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The Role of Glucagon Deficiency in the

Houssay Phenomenon of Dogs

HAJIME NAKABAYASHI, RICHARD E. DoBBS, and ROGER H. UNGER, Veterans
Administration Hospital and Department of Internal Medicine, The
University of Texas Southwestern Medical School, Dallas, Texas 75235,
and The Institute of Histology and Embryology, University of Geneva,

School of Medicine, Geneva, Switzerland

ABSTRACT Plasma glucose, immunoreactive glu-
cagon (IRG), and insulin were measured in hypo-
physectomized dogs receiving cortisol and thyroid re-
placement therapy. 4 wk after hypophysectomy mean
fasting plasma glucose levels had declined from 90+2
mg/100 ml to 64=2; fasting and arginine-stimulated
insulin and IRG levels were, respectively, ~50% lower
and unchanged. 12 wk or more after hypophysectomy,
despite lower plasma glucose levels, fasting and
arginine-stimulated IRG levels were significantly be-
low control dogs. Hypophysectomized and sham-
hypophysectomized dogs were subjected to total
pancreatectomy. Postoperatively, in the sham-hypo-
physectomized, depancreatized dogs fasting glucose
levels ranged from 300-500 mg/100 ml on 8-10 U/day
of insulin; IRG levels averaged 215+29 pg/ml. The
hypophysectomized, depancreatized dogs required 0-
4 U/day and fasting glucose levels under 100 mg/100
ml were not uncommon, even without insulin; fasting
IRG levels averaged 63+4 pg/ml (P < 0.001). During
arginine infusion in sham-hypophysectomized, de-
pancreatized dogs, IRG levels rose from 215+60 pg/ml
to a peak of 404+112 pg/ml; in hypophysectomized,
depancreatized dogs, the base line IRG averaged 44+8
and the peak 110+25 pg/ml (P < 0.05). IRG levels
in the venous effluent of the gastric fundus, the major
source of nonpancreatic glucagon, reached a peak of
4,898+959 pg/ml in the sham-hypophysectomized,
depancreatized group during arginine infusion and
only 219+128 pg/ml in the hypophysectomized, de-
pancreatized group. In three hypophysectomized, de-
pancreatized dogs, a replacement infusion with
glucagon for 10 h promptly increased hyperglycemia
by 80-180 mg/100 ml and worsened glycosuria, evi-
dence of a hepatic response to glucagon replacement.
It is concluded that hypophysectomy somehow de-
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creased both the hypersecretion of gastric IRG and the
severe hyperglycemia that- otherwise follows pan-
createctomy. The hypophysectomized, depancreatized
animal, therefore, has combined insulin and glucagon
deficiency, and the latter may contribute to reduced
severity of its hyperglycemia.

INTRODUCTION

In 1930 Houssay and Biassotti reported that hypo-
physectomized, totally depancreatized dogs required
little or no insulin and frequently exhibited normal
or low levels of glucose even without insulin treat-
ment (1). Subsequently it was demonstrated that the
administration of anterior pituitary (2) or adrenal corti-
cal extracts (3) to hypophysectomized, depancreatized
animals rapidly worsened their diabetes. It was con-
cluded that the anterior hypophysis is necessary for the
establishment of severe diabetes (4).

Two lines of evidence suggest that the improved
metabolic state of the hypophysectomized, depan-
creatized dog might be mediated by a deficiency of
glucagon secondary to a reduction in corticosteroids
and(or) growth hormone (5-14). First, it has been
reported that glucocorticoids increase both the A-cell
response to aminogenic stimulation (5, 6) and the sensi-
tivity of the liver to glucagon (7, 8), suggesting that
the adrenocortical insufficiency secondary to pituitary
ablation might reduce the secretion and(or) biologic
effectiveness of glucagon. Second, growth hormone it-
self may enhance glucagon secretion; growth hor-
mone increases the hyperglycemic activity of the pan-
creatic venous effluent of cats and dogs (9, 10), and
the secretion of immunoreactive glucagon (11, 12),
and glucagon levels are reported to be high in acrome-
galics (13, 14). It would not be surprising, therefore,
if glucagon levels were reduced by hypophysectomy,
and then further reduced by total pancreatectomy,
which would leave the gastric fundus as the major
site of glucagon secretion (15—18). The present studies
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were designed to test the hypothesis that hypophy-
sectomy reduces circulating nonpancreatic glucagon
after total pancreatectomy in dogs (19-21) and that
the Houssay syndrome may, therefore, be an example
of hypoglucagonemic diabetes.

METHODS

After an overnight fast, male mongrel dogs weighing 18-25
kg were anesthetized with pentobarbital sodium (25-30
mg/kg body weight) and a transtemporal hypophysectomy
(hypoX)! was performed by the method of Crowe, et al. (22).
The completeness of the operation was ultimately confirmed
at autopsy by macroscopic and microscopic examination of
the tissues in the sella turcica and the stalk region. Initial
clinical confirmation was made by demonstration of declining
plasma cortisol and thyroxine levels postoperatively. After
laboratory evidence of adrenal and thyroid insufficiency had
been obtained, the hypoX dogs were maintained on twice
daily 5 mg of hydrocortisone sodium succinate (Cortef,
Upjohn Co., Kalamazoo, Mich.) and 50 ug of L-thyroxine
daily, both given by mouth. At 7 a.m. and at 3 p.m. each
day they were fed a diet consisting of 380 g Purina dog
chow (Ralston Purina Co., Inc., St. Louis, Mo.) plus 200 g
canned dog food.

In a group of seven dogs a sham hypoX was performed
with the same surgical procedure except that the pituitary
gland was not removed. No replacement therapy was given
to this group. Their weights ranged from 28.1 to 25.2 kg
with an average of 23.5 kg.

1-4 mo after the intracranial procedures, a total pan-
createctomy was performed in both the hypoX and sham-
hypoX dogs under pentobarbital sodium anesthesia. The
hypoX dogs received 100 mg of hydrocortisone sodium
succinate (Solu-Cortef, Upjohn Co.) intravenously 30 min
before anesthesia and 25 mg of cortisol intramuscularly
twice daily for 2 postoperative days. Thereafter, they were
again maintained on 5 mg of intramuscular cortisol twice
daily and L-thyroxine (50 ug/day), Cotazyme (Organon
Pharmaceuticals, West Orange, N. ].), and Hexavitamin
tablets (R. P. Scherer Corp., Detroit, Mich.) given twice
daily. Their weights ranged from 24.5 to 25.9 kg with
an average of 25.2 kg. Completeness of the pancreatectomy
was ultimately substantiated at autopsy in all dogs. No
pancreatic remnants or aberrant pancreatic tissue were found
at autopsy in any dog.

The hypoX-pancreatectomized dogs, weighing from 20 to
22 kg, with an average weight of 21 kg, received either
no insulin or from 1-2 U of regular insulin twice daily.
The sham-hypoX, pancreatectomized dogs, weighing from 19.5
to 28 kg, with an average weight of 21.8 kg, received 4-5 U
of regular insulin twice daily. Insulin was administered just
after a meal. Food intake was maintained at a constant
level in all dogs by tube feeding whenever a dog did not
finish a meal. In dogs receiving insulin therapy, insulin
was discontinued 42 h before an experiment. Hormone re-
placement and diet were withheld 17-18 h before the start
of an experiment.

A group of five bilaterally adrenalectomized dogs, main-
tained on 7.5 mg of cortisol given intramuscularly twice
daily, was studied 3 wk or more after surgery while on
cortisol replacement therapy and again 4-5 days after with-

! Abbreviations used in this paper: hypoX, hypophy-
sectomy, hypophysectomized; IRG, immunoreactive gluca-
gon.
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drawal of cortisol therapy. Their weights ranged from 19 to
22.7 kg with an average weight of 21.8 kg. The studies
involved arginine infusion tests conducted in the conscious
state as described below for the other groups of dogs.

In each dog three 15-min intravenous arginine infusions
(0.5 g/kg per 30 ml) were conducted with the dog in a
conscious state. The first such test was carried out before
any surgical procedure, the second 4 or 12 wk after either
hypoX or sham-hypoX and before pancreatectomy, and the
third 1 wk after pancreatectomy in the sham-hypoX, depan-
creatized dogs and 1-3 wk after pancreatectomy in the
hypoX-depancreatized dogs (1 wk after pancreatectomy in
three of the six dogs). Blood samples were obtained through a
catheter inserted in a peripheral leg vein.

Two 15-min arginine infusion experiments were also con-
ducted during laparotomy, the first just before pancreatec-
tomy and the second just before sacrifice of the dogs so as
to obtain simultaneous blood samples from the inferior vena
cava, the short gastric vein, and the portal vein. In these
studies the dogs of all groups received an intravenous in-
jection of 100 mg of hydrocortisone 30 min before the pento-
barbital sodium anesthesia. A 60-min equilibration period,
during which only saline was infused, preceded the arginine
infusion.

Plasma glucose was determined by the glucose oxidase
method (23) using a glucose analyzer (Beckman Instruments,
Inc., Fullerton, Calif.). Insulin was determined by the radio-
immunoassay of Yalow and Berson (24), as modified by Her-
bert et al. (25). Immunoreactive glucagon (IRG) was meas-
ured as described previously (26) with 30K antiserum, which
is considered to be reactive with the C-terminal portion of the
glucagon molecule (27, 28) and which crossreacts only very
weakly with gut glucagon-like immunoreactivity (29).

For the statistical analyses, paired and unpaired Student ¢
tests were employed.

RESULTS

Effect of hypoX on glucose, insulin, and IRG levels
in the fasting state and during arginine infusion. The
fasting glucose level of a group of 16 normal dogs
averaged 90+2 mg/100 ml; in nine dogs 4 wk after
hypoX it averaged 64+2 mg/100 ml despite cortisol and
thyroid replacement therapy (P < 0.01), and was be-
low the control group at all time points during the
arginine infusion (P < 0.001) (Fig. 1). In the control
dogs mean plasma insulin levels rose from 13.2+1.6
at 0 min to a mean peak of 34.5+3.2 at 1.5 min during
arginine infusion; in the hypoX group, insulin averaged
7.120.5 pU/ml at 0 min and rose to a mean peak of
only 18.8+2.8 at 3 min, significantly below the control
levels at all time points (P < 0.01). Mean fasting and
arginine-stimulated IRG levels and the mean of gluca-
gon increments during arginine infusion were similar
in the two groups.

Five dogs were studied 12 wk or more after the
hypoX. Fasting glucose levels before and during ar-
ginine infusion were below normal, averaging 66+3
mg/100 ml before the infusion and rising to a peak of
74+2 mg/100 ml at 5 min. Mean basal and arginine-
stimulated insulin levels were significantly reduced
at all time points to less than one-half the values of
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FIGURE 1 Comparison of peripheral venous plasma glucose,
IRG, and insulin levels in normal dogs and in dogs 4 wk
after hypoX (short-term) and 12 wk after hypoX (long-term).
O = significant vs. values at 0 min (P < 0.05); * = P < 0.05;
* = P <0.01 vs. normal.
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the normal dogs, and were significantly lower than
those of the short-term hypoX group at 0 and 10 min
(P < 0.05). Plasma IRG levels in this group averaged
35+5 pg/ml at 0 min and rose to a peak of only
65+8 at 3 min. The mean of IRG increments during
arginine infusion was only 37+9 pg/ml, significantly
below the value of 69+9 pg/ml in the short-term
hypoX group (P < 0.05).

Because the stomach is the principle source of IRG
after pancreatectomy (20), studies were undertaken
to determine if gastric IRG release was reduced 12 wk
after hypoX. An arginine test was performed in four
dogs during laparotomy and blood samples were col-
lected simultaneously from the short gastric vein,
portal vein, and inferior vena cava. As shown in Fig. 2,
gastric vein IRG levels before and during arginine
infusion were less than one-half those of the sham-
hypoX control group (P < 0.05 at 5, 10, and 15 min).

The effect of discontinuing cortisol replacement
therapy upon plasma glucose, IRG, and insulin
levels in hypoX and adrenalectomized dogs. To
assess the effect of discontinuation of glucocorticoid
replacement therapy on the various changes observed
in the nine hypoX dogs, an arginine test was repeated
after three wk without cortisol administration when
plasma cortisol had become unmeasurable. As shown
in Fig. 3, plasma glucose levels were significantly
less than during replacement therapy at all points,
averaging 53+1 mg/100 ml at 0 min. Fasting and
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FIGURE 2 Comparison of plasma levels of immunoreactive insulin and glucagon in the in-
ferior vena cava (I.V.C.), portal vein, and gastric vein of sham-hypoX dogs, dogs 4 wk after
hypophysectomy (short-term hypoX) and 12 wk after hypoX (long-term hypoX). * = P < 0.05;
* =P < 0.01 vs. L.V.C; O = significant vs. values at 0 min (P < 0.05); ( ) = numbers.
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hypoX with and without cortisol (CS) replacement therapy
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cortisol replacement. * = P < 0.05; ¥ = P < 0.01 vs. § CS; O
= significant vs. values at 0 min (P < 0.05).

arginine-stimulated insulin levels were also signifi-
cantly below the values during cortisol replacement.
Fasting and arginine-stimulated IRG levels were
somewhat higher, but the difference was significant
only at 0 and 3 min (P < 0.05).

To compare the foregoing consequences of cortisol
withdrawal in secondary adrencortical insufficiency
with those of primary adrenal insufficiency, five bi-
laterally adrenalectomized animals were given
arginine infusion tests while on 7.5 mg of cortisol twice
daily and again 4-5 days after its discontinuation (Fig.
3). Cortisol withdrawal was associated with a modest
reduction in plasma glucose, a significant decrease in
insulin, and a marked increase in both base line and
arginine-stimulated IRG levels (P < 0.05 at 5 and 15
min). Although the reduction in plasma glucose levels
was less marked, mean IRG levels were higher (NS)
than in cortisol-deprived hypoX dogs.

Comparison of fasting glucose and IRG levels in
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hypoX, depancreatized, and sham-hypoX, depan-
creatized dogs. Fasting plasma glucose and IRC
levels were measured daily or every other day in the
sham-hypoX, depancreatized dogs and the hypoX,
depancreatized dogs (Fig. 4). In sham-hypoX, depan-
creatized dogs receiving 8-10 U insulin daily, glucose
levels ranged from 300 to 560 mg/100 ml. IRG levels
averaged 215+29 pg/ml and ranged from 35 to 900
pg/ml. IRG increased with time after pancreatectomy
(Fig. 4).

By contrast, in the hypoX, depancreatized dogs,
the insulin dose could be omitted without precipitating
the inexorable metabolic deterioration associated with
insulin deprivation in depancreatized dogs. The preva-
lence of low glucose values increased after the 1st wk
after pancreatectomy (Fig. 4). 13 random glucose levels
under 200 mg/100 ml were observed in six dogs and
seven of them were 100 mg/100 ml or less. (One dog,
omitted from the study because of loss of conscious-
ness and moribund status attributed to severe hypo-
glycemia, had a glucose level of 10 mg/100 ml 24 h
after his last injection of regular insulin). IRG levels
in the hypoX, depancreatized dogs ranged between 15
and 140 pg/ml and averaged 63+4 pg/ml, significantly
less than the sham-hypoX, depancreatized group
(P < 0.001). Like the glucose levels, low values be-
came more prevalent with time after pancreatectomy
and after the 7th post-pancreatectomy day no fasting
IRG value over 100 pg/ml was noted.

Comparison of plasma glucose and IRG levels in
hypoX, depancreatized, and sham-hypoX, depan-
creatized dogs before and during arginine infusion.
An arginine infusion was carried out in the six sham-
hypoX, depancreatized dogs and the six hypoX, de-
pancreatized dogs. In the sham-hypoX, depancreatized
dogs, fasting plasma glucose averaged 376+10 mg/100
ml and rose to a peak of 389+11 mg/100 ml at 3
min, whereas in the six hypoX, depancreatized dogs it
averaged 210+60 mg/100 ml and rose slowly to a peak
of 236+60 mg/100 ml at 15 min (Fig. 5). Mean glu-
cose levels of the hypoX, depancreatized group were
significantly less than those of the sham-hypoX, de-
pancreatized group at all time points.

In the sham-hypoX, depancreatized dogs, mean
plasma IRG averaged 215+60 pg/ml at 0 min and rose
with arginine infusion to 404+112 at 15 min. In the
hypoX, depancreatized group it averaged 47+8 pg/ml
at 0 min and rose to a peak of only 110+25 at 10
min; IRG levels were significantly less at all time
points (P < 0.05).

To determine if the lower IRG levels in the hypoX,
depancreatized dogs were the result of reduced gastric
IRG release, a final arginine test was carried out in
sham-hypoX, depancreatized and hypoX, depan-
creatized dogs during laparotomy just before sacrifice,
and blood samples were obtained simultaneously from
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FIGURE 4 Daily fasting glucose and IRG levels

in sham-hypoX, pancreatectomized dogs (sham-

Houssay) and in hypoX, pancreatectomized (Houssay) dogs.

the short gastric, the portal vein, and the inferior
vena cava. In the sham-hypoX, depancreatized dogs
(Fig. 6), the mean fasting IRG level in the gastric
vein was 1915521 pg/ml and rose during arginine
infusion to a peak of 4,898+959. In the hypoX, de-
pancreatized animals, by contrast, the fasting and peak
arginine-stimulated IRG levels in the gastric vein aver-
aged only 47+17 and 219+128, respectively, signifi-
cantly less at all time points than in the sham-hypoX,
depancreatized dogs (P < 0.05). Portal vein levels of
IRG were also less in the hypoX, depancreatized dogs.

Effect of a replacement infusion of glucagon on the
glycemia of hypoX, depancreatized dogs. To deter-
mine if an increase in circulating glucagon to the levels
present in the portal vein of the sham-hypoX, depan-

creatized dogs would enhance the severity of their dia-
betes, three hypoX, depancreatized dogs received a
constant intravenous infusion of glucagon at rates from
2.5 to 10 ng/kg per min for up to 11 h (Fig. 7). IRG
levels had been below 50 pg/ml before the infusions
and they rose to a maximum of 1,000 pg/ml, but were
for the most part below the range of portal vein IRG
levels of the sham-hypoX, depancreatized dogs. Never-
theless, glucose levels, which were ~200 mg/100 ml
before the infusion, rose promptly in two of the three
experiments and, although food was withheld, they
ranged between 250 and 460 mg/100 ml during the
glucagon infusion. Glycosuria increased from a prein-
fusion value of 0.20 to 1.7 g/h, and declined when the
glucagon infusion was terminated.
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DISCUSSION

These studies once again confirm the observation made
by Houssay and Biassotti almost half a century ago
that hypoX strikingly reduces the hyperglycemia and
insulin requirements of the diabetic state produced by
total pancreatectomy (1). Low fasting plasma glucose
levels in dogs receiving either no insulin or only 1-4 U
of insulin daily became more prevalent with time after
pancreatectomy despite replacement doses of cortisol
and maintenance of a constant food intake. However,
in sham-hypoX, depancreatized dogs receiving 8-10 U
of daily insulin, glucose levels remained above 300
mg/100 ml until the time of their sacrifice.

The findings demonstrate a reduction in basal and
arginine-stimulated IRG levels 12 wk after hypoX in
otherwise intact dogs, despite lower plasma glucose
levels. Discontinuation of cortisol replacement therapy
elicited only a modest increase in IRG levels despite
the accompanying hypoglycemia, in contrast to a two-
to threefold rise in IRG levels after cortisol with-
drawal in bilaterally adrenalectomized dogs with less
hypoglycemia. These results demonstrate that the
capacity to enhance IRG during the hypoglycemia
caused by steroid withdrawal is less in long-term
hypoX dogs than in adrenalectomized dogs.

The lower plasma glucose levels 12 wk after hypoX
may not have been the primary consequence of hypo-
glucagonemia, inasmuch as they were present 4 wk
after hypoX, at which time both basal and arginine-
stimulated IRG levels were slightly above normal,
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presumably in response to the hypoglycemia, as ob-
served in rats by Van Lan et al. (29). Nevertheless,
one can argue that the absence of hyperglucagonemia
sufficient to correct the hypoglycemia represents evi-
dence of insufficient A-cell function. At 12 wk the
same degree of hypoglycemia was present despite
lower insulin levels, and IRG levels had declined
further, again suggesting an obtunded response by A-
cells. The low insulin levels, the cortisol replacement,
and the constant food intake appear to exclude, respec-
tively, insulin excess, cortisol lack, and starvation as
possible causes of the hypoglycemia. Because the
arginine-induced rise in plasma glucose was not sig-
nificantly reduced 12 wk post-hypoX, it seems unlikely
that the hypoglycemia was the result of either glyco-
gen depletion or hepatic insensitivity to the biologic
actions of glucagon.

After total pancreatectomy in dogs, the gastric fundus
is the major source of circulating IRG (18), and clearly
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FIGURE 6 Comparison of plasma glucose and IRG and in-
sulin levels in the inferior vena cava (1.V.C.) and IRG levels
in the portal and gastric veins of hypoX, depancreatized
(Houssay) and sham-Houssay dogs before and during arginine
infusion. * = P < 0.05; ¥ =P < 0.01 vs. LLV.C.: A = significant
vs. 0 min (P < 0.05).
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FIGURE 7 Plasma glucose, glycosuria, and IRG levels in three hypoX, depancreatized (Houssay)
dogs before, during, and after an 8-11-h infusion with 2.5, 5, or 100 ng/kg per min of
glucagon. The stippled zones in the upper panel represent the range of glucose levels
before and during the infusion of arginine in sham-hypoX dogs. The stippled areas in the
lower column represent the range of IRG levels before and during the infusion of arginine

in sham-hypoX dogs.

the peripheral and portal vein hypoglucagonemia of
the hypoX, depancreatized dogs was largely the conse-
quence of a profound reduction in fundic IRG re-
lease; simultaneous measurements of IRG in the short
gastric vein and inferior vena caval plasma revealed the
IRG gradient across the fundus to be only 3% of that of
depancreatized dogs with an intact hypophysis. De-
spite insulin deficiency, which normally increases
gastric IRG secretion (30), the gastric vein-inferior
vena cava IRG gradient of hypoX, depancreatized
dogs during arginine stimulation was even less than
the low levels of intact normal dogs. These results
imply that hypoX dogs lack a factor that not only main-
tains normal gastric IRG secretion but is necessary
for the “functional hypertrophy” of IRG secretion that
develops in insulin-deficient depancreatized dogs (21).

The mechanisms of the attenuation of hyperglycemia
in the face of complete insulin deficiency in hypoX,
depancreatized dogs are not identified by these studies.
Starvation and glucocortoid deficiency are unlikely
explanations, inasmuch as food intake was identical in
all groups and replacement therapy with cortisol was
provided. Glycogen depletion and hepatic insensitivity
to glucagon also seem improbable in view of hyper-
glycemic responses to arginine-induced glucagon
secretion and during the administration of glucagon.
The prompt rise in plasma glucose levels observed
within 60 min after the start of a replacement in-
fusion of glucagon, and the eightfold increase in gly-
cosuria indicates that hypoglucagonemia may have

contributed to the attenuation of the diabetes of the
hypoX, depancreatized dogs. This indicated that the
animals were sensitive to exogenous glucagon and that
hypoglucagonemia may have contributed to the less
severe nature of the diabetes of the Houssay dogs.
However, this in no way minimizes the importance
of the other hormonal deficits resulting from hypoX.
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