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ABSTRACT
The World Health Organization projects diabetes prevalence worldwide to be at 4.4% in
2030 compared to 2.8% in the year 2000. These
alarming predictions come amid vigorous efforts in diabetes research which have failed so
far to deliver effective therapies. Our incomplete
understanding of the pathogenesis of diabetes is
likely to contribute to the “disconnect” between
our research efforts and their translation into
successful therapies. Technically, studying the
pathophysiology of the pancreatic islets is hindered by the anatomical location of the pancreas, which is deeply embedded in the body,
and by lack of experimental tools that enable
comprehensive interrogation of the pancreatic
islets with sufficient resolution in the context of
the natural in vivo environment non-invasively
and longitudinally. Emerging evidence also indicates that challenges in successful translation
of findings in animal models to the human setting are complicated by some inherent structural and functional differences between the
mouse and human islets. In this review, we
briefly describe the advantages and shortcomings of existing intravital imaging approaches
used to study the pancreatic islet biology in vivo,
and we contrast such techniques with a recently
established intravital approach using pancreatic
islet transplantation into the anterior chamber

of the eye. We also provide a summary of recent
structure-function studies in the human pancreas to reveal distinctive features of human
islets compared with mouse islets. We finally
touch on a recently renewed discussion of the
validity of animal models in studying human
health and disease, and we highlight the potential utility of “humanized” animal models in
studying different aspects of human islet biology
and improving our understanding of diabetes.

INTRODUCTION
Diabetes is reaching pandemic proportions in the
United States and around the world. Addressing this
global health problem will require a complex multifaceted approach on the individual, societal, cultural,
and political levels. Part of this effort also includes a
serious investment in biomedical research to better understand the mechanisms underlying the pathophysiology of this devastating condition and its associated
complications. A great deal of research has been invested in this area and overwhelming evidence implicates both peripheral insulin resistance and functional
derangement of the insulin-producing beta cell in the
islets of Langerhans in the pathogenesis of type 2 diabetes. While insulin resistance is a likely consequence
of “normal” aging, most individuals without an underlying defect in beta cells maintain glucose homeostasis later in life1,2. Thus, beta cells are capable of
coping with insulin resistance so long their function is
not hindered by inherent defects that contribute to diabetes predispositions1,2. The beta cell is also the primary target of autoimmune attack in type 1 diabetes.
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Therefore, being able to directly monitor and study the
pancreatic islets is essential to fully understand the
human islet physiology in health and disease.
The pancreas is embedded deeply within the abdominal cavity and the pancreatic islets, which constitute the endocrine pancreas, are scattered
throughout the “sea” of the exocrine pancreas. Both,
the anatomical location of the pancreas and the sparse
islet distribution have imposed major technical restrictions that have limited direct observation and investigation of the pancreatic islets under in vivo
conditions, not only in humans but also in animals.
Adding to the challenge is emerging evidence showing structural and functional characteristics that are
unique to the human islets in comparison to rodent
islets, which have been the cornerstone in our base
of knowledge about pancreatic islets. These differences are likely to account for the apparent inconsistencies between outcomes of studies performed in
animals versus humans. In this review, we briefly describe existing imaging approaches aimed at studying
different aspects of the pancreatic islet biology in the
context of the natural in vivo environment, and we
highlight a recent experimental approach using islet
transplantation into the anterior chamber of the
mouse eye as a valuable tool to study human islet biology with single cell resolution non-invasively and
longitudinally. We also summarize recent findings in
the human pancreas showing unique structural and
functional features of the human islet.
ADDRESSING THE PROBLEMATIC “REAL ESTATE”
OF THE PANCREATIC ISLET

To circumvent the limitations associated with the
anatomical location and sparse distribution of the
islets of Langerhans in the native pancreas, in vitro
and ex vivo studies using isolated live islets or pancreatic slices, as well as fixed sections of pancreatic
tissue have been extensively used to investigate different aspects of islet biology. These studies have
contributed and will continue to contribute significantly to our understanding of the physiology and
pathophysiology of pancreatic islets. However, inherent limitations of in vitro and ex vivo studies in
faithfully and fully recapitulating all aspects of the
natural in vivo environment have always inspired
and motivated development of intravital approaches
to enable studying the pancreatic islets in their native environment under living conditions.
Intravital approaches such as magnetic resonance
imaging (MRI), positron emission tomography (PET),

computed tomography (CT/CAT), and ultrasound or
bioluminescence imaging have enabled non-invasive
visualization of organs/tissues deep within the body
including pancreatic islets3-6. However, even with the
use of high contrast materials or tissue-specific luminescence, these techniques cannot be used for single
cell imaging due to high background signals and inherent low spatial resolution7. Therefore, most applications of such techniques in the context of islet
biology have primarily been to assess pancreatic islet
survival during diabetes development or after transplantation either by relying on indirect features such
as changes in the pancreatic vasculature or by measuring macroscopic parameters such as total islet mass6.
With the advent of two-photon or multiphoton
microscopy8, high resolution imaging of different
tissues became possible in living animals9, but the
need for invasive surgical access to the pancreas to
directly visualize pancreatic islets10-12 or to image
islets transplanted elsewhere in the body (e.g., under
kidney capsule)13,14 limits the number of repeated
imaging sessions needed to study the same islets
over extended periods of time. Not being able to
study changes in the same individual islets may be
especially limiting when investigating chronic, slow
progressing conditions such as type 2 diabetes.
In an effort to be less invasive, other in vivo experimental approaches have been developed to enable high
resolution imaging of target tissues non-invasively.
These include “window chamber devices” where a
chamber with a transparent window is surgically implanted into the skin at different locations (e.g., dorsal
or ear skin, mammary fat pad, etc.) on the animal to
allow direct visualization of target tissues15-18. The target tissue can be either directly underneath the window
of the device or transplanted inside its chamber to provide a form of barrier to protect from immune attack.
Window chamber devices clearly enable non-invasive
imaging, but implantation of the device itself requires
considerably invasive surgery. Moreover, such devices
may not be suitable for longitudinal studies spanning
several weeks or months due to compromised physical
integrity of currently available devices during such extended periods after implantation15.
Along the efforts of being less invasive during
intravital interrogation of the pancreatic islet, we recently demonstrated that by combining high resolution in vivo imaging with transplantation of
pancreatic islets into the anterior chamber of the
mouse eye, we were able to study different aspects
of the islet biology non-invasively and longitudinally14,19-22. Islet introduction into the anterior chamber of the eye is minimally invasive (Figure 1)23

given the location of the site, the avascular nature of
the cornea, and the immunological properties of this
site24-26. Importantly, pancreatic islets transplanted
into the anterior chamber of the eye engraft on top
of the iris, become revascularized, and convey significant glycemic control in diabetic recipient mice
or non-human primates19,20,27. Blood vessels within
intraocular islet grafts also have ultra-structural features (i.e., capillary diameter and fenestration) comparable to those in islet vessels in the native
pancreas28. Because of these and other features, intraocular transplantation has been used to study a
variety of animal and human tissues29-31. We have
transplanted isolated human pancreatic islets into
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the anterior chamber of immune compromised mice
where non-invasive study of the human islet biology was performed under living conditions for extended periods of time32. This has enabled us to
circumvent major technical limitations in studying
human islet biology in vivo, which is otherwise impossible in human subjects. Being able to directly
study human islets under physiologically relevant
conditions is especially important in light of emerging evidence showing significant structural and
function differences between mouse and human
pancreatic islets.

Figure 1. Transplantation of pancreatic islets into the anterior chamber of the eye is minimally invasive, and enables high-resolution in vivo imaging of islets non-invasively and longitudinally. This figure shows an illustration of islet transplantation into the
anterior chamber of the mouse eye highlighting a magnified view of the eye during the transplantation procedure. The image on
the top left shows isolated islets being introduced into the anterior chamber with air bubbles still trapped immediately after injection. The islets are injected using a cannula that is inserted through a small incision in the cornea. Notice that there’s no bleeding
during this procedure. Shortly after transplantation, the islets begin engraftment on top of the iris where they become revascularized and innervated. The islets can now be imaged non-invasively and directly studied repeatedly in anesthetized animals for extended periods of time as shown in the top right image.
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THE UNIQUE STRUCTURAL AND FUNCTIONAL
FEATURES OF THE HUMAN ISLET

Rodent pancreatic islets have been the “work horses”
in islet research and have provided critical knowledge
about islet biology. However, as availability of human
pancreatic islets and their use in research have become
more common, anecdotal evidence about certain distinctive features of mouse and human islets has started
to emerge. In the middle of the last decade, a landmark study by Brissova et al. and another by Cabrera
and colleagues provided unequivocal evidence on the
unique cytoarchitecture of the human islet with direct
consequences on islet function33,34. In contrast to the
prevalent stereotypical view of the mouse islet with
alpha and delta cells surrounding the “core” of beta
cells which typically account for up to 80% of the islet
cells, the human pancreatic islet contains considerably
fewer beta cells (≤ 50%) and a larger number of alpha
cells (≥ 40%). Human alpha, beta, and delta cells are
intermingled throughout the islet with no particular
order of distribution along the islet blood vessels (Figure 2). This cellular arrangement likely favors
paracrine interactions among the different neighboring islet cells. It also suggests that the islet microcirculation may not necessarily dictate a specific
hierarchy of one endocrine cell over another during
regulation of islet function35-37. The intermingled distribution of human endocrine cells also reduces the
widespread electrical coupling between beta cells,
which is otherwise typically the case in mouse beta

cells38,39. Diminished electrical coupling is also consistent with lack of synchronization of cytoplasmic
free calcium ([Ca2+]i) oscillations in beta cells
throughout the whole human islet. Moreover, in
human islets ≥ 90% of alpha and beta cells have heterotypic contacts with neighboring islet cells of another type. Together, these findings suggest a
prevalent role for autocrine and paracrine signaling
among the different endocrine cells in the regulation
of the human islet function and glucose homeostasis.
Maintenance of glucose homeostasis requires an
intricate cross-talk among the different islet cells
and complex coordination of the endocrine cell actions on peripheral target tissues (i.e., liver, muscle,
and fat). Hormones released by the different islet
cells have different effects in the target tissues. Insulin released from beta cells in response to increased blood sugar levels (hyperglycemia) after
food ingestion leads to glucose uptake from the circulation. Glucagon in turn is released in response to
low plasma glucose levels (hypoglycemia) leading
to restoration of normal blood sugar levels through
neoglucogenesis and glycogenolysis primarily in
the liver and muscles. Islet hormones, in addition to
other co-released factors (e.g., ATP, GABA, glutamate, acetylcholine, and Zn2+), also have direct effects on the overall islet function through autocrine
and paracrine signaling onto neighboring islet cells.
We have shown that glutamate released together
with glucagon acts as a positive autocrine factor on
the alpha cell40. Glutamate primes the alpha cell and
potentiates glucagon release in response to small

Figure 2. The unique cytoarchitecture of the human pancreatic islet. Human (B) pancreatic islets contain fewer beta cells (red)
and a higher number of alpha cells (green) compared to mouse (A) islets. C, Human alpha, beta, and delta (blue) cells are intermingled throughout the islet with no particular order of distribution along islet blood vessels (outlined and marked with asterisks).

fluctuations in blood glucose. We also showed that
glutamate excitatory effects are mediated through
ionotropic glutamate receptors (iGluRs) of the
AMPA/kainate type (Figure 3), which are expressed
on the surface of alpha cells, but not beta cells, in
the human islet. These findings essentially elucidated the mechanism(s) of glutamate action on the
function of the human islet, as previous reports in
rats have suggested differing effects of glutamate
on alpha cell function41,42. The priming effect of glutamate on the alpha cell likely contributes to the
tightly regulated glucose homeostasis in humans to
prevent severe life-threatening hypoglycemia.
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Motivated by previous studies in rodent islets reporting on conflicting paracrine effects of extracellular ATP on the function of beta cells, we
investigated the role of ATP in human islet function.
ATP is released together with insulin from beta cells,
and studies have shown both excitatory and inhibitory effects of ATP on insulin release from
mouse and rat islets43-45. In human islets, however,
purinergic agonists were reported to have an excitatory effect on the beta cell and insulin release46, but
the specific purinergic receptors mediating this ef-

Figure 3. Alpha cells, but not beta cells, express functional glutamate receptors. (Top row) Three sequential images showing
changes in free intracellular calcium concentration ([Ca2+]i) in response to 3 mM glucose (rest), 100 mM glutamate (glutamate),
and 11 mM glucose (glucose) in dispersed human islet cells. Images are shown in intensity scale to highlight the [Ca 2+]i responses. (Bottom left) Glucagon (green) and insulin (red) immunostaining of the same cells shown in top row. Glucagon-immunoreactive cells 2 and 3 responded to glutamate but not high glucose concentration. Insulin-immunoreactive cells 1 and 4
responded to high glucose concentration but not to glutamate. (Bottom right) Traces of the [Ca2+]i responses of these cells. Bars
under traces indicate stimulus application.
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fect were not identified47. Using different techniques,
we demonstrated that the ATP-gated purinergic receptor P2X3 is the primary mediator of the action of
extracellular ATP on the beta cell of the human
islet48. We also showed that ATP acts in a positive
autocrine feedback loop to sensitize the beta cell and
potentiate insulin release in response to subsequent
stimulation by high glucose concentration (Figure
4). Importantly, our findings demonstrated that ATP
may be released from insulin granules at low glucose concentration without insulin secretion, likely
through kiss-and-run release events without full dilation of the fusion pore49,50. ATP release preceding
full depolarization of the beta cell likely primes beta
cells to mount a robust response upon exposure to
high glucose. This is consistent with stringent regulation of the robustly maintained glycemia under
normal conditions in healthy individuals.
Mammals have a surprising capability to maintain constant blood sugar levels. Whatever the reasons (e.g., evolutionary, diet, body size, etc.),
animals including humans have a “set point” for
blood glucose level that, although may be different
from one species to another, is kept within strikingly
narrow ranges under normal conditions. Maintenance of such level of stringency would likely require various check-points to ensure adequate
glycemic control at all times. Hence, in addition to
the different autocrine and paracrine mechanisms
which are crucial for regulating the pancreatic islet
function, the autonomic nervous system has also
been shown to play an important role in modulating the function of the endocrine pancreas51,52. The

autonomic nervous system consists of sympathetic
and parasympathetic axons that innervate vital organs and critically contribute to maintaining overall
organism homeostasis. In the pancreas, the autonomic nervous system couples glucose metabolism
to the behavior to ensure availability of plasma glucose as fuel for vital functions under different conditions (e.g., digestion, fight-or-flight response,
etc.). On the one hand, sympathetic nervous input
to the pancreatic islet stimulates glucagon release
and inhibits insulin secretion. On the other hand,
parasympathetic input has been shown to stimulate
release of both glucagon and insulin, but that of
glucagon to a lesser degree53. It has thus been well
established that pancreatic islets receive sympathetic, parasympathetic, and sensory nervous input,
and the assumption has been that such input is mediated by direct innervation of the islet endocrine
cells54,55. Existing knowledge, however, about the
role of innervation in islet function has been primarily based on studies using rodent islets, and there
are only a handful of studies that examined, though
non-comprehensively, islet innervation in human
pancreatic tissue56-58. As a result, the general wisdom has been that the human islet has similar innervation patterns as the mouse islet.
Inspired by our previous observations about the
distinctive aspects of the human islet anatomy and
physiology when compared with mouse islets, we
investigated in detail the autonomic innervation patterns of the human islet using high-quality fixed
pancreatic tissue from multiple cadaveric donors59.
Surprisingly, our findings revealed stark differences
in the patterns of autonomic innervation of mouse
and human islets. Mouse islets were densely inner-

Figure 4. Insulin release from human pancreatic
islets in response to ATP. Perifusion assays of insulin secretion show that ATP stimulates insulin
secretion from isolated human islets in a concentration-dependent manner (n = 4 human islet
preparations). Bars under trace indicate stimulation time with 11 mM glucose (11G) or the indicated ATP concentration (mM).

vated by sympathetic nerve fibers, where sympathetic axons primarily contacted alpha and delta
cells (Figure 5). In human islets, however, fewer
sympathetic nerve fibers were found. Sympathetic
axons typically penetrated the human islets along
blood vessels and preferentially localized near vascular contractile elements, which were frequently
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found throughout the human islets in association
with the islet blood vessels. Direct sympathetic innervation of vascular smooth muscles within the
islets suggests local regulation of blood flow within
segregated areas of the islet, adding to the com-

Figure 5. Sympathetic and parasympathetic innervation patterns of mouse and human pancreatic islets. Z-stacks of confocal images of islets in mouse and human pancreatic sections immunostained for (top row) the sympathetic marker tyrosine hydroxylase (TH; green), and (bottom row) the parasympathetic cholinergic marker vesicular acetylcholine transporter (vAChT; red). In
contrast to evident vAChT expression in nerve fibers within the mouse islet, vAChT expression was detected in the endocrine
cells of the human islet. A general axonal marker, acetylated tubulin (a Tubulin, green), confirmed sparse overall innervation
within the human islet. Nuclear stain (DAPI; blue) and glucagon immunostain (red) are also shown in the top row. All images
are shown as maximum projections.
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plexity of human islet function regulation. This is
in sharp contrast to mouse islets where vascular
smooth muscles are typically found in association
with “feeding” arterioles, where more upstream regulation of blood flow into the whole islet is likely to
take place. Consistent with a distinct pattern of sympathetic innervation within the human islets,
parasympathetic nerve fibers were infrequently
found within the human islet indicating scarce direct parasympathetic innervation of human endocrine cells (Figure 5). This is in sharp contrast to
mouse islets where parasympathetic fibers were
found to directly innervate alpha and beta cells.
Parasympathetic nerve fibers release the neurotransmitter acetylcholine which has been shown to
have a major role in the function of pancreatic beta
cells60. Acetylcholine stimulates the beta cell and potentiates insulin release by enhancing [Ca2+]i signaling
through protein kinase C and inositol phosphate production61-63. Indications about the role of acetylcholine
in the function of the endocrine pancreas also came
through observations on the cephalic phase of insulin
release64. The cephalic phase is defined as the initial
insulin secretion mediated by the autonomic nervous
system during meals to prime the beta cells for the impending increase in blood glucose levels after food ingestion. The conclusions about the importance of the
cephalic phase of insulin release have been primarily
based on studies in different mammals including humans65-68. Hence, based on studies in rodent islets the
assumption for humans has been that parasympathetic
cholinergic fibers directly innervate the beta cells.
However, our recent findings in human pancreatic tissue have shown scant direct parasympathetic innervation of the human islet endocrine cells59. And given
the well-documented role of acetylcholine in islet
function and our own functional studies demonstrating its role in insulin release from human islets69, our
recent findings showing limited parasympathetic innervation within human islets suggested an alternative endogenous source of acetylcholine. Indeed, we
found that human alpha cells express essential components of the machinery necessary for acetylcholine
transport into secretory compartments70. Detailed immunostaining analysis in human pancreatic tissue revealed that the majority (~80%) of islet cells that stain
positive for vesicular acetylcholine transporter
(vAChT) are also positive for glucagon; whereas the
remaining vAChT-positive islet cells were only positive for somatostatin and not insulin. These data suggest that alpha cells, and to a lesser degree delta cells,

are the likely primary source of endogenously released acetylcholine in human islets. Further detailed
analysis also showed that vAChT staining in human
alpha cells did not overlap with glucagon, further suggesting that acetylcholine may be packaged in different compartments and released with and without
glucagon. In sharp contrast, studies in mouse islets
showed exclusive expression of vAChT in islet nerve
fibers with direct innervation of endocrine cells, consistent with reported direct effects of parasympathetic
innervation on the function of mouse islets22,52.
Furthermore, additional functional studies in isolated and cultured primary human islets, in absence
of any direct or indirect effects of innervation,
showed that human islets release acetylcholine upon
stimulation with alpha-cell specific stimuli such as
kainate or lowering of glucose concentration22,69,70.
Importantly, endogenously released acetylcholine
from the alpha cells increased basal insulin secretion at low glucose concentration. Moreover, alternating between low and high glucose concentrations
(3 and 11 mM) while inhibiting acetylcholine degradation resulted in “buildup” of endogenously released acetylcholine from alpha cells in isolated
islets which led to increased insulin secretion during
the repeated stimulation of beta cells. Conversely,
specific blockade of the muscarinic M3 receptor reduced insulin secretion at low (basal release) and
high (stimulated) glucose concentrations. These
findings thus demonstrate that endogenously released acetylcholine from alpha cells primes neighboring beta cells through paracrine signaling to
potentiate insulin release upon stimulation with high
glucose in human islets.
SUMMARY AND CONCLUDING REMARKS
Diabetes incidence is reaching disturbing magnitudes worldwide and it is not showing signs of slowing down. As of March 2013, the World Health
Organization (WHO) estimates that 347 million
people worldwide have diabetes (WHO, Diabetes
Fact Sheet Nº 312). The WHO also projects that diabetes deaths will double between the years 2005
and 2030. Most alarming is that such projections
come despite ongoing research efforts in diabetes
and associated complications. The challenge in addressing this global health problem is contributed
to in part by lack of complete understanding of the
mechanisms underlying diabetes pathogenesis. We
believe that our incomplete understanding of diabetes is primarily limited by two aspects: 1) technical limitations in studying pancreatic islets in a
more physiologically relevant context; and 2) in-

herent differences in some structural and critical
functional aspects of mouse and human islets that
lead to inconsistencies in experimental outcomes.
Therefore, experimental findings in mouse islets
should not always be assumed to be the same in
human islets, and caution should be advised against
straight forward extrapolation of such findings to
the human setting71,72. Thanks to studies in rodent
islets, there exists an inordinate wealth of knowledge about islet biology, but emerging evidence
showing unique features of the human pancreatic
islet emphasize the need to conduct studies using
human tissue to further validate findings in mouse
islets and improve translational outcomes.
In keeping with this notion, we have conducted
studies using human pancreatic tissue and were able
to confirm similar as well as distinctive features of
human islets in comparison with mouse islets34,40,48,59,70.
Our studies, for instance, on the role of glutamate signaling in islet function revealed similar autocrine effects in human and mouse islets40. And intravital
demonstration of the glutamate positive autocrine effects on the function of alpha cell would not have been
possible without the use of mice. Importantly, such intravital studies can provide preclinical evidence in support of human clinical trials with approved drugs.
Therefore, animal models will likely endure and continue to enrich our knowledge about different aspects
of the pancreatic islet biology in health and disease.
More comprehensive discussion of this topic can be
found in an editorial published in Nature Medicine72.
Animal models are particularly valuable to study
pancreatic islets in the physiologically relevant context of the in vivo environment. Isolated human
islets can be transplanted into immune compromised mice without risk of rejection to study human
islet biology under different conditions73,74. Also, we
have recently demonstrated that transplantation of
pancreatic islets into the anterior chamber of the
mouse eye recapitulates the anatomical and functional features of islets in the native pancreas14,22,28.
Importantly, human islets can also be transplanted
into the anterior chamber of the eye32 to capitalize
on its technical advantages that enable non-invasive
and longitudinal interrogation of the islets at the single cell level19,20. This is especially important to
study human islets in the context of unique characteristics not available in mouse islets.
In conclusion, intravital imaging has emerged as
an indispensable tool in biomedical research. It has
helped reveal biological phenomena not predicted
by in vitro or ex vivo studies. This is primarily due
to the inherent fact that certain essential components
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(e.g., innervation, vasculature, immune system, etc.)
of the natural in vivo environment that contribute
significantly to disease development are missing or
incomplete in these settings. Therefore, future intravital studies capitalizing on the advantages offered by in vivo approaches such as intraocular islet
transplantation to investigate human islets will undoubtedly contribute to our improved understanding of the pathogenesis of human diabetes and its
associated life-threatening complications75.
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