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CHAPTER I 

HISTORICAL REVIEW AND INTRODUCTION 

The pancreas is a compound gland consisting of exocrine 

and endocrine tissues. The exocrine portion secretes 

pancreatic juice which passes into the duodenum via the 

pancreatic ducts; the endocrine portion, the islets of 

Langerhans, consists of aggregations of endodermal cells 

which liberate their hormones directly into the circulation. 

In human beings, the pancreas contains approximately two 

million islets widely scattered throughout the acinar tissue 

and constituting only one or two per cent of the pancreatic 

mass . 

The islets were first described by Langerhans in 1869. 

He characterized them as being clusters of cells which were 

unlike acinar cells, were not associated with the duct 

system of the pancreas, and were highly vascularized. The 

islet tissue of most vertebrate classes contains three 

functionally different types of cells: a-cells producing 

glucagon, 3-cells producing insulin, and D-cells (a,-cells) 

which are probably a source of gastrin (Epple, 1969) . 

Between the years of 1886 and 1889, von Mering and 

Minkowski showed that total pancreatectomy of dogs would 

lead to metabolic disturbances similar to those prevailing 

in human diabetes mellitus. Banting and Best in 1921 

prepared islet extracts which had hypoglycemic effects in 
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dogs. Finally, Abel crystallized and purified insulin in 

1926, making possible many biological and chemical studies 

(Turner and Bagnara, 1971). 

The pancreatic islets of amphibians are scattered, 

histologically distinct cellular units within the pancreas. 

They were first described by Diamare (1899) in Triton 

cristatus (Moore, 1964). However, among the amphibians, 

there is little uniformity or conformity in the various 

descriptions of the cell types. For instance, it has been 

reported that Taricha torosa has only one cell type (Miller, 

1953). Triton cristatus (Fisher, 1912; Kolossow, 1927), 

Rana temporaria (Barrington, 1951), and Rana fusca 

(DeRobertis and Primaresi, 1939) have one distinct cell 

type and one transitional type; while Bufo arenarum (Wright, 

1959), Rana catesbeiana (Seiden, 1945), Rana pipiens (Janes, 

1938) , Rana clamitans (Hirata, 1934) , and Rana japonica 

(Sanguchi, 1921) have two distinct cell types. Dunn, et al. 

reported that Rana tempororia (Dunn, et. a]^. , 1943) had five 

distinct pancreatic cell types in their pancreas. 

There appear to be two classes of amphibians islet. 

In one class, there is only a single cell type and an 

"inactive" transitional cell type. The principal cell type 

in this class is the 3-cell. In the second class, there 

are two cell types. The main cell type in this class 

would be the 3-cell; however, a small portion of a-cells is 
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also present, particularly near the edges of the islet 

(Janes, 1938). 

The role of insulin in glucose metabolism has been 

well documented for mammals, reptiles, and birds. In 

mammals, insulin is known to be a hypoglycemic agent, while 

in reptiles and birds, insulin raises blood sugar levels. 

This apparent contradiction of the role of insulin in 

different classes of vertebrates is called the paradoxical 

response of insulin (Turner and Bagnara, 1971). McMillian 

and Wilkinson (1972) determined that insulin in the 

salamander Ambystoma annulatum lowers blood sugar levels. 

In their study, they were able to show that insulin results 

in a hypoglycemic condition followed by a hyperglycemic 

phase. The latter phase was attributed to the over-

compensation by a hyperglycemic mechanism. Hypoglycemia 

following insulin administration was reported in the 

California newt, Tricha torosa, but hyperglycemia following 

the hypoglycemic phase was not reported (Wurster, 1958) . 

There are complexities involving the analysis of the 

role of insulin in amphibian carbohydrate metabolism. For 

instance, variability of diet, stage of the life cycle, 

and season of the year frequently affect production of 

adrenocorticotropic hormone (ACTH), somatotropic hormone 

(STH), adrenaline, glucagon, thyroxine, and adrenal 

corticoids. All these hormones are known to affect glucose 
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metabolism and therefore, may be the reason for the appar-

ently conflicting reports now in the literature (Moore, 

1964). 

Alloxan (mesoxalylurea, mesoxalycarbamide, 2, 4, 5, 6 

- tetraoxohexahydropyrimidine, or pyrimidetetrone) was 

discovered in 194 3 by Dunn, et. a]^. , and has become the most 

widely used substance for the induction of diabetes 

mellitus. It is widely used because of its relatively 

early discovery and because none of the diabetogenic drugs 

subsequently discovered until 1960 exert an equally specific 

toxic effect on the islet 3-cells. According to Rerup 

(19 70), alloxan was found in the mucus of a patient with 

"intestinal catarrh", and in the urine of a patient with 

cardiac failure. Since these two reports, there have been 

no further reports of the presence of alloxan in body 

fluids of man or laboratory animals. 

The diabetogenic dose of alloxan is variable between 

species, and even within individual animals of the same 

species. The variability of the diabetogenic dose of 

alloxan also varies, dependent upon laboratory conditions. 

An exact comparison of the sensitivity to alloxan between 

and even within species would require dependable deter-

minations of the ED 50; the dose rendering one-half of the 

animals diabetic. Data of this type are scarce since the 

object of most studies has been to obtain as many diabetic 



animals as possible. Because of the short half life of 

alloxan, an intravenous injection is more effective in 

inducing diabetes. A 50 mg/kg intravenous injection will 

cause the onset of diabetes in dogs (Fredricks and Creutz-

feldt, 1969) while a 30 mg/kg treatment is effective in 

rats (Lazarow and Palay, 1946) . Since alloxan is most 

stable at pH 3 or below, and at room temperature (Rerup, 

19 70), the differences encountered between the diabetogenic 

dose in homoiotherms are small compared to the differences 

in diabetogenic dose between homoiotherms and poikilotherms 

After a diabetogenic dose of alloxan has been admin-

istered, massive necrosis of the 3-cells of the islets of 

Langerhans can be observed in most mammals and certain 

other species of reptiles. This effect of alloxan is so 

specific that except for slight, reversible changes in the 

kidney and adrenal medula, no other histological changes 

occur (Hard and Carr, 1944). Diminished granule content 

of 3-cells was reported in rabbits and rats as early as 

five minutes after alloxan injection (Bailey, et al. , 

1944; Hughes, et. al̂ . / 1944). Fifteen minutes after alloxan 

injection, a marked reduction in 3-cell granules, shrinkage 

of the 3-cells, and an increase in pericapillary space was 

observed (Lazarus and Volk, 1962). One hour after 

injection, nuclear pyknosis was evident and shrinkage 

becomes more intense with time: the nucleus undergoes 



karyolysis, the cytoplasm disintegrates, and the cell 

boundaries disappear. Finally, fragmentation of the entire 

cell completes the necrotic process approximately twenty-

four hours after injection of alloxan in the rabbit 

(Frericks et_ al̂ . , 1969; Lazarus, et̂  a]^. , 1962; Lukens, 

1948; Duff, 1945; Duffy, 1945; Dunn e^ a]^. , 1943). 

Controversies with regard to the sequence of histological 

changes do exist, and are most pronounced when an attempt 

is made to compare different species. As an example, in 

the hamster, 3-granules increased in number within five 

minutes after alloxan injection (House, ejb al_. , 1956) . The 

sequence of histological change is not as important as the 

fact that the histological changes occur rapidly after 

administration of the poison. This rapidity of effect may 

be important in the understanding of the mechanism of 

action of alloxan. ..,.,, 

Ultrastructural damage to the 3-cells of alloxan 

poisoned mammals is extensive, but is dependent on the 

dosage and duration of treatment. Among the usual effects 

observed on electron micrographs were mitochondrial swelling, 

nuclear pyknosis, swelling of the rough endoplasmic 

reticulum, destruction of intracellular membranes, production 

of large vacuoles, detachment of ribosomes from rough 

endoplasmic reticular membranes, vesicle fusion, loss of 

3-secretory granules, and eventually disintegration of the 



entire 3-cell (Wellman, et. a^. , 1967; Williamson and Lacy, 

1959; Longnecker, et a]^. , 1972; Falkmen and Olsson, 1962). 

In comparison to the widely studied mammals, the 

data available concerning the cytotoxic effect of alloxan 

on the endocrine pancreas of poikilothermic vertebrates 

are scarce, inadequate, and contradictory, especially in 

the case of urodeles. Wurster and Miller (1960) reported 

that alloxan was inefficient in inducing insular or 

glycemic alterations in Triturus torosus. In contrast, 

Trandaburu and lonescu (1970) reported progressive histo-

logical lesions of 3-cells, accompanied by evident hyper-

glycemia in Triturus vulgaris. Trandaburu, et̂  ̂ -/ (1971) 

also reported that the intensity of the noxious effects of 

alloxan varied considerably both from islet to islet, and 

between the cells of the same islet. The alterations 

included cytoplasmic vacolization, aggregation of secretory 

granules or dispersion of their content, lesions of 

different degrees in cellular organelles, pyknosis of 

nuclei and degradation of cell membranes (Trandaburu and 

lonescu, 1971) . There are species within each class of 

vertebrates which are resistant to alloxan poisoning. This 

resistant phenomena was reported for some fishes (Murrell 

and Nace, 1959; Kern, 1969), some anurans (Wright, 1959; 

Rangnekar and Sabnis, 1967), the lizard Varanus monitor 

(Rangnekar and Sabnis, 1967), the pigeon (Goldner and 
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Gomori, 1945) and the duck (Mirsky, 1945) . Among mammals, 

resistance to alloxan was found in some inbred strains of 

rats (Maske and Weinges, 1957) and in guinea pigs (Maske 

and Weinges, 1957); Gorbman and Bern, 1964) . This 

difference in resistance between species of the same class 

and in different classes may be the reason for the dis-

crepancy between Wurster's data and that of Trandaburu. 

Light may be shed on this resistance as more infoirmation 

about the mechanism of alloxan action is reported. 

The mechanism of action of alloxan on the islet 

3-cell is not understood. It is known that the diabetic 

condition following alloxan poisoning is due to the lack 

of insulin. The hormone level in plasma is either very 

low or unmeasurable and does not rise on injection of 

insulin releasing substances (Rerup, 1968) . Several 

hypotheses have been put forward, but none have been proven, 

The hypothesis that alloxan may act by occupation or 

inactivation of sulfhydryl groups (SH-groups) was advocated 

by Lazarow (1948) who showed that substances containing 

free sulfhydryl groups protect against alloxan-induced 

diabetes. These free SH-groups reduce alloxan to dialuric 

acid, which is nondiabetogenic unless it is reoxidized to 

alloxan. Free sulfhydryl groups in the islet 3-cell are 

necessary for insulin synthesis and are usually supplied by 

cysteine and glutathione. Also, many enzymes contain free 



SH-groups essential for insulin synthesis. The reaction of 

alloxan with these SH-groups could, at least in part, 

explain the mechanism of diabetogenesis. The depletion of 

glutatione in blood after injection of alloxan (Leech and 

Bailey, 1945) is in keeping with this concept. Later, 

Lazarow gave evidence that at least in the toad fish, 

Opsanus tan, alloxan does not enter the cell (Cooperstein 

and Lazarow, 1964) and proof that alloxan enters the islet 

3-cell of homoiothermic animals is lacking. For this 

reason, the hypothesis of an intracellular action of alloxan 

or free SH-groups of amino acids, peptides, or active sites 

of enzymes needs supporting evidence. 

Another, and perhaps the most well known hypothesis *" 

for alloxan action, is the chelating theory of Okamoto 

(1951). Alloxan was once thought to chelate zinc; however, 

this mechanism of alloxan action became unacceptable when 

it was shown that alloxan itself is not a chelating agent. 

The chelating reaction was attributed to alloxanic acid, 

an isomer of alloxan monohydrate. Alloxanic acid is not a 

diabetogenic substance (Resnic and Cecil, 1956). Thus, it 

appears that alloxan diabetes as the result of a chelating 

reaction is highly improbable. 

More recently, several hypothese which assume enzymatic 

or metabolic alterations have been advanced. Possible 

actions of alloxan include the following: inhibition of 
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hexokinase or other enzymes, inactivation of Coenzyme A, 

reaction with 3-cell membranes, and release of trypsin 

from the exocrine tissue. According to Webb (1966), all 

these mechanisms are highly speculative and unproven. 

The histological, cythological, biochemical and 

pharmacological implications of alloxan on pancreatic 

3-cells have been extensively studied in mammals. In 

contrast, there is relatively little data concerning the 

effects of this cytotoxic agent on the pancreas of 

poikilothermic vertebrates. In the case of urodeles, 

results are apparently contradictory. Wurster and Miller 

(1960) reported alloxan as inefficient in inducing insulin 

or glycemic alterations, while Trandaburu and lonescu (1970) 

reported progressive histological lesions of 3-cell 

accompanied by hyperglycemia in animals treated with 

various doses of alloxan. ,••'•• 

^ My study is a series of experiments designed to: 

(1) determine the effects of alloxan on blood sugar levels, 

(2) determine the effect of mammalian insulin on blood 

sugar levels, and (3) determine the exact ultrastructural 

alterations, if any, due to alloxan poisoning in the 

pancreas of the tiger salamander, Ambystoma tigrinum. 



CHAPTER II 

MATERIALS AND METHODS 

In September of 1972, larval tiger salamanders (Amby-

stoma tigrinum) were seined from a large sewage sediment-

ation tank at Reese Air Force Base, Hurlwood, Texas. The 

experimental animals were brought to the laboratory and 

immediately placed in nalgene basins. In order to stabilize 

the blood glucoses of the animals, they were kept in these 

basins under fasting conditions for 24 hours. 

Biochemical Study I 

The salamanders were weighed and divided into 14 

groups of 5 animals each. Eight of the 14 groups were 

J) 
treated with alloxan monohydrate (Sigma A-8128) via intra-

peritoneal injection at a dosage of 100 mg/kg body weight. 

The remaining 6 groups were injected intraperitoneally with 

saline (0.85% NaCl) at a dosage of 100 mg/kg body weight. 

Blood from the saline and alloxan injected groups was 

obtained by decapitation. For the alloxan treated groups, 

blood was obtained at the following times after injection: 

30 minutes, 60 minutes, 120 minutes, 240 minutes, 480 

minutes, 720 minutes, 960 minutes, and 1,440 minutes. For 

the saline treated groups, blood was obtained at the 

following times after injection: 60 minutes, 180 minutes, 

360 minutes, 600 minutes, 900 minutes, and 1,560 minutes. 

11 
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The blood was collected in conical centrifuge tubes and 

centrifuged for 10 minutes at 2^400 rpm. The serum was 

decanted and saved in sealed vials at 4° C until blood 

glucose was determined by a Technicon AutoAnalyzer. The 

method employed for glucose determinations was an automated 

modification of the method of Hoffman (1937) as described 

in the Technicon AutoAnalyzer Methodology N-26. Glucose 

standards were prepared by dissolving precise amounts of 

glucose in the appropriate volume of saturated benzoic acid. 

All glucose samples were weighed accurately to 0.1 mg and 

run in triplicate. 

Biochemical Study II 

Another group of salamanders of similar weight ( 2 0 g) 

which had been in the laboratory 36 hours, were injected 

intraperitoneally with a 100 mg/kg dosage of alloxan. After 

2 hours, these salamanders were again injected, this time 

with insulin (Eli Lilly U-40 Regular Iletin) at a dosage 

of 5 lU/animal. Blood was collected by decapitation 5 

hours later and serum glucose levels were determined in 

triplicate using a Technicon AutoAnalyzer. The 2 hour 

alloxan treated animals were chosen because they displayed 

the greatest increase in blood sugar levels and the 5 hour 

time was the recommended time (Eli Lilly) for greatest 

insulin activity in mammals. 



13 

Biochemical Study III 

The effect of larger dosages of alloxan was also 

studied. The salamanders used in this experiment were 

seined from the same locality in June of 1973. The 35 

animals were divided into groups of 5 and each group 

received the following dosages of alloxan: 100 mg/kg, 200 

mg/kg, 4 00 mg/kg, 700 mg/kg, 1.25 g/kg, 2.5 g/kg. In 

addition, 5 animals received saline injections and were used 

as controls. All salamanders were sacrificed by decapitation 

24 hours after injection of alloxan. The blood was 

collected and prepared for glucose determination in the 

same way as described previously. Because the Technicon 

Auto Analyzer was not available, the serum glucose levels 

were determined by Dubowski's O-Toluidine method (Sigma 

Chemical Co. Lot 12C4590) (Dubowski, 1962). The absorbance 

was read at 64 0 my on a Beckman Acta III spectrophotometer 

with a digital read out. Milligram per cent of glucose 

was determined in triplicate and was calculated from a 

standard curve using a Wang 500 programmable calculator. 

Electron Microscope Study 

After removal of blood, 3 animals were chosen from 

each group of 5 for pancreatectomy. The pancreases were 

excised and immediately placed in 2 per cent glutaraldehyde. 

To insure the rapid penetration of fixative, the tissues 

were chopped into approximately 1 X 1 X 1 mm cubes. The 
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glutaraldehyde was buffered with 0,1 M sodium cacodylate at 

pH 7,3 (Sabatini e^ a]^. , 1963), The tissues were placed 

into sealed vials and stored in glutaraldehyde at 4° C for 

3 weeks. The tissues were then removed from the glutaralde-

hyde and post-fixed for 1 hour room temperature in phos-

phate buffered osmium tetroxide (Millonig, 1961) . The 

tissues were dehydrated in ethanol and embedded in Spurr's 

low viscosity epoxy resin (Spurr, 1960) . Infiltration began 

with the last absolute ethanol rinse. An equal quantity of 

embedding media was added to the specimen vials containing 

absolute ethanol, Infiltration of tissue in this mixture 

lasted 30 minutes. After infiltration in the 1:1 mixture, 

enough embedding media was added to obtain a 3:1 mixture of 

epoxy resin to ethanol and the pancreatic tissues were 

allowed to infiltrate in this mixture another 30 minutes. 

The 3:1 mixture was decanted and 100% epoxy resin was 

added. Tissues were allowed to infiltrate overnight in 

100% and were agitated by a slowly rotating wheel. 

Following infiltration, the tissues were placed in plastic 

boats and resuspended in fresh Spurr's medium. The epoxy 

resin was polymerized overnight in a 70° C oven, 

After polymerization, the blocks were trimmed with a 

razor blade to expose only tissue. Ultrathin sections 

for electron microscopy were obtained using glass knives 

on either a LKB ultratome III or a Reichert OmU-2 ultratome. 
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Sections with interference colors in the grey-pale gold 

range (300-900°A) were placed on 75 mesh, 0.2% Formvar 

supported copper grids. The sections were stained with 

uranyl acetate and lead citrate (Reynolds, 1963) containing 

0.001% triton X-100, a nonionic surface activator (Berlin 

and Ramsey). The uranyl acetate was prepared and filtered 

immediately prior to use. 

The sections were either examined with a Hitachi HS-8-2 

model transmission electron microscope of Zeiss EM90S2 

electron microscope operated at 50 kv. Electron micrographs 

were taken on DuPont 711 Cronar Ortho S Litho graphic arts 

film or Kodak Electron Microscope film. Micrographs were 

printed using a Durst S-45 EM enlarger or Durst laboratory 

138S enlarger. 



CHAPTER III 

RESULTS 

I. Electron Microscope Study 

Electron microscopy was utilized to establish normal 

ultrastructure of the secretory cells of the pancreas in 

the tiger salamander, Ambystoma tigrinum. The 3-cells of 

alloxan treated salamanders were then compared to the 

ultrastructure of these normal 3-cells in an attempt to 

visualize the sequence of necrosis in 3-cells. 

The pancreas of normal or untreated Ambystoma tigrinum 

contains four secretory cell types; acinar cells, 3-cells, 

a-cells, and F cells. The nuclei of the control acinar 

cells are irregularly shaped with chromatin readily visible 

Acinar cytoplasm is packed with zymogen granules which are 

electron opaque and of differing sizes. These zymogen 

granules are bound by a unit membrane and filled with a 

dense, homogenour protein material. Mitochondria are 

numerous and appear as plump filamentous structures with 

crestae oriented traversely. The remaining cytoplasm is 

occupied mainly by stacked rough endoplasmic reticulum 

cisternae and smooth surfaced vesicles and vacuoles. 

Desmosomes were occasionally observed between two acinar 

cells. Condensing granules can also be occasionally seen 

in areas where Golgi are present. These condensing 

vacuoles appear similar to the zymogen vacuoles; however, 

16 
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they are less electron dense (Figure 1). 

The a-cells are the most numerous of the endocrine 

cell types. They are found in the islets of Langerhans 

and they contain small, round, electron opaque, secretory 

granules of approximately 0.35 ym in diameter. There is 

no distinct space between the a-granule and the limiting 

membrane which enclose these granules. Nuclei are 

irregularly shaped with chromatin visible. The cytoplasm 

of a-cells is composed mainly of a-granules with Golgi 

bodies, lysosomes, mitochondria, and rough endoplasmic 

reticulum present. The mitochondria have cristae which 

run transversely (Figure 2). 

Another cell type readily distinguishable by electron 

microscopy is the F-cell (Figure 3). F-cells were first 

described in light microscopy by Bencosme (1955) who 

termed them "X" cells until their nature could be ascertained 

in further detail. Munger, Caramia, and Lacy (1965) 

termed these cells "F-cells" and this term will be used in 

the remainder of this report. 

F-cells are characterized by a cytoplasm filled with 

granules of moderate electron opacity. These granules also 

exhibit much variability in profile shape, therefore making 

the estimation of granule size very difficult. The profile 

of the granules can be kidney-shaped, U-shaped, triangular, 

rectangular, round or oval. The limiting membrane is very 
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closely applied to the dense internal core of the granule. 

Mitochondria are numerous and have transversely oriented 

cristae. Scattered tubules of granular endoplasmic reticulum 

and Golgi apparatus are also present in the cytoplasm 

(Figure 3). 

3-cells are the most easily recognized cell type of the 

endocrine pancreas . The 3-granules are electron opaque 

crystalloids having the shape of cylinders or irregular 

discs with some branching. The diameter of these membrane 

limited secretory granules is 0.4 ym. The crystalloid 

structure of the granule appears to be fibrillar (Figure 4a). 

The cytoplasm between the secretory granules contains 

rough endoplasmic reticulum, Golgi apparatus with associated 

prosecretory granules, and scattered mitochondria with 

cristae oriented transversely. Desmosomes are occasionally 

found between adjacent 3-cells and interdigitations of 

adjacent cell membranes can also be observed (Figure 4). 

Figures 5-12 show 3-cells of treated salamanders. 

These animals were treated with alloxan at a dosage of 

100 mg/kg body weight. The only difference between these 

plates is the amount of time elapsed after injection of 

alloxan. The plate numbers and amount of time elapsed 

after injection of the poison are as follows: Figure 5 -

30 minutes, Figure 6 - 6 0 minutes, Figure 7 - 120 minutes, 

Figure 8 - 240 minutes, Figure 9 - 480 minutes, Figure 10 -
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720 minutes, Figure 11 - 960 minutes, and Figure 12 - 1,440 

minutes. By examining the ultrastructure of these cells 

and comparing them to the control, there are no observable 

ultrastructural changes. 

Since no ultrastructural changes were observed with a 

100 mg/kg dosage of alloxan, an attempt was made to see if 

a larger dosage of alloxan would effect the ultrastructure 

of 3-cells. Figure 13 is a 3-cell from a salamander 

treated with 700 mg/kg dosage of alloxan and killed at 24 

hours after injection. The blood glucose of this animal 

at time of sacrifice was 412.2 mg/100 ml. Again, there 

were no observable ultrastructural changes. 

II. Biochemical Study 

The effect of a 100 mg/kg dosage of alloxan on serum 

glucose was studied in 40 larval salamanders. Figure 14 

summarizes the results from the 100 mg/kg dosage of alloxan 

treated groups and the saline treated groups. This figure 

also compares the glucose levels of control and alloxan 

treated animals. There was an initial decrease in serum 

glucose levels followed by a sharp increase in glucose. 

This elevated glucose level was maintained for a period 

of 24 hours reaching its highest point at approximately 8 

hours after injection. 

Serum glucose concentration was also determined for 

6 groups of saline injected animals. These animals were 
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Figure 1-A portion of an acinar cell of a salme 
treated control animal. These acinar cells contain 
dense homogenous granules, zymogen granules (Z) and 
numerous mitochondria (M) , with cristae which runs 
transversely, desmosomes (D) are frequently observed 
between adjacent acinar cells and rough endoplasmic 
reticulum (RGR) occupies much of the acmar cytoplasm. 
Glutaraldehyde-osmium fixation. 8,873X. 

Figure 2—An electron micrograph of a fraction of 
an a-cell. a-cells are located in the islets of 
Langerhans and are most easily identified by their 
numerous, small, round, electron opaque a-granules (A) 
measuring approximately 0.35 ym in diameter. Mito-
chondria (M) have filamentous cristae running trans-
versely and desmosomes (D) are occasionally observed 
between adjacent cells. Rough endoplasmic reticulum^ is 
situated between the secretory granules. Glutaraldehyde-
osmium fixation. 9,982X. 

Figure 3—Electron micrograph of a portion of an 
F-cell. These cells are characterized by a cytoplasm 
filled with granules (F) that are variable in shape. 
Mitochondria (M) are plump and have cristae oriented 
transversely. (RER) Rough endoplasmic reticulum, and 
(C) condensing secretory granule, and (CO) collagen 
are also present in this micrograph. Glutaraldehyde-
osmium fixation, 19,742X. 

Figure 4--This is a micrograph of a 3-cell, the 
most easily recognized cell type of the endocrine 
pancreas. These cells are characterized by numerous 
electron opaque crystalloids (B) which are located in 
the cytoplasm. These crystalloids have the shape of 
cylinders or irregular discs with some branching and 
they are enclosed by an oval limiting membrane. The 
cytoplasm between the secretory granules contain 
rought endoplasmic reticulum (RER) and prosecretory 
granules (PG) (granules which have not yet condensed 
into the crystalloid structure). Interdigitations of 
cell membranes (ICM) between adjacent cells and des-
mosomes are also observable. Mitochondria (M) , plasma 
membrane (CM), and nucleus (N) are alos present in this 
micrograph. Glutaraldehyde-osmium fixation. 19,742X. 

Figure 4a—This electron micrograph shows the 

crystalloid structure of the granule appears to be 
fibrillar. Glutaraldehyde-osmium fixation. 37 63 

ym 

37,630X. 
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Figure 5—Electron micrograph of a salamander 
6-cell treated with a 100 mg/kg dosage of alloxan for 
30 minutes. Nucleus (N), mitochondria (M), 3-secretory 
granule (B) , residual body (RB) (de Duve, 1963) , Golgi 
body (G) , and ribosomes (R) are all present in this 
micrograph and all appear normal. Glutaraldehyde-
osmium fixation. 20,375X. 

Figure 6—Electron micrograph of salamander 
3-cell treated with a 100 mg/kg dosage of alloxan 
for 60 minutes. Nucleus (N) , mitochondria (M) , 
3-secretory granule (B), and plasma membranes (CM) 
are present in this micrograph and all appear normal. 
The cell above and adjacent to the 3-cell is an 
acinar cell with zymogen granules (Z) , mitochondria 
(M) , rough endoplasmic reticulum (RER) , and condensing 
vacuole (CV) . Glutaraldehyde-osmium fixation . 16,486X 
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Figure 1—Electron micrograph of salamander 3-cells 
treated with 100 mg/kg dosage of alloxan for 120 
minutes. Nucleus (N) , Golgi body (G) , mitochondria (M) , 
digestive vacuole (DV) (de Duve, 1965), and 3-secretory 
granules (B) can be observed in this micrograph and 
all appear normal. Glutaraldehyde-osmium fixation. 
8,820X. 

Figure 8—Electron micrograph of a salamander 
3-cells treated with a 100 mg/kg dosage of alloxan 
for 240 minutes. Mitochondria (M), 3-secretory 
granule (B), prosecretory granule (PB), and ribosomes 
(R) can be observed in this micrograph and all appear 
normal. Glutaraldehyde-osmium fixation. 2 9,400X. 
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Figure 9-
3-cell treated 
480 minutes. 

-Electron micrograph of a salamander 
with a 100 mg/kg dosage of alloxan for 
Residual body (RB) , mitochondria (M) , 

rough endoplasmic reticulum (RER), 3-secretory 
granules (B), 
observable in 
Glutaraldehyde 

Figure 10 
3-cell treated 
720 minutes. 
secretory gran 

and prosecretory granule (PB) are also 
this micrograph and all appear normal. 
-osmium fixation. 17,998X. 

—Electron micrograph of a salamander 
with a 100 mg/kg dosage of alloxan for 
Prosecretory granules (PB), 3-
ules (B), nucleus (N), and ribosomes 

(R) can be observed in this micrograph and all appear 
normal. Gluta raldehyde-osmium fixation. 22,244x. 
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Figure 11—Electron micrograph of a salamander 
3-cell treated with a 100 mg/kg dosage of alloxan for 
960 minutes. Nucleus (N), nucleolus (Nu), inter-
digitations in plasma membranes (ICM), nuclear pore 
(NP) , mitochondria (M) , 3-secretory granule (B) , and 
residual body (RB) can all be seen on this micro-
graph and all appear normal. Glutaraldehyde-osmium 
fixation. 16,060X. 
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Figure 12—Electron micrograph of a salamander 
3-cells treated with a 100 mg/kg dosage of alloxan for 
1,440 minutes. Golgi body (G), 3-secretory granules 
(B) , prosecretory granules (PB) , nucleus (N) , and 
mitochondria (M) can be observed in this micrograph 
and all appear normal. Glutaraldehyde-osmium 
fixation. 7^560X. 

Figure 13—Electron micrograph of salamander 
3-cells treated with a 700 mg/kg dosage of alloxan for 
24 hours. The cell membrane (CM) appears normal and 
3-granule (B) content and number seem uneffected by 
alloxan. Capillary (CAP), nucleus (N), and Digestive 
Vacuoles (DV) can all be seen in this micrograph and 
all appear normal. Glutaraldehyde-osmium fixation . 
18,240X. 
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used as the control specimens. The trend seems to show 

a gradual decline in glucose levels, reaching its lowest 

point at 26 hours after injection. 

The effect of insulin on glucose metabolism was 

studied by injecting alloxan treated animals with insulin. 

The results from this experiment are summarized in Table 1. 

There was an increase in glucose levels at 2 hours after 

injection of alloxan. Insulin was therefore injected 

intraperitoneally 2 hours after alloxan injection. The 

insulin seemed to have lowered glucose levels so that the 

glucose levels were no longer significantly different from 

that of the control animals sacrificed at the same time. 

All animals were sacrificed 5 hours after insulin injection. 

The effect of larger dosages of alloxan was also 

studied. These results are shown in Table 2, and Figure 15. 

Table 2 contains the detailed data from each animal, so 

that the variability in glucose levels within a group can 

be shown. Figure 15 more dramatically demonstrates the 

differences between the averaged values of each group. The 

space not filled in Table 2 indicate that death occurred 

before the 24 hour period ended, therefore making glucose 

data from these animals unreliable. As the dosage increased, 

there was a noticeable increase in serum glucose concentra-

tion even after 24 hours. The greatest increase was the 
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lone surviving animal in the 700 mg/kg dosage group. The 

serum glucose of this animal was 412.2 mg/100 ml 24 hours 

after alloxan injection. The data from the 1.25 g/kg 

dosage group is probably not significant, since this animal 

was suspected of being dead or very near death. He was 

sacrificed 17 hours after injection while all the rest were 

sacrificed 24 hours after injection. The 1.25 g/kg dosage 

group was included to verify the elevated glucose levels 

of the 700 mg/kg dosage groups. There was a 2.5 g/kg 

dosage group. This group was not included because all the 

animals in this group were dead 6 to 10 hours after 

injection, making glucose data highly inaccurate. 
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Figure 14--Glucose levels in alloxan and saline 
treated Ambystoma tigrinum. The vertical bars 
indicate 95% confidence intervals, and each point 
represents the average glucose level of five animals 
The fluctuations in the glucose levels of 100 mg/kg 
alloxan treated salamanders are represented by 0. 
The changes in glucose levels of the control sal-
amanders injected with 100 mg/kg of 0.85% saline are 
indicated by A. 
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Figure 15--A comparison of serum glucose concent-
rations in salamanders treated with increasing dosages 
of alloxan. The glucose values shown on this graph 
are averages of all the available glucose values from 
within each treatment group. 
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Figure 15 

COMPARISON OF SERUM GLUCOSE CONCENTRATIONS IN 
SALAMANDERS TREATED WITH INCREASING 

DOSAGES OF ALLOXAN 
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CHAPTER IV 

DISCUSSION 

It has been reported that in normal non-fasting animals, 

the blood glucose level fluctuates in a characteristic 

triphasic manner after a diabetogenic dose of alloxan. The 

phases are: (1) an early, marked hyperglycemia of short 

duration (1-4 hrs.); (2) a more or less severe hypoglycemia 

lasting up to 43 hours which often results in convulsions 

and death and which may be prevented by treatment with 

glucose; and (3) a chronic hyperglycemia of long, but not 

necessarily life-long duration, representing the alloxan 

diabetes (Rerup, 1970) . The results of my study show that 

this triphasic blood glucose fluctuation also applies to 

the salamander, Ambytsoma tigrinum; however, the time 

sequence is different. Phase 1 is a hyperglycemic condition 

lasting only 30 minutes; Phase 2 is a sharp decline in 

glucose concentration lasting 1 hour; Phase 3 is a rapid 

rise to a hyperglycemic condition lasting nearly 24 hours 

at a dosage of 100 mg/kg of alloxan. If dosages of 750 

mg/kg or larger dosages of alloxan are used, the hyper-

glycemic condition is maintained for periods greater than 

24 hours or until death due to alloxan diabetes. 

A slight fall in blood glucose concentration immediately 

after injection of alloxan was reported in the dog; however, 

this initial decrease in glucose precedes the first 

40 
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hyperglycemic phase, making the effects of alloxan on 

blood glucose fluctuations in the dog tetraphasic (Wrenshall, 

et a]^., 1950; Shipley et al̂ . , 1947). This tetraphasic 

pattern in the dog has been reported to be absent in other 

animals such as the mouse (Rerup and Lundquist, 1967) and 

pigeon (Goldner, 1945) . in most species, data on the blood 

glucose level fluctuations during the first 3 0 minutes 

after administration of alloxan are lacking. 

In my study, the decrease in blood glucose concentration 

at 1 hour after injection of alloxan illustrates the second 

phase in the characteristic alloxan induced glucose 

fluctuation (Figure 1). It is the second phase because 

the change in glucose level is so drastic and can be 

described as more than a slight decrease in blood sugar. A 

slight decrease in blood sugar level describes the first 

phase of a tetraphasic pattern. A_̂  tigirinum, therefore, 

seems to have triphasic glucose fluctuations rather than a 

tetraphasic glucose pattern because the first phase of the 

tetraphasic pattern was not shown. 

Most authors agree that amphibians are sensitive to 

insulin. Houssay et aj^. , (1924) and Smith (1953) reported 

a delayed hypoglycemia followed by convulsions as a result 

of insulin injection in anurans. Wurster and Miller (1960) 

and Barlow et aa., (1931) found both Taricha torosa and 

frogs, to be sensitive to insulin. These animals became 
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hypoglycemic after a 10 y/kg dosage of insulin. 

In my experiments, porcine insulin was injected into 

an alloxan diabetic animal and the glucose level was 

returned to normal, indicating that porcine insulin lowers 

blood glucose levels in Ambystoma tigirinum. Since porcine 

insulin lowers serum glucose levels of alloxan-induced 

diabetic animals, Ambystoma tigrinum most likely has an 

insulin mediated hypoglycemic mechanism and probably contains 

a circulatory hypoglycemic factor. If the action of insulin 

is structurally specific in all vertebrates, then this 

circulatory factor is probably an insulin type molecule not 

greatly different from porcine insulin. Insulin is 

dependent on structure for activity since the breaking of 

disulfide bonds will inactivate the molecule, and if amino 

acid sequence is drastically changed, the molecule will 

lose activity (Turner and Bagnara, 1971). 

' The duration and degree of glucose fluctuations are 

dependent upon the dosage of alloxan. A dosage greater 

than 700 mg/kg body weight of alloxan will usually cause 

death within 10 hours after injection of the poison. A 

dosage of below 400 mg/kg body weight will cause glucose 

fluctuation; however, the glucose levels will return to 

normal levels after a period of 24 hours. Dosages between 

the levels of 400 mg/kg and 700 mg/kg will cause an elevated 

glucose level for a greater period of time without causing 
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death in all instances. In future experiments using alloxan, 

this study would suggest a dosage of 500 mg/kg to induce 

diabetes in Ambystoma tigrinum. 

Wurster and Miller (1960) failed to obtain histological 

alterations of the islets of Langerhan after 4 day's 

repeated injection of 300 mg/kg of alloxan in Triturus 

torosus. The total dosage of alloxan administered over a 

period of 4 days was 1,200 mg/kg. Trandaburu and lonesca 

(1971) and Matel-Vladescu and Trandaburu (1967) were able 

to observe ultrastructural alterations in Triturus vulgaris 

after a single dosage at either 600 mg/kg or 400 mg/kg of 

alloxan. They reported cytoplasmic vacuolization, aggreg-

ation of secretory granules or dispersion of their content, 

lesions of cellular organelles, pyknosis of nuclei and 

degradation of plasma membrane. In the present study, 

glucose fluctuations were noted; however, no ultrastructural 

alterations were observed after 24 hours of alloxan treat-

ment at a dosage of 700 mg/kg. Ambystoma tigrinum, like 

T. torosus, seems to be resistant to the cytotoxic effects 

of alloxan. However, alloxan in Ambystoma tigrinum does 

effect characteristic glucose fluctuations as reported 

in Triturus vulgaris but not shown for \ torosus. 

The difference between my results and those of Wurster 

and Miller (1960) could be accounted for by the degree of 

resistance possessed by individual species. Triturus torosus 
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would, therefore, be the more resistant since alloxan effects 

no changes in serum glucose levels and no changes in the 

ultrastructure of 3-cells. Note, however, that Wurster 

and Miller tested glucose levels 24 hours after the last 

alloxan injection. According to my data, the glucose levels 

^^ Ambystoma tigrinum return to normal 24 hours after a 

400 mg/kg dosage of poison. From my ultrastructural data 

and that of Wurster and Miller, I would agree that Triturus 

torosus and Ambystoma tigrinum are resistant to alloxan 

cytotoxicity. Since alloxan has a short half life in the 

blood stream and these two salamander species are resistant 

to alloxan cytotoxicity, the repeated injections of 300 mg/kg 

of alloxan would cause fluctuations in glucose for 24 hours 

after each injection, with glucoes returning to normal 24 

hours after injection. Because of the return of glucose 

levels to normal after 24 hours, Wurster and Miller would 

not have detected the characteristic alloxan diabetic 

glucose fluctuations which could have occurred before these 

animals were sacrificed and blood glucose determined. 

The discrepancy between my results and those of 

Trandaburu and lonescu (1971) could be accounted for by 

the resistance of Ambystoma tigrinum to the cytotoxic effects 

of alloxan. Several cases of resistance to alloxan have 

been reported in fish (Kern, 1969; Murrell and Nace, 1959), 

anurans (Rangnekar and Sabnis, 1967; Wright, 1959), lizard 
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(Rangnekar and Sabnis, 1967), pigeon (Goldner and Gomon, 

1945), duck (Mirsky, 1945), some inbred strains of rats 

(Maske and Wainges, 1957), and guinea pigs (Maske and 

Wainges, 1957; Gorbman and Bern, 1964). The degrees of 

resistance of all these species differ considerably and 

the mechanism of resistance is unknown. 

Ferner (1952) stated that resistance to alloxan in 

guinea pigs may be due to a special arrangement of the 

3-cells in the islets (Falkmer, 1961) while Lazarow (1949) 

believes that resistance is a consequence of elevated 

concentrations of glutathione in blood. The latter hypo-

thesis would be more plausible if Lazarov/'s hypothesis for 

the mechanism of alloxan action can be proven. Lazarow's 

hypothesis, as stated in the introduction, could explain 

the characteristic alloxan induced glucose fluctuations up 

to 24 hours after injection of the toxin. The return of 

glucose level to normal after 24 hours could be explained 

by the resumption of insulin synthesis due to resynthesis 

of glutathione hence returning glutathione concentrations 

to normal. This hypothesis could also explain the lack 

of cytotoxicity in the 3-cells of Ambystoma tigrinum. That 

is all the alloxan could have been detoxified by gluta-

thione to dialuric acid. 

This investigation suggests future study on the effect 

of alloxan in urodeles. In order to see if there are any 
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effects of alloxan in Ambystoma tigrinum, long term exper-

iments should also be carried out. The mechanism of action 

of alloxan should be further investigated. If the mechanisms 

of alloxan were known, the nature of the resistance of 

certain animals to alloxan diabetes could be lucidated, and 

therefore, could have clinical applications. 
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