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I. HISTORY OF GLUCAGON

1922 - Crude pancreatic extracts of insulin prepared by Banting and Best are
bserved to cause an initial rise in blood sugar preceding the hypoglycemia. Neither
golliP’ Macleod, Banting, or Best correctly interpreted this hyperglycemic effect.

1923 = Murlin and associates demonstrate that the hyperglycemic and hypoglycemic
activities of the pancreatic extracts are separate by destroying the latter with
alkali° They suggest the hyperglycemic factor may be a hormone of glucoregulation
Jnich opposes insulin action, and they name it "glucagon'.

1929 - Collens and Murlin suggest that hyperglycemic effect of glucagon is due
to increased hepatic glycogenolysis.

1948 - Foa finds hyperglycemic activity in pancreatic venous blood of hypoglycemic
dogS °

1950-62 - Numerous studies of the site of origin of glucagon point to the alpha
cells as its principal source.

1953 = Staub, et al, at Eli Lilly prepare highly purified crystalline glucagon.
1957 - Bromer elucidates amino acid sequence of glucagon.
1957 - Gluconeogenic effect of glucagon established.
&y 1958 - Sutherland establishes the biochemical site of glycogenolytic action of
cagon.

1959-65 - Radioimmunoassay for glucagon permits first measurements of plasms

. 8lucagon and makes possible physiologic and clinical studies of its role in health

a4 disease ( Unger 1959-196L).

. 1966 - First proven case of a glucagon disease, a "glucagonoma' (Patient -.
%e #1 in this protocol).



II. THE ALPHA CELL

Alpha cell is a morphologic designation which refers to certain histochemical
characteristics of its granules which differentiate it from other islet cells, beta

and delta cells.

TABLE I - HISTOCHEMICAL CHARACTERISTICS OF ISLET CELLS

GRANULES

a. Chromhematoxylin

phloxin stain

b, Silver stain

c. Tryptophane
stain

d. Aldehyde fuchsin

stain
DARKFIELD
ULTRASTRUCTURE

8. Mitachondria
b. Golgi

C. Granules

LocarTon TN ISLET

ALPHA

Red

Positive
Positive
Negative

Luminescence

Not numerous

Not prominent
Amorphous, dense
round with tightly

applied limiting
membrane

Peripheral

BETA DELTA

Blue Negative
Negative Negative
Negative Negative

Positive (purple) Negative

No luminescence No luminescence

NuQerous -
Prominent -
Vary in shape, -

from species to
species; electron-
lucid halo between
granule and the
limiting membrane

Central Scattered
sparsely
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99M3é5§TIVE ENDOCRINOLOGY OF AILPHA CELLS (Miller)

1. The earliest known equivalent of islet tissue is the "follicles of Langerhans"
jn the hagfish and lamprey embedded in intestinal wall bu®t not connected to the gut lumen.
pelo¥ this phylogenetic level (amphioxus) there is only exocrine tissue.

2, In cyclostomes, islet tissue is widely distributed throughout gut and in parts
of the liver.

3. All vertebrates have beta cells but alpha cell population varies widely: Birds
gnd reptiles have mostly alpha cells; they have infinite insulin tolerance (canaries can
tolerate up to 4000 U/kg (LD=10,000 U/kg) and in lizards there is no LD for insulin).
pancreatectomy causes hypoglycemic death. Amphibians by contrast have only beta cells and
are sensitive to insulin,

4, Immunoassayable insulin and glucagon found in Cottus and hagfish.
5. In man, as in most mammals, bete cells predominate, with alpha cell at the
periphery of islets.

DEVELOPMENT OF ALPHA CELLS

a. Embryology: All islet cells develop from 1 dorsal and 2 ventral rudiments in
gut wall which *ud into pancreatic ducts; ducts give rise to cells, some of which retain
duct connection and become exocrine cells, while others lose the connection and become
islets.

b. Neogenesis: In the adult, new islet cells are probably derived from fully

differentiated cells in the intralobular ductules which are multipotential. Thus mixed
cell types may be seen in tumors {e.g., a beta cell tumor may contain 5% alpha cells).

EVIDENCE FOR ALPHA CELL ORIGIN OF GLUCAGON

a., Glucagon-like activity can be extracted from the duct-ligated, alloxan-treated
Pancreas devoid of both acinar and beta cells (Peden 1955).

b. Glucagon-like activity can be extracted from portions of dog pancreas which contain
alphs cells but not from the uncinate process which is devoid of alpha cells (Bencosme 1955).

¢. Alpha cells take a tryptophane stain; glucagon contsins tryptophane.

d. Glucagon administration causes atrophy of alpha cells (see "Effects of Chronic
Glucagon Administration").

e. Specific immunofluorescent studies show that antibodies to beef glucagon bind to
8lpha cells of the beef pancreas (Baum 1962).




EvIDENCE FOR EXTRA-INSULAR SITES OF GLUCAGON SYNTHESIS
e

a, Insulare gangorgan: These are cells in the pancreatic ducts which share some
put not all of the staining characteristic of alpha cells (Feyrter 1943 Goede 1950).
No other evidence that they secrete glucagon.

b. Gastrointestinal sites:

1) Upper G-I tract contains many chromaffin cells which stain with silver
(Van Campenhout 1933). They are "argentaffine" (they release diamine salts of silver
directly), whereas alpha cells are "argyrophyllic" (they become impregnated with silver
only in the presence of reducing agents (Fodden 1953, Volk 1954).

2) The upper G-I tract contains a hyperglycemic, glycogenolytic factor
gimilar to glucagon (Sutherland and de Duve 1948), which appears to be indistinguishable
from glucagon in its mechanism of action in liver slices. By an adenyl cyclase assay
vekman (1964) finds 5.5 ug/g of glucagon-like activity in both mucosa and muscle of
gtomach, 1-2 ug/g in gut, and 7.3 ug/g in pancreas.

However, other agents (epinephrine, serotonin) may duplicate the effects of

glucagon on liver slice; specific studies of the G-I tract by glucagon radioimmunoassay
have not been completed, and the issue remains in doubt.

IITI. GLUCAGON

STRUCTURE OF GLUCAGON

A straight-chained polypeptide composed of 29 amino acids with a M. W. of 3485.

METABOCLISM OF GLUCAGON

Exogenous glucagon circulates in plasma in free form with & 5-10 minute hsalf-
time; it is rapidly taken up (bound) by liver and kidney and degraded .

A. EFFECTS OF GLUCAGON ON GLUCOSE METABOLISM¥*

a. Glycogenolysis: Hyperglycemic effect of glucagon can be accounted for by an
increase in hepatic glucose production (Collens and Murlin 1929, Shoemaker et al 1959,
1960); this ie accompanied by a reduction of liver glycogen in vitro (Sutherland and
Cori 1948) and in vivo (Cahill 1957), indicating that glucagon hyperglycemia is at
least in part due to augmentation of hepatic glycogenolysis.

Subsequent demonstration that glucagon causes activation of liver phosphorylase
(SUtherland and Cori 1951), the rate-limiting step in glycogenolysis, led to the
®lucidation of the following mechanism by Sutherland and his group (1956-1960).

\'\-—.-_.

*ﬁThe term "physiologic effects” is deliberately avoided,since in most studies
armacologic doses of glucagon in the milligram range have been employed, producing
Ucagon levels far above the upper physiologic range. These effects may or may not

fovide insight into the physiology of endogenous glucagon.
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Gluconeogenesis:

1) Glucagon causes increased nitrogen excretion in rabbits (Tyberghein 1952)

| in rats (Izzo 1957), in humans (Salter 1957).

glyco
as Ol

i

2) Glucagon causes increased incorporation of Clh - labelled glycine into the

en of fasted rats after initially depleting liver glycogen. Subsequently, it appears
Oo (Kalant 1956).

3) Glucagon decreases blood amino acid concentration (Helmer 1957, Curry 1958,

IZ%O 1959, Weinges 1959, Bocek 1960) and causes a L4-fold rise in hepatic uptake of alpha
&mino nitrogen within 45 minutes of a single glucagon injection in dogs; although this
effect begins promptly,it reaches a peak only when glycogenolytic effect is terminated,

*€., 45 minutes (Shoemaker 1960 ). In man within one hour of a 3-7 mg glucagon injection

& doubling of splanchnic amino acid upteke was noted (Kibler 1964).

4) Perfusion of 1 ug of glucagon/hour increases urea production by the isolated

Perfused rat liver (Nutter 1960).

5) Although the precise biochemical site and mechanisms of the gluconeogenic

8ction of glucagon is unknown, glucagon, epinephrine and cyclic AMP all increase pyruvate

®rboxylase activity.

A >




6) Relationship to other hormones of protein metabolism:

a) Glucocorticoids: Glucagon's gluconeogenic effects are diminished
ut not abolished in adrenalectomized rats maintained on cortisone or saline alone

(salter 1957, Glasser 1962)

Glucagon given to a starving adrnx rat raises blood glucose from 5 mgh

to 30 mgk.

b) Growth Hormone: Glucagon's gluconeogenic effect in the starving rat
;5 abolished by hypophysectomy and restored by growth hormone, possibly because in the
gbsence of growth hormone protein catabolism is already maximal (Izzo 1963).

c¢) Insulin: Insulin (Miller 1960), but not androgens (Glasser 1959),

guppresses the protein catabolic effect of glucagon.

CELLULAR EXTRACELLULAR LIVER CELL

PROTEIN AMINO ACID POOL FOR
STORES GLUCONEOGENESIS
Cortisol Glucagon
N \
Amino Acids Amino Acids Insulin
Blocks
Cortisol
Insulin

4mino Acids

rowth Hormone

Figure 2. Postulated hormone interrelationships in gluconeogenesis.



EFFECTS OF GLUCAGON ON LIPID METABOLISM
Be——

a8, Effect on Fat Tissues:

r
|

1) Glucagon (0.0l ug/ml) causes release of FFA and glycerol in vitro (Steinberg,
agen 1961, Mahler 1964 , Weinges 1961 ). This lipolytic effect is restrained by insulin at

Physiologic (100 uU/ml) concentrations independently of glucose uptake.

2) Glucagon also inhibits fatty acid synthesis (Orth 1990 ).

f b. Effect on Hepatic Metabolism of FFA:

| 1) 1Its effect upon FFA utilization is uncertain.

| 2) TIncreases FFA utilization by isolated perfused rat liver ' Penhos 1966).

! 3) Dreiling et al (1962) found a fall in FFA in a totally depancreatized subject
!  yho had received no insulin for 24 hours. This would have to be attributed to increased

FFA utilization, probsbly by liver, exceeding any increase in FFA release {which might
already have been at a maximal level in such a patient).

¢, Effect on Plasma FFA Concentration:

1) Conflicting reports suggest a bi-, tri-, or perhaps quadriphasic response
to i.v. glucagon which varies from subject to subject. Normals may exhibit either an
initial rise in the first 10 minutes (Weinges 1961), attributed to a direct effect on
adipose tissue and/or catecholamine release, or an initial fall attributed to insulin
release; this is followed by a fall secondary to the hyperglycemia and perhaps increased
. hepatic utilization (Dreiling 1962), and a late rise 4 to 6 hours after (Lipsett 1960).

d, Effect on Ketone Production:

1) Conflicting reports in normal humans. Net splanchnic ketone production
. is not altered after acute glucagon administration (Kibler 1964). With chronic admin-
istration to arthritic patients (Salter 1960) and to normals (Van Itallie 1959 ), blood
ketones rise.

2) 1In isolated perfused rat liver glucagon is ketogenic (Penhos 1966).

e, Effect on Serum Cholesterol and Lipids:

1) Removal of the alpha cell containing portion of the dog pancreas causes
hyperlipemia which can be sbolished by 10 mg of glucagon/d (Paloyan 1961 ).

" 2) Glucagon (1-5 mg/d) lowers cholesterol, triglycerides and phospholipids
wn €ssential hyperlipemia, and lowers cholesterol in femsle, but not male, hyperlipemics
ithout change in diet (Amatuzioc 1962 ).

3 3) Cobaltous chloride, a transient alphacytotoxin, raises cholesterol and
8Uses transient lipemia which can be corrected by glucagon (Caren 1960 ).

==
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¢ EFFECTS OF GLUCAGON ON SECRETION OF OTHER HORMONES
P e

a. Effect on Catecholamine Secretion:

1) Infusion of glucagon (0.1 mg/min x 10 min) in dogs causes a rise in
epinephrine and norepinephrine in adrenal vein plasma; a single injection of 50 ug/kg.
in dogs causes a rise in plasma epinephrine (Sarcione 1963). Glucagon (0.5-1 mg) caused
gtriking pressor response to two proven pheochromocytoma patients but not in control
gubjects (Lawrence 1964). It has been suggested by Lawrence that the catecholamine response
to insulin-induced hypoglycemia is glucagon-mediated (doubtful).

b. Effect on Insulin Secretion:

1) Foa (1952) noted the hyperglycemic effect of glucagon was greater in the
gbsence of the pancreas and that glucagon injection in a dog causes a blood-sugar lowering
substance to appear in the pancreatic effluent. Weisenfeld (1959) suspected a direct
glucagon effect on insulin release effect on the basis of enhanced glucose utilization
following glucagon administration. Coore (1961) observed greater insulin concentration
in media when pancreatic slices were incubated in the presence of glucagon; however,
they ascribed this to diminished insulin degradation by the tissue, rather than to
increased release from the beta cells.

2) Samols (1965) and Crockford et al (1966) demonstrate an insulin releasing
effect of large milligram doses of glucagon.

3) Smaller doses (as little as Ut mug) also cause insulin release, provided
BS concentration is not low (Ketterer 1966).

D. MISCELLANEQUS EFFECTS

a. Electrolytes:

1) Potassium: Increases serum potassium (Wolfsen 1956) probably via release from
the liver during glycogenolysis, but unlike glycogenolysis it can be blocked by dibenamine or
dihydroergotamine (Ellis 1957), and may therefore be an epinephrine mediated effect.
Potassium excretion is increased by glucagon (Elrick 1958).

2) Phosphate: Glucagon decreases serum inorganic phosphate (Bondy 1956),
Probably because of phosphorylation of the glucose released from glycogen. However,

zhis fall may occur without hyperglycemia, so increased urinary excretion may play
role,

3) Sodium: Increased excretion of sodium, chloride, uric acid, bicarbonate
84 water have been attributed to increased glomerular filtration (Elrick 1958).



b. Gastrointestinal Tract:

1) Glucagon decreases G-I tract contractility, causing anorexia and nausea
(Stunkard 1955, Sporn 1956, Ezrin 1957, Morrison 1958, Robinson 1957). It decreases
punger (Stunkard 1955, Sudsanch 1959) and hunger contractions, an action which is
eliminated by destruction of ventromedial area of hypothalamus. Glucagon might be &
Physiologic factor in hunger regulation (Penick 1961),

2) Volume and HCL content of gastric secretion (Robinson 1957) is decreased
py glucagon, even when it is administered intraportally (von Heimberg).

¢, On Tumor Growth:

1) Glucagon inhibits growth of Walker 256 adenocarcinome in vivo (Salter 1959),
put has no effect in vitro. Effect could be secondary to an increased protein catabolism
in the host secondary to increased gluconeogenesis.

EXPERIMENTAL GLUCAGON DEFICIENCY

A. Effects on Lipids:

l. Cobaltous chloride, a transient alpha cell toxin, causes transient
hypercholesterolemia and hyperlipemia (Caren).

2. Removal of body and tail of dog pancreas, the portions which contain
most of the alpha cells, causes hyperlipemia (Paloyan 1961 ).

B. Effects on Blood Sugar:

1. Removal of predominantly alpha cell islets of the fowl causes hypoglycemisa,
convulsions, and death in 12-36 hours. Glucagon prevents this (Mialhe, Mikani 1958 ;.

2. In lizards total pancreatectomy causes severe hypoglycemia for 12 hours to
2 weeks, followed by permanent diabetes. Same is true in snakes. In tortoise, blood
Sugar goes up immediately (Penhos).

3. Although apparently an essential hormone in certain reptiles and birds,
00 such vital function has been established in mammals. However, the removal of the

temnant of the pancreas in duct-ligated, alloxan-diabetic animal causes amelioration
of the diabetes.

g&EEB;MENTAL HYPERGLUCAGONEMIA PRODUCED BY CHRONIC GLUCAGON ADMINISTRATION

a. Effects on Blood Sugar:

ely 1) Very difficult to produce disbetes in intact rats even with large doses of
cagon,

884 4 2) 1In partially depancreatized rats diasbetes is aggravated by glucagon (Ingle),
1 q 1t will cause glycosuria in force fed rats (Cavellero, Salter, Lacy). In guinea pigs
t1ally severe glycosuria is not maintained by continued glucagon therapy (Lazarus).

=0-



3) In rabbits 2 mg/kg of glucagon daily, started on second post-natal day, will
cause intermittent hyperglycemia and mild glycosuria. While 60% return to normal, e few
, metaglucagon djisbetes remains 18-63 days after injections stop (Logothetopoulos). Adult
| rabbits given glucagon plus cortisone show adaptation with waning of hyperglycemia and
pistologic evidence of neogenesis of beta cells (Lazarus 1959).

4) In man Salter (19 60) reports that glucagon given in doses of 30 mg/d to six
\ patients with rheumatoid arthritis was associated with FBS of 75-106 mg%, post-prandial
pyperglycemia to 340 mg%h, and glycosuria. Van Ttallie ( 1959 gave glucagon, 1.3=4.0 mg

™ 4 6 hr, and a high CHO diet to young normals for 2-5 days and found not fasting hyper-

} g1ycemia but fasting hypoglycemis and impaired glucose tolerance. Glycosuris ranged from

1,28 g/d° According to van Itallie; glucagon diabetes in man is associated with a normal
| or low FBS like "hunger diabetes".

b. Effects on Ketones:

1) Blood ketones increase (Van Itallie 1959).

c. Effects on Islet Cells:

1) Alpha cells show marked atrophy or degranulation in rats and guinea pigs
(Lazarus, Petersen 1963 ) and rabbits (Logothetopolous) after 30 days of glucagon. According
. to the Uppsala group this atrophy is limited to the silver-negative A2 cells while
the silver-stained A1 cells are unaltered.

2) Beta cells show degranulation after chronic glucagon administration with
glycogenation, and hypertrophy (Logothetopolous, Iacy, and Lazarus) and increased
ergostoplasm and cytoplasmic processes extending into intercapillary spaces, all
suggesting increased-secretory activity (Lacy 1959 .

EVIDENCE OF THE PHYSIOLOGIC ROLE OF ENDOGENOUS GLUCAGON

A ROLE IN GLUCOPENIA:

e — —

1. Foa demonstrated by cross circulation experiments that the pancreatic venous
€ffluent from dogs made hypoglycemic with insulin causes hyperglycemia in a recipient
dog, while blood of the mesenteric vein does not.

. 2. Development of a radioimmunoassay for glucagon made possible specific measurement
. °f glucagon in plasma and suggested that glucagon is a hormone of glucopenia (Unger 1959-64).

a. Glucagon secretion rose during insulin hypoglycemia.,
b. Rose during phloridzin hypoglycemia.
c. Rose during 3 days of complete starvation.

1 d. Fell after rapid intravenous glucose loading during both insulin and phloridzin-
Nduceq hypoglycemia.

It was, therefore, concluded that glucagon is one of several hormones of glucose
s> its role being to maximize hepatic glucose production, thus serving the needs of
® glucose-dependent central nervous system.

R =10

hee
& 4



A ROLE IN GLUCOSE ABUNDANCE (?):

1. Burger in 1947 described the appearance of a hyperglycemic material in human
plasma during the first phase of alimentary hyperglycemia, and concluded that glucagon
is released after a glucose load. '

2. Samols (1965) confirmed this by radioimmunoassay, showing that glucagon is |

released after an oral, but not after an intravenous load, and proposed that, by stimulating |
insulin release, it may account for the much greater insulin release after oral as
opposed to intravenous administration of glucose.

NOTE: Studies now in progress in several laboratories should resolve the apparent
conflict as to whether glucagon is a glucopenic hormone, a hormone of glucose abundance,
or both,

~

V. ISLET CELL NEOPLASMS

Probably originate either from differentiated islet cells or from an undifferentiated
islet cell precurscr in the ductular epithelium. The multipotentiality of the latter cell |
may account for the fact that mixed islet cell tumors are not uncommon. |

, J
ORIGIN ‘
i

HISTOLOGY

a. Grading: Islet cell tumors are considered malignant 1) if carcinoma extends beyond
the capsule, or 2) if metastases are present, As in other endocrine neoplasms, morphologic
criteria are deceptive; benign lesions may appear quite anaplastic while malignant lesions may
resemble normal islets.

b. Cellular patterns: Islet tumors may assume 1) cord or trabecular or ribbon pattern =
2 cells in width and are separated from each other by thin septae containing sinusoids (Frantz
2) medullary pattern with occasional tubule or rosette formation.

TABLE TT CORRELATION OF TSLET CELL TUMOR MORPHOLOGY WITH SECRETORY PRODUCT

SECRETORY PRODUCT

Principal Gastrin or Small Bowel Glucagon  Alphacytotropin
Cell Type Insulin Gastrinoid stimulant (?2) (2)
Alpha - " - + )
Beta &+ - - < -
Non-specific = + + - -
Unclassifiable - - - - ¥

o1 L




PREV IQUS CASES

TABLE III

WITH POSSIBLE ALPHA CELL TUMOR

Histologic Clinical Manifestaticns Glucagon Assay Age Sex
Evidence .

Hess (1946) Silver stain Symptoms of gastritis. Patient's plasms 24 F
positive., Widespread metastases caused glucose re-

except in liver. lease from liver
Blood sugar normal. slice (4 x normal).

Hamperel (1952) Bodian silver Ulcers and abdominal Not dofie. 63 M

stain positive. meso-hepatic metastases.
Blood sugar elevated.

Malandra (1957) Some cells had Heavy semsation in LUQ. Not done. 54 F
argyrophilic No carbohydrate !
granules. disturbance.

Gossner (1960) Argyrophilia, Eczematoid pemphigus Acid alcohol 51 M
Gomori positive. foliaceous~--no re- extract of the
Tryptophane sponse to steroids. tumor >N BS in

positive. Abnormal GTT and rabbit (110 mg%
glycosuria (35g) when rise)
on steroids, FBS <50 mg%.
Abdominal pressure due
to hepatic metastases.

Keen (1962) No granules. Wildly fluctuating Negative liver 59 M

blood sugar--60 to 40 slice assay.
mg7% without explanation. Extracts caused
Liver metastases. hyperglycemia-.
Post -traumatic erysi-
pelas of face.

Behrendt (1962) Argyrophilia. Pain from hepatic Not done. 60 M

Gomori positive. metastases--died with
jaundice, ascites and
hepatic coma.
Yoshinaga (1966) Argyrophilia, Upper abdominal pain and Makman gssay 26 F

Gomori positive.
Tryptophane positive.

mass and sudden onset of
severe diabetes; complete
replacement of pancreas
by tumor.

12~

shows glucagon-
like activity

————
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l is a 42 year old female first seen in the —
; St. Louis, Missouri in 1963, complaining of a skin lesion involving

per extremities, perineum, trunk, and face. Her recent and past history was unremarkable
5ave for anorexia, rapid satiety while eating, and a probable, though unverified, weight
1088 for more/than 6 months. She denied knowledge of familial diabetes, but her mother
gied at age 30 and she has had no contact with her siblings for many years.

Physical examiration revealed only a "bullous eczematoid" lesion involving the
preVio‘E ly mentioned aress.

LABORATORY FINDINGS: Hemoglobin 11 g., hematocrit 33%, WBC and differential normal;
urinalysis normal except for glycosuria 2+ . The 100 gram glucose tolerance was: F33 107,
1/2 hour = 220, 1 hour - 272, 2 hour = 193, 3 hour - 165. Cholesterol 140, BUN 10, Na K
0ps Cl were all norma2l. Chest x-ray normal. Special fundus examination with photography
revealed no microaneurysms or other abnormalities.

HOSPITAL COURSE: The diabetes was controlled readily with a diet of 1500 calories;
protein 72 grams, carbohydrate 171l and fat 60. The skin lesions were resistant to con=-
gervative therapy and constituted the patient’s major complaint. The persistance of the
dermatitis necessitated admission to the hospital in ] of 1963, at which time repeated
cultures and scrappings of the skin revealed no fungal organisms; no specific dermatologic
diagnosis was made.

Eighteen months (Il 1964) 1ater, vecause of the development of right pleuritic
pain, the patient was admitted to Barnes for study. There had been no known weight loss

or significant complaint other than the dermatitis prior to this symptom. Physical examinatior

revealed the persistance of the dermatitis, an elevated right diaphragm, and a markedly
enlarged stoney hard liver 7 cm. below the costal margin. ILaboratory work-up revealed a
hemoglobin 10.2 grams, normal WBC, differential, platelets, and a reticulocyte count of
3-5.3%. Liver function tests: BSP 5% retention, alkaline phosphatase 4.5, ceph. floc.

. negative, pro-time 100%, serum albumin 3.2, globulin 2.%. The serum iron was 61, the

total firon-binding capacity 304. The bone marrow examination was interpreted as non-
diagnostic marrow with slightly decreased cellularity of all elements and small amounts
of extracellular iron.

The chest x-ray disclosed am=7ly 2levated right hemidisphragm with evidence of

! hepatomegaly.; A liver scan showed the presence of at least two large masses in the liver

and celiac axis arteriogram suggested the possibility of a tumor in the tail of the

Pancreas. As a result of these findings, a laparotomy was performed. Needle biopsy on

the Pancrestic mass and the right lobe of the liver were obtained. The histologic diagnosis

3“ H and E stain was undifferentiated carcinoma of the pancreas. The patient was discharged

with a grave prognosis. During the succeeding eight months the patient did surprisingly
ell, manifesting no significant complaints other than the dermatitis. The remarkedly

®nign course, without signs of progressive deterioration, prompted a review of the

Inl“’-‘f‘o'sec’«:,ions of the tumor. This time the tumor was thought to be of islet origin. Since

Dae bPrognosis for islet tumors is known to be better than that of acinar tumors of the
NCreas, an attempt to resect the primary tumor and, if possible, the hepatic metastases

8 made in B 1965. A large firm tumor was removed in toto from the tail of the pancreas,

-3~



put 1t was not possivle to remove the hepatic metastases. Because of blood loss during

yhe SUTEEIY, the patient required fifteen transfusions. After recovery from the acute

posEO rative complications the patient was followed in the clinic and was seen again

in of 1965. At that time the significant findings included the development of

edema of the legs, marked intensification of the dermatitis and progressive aunemia.

ghe was re-admitted for special studies. The hemoglobin was 9.9 grawms, WBC and differential
pormal. Serum electrolytes and BUN were normal, alkaline phosphatase normal. Serum albumin
was no¥ 3.0 and the globulin 2.0. Overnight gastric secretion study revealed normal

yolume, PH and acid content. The 24 hour excretion of 5 hydroxyindole acetic acid was
pormal. A repeat liver scan was unchanged. Studies of her normocytic, normochronic anemia
revealed completely normsl absorption of iron with an incressed iron turn over but a

pormal red cell utilization of the iron. A bone marrow now showed mavked increase in

jron and many siderocytes were observed. It was not felt that the fifteen blood
transfusions per se could have produced this degree of iron deposition in the marrow.

The nature of her dermatitis remains uncertain. It responded dramatically, with almost
total clearing, following an orel administration of 40 mgums. of Prednisone a day only
to recrudesce as the dose was ciminished. Control of the glycosuria, required 20 or more
units of insulin per day while the patient was on steroids. Presently she is receiving
prednisone, insulin, B complex vitamins, diuretics, and is on a diabetic diet.

Additional significant findings were: normsl volume pH and acid content of
overnight gastric secretions; normal serum potassium; normal radiographic appearance
of the stomach, duodenum, and small bowel; normal 24 hour urinary excretion of
5 hydroxyindole acetic acid, 3 methoxy, 5 hydroxy-vanyl mandelic acid, epinephrine,
and nor-epinephrine. These provide in vivo evidence that excludes the Zollinger-

Ellison syndrome, carcinoid tumor and pheochromocyboms. Special studies are recorded
below.

-



TABLE IV

HISTOCHEMICAL REACTIVITY OF GLUCAGON-CONTAINING

ISLET CELL TUMOR AND NORMAL ISLET CELLS

Alpha Cells Tumor of A.H. Beta Cells
Argyrophilia + + -
Tryptophane (pDMAB Reaction) + = -
Chromhematoxylin phloxin red red blue
¥

Aldehyde fuschin - -

15k



TABLE V

EXTRACTABLE GLUCAGON AND INSULIN CONTENT OoF TUMOR OF L

PANCREAS TISSUES AND OTHER ISLET CELL TUMORS

GLUCAGON INSULIN
SPECIMEN (pe/e) (U/g)
TUMOR OF ] (SURGICAL SPECIMEN) 14.0 0.029
TAIL OF HUMAN PANCREAS
(SURGICAL SPECIMEN) 9.2 0.5
OTHER NON-BETA ISLET CELL TUMORS (L)% 0.002-0,06k4 0.001-0.016
INSULINOMA (SURGICAL SPECIMEN) 0.3 0.3

* 2 of the 4 were obtained post-mortem.

-16=



TABLE VI

FASTING PLASMA GLUCAGON OF PATIENT [l (mpg/m1)

I 55.0
460 0
NORMAL SUBJECTS £2.0

A NORMAL SUBJECT 2.5 MINUTES AFTER 3 MG.
OF CRYSTALLINE GLUCAGON I.V. 38.5
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ARTERIAL GLUCOSE (mg/100ml Blood)

ARTERIAL INSULIN (pU/ml)
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TABLE VII

RELATIVE RESPONSIVENESS TO INTRAVENOUS GLUCAGON

OF A PATIENT WITH GLUCAGONOMA

SUBJECT GLUCAGON DOSE GLUCOSE (mg%) INSULIN (pU/ml)
GLUCAGONOMA® (1) 0.25 0 0

0.50 ¥ L 0

2.5 +9 +10
NORMALS (9) 1.0 + 45 (35-67) +63 (41-84)
MILD DIABETIC ¥f(1) 0.25 + 25 +104

1.0 +50 + 82
HEPATIC METASTASES® (3) 0.5 +30 (16-44) 455 (34-80)

* From Recant, L.
** From Samols, E.



TABLE VITI

URINARY CATECHOLAMINE EXCRETION* IN A PATIENE_QIIII['WITH A GLUCAGONOMA

VMA
(mg/24 hr.)

Nor-metanephrine
(mg/24 nr.)

Epinephrine
(ug/24 hr.)

Nor-epinephrine

Kindly performed by Dr. Richard Crout.
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3.3

0.35

6.0

99.0

NORMAL

200-600

002°le3
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CRITERIA OF PROOF OF ENDOCRINE HYPERACTIVITY IN A TUMOR

Appropriate anatomic location of the primary lesion.

Morphologic similarity of the tumor cells and the cells of the parent endocrine tissue.

Presence of specifically identifiable, biologically active hormone in tumor.

Presence of a clinical sbnormality in the patient attributable to hormonal excess.

HoWw PATIENT [} MEETS CRITERIA FOR A GLUCAGONOMA

Presence of increased plasma concentration of the hormone.

Location
Morphology
Identification of Glucagon in tumor.
a. ©Specific assay for glucagon.
b. Biological Glucagon-like activity.
Identification of Hormone in Plsasma.

Abnormalities Anticipated in Chronic
Hyperglucagonemisa

a. Hyporesponsiveness to test doses
of exogenous glucagon.

l) Hyperglycemic response.
2) Hyperinsulinemic response.

b. Abnormal Glucose Tolerance

c. Increased Insulin Secretion
d. Negative nitrogen balance

e. Increased catecholamine
secretion (?)

f. G-I symptoms

g. Degranulation of alpha cells

w21

Tail of Pancreas

Identical to Alpha Cells (See Table IV ),

Positive - (See TableV ).
Positive - (See Figure 3).

Positive = 55 mug/ml (See Table VI ).

Markedly diminished, even with 2.5 mg of glucagon.
(See Table VII),

Markedly diminished, even with 2.5 mg of glucagon.
(See Table VIT),

Present but this is extremely non-specific:
1) may be seen in any pt with ca of pancreas.
2) this pt may be a genetic diabetic since
her MCBM >1500%.
Fairly high fasting insulin levels-about L4OuU/ml.

Not studied. |

Not present. (See Table VIII)
Non-specific symptoms present.

Present.



CONCLUSIONS CONCERNING THE CLINICAL SYNDROME OF GLUCAGONOMA

1t is not possible to delineate a syndrome on the basis of a single case. However,

1. Suspicion of some type of islet cell tumor should always be aroused by
the presence of a slowly growing pancreatic tumor with or without hepatic metastases.

2. Suspicion that an islet cell tumor may be a glucagonoma should be aroused
if both the Zollinger-Ellison syndrome and the diarrheal syndrome are absent.

3. ©Skin lesions may possibly be a mysteriously related part of the syndrome
since 2 of the 4 probable glucagonoma cases, had skin lesions. A third case of
islet cell tumor (Case #2 in this protocol) had a generalized skin disease, although
she probably did not have & glucagonoma. This then may be a feature of islet cell
tumors, although a coincidental association of unrelated diseases, or a dermatitis
2" to malignancy, is possible., "Pellagra", secondary to diversion tryptophane to
glucagon, also deserves mention, although this is quantitatively improbable.

Lk, Presence or sbsence of abnormal glucose tolerance test does not affect
the diagnosis, because:

a) Any malignancy, chronic illness, or extensive liver involvement
may be accompanied by an abnormal iv and oral GIT.

b) Carcinoma of pancreas of acinar origin is commonly associated
with abnormal GTT.

e¢) It is not certain that prolonged glucagon administration in
man causes abnormal GIT; compensation may occur in the non-diabetic
subject as it probably does in acromegaly.

5. IV glucagon response test is probably the best screening test.

6. Glucagon radioimmunoassay of plasma or tumor is the only real proof of
diagnosis.
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The patient, [} ] [ female is now 42 years o1d. At age 27 she had a 9 pound
paby » Her other previous children were smaller. There was no known family history of
jisbetes mellitus. At age 33 (I 1956) an itching purulent rash appeared on the

" gnkles lower legs, and finally on the body, particularly around the groins. This
registed all locally applied medicines; and she was finally hospitalized at the Mayo
c1inic inHS"{. An admission urine specimen showed no sugar. The fasting blood
gugar on was Th mg.%. On - treatment was begun with prednisone
gelta 1 cortisone), 10 mg. per day by mouth. On - glycosuria was noted for
the first time. On the fasting blood sugar was found to be 220 mgh. NPH

plin was begun and continued in a daily dosage of 30-36 units a day. Between
and her fasting blood sugar on this program varied between 104
: and ik mge%.

on she vas referred to [N ©y this time

the dermatitis had improved considerasbly, though it was not completely gone. A skin
piopsy at this time showed "non-specific inflammation with sub-corneal pustule formation;
not characteristic of psoriasis or pemphigus". Hydrocortisone in a dosage of 50 mg.

' had been substituted for prednisone. As the skin improved, hydrocortisone and insulin
were both slowly decreased in dosage, and on December 17 they were omitted altogether.
Her skin was much improved, although still not completely healed.

Ir. | 1958 attention was first turned to complaints of indigestion and
intermittent diarrhea which actually had been present for nearly a year. X-ray
examination at this time showed marked narrowing of the second portion of the duodenum
and various laboratory studies of intestinal fat absorption showed a marked deficiency
in this regard, restored completely to normal by pancreatic extract by mouth. Her
dermatitis now flared up again.

‘ An oral glucose tolerance test on ” gave the following results: fasting

' blood sugar, 100 mg%; 1/2 hour, 158; 1 hour, 188; 2 hours, 13k4; 3 hours, 85 mgh. The

! normal fasting values for our laborstory are 65-90 mg%. Therefore, this is a very
slightly diabetic curve.

) Because of the x~-ray findings and the steatorrhea, abdominal exploration was

. Performed by Dr. Alan Thal. At operation he found a 5 centimeter rounded indurated

- Wass in the head of the pancreas. The remainder of the pancreas was extremely
8ttenuated and rather leaflike in character , measuring only 2 or 3 mm. in thickness,
and being nearly translucent, and not indurated. The pancreatic duct was dilated.

& A pancreatoduodenectomy was performed. The tail of the pancreas remained and
he duct was anastomosed to the remaining bowel. Some amylase was detectable in
he pancreatic duct fluid.

$ Since the operation the patient has felt very well. She has gained about 25 pounds
rn “’?ight s and her skin, which cleared completely shortly after the operation, has
*Mained entirely clear.

-



The glucose tolerance curve on March 11 was as follows: fasting, 85; 1/2 hour, 187;
pours; 175; 2 hours, 107; 3 hours, 58. This curve still shows a slightly high peak value
and 8 slightly high 2 hour value, though it is nearly normal.

Histologic examination of the tumor with nematoxylin and eosin stain showed carcinoma
consistent in appearance with islet cells. With Gomori's aldehyde fuchsin stain there was
170 staining, suggesting the cells either were not beta cells or else were degranulated
peta cells. The indole stain, also performed in Dr. Arnold Lazarow's department, was
interpreted as positive. This is consistent with the behavior of alpha cells or of any
cells containing tryptophane-bearing protein.

| An acid alcohol extract of the tumor was prepared according to the method used for

' extraction of imsulin from the pancreas suggested by Wrenshall. When injected into
rasting mice, this extract showed slight blood sugar lowering activity. However, when
2 cc. of the extract were injected intravenously into a fed rabbit, the rabbit's blood

| sugar rose from 112 to 182 mg% in 18 minutes. On a subsequent day this same amount

| of extract was given intravenously to the same rabbit 10 minutes after a subcutaneous

i injection of 1 mg. of dihydroergotamine tartrate. Moderate hyperglycemic activity

' yas still seen, the blood sugar rising from 140 to 172 mg% in 20 minutes.

|

\ On prednisone, previous dose, for 48 hours, October, 1958: Glucose tolerance frankly
. diabetic the following day.

|

Bioassay of the tumor extract revealed 10-15 uz. of glucagon-like activity per g.
of wet tumor weight, but no radioimmunoasssay studies were performed.

Currently there is no evidence of recurrence of the tumor, and her problems include
the skin disease, pancreatic insufficiency, and diabetes requiring 55 U/d.
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