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Abstract
The dynamics of cytoplasmic free Ca2+ concentration ([Ca2+]i) in pancreatic β cells 
is central to our understanding of β-cell physiology and pathology. In this context, 
there are numerous in vitro studies available but existing in vivo data are scarce. We 
now critically evaluate the anterior chamber of the eye as an in vivo, non-invasive, 
imaging site for measuring [Ca2+]i dynamics longitudinally in three dimensions and 
at single-cell resolution. By applying a fluorescently labeled glucose analogue 2-(N-
(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose in vivo, we followed 
how glucose almost simultaneously distributes to all cells within the islet volume, re-
sulting in [Ca2+]i changes. We found that almost all β cells in healthy mice responded 
to a glucose challenge, while in hyperinsulinemic, hyperglycemic mice about 80% of 
the β cells could not be further stimulated from fasting basal conditions. This finding 
indicates that our imaging modality can resolve functional heterogeneity within the 
β-cell population in terms of glucose responsiveness. Importantly, we demonstrate 
that glucose homeostasis is markedly affected using isoflurane compared to hypnorm/
midazolam anesthetics, which has major implications for [Ca2+]i measurements. In 
summary, this setup offers a powerful tool to further investigate in vivo pancreatic 
β-cell [Ca2+]i response patterns at single-cell resolution in health and disease.
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1 |  INTRODUCTION

Pancreatic islets play a primary role in the control of glucose 
homeostasis. In response to elevated blood glucose concen-
trations, pancreatic β cells secrete insulin by Ca2+-triggered 
exocytosis.1,2 In this context, Ca2+ signaling has been ex-
tensively used as a readout for β-cell function under physi-
ological and pathological conditions.3 A β-cell dysfunction 
in combination with peripheral insulin resistance is central 
to the development of type 2 diabetes, a still growing pan-
demic disease leading to hyperglycemia. To understand the 
development of diabetes, it is of great importance to reveal 
how the pancreatic β-cell network operates at single-cell level 
while integrating a variety of signals in response to changing 
metabolic demands under physiological conditions. Previous 
measurements of β-cell cytoplasmic free Ca2+ concentration 
([Ca2+]i) have implied that the β-cell network consists of 
subpopulations which demonstrate functional heterogeneity 
during glucose stimulation.4-6 Although these findings pro-
vide important insights into β-cell function, the results are 
exclusively based either on ex vivo or in vitro data and disre-
gard important factors provided by blood supply, innervation, 
as well as the metabolic state of islet/β cells under in vivo 
conditions.

The present study analyzes β-cell [Ca2+]i dynamics of 
mouse islets in the living organism by transplanting GCaMP3-
expressing sensor islets into the anterior chamber of the eye 
(ACE). Admittedly, the eye-transplantation site does not 
entirely represent the in situ situation, which could, for ex-
ample, result from lack of endocrine-exocrine communica-
tion. However, prior experiments indicate that the function 
of β cells in the eye is mainly comparable to their function 
in situ. Our previous studies demonstrated that intraocular 
islets engraft onto the iris of recipient animals by develop-
ing full vascularization and innervation after 4 weeks.7,8 The 
transplanted islets are metabolically active and capable of 
controlling blood glucose levels.8 Although a non-invasive in 
vivo imaging technique of intraocular islets has already been 
used to measure Ca2+ dynamics in β cells,9 the approach has 
not been demonstrated at single-cell resolution. In the fol-
lowing, we describe how we advanced our in vivo imaging 
technique using additional image processing which allows us 
to analyze single β-cell [Ca2+]i dynamics within an islet vol-
ume during the response to glucose stimulation. In addition, 
we could show that the glucose response of an eye-engrafted 
islet has only a short latency of around 12 seconds after in-
travenous glucose injection. Moreover, we could demonstrate 
that the choice of an appropriate anesthetic agent is crucial 
for the in vivo imaging to avoid impact on glucose metabo-
lism and Ca2+ signaling. Acknowledging the overall strength 
of the ACE for in vivo imaging, there is an immediate need 
to specifically adjust experimental data for unwanted side ef-
fects associated with the procedure itself, for example, the 

proper use of anesthetics when studying [Ca2+]i dynamics. 
Finally, we proved that intraocular sensor islets can adapt to 
the metabolic milieu of their host animal by showing mod-
ified β-cell [Ca2+]i patterns. In young leptin-deficient mice 
suffering from hyperinsulinemia and hyperglycemia, only 
about 20% of the β cells could be stimulated by an additional 
glucose challenge, indicating that a functional heterogeneity 
regarding glucose responsiveness was present in the glu-
cose-sensing β cells of the intraocular-transplanted islets.

2 |  MATERIALS AND METHODS

2.1 | Mice

Sensor islets were isolated from double heterozygous donor 
animals (RIP-Cre:GCaMP3), which were obtained by cross-
ing the RIP-Cre mouse line (B6.Cg-Tg(Ins2-cre)25Mgn/J) 
with the Ai38 floxed GCaMP3 reporter mouse line (B6;129S-
Gt(ROSA)26Sortm38(CAG-GCaMP3)Hze/J] (both purchased from 
The Jackson Laboratories (Bar Harbor, ME)). Congenic 
Ob (Lepob/Lepob) and Lean (Lep+/Lep+) mice, backcrossed 
into C57BL/6J genetic background, were obtained from our 
breeding colony at Karolinska Institutet, Stockholm, Sweden. 
The use of animals was approved by the Swedish Animal 
Council and complied with the “Guide for the care and use of 
laboratory animals,” Eighth edition (2011).

2.2 | Islet isolation and transplantation

Islets were isolated from either wild-type or double heterozy-
gous RIP-Cre:GCaMP3 mice, which were backcrossed with 
a C57BL/6J mouse line for more than 10 generations. Donor 
animals were sacrificed and 2.5 mL ice cold Collagenase A 
(1.5 mg/mL) in Hank's Balanced Salt Solution (HBSS) sup-
plemented with 0.2% (w/v) BSA in HEPES (pH 7.4) was 
injected into the pancreas via the cannulated common bile 
duct. The distended pancreas was transferred to a vial, filled 
with ice cold HBSS, and digested at 37°C for 25  minutes. 
After two gentle washing steps, islets were handpicked and 
incubated overnight in RPMI-1640 Medium (ThermoFisher 
Scientific, USA) supplemented with 10% (v/v) FBS, 
2  mmol/L l-Glutamine (ThermoFisher Scientific, USA), 
100 IU/mL penicillin (SigmaAldrich, USA), and 100 µg/mL 
streptomycin (SigmaAldrich, USA). Using the UNIVENTOR 
400 Anaesthesia Unit, recipient animals were constantly an-
esthetized with isoflurane (Baxter, USA) and fixated in a 
head holder (Narishige, Japan) in preparation for the islet 
transplantation.10 The cornea was punctured with a 27-gauge 
needle and a pulled glass micropipette (1.5 mm outer diame-
ter, World Precision Instruments, USA), containing the islets, 
was inserted into the ACE. Five to six islets were injected 
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into the ACE and positioned on the iris around the pupil. 
Imaging was performed 4 weeks after transplantation in the 
Young Lean, Young Ob, and Old Ob animal group. Data of 
the Old Lean control group were obtained from seven animals 
imaged 4 weeks after transplantation and six animals imaged 
6 weeks after transplantation. No differences between the two 
time points were detectable and the data of both are merged 
in the analysis.

2.3 | Glucose and insulin tolerance test

Glucose tolerance tests were performed by intraperitoneal glu-
cose injection (2 g/kg body weight) after 6 hours of fasting in 
non-anesthetized control or anesthetized mice. Mice anesthe-
tized either with a mixture of fentanyl (0.6 mg/kg), fluanisone 
(20  mg/kg), and midazolam (10  mg/kg) or with isoflurane 
(2%) inhalation were placed on a heating pad (37°C) under a 
heating lamp to simulate the warm environment within the mi-
croscope chamber. Oxygen was supplied through a nose mask 
at 250 mL/min. Tail blood glucose was measured prior to anes-
thesia and after mice were anesthetized at 0, 15, 30, 60, 90, and 
120 minutes after glucose injection using a glucometer (Accu-
Chek Aviva; F. Hoffmann-La Roche, Basel, Switzerland). 
Plasma insulin levels were measured in centrifuged blood 
samples taken at 0, 15, 30, and 60 minutes after glucose in-
jection using an AlphaLISA immunoassay kit (Perkin Elmer, 
Waltham, MA) following manufacturer's instructions. For the 
intraperitoneal insulin tolerance test (IpITT), 0.5 U/kg human 
insulin (Novo Nordisk, Clayton, NC, USA) was injected in-
traperitoneally after 6 hours of fasting. Tail blood glucose was 
measured prior to anesthesia and after mice were anesthetized 
at 0, 15, 30, 60, 90,120, and 180 minutes. Non-anesthetized 
mice were used as control mice.

2.4 | In vivo Ca2+ imaging of ACE-
transplanted islets of Langerhans

Recipient mice were fasted for 4 hours, anesthetized either 
by intraperitoneal injection of fentanyl/fluanison/midazolam 
(0.6/20/10  mg/kg) or inhalation of 2% isoflurane and kept 
under a heat lamp. Mice were placed onto a heating pad with 
head fixation and oxygen supply (250 mL/min). 25 minutes 
after anesthesia induction, the eye was clamped and a tail 
vein catheter inserted. Heparin (14 µL, 100 IE/mL) in ster-
ile saline was directly injected, while the rest of the catheter 
contained 20% (w/v) d-glucose in sterile saline separated by 
a small air bubble. Mice were placed under the microscope 
in a heated microscope chamber (37°C) and a pea-sized drop 
of pre-warmed ViscoTears (Thea Pharmaceuticals Limited, 
UK) was applied between eye and immersion objective. 
Intravenous d-glucose infusion (0.4  g/kg) was carefully 

conducted 4  minutes after start of recording. Fluorescence 
imaging was performed with a Leica DM6000 CFS equipped 
with 25×/0.95 NA lens (Leica Microsystems, Germany; exci-
tation: ~480 nm; emission: >500 nm). The whole microscope 
was enclosed to allow heating to 35°C. Fluorescence was 
collected by an electron multiplying charge-coupled device 
(EMCCD) (9100-13B or 9100-23B, Hamamatsu, Japan), 
while the objective was moved up and down by a piezoelec-
tric actuator (NV 40/1 CLE, Piezosystem Jena, Germany) 
with an amplitude of 120 µm and a frequency of 0.5 Hz. The 
focus step size between single images was 4 µm. Objective 
motion and camera readout were synchronized by LabVIEW 
and NI-DAQ (National Instruments, USA). Images were ac-
quired with HCImage (Hamamatsu, Japan). Only one islet 
per animal was imaged during an experiment.

2.5 | Image processing and data analysis

Image processing was performed in MATLAB (MathWorks, 
USA) and every z-stack recording was first denoised.11 The 
denoising procedure was based on estimation of the SURE 
threshold and consecutive wavelet filtering (4 scales). 
Consecutive planes within a z-stack were aligned within the 
imaging plane (translation only) using a method similar to 
cross correlation of the Fast Fourier Transform.12 This method 
makes use of the large extension of the epifluorescence point 
spread function along the optical axes. Minor parts of eye 
motion occurring along the optical axes cannot be corrected 
and were present in the final z-stack. Z-stack recordings were 
deconvolved using a theoretically obtained point spread func-
tion, which was adjusted to the experimental conditions and 
was primarily meant to increase the contrast along the optical 
axis.13 In addition, every z-stack was registered in terms of 
translation and rotation to a reference z-stack.14 Fluorescence 
intensity gradients were used to compute translation and rota-
tion parameters to make the registration more robust to the 
time-varying GCaMP3 fluorescence. Finally, single cells 
were selected by hand in 3D reconstruction and the average 
of all voxels belonging to a cell is presented as single cell 
[Ca2+]i traces. Voxels belonging to a cell needed to have a 
correlation coefficient larger than 0.9 over the whole record-
ing and needed to be within 20 μm in every spatial dimension. 
All single cells that could be identified in the imaged z-stack 
were selected and the islet average time trace was computed 
as an average over the time traces of all individual cells.

2.6 | 2-NBDG imaging

Islets from C57BL/6J donor mice were transplanted 
into the ACE of C57BL/6J mice. 2-(N-(7-Nitrobenz-2-
oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG) 
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imaging was performed 4  weeks after transplantation to 
guarantee a fully developed vascularization of the transplant. 
The transplanted islets in anesthetized recipient mice were 
recorded with a confocal microscope (SP5 II on DM6000 
CFS, Leica Microsystems, Germany; excitation: 488 and 
633 nm, emission: 500-600 nm and 630-636 nm) by acquir-
ing z-stacks every second. During the recording, 50 µL of 
5  mg/mL 2-NBDG (ThermoFisher Scientific, USA) dis-
solved in PBS (+/+) was injected via tail vein catheter. 
Image deconvolution was omitted from image processing. 
The second (633 nm) light channel, showing the backscat-
ter reflection, was used to identify the three-dimensional 
boundaries of the islet. The bright 2-NBDG labeling of intra 
islet vasculature was used to define the location of the blood 
vessels within the islet. Interstitial space location was iden-
tified by spatial automatic peak detection of 2-NBDG fluo-
rescence, with minimum prominence of 5 and peak width 
between 3 and 20 pixels for every time point. The interstitial 
space 2-NBDG intensity was then monitored as the promi-
nence value.

2.7 | Statistical analysis

Data processing and statistical analysis were performed 
using Prism (version 7, GraphPad). Data are presented as 
mean ± SEM. The n-numbers are indicated in the figure leg-
ends. Mann-Whitney U tests or two-way ANOVA followed 
by Tukey's post-hoc test were used, as appropriate. P values 
<.05 were considered statistically significant.

3 |  RESULTS

3.1 | Imaging setup for single β-cell [Ca2+]i 
dynamics analysis in vivo

[Ca2+]i dynamics have been extensively used as a readout of 
β-cell functionality.15 However, few studies have been per-
formed in vivo and most of them fail to achieve adequate 
single-cell resolution.9 We established a new in vivo imag-
ing acquisition methodology using image analysis software 
to analyze [Ca2+]i dynamics at single-cell resolution in islets 
transplanted into the ACE. For this purpose, we transplanted 
islets expressing the Ca2+ biosensor GCaMP3 exclusively in 
pancreatic β cells (RIP-Cre:GCaMP3) into the ACE of female 
recipient mice. Using the eye as a transplantation site, non-
invasive intravital microscopy is possible, since the cornea is 
used as a natural body window for imaging. Engrafted islets 
were imaged in anesthetized animals 4 weeks after transplan-
tation when islets were fully vascularized and innervated.

To obtain high temporal resolution images, we sat up 
an imaging methodology based on epifluorescence micros-
copy. Three-dimensional images of transplanted islets were 
acquired by moving the objective in the axial direction 
by a piezoelectric actuator with the frequency of 0.5 Hz. 
Thereby, the upper 120-µm hemisphere was acquired in 30 
steps with 4 µm intervals. Since the volume is imaged both 
during downward and upward motion, the 0.5 Hz frequency 
leads to a 1  Hz acquisition rate of the acquired volume. 
Objective movement and camera readout were externally 
synchronized by LabVIEW and NI-DAQ. A schematic 

F I G U R E  1  Three-dimensional image 
acquisition and post-processing of in vivo 
[Ca2+]i recording in intraocular-transplanted 
islets. A, Schematic diagram of the 
microscope setup and (B) the consecutive 
image processing steps. C, 2D image 
sections of an intraocular-transplanted 
GCaMP3-expressing pancreatic islet 
illustrate the image enhancement during 
image processing. Raw image volumes 
(RAW) are denoised (DEN) and thereafter 
deconvolved (DEC). A two-photon image of 
the same islet is shown as comparison (2P); 
scale bar denotes 50 µm
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representation of the microscope setup is shown in Figure 
1A. Unprocessed images obtained from the described im-
aging setup showed a significant noise level due to limited 
number of photons (Figure 1C, RAW). Therefore, further 
image processing using MATLAB was required to make 
single-cell analysis feasible, as outlined by the steps spec-
ified in Figure 1B. After denoising raw images, consecu-
tive planes of z-stack images were aligned within the image 
plane due to movements during the experiment (Figure 
1C, DEN). We further processed those images by decon-
volution to increase image contrast along the optical axis. 
Images obtained through this process (Figure 1C, DEC) 
reached an image resolution that permits identification of 
single cells as illustrated here by an image of the same focal 
plane using multiphoton microscopy (Figures 1C, and 2P).

Before recording glucose-evoked β-cell [Ca2+]i dynamics 
in vivo, recipient animals were fasted for 4 hours to obtain 
basal blood glucose levels in all experimental animals. Then 
individual transplanted RIP-Cre:GCaMP3 islets were imaged 
in their basal state for 4 minutes before the recipient animals 
were challenged with glucose stimulation via tail vein injec-
tion. The fluorescence intensity of GCaMP3 was recorded for 
another 20 minutes. Denoised and deconvolved image series 
were used to manually select individual cells in a specific z-
plane as recognized by their GCaMP3 fluorescence (Figure 
2A). About 50-200 β cells could be manually identified per 
islet. Figure 2B illustrates a representative [Ca2+]i recording 
of an individual islet with varicolored fluorescence traces 
for every single β cell and a vertical red line indicating the 
glucose injection time point. In this recording, individual β 
cells displayed a similar fluorescence pattern over the entire 
recording period. In the basal state, the β-cell population re-
vealed fast but faint [Ca2+]i oscillations, which were inter-
rupted by one extensive [Ca2+]i peak after glucose injection.

The majority of β cells responded to glucose in a coordi-
nated fashion, with time lags detectable between responding 
cells. The subsequent [Ca2+]i dynamics differed from animal 
to animal often showing a combination of fast and slow [Ca2+]i 
oscillations. The fluorescence intensities from all individual β 
cells were used to average the total β-cell [Ca2+]i dynamics from 
one islet (Figure 2C). The overall [Ca2+]i profile of individual 
fluorescence intensities clearly highlighted the time point when 
single β cells peaked in a synchronized way, which can even be 
represented in more detail by a heat map (Figure 2D).

3.2 | Dynamics of the glucose exposure in 
intraocular-transplanted islets

Two important factors affecting the β-cell [Ca2+]i response to 
glucose stimulation in vivo are the vascular distribution and 
cellular uptake of glucose. To study how glucose reaches the 
β-cell population in our in vivo islet transplantation model, we 

transplanted C57BL/6J mouse islets into the ACE of leptin-
deficient mice Lepob/ob (Ob) and their respective control litter-
mates Lep+/+ mice (Lean). The comparison between Ob and 
Lean animals is of importance in this study, since the type 2 
diabetic mouse model is reported to have an abnormal blood 
vessel morphology.16 Altered glucose exposure to the β-cell 
network caused by vascular malformation have to be consid-
ered as an influential parameter in measurements of the β-cell 
[Ca2+]i response patterns. Four weeks after transplantation, the 
sensor islets in the ACE were imaged during the course of iv 
administration of the fluorescent glucose analogue 2-NBDG. 
The interstitial fluid surrounding all islet cells was uniformly 
labeled by 2-NBDG about 3 seconds after the first fluorescence 
signal was detected in the islet vasculature. Representative 
time course images of 2-NBDG reaching the islet vasculature 
are shown in Figure 3A. Detailed analysis of the fluorescence 
intensity time course in control animals revealed that even re-
gions more distant to the vasculature (20 µm) showed almost 
the same onset time as regions in closer proximity to the blood 
vessels (10 µm) (Figure 3B, Lean). These results suggest that 
iv injected glucose reaches all β cells within a vascularized 
islet at a similar time, which is in contrast to in vitro models, 
where the exposure of β cells to glucose depends on much 
slower and unbalanced diffusion.17 The same fast permeation 
into the interstitial space was observed in Lepob/ob mice show-
ing similar 2-NBDG fluorescence profiles compared to Lean 
control mice (Figure 3B, Ob). These data indicate that glucose 
transport from blood vessels to β cells is not impaired in Lepob/

ob mice.
Since the β cells in vivo are exposed to glucose almost at 

the same time, our experimental setting is well suited to mea-
sure the time it takes for β cells to respond to glucose with 
regard to [Ca2+]i. RIPCre:GCaMP3 expressing islets were 
transplanted into the ACE of C57BL6/J mice and imaged 
for β-cell [Ca2+]i dynamics 4  weeks after transplantation. 
Glucose was injected into the tail vein together with Alexa 
647-conjugated 10  kDa dextran to precisely determine the 
time point when glucose reaches the islet vasculature. This 
allowed us to measure the time interval between glucose ar-
rival and the first Ca2+ response, defined as half maximum of 
relative increase in GCaMP3 fluorescence (Figure 3C). The 
delta time quantifications from several experiments showed 
that β cells are responding with [Ca2+]i increase about 12 sec-
onds after glucose reaches the islet (Figure 3D). To demon-
strate that the dynamics of the glucose-stimulated [Ca2+]i 
response within the β-cell network differs between the vas-
cularized in vivo and the non-vascularized in vitro situation, 
we measured the initial [Ca2+]i peak response in a perifusion 
chamber where the glucose propagation depends only on 
diffusion. The spread of the initial [Ca2+]i response in vitro 
clearly shows a time delay which increases from the outer 
layer toward the center of the islet and which is in contrast 
to the rapid ubiquitous spread observed in vivo (Figure S1).
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F I G U R E  2  Illustration of single β-cell [Ca2+]i dynamics in response to glucose stimulation. Aa, The maximum intensity projection of an 
intraocular-transplanted pancreatic RIP-Cre:GCaMP3 islet. Ab, The colored overlay illustrates the manual selection of regions of interest and the 
areas from which single β-cell data were obtained. B, The representation of fluorescence over time displays all individual β-cell [Ca2+]i traces for 
one transplanted GCaMP3-expressing islet during the response to glucose stimulation. Time point of intravenous glucose injection is indicated by 
the red line. C, The average of all single β-cell [Ca2+]i fluorescence intensities shows the islet [Ca2+]i response in total. D, The heat map provides 
a clearer and more accessible representation of the individual β-cell [Ca2+]i dynamics; color code denotes absolute fluorescence intensity 
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3.3 | Anesthesia affects glucose metabolism 
and β-cell [Ca2+]i dynamics

In vivo monitoring of β-cell [Ca2+]i dynamics requires the an-
esthesia of mice during the imaging session. In this context, 
it is fundamental to determine whether and how anesthesia 

influences the glucose homeostasis and consequently Ca2+ 
handling. To investigate the impact of anesthetics on insulin 
secretion and glucose homeostasis, we performed a glucose 
tolerance test (GTT) by intraperitoneal injection of glucose to 
conscious mice (Control) and mice anesthetized with either 
hypnorm/midazolam (Hyp/Mid) or isoflurane. Blood glucose 

F I G U R E  3  In vivo dynamics of β-cell exposure to glucose estimated by intravenous injection of 2-NBDG and onset time of β-cell [Ca2+]i 
response. A, The confocal image sequence shows the first two seconds after intravenously injected 2-NBDG reaches the vasculature of an 
intraocular engrafted islet; scale bar denotes 50 µm. B, Time courses of interstitial space labeling using 2-NBDG as fluorescent glucose analog. 
Islets were transplanted into either Lean (n = 4) or Ob (n = 6) animals. The diagrams show the time course of fluorescence intensity of 2-NBDG 
from the interstitial space within a distance of 10 and 20 µm from the most proximal blood vessel within the vascularized islet; results are max-
min (peak-basal) normalized and shown as means ± SEM. C, In vivo recording of a RIP-Cre:GCaMP3 sensor islet transplanted in a C57BL6/J 
recipient displays the time correlation between glucose exposure in the vasculature and the glucose-stimulated [Ca2+]i response in β cells. Alexa 
647-conjugated dextran (10 kDa) was co-injected with the glucose challenge intravenously. The delta time (dt) between both fluorescence signals 
was determined by the time interval between the first Alexa 647 peak and the half maximum of stimulated GCaMP3 fluorescence. D, Delta time 
measurements (n = 13) reveal that β cells require about 12 seconds on average to actuate the [Ca2+]i response after glucose has reached the blood 
vessel 
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and insulin levels were measured at various time points. No 
significant differences in blood glucose levels were observed 
at time point 0, prior to glucose stimulation, when the animals 
were already under anesthesia by Hyp/Mid. However, isoflu-
rane-anesthetized mice exhibited a noticeable increase in basal 
blood glucose level (comparison between time: - 15 minutes 
and 0) prior to glucose stimulation compared with control and 
Hyp/Mid groups. After the glucose challenge, no impaired glu-
cose tolerance was observed for the Hyp/Mid group compared 
to the control group, whereas mice anesthetized with isoflurane 
demonstrated significant impaired glucose tolerance with high 
plasma glucose levels at minutes 60, 90, and 120 after glucose 
injection (Figure 4A). The area under the curve illustrates the 
significantly higher blood glucose level in mice anesthetized 
with isoflurane during the GTT (Figure 4B). Plasma insulin 
levels measured during GTT revealed that the glucose injec-
tion cannot induce insulin secretion in mice anesthetized with 
isoflurane (Figure 4C). This lack of insulin secretion explains 
the maintained high glucose levels observed during the GTT, 
suggesting that isoflurane severely disrupts glucose-induced 
insulin secretion. In contrast, mice from the Hyp/Mid group 
exhibited higher plasma insulin levels at all time points after 
glucose injection compared to the control mice with a simi-
lar insulin secretion profile (Figure 4C), indicating that mice 
under Hyp/Mid anesthesia are able to restore normoglycemia 
after glucose injection to the same degree as control mice but at 
the expense of increased insulin secretion. Therefore, we per-
formed an IpITT to investigate whether the peripheral insulin 
sensitivity is affected by Hyp/Mid anesthesia (Figure 4F). The 
IpITT of both anesthesia groups reveals an increased glucose 
disposal in response to the insulin injection showing no evi-
dence for an induced insulin resistance. While the blood sugar 
level of isoflurane anesthetized animals is impaired by acute 
hyperglycemia, the glucose homeostasis, and insulin sensitiv-
ity under the influence of Hyp/Mid anesthesia is in accordance 
with the conscious control animals.

Since Hyp/Mid anesthesia was applied in our in vivo 
Ca2+ imaging, we assessed in vitro whether this anesthetic 
agent has direct impact on the β-cell function. The insulin 
secretion of pancreatic β cells was examined by a perifu-
sion system. In all, 50 isolated islets were exposed to per-
ifusion medium with 3 mM glucose, 16.7 mM glucose, or 
25 mM KCl supplemented with additional concentrations 
of Hyp/Mid and the amount of insulin in the perifusate per 
minute was determined (Figure S2A). It shows that a dose 
similar to that used in the in vivo imaging setup has no 
effect on the insulin secretory capacity of β cells. However, 
the same experiment with double doses of the Hyp/Mid an-
esthetic resulted in a slightly reduced amounts of insulin 
measured. In addition, to prove whether the Ca2+ handling 
of β cells is impaired by Hyp/Mid, we measured the ini-
tial [Ca2+]i response peak after glucose stimulation in vitro 
using the higher doses of the Hyp/Mid anesthetic (Figure 

S2B). It shows that the magnitude of the Ca2+ response in 
β cells is not altered in isolated islets under the influence 
of Hyp/Mid.

To study the impact of anesthetics on β-cell [Ca2+]i dy-
namics, we transplanted islets expressing the Ca2+ biosensor 
GCaMP3 into the ACE of C57BL6/J mice. Four weeks after 
transplantation, the islets were imaged in mice that were ei-
ther under Hyp/Mid or isoflurane anesthesia. We observed 
that mice under Hyp/Mid anesthesia exhibited a clear in-
crease in [Ca2+]i after glucose stimulation, which was pro-
gressively reduced over time until reaching β-cell [Ca2+]i 
dynamics similar to the non-stimulated state before glucose 
injection (Figure 4D). These [Ca2+]i dynamics of Hyp/Mid 
animals correlated with the blood glucose levels observed 
in the GTT. However, while [Ca2+]i dynamics in β cells of 
mice anesthetized with isoflurane were also increased after 
glucose injection, the subsequent [Ca2+]i profile completely 
differed from the Hyp/Mid mice group, showing a slowly os-
cillating [Ca2+]i that was maintained during the subsequent 
recording (Figure 4E). These persistent [Ca2+]i oscillations 
can be explained by the sustained high blood glucose level 
observed in the GTT, which constantly stimulates the β-cell 
glucose sensor and thereby induces the elevation in [Ca2+]i. 
However, the lack of insulin secretion after glucose injection 
observed during the GTT in mice anesthetized with isoflu-
rane indicates that the observed [Ca2+]i oscillations are not 
correlating with insulin secretion events anymore. β-cell 
[Ca2+]i dynamics under normal conditions are closely associ-
ated with a permissive step for insulin secretion. Hence, our 
findings suggest that isoflurane anesthetic causes impaired 
glucose homeostasis and β-cell [Ca2+]i dynamics which are 
then uncoupled from insulin exocytosis. Hyp/Mid anesthetic, 
on the other hand, seems to be suitable for the analysis of in 
vivo β-cell [Ca2+]i dynamics showing minor impact on β-cell 
physiology.

3.4 | Sensor islets reveal altered β-cell 
[Ca2+]i dynamics in young leptin-deficient mice

We next wanted to investigate how sensor islets can reflect 
physiological alterations in different animal models. For this 
purpose, we used a type 2 diabetic mouse model, the lep-
tin-deficient Lepob/ob mouse, which exhibits hyperinsuline-
mia and hyperglycemia at maximum levels between 3 and 
5  months of age and a progressively decreasing glycemia 
until becoming normoglycemic at approximately 12 months 
of age. We transplanted sensor islets expressing GCaMP3 
into the ACE of 3-5 or 10-months-old Lepob/ob mice (Young 
Ob or Old Ob, respectively) and their respective age-matched 
wild-type Lep+/+ control animals (Young Lean or Old Lean). 
β-cell [Ca2+]i dynamics in response to glucose stimulation 
was evaluated 4 weeks after transplantation. Representative 



   | 953JACOB et Al.

β-cell [Ca2+]i fluorescence intensity traces for every experi-
mental group were averaged from single β-cell assessments 
and shown per islet (Figure 5A). After glucose injection into 
the tail vein of recipient animals (injection time point is in-
dicated by the red vertical line), an initial peak in the β-cell 
[Ca2+]i profile is followed by diversified [Ca2+]i oscillations. 

The [Ca2+]i dynamics of both 10-months-old groups, Old 
Lean and Old Ob, reveal to be similar in the initial peak 
after glucose challenge and the following regular [Ca2+]i 
oscillations. However, the [Ca2+]i traces of the two younger 
animal groups deviated from this. While the Young Lean 
animals still showed, albeit a slightly diminished initial peak, 
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noticeable [Ca2+]i oscillations, the young leptin-deficient 
Lepob/ob animals (Young Ob) exhibited a completely differ-
ent [Ca2+]i pattern with few [Ca2+]i oscillations and lack of 
initial peak after glucose injection. On average, blood glu-
cose levels measured prior to [Ca2+]i imaging revealed higher 
concentration in mice from the Young Ob group compared 
to Young Lean mice (Figure 5B). In contrast, Old Lean and 
Old Ob mice showed lower but similar basal blood glucose 
levels, which is consistent with the well-characterized Lepob/

ob mice phenotype.18 The same tendency was observed when 
blood glucose levels were measured post [Ca2+]i imaging, 
with maintained high blood glucose levels in the Young Ob 
mice group compared to the other groups, suggesting that the 
basal [Ca2+]i levels in Young Ob mice are higher than in the 
other mouse groups based on their elevated basal glucose 
levels. Consequently, the hyperglycemia in Young Ob mice 
might lead to already stimulated β cells at the basal state, 
which are then incapable to respond to an additional glucose 
stimulus. This assumption is supported by the peak height 
quantification of the initial [Ca2+]i peak after glucose injec-
tion, which demonstrates a drastically reduced β-cell capacity 
to respond to glucose in Young Ob mice compared with the 
other animal groups (Figure 5C). The old mice groups exhib-
ited significantly higher first peak stimulation after glucose 
injection in comparison with their corresponding younger 
animals. This suggests that their lower basal blood glucose 
levels promote these islets to be more glucose responsive. 
To obtain more detailed data about the functional capacity of 
the transplanted sensor islets, we determined the percentage 
of β cells per islet which can respond to glucose stimulation 
(Figure 5D). Responding β cells were defined as single cells 
which increase their fluorescence intensity after the glucose 
challenge by at least twofold compared to the standard devia-
tion of their basal fluorescence prior to glucose stimulation. 
We observed that in Young Lean mice more than 84 ± 5% 
(mean  ±  SEM) of β cells per islet responded to glucose, 
while in hyperglycemic Young Ob mice the percentage of 
responding β cells was significantly reduced to levels around 

23 ± 7% (mean ± SEM). These results support the view that 
β cells in Young Ob mice have already reached a highly 
stimulated status under basal conditions as a consequence of 
the high blood glucose levels and that only a minor percent-
age of β cells was still capable to respond to an additional 
glucose challenge. However, correlation analysis between 
responding β cells and the basal glucose concentration in the 
individual experiments shows that islets in Young Lean mice 
respond better to glucose than islets in Young Ob, even when 
selecting experiments which start at the same basal glucose 
concentration (Figure 5E). This suggests that islet [Ca2+]i 
response is impaired in Young Ob mice, beyond what can 
be controlled solely by the basal glucose concentration. The 
Old mice groups presented significantly higher percentages 
of responding β cells in comparison with their corresponding 
Young mice groups. This confirms an increased sensitivity 
to glucose and additionally mirrors the normalization of the 
pathological Ob phenotype.

4 |  DISCUSSION

In this study, we describe an imaging modality that allows 
monitoring of β-cell [Ca2+]i dynamics in pancreatic islets 
in 3D in the living organism. We have addressed modes of 
image acquisition and processing as well as the choice of 
anesthesia. We then employed this setup to study GCaMP3-
expressing sensor islets transplanted into a well-character-
ized diabetic mouse model.

Assessment of cell functional parameters in vivo is as-
sociated with a number of challenges. The pancreatic islets 
are spheroid-shaped micro-organs in which the temporal and 
spatial collective [Ca2+]i pattern of individual β cells has been 
studied particularly in vitro and ex vivo revealing that β cells 
form an activity-dependent gap junction network consisting 
of locally clustered sub-compartments.5,19,20 Although this 
is clearly a three-dimensional phenomenon, the mentioned 
studies have monitored β-cell connectivity only within a 

F I G U R E  4  Impact of anesthetics on glucose metabolism and β-cells [Ca2+]i dynamics. A, Intraperitoneal glucose tolerance test (IpGTT) 
in 10-weeks-old female C57Bl/6J mice that were non-anesthetized (Control) or anesthetized with either hypnorm/midazolam (Hyp/Mid) or 
isoflurane (Isoflurane). Plasma glucose levels were measured at the indicated time points during the IpGTT. Time point −15 minutes represents 
the pre-anesthetic plasma glucose levels. Time point 0 minutes displays the plasma glucose levels before glucose injection; Control n = 8, Hyp/
Mid n = 8, Isoflurane n = 7. B, Plasma glucose data of the IpGTT were used to calculate the area under the curve (AUC) for glucose concentration 
between time 0 and 120 minutes. C, Illustration of the plasma insulin levels at the indicated time points during the IpGTT. D,E, Representative 
β-cell [Ca2+]i dynamics of RIP-Cre:GCaMP3 islets transplanted into the ACE of 10-weeks-old female C57Bl/6J mice imaged after 4 hours fasting 
and anesthetized with either Hyp/Mid (D) or isoflurane (E) during the in vivo imaging. [Ca2+]i dynamics for both groups are averaged single β-cell 
[Ca2+]i traces expressed as a fluorescence increase (ΔF) over the basal fluorescence signal (F0). [Ca2+]i dynamics are shown before and after 
intravenous glucose injection (red line). F, Intraperitoneal insulin tolerance test (IpITT) of 10-weeks-old female C57Bl/6J mice that were non-
anesthetized (Control) or anesthetized with either hypnorm/midazolam (Hyp/Mid) or isoflurane (Isoflurane). Plasma glucose levels were measured 
at the indicated time points during the IpITT. Time point −15 minutes represents the pre-anesthetic plasma glucose levels. Time point 0 minute 
displays the plasma glucose levels before insulin injection; Control n = 4, Hyp/Mid n = 4, Isoflurane n = 4. The statistical significance was 
estimated by two-way ANOVA with Tukey's multiple comparisons test; data are presented as means ± SEM; *P < .05 **P < .01, ***P < .001, 
****P < .0001 
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F I G U R E  5  Analysis of glucose-stimulated β-cell [Ca2+]i dynamics in different mouse models. A, Representative illustration of the 
averaged single β-cell [Ca2+]i traces in response to intravenous glucose challenge indicated by the red line. RIP-Cre:GCaMP3 sensor islets were 
transplanted into the ACE of recipient animals 4 weeks prior to recording. Recipient animal groups were either female Lep+/+ (Lean) or Lepob/

ob (Ob) mice which both were either 2 months (Young) or 10 months (Old) old at the time of islet transplantation. B, The blood glucose levels of 
anesthetized recipient mice were measured before (Ο) and after (Δ) in vivo recordings. C, The average height of the maximal [Ca2+]i peak after 
glucose stimulation was calculated using single β-cell [Ca2+]i profiles relative to their basal fluorescence intensity. Circles represent the result 
of one sensor islet recording in one independent experimental animal. D, Individual β cells were assessed as responding if the glucose-induced 
elevation of fluorescence intensity was more than twice as large as the standard deviation of the fluorescence intensity prior to glucose injection. 
Percentage of responding β cells is denoted per islet. Circles represent the result of one sensor islet recording in one independent experimental 
animal. E, Correlation between blood glucose concentration and β-cell activity. Percentage of responding cells is plotted versus basal blood glucose 
concentration for every individual experiment. The linear regression is shown for each of the four experimental groups together with the confidence 
interval with 95% confidence level. The statistical significance was estimated by nonparametric Mann-Whitney U test; data are presented as 
mean ± SEM; *P < .05, ***P < .001; the sample size indicates the number of independent [Ca2+]i recordings and corresponds to the number of 
recipient animals, Young Lean n = 7, Old Lean n = 13, Young Ob n = 10, Old Ob n = 6 
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single focal plane over time. Therefore, we set up an acqui-
sition of three-dimensional information which can capture a 
more complex picture of the coordinated β cells and serve as 
a complete islet [Ca2+]i pattern readout. We met the meth-
odological challenges by reaching single-cell resolution in 
three dimensions as well as time resolution of 1 second for 
the entire volume. Photodamage has to be prevented by atten-
uation of the fluorescence excitation light leading to low light 
levels with low signal-to-noise ratio, which we improved by 
wavelet-based image denoising. The in vivo situation adds 
motion artifacts that have to be corrected to follow the same 
cell over time, which we improved by stack alignment. The 
high speed is achieved by widefield fluorescence detection 
with an EMCCD camera in combination with a fast piezo-
driven z-focus. This generates a relatively low z-resolution, 
which we improved by stack deconvolution.

One relevant aspect for the network analysis of β cells is 
the modality and timing sequence of glucose exposure and 
[Ca2+]i response. The glucose stimulation of β cells in vitro 
depends on slow diffusion of glucose into the islet intersti-
tium causing a delay in the order of minutes until the glucose 
concentration reaches an equal level everywhere in the islet.17 
Since islets in situ are exposed to glucose via blood vessel 
fenestration, previous in vitro findings may need to be inter-
preted in light of glucose delivery dynamics to the β cells. 
Due to the altered dynamics of glucose distribution, the β-cell 
[Ca2+]i response to rising glucose concentrations might dif-
fer in terms of stimuli responsiveness, network connectivity, 
and functional heterogeneity comparing in vitro and in vivo 
measurements.

Our in vivo data of intraocular islet allografts show that, 
after the intravenous glucose injection has reached the islet 
vasculature, it takes only about 2 seconds until the islet inter-
stitium is completely filled with glucose. This nearly simul-
taneous exposure of all β cells to blood glucose is in definite 
contrast to the diffusion dynamics of in vitro models. By in-
serting a glucose oxidase-based glucose micro-sensor into in 
vitro islets, it has been demonstrated that it takes up to sev-
eral minutes until the glucose concentration reaches a steady 
state within islets in culture.21 Our 2-NBDG data show that 
small molecules like glucose rapidly leave the islet vascu-
lature and diffuse evenly across the interstitial space of the 
islet. This fast 2-NBDG propagation in vascularized islets has 
also been observed in in situ experiments directly in the pan-
creas,22 suggesting that the eye transplantation site is similar 
to the physiological situation in terms of glucose exposure. 
Furthermore, we could demonstrate that the coupling of glu-
cose stimulus to [Ca2+]i response in β cells takes only 12 ± 1 
(mean ± SEM) seconds in vivo. In contrast, the glucose stim-
ulus depending on diffusion causes a significant time delay 
of the β-cell [Ca2+]i response, which was increased from 
the outer layer toward the center of a non-vascularized islet 
in vitro. Although this altered response modality primarily 

plays a role for the initial phase of the β-cell [Ca2+]i response 
and could be affected by dissimilar basal glucose concentra-
tion, it highlights an important difference between the ex-
perimental setup in vitro and in vivo. The shortened glucose 
response time in our in vivo imaging setup is likely related 
to the intravenous glucose administration and vascularization 
and emphasizes that proper physiological conditions are vital 
for the precise interpretation of β-cell [Ca2+]i responses.

It has been known for decades that volatile anesthetics 
such as isoflurane can impair insulin secretion and glucose 
homeostasis,23 which is also the case in humans.24 However, 
the precise mechanism is still controversial. Since we require 
anesthesia for the non-invasive in vivo imaging, we con-
ducted a comparative study using either isoflurane or Hyp/
Mid (mixture of fentanyl-fluanisone-midazolam) to deter-
mine side effects on glucose-induced [Ca2+]i response in β 
cells. In the glucose tolerance tests, we could confirm that 
insulin secretion is hampered in mice anesthetized with iso-
flurane due to continuously increased blood glucose levels. 
Although the secretory function of β cells is disrupted, we 
could detect a uniform and continuous [Ca2+]i oscillation 
pattern after glucose stimulation. This [Ca2+]i profile differs 
from that obtained using Hyp/Mid, but still suggests that nei-
ther the glucose-sensing mechanism nor the initiation of Ca2+ 
influx is severely compromised in β cells during isoflurane 
anesthesia. This observation is in contrast to previous studies 
where the isoflurane-induced inhibition of secretory vesicle 
undergoing exocytosis has been linked to either ATP-sensitive 
K+ channels or voltage-gated Ca2+ channels.25,26 However, 
our results rather indicate that isoflurane affects the secretory 
function of β cells by uncoupling Ca2+ signaling from vesicle 
exocytosis. It may be speculated that administration of lipo-
philic anesthetics such as isoflurane can lead to lipid bilayer 
disorganization causing a disruption of the vesicle docking 
mechanism in β cells. This is supported by previous studies 
which have shown that, on the one hand, isoflurane can influ-
ence the compactness and lateral organization of lipid bilay-
ers,27 and on the other hand, that a lipid-induced dissociation 
of Ca2+ channels from secretory vesicles can prevent insulin 
secretion.28 Since β-cell [Ca2+]i oscillations are dissociated 
from the endocrine function under isoflurane anesthesia, this 
compound is not appropriate for our in vivo imaging experi-
ments. The observation that β cell [Ca2+]i can be uncoupled 
from insulin secretion has already been described in earlier 
studies.29 Nevertheless, a recent study, which characterized in 
great detail Ca2+ handling of the β-cell network in vivo, used 
isoflurane for animal anesthesia and thereby left an open 
question whether the islet physiology was affected.30

In our study, on the contrary, animals anesthetized with 
Hyp/Mid reveal a blood glucose homeostasis similar to 
non-anesthetized control animals during GTT tests, except 
for a noticeable increase in blood insulin levels. However, 
we could demonstrate that the higher insulin levels observed 
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in animals with Hyp/Mid anesthesia is caused neither by 
peripheral insulin resistance nor by a direct enhancement 
of insulin exocytosis in the β cell. Since integration of other 
physiological factors could play a role for the endocrine 
function of β cells in vivo, one might speculate whether 
the Hyp/Mid anesthesia affects the innervation or the en-
docrine-exocrine communication of the pancreatic islets. 
It has been demonstrated in previous experiments that 
intraocular-transplanted islets are innervated by the rich 
parasympathetic and sympathetic nervous supply of the 
iris and that the nervous input was capable to manipulate 
the metabolic function of the innervated islet leading to re-
duced fasting glycemia and improved glucose tolerance.7 
Since anesthesia primarily affects the nervous system, we 
cannot exclude such an influence in our study, but cannot 
determine it either due to the lack of an appropriate in vivo 
model without anesthesia. Although Hyp/Mid is as lipo-
philic as isoflurane, our in vitro experiments suggest that 
both insulin secretion and [Ca2+]i handling of β cells are 
not impaired by this anesthetic agent. Previous studies have 
shown that the glucose metabolism of mice anesthetized 
with the same fentanyl-fluanisone combination remains 
unaltered, if the animals were fasted before anesthesia.31 
In summary, Hyp/Mid seems to be a suitable anesthetic for 
measuring glucose-dependent [Ca2+]i dynamics in pancre-
atic β cells, although we ultimately lack the comparison to 
β-cell [Ca2+]i dynamics in non-anesthetized animals.

Transplantation of GCaMP3-expressing sensor islets 
into the ACE of mice of four different animal groups en-
abled us to explore differences within the β-cell [Ca2+]i 
dynamics in response to glucose stimulation. We could 
demonstrate that almost all β cells respond to a glucose 
challenge in healthy animals with normoglycemia, whereas 
in hyperinsulinemic/hyperglycemic Young Ob mice [Ca2+]i 
appears to be highly stimulated. The response pattern of 
β-cell [Ca2+]i to glucose stimulation in healthy mice cor-
responds to the response pattern obtained from in vitro 
studies, except for several distinct differences. Similar to 
in vitro recordings, the glucose stimulation in vivo led to 
a rapid increase in β-cell [Ca2+]i followed by slow and fast 
[Ca2+]i oscillations.32 In contrast to most in vitro studies, 
the intraocular islets were already stimulated under basal 
conditions due to the physiologically higher resting blood 
glucose levels of the animals compared to 3 mM glucose 
concentration used as basal status in vitro. This fact could 
also explain the aforementioned fast β-cell [Ca2+]i response 
to the injected glucose. β cells in vivo seem to be ready to 
respond immediately, whereas β cells in vitro starved at 
3  mM glucose require a prolonged period of time to re-
spond. In this context, the individual animal-dependent 
variation of basal blood glucose levels seem to be an influ-
ential confounder. Many more animals per group would be 
needed to rule this out, which would go beyond the present 

study. One important characteristic of synchronized β-cell 
[Ca2+]i dynamics is the existence of fast [Ca2+]i oscilla-
tions. While we have been able to identify fast [Ca2+]i os-
cillations in the three healthy control groups, we could not 
see any fast oscillations in the Young Ob mice, which is in 
contrast to existing in vitro studies.33 In healthy animals, 
the majority of β cells participated in fast [Ca2+]i oscilla-
tions, which occurred every 10-20  seconds, similar to in 
vitro studies.20 Although the majority of β cells seem to be 
constantly stimulated in the high blood glucose milieu of 
Young Ob mice, about 20% of β cells can still respond to an 
additional glucose challenge. Thereby, we clearly identify 
two β-cell populations which differ in their glucose sensi-
tivity and responsiveness. This β-cell heterogeneity might 
be based upon functional adaptation that has developed 
during the permanent exposure to elevated blood glucose 
levels in Young Ob mice. Such adaptation may in addition 
explain why the percentage of responding cells differs be-
tween Young Ob and Young Lean mice even if compar-
ing experiments with equal basal blood glucose values. 
Technically, the percentage of responding cells is a good 
example of an important parameter that can be calculated 
based on single-cell data from our imaging setup.

In summary, we have introduced an instrumental imag-
ing platform to analyze in vivo pancreatic β-cell [Ca2+]i 
response patterns at single-cell resolution in health and dis-
ease. We could demonstrate that the dynamics of glucose 
exposure to β cells in vivo is different from the dynam-
ics in vitro due to intra-islet blood circulation. Moreover, 
we have critically evaluated the choice of an appropriate 
anesthetic agent showing that it is crucial for the in vivo 
imaging to avoid impact on glucose metabolism and Ca2+ 
signaling. Finally, by examining the single β-cell [Ca2+]i 
response patterns of sensor islets engrafted into different 
metabolic milieus, we observed a sustained adaptation of 
β-cell function indicating functional heterogeneity of β 
cells in vivo. Through the combination of intraocular-trans-
planted Ca2+-reporting islets and the imaging technology 
presented here, we now have the possibility to dissect the 
pancreatic β-cell network in vivo with respect to questions 
like connectivity, synchronization, and functional hetero-
geneity while putting the knowledge gained from previous 
in vitro investigations to test.
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