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Functional Microendoscopy Reveals Calcium Responses of
Single Cells in Tracheal Tuft Cells and Kidney Podocytes

Tobias A. Dancker, Mohamed Ibrahem Elhawy, Ramona Rittershauß, Qinghai Tian,
Yvonne Schwarz, Markus D. A. Hoffmann, Christopher Carlein, Amanda Wyatt,
Vanessa Wahl, Daniel Speyerer, Alaa Kandah, Ulrich Boehm, Leticia Prates Roma,
Dieter Bruns, Peter Lipp, Gabriela Krasteva-Christ, and Marcel A. Lauterbach*

Microendoscopy, a crucial technology for minimally invasive investigations of
organs, facilitates studies within confined cavities. However, conventional
microendoscopy is often limited by probe size and the constraint of using a
single excitation wavelength. In response to these constraints, a multichannel
microendoscope with a slender profile of only 360 µm is engineered.
Functional signals both in situ and in vivo are successfully captured from
individual single cells, employing a specially developed software suite for
image processing, and exhibiting an effective resolution of 4.6 µm, allowing
for the resolution of subcellular neuronal structures. This system enabled the
first examination of calcium dynamics in vivo in murine tracheal tuft cells
(formerly named brush cells) and in situ in kidney podocytes. Additionally, it
recorded ratiometric redox reactions in various biological settings, including
intact explanted organs and pancreatic islet cultures. The flexibility and
streamlined operation of the microendoscopic technique open new avenues
for conducting in vivo research, allowing for studies of tissue and organ
function at cellular resolution.

1. Introduction

Endoscopy is an important technique for minimally inva-
sive imaging in both human and animal subjects, often
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facilitating concurrent biopsy collec-
tions.[1,2] Enhanced with appropriate light
sources and filters, an endoscope becomes
a powerful tool for analyzing tissue flu-
orescence. This capability contributes to
tumor stratification, whether using the aut-
ofluorescence spectra of tumors or specific
fluorescent dyes.[1,3] The ready availability
of genetically modified mouse lines ex-
pressing fluorescent proteins, along with
the vast potential for gene manipulation
in these models, necessitates endoscopes
compatible with mouse research. However,
conventional endoscopes face limitations in
preclinical rodent studies because of probe
size, leading to a shift toward microendo-
scopes. Although recent microendoscopes
designed for mouse models have been
introduced, they often lack multiple exci-
tation capabilities and sufficient flexibility
and are rarely applied in vivo.[4–12] Recent
models overcome some of these limitations

but remain often limited by their size, with fiber diameters ex-
ceeding 500 μm, making them unsuitable for small organs or
the narrow lumina of mice.[13–18] Single multimode fiber sys-
tems represent a notable application of optical technology,[19,20]
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achieving probe diameters as small as 105 μm. However, these
systems require highly stable, narrow-band lasers and extensive
calibration, which must be adjusted for each bending state of
the probe. The endoscopes must therefore either remain rigid or
readjust the image transmission for each bending change, lead-
ing to endoscopes that are either short (<3 cm) and stiff or re-
quire adjustments on a second to minute timescale after each
bending change.[20] A small microendoscope featuring multiple
channels and equipped with amulticore fiber would provide a lit-
erally more flexible solution and represent a significant advance-
ment. Such a system would enable minimally invasive in vivo
tissue or organ examinations outside the skull and support lon-
gitudinal studies with reduced sample sizes. Such studies might
encompass cellular or molecular responses to pharmaceuticals,
cell metabolism, or reactions to environmental stimuli.[10]

Here, we concentrate particularly on two cell types reacting to
such stimuli: podocytes and tuft cells. Additionally, we investigate
whole explanted tissues and tissue/cell cultures in multi-channel
and ratiometric recordings.
Podocytes are integral components of the glomeruli and play a

crucial role in the primary blood filtration process within the kid-
ney. Via their foot processes, they create filtration slits that main-
tain selective permeability, preventing cellular components from
escaping the bloodstream.[21] When podocytes age or undergo in-
jury, they experience a loss in density and structural integrity,
resulting in increased leakage from the blood into the proto-
urine.[22,23] The regulation of podocyte foot process number, den-
sity, structure, and cytoskeleton is associated with calcium sig-
naling cascades, which are modulated by angiotensin II stim-
ulation. Injured podocytes exhibit increased sensitivity to these
signals.[24–26]

Tracheal tuft cells – formerly known as brush cells – have been
identified as chemosensory entities in recent studies[27–29] and are
characterized by their tuft ofmicrovilli extending into the tracheal
lumen. These cells are involved in detecting bitter substances
in the murine trachea (500–1000 μm in diameter), influencing
respiratory rates via cholinergic transmission[30] and acting as
paracrinemessengers within autocrine signaling frameworks.[31]

Their activation is also linked to the triggering of local innate im-
mune responses, particularly the mobilization of neutrophils in
response to the stimulation of nociceptor sensory neurons, po-
sitioning them as a critical line of defense against infections.[32]

Denatonium benzoate is a tuft cell agonist[32] that initiates a cal-
cium signaling cascade through the TRPM5 channels (transient
receptor potential cation channel subfamily M member 5 chan-
nels). The reaction to this bitter substance underscores the physi-
ological importance of these cells, but its agonistic action has not
been directly observed in vivo.
The reduction/oxidation-sensitive green fluorescent protein

2 (roGFP2) is a ratiometric fluorophore derived from jellyfish
green fluorescent protein (GFP), engineered to alter its excita-
tion properties based on the redox state of the molecule.[33] This
characteristic renders roGFP2 valuable for the ratiometric inves-
tigation of redox dynamics across various cellular models.[34,35]

Via genetic targeting, roGFP2 can be localized to specific cellular
compartments, including the cytosol, mitochondrial intermem-
brane space, and the mitochondrial matrix (mito-roGFP2).[36]

When fused with the peroxidase-1 protein (Orp1), the resulting
mito-roGFP2-Orp1 biosensor effectively detects H2O2-specific

fluorescence changes,[37] providing a powerful means to ex-
plore redox variations in both isolated structures and whole
tissues.
In this study, we present amicroendoscope that shifts perspec-

tive by focusing on achieving cellular imaging in vivo without
the skull for anchoring. Featuring multiple color channels and a
small probe diameter of only 360 μm, this microendoscope has
enabled us to successfully record functional calcium signals in
tuft cells of the intact trachea in situ and in vivo, even in the pres-
ence of breathing related movement. To our knowledge, this rep-
resents the first publication of in vivo signals from these cells.
Additionally, we recorded similar signals in kidney podocytes in
situ. Our application also extended to recording mitochondria-
associated ratiometric redox signals in excised pancreas and kid-
ney aswell as in cultured pancreatic islets. Finally, themicroendo-
scope’s unique frame-interleaved dual-channel imaging capabil-
ity enabled functional recordings of neurons expressing a green
calcium indicator and a static red fluorescent protein, demon-
strating its effectiveness in enhancing imaging fidelity with the
use of a reference channel.

2. Results

2.1. Microendoscope Hardware and Software

We designed our microendoscope (Figure 1a,b) to balance min-
imizing probe diameter, achieving 360 μm, while maintaining
an adequate field of view (FOV, 145 μm) and working distance
(110 μm) for cellular imaging within targeted organs. This was
achieved using a single gradient index (GRIN) lens fused to the
end of a multicore fiber with 1460 cores (FIGH016-160S, Fu-
jikura, Surrey, United Kingdom, NA 0.4) (Figure 1b, see Exper-
imental section for details). A three-axis micromanipulator was
employed for precise positioning of the fiber’s imaging end over
the sample. The probe was secured in a guide tube (Figure 1b).
To facilitate position adjustments during animal experiments, a
tilting sample stage allowed rotation along the horizontal and ver-
tical axes and coarse height adjustments. The opposite end of the
fiber bundle was projected onto a CCD camera in a 4f configura-
tion (Figure 1a).
To select an appropriate dichroic mirror and filters for the

Fujikura imaging fiber bundle, we referred to the work of
Udovich et al., whomeasured the autofluorescence spectrum un-
der 488 nm excitation.[38] Our selection included a fixed multi-
band dichroic mirror and two alternating emission filters. We
used a quad-band emission filter formulti-emission imaging and
a single-band filter to exclude the red autofluorescence peak dur-
ing the imaging of GFP-derived fluorophores (Figure S1, Sup-
porting Information).
Illumination was provided by a Lightengine Aura III light

source (Lumencor, Beaverton, OR, USA), which contains five
individual illuminants, each with its own fixed excitation filter:
395/25, 475/28, 555/28, 635/22, and 730/40 nm (in the experi-
ments presented here, only the first three channels were used).
These channels are already combined in the light source and are
always coupled to the light output path; a combined beam is de-
livered via a light guide with 3mmdiameter. The individual chan-
nels can be switched on and off independently without moving
parts and therefore with sub-millisecond time resolution via TTL
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Figure 1. Microendoscope setup and image processing workflow. a) Schematic of the microendoscope system. b) Detailed view of the fiber end, high-
lighting the GRIN lens at the fiber’s terminus, the glass capillary securing it, and the guide cannula. Scale bar: 5 mm. c) Initial raw images obtained
through the multicore fiber are segmented to delineate each core’s periphery. Pixel intensities within each core are averaged, and a smooth image is pro-
duced using triangulation-based linear interpolation. The 25th intensity percentile is then subtracted from each frame to mitigate fiber autofluorescence.
Subsequently, a ROI-based intensity profile is plotted along the time dimension and smoothed with a sliding window median filter. Scale bar: 50 μm.

(transistor–transistor logic) signals. Images were recorded by a
monochrome 16-bit CCD camera, ensuring sensitive detection
of fluorescent signals.
The electronic design of our microendoscope incorporated

electronic frame-interleaved excitation switching. This enabled
alternation between different excitation wavelengths on a frame-
by-frame basis, while the emission of all channels passed through
the same multiband filter. This approach allowed for the frame-
interleaved measurement of multiple color channels without
complications from spatial shifts between channels or the need
for slow filter switches.

2.2. Image Processing

The image analysis pipeline was designed to enhance the quality
of our recordings (Figure 1c). It was responsible for eliminating
visible individual fiber cores within the image and removing fiber
autofluorescence.
To obtain clear images devoid of the honeycomb pattern of

individual fiber cores, a custom MATLAB routine was devel-
oped. This routine begins with segmentation of the individ-
ual cores (see Experimental section). The fluorescence intensity
within each identified core region is averaged, and triangulation-
based linear interpolation is used to generate interpolated im-
ages reduced to 128 × 128 pixels. This downsampling mini-
mizes unnecessary oversampling of the fiber bundle’s individ-
ual cores, consequently reducing data storage and processing
requirements.
To further enhance image quality by improving contrast and

reducing noise, the 25th intensity percentile was subtracted
from each frame (see Experimental section). This approach al-
lowed the brightness of each image to be adjusted individually,
thereby reducing the effects of camera flicker artifacts. Given
the prominence of autofluorescence, instability in recorded flu-

orescence intensity when multiplied by the substantial autofluo-
rescence, could potentially introduce flickering artifacts into the
time course of signal intensity. To address this issue, a per-frame
proportional subtraction was implemented rather than using a
single baseline value.
To mitigate motion artifacts in in vivo experiments, cross-

correlation based image registration was applied (see Experimen-
tal section for details).
For the evaluation of functional fluorescence signals from im-

ages processed and corrected for autofluorescence, regions of in-
terest (ROIs) specific to cells were delineated manually. Within
these ROIs, intensity profiles were calculated and denoised us-
ing a moving window median filter.

2.3. Optical Characterization of the Microendoscope

In the first series of experiments, we characterized the optical
performance of the endoscope. The system’s theoretical magni-
fication, based on the objective (f = 3.6 mm) and tube lens
(f = 200 mm) specifications, along with the nominal magnifi-
cation of 1 of the GRIN lens, was anticipated to be 55.56. The
magnification measured by moving a fluorescent sample by a
known distance (Figure 2a,b) was 55.44 ± 0.53 at the sample-to-
camera level, with pixel dimensions of 0.2883 ± 0.0029 μm per
side within the sample plane.
The FOV diameter was determined to be 147.5 ± 1.7 μm,

deviating only minimally from the manufacturer’s specification
(145 μm, translating to a total area of 16 500 μm2). By count-
ing the cores, visible as distinct bright spots under uniform il-
lumination, we identified 1460 cores, consistent with the lower
end of the specification (1600 ± 10%), equating to one core per
11.3 μm2. Assuming an ideal hexagonal lattice arrangement,
the expected center-to-center distance between cores would
be 3.68 μm. Our experimental measurements revealed an
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Figure 2. Optical characterization of the microendoscope. a) Microendoscope fiber bundle, with single fiber cores measuring 2.34 μm in diameter. Scale
bars: 10 μm. b) Magnification and FOV calibration using a test sample (fluorescent fibers) observed before (green) and after shifts of 100 μm (purple),
50 μm (cyan), and 30 μm (yellow) via the micromanipulator. The shift on the camera was used to calculate the magnification and FOV. Scale bar: 50 μm.
c) Validation of single-cell resolution through simultaneous imaging of the same neuron with a conventional microscope (c.1) and the microendoscope
(c.2). Scale bars: 100 μm. d) Resolution measurement with microspheres: d.1) In an unprocessed image, a 1 μm bead (green) appears on only one of
all fibers (magenta, intensity-scaled reference image without sample). d.2) After shifting by one core’s distance, the bead appears on the adjacent fiber.
d.3) Processed image with the honeycomb pattern removed. d.4) Intensity profile across the bead marked in d.3. Scale bars for d.1 and d.2: 10 μm; for
d.3: 5 μm.

average distance of 3.71 ± 0.08 μm (Figure 2a), only slightly
deviating from theoretical predictions, and a core diameter of
2.34 ± 0.06 μm.
To assess the microendoscope’s ability to resolve single cells,

we simultaneously imaged the same neuron using both the mi-
croendoscope and a conventional inverted epifluorescence mi-
croscope for comparison. This comparison confirmed that the
microendoscope could discern not only the neuronal soma but
also some extending neurites (Figure 2c), highlighting its poten-
tial for detailed cellular observations.
Theoretically, the optical resolution of ourmicroendoscope at a

wavelength of 475 nm, given the fiber’s limiting numerical aper-
ture of 0.4, should be ≈720 nm. However, the actual spacing be-
tween fiber cores of 3.71± 0.08 μm (Figure 2a) limits the system’s
effective resolution, which is thus governed by the sampling den-
sity of the individual fibers.
For experimental characterization of the microendoscope’s

imaging performance, we used 1 μm fluorescent beads, which
occupied single fiber cores (Figure 2(d.1)). By shifting the fiber by
the distance of one core, the bead was observed to transition to an
adjacent core (Figure 2(d.2)). After image processing to remove
the visibility of individual cores, the beads exhibited a full width
at half maximum (FWHM) of 4.67 μm (Figure 2(d.3),(d.4)). The
computed average FWHM across five beads was 4.64 ± 0.05 μm,
defining the effective resolution of our microendoscope and un-
derscoring its proficiency in cellular imaging applications.

2.4. Imaging Calcium Signals of Podocytes in Intact Kidneys In
Situ

Following the optimization and comprehensive characteriza-
tion of our microendoscope, we recorded functional signals

within organs. Initially, we focused on capturing the calcium
response in green fluorescent protein, calmodulin, and M13
(GCaMP3)-expressing podocytes within intact kidneys. To stim-
ulate these cells hormonally with angiotensin II, we inserted an
arterial catheter into the infrarenal aorta of freshly euthanized
mice. By occluding the superior mesenteric aorta, we ensured
that injections through the catheter were directed exclusively
to the kidneys, achieving targeted stimulation of the podocytes
(Figure 3a–c).
In this series, we stimulated three kidneys and recorded single-

cell calcium signals (Figure 3d–f). A representative experiment
showcasing podocytes imaged with the microendoscope is pre-
sented in Figure 3g. The stimulation triggered notable increases
in GCaMP3 fluorescence within individual podocytes, with vari-
able time courses. We observed up to a twofold elevation in
cell-specific fluorescence intensity upon stimulation. Typically,
this increase was preceded by a brief decline in signal intensity
(<10 s), followed by a rapid rise within 1–3 s. Some responses
plateaued briefly (<10 s) before a gradual reduction over the sub-
sequent 15–20 s (Figure 3d,e), whereas others did not exhibit
such a plateau (Figure 3f). The consistent signal rise across ex-
periments is demonstrated by the plotted averages and their stan-
dard deviations (of one cell per animal) (Figure 3h).

2.5. Imaging Calcium Signals of Tracheal Tuft Cells In Situ

To demonstrate the microendoscope system’s capability for in
situ imaging within narrow cavities inaccessible to larger instru-
ments, we recorded functional calcium signals from GCaMP3-
expressing tuft cells in the mouse trachea. After opening the
skin, the salivary glands and sternothyroid muscles were posi-
tioned laterally, and the trachea was opened ventrally with a small
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Figure 3. Functional calcium signals in mouse kidneys. a) Overview of the surgical procedure. b) Diagram illustrating the surgical approach designed
to directly infuse a stimulation solution into the kidney, minimizing signal latency. The catheter (marked with X) is inserted into the infrarenal aorta,
ensuring exclusive flow through the kidney by ligating all alternate vessels (indicated by –). The catheter is secured in place with two ligatures (∼). After
positioning the microendoscope over the kidney and identifying podocytes by their basal GCaMP3 fluorescence, a 250 μL dose of 10 μM angiotensin II
is administered. c) Genetic allele diagram. d–f) Varied calcium responses to angiotensin II stimulation, showing either an initial surge in signal intensity
followed by a plateau phase before a decline (d, e) or a direct decrease in calcium levels (f). g) Processed microendoscope image corresponding to trace
f. Scale bar: 20 μm. h) Average signals (red) from three separate stimulations, each from a different animal, accompanied by the standard deviation
(blue shaded area). All data were captured at a rate of 4.3 frames per second (fps).

incision. To increase the accessible tracheal surface area, a sin-
gle filament string was anchored to a cartilage ring on each side
of the trachea, effectively widening the opening (Figure 4a). By
tilting the sample/animal stage approximately 15° around the
anterior-posterior axis, we facilitated access to the tracheal wall

side, which was anticipated to contain a higher concentration of
tuft cells.[32] Stimulation of the trachea was achieved by locally
applying 4-μL droplets of 10 mM denatonium benzoate. This led
to a time-dependent increase in intracellular calcium concentra-
tion within individual tuft cells (Figure 4b), as evidenced by the

Figure 4. Functional calcium signals in mouse trachea. a) Insertion of the microendoscope probe into the trachea. b) Genetic allele diagram. c–e) In-
dividual calcium responses to denatonium stimulation, characterized by a rapid increase in signal, followed by either a prolonged plateau (c) or an
immediate decrease (d,e). f) Processed image from the microendoscope video corresponding to trace e. Scale bar: 20 μm (see also Video S1, Support-
ing Information). g) Average signal (red) from three stimulations, each from a different animal, with the standard deviation (blue shaded area). Data
were recorded at a frame rate of 4.3 fps.
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Figure 5. Functional calcium signals in the mouse trachea in vivo. a) Positioning of the stimulant tube (left) into the mouse trachea, with views of the
microendoscope (center, emitting light) and the breathing tube (right, adjacent to the microendoscope probe). The stimulant tube is connected to a
syringe pump. b) Schematic view of the in vivo surgery. Three small holes are cut into the trachea. Into the one proximal to the larynx the stimulant tube
is inserted, into the one proximal to the lungs a breathing tube is inserted. Through the center hole the microendoscope is inserted. c–f) Individual in
vivo calcium responses to denatonium stimulation (orange arrows), characterized by a rapid increase in signal intensity. g) Field of view with region of
interest (ROI) corresponding to c (see also Video S2, Supporting Information). Scale bar: 20 μm. h) Average signal (red) from four stimulations, with
standard deviation (blue shaded area). Data was recorded at a frame rate of 7.6 fps. The traces in panels c–f originate from four different cells across
two animals, with c and d from one animal and e and f from the other.

rising GCaMP3 signal (Figure 4c–e). Peak responses indicated
approximately a 1.6-fold increase in cell-specific intensity. The
signal intensity typically rose within the initial 1–3 s, occasionally
plateauing before diminishing over the subsequent 20–50 s. The
signal averages (of one cell per animal) revealed reproducible re-
sults (Figure 4g). The average of all frames showed the locations
of individual tuft cells (Figure 4f), with the low initial intensity,
stimulation-induced intensity rise, and subsequent decline in flu-
orescence conspicuously observable in the corresponding video
(Video S1, Supporting Information). To substantiate that the dy-
namic calcium signals originated from single cells, we imaged
the distribution of tuft cells within a fixed, whole-mount trachea,
which confirmed the sparse distribution of individual tuft cells
throughout the trachea (Figure S2, Supporting Information).

2.6. Imaging Calcium Signals of Tracheal Tuft Cells In Vivo

We recorded GCaMP3 signals from individual tuft cells in vivo
to assess the effect of denatonium benzoate on tuft cell calcium
signaling in the living animal and to confirm the effectiveness of
our microendoscope for in vivo imaging. After anesthetizing the
mouse with urethane, we performed the surgery as described un-
der in situ experiments. However, we decoupled a segment of the
trachea from the animal’s breathing by fitting it with a breathing
tube. For on-demand stimulation, a syringe pump connected to
the cranial trachea segment via a tube was used. The microen-
doscope probe was inserted through a small hole (≈400 μm ⌀)
in the intact trachea between the two sites (Figure 5a,b). Af-
ter identifying cells with the microendoscope, the trachea was
stimulated with a 10 mM denatonium solution at a rate of
≈2 μL s−1. The tuft cells responded with a calcium signal showing
up to a 15% increase in fluorescence intensity over a period of
3–10 s (Figure 5c–f, Video S2 (Supporting Information), whose
average is shown in Figure 5g). Averaging these signals (two cells

per animal) revealed a reproducible rise and subsequent fall in
fluorescence intensity of ≈10% (Figure 5h). To our knowledge,
these experiments represent the first characterization of the tuft
cell response to denatonium benzoate in vivo.

2.7. Dual-Channel Recordings

Our investigations also assessed the frame-interleaved dual-
channel recording capabilities of the microendoscope. First,
we focused on neuronal cultures, genetically modified to co-
express the calcium indicator GCaMP6f and the static fluo-
rophore mKate2. Upon inducing membrane depolarization with
an 80 mM KCl solution, the GCaMP6f channel exhibited a 2.5-
fold increase in cell-specific fluorescence intensity, indicating
Ca2+ influx through voltage-gated calcium channels. In contrast,
the mKate2 reference fluorescence showed minimal variation
(Figure 6a), effectively ruling out motion artifacts as a source of
fluorescence changes. These neuronal cultures were also used to
prove that our microendoscope does not depend on genetically
encoded calcium sensors, but can record calcium signals with
chemical sensors, shownwith Fluo-4 AM signals (Figure S3, Sup-
porting Information).
Our final set of experiments demonstrated the microendo-

scope’s proficiency to detect ratiometric signals using roGFP2-
Orp1. The roGFP2-Orp1 molecule, a GFP derivative, is excitable
at two distinct wavelength ranges; its excitation efficiency de-
pends on its oxidation state, primarily influenced by the pres-
ence of H2O2. Under oxidative conditions, roGFP2-Orp1 shows
high excitation efficiency at shorter wavelengths (≈400 nm),
whereas reducing conditions result in higher excitation efficiency
at longer wavelengths (≈490 nm).[33]

For ratiometric analyses within organ tissues, we used
pancreas and kidney from mice ubiquitously expressing the
mito-roGFP2-Orp1 sensor. Excised organs were first rinsed in
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Figure 6. Multichannel recordings. a) Calcium response (red) of an individual neuron to 80 mM KCl, compared to the constant frame-interleaved
reference signal (blue), demonstrating expected stability. b) Ratiometric recording depicting redox state fluctuations within the excised kidney following
sequential applications of an oxidizing agent (diamide, final concentration: 2 mM) and a reducing agent (dithiothreitol, final concentration: 10 mM).
c) Ratiometric analysis of roGFP2-Orp1 redox state changes in the excised pancreas, induced by the application of oxidizing (diamide, final concentration:
2 mM) and reducing (dithiothreitol, final concentration: 10 mM) agents. d) Faster and more pronounced roGFP2-Orp1 redox state transitions within
the islet, attributed to quicker diffusion. For b–d, the orange arrow indicates stimulation with diamide, and the purple arrow indicates stimulation with
dithiothreitol.

Krebs-Henseleit buffer (KHB) to remove any residual blood that
might cling to the lens and cause autofluorescence.[36] All spec-
imens were then imaged in KHB using frame-interleaved exci-
tation at 395 nm and 475 nm wavelengths. The recorded movie
was divided into two distinct time series based on the excitation
wavelength. From these series, ROI-based intensity traces were
generated, and their ratios were calculated at each time point.
The final trace was normalized to the mean of the initial 50 val-
ues. Oxidation was induced with diamide at a final concentra-
tion of 2 mM, and reduction was achieved using dithiothreitol
(DTT) at a final concentration of 10 mM. These ratiometric mea-
surements within the pancreas and kidneys showed the expected
fluorescence signals of roGFP2-Orp1 (Figure 6b,c). The organ
recordings exhibited a delayed response, attributed to the diffu-
sion time required for the reagents to permeate the tissue. In con-
trast, isolated pancreatic islet experiments demonstrated rapid
reactions with short delays (Figure 6d), consistent with expecta-
tions because of the faster diffusion dynamics within the culture
setup.

3. Summary and Discussion

Following the comprehensive characterization and validation of
our particularly small microendoscope, we demonstrated sev-
eral biological applications in in-vivo and in-situ experiments, in-
cluding that individual tuft cells in the mouse trachea respond
in vivo to a bitter substance. The development and characteri-
zation of our microendoscope (Figures 1 and 2) highlighted its
effectiveness in capturing functional cellular fluorescence sig-
nals in challenging anatomical locations, such as the mouse tra-
chea (Figures 4, 5). The system was further refined with an ap-
propriate data processing pipeline (Figure 1), asserting its ap-
plicability across various organ systems with different biosen-
sors (Figures 3–6). Utilizing its frame-interleaved multichan-
nel capabilities, we successfully performed ratiometric and ref-
erence channel imaging in intact organs and cultures of neu-
rons and pancreatic islets, showcasing the system’s versatility
(Figure 6). The microendoscope’s ability to facilitate flexible,
cellular-resolution functional imaging in situ and in vivo repre-

sents a significant advancement over traditional methods that re-
quire organ explantation or lack single-cell resolution.[24,39–43]

Our system recorded fluorescence signals with shapes
that closely matched those captured by higher-resolution
microscopes,[28] demonstrating in vivo the stimulating effect of
denatonium benzoate, previously observed only in explanted
trachea.[28,32] This success in in vivo mouse endoscopy under-
scores the advantage of a small, flexible microendoscope for
imaging cells without the need for anchoring to the skull or other
bones.
Furthermore, our investigations in renal podocytes (Figure 3)

highlighted the microendoscope’s ability to detect and document
renal calcium signals at the single-cell level consistent in shape
and time course with intravital and cultured podocyte calcium
signals.[44,45]

Podocytes, located within the superficial layers of the renal
cortex—typically between the 2nd and 5th cell layers[46]—are ac-
cessible to the microendoscope because of its 110 μm working
distance. Although our wide-field epifluorescence configuration
with LED source lacks the optical-sectioning capabilities of con-
focal or two-photon microscopy, the microendoscope’s flexibil-
ity compensates for this limitation. Traditional confocal and two-
photonmicroscopes require sample relocation to the instrument,
which can restrict the scope of in vivo studies. Microendoscopes
with confocal and two-photon configurations can overcome the
resolution, field-of-view or sectioning capabilities of our system,
but they typically come with a trade-off in size.[5,8,47–49] The di-
ameter of a microendoscope can be reduced beyond our system
by instruments that use a single multimode fiber; however, these
systems require complex instrumentation, extensive calibration,
and rigid endoscopes or constant tracking of the shape/bending
changes with according compensation.[19,20]

Designed specifically for functional imaging in soft tissue en-
vironments where stable anchorage, such as the skull, is not
available, our microendoscope compensates for movement arti-
facts in several ways. First, its multichannel capacity not only en-
abled ratiometric measurements, but also the use of reference
channels to effectively distinguish functional signals from mo-
tion artifacts[50] (Figure 6a). The ability to simultaneously im-
age up to four channels, accommodating a broad spectrum of
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fluorophores, positions our system as a versatile tool for future in
vivo studies. Second, our advanced software routines effectively
compensate for motion artifacts in single-channel recordings.
Lastly, surgical techniques were optimized to minimize motion
artifacts from breathing. Motion artifacts could be further re-
duced by triggering image acquisition to the animal’s breath-
ing or heartbeat. Additional trigger signals, e.g. from an auto-
matic pump, could be used for logging time stamps of biological
stimulation, whereas stimulants were applied in our experiments
mostly manually.
Although larger systems anchored to rigid points allow

for cellular microscopy with a broader FOV and enhanced
resolution,[51,52] our microendoscope presents a promising, less
invasive alternative for cellular-level imaging. It aims to reduce
animal burden and to provide access to imaging sites that are
otherwise inaccessible for larger, less adaptable systems.
Finally, our microendoscope could be integrated with addi-

tional imaging methodologies to enable comprehensive, simul-
taneous multi-organ in vivo studies in the future. We demon-
strated here simultaneous imaging of a single cell using both
a conventional microscope and our microendoscope for resolu-
tion comparison (Figure 2c). This approach can be expanded for
multisite imaging within a single subject: Choosing different re-
gions/organs instead of the comparative imaging of the same
FOV presented here, one organ can be imaged with the microen-
doscope, while another organ is simultaneously observed with
a conventional microscope or a second endoscope. Conceptu-
ally similar to other multisite systems[53] our dual-system setup
offers the advantage of decoupling the two light paths and ob-
servation sites. This configuration could use a conventional op-
tical system for detailed visualization and potential optogenetic
modulation of one organ while leveraging the microendoscope’s
agility to monitor functional responses in another organ con-
currently. This dual-imaging strategy broadens the scope of bio-
logical research, particularly in studying integral organs such as
the kidneys, trachea, and pancreas, by providing a dynamic per-
spective on inter-organ interactions and systemic physiological
responses.

4. Experimental Section
Microendoscope Materials: The microendoscope was assembled on

a 600 mm × 900 mm breadboard (Newport, Darmstadt, Germany) us-
ing standard optomechanical components from Thorlabs (Newton, NJ,
United States). The imaging system incorporated an imaging fiber bun-
dle (FIGH016-160S, Fujikura, Surrey, United Kingdom), which features a
nominal 145 μm image circle and 1600 ± 10% fiber cores with a numerical
aperture (NA) of 0.4 and a coating diameter of 210 μm. This fiber bun-
dle was coupled with a GRIN lens (NEM-025-06-00-520-S, Grintech, Jena,
Germany) with a diameter of 250 μm, offering a 110 μm working distance
in water, an NA of 0.5, and a nominal magnification of -1. These compo-
nents were bonded with optical adhesive and secured within a polyimide-
coated glass capillary, 360 μm in diameter and 7 mm in length by Grintech
(Figure 1b). This capillary defines the thickest section of the probe. A sy-
ringe cannula with a 0.60 mm inner diameter, filed off at the sharp end,
served as a guiding tube for the probe (Figure 1b).

The imaging system used an Evolve 512 monochrome 16-bit CCD cam-
era (Photometrics, Tucson, AZ, USA). The 4f configuration for imaging
the fiber bundle onto the camera employed a 50× objective (MPLFLN50X,
Olympus, Shinjuku City, Japan) with a 3.6 mm focal length and an NA of
0.8, complemented by a doublet lens with a 200 mm focal length (AC254-
200-A-ML, Thorlabs).

The system was equipped with a multiband dichroic mirror (F67 401,
AHF analysentechnik, Tübingen-Pfrondorf, Germany), a quad-band emis-
sion filter (435/15, 520/10, 595/15, and 695/30; F67 401, AHF analy-
sentechnik), and alternatively, a 511/20 single-band filter (F39-509, AHF
analysentechnik). The emission filters, excitation wavelengths, and fluo-
rophores used in the different experiments are listed in Table S1 (Support-
ing Information).

Illumination was provided by a Lightengine Aura III (Lumencor, Beaver-
ton, OR, USA), which contains five individual light sources, each with its
own fixed excitation filter (395/25, 475/28, 555/28, 635/22, 730/40). The
combined output light is delivered via one light guide (3 mm diameter,
1.5 m length, L52-4LG15, AHF analysentechnik) with a collimator (L55-
COL, AHF analysentechnik) on its distal end. All color channels can be
switched with sub-millisecond time resolution via electronic TTL signals
sent to the Lightengine Aura III, because all internal light sources are al-
ways simultaneously coupled to the output light path and no filter switch-
ing is needed to change channels. An Arduino UNO (Arduino, Monza,
Italy) was programmed in its native language to enable frame-interleaved
excitation. The camera’s frame-exposure TTL signal triggered the Arduino
to allocate these TTL signals to distinct excitation LEDs, with each LED’s
activation frame configurable via a graphical user interface (GUI). Sequen-
tial excitations for frame-wise switching could be configured, enhancing
the system’s flexibility and responsiveness to experimental needs. An au-
tomatic reset of the excitation sequence occurred if no TTL signal from the
camera was detected for a 5-s interval, ensuring consistent color channel
assignments by the Arduino across recordings, with each session starting
with a predetermined excitation wavelength.

For camera operation and image capture, Micromanager 2.0 software
was employed, whereas image processing was performed using custom
routines developed in MATLAB (MathWorks, Natick, MA, USA).

Image Processing: Image processing began with identifying each fiber
core’s position using a reference image where the fiber cores were dis-
tinctly visible. Suitable reference images were obtained from 395 nm ex-
citation, which induced strong autofluorescence, from images of a homo-
geneous sample, or from the average image of an extended time series.
The reference image was then refined by convolving it with a 2D Gaussian
function to reduce noise. Subsequently, theMATLAB watershed command
was applied on the intensity-inverted images for segmentation. This delin-
eates the regions around the local intensity maxima of each fiber core and
gives thus a segmentation of each individual core. These cores are roughly
(but due to the manufacturing imperfections not perfectly) arranged in a
hexagonal lattice. For further processing and display, images with square
pixels in a Cartesian arrangement are needed. Therefore, the average fluo-
rescence intensity of the segmented regions at the core positions was in-
terpolated with triangulation-based linear interpolation onto a 128 × 128
2D grid using MATLAB’s griddata command for every frame in the time
series.

To further improve image quality by reducing noise, the 25th percentile
of intensity values was subtracted from each frame. This approach was
chosen because subtracting the 25th percentile represented the image’s
dark regions while avoiding the significant noise vulnerability associated
with using the minimum intensity value. Dark corners outside the circular
fiber bundle were excluded from the percentile calculation.

To mitigate motion artifacts in in vivo experiments, cross-correlation-
based image registration was performed using custom MATLAB routines
if movement had occurred during the recording. The cross correlation of
each movie frame relative to the first frame of the video was calculated:
For each movie frame, its mean intensity was subtracted. Then the cross-
correlation with the first (reference) framewas calculated (MATLAB’s com-
mand normxcorr2) and the position of the maximum in the cross corre-
lation was determined. Finally, each frame was shifted by the difference
of this maximum-position from the center. To ensure that the cross corre-
lation was dominated by features in the image rather than the border of
the round fiber bundle, regions outside the fiber bundle were first replaced
with the mean intensity within the round FOV.

For calculatingΔF/F intensity profiles, the spatial mean intensity within
the ROI across the time series was normalized to the series’ lowest inten-
sity and then subtracted by one.
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Amovingwindowmedian filter with a window spanning 30 frames for in
situ recordings and 53 frames for the faster in vivo recordings was applied
for denoising. A side-by-side comparison of raw and median-filtered data
is provided in Figure S4 (Supporting Information).

Aligning single-cell signals at their onset was crucial for accurately de-
termining signal variance. The onset of the intensity surge was identified
as the earliest moment when the intensity exceeded 80% of its maximum
value (96% in the case of the in vivo recordings due to weaker signals),
ensuring uniform alignment of all signals at this point for subsequent
analyses.

Supplementary videos were exported as an .avi file via ImageJ with their
original frame rates. They were then imported into Microsoft Clipchamp,
cut, cropped, and equipped with a stimulation indicator. For export, they
were interpolated to 30 frames per second (fps) for real time viewing.

Optical Characterization: To count the fibers within the bundle
(Figure 2a), an image was captured using 395/25- nm excitation and
511/20- nm emission, revealing the autofluorescence of the fibers with no
sample present. The exposure time was set to 200 ms. After thresholding,
the objects were counted using a custom MATLAB routine to determine
the number of fiber cores.

To characterize the FOV and magnification of the microendoscope, a
fluorescent text marker (Stabilo Boss Pink, Heroldsberg, Germany) was
applied to optical cleaning tissue (MC-5, Thorlabs) and allowed to dry.
The fluorescent tissue fibers were then imaged using the microendoscope
under 475/25 nm excitation. By precisely moving the sample using a mi-
cromanipulator, the sample was displaced by 30 μm, 50 μm, and 100 μm
(Figure 2b), and the resultant pixel displacement of the fibers was deter-
mined using the Pythagorean theorem. The pixel size was calculated by
dividing the micromanipulator’s movement distance by the resultant pixel
count. Magnification was determined by multiplying the pixel distance by
16 μm (the size of a pixel on the camera chip) and dividing by the micro-
manipulator’s movement distance. Standard deviations from these mea-
surements were also computed.

To evaluate the microendoscope’s single-cell resolution capabilities in
comparison to those of a conventional microscope (Figure 2c), we simul-
taneously imaged live GFP-positive neurons using both the microendo-
scope and an inverted microscope (IX 83, Olympus) in wide-field epifluo-
rescencemode. The invertedmicroscopewas equippedwith a 490 nmLED
light source (CoolLED, Andover, United Kingdom) and a 405/488/561/635
BrightLineLaser quad-band filter set (F66 866, AHF analysentechnik). The
neurons were prepared on a cover slip and placed on the sample stage for
imaging with a 40× objective (UPLXAPO40XO, Olympus, oil immersion,
NA 1.4). After identifying a target cell with the invertedmicroscope, themi-
croendoscope’s fiber was precisely aligned over the same cell to capture
images. Images were taken using the epifluorescence microscope with an
exposure time of 219 ms and the microendoscope with an exposure time
of 2.5 s. For optimal visualization in Figure 2c, the resultant images were
averaged over five captures.

The microendoscope’s resolution was further assessed by imaging
1 μm yellow-green (505/515) FluoSpheres (Life Technologies Corporation,
Eugene, OR, USA) suspended on poly-D-lysine-coated microscopy slides
(Figure 2d). A 100 μL droplet of 5 mg mL−1 poly-D-lysine solution (Serva
Electrophoresis GmbH,Heidelberg, Germany) was applied to a Superfrost
Plus adhesion microscope slide (Epredia, Essendonk, Netherlands) and
allowed to sit for 10 min at room temperature. After washing the slide
with tap water and allowing it to dry, a 10 μL droplet of FluoSpheres di-
luted 1:5000 in water was applied to the poly-D-lysine residue and left to
incubate for another 10min at room temperature before being rinsed. This
preparation was left unmounted to ensure effective access to the imaging
surface by the microendoscope.

Spectra: Excitation spectra (Figure S1, Supporting Information) were
captured using a fiber-coupled spectrometer (CCS200, Thorlabs). Emis-
sion filter spectra were obtained directly from the vendor (AHF.de), and
the eGFP spectrum was retrieved from fpbase.org.[54,55]

Animals: The mice used in our experiments were bred and housed in
facilities certified by the Saarland State Office for Health and Consumer
Protection. They were maintained on a 12 h light/dark cycle and had un-
limited access to water and food. The colony was kept in an open envi-

ronment, with mice housed in groups of two to five per cage, including
both male and female specimens. All animal care and handling adhered
to German guidelines for the welfare and use of laboratory animals. Eu-
thanasia procedures, approved for organ collection under Section 4, para-
graph 3 of the German Animal Welfare Act, were followed, with experi-
ments conducted immediately post-mortem. Anesthesia and subsequent
in vivo experiments were performed in accordance with animal license
01/2023 from the aforementioned State Office.

Podocyte Calcium Imaging: Functional single-cell data were recorded
from the kidneys of mice expressing the calcium sensor GCaMP3 in
NPHS2-positive cells, i.e., podocytes. This targeting was achieved by
breeding an NPHS2-Cre mouse[56] (Jackson strain number 0 08205, The
Jackson Laboratory, Bar Harbor, ME, USA) with a mouse carrying a tran-
scriptionally silent GCaMP3 gene at the ROSA26 locus[57] (Jackson strain
number 02 8764, generously provided by Dr. Dwight Bergles, Johns Hop-
kins University School of Medicine, USA), resulting in exclusive GCaMP3
expression in renal podocytes (Figure 3c), with all podocytes being het-
erozygous for the GCaMP3 allele.

To provide direct access for podocyte stimulation within the kidney,
the abdominal cavity was carefully opened following anesthesia with 4 %
isoflurane and cervical dislocation. To direct pharmacological agents pre-
cisely to the kidneys, an arterial catheter (Intramedic PE10, BD Labora-
tories, Mississauga, Canada) was placed between the renal and inferior
mesenteric arteries within the infrarenal aorta. This placement was com-
plemented by ligating both the superior mesenteric aorta and inferior vena
cava, cranial to the renal vein, and removing the renal capsule. This sur-
gical technique, adapted from Czogalla et al.,[58] was designed to ensure
direct perfusion of the kidney, allowing the reagent to effectively reach the
podocytes via the microvasculature. All surgical tools were sourced from
Fine Science Tools (Heidelberg, Germany).

For imaging podocytes, extraneous fat and connective tissues were
retracted from around the kidney. The microendoscope probe, held in
place by the micromanipulator, was carefully positioned above the kid-
ney. GCaMP3-positive podocytes were identified by gradually lowering the
probe toward the kidney surface until fluorescence signals were visible on
the camera. The interval from animal euthanasia to the start of imaging
was kept within 60–80min, reflecting the typical timeframe of kidney trans-
plantation procedures, thus suggesting preserved organ viability.[59]

Podocyte activation was achieved by perfusing the intact kidney via the
arterial catheter with 250 μL of a 10 μM solution of human angiotensin II
(Sigma-Aldrich, Darmstadt, Germany, A9525), prepared in a specially for-
mulated kidney buffer (10 mM NaHCO3, 15 mM KCl, 100 mM KH2PO4,
198mMD-glucose, pH adjusted to 7.0 with KOH). To remove residual aut-
ofluorescent blood and prevent cross-stimulation effects, the kidney was
flushed with 250 μL of the kidney buffer before the initial stimulation and
between subsequent stimulations. The stimulant was manually injected
through the catheter using a syringe, a process that introduced variability
in the latency periods preceding cellular activation.

Imaging was performed at a frame rate of 4.3 fps, with each frame ex-
posed for 200 ms, using the 475/28 nm excitation light source paired with
a 511/20 nm emission filter. The intensity of the 475/28 nm LED at the
imaging plane was 47 ± 3 μW.

Tuft Cell Calcium Imaging: For the experiments in the mouse trachea,
we recorded the responses of single TRPM5-positive cells, i.e., tuft cells,
to the bitter compound denatonium benzoate. Specific expression of the
calcium sensor GCaMP3 in tuft cells was achieved by crossing a TRPM5-
Cre mouse[60] with a Reverse Oriented Splice Acceptor (ROSA26)-locus-
based, transcriptionally silenced GCaMP3-gene carrier mouse[57] (Jack-
son strain number 02 8764) (Figure 4b). The Cre-mediated recombination
process ensured the exclusive expression of GCaMP3 in cells expressing
TRPM5, at least transiently, with all imaged tuft cells being heterozygous
for the GCaMP3 allele.

Functional signals from tuft cells in the mouse trachea were imaged
using the microendoscope following a minimally invasive preparation
adapted for in situ and in vivo experiments. For in situ imaging, i.e., post-
mortem, the goal was to expose as much of the tracheal surface as pos-
sible, and breathing-related movement artifacts were not a concern. The
procedure began by anesthetizing the animal with 4 % isoflurane and was
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followed by cervical dislocation. Next, the anterior cervical skin was shaved
and the head was gently stretched using a string tied behind the incisors.
A small ventral incision was made to expose the salivary glands, which
were then gently retracted. The sternothyroid muscles were pierced with
Dumont forceps and retracted. A ventral cut was made along the length of
the trachea. Single filament strings were secured around individual carti-
lage rings on either side of the cut to pull the trachea further open. These
filaments were then taped down to provide a large accessible region by
keeping the trachea continually open (Figure 4a). in situ experiments were
conducted within 20 min post-mortem to preserve tuft cell functionality.

To record functional tuft cell signals in vivo, it was necessary to mini-
mize the impact of the animal’s breathing on the imaged region of the tra-
chea, requiring an adapted surgical procedure. To ensure minimal harm to
the animal, themicroendoscope’s entry hole was kept as small as possible.
The animals were anesthetized with urethane (1.5 g kg−1), which is prefer-
able to ketamine-xylazine in terms ofmaintaining natural respiration.[61,62]

Once adequate anesthesia was confirmed by the absence of the toe pinch
reflex, the animal’s throat was shaved, and protective eye ointment was
applied. The animal was then placed on a surgical heating mat. The sur-
gical procedure involved opening the skin, retracting the salivary glands,
and piercing and moving aside the sternothyroid muscles. A ventral hole,
as large as needed to insert a tube (800/110/260, Portex/Fisher Scientific,
Schwerte, Germany; outer diameter 1.27 mm, inner diameter 0.86 mm),
was cut ventrally and as caudal as possible. A bent tube was inserted
through this hole to allow the animal to breathe while isolating the tra-
chea caudal to the tube from the animal’s respiration. A second hole was
cut cranially, near the larynx, into which a tube for stimulant injection was
placed. These procedures enabled stimulation of the isolated trachea seg-
ment with a liquid stimulant. A third, small hole was made in the isolated
trachea segment, ensuring it was small enough to avoid damage to sur-
rounding nerve fibers (≈400 μm diameter, compared to the microendo-
scope’s maximum diameter of 360 μm). Through this hole, the microen-
doscope probe was inserted (Figure 5a,b).

For the in situ (post-mortem) experiments, tuft cells were exposed
to 4 μL of a 10 mM denatonium benzoate solution, prepared in Tyrode
buffer (130 mM NaCl, 10 mM HEPES, 10 mM D-glucose, 5 mM KCl,
1mMMgCl2, 8mMCaCl2, 10mMsodiumpyruvate, 5mMNaHCO3). This
solution was directly applied to the tracheal lumen using a pipette. In the
in vivo experiments, stimulation was performed using a syringe pump (R-
99, Razel Scientific Instruments, Saint Albans, VT, USA), which deposited
≈20 μL of the denatonium benzoate solution along the length of the
trachea.

Imaging time series were captured at a rate of 4.3 fps for in situ ex-
periments, with each frame exposed for 200 ms. For in vivo recordings,
to accommodate the increased movement of the animal, time series were
recorded at 7.6 fps, with a frame exposure of 100 ms. The 475/28 nm ex-
citation light source was used in combination with a 511/20 nm emission
filter, with the LED power set to 47 ± 3 μW at the imaging plane.

Tuft Cell Distribution: To elucidate the distribution of tuft cells within
the mouse trachea, confocal imaging (Figure S2, Supporting Information)
was employed on whole-mount tracheal samples from mice expressing
choline acetyltransferase (ChAT)(BAC)-eGFP in tracheal tuft cells (Jackson
strain 0 07902).[63]

The preparation of whole-mount tracheal samples for confocal imag-
ing followed the protocol outlined by Hollenhorst et al.[31] Tuft cells were
visualized by excising the entire trachea from animals with ChAT-eGFP-
positive tuft cells, then sectioning the trachea into three segments along
the cartilage rings. These samples were imaged confocally using a 485 nm
laser and a 525/50 nm emission filter on the confocal/STED microscope
that was described previously.[64]

Neuronal Cell Culture: To evaluate the microendoscope’s multichan-
nel capabilities in cell cultures, employing a static fluorophore (mKate) for
motion-artifact detection alongside a calcium sensor (GCaMP6f), primary
neuronal cell cultures were prepared as previously described.[65] Briefly,
hippocampi were extracted from the brains of newborn mouse pups (P0)
and digested for 20 min at 37 °C with 10 units of papain (Worthington
Biochemical, Lakewood, NJ, USA), followed by gentle mechanical disso-
ciation. The neurons were then seeded at a density of 300 cells mm−2

onto 25 mm cover slips coated with 0.5 mg mL−1 poly-D-lysine (Sigma-
Aldrich). The cultures were incubated at 37 °C in a humidified atmo-
sphere containing 95% air and 5% CO2 in NBA medium (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA), supplemented with 2% B-
27 (Sigma-Aldrich), 1%GlutaMAX (Invitrogen), 100 UmL−1 penicillin and
100 μg mL−1 streptomycin (Invitrogen). Neurons were transfected with
adeno-associated virus on the fifth day in culture and imaged between the
12th and 16th day in culture. Cells prepared for calcium imaging with a
chemical sensor (Figure S3, Supporting Information) were not incubated
with adeno-associated virus but instead incubated with 1.33 μM Fluo-4
AM (Ref. F14201, Invitrogen, Thermo Fisher Scientific) in 1mLDulbecco’s
Modified EagleMedium (Ref. 11 965 092, Gibco, Thermo Fisher Scientific)
at 37 °C / 5 % CO2 for 30 min.

For imaging, neurons previously transfected with adeno-associated
virus were submerged in an extracellular solution (ECS) composed of
130 mM NaCl, 10 mM NaHCO3, 2.4 mM KCl, 2 mM CaCl2, 2 mMMgCl2,
10 mM HEPES, and 10 mM D-glucose, with the pH adjusted to 7.3 using
NaOH. To inducemembrane depolarization, the culture was perfusedwith
a high-KCl ECS (90 mMNaCl, 10 mMNaHCO3, 80 mM KCl, 2 mM CaCl2,
2 mM MgCl2, 10 mM HEPES, 10 mM D-glucose, pH adjusted to 7.3 with
NaOH). Cells prepared for calcium imaging with a chemical sensor were
submerged in ECS without CaCl2 to induce spontaneous activity.

The neuronal cultures expressing GCaMP6f and mKate2 (Figure 6a)
were imaged using a quad-band filter set (435/15, 520/10, 595/15, and
695/30), which allowed for simultaneous acquisition of signals from both
fluorophores. Illumination alternated between 475/28 nm for GCaMP6f
(odd frames) and 555/28 nm for mKate2 (even frames), with an exposure
time of 200 ms for each wavelength. This frame-interleaved two-channel
time series achieved a raw frame rate of 4.3 fps, translating to an effec-
tive frame rate of 2.15 fps for each channel. The illumination power of the
475/28 nm LED for GCaMP excitation was set to 47 ± 3 μW at the imag-
ing plane, and the power of the 555/28 nm LED for mKate2 illumination
was set to 54 ± 1.9 μW. Neuronal cultures stained with Fluo-4 AM were
imaged using the 511/20 single-band filter with 475/28 nm LED excita-
tion, at a frame rate of 9.5 frames per second at 75 ms exposure time and
270 ± 1.5 μW in the imaging plane.

The optical characterization of the microendoscope for single-cell res-
olution was conducted using a neuronal cell culture preparation similar
to that described above, but with the “TRPC5-IC/eR26-𝝉 GFP line”, as de-
tailed before.[65]

Ratiometric Redox Imaging in Whole Organs: Ratiometric imaging was
validated with transgenic mice expressing a genetically encoded ratiomet-
ric H2O2 sensor, mito-roGFP2-Orp1, localized to the mitochondria.[37]

Ratiometric redox signals were recorded from various excised organs
prepared as follows: Animals were euthanized by cervical dislocation. The
pancreas and kidneys were excised after opening the abdominal cavity and
dissecting the organs with surgical scissors. The abdomen was shaved,
and the skin was carefully held with blunt forceps. Surgical scissors were
then used to make horizontal and vertical incisions to expose the abdom-
inal muscles, which were subsequently cut. With the abdominal cavity
open, the target organ was identified, and surrounding connective tissue
and fat were removed with blunt forceps. The organ was isolated until
the only points of attachment were the major blood vessels, which were
severed in a single motion to expediently excise the organ. Throughout
the procedure, the organs were kept moist with Krebs-Henseleit buffer
(KHB), which consisted of 120 mM NaCl, 4.8 mM KCl, 1.2 mM MgCl2,
2.5 mM CaCl2, 24 mM NaHCO3, 5 mM HEPES, 10 mM glucose, and
1 g L−1 bovine serum albumin, with the pH adjusted to 7.35–7.40 using
NaOH.

For ratiometric imaging, excised organs and islets were immersed in
KHB. To induce oxidative conditions, tetramethylazodicarboxamide (“di-
amide,” Sigma-Aldrich, D3648) was added to the KHB to a final concen-
tration of 2 mM. After a buffer exchange, the organs were stimulated with
DTT (Sigma-Aldrich, D9779), a reductive agent, at a final concentration
of 10 mM. For diamide stimulation, 50 μL of a 200 mM diamide solution
were added to 5 ml of KHB. For subsequent DTT stimulation, the buffer
was refreshed, and 100 μL of a 500 mM DTT solution was introduced into
5 mL of KHB.
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Ratiometric imaging of mito-roGFP2-Orp1 (Figure 6b–d) employed a
single-band filter. Imaging alternated between a 395/35 nm light source
for odd frames and a 475/28 nm light source for even frames, each with
an exposure time of 200 ms. The illumination intensity was 47 ± 3 μW
at the imaging plane with the 475/28 nm LED and 14 ± 1 μW with the
395/25 nm LED.

Images were captured at a rate of 1.8 fps for each channel. This reduced
frame rate, compared to those of single-channel recordings, was slightly
more pronounced than the expected factor of two reduction due to the
additional processing time required for the live display to visually monitor
both channels simultaneously.

Ratiometric Redox Imaging in Pancreatic Islet Culture: The ratiometric
imaging system was also applied to pancreatic islet cultures, where short
diffusion times can be easily achieved. To prepare the cultures, the ab-
domen of the mouse was fully opened following cervical dislocation. The
ampulla was pinched off and a small cut was made in the common bile
duct to allow for the infusion of a collagenase solution (0.63 mg mL−1

collagenase P [Ref: 11 213 865 001], Roche via Sigma, Mannheim, Ger-
many) diluted in KHB,[66] supplemented with 100 U mL−1 penicillin and
100 μg mL−1 streptomycin. This step inflated the pancreas, which was
then excised and further digested with collagenase for 20 min at 37 °C
in a water bath to maintain a constant temperature. After mechanical ho-
mogenization through shaking, the tissue was washed three times with
KHB. Pancreatic islets were manually separated from the exocrine tissue
and subsequently cultured in RPMI 1640 (Ref: 21 875 034, Gibco, Thermo
Fisher Scientific) enriched with 10% fetal bovine serum (Ref: 10 270 106,
Gibco, Thermo Fisher Scientific), 100 U mL−1 penicillin and 100 μg mL−1

streptomycin (P4333; Sigma-Aldrich) at 37 °C and 5% CO2 overnight prior
to imaging.

Post-incubation, groups of ten islets were arranged on a poly-L-lysine
(Sigma, P4707)-coated petri dish filled with KHB. The microendoscope,
positioned directly above an individual islet, recorded data before and after
the introduction of diamide (to a final concentration of 2 mM) and DTT
(to a final concentration of 10 mM) into the culture medium, capturing
the responses of the islets. Imaging parameters were the same as those
used for the whole pancreas.
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