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In humans, the glucagon response to moderate-to-marked
insulin-induced hypoglycemia (IIH) is largely mediated
by the autonomic nervous system. Because this gluca-
gon response is impaired early in type 1 diabetes, we
sought to determine if these patients, like animal models
of autoimmune diabetes, have an early and severe loss
of islet sympathetic nerves. We also tested whether this
nerve loss is a permanent feature of type 1 diabetes, is
islet-selective, and is not seen in type 2 diabetes. To do
so, we quanti�ed pancreatic islet and exocrine sympa-
thetic nerve �ber area from autopsy samples of patients
with type 1 or 2 diabetes and control subjects without
diabetes. Our central �nding is that patients with either
very recent onset (<2 weeks) or long duration (>10 years)
of type 1 diabetes have a severe loss of islet sympa-
thetic nerves (D = 288% and D = 279%, respectively).
In contrast, patients with type 2 diabetes lose no islet
sympathetic nerves. There is no loss of exocrine sym-
pathetic nerves in either type 1 or type 2 diabetes. We
conclude that patients with type 1, but not type 2, diabe-
tes have an early, marked, sustained, and islet-selective
loss of sympathetic nerves, one that may impair their
glucagon response to IIH.

Patients with type 1 diabetes have a marked impairment
of their glucagon response to insulin-induced hypoglyce-
mia (IIH) (1,2) even within the 1st year after diagnosis (3).
This impaired glucagon response can increase their risk
for severe and prolonged hypoglycemia (4), which is aver-
sive and thereby decreases patient compliance (5) with
the intensive glucose-lowering therapy that is designed

to both delay the onset and slow the progression of the
long-term complications of this disease (6–9). In humans
without diabetes, there is a major contribution of the
autonomic nervous system to the glucagon response to
IIH (10), which is consistent with both the activation
of the autonomic nervous system during hypoglycemia
(11–14) and the ability of each autonomic branch to stim-
ulate glucagon secretion (15–18). Therefore, a defect in
the autonomic-islet pathway could contribute to the known
impairment of their glucagon response to IIH (19,20).
However, early in human type 1 diabetes, the IIH-induced
activation of two of the three autonomic inputs to the
islet, the parasympathetic nerves (21,22) and adrenal
medullary epinephrine (3,23), appears normal. Therefore,
if a defect in the autonomic-islet pathway exists, it is
likely in the third autonomic input to the islet, its sym-
pathetic nerves.

Indeed, a major defect in the islet sympathetic pathway,
a marked loss of sympathetic nerves within the islet, has
been demonstrated in three separate animal models of
autoimmune diabetes: the biobreeder (BB) rat (24), the
nonobese diabetic (NOD) mouse (25), and the rat insulin
promoter-glycoprotein (RIP-GP) mouse (26). This novel
neuropathy is different in several respects from classical
diabetic autonomic neuropathy (27,28), including those
that cause the loss of cardiac sympathetic nerves (29,30).
First, this islet nerve loss is fully established in the �rst
few weeks after (24,25), or even immediately before (26),
the development of overt diabetes. In contrast, diabetic au-
tonomic neuropathy takes months/years to develop (27,28).
Second, the loss of sympathetic nerves is restricted to the
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pancreatic islet; the parent axons in the adjacent exocrine
pancreas remain intact (24,26). In contrast, diabetic auto-
nomic neuropathy causes nerve dysfunction in a variety of
tissues (29,31,32). Third, in contrast to the association of
classical diabetic autonomic neuropathy with chronic
hyperglycemia (6,29,33) and damage mediated by re-
active oxygen species (34), the loss of islet sympa-
thetic nerves is associated with the immune attack of
the islet (25,26) and activation of a neurotrophin recep-
tor that causes rapid degeneration of sympathetic axons
(26,35).

Because type 1 diabetes is widely accepted as due to a
lymphocyte-mediated attack on the islet (36), we hypoth-
esized that, like the animal models of autoimmune dia-
betes, patients with type 1 diabetes would have an early,
marked, and islet-selective loss of sympathetic nerves.
Conversely, because the islets of patients with traditional
type 2 diabetes do not undergo severe autoimmune attack
(37), we also hypothesized that subjects with type 2 di-
abetes would not exhibit this islet nerve loss. To test
these hypotheses, we obtained autopsy specimens of
pancreas from patients with diabetes and their age-
matched control subjects without diabetes and used
the combination of antigen retrieval and immunohisto-
chemistry to detect and quantify islet and exocrine pan-
creatic sympathetic nerves. Speci�cally, to determine if
there was marked loss of islet sympathetic nerves that
was unlikely to be due to the chronic hyperglycemia of
long-duration (ld) diabetes, we compared islet sympa-
thetic nerve area in patients with very recent onset
(,2 weeks) of type 1 diabetes to that of young control
subjects without diabetes. Second, to determine if such
nerve loss was selective for the islet, we compared the
sympathetic nerve area in the exocrine pancreas of the
same two groups. Third, to determine if this loss of islet
sympathetic nerves is associated only with the autoim-
mune form of diabetes, we compared the islet sympa-
thetic nerve area of patients with type 2 diabetes to an
older, age-matched control group without diabetes. Last,
to determine if the early loss of islet sympathetic nerves
seen in patients with type 1 diabetes was sustained over
time, we compared the islet sympathetic nerve area in
patients with ld-type 1 diabetes (.10 years) to the same
older, age-matched control subjects without diabetes.

RESEARCH DESIGN AND METHODS
Subjects and Pancreatic Tissue
Autopsies of subjects with ld-type 1 diabetes and type 1
diabetes and both young and older subjects without
diabetes were performed at the University of Washington
and at Seattle Children’s, Seattle, WA. Autopsies of subjects
with very short duration (sd) type 1 diabetes were per-
formed throughout the U.K. and were collected by one of
the authors (A.K.F.). Individuals with a history of pancre-
atic cancer, pancreatitis, end-stage liver disease, hepatitis,
organ transplantation, or chronic glucocorticoid treatment
were excluded. The study was approved by institutional

review boards at the University of Washington and the
VA Puget Sound Health Care System.

Prior consent to use these pancreata for research
purposes was obtained from either the individuals them-
selves or family members. Pancreatic tissue was usually
sampled from the body of the pancreas, �xed in formalin
for variable periods of time, and then paraf�n embedded.
All samples were received as 4-mm sections of pancreas
mounted on microscope slides, but only those that showed
no or minimal autolysis, as judged by clear and distinct
morphology, were analyzed further.

Immunohistochemistry
Antigen retrieval was performed by �rst immersing all
slide-mounted sections in 10 mmol/L citrate buffer and
then microwaving them at high power (1,750 W) for
35 min. This procedure dramatically improved the visual-
ization of the tyrosine hydroxylase (TH) contained in
the �ne sympathetic nerve �bers and varicosities of the
pancreas.

Selected sections processed for antigen retrieval were
subsequently immunostained with a mouse monoclonal
glucagon antibody at a dilution of 1:1,000 (G2654 clone
K79; Sigma-Aldrich) to identify islets and, on an adjacent
section, a mouse monoclonal antibody against TH at a
dilution of 1:100 (catalog no. MAB318; Millipore, Billerica,
MA) to identify sympathetic nerve �bers and varicosi-
ties. The second antibodies against glucagon and TH
were an Alexa Fluor 488–conjugated goat anti-mouse an-
tibody (1:200, A-11029; Molecular Probes, Invitrogen,
Carlsbad, CA) and an Alexa Fluor 555–conjugated goat
anti-mouse antibody used at a dilution of 1:200 (cata-
log no. A21424; Life Technologies, Grand Island, NY),
respectively.

Since the goal of this study was to determine if patients
with type 1 diabetes had a major loss of islet sympathetic
nerves similar to that seen in animal models of autoim-
mune diabetes, it was critical to rule out false negatives
that would bias the data in favor of this hypothesis. There-
fore, sections were excluded from analysis if the large
arterioles in the exocrine pancreas of that section failed
to show the well-known sympathetic innervation of vascu-
lar smooth muscle, as identi�ed by TH �ber staining in
thick-walled vessels.

Neural Quanti�cation
Islets in sections of pancreas from patients without and
with diabetes were con�rmed by glucagon staining (see
Fig. 1A and B and Fig. 3A–C). Ten islets per subject were
chosen for measurement of islet area and islet sympa-
thetic nerve area. For this purpose, the perimeter of the
islets was traced and total islet area calculated by a com-
puter-assisted image analysis system (Nikon Elements,
Melville, NY). Sympathetic nerve �bers within the islet
were identi�ed by TH immunoreactivity localized to �ne
varicosities and �bers. The nerve �ber area was quanti�ed
by counting all areas of �uorescence above a set threshold
and below a size of 8 mm2, criteria that selects for nerve
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varicosities and small axon segments. Islet TH nerve �ber
area was reported as an absolute value (mm2 TH/islet), as
we have done previously in mouse models of autoimmune
diabetes (25,26). Islet TH nerve �ber density was reported
as nerve �ber area relative to islet size (percentage of islet
area occupied by neural TH).

TH �ber area in the exocrine pancreas was calculated
after selecting large areas (;135,000 mm2 each) devoid
of, yet near, islets and is reported as both mm2 TH/mm2

exocrine pancreas and percentage of exocrine area occu-
pied by neural TH. Although arterial structures were
excluded from these exocrine �elds, due to their high
sympathetic nerve density, inclusions of veins, ducts,
and thin interlobular spaces were unavoidable. These
lightly innervated, nonacinar exocrine structures were
equally distributed throughout the �ve groups and had
minimal effect on the quanti�cation of exocrine sym-
pathetic nerve area.

Figure 1—Marked loss of islet sympathetic nerves in sd-type 1 diabetes. Representative images of glucagon staining de�ning the
boundary of an islet from a control subject without diabetes (A) and a patient with sd-type 1 diabetes (B). Representative images of TH
staining de�ning sympathetic nerve varicosities (arrowheads) within those islets (dashed lines) (C and D). Sympathetic nerve �ber area
within the islets of patients with sd-type 1 diabetes and of age-matched control subjects without diabetes (E ). Open circles with bars
represent group mean 6 SEM. ND, control subjects without diabetes. *Signi�cant difference between groups (P < 0.001).

2324 Islet Sympathetic Nerve Loss Early in Human T1D Diabetes Volume 65, August 2016



Statistical Analysis
To compare continuous variables across the �ve groups,
ANOVA was used followed by a post hoc Scheffe test. All
data are expressed as mean 6 SEM.

RESULTS
Loss of Islet, but Not Exocrine, Sympathetic Nerves in
Patients With Very Short Duration Type 1 Diabetes
The characteristics of the patients with sd-type 1 di-
abetes and their young, age-matched control subjects
without diabetes are listed in Table 1. These two young
groups were not signi�cantly different in either age
or sex.

TH-positive nerve area within islets from patients with
sd-type 1 diabetes (9 6 2 mm2 TH/islet) (Fig. 1D and E)
was reduced by 88% (P , 0.001) compared with that of
their control subjects without diabetes (78 6 9 mm2 TH/islet)
(Fig. 1C and E). The cross-sectional area of islets from pa-
tients with sd-type 1 diabetes (16,055 6 2,318 mm2) was
decreased by 44% (P , 0.05) compared with that of their
control subjects without diabetes (28,779 6 5,142 mm2). Islet
TH nerve density of patients with sd-type 1 diabetes (0.06 6
0.01% of islet area occupied by neural TH) was decreased by
80% (P , 0.001) compared with that of their control group
without diabetes (0.30 6 0.05%).

In contrast to the marked decrease of islet TH nerve
area, TH-positive nerve area in the exocrine pancreas of
patients with sd-type 1 diabetes (2,772 6 240 mm2

TH/mm2 = 0.28 6 0.02% exocrine area occupied by TH)
(Fig. 2B and C) did not differ signi�cantly from that of
their control subjects without diabetes (3,261 6 260 mm2

TH/mm2 = 0.33 6 0.03%) (Fig. 2A and C). A comparison

of exocrine to islet nerve density for the subjects with
sd-type 1 diabetes and their age-matched control subjects
is provided by Supplementary Table 1.

No Loss of Either Islet or Exocrine Sympathetic Nerves
in Patients with Type 2 Diabetes
The characteristics of patients with type 2 diabetes and
their older age-matched control subjects without diabetes
are listed in Table 1. The two groups were well matched
for age and BMI, but not sex.

In contrast to the marked decrease of islet TH nerve
area seen in patients with sd-type 1 diabetes, no islet
nerve loss was observed in patients with type 2 diabetes.
In patients with type 2 diabetes, islet TH nerve area (73 6
5 mm2 TH/islet) (Fig. 3E and G) was not different from
that of their age-matched control subjects without diabe-
tes (80 6 7 mm2 TH/islet) (Fig. 3D and G). Similarly,
neither the islet size (21,921 6 1,177 mm2) nor the islet
nerve density (0.35 6 0.03% of islet area occupied by
neural TH) of patients with type 2 diabetes differed from
that of their control subjects without diabetes (24,751 6
1,411 mm2 and 0.32 6 0.02% of islet area occupied by
neural TH, respectively).

Likewise, exocrine TH nerve area in subjects with type 2
diabetes (3,350 6 136 mm2 TH/mm2 = 0.34 6 0.01% of
exocrine area occupied by TH) (Fig. 4B and D) was not
different from that of their control subjects without di-
abetes (3,433 6 342 mm2 TH/mm2 = 0.34 6 0.03% of
exocrine area occupied by TH) (Fig. 4A and D). A compar-
ison of exocrine to islet nerve density for subjects with
type 2 diabetes and their age-matched control subjects is
provided by Supplementary Table 1.

Table 1—Phenotypic characteristics of the study cohort
Sd-type 1
diabetes

Younger control
subjects

Ld-type 2
diabetes

Older control
subjects

Ld-type 1
diabetes

Sample size (n) 5 5 8 8 8

Age (years) 13 6 2* 18 6 2 65 6 4 59 6 3 56 6 5

Sex (% female) 80 60 50 100 50

BMI (kg/m2) 30.5 6 1.3 30.9 6 4.3 32.7 6 4.4

Diabetes duration (years) 0.02 6 0.01* NA 11 6 4 NA 14 6 4
(,2 weeks)

Cause of death, n (%)
Cardiovascular disease/stroke 3 (37.5) 1 (12.5) 3 (37.5)
Cancer 0 (0) 3 (37.5) 0 (0)
Pulmonary 2 (25) 2 (25) 1 (12.5)
Surgical 0 (0) 1 (12.5) 1 (12.5)
Infection 1 (12.5) 0 (0) 2 (25)
Gastrointestinal 2 (25) 1 (12.5) 0 (0)
Unknown 5 (100) 5 (100) 0 (0) 0 (0) 1 (12.5)

Diabetes medication, n (%)
None 1 (12.5) NA 0 (0)
Oral 3 (37.5) NA 0 (0)
Insulin 3 (37.5) NA 6 (75)

Data presented as mean 6 SEM. NA, not applicable. *Signi�cantly different (P , 0.05) from ld-type 1 diabetes.
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Loss of Islet, but Not Exocrine, Sympathetic Nerves in
Patients With Longer-Duration Type 1 Diabetes
The characteristics of patients with ld-type 1 diabetes
(.10 years) and the same older control subjects without
diabetes are listed in Table 1. The two groups of subjects
were well matched for age and BMI, but not for sex.

Similar to the �ndings in sd-type 1 diabetes, the
TH-positive nerve �ber area within islets from subjects
with ld-type 1 diabetes (17 6 2 mm2 TH/islet) (Fig. 3F
and G) was decreased by 79% (P , 0.001) compared with
that of their age-matched control subjects without di-
abetes (80 6 7 mm2 TH/islet) (Fig. 3D and G). Cross-
sectional islet area in the subjects with ld-type 1 diabetes
(15,517 6 1,363 mm2) was reduced by 37% (P , 0.05)
compared with that of their control subjects without
diabetes (24,751 6 1,411 mm2). Islet TH nerve density
of subjects with ld-type 1 diabetes (0.11 6 0.01% of islet
area occupied by neural TH) was 66% lower (P , 0.001)
than that of their control subjects without diabetes
(0.32 6 0.02% of islet area occupied by TH).

In contrast to the marked loss of islet TH in ld-type 1
diabetes, TH-positive nerve area in the exocrine pancreas
of subjects with ld-type 1 diabetes (3,038 6 228 mm2

TH/mm2 = 0.30 6 0.02% of exocrine area occupied by
TH) (Fig. 4C and D) did not differ from that of their control
subjects without diabetes (3,433 6 342 mm2 TH/mm2 =
0.34 6 0.03% of exocrine area occupied by TH) (Fig. 4A
and D). A comparison of exocrine to islet nerve density for
subjects with ld-type 1 diabetes and their age-matched
control subjects is provided in Supplementary Table 1.

The duration of diabetes for the patients with ld-type 1
diabetes was signi�cantly greater than that of the patients
with sd-type 1 diabetes (P , 0.05). However, islet TH nerve
area, islet cross-sectional area, islet TH nerve density, and
exocrine TH nerve area were all similar between the groups
with ld-type 1 diabetes and sd-type 1 diabetes, despite the
difference in their age and diabetes duration. Similarly,
these measures did not differ between the young and old
control groups without diabetes, despite the difference
in their ages.

Figure 2—No loss of exocrine sympathetic nerves in sd-type 1 diabetes. Representative images of TH staining in the exocrine pancreas of
a control subject without diabetes (A) and a patient with sd-type 1 diabetes (B). Sympathetic nerve area in the exocrine pancreas, including
veins, ducts, and thin interlobular spaces, of patients with sd-type 1 diabetes and of age-matched control subjects without diabetes (C ).
Open circles with bars represent group mean 6 SEM. ND, control subjects without diabetes.
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Islet TH nerve area and islet nerve density of subjects
with ld-type 1 diabetes were less than that of subjects
with type 2 diabetes (both P , 0.001); the duration of
diabetes was not signi�cantly different between the groups
with ld-type 1 diabetes and type 2 diabetes (see Table 1). In
contrast, exocrine TH nerve areas were similar between
these two groups with longstanding diabetes. A larger pro-
portion of patients with ld-type 1 diabetes were treated
with insulin, compared with the group with type 2 diabetes
(see Table 1).

DISCUSSION
We describe for the �rst time a marked loss of islet sym-
pathetic nerves in human type 1 diabetes. The fact that
this islet nerve loss occurs very early in type 1 diabetes
and that it is not present in type 2 diabetes strongly
suggests that it is not caused by the chronic diabetic
hyperglycemia usually invoked as a cause of diabetic
autonomic neuropathy (6,29,33). Rather we conclude
that the loss of islet sympathetic nerves in human type 1
diabetes is triggered by the autoimmune attack of the

Figure 3—No loss of islet sympathetic nerves in type 2 diabetes, but marked loss in ld-type 1 diabetes. Representative images of glucagon staining
de�ning the boundary of an islet from a control subject without diabetes (A), a patient with type 2 diabetes (T2D) (B), and a patient with ld-type
1 diabetes (C). Representative images of TH staining de�ning sympathetic nerve varicosities (arrowheads) within those islets (dashed lines) (D–F).
Sympathetic nerve area within the islets of patients with T2D and ld-type 1 diabetes and of age-matched control subjects without diabetes (G).
Open circles with bars represent group mean 6 SEM. ND, control subjects without diabetes. *Signi�cant difference between groups (P < 0.001).
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islet. This conclusion is in keeping with those based on
the study of animal models of both nonautoimmune and
autoimmune diabetes. First, noninsulitis-mediated chem-
ical destruction of islet b-cells does not result in a loss of
islet sympathetic nerves (24,25). Second, in the NOD
mouse, there is a positive correlation between the amount
of immune cells in the islet and the loss of islet sympa-
thetic nerves (25), and blocking islet in�ltration prevents
the loss of islet sympathetic nerves (25). Third, in the
virally treated RIP-GP mouse, a marked loss of islet sym-
pathetic nerves begins when the islet is �rst in�ltrated,
even before diabetic hyperglycemia develops (26). Thus,
lymphocytic in�ltration of the islet is a strong candidate
for the speci�c autoimmune component responsible for trig-
gering islet sympathetic nerve loss in human type 1 diabetes.

Although islet in�ltration is prominent in the mouse
models of autoimmune diabetes (25,26), it is very sparse
in pancreata from patients with type 1 diabetes; a recent,
comprehensive study reports that .95% of islets are
insulitis free (38). Nonetheless, type 1 diabetes in hu-
mans is accepted as an autoimmune disease in which

T lymphocytes invade the islet (36) over time, presumably
in successive, acute phases characteristic of a relapsing-
remitting disease (39). If so, insulitis at the time of tissue
harvest provides only a snapshot of the most recent re-
lapse phase. Therefore, directly demonstrating the rela-
tion between the loss of islet sympathetic nerves, which is
permanent and therefore cumulative, and insulitis in hu-
mans may require an index of cumulative insulitis. The
degree of residual b-cell area, used by others to “stage” the
autoimmune attack of the islet (40), is one possible, al-
though indirect, index of cumulative insulitis. In the absence
of such data, we cannot yet directly implicate the lympho-
cytic attack of the islet as the trigger for the loss of islet
sympathetic nerves in human type 1 diabetes, as we have in
animal models of autoimmune diabetes (25,26). However,
our current �ndings that patients with nonautoimmune
type 2 diabetes do not lose their islet sympathetic nerves
and that patients with type 1 diabetes do not lose their
exocrine sympathetic nerves both support this hypothesis.

Because patients with type 1 diabetes with longer dia-
betes duration had an islet nerve loss similar to those

Figure 4—No loss of exocrine sympathetic nerves in either type 2 diabetes or ld-type 1 diabetes. Representative images of TH staining in
the exocrine pancreas of a control subject without diabetes (A), a patient with type 2 diabetes (T2D) (B), and a patient with ld-type 1 diabetes (C).
Sympathetic nerve area in the exocrine pancreas, including veins, ducts, and thin interlobular spaces, of patients with T2D and ld-type 1 diabetes and
of age-matched control subjects without diabetes (D). Open circles with bars represent group mean 6 SEM. ND, control subjects without diabetes.
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with very short diabetes duration, there appears to be no
major regrowth of islet sympathetic nerves over time in
type 1 diabetes. This absence of islet reinnervation is, at
�rst glance, surprising because their unmyelinated parent
axons in the adjacent exocrine pancreas appear intact.
Therefore, the reinnervation distance, a major barrier for
reinnervation of human tissue (41), is very short. On the
other hand, the lack of signi�cant reinnervation of ld-type 1
diabetes islets is consistent with the known effect of
diabetes to retard nerve regrowth after crush injury or
axotomy (42).

Although the sympathetic nerves of the human islet do
not directly contact islet endocrine cells (43,44), as they
do in mice (44), activation of sympathetic nerves still
in�uences islet hormone secretion in human subjects
(45). Presumably sympathetic neurotransmitters are re-
leased into the intraislet arterioles that directly perfuse
the endocrine cells of the islet (46). Thus, although there
seems to be little direct nerve–a cell contact in human
islets, the loss of sympathetic nerves from the islets of
patients with type 1 diabetes would be expected to impair
their glucagon response to sympathetic activation, as has
been demonstrated directly (25,47) and indirectly (26) in
rodent models of autoimmune diabetes. Because pancre-
atic sympathetic nerves are activated by IIH (48,49), and
because activation of these nerves stimulates glucagon
secretion (15,50–52), the loss of islet sympathetic nerves
may also contribute to the known impairment of the glu-
cagon response to IIH in human type 1 diabetes (1–3). In
contrast, the retention of islet sympathetic nerves in type 2
diabetes may explain why there is no impairment of the
glucagon response to IIH in patients with type 2 diabetes
of ,10 years duration (53).

With regard to the function of the exocrine pan-
creas, the �nding of normal sympathetic innervation of the
exocrine pancreas of subjects with ld-type 1 diabetes and
type 2 diabetes could lead one to conclude, perhaps inap-
propriately, that classical diabetic autonomic neuropathy
(27,28,54) is absent in these two groups with longstanding
diabetes. However, the diagnosis of diabetic autonomic
neuropathy is usually based on functional tests, such
as decreased nerve conduction velocity (55,56). There
may well be such functional impairment in longstanding
diabetes even when gross nerve structure appears nor-
mal, as suggested by a recent review of diabetic auto-
nomic neuropathy (54). Thus, although we cannot rule
out possible impairments of exocrine sympathetic func-
tion in ld-type 1 diabetes and type 2 diabetes, the major loss
of islet sympathetic nerves in both sd- and ld-type 1 di-
abetes almost certainly implies a serious impairment of
islet function.

In summary, we report for the �rst time that humans
with ,2 weeks of type 1 diabetes have a marked loss of
islet, but not pancreatic exocrine, sympathetic nerves. We
also show for the �rst time that subjects with type 2 di-
abetes do not lose islet sympathetic nerves, thereby restrict-
ing this islet-selective nerve loss to the autoimmune form of

diabetes. Importantly, because subjects with sd- and ld-
type 1 diabetes both have a major loss of islet sympathetic
nerves, this nerve loss appears to be both an early and a
permanent feature of type 1 diabetes. As such, we suggest
that this novel neural defect contributes to the impairment
of the glucagon responses to IIH, seen in both patients
with sd-type 1 diabetes and patients with ld-type 1 diabe-
tes, thereby increasing their risk for episodes of severe
hypoglycemia.
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