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The endocrine cells confined in the islets of Langerhans are responsible for the
maintenance of blood glucose homeostasis. In particular, beta cells produce and
secrete insulin, an essential hormone regulating glucose uptake and metabolism. An
insufficient amount of beta cells or defects in the molecular mechanisms leading to
glucose-induced insulin secretion trigger the development of diabetes, a severe disease
with epidemic spreading throughout the world. A comprehensive appreciation of the
diverse adaptive procedures regulating beta cell mass and function is thus of paramount
importance for the understanding of diabetes pathogenesis and for the development of
effective therapeutic strategies. While significant findings were obtained by the use of islets
isolated from the pancreas, in vitro studies are inherently limited since they lack the many
factors influencing pancreatic islet cell function in vivo and do not allow for longitudinal
monitoring of islet cell plasticity in the living organism. In this respect a number of imaging
methodologies have been developed over the years for the study of islets in situ in the
pancreas, a challenging task due to the relatively small size of the islets and their location,
scattered throughout the organ. To increase imaging resolution and allow for longitudinal
studies in individual islets, another strategy is based on the transplantation of islets into
other sites that are more accessible for imaging. In this review we present the anterior
chamber of the eye as a transplantation and imaging site for the study of pancreatic islet
cell plasticity, and summarize the major research outcomes facilitated by this
technological platform.

Keywords: pancreatic islet imaging, islet transplantation, anterior chamber of the eye, confocal microscopy, islet
cell plasticity, beta cell, islet imaging, novel imaging methods
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INTRODUCTION

Diabetes mellitus is presently affecting large and growing segments
of the population, especially the elderly, and represents a major
socio-economic hurdle (1, 2). Constitutively high blood glucose is a
symptom of this disease and causes a number of severe pathologies
in multiple organs and cell types. Under normal conditions plasma
insulin levels typically increase when blood glucose levels rise, and
insulin serves as a signal for tissues throughout the body to take up
glucose, thereby maintaining blood glucose levels within a narrow,
physiologically optimal window. In the majority of cases, diabetes
results from a progressive dysfunction in the supply of insulin
secreted from the beta cells within the pancreatic islets, caused either
by an insufficient number of these endocrine cells or by their failure
to release adequate amounts of insulin in response to an increase in
blood glucose concentration. In this respect it is necessary to further
investigate the fine mechanisms linking glucose sensing to insulin
release and how pancreatic islets can adapt to different
circumstances to cope with varying insulin demands.

A major challenge in the longitudinal studies of islets is
related to the fact that these small structures only represent
about 1.5% of the total volume of the pancreas (3). Additionally,
the pancreas itself is located deep in the abdomen between other
organs and therefore not easily accessible for in vivo functional
imaging. Although in vitro studies based on islets isolated from
the pancreas brought significant advances to the understanding
of islet biology, these are unfortunately inherently limited since
they lack the many factors influencing pancreatic islet cell
function in vivo, e.g. the effects of hormones secreted from a
crosstalk with other organs such as liver, adipose tissue, brain,
and gut (4, 5). Therefore, studies under the complex in vivo
conditions present in the living organism are primordial for the
longitudinal appreciation of islet function in health and disease.

A number of different advanced imaging techniques have
been developed over the years for the study of pancreatic islets,
with a particular focus on their ability to estimate beta cell mass,
ie. a volumetric measurement of insulin-positive cells (6). In
particular, magnetic resonance imaging (MRI), positron
emission tomography (PET), computer tomography (CT) and
bioluminescence imaging (BLI) are the main imaging modalities
used for in vivo noninvasive studies of islets in the pancreas.
However, while these techniques offer appropriate imaging
penetration for animal studies, they are still limited in terms of
sensitivity and resolution and often require additional labeling
for the detection of beta cells. Other techniques to image in situ
pancreatic islets at higher resolution include optical projection
tomography (OPT), light sheet fluorescence microscopy (LSFM),
optical coherence tomography (OCT) and confocal microscopy,
but require exteriorization or removal of the pancreas and
therefore are not suitable for longitudinal imaging at single
islet level. Alternatively, abdominal imaging windows have
been installed with the aim of imaging islets in situ without
delocalizing the pancreas (7, 8). While this solution allows for a
repetitive optical assessment of individual islets, the number of
imaging sessions is still limited and the procedure is technically
very challenging.

Due to difficulties in imaging islets longitudinally in the intact
pancreas, another strategy is based on transplantation of islets
into other sites that are more accessible for imaging. One
important aspect in this case, in addition to the possibility to
image the islets at high resolution, is the proper engraftment and
survival of transplanted islets. Revascularization and
reinnervation are indeed primordial factors determining the
outcome of islet transplantation due to their critical role in the
maintenance of islet functionality and survival (9-11). In
particular, intra-islet vessels require a fast formation for tissue
oxygenation, and furthermore their endothelial cells have been
shown to be involved in local interactions with beta cells that are
of particular importance for islet function (12).

Multiple sites have been explored for islet transplantation (13).
In particular the kidney subcapsular space, the spleen and the
portal vein have been widely used for the in vivo evaluation of islet
mass and function, albeit with varying levels of engraftment
success (14, 15) and of accessibility for high resolution imaging.
Another approach is based on the transplantation of pancreatic
islets into the anterior chamber of the eye (ACE). Because of its
optical and structural properties, the eye is optimally suited as a
natural body-window for non-invasive and longitudinal imaging
of single islet grafts and their vascularization. Islets transplanted
into the ACE have been shown to be functional and various
aspects of beta cell function and survival can be readily imaged in
this environment. Furthermore, imaging islets at this site can be
performed at relatively high speed and at resolutions allowing for
single cell functional investigations, essential requirements for the
assessment of beta cell heterogeneity and dynamics of intra-islet
cellular communications (16). In the following we will review
findings obtained by the use of the ACE as a transplantation/
imaging site for longitudinal in vivo appreciation of pancreatic
islet cell mass and function.

THE ACE AS A TRANSPLANTATION SITE
AND THE CORNEA AS A NATURAL BODY
WINDOW FOR IMAGING PANCREATIC
ISLET CELLS

The anterior chamber of the eye has been used as a
transplantation site for about 150 years (17) and was shown in
a number of studies to allow for the adequate engraftment of
tissues from various origins, such as heart, brain, muscle,
pituitary gland, liver, prostate, or tumors (18-23). The dense
vascular network in the iris is contributing to rapid
revascularization of the tissues (23, 24), providing essential
nutrients and oxygenation for graft survival. In particular,
pancreas tissue has been shown to benefit from proper survival
after transplantation into the ACE (24-27). First seen as a
convenient location for in vivo tissue culture and observation,
this transplantation site has since been combined with high
resolution microscopy for the assessment of islet morphology
and function at individual islet and single cell level (28, 29). In
addition to the benefits of this transplantation site for islet
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engraftment and imaging, the surgical procedure is particularly
straightforward and is not causing pain nor affecting the vision of
the recipient animal (30).

After their introduction into the ACE through a small
perforation in the cornea, the islets attach to the iris, initiating
their engraftment. A few days after transplantation,
revascularization of the tissue starts by the appearance of large
blood vessels, followed progressively by smaller capillaries (31).
Approximately 4 weeks after transplantation islet grafts are
completely vascularized and present a similar vascular density
as compared to islets in the pancreas (28). Interestingly, it has
been shown that the newly-formed vascular network originates
from the combination of endothelial cells still residing within the
transplanted islet and of endothelial cells emanating from the iris
(32). It is important to note that, even when using islets or
pseudoislets completely devoid of endothelial cells for
transplantation, capillaries emanating from revascularization
comprise fenestrations (32, 33), similar to those from islets in
the pancreas and required for the optimal transit of compounds
between endocrine cells and blood flow. The eye also benefits
from a dense innervation, contributing to the supply of
sympathetic and parasympathetic fibers to the transplanted
tissue (18). Reinnervation of islets starts within a few days and
reaches a plateau 3 months after transplantation, with a pattern
dictated by the transplanted islet (34). Thus both the innervation,
of importance for the modulation of insulin release (35), and the
connection of the islet grafts to blood circulation are occurring in
the ACE, a prerequisite for any comprehensive investigation of
islet biology.

There are basically two transplantation strategies, each giving
different information on islet function (Figure 1). Firstly, the
transplantation of a small number of islets, so-called “reporter
islets”, will serve to indicate the function of islets in the pancreas

without affecting overall blood glucose homeostasis. Secondly,
the transplantation of a large number of islets (“metabolic
transplantation”) into the ACE of mice rendered diabetic by
the destruction of their pancreatic beta cells will regulate overall
blood glucose homeostasis by secreting sufficient amounts of
insulin in response to high glycemic levels, thereby taking over
the role of islets in the pancreas. While the success of this latter
procedure depends on the number of transplanted islets (37), it is
interesting to note that only about 100 islets are required for
complete recovery of blood glucose handling. Both
transplantation strategies can be combined by the use of both
eyes for transplantation, increasing the possibilities for
scientific investigations.

A wide range of parameters related to islet function under
normal and pathological conditions can be investigated by the
use of the ACE as an in vivo transplantation/imaging platform
(see Table 1). To start with, information on the morphology of
the islet as well as its volume can be obtained by image
acquisition of light scattering from islet cells. Indeed, secretory
granules in beta cells are densely packed with crystallized insulin,
forming microscopic spherical mirrors that are major
contributors to the islet intrinsic scattering properties and
permit to obtain volumetric information at cellular resolution
without extrinsic labeling (39). Moreover, due to this biological
origin, the intensity of light scattering is thereby directly
indicative of insulin secretory capacity in islets. The recorded
signal will thus be diminished both in cases of hypersecretion
(36, 39) and of degranulation following autoimmune attack (53—
55), thereby giving valuable insights into the functional status of
transplanted islets.

Imaging strategies and probes for the investigation of cellular
function are being continuously developed, many of which can
be directly applied to the study of islet function in vivo after

in situ

optically accessible
“reporter islets”

STZ/DT-induced
beta cell damage

“metabolic transplantation” of islets

FIGURE 1 | Two transplantation strategies for in vivo study of pancreatic islet function and plasticity. (A) Various aspects of pancreatic islet function and morphology
have been shown to be mirrored in “reporter islets” in the eye (36). This illustrative example shows that changes occurring to the in situ pancreatic islets of an obese
mouse (right), for instance beta cell hyperplasia, are similarly occurring to the islets transplanted into the ACE. (B) Mice rendered hyperglycemic, e.g. by streptozotocin
(87) or diphteria toxin (38), can be recovered by “metabolic transplantation” of a large number of islets, taking over the function of damaged pancreatic islets.
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TABLE 1 | Morphological and functional parameters acquired in various studies
from islets transplanted into the ACE.

Parameters indicative of islet function and morphology References
Beta cell mass (36, 39-41)
Intra-islet vascular density and morphology (82, 42)
Blood flow dynamics (43)
Innervation (34)
Biochemical composition (44)
Beta cell-specific protein expression and localization (45)
Beta cell [Ca®*]; mobilization (33, 41, 46, 47)
NAD(P)H response (40, 48)
Insulin secretion status (39)
Beta cell insulin resistance (49)
Proteomic/metabolomic profile of islet microenvironment (50-52)
Autoimmune-induced damage (53-57)
Allorejection (51, 52, 58)
Cell death (38, 55, 59)

transplantation into the ACE. Many aspects, from glucose intake
to insulin secretion, can now be readily imaged at various
temporal resolutions (33, 39-41, 46-48). Probably the most
studied signal in the beta cell signaling pathway is the change
in cytoplasmic free Ca" concentrations ([Ca®*];), for its central
role in the secretion of insulin (60). This signal was first studied
in islets engrafted into the ACE after intraocular incubation with
a [Ca®"];-sensitive fluorescent dye prior to in vivo activation with
glibenclamide (28). Transgenic mice expressing genetically
encoded fluorescent [Ca®*]; indicators were later used to
record beta cell responses to intravenous administration of
glucose (41, 46, 47) and of vasopressin, an agonist for the beta
cell expressed V1b receptor (a G protein-coupled receptor,
GPCR) (33). Whereas the response to the GPCR agonist was
immediate, glucose initiated a slightly slower increase in [Ca*'];
that culminated about 50s after administration, followed by
smaller oscillating signals that gradually disappeared in parallel
to the subsequent decrease in blood glucose levels. These
experiments showcase how in vivo experiments take into
account the many factors (e.g. circulating glucose and
hormone levels) whose complexity cannot be faithfully
reproduced under in vitro conditions.

Although the ACE was previously thought to be an immune
privileged site (61), as aforementioned it has been shown that islets
could be subjected to autoimmune attack at this location (58).
Moreover, the infiltration of T lymphocytes into islet grafts is
supportive of the notion that the immune privilege is somehow
lost during the transplantation/engraftment procedure, and that
the ACE is well-suited for longitudinal in vivo studies of
autoimmunity and allograft rejection. This also implies that
rejection of islets originating from another genetic background/
species will occur in unmatched recipient mice, but this can be
circumvented by the use of immune-deficient mice. This is
particularly attractive for the study of human islets and thereby
for appreciating to which extent studies performed in rodents can
be translated to humans. For instance human islets indeed differ
from rodent islets in their endocrine cell content and architecture
(62, 63) as well as in their innervation pattern and density (64),
thereby displaying functional differences that can now be assessed

in vivo using the ACE platform (65, 66). Furthermore, the
possibility to study human islets longitudinally represents an
important asset in that it allows to evaluate short- and long-
term effects of pharmacological treatment strategies for diabetes.
This has been done for evaluating long-term effects of the beta cell
targeting antidiabetic drug liraglutide (65). In this study mice were
rendered diabetic by administration of streptozotocin (STZ),
followed by a “metabolic transplantation” of human islets. Mice
treated systemically with liraglutide returned to normoglycemic
levels in a shorter period of time than their controls, indicating a
beneficial short-term effect. However, upon prolonged treatment
the transplanted islets became dysfunctional, unable to maintain
sufficient insulin release to sustain normal glucose levels. These
findings indicate that an excessive stimulation of beta cells with
liraglutide leads to beta cell exhaustion and failure, which may be
of immediate relevance for the outcome of long-term treatment of
type 2 diabetes patients with this kind of drugs.

It is therefore possible to study in detail the effect of a
pharmacological treatment on beta cell function and survival by
systemic administration using this methodological platform.
Interestingly, due to the specific location of the transplanted
islets it is also possible to proceed with topical drug delivery,
targeting more directly the engrafted tissue. In particular,
compounds can be administrated locally by the application of
eye drops (66) or by the slow release of compounds from co-
transplanted micro-containers (67), thereby circumventing
potential systemic adverse effects and reducing the overall
treatment dosage. Finally, in addition to the advantages of using
the ACE for islet transplantation and assessment, this accessible
site can be used for analyzing compounds accumulating in the islet
micro-environment (50-52). Microliter-size aqueous samples can
be obtained in the immediate vicinity of the engrafted tissue,
allowing for the analysis of islet-related metabolites and proteins.
In particular, this strategy has been used with the aim to define
early predictive markers of type 1 diabetes by detecting changes in
the metabolic profile (50), and to predict the risk of allograft
rejection to allow for a timely therapeutic intervention (51, 52). As
a whole, these methodologies using the ACE platform are perfectly
suited for the study of islet plasticity in health and disease under in
vivo conditions.

LONGITUDINAL IMAGING OF
PANCREATIC ISLET CELL PLASTICITY:
VALIDATION STUDIES AND SCIENTIFIC
ADVANCES

Under various physiological circumstances islets can display a
certain degree of adaptation, for instance an increased demand
for insulin can lead to an increase in beta cell mass (68). The
modulation of beta cell function, either in some individual beta
cells within islets or in the entire population of beta cells, can also
serve as an adaptive biological mechanism of importance for the
maintenance of normoglycemia. Both physiological and
pathological states may cause changes in these adaptive
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mechanisms, which can lead to the incapacity in maintaining
normoglycemia and to the development of diabetes. One of the
major assets of the ACE as a transplantation/imaging platform is
to allow for the investigation of islet plasticity over a period of
several months, and thereby for the study of the diverse adaptive
procedures and circulating factors involved in the regulation of
beta cell mass and function.

Increase and Decrease in Beta Cell Mass
Longitudinal changes in beta cell mass have first been reported
for islets transplanted into the ACE of the ob/ob mouse model
(36). This mouse model lacks functional leptin and therefore its
uncontrolled appetite quickly leads to obesity. The study showed
that islets transplanted into the eye rapidly grow as a
consequence of beta cell hyperplasia, similarly to what has
been previously been reported for islets in their pancreas (69).
Islet volume doubled in a period of one month as a consequence
of beta cell proliferation, a result corroborating with the
impressive beta cell mass expansion seen in the pancreas by
OPT (70). Although the islets transplanted into the ACE cannot
fully represent the entire range of islets that are existing in the
pancreas, due to the different size distribution among isolated
islets as compared to in situ pancreatic islets (33, 59), we could
show that reporter islets in the ACE served as a representative
sample that displayed identical beta cell replication as compared
to in situ pancreatic islets. Also, the dilation of intra-islet blood
capillaries, suggested to be due to increased parasympathetic
innervation and endothelial nitric oxide production in ob/ob
mouse islets (71), was observed in the reporter islets.
Interestingly, both islet growth and enlarged capillaries were
shown to be dependent on the recipient mouse and not on the
origin of the transplanted islets, illustrating the importance of
circulating factors for these morphological phenotypes. In
addition, reporter islets in the ACE could be used to visualize
the efficiency of a treatment. For example, by daily
intraperitoneal injections of leptin, the appetite of ob/ob mice
was reduced and the growth of their islets was halted, both in the
ACE and in situ in the pancreas (36). Reporter islets were
similarly used in other studies for investigating changes in beta
cell mass when mice were fed a high fat diet (HFD) (40, 41).
Interestingly, islet growth was relatively modest under HFD-
induced prediabetes conditions (islet volumes were doubled after
a period of 4 month on HFD), and it was shown that the major
compensatory mechanism to cope with insulin resistance was a
change in islet function to increase insulin secretion from
individual beta cells (41).

A decrease in beta cell mass has also been documented with
islets transplanted into the ACE using various mouse models for
the study of diabetes. For instance, autoimmune destruction of
beta cells was assessed in the NOD mouse model, showing both
the infiltration of fluorescently-labelled immune cells and the
progressive and rapid destruction of islet cells following diabetes
onset (55). Interestingly, this study showed that during the short
pre-diabetes period, islet volumes were temporarily increased
and their scattering properties were five-fold reduced, indicative
of insulin hyper-secretion (39). These findings show that

reporter islets in the ACE allow for the early detection of the
pathogenesis of type 1 diabetes, with the potential to provide a
therapeutic intervention on a timely manner, before the full
development of diabetes. Beta cell ablation was also monitored in
other widely used mouse models for the study of diabetes and
hyperglycemia. The kinetics and extent of toxin-mediated beta
cell destruction were monitored both in the RIP-DTR (38) and in
the STZ-diabetic models (59), and validated by OPT image
analysis of islets in the pancreas. The destruction of islets in
the RIP-DTR mouse model was almost total after only a few
days, due to an immediate effect of the toxin fully occurring
during the day of administration and leading to the inhibition of
beta cell protein synthesis (72), and subsequently to beta cell
death. Interestingly, glucose handling started to be affected only 2
days after toxin administration despite a discontinuation in the
expression of all proteins required for glucose sensing/
metabolism and insulin granule secretion. This fact highlights
the over-capacity in terms of pancreatic islet function, displaying
a surprising functional reserve for the maintenance of blood
glucose levels. In mice rendered hyperglycemic by STZ, beta cell
mass was much less affected as compared to the RIP-DTR mouse
model. Beta cell ablation occurred mainly during the first week
after STZ administration, and mice became hyperglycemic with
more than half of their beta cell mass remaining (59). This study
demonstrated that STZ was mainly affecting the function of
pancreatic beta cells rather than beta cell mass. Interestingly,
when proceeding with a metabolic transplantation of islets into
the ACE following STZ-induced hyperglycemia, supporting the
remaining beta cells in the islets within the pancreas in their
efforts to regulate blood glucose homeostasis and thereby
reducing their metabolic stress, they partially recovered in
terms of function and maturity. Jointly, the results from this
study indicate that hyperglycemia in itself sustains a negative
feedback loop restraining the recovery of islet function, and
highlight the impressive plasticity of the endocrine pancreas,
even after STZ-induced damage (59).

Functional Plasticity of Pancreatic Islets

Although plasticity in beta cell function can be indirectly inferred
by the acquisition of physiological parameters, different
imageable indicators can be used to more specifically report on
beta cell function using islets engrafted into the ACE. For
instance in mice fed a HFD, beta cell [Ca®"]; dynamics were
monitored during the development of prediabetes by the use of
the GCaMP3 fluorescent indicator (41). In this study it was
shown that glucose-induced increase in beta cell [Ca®*']; was
already reduced after one week of HFD, and basal non-
stimulated levels of [Ca®']; were increased progressively to a
significant level two months after introduction of the diet.
Combined with longitudinal imaging of beta cell mass, these
results demonstrate that alterations in beta cell function and
efficacy in terms of glucose-induced insulin release prevail over
the increase in beta cell mass to compensate for insulin resistance
in HFD-induced prediabetes (41). This study further showed
that, after 4 months of HFD, beta cell [Ca*']; responses to
glucose could be reverted by refeeding mice a normal diet for 2
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weeks only, in parallel with a reversal of the prediabetes status.
Altogether these findings support the notion that beta cell
function should be the primary target for the treatment of
diet-induced diabetes rather than beta cell mass.

Glucose-induced [Ca**]; responses were later investigated at the
single beta cell level in islets transplanted into the ACE of ob/ob
mice (46). While intravenously injected glucose was shown to reach
all beta cells simultaneously, both in control and ob/ob mice, this
resulted in the activation of only about 20% beta cells in the
hyperglycemic ob/ob mouse as compared to about 80% in control
mice, at 2 months of age. In another study using islets transplanted
into the ACE, it was shown that the number of responding beta cells
depends on their connectivity within the islet, which under normal
conditions increases when glucose levels are elevated (47). This
implies that beta cells are less coordinated in ob/ob as compared to
control mice. Interestingly, the percentage of responding beta cells
increased over time and became identical to control mice when they
reached 10 months of age (46). These findings illustrate the
functional plasticity occurring in islets of the ob/ob mouse over
time, and how reporter islets in the ACE allow for the investigation
of beta cell functional heterogeneity at single islet level.

Although beta cell connectivity was increased in the 10-
month-old ob/ob mice, not all aspects of their islet function
were improved. Indeed, it was shown using vibrational
microscopy and multivariate analysis, that reporter islets
transplanted into the ACE of ob/ob mice had a higher content
of collagen (44). This technique allows to register changes in the
chemical composition of tissues and in this case reported on an
increase in blood vessel fibrosis in ob/ob mouse islets. Electron
microscopy studies confirmed the strong deposit of collagen
fibers surrounding intra-islet endothelial cells, both in islets in
the pancreas and in islets engrafted into the ACE. Fibrosis of islet
blood vessels has been similarly detected in old mice by ex vivo
analysis of islets transplanted into the ACE (31), altogether
pointing to a natural, progressive and irreversible increase of
fibrosis over time that is exacerbated by diabetic conditions.

DISCUSSION

Over the years, in vivo imaging of islets transplanted into the ACE
has proven to be a remarkably valuable tool for the study of
pancreatic islet biology and plasticity. Despite the numerous
scientific findings obtained from its use, a few limitations have
however to be acknowledged. First and foremost, islets engrafted
into the ACE might not reflect in all respects the function and
plasticity of islets in situ in the pancreas, simply due to their different
location. For instance, even though engrafted islets are properly
innervated both by sympathetic and parasympathetic neurons, they
likely are not connected by circuits emanating from the
hypothalamic regions as is the case for in situ pancreatic islets
(73). The potentiating effect of light on insulin secretion from islets
engrafted into the ACE (34) is indicative of connections from the
grafts to the visual cortex instead, as demonstrated for other tissues
engrafted into the ACE (18). Also, the relative location of the

engrafted islets with regard to other organs contributing to blood
glucose homeostasis is different from that of islets in the pancreas,
which may have functional implications. For example, while the
liver is the first organ exposed to insulin released from islets in the
pancreas and is the main contributor to insulin clearance (74-77),
insulin released from engrafted islets will first encounter other
organs before reaching the liver at a progressively diminished
concentration. Although it would imply that islets transplanted
into the ACE might not utterly mirror in situ pancreatic islets in
their functionality, this very fact can potentially shed light on the
importance of a stepwise presentation of insulin at different
concentrations to different organs for the normal function of the
endocrine pancreas. In this respect, it is interesting to note that only
about 100 islets are required to be transplanted into the ACE of a
mouse devoid of functional in situ pancreatic islets (37, 59, 66),
which suggests a seemingly more efficient insulin signaling between
engrafted islets and peripheral organs. Finally, potential endocrine-
exocrine interactions in the pancreas, of beneficial or detrimental
nature for islet function, will not apply to islets transplanted into the
ACE. It is therefore of importance to keep these differences in mind
when studying islets engrafted into the ACE, and possibly even
make use of these to reveal specific aspects related to the function of
in situ pancreatic islets and to inter-organ communication in health
and disease.

Contrasting to the use of the ACE to study transplanted islets
as “reporters”, mirroring as accurately as possible pancreatic islet
function and plasticity, the ACE can also be a valuable
transplantation site to investigate in detail the role of specific
genes and signaling pathways on islet function. For instance, islet-
expressed ApoCIII was shown by longitudinal in vivo imaging and
ex vivo functional assessment to have a major role in islet growth
and signaling (48). Also, transplantation of islets from different
species (mouse, human, monkey) into the ACE of mice revealed
that intra-islet paracrine interactions are major determinants of
the resting glycemic set point in vivo (66). The accumulation of
such discoveries can serve as the basis for the establishment of all
fundamental parameters required for proper islet function.
Moreover, and in addition to establishing this optimal
repertoire, a further possible “enhancement” of islet function
could prove to be beneficial for future clinical transplantation,
which suffer to this day from poor islet quality and survival (78).
This transplantation and imaging platform has indeed already
been successfully used to assess functional enhancement of
synthetically engineered islet-derived pseudoislets (33). It could
similarly be used in the relatively near future to study potentially
beneficial effects of modifying GPCR signaling pathways and/or
intra-islet paracrine interactions (79), incorporating supporting
structures or accessory cells in islets (80), or using stem cells as a
new source of mature islet cells (81-83), altogether supporting the
development of promising strategies to improve the outcome of
clinical transplantations. In conclusion, the ACE has been a
remarkable research platform that is being adopted by an
increasing number of scientists for the study of islet function
and survival, and without doubt will continue to support novel
findings in the field of islet biology and innovative therapeutic
approaches for diabetes treatment.

Frontiers in Endocrinology | www.frontiersin.org

April 2021 | Volume 12 | Article 652853


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

llegems and Berggren

Imaging Islet Plasticity Through the Eye

AUTHOR CONTRIBUTIONS

EI wrote the review article. P-OB revised and edited the review
article. All authors contributed to the article and approved the
submitted version.

FUNDING

Own work discussed in this review was supported by funding
from Karolinska Institutet, the Strategic Research Program in

REFERENCES

1. World Health Organization G. Global status report on noncommunicable
diseases 2010. (2011). Geneva, Switzerland:World Health Organization

2. Mathers CD, Loncar D. Projections of global mortality and burden of disease
from 2002 to 2030. PloS Med (2006) 3(11):e442. doi: 10.1371/
journal.pmed.0030442

3. Bonner-Weir S. Anatomy of the islet of Langerhans. In: E Samols, editor. The
Endocrine Pancreas. New York: Raven Press (1991). p. 15-27.

4. Shirakawa ], De Jesus DF, Kulkarni RN. Exploring inter-organ crosstalk to
uncover mechanisms that regulate beta-cell function and mass. Eur J Clin
Nutr (2017) 71(7):896-903. doi: 10.1038/ejcn.2017.13

5. Tanabe K, Amo-Shiinoki K, Hatanaka M, Tanizawa Y. Interorgan Crosstalk
Contributing to beta-Cell Dysfunction. J Diabetes Res (2017) 2017:3605178.
doi: 10.1155/2017/3605178

6. Ahlgren U, Gotthardt M. Approaches for imaging islets: recent advances and
future prospects. Adv Exp Med Biol (2010) 654:39-57. doi: 10.1007/978-90-
481-3271-3_3

7. Ritsma L, Steller EJ, Ellenbroek SI, Kranenburg O, Borel Rinkes IH, van Rheenen J.
Surgical implantation of an abdominal imaging window for intravital microscopy.
Nat Protoc (2013) 8(3):583-94. doi: 10.1038/nprot.2013.026

8. Park I, Hong S, Hwang Y, Kim P. A Novel Pancreatic Imaging Window for
Stabilized Longitudinal In Vivo Observation of Pancreatic Islets in Murine
Model. Diabetes Metab ] (2020) 44(1):193-8. doi: 10.4093/dmj.2018.0268

9. Andersson A, Carlsson PO, Carlsson C, Olsson R, Nordin A, Johansson M,
et al. Promoting islet cell function after transplantation. Cell Biochem Biophys
(2004) 40(3 Suppl):55-64. doi: 10.1385/CBB:40:3:55

10. Korsgren O, Jansson L, Andersson A, Sundler F. Reinnervation of
transplanted pancreatic islets. A comparison among islets implanted into
the kidney, spleen, and liver. Transplantation (1993) 56(1):138-43. doi:
10.1097/00007890-199307000-00026

11. Jansson L, Carlsson PO. Graft vascular function after transplantation of pancreatic
islets. Diabetologia (2002) 45(6):749-63. doi: 10.1007/s00125-002-0827-4

12. Mazier W, Cota D. Islet Endothelial Cell: Friend and Foe. Endocrinology
(2017) 158(2):226-8. doi: 10.1210/en.2016-1925

13. van der Windt DJ, Echeverri GJ, Ijzermans JNM, Cooper DKC. The Choice of
Anatomical Site for Islet Transplantation. Cell Transpl (2008) 17(9):1005-14.
doi: 10.3727/096368908786991515

14. Kim HI, Yu JE, Park CG, Kim SJ. Comparison of four pancreatic islet
implantation sites. J Korean Med Sci (2010) 25(2):203-10. doi: 10.3346/
jkms.2010.25.2.203

15. Stokes RA, Cheng K, Lalwani A, Swarbrick MM, Thomas HE, Loudovaris T,
et al. Transplantation sites for human and murine islets. Diabetologia (2017)
60(10):1961-71. doi: 10.1007/s00125-017-4362-8

16. Nasteska D, Hodson DJ. The role of beta cell heterogeneity in islet function
and insulin release. ] Mol Endocrinol (2018) 61(1):R43-60. doi: 10.1530/JME-
18-0011

17. Dooremaal JC. Die Entwickelung der in fremden Grund versetzten lebenden
Gewebe. Albrecht von Greefe’s Archiv fiir Ophthalmol (1873) 19(3):359-73.
doi: 10.1007/BF01693910

18. Taylor D, Seiger A, Freedman R, Olson L, Hoffer B. Electrophysiological
analysis reinnervation of transplants in the anterior chamber of the eye by the

Diabetes at Karolinska Institutet, the Swedish Research
Council, the Novo Nordisk Foundation, the Swedish
Diabetes Association, the Family Knut and Alice Wallenberg
Foundation, Diabetes Research and Wellness Foundation, the
Stichting af Jochnick Foundation, the Family Erling-Persson
Foundation, Berth von Kantzow’s Foundation, ERC-2018-
AdG 834860 EYELETS, the European Union’s Seventh
Framework Programme under grant agreements No 289932
and 613879, and the European Diabetes Research Programme
in Cellular Plasticity Underlying the Pathophysiology of Type
2 Diabetes.

autonomic ground plexus of the iris. Proc Natl Acad Sci U S A (1978) 75
(2):1009-12. doi: 10.1073/pnas.75.2.1009

19. Malmfors T, Furness JB, Campbell GR, Burnstock G. Re-innervation
of smooth muscle of the vas deferens transplanted into the anterior
chamber of the eye. ] Neurobiol (1971) 2(3):193-207. doi: 10.1002/neu.
480020302

20. Haterius H, Schweizer M, Charipper H. Anterior pituitary. III. Observations
on the persistence of hypophyseal transplants in the anterior eye chamber.
Endocrinology (1935) 19(6):673-81. doi: 10.1210/endo-19-6-673

21. Bock J, Popper H. Uber Lebertransplantation in die Vorderkammer des
Auges. Virchows Arch Path Anat (1937) 299:219-34. doi: 10.1007/
BF02084471

22. Benjamin J, Belt E, Krichesky B. Total Prostatectomy in the Rabbit and
Intraocular Transplantation of Prostatic Tissue: Anatomic-Surgical
Procedure. ] Urol (1940) 44(1):109-15. doi: 10.1016/S0022-5347(17)71250-5

23. Morris DS, Mc DJ, Mann FC. Intra-ocular transplantation of heterologous
tissues. Cancer Res (1950) 10(1):36-48.

24. Hultquist GT. The ultrastructure of pancreatic tissue from duct-ligated rats
implanted into anterior chamber of rat eyes. Ups ] Med Sci (1972) 77(1):8-18.
doi: 10.1517/03009734000000002

25. Browning H, Resnik P. Homologous and heterologous transplantation of pancreatic
tissue in normal and diabetic mice. Yale ] Biol Med (1951) 24(2):140-52.

26. Adeghate E, Donath T. Morphological findings in long-term pancreatic tissue
transplants in the anterior eye chamber of rats. Pancreas (1990) 5(3):298-305.
doi: 10.1097/00006676-199005000-00009

27. Adeghate E. Host-graft circulation and vascular morphology in pancreatic
tissue transplants in rats. Anat Rec (1998) 251(4):448-59. doi: 10.1002/(SICI)
1097-0185(199808)251:4<448::AID-AR4>3.0.CO;2-O

28. Speier S, Nyqvist D, Cabrera O, Yu ], Molano RD, Pileggi A, et al. Noninvasive
in vivo imaging of pancreatic islet cell biology. Nat Med (2008) 14(5):574-8.
doi: 10.1038/nm1701

29. Yang S-N, Berggren P-O. The eye as a novel imaging site in diabetes
research. Pharmacol Ther (2019) 197:103-21. doi: 10.1016/j.pharmthera.
2019.01.005

30. Speier S, Nyqvist D, Kohler M, Caicedo A, Leibiger IB, Berggren PO.
Noninvasive high-resolution in vivo imaging of cell biology in the anterior
chamber of the mouse eye. Nat Protoc (2008) 3(8):1278-86. doi: 10.1038/
nprot.2008.118

31. Almaca ], Molina J, Arrojo EDR, Abdulreda MH, Jeon WB, Berggren PO, et al.
Young capillary vessels rejuvenate aged pancreatic islets. Proc Natl Acad Sci
USA. (2014) 111(49):17612-7. doi: 10.1073/pnas.1414053111

32. Nyqvist D, Speier S, Rodriguez-Diaz R, Molano RD, Lipovsek S, Rupnik M,
et al. Donor islet endothelial cells in pancreatic islet revascularization. Diabetes
(2011) 60(10):2571-7. doi: 10.2337/db10-1711

33. van Krieken PP, Voznesenskaya A, Dicker A, Xiong Y, Park JH, Lee JI, et al.
Translational assessment of a genetic engineering methodology to improve
islet function for transplantation. EBioMedicine (2019) 45:529-41. doi:
10.1016/j.ebiom.2019.06.045

34. Rodriguez-Diaz R, Speier S, Molano RD, Formoso A, Gans I, Abdulreda MH,
et al. Noninvasive in vivo model demonstrating the effects of autonomic
innervation on pancreatic islet function. Proc Natl Acad Sci USA (2012) 109
(52):21456-61. doi: 10.1073/pnas.1211659110

Frontiers in Endocrinology | www.frontiersin.org

April 2021 | Volume 12 | Article 652853


https://doi.org/10.1371/journal.pmed.0030442
https://doi.org/10.1371/journal.pmed.0030442
https://doi.org/10.1038/ejcn.2017.13
https://doi.org/10.1155/2017/3605178
https://doi.org/10.1007/978-90-481-3271-3_3
https://doi.org/10.1007/978-90-481-3271-3_3
https://doi.org/10.1038/nprot.2013.026
https://doi.org/10.4093/dmj.2018.0268
https://doi.org/10.1385/CBB:40:3:55
https://doi.org/10.1097/00007890-199307000-00026
https://doi.org/10.1007/s00125-002-0827-4
https://doi.org/10.1210/en.2016-1925
https://doi.org/10.3727/096368908786991515
https://doi.org/10.3346/jkms.2010.25.2.203
https://doi.org/10.3346/jkms.2010.25.2.203
https://doi.org/10.1007/s00125-017-4362-8
https://doi.org/10.1530/JME-18-0011
https://doi.org/10.1530/JME-18-0011
https://doi.org/10.1007/BF01693910
https://doi.org/10.1073/pnas.75.2.1009
https://doi.org/10.1002/neu.480020302
https://doi.org/10.1002/neu.480020302
https://doi.org/10.1210/endo-19-6-673
https://doi.org/10.1007/BF02084471
https://doi.org/10.1007/BF02084471
https://doi.org/10.1016/S0022-5347(17)71250-5
https://doi.org/10.1517/03009734000000002
https://doi.org/10.1097/00006676-199005000-00009
https://doi.org/10.1002/(SICI)1097-0185(199808)251:4%3C448::AID-AR4%3E3.0.CO;2-O
https://doi.org/10.1002/(SICI)1097-0185(199808)251:4%3C448::AID-AR4%3E3.0.CO;2-O
https://doi.org/10.1038/nm1701
https://doi.org/10.1016/j.pharmthera.2019.01.005
https://doi.org/10.1016/j.pharmthera.2019.01.005
https://doi.org/10.1038/nprot.2008.118
https://doi.org/10.1038/nprot.2008.118
https://doi.org/10.1073/pnas.1414053111
https://doi.org/10.2337/db10-1711
https://doi.org/10.1016/j.ebiom.2019.06.045
https://doi.org/10.1073/pnas.1211659110
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

llegems and Berggren

Imaging Islet Plasticity Through the Eye

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Ahren B. Autonomic regulation of islet hormone secretion-implications for
health and disease. Diabetologia (2000) 43(4):393-410. doi: 10.1007/
5001250051322

Ilegems E, Dicker A, Speier S, Sharma A, Bahow A, Edlund PK, et al. Reporter
islets in the eye reveal the plasticity of the endocrine pancreas. Proc Natl Acad
Sci USA (2013) 110(51):20581-6. doi: 10.1073/pnas.1313696110

Mojibian M, Harder B, Hurlburt A, Bruin JE, Asadi A, Kieffer TJ. Implanted
islets in the anterior chamber of the eye are prone to autoimmune attack in a
mouse model of diabetes. Diabetologia (2013) 56(10):2213-21. doi: 10.1007/
s00125-013-3004-z

van Krieken PP, Dicker A, Eriksson M, Herrera PL, Ahlgren U, Berggren PO,
et al. Kinetics of functional beta cell mass decay in a diphtheria toxin receptor
mouse model of diabetes. Sci Rep (2017) 7(1):12440. doi: 10.1038/s41598-017-
12124-w

Ilegems E, van Krieken PP, Edlund PK, Dicker A, Alanentalo T, Eriksson M,
et al. Light scattering as an intrinsic indicator for pancreatic islet cell mass and
secretion. Sci Rep (2015) 5(1):10740. doi: 10.1038/srep10740

Li G, Wu B, Ward MG, Chong AC, Mukherjee S, Chen S, et al.
Multifunctional in vivo imaging of pancreatic islets during diabetes
development. J Cell Sci (2016) 129(14):2865-75. doi: 10.1242/jcs.190843
Chen C, Chmelova H, Cohrs CM, Chouinard JA, Jahn SR, Stertmann J, et al.
Alterations in beta-Cell Calcium Dynamics and Efficacy Outweigh Islet Mass
Adaptation in Compensation of Insulin Resistance and Prediabetes Onset.
Diabetes (2016) 65(9):2676-85. doi: 10.2337/db15-1718

Xiong Y, Scerbo MJ, Seelig A, Volta F, O’'Brien N, Dicker A, et al. Islet
vascularization is regulated by primary endothelial cilia via VEGF-A-
dependent signaling. Elife (2020) 9:56914. doi: 10.7554/eLife.56914

Berclaz C, Szlag D, Nguyen D, Extermann J, Bouwens A, Marchand PJ, et al.
Label-free fast 3D coherent imaging reveals pancreatic islet micro-
vascularization and dynamic blood flow. BioMed Opt Express (2016) 7
(11):4569-80. doi: 10.1364/BOE.7.004569

Nord C, Eriksson M, Dicker A, Eriksson A, Grong E, Ilegems E, et al.
Biochemical profiling of diabetes disease progression by multivariate
vibrational microspectroscopy of the pancreas. Sci Rep (2017) 7(1):6646.
doi: 10.1038/s41598-017-07015-z

Saunders DC, Brissova M, Phillips N, Shrestha S, Walker JT, Aramandla R,
et al. Ectonucleoside Triphosphate Diphosphohydrolase-3 Antibody Targets
Adult Human Pancreatic beta Cells for In Vitro and In Vivo Analysis. Cell
Metab (2019) 29(3):745-54.e4. doi: 10.1016/j.cmet.2018.10.007

Jacob S, Kohler M, Troster P, Visa M, Garcia-Prieto CF, Alanentalo T, et al. In
vivo Ca(2+) dynamics in single pancreatic beta cells. FASEB ] (2020) 34
(1):945-59. doi: 10.1096/j.201901302RR

Salem V, Silva LD, Suba K, Georgiadou E, Neda Mousavy Gharavy S, Akhtar
N, et al. Leader beta-cells coordinate Ca(2+) dynamics across pancreatic islets
in vivo. Nat Metab (2019) 1(6):615-29. doi: 10.1038/s42255-019-0075-2
Avall K, Ali Y, Leibiger IB, Leibiger B, Moede T, Paschen M, et al.
Apolipoprotein CIII links islet insulin resistance to beta-cell failure in
diabetes. Proc Natl Acad Sci USA (2015) 112(20):E2611-9. doi: 10.1073/
pnas.1423849112

Paschen M, Moede T, Valladolid-Acebes I, Leibiger B, Moruzzi N, Jacob S,
et al. Diet-induced beta-cell insulin resistance results in reversible loss of
functional beta-cell mass. FASEB ] (2019) 33(1):204-18. doi: 10.1096/
£j.201800826R

Alcazar O, Hernandez LF, Tschiggfrie A, Muehlbauer MJ, Bain JR,
Buchwald P, et al. Feasibility of Localized Metabolomics in the Study of
Pancreatic Islets and Diabetes. Metabolites (2019) 9(10):207. doi: 10.3390/
metabo9100207

Alcazar O, Hernandez LF, Nakayasu ES, Piehowski PD, Ansong C, Abdulreda
MH, et al. Longitudinal proteomics analysis in the immediate
microenvironment of islet allografts during progression of rejection.
J Proteomics (2020) 223:103826. doi: 10.1016/j.jprot.2020.103826

Ceballos GA, Hernandez LF, Paredes D, Betancourt LR, Abdulreda MH. A
machine learning approach to predict pancreatic islet grafts rejection
versus tolerance. PloS One (2020) 15(11):e0241925. doi: 10.1371/
journal.pone.0241925

Chmelova H, Cohrs CM, Chouinard JA, Petzold C, Kuhn M, Chen C, et al.
Distinct roles of beta-cell mass and function during type 1 diabetes onset and
remission. Diabetes (2015) 64(6):2148-60. doi: 10.2337/db14-1055

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Berclaz C, Schmidt-Christensen A, Szlag D, Extermann ], Hansen L, Bouwens
A, et al. Longitudinal three-dimensional visualisation of autoimmune diabetes
by functional optical coherence imaging. Diabetologia (2016) 59(3):550-9.
doi: 10.1007/s00125-015-3819-x

Abdulreda MH, Molano RD, Faleo G, Lopez-Cabezas M, Shishido A, Ulissi U,
et al. In vivo imaging of type 1 diabetes immunopathology using eye-
transplanted islets in NOD mice. Diabetologia (2019) 62(7):1237-50. doi:
10.1007/s00125-019-4879-0

Miska J, Abdulreda MH, Devarajan P, Lui JB, Suzuki ], Pileggi A, et al. Real-
time immune cell interactions in target tissue during autoimmune-induced
damage and graft tolerance. J Exp Med (2014) 211(3):441-56. doi: 10.1084/
jem.20130785

Schmidt-Christensen A, Hansen L, Ilegems E, Fransen-Pettersson N, Dahl U,
Gupta S, et al. Imaging dynamics of CD11c(+) cells and Foxp3(+) cells in
progressive autoimmune insulitis in the NOD mouse model of type 1 diabetes.
Diabetologia (2013) 56(12):2669-78. doi: 10.1007/s00125-013-3024-8
Abdulreda MH, Faleo G, Molano RD, Lopez-Cabezas M, Molina J, Tan Y,
et al. High-resolution, noninvasive longitudinal live imaging of immune
responses. Proc Natl Acad Sci USA (2011) 108(31):12863-8. doi: 10.1073/
pnas.1105002108

Hahn M, van Krieken PP, Nord C, Alanentalo T, Morini F, Xiong Y, et al.
Topologically selective islet vulnerability and self-sustained downregulation of
markers for beta-cell maturity in streptozotocin-induced diabetes. Commun
Biol (2020) 3(1):541. doi: 10.1038/s42003-020-01243-2

Henquin JC, Ravier MA, Nenquin M, Jonas JC, Gilon P. Hierarchy of the beta-
cell signals controlling insulin secretion. Eur J Clin Invest (2003) 33(9):742-50.
doi: 10.1046/j.1365-2362.2003.01207.x

Taylor AW. Ocular immune privilege. Eye (Lond) (2009) 23(10):1885-9. doi:
10.1038/eye.2008.382

Cabrera O, Berman DM, Kenyon NS, Ricordi C, Berggren PO, Caicedo A. The
unique cytoarchitecture of human pancreatic islets has implications for islet
cell function. Proc Natl Acad Sci U S A (2006) 103(7):2334-9. doi: 10.1073/
pnas.0510790103

Steiner DJ, Kim A, Miller K, Hara M. Pancreatic islet plasticity Interspecies
comparison of islet architecture and composition. Islets (2010) 2(3):135-45.
doi: 10.4161/is1.2.3.11815

Rodriguez-Diaz R, Abdulreda MH, Formoso AL, Gans I, Ricordi C, Berggren
PO, et al. Innervation patterns of autonomic axons in the human
endocrine pancreas. Cell Metab (2011) 14(1):45-54. doi: 10.1016/
j.cmet.2011.05.008

Abdulreda MH, Rodriguez-Diaz R, Caicedo A, Berggren PO. Liraglutide
Compromises Pancreatic beta Cell Function in a Humanized Mouse Model.
Cell Metab (2016) 23(3):541-6. doi: 10.1016/j.cmet.2016.01.009
Rodriguez-Diaz R, Molano RD, Weitz JR, Abdulreda MH, Berman DM,
Leibiger B, et al. Paracrine Interactions within the Pancreatic Islet Determine
the Glycemic Set Point. Cell Metab (2018) 27(3):549-58.e4. doi: 10.1016/
j.cmet.2018.01.015

Fan Y, Zheng X, Ali Y, Berggren PO, Loo SCJ. Local release of rapamycin by
microparticles delays islet rejection within the anterior chamber of the eye. Sci
Rep (2019) 9(1):3918. doi: 10.1038/541598-019-40404-0

Collombat P, Xu X, Heimberg H, Mansouri A. Pancreatic beta-cells: from
generation to regeneration. Semin Cell Dev Biol (2010) 21(8):838-44. doi:
10.1016/j.semcdb.2010.07.007

Wrenshall GA, Andrus SB, Mayer J. High levels of pancreatic insulin
coexistent with hyperplasia and degranulation of beta cells in mice with the
hereditary obese-hyperglycemic syndrome. Endocrinology (1955) 56(3):335-
40. doi: 10.1210/endo-56-3-335

Parween S, Kostromina E, Nord C, Eriksson M, Lindstrom P, Ahlgren U.
Intra-islet lesions and lobular variations in beta-cell mass expansion in ob/ob
mice revealed by 3D imaging of intact pancreas. Sci Rep (2016) 6:34885. doi:
10.1038/srep34885

Dai C, Brissova M, Reinert RB, Nyman L, Liu EH, Thompson C, et al.
Pancreatic islet vasculature adapts to insulin resistance through dilation
and not angiogenesis. Diabetes (2013) 62(12):4144-53. doi: 10.2337/db12-
1657

Yamaizumi M, Mekada E, Uchida T, Okada Y. One molecule of diphtheria
toxin fragment A introduced into a cell can kill the cell. Cell (1978) 15(1):245-
50. doi: 10.1016/0092-8674(78)90099-5

Frontiers in Endocrinology | www.frontiersin.org

April 2021 | Volume 12 | Article 652853


https://doi.org/10.1007/s001250051322
https://doi.org/10.1007/s001250051322
https://doi.org/10.1073/pnas.1313696110
https://doi.org/10.1007/s00125-013-3004-z
https://doi.org/10.1007/s00125-013-3004-z
https://doi.org/10.1038/s41598-017-12124-w
https://doi.org/10.1038/s41598-017-12124-w
https://doi.org/10.1038/srep10740
https://doi.org/10.1242/jcs.190843
https://doi.org/10.2337/db15-1718
https://doi.org/10.7554/eLife.56914
https://doi.org/10.1364/BOE.7.004569
https://doi.org/10.1038/s41598-017-07015-z
https://doi.org/10.1016/j.cmet.2018.10.007
https://doi.org/10.1096/fj.201901302RR
https://doi.org/10.1038/s42255-019-0075-2
https://doi.org/10.1073/pnas.1423849112
https://doi.org/10.1073/pnas.1423849112
https://doi.org/10.1096/fj.201800826R
https://doi.org/10.1096/fj.201800826R
https://doi.org/10.3390/metabo9100207
https://doi.org/10.3390/metabo9100207
https://doi.org/10.1016/j.jprot.2020.103826
https://doi.org/10.1371/journal.pone.0241925
https://doi.org/10.1371/journal.pone.0241925
https://doi.org/10.2337/db14-1055
https://doi.org/10.1007/s00125-015-3819-x
https://doi.org/10.1007/s00125-019-4879-0
https://doi.org/10.1084/jem.20130785
https://doi.org/10.1084/jem.20130785
https://doi.org/10.1007/s00125-013-3024-8
https://doi.org/10.1073/pnas.1105002108
https://doi.org/10.1073/pnas.1105002108
https://doi.org/10.1038/s42003-020-01243-2
https://doi.org/10.1046/j.1365-2362.2003.01207.x
https://doi.org/10.1038/eye.2008.382
https://doi.org/10.1073/pnas.0510790103
https://doi.org/10.1073/pnas.0510790103
https://doi.org/10.4161/isl.2.3.11815
https://doi.org/10.1016/j.cmet.2011.05.008
https://doi.org/10.1016/j.cmet.2011.05.008
https://doi.org/10.1016/j.cmet.2016.01.009
https://doi.org/10.1016/j.cmet.2018.01.015
https://doi.org/10.1016/j.cmet.2018.01.015
https://doi.org/10.1038/s41598-019-40404-0
https://doi.org/10.1016/j.semcdb.2010.07.007
https://doi.org/10.1210/endo-56-3-335
https://doi.org/10.1038/srep34885
https://doi.org/10.2337/db12-1657
https://doi.org/10.2337/db12-1657
https://doi.org/10.1016/0092-8674(78)90099-5
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

llegems and Berggren

Imaging Islet Plasticity Through the Eye

73.

74.

75.

76.

77.

78.

79.

Rosario W, Singh I, Wautlet A, Patterson C, Flak J, Becker TC, et al. The
Brain-to-Pancreatic Islet Neuronal Map Reveals Differential Glucose
Regulation From Distinct Hypothalamic Regions. Diabetes (2016) 65
(9):2711-23. doi: 10.2337/db15-0629

Asare-Bediako I, Paszkiewicz RL, Kim SP, Woolcott OO, Kolka CM, Burch
MA, et al. Variability of Directly Measured First-Pass Hepatic Insulin
Extraction and Its Association With Insulin Sensitivity and Plasma Insulin.
Diabetes (2018) 67(8):1495-503. doi: 10.2337/db17-1520

Kryshak EJ, Butler PC, Marsh C, Miller A, Barr D, Polonsky K, et al. Pattern of
postprandial carbohydrate metabolism and effects of portal and peripheral
insulin delivery. Diabetes (1990) 39(2):142-8. doi: 10.2337/diabetes.39.2.142
Najjar SM, Perdomo G. Hepatic Insulin Clearance: Mechanism and Physiology.
Physiol (Bethesda) (2019) 34(3):198-215. doi: 10.1152/physiol.00048.2018
Polonsky KS, Given BD, Hirsch L, Shapiro ET, Tillil H, Beebe C, et al.
Quantitative study of insulin secretion and clearance in normal and obese
subjects. J Clin Invest (1988) 81(2):435-41. doi: 10.1172/JCI113338

Barton FB, Rickels MR, Alejandro R, Hering BJ, Wease S, Naziruddin B, et al.
Improvement in outcomes of clinical islet transplantation: 1999-2010.
Diabetes Care (2012) 35(7):1436-45. doi: 10.2337/dc12-0063

Kato I, Suzuki Y, Akabane A, Yonekura H, Tanaka O, Kondo H, et al.
Enhancement of glucose-induced insulin secretion in transgenic mice
overexpressing human VIP gene in pancreatic beta cells. Ann N Y Acad Sci
(1996) 805(1):232-42; discussion 42-3. doi: 10.1111/j.1749-6632.1996.tb17486.x

80.

81.

82.

83.

Staels W, De Groef S, Heremans Y, Coppens V, Van Gassen N, Leuckx G, et al.
Accessory cells for beta-cell transplantation. Diabetes Obes Metab (2016) 18
(2):115-24. doi: 10.1111/dom.12556

Kroon E, Martinson LA, Kadoya K, Bang AG, Kelly OG, Eliazer S, et al.
Pancreatic endoderm derived from human embryonic stem cells generates
glucose-responsive insulin-secreting cells in vivo. Nat Biotechnol (2008) 26
(4):443-52. doi: 10.1038/nbt1393

Pagliuca FW, Millman JR, Gurtler M, Segel M, Van Dervort A, Ryu JH, et al.
Generation of functional human pancreatic beta cells in vitro. Cell (2014) 159
(2):428-39. doi: 10.1016/j.cell.2014.09.040

Millman JR, Xie C, Van Dervort A, Gurtler M, Pagliuca FW, Melton DA.
Generation of stem cell-derived beta-cells from patients with type 1 diabetes.
Nat Commun (2016) 7:11463. doi: 10.1038/ncomms11463

Conflict of Interest: P-OB is founder and CEO of Biocrine AB. El is consultant for
Biocrine AB.

Copyright © 2021 Ilegems and Berggren. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

April 2021 | Volume 12 | Article 652853


https://doi.org/10.2337/db15-0629
https://doi.org/10.2337/db17-1520
https://doi.org/10.2337/diabetes.39.2.142
https://doi.org/10.1152/physiol.00048.2018
https://doi.org/10.1172/JCI113338
https://doi.org/10.2337/dc12-0063
https://doi.org/10.1111/j.1749-6632.1996.tb17486.x
https://doi.org/10.1111/dom.12556
https://doi.org/10.1038/nbt1393
https://doi.org/10.1016/j.cell.2014.09.040
https://doi.org/10.1038/ncomms11463
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	The Eye as a Transplantation Site to Monitor Pancreatic Islet Cell Plasticity
	Introduction
	The ACE as a Transplantation Site and the Cornea as a Natural Body Window for Imaging Pancreatic Islet Cells
	Longitudinal Imaging of Pancreatic Islet Cell Plasticity: Validation Studies and Scientific Advances
	Increase and Decrease in Beta Cell Mass
	Functional Plasticity of Pancreatic Islets

	Discussion
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


