THE PANCREATIC ISLET SYSTEM OF THE ROCK BASS
Ambloplites rupestris
VOLUME I

by

Edward Francis Squires, B.Sc.

Submitted in partial fulfillment of the requirements
for the Degree of Master of Science

Department of Biological Sciences
Brock University
St. Catharines, Ontario
1972

2

ABSTRACT
The endocrine pancreas of the rock bass (Ambloplites
rupestris) was examined by light and electron microscopy.

Two

cell types with staining properties similar to mammalian A and
B cells, and a third, non-staining cell type were found in the
spherical pancreatic islets that were surrounded by a connective
tissue capsule and embedded in two small masses of exocrine
tissue.
From an analysis of the ultrastructure of the A and B
cells, a secretory cycle for each of these cell types was proposed.
The secretory cycle of the A cell consisted of three well defined
stages:
(1)

A cell production stage:

during which A granule

formation occurred in the sacs of the Golgi apparatus and the
cell was characterized by the presence of numerous secretory
granules, some elements of lamellar endoplasmic reticulum, and a
homogeneously granular nucleus.

The cytoplasm contained few

distended cisternae, variable numbers of free ribosomes, microtubules and small vesicles.
(2)

A cell release stage:

during which the release of

A granules occurred and the cell usually contained several large
distended cisternae and variable numbers of secretory granules.
Granule release mechanisms included exocytosis, by which individual
granules were released into the extracellular space after their
membranes fused with the plasmalemma, and emiocytosis, by which
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one or more granules were released into a large cisterna

whose

membrane fused with the plasmalemma and formed a pore through
which the cisternal contents passed out of the cell.
(3)

A cell reorganization stage:

during which the

changeover from the release stage to the production stage occurred
and the reorganization of organelles and membrane structures took
place.

The cell contained few secretory granules and numerous

small endoplasmic reticular cisternae.

The cytoplasm exhibited

less electron density than either of the other two stages.
The A granule after formation underwent a series of
morphological changes which were described in four numerically
identified phases.
The secretory cycle of the B cell consisred of two stages:
(1)

B cell production stage:

during which the B granule

formation occurred in the sacs of the Go1gi apparatus.

The cell

was characterized by an irregular outline, the presence of numerous
secretory granules, and an irregularly shaped nucleus which contained
variable amounts of clumped chromatin.

The cytoplasm contained

moderate amounts of lamellar endoplasmic reticulum studded with
ribosomes, several small vesicles, and an active Go1gi apparatus.
(2)

B cell release stage:

granules occurred.

during which the release of B

The cell contained a rounded nucleus with

dispersed chromatin, several distended endoplasmic reticular
cisternae and a variable number of secretory granules.
release

occu~

for the A cell.

Granule

by emiocytosis and exocytosis similar to that found
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The B granule after formation underwent a series of
morphological changes which were described in three numerically
identified phases.
A third cell type was examined with the electron
microscope and its organelles and secretory granules were described.
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INTRODUCTION
Although diabetes was apparently recognized some 3500 years
ago, the pancreas was not described until the 14th century by
Mondino (Marti-Ibanez, 1966).

Approximately 500 years later, when

it was already understood that the pancreas played a role in the
digestive processes of the body, a second type of tissue within the
pancreas, consisting of small groups of cells was discovered by Paul
Langerhans in 1869 (Laguesse, 1893).

Later in the same year, these

groups of cells were named "les flots de Langerhans" by Laguesse
(cited by Lane, 1907).
Near the turn of the century, the genesis, morphology, and
physiology of the islets of Langerhans or pancreatic islets, were
discussed in numerous publications.

Interest in the endocrine pancreas

as an organ of "internal secretion" grew immensely after von Mehring
and Minkowski in 1889 discovered that complete removal of this organ
in dogs was followed by a fatal diabetes (cited by Bensley, 1911).
From anatomical studies, Laguesse (1893) concluded that the islets
of Langerhans were engaged in "internal secretion".

Sauerbeck (1902)

continued with an analysis of the relationship between the islets of
Langerhans and the disease, diabetes mellitus (cited by Lane, 1907).
The origin of the islet tissue created a controversial topic
in the literature.

One suggestion that gained much support was that

the islets were structural variations of the "zymogenous tubules"
of the exocrine pancreas (Diamare, 1899; Vincent and Thompson, 1907).
Vincent and Thompson (1907) stated:
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"In the animals examined by us we found that the islets
frequently show traces of a distinct alveolar arrangement. The islet columns are frequently in complete
anatomical continuity with the surrounding zymogenous
tubules, and all kinds of transition forms are common
throughout vertebrates."
Massari (1898) noted a difference in the staining properties of
different areas within the islets.

He regarded this variation as

being due to the presence of two types of cells in the islet.
Diamare (1899) considered similar findings to be due to differences
in the functional states of the same cell type.

Concurrently with

these investigations, other authors were accumulating data to support
the hypothesis that the islets were composed of different types of
cells.
Laguesse (1899) demonstrated the presence of specific granules
in the islet cell.

Schulze (1900) noted two types of cells in the

islet and established criteria for distinguishing the granules of
the two types of cells from one another, and from the zymogen granules
of the acinar cells.

John Rennie (1904) reported from investigations

of the islets from a number of fish species that he was able to
"confirm the opinion of Massari, Diamare and others
regarding them as ductless glands with internal
secretory function, and also to test experimentally
the theory tha t dearrangement of the function of these
bodies leads to diabetes."
Opie in 1903 (cited by Lane, 1907) first investigated the
theory that the islets produced a substance which in one way or another
controlled carbohydrate metabolism.

Lane (1907) stated that what may

be called the "sugar function" of the islets suggests the "out right
physiological independence" of the islets.

This hypothesis was

completely different from that proposed almost simultaneously by
Vincent and Thompson (1907).
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Lane (1907) also found two types of cells in the guinea
pig islets.

His determination was based on the differential

solubilities of the granules of the two cell types and their
staining properties.

He found that one cell type contained a

granular substance that was precipitated by 50% to 70% alcohol,
and was dissolved by an aqueous chrome-sublimate fluid.

The

second cell type contained granules which were precipitated by the
chrome-sublimate fluid and were dissolved by the alcohol solutions.
He named the cells in which the granules were fixed with alcohol,
A cells, and those in which the granules were fixed with the chromesublimate fluid, B cells.

Lane stated that in alcohol-fixed tissue,

the A cells could be identified by colour after staining with neutral
Gentian 1.

After chrome-sublimate fixation the A cells were yellow

brown in colour due to the

range G component of the stain and the

B granules were brilliant violet.

From these data he concluded that

"the granular content of the A cell differed chemically from that of
the B cell".

He also stated that the granular contents of the A cells

and the B cells differed chemically from the granular content of the
acinar cells, and therefore could not be identified with zymogen or
its antecedent prozymogen.
Extensive investigations of the cells of the islets of the
mammalian pancreas were carried out by Bensley (1911, 1915) using the
guinea pig.

He was able to distinguish Lane's two cell types and

also to discriminate a third cell type, the C cell which was nongranular.

With a neutral gentian-acid fuchsin method, Bensley found

that the A cells contained red granules, and the B cells purple
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granules.
types.

He concluded that the A and B cells were independent

Bowie (1924) found two cell types similar to those identified

by Lane, and a third, less granular type which he designated the
gamma cell .

He was unable to confirm that the gamma cells were the

same as the C cells identified by Bensley (1911).
F. G. Banting and C. H. Best (1922a) were concerned with the
separation and purification of the "internal secretion" from the islets
for experimental use in studying its effect on blood sugar levels.
They found that it was necessary to use fetal pancreas because of the
presence of proteolytic enzymes in the postnatal preparations.

Fetal

calves were used for the procurement of the extract which was then
administered to a series of dogs.

In general, they found that intravenous

and subcutaneous injections of pancreatic extracts in neutral saline
markedly reduced the percentage of blood sugar and the daily urinary
excretion of sugar in pancreatectomized dogs.

In one instance, daily

injections of the extract enabled a pancreatectomized dog to live for
seventy days.

The active principle in such extracts was destroyed

by boiling in strong acid, but was not affected by the presence of
tricresol which they found could then be used as

a ~ preservative.

The

depressor action of the extract was short-lived.
In a paper read at the May, 1922

meeting of the Royal Society

of Canada, Banting, Best, Collip, Macleod and Noble (1922b) described
how insulin given to sugar-fed diabetic animals caused a reduction in
the amount of fat in both blood and liver concurrent with the accumulation of glycogen in the liver.

They found that a high glycogen level

in the ventricle of pancreatectomized dogs returned to normal with the
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administration of insulin whereas they suggested that the reverse
took place in skeletal muscle.

They also concluded (Banting,

Best, Collip, and Hepburn, 1922c) that insulin given along with
sugar to pancreatectomized dogs raised the respiratory quotient
to a much higher level than occurred with sugar alone.
James O'Leary (1928) attempted to design a study to determine
the source of insulin and its mode of release from the cells.

He

experienced a number of problems but suggested that the islet cells
responded to the demands of carbohydrate metabolism by the liberation into the blood stream of their specific granules, and that
their specific granules were converted into an "intermediate, labile,
and transient product before elimination".
Ukai in 1926 (cited by Bloom, 1931) found that the A cells
of the rabbit islets stained red and the B cells, blue when his
modification of the Mallory's aniline-blue technique was used.
Bloom (1931) using human tissue fixed in Zenker-formol fluid and
stained with Mallory-azan (Heidenhain's modification of Mallory's
aniline-blue stain) found three distinct cell types in the islets of
Langerhans.

He found the A and B cells and a third type which he

named the D cell.

This latter type contained a pale blue-stained

cytoplasm filled with a mass of closely packed, bright blue granules
that appeared smaller than the red A granules.

He found that some

islets contained few D cells whereas others contained very few A cells.
When he used ironhaematoxylin stain, Bloom found that the A and B
cells showed numerous dark staining granules and that a third type
of cell contained no granules.

He suggested that these were similar
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to the C cells Bensley found in the guinea pig but was unable to
find non-granular cells using the Mallory-azan method.

Bloom used

these criteria to identify his third, granular type of cell as
different from Bensley's third type but was unable to correlat e
it with the third granular cell type Bowie (1924) had found in the
islet tissue of the gray snapper.

Bloom was unable to ascertain

the morphological or functional significance of his D cell.
Thurlo Thomas (1937) extensively examined the islets of
Langerhans of a number of mammals including man.
similar to those of Lane, Bensley, and Bloom.

His findings were

He realized that the

C cells occurred only in the guinea pig , among the mammals examined,
and that the azan technique proved satisfactory for their demonstration.

The C or clear cells remained almost colourless unless over-

stained and then the cytoplasm exhibited a light blue-gray colour .
The D cells contained light blue granules and the A and B cells
showed their typical granule staining properties .

Thomas found

that the opossum endocrine pancreas also contained four cell types.
The fourth granular cell type was then designated the E cell.

The

E type cell contained granul es which stained magenta and were larger
than the granules of the A cell.

He concluded that Bensley's C

cell was peculiar to the guinea pig as was the E cell to the opossum .
Sutherland and de Duve (1948) reported that a hyperglycemic
glycogenolytic factor was produced in the A cells of the endocrine
pancreas.

Their evidence was based on the indirect argument that

the production of this factor was not inhibited when the pancreas
was treated with alloxin which selectively destroys the B cells.
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Similar observations were made by Gaede and Kastrup (1950) and
Pincus (1950).

A positive argument suggested by Vuylsteke,

Cornelis, and de Duve (1952) stated that a decrease in the level
of the hyperglycemic glycogenolytic factor in the pancreas occurred
when cobalt chloride was used to destroy the A cells.

Cavellero

(1953) carried these findings further into physiological and
pathological studies, and concluded that " .•. the morphological
individuality of the alpha and beta cells is consistent with the
hypothesis of a functional individuality; alpha cells produce
glucagon or hyperglycemic glycogenolytic factor and beta cells
insulin.

Several morphological, physiological, biochemical, and

chemical data are supporting the view that glucagon is normally
secreted by the pancreatic islets as a true hormone".
Barrnett, Marshall, and Seligman (1955) used the availability
of crystalline insulin, and a knowledge of its chemistry to develop a
histochemical method for the demonstration of insulin.

They treated

pure insulin, which had been dissolved in either hydrochloric acid,
acetic acid, or mineral oil, with histological fixatives and the
successive preparatory steps for light microscopy omitting only
paraffin embedding.

Similar techniques were applied to the tail

region of the pancreas from a number of mammals but this tissue was
paraffin-embedded for sectioning.

The prepared insulin and sections

of the tissue were treated with 2,2'-dihydroxy-6,6'-dinaphyldisulfide
(DDD) which was known to stain specifically the sulfhydryl and disulfide
groups of the insulin molecule.

The results from both the prepared
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tissue and the B cells of the pancreatic islets were similar.
The identity of the B cells has been verified with the use of
aldehyde-fuchsin stain (Gomori, 1950).
Sergio A. Bencosme (1955) reported on the histogenesis
of the pancreatic islet tissue of the rabbit.

Though other authors

(Laguesse, 1906; Diamare, 1905; Bensley, 1911; Bloom, 1931; and
Thomas, 1937) had previously attempted similar investigations, a
comprehensive study had not been undertaken by any of them.
Bencosme concluded that there were two generations of islets in
the rabbit:

primary islets, derived from the primitive pancreatic

cords and formed almost entirely of primitive B cells in embryos
ll~

to 22 days old, and secondary islets, originated from prolif-

eration of primitive B cells "herniate" through the walls of the
acini on about the 22nd day.

The newly formed islet cells were

derived from the duct system, primarily from the centroacinar cells,
and from mitosis of immature islet cells found in the wall of the
acini.

Capillaries developed and surrounded the islets which were

originally composed of B cells with A and D cells incorporated later.
The A cells were also derived from the duct system and prior to formation of the islet, primitive A cells could be seen with primitive
B cells in the walls of the ducts.
of the A cells into three stages:

Bencosme divided the development
(1) primitive A cell (12 to 18

days), (2) immature A cells (18 to 26 days), and (3) mature A cells
(26 days and older).

He noted that D cells in various stages of

maturation appeared between the first and fourth week after birth and
concluded that the presence of three cell types inside the islet was
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due to aggregation and not due to any interconversion of the
three types.
The identification of the specific cell types has constituted a difficult problem in the study of pancreatic islets by
electron microscopy.

Robertson (1954) in an electron microscope

study of mouse pancreas recognized insular tissue but did not
distinguish the various cell types.

Paul Lacy (1957a, 1957b)

studied adjacent sections with the light and electron microscopes
and was able to establish the identifying features of A and B
cells from the islets of several species.

Ferreira (1957) was

unable to distinguish islet cell types in embryonic and neonatal
rat pancreatic tissue.

Munger (1958) employed Lacy's techniques

and identified the various types of islet cells in mouse pancreas.
Munger sampled embryonic animals from thirteen days of gestation
through

par~tion

and up to a postnatal age of 21 days.

He studied

the differentiation of the islet tissue and concluded that the A
cells differentiated at the margins of the islets from undifferentiated cells and that this differentiation occurred only after birth.
He noted that the B cells, regardless of age of the animal, contained
a ciliary process that projected into either the intercellular or
perivascular space and suggested that this might be a type of chemoreceptor for the detection of glucose concentration in the blood.
Munger also described a connective tissue capsule consisting of a rim
of fibroblasts, collagen fibres, Schwann cells, and unmyelinated axons.
He suggested that the nerves were not present in the islets during
cell differentiation but rather that they invaded the islet at a later
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time.

In an electron microscope study on the pancreatic islets

of the cat, Bencosme and Pease (1958) described the three cell
types and typical nonmyelinated nerve fibres in close association
with the islet blood vessels.

He noted that capillaries of the

pancreatic islets consisted in most places of an attenuated
endothelial sheet that often showed interruptions or a system of
pores of approximately

O.05~

in diameter.

After a thorough investigation of pancreatic islets in his
two other reports (Lacy, 1957a, 1957b), Lacy (1961) proposed a
mechanism for the formation, storage, and release of insulin.

He

suggested that during the formation of the B granule, the rough
endoplasmic reticulum, which was first lamellar in structure, became
vesicular or saccular and within the sacs an amorphous material was
noted which was possibly a precursor of insulin.

This material

condensed and formed distinct, round, dense B granules which were
enclosed within the membranous sacs to which ribosomes were attached.
The ribosomes were subsequently released from the membrane surface
and the granule moved to the plasmalemma where its membrane fused
with the plasmalemma.

The sac ruptured liberating the granule into

the extracellular space.
emiocytosis.

This process of secretion is known as

In the same communication, Lacy reported the storage

of large amounts of glycogen in the B cell of the hamster.

He also

remarked on the wide variation in the ultrastructure of B granules
in the various species of mammals and fowl that he investigated.
In a further communication, Lacy (1967) presented to the New
England Diabetes Association, a lecture on the structure and function
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of the pancreatic B cell and the fine structure of the B granules
in which he suggested that biochemical evidence showed that the A
and B chains of the insulin molecule were formed separately then
subsequently linked by disulfide bridges.

Using autoradiographic

techniques, Howell, Kostianovsky, and Lacy (1969) demonstrated
that labelled amino acids were incorporated initially into the endoplasmic reticulum then transferred via the Golgi apparatus to B
granules.

Steiner, Cunningham, Speigelman, and Aten (1967) have

reported that insulin is synthesized in the form of a single
chain precursor, proinsulin, which is subsequently converted to
the insulin molecule in the B cell.
During the last decade, improved techniques have been
developed to correlate the data obtained from the light microscope
with those obtained from the electron microscope.

Sato, Herman, and

Fitzgerald (1966) reported on the structure of the pancreatic islets
of a number of vertebrates.

They correlated electron micrographs

of thin sections with adjacent thick
microscope.

(l~)

sections in the light

Their publication exhibits colour photomicrographs of

tissue stained by a modified Gomori technique (1941) for cell
differentiation, and electron micrographs of adjacent portions of
the same cells.

A second report with colour photomicrographs was

published by Herman and Sato (1970) based on their work on the pancreatic islets of the amphibian, Amphiuma tridactylum.

They again

correlated the Gomori-stained tissue with the electron micrographs.
Cell identification using this technique has been utilized by a number
of authors (Munger, 1962; Bencosme, Meyer, Bergman, and MartinezPalomo, 1965; de Hoyas, 1969).
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Various authors have presented in-depth reports on mammalian
species concerning the type and ultrastructure of the cells of the
endocrine pancreas.

Caramia, Munger, and Lacy (1965) and Munger,

Caramia, and Lacy (1965) published reports on the ultrastructure of
the islet cells of the guinea pig, rabbit, dog, and opossum.

They

recorded the cell types present and compared their findings to the
accepted light microscopic studies.

They also noted the E type cell

described by Thomas (1937) in the opossum.

Evelio de Hoyas (1969)

reported finding six new cell types in the pancreatic islets of the
mouse.

He described three variations of the A cell, the C, D, E,

and F cells which had not previously been identified in that species.
Several investigations on the morphology and function of the
D cell have been carried out as well.

Felice Caramia (1963) in an

electron microscope analysis of the endocrine pancreas of adult rats,
found cells which he considered to be the D type cell of Bloom (1931).
These cells contained numerous, closely packed granules of low electron
density and possessed a round nucleus.

August Epple (1965) ,suggested

that a third pancreatic hormone was liberated from the D type cell,
and might playa part in the regulation of liver fat.
J. Gomez-Acebo, C. Lopez-Quijada, and J. L. R- Candela (1966)

studied the cytological changes in the pancreatic B .cell of the rabbit
after the tissue had been incubated in vitro.

They concluded that

there were no significant changes in the fine structure of the islet
cells attributable to incubation and considered this method valid
for further studies on the mechanism of granule release and synthesis
in the pancreas of the rabbit.
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In further studies, Gomez-Acebo, Parrilla, and R-Candela
(1968) examined the A and D cells of rabbit endocrine pancreas after
the tissue had been incubated in a glucose medium.

Neither of these

cell types showed any change in its fine structure nor any signs
of degranulation.

When incubated without added glucose, the A

cells liberated their secretory granules and produced more granules.
They found that the A granule was eliminated by a mechanism involving
margination of the granule, emiocytosis of the entire granule, and
the formation of small microvilli at the point of liberation on
the plasmalemma.
Esterhuizen and Howell (1970) augmented the information on
the release mechanism of the A cell with an investigation of the
pancreatic islets of the cat.

They noted "polarization" of the sec-

retory granules of the A cells to the "vascular pole" of the cell,
the formation of chains of granules, and the fusion of the granule
membranes both with one another in the chains and with the plasmalemma.

They suggested that the granule contents were liberated

into the extracellular space from the tubular formations derived
from the granule chains.
The study of the endocrine pancreas in non-mammalian species
has not been pursued as rigorously as studies in mammalian species.
P. Legouis in 1873 was first to propose the presence of a
pancreas in all bony fish.
literature.

This was contrary to the contemporary

He described the pancreas as occurring in one of three

distinct types in fish:

(a) the disseminate pancreas - a fairly

large total mass of glandular tissue so widely scattered that much
of it consisted of portions visible only with the microscope.
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(b)

the diffuse pancreas - the most common type, whose

parts are grossly visible but widely scattered.
(c)

the compact pancreas - in the form of a single fairly

large organ.
Islets of Langerhans were first reported in teleosts by Laguesse
(1893) in the compact pancreas of Crenilabrus melops.
John Rennie (1903) observed in a number of fish species a
single, large islet that was visible to the naked eye and which he
termed the "principal islet".

This structure in most of the species

he studied was rounded or oval in section and enclosed within a
capsule.

He noted that the size varied from about 1.5 mm. to 14 mm.

depending on the species examined.

McCormick (1924) examined the

distribution and structure of the islets of Langerhans in a number
of fresh-water and marine fishes and described briefly the islet
tissue of approximately ninety species noting the presence of principal
islets in most of them.

Boldyreff (1935) examined pancreases of a

number of fish species and noted that in general the islets of
Langerhans in fishes were fewer in number and larger than those in
human pancreas.

The principal islet from the bullhead, Ictalurus

nebulosus, was carefully examined by Bencosme et al (1965).

A

single principal islet about 3 mm. in diameter was found in each
specimen and contained centrally located B cells and a peripheral
layer of A cells.
A number of reports have dealt

with the occurrence of

particular cell types in various teleostean species (Sivadas, 1964;
Boquist and Patent, 1971; Epple, 1967 and 1968; Falkmer, Hellman,
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and Voigt, 1964).

Similar analyses have been carried out on species

of amphibians (Epple, 1966a and 1966b; Rhoten, 1970), reptiles
(Hellerstrom and Asplund, 1966), and birds (Bjorkman and Hellman,
1964; Epple, 1963 and 1967).
Despite the vast amount of work that had been done on the
endocrine pancreas, a suitable classification had not been established
to account for the varying appearance which each of the cell types
presents during its secretory cycle, nor had a satisfactory secretory
cycle which took these changes into account been formulated for
any of the cell types.

In this study on the rock bass, (Ambloplites

rupestris), an attempt has been made to resolve these two questions
for the A and B cells.
been examined.

Other structures of the pancreas have also

McCormick (1924) described the endocrine pancreas of

the rock bass (Ambloplites rupestris) as "a cluster of two or three
small islets ... in the mesentery on the bile duct near the duodenum,
... and a single islet .•. to the left of these . .• ".

This species was

chosen because of the ease with which the islets could be excised
from the animal and because of the ready availability of specimens
locally.

It was also thought that the cells of the fish endocrine

pancreas might exhibit a greater range of fluctuation during the
secretory cycle than that shown by mammalian pancreatic cells commonly
used in such studies.
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MATERIALS AND METHODS
The specimens of rock bass (Amb1op1ites rupestris) l used
in this study were obtained by netting or angling in the Niagara
Peninsula.

They were transported under refrigeration in large

plastic bags containing about one third water and two thirds air.
They were held in the laboratory in a 600 litre aquarium at 20-22 o C
in which the water was filtered and aerated through a series of
underwater charcoal and glasswoo1 filters.
The animals were held for twenty-four hours, after which
a random sample of approximately twenty specimens was placed in a
second aquarium.

The latter group were force-fed on a diet of small

minnows once a day for at least three consecutive days prior to
sacrifice.

At regular intervals (1, 2, 3, 4, 5, 6, 7, and 8 days)

after the last feeding, two animals were anaesthetized by placing
them in a shallow pan with water containing a few crystals of
tricane methanesu1phonate.

The right side of the abdominal cavity

was opened and the pancreatic tissue was removed.

Care was taken

to prevent the cutting of any large abdominal vessels.
The pancreas of one specimen was placed in Bouin's -fluid
(Ha1mi, 1952) for twenty-four hours, and thoroughly washed in changes
of 70% ethanol for a minimum of two days.

The tissue was dehydrated

to 95% ethanol, cleared in terpineol, and embedded in "Tissuemat"
(Fisher Scientific Co.) of melting point 55 0 C.
serially at

8~,

Sections were cut

affixed to glass slides with Mayer's albumin (Jones,

1950) and stained for light microscopic study.

The following staining
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methods were employed:

Ehrlich's alumhaematoxylin and Bowie's

eosin (Lewis, 1963); azan (Gomori, 1941); chromium hematoxylinphloxin (Gomori, 1941); aldehyde-fuchsin (Scott, 1952); aldehydefuchsin (Scott, 1952) with azocarmine G (Galigher and Kozloff, 1964).
All fixations for electron microscopy were carried out at

oOe

in solutions buffered to pH 7.2 with O.lM sodium cacodylate.
The pancreas

of the second animal was placed in a petri-

dish of 3% glutaraldehyde solution, and the islets were isolated.
Islets were fixed either for two hours in a 3% glutaraldehyde
solution followed by one hour in 1% osmium tetroxide, or, washed
in buffer and fixed in a 1% osmium tetroxide solution for two hours.
The tissue was dehydrated through a graded ethanol series and embedded
in Marag1as.

o

Thin sections (500 - 900A) , cut with glass knives

were mounted on copper grids and stained with uranyl acetate and
lead citrate (Reynolds, 1963).

A Phillips EM300 electron microscope

was utilized for examination of the tissue.
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RESULTS
The endocrine pancreas of the rock bass is composed of
numerous islets of Langerhans embedded in two separate masses of
exocrine tissue.

The larger or principal lobe positioned along

the bile duct adjacent to the gall bladder and near the duodenum
is a small, variably shaped but usually flattened, elongated mass
of tissue, approximately three to five millimetres long, two millimetres wide, and less than one millimetre thick.

It is closely

applied to the short bile duct in a lateral position.
spherical , secondary

portio~which

The smaller,

occasionally lacks islets, is

approximately one millimetre in diameter, and lies on the splenic
artery in the mesentery between the stomach and the spleen.
vary in size from 200 to

400~

(Fig. 1).

Islets

No more than ten islets

have been isolated from one animal, and usually six to eight can be
found.

Islets are often concentrated near the periphery of the

principal lobe opposite the bile duct.

This imparts a granular

appearance to that surface of the lobe.
The islet is usually spherical, encased in a connective
tissue capsule and penetrated by a network of capillaries (Figs. 2
and 3).

Two types of cells with staining properties similar to those

of mammalian B and A cells are distinguishable in the islet with
the light microscope.

The B cells occupy the central region of

the islet and are encompassed by a peripheral layer, one to four
cells thick of A cells immediately inside the capsule (Figs. 3 and 4).
Interspersed among the B cells are cells that display few or no
granules with the stains used in this study (Fig. 5).
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Most of the irregularly shaped B cells lie either along
or have processes that extend to capillaries (Fig. 5).

Many of these

cells contain numerous aldehyde-fuchsin positive granules, the bulk
of which are concentrated in the cytoplasm near the capillary.

The

amount of granulation in the cytoplasm is variable, and a gradation
from virtually empty cells to those densely packed with granules is
evident.

A spherical nucleus occupies a roughly central position

in the cell.

Chromatin is variable from clumped to dispersed.

The A cells, in a peripheral layer of variable thickness,
show no specific orientation relative to blood vessels (Fig. 6).
Their granules stain positive with the phloxin and the azocarmine
G stains used in this study.

Variable amounts of granulation in the

cytoplasm are responsible for the staining properties of A cells.
The appearance of the stained cell varies from red through shades
of pink to clear.

The clear or "degranulated cells" (Munger, 1962)

possess vacuoles of various sizes in the cytoplasm, usually near
the plasmalemma (Fig. 6).

Degranulated A cells are oval or round

and often swollen in comparison to those that contain numerous
granules.

These angular, granulated cells, that appear to have

been displaced by the distended clear cells,occuPY the interstices
between clear cells and between clear cells and other islet structures
(Fig. 6).

The nucleus of the A cell usually contains one or two

prominent nucleoli.

The chromatin is predominantly dispersed with

variable amounts of clumped chromatin.
The connective tissue capsule that separates the endocrine
tissue from the exocrine tissue is a multilayered structure of
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collagen bundles, elastic tissue, and fibroblasts about

4~

in

thickness (Figs. 6 and 7).
Numerous capillaries occur in the endocrine tissue.

Most

are composed of a single endothelial cell that extends around the
circumference of the vessel (Fig. 8).

The endothelial cell is

thickened in the region of the nucleus and is extremely attenuated
elsewhere (Figs. 8 and 9).

Thin regions of the cell are penetrated

by numerous, presumably circular, fenestrae or pores about 150
in diameter (Fig. 9).

They are closed by a thin diaphragm.

m~

Two

distinct types of vesicles are found in the endothelial cell.
Numerous small invaginations of the luminal and basal plasmalemma
of the endothelial cell form alveolate or flask shaped micropinocytotic
vesicles of approximately equal size (Fig. 10).

Their interior often

communicates with the perivascular space, through a slightly constricted
neck.

'True' pinocytotic vesicles are formed by the fusion of folds

or microvilli with adjacent portions of the cell, and trap droplets
of material of various sizes in membrane bound vesicles (Figs. 8 and
ll) .

A basal lamina, a moderately dense band about 30

m~

thick,

surrounds the endothelial tube of the capillary, and is separated
from it by a light zone about 30

m~

wide (Fig. 8, 12, and 13).

basal lamina is composed of a finely granular material.

The

Outside the

basal lamina is a homogeneous, finely granular, layer (Fig. 13).
A second basal lamina similar in structure to the former lies outside
and parallel to that portion of the plasmalemma of the endocrine cells
which abut

on the capillary (Fig. 13).

A finely granular material
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often occupies the region between the two basal laminae and
obscures clear definition of the latter (Fig. 12).
Unmyelinated nerve fibres are often noted between the
islet cells (Fig. 14).

The Ultrastructure of the Endocrine Cells
Three distinct cell types, the A cell, the B cell, and a
third cell type have been found with the electron microscope in the
islets of Langerhans of the rock bass.

Before describing the

secretory cycle of either the A cell or B cell, and to avoid
repeating a description of the entire cell at each stage, a description of a ' typical' A or B cell possessing those morphological
features common to most of the stages is given.

This provides a

basic morphology with which to compare the salient features that
distinguish one stage from the rest.

A detailed description and

functional morphology of the third cell type is contained in a
separate section.

The General Endocrine Pancreatic Cell
The plasmalemma of both the A and B cells is a tripartite
o

structure about 110 A wide (Fig. 15).

Plasmalemm~of

adjacent cells
o

are separated by an intercellular space of approximately 180 A wide
which remains fairly constant along the entire length of the cells.
A light homogeneous matrix that contains few granules forms the
interstitial material assumed to be intercellular cement.

Interdigita-
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tion of adjacent cells occurs rarely except where adjacent cells
abut

on capillaries (Fig. 13).

where cells abut

Micropinocytosis occasionally occurs

on capillaries (Fig. 16) and occasionally on the

lateral surface (Fig. 14).
The cytoplasm of A cells is of medium density.

Occasionally

the Golgi region appears darker than the remainder of the cytoplasm
(Fig. 17).

The density of the cytoplasm also varies with the activity

level of the cell, its stage in the cycle, and even slightly in different cells that appear to be at the same level and stage.

The

cytoplasm of the B cell displays a range of electron densities from
light to dark, whereas the A cell cytoplasm is much less variable
during the secretory cycle (Fig . 4).

In both cell types, much of

the impression of density is conveyed by small inclusions, some of
which can be indentified, but many can only be called small vesicles
and granules of unknown origin and purpose (Figs. 13 and 18).

Ribosomes

are found in varying numbers free in the cytoplasm of both A and B
cells and polyribosomes, clumps of three or more ribosomes, occasionally
occur (Figs. 13 and 18).

Throughout the A cell cytoplasm, portions
o
of small unbranched tubules about 160 A in diameter can be found. On
one oc c asion, these structures were found in concentration radiating
from the region of a centriole (Fig. 19).

Similar tubules are found

in the B cell (Fig. 13).
Both cell types display variable concentrations of small
vesicles in the cy toplasm especially in the region of the Golgi apparatus.

Two types of vesicles differentiated by the structure of their

limiting membranes are evident.

Both types are round or oval, about
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in diameter and either contain a light homogeneous material

or are vacuous.

The first type possesses a tripartite membrane

indistinguishable in structure from the plasmalemma of the cell
(Figs. 19 and 20).

The other type of vesicle has a tripartite
o

membrane covered by a layer or coat about 140 A thick which seems
to be composed of small bristles or hairs that radiate outward into
the cytoplasm (Fig. 20).

This phenomenon, first described by Roth

and Porter (1964) and later by Bencosme (1965) is termed the "bristle
coat" and the vesicles are termed "coated".
Larger cisternae, variable in shape, are present in both the
A cells (Fig. 21) .and B. cells (Fig. 22).
A third type of membrane bound vesicle thought to contain
lipid occurs infrequently in ·some of the cells (Figs . 23 and 24).
lipid bodies are usually quite large, about 575

m~

The

in diameter, and

are embedded within a granular matrix all contained within the membrane
envelope.

No membrane is apparent at the limit of the lipid droplet.

The salient features of the remainder of the cell are the
endoplasmic reticulum, Golgi apparatus, mitochondria, secretory
granules, and the nucleus.
Endoplasmic reticulum is found throughout the cytoplasm of
both cell types .

Endoplasmic reticular cisternae vary from long and

thin to round, but many are irregular in shape and their distribution
does not conform to any obvious pattern though two basic types can be
distinguished.

Type I endoplasmic reticulum is composed of short,

irregularly shaped or round cisternae up to about 75

m~

in diameter

which contain variable amounts of light homogeneous material (Fig. 13).
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Their frequency of

o~rrence

in either cell varies with the stage

in the cycle but some are present during all stages.

Type II endo-

plasmic reticulum is a series of long, flattened, and parallel
cisternae often with dilated terminal portions (Figs. 25 and 26).
Occasionally the type II lamellar reticulum is found to exhibit
bizarre patterns such as "L" shapes in the B cells (Fig. 26) or a
series of concentric circles in either of the cell types (Figs. 27
and 28).
o

The endoplasmic reticular membrane is tripartite about 90 A
thick and irregularly studded on the outside with dense particles
o

about 175 A in diameter, which are assumed to be ribosomes (Figs. 25
and 26).

Some areas of the endoplasmic reticular membrane appear

without a studding of ribosomes.

Ribosomes are present in small

numbers on the membrane of type I endoplasmic reticulum, whereas the
type II reticular membrane usually possesses numerous ribosomes.
A well developed Golgi apparatus in both A and B cells consists
of a number of smooth membraned, flattened, elongated sacs (Figs. 29
and 30).

Two or three flattened sacs with slightly swollen ends and

an occasional enlargement of the mid-region comprise one component
of the apparatus.

Various amounts of electron dense intra-Golgi

secretion or often a light homogeneous material can be found in the
sacs.

Both coated and smooth membraned vesicles are associated with

the Golgi apparatus of both cell types.

These vesicles contain a

finely granular material of light to medium density (Figs. 29 and 30).
The size of the Golgi saccules, the extent of the dilation of their
lumen, and the number of associated vesicles have been used as indicators

36
in the determination of the activity level and stage in the
secretory cycles of both the A and B cells.
In both cell types, variable numbers of mitochondria are
evident in most sections through the nucleus, but since cells are
of irregular shape, no counts of mitochondria per section were
made.

The mitochondrion in longitudinal section is usually straight

but can be curled or twisted (Figs. 31 and 32).

Though round and

oval forms are found, they are possibly cross or tangential sections
of the elongated form.

Plaque-like cristae are usually transversely

orientated, perpendicular to the longitudinal axis of the organelle.
The membranes of the cristae are separated by a space approximately
30

m~

wide in A cells and approximately 21

m~

wide in B cells.

The

electron density of the mitochondria of the A cell varies considerably
from one stage to the next during the secretory cycle whereas the B
cell mitochondria display little change in the electron density of
the mitochondria during the stages of its secretory cycle.
A second type of mitochonddDn occasionally appero$ in the B
cells.

The organelle possesses a typical double membrane and the

cristae do not appear to be continuous with the inner mitochondrial
membrane.

In both longitudinal and cross sections of these mitochondria,

the cristae are flattened plaques, often with expanded ends and are
usually curled or twisted slightly (Figs. 11, 33, and 34).
Oval or round granules contained within a smooth membrane
envelope are the secretory products of both cells (Figs. 34 and 35).
A and B granules vary in size and density.

B granules often contain

clumped material and spicule-like crystalloids whereas contents of
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the A granules are more homogeneously granular or ropy in appearance.
In both cell types, the granule core is usually separated from the
limiting membrane by an electron lucent space of variable width.
Occasionally, small microtubules of variable length and about 80

m~

in diameter evaginate from the membrane of the granule (Fig. 35).
The nucleus of the A or B cell is limited by a double membrane,
is round or oval in shape, andfu occasionally indented (Figs. 11 and
17).

During the secretory cycle of the B cell, the electron density

and general shape of the nucleus varies considerably, whereas variation
in the A cell is negligible.

Both cell types exhibit outpouchings

of the outer nuclear membrane which vary from shallow ripples to
extensive protrusions (Fig. 21 and 22).
In most sections through a nucleus, one or more circular
pore complexes about 90

m~

in diameter in A cells and 75

m~

in diameter

in B cells penetrate the nuclear membrane (Figs. 36, 37, and 38).

A

diaphragm closes the aperture and there is a thin flange that encircles
the pore in the B cell at the level of the diaphragm (Fig. 37).

In

cross section (Fig. 38) the pore contains a granule in its central
region.

Dense granules are often aligned along the inner nuclear

membrane, and separated from it by a light, agranular space (Fig. 38).
Granules of different sizes are scattered unevenly throughout the
nucleoplasm and small clumps of granules tend to aggregate

to form

patterns of spiral or helical chains characteristic of chromatin
material (Fig. 39).
Occasionally, sections through a nucleus of A and B cells
reveal a nucleolus eccentrically positioned (Figs. 39 and 40).

The

3~

nucleoli noted were irregular in shape and composed of a mass of
electron dense, closely packed granules with irregularly shaped
lighter areas in the nucleolonema (Figs. 39 and 40).

The Secretory Cycle of the A Cell
The secretory cycle of the A cell can be divided arbitrarily
into three morphologically distinctive stages:
1)

Production:

during which A granule formation is
predominant (Text-Fig. 1).

2)

Release :

during which the release of A granules occurs
(Text-Fig. 2).

3)

Reorganization:

during which the changeover from the

release stage to the production stage and
the reorganization of organelles and membrane
structures takes place (Text-Fig. 3).
These stages merge gradually into each other and are merely arbitrary
divisions of a continuous process.

Since secretory granules in most

phases of maturation may be present in any of the three stages of
the secretory cycle, a description of the formation and maturation
of the secretory granule precedes the description of the secretory
cycle.

The granule maturation process has been divided into four

numerically identified phases.
Phase one includes the formation of the granule in the Golgi
apparatus, and the release of the granule from the Golgi apparatus
(Fig. 41).

Phase one secretions found in the Golgi apparatus are

Text-Figure I
Diagrammatic representation of pancreatic A cell in
the production stage.

Text-Figure 2
Diagrammatic representati on of pancreatic A cell in
the release stage.

Text-Figure 3
Diagrammatic representation of pancreatic A cell in
the reorganization stage.
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amorphous, variably sized, and electron dense structures.

The

secretions found in the lumens of the peripheral expansions of the
Go1gi sacs are separated from the Go1gi membranes by a narrow,
electron lucent space.

It appears that intra-Go1gi granules are

pinched off from the peripheral expansions of the Go1gi sacs by
a constriction of the membrane.

The granule is released into the

cytoplasm enclosed in a limiting membrane, and separated from it
by a clear space or 'halo' (de Hoyas, 1969) about 25
wide (Fig. 35).

m~

m~

to 30

Most phase one granules are approximately 220

m~

in diameter.
The phase two granule is usually larger than the majority
of phase one granules (Figs. 35 and 42).

The width of the halo

in the phase two granule is occasionally less than that of the
previous type, though the grain size of the granule matrix is
greater and the electron opacity is less in phase two.
The phase three granule is a heterogeneous mass of grains
and filamentous structures suspended in a light matrix (Figs. 35
and 42).

The grain size of the granule is larger than that of the

phase two granule and the overall electron density is less.

The

diameter of the granule in this phase is greater than the diameter
of the granule in phases one and two.

Usually three or four discon-

tinuities are visible in the membrane of the phase three granule.
The phase four granule is usually ovoid in shape and composed
of a light granulation similar in size to the phase three type (Fig.
42).

The density of the granule is similar to that of the ground

substance of the cytoplasm.

The membrane is often broken, yet the
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contents usually remain concentrated in an ovoid form often in
contact with the membrane (Fig. 15).

A nebulous halo is evident

between the membrane and the granule core.

The Production Stage of the A Cell
The cytoplasm is of medium electron density during the
production stage (Fig. 43).

The numerous free ribosomes, clumps

of small granules, numerous secretory granules, small vesicles and
micro tubules are responsible for the overall impression of cytoplasmic density (Figs. 43 and 44).

Type I endoplasmic reticular

cisternae occur frequently in this stage, and occasionally large
cisternae are found near the plasmalemma (Fig. 45).

Type II endo -

plasmic reticulum has been found only during this stage (Figs. 25
and 28).
In this stage, the smooth membraned sacs of the Golgi
apparatus are dilated relative to the Golgi sacs of other stages
(Fig. 41).
the cell.

Various forms of the phase one granule are present in
The Golgi secretion consists of spherical, electron

dense concretions of variable size that occur near the expanded
ends of the Golgi sacs (Fig. 41).
Numerous small vesicles, some vacuous and some containing
a light, homogeneous material are found in the vicinity of the Golgi
apparatus or fused with the Golgi elements (Figs. 46 and 47).

Many

of these vesicles possess coated membranes and others have smooth
membranes.

During this stage, the membrane of the Golgi apparatus
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exhibits micropinocytotic activity.

Densification and evagination

of the membrane to various degrees is evident.
Mitochondria during this stage appear slightly swollen and
sometimes distorted, occasionally with a larger swelling at one end
of the organelle (Figs. 44 and 46).

A few rod or plaque-like cristae

are present in the lumen of the mitochondria during this stage.
The matrix contains small clumps of fine granular material which
give an overall impression of medium electron density to the mitochondria (Fig. 48).
All phases of granule maturation are present during the
production stage.

Occasionally, the cytoplasm is nearly filled

with secretory granules (Figs. 43 and 45).

Often a phase two or

three granule displays a small evagination of the membrane that
forms a tubular structure of variable length (Fig. 35).

Small

vesicles, similar to those associated with the Golgi apparatus are
found among the granules and have occasionally been noted with the
vesicle membrane fused to the membrane of phase one and phase three
granules (Figs. 20 and 49).

The Release Stage
The cytoplasm during this stage exhibits medium electron
density due to the presence of small tubules, free ribosomes and
small patches of finely granular material.
most elements of the Golgi apparatus possess

During the release stage
narrow lumens, usually

empty of the intra-Golgi secretion found in t he earlier stage (Fig. 50).
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The mitochondria are swollen and contain a few, mainly peripheral
cristae during the release stage (Fig. 14).

The electron density

of the mitochondrial lumen is reduced in comparison to the previous
stage.

Small clumps of a heterogeneous material of medium electron

density are occasionally noted in the lumen.
During this stage, the A cell contains numerous endoplasmic
reticular cisternae of variable size and shape (Fig. 51).

Most of

the cisternae are vacuous and contain only a few clumps of a finely
granular electron dense material.

Often, several large vacuoles

occupy most of the cell and are closely associated with the plasmalemma.

Vacuoles have heen noted fused to the plasmalemma with a

narrow neck joining the lumen of the vacuole with the extracellular
space (Fig. 51).

The numbers of secretory granules vary from many

in cells early in the release stage to few late in the stage.

Most

of the phases of granule maturation can be found in cells during this
stage of the secretory cycle.
the release stage.

Few phase one granules are found during

Moderate numbers of phase two granules and large

numbers of phase three and four granules occur early in this stage.
Later in the release stage, there are fewer granules present in the
cell and most are at phase three and four.

Granules are occasionally

found in a state of partial disintegration within large cisternae
(Fig. 15).

A granules have been noted outside the plasmalemma of the

cell between the plasmalemma and the basal lamina (Fig. 52).

Extra-

cellular A granules have been found in a state of partial disintegraion
(Fig. 53).
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The nucleus is often indented and the nucleoplasm is
similar in electron density and structure to that of the nucleus
during the previous stage (Fig. 50).

The Reorganization Stage
The cytoplasm of cells in this stage contains fewer free
ribosomes, small granules or clumps of granules, and microtubules
than in the cytoplasm of cells in the other stages.

This gives an

overall impression of lower electron density than is evident in any
other stage in the secretory cycle (Fig. 54).

The endoplasmic

reticulum is composed of numerous small sacs, round or flattened
to various degrees, and dispersed randomly throughout the cytoplasm
(Fig. 55).

Often elongated elements of the reticulum are highly

attenuated and exhibit occasional small swellings that form a chainlike structure of small cisternae joined by membranes.

Some components

of the endoplasmic reticulum are irregularly studded with ribosomes,
while others completely lack them (Figs. 31 and 55).

No type II

endoplasmic reticulum has been noted in this stage.

Occasionally

one or two large, roughly spherical cisternae and several smaller
ones are evident in a section (Fig. 56).
The Golgi apparatus is composed of two or three elongated
tubular, or flattened sacs with occasional swellings along the
elements or at the ends (Fig. 29).

The Golgi apparatus is generally

conspicuous in this stage because of the low electron density of the
cytoplasm.

It appears to contain less granular material in this

stage than in production and closely associated with the Golgi apparatus
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are numerous small vesicles, some vacuous, but many that contain
homogeneous material of low electron density (Fig. 29).

Round, oval,

and elongate forms of mitochondria are present during this stage,
many of which exhibit irregular, distorted configurations (Fig. 31).
The electron density of the finely granular mitochondrial matrix is
greater during reorganization than in any other stage.

Numerous

tubular or plaque-like cristae are present in these organelles.
There are few secretory granules present in the cytoplasm
during this stage.

The majority of these are phase one and phase

two granules and occasionally a phase three or four granule is found.
The nucleus remains little changed from the previous stage
though occasionally a slight densification in the central nucleoplasm
has been noted (Fig. 57).

The Secretory Cycle of the B Cell
The secretory cycle of the pancreatic B cell can be divided
into two distinct stages:
1)

Production:

during which the ,B granule formation occurs
(Text Fig. 4).

2)

Release:

during which the release of B granules occurs
(Text Fig. 5).

The two stages merge into each other and are only arbitrary divisions
of a continuous process.

The maturation process of the secretory

granules of the B cell has been divided into three phases, each of
which will be described before the description of the secretory
stages of the cell.

Text-Figure 4
Diagrammatic representation of pancreatic B cell in
the production stage.

Texj1.-Figure 5
Diagrammatic representation of pancreatic B cell in
the release stage.
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Phase one includes the formation of the granule in the
Golgi apparatus, the release of the granule from the Golgi elements
and the granule immediately after it has been released.

In the

Golgi apparatus, the secretion appears as an electron dense,
variably sized, amorphous granule.

The granule is spherical in

shape and displays a finely granular appearance (Fig. 58).

The

granule is contained within the expanded ends of the Golgi sacs.
It appears that these intra-Golgi granules are pinched off from the
peripheral expansion of the Golgi sacs by a constriction of the membrane.

The phase one granule (Figs. 58 and 59) found free in the

cytoplasm is enclosed in a membrane and separated from it by a halo
of approximately 25

m~

in width.

The phase one granule is usually larger than the phase one
type (Fig. 59).

The granule is less electron dense than that of the

cytoplasmic phase one granule and contains coarser granulation.

The

halo, where present,is not usually continuous around the circumference
of the granule.

The granule displays a somewhat ropy appearance and

occasionally contains fragments 'of crystalline material.
The phase three granules are usually larger than the phase
two granules.

Only small amounts of the granular matrix remain

within the membrane envelope during this phase (Fig. 59).

Variable

amounts of columnar or rod-like crystals are suspended in the granule.
Much of the phase three granule is electron lucent though the membrane
never appears collapsed or discontinuous during this phase.
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The Production Stage of the B Cell
The B cell during this stage is often irregular in shape,
sometimes angular and occasionally possesses foot-like cytoplasmic
projections that extend between other islet cells (Fig. 60).

The

projections occasionally abut

on a capillary or are projected in

the direction of a capillary.

A few small vesicles, variable quantities

of secretory granules, and numerous free ribosomes give an overall
impression of high electron density to the cytoplasm (Figs. 60 and 61) .
The small vesicles in the cytoplasm are usually aggregated in the
vicinity of the Golgi apparatus.
A well developed Golgi apparatus is evident during this
stage (Fig. 62).
in the cytoplasm.

The Golgi sacs are dilated and may be found anywhere
Portions of the Golgi bodies have been seen near

the plasmalemma (Fig. 62), near the endoplasmic reticulum (Fig. 63),
and often near the nucleus (Fig. 64).

Usually the Golgi apparatus

is composed of three or four arched or somewhat twisted sacs and a
number of smaller elements.

There is close association of the Golgi

apparatus with type II endoplasmic reticulum and few small vesicles
are found in the cytoplasm between the Golgi apparatus and the endoplasmic reticulum (Fig. 63).
The endoplasmic reticulum during this stage is predominantly
the type II, lamellar form whose elements often contain a light
homogeneous material (Fig. 61).

Smaller vesicular cisternae which

are possibly cross or tangential sections of the lamellar type endoplasmic reticulum are also evident.
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Round or rod-shaped mitochondria are found in the cell
during this stage (Figs. 32 and 65).

The mitochondrial matrix

is homogeneous, variable in electron density, and there are a
variable number of plaque or rod-shaped cristae.

Occasionally

regions of the mitochondria appear swollen.
Phase one, two, and three granules are commonly found
during this stage while phase four granules are rare.

The number

of granules in a cell varies considerably (Figs. 60, 66, and 67) .
The nucleus during this stage is irregular in shape and
possesses a somewhat heterogeneous nucleoplasm variable in electron
density (Figs. 60 and 67).

The inner and outer nuclear membranes

are usually separated by an electron lucent space of variable width .
Occasionally the outer nuclear membrane evaginates into the cytoplasm (Fig. 22).

The Release Stage of the B Cell
The B cell during this stage is less angular than during
the production stage though occasionally some foot-like projections
have been noted to abut

on capillaries.

Fewer ribosomes in the

cytoplasm than in the previous stage give a general impression of
lower electron density to the cell (Fig. 69).

The cytoplasm contains

a finely granular, homogeneous material in which are found small,
unbranched tubules and numerous small vesicles.

The small vesicles

are ooncentrated in the region of the Golgi apparatus and usually
contain a light homogeneous material.

S3

The Golgi apparatus consists of flattened or tubular sacs
(Fig. 68).

Evaginations from the Golgi membrane form micropino-

cytotic vesicles.
(Fig. 69).

Some are coated, others are smooth-membraned

Similar small vesicles are found free in the cytoplasm

and both types have been noted in contact with the membranes of
secretory granules.
(Fig. 70).

They appear to fuse with these vesicles

Occasionally, secretory granules have been noted in

such close contact to the plasmalemma, that their membrane appeared
to be fused to the plasmalemma (Fig. 71).
The endoplasmic reticulum during the release stage is
composed of variable sized vesicles of irregular shape (Figs. 23
and 68).

A few elongated narrow elements are occasionally found

near the periphery of the cell parallel to the plasmalemma (Fig. 68).
Vesicular cisternae have been found in contact with the plasmalemma
and the lumen of the cisterna _ was continuous with the extracellular
space (Figs. 23 and 72).
The mitochondria during the release stage are similar to
those evident in production.

Some may appear slightly more swollen

and sometimes fewer cristae are present than in the previous stage
(Fig. 68).
The nucleus of the release stage cell is usually oval or
round in shape and occasionally possesses one or two invaginations
per section.

In the homogeneously uniform nucleoplasm, occasional

clumps of chromatin of medium electron density are found.

The outer

nuclear membrane may be evaginated into the cytoplasm and has been
noted to form large vesicular evaginations that extend close to the
plasmalemma (Fig. 73).
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The Third Cell Type
The third cell type found in the pancreatic islets of the
rock bass is randomly scattered throughout the islet though is
more commonly seen among the B cells.

These cells are irregular

in shape, possess a large, angular cell body and at least two or
three radiating cytoplasmic processes wedged between other islet
cells (Figs. 74 and 75).

These processes vary in length and width,

usually contain numerous granules, vesicles, and mitochondria, and
may abut

on a capillary.

Occasionally, interdigitations between

this cell type and A and B cells occur (Fig. 76).
The plasmalemma of this cell type is usually well defined
and separated from the plasmalemma of adjacent cells by a uniform
space similar to the intracellular space between the other cells
in the islet.

Occasionally, the electron opacity of the cytoplasm

obscures clear definition of the plasmalemma (Fig. 76).

The density

of the cytoplasm in this cell type displays a greater variation
than the A cell cytoplasm yet less variation than occurs in the B
cell cytoplasm.

The cytoplasm is rich in free ribosomes and

occasionally contains numerous vesicles of variable size and shape
(Fig. 77).

Occasionally, the type II or lamellar endoplasmic

reticulum has been noted (Fig. 78).

No large, dilated cisternae

similar to those found in A or B cells occur.

Ribosomes are usually

aligned along the outer surface of the cisternal membranes (Fig. 78)
of both types of endoplasmic reticulum.

Long, flattened cisternae

are often found in cells that are densely packed with granules and
these elements are usually twisted between the granules and seldom
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parallel each other (Figs. 79 and 80).

The endoplasmic reticulum

often contains a finely granular homogeneous material of medium
or low electron density.
The Golgi apparatus is not well developed in this cell
type and consists of tubular or flattened saccules that contain
material of variable electron density (Figs. 79 and 81).
Variable numbers of mitochondria are found in any section
through this cell type.

Occasionally, they are densely packed

in large regions of a cell (Fig. 82).

Cells with numerous secretory

granules normally have fewer mitochondria.

Round or oval forms of

mitochondria are common in this cell type.

The mitochondrial matrix

is usually of low electron density and contains few cristae.

Those

cristae that do occur are plaque-like or rod-like and are thinner
than the cristae of the other cell types of the islet.
The nucleus is irregular in shape and rich in chromatin
usually with karyoplasm of high electron density (Figs. 75 and 83).
The chromatin is usually clumped in one of two forms.

In the first

form, small clumps are concentrated around the periphery and occasional
clumps occur through the central karyoplasm (Figs. 75 and 82).

The

second type of chromatin is clumped in one central mass which possesses
a general shape of the nucleus (Fig. 76).

The interior of the nucleus

communicates with the cell cytoplasm by irregularly spaced nuclear
pores (Fig. 83).
The secretory product of this cell type appears in the form
of an intra-Golgi secretion and membrane bound granules free in the
cytoplasm (Fig. 81).

The cells are often densely packed with granules
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and the peripheral granul e s form shallow bulges in the plasmalemma
(Figs. 75 and 76).

The Golgi apparatus contains variable amounts

of finely granular, homogeneous material and occasionally round,
electron dense intra-Golgi granules which are noted near the
extremities of the Golgi sacs (Fig. 81).

The cytoplasmic granules

are variable in size, electron density, and structure.

Three basic

types of the secretory granules occur in the cytoplasm.

The type

one granule is similar to the intra-Golgi granule; it is electron
dense and about 270

m~

in diameter.

These granules are contained

within a limiting membrane, and separated from it by an electron
lucent space of about 20

m~

wide.

The type two granule is similar

to the phase three B granule and contains rod-like crystalline
structures embedded in a homogeneous granular matrix (Fig. 80).

The

type three granule is larger than the other two with a homogeneous,
granular matrix (Figs. 79, 80, and 84).
The fusion of type one granules has been noted in this cell
type (Fig. 79).

In one instance, crystalline material similar to that

seen in type two granules was noted in an outpouching of the membrane
of a type three granule (Fig. 80).

It was occasionally noted that

membranes of type two granules which were adjacent to the plasmalemma
were continuous with the plasmalemma (Fig. 85).
Nerve fibres were often closely associated with this cell
type (Figs. 81 and 85).
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DISCUSSION
Although a preliminary light microscopic investigation
had already been carried out on the endocrine pancreas of the
rock bass by McCormick (1924), a more thorough analysis with the
light and electron microscopes was undertaken to further elucidate
the gross morphology, histology, and ultrastructure of the organ.
Two regions that contained endocrine tissue were noted in the
present study.

That islets were noted in the principal lobe

along the bile duct was similar to McCormick's (1924) report
though more islets were found in the principal lobe in this study
than were reported by McCormick.

McCormick also reported a single

large, solitary islet that could be referred to as a principal
islet (Rennie, 1903).

This could correspond to the one to three

islets that were noted in the secondary lobe in the mesentery in
this study although these islets were found to be no larger than
some of those noted in the principal lobe.

There is no evidence

from this investigation that a principal islet similar to that
described in some fish species by other authors (Rennie, 1903;
Bencosme, 1965; and Boquist and Patent, 1971) exists in the rock
bass.

There is a possibility, even though rock bass pancreas is

considered to be of the diffuse type (Legouis, 1873) consisting
of lobes of tissue visible to the naked eye, that endocrine pancreatic
tissue occurs elsewhere in the viscera and was overlooked in both
this study and the previous one by McCormick (1924).
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Another reason for the discrepancy between the present
study and that of McCormick (1924) may have been seasonal changes
causing variation in food consumption and growth which can lead
to a high seasonal requirement of insulin or possibly the interaction of local factors such as temperature and food supply
(Hoar and Randall, 1969).
The islets of Langerhans in the rock bass are similar in
size and shape to islets of other fish species (Theret and Palayer,
1967) and are contained within a fairly thick connective tissue
sheath.
The thickness of the connective tissue sheath that surrounds
the islets of various species of fishes varies considerably though
it is usually thicker than the sheath enclosing the pancreatic
islets of higher vertebrates.

In fishes, the sheath normally sep-

arates the islet tissue from the acinar tissue (Boquist

~

al.,

1971) though Fujita (1964) studying Chimaera monstrosa noted that
a sheath could be lacking from the pancreatic islets.

Patent and

Epple (1967) found a thin capsule around the islets of Langerhans
of the Holocephalon, Hydrolus colliel.

The connective tissue sheath

of mammalian islets is reduced to a few reticular fibres and often
the islet cells are adjacent to the exocrine tissue (Sato et
1966).

al.,

Rennie (1903) pointed out that the principal islet in fish

is "enclosed within a more or less definite capsule" and that they
are "frequently quite black owing to the deposition of pigments".
The pancreatic islets of the rock bass are surrounded with a well
defined sheath similar to the connective tissue sheath described by
Boquist et

al. (1971).
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The arrangement of the cells in the islets of Langerhans
of vertebrates varies from species to species.

The A cells in

the rock bass are on the periphery of the islet, whereas in other
fish species they may be dispersed throughout the islet among the
B cells (Mosca, 1954) or concentrated in the central region with
the B cells around the periphery (Bowie, 1924).

In general, the

arrangement of cells in the pancreatic islets of mammals is similar
to that found in the rock bass (Gomori, 1939; Munger, 1958).
The endocrine function of this gland is suggested by the
absence of ducts or a duct system in the islets and by the presence
of numerous blood vessels throughout the tissue.

The orientation

of the cells and the general polarity of the B granules in the cell
toward a capillary as seen in the light microscope supports the
hypothesis that the cell products are secreted directly into the
circulatory system.
The staining technique used for much of the light microscopy
in this study was a combinati.on of two techniques each derived by
Gomori (1939, 1950), one using aldehyde fuchsin and the other Azocarmine G.

Fast green was employed as a counter stain.

It was found

that better definition of the cells was obtained with this staining
sequence than with the standard aldehyde-thionine and phloxin method.
The Azo-carmine G stain for A cells was particularly useful in
demonstrating the degree of degranulation of A cells.
shown with phloxin.

This was not
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The Secretory Cycle of the Pancreatic A Cell
The A Cell Granules
The secretory granules of the A cells are thought to
contain the hormone glucagon, a straight chain protein composed
of twenty-nine amino acids.

It has been suggested that A granules

are formed in the Golgi apparatus in a manner similar to the formation of other endocrine secretory granules in the adrenal medulla
(De Robertis and D. D. Sabatini, 1960), the anterior pituitary
(Farquhar, 1961), and the parathyroid gland (Munger, 1962).
present study similarly

The

suggests the formation of the A granules

in the Golgi apparatus and describes the "prosecretory granules"
noted by Munger (1962) as intra-Golgi secretions of high electron
density.

Gomez-Acebo et

al. (1968) were vague in their description

of granule formation and mention only "formation of granules from
prosecretory granules in the midst of the Golgi apparatus".

Munger

(1962) stated that
"in the midst of the Golgi apparatus small vacuoles
are present having slightly greater density than empty
vacuoles in the Golgi apparatus. These' small bodies,
prosecretory granules, can be traced in a morphologic
sequence to mature A granules."
Neither of these papers gave documentary or photographic evidence
that the A granule was a discrete product of the Golgi apparatus.
It is

thoug~evident

from photographic evidence in the present study

that the electron dense material in the Golgi apparatus is blebbed
off the Golgi apparatus as discrete granules that either become or
are A granules.

This phase one A granule is believed to be similar

to the prosecretory granule (Munger, 1962) previously described.
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It is believed that the cytoplasmic A granule undergoes
a change of some kind before it is expelled from the cell.

Munger

(1962) suggested that
"the a-cells degranulate by a disintegration of the
granule, forming small secretory particles. These
secretory particles pass through the plasma membrane
of the a-cell, upon which they are frequently plastered
in large numbers, and can be traced through the cytoplasm of the endothelial cells of capillaries."
Since Munger's work, other investigators (Bencosme, 1971) have
found that the electron dense granules closely adherent to various
membrane structures,
were artifacts.

e~g.the

plasmalemma, which Munger had described,

The present study has also described a change in

the morphology of the A granule and indicated that a number of
small vesicles, thought to be derived from the Golgi apparatus fuse
with the A granule and may contribute to the change observed in the
structure of the granule.

Due to the simple structure of the glucagon

molecule, a protein which consists of a straight, single chain of
twenty-nine amino acids, it is not thought that the material from
the vesicles which fuse with the granule is used in the formation
of glucagon.

The tubule-like structures joined to the A granules

may also provide communication between the granules and other granules
or granules and other structures (Lacyet

al., 1968).

It is suggested that in the cell the A granules can take
one of three pathways.
cell by emiocytosis.

First the granule can be liberated from the
The occurrence of this process was described

only where the A cell abuts

on a capillary and is described by

Gomez-Acebo et

They infer that all A cells abut

al. (1968).

capillaries which was not verified in their report.

on

In the present
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study emiocytosis of phase two granules was thought to have occurred.
The second pathway of the A granule includes the disintegration
of the granule during phases three and four and the deposition of
the contents into larger vacuoles.

This mode of secretion is

similar to that described by Esterhuizen and Howell (1970).

It

is thought that these large cisternae empty into the intercellular
space as described for the B cell.
most commonly noted in both

That the large cisternae are
photomicrographs or electron micro-

graphs near the plasmalemma suggests that they playa role in the
release of the product from the cell.

Resorption by the cell is

the third possible fate of the A granule.

Phase four granules have

been noted with broken membranes and the contents of the granules
appeared to have been released into the cytoplasm.

This is similar

to the process which Munger reported in 1962 as the method of
release of the "secretory granules" .

He suggested that this material

released into the cytoplasm is moved to and through the plasmalemma
as discrete particles (Munger, 1962) but it is also possible that
a certain amount of the product is resorbed by the cell.

General Considerations of Secretory Cycle Stages
Although a previous report (Munger, 1962) had proposed a
possible secretory cycle for the pancreatic A cell, no recent
work has been advanced to distinguish any functional stages of
this cell.

Numerous reports have" recorded different forms of the

A cell with silver staining techniques (Falkner and Hellman, 1961),
and other conventional staining methods for the light microscope
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and a number of papers have been presented describing the ultrastructure and variations in the A cell with the electron microscope
(de Royas, 1969; Patent et
Caramia et

al., 1965).

al., 1967; Bjorkman et

al., 1964;

To date the literature lacks the proper

assimilation of fuese data and the synthesis of a possible secretory
cycle for the A cell.
A number of authors (Caramia et

al., 1965; de Royas, 1969)

studied the variations in the A cell and labelled them Aa, Ab, Ac,
cell types on the basis of measurements of granule diameters and
halo widths.

They did not report or analyse any variation in the

ultrastructure of other cellular components such as mitochondria,
endoplasmic reticulum, cytoplasmic density, nucleus, ribosomes, or
plasmalemma.

The cell depends upon these structures for its output

of product and thus consideration of these components must be made
a pertinent part of the investigation.

One advantage of working

with the rock bass has been the variation in the A cell organelles
and secretory granules during the cycle.
The present investigation implemented natural conditions
(e ;-g., · fasting) for the forced release of the A cell product rather
than the use of artificial stimulants such as synthalin or vagal
stimulation.

In the present study based on a number of fish specimens

sampled after different periods of fast, it has been possible to
distinguish three forms of the A cell.

Three forms merge or grade

into one another in a well defined secretory cycle.

The secretory

cycle has no proper beginning or end, but a logical starting point
was with what has been called the production stage.
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The predominant features of the A cell during the production stage are large numbers of secretory granules, an active Golgi
apparatus, and numerous free ribosomes and small vesicles in the
cytoplasm.

The line of demarcation between the production stage

and the release stage is occasionally quite difficult to ascertain
and hence the cell cannot always be precisely identified as being
in one stage or the other.

The release stage is usually identified

by expanded elements of the endoplasmic reticulum and fewer secretory
granules than in the previous stage.

The reorganization stage

exhibits better defined limits than either the production or release
stage.

This stage was not observed as frequently as the other two

which suggests that its existence might be of short duration in
comparison to the other stages.

The cytoplasm is less electron dense

in the reorganization stage than in either of the other stages due
mainly to the presence of fewer ribosomes and secretory granules.
During this stage, numerous small vesicles occur in the cytoplasm.
Since micropinocytotic activity of the plasmalemma is rarely noted
during the reorganization and since most of the vesicles are in
the Golgi region, it is thought that they are derived from the Golgi
apparatus.
The lack of micropinocytotic activity on the plasmalemma
during the production stage suggests that the metabolites for glucagon
synthesis are obtained by synthesis in the cell, absorption through
the plasmalemma, or a combination of both methods.

Whether or not

glucagon is synthesized on the ribosomes which stud the endoplasmic
reticulum or on the free cytoplasmic ribosomes was not determined
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in this study.

Further work with the aid of autoradiographic

techniques might clarify this problem.

The movement of the protein

chains from the endoplasmic reticulum or cytoplasm to the Golgi
apparatus has not been either recorded in the literature or ascertained from this investigation for the A cell.

The movement of

materials from the endoplasmic reticulum to the Golgi apparatus via
small vesicles shown in other cells such as the uterine epithelium,
ciliary body, and parotid gland has been suggested (Threadgold,
1967).

The presence of numerous vesicles in the vicinity of the

Golgi apparatus and endoplasmic reticulum suggests that a similar series
of events might occur in the pancreatic A cell.
The functional significance of the microtubule system evident
in all stages and predominant during production is unknown.
et

Bencosme

al. (1965) noted microtubules and cilia in the bullhead islet A

cell and Caramia et

al. (1965) described filaments and microtubules

in the A cells of the guinea pig.

Microtubules are thought to aid

chromosomal movement and cytoplasmic streaming (Porter, 1966), provide
a rigid skeleton (Tilney, 1968), and take part in endocrine secretion
(Lacy et

al., 1968).

Neve and Wollman (1971)

sug~d

that micro-

tubules may act as "a scaffolding which holds some organelles in
preferred positions in cells".
Many of the secretory granules during the release stage are
at phases three and four and are similar to those found in the rabbit
A cell about twenty hours after synthalin administration (Munger,
1962).

Munger also found cytoplasmic vacuolization in the rabbit A

cells in the same specimen and noted that some A cells contained
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small vacuoles while others were completely filled with large
vacuoles.

Similar results were obtained by

(1965) in the bullhead.

Bencosme~.

al.

Extensive vacuolization of the A cell

was observed with both the light and electron microscopes in
the present study.
The functional significance of two types of endoplasmic
reticulum, if two types exist, is not understood.

It is possible

that all of the endoplasmic reticulum is tubular rather than sheetlike and the chances of sectioning tubules parallel to their
longitudinal axis is so small that seldom is the lamellar structure
obtained but rather short, twisted and vesicular structures are
seen.

Due to the predominance of type I endoplasmic reticulum in

the A cell and type II in the B cell, it is considered that each
cell type contains a structurally different endoplasmic reticulum.
The presence of rough endoplasmic reticulum and free cytoplasmic ribosomes is to be expected in the A cell during the production
stage in view of its function as a producer of a proteinaceous hormone.
It is well established that ribosomes (Palade, 1955 ; Siekevitz and
Palade, 1958 and 1960) are active in protein synthesis.

The endo-

plasmic reticulum of the A cell during any stage is not as heavily
studded with ribosomes as is the endoplasmic reticulum in cells of
other tissues whose secretory product is proteinaceous, ego exocrine
pancreas (Bloom and Fawcett, 1968).

This may reflect the simplicity

of the product.
Small amounts of rough endoplasmic reticulum and fewer free
ribosomes in the cytoplasm during the release stage are suggestive
of a reduction in protein synthesis.
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Margination and emiocytosis similar to that noted by
Gomez-Acebo et

al. (1968) were encountered.

Esterhuizen and

Howell (1970) described exocytosis which involved the linear
arrangement of granules in chains, fusion of the granule membranes
and formation of a vacuole or "intracytoplasmic tubule" that
contained the granules.

Fusion of this structure with the plasma-

lemma and rupture of the plasmalemma released the contents.

These

authors also noted partial disintegration of the granule into
smaller particles, "micro-granules".

It is also feasible that the

"intracytoplasmic tubules" described by Esterhuizen and Howell
(1970) may be or may become the vacuoles on the periphery of the
cell described by Munger (1962) and also noted in the present study.
The mechanism of granule release described by them is similar to that
suggested from the results of the present study for the A cell.
Phase four granules were noted fusing with larger cisternal elements
during the release stage.

It is thought that these large cisternae

may be either already continuous with the extracellular space or
that they fuse with it and form a pore through which the contents
of the cisternae are released.

The cisternae become crenated as

their contents are released into the extracellular space.

Results

from the present investigation suggest two pathways of granule release
so it appears that emiocytosis as described by Gomez-Acebo et

al.

(1968) is not the only mode of secretion of the A granules.
Degranulation of the A granules is more extreme in the rock
bass pancreas than has been noted in other vertebrates examined by
Like (1967) and Sato et

al. (1966).

It is thought that degranulation
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or maturation of the A granules may be affected or even caused
by material transported in small vesicles from the Golgi apparatus
to the secretory granule.
It is thought that under stress of stimulation one or
other of the release mechanisms may predominate and under normal
conditions where variable response is required the two release
mechanisms provide the ability to respond differentially.

Exocy-

tosis, with the fusion of one granule at a time with the plasmalemma,
is probably a slow release mechanism whereas emiocytosis with several
granules already in a common cisterna

is probably a fast release

mechanism.
The presence of few large cisternae and prevalence of numerous
small attenuated endoplasmic reticular elements, some with ribosomes ,
indicates that the morphology of the endoplasmic reticulum is different in the reor ganization stage from what was noted in the release
stage.
Though counts of mitochondria per section were not performed
on the A cells, it appeared that approximately equal numbers of
mitochondria were noted in all stages of the cycle and that only the
structure and density of the mitochondria changed significantly.
Munger (1958), though, noted that some degranulated A cells lacked
mitochondria while others contained a few.

During the production

stage, the rod-shaped and round mitochondria with plaque-like cristae
were similar to those described by Munger (1958) for the A cell.
They occasionally displayed fragmented cristae or swelling which
indicated the possibility of degradation of the organelle.

This
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condition could be caused by the methods used in preparation though
mitochondria in adjacent A or B cells lacked indications of preparation damage.

The cristae during the release stage were considerably

fragmented and swelling of the organelle was more extensive than
noted in the previous stage.

Whether the swelling and fragmentation

exist in vivo or not, the different structure exhibited indicates
some difference such as pH or osmotic pressure in the chemical properties of the mitochondria or cytoplasm.

The mitochondria during the

reorganization stage have an electron dense, granular matrix and
appear normal, with unbroken membranes.

The granules are thought

to represent the sites for the binding of divalent ions of magnesium
and calcium which are important in the molecular structure of enzymes
(Threadgold, 1967).

Since the cell in the reorganization stage is

preparing for protein synthesis and reorganizaing the cellular
membranes, it is thought that the mitochondria should be more active
at this time when the cell is producing enzymes for these functions.
There is little morphological change in the nucleus during
the stages of the secretory cycle and it is suggested that the changeover of the cell from one stage to the next is not indicated by a
change in the morphology of the nucleus, that is detectable with
methods used in this study.

In all stages, the granular homogeneity

of the nucleus indicates that the helices of the chromosomal material
are "completely loosened at all times"

(Threadgold, 1967).

Although

most authors neglect to describe the morphology of the nucleus in
the A cell, photographs in their publications occasionally exhibit
small amounts of clumped chromatin.

De Hoyas (1969) examining mouse
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pancreas and Bjorkman

~

al. (1964) studying duck pancreas,

mentioned that the nuclei of pancreatic A cells were "poor" in
chromatin content.

Relationship of the A Cell Secretory Cycle
And the Current Cell Classifications
Various authors have described A cell types according to
the size of the granule core and the membrane envelope.
et

Caramia

al. (1965) identified the Aa, Ab, Ac cells of the guinea pig

which varied considerably from the Aa, Ab, Ac cells described by
de Hoyas (1969) from the mouse pancreas.

In some respects, the

description of these cells approximates the three cell stages
described in this investigation.

A great deal of variation in

the granule size has been reported in mammalian A cells; for instance,
Zagury, de Brux, Adgla, and Leger (1961) found the granule to be
about 150

m~

in man, whereas Goergsson and Wessel (1967) found that

A granule size varied in man with a mean distribution of about 291
and a maximum size about 462

m~.

m~

Part of this variation possibly

results from different preparatory procedures, though it is more
likely that the cells were in different stages of their secretory
cycle and hence the granules were in a different phase of maturation.
Throughout the vertebrates, many types of A cells have been
described.

No one has analyzed the relationships of these different

types but instead have given numerous labels to identify them.

It

is difficult to imagine that there exists in one species, three closely
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associated but cytologically different A cells that produce the
same product that are not cells in various stages of a secretory
cycle.

It is suggested the mammalian A cell be carefully examined

in view of the presently proposed secretory cycle and it is strongly
suspected that similar conclusions will be reached incorporating
the various types of A cells into a well-defined secretory cycle.
It is also suspected that many of the different clear cells described,
including the C cell of the guinea pig, (Thomas, 1937; Caramia, 1963)
represent a degranulated stage in the secretory cycle of the pancreatic
A cell.

The C cell found in the pancreatic islet of the mouse (de Hoyas,

1969) approximates a lymphocyte too closely to really have any significance as a separate pancreatic cell type.

The Secretory Cycle of the Pancreatic B Cell
It is well established that the secretory product of the
pancreatic B cell is the protein insulin, a double chained protein
whose secondary structure is dependent on the presence of disulphide
bonds (Harrow and Mazur, 1966; Cantarowand Schepartz, 1962).

The

formation of the protein chains is thought to occur on ribosomes or
polyribosomes which are either aligned on endoplasmic reticular
membranes or free in the cytoplasm.
The structure of the B granule is extremely variable.

Lacy

(1961) reported on the structure of the B granule of some mammals
and domestic fowl and found remarkable differences in the structure
of the granule.

Bencosme, Tsutsumi, Martin, Akerblom (1971) studying
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the rat, and Bencosme, Wilson, Aleyassine, de Bold, and de Bold
(1970) studying the rabbit, found two types of B granules in the
B cell which they named dark and light.

There was

considerable

density variation in the two granule types and the authors considered
the less dense granules as immature.

In general, the mammals possess

B granules which are spherical, cylindrical, or rectangular.

The

chicken B cells display granules which are more fibrillar than those
of the mammals (Lacy, 1961; Machino, 1970) and often possess crystalloids of multifilamentous fibrils of high electron density.
Theret and Palayer (1967) studied a number of fish species
and found the structure of the B granules within any species quite
variable, as has been noted in the present study of rock bass.

From

a study of the literature it has been noted that a few fish species
possess B granules of the fibrillar type that are often spiculated
or even fragmented (Theret and Palayer, 1967; Boquist and Patent, 1971).
Boquist and Patent (1971) found that the B cells of Scorpaena scropha
contained "typical" granules which were rounded and moderately dense
and other less typical fibrillar

~anules

intermingled with the former.

The fibrillar granules were moderately dense, variable in size and
shape and enclosed within a smooth membrane.

The fibrillar components

were often composed of "delicate, elongated subunits in more or less
parallel arrangement."

Some granules described by Boquist and Patent

exhibited an irregular arrangement and others possessed tubular
subunits.

The B granules of

~.

scropha were more filamentous and

occasionally ovoid, in comparison to the rounded B granules found in
the rock bass .

Neither Boquist et

al. (1971) nor Theret and Palayer
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(1967) made any suggestion regarding the significance of the
variability in the structure of the B granules.

The present

study has described B granules similar to those found by the
other authors and it is thought that in the rock bass the variability
in the structure of the B granule represents a continuous maturation
process which b egins in the Go1gi apparatus and terminates with
the release of the granules from the cell.

The morphological

change in the granules has been divided arbitrarily into three
phases which display three of the more common granule configurations
though examples of all merging intermediates can be found.
During the production stage the B cell is characterized
by the presence of numerous secretory granules, variable amounts
of lamellar endoplasmic reticulum, and clumped chromatin.

This

cell stage probably corresponds to the typical B cell described in
most other publications (Nakamura, Yamada, and Yokate, 1971; Boquist
and Patent, 1971).

The release stage of the B cell is characterized

by few secretory granules, little type II endoplasmic reticulum and
variable numbers of large expanded endoplasmic reticular cisternae
which are usually absent during the production stage.
Numerous small vesicles are present in the cytoplasm and
usually concentrated in the region of the Go1gi apparatus.

They

are usually more numerous during the production stage than during
the release stage, and are of two types, smooth and coated.

Coated

vesicles as described by Roth and Porter (1964) and Bencosme et
(1965) constituted about half of the vesicle population.

a1.

The out-

pouching of the Go1gi membrane may become coated with a covering of
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small bristle-like structures whose function is unknown.

Roth and

Porter suggested that besides being a structural feature of the
membrane for added support, the bristles might be "involved in
selective uptake of materials from the cell's environment".

Coated

vesicles have been f ound in both the A and B cells of the rock bass
and in the bullhead (Bencosme et

al., 1965).

Smooth vesicles

lack the bristle-like projections possessed by the coated vesicles.
The fusion of small vesicles thought to be a product of the Golgi
apparatus with B granules occurs.

The physiological significance

of the addition of this material to the granule has not been determined.
The B cell nuclei during the production stage exhibited
clumped chromatin not seen during the release stage.

The presence

of a large amount of clumped chromatin during an apparently active
stage in the cycle of the B cell is not understood since the condensed
regions of the chromosomes are thought to be relatively inert, while
the regions where the chromatin material is dispersed are believed
to be those portions of the chromosomes that are actively participating
in the control of the cell (Bloom and Fawcett, 1968).

Nuclear shape

during this stage is variable and nuclei may be indented, as noted
in B c ells described by other investigators (Greider, Bencosme, and
Lechage, 1970; Bencosme et

al., 1970) though these authors did not

use the irregular shape as an indicator of any particular st?ge of
a secretory cycle.
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The formation of the insulin molecule is thought to
take place on the rough endoplasmic reticulum as suggested by
Lacy (1961) and shown with
by Howell et

al. (1969).

electron microscopic radioautography
Howell et

al. suggested that the product

of the endoplasmic reticulum is "transferred" to the Golgi complex
where the granules are formed but they do not suggest any mechanism
of transfer.

No labelled product in vesicles between the endoplasmic

reticulum and the Golgi apparatus was noted by the authors.

Lacy

(1961, 1967) suggested that the granules were formed in vesicles
which were formed from the endoplasmic reticular lamellae.

He noted

that these vesicles containing the granules still possessed ribosomes
on their outer surfaces, and that the ribosomes were later lost when
the granule was free in the cytoplasm.

Bencosme and Martinez-Palamo

(1968) also suggested that the B granules are formed in the endoplasmic
reticulum, though they noted similar granular structures in the elements
of the Golgi apparatus.

From the present investigation, there is no

strong evidence to suggest Lacy's theory (1961, 1967) or the theory
of Bencosme et

al. (1968) that the B granule is formed in the endo-

plasmic reticulum, but granules similar to the phase one cytoplasmic
granules were noted in the elements of the Golgi apparatus.
theory of product transfer (Howell

~

The

al., 1969) from the endoplasmic

reticulum to the Golgi apparatus is not thought to apply to the rock
bass B cell.

In the present study, Golgi elements were found in any

region of the cell and were usually near the lamellar (type II)
endoplasmic reticulum.

In early production stage, the Golgi apparatus

is usually near the nucleus and later on near the periphery with the
endoplasmic reticulum peripheral to the Golgi complex.

Most of the
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interior cytoplasm is packed with secretory granules.
the release

st~ge

During

if any of the type II endoplasmic reticulum is

evident in sections, it is usually at the periphery of the cell
adjacent to the plasmalemma.

Considering these facts in conjunction

with the absence of micropinocytotic activity between the lamellar
endoplasmic reticulum and the Golgi apparatus which would serve to
transfer the protein chains, it is suggested that the endoplasmic
reticular elements are transformed into elements of the Golgi apparatus from which the granules are liberated.

It is conceived that with

slight modification, this theory is probably applicable to the
preceding-

authors' results and would unify the concept of B granule

formation and help to clarify and substantiate Lacy's theory (1961,
1967) .
It is also thought that stress conditions might play an
important role in the site of granule formation.

The work of both

Lacy and Bencosme was carried out on tissue stimulated by tolbutamide or cortisone acetate respectively which produced rapid degranulation and regranulation of the B cell, whereas Howell's work and
the present experiments avoided

artificial means of tissue stimulation.

It is felt that the artificial stimulation used by Lacy and Bencosme
to regranulate the B cell caused B granule formation within the endoplasmic reticulum before the organelle could be transformed into
Golgi elements.
B granules are thought to be liberated from the cell by
either emiocytosis (Lacy, 1961; Gomez-Acebo et
exocytosis (Esterhuizen and Howell, 1970).
mode of release of A granules.

al., 1968) or by

This is similar to the
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The mitochondria in the B cell do not vary in density
during the secretory cycle.

The shape of the mitochondria is

typically round or elongate and the round examples are considered
to be cross or tangential sections of the elongate ones.

A few

of the mitochondria were structurally different from the majority.
These organelles appeared to lack the continuity between the inner
mitochondrial membrane and the cristal membranes evident in other
mitochondria.

This type of mitochondrion and typical mitochondria

were evident in the same cell.

Intermediate stages which could

suggest that they were sections of a similar structure were never
noted.

Two possibilities arise which might account for such charac-

teristics.

The cristae may be continuous with the inner membrane

only in a short region along one side or end of the organelle or
secondly, the cristae may not be attached at all to the inner
membrane.

The latter is thought to be unlikely though the internal

structure

of the mitochondria may be in a dynamic state of change

as suggested by Threadgold (1967) and any structure noted in the
electron microscope is one which is apt to be short-lived in the
cell.

The evidence from this study suggests that two structurally

different types of mitochondria exist in the rock bass B cell.
The secretory cycle of the pancreatic B cell may contain
more than two stages though other stages could not be clearly distinguished in this investigation.

Sato, et

al. (1966) noted two

extremes of the B cell which they termed the "granular" and "agranular"
stages.

In their analysis, they noted an inverse proportionality of

numbers of secretory granules to other cytoplasmic structures, i.e.
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ribosomes, mitochondria, vesicles, etc. similar to that noticed
in the present study but they did not relate these data to a
secretory cycle.

The Third Cell Type
The third cell type of the pancreatic islet of the
rock bass displays characteristics similar to other types of
pancreas cells described by various authors.

To name this cell

in view of other descriptions or to describe it as an entirely new
cell type would only add further confusion to the literature.

It

is discussed in this study as a cell type of unknown function and
origin.

This cell is structurally similar to the D cell described

by de Hoyas (1969) from the mouse pancreas, or by Gomez-Acebo et
al.(1968) from the rabbit pancreas, and also similar to the B cell
described by Bencosme et
treated rabbits.

ale (1968) from the pancreas of cortisone

This cell type is different in general appearance

from the A or B cells of the rock bass pancreas and no transition
stages between it and the A or B cells were noted.
The secretory granules of the cell are thought to be formed
in the Golgi apparatus and can be found as anyone of three structural
types in the cell.

It is believed that the granules undergo a matur-

ation process similar to those of the A and B cells.

Small vesicles

do not appear to fuse with the secretory granules nor does the Golgi
apparatus show evidence of micropinocytotic activity.

Some secretory

granules display filamentous crystalline structure and occasionally
their membranes fuse with one another in similar fashion to that
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noted in the A granules described by Esterhuizen et

al. (1970).

The release mechanism for the granules is thought to be similar
to exocytosis in the A cell and granules found fused to larger
cisternal elements are thought to be dumping their contents into
these cisternae.

Evidence for emiocytosis has also been noted.

Bencosme et

al. (1968) when examining the formation of

the secretory granules of the B cell noted a close relationship between
the granules and lamellar endoplasmic reticulum. They suggested that
the granules were formed in the endoplasmic reticulum and were released
into the cytoplasm.

The endoplasmic reticulum of the third cell type

in this study is of the lamellar type and often displays secretory
granules in close association to the terminal portions of the cisternae.
This is probably indicative of secretory granule formation in the endoplasmic reticulum.
The shape of this cell type is somewhat variable.

Most cells

have cytoplasmic projections much narrower than either the A or B
cells, and these pr ojections usually contain numerous secretory
granules.
The significance of the variation in numbers of mitochondria
noted indifferent cells is unknown.
The appearance of the nucleus was a dominant characteristic
by which the cell type was identified.

The overall electron density

of the nucleoplasm was characteristically higher in this cell type
than that of the nucleoplasm of A or B cells.

This characteristic

aided identification of this cell type at even the lowest magnifications
of the electron microscope.
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CONCLUSIONS
1.

The endocrine pancreas of the rock bass is composed of several
encapsulated islets contained within at least two separate
masses of acinar tissue.

2.

Three identifiable cell types are contained within the islets:
B cells comprise the central core of the islet; A cells form a
peripheral layer around the B cells; and a third type is
usually dispersed among the B cells.

The Pancreatic A Cell
3.

The cell undergoes a sequence of morphological changes which have
been categorized into three stages of a secretory cycle:

production

stage, release stage, and reorganization stage.
4.

The product of this cell is numerous membrane limited granules
which are formed in the elements of the Golgi apparatus.

5.

The morphology of the A granule changes from an electron dense,
finely granular structure to an ovoid mass with coarse granulation,
a series

6.

which is described in four numerically identified phases.

Small cytoplasmic vesicles are closely associated with both the
Golgi apparatus and the secretory granules.

7.

The granules are released by exocytosis or emiocytosis into the
extracellular space.

8.

Exocytosis of granules takes place at the plasmalemma where the
cell abuts

on a capillary and emiocytosis can occur anywhere at

the plasmalemma.
9.

A change in the electron density and internal structure of the
mitochondria is prominent during the secretory cycle.
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10.

Vesicular endoplasmic reticulum (type I) and lamellar endoplasmic reticulum (type II) occur in the cell .

Type II occurs

only during the production stage.
11.

Little change in the electron density of the nucleus occurs during
the secretory cycle.

The Pancreatic B Cell
12.

The B cell undergoes a sequence of morphological changes which
have been categorized into two stages of a secretory cycle :
production stage and release stage.

13.

The product of this cell is numerous

membrane limited granules

which are found in the elements of the Golgi apparatus.
14.

The morphology of the B granule changes from an electron dense,
finely granular structure to a mass of crystalline structures
with a ropy or rod- like appearance, a series which is described
in three numerically identified phases.

15 .

The granules are released by exocytosis or emiocytosis into the
extracellular space.

16.

Exocytosis of granules takes place at the plasmalemma where the
cell abuts

on a

c~pillary,

and emiocytosis can occur anywhere

at the plasmalemma.
17.

It is suggested that elements of the lamellar endoplasmic reticulum
lose their ribosomes and are transformed into Golgi sacs from
which the granules are released to the cytoplasm.

18.

The transformation of lamellar endoplasmic reticulum to Golgi
elements moves outward from the centre of the cell toward the
plasmalemma as the production stage progresses.
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19.

Lamellar endoplasmic reticulum is found on the periphery of
the cell during the release stage.

20.

"Typical" mitochondria are found in the cell along with atypical
mitochondria whose cristae do not appear to be attached to or
continuous with the

21.

inner mitochondrial membrane.

Little vesicular endoplasmic reticulum (type I) occurs in the
cell and type II endoplasmic reticulum is plentiful during the
production stage.

22.

The amount of clumped chromatin in the nucleus varies considerably
during the secretory cycle.

The Third Cell Type
23.

This cell is similar to the pancreatic D cell of some animal species
and similar to the pancreatic B cell of others.

24.

The cell is irregular in shape and often possesses narrow cytoplasmic projections which fill the interstices between the other
islet cells.

25.

The product is in the form of membrane limited granules whose
morphological variations have been used as criteria for categorizing
them into three granule types.

26.

The granules are thought to be formed in the Golgi apparatus from
which they are released into the cytoplasm and later released
from the cell by emiocytosis and exocytosis.

27.

The physiological significance of this cell type, its relationship
to the other pancreatic cells of the rock bass, and identification
with cell types of other animal species is not suggested.
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APPENDIX I
Histological Fixatives and Stains
Bouin's Fluid (modified)
Saturated aqueous picric acid

75 parts

Formalin

25 parts

Trichloracetic acid (0.5% aqueous)

5 parts

After 24 hours tissues were washed and stored in 70% ethanol.
Ehrlich's Alum Haematoxylin
6.0 gms.

Haematoxylin
Absolute ethanol

600.0 mls.
60.0 mls.

Glacial acetic acid
Glycerin

600.0 mls.

Distilled water

600.0 mls.

Alum ammonium sulphate

200.0 mls.

The haematoxylin was dissolved in the acid and alcohol; 20 gms.
of the alum ammonium sulphate dissolved in water were added to the
above together with glycerine.

The mixture was agitated well and

the remainder of the alum was added to the container.
was used only after it had ripened for several months.

The stain
Some crystals

of the alum remained at the bottom of the container at all times;
if necessary, more were added.
Bowie's Eosin
1 gm. alcoholic eosin in 100 mls. 80% ethanol
1 gm. yellowish eosin (Y) in 100 mls. distilled water
1 gm. bluish eosin (B) in 100 mls. 30% ethanol

The three solutions were mixed and filtered.

92

Chromium Haematoxylin
Haematoxylin (1% aqueous)

100.0 mls.

Chromium alum (3% aqueous)

100.0 mls.

Potassium dichromate (5% aqueous)

4.0 mls.

Sulphuric acid (0.5N)

4.0 mls.

Mixture ripens in 24 hours and can be used as long as a film of
metallic lustre will continue to form on its surface after 1 day's
stand.

The mixture was filtered before use.

Phloxin
Phloxin

1.0 gm.

Distilled water

200.0 mls.

Aldehyde Fuchsin
*Stock solution

100.0 mls.

Concentrated hydrochloric acid

1. 0 mls.

Paraldehyde U.S.P.

1. 0 mls.

~~Stock

Solution
Basic fuchsin

0.5 mls.

Ethanol (70%)

100.0 mls.

Mixture gradually (at room tempeEature) turns a deep purple in
about 24 hours.
Azocarmine G
Azocarmine G
Distilled water (boiling)

1.0 gms.

100.0 mls.

Cooled to room temperature and 1 mI. glacial acetic acid added.
Staining was carried out at 55 0 C for l~ hours.
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APPENDIX II
Cytological Stains
Uranyl Acetate
Saturated solution of B.D.H. Ana1ar uranyl acetate in 50% methanol
was used immediately after preparation.
Lead Citrate
Lead nitrate, Pb(N0 3 )2

1.33 gms.

Tri-sodium citrate, Na3(C6H507).2H20

1.76 gms.

Distilled water
Sodium hydroxide (1.0N)

30.0

m1s.

8.0

m1s.

The lead nitrate and tri-sodium citrate were placed in 30 m1s. of
distilled water and shaken vigorously for one minute.

The mixture

was then allowed to stand with intermittent shaking for thirty
minutes.

8.0 m1s. of 1.0N sodium hydroxide were then added, the

solution made up to a volume of 50 m1s. with distilled water and
mixed by inversion.

The staining solution (pH

in a glass bottle and kept refrigerated.

~

12.0) was stored

All chemicals used were

of an analytic reagent grade.
Staining Method
Sections were routinely double stained in uranyl acetate and lead
citrate.

Grids were placed in centrifuged uranyl acetate for five

minutes, rinsed by moving them carefully through a large volume of
distilled water for about one minute, then placed in centrifuged
lead citrate for ten minutes.

After lead staining, the grids were

again rinsed in the manner noted above and were allowed to dry on
a clean piece of filter paper.
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APPENDIX III
Cytological Buffer
Sodium Cacodylate Buffer (O . lM)
Stock 1
Cacodylic acid
Distilled water

1.38 mls.

100.0

mls.

Stock 2
Sodium hydroxide
Distilled water
Buffer at pH
add :

0.4 gms.
100.0 mls.

= 7.2

Stock 1

114.2 mls.

Stock 2

100.0 mls.
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APPENDIX IV
Embedding
Maraglas
Fixed islets were progressively dehydrated from water for 15 minutes
in each of 30%, 50%, 60%, 70%, 80%, 90% ethanol, 95% ethanol (two
changes), Absolute alcohol (two changes), for 20 minutes in a solution
of equal portions of absolute ethanol and propylene oxide, and for
10 minutes in propylene oxide.

They were placed in a propylene

oxide- Marag1as mixture 1:1 for 30 minutes then in the Marag1as
mixture at room temperature for about 12 hours.

The tissue was

then placed in plastic capsules filled with fresh Marag1as and
polymerized in an oven at a temperature of 60 o C. for 24 to 36 hours.
The Marag1as mixture contained:
Marag1as 655

68 parts

Cardolite NC-513

20 parts

Dibuty1phtha1ate

10 parts

Benzyldimethylamine (BDMA)

2 parts
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APPENDIX V
Photomicrography
All photomicrographs in this study were taken with the Leitz
Orthomat automatic microscope camera.

Letiz Apochromat objectives

were used with the Leitz Orthoplan microscope body.

The film

used was Kodak Panatomic X, a film of fine grain, developed for
a speed of ASA32 for 9 minutes in Kodak Microdol-X developer at
20 o e, and fixed in Kodak acid fixer.

Electron micrographs taken

on the Phillips EM300 electron microscope at 60 Kv. were exposed
on Kodak Fine Grain Positive roll film and developed in Kodak
Microdol-X developer for 8 minutes at 20 o e, rinsed in water and
fixed for five to seven minutes in Kodak acid fixer.
All photographs were printed on Kodabromide photographic paper
and developed in Kodak Dektol developer.
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Figure 1.

Photomicrograph of a section through pancreas to show
exocrine tissue (pointer), endocrine tissue (pointer 1),
and a blood vessel. Hematoxylin and Eosin.

X 125

Figure 2.

Photomicrograph of a section through a pancreatic
islet. Note centrally located B cells and peripheral
A cells (pointer). Aldehyde fuchsin, Azo-carmine G
and Fast green.

X 190

Figure 1

Figure 2

Figure 3.

Section through islet edge to show connective tissue
capsule, A cell layer, B cells, and capillaries.
Aldehyde fuchsin, Azo - carmine G, and Fast green.
X

Figure 4.

1,200

Electron micrograph of section through islet edge to
show connective tissue capsule, A cell layer, B cells
and capillaries.
X

3 , 000

Figure 3

Figure 4

Figure 5.

Central portion of islet that shows the polarity of
B cells toward capillaries (pointers) and a number of
cells which appear to contain few or no granules
(pointer 1). Aldehyde fuchsin, Azo-carmine G, and
Fast green.

X 1,200

Figure 6.

Islet edge with vacuolated A cells (pointers) . Note
the variable amounts of granulation in the A cells
and the connective tissue capsule containing aldehyde
fuchsin positive elastic tissue. Angular, granulated
cells occupy the interstices between clear cells and
between clear cells and other islet structures (pointer 1).
Aldehyde fuchsin, Azo-carmine G, and Fast green.

X 1,200

Figure 5

Figure 6

Figure 7.

Portion of connective tissue capsule of islet. Note
collagen bundles (pointer) and nucleus of fibroblast
(pointer 1).

X 16,500

Figure 8.

Cross section of capillary with basal lamina, fenestrated
capillary endothelial cell, pinocytotic vesicles, a~d
fenestrae.

X

23,000

Figure 7
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Figure 9.

Portion of B cell adjacent to capillary. Note fenestrae
and micropinocytotic vesicles (pointers) of endothelial
cell.

X 75,000

Figure 10.

Portion of endothelial cell with numerous micropinocytotic vesicles (pointers). Note adjacent nerve
process.

X

~5,000

Figure 9

Figure 10

Figure 11.

Abutment ~

of B cellon a capillary. Note the presence
of a nerve process and the extensive pinocytotic
activity on the endothelial cell.

X 24,000

Figure 11

Figure 12.

Intercellular space between endocrine cell and endothelial
cell. Density of ground substance in intercellular space
obscures clear definition of basal lamina. Note light
space (pointer) adjacent to plasmalemma exterior to the
cell.
X 146,000

Figure 13.

A and B cells abut on capillary. A cell cytoplasm
contains few secretory granules, microtubules, and small
vesicles. Note clumps of ribosomes and polyribosomes
(pointers), basal lamina , of both endothelial (pointer 1)
and endocrine cells (pointer 2), and interdigitation of
A and B cells (pointer 3).
X

28,800

Figure 12

Figure 13

Figure 14.

A cell with micropinocytotic vesicles on lateral
plasmalemma (pointer), few secretory granules, and
swollen mitochondria. Note unmyelinated nerve process
between A cells.

X 52,300

Figure 15.

A cell cytoplasm that contains secretory granules in
all phases of development. Note the membrane of a phase
two granule fused with a cistern-a (pointer) and a phase
four granule whose membrane is incomplete (pointer 1).

X 88,300

Figure 14

Figure 15

Figure 16.

Capillary region showing micropinocytotic vesicle
(pointer) on the plasmalemma of a B cell that abutts
on capillary.

x 95,400

Figure 17.

A cell with an oval nucleus and cytoplasm of medium
electron density. Note swollen mitochondria, numerous
small vesicles, and several vacuoles and Golgi region.
X 10,000

Figure 16

Figure 17

Figure 18.

A cell with numerous small vesicles, microtubules,
some granules, ribosomes and polyribosomes.
X

Figure 19.

Centriole in A cell.
vesicles.

47,300

Note microtubules and small

x

95,400

Figure 18

Figure 19

Figure 20.

A cell cytoplasm with small vesicles fused to the
membrane of a phase one granule. Note the numerous
smooth (pointer) and coated (pointer 1) vesicles
free in the cytoplasm and fused with elements of the
Golgi apparatus.

x

78,600

Figure 20

Figure 21.

A cell in the release stage with num~rous large
cisternae and all phases of granule maturation.
Note extensive outpouchings of outer nuclear membrane
(pointer) and association of cisternal membrane with
plasmalemma (pointer 1). A third cell type lies
adjacent to the A cell (pointer 2).
X

11 ,500

Figure 21

Figure 22.

B cell in release stage with several large cisternae
and an indented nucleus. All phases of granule
maturation are present.
X

Figure 23.

13,800

A cell cytoplasm containing a lipid body embedded in
a granular matrix. A membrane encloses the lipid and
matrix (pointer).
X 39,000

Figure 22

Figure 23

Figure 24.

B cell cytoplasm containing a lipid body. A granular
material surrounds the lipid and both are enclosed
within a membrane (pointer).
X

Figure 25.

65,000

Cytoplasm of an A cell containing type II, lamellar
endoplasmic reticulum. Note the expanded ends of the
reticular elements and the ribosome studded membranes.

x 14,400

Figure 24

Figure 25

Figure 26.

B cell cytoplasm with "L" shaped lamellar endoplasmic
reticulum. Membranes of reticular elements are studded
with ribosomes.
X

Figure 27.

31,600

B cell cytoplasm possessing a concentric pattern of
type II endoplasmic reticulum.
X

22,200

Figure 26

Figure 27

Figure 28.

Portion of A cell showing concentric pattern of type II
endoplasmic reticulum .
X

Figure 29.

18,500

A cell cytoplasm with a Golgi apparatus and numerous
small vesicles in the surrounding cytoplasm. Some
vesicles are coated (pointer) and others are smooth
(pointer 1).

x 41,000

Figure 28

Figure 29

Figure 30.

B cell cytoplasm containing a Golgi apparatus,
numerous small vesicles, some coated (pointer)
and some smooth (pointer 1).

X 45,000

Figure 30

Figure 31.

A cell cytoplasm with round and elongate mitochondria.
X

Figure 32.

92 ,200

B cell cytoplasm with both round and elongate
mitochondria.
X

71,500

Figure 31

Figure 32

Figure 33.

Elongate mitochondria in B cell. Note that the cristae
are not attached to the inner mitochondrial membrane
in this section.

x

Figure 34.

Cross section of a B cell mitochondrion of a type
similar to that in Figure 33. Note various phases
of B granule present.
X

Figure 35.

50,400

54,200

A cell ctyoplasm showing evagination of membrane of
secretory granules (pointers).
X 53,300

, Figure 33

Figur~

Figure 35

34

Figure 36.

Portion of an A cell nucleus showing double limiting
membrane, intermembranous space (pointer), and a
nuclear pore (pointer 1).

X 179,000

Figure 37.

Portion of a B cell nucleus showing the double limiting
membrane, intermembranous space (pointer), and a
nuclear pore (pointer 1). Note the flange encircling
the pore (pointer 2).

X 147,000

Figure 36

Figure 37

Figure 38.

Tangential section of B cell nucleus with nuclear
pore complexes. Note central granule apparent in
some pores (pointer).
X

Figure 39.

64,000

Portion of nucleus of A cell showing fibrillar (pointer)
and granular (pointer 1) components of the nucleolus.
Note the light areas in the nucleolus and associated
granular nucleoplasm with spiral configurations
typical of chromatin (pointer 2).

x

190,000

Figure 38

Figure 39

Figure 40.

Portion of nucleus of a B cell showing fibrillar
(pointer) and granular (pointer 1) components of
nucleolus. Note electron dense granules in the
nucleoplasm aligned along the inner nuclear membrane
(pointer 2).

X 89,000

Figure 41.

A cell cytoplasm showing Golgi apparatus and intraGolgi secretions. Numerous small vesicles are present
in the surrounding cytoplasm. It is thought that the
intra-Golgi secretions are released into the cytoplasm
by the pinching off of the Golgi membrane (pointer).
X

55,200

Figure 40

Figure 41

Figure 42.

Portion of an A cell cytoplasm showing various
phases of granule maturation.
X 59,200

Figure 43.

Portion of A cell cytoplasm during the production
stage. Note numerous secretory granules, most of which
are in phases one, two, or three, and few elements of
endoplasmic reticulum (pointer).
X

34,700

Figure 42

Figure 43

Figure 44.

A portion of A cell cytoplasm during the production
stage showing small vesicles, microtubules, and
ground substance. Endoplasmic reticular elements
are studded with ribosomes (pointer).

X 56,400

Figure 45.

A cell in the production stage with numerous secretory
granules in the cytoplasm and several large cisternae,
some of which are aligned near the plasmalemma adjacent
to a capillary.
X 9,000

Figure 44

Figure 45

Figure ·46.

A cell cytoplasm in the production stage showing
possible formation of micropinocytotic vesicles
from the membranes of Golgi sacs. A mitochondrion
present shows a swelling at one end, a typical
characteristic of this stage (pointer). Several
coated vesicles are present in the cytoplasm
(pointer 1).
X4) ,500

Figure 47.

Portion of A cell cytoplasm during the production
stage showing possible formation of micropinocytotic
vesicles from the membrane of Golgi sacs and close
association of the vesicles with a phase one granule
(pointer) .
X

95,800

Figure 46

Figure 47

Figure 48.

A portion of A cell cytoplasm with a mitochondrion .
Occasionally, bizarre shapes such as this have been
noted. Note also the clumps of fine granular material
in th e matrix.
X

Figure 49.

llO , OOO

A portion of A cell cytoplasm with the probable
fusion of small vesicles with secretory granules
(pointers) .

X 57, 200

Figure 48

Figure 49

Figure 50.

Portion of A cell during the release stage. The sacs
of the Golgi apparatus have a narrow lumen (pointer)
and the nucleoplasm displays a uniform granulation of
medium electron density. Several cisternae are present
in the cytoplasm.
X

33,000

Figure 50

Figure 51.

An A cell during the release stage. Several large
cisternae are adjacent to the plasma-lemma and the
membrane of one cisterna appears continuous with the
plasmalemma (pointer). Few secretory granules are
present. An example of the third cell type is present
in the top left corner of the figure.

x

13,400

Figure 51

Figure 52.

Edge of A cell with a phase one A granule in the extra
cellular space next to an endothe l ial ce ll .

X 107, 000

Figure 53.

An A cell abutting on a cpaillary and showing granules
in the extracellular space. Some appear in a state
of disintegration (pointers) .

X 30,000

Figure 52

Figure 53

Figure 54.

An A cell during the reorganization stage with
numerous elements of type I endoplasmic reticulum,
few secretory granules, and several mitochondria
of medium electron density.

x

14,600

Figure 54

Figure 55.

Portion of an A cell during reorganization stage .
Note the narrow lumen of Golgi sacs and numerous
elements of the type I endoplasmic reticulum in a
chain-like structure (pointers).
X 17,500

Figure 56.

An A cell during the reorganization stage with some
large cisternae (pointer 1) and several smaller
cisternae (pointer 2).
X 10,000

Figure 55

Figure 56

Figure 57.

An A cell nucleus during the reorganization stage
displaying clumped chromatin (pointer).

X 30,300

Figure 58.

Portion of B cell cytoplasm with intra-Golgi secretion
(pointer) and close association of phase one cytoplasmic
granules (pointer 1) with the Golgi apparatus.

X 47,300

Figure 57

Figure 58

Figure 59.

Portion of B cell cytoplasm with the three phases of
secretory granules.

X 89,000

Figure 59

Figure 60.

B cell production stage. Note numerous secretory
granules, indented nucleus and lamellar endoplasmic
reticulum (pointer). Few cisternae are present in
the cytoplasm.
X

9,600

Figure 60

Figure 61.

PO,rtion of B cell cytoplasm during the production
stage with type II, lamellar endoplasmic reticulum.
Membranes of tqe reticulum are studded with ribosomes
(pointer).

X 42,600

Figure 62.

Portion of B cell cytoplasm during the production
stage with a Golgi apparatus near the plasmalemma.
Note several closely associated vesicles, some coated
(pointer 1) and some with smooth membranes (pointer 2).
X 54,200

Figure 61

Figure 62

Figure 63.

Portion of B cell cytoplasm during the production stage
with a Go1gi apparatus adjacent to the lamellar endoplasmic
reticulum.

X 70,500

Figure 64.

Portion of B cell cytoplasm during the production stage
with a Go1gi apparatus near the nucleus. Note micropinocytotic activity on membranes of Go1gi sacs (pointer)
and several small vesicles in the adjacent cytoplasm.

X 31,800

Figure 65.

Portion of B cell cytoplasm during the produc tion
stage. Note round and elongate mitochondria and
several small cisternae. All phases of granule
maturation are present.

X 45,000

Figure 66.

A B cell during the production stage with the
cytoplasm almost filled with secretory granules.
Portion of the Golgi apparatus is evident in the
central region (pointer).

X 88,000

Figure 65

Figure 66

Figure 67.

Several B cells during the production stage. Note
the clumped chromatin and indentation of nuclei.

X 14,900

Figure 67

Figure 68.

Portion of B cell cytoplasm during the release stage.
Note narrow Golgi sacs, small numbers of secretory
granules and low electron density of the cytoplasm.

X 22,000

Figure 69.

B cell cytoplasm during the release stage with several
small vesicles and micropinocytotic activity on the
membranes of the Golgi sacs (pointer).

X 110,000

Figure 68

Figure 69

Figure 70 .

Portion of B cell cytoplasm with secretory granules in
all phases of maturation. Note the close association
of small vesicles with the secretory granules (pointer s).
X

92,400

Figure 70

Figure 71.

Portion of B cell during the release stage adjacent
to capillary. Note membrane of phase two granule
fused to plasmalemma (pointer).

x

Figure 72.

95,400

Portion of B cell during the release stage with a
cisternal element fused with the plasmalemma (pointer).
X

29,200

Figure 71

Figure 72

Figure 73.

Portion of B cell to show extensive evagination of
outer nuclear membrane into the cytoplasm (pointer).
Note adjacent third cell type.

x

Figure 74.

26,000

Third cell type with several cytoplasmic projections
filling the interstices between other islet cells
(pointers). Note the dense cytoplasm of this cell
type.
X 10,000

Figure 73

Figure 74

Figure 75.

Third cell type with an indented nucleus of high
electron density and patches of clumped chromatin.
Note the large number s of secretory granules.
X

11,000

Figure 75

Figure 76.

Portion of the cytoplasm of third cell type. Note
interdigitation of this cell and adjacent B cell
(pointer).

x

Figure 77.

43,400

Portion of third cell type showing fusion of type three
granule (pointer). The cytoplasm of this example was
less electron dense than that of most cells examined.
X

32,300

Figure 76

Figure 77

Figure 78.

Portion of a third cell type showing several type I
granules (pointers) and type II lamellar endoplasmic
reticulum.

x

Figure 79.

24,400

Portion of a third cell type with all three types of
granules and a Golgi apparatus. Note fusion of
granules (pointers).
X

42,600

Figure 78

Figure 79

Figure SO.

Portion of cytoplasm of a third cell type showing fusion
of type two and three granules (pointer). Note mitochondria
with delicate plaque-like cristae (pointer 1).
X

Figure Sl.

35,300

Portion of a third cell type and closely associated nerve
fibres (pointers). Note Golgi apparatus containing various
amounts of light homogeneous material (pointer 1).
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Figure 81

Figure 82.

Portion of cell of third cell type with numerous
mitochondria in the cytoplasm.
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Figure 83.

Portion of the nucleus from a third cell type.
nuclear pores (pointers).
X

77,100

Note the

Figure 82

Figure 83

Figure 84.

Portion of cell of third cell type adjacent to a
capillary. Note predominance of type two and type
three granules.
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Figure 85.

28,600

Portion of cell of third cell type with numerous secretory
granules adjacent to plasmalemma and occasionally the
granule membrane is continuous with the plasmalemma
(pointer). Note the nerve process near the central portion
of the cell (pointer 1).
X
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Figure 85

