975).

The physiology of pancreatic polypeptide has not
been investigated in teleosts as yet. In fact its true
function in mammals is not known (Floyd et al. 1978).

Due to the fact that glucagon was successful in block-
ing anti-GIP serum staining, the significance of both anti-
GIP and anti-glucagon serum cross-reacting with a common
cell type cannot be properly evaluated. Glucagon has been
found to not cross-react with this same anti-GIP serum
under radioimmunoassay conditions (Brown, pers. comm.).
Similarly, immunohistochemical studies carried out on rat
islets (Fujimoto et al. 1978, Smith et al. 1977)
demonstrated no cross-reactivity for this antiserum with

glucagon added for control procedures. In the light of
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this evidence, the results reported here are contradictory.
In the first twenty-nine amino acids of the GIP
molecule, there are several sequences which are also
common to glucagon (Brown et al. 1975). It may therefore
be possible that, despite any precautions taken, some
alteration of the glucagon molecule occurred to permit its
cross-reactivity with the anti-GIP serum. This change may
have occurred as a result of enzymes still active in the
exocrine portion of the tissue sections used. Another
possibility is that the glucagon may have blocked the anti-
GIP serum in some manner other than by binding to the anti-
body. Clearly, further studies need to be carried out to
verify the designation of this cell type in the endocrine

pancreas of Salmo gairdneri, as a glucagon/GIP cell.

The presence of a distinct population of clear cells

in Salmo gairdneri merits further investigation of this

cell type. Clear cells were first described in the guinea
pig by Bensley (1911). They have no counterpart in other
mammals, but are found frequently in teleost pancreatic
islets (Brinn 1973). They have not been recognized as a
distinct endocrine cell yet, on account of conflicting
reports. Brinn (1973) maintains that their numbers vary
with the fixative employed‘and that they may in fact be
glucagon cells. He further states that the clear cells

cannot be "considered as comprising a significant propor-



25

tion, if any, of the Brockmann body (islet organ) endocrine
cell population'. Although the clear cells did not stain

specifically in Salmo gairdneri by any method employed,

they did stain non-specifically following Grimelius'

(1968) silver impregnation and the PAP technique for gluca-
gon and GIP. A granular cytoplasm was revealed in the clear
cells following these two staining techniques. That this
granular material represents a secretory granule population

is speculative at best. However, in Fugu rubripes

(Kobayashi et al. 1976) and Xiphophorus helleri (Klein and

- Lange 1977), clear cells which were also unstainable, had
a distinct secretory granule population when viewed under

the electron microscope. In Salmo gairdneri, clear cells

were not easily discerned in Bouin's fixed tissue, whereas
they were immediately identifiable in glutaraldehyde fixed,
resin embedded tissue. The controversy over their existence
may be due in part to the different methods of tissue
preparation employed.

| The difficulties encountered here in the use of
tinctorial stains, may be due in part to the lack of
specificity of these stains, for the peptide hormones
in each cell type. Eppleand Lewis (1973) maintain that alde-

hyde fuchsin stains only the granuldr membranes. The same is
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true for Grimelius' (1968) silver impregnation technique

(Vassallo et al. 1971). Hellman and Hellerstrom's (1960)
stain for somatostatin cells is not even understood (Klein
and Lange 1977). Furthermore, these stainiﬁg techniques
have been optimized in other laboratories, using other
species (generally mammals).

Although many staining techniques may be followed
verbatim, many more require eXperimenting to optimize their
use. It is for these reasons that the PAP technique appears
to be a more preferable alternative. Although teleost cell
types localized with antibodies to mammalian hormones must
be qualified in terms of identity, the reaction is under-
stood, acceptable control procedures can be carried out
and the final product has excellent contrast for photographic

reproduction.
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CHAPTER 1II

The localization of zinc within the

pancreatic islets of Salmo gairdneri using

65Zn'autoradiography
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Introduction

The role of zinc in the pancreatic islets has been

debated by many authors in the past (Maske 1957, Voigt 1958,
Phil 1967, Petkovand Galabowa, 1968), Petkov, 1970) and it is now
known to be bound to stored insulin within the insulin cells
(Greider et al., 1969, Howell et al., 1969). However, the
importance of zinc in insulin storage is poorly understood.

In cultured mouse islets for example, the removal of zinc

from the incubation media does not interfere appreciably with

either insulin biosynthesis or storage (Howell et al., 1978).
Furthermore, zinc is more prevalent in the glucagon cells in

the rat and it is altogether absent from the islets of both

sheep and cattle (Petkov 1970). Therefore, it appears that
zinc is not a requirement of all vertebrate insulin cells and
that in those species lacking zinc, it has most likely been
supplanted by another heavy metal (Petkov 1970).

In teleosts, zinc has been found in the insulin cells of

Gadus callarias (Grant et al., 1971) and in the islets of

Cottus scorpius (Falkmer et al., 1970), but its role in the

pancreatic islets has not been investigated. In Salmo

gairdneri, the islet organ also contains zinc (Szeto, pers.
comm.) however, its origin (exocrine or endocrine) has not

-yet been determined.

The purpose of this study was to determine if zinc is

found in the insulin cells of Salmo gairdneri, using a modi-
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fied version of Timm's (1958) silver-sulphide technique in

combination with 65Zn autoradiography.

Materials and Methods

Rainbow trout, Salmo gairdneri Richardson, were obtained

and maintained as described in Chapter 1. At the start of the
experiment, four groups (N = 2 or 3) of fish (20 - 40 grams)
were transferred to individual, five gallon glass aquaria
containing zinc-free water. This water was prepared by

adding NaCl, KC1, CaCl

and MgSO, to glass distilled water

2 4
in quanities equivalent to those found in Burnaby tap water.
This water was determined to be zinc free (< 40 ppb) by atomic
absorption spectrophotometry (Pye Unicam, Model SP 191). The
fish were not fed during the experiment and the tanks were
flushed daily with fresh; zinc-free water. Kept in this water,
the normal losses of zinc via the urine and feces would take
place without being replaced. The fish were maintained in
these tanks for ten days during which time each fish received
an intraperitoneal glucose injection equivalent to their total
plasma glucose every second day. Total plasma glucose calcu-
lations were made based upon a hematocrit of 42% (Watson 1975)
and a total blood volume equalling 3% of body weight

(Randle 1960).. The specific.gravity of plasma was

considered to be 1.0 for these calculations.
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As insulin in teleosts is secreted in response to
raised plasma glucose levels (Ince 1979, Ince and Thorpe
1977b), these injections served to increase the turnovér
rate of pancreatic insulin and any zinc present within the
insulinlcells. Similarly, an increased turnover rate would
also be expected for any zinc present in the glucagon cells.
During conditions of starvation, the secretory activities of
cells which synthesize gluconeogenic hormones, such as gluca-
gon, are probably increased to maintain normal plasma glucose
levels. Therefore, by increasing the turnover rate of pancre-
atic zinc and by limiting the sources of replacement, a

65

percentage of an injection of Zn should enter the pancreas

to fulfill real physiological needs.

After ten days each fish in groups 2, 3 and 4 received

65

an intraperitoneal injection of Zn as zinc chloride (1 uCi/

ug, Sp. act.) equivalent to 0.9 uCi/gram body weight. The

65Zn came solubilized in 0.1N HC1l which was neutralized with

IN NaOH before use. The °°

Zn was allowed to be assimilated
in the body tissues for 48 hours. Fish in group 1 received

a saline injection.

Tissue Preparation. The islet organs from fish in Groups

1, 2 and 4 were processed according to a modified version
(Popham and Webster 1976) of Timm's (1958) silver-sulphide

method for localization of heavy metals. The fish were
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stunned by a blow to the head and the islet orgah, which is

attached to the wall of the gall bladder, was removed.

Each islet organ was placed in a separate test tube contain-
ing 5 mls. of ice-cold 3% glutaraldehyde in 0.1 M cacodylate,
pH 7.4, for ten minutes (in all succeeding steps the islet
organs were treated in test tubes containing 5 mls. of each
solution). They were then transferred to 1% (V/V) ammonium
sulphide for 13 minutes followed by fresh glutaraldehyde for

six hours. The islet organs were then treated with fresh

ammonium sulphide for 16 hours. The tissues were then rinsed
in distilled water (three changes for a total of 60 minutes)
to remove all of the residual sulphide. Islet organs from
Groups 1 and 2 were then dehydrated in graded ethanol,
cleared in propylene oxide and embedded in Spurr's epoxy
resin. Islet organs from Group 4 were developed with a
modified (Phil and Falkmer, 1967) Timm's (1958) developer
according to Popham and Webster (1976). The developer was
prepared by adding 34 mg. of quinol to 20 mls. of 30% (W/V)
gum arabic containing 10% (W/V) sucrose. The pH of the
solution was adjusted to 4.0 with 10% citric acid. Immediately
before use, 0.2 mls. of 10% silver nitrate was added in
complete darkness. Each islet organ was diced into 0.5 mm

cubes and rinsed further with distilled water. The cubes

were then transferred to the developer for 90 minutes with

constant agitation. Following development, the tissues were
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rinsed well in distilled water, dehydrated, cleared and

embedded in Spurr's resin.
Islet organs from.Group 3 were_fiked in three changes
of ice-cold 3% glutaraldehyde for a total of six hours and
then washed, dehydrated, cleared and embedded in Spurr's resin.
The initial activity.of each islet organ and the
activity remaining in each of the solutions used were determined
in a gamma well counter (Nuclear Chicago) by counting the test
tube and its contents. For each step in a given procedure,

652n activity leached into the

the percentage of the initial
solution used and the ieaching rate were calculated. Table I
compares the leaching of 6SZn from islet organs treated with
gmutaraldehyde and ammonium sulphide versus glutaraldehyde

alone. Table II shows the effects of development upon

ammonium sulphide-precipitated 6SZn.

Autoradiography. The islet organs from Group 2, in which the
65

Zn had been precipitated but which had not been developed,
were used for autoradiography. Initially, 1.0 n-sections were
cut using wet glass knives and then were flattened onto

slides on a drop of water with gentle heat. However, on
processing these slides for autoradiography, all of the radio-

activity was found to have leached out of the sections and

onto the slides. Therefore, 1.0 nu-sections were cut on a
Porter-Blume LKB Ultramicrotome using dry glass knives and

the sections were flattened onto slides with a drop of acetone.
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No leaching was observed using this technique. The slides
were then carbon-coated to minimize chemography (Sechrist
and Upson, 1974) and dipped vertically in Kodak NTB-2 Nuclear
Track Emulsion at 45° C, and then were hung vertically
overnight to dry in a light-proof box containing drierite.
The nextbday, the slides were taped to the bottom of black
plastic slide boxes (2 per boX) which were then sealed with
black tape and stored at 4° C. The humidity was kept to a
minimum by a vial of drierite, which was taped inside the
top of each box.

The autoradiograms were developed between 24 and 106
days after dipping. The slides were developed in Kodak D-19
developer fdr four minutes at 18° C, stopped in 30% sodium
thiosulphate for fifteen minutes, rinsed in running water
for thirty minutes and then air dried. The slides were
dipped in complete darkness, while the boxing, development and
stopping procedures were carried out under Wratten No. 2
illumination. |

Control procedures included preparing autoradiograms
with 'cold' sections from the islet organs in Group 1 and
deliberately fogging some of the positive autoradiograms to

test for latent image fading (Rogers 1973).

Grain Counting. Microscopic observations on the islet of this

species revealed that the insulin cells appear much darker than

the other cell types when viewed under phase contrast micro-
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A)

B)

)

D)

34a

An unstained section of islet tissue from

"~ Salmo gairdnerl viewed under phase contrast

microscopy. The insulin cells (arrows) are
easily identifiable in this preparation.

Glutaraldehyde fiked, resin embedded. X365

The same section as in "A" stained with alde-
hyde fuchsin. Note that the same cells are

stained (arrows). X365

A developed autoradiogram showing the distri-
bution of grains over the islet tissue. The
grains are concentrated over specific loci

(arrows). X445

The same section as in "C" in which the emul-
sion has been removed and the section stained
with aldehyde fuchsin. Note that the location
of the insulin cells (arrows) corresponds to
areas underlying the grain concentrations in
"C", Glutaraldehyde fixed, resin embedded.

X445
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scopy (Fig. 1) and thus could be identified in an unstained
section. These were confirmed to be insulin cells by their
selective staining with aldehyde fuchsin, which is specific

for insulin cells in Salmo gairdneri (Chapter 1). This

proved to be useful as, upon viewing the autoradiograms,

it was evident that the grains were more prevalent over the
darker, insulin cells. Therefore, as the grains over the
other cells appeared to be distributed at random, it was
decided to compare the grain density over the insulin cells
with that over the 'non-insulin' cells. This was accomplished
as follows.

Areas of varying grain density on the autoradiograms

were photogfaphed (Cérl Zeiss, Photomicroscope) with the
grains in focus, at powers of 100X and 160X. The nuclear
track emulsion was then removed with 0.5% potassium hydroxide
(Rogers 1973) and the resin was dissolved from the sections
with sodium methoxide (Mayoret al., 1961). The slides were then
stained with aldehyde fuchsin (Scott 1952) and mounted with
Permount (Fisher Sc. Co.). These stained slides were then
re-photographed in fhe same locations and at the same
magnifications as before. A micrometer scale mounted on

a slide (Carl Zeiss) was also photographed at these magni-
fications. All of the negatives were then printed the same
size (5 x 7 inches). The photos of the micrometer scale

were used to construct a grid of squares on clear plastic.
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The area enclosed by each grid square equaled 400 um2 for

photographs taken at 100X and 156 um? for those taken at 160X.

To count grains over aldehyde fuchsin positive,
insulin cells, the grid was first taped in place over a
photograph of the stained section. The insulin cells were
then outlined on the plastic with a marking pen. Several
reference points which were common in both photographs
(generally capillaries) were traced over as well, but in
another colour. The grid was then removed, re-positioned
over the photograph of the unstained section (with the
assistance of the reference points) and secured in place.
The grid squares within the insulin cell regions and over
the non-insﬁlin cell regions were then counted for total
grains, To eliminate any possible subjectiveness in the
selection of grid squares, the whole photograph was counted
in each case.

Because all of the autoradiograms from Group 2 exhi-
bited identical patterns of grain distribution, only a few
sections were counted. However, thé islet organ consists of
numerous smaller islets fused together and, therefore, each
section that was counted actually represented a large number
of islets. For fhe first islet organ, a total of 251 grid
squares (77,800 umz)Overlying the islet tissue were counted,
For the second islet organ, 248 grid squares (38,700 umz)

overlying the islet tissue were counted. All of the data were
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adjusted so that grain density is expressed as the number of

2

grains/400 um“ « Further information on the grain counting

may be found in Table III.

Results

0f the total activity injected into each fish 3.9+1.59%
(N = 8) was taken up by the islet organ. This represents a
substantial proportion of the total as the islet organ weighs
only a few milligrams in these fish.

The treatment of tissues in Group 2 with ammonium
sulphide (without development) resulted in a mean total loss

of 49.98% of the initial 65

Zn activity compared with 68.05%
for the tissues fixed in glutaraldehyde alone (See Table I).
Most of this activity was lost during the first five steps

of tissue preparation (fixation to water wash). 1In step 1,
the glutaraldehyde fixation resulted in double the leaching

rate of 65

Zn from Group 3 tissues compared with Groups 2 and 4.
In step 2, the leaching rate for Groups 2 and 4 in ammonium
sulphide was greater than that of the Group 3 tissues in

- glutaraldehyde. Hereafter, the leaching rates declined in all
groups but persisted much longer in ammonium sulphide treated

tissues. Of the 65

Zn lost in total by the sulphide treated
tissues, 43.8% was lost during steps 1 - 5. For Group 3,

64%, of the 68% lost in total was lost during the same sequence.
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Comparatively little activity was lost during the dehydra-
tion and embedding (steps 8 - 16) in either group 2 (6.18%)
or group 3 (3.93%).

The subsequent development of Group 4 (Table II) resulted
in the further loss of 53.14% of the initial 65Zn activity,
Leaching occurred primarily during the development and subse-
quent washing of the tissues. When these losses are combined
with those in steps 1 - 5, a total loss of 96.64% of the
initial 652n in the tissues is obtained. This clearly
demonstrates that the zinc is displaced from the tissue during
development. | \

Grain counting revealed a pronounced concentration of
grains over the insulin cells (Table III). In the first
islet organ the insulin cells had a grain density of 34.05
compared with 14,01 for the non-insulin cells. This repre-
sents a 2.4 fold difference in grain density. 1In the second
islet organ, the insulin cells had a grain density of 32.74
compared with 16.56 for the non-insulin cells. This
represents a 1.97 fold difference in density.

Of the cells comprising the non-insulin cell fraction

(glucagon/GIP, somatostatin, pancreatic polypeptide and clear

cells) only the clear cells tended to accumulate zinc.

However, this was observed in only some cells.
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Discussion

Zinc has been localized histochemically with dithizone
(Mager et al., 1953, McNary 1954, Rixon and Whitfield 1958),
Timm's (1958) silver sulphide method, and modifications there-
of (Haug 1967, Okamoto and Kawanashi 1966, Phil 1967, Phil
and Falkmer 1967) and by autoradiography with 65Zn (Bawden
and Hammarstrom 1977, McIssac 1955). Dithizone is reputed
to be specific for zinc (Mager et al., 1953), however Petkov
(1970) maintains that zinc present in tightly bound enzyme-

metal complexes, escapes detection by this method. The silver

sulphide method precipitates all heavy metals and therefore
cannot be éonsidered as being specific for zinc. However,
autoradiography can provide an accurate distribution pattern
of heavy metals in tissues, if diffusion of the isotope during
tissue preparation can be minimized. Both freeze substitution
(Gielink et al., 1966) and freeze drying followed by vacuum
embedding (Wilske and Ross, 1965) have been used successfully
in the autoradiography of diffusible substances. In this
study, the silver sulphide technique was combined with auto-
radiography in an attempt to localize ziné in the pancreatic

islets of Salmo gairdneri.

With the silver sulphide technique, the sulphide
penetrates the tissue where it binds to heavy metals,

rendering them insoluble. If the tissue is then treated with
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a developer containing silver nitrate, the sulphide-metal
complexes catalyze the reduction of ionic silver to
molecular silver, which then coats each sulphide-metal
complek (Brunk et al., 1968). The resulting silver grains
are viéible in the light microscope and the method has also

been adapted for use in the electron microscope (Haug 1967,

Okamoto and Kawanashi 1966, Phil 1967, Popham and Webster
1976) . The tissue may be fixed briefly before sulphide
treatment (Haug 1967, Popham and Webster 1976) or sulphide

treatment may be combined with fixation (Brunk et al., 1968,

Phil 1967, Phil and Falkmer 1966) with similar results.

In this study the tissue was treated with ammonium
sulphide foilowing é brief fixation. Several of the islet
organs were also developed to determine the fate of the
sulphide-metal complex. The results showed that ammonium-
sulphide treatment reduces to some extent (18%) the leaching

of 65

Zn from pancreatic islet tissue. However, this reduction
in leaching obtained with sulphide treatment cannot all be
attributed to sulphide precipitation, because in step 1, the
leaching rate of Group 3 (untreated) tissues in glutaralde-
hyde was double that of Groups 2 and 4 which were also in
glutaraldehyde. The Group 3 tissues lost a further 11% of
their initial activity due to this excessive leaching.

Therefore, the 18% reduction in leaching obtained with

sulphide treatment is actually a 7% reduction and in spite of
p
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this treatment, 49.98% of the initial activity was still lost.

One can only speculate about the sources of the leachate
in this experiment. It may represent that fraction of the
zinc which is loosely bound or even unbound within the cyto-
plasm and therefore most susceptible to leaching. In addition,
the zinc may have leached from the cells and plasma of the
islet organ microcirculation or from the exocrine pancreatic
ducts. This is an important question that requires further
studies to be resolved.

The subsequent development of sulphide treated tissues
resulted in the loss of almost all (96.94%) of the initial
activity. It appears then that the zinc is actually dis-
placed, perhaps by the silver, during development, which
contradicts Brunk and co-workers (1968), who stated that the

sulphide-metal complex is coated with silver in situ.

Popham and Webster (1976) found that while embedding
undeveloped sulphide treated tissues in epoXxy resin a large
proportion of the sulphide-metal complexes were lost.

They attributed this to the oxidation of the complex by the
resin. Phil (1967) also encountered losses during embedding.
Results reported here substantiate in part these earlier
findings. There.were losses during the embedding process,

but these occurred in both the ‘untreated (3.93%) and ammo-
nium sulphide treated (6.18%) tissues. However, when sulphide

treated tissue was sectioned, extensive leaching was observed
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from sections that were cut on wet glass knives. This problem
was eliminated by using dry knives and by flattening the
sections with acetone. Therefore, the sulphide-metal complex
does appear to be de-stabilized by the embedding process.
However, the onset of leaching (during embedding or section-
ing) may be determined by the resin and organic solvent
employed. Consequently, it may be advisable to develop the
tissue before embedding it, when using the silver sulphide
technique.

The results demonstrate conclusively the presence of

zinc within the insulin cells of Salmo gairdneri. Twice the

number of grains were found over these cells as compared with
the non-insulin cells. This may reflect a preferential uptake
of zinc by the insulin cells or the selective leaching of

zinc from the non-insulin cells during tissue processing.
However, the latter would imply that zinc is less tightly-
bound in these cell types, which remains to be proven.

In fractionated islet tissue from the teleost, Gadus
callarias, 32% of the detectable zinc was found in association
with the secretory granules while the remainder was found
primarily in the cytosol and nuclear fractions (Grant et al.,
1971). Therefore, it may be assumed that the zinc in the

insulin cells of Salmo gairdneri is involved with insulin

storage, as in other vertebrates (Greider et al., 1969,

Howell et al., 1969). In those clear cells which accumulated
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zinc, the grains were often observed directly over the
nucleus. The non-granular zinc may be associated with

enzyme activity (Petkov and Galabowa, 1968).
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CHAPTER III

The effects of zinc-induced
hyperglycemia .on carbohydrate metabolism
and insulin secretion in Salmo

gairdneri Richardson
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Introduction

The effects of environmental pollutants on teleost
physiology have been evaluated through changes in hematocrit,
growth rate, carbohydrate reserves, serum electrolytes and
plasma glucose and corticosteroids, to name a few. Many of
these changes have been attributed to stress owing to the
exposure of the fish to noxious or harmful substances in the
water (Crandall and Goodnight 1962, 1963, Silbergeld 1974,
Watson and McKeown 1976a, b). Sublethal concentrations of
zinc, a common pollutant, have caused hyperglycemia in rain-

bow trout, Salmo gairdneri Richardson (Watson and McKeown,

1976a) . While this has been attributed to stress and increased
corticosteroid production, it may also be due to a direct
effect of zinc upon carbohydrate metabolism. The insulin

cells of Salmo gairdneri contain zinc, which is involved with

insulin storage in many vertebrates (Greider et al., 1969,
Howell et al., 1969, Petkov 1970). Therefore, exposure to
zinc may also have a direct effect upon insulin storage and
secretion. This study was designed to determine the effects
of zinc-induced hyperglycemia upon insulin secretion and

carbohydrate metabolism in Salmo gairdneri.

In a previous study, Watson (1975) exposed rainbow trout
to sublethal zinc concentrations for 80 days. Plasma glucose
was first monitored after one week of exposure and significant
.elevations were observed among zinc-treated fish. In this

study, rainbow trout were exposed to three concentrations of
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zinc, including a control (< 40 ppb Zn++) for up to 31 days.
Plasma glucose was monitored every second day for the first

11 days, and then every five days thereafter. With a glucose
profile for each group, information such as the onset of
hyperglycemic stress (which may occur before seven days) could
be readily obtained. Those fish demonstrating the most severe
hyperglycemia were then analyzed along with the controls for
changes in plasma insulin and liver glycogen.

While many acute toxicity studies with zinc have been
done on rainbow trout, it was necessary to determine the
sensitivity of this stock to zinc in Burnaby water before
doing the long-term exposure. Therefore an acute toxicity
s tudy wasdene to determine the 48-hour LCSO' This task was
facilitated éonsiderably with the knowledge of previously
reported LC50 data for rainbow trout, exposured to zinc under
similar conditions of water temperature and hardness. Once

the LC was determined, sub-lethal and lethal concentrations

50
were derived for the long-term exposure.

Materials and Methods

Rainbow trout, Salmo gairdneri Richardson, were obtained

and maintained as described in Chapter 1.

Acute Toxicity of Zinc. A 48-hour LC50 was carried out in

760 1, flow-through fibre-glass tanks, to determine the acute

toxicity of zinc in Burnaby water. A diluting apparatus,
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described by Watson (1975), was constructed for each of three
tanks, to ensure the delivery of a fixed concentration of
zinc through the water supply. The water to each tank was
supplied by a single fibre-glass headtank (120 1) which was
continually repleted with dechlorinated Burnaby tap water.
This headtank served to maintain a constant water pressure
and flow rate (2.5 1/min.) for all diluting apparatus. The
dilution factor of each apparétus was calculated (Watson 1975)
using a stock solution of zinc (100 ppm). These dilution
factors were then used to determine the concentration of zinc
sulphate needed in each diluting apparatus to achieve . the
desired tank concentration. Three test concentrations were
used to determine the LCSO value and a fourth tank (water
also supplied by the headtank) served as a control.

Due to the length of the replacement time of the tank
water (9.5 hours) it was not possible to acclimate the fish
to‘the test tanks and then start the dilutors. Therefore,
the fish were maintained in similar tanks and in the same
room for their acclimation period (2 months), To commence
the toxicity study, the dilutors were started and the water
in all tanks was allowed to reach the test concentrations,
determined by atomic adsorption spectrophotometry (Pye Unicam
Model SP 191). Ten fish were then randomly selected and
placed in each tank. The fish were not fed during the experi-

ment, The tanks were examined at hourly intervals for the
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first eight hours and then every four hours thereafter. Fish
were considered to be dead when there was no opercular move-
ment and no response to handling. These fish were removed
from the tanks and weighed. An analysis of variance was
performed on the weights of the fish from each test tank.
Temperature, pH, hardness, oxygen and zinc concentration were
determined once each during the first and second day of the
experiment. Okygen was measured by the Winkler method, hard-
ness by the EDTA titrimetric method (Taras et al., 1971),

and zinc by atomic adsorption spectrophotometry. The physical
and chemical properties of the water may be found in Table 1V.
The percent mortalities after 48 hours were plotted against
zinc concentrations on log-prohit paper. A regression line
was then drawn through these points and tested for goodness
of fit. The LC50 was then derived from this line and the 95%

confidence limits were calculated, according to Litchfield

and Wilcoxon (1949).

Long Term Exposure. For the protection of fish and other

forms of aquatic life, the concentration of zinc in the water

should not exceed 1/100 of the LC., value at any time. This

50
ensures a safe concentration of zinc, including an allowance

for sublethal effects. However, to establish strictly sub-
lethal concentrations, the zinc content of the water should

not exceed 1/10 of the LC value. This ensures against

50
mortality, but not sub-lethal effects (Ontario Ministry of
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the Environment 1974). For the long term exposure (31 days),
zinc concentrations that were above and below 1/10 of the
48-hour LC50 of'0.99 ppm were desired. Four tanks were used
in the experiment, three_containing test concentrations of
zinc (0.081, 0.096 and 0.352 ppm) and the fourth serving as
the control (< 0.04 ppm of zinc).

Eighty fish with a mean length of 20.5+2.7 cm (standard
deviation) were placed in each tank and then allowed to
acclimate for two months. The tanks were the same as those
usedvin the LC50 experiment and were supplied with dechlori-
nated tap water. Water anlyses for temperature, pH, hardness,
ozygen and’zinc were done on each day that fish were sampled
(days 1, 2, 3, 5, 7, 9, 11, 16, 21, 26 and 31). The physical
and chemical characteristics of the water are shown in
Table V. The fish were fed daily ad libitum with Oregon
Moist Pellets. Following the acclimation period, each dilutor
was set up to deliver ZnSO4 through the water supply to
achieve the desired tank concentrations. Because of the large
number of fish to be sampled from each tank (8) on any given
day, Tanks 1 (0.081 ppm) and 3 (0.352 ppm) were started one
déy in advance of Tanks 2 (0.096 ppm) and 4 (control). It was
considered that any physiological differences that might occur
over 24 hours as a result of monthly or circannual rhythms
would be negligible. On the sampling days eight fish were

removed from each tank except on day 2, when five fish were
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removed from tanks 3 and 4 respectively. To minimize the
effects of circadian rhythms, all sampling was done at the
same time of day (9:30 - 11:30 hrs.). Furthermore, fish were
removed alternately from each of the two tanks being sampled
from.

Each fish was netted and a blood sample was taken frdm
the céudal artery with a syringe rinsed in 6% potassium
oxalate. The fish were then stunned by a blow to the head
and the liver and islet organ were removed. These tissues
were immediately frozgn in a slurry of dry ice and acetone
and then stored in capped vials at -20° C. The blood was
centrifuged, the plasma decanted and then stored also at
-20° C.

Plasma glucose was assayed in duplicate for each fish on
10 ul aliquots of plasma, using the Hexokinase-Glucose-6-
Phosphate Dehydrogenase assay kit (Sigma). A single plasma
blank determination was also made for each sample to eliminate
errors arising from the variable turbidity of the plasma.
Glucose values were read from a standard curve'(SO - 250 mg%)
after the subtraction of the blank values. The data were
analyzed by the Student-Newman-Keuls test and groups were con-
sidered to be significantly different if P < 0.05.

Liver glycogen was measured enzymatically in each fish
from tanks 3 (0.352 ppm) and 4 (control) on days 1, 3, 5, 7

and 9, according to Murat and Serfaty (1974), with minor
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modifications. These authors found it necessary to assay for
endogenous glucose-6-phosphate in the liver homogenate before
hydrolysis with amyloglucosidase . They then subtracted this.
amount from the final glucose determination to give a more

accurate measurement of liver glycogen. In Salmo gairdneri,

the concentration of glucose-6-phosphate in the homogenate
before hydrolysis was found to be less than 0.1% and this step
was therefore omitted. The glucose liberated by hydrolysis
was assayed in duplicate as before. The data were interpreted
by analysis of variance and groups were considered signifi-
cantly different if P < 0.05.

Plasma insulin determinations were made for each fish
from Tanks 3 (0.352 ppm) and 4 (control) on days 1, 2, 3, 5,
7 and 9. Insulin was measured by a charcoal separation radio-
immunoassay using an antibody generated in guinea pigs against

anglerfish (Lophius piscatorus) insulin (Johnson et al., 1977)

and anglerfish insulin for the labelled antigen and unlabelled
standards. Both components were supplied by Dr. G. E. Bauer,
Dept. of Anatomy, University of Minnesota, Minneapolis, |

U. S. A.

1251 11-17 mCi/ug, sp. act.,

The insulin was iodinated (
Amersham) by the Chloramine-T procedure (Greenwood et al.,
1963) except that the oxidation was allowed to proceed for
only thirty seconds. The labelled insulin was separated

from the free iodide with QUSO (microfine silica, G32,
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Philadelphia Quartz Co.). The QUSO (20 mg) was added to

the iodination mixture with 1.8 ml of 0.04 M phosphate
buffer, pH 7.5, to give a total volume of approximately 2

ml. The mixture was vortexed for thirty seconds and then
centrifuged at 1000 g for one minute. The supernatant was
decanted, and the pellet was re-suspended and washed (twice)
with 2 ml of phosphate buffer. The final pellet was then re-

suspended in 5 ml of HC1-Ethanol (50 ml Ethanol, 17 ml H,O,

2
1 ml.conc. HC1l) and vorteXed for thirty seconds. Then 2 ml
of distilled water were added and the mixture centrifuged
at 1000. g for ten minﬁtes. The supernatant containing the
labelled insulin was decanted and stored at -20° C. The

incorporation of 125

I was approximately 30%.

The conditions of the radioimmunoassay were similar to
those described by Thorpe and Ince (1976). The diluent used
was a 0.04 M phosphate buffer, pH 7.5, containing 1% bovine
serum albumin (BSA). Standard curves were set up to deter-
mine the optimum antibody titre and label concentration. For
the assay, 10,000 cpm per tube and an antibody dilution of
1:16,000 initial and 1:80,000 final were chosen. Under these
conditions, 40% binding of the label was obtained in the
absence of unlabélled insulin,

Disequilibrium conditions were chosen for the assay.

To construct a standard curve (figure 6j, 50 vl of each

standard (0.31 - 20 ng/ml) and 25 ul of charcoal-extracted

trout plasma were added to 12x75 mm glass test tubes along



Figure 6.

‘Standard curve for measuring plasma insulin in

rainbow trout using anglerfish insulin and anti-
sera generated in guinea pigs against anglerfish
insulin., The minimum detectabie quantity of in-
sulin is 0;31 ng/ml; at this concentration there
is a significanf (P < 0.05, Student's T-Test)

displacement of the labelled antigen.
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with 100 ul of antisera (1:16,000) and 225 ul of diluent
buffer. These tubes were equilibrated for 24 hours at 4° C
at which time 100 pl of labelled insulin (10,000 cpm/100 ul)
were added. The tubes were allowed to equilibrate a further
18 hours at 4° C and then the antibody bound, labelled
insulin was separated from the unbound, labelled insulin
with dextran-coated charcoal. The charcoal was prepared by
adding 5 g of activated charcoal (Norit A) to 100 ml of

0.04 M phosphate buffer, pH 7.5, containing 0.5% Dextran
(Sigma). The solution was stirred overnight before use.

Each tube received 200 ul of the dextran-charcoal, was
‘vortexed and then allowed to sit for ten minutes at 4° C.
They were then centrifuged to 1000 g for 30 minutes, the
supernatant decanted and the tubes counted in a gamma well
counter (Nuclear Chicago). The zero-standard tubes contained
50 ul of diluent buffer instead of an insulin standard.
Similarly, for the non-specific binding (NSB) tubes, the
antiserum and insulin standard aliquots were replaced by
equivalent volumes of buffer. The limits of detection of the
assay were 0.31 ng/ml.

For the determination of plasma insulin, 25 ul aliquots
of plasma were added to test tubes containing 100 pl of anti-
serum (1:16,000) and 275 gl of diluent buffer. These tubes
were then treated identically to the standard curve tubes.

All points on the standard curve and all plasma insulin deter-
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minations were done in duplicate. Plasma samples which con-
tained less than 0.31 ng/ml of insulin were assigned concen-
trations according to their %B/Bo value. Samples which had a
%B/Bo value between 100 and 97.5% were considered to contain
0.15 ng/ml, while samples between 97.5 and 95% contained

0.31 ng/ml. In this way, all samples could thenbbektreéted
statistically.

Charcoal-extracted plasma was added to the standard
curve tubes to equalizé their protein concentration with
that of the unknown tqbes. This was prepared by mixing
heparinized trout plasma with Norit A (1 g/ml) for one hour.

The charcoal was then removed by centrifugation and filtra-

tion (Millipore (U. S. A.) Ltd., type HA, pore size 0.45 ﬁ).
The specificity of the assay for plasma insulin in trout
was determined by parallelism studies. Serial dilutions

(1/1 to 1/8) of trout plasma and anglerfish insulin, made

up in charcoal-extracted trout plasma, were assayed and the
results were plotted on a log-logit plot. A regression line
was then calculated for each set of points and the slopes were
compared using the Student's t-test (Zar 1974). The slépes
were considered significantly different if P < 0.05,
Recovery studies,vin which anglerfish insulin (1.25 ng/ml)
was added to trout plasma, were also done.

Correlation analyses (Zar 1974) were performed between

plasma glucose and liver glycogen, plasma glucose and insulin

and plasma insulin and liver glycogen.
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Results

LC The regression line was determined to be a good fit

50°

(P < 0,01) and 48-hour LC50 of 0.99 ppm of zinc was derived
from this line (Fig. 7). The upper and lower confidence

limits of the LC5_0 were 1.73 and 0.56 ppm respectively. No
differences were found between the weights of the fish from

each test tank (P > 0.05).

Long Term Exposure. No mortalities occurred in Tanks 1, 2

and 4 during the experiment. In Tank 3 (0.352 ppm zinc)
mortalities commenced after twenty-four hours and continued
until day 7. The fish in Tank 3 were depleted by day 9
because of sampling and mortalities.

The mean plasma glucose levels for each group of fish
are shown in Figure 8. At 0.081 ppm of zinc, plasma glucose
ranged from 57.5 (day 26) to 89.0 mg% (day 16) and was
significantly higher than controls on day 1 only. At 0.96
ppm of zinc, plasma glucose ranged from 51 (day 3) to 123 mg%
(day 21) and was significantly higher than control levels on
days 1 and 16. At 0.352 ppm of zinc, glucose levels ranged
from 81 (day 9) to 151 mg% (day 5) and were significantly
higher than controls on days 1, 2, 3 and 5. In this group
glucose levels rose from days 1 to 5. Thereafter, the
levels declined untillday 9. The plasma glucose response of

the fish exposed to zinc at this concentration was extremely



Figure 7.

The -acute toXicity of zinc to rainbow trout after

48 hours. Ten fish were used at each concentration
of zinc (0;40, 0.95 and 1;36 ppm). A 48-hour LC50
of 0.99 ppm of zinc was derived from the regression

time. The upper and lower confidence 1limits of the

LC50 were 1.73 and 0.56 ppm respectively.
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Figure 8.
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The mean plasma glucose levels (* standard error)

for Salmo gairdneri exposed to different concentra-

tions of zinc for up to 31 days. Significant dif-
ferences from control levels are as follows: 0.081
ppm zinc group, day 1 (0.05); 0.096 ppm zinc group,

day 1 (0.01), day 16 (0.05); 0.352 ppm zinc group,

day 1, 2 and 5 (0.01), day 3 (0.05). Also, on days

3 and 5, the 0.352 ppm group was significantly dif-
ferent tﬁan the 0.081 and 0.096 ppm groups (0.05).

On day 21, the.0.096 ppm group was significantly dif-
ferent than the 0.081 ppm group (0.05). Plasma glucose
levels in the controls on day 7 were significantly
higher than control levels on days 5 (0.001) and

9 (0.005). similarly, on day 21, glucose levels in
the controls were significantly higher (0.001) than
control levels on days 16 and 25.

N = 7 or 8 in all cases except for groups on day 2

(N = 5), for the 0.352 ppm group on day 9 (N = 3)

and for the 0.096 ppm group on day 7 (N = 1).

NOTE: After day 11, the scale changes to intervals

of five days.
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variable as indicated by the large standard errors on days 3
and 5. In the control group, plasma glucose ranged from 37
to 101 mg% and peaked twice during the experiment; on day 7
(March 19) and day 21 (April 2). These peaks were of equal
height (101 and 102 mg% respectively) and were exactly
fourteen days apart. Plasma glucose on day 7 was signifi-
cantly higher than levels on days 5 (p < 0.001) and 9 (p <
0.005). Similarly, on day 21 glucose levels were significantly
higher (p < 0.001) than on days 16 and 25. Plasma glucose
increased in a stepwise manner preceding each peak and then
dropped off sharply afferwards. These peaks may be part of

a monthly glucose cycle in Salmo gairdneri. Further evidence

of this is the similarity in glucose profiles between the
experimental and control groups between days 11 and 31.
There is a general rise in plasma glucose for all groups after
day 11. In the controls, glucose peaks on day 21 (103 mg%),
drops to 57 mg% on day 26 and remains stable until day 31.
In the 0.096 ppm group, the rise in plasma glucose occurs
earlier with levels significantly higher than controls on
day'16 but‘the peak (123 mg%) also occurs on day 21. In
the 0.081 ppm group, the peak (89 mg%) occurs on day 16
instead. For both zinc-treated groups, plasma glucose drops
to control levels on day 26 and remains relatively stable
until the termination of the ekperiment.

Liver glycogen levels for the controls and the 0.352 ppm

zinc group are shown in Figure 9. Liver glycogen ranged



Figure 9.

The mean liver glycogen levels (% standard error)
for control and zinc-treated 60.352 ppm) rainbow
trout over nine days. Glycogen ievels in the
zinc-treated fish as compared to control fish

are significantly lower on days 3 and 5 (p < 0.05)
and significantly higher on day 9 (p < 0.005).

N = 8 in all cases except on day 9 (N = 3).
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from 2.4 to 4.8% in the controls with the highest levels
occurring on day 3. At 0.352 ppm of zinc, glycogen ranged
from 1.7 to 8.7% and was significantly lower than controls
on days 3 and 5. Glycogen levels dropped progressively from
the first day of zinc eXposure until day 5. Thereafter they
rose to highly significant levels (P < 0.005) on day 9.

The radioimmunoassay was determined to be specific for

insulin in Salmo gairdneri by parallelism studies. No

significant differences (P > 0.05) were found between the
slopes of serially diluted trout plasma and anglerfish
insulin. Recovery of'anglerfish insulin added to'trout
?lasma was 88 - 94%,

Plasma insulin levels for the control and the 0.352
ppm zinc group over the first nine days of the experiment
are shown in Figure 10. Insulin levels are lower in fish
exposed to 0,35 ppm of zinc over the first seven days, with
significant differences occurring on days 2, 3 and 7. On
day 9, the levels are the same in both groups. In the control

group, plasma insulin ranged from 1.4 to 4.5 ng/ml and in

the zinc treated group from 0.17 to 3.6 ng/ml. The profiles
of plasma insulin were very similar for both groups over the
first seven dayé.

No significant correlations (P > 0.05) were found

between any of the parameters tested.




Figure 10.

67a

The mean (i'standard error) plasma insulin levels
for control and zinc-treated (0.352 ppm) rainbow
trout over nine days. Plasma insulin levels in
the zinc-treated fish as compafed to the controls
are significantly lower on days 2 (P < 0.05),

3 (P < 0.02) and 7 (P < 0.01).

N = 7 or 8 in all cases except on day 2 (N = 5)
and for the zinc-treated fish on day (N = 3).
Standard errors were too small to be included for

the zinc group on days 2 and 7.
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Discussion

The 48-hour LC50 of 0.99 ppm of zinc reported here is
in agreement with previously reported studies with Salmo
gairdneri under similar conditions of water temperature and
hardness (Herbert and Sherben 1964, Sinley et al., 1974).

Many previous studies have demonstrated the deleterious
effects of heavy metal pollution upon teleost fish (Brown and
Dalton 1970, Gardner and Tevitch 1970, Greig et al., 1977,
Nehring and Goettl 1974, McKim and Benoit 1971, McKim et al.,
1970, Sprague et al., 1965, Sinley et al., 1974, Watson and
McKeown 1976a,b). ~ Zinc at sublethal concentrations, for
example, caused significant elevations in plasma glucose in

Salmo gairdneri after seven days (Watson and McKeown 1976a).

This hyperglycemia was attributed to stress, due to the
exposure to zinc, which causes increased corticosteroid pro-
duction in teléosts (Donaldson and Dye 1975, Mazeud et al.,
1977, Watson and McKeown 1976a,b). Corticosteroids are gluco-
neogenic in teleosts (Butler 1968, Butler 1973, Freeman and
Idler 1973, Inui and Yokote 1975, Chan and Woo 1978) and
elevated levels would therefore result in increased hepatic
glucose output. In this study, there were significant ele-
vations in plasma glucose of fish exposed to 0.081 ppm,
0.096 ppm and 0.352 ppm of zinc after one day. Increased
plasma corticosteroids may therefore have contributed to

the observed hyperglycemia.
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Lactic acid is a major carbon source for gluconeogene-
sis in zinc-stressed fish. Stress and eventual death in

Salmo gairdneri exposed to lethal concentrations of zinc have

been attributed to tissue hypoxia, resulting from damage and
mucous buildup on the gill epithelia. Concomitant with the
development of hypoxia are increased tissue and plasma levels
of lactic acid (Burton et al., 1972). In this study trout
exposed to 0.352 ppm of zinc demonstrated the most severe
hyperglycemia. As this zinc concentrafion proved to be lethal,
it is therefore likely that the fish were hypoxic and that
blood lactic acid levels were elevated. This lactic acid
would héve contributed substantially (through gluconeogenesis)
to the obsefved hyperglycemia.

Plasma catecholamines are also elevated in teleosts sub-
jected to various forms of stress (Mazeud et al., 1977,
Nakano and Tomlinson 1967) and epinephrine, in particular, is-

a potent hyperglycemic agent. In Salmo gairdneri (Terrier

and Perrier 1975), Esox lucius (Thorpe and Ince 1974) and

Anguilla anguilla (Ince and Thorpe 1977a) for instance, epine-

phrine causes a rapid rise in plasma glucose. This occurs
through the activation of hepatic glycogen phosphorylase,
whereby glycogen is hydrolyzed and released into the blood-
stream as glucose (Thorpe and Ince 1974, Umminger and
Benziger 1975). Concomitant with the rise in plaéma glucose

in trout exposed to 0.352 ppm of zinc, liver glycogen levels
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dropped and were significantly lower than controls on days
3 and 5. The observed glycogen depletion may consequently
be due to increased plasma levels of epinephrine and the
associated activation of glycogen phosphorylase.

Insulin potentiafes glucose-induced glycogen synthesis
in mammals and is also necessary for the maintenance of basal
rates of synthesis (El-Refai and Befgman 1976) . In fishes,
insulin also has an important role in carbohydrate metabolism.
Insulin lowers plasma glucose (Ince and Thorpe 1974, Thorpe
and Ince 1974) and hyperglycemia and glycogen depletion occur
during conditions of insulin lack (Plisteskaya et al., 1976,
Thorpe 1976). In this study, trout exposed to 0.352 ppm of
zinc had dépressed plasma insulin levels for the first seven
days, with significant differences on days 2, 3 and 7. This
reduction in plasma insulin may have contributed to the
observed hyperglycemia and glycogen depletion. In addition,
epinephrine inhibits insulin secretion in teleosts, with
resulting hyperglycemia (Ince and Thorpe 1977a). The
depressed insulin levels may therefore have been due in part
to raised plasma epinephrine levels.

In trout exposed to 0.081 and 0.096 ppm of zinc changes
in plasma insulin and liver glycogen were not monitored.
However, the observed hyperglycemia in these groups may also
have been due to changes in plasma insulin and epinephrine,

in addition to activation of the pituitary-interrenal axis.
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On day 9 of the experiment, insulin levels in trout
exposed to 0.352 ppm of zinc returned to control levels.
Plasma glucose also dropped to non-significant levels while
liver glycogen rose to highly significant levels (P < 0.005).
Although the sample size for this group was small (N = 3), a
trend towards acclimation is evident. Plasma insulin and
glucose levels are normalizing and there is repletion of liver
glycogen. However the overextent to which liver glycogen is
restored on day 9 is not easily explained. In mammals, an
increase in plasma glucose stimulates hepatic glycogen
production (Dewulf and Hers 1967, El-Refai and Bergman 1976).
If the same is true in teleosts, then the observed hypergly-
cemia in ziné—treated trout should have stimulated glycogen
synthesis. In actual fact, however, no repletion was evident
until day 7, and this was coincident with a decline in plasma
glucose. It is therefore possible that elevated plasma epine-
phrine and lowered plasma insulin levels effectively prevented
any synthesis up to this point.

“The drop in plasma glucose on days 7 and 9 may have
- been coincident with a decline in catecholamine levels as the
fish adjusted to the zinc concentration. This would then have
allowed normal stimulation of glycogen synthesis by glucose.
Furthermore, the rise in plasma insulin would probably have
potentiated this synthesis,

Studies carried out on young dogs in which hypokia

was experimentally induced, demonstrated a catecholamine
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induced suppression of insulin release coupled with severe
hyperglycemia. This hyperglycemia was attributed to a
decreased peripheral utilization of glucose (due to low
insulin levels) and increased liver glycogenolysis by direct
sympathetic stimulation and raised plasma epinephrine (Porte
and Robertson 1973). If this response of dogs to hypoxia is

compared to the response of Salmo gairdneri exposed to 0.352

ppm of zinc and presumed to be also hypoxic, there is a
striking similarity in the physiological responses.

As zinc is an important trace element in insulin storage
in mammals (Greider et al., 1969, Howell et al., 1969) and is
found in appreciable quantities in the insulin cells

of Salmo gairdneri (Chapter 2), a direct effect of the metal

upon insulin secretion in zinc-exposed fish cannot be ignored.
Zinc may enter the fish by way of the gills (Hodson 1974) and
especially the intestine, as the food pellets invariably
become contaminated with the test water. The islet organ
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of Salmo gairdneri has been shown to accumulate injected ~“Zn

(Chapter 2) and therefore, it may also accumulate zinc in fish
exposed to and ingesting higher than normal levels of the
metal. While Watson (1978) found no increases in plasma zinc

of Salmo gairdneri exposed to sub-lethal zinc concentrations

over thirty days, other studies with teleosts and elasmobranchs
have demonstrated significant levels of tissue accumulation

over time (Flos et al., 1979, Nakatani 1966, Skidmore 1964).



73

It is possible that plasma levels of zinc are closely regu-
lated and that any excess accumulation is simply shunted to
organs, such as the liver, kidneys and pancreas, for storage
or excretion., In this study an accumulation of zinc within
the insulin cells may have contributed to the lowered plasma
insulin levels.

Seasonal and circadian variations in carbohydrate
metabolism have been investigated in several teleosts to
date. While there is conflicting evidence in regard to a
circadian rhythm for plasma glucose (Leatherland et al.,
1974, Narasimhan and Sundararaj 1971, Shapiro and Hoffman
1975), seasonal variations in plasma glucose (Leach and
Taylor 1977, McKay and Beatty 1968, Robertson et al., 1961)
and liver and muscle glycogen (Foda 1974, Gordon and McLeay
1978, Valtonen 1974) have been well documented. However,
monthly variations in carbohydrate metabolism have not been
investigated to our khowledge. In this study, two peaks in
plasma glucose of equal height and fourteen days apart occurred
in the control group over 31 days. Each of these peaks was
significantly higher than the mean plasma glucose levels on
the sampling days preceding and following it. Seasonal changes
in plasma glucose have been correlated with plasma cortisol
in salmonids (Robertson et al., 1961) and with temperatufe and

spawning in Fundulus heteroclitus (Leach and Taylor 1977).

In Salmo gairdneri, changes in glycogen reserves occur
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independently of photoperiod and have been attributed to either
growth or innate rhythmicity (Gordon and MclLeay 1978). As
there were no significant fluctuations in temperature during
this experiment and sampling was done at the same time each
day, temperature and circadian effects may be ruled out.

The changes in plasma glucose observed may therefore reflect

an internal biological rhythm operating on a monthly cycle.
However, further studies are necessary to confirm or deny

this hypothesis.

Several radioimmunoassays employing teleost insulin
components have been developed during the past decade
(Patent and Foa 1971, Pilsetskaya et al., 1976, Thorpe and
Ince 1976). 1In this study, a charcoal-separation radio-
immunoassay, employing anglerfish insulin and anti-anglerfish
insulin serum, was used to measure plasma insulin in Salmo
gairdneri. While it is acceptable to use a radioimmunoassay
in a heterologous fashion as such, the specificity of the

assay for other species must be verified. Thorpe and Ince

(1976) verified the specificity of their assay, employing
codfish insulin components, by recovery and parallelism
studies. In this study, 88 - 94% recovery was obtained of
anglerfish insulin added to trout plasma. This indicates
that there is minimal interference by the trout plasma in
the measurement of insulin. Furthermore, the assay was
determined to be specific for a rainbow trout insulin by

parallelism studies.
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GENERAL SUMMARY AND CONCLUSIONS

This study was undertaken to answer three basic questions
in the area of trout pancreatic physiology:
1) What hormone-producing cells are present in the
pancreatic islets of the rainbow trout?
2) Do the insulin cells contain zinc?
3) What effects do zinc-induced hyperglycemia have upon
glycogen metabolism and insulin secretion in this

species?

Using immunocytochemical staining methods, four different
cell types were localized; insulin, glucagon/GIP, somatostatin
and pancreatic polypeptide cells. A fifth cell type, the
clear cell, was also found in large numbers. The function of
this cell type is not known and it will therefore be the sub-
ject of further investigations.

Zinc was found in higher concentration (two—fold) in the
insulin cells than in any other cell type. While the function
of this metal is not known, previous studies in fish and
mammals would indicate that it is important in the storage of
insulin.

Zinc-induced hyperglycemia in trout is accompanied by
hepatic glycogen depletion and depressed plasma insulin levels.
The lowered insulin levels may be due to hormonal influences

or to the action of zinc on the insulin cells. These observed
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changes may be short-term survival-orientated -adaptations
to toxicant stress. On the long-term however, they may have

serious consequences for fish in the natural environment.,
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