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As bstract. To elucidate the mechanisms con-
trolling the response ofglucagon to hypoglycemia, a vital
component of the counterregulatory hormonal response,
the role of intraislet insulin was studied in seven normal
subjects and five subjects with insulin-dependent diabetes
mellitus (IDDM) (of <15-mo duration). In the normal
subjects, hypoglycemia (arterial plasma glucose [PG] 53±3
mg/dl) induced by an intravenous insulin infusion (30
mU/m2.* min for 1 h, free immunoreactive insulin [FIRI]
58±2 ,U/ml) elicited a 100% fall in insulin secretion and
an integrated rise in glucagon of 7.5 ng/ml per 120 min.
When endogenous insulin secretion was suppressed by
-50 or -85% by a hyperinsulinemic-euglycemic clamp
(FIRI 63±1.5 or 147±0.3 MU/ml, respectively) before hy-
poglycemia, the alpha cell responses to hypoglycemia were
identical to those of the control study. When the endog-
enous insulin secretion was stimulated by 100% (hy-
perinsulinemic-hyperglycemic clamp, FIRI 145±1.5 ,U/
ml, PG 132±2 mg/dl) before hypoglycemia, the alpha
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cell responses to the hypoglycemia were also superim-
posable on those of the control study.

Finally, in C-peptide negative diabetic subjects made
euglycemic by a continuous overnight intravenous insulin
infusion, the alpha cell responses to hypoglycemia were
comparable to those of normal subjects despite absent
beta cell secretion, and were not affected by antecedent
hyperinsulinemia (hyperinsulinemic-euglycemic clamp
for 2 h, FIRI 61±2 MAU/ml).

These results indicate that the glucagon response to
insulin-induced hypoglycemia is independent ofthe level
of both endogenous intraislet and exogenous arterial in-
sulin concentration in normal man, and that this response
may be normal in the absence of endogenous insulin
secretion, in contrast to earlier reports. Thus, loss of beta
cell function is not responsible for alpha cell failure during
insulin-induced hypoglycemia in IDDM.

Introduction

In man and in other mammals, glucagon is vital to the defense

against hypoglycemia. Despite the array ofother influences, i.e.,
hormonal, neural, and substrate influences upon glucose ho-

meostasis (1), failure of glucagon to respond to a blood glucose
decrement will impair counterregulation in both the postab-
sorptive state (2, 3) and after meal ingestion (4, 5). Indeed, type
I diabetics with an obtunded glucagon response to hypoglycemia
exhibit a defective defense against hypoglycemia (6), which has

been implicated in the unexpected deaths recently encountered

in meticulously controlled patients (7).
The etiology of the impaired glucagon response to hypo-

glycemia is unknown. An intrinsic loss of glucoreceptive ca-

pability by the diabetic alpha cell has been suggested (6). More
recently, it has been proposed that insulin, a potent inhibitor
ofglucagon secretion (8), normally serves as a release-inhibiting
factor for glucagon (9, 10), and that failure of the alpha cell
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response to hypoglycemia in human type I diabetes mellitus is

due to a lack of disinhibition secondary to loss of beta cells (9).

In this view, the beta cell is the principal glucose sensor of the

islet and decrements in blood glucose stimulate the alpha cell

by suppression of insulin secretion (9).

The present series of studies were undertaken to assess the

extent to which the alpha cell function is dependent on the beta

cell function during hypoglycemia in normal man, and whether

loss of beta cells is responsible for alpha cell failure during

hypoglycemia in type I diabetes mellitus.

Methods

Seven normal healthy volunteers within 10% of ideal body weight and

five age- and weight-matched insulin-dependent diabetic subjects were

studied after obtaining fully informed consent. The normal subjects,

ranging in age from 19 to 35 yr (26±3 yr, mean±SEM), had been on

a weight-maintaining diet (300 g carbohydrate/d) for at least 1 wk before

all studies. The diabetic subjects had diabetes of 13-15 mo duration

and were C-peptide deficient (0.08±0.02 ng/ml before and 0.08±0.04

ng/ml after 1 mg glucagon given intravenously).
Four studies were carried out in the normal subjects (studies I-IV)

and two studies in the diabetic subjects (studies V-VI) at 4-6-d intervals.

In study I, to assess the responses of alpha and beta cell during insulin-

induced hypoglycemia in normal subjects, insulin was infused intra-

venously at the rate of 30 mU/mi2 min for 1 h. In study II, to assess

the effects of insulin-mediated suppression of the beta cells on the alpha

cell responses to hypoglycemia, insulin was infused at the rate of study

I for 4 h (from -120 to 120 min) together with glucose to clamp plasma

glucose (PG)' concentration at euglycemic levels during the initial 2 h

(from -120 to 0 min) and at the PG values observed in study I (from

0 to 120 min). In study III, to assess the effects of a further insulin-

mediated suppression of beta cells, insulin was infused at the rate of 60

mU/mi2 min for 4 h (from -120 to 120 min) together with glucose to

clamp PG concentration as in study II. In study IV, to assess the effects

of hyperglycemic stimulation of the beta cell, insulin was infused as in

study III together with glucose to clamp PG concentration at 130 mg/

dl from - 120 to 0 min. In study V, to assess the effects of absence of

the beta cells on the alpha cell response to insulin-mediated hypoglycemia,
study I was carried out in type I diabetic subjects. In study VI, to assess

the effects of antecedent hyperinsulinemia on the alpha cell responses

to hypoglycemia in absence of beta cell function, study II was carried

out in the diabetic subjects.
All studies began between 9:00 and 10:00 a.m. After an overnight

fast, the subjects were placed at bed rest at least 1 h before studies and

were maintained supine thereafter. Contralateral arm veins were can-

nulated with 18-gauge catheters: one, a wrist vein, was used for continuous

blood withdrawal by a biostator monitor (Life Science Instruments Div.,

Miles Laboratories Inc., Elkhart, IN), which was used solely for constant

blood glucose monitoring; the other, an antecubital vein, was used for

infusion of insulin and glucose via separate Harvard pumps (model

2681, Harvard Apparatus Co., Inc., South Natick, MA). In addition, a

hand vein was cannulated in retrograde fashion with a 21-gauge butterfly

needle; both the wrist vein (biostator monitor) and the hand vein were

1. Abbreviations used in this paper: AUC, area under the curves; cv,

coefficient of variation; FIRI, free immunoreactive insulin; IDDM, in-

sulin-dependent diabetes mellitus; PG, plasma glucose.

maintained at 70'C in a thermoregulated box. The hand vein was used

for intermittent sampling of arterialized venous blood (11) for deter-

mination ofPG concentration every 2.5 min and hormone concentrations

at 10-30-min intervals; the values of the PG concentrations were used

to recalibrate the biostator to permit clamping at arterial glucose con-

centrations. The necessary adjustments in the glucose infusion rate were

made empirically by altering the setting of the Harvard pumps based

on the changes in the arterialized-venous PG concentrations (12). In

the diabetic subjects, any intermediate or long-acting insulin was ter-

minated at least 60 h before the studies and only regular insulin was

given at each meal. On the night before each study, the diabetic subjects
received a continuous intravenous infusion of insulin to maintain fasting

PG concentration in the normal range, as previously described (13).
All reagents were prepared on the morning of each experiment.

Insulin (Actrapid MC U-40, Novo Industries, Copenhagen) was dissolved

in 0.9% NaCl at a final dilution of n0.8 U/ml containing 1 ml of the

subject's own blood/25 ml infusate. Glucose was administered as a 33%

solution. In the clamp studies, insulin and glucose were given with a

carrier infusion of 0.9% NaCl (0.5 ml/min) containing K+ (0.26 meq/

ml) and PO4-- (0.18 meq/ml) to prevent hypokalemia and hypophos-

phatemia (12).
Arterialized blood samples (0.3 ml) were collected at 2.5-min intervals

in heparinized microtubes and immediately centrifuged for determination

ofPG concentration by means ofa Beckman glucose analyzer (Beckman

Instruments, Inc., Fullerton, CA). Samples for plasma insulin, glucagon,

and C-peptide were collected at 10-30-min intervals in iced tubes in

which 0.2 ml 10% EDTA-Na2 solution and 500 U of the kallikrein

inhibitor aprotinin per milliliter blood were added, and centrifuged at

the end of each experiment. The resultant plasma was stored at -20'C

until radioimmunoassay. Free plasma insulin (14) (henceforth referred

to as insulin), and C-peptide (15) were determined after plasma extraction
with polyethylene glycol in diabetic and normal subjects. Plasma glucagon

was determined as previously described using antibody 30K (16).

Statistical methods and calculations. Data in text and figures are

given as mean±SEM. Statistical analysis was performed using paired
and, when appropriate, unpaired t tests. The areas under the curves

(AUC) of plasma responses of glucagon were calculated between time

0 and time 120. Insulin secretory rate was calculated from changes in

plasma C-peptide concentrations using equations derived from a two-

compartment model. A distribution space for C-peptide of 80 ml/kg

was used instead of 41 ml/kg as originally proposed ( 17), since analysis

of the data (18) from which the fractional disappearance rates for

C-peptide were obtained for the model yielded a distribution space of

80 ml/kg.

Results

Effects ofantecedent euglycemic suppression ofbeta cellfunction

by insulin on alpha cell response to hypoglycemia (studies I and

II, Fig. 1). In study I (Fig. 1, control study), in which insulin

alone was infused for 1 h, PG concentration decreased to a

nadir of 53±3 mg/dl at 45 min. Plasma glucagon peaked at 70

min (247±18 pg/ml, P < 0.001 vs. base line 92±5 pg/ml), i.e.

at the time at which plasma C-peptide concentration had reached

its nadir (0.13±0.02 mg/ml, P < 0.01 vs. base line 1±0.08 ng/

ml), reflecting a virtual arrest of beta cell secretion (Table I).

In study II (Fig. 1, clamp study), during the hyperinsulinemic-
euglycemic clamp (plasma insulin 63±1.5 uU/ml, PG 93±1.2
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Figure 1. Responses of plasma insulin, C-peptide, glucose, and gluca-
gon to an intravenous infusion of insulin alone (30 mU/M2 _ min) for
60 min (open circles, control study, study I) or to an insulin infusion
from -120 to 120 min in combination with variable glucose (filled
circles, clamp study, study II) in seven normal volunteers.

mg/dl, coefficient ofvariation [cv] 3.5±0.1 %), the concentration
of plasma C-peptide declined from 0.99±0.05 ng/ml at -120
min to 0.51±0.04 ng/ml at 0 min, which corresponded to a

decrease in endogenous insulin secretion from 13.5±0.2 to
6.3±2.3 mU/min (P < 0.05, Table I), before the hypoglycemic
period began. Plasma glucagon concentration was suppressed
in this portion of the study by hyperinsulinemia (87±3 pg/ml
at - 120 min vs. 74±5 pg/ml at 0 min, P < 0.001). Subsequently,
when hypoglycemia was permitted to supervene as in study I
by variable glucose infusion, plasma glucagon rose as in study
I. Thus, although the beta cell secretory activity had been sup-
pressed by n50% before hypoglycemia in study II, the plasma
glucagon responses were similar to those of study I in which
the endogenous insulin secretion had not been manipulated
(AUC 7.2±0.5 vs. 7.5±0.4 ng/ml- 120 min, study II and I,
respectively, P = NS).

Effects ofmore marked hyperinsulinemic suppression ofbeta
cellfunction on alpha cell responses (study III, Fig. 2). Plasma
insulin was maintained at 147±0.3,gU/ml throughout the study
and PG concentration was clamped at 94±1 mg/dl (cv
3.3±0.2%), from -120 to 0 min. The plasma concentration of
C-peptide decreased from a base line of 1.03±0.07 ng/ml to
0.29±0.02 ng/ml at 0 min. This represented an n85% suppres-
sion of endogenous insulin secretion, from 14±0.3 to 2.4±0.1
mU/min (P < 0.05, Table I) before the hypoglycemia. Plasma
glucagon was again suppressed below basal levels during this
portion of the study (98±4 pg/ml at -120 min vs. 71±5 pg/
ml at 0 min, P < 0.05). When hypoglycemia was allowed to
occur as in study I, the plasma glucagon response was comparable
to study I (AUC 7.6±0.6 vs. 7.5±0.4 ng/ml. 120 min, P = NS).

Effects of hyperglycemic stimulation of beta cell function

Table I. Rates ofEndogenous Insulin Secretion (mU/min) Calculated Based on Modelling ofPlasma C-Peptide Data (17) in Normal
Subjects (studies I-IV) and in Insulin-dependent Diabetic Subjects (studies V and VI)

Minutes -120 -90 -60 -30 -15 0 15 30 40 50 60 70 80 90 105 120

Study I 13.5 14.2 14.4 14.1 13.8 14 3.7* 1.2* 0 0 0 0 0.7* 3.6* 8* 11.8*
±0.3 ±0.2 ±0.3 ±0.2 ±0.3 ±0.3 ±0.3 ±0.1 -+±0.1 ±0.2 ±0.2 ±0.3

Study II 13.5 9.1* 6.8* 6.8* 6.9* 6.3* 2.8* 0 0 0 0 0 1.7* 3.5* 5.8* 9.7*
±0.2 ±0.2 ±0.2 ±0.2 ±0.1 ±0.2 ±0.1 -I±0.1 ±0.1 ±0.1 ±0.1

Study III 14 6.2* 4.3* 4.2* 4.1* 2.4* 0 0 0 0 0 0 1.2* 2.3* 4.9* 8.1*
±0.3 ±0.2 ±0.2 ±0.3 ±0.2 ±0.1 -I±0.1 ±0.1 ±0.1 ±0.1

Study IV 13.9 22.8* 23.2* 24.2 25.1* 26.3* 7.3* 0 0 0 0 0 0 0 4.3* 10.1*
±0.2 ±0.6 ±0.4 ±0.4 ±0.7 ±0.7 ±0.2 -. - ±0.1 ±0.2

Study V 0.8 0.7 1 0.8 1.1 0.8 0.9 0.7 1.1 0.9 0.8 0.7 0.8 1 1.4 0.9
±0. 1 ±0.2 ±0.5 ±0.2 ±0.4 ±0.3 ±0.3 ±0.2 ±0.5 ±0.3 ±0.2 ±0.2 ±0.2 ±0.2 ±0.3 ±0.2

Study VI 0.6 0.6 0.8 0.6 0.8 1.1 0.7 0.6 0.9 0.8 0.7 0.9 0.6 0.8 1 0.7
±0.3 ±0.4 ±0.2 ±0.3 ±0.2 ±0.3 ±0.3 ±0.3 ±0.2 ±0. 1 ±0.2 ±0.3 ±0.2 ±0.2 ±0.2 ±0.3

* P < 0.05 vs. -120 min.
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remained at base line before hypoglycemia (AUC, 8±0.5 vs.

7.5±0.6 ng/ml. 120 min, P = NS).

Discussion

Defense against hypoglycemia is essential to survival. It involves

both the prevention of hypoglycemia and its correction, if it

should occur. This study has addressed the mechanisms by which
insulin-induced hypoglycemia is corrected in nondiabetic and
type I diabetic subjects.

At present, the individual role ofchanges in PG and systemic
and intraislet insulin concentration upon the plasma glucagon
secretion during insulin-induced hypoglycemia is not established.

Although several in vitro (19-21) and in vivo (22-24) studies
have suggested that changes in glucagon secretion in response
to changes in PG concentration do not necessarily require re-

ciprocal changes in insulin secretion, insulin appears to be a

potent inhibitor of glucagon secretion (8).
It had been hypothesized (9) that plasma glucagon response,

the first line of defense against hypoglycemia (25), is secondary
to a fall in the normally very high intraislet levels of insulin.

Despite exogenous hyperinsulinemia induced peripherally, a

net decline in intraislet insulin would follow the reduced local
-120 -0 0 60 120

MINUTES

Figure 2. Effects of more marked suppression of beta cell secretory
activity by an hyperinsulinemic-euglycemic clamp (insulin 60 mU/
m2 * min + variable glucose) on the alpha-cell responses to hypoglyce-
mia in seven normal volunteers (full circles, clamp study, study III).

upon alpha cell responses (study IV, Fig. 3). In these experiments,
plasma insulin concentration was increased at the same levels
as in study III, but PG concentration was initially clamped at
132±2 mg/dl (cv 4.6±0.2%). Despite hyperinsulinemia, the
plasma concentration of C-peptide increased from 1.02±0.09
ng/ml at -120 min to 1.76±0.21 ng/ml at 0 min, which cor-
responded to a =90% increase in endogenous insulin secretion
(Table I). When hypoglycemia was permitted to occur, the
plasma glucagon responses were comparable to those of study
I (AUC 8.2±0.6 vs. 7.5±0.4, P = NS).

Effects of absence of beta cell function on the alpha cell
responses to hypoglycemia (studies V and VI, Fig. 4). When
hypoglycemia was induced in C-peptide negative patients with
insulin-dependent diabetes mellitus (IDDM) (study V), the
plasma glucose decrease, nadir, and recovery were virtually su-

perimposable upon those of normal subjects in study I. Despite
the absence of detectable secretion ofendogenous insulin in the
diabetic subjects (Table I), the plasma glucagon response to
hypoglycemia was virtually identical to that of the normal sub-
jects (AUC, 7.5±0.6 vs. 7.5±0.4 ng/ml. 120 min, P = NS). In

addition, when 2 h ofmore marked hyperinsulinemia preceded
hypoglycemia (study VI), the response of plasma glucagon was
similar to that ofstudy V in which plasma insulin concentrations
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Figure 3. Effects of combined suppression and stimulation of beta-
cell secretory activity by a hyperinsulinemic-hyperglycemic clamp (in-
sulin 60 mU/Mi2. min + variable glucose) on the alpha-cell responses
to hypoglycemia in seven normal volunteers (filled circles, clamp
study, study IV).
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Figure 4. Responses of plasma insulin, C-peptide, glucose, and gluca-

gon to an intravenous infusion of insulin alone (30 mU/M2 _ min) for
60 min (open circles, control study, study V) or from -120 to 120
min in combination with variable glucose (filled circles, clamp study,

study VI) in five insulin-dependent diabetic subjects.

endogenous insulin levels during hypoglycemia. This would dis-
inhibit glucagon secretion. Because of the lack of endogenous
insulin secretion, type I diabetic subjects would, in contrast,

experience a net rise in intraislet insulin levels during induction
ofhypoglycemia. This might account for their impaired plasma
glucagon response and thus their vulnerability to hypoglycemia.

This study refutes the foregoing hypothesis with respect to

correction of insulin-induced hypoglycemia. It shows, first, that

in normal subjects, the plasma glucagon responses to insulin-

induced hypoglycemia are not dependent upon the antecedent
level of endogenous insulin secretion and arterial insulin con-

centration. Second, it demonstrates that subjects with IDDM

of recent onset who lack beta cell function may have a normal

response of plasma glucagon to hypoglycemia, thus disputing
the view that a blunted plasma glucagon response to hypogly-
cemia is present whenever the beta cell function is lost and is

secondary to that loss (26). Finally, it suggests that if there is a

loss of glucoreception by the alpha cell (6, 27), this loss does

not necessarily occur in an early stage of IDDM (6, 27).
While beta cell function does not seem to play a central

role in the glucagon response to insulin-induced hypoglycemia,
it is apparently important in the glucagon responses to nonglu-
cose secretagogues in a euglycemic setting (28-30). It may be

that whenever glucose availability is endangered, as in experi-
mentally induced hypoglycemia, insulin's inhibitory action upon

glucagon secretion (8) becomes ineffective and the hypoglycemia

itself takes control of alpha cell activity either directly or via

other possible mechanisms, so as to guarantee an effective glu-
cagon response and restoration ofeuglycemia. This is analogous
to the loss of glucagon's insulin-stimulating activity during hy-
poglycemia (31).

In the present experiments, the plasma glucagon responses
to hypoglycemia were remarkably comparable from study to
study, regardless ofduration and magnitude ofthe acute increase
in plasma insulin levels before and during hypoglycemia. In
addition, the plasma glucagon responses to hypoglycemia were
normal in insulin-dependent diabetic subjects despite hyper-
insulinemia comparable to levels observed during exogenous
insulin therapy (32). The alpha cell responses in these subjects
were not blunted by the acute additional increase in plasma
insulin levels in the clamp studies. Thus, it is concluded that

changes in arterial plasma insulin concentration do not govern
the alpha cell responses to insulin-induced hypoglycemia and
that factors other than hyperinsulinemia (33) must be responsible
for the progressive loss of glucagon responses to hypoglycemia
in insulin-dependent diabetic subjects (34).

In conclusion, the present study demonstrates that plasma
glucagon responses during insulin-induced hypoglycemia are
independent of endogenous insulin secretion and arterial insulin
concentration in normal man and also independent of beta cell
failure and arterial insulin concentrations in subjects with di-
abetes mellitus of short duration. Thus, it is unlikely that
suppression of insulin release during hypoglycemia modulates
plasma glucagon responses in normal man and that lack of a

decrease in intraislet insulin concentration is responsible for the
lack of a plasma glucagon response to hypoglycemia in subjects
with type I diabetes mellitus.
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