1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

R

'NS)

2N
gQCA)a

Rrens®

Synopsis

The autonomic nervous system helps regulate glucose homeostasis by acting on pancreatic islets
of Langerhans. Despite decades of research on the innervation of the pancreatic islet, the exact
mechanisms used by the autonomic nervous input to influence islet cell biology have not been
elucidated. Major limitations include the lack of adequate anatomical and physiological
techniques. Here we discuss how these major barriers can be overcome to study the role of the
autonomic innervation of the pancreatic islet in glucose metabolism. We describe recent advances
in microscopy and novel approaches to study the effects of nervous input that may help clarify
how autonomic axons regulate islet biology.
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Introduction

A well functioning endocrine pancreas, the islets of Langerhans, is crucial for survival. The
islets of Langerhans secrete hormones that maintain constant levels of plasma glucose.
Dysfunction or death of the insulin-secreting beta cells leads to potentially life-threatening
fluctuations in plasma glucose levels and is a major cause of diabetes mellitus, a devastating
disease affecting millions worldwide. Already in the 19t century, Claude Bernard proposed
that the nervous system is implicated in the regulation of plasma glucose ! and since their
discovery Langerhans recognized a rich innervation of the islets 2. Many studies have linked
the autonomic nervous system to metabolic control and islet function 3-8. However, the
importance of the autonomic innervation of the islets in the maintenance of glucose
homeostasis remains controversial for two main reasons: a) there is a lack of detailed
anatomical studies of islet innervation, in particular of human islets, and b) it has been
difficult to discern the effects autonomic fibers have locally on islet cell physiology from the
confounding effects the autonomic input has simultaneously on many other organs. In this
review, we will first give a brief overview of the literature on islet innervation, trying to
illustrate the difficulties inherent to this research. We will then focus on approaches that are
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currently used to circumvent major limitations of studying the structural and functional
innervation of the islet.

Several components of the autonomic nervous system have been identified in islets of

Langerhans

Based on numerous studies, the consensus is that the endocrine pancreas is richly innervated
by the autonomic nervous system 3-8, Parasympathetic and sympathetic nerves travel to the
islet through the neurovascular stalk. Within the islets, the nerves follow the blood vessels
and terminate within the pericapillary space, within the capillary basement membrane, or
closely apposed to the endocrine cells 2. These fibers do not form classical synapses with
endocrine cells but rather have release sites near these islet cells. It has been proposed that
neurotransmitters are released into the interstitial space to affect a group of adjacent islet
cells.

The distribution and density of the different types of nerve fibers have been examined in
several species. A dense sympathetic innervation, as identified by the presence of
catecholamine-synthesizing enzymes, has been reported in rodents, dogs, and cats 10-13,
Studies based on the cholinesterase technique have revealed the parasympathetic innervation
in the cat, rat, and rabbit 14-18. Fibers containing neuropeptides have also been reported, but
it is unclear whether these represent unique fiber populations or whether these peptides are
localized in the autonomic fibers 19. In addition, there is a network of sensory fibers
containing the neuropeptides calcitonin gene-related peptide (GGRP) and substance P. Thus
far, the innervation of human islets has been merely mentioned in a few studies 2022,

Although the work cited above provides convincing evidence that autonomic fibers
innervate the islets, the precise organization of islet innervation is mostly unknown. Only a
few markers have been used, and because these markers have not been combined in
immunofluorescence studies, it is unclear how the different fiber systems relate to each
other. For instance, it is not known whether the patterns of the parasympathetic and
sympathetic innervations are complementary or if they overlap in specific regions of the
islet. There have been few attempts to identify peptides as co-transmitters in cholinergic and
adrenergic fibers. Furthermore, relying on the cholinesterase technique may be misleading
because esterases do not map exclusively to parasympathetic nerves. Other important
prototypical cholinergic markers for the parasympathetic system (e.g. ChAT, vVAChT) have
barely been examined. There are no systematic analyses on how and where the axons
terminate within the islets, and what particular cells they innervate. It is further obvious that
our current view of islet innervation is based mainly on rodent studies, and that, given their
unique cytoarchitecture, the situation in human islets may be very different 23-25,

Several neurotransmitter receptors are expressed on the plasma membrane of islet cells

Parasympathetic axons and sympathetic axons release acetylcholine and noradrenaline that
act on cholinergic and adrenergic receptors, respectively. Activation of cholinergic
muscarinic receptors stimulates insulin and glucagon secretion 26-28, Release of Ca2* from
intracellular stores in response to muscarinic receptor activation is the major cause for the
insulinotropic action, but the signaling underlying the enhanced glucagon secretion needs to
be established. Activation of alpha2-adrenergic receptors inhibits glucose-induced insulin
secretion via hyperpolarization of the beta cell. Activation of beta2-adrenergic receptors
stimulates insulin and glucagon secretion. Thus, the actions of a neurotransmitter vary
according to the activated receptor type. To add to this complexity, neuropeptides, which are
also released from autonomic axons, including VIP, NPY, and, in some species, galanin,
also have effects on islet cells ® 29, It is important to note that most of the /7 vitro studies
have been conducted with rodent islets. Because the effects of neurotransmitter on islet
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endocrine cells may vary considerably between species, it will be important to establish the
neurotransmitter receptor profiles in human islet cells, in particular because these could
represent potential therapeutic targets.

Physiological studies on the effects of the autonomic nervous system on islet function

The overall effect of parasympathetic stimulation is an increase in insulin secretion. Several
studies support the view that acetylcholine is released to stimulate insulin secretion.
Exogenous treatment with acetylcholine or other muscarinic agonists stimulates insulin
secretion /n vivo. This effect can be blocked with the muscarinic antagonist atropine 16: 17,
In vivo studies in the dog and the baboon reported that stimulation of the vagus nerve
increases insulin secretion 39-32, put this stimulation also increases the secretion of other
islet hormones such as glucagon, somatostatin, and pancreatic polypeptide 16 33. 34 The net
effect of sympathetic nerve stimulation seems to be a lowering in of plasma insulin
concentration. Exogenous treatment with catecholamines and electrical activation of
sympathetic nerves inhibits insulin secretion /77 vivo 337, Alpha-adrenergic receptor
blockade counteracts this inhibition of insulin secretion 36: 38, suggesting noradrenaline as
the mediator.

Several other direct and indirect mechanisms, however, could contribute to the effects of
noradrenaline on insulin secretion: noradrenaline may activate beta-adrenergic receptors on
beta cells and adrenergic receptors on alpha cells. This makes it difficult to interpret the
results. Moreover, this effect cannot be attributed solely to the release of noradrenaline from
nerve fibers close to beta cells because other tissues innervated by the activated nerves are
also stimulated. The sympathetic nervous system further exerts profound effects on the
secretion of the other islet hormones. Splanchnic nerve stimulation and noradrenaline
application increases glucagon secretion and decreases somatostatin secretion 34 3640 Tg
our knowledge, similar studies have not been performed in human beings.

It is important to note that autonomic innervation of the endocrine pancreas modulates
function of the islet. It does not determine it. The islet can work without innervation (see
below), but it needs nervous input to adapt the hormonal secretory output to changes in the
internal and external environments. Thus, the autonomic input plays a role in adjusting
glucose homeostasis in response to food intake or stress > 41, In this sense, it is similar to
autonomic input to the heart, where the parasympathetic and sympathetic inputs adjust the
force and pace of the basic heartbeat in response to behavioral challenges. Moreover, the
autonomic nervous input may not only be important for acutely modulating hormone
secretion. As experiments in mice lacking neurotransmitter receptors have shown, it is also
Iikel3/2;hat the nervous input plays a trophic role in maintaining a healthy population of beta
cells <°.

Sensory axons and the link to diabetes

In addition to the efferent fibers of the autonomic nervous system, the islets are also
innervated by a network of sensory fibers. These fibers leave the pancreas along the
sympathetic fibers within the splanchnic nerves and transmit information about noxious
stimuli. Fibers containing the sensory neuropeptides GGRP and substance P have been
observed in the endocrine pancreas. Vanilloid receptors are localized in sensory fibers and
generally report pain information. Whether these fibers are involved in the regulation of islet
hormone secretion remains to be determined. Intriguingly, recent papers suggest that
eliminating the pancreatic sensory innervation dramatically affects autoimmune diabetes in
NOD mice 4243 and contributes to defective insulin secretion in the Zucker diabetic rat, an
animal model for type 2 diabetes 44. These studies raise the possibility that signals derived
from the sensory component of the autonomic nervous system can alter insulin secretion and
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islet inflammation, thus indirectly affecting the development of autoimmunity and type 2
diabetes. It is unclear, however, to which extent human islets are innervated by sensory
fibers. Finding out which receptors are expressed on these fibers is crucial to be able to
propose that a similar mechanism provides a link between the nervous system and the
natural history of diabetes in human beings.

Establishing the role of autonomic innervation of the islet in glucose homeostasis is

challenging

To establish that a tissue is innervated investigators can a) show that neurotransmitters are
present within the efferent autonomic axon; b) show that the neurotransmitter is released in
response to stimulation of the efferent axon; and c) show specific receptors for the
neurotransmitter are present on the postsynaptic cell. However, performing these studies in
the pancreas is technically challenging. Many physiological events under parasympathetic
and sympathetic control can indirectly interfere with insulin or glucagon secretion. It has
been very difficult to discern the direct effects of autonomic terminals in the islet from the
confounding effects of the autonomic nervous system elsewhere (e.g. incretin secretion,
activation of the adrenal medulla). Selective stimulation of islet innervation is difficult. For
instance, to achieve a specific activation of the pancreas, investigators have to use electrical
activation of the mixed autonomic nerves along a pancreatic artery with a concomitant
blockade of the joint preganglionic cholinergic nerves 36: 37 Furthermore, if not applied
locally, exogenous application of neurotransmitters can influence multiple organs and
tissues and, as a result, the effects are the sum of a multitude of activities. An additional
limitation is that the responses of islet cells to nerve stimulation can only be measured
indirectly in the systemic circulation (e.g. hormone plasma levels). It is not possible to
record receptor activation directly in the postsynaptic cells.

Consequently, although several studies suggest the involvement of islet innervation, the
importance of the autonomic nervous system in regulating islet hormone secretion is
unclear. The list of neurotransmitters that may modulate islet function is long and confusing
because of species differences and uncertainty about the physiological relevance of the
effects observed with /7 vivo models. In human subjects, for instance, decreased glucose
tolerance after vagotomy has been reported 45 46, but patients who have undergone pancreas
transplantation (and thus may have denervated islets) remain euglycemic without

therapy 47-50. For similar reasons, doubts exist about whether sympathetic nerve fibers exert
a major influence on the basal and postprandial insulin secretory responses. The contribution
of autonomic signals to the glucagon secretory response /n vivois also unclear. Autonomic
activation most likely plays a major role in dogs > and in monkeys 2, but combined
adrenergic and muscarinic cholinergic blockade has no effect on the glucagon response to
hypoglycemia in humans 53 54, Furthermore, this glucagon response is not reduced in
adrenalectomized, spinal-cord-sectioned, or vagotomized humans 5559,

We agree with other investigators > 40 in that the lack of experimental tools has prevented
critical demonstrations of the effects of autonomic innervation. A successful new approach
has been to generate mutant mice lacking a particular neurotransmitter receptor in a
particular islet cell. Thus, studies of knockout mice lacking the M3 muscarinic receptor in
beta cells showed that M3 receptors play an important role in promoting insulin secretion
and maintaining glucose homeostasis28. This strategy eliminates potential confounding
factors caused by the widespread distribution of autonomic neurotransmitter receptors. This
approach, however, is too cumbersome to allow a larger screening of the role of the many
putative receptors on islet cells and it certainly cannot be used to examine the physiological
role of islet cell receptors in humans. Furthermore, these receptors are not used exclusively
to mediate neural input and could be responding to humoral and paracrine signals.
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New approaches to study the anatomical aspects of islet innervation

A major hurdle to studying innervation patterns is related to the structure of the neuronal
axon. Histological examination of axons is difficult because they are elongated, meandering,
and thin structures. Although an axon can be longer than a meter, it is generally less than 5
pwm thick. Axons are bundled in nerves, but when they reach their target tissues they branch
extensively and run in tortuous pathways through the tissue parenchyma, often along blood
vessels, to establish contacts with effector cells. On their way to their final target, axons may
contact many different types of cells and traverse tissues with a variety of functions.
Autonomic axons, in particular, do not form specialized terminal endings but secrete their
neurotransmitter content at axonal varicosities in close vicinity of target cells. The lack of a
well-defined terminal structure makes it difficult to determine whether or not a particular
cell type is innervated by the autonomic nervous system.

In view of these difficulties, how can we study the innervation of the pancreatic islet? To
visualize axons, investigators can use axonal tracing techniques in animal models®0. With
retrograde and anterograde axonal tracing the exact origin of the innervation as well as the
terminal innervation patterns can be determined in detail. These experiments cannot be
performed in human beings. Instead, investigators most commonly detect molecules that
serve as axonal markers. These can be targeted with specific antibodies using
immunohistochemical techniques. The markers include both structural (i.e. neurofilaments,
myelin, acetylated actin) and functional molecules such as neurotransmitters and proteins
involved in synthesis, packaging, secretion, or degradation of neurotransmitters (i.e.
biosynthetic enzymes, vesicular transporters). Labeled axons are then visualized using bright
field or fluorescence microscopy (Figure 1). In most studies, data are presented as
micrographs showing labeled axonal shafts and varicosities within the tissue of interest.
Because these images are generally taken from relatively thin sections (5-15 pum), only
fragments of the axons or dispersed varicosities are visualized. Often, these cannot be
discerned as neuronal elements or even be distinguished from staining artifacts. In addition,
the results are qualitative because only few images can be shown in a paper. As a
consequence, many results in the literature can be considered anecdotal.

To be able to understand the innervation pattern of an organ it is crucial to visualize large
portions of the axonal plexus penetrating the tissue. This can be accomplished by using the
immunostaining approaches mentioned above on thicker histological sections (40-60 m).
Labeled axons are then imaged with confocal microscopy to produce Z-stacks of confocal
images. These are used to render the axonal plexus in three dimensions. In these three-
dimensional reconstructions, axon trajectories and branching can be followed, and the
terminal fields of axons become visible as agglomerations of varicosities. When the cells of
the innervated tissue are labeled with cell specific markers, it is possible to determine which
cell populations are within the terminal field of an axon, which gives a first hint of which
cells are targeted by the nervous input. Most studies of islet innervation, however, have not
attempted to identify the cellular targets of innervation. As a consequence, in many
published images, axons seem lost in the pancreatic parenchyma in search for a target.

How can we determine which cells are targets of autonomic axons in the islet? This is not
straightforward because autonomic axons do not show the same terminal specializations
typical of axonal endings in the central nervous system or at neuromuscular endplates. To
help us address this issue we can make two assumptions: a) varicosities are the sites at
which neurotransmitters are released, and cells closely apposed to these varicosities can be
considered targets 51 and b) because of the limits of optical resolution, close apposition
between axonal varicosities and target cells (< 200 nm) can be revealed as an overlap in the
axonal and the cellular labeling. This not only defines autonomic innervation conceptually
but also provides a strategy to visualize the contacts established with effector cells. Using
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this approach we recently determined the cellular targets for parasympathetic and
sympathetic axons in mouse and human islets 2. We dissected out in detail the preferential
axonal targets in the islet and, based on these anatomical data, proposed that the autonomic
nervous system uses different mechanisms to regulate islet function in mouse and human
islets.

It is very likely that the anatomical observations have a functional correlate, but to be
accurate and predictive this extrapolation requires in-depth structural studies and should
include quantitative results. Few studies, however, have provided numbers on islet
innervation mostly because the technology to measure axonal volumes in the tissue or
contacts with target cells was not available until recently. With modern software
applications, it is now possible to determine the volume of labeled structures within a
defined tissue volume. The fraction of axonal volume to tissue volume gives an estimate of
innervation densities that can be used to examine differences between tissues, species, or
experimental conditions. For instance, the innervation density in the endocrine pancreas can
be compared to that in the exocrine pancreas, which reveals a much stronger innervation of
the islet in the mouse pancreas 2. Similarly, the volume of the overlap between the axonal
staining and target cell staining can be used to determine if a cell population is innervated.
Using this approach, we found that vascular cells, but not endocrine cells, are the major
targets of sympathetic innervation in the human islet 62,

These examples show that it is feasible to get quantitative estimates of innervation patterns,
without which studies are only subjective or anecdotal. There is a series of technical
difficulties and critical checkpoints, however, to be considered when visualizing pancreatic
innervation, in particular in human specimens:

1. Well-preserved human tissue specimens are not always available because
pancreatic tissue is sensitive to post-mortem damage. Specimens come from
cadaveric donors and the endocrine tissue is surrounded by acinar tissue loaded
with digestive enzymes. Many specimens may be needed to get satisfactory results.

2. Effective and fast fixation of the pancreatic tissue and right choice of the fixative
agent is needed to preserve the marker epitopes on target molecules, which will
help detect axonal markers. For instance, long fixation in formalin, the default
fixative agent used in most pathological laboratories, may impair antigenicity. It is
important to perform controls to establish that antigenicity is not lost and that
antibodies are recognizing the target proteins. The exocrine pancreas surrounding
the islets can be inspected for the presence of labeled axons in major nerves or
running along major blood vessels (Figure 2). In principle, staining of these axons
should be conserved across species.

3. Inclusion or embedding of the tissue and the process of de-embedding (i.e.,
deparaffinization) may impair antigenicity. We recommend sectioning the fixed,
frozen, Optimal Cutting Temperature (OCT)-embedded pancreas on a cryostat
microtome.

4. Generally, tissues are cut into sections with cellular or subcellular thickness (5-15
um), which is not suitable for visualization of thin and elongated structural
elements. In these thin sections it is difficult to distinguish between transected
fibers, varicosities, and staining artifacts. Thicker sections (40-60 .m) are
preferable.

5. Staining procedures, including the best use of detergents and optimized incubation
times, are crucial to allow optimal penetration of antibodies. Antigen retrieval or
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amplification of the immunostaining staining may be necessary to visualize axonal
markers.

6. Choice of commercial antibodies recognizing axon-specific markers is pivotal
(Table 1). Using several antibodies for each axonal marker may be needed.

7. State of the art confocal microscope to acquire images with the optimal resolution
(60X objective lenses with high numerical aperture) is required to image thin axons
and small varicosities. Z-stacks of confocal images have to be acquired at the
optimal z resolution to allow three-dimensional rendering of images.

8. Cellular imaging software (e.g. Volocity 3D Image Analysis Software,
PerkinElmer) is necessary to reconstruct axonal tress and reveal clusters of
varicosities in three dimensions (Figure 3). Software is also needed to measure the
volumes of labeled structures and to detect cell contacts as defined by staining
overlap.

9. Once volumes of labeled structures are measured, the axonal density per tissue
volume can be calculated. The density of contacts of axons with specific types of
cells can also be calculated as the fraction of the volume of the staining overlap to
the volume of the staining of the cell population of interest. It is important to select
adequate detection parameters to filter out background noise and staining artifacts
(e.g. by carefully selecting detection thresholds). A limitation of this approach is
that axon shafts close to target cells may also be included in the analyses. To avoid
this, it is preferable to use axon markers that are concentrated in varicosities (e.g.
vesicular neurotransmitter transporters).

Physiological approaches to study innervation

In vivo investigation of the influence of innervation on islet function has been mostly
limited to studies in which the effects of systemic intervention (i.e. stimulation of the vagus
nerve, exogenous application of neurotransmitters) are measured with systemic metabolic
readouts (i.e. blood insulin levels). Under these circumstances, the stimulation is not specific
to the islet, which raises a series of issues: 1) the parasympathetic and sympathetic branches
of the autonomic nervous system control many physiological events in the body. Application
of agonists or antagonists and stimulation or transection of the autonomic nerves can
indirectly affect islet hormone secretion; 2) autonomic axons release a panoply of
neurotransmitters and neuropeptides, which makes it difficult to interpret the effects of
autonomic input on islet hormone secretion /n vivo. For instance, vagal stimulation can
release at least five neurotransmitters (acetylcholine, VIP, PACAP, GRP, and nitric oxide),
the relative contribution of which differs between organs and species; 3) several intestinal
hormones, particularly glucose-dependent insulin-releasing peptide (GIP) and glucagon-like
peptide-1 (GLP-1), potently increase insulin secretion. GIP - and GLP-1-secreting cells
express neurotransmitter receptors, and both the stimulation of autonomic nerves and
agonists stimulate their release; and 4) stimulation of autonomic input can change regional
blood flow, which may impact islet hormone secretion into the bloodstream. The fact is that
selective stimulation of pancreas innervation is difficult 36: 37 and specific stimulation of
axons contacting cells within the islet may never be achieved /n vivo, in particular in the
human pancreas. For these reasons, results need to be interpreted with caution.

Even if it were possible to selectively stimulate islet innervation, we would only be able to
measure the effects on islet cells indirectly, namely by using changes in hormone blood
concentration as a readout. Hormone levels in the blood, however, are the end product of a
chain of events occurring in the islet as well as downstream after interactions with target
tissues. The autonomic nervous input may influence directly the secretion of islet hormones,

Endocrinol Metab Clin North Am. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rodriguez-Diaz and Caicedo Page 8

which may act as paracrine signals regulating the secretion of other islet hormones.
Alternatively, sympathetic input to islet blood vessels may change regional blood flow and
increase hormone release into the circulation. The current readouts do not allow discerning
the proximal mechanisms used by the local innervation to regulate islet function. A common
approach to detect parasympathetic activation of islet function is to measure the
concentration of pancreatic polypeptide (PP) in the circulation because PP is released only in
response to vagal activation 8. Although it is an important tool for measuring vagal activity
in the pancreas, a caveat here is that PP blood levels may not reflect parasympathetic input
to most islets because endocrine cells producing and releasing PP are concentrated in a
distinct region of the human pancreas in islets almost devoid of beta and alpha cells 83-65,

New, creative approaches are needed to overcome the limitations of studying the functional
role of islet innervation. Emerging efforts include /n vivo studies in human beings using
pharmacological agents that act selectively on neurotransmitter release from autonomic
axons. Thus, endogenous release of noradrenaline can be specifically stimulated from
sympathetic axons by infusing the indirect sympathomimetic agent tyramine 8. This
produces only modest effects on potentially confounding circulating noradrenaline levels.
Using this approach, an effect of sympathetic innervation on insulin secretion was finally
demonstrated in human beings %6. Whether this effect was mediated by axons acting directly
on beta cells or by other mechanisms in the islet could not be shown. Unfortunately,
monitoring islet activity in the organism is very challenging, and non- or minimally-invasive
technologies to monitor islet cell function with sufficient spatial resolution have not been
developed.

In an attempt to study beta cell function in a relatively intact environment, organotypic
pancreatic slices containing islets are used for electrophysiological recordings 67-69. This
preparation preserves intra-islet cellular communication and islet architecture in their native
state, including the distal portion of the autonomic innervation. In principle, it should be
feasible to stimulate local axons electrically while recording cellular responses in the islet,
which allows characterizing the local mechanisms by which axons influence endocrine cell
function. This approach has not been extended to the human pancreas, but it should be
possible to produce living pancreatic slices from human pancreatic biopsies. Needless to
say, in this preparation the pancreas is isolated from the organism and therefore these ex
vivo experiments cannot determine the effects the islet’s nervous input has on glucose
homeostasis.

It may turn out that studying the influence of innervation on islet function /in vivoin the
pancreas of human beings is not feasible. Recent efforts to image beta cells /n vivo include
magnetic resonance imaging and position emission tomography 7% 71, Such methods likely
will improve quantifying transplanted islet mass but have low spatial resolution and do not
allow functional monitoring of islets. An alternative strategy is to make human islets
accessible for imaging by transplanting them into an animal model. Islets have been imaged
after transplantation under the kidney capsule, where it has been possible to visualize the
revascularization process 72 73, However, the instability and inaccessibility of this
transplantation site makes this approach very challenging, in particular for functional or
longitudinal studies.

To dissociate the neural effects from hormonal and other confounding effects and to record
islet function locally and systemically after manipulation of the neural input, investigators
could use an experimental platform in which islets are transplanted into the anterior chamber
of the eye for functional monitoring "4-76. In the early 1870s, van Dooremaal made the
extraordinary observation that tumor cells injected into the anterior chamber of the eye
formed progressively growing tumors /7. Since then, the anterior chamber of the eye has
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been widely used as a model system to study the biology of several tissues. Ovaries have
been transplanted into the anterior eye chamber to study the physiology of ovulation 78 79
and a wide variety of peripheral and central nervous tissues have been shown to proliferate
and mature histologically after intraocular transplantation 8 81, This site has also been used
extensively to study the survival and growth of pancreatic tissue grafts 2 83, Human
xenografts survive in the anterior chamber of the eye of athymic nude rodents, where they
become strongly and appropriately innervated 81. 84-86.

In this transplantation site biological phenomena can be monitored repeatedly without
invasive procedures because the cornea is transparent. The grafts are easily vascularized and
innervated because of the rich blood and nerve supply of the iris that forms the bed of the
anterior chamber of the eye. The iris contains noradrenergic and cholinergic nerve fibers that
control pupillary diameter. These fibers have been shown to innervate the intraocular grafts
appropriately and can be specifically activated by changing the illumination &0 87 or by
topical drug application. Therefore, the autonomic input to the grafted tissue can be
modulated non-invasively and locally. Taking advantage of these features can provide an
experimental platform that allows local, specific manipulation of the neural input to the
islets while imaging islet cell function in real-time in response to neural activation. To
measure the effects of this manipulation on glucose homeostasis, systemic readouts such as
detection of glucose and hormone plasma levels during glucose and insulin tolerance tests
can be used. Local, cellular readouts include imaging of cytoplasmic [Ca2*],
electrophysiological recordings, or measurements of blood flow.

A potential limitation is that human tissue will not be innervated to the same degree as
mouse tissue because of species incompatibilities. However, these species incompatibilities
may not be problematic because human tissues have been successfully transplanted into the
mouse eye, where they become strongly and appropriately innervated 81: 85 86 |t is further
important to clarify that the intraocular islet grafts are not under the control of the
autonomous nervous system as they are in the pancreas. Thus, it is not possible to study the
influences of feeding behavior and stress on nervous input to the islet. That islets are
disconnected from this circuit and still work appropriately, however, can be advantageous.
Cutting islet grafts from their natural nervous connections and replacing these with an
artificial innervation may indeed be the only way to distinguish the direct effects of
parasympathetic and sympathetic innervation from all other confounding factors that can
affect islet function and survival. Autonomic axons in islet grafts in the eye can be activated
selectively and non-invasively, enabling acute and chronic intervention while the
physiological effects of islet innervation are monitored in a living organism.

Concluding remarks

There is a gap in our knowledge about how the nervous system controls human glucose
homeostasis, and there are few comprehensive morphological studies of the innervation of
the human islet of Langerhans. Malfunction of the islet of Langerhans is a hallmark of
diabetes, a condition affecting millions. Despite many years of investigation, a clear picture
of human islet microanatomy is emerging slowly. Still missing is a consolidated structural
model that puts together the different subsets of human endocrine cells with vascular,
immune, and neural elements. To understand the biology of the islet will also require
establishing functional links between these different structures /in vivo. A cohesive picture of
the microanatomy of the islet of Langerhans will help us identify the sequential events
leading to the failure of this micro-organ during diabetes.
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TH

Tubulin

Figure 1.

Visualization of autonomic axons in the pancreas. (A) Maximal projection of a Z-stack of 40
confocal images (Z step = 0.5 um) of a mouse pancreatic section showing axons labeled for
acetylated tubulin (green), vesicular acetylcholine transporter (vVAChT, red), and tyrosine
hydroxylase (TH, light blue). Notice that acetylated tubulin is present in the entire axon
whereas VAChT and TH are more restricted to axon varicosities. TH and vVAChT label
noradrenergic, sympathetic and cholinergic, parasympathetic axons, respectively. (B) At
higher magnification tubulin-stained axons are beaded with vVAChT-positive varicosities. (C)
Sympathetic and parasympathetic axons run together in the same nerve tracts as shown by
the close association between TH-labeled and VACKT labeled axons. Scale bars = 20 um
(A) and 10 pm (B, C).
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Figure 2.
Control immunostaining in the pancreas. Maximal projection of a Z-stack of 40 confocal

images (Z step = 0.5 um) of a human (A) and a mouse (B) pancreatic section showing
vascular smooth muscle cells of a large artery labeled for alpha smooth muscle actin (aSMA,
red) and the sympathetic nerves running along the vessel labeled for TH (green). Notice that
the staining patterns are similar in both species. Scale bar = 20 pm.
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Figure 3.

Representation of axon density and contact density quantification. (A) Three dimensional
rendering of a z-stack of confocal images (n = 40) of a mouse pancreatic section stained for
TH (green), glucagon (red), and DAPI (blue). (B) Islet volume (in voxels) is determined by
outlining the islet using DAPI staining. The volume of axonal staining is determined within
this islet volume. (C) The axon (innervation) density is calculated as the quotient axon
volume/ islet volume. (D) TH-labeled axons can be seen in close proximity to glucagon-
labeled alpha cells. Shown is a higher magnification and rotated image of the islet in A. The
proximity of axons to target cells can be detected using an algorithm in Volocity software
(“intersect). Intersect between axons and cells is shown in yellow. Notice that few axonal
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varicosities contact target cells (yellow and green overlap in the merged image on the right).
(E) Cellular (cell) volume is determined based on cell immunostaining, intersect volume is
determined as the close proximity or overlap of axon and cell immunostaining. (F) The
contact density is calculated as the quotient intersect volume/ cellular volume.
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