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Abstract

The pancreatic islets of Langerhans, which are small 3D collections of specialized endocrine and
supporting cells interspersed throughout the pancreas, have a central role in the control of glucose
homeostasis through the secretion of insulin by beta cells, which lowers blood glucose, and
glucagon by alpha cells, which raises blood glucose. Intracellular signaling pathways, including
those mediated by cAMP, are key for regulated alpha and beta cell hormone secretion. The 3D
islet structure, while essential for coordinated islet function, presents experimental challenges

for mechanistic studies of the intracellular signaling pathways in primary human islet cells.

To overcome these challenges and limitations, this protocol describes an integrated live-cell
imaging and microfluidic platform using primary human pseudoislets generated from donors
without diabetes that resemble native islets in their morphology, composition, and function. These
pseudoislets are size-controlled through the dispersion and reaggregation process of primary
human islet cells. In the dispersed state, islet cell gene expression can be manipulated; for
example, biosensors such as the genetically encoded cAMP biosensor, cADDis, can be introduced.
Once formed, pseudoislets expressing a genetically encoded biosensor, in combination with
confocal microscopy and a microperifusion platform, allow for the synchronous assessment of
fluorescent biosensor dynamics and alpha and beta cell hormone secretory profiles to provide
more insight into cellular processes and function.

Corresponding Authors Marcela Brissova marcela.brissova@vumc.org, Alvin C. Powers al.powers@vumc.org.
These authors contributed equally

A complete version of this article that includes the video component is available at http://dx.doi.org/10.3791/65259.

Disclosures
The authors have nothing to disclose.


http://dx.doi.org/10.3791/65259

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Richardson et al. Page 2

Introduction

The islets of Langerhans are mini organs scattered throughout the pancreas whose function
is crucial for the maintenance of glucose homeostasis. Insulin is secreted from beta cells
following the metabolism of glucose, an increase in the ATP/ADP ratio, the closure of
ATP-sensitive potassium channels, depolarization of the plasma membrane, and the influx
of extracellular calcium®. Glucagon secretion from alpha cells is less understood, but

it has been postulated that intracellular and paracrine pathways contribute to glucagon
granule exocytosis?34. Both type 1 and type 2 diabetes are associated with islet cell
dysfunction®8.7. Therefore, elucidating the intracellular signaling pathways mediating islet
hormone secretion is essential for understanding physiologic and pathologic mechanisms in
pancreatic islets.

The spherical architecture of islets presents certain obstacles to experimentation. These
challenges include islet size variation and the 3D nature of islets, which reduces viral
transduction within the islet core®:9. To overcome these challenges, a pseudoislet system
was developed, in which primary human islets are dispersed into single cells, adenovirally
transduced with constructs encoding targets of interest, and reaggregated to form size-
controlled, islet-like structures termed pseudoislets’. Compared to native islets from the
same donor that have been cultured in parallel, these pseudoislets are similar in morphology,
endocrine cell composition, and hormone secretion’. This method allows for the expression
of constructs throughout the pseudoislet, meaning it overcomes a previous barrier to the
uniform genetic manipulation of primary human islets’:8:°,

In this protocol, the pseudoislet system is integrated with a microfluidic device to express
biosensors in primary human islet cells and gain temporal resolution of pseudoislet hormone
secretion during dynamic perifusion1%11.12 The pseudoislets are placed in a microchip

and exposed to a steady flow of different secretagogues viaa peristaltic pumpl2. The
microchip has a transparent glass bottom and is mounted on a confocal microscope to record
the intracellular signaling dynamics via changes in the biosensor fluorescence intensity.
Biosensor imaging is synchronized with the collection of microperifusion effluent for the
subsequent analysis of insulin and glucagon secretion’. Compared to macroperifusion, this
microperifusion approach allows for fewer pseudoislets to be used due to the smaller volume
of the microfluidic device compared to the macroperifusion chamber’.

To harness the utility of this system, the cyclic adenosine monophosphate (CAMP) difference
detector /n situ (CADDis) biosensor was expressed in human pseudoislets to assess CAMP
dynamics and hormone secretion. The cADDis biosensor is composed of a circularly
permuted green fluorescent protein (cpGFP) positioned in the hinge region of an exchange
protein activated by cAMP 2 (EPAC2), connecting its regulatory and catalytic regions. The
binding of cAMP to the regulatory region of EPAC2 elicits a conformational change in the
hinge region that increases fluorescence from the cpGFP13. Intracellular messengers such
as cAMP elicit insulin and glucagon secretion after the upstream activation of G-protein
coupled receptors4. Live-cell imaging coupled with microperifusion helps to connect the
intracellular cAMP dynamics with islet hormone secretion. Specifically, in this protocol,
cADDis-expressing pseudoislets are generated to monitor cAMP responses in alpha and
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beta cells to various stimuli: low glucose (2 mM glucose; G 2), high glucose plus
isobutylmethylxanthine (IBMX; 20 mM glucose + 100 uM IBMX; G 20 + IBMX), and

low glucose plus epinephrine (Epi; 2 mM glucose + 1 uM Epi; G 2 + Epi). This treatment
workflow allows for the assessment of the intracellular cAMP dynamics directly via 1)
IBMX-mediated phosphodiesterase inhibition, which enhances intracellular cAMP levels
by preventing its degradation, and 2) epinephrine, a known cAMP-dependent stimulator of
alpha cell glucagon secretion mediated by B-adrenergic receptor activation. The steps for
setting up the microperifusion apparatus for live-cell imaging experiments, the loading of the
pseudoislets into the microchip, synchronous live-cell imaging and microperifusion, and the
analysis of the biosensor traces and hormone secretion by microplate-based hormone assays
are detailed below.

Human islets (N = 4 preparations) were obtained through partnerships with the Integrated
Islet Distribution Program, Human Pancreas Analysis Program, Prodo Laboratories, Inc.,
and Imagine Pharma. The Vanderbilt University Institutional Review Board does not
consider deidentified human pancreatic specimens as human subjects research. This work
would not be possible without organ donors, their families, and organ procurement
organizations. See Table 1 for donor demographic information. Human islets from pancreas
donors without diabetes were isolated with less than 15 h of cold ischemia time.

1. Pseudoislet formation (detailed in Walker et al. /)

1. Obtain and hand-pick primary human islets using a P200 pipette and benchtop
microscope, paying close attention not to contaminate the pipette tip on any
surfaces outside of the islet culture medium (10% FBS, 100 pg/mL streptomycin,
100 U/mL penicillin, 2 mM L-glutamine in CMRL 1066).

2. Transfer primary islets into a 15 mL tube, and perform all of the following
pseudoislet formation steps under a tissue culture hood to prevent contamination.
Slowly dissociate the primary islets for 7 min at room temperature with a P1000
pipette in 0.025% trypsin. The solution will become opaque as the islets begin to
break apart.

1. For these studies, 200-300 hand-picked primary islets with diameters
of approximately 200 um dispersed in 500 uL of 0.025% trypsin yields
one to two 96-well plates of pseudoislets; the exact number may vary
depending on the average islet size and viability. For >500 primary
islets, scale up the volume of 0.025% trypsin used in a 1:1 ratio (e.g.,
600 pL of 0.025% trypsin for 600 hand-picked islets).

3. Quench the dispersion by adding a volume of Vanderbilt Pseudoislet Media
(VPM) equivalent to the volume of trypsin used. Then, wash two times with 1
mL of VPM. For the washes, centrifuge the dispersed cells at 485 x g for 2-3
min at 4 °C in a benchtop centrifuge. Resuspend the cells in a defined volume of
VPM (typically 1 mL) for counting.
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NOTE: The pseudoislet generation and VPM composition are detailed in a
prior publication’. Briefly, VPM contains equal volumes of enriched-CMRL
media (20% FBS, 100 ug/mL streptomycin, 100 U/mL penicillin, 1 mM
sodium pyruvate, 2 mM Glutamax, 2 MM HEPES in CMRL 1066) and iEC-
media (VEGF Medium Complete Kit minus FBS + 1 bottle of Endothelial
Cells Medium Supplement). A summary schematic of pseudoislet generation is
included in Figure 1A.

Determine the cell count and viability using an automated cell counter by
combining 10 pL of Trypan Blue with 10 pL of the cell suspension. Mix the
cell suspension well to ensure an accurate cell count.

Calculate the volume of cell suspension, virus, and VPM required for the desired
number of pseudoislets. Base all the calculations on the live cell count obtained
in step 1.4.

1. For these studies, transduce dispersed human islet cells at MOI 500
(N =1)or1,000 (N = 2) with Ad-CMV-cADDis in a total volume of
500 pL. One plate of transduced pseudoislets (2,000 cells/pseudoislet)
yields three technical replicates per donor (32 pseudoislets/experiment).
The adenovirus was commercially obtained in this work.

Combine the calculated amounts of cell suspension, virus, and VPM into a 1.5
mL tube. Gently mix the contents by pipetting up and down.

During transduction, incubate the tubes with open caps, and cover them with a
sterile Petri dish for 2 h in a tissue culture incubator at 37 °C and 5% CO,/95%
air.

Add 500 pL of VPM to each tube, and wash the cells by centrifuging them at 500
x gfor 3 min at 4 °C. Complete two more washes for a total of three washes.
Aspirate off supernatant, and resuspend the cells in 1 mL of VPM.

Calculate the total cell seeding volume (200 pL/pseudoislet). Add the VPM (the
calculated cell seeding volume minus 2 mL) to an appropriately sized conical
tube. Add the transduced cell suspension from step 1.7 to the conical tube. Keep
the conical tube slightly closed but not tightly closed to allow air exchange for
the cells.

Rinse the 1.5 mL tube (from step 1.7) with 1 mL of VPM, and transfer the
contents to the conical tube, at which point the conical tube should contain the
total cell seeding volume.

Mix the contents of the conical tube well by pipetting up and down with a
motorized serological pipette, and then transfer the contents to a sterile reagent
reservoir. If the reservoir does not hold the entire cell seeding volume, perform
serial transfers, and ensure that suspension is well mixed at each step.

Using a multichannel P200 pipette, pipet the cell suspension in the reagent
reservoir up and down 3—4 times to ensure homogeneity, and then pipet 200 UL
of the cell suspension into each well of the microwell plates.
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13.  Incubate the pseudoislets in a tissue culture incubator at 37 °C and 5% CO,/95%
air for 6 days without medium changes. By day 6, the pseudoislets should be
fully formed and ready for experiments (Figure 1B-D).

2. Preparation for live-cell imaging and microperifusion (1 day prior to the experiment)

NOTE: Information on the microperifusion medium preparation is available through the
protocols.io resource (https://www.protocols.io/view/analysis-of-islet-function-in-dynamic-
cell-perifus-bt9knrdw.html).

1. Harvest the pseudoislets using a multichannel pipette by transferring them from
the 96-well plate into a sterile Petri dish. Then, hand-pick the pseudoislets, and
transfer them into another sterile Petri dish containing fresh VPM. Allow the
pseudoislets to incubate in a tissue culture incubator at 37 °C and 5% CO,/95%
air overnight.

2. Prepare 1 L of DMEM by adding 1 g of BSA (radioimmunoassay-grade), 0.11 g
of sodium pyruvate, 0.58 g of L-glutamine, 3.2 g of sodium bicarbonate, 1.11 g
of HEPES, and 1 bottle of DMEM to 1 L of ultra-purified water. Prepare a 1 M
glucose stock solution in DMEM. Keep both solutions at 4 °C overnight.

3. Check the flow of the microperifusion system the day prior to the experiment.
Connect all the tubing to a chip holder containing an empty microchip, as
outlined in Figure 2A-B. Utilize ultra-purified water as the effluent to confirm a
flow rate of 100 pL/min at the fraction collector.

3. Addition of secretagogues to the DMEM (day of the experiment)

1. Add 0.07 mg/mL ascorbate to the DMEM, and prepare the secretagogues in
DMEM + ascorbate buffer using a 1 M glucose stock for the glucose-containing
buffers.

NOTE: Ascorbate is used to stabilize epinephrine by preventing its oxidation. If
epinephrine is not being used, ascorbate can be omitted from the DMEM.

2. Filter the secretagogues twice through a 0.22 pm pore filter, using a fresh
filter each time. Warm the solutions to 37 °C, and measure the glucose viaa
glucometer to confirm the desired concentration.

4. Microperifusion apparatus setup

1. Warm the environmental chamber of a confocal laser scanning microscope to
37 °C, ensuring all the doors are closed and the chamber maintains a stable
temperature. Place the chip holder containing the microchip in the chamber to
warm up. Verify the chip temperature with an infrared gun.

NOTE: In this case, the environmental chamber is set to 38.5 °C, which allows
for the chip to reach 37 °C.

2. Connect all the tubing to the chip holder (as outlined in Figure 2A-B). Flush-line
with baseline secretagogue for 5 min. In this study, the line was flushed with 2

J Viis Exp. Author manuscript; available in PMC 2024 November 16.


https://www.protocols.io/view/analysis-of-islet-function-in-dynamic-cell-perifus-bt9knr4w.html
https://www.protocols.io/view/analysis-of-islet-function-in-dynamic-cell-perifus-bt9knr4w.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Richardson et al.

Page 6

mM glucose (G 2). Change the bubble trap membrane of the de-bubbler every
8-10 experiments.

5. Loading of the pseudoislets into the microchip

1.

6.

7.

Prior to loading the microchip, take a brightfield and darkfield image (10x
magnification) of the pseudoislets that will be used in the experiment for the
subsequent quantification of islet equivalents (IEQ).

NOTE: The IEQ is used to normalize the hormone secretion to variations in the
islet number across the experiments. This step can also be done the day prior to
the experiment.

Aspirate any extra fluid from the bottom and top halves of the microchip. The
top half of the microchip contains gaskets that ensure an adequate seal of each
well, while the bottom half of the microchip contains the wells with a glass
coverslip attached. Pre-wet one well in the microchip with 5 uL. of DMEM.
Make sure to pipet around the outer edges of the well to wet the crevices.

Use a pre-wetted pipette to collect 30-32 pseudoislets in a 23 pL volume, and
slowly dispense the pseudoislets into the center of the well in the bottom piece
of the microchip. Check the tip of the pipette for any pseudoislets that may have
been attached.

Use a gel loading tip to gently maneuver the pseudoislets into the center of the
well. This ensures that the maximum number of pseudoislets will be captured in
a field of view.

Take an image of the pseudoislets in the microchip on the stereoscope. This
count will be used to adjust the calculated IEQ for any pseudoislet loss during
this process.

1. If all the pseudoislets from step 5.3 are not loaded into the microchip,
adjust the IEQ accordingly. For example, if 30 pseudoislets are
visualized now but 32 were visualized in step 5.1, calculate the IEQ
on the images from step 5.1 and then multiply by 30/32.

Place the bottom of the microchip into the microchip holder. Carefully place the
top of the microchip on with the green gasket side down.

While holding the microchip in place, gently close the microchip holder to clamp
the microchip together. Try not to apply excessive pressure onto the microchip
during this process, as doing so will displace the fluid contained in the well and
may lead to pseudoislet loss. Avoid introducing air bubbles into the well.

6. Synchronous live-cell imaging and microperifusion

1.

Transfer the secretagogues, pump, and microchip in the holder into the
environmental chamber fitted to the confocal microscope. Direct the efflux
tubing out of the chamber to the fraction collector.
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1. Place the buffers into 15 mL conical tubes with openings drilled into
their caps. These holes prevent the collection tubing from drifting out of
the tube.

2. When screwing the tubing into the de-bubbler, separate the nut and
ferrule, and then screw into the de-bubbler. This prevents the twisting of
the line.

2. Set the fraction collector to rotate every 2 min. Load the appropriate number

of tubes into the fraction collector, accounting for the washes and experimental
fractions. For these experiments, 15 wash tubes (30 min total washing) and 28
tubes for fraction collection were utilized.

3. Start the pump to deliver the baseline medium (containing the baseline glucose

concentration) at 100 pL/min (a 2 min collection at a 100 pL/min flow rate
results in 200 pL of effluent per each fraction tube). This flow rate was chosen
to limit the sheer stress on the pseudoislets and prevent significant pseudoislet
movement during the live imaging.

1. While the fluid is running through the apparatus, watch for the
following:

1. Watch for droplets at the end of the fraction collector spout,
which indicate flow through the system.

2. Watch for decreases in the efflux from the system; if there is
<200 pL in the collection tubes, this indicates that there might
be a blockage or leak in the system. See Table 2 for a list of
the potential causes of decreased effluent volume, solutions,
and prevention tips.

4, Once there is a steady medium flow from the efflux tubing, rotate the fraction

collector head to dispense into the tubes, and start the fraction collector. Collect
the first 15 fractions (30 min) as wash to allow the pseudoislets to equilibrate.
Use these first 15 fractions to ensure continual and accurate medium flow
through the system. Discard these fractions afterward.

5. During the 30 min wash, set up the microscope for live-cell imaging according to

these parameters: objective lens: U Plan Fluorite 20x with 1x zoom; fluorescence
channels: EGFP (emission =510 nm, laser wavelength = 488, detection
wavelength = 500-600 nm); time series: image acquired every 2 s for the entirety
of the experiment (i.e., 56 min); sampling speed: 2 ps/pixel.

1. Identify the bottom of the pseudoislets in the field of view and adjust
the focal plane to 15 um above this position. This is the frame that will
be used throughout the imaging experiment.

6. Once the 30 min wash is complete, begin fraction collection and image

acquisition.

J Viis Exp. Author manuscript; available in PMC 2024 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Richardson et al.

10.

Page 8

NOTE: All efforts should be made to identify and correct any issues before
this step. Once data collection begins, any pauses in the experiment or excess
exposure to secretagogues may adversely affect the results.

Continue perifusing the pseudoislets with baseline medium for the duration of
the first baseline collection, collecting the effluent into 1.5 mL tubes. Switch the
tubing from the baseline buffer by hand to the new stimulus buffer tube when the
time is appropriate for the experiment.

1. A standard microperifusion sequence is shown in Table 3.

2. After collecting ~10 fractions, place all the fractions into a 4 °C
refrigerator until the end of the experiment to prevent the degradation of
the hormones, especially glucagon.

3. Continue to monitor the system flow throughout the experiment by
checking the effluent volume in each tube.

When the experiment is complete, switch back to the baseline medium, and
allow the pump to continue running for 5 min to wash out the stimulus with
baseline medium (in this case, 2 mM glucose).

Stop the pump, and disconnect the microchip holder tubing at the de-bubbler
and fraction collector to remove the microchip holder from the environmental
chamber. Close all the doors after removing the microchip to maintain the
temperature.

Store the perifusates at —80 °C for subsequent hormone analysis.

7. Pseudoislet acid ethanol extraction

1.

Carefully open the microchip holder and lift off the top of the microchip. Use a
pipette and benchtop microscope to pick pseudoislets out of the well and transfer
them to a 1.5 mL tube. Ensure the collection of all the pseudoislets using a
benchtop microscope if needed.

1. Take a final image of the pseudoislets in the microchip prior to removal
from the well to adjust the islet extract IEQ, similar to in step 5.5.

Wash two times with 500 uL of PBS. Spin down the pseudoislets for 1 min at 94
x g between each wash, and aspirate off the supernatant.

After removing the last wash, add 200 pL of acid ethanol (5.5 mL of 95%
ethanol + 50 pL of 12 N HCI). Store at 4 °C overnight.

On the next day, spin down the extracts for 10 min at 15,989 x g, and 4

°C. Aliquot 45 pL into three new tubes. Store at =80 °C for hormone content
analysis. As an alternative to normalizing the hormone secretion to the IEQ, the
hormone secretion may also be normalized to the pseudoislet hormone content
measured from the extracts.
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8. Additional experiments and clean-up

1. Repeat steps 5—7 with subsequent groups of pseudoislets to obtain additional
technical replicates.

2. After finishing all the microperifusion experiments, run 10% bleach through the
microchip and tubing for 5 min and then ultra-purified water for 30 min to
sanitize the tubing.

9. Data analysis

NOTE: Live-cell imaging was performed using a laser-scanning confocal microscope. The
images were analyzed using the microscope-associated imaging software package. The
following are general guidelines but may differ depending on the microscope manufacturer
and image acquisition software.

1. Determining the total islet equivalents (IEQ) for data normalization

1.

Open the software program, and click on the Acquisition tab at the
top right of the window. Batch-burn in all the dark field images by
selecting the Batch burn in function in the Macro Manager (View >
Tool Windows > Macro Manager).

1. To burn multiple images at once, click on the Toggle Batch
Mode button prior to clicking on the Run button within
the Macro Manager. Follow the on-screen instructions for
selecting the source image location and destination location
for the burned images. For the image file type, choose Tagged
Imagine File Format (*.tif).

For the IEQ measurement, open the burned version of the 10x darkfield
image taken in step 5.1. Click on the Count and Measure tab at the
top, and choose the Manual HSV Threshold button on the left.

1 Use the dropper function to add/remove the positive area
(in red) until each pseudoislet is highlighted in red, without
extending past the pseudoislet border. Click on Count and
Measure.

Use the auto-split or manual-split functions to split the pseudoislets that
were joined together.

1. To manually split the pseudoislets, choose the manual-split
function, left-click to draw a line separating the pseudoislets,
and then right-click to complete the line. To auto-split, choose
the auto-split function, and click on the grouped pseudoislets
of interest. Confirm the correct auto-split afterward.

In batch-burned images, the scale bar and magnification text may be
marked as positive. Delete these objects for an accurate count by
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highlighting the text and scale bar using the mouse and pressing the
Delete keyboard key.

5. Toggle the filter on and off to confirm that all the pseudoislets are
being counted. The file can also be opened outside of the program for
cross-referencing. When finished, click on Export to Excel.

6. Open the spreadsheet, and modify it as follows.

1. Delete the count, mean, and sort information at the bottom.
Sort the objects based on their mean diameter. Insert a column
after the mean diameter, and name the column “Pseudoislet
count”.

2. The islet count is determined by the number of pseudoislets
with mean diameters that fall within each index below.
Multiply the number of pseudoislets per index by the
respective IEQ conversion factor, and sum these values to
determine the total IEQ. Perform the IEQ calculations on the
images acquired before each experiment. Use the following
indexes and IEQ conversion factors:

1-49 ym: x 0.167
50-100 pm: x 0.667
101-150 pm: x 1.685
151-200 pm: x 3.500
201-300 um: x 6.315
301-350 um: % 10.352

3. For an example spreadsheet for determining the IEQ counts,

see Supplementary File 1.
2. Live-cell imaging quantification in software
1. Open the desired file (.oir) in cellSens.
2. Designate the regions of interest (ROIs) as follows.

1 Use the drawing tools to designate the ROIs (i.e., each
pseudoislet). If using the freehand drawing option, right-click
to close the shape.

2. Highlight all the ROIs by using the arrow hand and dragging
it to encompass all the ROIs in the image. With all the ROlIs
highlighted, right-click, and select Convert to Dynamic ROI
Over Time

3. Play the XYT file to confirm that the ROls are accurate over

time. If the ROI is not accurate at a specific period, correct its
size/location at that period. The software will gradually adjust
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the ROI’s size/location over time to match these changes.
Repeat these steps until the ROl is accurate throughout the
imaging experiment.

3. Perform intensity measurements on each ROI as follows.

1. In the toolbar, click on Measure Intensity Profile. Highlight
the ROIs to analyze; use shift + click to select multiple ROIs.

NOTE: While multiple files may be open at a time in the
software, only analyze the ROIs from one file at a time.

2. To account for background noise, select a constant value to
subtract from each intensity value, or designate one ROI as
background. Click on Execute.

3. Within the Intensity Profile toolbar, click on Export to Excel
to export the data.

4. Normalize all the data points to the average of the intensities
measured from 7-8 min (i.e., the last min of the first
baseline medium perifusion). These normalized values at
each time point are defined as the relative cADDIs intensity.
For an example spreadsheet of imaging data analysis and
normalization, see Supplementary File 2.

3. Measure the hormone secretion in each fraction and islet extract. In these
experiments, insulin and glucagon concentrations were measured by ELISA.
Normalize the hormone secretion in each fraction to the pseudoislet volume
using the IEQ measurements determined in step 9.1 or by the extract hormone
content.

Representative Results

Biosensor-expressing human pseudoislets were created via the adenoviral delivery of
constructs encoding the cAMP biosensor cADDis (Figure 1A). Figure 1B shows the
reaggregation of the transduced human islet cells over time, with fully formed pseudoislets
observed after 6 days of culture. The cells began to show visible cADDis fluorescence
within 48 h, and there was high biosensor expression in transduced cells by the end of

the culture period. Using this protocol, the pseudoislets displayed an average transduction
efficiency of 60% in alpha cells and 95% in beta cells (Figure 1C-D).

The integrated microfluidic and live-cell imaging platform is highlighted in Figure 2. After
harvesting the cADDis-expressing pseudoislets and allowing them to incubate in fresh
medium overnight, the pseudoislets were loaded into the center of a pre-wetted well on a
microchip. The microchip was then clamped in a holder and placed on a microscope stage.
Inside the environmental chamber attached to the microscope, which was maintained at 37
°C, the pseudoislets were perifused with media containing alpha and beta cell secretagogues,
which were pumped through a de-bubbler to prevent the introduction of air bubbles into

the system. The pseudoislets in the microchip were perifused at a flow rate of 100 pL/min,

J Viis Exp. Author manuscript; available in PMC 2024 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Richardson et al.

Page 12

and the effluent was collected at 2 min intervals via a fraction collector (Figure 2A-B). The
glass bottom of the microchip well allows for capturing the cADDis fluorescence intensity
of multiple pseudoislets in a field of view, which is essential for later analysis (Figure 2C).

Figure 3 shows representative results using the described protocol with cADDis-expressing
pseudoislets generated from native islets isolated from three human donors without diabetes.
The cADDis-expressing pseudoislets were perifused with 2 mM glucose (G 2), 20 mM
glucose plus the phosphodiesterase inhibitor isobutylmethylxanthine (IBMX; G 20 +
IBMX), and 2 mM glucose plus epinephrine (G 2 + Epi). This protocol elicits known
intracellular pathways that enhance cAMP within alpha and beta cells (Figure 3A-B).

The microperifusion setup facilitates the synchronous collection of the intracellular cAMP
dynamics through cADDis fluorescence and hormone secretion (Figure 3C-E). To ensure
experimental rigor, experiments on the pseudoislets were performed from the same donor
with two to three replicates, and the aggregate values are plotted in Figure 3C-E,D’|E’.
With exposure to G 2, the relative cADDis intensity was low and stable, as was the insulin
secretion (Figure 3C-D). When the pseudoislets were exposed to G 20 + IBMX, there

was a robust increase in the intracellular cAMP concentration, as evidenced by an increase
in the relative cADDis intensity (Figure 3C). This increase was most likely due to both

beta and alpha cells, as demonstrated by the concomitant marked increases in both insulin
and glucagon secretion (Figure 3D-E). The exposure of the pseudoislets to G 2 + Epi
increased the intracellular cAMP concentration (Figure 3C), and this was associated with an
increase in glucagon secretion (Figure 3E). The observation that the cAMP response to G

2 + Epi was relatively smaller compared to the IBMX response may have occurred due to

a combination of the lower transduction efficiency of the cADDis adenoviral construct in
alpha cells versus beta cells (Figure 1D) and the alpha cell-specificity of this signal (Figure
3E). Therefore, based on known cAMP-mediated signaling pathways in primary human beta
and alpha cells, this protocol successfully demonstrates the utility of this integrated platform
to simultaneously examine the relative fluorescence intensity of the cADDis biosensor and
beta and alpha cell hormone secretory profiles across technical and biological replicates.

Discussion

The integration of a microperifusion system, biosensor-expressing pseudoislets, and laser-
scanning confocal microscopy allows for the synchronous assessment of intracellular
signaling events and dynamic hormone secretory profiles. The dynamic microperifusion
system can deliver a series of well-defined stimuli to the pseudoislets and allows for

the collection of the effluent, in which the insulin and glucagon concentrations can

be measured by commercially available ELISA. Concurrently, live-cell imaging of the
biosensor-expressing pseudoislets by a confocal microscopy platform captures the real-time
biosensor fluorescence activity, which provides information about intracellular signaling
events. The simultaneous measurement of the biosensor signal and hormone secretory
profile over time provides the opportunity to directly compare the influence of intracellular
signaling events on islet hormone secretion.

Multiple considerations are key to the success of the presented protocol. These include
generating biosensor-expressing pseudoislets and using a constant flow rate during each
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Richardson et al.

Page 13

experiment without pseudoislet movement. At a flow rate of 100 uL/min and with 2 min of
fraction collection, the perifusate volume of each fraction is 200 uL and should not fluctuate
by more than 10 uL/fraction. In addition, while the imaging software can adjust to minor
pseudoislet movement in the XY plane within the field of view, pseudoislets that move out
of the field of view in the course of the microperifusion experiment cannot be analyzed.
Thus, it is important to detect any leaks and movement early on during the experiment

such that attempts can be made to fix the issue. A summary of the potential challenges,

their common causes, solutions, and tips to prevent them from occurring are summarized

in Table 2. Nevertheless, this protocol includes multiple opportunities to anticipate issues,
such as performing a test experiment prior to loading the chip (step 2.3) and monitoring the
pseudoislets for significant movement via a microscope during the 30 min wash period prior
to image acquisition and microperifusion fraction collection (steps 6.4-6.5).

One limitation is that the field of view on the current confocal microscopy platform does not
allow all the pseudoislets within the microchip to be captured at once. While a minimum of
30 pseudoislets are required to reliably detect insulin and glucagon in the microperifusates,
only a subset can be imaged at 20x magnification. Loading the pseudoislets into the center
of the well maximizes the number that can be captured in the field of view. In addition,
while the microchip is equipped with three wells, the integration with confocal microscopy
limits the measurements to one well at a time, meaning that technical replicates must be
done in series rather than in parallel. Furthermore, this current approach co-registers the
whole pseudoislet fluorescence with alpha and beta cell-specific secretory outputs; however,
this could be modified to directly measure changes in alpha or beta cell intracellular events
using the cell-specific targeting of genetically encoded biosensors. While only insulin and
glucagon secretion were assessed in this protocol, future studies could also measure the
secretion of other islet hormones, such as somatostatin secretion from delta cells. Of note, at
this time, somatostatin is only detectable with this platform in response to highly stimulatory
secretagogues such as IBMX. Lastly, isolated islets and pseudoislets lack the neurovascular
architecture of islets /n vivo, which has been shown to directly impact the islet function.

In conclusion, the described platform provides a strategy to synchronize the assessment of
intracellular signaling events using biosensor and hormone secretion. This system can be
further adapted to examine the functional perturbations introduced by RNA interference
(SiRNA or shRNA) or CRISPR-mediated gene targeting strategies. These methods can

be used to determine the biological effects of pathways of interest on a multitude of
intracellular or extracellular events using genetically encoded biosensors outside of cADDis,
as has been previously demonstrated for GCaMP6f’. Additionally, the selective transduction
of a particular cell type and/or exposure to cell-specific stimuli would allow for the targeted
interrogation of intracellular signaling events of a specific cell type within the context of

the human islet. For example, alpha cells of human pancreatic islets could be purified

using cell surface markers and subsequently transduced with the commonly used genetically
encoded calcium biosensor GCaMP to assess the intracellular calcium dynamics. These
virally transduced cells could be then recombined with other untransduced islet cells to form
pseudoislets or left to reaggregate on their own to generate alpha cell-enriched pseudoislets
that compositionally resemble islets in type 1 diabetes. This approach is different from more
conventional techniques, in which intracellular molecules such as Ca2* are measured using
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loaded Ca?*-sensitive dyes and the cell identity is determined after live-cell imaging by
immunostaining or other meansl®. Alternatively, measurements are done in the single-cell
state, where the impact of paracrine signaling on the islet cell function is lost1®. Thus,

this live-cell imaging integrated with a pseudoislet system and microperifusion platform
overcomes previous challenges in islet biology while broadening the knowledge of integral
cellular processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Formation of biosensor-expressing human pseudoislets.
(A) Schematic showing primary human islet dissociation, transduction with the biosensor

construct in a single-cell state, and reaggregation. Following reaggregation, the pseudoislets
are harvested and undergo synchronous live-cell imaging and microperifusion. The protocol
steps are indicated throughout the schematic. (B) Representative images capturing the
formation of a cADDis-expressing pseudoislet during a 6 day reaggregation period; top:
brightfield with contrast, bottom: cADDis fluorescence. The scale bar is 100 um. (C)
Representative images of a cADDis-expressing pseudoislet (green) with alpha and beta cells
visualized by C-peptide (CPEP, blue) and glucagon (GCG, red) labeling, respectively. DAPI
(white) was used as a nuclear counterstain. The white arrows highlight the transduced alpha
and beta cells. The yellow arrow points to an untransduced alpha cell. The scale bar is 100
um. (D) Quantification of the transduction efficiency at MOI 1,000 in beta and alpha cells
by a HALO cytonuclear algorithm (N = 2 donors, with an average of 601 beta cells and

627 alpha cells analyzed per donor across multiple pseudoislets). The error bars indicate the
standard error of the mean.
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Figure 2: Integrated live-cell imaging and microperifusion system.
(A) Overview of the live-cell imaging and microperifusion system components. The

pseudoislets in a microchip are placed on the stage of a confocal laser-scanning

microscope enclosed within an environmental chamber. This configuration allows for
temporal resolution regarding the intracellular changes in biosensor fluorescence during the
dynamic response to a series of well-defined secretagogues and the collection of pseudoislet
perifusate fractions for the synchronous measurement of the hormone secretion for further
integration with intracellular signaling events. (B) The components of the microfluidic
platform outside of the environmental chamber. The fluid directionality is as follows: (1)
secretagogue-containing tubes to (2) 0.01 in tubing to (3) peristaltic pump tubing (0.02 in
inner diameter) to (4) 0.01 in tubing to (5) de-bubbler to (6) microchip inlet (0.01 in tubing)
to (7) microchip holder/microchip to (8) microchip outlet (0.01 in tubing). Note: The 0.01
in tubing is joined to the peristaltic pump tubing with conical adapters (white arrowheads).
The tubing is plugged into the de-bubbler viaa nut and ferrule (green arrowhead). The
dashed red line displays the connectivity between the components. (C) Close-up view

of the microchip and holder within the environmental chamber mounted on the confocal
microscope stage.
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Figure 3: Human pseudoislet cCAMP and hormone secretion dynamics.
(A) Schematics of secretagogue-induced cADDis fluorescence and hormone secretion in

beta and alpha cells. In beta cells, epinephrine (Epi) binds Gj-coupled alphay-adrenergic
receptors, which leads to the inhibition of adenylyl cyclase (AC), decreased CAMP,

and reduced insulin secretion. In alpha cells, Epi stimulates Gg-coupled beta;-adrenergic
receptors, leading to the activation of AC and an increase in intracellular cAMP. In both cell
types, IBMX, a phosphodiesterase (PDE) inhibitor, prevents the degradation of intracellular
CAMP and promotes hormone secretion. The binding of free intracellular cAMP causes
conformational changes in the cADDis protein, thus causing an increase in fluorescence
intensity. (B) Representative images of cADDis-expressing pseudoislets during live-cell
imaging in response to G 2 (2 mM glucose), G 20 + IBMX (20 mM glucose + IBMX),

and G 2 + Epi (2 mM glucose + Epi). The pseudoislets are outlined in white, and the
secretagogue type is indicated in the top-left corner. The scale bar is 50 um. (C) Relative
cADDis fluorescence over time averaged across cADDis-expressing pseudoislets made from
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human islets from three organ donor preparations. (D) Aggregate insulin and (E) glucagon
secretion in response to the indicated secretagogues. The data are normalized to the islet
volume, expressed in islet equivalents (IEQs). The pseudoislets were prepared from three
human islet donors and analyzed using two to three technical replicates/donor. The islet cells
were transduced with cADDis adenoviral construct at MOI 500 (N = 1) or 1,000 (N = 2).
(D’,E’) The pseudoislet hormone content. The error bars indicate the standard error of the
mean.
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