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OBJECTIVE — Animal and in vitro studies indicate that a decrease in �-cell insulin secretion,
and thus a decrease in tonic �-cell inhibition by intraislet insulin, may be an important factor for
the increase in glucagon secretion during hypoglycemia. However, in humans this role of de-
creased intraislet insulin is still unclear.

RESEARCH DESIGN AND METHODS — We studied glucagon responses to hypogly-
cemia in 14 nondiabetic subjects on two separate occasions. On both occasions, insulin was
infused from 0 to 120 min to induce hypoglycemia. On one occasion, somatostatin was infused
from �60 to 60 min to suppress insulin secretion, so that the decrement in intraislet insulin
during the final 60 min of hypoglycemia would be reduced. On the other occasion, subjects
received an infusion of normal saline instead of the somatostatin.

RESULTS — During the 2nd h of the insulin infusion, when somatostatin or saline was no
longer being infused, plasma glucose (�2.6 mmol/l) and insulin levels (�570 pmol/l) were
comparable in both sets of experiments (both P � 0.4). In the saline experiments, insulin
secretion remained unchanged from baseline (�90 to �60 min) before insulin infusion and
decreased from 1.20 � 0.12 to 0.16 � 0.04 pmol � kg�1 � min�1 during insulin infusion (P �
0.001). However, in the somatostatin experiments, insulin secretion decreased from 1.18 � 0.12
pmol � kg�1 � min�1 at baseline to 0.25 � 0.09 pmol � kg�1 � min�1 before insulin infusion so
that it did not decrease further during insulin infusion (�0.12 � 0.10 pmol � kg�1 � min�1, P �
0.26) indicating the complete lack of a decrement in intraislet insulin during hypoglycemia. This
was associated with �30% lower plasma glucagon concentrations (109 � 7 vs. 136 � 9 pg/ml,
P � 0.006) and increments in plasma glucagon above baseline (41 � 8 vs. 67 � 11 pg/ml, P �
0.008) during the last 15 min of the hypoglycemic clamp. In contrast, increases in plasma growth
hormone were �70% greater during hypoglycemia after somatostatin infusion (P � 0.007),
suggesting that to some extent the increases in plasma glucagon might have reflected a rebound
in glucagon secretion.

CONCLUSIONS — These results provide direct support for the intraislet insulin hypothesis
in humans. However, the exact extent to which a decrement in intraislet insulin accounts for the
glucagon responses to hypoglycemia remains to be established.
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D efense against hypoglycemia nor-
mally involves inhibition of endog-
enous insul in secret ion and

increased release of several counter-
regulatory hormones, of which glucagon
is considered to be most important (1,2).
Epinephrine responses, although nor-
mally not critical for the defense against
hypoglycemia, become critical when glu-
cagon secretion is deficient (1,2). In type
1 diabetes, glucagon responses to hypo-
glycemia are universally lost early in the
course of the disease (3). This abnormal-
ity therefore plays a key role in the devel-
opment of defective glucose counter-
regulation when patients subsequently
develop reduced epinephrine responses
(3). The clinical importance of this condi-
tion is illustrated by the fact that the com-
bined defect in glucagon and epinephrine
responses is associated with at least a 25-
fold increased risk for severe hypoglyce-
mia (4,5), the major limiting factor for
obtaining near-normal glycemic control (6).

Various hypotheses have emerged to
explain the loss of glucagon response to
hypoglycemia in type 1 diabetes includ-
ing disruption of islet architecture (7), au-
tonomic neuropathy (8–10), and loss of
glucoreception (11,12). Although these
factors may contribute, several observa-
tions suggest that none of these is a com-
plete explanation. First, glucagon
responses to stimuli other than hypogly-
cemia are largely, if not entirely, intact
in type 1 diabetes (11,13), suggesting a
signaling rather than a structural abnor-
mality of �-cells. Secondly, counter-
regulatory glucagon responses were
found to be unaltered by autonomic
blockade using adrenergic and cholin-
ergic antagonists in humans (14,15) and
glucagon secretion by the denervated al-
lografted pancreas increases during hypo-
glycemia (16), suggesting that autonomic
neuropathy may not be the key factor. Fi-
nally, isolated viable �-cells from cadav-
eric pancreas donors have been found not
to release glucagon in response to a low
glucose medium (17), indicating that in
humans the increased glucagon release in
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response to hypoglycemia may not de-
pend solely on �-cell glucoreception.

Because insulin normally inhibits glu-
cagon release, Samols et al. (18) proposed
more than 30 years ago that a decrease in
�-cell insulin secretion, and thus a de-
crease in tonic intraislet �-cell inhibition
by insulin, may be the signal for increased
glucagon secretion during hypoglycemia.
According to this concept, absence of a
decrease in intraislet insulin due to the
lack of �-cells would be a plausible expla-
nation for the blunted glucagon responses
to hypoglycemia in type 1 diabetes. This
so-called intraislet insulin hypothesis is
supported by the observation that the loss
of glucagon responses is linked to the loss
of �-cell function in patients with type 1
diabetes in most (19,20) but not all (21)
studies and by the finding that counter-
regulatory glucagon responses deteriorate
with progression of �-cell failure in pa-
tients with type 2 diabetes (22).

Further evidence for the intraislet in-
sulin hypothesis has recently been pro-
vided by animal and in vitro studies
(23,24), which indicate that both normal
isolated human and rat islets and islets
from streptozotocin-administered rats
(which characteristically do not release
glucagon when exposed to a very low glu-
cose concentration) can respond to glu-
cose deprivation by releasing glucagon if
they are first provided with increased en-
dogenous or exogenous insulin. These
studies also demonstrated that in strepto-
zotocin-induced diabetic rats with near
complete �-cell failure, glucagon re-
sponses to hypoglycemia, which had
been absent, were restored when the dec-
rement in intraislet insulin was reestab-
lished by an infusion of insulin into the
superior pancreaticoduodenal artery that
was switched off when blood glucose
level fell to �60 mg/dl (24). However,
whether these animal and in vitro studies
are relevant to human physiology is un-
clear.

Definite evidence for the intraislet in-
sulin hypothesis in humans has yet to be
provided. Banarer et al. (25) reported that
in normal subjects counterregulatory glu-
cagon responses were blunted when the
fall in intraislet insulin during hypoglyce-
mia was prevented by infusion of the in-
su l in secre tagogue to lbutamide .
However, in these studies intraislet insu-
lin increased above baseline during the
tolbutamide infusion and because insulin
suppresses glucagon release (26), the

blunted glucagon responses might have
been merely the result of tolbutamide-
induced intraislet hyperinsulinemia.

This study was therefore undertaken
to retest the intraislet insulin hypothesis
in humans using an experimental design
that would obviate previous interpreta-
tive difficulties. To this end, we examined
counterregulatory plasma glucagon re-
sponses of healthy subjects on two sepa-
rate occasions. On one occasion, the
subjects’ insulin secretion was suppressed
before induction of hypoglycemia by an
infusion of somatostatin, which was
stopped once hypoglycemia had devel-
oped so that the decrement in intraislet
insulin during hypoglycemia would be
reduced. On the other occasion, subjects
received an infusion of normal saline be-
fore inducing hypoglycemia so that the
decrement in intraislet insulin during hy-
poglycemia would not be reduced.

RESEARCH DESIGN AND
METHODS — Informed written con-
sent was obtained from 14 healthy volun-
teers after the protocol had been
approved by the University of Rochester
Institutional Review Board. Subjects (4
men and 10 women) were 36.4 � 3.8
years of age and had BMI of 26.3 � 1.7

kg/m2. All subjects had normal fasting
glucose tolerance according to American
Diabetes Association criteria (27) and no
family history of diabetes.

All subjects were studied on two sep-
arate occasions at least 1 week apart. For
each study, subjects were admitted to the
University of Rochester General Clinical
Research Center between 5:00 and 6:00
P.M. the evening before experiments, re-
ceived a standard dinner (10 kcal/kg:
50% carbohydrate, 35% fat, and 15%
protein) between 6:30 and 7:00 P.M. and
fasted thereafter until the experiments
were completed.

At �7:00 A.M. the following morning,
a retrograde venous catheter was inserted
into a dorsal hand vein and kept in a ther-
moregulated Plexiglas box at 65°C for
sampling arterialized venous blood (28).
Approximately 1 h later, two blood sam-
ples were collected at 30-min intervals
(�90 and �60 min) for measurement of
baseline concentrations of plasma glu-
cose, insulin, C-peptide, glucagon, epi-
nephrine, norepinephrine, growth
hormone, and cortisol. At �60 min, a 2-h
intravenous infusion of somatostatin (500
	g/h) was begun on one occasion to arti-
ficially reduce the decrement of intraislet
insulin during the subsequent hypoglyce-

Figure 1—Plasma concentrations of insulin and glucose in 14 volunteers during hypoglycemia
after infusion of somatostatin or normal saline.
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mic clamp; on the other occasion, an in-
fusion of normal saline was given instead.
Infusions were given in a single-blinded
randomized fashion. During the 1st h of
the infusions, plasma glucose concentra-
tions were maintained at baseline levels.
At 0 min, a continuous infusion of insulin
(1 mU � kg�1 � min�1) was begun, and
plasma glucose concentrations were al-
lowed to decrease to 45–50 mg/dl (2.5–
2.8 mmol/l) during the following 60 min.
At the end of this period (60 min), the
infusion of somatostatin or normal saline
was stopped, and plasma glucose concen-
trations were maintained at 45–50 mg/dl
until 120 min using the glucose clamp
technique (29). Blood samples were col-
lected as described above at �30, 0, 30,
60, 75, 90, 105, and 120 min.

Analytical procedures
Blood samples were collected for plasma
insulin, C-peptide, glucagon, cortisol,
and growth hormone in EDTA tubes con-
taining a protease inhibitor and for
plasma catecholamines in EGTA tubes.

Plasma glucose was immediately deter-
mined in duplicate with a glucose ana-
lyzer (Yellow Springs Instrument). For
other determinations, samples were
placed immediately in a 4°C ice bath, and
plasma was subsequently separated by
centrifugation at 4°C. Plasma samples of
both experiments of a given subject were
analyzed in the same assay. Plasma insu-
lin, C-peptide, glucagon, growth hor-
mone, and cortisol concentrations were
determined by standard radioimmunoas-
says. Plasma glucagon was determined by
a double antibody radioimmunoassay
(Linco Research, St. Charles, MO) with an
intra-assay coefficient of variation of 5.9%
and a sensitivity of 20–400 ng/l. Plasma
epinephrine and norepinephrine concen-
trations were measured by a radioenzy-
matic method as previously described
(30).

Calculations
Rates of insulin secretion were calculated
by deconvolution analysis of plasma C-
peptide using an open two-compartmen-

tal model (31,32) and population-based
transition coefficients (33) as described
by Hovorka and Jones (34). The software
(ISEC Version 2) was kindly provided by
Dr. R. Hovorka, Center for Measurement
and Information in Medicine, City Uni-
versity, London, U.K.

Statistical analyses
Unless stated otherwise, data are ex-
pressed as means � SEM. Paired two-
tailed Student’s t tests were used to
compare corresponding data for both sets
of experiments. Because secretion of glu-
cagon and growth hormone is suppressed
by somatostatin, means of plasma gluca-
gon and growth hormone concentrations
at 105 and 120 min and the increments of
these means above baseline (mean of �90
and �60 min) were used for compari-
sons. Thus, at least 45 min were allowed
for achievement of maximum plasma glu-
cagon and growth hormone levels in re-
sponse to hypoglycemia after the
somatostatin infusion had been discon-
tinued (60 min). This 45-min interval was
chosen because, at a constant glucagon
secretion, steady-state plasma glucagon
levels would be achieved within 30 min
(i.e., at least 5 
 the 3–6 min t1/2 of
plasma glucagon) (35).

RESULTS

Plasma glucose, insulin, C-peptide,
and glucagon
At baseline plasma glucose, insulin, C-
peptide, and glucagon concentrations as
well as rates of insulin secretion were
comparable in both sets of experiments
(Figs. 1–3). Plasma glucose, insulin, C-
peptide, and glucagon concentrations
and rates of insulin secretion remained
unchanged from baseline during infusion
of saline until the insulin infusion was be-
gun. Over the comparable period during
which somatostatin was infused, plasma
glucose decreased to levels that were
slightly lower than those in the saline ex-
periment (4.4 � 0.2 vs. 5.4 � 0.1 mmol/l
immediately before the start of the insulin
infusion, P � 0.01); plasma concentra-
tions of insulin, C-peptide, and glucagon
and rates of insulin secretion decreased to
levels that were significantly lower than
those in the saline experiment (21 � 3 vs.
53 � 7 pmol/l, 151 � 29 vs. 436 � 31
pmol/l, 50 � 4 vs. 65 � 3 ng/l, 0.25 �
0.09 vs. 1.20 � 0.12 pmol � kg�1 � min�1,
respectively; all P � 0.001). During the

Figure 2—Plasma C-peptide concentrations and rates of insulin secretion in 14 volunteers during
hypoglycemia after infusion of somatostatin or normal saline.
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2-h insulin infusion, plasma insulin levels
were comparable in the saline and soma-
tostatin experiments (548 � 41 and
588 � 52 pmol/l, respectively, P � 0.11).

Over the initial 60 min of the insulin
infusion while somatostatin or saline was
being infused, plasma glucose decreased
to slightly lower levels in the somatostatin
experiments (2.2 � 0.1 vs. 2.6 � 0.1
mmol/l, P � 0.001). However, during the
final hour of the insulin infusion when
somatostatin or saline was no longer be-
ing infused, plasma glucose levels were
virtually identical in both sets of experi-
ments (2.6 � 0.1 vs. 2.6 � 0.1 mmol/l,
P � 0.68).

Plasma C-peptide decreased to signif-
icantly lower levels in the somatostatin
experiments during the initial 60 min of
the insulin infusion (82 � 8 vs. 159 � 13
pmol/l, P � 0.001) and the final hour of
the insulin infusion when somatostatin or

saline was no longer being infused (52 �
6 vs. 82 � 12 pmol/l, P � 0.004). How-
ever, because plasma C-peptide had been
suppressed before the insulin infusion in
the somatostatin experiments, decre-
ments of plasma C-peptide during the en-
tire insulin infusion period (99 � 28 vs.
354 � 32 pmol/l, P � 0.001) and the last
hour of the insulin infusion (29 � 6 vs.
77 � 14 pmol/l, P � 0.009) were mark-
edly reduced compared with the saline
experiments.

In the saline experiments, rates of in-
sulin secretion, calculated using deconvo-
lution analysis of plasma C-peptide,
decreased to 1.01 � 0.12 pmol � kg�1 �
min�1 (P � 0.001) during the first hour
of the insulin infusion but did not de-
crease further during the final hour of the
insulin infusion (�0.03 � 0.04 pmol �
kg�1 � min�1, P � 0.45). In the soma-
tostatin experiments, because insulin se-

cretion had been suppressed �80%
before the insulin infusion, insulin secre-
tion did not decrease during the 1st h of
the insulin infusion (�0.09 � 0.11 pmol
� kg�1 � min�1, P � 0.41), the final hour
of the insulin infusion (�0.03 � 0.02
pmol � kg�1 � min�1, P � 0.21), or the
entire insulin infusion period (�0.12 �
0.10 pmol � kg�1 � min�1, P � 0.26) in-
dicating the complete lack of a decrement
in intraislet insulin during hypoglycemia.

Compared with values before insulin
infusion, plasma glucagon increased ap-
proximately twofold in saline experi-
ments during the initial 60 min of the
insulin infusion (65 � 3 vs. 133 � 8 ng/l,
P � 0.001) but remained unchanged in
the somatostatin experiments (50 � 3 vs.
50 � 4 ng/l; NS). After discontinuation of
the somatostatin infusion, plasma gluca-
gon increased within 15 min and pla-
teaued during the last three sampling
times, indicating that sufficient time was
allowed for maximum plasma glucagon
levels to occur in response to hypoglyce-
mia. During the last 15 min of the insulin
infusion, both the absolute values (109 �
7 vs. 136 � 9 ng/l, P � 0.006) and the
increments above baseline of plasma glu-
cagon (41 � 8 vs. 67 � 11 ng/l, P �
0.008) were significantly reduced in the
somatostatin experiments.

Plasma epinephrine, cortisol, and
growth hormone
Baseline plasma epinephrine, cortisol,
and growth hormone levels were compa-
rable in saline and somatostatin experi-
ments (Fig. 4). During the infusion of
insulin, plasma epinephrine increased
earlier in the somatostatin experiments,
probably because of lower plasma glucose
levels. However, during the last hour of
the insulin infusion, increments above
baseline of epinephrine in saline and so-
matostatin experiments were not signifi-
cantly different (4,110 � 567 vs. 3,840 �
508 pmol/l, P � 0.40). Increments of
plasma norepinephrine during the same
interval were also not significantly differ-
ent in saline and somatostatin experi-
ments (902 � 197 vs. 920 � 204 pmol/l,
P � 0.87). Similarly, increments in
plasma cortisol during this interval were
comparable in saline and somatostatin ex-
periments (268 � 28 vs. 299 � 33
nmol/l, P � 0.35).

Before the infusion of insulin, plasma
growth hormone did not change during
the infusion of saline but decreased about

Figure 3—Plasma glucagon concentrations and increments of plasma glucagon above baseline in
14 volunteers during hypoglycemia after infusion of somatostatin or normal saline.
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40% during the infusion of somatostatin
(P � 0.01). However, increments of
plasma growth hormone above baseline
values during the last 15 min of the insu-
lin infusion were significantly greater in
the somatostatin than in the saline exper-
iments (23.8 � 4.8 vs. 14.2 � 3.8 	g/l,
P � 0.007).

CONCLUSIONS — This study was
designed to examine the intraislet insulin
hypothesis in humans using an approach
that would simulate the conditions in
type 1 diabetes patients, who lack the fall
in intraislet insulin during hypoglycemia
because of the complete loss of �-cell
function. We infused somatostatin to sup-
press insulin release before hypoglycemia
so that the decrement in insulin secretion
during hypoglycemia would be mini-
mized. As indicated by deconvolution
analysis of plasma C-peptide, insulin se-
cretion was suppressed �80% by soma-
tostatin before the infusion of insulin so
that insulin secretion did not further de-
crease during hypoglycemia, including
the period when somatostatin was no
longer being infused and glucagon secre-
tion was no longer being inhibited. This
absent decrement in insulin secretion—
and thus intraislet insulin—was associ-
ated with �30% lower absolute and
incremental plasma glucagon concentra-
tions during hypoglycemia.

Because glucagon secretion was sup-
pressed by the somatostatin infusion, it

may be argued that glucagon responses to
hypoglycemia should have been assessed
using increments in plasma glucagon after
the somatostatin infusion rather than us-
ing absolute plasma concentrations or in-
crements above baseline. It is of note,
however, that because of the short t1/2 of
plasma glucagon, plasma glucagon con-
centrations reach a steady state within
�30 min of a constant glucagon delivery
into the systemic circulation (36,37).
Consequently, despite the fact that
plasma glucagon had been suppressed by
somatostatin, plasma glucagon concen-
trations would be expected to be similar at
the end of the hypoglycemic clamp in
both experiments if glucagon secretion
were comparable. We found, however,
that after the somatostatin infusion had
been stopped, plasma glucagon increased
rapidly and plateaued after 30 min at lev-
els that were �30% lower than in the sa-
line experiments. Moreover, plasma
growth hormone, which had also been
suppressed by somatostatin, was actually
increased to a greater extent at the end of
the hypoglycemic period than in the sa-
line experiments. These observations
therefore indicate that the reduced gluca-
gon responses in the somatostatin exper-
iments were neither the consequence of
our approach to analyze the data nor due
to residual effects of somatostatin inhibit-
ing the release of glucagon into the circu-
lation.

In the present studies, plasma glucose

concentrations were slightly lower during
the somatostatin infusion than during the
saline infusion until these infusions were
stopped. It may thus also be argued that
the reduced glucagon responses in the so-
matostatin experiments were the result of
lower antecedent glycemia rather than the
reduced decrement in intraislet insulin.
However, the following considerations
cast doubt on this notion. First, in the
somatostatin experiments plasma glucose
concentrations were at all times well
above the glycemic threshold for stimula-
tion of glucagon secretion (�3.8 mmol/l)
(38) before the insulin infusion and were
only 0.4 mmol/l lower than in the saline
experiments at the end of the 1st h of the
insulin infusion. During the final hour of
the insulin infusion, during which soma-
tostatin or normal saline was no longer
being infused, plasma glucose concentra-
tions were virtually identical on both oc-
casions. Second, if the lower antecedent
glycemia was responsible for the reduced
glucagon responses in the somatostatin
experiments, one would expect gradually
decreasing glucagon responses during
prolonged hypoglycemia. This has, how-
ever, not been observed in several previ-
ous studies (39–41). Third, the slightly
lower plasma glucose concentrations dur-
ing the 1st h of the insulin infusion in the
somatostatin experiments would be ex-
pected, if anything, to have caused in-
creased accumulation of glucagon in the
�-cells. This would have been available
for release after somatostatin was stopped
and resulted in greater but not lower glu-
cagon responses.

The final consideration, and perhaps
the most compelling, is that in a subanaly-
sis using the data of only half of our sub-
j ec t s in whom plasma g lucose
concentrations of both experiments were
well matched, similar results were ob-
tained for glucagon responses. In these
subjects, except for slightly lower levels
from �30 to 0 min in the somatostatin
experiments (5.0 � 0.2 vs. 5.4 � 0.1
mmol/l, P � 0.02), plasma glucose con-
centrations were virtually identical on
both occasions (2.5 � 0.1 vs. 2.6 � 0.1
mmol/l at 60 min, P � 0.48; 2.6 � 0.1 vs.
2.6 � 0.1 mmol/l during the last hour of
the insulin infusion, P � 0.84). As in all
14 subjects, plasma glucagon concentra-
tions (116 � 6 vs. 137 � 6 ng/l, P � 0.01)
and increments of plasma glucagon above
baseline (48 � 6 vs. 69 � 6 ng/l, P �
0.02) during the last 15 min of the hypo-

Figure 4—Plasma concentrations of epinephrine, norepinephrine, cortisol, and growth hormone
in 14 volunteers during hypoglycemia after infusion of somatostatin or normal saline.
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glycemic clamp were significantly re-
duced when the decrement in intraislet
insulin was prevented by the antecedent
somatostatin infusion. These observa-
tions not only indicate that differences in
the antecedent glycemia had very little if
any effect on the counterregulatory gluca-
gon responses but also that our findings
are quite robust.

The finding that glucagon responses
were only 30% lower in the somatostatin
than in the saline experiments suggests
that a decrement in intraislet insulin may
not be essential for increased glucagon se-
cretion in response to hypoglycemia and
that factors other than the lack of the dec-
rement of intraislet insulin may be in-
volved in the blunted glucagon responses
in type 1 diabetes patients. It is of note,
however, that our results might underes-
timate the importance of the decrement in
intraislet insulin for two reasons. First,
the observed glucagon response during
hypoglycemia in the somatostatin exper-
iments might have reflected a rebound of
glucagon secretion following discontinu-
ation of the somatostatin infusion owing
to accumulated �-cell hormone rather
than an actual response to hypoglycemia.
This concept would be consistent with
the finding of Gerich et al. (42) that, de-
spite mild hyperglycemia, plasma gluca-
gon increased rapidly to levels that were
approximately threefold greater than
baseline after prolonged somatostatin in-
fusion in type 1 diabetes subjects. More-
over, it is supported by the finding of the
present study that plasma growth hor-
mone responses were �70% greater after
the infusion of somatostatin than normal
saline. Second, we cannot rule out the
possibility that in the somatostatin exper-
iments, the decrement in intraislet insulin
before hypoglycemia provided a signal for
glucagon secretion once hypoglycemia
was established and somatostatin was no
longer being infused. In other words, a
glucagon response, albeit diminished,
might have occurred because a �-cell sig-
nal (decreased insulin secretion) was pro-
vided in advance of hypoglycemia when it
would normally happen during hypogly-
cemia.

In the present studies, glucagon re-
sponses to hypoglycemia were assessed
during the last 15 min of a fixed 2-h in-
sulin infusion, which resulted in physio-
logic and similar hyperinsulinemia in
both sets of experiments. Moreover, most
previous studies have found that in hu-

mans counterregulatory glucagon re-
sponses are not affected by the degree of
peripheral hyperinsulinemia within the
physiologic range (43– 47), indicating
that our findings were not the result of
differences in peripheral plasma insulin
levels. Mellman et al. (46) found �25%
reduced glucagon responses after pro-
longed (3.5 h) compared with short (30
min) peripheral hyperinsulinemia, sug-
gesting that the duration of antecedent
hyperinsulinemia may have an influence.
It is thus possible that the magnitude of
glucagon responses might have been dif-
ferent in the present study if we had used
a different duration of the insulin infu-
sion. Nevertheless, we know of no evi-
dence suggesting that the relative
importance of the decrement in intraislet
insulin for counterregulatory glucagon
responses may vary with different dura-
tions of antecedent hyperinsulinemia.

In summary, the present study indi-
cates that a decrement in intraislet insulin
is an important factor for increased gluca-
gon secretion during hypoglycemia in hu-
mans consistent with the intraislet insulin
hypothesis. However, it remains unclear
whether the decrement in intraislet insu-
lin is an essential signal for the increased
glucagon secretion and to what extent the
lack of a decrement in intraislet insulin
accounts for the blunted glucagon re-
sponses in patients with type 1 diabetes.
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Note added in proof
After the submission of this article, Raju
and Cryer (48) reported findings consis-
tent with those of the present study using
a similar study design. In that study, oral
diazoxide was given prior to inducing hy-
poglycemia, so that the decrement in
plasma C-peptide during hypoglycemia
was �50% reduced compared with con-
trol experiments. This was associated
with an �50% reduction in counterregu-

latory glucagon responses, further sup-
porting the intraislet hypothesis in
humans.
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