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In type1diabetes, the impairmentoftheglucagonresponsetohypoglycemia increasesboth its severity
andduration. Innondiabetic individuals,hypoglycemiaactivates theautonomicnervous system,which
in turn mediates the majority of the glucagon response to moderate and marked hypoglycemia. The
first goal of this minireview is therefore to illustrate and document these autonomic mechanisms.
Specifically we describe the hypoglycemic thresholds for activating the three autonomic inputs to the
islet (parasympathetic nerves, sympathetic nerves, and adrenal medullary epinephrine) and their mag-
nitudes of activation as glucose falls from euglycemia to near fatal levels. The implication is that their
relative contributions to this glucagon response depend on the severity of hypoglycemia. The second
goal of this minireview is to discuss known and suspected down-regulation or damage to these mech-
anisms in diabetes. We address defects in the central nervous system, the peripheral nervous system,
and in the islet itself. They are categorized as either functional defects caused by glucose dysregulation
or structural defects caused by the autoimmune attack of the islet. In the last section of the minireview,
we outline approaches for reversing these defects. Such reversal has both scientific and clinical benefit.
Scientifically, one could determine the contribution of these defects to the impairment of glucagon
response seen early in type 1 diabetes. Clinically, restoring this glucagon response would allow more
aggressive treatment of the chronic hyperglycemia that is linked to the debilitating long-term com-
plications of this disease. (Endocrinology 153: 1055–1062, 2012)

One of the primary physiologic functions of insulin is
to store ingested glucose for later use. The insulin

released during carbohydrate ingestion does so by poten-
tiating the effect of glucose to increase both liver and mus-
cle glucose uptake. The ingested glucose is stored primar-
ily as glycogen, which is released as glucose from the liver
during fasting and used by the muscle during exercise.
Patients with diabetes have either an absolute or relative
insulin deficiency, which prevents optimal storage of in-
gested glucose leading to both prandial and fasting hyper-
glycemia. Treatment of this diabetic hyperglycemia with
exogenous insulin is a delicate balance. Inadequate treat-
ment allows the chronic hyperglycemia that is a major
contributor to several of the long-term complications of
this disease. On the other hand, mistimed or excessive
insulin treatment causes acute hypoglycemia that is very
aversive, leading diabetic patients to be nonadherent to the

demands of the intensive insulin therapy shown to prevent
certain long-term complications. This problem of treat-
ment-related hypoglycemia is exacerbated by a deficient
glucagon response to insulin-induced hypoglycemia in
those diabetic patients with severe �-cell loss. In the ab-
sence of diabetes this glucagon response limits the severity
and duration of the hypoglycemia produced by exogenous
insulin. Thus, a defective glucagon response in diabetic
patients predisposes them to more severe and more pro-
longed hypoglycemia (1). For this reason, considerable
effort has been expended by many groups to understand both
the normal mechanisms by which glucagon secretion increases
during insulin-induced hypoglycemia as well as the defects that
impair this glucagon response in diabetic patients.

Normal mechanisms
Three major mechanisms have been proposed to me-

diate the glucagon response to hypoglycemia. The first is
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the withdrawal of the direct inhibitory effect of glucose on
the glucagon-secreting islet �-cell. However, data from
isolated, purified �-cells argue against such a direct inhib-
itory effect of glucose. The second is the withdrawal of the
inhibitory paracrine effects of the islet �-cell on the islet
�-cell. The evidence supporting such a role for the islet
�-cell is summarized in a companion minireview in this
issue of Endocrinology (2). The third major mechanism is
direct stimulation of the �-cell by the three autonomic
inputs to the islet, which are activated by the brain during
hypoglycemia (3). Because the first two mechanisms re-
move a passive restraint whereas the third mechanism pro-
duces active stimulation, one might expect, on a theoret-
ical basis, a larger glucagon response from the later. For
this reason and because it is the author’s area of interest,
this minireview will focus primarily on the role of the au-
tonomic nervous system in mediating the glucagon re-
sponse to insulin-induced hypoglycemia, with some com-
ments related to islet �-cells. Because citations for a
minireview are severely restricted, only critical primary
sources and reviews are referenced. Those interested in a
version with expanded citations should contact the
authors.

The autonomic inputs to the pancreatic islet are tradi-
tionally divided into the sympathetic and parasympathetic
branches. However, this discussion will also include the
sympathoadrenal system because the preganglionic sympa-
thetic nerves innervating the adrenal medulla are activated

during hypoglycemia, release acetylcho-
line to activate the nicotinic acetylcholine
receptor (nAChR) on the chromaffin
cells, and stimulate epinephrine secre-
tion, which in turn stimulates glucagon
secretion from the islet �-cell. The two
classical autonomic inputs, the islet sym-
pathetic and parasympathetic nerves, are
also activated by insulin-induced hypo-
glycemia (4, 5), and both stimulate glu-
cagon secretion from the �-cell. Their
preganglionic nerve terminals also re-
leaseacetylcholine toactivate thenAChR
on their postganglionic neurons whose
axons project to the islet (6). At the islet,
postganglionic nerve terminals release
theclassicalsympatheticandparasympa-
thetic neurotransmitters, norepinephrine
and acetylcholine, respectively, as well as
the sympathetic and parasympathetic
neuropeptides, neuropeptide tyrosine,
and vasoactive intestinal polypeptide, re-
spectively (7). Thus, in a broad sense,
there are three autonomic inputs to the

islet that are activated by the central nervous system (CNS),
which could mediate the glucagon response during insulin-
induced hypoglycemia (IIH) (see Fig. 1). This realization led
us to propose (6) that blockade or ablation of all three au-
tonomic inputs to the islet would be required to determine
their net contribution of autonomic activation to the gluca-
gon response to insulin-induced hypoglycemia. In a decade
long series of studies, Dr. Peter Havel, in collaboration with
us and Dr. Bo Ahrén, tested this hypothesis by blocking the
ganglionic nAChR in all three autonomic pathways in mice,
rats, dogs, monkeys, and humans (8). In each case we found
that ganglionic blockade eliminated 75–90% of the gluca-
gon response to insulin-induced hypoglycemia. Surgical ab-
lation of all three autonomic inputs produces a similar result.
These studies established in species from mice to men that
autonomic activation mediates the majority of the glucagon
response to moderate or marked hypoglycemia. Interest-
ingly, blocking the receptors for the classical neurotransmit-
ters does not reduce the glucagon response in humans at all
(9), yet blocking the nAChR in people nearly abolishes this
response (8). One explanation is that autonomic neuropep-
tides are important mediators of the glucagon response to
insulin-induced hypoglycemia in humans.

Thresholds for activation
In this 2012 minireview, we summarize more recent

information that shows differences in the glucose thresh-
oldsatwhicheachof the threeautonomic inputs to the islet

FIG. 1. A schematic illustrating the threshold (apex of triangle) and magnitude (width of
triangle) for four factors that cumulatively mediate the glucagon response to hypoglycemia.
IPN, Islet parasympathetic nerves; EPI, epinephrine; ISN, islet sympathetic nerves; dashed line,
unconfirmed.
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begin to activate (see Fig. 1). Most of them activate before
the clinical symptoms of hypoglycemia appear (nominally
at 50 mg/dl), consistent with physiological mechanisms
designed to prevent hypoglycemia. The data detailed be-
low show that there is progressive recruitment of auto-
nomic inputs as the glucose levels fall from a fasting level
(nominally 100 mg/dl in Fig. 1) all the way to a near lethal
level of 15 mg/dl. The implication is that their relative
contributions to the glucagon response depend on the se-
verity of the hypoglycemia (see Fig. 1). Although there is
a known influence of prior hyperglycemia on the thresh-
olds for activation, it is not considered below. Further-
more, early studies established that for acute hypoglyce-
mia, it is the glucose nadir achieved, rather than the rate of
glucose fall, that triggers autonomic activation (10).

The parasympathetic nervous system is the first auto-
nomic input to the islet activated because its threshold of
activation occurs at a glucose level between 85 and 75
mg/dl (11) (see Fig. 1), which is very mild hypoglycemia by
any standard. It is important to recognize that this para-
sympathetic activity is measured indirectly via the surro-
gate of the pancreatic polypeptide response of the islet F
cell, which is under strong cholinergic control (5). An al-
ternative measure, the spillover of parasympathetic neu-
rotransmitter from pancreatic nerves, is not experimen-
tally feasible due to the extremely rapid degradation of
acetylcholine by endogenous acetylcholinesterases.

In contrast, it is possible to use the neurotransmitter
spillover technique to measure the activity of sympathetic
nerves during hypoglycemia, as we and others have re-
ported. Measurements of pancreatic norepinephrine spill-
over suggest that more marked hypoglycemia is required
to activate pancreatic sympathetic nerves since such acti-
vation is first detected around 35 mg/dl (12) (see Fig. 1).

The hypoglycemic threshold for activation of the
sympathoadrenal system falls between those of pancre-
atic parasympathetic and sympathetic nerves. Thus,
there is a modest epinephrine response to insulin-in-
duced hypoglycemia that begins between 75 and 65
mg/dl (11) (see Fig. 1).

In summary, in the nondiabetic state, all three auto-
nomic inputs to the islet are activated by hypoglycemia,
but there is a progressive recruitment of these inputs as the
glucose level falls in the order of parasympathetic nerves,
sympathoadrenal system, and sympathetic nerves, respec-
tively (see Fig. 1). Thus, at a level of 50 mg/dl, at which the
clinical symptoms of hypoglycemia first appear, two of the
three autonomic inputs are already activated.

The concept of hypoglycemic threshold also applies to
the effect of hypoglycemia to inhibit the islet �-cell (or islet
�-cell) and to thereby disinhibit the islet �-cell. Plasma
insulin and C-peptide levels are sensitive indices of �-cell

secretion, which in turn is very sensitive to the fasting
glucose level. The inhibition of the islet �-cell starts at a
glucose level between 95 and 85 mg/dl (11) (see Fig. 1).
Thus, the inhibition of the �-cells starts before the activa-
tion of any of the three autonomic inputs to the islet. Rec-
ognition of the different thresholds required for both au-
tonomic activation and �-cell disinhibition may explain
some of the discrepancies in the literature regarding the
mechanisms proposed for the glucagon response to
hypoglycemia.

Magnitude of activation
Once the threshold for activation of an autonomic in-

put is reached, the magnitude of activation usually in-
creases as glucose falls further. This phenomenon is most
clearly illustrated by the response of the adrenal medulla
to progressive hypoglycemia: plasma epinephrine in-
creases progressively as glucose falls from its glycemic
threshold in the mild hypoglycemic range into the mod-
erate hypoglycemic range (11) (see Fig. 1). When the glu-
cose level enters the marked hypoglycemic range, there is
an exponential increase in epinephrine secretion.

Available data also suggest an increased magnitude of
activation of parasympathetic nerves with progressive hy-
poglycemia. For example, the pancreatic polypeptide re-
sponse to hypoglycemia increases until glucose falls to the
upper end of the marked hypoglycemic range (13) (see Fig.
1). It is not known, however, whether the pancreatic poly-
peptide response increases further when glucose enters the
lower end of the marked hypoglycemic range because the
pancreatic polypeptide responses to this level of hypogly-
cemia have not been reported.

The available data also show that as hypoglycemia pro-
gresses from the upper (12) to the lower end (4) of the
marked hypoglycemic range, there is increased activation
of pancreatic sympathetic nerves (see Fig. 1). Although it
was necessary to produce marked hypoglycemia to detect
a significant increase of norepinephrine spillover, it should
be noted that this technique may underestimate sympa-
thetic activation. Such an interpretation is supported by
data from another metabolic organ influenced by sympa-
thetic nerves, the liver. For example, low frequencies of
sympathetic nerve stimulation decrease hepatic arterial
blood flow (14) without increasing hepatic norepineph-
rine spillover. These data suggest that moderate sympa-
thetic activation releases enough norepinephrine to cause
a biological effect but not enough to escape avid local
reuptake mechanisms. In contrast, high-frequency sym-
pathetic nerve stimulation does increase hepatic norepi-
nephrine spillover. Such data raise the possibility that both
the magnitude of pancreatic sympathetic activation, and
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the hypoglycemic threshold at which it first occurs, may be
underestimated by pancreatic norepinephrine spillover.

Finally, with regard to nonautonomic mediation of
the glucagon response, the inhibition of the islet �-cell
and the resultant disinhibition of the islet �-cell also
increase but only until the glucose level falls to 65–70
mg/dl (11). At this lower end of mild hypoglycemic
range, the inhibition of the �-cell is nearly complete (see
Fig. 1). Thus, it is likely that the contribution of disin-
hibition to the glucagon response to insulin-induced hy-
poglycemia is near maximal by 70 mg/dl. The implica-
tion is that the larger increases of glucagon secretion
seen when glucose levels fall less than 70 mg/dl are due
to different, likely autonomic, mechanisms.

In conclusion, because the four main mediators of the
glucagon response to hypoglycemia differ in their thresh-
olds and magnitudes of activation throughout various de-
grees of hypoglycemia, their relative contributions to the
resultant glucagon response depends on the level of hy-
poglycemia (see Fig. 1). Disinhibition is likely the sole me-
diator of the small glucagon response seen as the upper end
of the mild hypoglycemic range (15, 16), whereas it is
likely that both disinhibition and parasympathetic activa-
tion contribute at the lower end of this range. Within the
moderate hypoglycemic range, it is likely that parasym-

pathetic nerves and the adrenal medulla overtake disinhi-
bition as the major mediators of the glucagon response.
Finally, in the marked hypoglycemic range, it is likely that
all three autonomic inputs mediate the large glucagon re-
sponse, perhaps in redundant fashion (17), as we origi-
nally proposed (6).

It should be noted, however, that these conclusions ap-
ply to nondiabetic individuals. The relative contributions
of each of these mechanisms to the glucagon response to
hypoglycemia in diabetic individuals is likely to be differ-
ent because diabetes can cause both functional and struc-
tural defects in these mechanisms, as detailed below.

Defective mechanisms in diabetes
Several of the mechanisms that mediate the glucagon

response to insulin-induced hypoglycemia in nondiabetic
individuals can either be down-regulated or damaged in
diabetes (see Table 1). Such mechanistic defects can either
impair the glucagon response to insulin-induced hypogly-
cemia or, if the glucagon response is redundantly mediated
at that level of hypoglycemia, increase its reliance on the
remaining intact mechanisms. Most of these defects result
in decreased stimulation of the islet �-cell, but one defect
(insulin resistance) increases inhibition of the islet �-cell
(see Table 1 and text below).

TABLE 1. Defects in autoimmune diabetes that inhibit the glucagon response to IIH

ISN, Islet sympathetic nerves; ANS, autonomic nervous system; SNS, sympathetic nervous system; Rx, treatment; BDNF, brain derived neurotrophic
factor; TTX, transplantation.
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Decreased stimulation

Central nervous system
Because the CNS controls the autonomic outflow to the

pancreatic islet during hypoglycemia, it is logical to look
for diabetes-related CNS defects, which might account for
the impaired glucagon response to insulin-induced hypo-
glycemia seen in diabetes. Although there have been many
excellent mechanistic studies of CNS factors that influence
both the adrenal medullary and glucagon responses to
insulin-induced hypoglycemia in nondiabetic animals
(18), there have been few analogous studies in diabetic
animals. One such study (19) points to ventromedial hy-
pothalamic (VMH) levels of �-aminobutyric acid (GABA)
as contributing to the impaired glucagon and epinephrine
responses to insulin-induced hypoglycemia seen in strep-
tozotocin diabetic and biobreeder diabetic rats (see Table
1). In brief, basal VMH levels of this inhibitory neu-
rotransmitter are elevated in both diabetic models and do
not decrease with hypoglycemia as they do in nondiabetic
animals (19). More importantly, partial knockdown of
glutamic acid decarboxylase, a synthetic enzyme in the
GABA pathway, reduces the VMH levels of GABA to
those of nondiabetic rats and normalizes both the gluca-
gon and epinephrine responses insulin-induced hypogly-
cemia, despite marked �-cell loss.

Prior episodes of hypoglycemia can result in reduced
autonomic outflow from the CNS to a subsequent episode
of equivalent hypoglycemia (20). This phenomenon has
been named hypoglycemia-associated autonomic failure
(HAAF). If the reduction of autonomic responses is large
enough, then the glucagon response to a subsequent epi-
sode of equivalent hypoglycemia is also reduced (21) (see
Table 1). The most widely documented autonomic im-
pairment is that of adrenal medullary activation: the epi-
nephrine response to subsequent hypoglycemia is clearly
impaired by prior hypoglycemia (20, 21). Because prior
hypoglycemia also impairs the pancreatic polypeptide re-
sponse to subsequent hypoglycemia (20, 21), this auto-
nomic failure also includes the parasympathetic input to
the islet. Although the impact of HAAF on the activation
of the sympathetic input to the islet has not been measured,
the hypoglycemia-induced increase of muscle sympathetic
nerve activity is impaired by prior hypoglycemia (21), sug-
gesting that the sympathetic activation of the islet may be
as well. Thus, all three autonomic inputs to the islet may
be impaired by prior hypoglycemia. A direct link between
reduced autonomic activation and the reduced glucagon
response to insulin-induced hypoglycemia has not been
established in HAAF. However, because a marked reduc-
tion in the activation of all three of the autonomic inputs

does markedly reduce the glucagon response to moderate
or marked hypoglycemia (3), a direct link is likely.

Peripheral nervous system
Although sympathetic defects are an established part of

classical diabetic autonomic neuropathy, this neuropathy
usually takes decades to develop in diabetic patients. In
contrast, there are two known defects in the sympathetic-
islet pathway that occur early in this disease. One involves
the sympathetic ganglia, which reside outside the pan-
creas. The other involves the sympathetic terminals within
the pancreatic islet itself. Defects in the sympathetic-islet
pathway are not reflected in the systemic plasma of dia-
betic patients because the pancreas makes a negligible con-
tribution to circulating norepinephrine levels (22). For this
reason, the two diabetes-related defects in the sympathet-
ic-islet pathway described below have gone unrecognized
in patients with type 1 diabetes.

The diabetes-induced impairment of sympathetic gan-
glionic neurotransmission has just recently been described
(23) (see Table 1). It involves a dysfunction of the special-
ized subtype of the nAChR found in sympathetic ganglia.
The dysfunction is caused by oxidation of the cysteines
that reside in the ion channel pore of this receptor. That
oxidation is caused by hyperglycemia, which is secondary
to diabetes. Although years of chronic hyperglycemia
are needed to cause classical diabetic autonomic neu-
ropathy, only 1 wk of untreated diabetic hyperglycemia
is needed to cause a major impairment of the activation
of the nAChR in sympathetic ganglia. However, the
hyperglycemic threshold needed to produce this impair-
ment is unknown. Although this defect has not yet been
demonstrated to reduce the sympathetic input to the islet
during hypoglycemia, such a reduction is likely because
the activation of sympathetic neurons in the celiac ganglia,
a subset of which project to the pancreas, is impaired
(Taborsky, G.J., and T.O. Mundinger, unpublished ob-
servations). Although rapid treatment of diabetic hyper-
glycemia would be expected to prevent this impairment, it
has yet to be demonstrated. Likewise, there are no data on
reversibility but potent antioxidants represent one possi-
ble treatment.

The second sympathetic defect found early in diabetes
is due to a marked loss of sympathetic nerve terminals
within the islet (24) when it undergoes autoimmune attack
(25) (see Table 1). This neuropathy is found only in the
autoimmune form of this disease: in human type 1 diabetes
(26) or in immune animal models thereof (24, 25). As
expected, the loss of these islet sympathetic nerves impairs
sympathetically-mediated glucagon responses (25, 27).
However, the contribution of this defect to the impaired
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glucagon response to insulin-induced hypoglycemia, seen
in type 1 diabetes, remains to be demonstrated.

Although the mechanism by which this early sympa-
thetic islet neuropathy (eSIN) occurs has not been defin-
itively established, several pieces of evidence point to a
very selective and specialized mechanism, rather than to a
generalized nerve loss secondary to nonspecific tissue
damage. Neither �-cell loss nor hyperglycemia causes
eSIN because islet sympathetic nerves are not lost in chem-
ically induced diabetes (25, 27). Furthermore, this loss is
neurally selective because islet parasympathetic nerves are
fully retained. Immune mechanisms are involved in eSIN
because the loss of islet sympathetic nerves is proportional
to invasive insulitis, both in diabetic and nondiabetic
nonobese diabetic mice (NOD) (25). However, a T lym-
phocyte-mediated attack targeting a ubiquitous sympa-
thetic antigen is unlikely because the sympathetic nerves of
the adjacent exocrine pancreas are spared (24). Rather, the
cause of eSIN may be by the same mechanism that prunes
sympathetic axons during the development of target inner-
vation, which involves the p75 neurotrophin receptor
(p75NTR). Indeed, our preliminary data show that knock-
ing out the p75NTR prevents eSIN but does not prevent T
lymphocyte-mediated diabetes (28).

Currently the only way to prevent eSIN is to block ei-
ther islet infiltration (25) or the p75NTR (28). Other strat-
egies are likely to emerge once the lymphocytic mediators
and the agonist activating the p75NTR become known.
Because the parent axons in the surrounding exocrine pan-
creas appear intact (24), as do their neuronal cell bodies in
the celiac ganglia, it should be possible to regrow these islet
sympathetic nerves (29). However, data from studies in
the diabetic biobreeder rat provide no evidence of recovery
of islet sympathetic nerves, even 3 months after the initial
nerve loss (24), when reinnervation does occur in nondi-
abetic animals (29). Therefore, there may be some factor
in diabetes that inhibits the expected regrowth of the islet
sympathetic nerve terminals.

In contrast to the defects in the sympathetic input to the
islet, there are apparently no structural defects in either the
parasympathetic or adrenal medullary inputs that con-
tribute to the early impairment of the glucagon response to
insulin-induced hypoglycemia because neither the pancre-
atic polypeptide response nor the epinephrine response is
impaired early in type 1 diabetes, if HAAF is avoided.

�-Cell loss
An obvious major defect in type 1 diabetes is the loss of

islet �-cells. At least initially this loss is selective, i.e. islet
�-cells are retained (30). In nondiabetic individuals the
glucagon response to mild hypoglycemia is likely depen-
dent on �-cell disinhibition of the �-cell because the au-

tonomic inputs to the islet have yet to be activated (see
above). Therefore, the impairment of the glucagon re-
sponse to mild hypoglycemia in diabetic individuals is
likely due to the loss of islet �-cells (see Table 1). However,
the glucagon response to both moderate and marked hy-
poglycemia can also be markedly impaired in diabetes,
despite normal parasympathetic and adrenal medullary
activation. There are two different explanations for this
impairment. The first is that the diabetes-induced defects
listed above may reduce the sympathetic stimulation of the
islet �-cells sufficiently to impair the glucagon response to
both moderate and marked hypoglycemia. Because the
sympathetic defects induced by diabetes have been dis-
covered recently (23, 24), experiments either correcting
these defects in diabetic animals or simulating them in
nondiabetic animals have not been done to directly test
this hypothesis. However, correcting a CNS defect does
restore the glucagon response to IIH in a diabetic animal
(19), despite severe �-cell loss. Thus, carefully designed
experiments examining diabetes-induced defects in the
sympathetic-islet pathway are warranted to determine
their contribution to the impairment of glucagon response
to moderate and marked hypoglycemia.

The second explanation is that �-cell disinhibition of
the islet �-cell may be permissive for the glucagon re-
sponse, even if autonomic activation is the major mediator
of the glucagon response in this hypoglycemic range.
There are data from both human and animal studies con-
sistent with this explanation. Studies of nondiabetic hu-
mans have shown that stimulation of the �-cell prevents
the glucagon response during hypoglycemia, despite nor-
mal parasympathetic and adrenal medullary activation
(11). Studies in diabetic animals (31) have shown that
switching off an intrapancreatic insulin infusion can nor-
malize the glucagon response to hypoglycemia.

Increased inhibition

Insulin resistance
Insulin resistance is a consequence of �-cell loss that can

indirectly impair glucagon responses, as outlined below.
Insulin-deficient individuals become resistant to the glu-
cose-lowering effects of insulin. This insulin resistance ne-
cessitates larger doses of insulin in diabetic individuals to
produce a level of hypoglycemia equivalent to that pro-
duced by smaller doses of insulin in nondiabetic individ-
uals. The problem is that exogenous insulin itself is a po-
tent inhibitor of glucagon secretion, either directly on the
�-cell or via the CNS (see Table 1). This inhibitory effect
of exogenous insulin may explain the smaller glucagon
response to insulin induced hypoglycemia seen with the
advent of the hyperinsulimic euglycemic clamp, especially
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the stepped hyperinsulemic clamp, which uses increasing
insulin doses. Older studies, which usually report larger
glucagon responses, used a bolus injection of insulin,
which allowed the hypoglycemic nadir to occur during
falling rather that sustained levels of exogenous insulin.
The inhibitory effect of exogenous insulin on the �-cell is
best illustrated by its effect on the glucagon response to
mild hypoglycemia. There is a clear glucagon response to
mild hypoglycemia when it is induced without insulin
(15). However, when the same degree of mild hypoglyce-
mia is achieved by insulin infusion or when insulin is added
the glucagon response is abolished (15, 16). Thus, when
higher doses of insulin are used in diabetic animals to
produce equivalent hypoglycemia, part of the impairment
of the glucagon response seen in diabetes is due to addi-
tional inhibition of the �-cell by higher levels of circulating
insulin. Thus, differences in insulin resistance, necessitat-
ing differences in the dose of insulin required to produce
equivalent hypoglycemia, may account for the wide spec-
trum of reported impairments of the glucagon response to
insulin-induced hypoglycemia in animals with short-term
duration of diabetes. These impairments range from very
modest (32) to total loss of the glucagon response (31). It
should be pointed out that this analysis assumes that the
�-cell itself does not become insulin resistant. Conversely,
there is some indirect evidence that �-cells may even be-
come insulin sensitive, exacerbating this experimental
problem.

The solution to this experimental confounder is to
chronically treat diabetic animals to cure their insulin re-
sistance, before performing acute hypoglycemia experi-
ments. This is difficult to achieve without inducing HAAF,
a common consequence of intensive insulin treatment.
When such careful treatment has been implemented, there
is less impairment of the glucagon response to IIH in di-
abetic individuals (33).

Future directions
As stated at the outset of this review, the loss of the

glucagon response to insulin-induced hypoglycemia in di-
abetic patients exacerbates the severity and duration of the
hypoglycemia occasioned by mistimed or excessive insulin
treatment. Despite a significant increase in our under-
standing of both the mechanisms mediating the glucagon
response to insulin-induced hypoglycemia in nondiabetic
individuals and the defects potentially causing its impair-
ment in diabetes, this response has proven hard to restore
in diabetic subjects, even though their �-cells appear struc-
turally (30) and functionally intact. The functional defects
that impair the glucagon response to insulin-induced hy-
poglycemia are likely reversible by restoring euglycemia
with insulin therapy, whereas the structural defects are

not. These functional defects include HAAF and insulin
resistance, which are reversed by insulin-induced eugly-
cemia, and increased VMH GABA and impaired nAChR
in sympathetic ganglia, which may also be. However, nor-
malizing diabetic hyperglycemia is difficult to achieve
without producing acute episodes of hypoglycemia.
Nonetheless, the potential to reverse the four functional
defects above and improve this impaired glucagon re-
sponse warrants serious effort. Experience gained in treat-
ing diabetic hyperglycemia at both the bench and the bed-
side can be used to achieve this goal. For example, clinical
studies support the importance of basal insulin replace-
ment to minimize glucose variability (both hyperglycemia
and hypoglycemia). Studies in animals support the impor-
tance of the portal route of insulin administration
(Taborsky, G.J., and T.O. Mundinger, unpublished data).
Finally, both clinical and basic studies support the use of
short-acting insulins before meals.

Reversing these functional defects still leaves a major
structural defect in the autonomic nervous system: loss of
islet sympathetic nerves. Theoretically one could regrow
these nerves in type 1 diabetes because their parent axons
in the exocrine pancreas (24) and their neuronal cell bod-
ies in the celiac ganglia appear structurally intact. How-
ever, such nerve regrowth may require both reversing the
diabetic hyperglycemia that seems to retard reinnervation
and replacing local nerve growth factor, which is normally
supplied by islet �-cells (34). This method would recon-
nect islets with their original neurons, thereby maintaining
the normal stress-specific activation of sympathetic islet
pathway (35). A second approach would be islet trans-
plantation to replace �-cells, both reversing diabetic hy-
perglycemia and providing an islet source of nerve growth
factor. However, newly transplanted islets are sympathet-
ically denervated because the harvest procedure severs the
axons that connect the islet nerve terminals to their neuronal
cell bodies, which reside outside the pancreas. Fortunately,
transplanted islets eventually become reinnervated (29). In
both approaches, insulin-induced hypoglycemia can be used
before and after reinnervation to determine the contribution
of the sympathetic input to the islet to the restoration of a
normal glucagon response.
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