
The search for the mechanism of early sympathetic islet
neuropathy (eSIN) in autoimmune diabetes

Gerald J. Taborsky Jr.1,2, Qi Mei2, Daryl J. Hackney3, and Thomas O. Mundinger2

Gerald J. Taborsky: taborsky@u.washington.edu
1Division of Endocrinology/Metabolism, Veterans Affairs Puget Sound Health Care System, 1660
S. Columbian Way, Seattle, WA 98108 USA

2Division of Endocrinology, Metabolism and Nutrition, Department of Medicine, University of
Washington, Seattle, WA 98109 USA

3Seattle Institute for Biomedical and Clinical Research, 1660 S. Columbian Way, Seattle, WA
98108 USA

Abstract

This review outlines our search for the mechanism causing the early loss of islet sympathetic

nerves in autoimmune diabetes. Since our previous work has documented the importance of

autonomic stimulation of glucagon secretion during hypoglycaemia, the loss of these nerves may

contribute to the known impairment of this specific glucagon response early in human type 1

diabetes. We therefore briefly review the contribution that autonomic activation, and sympathetic

neural activation in particular, makes to the subsequent glucagon response to hypoglycaemia. We

also detail evidence that animal models of autoimmune diabetes mimic both the early loss of islet

sympathetic nerves and the impaired glucagon response seen in human type 1 diabetes. Using data

from these animal models, we examine mechanisms by which this loss of islet nerves could occur.

We provide evidence that it is not due to diabetic hyperglycaemia, but it is related to the

lymphocytic infiltration of the islet. Ablating the p75 neurotrophin receptor, which is present on

sympathetic axons, prevents eSIN, but, interestingly, not diabetes. Thus, we appear to have

separated the immune-related loss of islet sympathetic nerves from the immune-mediated

destruction of islet β-cells. Finally, we speculate on a way to restore the sympathetic innervation of

the islet.
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CLINICAL RELEVANCE: HYPOGLYCAEMIA

Marked hypoglycaemia is rare in non-diabetic subjects but increasingly common in type 1

diabetic patients who undergo intensive insulin treatment. Because hypoglycaemia is
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aversive, it decreases adherence to the intensive insulin therapy needed to avoid the long-

term complications of this disease. In addition, marked hypoglycaemia, particularly if it is

prolonged, can cause coma culminating in death. Therefore, it is important, first, to

understand the mechanisms that prevent hypoglycaemia in non-diabetic individuals, and

second, to identify defects in these mechanisms in diabetic subjects.

Early studies on the counterregulatory response to hypoglycaemia established the

importance of glucagon in limiting both the severity and the duration of insulin-induced

hypoglycaemia. The mechanisms mediating the glucagon response to hypoglycaemia have

been the subject of intense study. Two factors have achieved major scientific recognition:

disinhibition of the α–cell via suppression of the β-cell [1] and direct stimulation of the α–

cell via activation of the autonomic nervous system [2]. Our early work has concentrated on

this latter area.

AUTONOMIC STIMULATION OF GLUCAGON SECRETION: NON-DIABETIC

In 1989 [3] we first hypothesized, based on sparse literature, that the activation of the

autonomic nervous system, that occurs when the brain becomes neuroglucopenic, makes a

significant contribution to the subsequent glucagon response. Later studies in my laboratory,

and those of Dr. Peter Havel and Dr. Bo Ahren, accumulated evidence strongly supporting

this hypothesis. The first study, in dogs, showed that the surgical or pharmacological

blockade of all three autonomic inputs to the islet (parasympathetic, sympathetic and adrenal

medullary) impaired 75–90% of the glucagon response to marked hypoglycaemia [4].

Subsequent studies by Dr. Peter Havel in the more common laboratory animals, rats [5] and

mice [6], showed similar results. Dr. Peter Havel extended this concept to primates [7] and,

with Dr. Bo Ahren, to humans [8]. In 2012 [2] we summarized evidence showing that there

is sequential recruitment of each arm of the autonomic nervous system as hypoglycaemia

deepens. Suppression of the β-cell is maximal at the bottom of the mild hypoglycaemic

range. Thus “switch-off” of the β-cell makes its major contribution to the glucagon response

when hypoglycaemia is mild (70 mg/dl). In contrast, the autonomic nervous system makes

its major contribution to the glucagon response when hypoglycaemia is either moderate (50

mg/dl) or marked (25 mg/dl).

Role of sympathetic nerves

Accumulated evidence suggests that islet sympathetic nerves help mediate the glucagon

response to insulin-induced hypoglycaemia. For example, older studies have demonstrated

that electrical activation of pancreatic sympathetic nerves potently stimulates glucagon

secretion [9,10]. Later it was demonstrated that this specific neural pathway is activated

during hypoglycaemia [11]. This activation is stress-specific: neither hypoxia nor

hypotension activate pancreatic sympathetic nerves [11]. Further studies demonstrated that

this hypoglycaemia-specific activation helps mediate the subsequent glucagon response, at

least when the other autonomic inputs are ablated [12].
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HUMAN TYPE 1 DIABETES

Impaired glucagon response

While there are sophisticated and redundant mechanisms that usually prevent

hypoglycaemia in non-diabetic individuals, hypoglycaemia is unfortunately too common in

insulin-treated type 1 diabetic patients. A breakthrough in understanding why occurred in

1973 with the demonstration that the glucagon response to insulin-induced hypoglycaemia is

severely impaired in type 1 diabetes [13]. Although later studies demonstrated that intensive

insulin treatment causing repeated hypoglycaemia can also impair this glucagon response

[14], such aggressive treatment only became common after the Diabetes Control and

Complications Trial (DCCT) established in the 1990s that chronic hyperglycaemia

accelerates the long-term complications of this disease [15]. Thus this early demonstration

of an impaired glucagon response to insulin-induced hypoglycaemia was likely due to either

the lack of disinhibition by the β-cell [16] or a previously unknown autonomic defect present

in type 1 diabetes [17]. Whatever the mechanism, an impaired glucagon response to

hypoglycaemia increases both its severity (depth) and duration [18].

Autonomic impairment

Although much work has been done on the contribution of β-cell loss to this glucagon

impairment [16, 19], two factors led us to examine the possibility that an autonomic defect

also contributes. First, in non-diabetic subjects, the β-cell is nearly turned off by the time

glucose reaches mild hypoglycaemia (70 mg/dl) [20], yet most of the glucagon response

occurs when glucose falls further. Thus, the large glucagon response seen as glucose reaches

moderate (50 mg/dl) or marked hypoglycaemia (25 mg/dl) is due to non-β–cell mediators,

likely progressive autonomic stimulation of the α–cell. Second, although available data

suggest no impairment of either the adrenal medullary [21] or parasympathetic branch [21]

of the autonomic nervous system early in type 1 diabetes, the integrity of the sympathetic

input to the islet was unknown. Thus if an autonomic defect was present in type 1 diabetes,

it was likely in the sympathetic-islet pathway. Therefore, we hypothesized [17] that a defect

in this pathway contributes to the impairment of the glucagon response to insulin-induced

hypoglycaemia seen early in type 1 diabetes.

Early sympathetic islet neuropathy (eSIN)—The first place we looked for such a

defect was in the sympathetic innervation of the islet itself. When we examined the

sympathetic nerves in pancreatic autopsy specimens from humans with prior type 1 diabetes,

we found a paucity of islet sympathetic nerves [22]. To be sure that this failure to detect islet

sympathetic nerves was not just due to the over-fixation common in autopsy specimens, we

required positive identification of sympathetic nerves in adjacent blood vessels before

accepting lack of islet sympathetic nerves as a true negative. Quantification of sympathetic

nerve area within the islet revealed a 93% loss of islet sympathetic nerves in human type 1

diabetes [22]. In contrast, pancreatic autopsy specimens from non-diabetic individuals

demonstrated clear sympathetic fibres, primarily in the core of the islet, as recently reported

[23]. Although this study strongly suggests a major defect in an autonomic input to the islet

in human type 1 diabetes, it also raises two major questions. First, is the functional impact

on glucagon secretion as severe as suggested by the neuroanatomy? Second, what is the
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mechanism that causes this loss of islet sympathetic nerves in type 1 diabetes? Both

questions were more easily addressed in animal models of autoimmune diabetes, but each

animal model had its pros and cons.

ANIMAL MODELS OF AUTOIMMUNE DIABETES

eSIN

All three animal models of autoimmune diabetes that we examined [24–26] had a marked

loss of islet sympathetic nerves similar to that seen in human type 1 diabetes. However, each

has its advantages and disadvantages for studying either the mechanism by which these islet

nerves are lost or the impact of that loss on glucagon secretion. With the acute and severe

onset of diabetes in the BB rat, one can determine how early these islet sympathetic nerves

are lost. One can also determine if there is progressive nerve loss with diabetes duration, as

is common for other types of diabetic neuropathy [27]. Conversely, the BB diabetic rat is a

poor model to determine the role of lymphocytic infiltration in this nerve loss because BB

rats are lymphopenic [28]. In contrast, the NOD mouse is useful in this regard since its

invasive insulitis is prominent and easily quantifiable [29]. However, the uncommon genetic

background of the NOD mouse makes deleting genes in a hypothesized pathway both

expensive and time consuming. A third model, the RIP-GP mouse, in whom immune-

mediated diabetes is induced by viral injection [30], has a distinct advantage in that the onset

of both the immune attack of the islet and diabetic hyperglycaemia can be precisely timed.

In addition, it’s on a common genetic background. However, the presence of live virus

precludes sophisticated studies of the impact of this nerve loss on glucagon secretion.

Impaired glucagon response

It is important to note that both the BB diabetic rat [31] and the diabetic NOD mouse [25]

have a marked impairment of their glucagon response to hypoglycaemia. Since the BB

diabetic rat has a normal glucagon response to epinephrine [24], it models the selective

glucagon secretory defect seen in human type 1 diabetes [32]. Further, all three animal

models demonstrate an impaired glucagon response to activation of sympathetic nerves. For

example, in BB diabetic rats, electrical stimulation of the sympathetic trunk projecting to the

pancreas elicits a markedly impaired glucagon response compared to non-diabetic BB rats

[24]. In NOD mice, the glucagon response to tyramine, a drug which releases

norepinephrine from sympathetic nerves, was impaired in diabetic animals compared to non-

diabetic controls [25]. Finally, in RIP-GP mice, in which the nerve loss seen after viral

injection was reproduced by a sympathetic neurotoxin, the glucagon response to tyramine

was also impaired [26]. These impaired glucagon responses were not due either to β–cell

loss or diabetic hyperglycaemia, since chemically-induced diabetes, in the absence of islet

nerve loss, produced no impairment of the glucagon response to tyramine in the NOR

mouse, a close relative of the NOD mouse [25] or the glucagon response in Wistar rats, the

background strain of the BB rat (unpublished observations). These impaired glucagon

responses were due solely to loss of islet sympathetic nerves, since they were mimicked by

chemically induced nerve loss, in the absence of diabetes [25,26,33].
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POTENTIAL MECHANISMS FOR eSIN

Chronic hyperglycaemia

The Diabetes Control and Complications Trial (DCCT) has linked chronic hyperglycaemia

to diabetic neuropathy by demonstrating a slower progression in patients who had better

glucose control [15] due to intensive insulin therapy. Indeed, even in animal models of

diabetes it takes many months of poorly controlled hyperglycaemia to produce experimental

neuropathy. For example, in the BB diabetic rat, diabetic autonomic neuropathy begins to

develop only after 6 months of diabetes [34]. In contrast, the early sympathetic islet

neuropathy seen in BB diabetic rats occurs as early as 5 days after diabetes [35] and does not

progress after 1–3 months of diabetes [35]. Further, our close examination of islets from

non-diabetic NOD mice revealed that those few islets that were heavily infiltrated had nerve

loss before the advent of diabetes [25]. Finally, in the RIP-GP mouse, the islet had lost 60%

of their islet sympathetic nerves two days before the onset of hyperglycaemia [26]. Thus,

although chronic diabetic hyperglycaemia is a major contributor to other types of diabetic

neuropathy, it is not a contributor to the loss of islet sympathetic nerves that occurs in

autoimmune diabetes.

Invasive Insulitis

Several lines of evidence have linked the loss of islet sympathetic nerves to the lymphocytic

infiltration of the islet. First, in human type 1 diabetes [22] and autoimmune models thereof

[26,35] the loss of islet sympathetic nerves is coupled with retention of sympathetic nerves

in the surrounding exocrine pancreas. Second, islet sympathetic nerves are retained in

human type 2 diabetes and in animal models of chemically, rather than immune, induced

diabetes [25,35]. Third, in RIP-GP mice the onset of infiltration coincides with the onset of

nerve loss [26]. Fourth, in non-diabetic NOD mice the minority of islets that are heavily

infiltrated have fewer sympathetic nerves than the majority that are lightly infiltrated [25].

Fifth, blocking lymphocytic infiltration of the NOD islet prevents the loss of their

sympathetic nerves [25].

After the development of NOD diabetes, nerve loss appears to progress with the duration of

disease, but so does the degree of infiltration [25]. More importantly there is a very strong

correlation between the amount of islet infiltration and the amount of nerve loss [25] (see

Fig. 1). However, the molecular mechanism by which the invading lymphocytes cause loss

of islet sympathetic nerves is unclear.

One possibility is that a subset of T lymphocytes are directed against an antigen present on

sympathetic nerves, analogous to the prevalent view that a subset of T lymphocytes are

directed against an antigen contained in islet β–cells resulting in their destruction and

subsequent diabetes. The primary argument against sympathetic-specific T lymphocytes is

indirect: sympathetic nerves are lost only in the islet, not in the surrounding exocrine

pancreas. This islet-selective nerve loss has been demonstrated in human type 1 diabetes

[22] and in the two animal models in which it has been examined: the BB diabetic rat [35]

and the RIP-GP mouse [26]. Since ectopic β–cells, transplanted to the kidney capsule, are

quickly destroyed by circulating T lymphocytes, one would predict a similar destruction of
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exocrine sympathetic nerves if sympathetic-specific T lymphocytes were the cause of the

loss of sympathetic nerves within the islet. Since many sympathetic axons found in the

exocrine pancreas also extend into the islet, it is difficult to imagine that the same axon can

express a different antigen and therefore escape T-lymphocyte-mediated destruction when it

happens to be outside of the islet.

Neurotrophins

Nerve Growth Factor (NGF)—Since the traditional diabetes-related mechanisms of

nerve or tissue damage were unlikely to cause the loss of islet sympathetic nerves, we began

to focus on the sympathetic nerves themselves searching for non-traditional mechanisms that

could cause rapid and local nerve loss. Since sympathetic nerves are known to express

TrkA, the receptor for NGF, and are known to be dependent upon NGF, not only for their

development but also for their maintenance, we hypothesized that a loss of NGF might cause

eSIN. Interestingly, in vitro evidence strongly suggests that islet β–cells are a major source

of islet NGF [36]. Thus it appeared possible that immune-mediated destruction of islet β–

cells, by itself, might cause eSIN by severely depleting the islet of this important

sympathetic neurotrophin. However, if this hypothesis were correct, then any type of severe

β–cell destruction should also cause eSIN. But the severe β–cell loss caused by

streptozotocin in rats [35] or alloxan in mice [25] caused no loss of islet sympathetic nerves

whatsoever. Additionally, although the amount of β–cell loss in human type 2 diabetes is

less severe than that in type 1 diabetes, there was no loss of islet sympathetic nerves

associated with the β–cell loss of type 2 diabetes [22]. Thus we conclude that loss of β–cell-

derived NGF and thereby insufficient stimulation of TrkA is not, by itself, a cause of eSIN.

p75 neurotrophin receptor (NTR)—Sympathetic nerves, however, have another type of

neurotrophin receptor, the p75NTR, whose activation has been associated with localized and

rapid loss of sympathetic axons [37]. It should be noted that this loss of sympathetic axons is

not a result of apoptosis of the neuronal cell body but rather a localized pruning of an axonal

segment which leaves both the parent axon and neuronal cell body intact. This axonal

pruning is prominent during development when sympathetic nerves are growing towards

their targets. Axons that reach their targets first are thought to secrete an agonist, which

activates the p75NTR on those redundant sympathetic axons that have failed to reach their

target [37]. Such localized pruning of sympathetic axons also occurs in adults: there is a

cyclic denervation of the uterus that is coordinated with oestrus [38]. An agonist for the

p75NTR has been implicated in this denervation [39]. Finally, a similar process occurs in

pathology. There is an acute loss of sympathetic axons in the heart adjacent to the infarct

zone, which appears to be mediated by activation of the p75NTR on their sympathetic axons

[40]. These studies raise the possibility that activation of the p75NTR may cause the acute

loss of islet sympathetic nerves seen when the islet is under immune attack.

We therefore knocked out the p75NTR in the RIP-GP mice by crossbreeding and induced an

immune attack of the islet by injection of the lymphocytic choriomeningitis virus. Deletion

of the p75NTR gene had little effect on baseline sympathetic innervation of the islet but

prevented the marked loss of islet sympathetic nerves that occurs at the onset of infiltration

in RIP-GP mice [26]. Although the knockout was not restricted to sympathetic nerves, it did
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not affect the amount of T-lymphocyte infiltration, the onset of diabetic hyperglycaemia or

the magnitude of diabetic hyperglycaemia [26]. Thus, we appear to have separated the

immune-related loss of islet sympathetic nerves from the immune-mediated loss of islet β–

cells. Further, the loss of islet sympathetic nerves was not simply delayed since after 3

weeks of diabetes, islet sympathetic nerves were still retained in p75NTR knockout mice

[26].

Brain derived neurotrophic factor (BDNF)—We next sought evidence that BDNF was

the agonist activating this p75NTR during autoimmune attack of the islet. The knockout

strategy we applied to the p75NTR could not be applied to BDNF since deletion of the

BDNF gene is neonatally lethal [41]. However, others have shown that deletion of just one

BDNF allele not only allows survival but also impairs the ability of tissues to increase their

BDNF production upon stimulation [39]. We therefore knocked out one BDNF allele in

RIP-GP mice by crossbreeding. Again, the loss of one BDNF allele did not affect baseline

sympathetic innervation of the islet. However, it totally prevented the loss of islet

sympathetic nerves when the islet was under immune attack (unpublished observations).

Therefore, an increase of BDNF within the infiltrated islet likely activates the p75NTR

causing the loss of islet sympathetic nerves.

REMAINING QUESTIONS

While this study both implicates BDNF as the activating agonist of the p75NTR and

provides a novel mechanism for the loss of islet sympathetic nerves in autoimmune diabetes,

it leaves three major questions unanswered. First, what cell types within the islet secrete the

BDNF that causes the nerve loss? The possibilities include the endocrine or vascular cells of

the islet, the islet sympathetic nerve themselves or the lymphocytes which invade the islet.

There is precedent for each. Stimulated production of BDNF by a target tissue has been

clearly demonstrated: oestrogen stimulates the uterus to make BDNF [39], which in turn

initiates its cyclic sympathetic denervation [38]. Sympathetic nerves, stimulated by NGF,

can also secrete BDNF as demonstrated by their pruning of adjacent sympathetic nerves that

are NGF deficient [37]. Finally, there are scattered reports that lymphocytes can also secrete

BDNF [42–44]. The methods needed to determine which cell type in the islet makes BDNF

include immunohistochemistry for hemagglutinin-tagged BDNF [45], Western blots [45],

ELISAs [39] and, finally, the genetic deletion of one BDNF allele from each one of these

tissues in turn.

Second, what is the direct stimulus increasing islet BDNF during the immune attack?

Answering the first question would simplify the search for the stimulus, but even without

such information, the stimulation is likely related to the infiltration of the islet. Since

cytokines are produced when the islet is infiltrated, they are attractive candidates for the

stimulator that increases islet BDNF and causes nerve loss. Unfortunately, the number of

candidate cytokines is large. It is therefore likely that after the cellular source of islet BDNF

is identified, in vitro experiments exposing that cell type to a variety of cytokines will either

provide a definitive answer or markedly narrow the field.
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Third, what is the actual contribution of this islet nerve loss to the impaired glucagon

response to hypoglycemia seen in autoimmune diabetes? The ability to selectively prevent

the loss of islet sympathetic nerves during the development of diabetes, by deleting either

the p75NTR or one allele of BDNF, provides a unique opportunity to answer this important

scientific question. However, as mentioned above, the presence of live BSL2-class virus in

RIP-GP mice that were made diabetic by LCMV injection, makes it unsafe to perform the

sophisticated in vivo studies of glucagon secretion needed to answer this question in this

model. However, there is a potential solution. The vonHerrath group has discovered how to

stimulate a strong immune attack of the islet, without using live virus [46]. We anticipate

that this non-viral, immune-mediated attack of the islet will also cause eSIN and that

knocking out the p75NTR will also prevent eSIN but not the subsequent diabetes. If so, one

could determine in this non-viral model the degree of impairment of the glucagon response

to hypoglycemia in diabetic mice who have either lost or retained their islet sympathetic

nerves. The expected additional impairment in diabetic mice with eSIN should then be

attributable solely to the loss of their islet sympathetic nerves.

THERAPEUTIC INTERVENTION

While these studies of the mechanism of islet nerve loss are inherently scientifically

interesting, they may have little clinical utility for preventing eSIN since patients diagnosed

with type 1 diabetes mellitus likely have already lost their islet sympathetic nerves. What

may be of clinical benefit is a strategy to restore the sympathetic innervation of the islet.

Because their parent axons in the exocrine pancreas appear intact [35], it may be possible to

regrow islet sympathetic nerves. Such an approach is supported by studies showing that

sympathetic nerves eventually reinnervate transplanted islets [47]. However, it might also be

necessary to both reverse diabetic hyperglycaemia and provide a source of islet NGF. For

example, diabetic hyperglycaemia seems to retard nerve growth [48] and NGF is a known

stimulus for the regrowth of islet sympathetic nerves [49]. Further, it is likely that islet NGF

is depleted by the autoimmune destruction of β–cells since they are a major source of islet

NGF [36]. A sympathetically re-innervated islet should have an improved glucagon

response to insulin-induced hypoglycaemia. Therefore, individuals so treated should be less

susceptible to severe and prolonged iatrogenic hypoglycaemia. Given the aversive nature of

hypoglycaemia, such an intervention should increase adherence to the intensive insulin

therapy shown to prevent the debilitating long-term complications of this disease [15].
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Figure 1. Invasive insulitis is associated with loss of islet sympathetic nerves
A single pancreatic islet from a diabetic NOD mouse showing invasive insulitis (small blue

cells) and sympathetic axons with varicosities (red lines and dots). Sympathetic neural

density is decreased only in the infiltrated part of the islet.
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