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Key Points

e Structured illumination microscopy (SIM) imaging reveals kidney tubule cell mitochondria form continuous net-
works in healthy mouse and human tissue, which break down with injury.

e SIM imaging can be applied to various organelles and structures, including autophagosomes, endoplasmic retic-
ulum, brush border, and cell morphology.

e Promoting mitochondrial fusion maintains mitochondrial interconnectivity and ameliorates cisplatin-induced
kidney injury.

Abstract

Background The root of many kidney diseases in humans can be traced to alterations or damage to subcellular
organelles. Mitochondrial fragmentation, endoplasmic reticulum (ER) stress, and lysosomal inhibition, among
others, ultimately contribute to kidney injury and are the target of therapeutics in development. Although recent
technological advancements allow for the understanding of disease states at the cellular level, investigating
changes in subcellular organelles from kidney tissue remains challenging.

Methods Using structured illumination microscopy, we imaged mitochondria and other organelles from paraffin
sections of mouse tissue and human kidney biopsy specimens. The resulting images were 3D rendered to
quantify mitochondrial size, content, and morphology. Results were compared with those from transmission
electron microscopy and segmentation.

Results Super-resolution imaging reveals kidney tubular epithelial cell mitochondria in rodent and human
kidney tissue form large, interconnected networks under basal conditions, which are fragmented with injury.
This approach can be expanded to other organelles and cellular structures including autophagosomes, ER, brush
border, and cell morphology. We find that, during unilateral ischemia, mitochondrial fragmentation occurs in
most tubule cells and they remain fragmented for >96 hours. Promoting mitochondrial fusion with the fusion
promotor M1 preserves mitochondrial morphology and interconnectivity and protects against cisplatin-induced
kidney injury.

Conclusions We provide, for the first time, a nonbiased, semiautomated approach for quantification of the 3D
morphology of mitochondria in kidney tissue. Maintaining mitochondrial interconnectivity and morphology
protects against kidney injury. Super-resolution imaging has the potential to both drive discovery of novel
pathobiologic mechanisms in kidney tissue and broaden the diagnoses that can be made on human biopsy
specimens.

KIDNEY360 2: 1892-1907, 2021. doi: https://doi.org/10.34067/KID.0001602021

Introduction

CKD is estimated to affect >10% of the world’s pop-
ulation (1). Studies have shown that AKI and CKD
progression often start with or involve stress to sub-
cellular organelles, such as endoplasmic reticulum
(ER) and mitochondria (2-8). Subcellular organelle
health and function are closely associated with their

morphology (8-13). Although once thought to be the
direct result of injury, studies have demonstrated
changes in mitochondrial morphology occur due to
regulation of conserved mitochondrial fission (involv-
ing dynamin related protein 1 [Drp-1], fission 1 [Fis-
1]) and fusion (involving mitofusin [Mfn] 1, Mfn2,
and optic atrophy 1 [Opal]) pathways that balance
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to control morphology, divide mitochondria during cell
division, distribute mitochondria to areas of high meta-
bolic demands, and eliminate dysfunctional mitochondria
(2,14-17). Under basal conditions, mitochondrial fusion
predominates, resulting in long, interconnected mitochon-
dria (2,14,15). This interconnectivity allows for the transfer
of mitochondrial DNA and other components, helping to
maintain mitochondrial health (2,18-20). Under pathologic
conditions, however, hyperactivation of mitochondrial fis-
sion and suppression of fusion lead to fragmentation of
the mitochondria, sensitizing cells to injury and death
(2,14,15).

Proximal tubule cells (PTCs) of the kidney have one of
the highest concentrations of mitochondria among mam-
malian cells. It is estimated that mitochondria occupy
approximately 25% of the volume of a PTC, compared with
9% for the nucleus (21). PTC mitochondria are tightly
packed perpendicularly to the basolateral plasma mem-
brane (21). The gold standard for analyzing mitochondria
in kidney epithelial cells is electron microscopy (EM)
because mitochondria are too closely packed to resolve by
traditional light microscopy. Using EM, the number and
size of mitochondrial cross-sections can be quantified, but
not the network size or 3D shape (22). Thus, although it is
known that mitochondria form continuous, filamentous
networks in cultured kidney cells, the mitochondrial mor-
phology of cells in kidney tissue is not well understood
(6,7,15,16,22).

Recent advances in light microscopy techniques have
made super-resolution imaging more accessible. These tech-
niques include stochastic optical reconstruction microscopy,
stimulated emission depletion microscopy, super-resolution
radial fluctuations (SRRF), and structured illumination
microscopy (SIM) (23). Of these techniques, SIM is appealing
because it can be performed on samples stained by standard
immunofluorescence techniques (23,24). SIM illuminates the
sample with patterned illumination, usually stripes. The
sample is imaged multiple times with the stripes changing
orientation. This process creates Moiré patterns with high-
frequency spatial information that can be processed by spe-
cialized algorithms to generate higher resolution images,
effectively doubling the resolving power compared with
standard light microscopy (25). SIM imaging has been used
to study glomerular injuries, such as podocyte effacement,
in animal models and human tissue (26-28).

In this study, we demonstrate that super-resolution
imaging can be used to image and create 3D models of
mitochondria from cells in kidney tissue, allowing for the
quantification of mitochondrial network size and morphol-
ogy. We also demonstrate super-resolution imaging can
quantify mitochondrial morphology in human biopsy
specimens. Combining organelle markers with injury- or
cell type—specific markers can further enhance the analysis.
Our data suggest that promoting mitochondrial fusion
maintains mitochondrial morphology and reduces kidney

injury.

Materials and Methods
Animals

C57BL6] mice obtained from Jackson Laboratory were
used to establish a breeding colony at Vanderbilt
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University Medical Center. Mice were provided with
rodent diet and water ad [ibitum. All mice were maintained
in the same room on a 12-hour light/dark photoperiod at
an ambient temperature. Male mice, aged 8-12 weeks old,
were used for all experiments.

Mouse Models

In all of the following models, kidneys and hearts were
fixed in 4% paraformaldehyde for 48 hours, embedded in
paraffin, and sections were cut.

All procedures involving mice were performed in accor-
dance with National Institutes of Health (NIH) guidelines
for the use and care of live animals and were approved by
the Vanderbilt University Institutional Animal Care and
Use Committee.

Aristolochic Acid Nephropathy Model

Aristolochic acid (AA) nephropathy was induced by
intraperitoneal injection of three doses of AA (5 mg/kg
body wt, catalog number A5512; Sigma) in PBS every other
day for 5 days. The control mice were injected with the
same amount of PBS. Kidneys were harvested at 42 days
after the last dose of AA.

Unilateral Ureteral Obstruction Model

Mice were anesthetized with isoflurane using a low-flow
anesthesia system (SomnoSuite; Kent Scientific). Mice were
kept on a heating pad and body temperature was moni-
tored by a rectal probe with a feedback system to the heat-
ing pad to maintain body temperature (PhysioSuite; Kent
Scientific). The left kidney was externalized through a flank
incision and the ureter was ligated by 3-0 suture.

Ischemic-Reperfusion Injury Model

Mice were anesthetized and body temperature moni-
tored as described above. Kidneys were externalized
through dorsal incisions, and the renal pedicle was
clamped using a nontraumatic microclamp for 26 minutes
for bilateral ischemic-reperfusion injury (IRI). For unilateral
IRI (UIRI), only the left kidney was clamped for 32
minutes. Kidneys were isolated at 0, 24, 48, and 96 hours
after 32 minutes of ischemia (n=3).

Cisplatin-Induced Injury Model

Cisplatin-induced AKI was induced by an intraperito-
neal injection of cisplatin (20 mg/kg body wt, catalog num-
ber P4394; Sigma) in PBS. Sham mice were injected with
the same amount of PBS. Kidneys were harvested 96 hours
after cisplatin administration. M1 (catalog number 475859;
EMD Millipore), a mitochondrial fusion promoter, was dis-
solved in 1 vol of DMSO and 9 vol of corn oil and injected
intraperitoneally at 10 mg/kg body wt every 24 hours until
day 3 after cisplatin injection. Vehicle (comparable amount
of DMSO and corn oil) was injected in the same manner as
M1.

Diabetic Injury Model (db/db)

db/db mice, a widely used mouse model of type 2 diabe-
tes mellitus, and age-matched nondiabetic db/m litter-
mates were fed with regular chow and heart and kidneys
were isolated at 18 weeks old.

Kim1-GFPCreER"/ R26tdTomato mice were kindly pro-
vided by Dr. Benjamin Humphreys. Mice were injured via
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IRI as described above and injected with 5 mg/kg tamoxi-
fen after injury to induce Cre mediated recombination.

Antibodies

Antibodies directed against cytochrome c¢ oxidase IV
(COX 1V; catalog number ab14744, RRID:AB_301443;
Abcam) (catalog number 4850, RRID:AB_2085424; Cell Sig-
naling Technology), VDAC (catalog number 4661, RRI-
D:AB_10557420; Cell Signaling Technology), Na'K*
ATPase (catalog number a5, RRID:AB_2166869; Develop-
mental Studies Hybridoma Bank), GRP% (catalog number
sc-393402; Santa Cruz Biotechnology), GRP78 (catalog num-
ber sc-166490, RRID:AB_2264290; Santa Cruz Biotechnol-
ogy), laminin (catalog number AB19012, RRID:AB_2133893;
Millipore), collagen type IV (catalog number AB769, RRI-
D:AB_92262; Millipore), and kidney injury molecule-1
(KIM-1; catalog number AF1817, RRID:AB_2116446; R&D
Systems) were used as primary antibodies. Alexa Fluor 488
donkey anti-rabbit antibody (catalog number 711-545-152,
RRID:AB_2313584; Jackson ImmunoResearch Labs), Cy3-
Donkey anti-rabbit IgG antibody (catalog number 711-165-
152, RRID:AB_2307443; Jackson ImmunoResearch Labs),
Alexa Fluor 488 donkey anti-mouse antibody (catalog num-
ber 715-546-151, RRID:AB_2340850; Jackson ImmunoRe-
search Labs), Cy3-donkey anti-mouse antibody (catalog
number 705-165-147, RRID:AB_2307351; Jackson ImmunoR-
esearch Labs), and Cy5-donkey anti-mouse IgG antibody
(catalog number 715-175-150, RRID:AB_2340819; Jackson
ImmunoResearch Labs) were used as secondary antibodies.

Sectioning and Immunofluorescence Staining

Coverslips were cleaned and activated using a plasma
cleaner and treated with 0.1 N sodium hydroxide and (3-
aminopropyl)trimethoxysilane. Kidney sections from fixed
tissue were cut at 4-6 um and mounted onto the treated
coverslips. After deparaffinization, the tissue sections were
incubated in TE buffer (pH 9.0) at high temperature and
pressure using a pressure cooker for permeabilization and
antigen retrieval. Mitochondria were labeled with COX IV
or VDAC antibodies, followed by appropriate secondary
antibody conjugated with fluorophore. PHEM buffer (60
mM piperazine—N,N'—bis[Z—ethanesulfoniC acid], 25 mM
HEPES, 10 mM EGTA, 2 mM magnesium chloride, pH 6.9)
was used for washing and dilution of antibodies.

Widefield Fluorescent Imaging

Stained kidneys were sequentially imaged using a Nikon
Eclipse Ti2-E automated microscope at X20, and the
images were stitched using NIS-Elements to create a trans-
verse large image of the whole kidney section (Nikon, New
York, NY). For quantification, staining was analyzed in a
blinded and automated manner. Large images were batch
analyzed using NIS-Elements. Within an experimental set,
the staining was performed on all samples simultaneously,
and microscope and analysis settings were the same for all
samples.

SIM

Tissues were imaged on an N-SIM microscope (Nikon
structured illumination microscope) using a X100 TIRF
super-resolution objective (with minimal chromatic

aberration) and taken as a z-stack at 0.12 um per z step. To
automate image capture, multiple tubules were chosen at
random and imaged using NIS Elements multi-dimen-
sional image acquisition. The resulting z-stack was proc-
essed and reconstructed in Nikon NIS software to generate
the super-resolution SIM image. Images were reconstructed
using the slice reconstruction with illumination modulation
contrast of 1.22, high resolution noise suppression of 1.56,
and out of focus blur suppression of 0.14. A total of 59
tubules per sample were imaged. SIM imaging and image
processing was performed, in part, through the Vanderbilt
Cell Imaging Shared Resource and Nikon Center of Excel-
lence (supported by NIH grants CA68485, DK20593,
DK58404, DK59637, and EY08126).

SoRa

Kidney tissues were imaged using the Nikon Ti2 micro-
scope partnered with the Yokogawa CSU-W1 SoRa system
using Apo TIRF X100 oil DICN2 as an objective and taken
as a z-stack at 0.1 wm per z step. The images were recon-
structed and processed using the same procedure as for the
SIM images.

SRRF

Kidney tissues were captured using an Andor IXon
Back-Tlluminated sCMOS Camera (Andor Technology,
Belfast, UK) equipped with the Nikon TiE microscope
using a CFI Plan Apochromat VC X100 Oil objective
(Nikon). SRRF images were obtained from 100 frames per
second diffraction-limited images using NanoJ-SRRF
plugged in to FIJI.

Mitochondrial Volume, Surface Area, and Morphology
Mitochondrial networks were quantified by analyzing
the network volume using Imaris software (Bitplane, Con-
cord, MA). SIM images of tubule cross-sections were taken
as a z-stack and 3D reconstructed in Imaris. The resulting
images were converted to surface renderings. Imaris identi-
fies individual mitochondria and interconnected networks
as surfaces. To automate image analysis, parameters for
surface rendering were set at the begining of the analysis
for each data set and the remaining samples were rendered
using batch processing. Once the surfaces are rendered, the
volume, area, intensity, and other parameters can be gener-
ated for quantification. Mitochondria were analyzed using
the following criteria: maximum mitochondrial size (um?;
the largest mitochondrial network in a given field), total
volume per PTC (um?; total mitochondrial volume in a
field /the number of PTC nuclei), and number of mitochon-
dria per PTC (1; number of mitochondria/PTC nuclei). To
investigate the proportion of fragmented mitochondria
after injury, PTCs" mitochondria were divided into three
groups by their sphericity as follows: fragmented, spheric-
ity >0.451; intermediate, sphericity between 0.450 and
0.311; and filamentous, sphericity <0.310. Proportion (%)
of each group was defined by each group’s mitochondrial
volume divided by the total mitochondrial volume. For
each sample, 5-9 tubules were analyzed and averaged. To
investigate the morphologic changes of mitochondria in the
kidneys of patients with AKI, the same analysis was per-
formed in biopsy tissue scored by a pathologist as having
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Figure 1. | Super-resolution imaging resolves kidney tubular cell mitochondria. (A) LLC-PK1 cells transfected with a mitochondrial-
targeting yellow fluorescent protein (YFP) construct (green) and imaged by confocal microscopy. For clarity, a field containing one trans-
fected cell was chosen. Scale bar, 2 um. (B) Electron microscopy (EM) micrograph of an LLC-PK1 cell. Scale bar, 5 um. (C) EM micrograph
of kidney tubular cell mitochondria in mouse kidneys. An area away from the nucleus was chosen. Red bars are 200 nm in length. Scale
bar, T um. (D) Confocal imaging of mouse kidney tubular cells stained with cytochrome c oxidase IV (COX IV; red) to label mitochondria.
Taken with Zeiss 780 confocal and X63 objective; 1024X1024 pixels. Scale bar, 5 um. (E) Uninjured mouse kidneys were stained with
COX IV (red), to label mitochondria, and Na*K"ATPase (green), to label the basolateral plasma membrane, and imaged by confocal
microscopy at high resolution (Zeiss 780, X63, 4096X4096 pixels, average of four images; left panel) or structured illumination micros-
copy (SIM; Nikon N-SIM, 1024X1024, X100; right panel). Scale bar, 3 um. (F) Line scan profile of Na*K*ATPase (green) and the
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minimal tubule injury (control) or AKI with tubule injury
(n=3; Supplemental Table 1).

Tissue Culture

LLC-PK1 cells were obtained from ATCC (ATCC-CL101)
and cultured in MEM containing 3% FBS in a humidified
incubator at 37°C and 5% carbon dioxide.

Human Tissues

Formalin-fixed, paraffin-embedded tissue sections,
scored by a pathologist as having minimal tubule injury
(control) or AKI with tubule injury (Supplemental Table 1),
were obtained from deidentified biopsy specimens through
the Department of Pathology, Microbiology and Immunol-
ogy at Vanderbilt University Medical Center.

Statistical Analysis

All data are presented as means*SD. One-way ANOVA
with Tukey post hoc test was used to evaluate differences
when more than three groups were compared. When two
groups were analyzed, the unpaired two-tailed ¢ test was
performed. All statistical analysis was carried out with
GraphPad (San Diego, CA) Prism 7 software (RRID:SCR_
002798). For all comparisons, P<<0.05 was considered to indi-
cate statistical significance.

Transmission EM

Fixed kidney cortex was trimmed into approximately 1-
mm® samples, postfixed with osmium tetroxide, dehy-
drated serially in ethanol, and embedded in epoxy resin.
Semithin sections were cut at 1 um and stained with tolui-
dine blue for light microscopic examination. Ultrathin sec-
tions were cut at 80 nm, mounted on 200-mesh copper
grids, and stained with uranyl acetate and lead citrate. Sec-
tions were examined with a JEOL JEM-1010 transmission
electron microscope.

EM Segmentation and Volume Rendering

After euthanasia, mice were cardiac perfused with 2%
glutaraldehyde, 2% paraformaldehyde in 0.1 M cacodylate
(pH 7.4). After the initial perfusion, the kidneys were dis-
sected and fixed for an additional 24 hours. Samples were
postfixed with tannic acid, followed by osmium tetroxide,
and then they were en bloc stained with uranyl acetate.
Dehydration was performed using a graded ethanol series
followed by infiltration with Epon-812 using propylene
oxide as the transition solvent. The Epon-812 was polymer-
ized at 60°C for 48 hours. Samples were serial sectioned by
applying a thin coating of 1% rubber cement dissolved in
chloroform over the block face to facilitate section ribbons.
Sections were taken at a nominal thickness of 100 nm on a
Leica UC6 ultramicrotome and collected onto slot grids.
The sections were stained with uranyl acetate and lead
citrate.

Imaging was performed on a Tecnai T12 equipped with
a LaB6 filament operating at 100 kV using an AMT

nanosprint5 CMOS. Imaging was performed using Seri-
alEM for acquisition and etomo/IMOD to align the images
in z-stacks. Segmentation was performed in Dragonfly
(Object Research Systems) by manually annotating the
mitochondria and nucleus in each image in the z-stack,
then creating a 3D mesh from the 2D regions of interest.
Dragonfly was also used to create the 3D renders. Data
from the segmentation were analyzed in Imaris for surface
rendering and analysis.

Results
Tissue Super-Resolution Imaging Resolves Kidney Tubular
Cell Mitochondria

Whereas studies have shown some organs, such as mus-
cle, have interconnected mitochondria, other organs, such
as the brain, often have mitochondria that do not form a
network (29,30). To determine the morphology of kidney
tubular cell mitochondria, we first analyzed tubular cells
in vitro. Similar to our earlier findings (16,22), we found
cultured PTCs (LLC-PK1) have large interconnected mito-
chondrial networks (Figure 1A). Whereas these mitochon-
drial networks are readily imaged by confocal microscopy,
the 3D architecture is hard to appreciate from EM micro-
graphs (Figure 1B). Unlike cultured cells, tubular cells
in vivo have densely packed mitochondria that take up a
large portion of the cell body (Figure 1C). Because we pre-
viously demonstrated that mitochondria around the
nucleus have an altered arrangement (22), we imaged an
area of the tubule without nuclei. The tight arrangement of
mitochondria prevents resolving individual mitochondria
by conventional light microscopy, because they are sepa-
rated by less than the diffraction limit of light microscopy,
approximately 200 nm (Figure 1, C and D).

To test if super-resolution microscopy could be used to
image PTC mitochondria in tissue, we imaged mouse kid-
neys stained with COX IV and Na*K* ATPase using SIM.
The major limitation of SIM is the Moiré patterns become
diffuse as a function of distance, limiting the working dis-
tance (25). To circumvent this issue, we mounted the tissue
directly to the coverslip, instead of the slide (Supplemental
Figure 1A). Compared with high-resolution confocal
images (4096X4096), SIM images could resolve the tightly
packed side-by-side mitochondria (Figure 1E). When com-
bined with staining for the basolateral plasma membrane,
Na*K" ATPase, SIM imaging identified the involutions of
the plasma membrane that are found in between mitochon-
dria (Figure 1E). To further test the resolution of SIM, we
measured the full width half maximum (FWHM) resolu-
tion. Compared with confocal microscopy, the full width
half maximum is considerably smaller with SIM imaging
(Figure 1F). Next, we stained for the inner and outer mito-
chondrial membranes using COX IV and VDAC antibodies.
The inner mitochondrial membrane was clearly distin-
guishable from the outer membrane (Figure 1, G and H).

As mentioned above, there are multiple imaging te-
chniques that can overcome the diffraction limit of light

Figure 1. | Continued. quantification of full width at half maximum (FWHM) of confocal images or SIM. (G) Kidney cell mitochondria
were stained with voltage dependent anion channel (VDAC) (red) or COX IV (green) and imaged by SIM. Scale bar, 3 um. (H) Line scan
profile of Figure 1G. Scale bar, 1T um. Data are presented as means+SD. ****P<<0.0001. Dashed insets delineate the regions shown at
higher magnification. DAPI, 4',6-diamidino-2-phenylindole; mito, mitochondria; HM, high magnification.


http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0001602021/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0001602021/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0001602021/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0001602021/-/DCSupplemental

KIDNEY360 2: 1892-1907, December, 2021

COX IV/ KIM-1/ DAPI

Quantifying Mitochondrial Morphology in Kidney Tissue, Taguchi et al.

1897

Sham IRI
IF single plane IF image 3D Surface rendering IF single plane IF image 3D  Surface rendering
o
<
a)
=
4
=
x
o]
o

Single mitochondria-Sham

Area

2242.52 umA2

Volume

253.59 umn3

Intensity Max

25292

Intensity Mean

10424.09961

Intensity Median

9853.549805

Intensity Sum

22232299520
Sphericit,

0.086398698
Position X, Y, Z

6849.7, —298.3, 2290.7

Single mitochondria-IRI

Area

2.40905 pm~2

Volume

0.163025 1m"3

Intensity Max

21638

Intensity Mean

2328.72

v

Rotated

Intensity Median

9853.549805

Intensity Sum

3213640
Sphericity

0.599066
Position X, Y, Z

6849.7, —298.3, 2290.7

Segmentation

Surface area
umn2
5000 *
4000
3000
2000

1000

Sham IR
Volume
umnr3
500 *
400
300
200
100

» 1]
= 3
] [0}
2 °
= =}
= z
< 8
= ]
c c
o o
< <
5} o
£ 2
= =
G ) ) i H
Single mitochondria-Sham EM:. PBS Surface area
umr2
800

P =0.0040

Area

1890.73 umh2 600
Volume 400
105.90 um"3 200
Sphericity
0.057 0
Control  AA
Volume
umA3
- 80 P=0.0103
& 60
[a)
-~ 40
= 20
x
8 0
Control  AA

Figure 2. | 3D reconstruction reveals kidney tubular cell mitochondria form a large interconnected network. (A, B) Representative
images of kidney tubular cell mitochondria stained for COX IV (green) with kidney injury molecule-1 (KIM-1; magenta), imaged by SIM
and displayed as a single z-plane (left column), 3D maximum intensity projection (middle), and surface-rendering images (right column)
after (A) sham or (B) ischemic-reperfusion injury (IRI) surgery. A continuous mitochondrion is labeled yellow. Arrow indicates fragmented
mitochondria. Scale bar, 3 um. (C, D) Individual mitochondria from the surface-rendering images of (A, B) and sample statistics from the
rendered structures. Scale bar, 2 um. (E) Quantification of total mitochondrial surface area and volume on the basis of surface-rendered
images in sham and IRl kidneys. Five tubules per animal were analyzed (n=3). (F) Representative EM image of kidney tubular
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microscopy. To test if other super-resolution techniques
yielded similar results, we imaged samples by SRRF imag-
ing with a widefield microscope and a Nikon SoRa super-
resolution spinning disk microscope, both of which achieve
resolutions similar to SIM. Both SRRF and SoRa could
resolve kidney tubular cell mitochondria (Supplemental
Figure 1, B-D). These data demonstrate that SIM and other
tissue super-resolution imaging techniques have the resolv-
ing power to image tubule cell mitochondria in kidney
tissue.

3D Reconstruction Reveals Kidney Tubular Cell
Mitochondria Form a Large, Interconnected Network

We have previously demonstrated that kidney tubule cell
mitochondria are longer than shown in thin sections imaged
by segmentation of transmission EM serial sections (22). The
full extent of the mitochondrial network, however, has not
been determined. To examine the mitochondrial network
morphology, we imaged kidney tubule cells from sham- or
IRI-treated mouse kidneys stained for COX IV as a z-stack
with 0.12-um steps using SIM (Figure 2, A and B, left pan-
els). The resulting images were combined into a maximum
intensity projection for visualization (Figure 2, A and B, mid-
dle panels). To quantify changes to the mitochondrial net-
works, we used Imaris software to create surface renderings
of the mitochondria (Figure 2, A and B, right panel). This
identifies each individual mitochondrion or mitochondrial
network as a separate rendered surface. As shown in Figure
2A (right panel), highlighting individual mitochondrial net-
works (yellow) in healthy tubule cells reveals one large
mitochondrial network comprising most of the mitochon-
drial mass within a given tubular cell (Supplemental Video
1). This interconnected network breaks down after injury
(Figure 2B, right panel). Figure 2C shows a single, intercon-
nected mitochondrion from surface rendering images in Fig-
ure 2A and higher magnification of the surface. Figure 2D
highlights a single mitochondrion after IRI injury. In addi-
tion to visualizing the interconnectivity of mitochondria, sur-
face rendering provides quantitative information about each
object, including the surface area, volume, intensity, spheric-
ity, and position of each structure (among other values).
Comparing a single mitochondrial network from sham kid-
neys with kidneys exposed to IRI demonstrates the large dif-
ference in the size of the networks (Figure 2, C, D, and E); of
note, surface area (2242 um? versus 2 um?), volume (253.59
um? versus 0.16 um?), and sphericity (0.08 versus 0.59) are
dramatically altered with injury. Similar results were
achieved using the SoRa imaging system (Supplemental
Figure 1D).

To confirm that kidney tubule cell mitochondria are
interconnected, we performed segmentation of mitochon-
dria in EM serial sections. Compared with our earlier
study, which focused on a few mitochondria (22), in this

study we analyzed all of the mitochondria in a tubule
cell (see low-magnification overview of the tubule in
Supplemental Figure 1E). Twenty 100-nm serial sections
were imaged and segmented, for a total depth of 2 um
(Figure 2F). To determine the area, volume, and intercon-
nectivity of the mitochondrial network, we used Imaris to
analyze the segmentation data. The tubule cell mitochon-
dria imaged by EM form a highly interconnected network
consisting of most of the mitochondria within a cell (Figure
2G, Supplemental Video 2). The area, volume, and spheric-
ity of the single interconnected network was similar to the
results seen with SIM, given the EM data is 2 um in depth
and the SIM data are 4 um (Figure 2, C and G). (Note that
mitochondria imaged by EM were segmented by tracing
the outer mitochondrial membrane and filling the interior,
whereas SIM imaging was performed on samples stained
for COX IV on the inner mitochondrial membrane. There-
fore, the mitochondria reconstructed by these two techni-
ques have slightly different structures.)

We confirmed a similar pattern of mitochondrial break-
down in the chronic phase of AA-induced nephropathy
(Figure 2H). Quantification of mitochondria network size
revealed that the networks in AA-treated mice were
approximately 1/5 the size of control mice, which is larger
than mitochondria after ischemic injury (Figure 2F versus
Figure 2H). These data demonstrate that the mitochondria
in an uninjured tubule cell form one large network consist-
ing of most of the mitochondria in the cell, which breaks
down in acute or chronically injured tubule cells.

SIM Can Image Multiple Organelles and Cellular
Structures in Tissue

Next, we sought to test whether super-resolution imag-
ing could be used to image other subcellular organelles
and structures. First, we examined staining of autophago-
somes. Staining for LC3 revealed an increase in large LC3-
positive structures after IRI (Figure 3A). Quantification
revealed autophagosome number and size were increased
in injured mice compared with control mice (Figure 3B).
Next, we tested if the ER could be imaged by SIM. The
staining for GRP94 revealed a large ER network in both
mouse and human kidney samples (Figure 3C). Similarly,
staining for KIM-1 (known to localize to the brush boarder
[31]) revealed the structure of the brush border (Figure 3D).
Also, we stained for components of the tubular basement
membrane. Staining for laminin and integrin 81 revealed a
complex structure of the extracellular matrix (Figure 3E).

Next, we tested if we could image plasma membrane
involutions. Although PTCs are often described as “simple
cuboidal cells,” careful studies using EM to reconstruct the
3D architecture of PTCs confirmed a complex structure
with many interdigitations between neighboring PTCs (32).
By EM, the interdigitations are observed as numerous

Figure 2. | Continued. cells in sham kidney (left). Mitochondria are labeled green in EM image segmentation (middle). 3D structure of
mitochondria created by EM serial sections (right). Scale bar, 5 um. (G) Representative surface rendering of a continuous mitochondrion
from the EM segmentation in (F). Scale bar, 2 um. (H) Representative surface renderings of COX IV-stained (red) mitochondria in kidney
tubular cells 6 weeks after PBS or aristolochic acid (AA) injection, and quantification of the total mitochondrial surface area and volume
on the basis of surface-rendered images. Five tubules per animal were analyzed (n=3). Scale bar, 4 um. Data are presented as means=SD.
*P<0.05. Dashed insets deliniate the regions shown at higher magnification. (A low-magnification overview of the tubule where the cell
was chosen is in Supplemental Figure 1E.) DAPI, 4',6-diamidino-2-phenylindole; IF, immunofluorescence.


http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0001602021/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0001602021/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0001602021/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0001602021/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0001602021/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0001602021/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0001602021/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0001602021/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0001602021/-/DCSupplemental

KIDNEY360 2: 1892-1907, December, 2021 Quantifying Mitochondrial Morphology in Kidney Tissue, Taguchi et al. 1899

A Autophagosomes B Autophagosomes
Sham IRI 50 1
40
% E Sham
2 30 mm RI
3
— e}
& 2
a ;) 20
z 9
=
S 10
0 -
01 02 03 04 05 06 07 08 09
Volume (um3)
E Basement membrane
3D Single plane
Cc T 8 :
Endoplasmic reticulum Brush border <
Mouse a
o
=l
a
o
<
a
=
= F
T 3D cell morphology Single plane
<
D —_—
o
<<
[a)
S
@
1S
o
b
G H
| Plasma membrane involutions
z
<
a
1)
<
o
>
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involutions of the basolateral plasma membrane (Figure
3G). Using sporadically labeled cells expressing a cytosolic
tdTomato fluorescent protein, we imaged individual PTCs,
revealing a complex morphology with many cellular pro-
cesses (Figure 3F). Staining for Na'K"ATPase identifies
the basolateral plasma membrane (33,34), resulting in a
pattern very similar to the membrane involutions seen by
EM (Figure 3, G and H). Surface renderings of the
Na K" ATPase- and VDAC-positive structures revealed an
extremely close relationship between the Na*K*ATPase-
positive membrane and the mitochondrial outer membrane
(Figure 3I, left panel). Further, we highlighted the
Na K" ATPase membranes in surface renderings to deter-
mine if they were continuous. The Na*K* ATPase-positive
membrane structures form a continuous loop that
completely envelops some of the mitochondria, suggesting
these mitochondria are in a cellular process from a neigh-
boring cell (Figure 3I, right panel). Thus, super-resolution
microscopy can resolve many different organelles and
structures in kidney tissue, allowing for more detailed
studies of kidney tissue at the subcellular level.

Analysis of Mitochondrial Content, Network Volume, and
Morphology from Super-Resolution Images

We next sought to determine if image analysis of tissue
super-resolution images could identify changes in mito-
chondrial dynamics at greater detail than traditional tech-
niques. To test this approach, we performed UIRI on
wild-type C57BL/6 mice and collected kidneys immedi-
ately after injury (before reperfusion), and at 24, 48, and
96 hours post injury, and imaged the mitochondria as
described above. Unlike bilateral IRI, kidneys subjected to
UIRI have diminished recovery and atrophy over time. At
low magnification, it is apparent that positive staining for
mitochondrial markers VDAC and COX IV diminished
over the course of the experiment, whereas expression of
KIM-1, a marker of tubular injury, increased (Figure 4, A
and B). Quantifying the VDAC- and COX IV—positive area
revealed that, by 96 hours, <10% of the positive area
remained, suggesting a loss of mitochondrial mass (Figure
4B). SIM imaging and analysis confirmed a dramatic
decrease in mitochondrial volume with injury, which fur-
ther decreased with time (Figure 4, C and D). Moreover,
SIM imaging allowed for the analysis of individual mito-
chondrial network size and mitochondrial content on a per-
cell basis (Figure 4D). To test if this technique is applicable
to other organs, we imaged mitochondria in cardiomyo-
cytes. Cardiomyocyte mitochondria also form large net-
works that are broken down with stress (Supplemental
Figure 2, A and B).

Whereas quantification of network size and content sug-
gests alterations to mitochondrial morphology, it does not
directly measure filamentous versus fragmented mitochon-
dria. We hypothesized analyzing mitochondrial networks

as a function of sphericity, i.e., greater sphericity indicates
more fragmented mitochondria, would allow for a more
direct quantification of mitochondrial morphology. As
shown in Figure 4E, PTC mitochondria were divided into
three groups by their sphericity and color labeled as fol-
lows: fragmented, sphericity >0.451 (yellow); intermediate,
sphericity between 0.450 and 0.311 (green); and filamen-
tous, sphericity <0.310 (magenta). We found that 32
minutes of ischemia induced significant mitochondrial
fragmentation (Figure 4, E, F, and G). The percentage of
fragmented mitochondria increased over time, with a corre-
sponding decrease in filamentous mitochondria (Figure 4,
F and G). A number of mitochondria were identified as
having an intermediate morphology. These intermediate
mitochondria tended to be filamentous in structure, but
were not part of a larger network (Figure 4, F and G). These
data demonstrate that super-resolution imaging and analy-
sis can provide more detailed quantification of mitochon-
drial content and morphology.

Quantification of Mitochondrial Morphology in Human
Biopsy Specimens with Super-Resolution Microscopy
Mitochondrial fragmentation has been proposed as a
driver of kidney disease in humans; however, quantifying
mitochondrial morphology in human kidney tissue is chal-
lenging. To test if tissue super-resolution microscopy could
be used to quantify mitochondrial changes in human sam-
ples, we stained biopsy samples with minimal acute tubu-
lar injury (control) or AKI with significant tubular injury
(Supplemental Table 1) with COX IV. SIM resolved mito-
chondria in biopsy specimens similarly to that in mouse
models (Figure 5A). Mitochondria from patients with AKI
have reduced mitochondrial network volume and mito-
chondrial surface area compared with controls (Figure 5, B
and C). Although there was an overall reduction in mito-
chondrial volume and surface area compared with control,
it was unclear if this was due to a subset of injured tubules
or if all tubules had reduced mitochondrial size. To test if
mitochondria in injured tubules are more likely to be frag-
mented, we costained for KIM-1 to label injured PTCs. We
found both KIM-1" and KIM-1"~ tubule cells in the AKI
samples had reduced mitochondrial volume and surface
area, compared to controls (Figure 5, B and C). KIM-1"
tubules, however, had smaller mitochondria than tubules
negative for KIM-1 (Figure 5, B and C). Next, we examined
if the mitochondrial networks in the biopsy specimens
could be categorized and quantified on the basis of spheric-
ity. In the kidneys with minimal tubular damage, the mito-
chondrial networks were mostly filamentous and formed
large networks (Figure 5, D and E). Biopsy specimens from
patients with acute tubular injury had mostly fragmented
or intermediate mitochondria (Figure 5, D and E). These
data demonstrate that mitochondria in uninjured human
kidney tubular cells form large networks that break down

Figure 3. | Continued. (F) Left panel shows maximum intensity projection of a tdTomato (cytosolic)—positive proximal tubule cell (PTC).
Right panels show a single z-plane from a tdTomato-positive tubular cell. (G) EM micrograph of kidney tubular cells highlighting interdigi-
tations of the basolateral plasma membrane (arrows). (H) SIM imaging of tubular cell basolateral membranes. Basolateral plasma mem-
brane is identified by staining for Na*K*ATPase (green). Scale bar, 3 um. (I) Representative surface renderings of VDAC- (red) and
Na"K"ATPase-stained (green) kidneys. Left panel shows high magnification of the basolateral side of a tubule with close association
between the Na™K*ATPase and mitochondria. Right panel represents highlighted Na+K+ATPase positive volume showing continuous
plasma membrane interdigitation. DAPI, 4',6-diamidino-2-phenylindole. Dashed insets delineate the regions shown at higher

magnification.
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Figure 4. | Analysis of SIM imaging can quantify mitochondrial content, network volume, and morphology. (A) Mouse kidney sections were
stained for VDAC (red), COX IV (green), and KIM-1 (gray) and imaged at X20 magnification. The resulting images were stitched together to
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with kidney injury, and super-resolution imaging can be
used to analyze organellar changes in human biopsy
specimens.

Promoting Mitochondrial Interconnectivity Protects
against Cisplatin-Induced Kidney Injury

Our results thus far indicate that mitochondria in healthy
kidney tubule cells form highly interconnected networks,
which are lost in kidney injury. We hypothesized that pre-
venting loss of mitochondrial interconnectivity would be
protective in the setting of AKI. To test this hypothesis, we
treated animals with cisplatin and added the mitochondrial
fusion promotor M1, a compound that activates the mito-
chondrial fusion pathway (35). M1 was given at the same
time as 20 mg/kg cisplatin, every 24 hours for 3 days (Fig-
ure 6A). M1 injection significantly reduced kidney injury,
as measured by BUN andretained body weight, compared
with the cisplatin plus vehicle group (Figure 6, B and C).
M1 also significantly reduced apoptosis, as measured by
active-caspase 3 positivity, in cisplatin-treated kidneys (Fig-
ure 6D). Quantification of mitochondrial volume revealed
that M1 treatment preserved the average mitochondrial
volume and mitochondrial volume per cell at or near base-
line levels, despite the cisplatin exposure (Figure 6E). Mito-
chondrial morphology analysis revealed M1 treatment
maintained mitochondrial network morphology and inter-
connectivity at similar levels as uninjured cells (Figure 6, E,
F, G, and H). These data suggest that promoting mitochon-
drial fusion can maintain mitochondrial network morphol-
ogy and interconnectivity and protect against kidney
injury.

Discussion

The morphology of mitochondria and other organelles is
known to change early during kidney injury (6,8,11,22,36).
Although organellar morphologic dynamics are known to
be both a marker of and contributor to kidney disease, they
remain difficult to evaluate in kidney tissue. Recent advan-
ces have led to the development of numerous super-
resolution imaging techniques that use optical and/or
computational approaches to break the resolution limit of
light microcopy. Here, we use tissue SIM-based super-
resolution imaging to demonstrate that mitochondria form
large, interconnected networks in kidney tubule cells,
indicating that, under basal conditions, kidney tubule cell
mitochondria represent a single, continuous membrane
structure. Although this finding seems inconsistent with
the classic textbook description of mitochondria, it is in line
with findings in other organs and cultured mammalian
cells (2,7,10,14,22,30). Our analysis used surface renderings
of organelles, allowing for the digitization of each organel-
lar unit and providing values/statistics of various features
of the organelle. Using these data, we were not only able to
demonstrate a loss of mitochondrial volume with injury,

but also quantify the level of fragmentation of the mito-
chondria network in mouse and human kidney tissue. Cos-
taining with KIM-1 revealed that, although injured PTCs
have the largest reduction in mitochondrial volume and
most mitochondrial fragmentation, KIM-1~ (and presum-
ably healthier) PTCs have a significant reduction in mito-
chondrial volume. Promoting mitochondrial fusion not
only maintained mitochondrial morphology, volume, and
interconnectivity, it also ameliorated cisplatin-induced kid-
ney injury. Thus, the imaging and analysis techniques
described here can be used to quantify organellar dynamics
of multiple organelles in kidney tissue and other organs,
such as the heart.

EM remains the gold standard for analyzing organellar
morphology in kidney tissue and is vital to measure mito-
chondrial swelling, cristae alterations, autophagy, lysoso-
mal disruptions, and other features. Understanding the 3D
architecture of mitochondria by EM, however, remains
challenging. The three most common approaches to using
EM to quantify mitochondrial fragmentation in solid
organs involve imaging thousands of cells to quantify rare
long cross-sections of mitochondria, serial sections fol-
lowed by segmentation and 3D reconstructions, or focused-
ion-beam scanning EM with artificial intelligence-based
segmentation (22,37,38). All of these processes are labor
intensive and have low throughput, and focused-ion-beam
scanning EM is only available at a small number of institu-
tions. In kidney tubular cells, it is somewhat easier to
visualize mitochondrial fragmentation by EM because the
mitochondria tend to align perpendicularly to the base-
ment membrane. In this study, we demonstrated that
super-resolution imaging can fill a gap between traditional
light microscopy techniques, such as confocal microscopy,
and EM by providing enough resolution to quantify
changes in organelle morphology while maintaining the
high-throughput image analysis associated with light
microscopy. Using a microscope with motorized x, y, and z
controls, the image acquisition and analysis can be largely
automated, removing potential bias from the experiment.
The result is a semiautomated method to quantify changes
in organelles and other structures at a subcellular level in
kidney tissue. The super-resolution techniques used in this
study, however, cannot provide detailed information with
regard to cristae structure and other fine ultrastructural
details. Thus, super-resolution imaging can be used in par-
allel with or to augment EM studies.

Perhaps the biggest advantage of this fluorescent
imaging-based method is that it allows for the quantifica-
tion of organellar morphology plus additional markers. For
instance, one could combine the mitochondrial morphology
analysis with cell type-specific markers or markers of
injury. Another application would be to use genetic tracers
to label cells that have been genetically modified. Com-
bined with staining for up to four different targets, this
technique can image multiple organelles at the same time

Figure 4. | Continued. unilateral IRI, stained for COX IV. Scale bar, 3 um. (D) Quantification of mitochondrial volume and number from
surface renderings in (C) (n=3). (E) Representative surface renderings color coded for network morphology on the basis of sphericity: frag-
mented, yellow; intermediate, green; and filamentous, magenta. Scale bar, 4 um. (F) Quantification of mitochondrial morphology on the
basis of sphericity. n=3-4. (G) Distribution of mitochondrial morphology over the time course of unilateral IRI. Data are presented as
means*+SD. *P<<0.05, **P<0.01, ***P<<0.001, ****P<<0.0001. DAPI, 4/,6—diamidino—2—pheny[indole.
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Figure 5. | Quantification of mitochondrial morphology in human biopsy specimens with super-resolution microscopy. (A) Human biopsy

specimens from patients with minimal tubular injury (control) and patients with AKI with pathologically confirmed tubule injury were stained for
COX IV (red), GRP78 (green), and KIM-1 (gray) and imaged via SIM (maximum intensity projections, top panels). The resulting images were sur-
face rendered (bottom panels). Scale bar, 5 um (B) Quantification of mitochondrial volume on the basis of surface renderings. Maximum net-
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KIM-17 tubules (n=3). (D) Representative surface renderings color coded for mitochondrial morphology on the basis of the sphericity of the net-
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Scale bar, 4 um. (E) Quantification of mitochondrial morphology on the basis of sphericity (1=3). Data are presented as means*SD. *P<0.05,
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in kidney tissue from mice or human biopsy specimens, or,
when combined with genetic labeling approaches, can
analyze organelles in genetically manipulated cells versus
normal cells in the same tissue. For image analysis and
quantification, we use Imaris software from Bitplane. This
is a leading 3D analysis software for subcellular imaging.
Using Imaris, we generated digital renderings of all mito-
chondria and/or other organelles (ER, brush border, efc.)
within the kidney cells, allowing for the quantification of
size, shape, intensity, colocalization, and position of each
organelle in an unbiased manner.

Although we used SIM as the primary imaging tech-
nique in this study, it is important to note that many super-
resolution imaging techniques can achieve the same level
of resolution at a lower cost. The SIM instrument we used,
Nikon N-SIM, has approximately double the resolution
(115 nm) of traditional confocal or other light microscopy
techniques. We found that a Nikon SoRa spinning disk
confocal microscope, which achieves a similar resolution,
can resolve tubular cell mitochondria and be quantified
using the same analysis. Similarly, we were able to gener-
ate images of tubular cell mitochondria of sufficient resolu-
tion with a Nikon TiE widefield fluorescence microscope
using SRRF imaging, which wuses a software-based
approach to generate super-resolution images at approxi-
mately double the resolution of widefield images. In addi-
tion, much of the analysis performed in Imaris can be
performed in Image], including surface rendering. Thus,
with the combination of SRRF imaging and Image] analy-
sis, a laboratory could perform the same level of imaging
and analysis as described in this study using a standard
widefield fluorescent microscope.

Orne key finding of this study is that kidney tubule cell
mitochondria form large, nearly continuous networks within
the cell. The overall 3D morphology of these networks was
previously unknown; however, it is known that cells in cul-
ture form large networks, and interconnected mitochondria
are healthier and have increased energy production (39-41).
Thus, it makes sense for highly metabolic cells, like PTCs, to
maintain interconnected mitochondrial networks. To dem-
onstrate the importance of these interconnected networks,
we enhanced network formation by promoting mitochon-
drial fusion. Promoting mitochondrial fusion both prevented
the breakdown of mitochondrial networks and ameliorated
development of cisplatin-induced kidney injury. Promoting
mitochondrial fusion is an attractive alternative to methods
that inhibit mitochondrial fission used in previous studies,
because blocking mitochondrial fragmentation can have a
negative effect on cell division. Taken together, these data
indicate promoting mitochondrial fusion helps maintain
mitochondrial interconnectivity and can be a potential thera-
peutic approach to treating AKIL.

Here, we demonstrate the ability of super-resolution
microscopy to capture the dynamics of kidney biology and
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pathobiology at the subcellular level. Applying super-
resolution imaging to kidney tissue opens fields of study in
animal models and human kidney tissue that have previ-
ously been relegated to tissue culture models. Now the
structure, size, position, morphology, and interactions of
multiple organelles can be analyzed at the same time.
Applying tissue super-resolution imaging to human kidney
tissue can provide unparalleled insight into the organellar
alterations that occur in kidney disease, allowing research-
ers to confirm hypotheses in human kidney tissue and,
potentially, aid in clinical diagnoses. Thus, tissue super-
resolution imaging has the potential to revolutionize the
way researchers and clinicians interrogate kidney disease.
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