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Abstract
Aims/hypothesis Sympathetic nerves influence islet hor-
mone levels in the circulation. Insights into islet sympathetic
innervation and its remodelling in diabetes may impact
future therapeutics. However, standard immunohistochem-
istry and microtome-based microscopy cannot provide an
integral view of the islet neurovascular complex. We pre-
pared transparent islet specimens to investigate the spatial
relationship between sympathetic nerves, blood vessels and
islet cells in normal, streptozotocin-injected and non-obese
diabetic mouse models.
Methods Cardiac perfusion of fluorescent lectin was used to
label pancreatic blood vessels. Tyrosine hydroxylase and
nuclear staining were used to reveal islet sympathetic inner-
vation and microstructure. Optical clearing (i.e. use of im-
mersion solution to reduce scattering) was applied to enable

3-dimensional confocal microscopy of islets to visualise the
sympathetic neurovascular complex in space.
Results Unlike previously reported morphology, we observed
perfusive intra-islet, perivascular sympathetic innervation, in
addition to peri-islet contacts of sympathetic nerves with alpha
cells and sympathetic fibres encircling the adjacent arterioles.
The intra-islet axons became markedly prominent in
streptozotocin-injected mice (2 weeks after injection). In
non-obese diabetic mice, lymphocytic infiltration remodelled
the peri-islet sympathetic axons in early insulitis.
Conclusions/interpretation We have established an imaging
approach to reveal the spatial features of mouse islet sym-
pathetic innervation. The neurovascular complex and sym-
pathetic nerve–alpha cell contact suggest that sympathetic
nerves modulate islet hormone secretion through blood ves-
sels, in addition to acting directly on alpha cells. In islet
injuries, sympathetic nerves undergo different remodelling
in response to different pathophysiological cues.
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Abbreviations
2-D 2-dimensional
3-D 3-dimensional
GFP Green fluorescent protein
NOD Non-obese diabetic
STZ Streptozotocin
TH Tyrosine hydroxylase

Introduction

The autonomic nervous system influences pancreatic islet
hormone secretion [1]. Parasympathetic nerves, for instance,
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stimulate insulin secretion, whereas activation of sympathet-
ic nerves inhibits insulin and stimulates glucagon secretion
to elevate glucose levels in the circulation [2–4]. Histolog-
ical studies reveal that islets are richly innervated by auto-
nomic nerves, which enter the islets with the vasculature
[5–8]. Despite these observations, to date, investigators still
lack a detailed neurovascular anatomy of islets to under-
stand the control mechanism, even in animals [9, 10]. The
difficulty is due to the intricate islet vascular and neural
plexuses, which cannot be easily portrayed by the standard
microtome-based 2-dimensional (2-D) microscopy. The
condensed islet vasculature and dispersed islet innervation
in space require substantial resolving power and sensitivity
to capture and distinguish image signals.

To overcome the imaging hurdle, we previously devel-
oped a penetrative imaging method, based on preparation of
transparent tissues (or ‘optical clearing’) [11, 12], for 3-
dimensional (3-D) imaging of the mouse pancreatic and
intestinal microstructure and vasculature [13–15] and the
human enteric nervous system [16, 17]. Photon penetration
in the tissue was improved by the process of optical clearing
(i.e. use of the immersion solution to reduce scattering as
light travels in the specimen [18–20]) to allow for deep-
tissue microscopy. Here, in islet imaging, we employed the
same penetrative 3-D microscopy with vessel painting
(perfusion of blood vessels with fluorescent probes) [13, 21]
and islet histology [7, 8, 22, 23] to provide a global and
integral view of the islet sympathetic neurovascular complex.

Using the optically cleared tissues, for the first time we
were able to see the sympathetic neurovascular complex at
the centre of the mouse islet. The in-depth projection of the
scanned volume reveals the perfusive intra-islet, perivascu-
lar sympathetic innervation in addition to the peri-islet
axons and fibres encircling the adjacent arterioles. Further-
more, our optical method also revealed remodelling of the
sympathetic innervation due to streptozotocin (STZ)-in-
duced microcirculatory injury and lymphocytic infiltration
in the non-obese diabetic (NOD) mouse model in the early
phase of insulitis [24–27]. In this report, the development of
our islet imaging approach and the functional and patho-
physiological implications of the neurovascular network in
health and disease are presented and discussed.

Research design and methods

Animals and tissue labelling Pancreases harvested from
nestin–green fluorescent protein (GFP) transgenic mice
[13, 28] and BALB/c mice (female; BioLASCO, Taipei,
Taiwan) were used to acquire images of normal islet inner-
vation. Pancreases harvested from STZ (Sigma, St Louis,
MO, USA)-injected BALB/c mice (female, age 7 weeks;
single i.p. STZ injection, 180 μg/g body weight; killed at 2

and 4 weeks after injection) and NOD mice (female, age 7–
8 and 10–12 weeks; National Laboratory Animal Center,
Taipei, Taiwan) were used to acquire images of islet remod-
elling in early insulitis.

Glucose levels of STZ-injected BALB/c mice were mea-
sured on day 3 and weekly, and compared with those of
normal and NOD mice. Hyperglycaemia caused by STZ-
induced islet injury was confirmed by recording a 6 h fasting
glucose concentration above 150 mg/dl on day 3 and in later
blood samples. Overall, four nestin–GFP transgenic mice,
eight normal BALB/c mice, eight STZ-injected BALB/c mice
and eight NOD mice were used to generate representative
images. Animal care was consistent with the Guidelines for
Animal Experiments, National Tsing Hua University, Taiwan.

Vessel painting [13, 21] was performed by cardiac per-
fusion of the lectin (wheat germ agglutinin)–Alexa Fluor
488, 555 or 633 conjugate (30 μg/g of body weight; Invi-
trogen, Carlsbad, CA, USA) followed by 4% paraformalde-
hyde perfusion fixation. Afterwards, pancreases were
harvested and the vibratome sections of the tissue
(∼400 μm) were post-fixed in 4% paraformaldehyde solution
for 1 h at 25°C. The fixed tissues were then immersed in 2%
Triton-X 100 solution for 2 h at 25°C for permeabilisation.

Four different primary antibodies were used to immuno-
label the tissues following the protocol outlined below. The
antibodies used were: polyclonal rabbit anti-tyrosine hy-
droxylase (TH) (Millipore,Billerica, MA, USA), polyclonal
chicken anti-TH (Abcam, Cambridge, MA, USA), mono-
clonal rabbit anti-glucagon (Epitomics, Burlingame, CA,
USA) and polyclonal guinea pig anti-insulin (Gene Tex,
Irvine, CA, USA) antibodies. Before applying the antibody,
the tissue was rinsed in PBS. This was followed by a block-
ing step, incubating the tissue with a blocking buffer (2%
Triton X-100, 10% normal goat serum and 0.02% sodium
azide in PBS). The primary antibody was then diluted in the
dilution buffer (1:50, 0.25% Triton X-100, 1% normal goat
serum and 0.02% sodium azide in PBS) to replace the
blocking buffer and incubated for 1 day at 15°C.

Alexa Fluor 647 conjugated goat anti-rabbit, Alexa Fluor
546 conjugated goat anti-chicken or Alexa Fluor 546 con-
jugated goat anti-guinea pig secondary antibody (1:200;
Invitrogen) was used individually or in combination to
reveal the immunostained structure(s). Afterwards, nuclear
staining by propidium iodide (50 μg/ml; Invitrogen) or
SYTO 16 (5 μM; Invitrogen) was performed at room tem-
perature for 1 h. The labelled specimens were then im-
mersed in the optical-clearing solution FocusClear
(CelExplorer, Hsinchu, Taiwan) overnight before being im-
aged via confocal microscopy [18].

Confocal microscopy The Zeiss LSM 510 Meta confocal
microscope equipped with objective of 10× (optical section
10 μm; Z-axis increment 5 μm) and 20× (optical section
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5 μm; Z-axis increment 2.5 μm) ‘Fluar’ lenses was used to
acquire gross images of the mouse islet(s) in the pancreas.
The 40× LD ‘C-Apochromat’ water immersion lenses
(working distance 620 μm) were used to acquire high-
resolution images (optical section 3 μm; Z-axis increment
1.5 μm). Each confocal micrograph consisted of 1,024 (X)×
1,024 (Y) pixels. The laser-scanning process was operated
under the multi-track scanning mode to sequentially acquire
signals in multiple channels, including the transmitted light
channel. The Alexa Fluor 647-labelled structures were ex-
cited at 633 nm and the fluorescence was collected by the
650–710 nm band-pass filter. The lectin-Alexa Fluor 555-
labelled vessels and propidium iodide-labelled nuclei were
excited at 543 nm and the signals were collected by the 560–
615 nm band-pass filter. The lectin-Alexa Fluor 488, GFP
and SYTO 16 signals were excited at 488 nm and the
fluorescence was collected by the 500–550 nm band-pass
filter.

Image projection and analysis The LSM 510 software (Carl
Zeiss, Jena, Germany), Zen software (Carl Zeiss) and Avizo
6.2 image reconstruction software (VSG, Burlington, MA,
USA), were used for projection and analysis of the confocal
images. Figures 1c, 1d, 2a (right panel), 2b, 2c (right panel),
3a and 3b (second and fourth panels), 4b, 4c and 5b–d, and
ESM Figs 1a, 2, 3b, 3c, 4 and 5 were derived from the
projection module of the LSM 510 software. ESM Figs 1e
and g and ESM Video 2 were derived from the Avizo
projection algorithms using the ‘Voltex’ module to create
the 3-D images. The 3-D projection function of Avizo was
used to present the orthogonal view of the X/Y, Y/Z and X/Z
planes of the image stack shown in Fig. 2c (left panel). ESM
Videos 1, 5, 7, 10 and 12 were recorded using the Avizo’s
‘Movie Maker’ function with the increase in display time in
association with the depth of the optical section (displayed
using the ‘Ortho Slice’ function). Feature extraction and
image segmentation were performed by the ‘Label Field’
function of Avizo to collect the voxels of the islet and its
sympathetic nerves and blood vessels to perform the density
analysis shown in Table 1. The 360° presentation of the
image stacks in ESM Videos 3, 4, 6, 8, 9 and 11 was derived
from the ‘Panorama’ function of the LSM 510 software. In
ESM Fig. 1d, the ‘Profile Analysis’ module of the Zen
software was used to reveal the change in signal intensity
along the pixel line at the centre of the micrograph [16].

Results

Vessel painting is compatible with neurohistology in deep-
tissue imaging with optical clearing To visualise the islet
vasculature with high definition, we performed mouse car-
diac perfusion of fluorescent lectin (vessel painting) to label

the endothelial lining. We first examined the pancreases
from nestin–GFP transgenic mice [13, 28], which carry high
GFP levels in the exocrine acini, to help define the pancre-
atic exocrine–endocrine boundary. ESM Fig. 1a shows an
in-depth projection of an islet-rich region in the pancreatic
tail, in which the condensed islet capillaries can readily be
seen. The deep-tissue imaging of islets was made possible
by optical clearing (ESM Figs 1b and c). As can be seen, the
transparent tissue enables the islet and large blood vessels to
be seen in both the transmitted light and fluorescence
micrographs.

The signal-to-noise ratio and the 3-D projection of islet
blood vessels are shown in ESM Figs 1d and e. The signal
peaks, which specify the local maxima of the fluorescent
signals, indicate the presence of blood vessels. Because
islets have a concentrated vascular network, images with
high signal-to-noise ratio are essential to identify and dis-
tinguish the microvessels in space (ESM Videos 1 and 2).

To image the neurovascular complex, ESM Figs 1f and g
show that vessel painting is compatible with immunostain-
ing of the sympathetic marker TH (a critical enzyme in the
production of both dopamine and noradrenaline [norepi-
nephrine]) to simultaneously visualise the blood vessels
and the sympathetic nerve fibres. Specifically, we choose
to present the high-density TH+ sympathetic nerve fibres
encircling an arteriole (potentially to regulate the blood
flow). This example demonstrates that our imaging ap-
proach has the resolving power to distinguish adjacent nerve
fibres with micrometer-level resolution, similar to what we
have achieved on examining enteric nerves in the human
ileum [16].

Perivascular sympathetic innervation in the mouse pancreatic
islet To examine the islet sympathetic neurovascular com-
plex, we first targeted the islet in the nestin–GFP transgenic
mouse and applied vessel painting and TH staining to reveal
the tissue network. Figure 1 is a gallery display of the
staining result at the centre of a large islet with a diameter
of approximately 350 μm. Three features are readily visible
in the micrographs: (1) high GFP levels in the exocrine
domain; (2) the fluorescently perfused islet vasculature;
and (3) a subset of TH+ endocrine cells residing next to
the capillaries. When enlarged (Fig. 1a, enlargement), the
gallery image also reveals the presence of TH+ sympathetic
axons and varicosities in close contact with the blood vessels.

To confirm the association, we stacked the 12 gallery
images in Fig. 1a and traced the TH signals and their paths
inside and around the islet (ESM Fig. 2a). As can be seen,
the intra-islet TH signals connect in space, associate with
blood vessels and extend from the exterior to the interior
domain of the islet. ESM Fig. 2b and ESM Videos 3 and 4
show the in-depth projections of the islet vasculature and the
TH+ sympathetic innervation. Three features of the
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innervation are seen: (1) TH+ fibres encircling the feeding
arteriole, potentially to modulate islet blood flow; (2) TH+

axons reaching to the centre of the islet, in addition to their
peri-islet presence; and (3) TH+ varicosities in contact with

the capillaries, suggesting a direct sympathetic input into the
islet vascular system.

In the second example, we zoomed in to investigate a
medium-size islet with a diameter of approximately 200 μm

Fig. 1 Intra-islet, perivascular
TH+ sympathetic innervation of
the mouse islet. (a) Intra-islet
sympathetic innervation and
its association with vasculature.
The panels show a gallery
display of the vessel-painted
islet vasculature (red) and TH+

sympathetic nerves (grey) in the
nestin–GFP mouse (exocrine
domain: green; increment:
2.5 μm per section). The
enlargement shows the perivas-
cular presence of TH+ axons
and varicosities. Yellow arrows:
intra-islet TH+ signals. Cyan
arrows: TH+ signals around
the adjacent arteriole. Yellow
asterisks: examples of TH+

endocrine cells in contact with
the capillaries. Similar neuro-
vascular features can be seen
in other gallery panels. (b)
Close-up images of the intra-
islet, perivascular TH+ sympa-
thetic innervation. Mouse:
wild-type BALB/c. The box in
the second panel is enlarged
to show capillary-associated
varicosities and axon elonga-
tion (yellow arrows). (c) Pro-
jections of the islet vasculature,
TH+ innervation and nuclei.
Yellow and cyan arrows indi-
cate intra- and peri-islet axons,
respectively. The yellow arrows
in panels (b) and (c) indicate the
same axons. Projection depth:
15 μm. (d) Projections of
vasculature and TH+ innerva-
tion in an islet hemisphere.
Cyan arrows indicate adjacent
arterioles encircled by TH+

fibres. Projection depth: 96 μm.
A 360-degree projection of
TH+ innervation is shown
in ESM Video 6
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in the BALB/c mouse. The transparent specimen allowed
penetrative imaging of the capillary, TH and nuclear signals
up to 96 μm with high definition (ESM Video 5). Figure 1b
shows transmitted light and confocal micrographs of the
islet, showing its spherical shape and the close association

of the TH+ varicosities with capillaries. In addition, the
enlarged micrographs reveal that the TH+ axons are capable
of bridging their paths across the nearby capillaries to ex-
tend their lengths in space. Projections of the centre portion
of the islet (Fig. 1c) and half an islet (Fig. 1d and ESM

Fig. 2 Projections of glucagon, capillary and TH signals reveal three
distinct patterns of mouse islet sympathetic innervation. (a) Transmit-
ted light micrograph and projection of glucagon-expressing alpha cells
at the islet periphery. Projection depth: 60 μm. (b) Projection of the
islet middle section shows peri-islet TH signals in contact with alpha
cells (squashed circles at the islet periphery). The arrow indicates the

feeding arteriole. Projection depth: 15 μm. (c) Orthogonal and in-depth
projections of glucagon, capillary and TH signals. The merged signals
simultaneously reveal: (1) intra-islet, perivascular sympathetic inner-
vation; (2) peri-islet contacts between TH+ axons/varicosities and alpha
cells (squashed circles); and (3) TH+ fibres encircling the feeding
arteriole (arrow). Projections were derived from the same image stack

Fig. 3 Comparison between
normal and STZ-treated islets in
morphologies of beta cells and
TH+ sympathetic innervation.
(a) Insulin staining (blue)
reveals that beta cells are abun-
dant in the normal islet, yet the
intra-islet TH signals (grey) are
mostly associated with the cap-
illaries (red) rather than found
spread in the beta cell domain.
(b) STZ injection induces beta
cell destruction. Associated
with this destruction, the chem-
ically induced islet injury leads
to an outgrowth of perivascular
TH+ nerves, particular in the
islet core. Images of the two
islets were taken and projected
under the same magnification
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Video 6) reveal the TH+ sympathetic nerves extending to-
wards the islet core, in addition to their peri-islet presence
and encircling of the adjacent arterioles.

Using paired immunostaining of glucagon with TH,
Fig. 2 shows that the glucagon-producing alpha cells are
mostly located to the periphery of the islet and are in
position to receive input from the peri-islet TH+ sympa-
thetic nerves. Taken together, the projections in Fig. 2c
summarise the three sympathetic innervation patterns of
the mouse islet: (1) intra-islet, perivascular sympathetic
innervation; (2) peri-islet innervation of glucagon-producing
alpha cells; and (3) sympathetic fibres encircling the feeding
arteriole.

STZ injection stimulates islet sympathetic innervation Because
the STZ injection causes islet microvascular injury, we
sought to investigate whether the damage also influences
capillary-associated sympathetic innervation. ESM Figs 3a
and b show 2-D micrographs and projections of the mouse

islet 2 weeks after the STZ injection. We observed three
abnormalities by comparing normal and diseased islets
(comparison between Figs 1b, c and ESM Figs 3a, b): (1)
higher nuclear density of the diseased islet; (2) a significant
increase in the intra-islet axonal fibres around the capillaries
relative to the normal association of varicosities with capil-
laries; and (3) a few TH+ fibres being left without associa-
tion with the blood vessels in the diseased islet. The
abnormalities indicate ongoing remodelling of the islet mi-
crostructure, vasculature and innervation caused by STZ
toxicity. The in-depth observation and panoramic projection
of the increased TH+ innervation are shown in ESM Fig. 3c
and Videos 7 and 8.

Using paired immunostaining of insulin and TH, Fig. 3
compares the normal and STZ-treated islets in morphologies
of beta cells and sympathetic innervation. In the normal
islet, Fig. 3a shows that although the insulin-producing beta
cells are abundant, a significant portion of them, particularly
at the centre, do not contact with the TH+ axons or

Fig. 4 Lymphocytic infiltration in NOD mice remodels the peri-islet
sympathetic axons. (a) 2-D micrographs of islet lymphocytic infiltra-
tion. The box in the second panel is enlarged to show the boundary of
the infiltrated area (yellow arrows). TH+ nerves are rich at the front
side of the boundary against the ‘normal’ domain. The double dagger
indicates the lumen of a nearby pancreatic duct. The asterisk indicates a
deformed TH+ endocrine cell, potentially influenced by the infiltrated
lymphocytes. Cyan arrows indicate perivascular TH+ varicosities at the

‘normal’ domain. (b and c) Projections of the remodelled islet in the
NOD mouse. Cyan circles in (b) indicate the ‘inflammatory’ domain
with accumulation of lymphocytes. Vascular swelling is prominent in
this domain. Yellow arrows indicate the front of the lymphocytic
infiltration, which is associated with TH+ nerves at the periphery of
the ‘normal’ domain (yellow circles in (c)). Projection depths: 15 and
105 μm in (b) and (c), respectively
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varicosities, differing from the contact between alpha cells
and TH+ nerves at the islet periphery (Fig. 2).

In the STZ-treated islet, Fig. 3b shows that the toxicity of
STZ leads to beta cell destruction. This chemically induced
injury has been shown to increase the neurotrophin content
in the islet [29, 30], in which we observe an outgrowth of
TH+ nerves around the blood vessels, particularly in the islet
core. Compared with the normal beta cells in the non-treated
control (Fig. 3a), the remaining beta cells in the injured islet
core appear to be under an increased sympathetic influence,
which could in turn aggravate beta cell destruction under a
stress response.

Interestingly, because STZ injection increased the levels
of TH+ fibres to provide more immunostaining targets for
detection, from a technical point of view this experiment
also helped verify the presence of intra-islet sympathetic
nerves, as presented in Fig. 1. ESM Fig. 4 and Video 9
present two additional examples of STZ-enhanced TH+

innervation in the islet. Images were taken 4 weeks after
STZ injection.

Lymphocytic infiltration in NOD mice remodels the peri-
islet sympathetic axons In the second islet remodelling
experiment, we investigated whether islet lymphocytic

Fig. 5 Lymphocytic infiltration remodels the sympathetic neurovas-
cular complex in the NOD mouse model (age 10 weeks). (a–c) 2-D
micrograph and projections of islet lymphocytic infiltration. The pro-
gressive infiltration and accumulation of lymphocytes create a hetero-
geneous and remodelled TH+ sympathetic neurovascular complex in
the islet in comparison with those of normal (Fig. 1) and STZ-injected
(Fig. 3) mice. Red: blood vessels. Grey: TH+ nerves. Green: nuclei. (a)

5-μm optical section; (b) 20-μm projection; (c) 80-μm projection. (d)
Projections of the vasculature and TH+ sympathetic nerves shown in
(c). The ‘inflammatory’ domain (cyan circle) is associated with exces-
sive accumulation of lymphocytes. The ‘transition’ area (magenta
circle) has prominent TH+ nerves against the ‘normal’ domain (the
right side of the islet) in which the neurovascular morphology remains
similar to that in the normal islet

Table 1 Sympathetic nerve and blood vessel densities of islets of normal, STZ-injected and NOD mice

Mouse model Islets/animals (n/n) Corresponding images Sympathetic nerve densitya,b Blood vessel densityc

Normal (BALB/c) 18/8 ESM Fig. 5a 2.9±1.4 20.1±6.4

STZ-injected (BALB/c) 18/8 ESM Fig. 5b 6.1±1.6† 19.0±4.9§

2 weeks after injection 12/6 6.3±1.7 19.1±5.4

4 weeks after injection 6/2 5.6±1.1 18.7±4.2

NOD (in early insulitis) 18/8 ESM Fig. 5c 2.4±1.4¶ 15.3±7.3*

Data are presented as mean±SD
a TH+ signals in endocrine cell bodies are excluded from the calculation of nerve density
b (TH+ voxels/voxels of islet)×100%
c (Voxels of blood vessel/voxels of islet)×100%

*p<0.05, † p<0.00001, § p00.54, ¶ p00.26 versus normal control mice

No statistical difference between the two STZ groups (2 and 4 weeks after injection)
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infiltration in NOD mice remodels sympathetic innervation in
the early phase of insulitis. Compared with the diffusive
toxicity of STZ, lymphocytic infiltration first impacts the
exterior part of the islet and then remodels or attacks the islet
in a progressive fashion (Figs 4 and 5). Because of this
heterogeneous nature, we observe two domains in or around
the islet with distinct features (mice at age 7 and 10 weeks in
Figs 4 and 5, respectively). In the ‘inflammatory’ domain,
accumulation of lymphocytes is prominent and is associated
with vascular swelling and destruction; the morphology is in
sharp contrast to that of the ‘normal’ domain, in which the
neurovascular complex appears intact and well-distributed in
space.

Importantly, at the transition area of the two domains, the
TH+ nerves are prominent and can be found at the front of the
infiltrated lymphocytes against the ‘normal’ domain (Figs 4a
and b; ESM Videos 10–12 provide additional viewing depths
and projection angles of the remodelled TH+ innervation). The
peri-‘normal’ domain axons and their intimate association
with the infiltrated lymphocytes imply a previously over-
looked participation of sympathetic nerves in early insulitis.

Quantitative analysis of the changes in islet sympathetic
nerves and blood vessels in injury We have demonstrated
remodelling of islet sympathetic innervation in injury. We
next quantified the changes in islet sympathetic nerve and
blood vessel densities by dividing their voxels with those of
the islets in the acquired 3-D images. Table 1 lists the sympa-
thetic nerve and blood vessel densities of islets of normal,
STZ-injected and NOD mice. The projections of the 54 islets
used in this analysis are categorised in ESM Fig. 5.

Compared with normal islets, islets of STZ-injected mice
exhibit an outgrowth of sympathetic nerves with a 2.1-fold
increase in nerve density. Note that this increase is not a
transient response, as the nerve density remains elevated
4 weeks after injection. Regarding the islet vasculature,
there is no statistical difference between normal and STZ-
injected mice in blood vessel density (p00.54).

In the NOD mice, lymphocytic infiltration in early insulitis
decreases islet blood vessel density to 15.3% from 20.1% of
the normal islet. However, peri-islet injury does not signifi-
cantly change islet sympathetic nerve density (p00.26, rela-
tive to that of the normal islet). This can be attributed to
remodelling, rather than immediate destruction, of the peri-
islet sympathetic nerves at the transition area between the
infiltrated lymphocytes and the normal islet domain (the
arrows in Fig. 4b and the magenta circle in Fig. 5d).

Discussion

The standard microtome-based 2-D tissue analysis cannot
provide an integral and global perspective of islet

vasculature and innervation. In this research, we combined
vessel painting, neurohistology and deep-tissue microscopy
with optical clearing to reveal the neurovascular complex of
the islet. In particular, optical clearing generated transparent
specimens, leading to penetrative imaging of the intricate
neurovascular complex with high definition. This imaging
approach simultaneously visualises islet microstructure,
vasculature and innervation, and provides continuous and
in-depth anatomic information for 3-D evaluation of the
innervation pattern.

Using high-resolution images, we have demonstrated the
presence of intra-islet, perivascular TH+ sympathetic inner-
vation in addition to peri-islet sympathetic axons and fibres
encircling the arterioles adjacent to the islet. Our results
differ from previous observations made by Rodriguez-Diaz
et al of the mouse islet sympathetic innervation: we reveal
intra-islet TH+ axons and varicosities and their connection/
elongation in space and contacts with capillaries, which are
absent in the mouse islet images presented previously [23].
Because Rodriguez-Diaz et al found sympathetic neurovas-
cular contacts in human islets, they proceeded to emphasise
species differences in innervation patterns. Our data, how-
ever, support species similarities in the innervation pattern:
both mouse and human islets displayed a sympathetic neu-
rovascular complex in the core, which is in line with the
similar effect of autonomic activation on islet hormone
release in animals and humans [3, 10, 31–34].

The potential reason for the discrepancy between the
intra-islet TH+ sympathetic innervation reported in this
study and the lack of TH+ signals inside mouse islets in
the observations from Rodriguez-Diaz et al [23] might be
due to the different optical properties of the islets used in the
two studies. The transparent mouse islets that we prepared
by optical clearing account for the detection of the TH+

neurovascular complex in the islet core, whereas the un-
treated islets used in the study of Rodriguez-Diaz et al study
are prone to losing fluorescent signals because of scattering
in the tissue. In neurohistology, light transmission is partic-
ularly important for detecting slender nerve fibres and small
varicosities; substantial imaging sensitivity and resolving
power are required to identify their presence and morphol-
ogy in space. Because more tissue information can poten-
tially be seen with transparent specimens, the importance of
optical clearing in deep-tissue microscopy has recently been
highlighted in neuroscience as well as in the imaging com-
munity. Work is proceeding on developing different clearing
reagents and to establish different target tissues, including
the gut and brain, to help understand the 3-D features of
tissue architectures [16–18, 20].

The revealed neurovascular morphology in the current
study supports the following three mechanisms, which may
be used individually or in combination to influence islet
hormone secretion in mice: (1) neurotransmitters are
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released and dispersed into the islet circulation through
vascularly attached varicosities to regulate downstream en-
docrine cells in response to activation of sympathetic nerves
(chemical stimulation/inhibition: indirect route); (2) while
passing through the arteriole, the volume of islet blood flow
is controlled by encircling sympathetic nerves to regulate
the islet hormones flowing into the body circulation (mechan-
ical modulation); and (3) because the peri-islet sympathetic
axons are close to the mouse alpha cells (Figs 2b and c) [35],
the sympathetic discharge could directly stimulate glucagon
secretion, as suggested by Rodriguez-Diaz et al (chemical
stimulation: direct route) [23].

In NOD mice, we have demonstrated remodelling of
peri-islet sympathetic innervation in early insulitis, which
is prior to the substantial loss of islet sympathetic nerves
under diabetic conditions in the same animals reported by
Taborsky et al [36]. Morphologically, our image data reveal
heterogeneity of the islet microenvironment in early insuli-
tis, which consists of a transition area with prominent sym-
pathetic nerves at the interface between the inflammatory
area and the normal islet domain. In the inflammatory area,
the vascular swelling/damage shown in Figs 4 and 5 indi-
cates an ongoing process of islet injury at the periphery
associated with lymphocytic invasion, which would be
expected to progress and lead to further tissue damage in
severe insulitis. Note that at the beginning of the autoim-
mune attack, although the islet volume is eroded, the overall
surface area of the islet actually increases—like an apple
with a bite taken out—creating more transition areas at the
boundary, which host the remodelled peri-islet sympathetic
nerves (pathophysiologically, the increase in islet surface
area creates additional lymphocyte–islet contacts for further
lymphocytic infiltration). The phenomenon balances the
loss of nerves in the damaged domain and is reflected in
the quantitative analysis shown in Table 1, in which the
islets of normal and NOD mice show no statistical difference
in sympathetic nerve density.

The maintenance of islet sympathetic nerve density in
early insulitis is also consistent with the functional data
reported in the study by Taborsky et al of NOD mice [36].
In the tyramine stimulation of the sympathetic nerves, the
non-diabetic group (age 18 weeks) maintained an active islet
response to increase glucagon secretion (260±32 ng/l in-
crease in plasma concentration); the level was comparable to
that of stimulated non-obese diabetes-resistant control mice
(170±24 ng/l; age 13 weeks) and significantly higher than
that of diabetic mice (145±23 ng/l; age 21 weeks). Seem-
ingly, other studies also indicate that the glucagon response
stays active early in STZ-induced diabetic animals [37, 38],
despite their loss of beta cells—one major contributor to the
glucagon response. Taken together, the morphologic and
functional data suggest that the plasticity of sympathetic
innervation is employed at the early phase of islet injury to

compensate for partial loss of the islet function. However,
this compensation cannot last long once the disease pro-
gresses to an advanced stage, with loss of sympathetic
nerves becoming obvious under diabetic conditions.

In summary, we applied deep-tissue imaging with optical
clearing to investigate islet sympathetic innervation in nor-
mal and diabetic mouse models. Prior to this research, tissue
opacity and a lack of labelling tools have hindered observa-
tions of the islet neurovascular complex. In this research, we
systematically built labelling and imaging methods to over-
come the technical hurdles. Our observations of perfusive
intra-islet, perivascular sympathetic innervation suggest that
the islet vasculature plays a role in mediating the sympa-
thetic discharge of islet hormone secretion. Future work will
be aimed at extending the new tool for 3-D imaging of
human islets, as well as mapping the parasympathetic nerves
and other neural components, including the glia and sensory
neurons, to examine islet innervation in health and diabetes
in an integrated fashion.
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