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OPENprogressive glomerulonephritis
Novel 3D analysis using optical tissue clearing
documents the evolution of murine rapidly
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Recent developments in optical tissue clearing have been
difficult to apply for the morphometric analysis of organs
with high cellular content and small functional structures,
such as the kidney. Here, we establish combinations of
genetic and immuno-labelling for single cell identification,
tissue clearing and subsequent de-clarification for
histoimmunopathology and transmission electron
microscopy. Using advanced light microscopy and
computational analyses, we investigated a murine model of
crescentic nephritis, an inflammatory kidney disease
typified by immune-mediated damage to glomeruli leading
to the formation of hypercellular lesions and the rapid loss
of kidney function induced by nephrotoxic serum. Results
show a graded susceptibility of the glomeruli, significant
podocyte loss and capillary injury. These effects are
associated with activation of parietal epithelial cells and
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formation of glomerular lesions that may evolve and
obstruct the kidney tubule, thereby explaining the loss of
kidney function. Thus, our work provides new high-
throughput endpoints for the analysis of complex tissues
with single-cell resolution.
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T he rapid development of optical clearing techniques has
the potential to revolutionize 3-dimensional (3D) mor-
phometrics.1,2 Overall, there are 3 broad categories

for optical clearing: aqueous solutions,3,4 solvents,5,6 and
hydrogel-embedding.7,8 Although each of them has multiple
well-known advantages and disadvantages, they all lead to tis-
sue translucency, reducing light scattering, and thereby allow-
ing efficient visualization and quantification of complete
structures.1 However, reliable quantification of whole func-
tional structures with high cellular content (i.e., kidney
glomeruli) remains challenging.

Chronic kidney diseases affect approximately 10% of the
population worldwide and are directly associated with an
increased risk of cardiovascular-related mortality.9 Crescentic
nephritis, characterized by the rapid formation of extrac-
apillary hypercellular lesions (crescents), is one of the most
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aggressive forms of kidney disease.10 Current therapies are
based on nonspecific immunosuppression, as immune cells
are thought to mediate disease development and progres-
sion.11 Importantly, recent evidence suggests that glomerular
crescent formation involves also nonimmune cells, namely
glomerular visceral epithelial cells (podocytes)10 and parietal
epithelial cells (PECs),12 and interstitial fibrosis.5 Thus, the
multilayered nature of crescentic nephritis provides a unique
opportunity for the validation of quantitative tools needed for
intact structures with high cellular densities.

The application of optical clearing to kidney morpho-
metrics has been limited, despite recent evidence showing
that conventional 2-dimensional (2D) analyses may not be
accurate or precise enough to detect existing differences and
may introduce methodological bias.13 Implementation of 3D
morphometrics has been difficult for parenchymal organs, in
particular of the kidney. This study introduces a new com-
bination of diverse technologies allowing single-cell identifi-
cation, kidney-optimized reversible optical clearing for
subsequent application of standard histology, immunofluo-
rescence and transmission electron microscopy in the same
sample, flexible advanced light microscopy based on adapt-
able and solvent-resistant imaging chambers that allowed
high-throughput imaging of whole slices and intact kidney
structures with single-cell resolution, and quantitative volu-
metric computational analytics. Our work provides new 3D
quantitative endpoints for murine crescentic nephritis based
on a comprehensive analysis of intact glomeruli, revealing the
morphologic and cellular evolution of glomerular crescents
leading to tubular disconnection and glomerular loss.

RESULTS
A new pipeline for 3D morphometrics in the kidney
Single cells were identified using inducible reporter mice
and immunolabeling (Figure 1a). Adult male mice were
injected with nephrotoxic serum (NTS) leading to cres-
centic nephritis as previously described.14 Kidneys were
perfused with physiological saline under controlled pres-
sure, allowing injections of fluorescently-labeled lectins or
antibodies (Figure 1b). Intact kidneys were immediately cut
using a physical slicer (Supplementary Figure S1) and im-
mersion fixed. Each kidney provided 6–8 slices (1–1.5-mm
thick), from which mid-hilar regions (Figure 1c) were used
for optical clearing (Supplementary Figure S2). Kidney-
optimized protocols for Scale,3 CLARITY,7 and/or ethyl
cinnamate (ECi)5 successfully achieved tissue translucency
(Figure 1d). CUBIC4 and uDISCO6 were also optimized so
that similar translucency and penetration depths were
achieved (Supplementary Figure S3). Supplementary
Table S1 summarizes the advantages and disadvantages of
each kidney-optimized protocol.

In-house-built imaging chambers were assembled to provide
tissue stability and compatibility with commonly used micro-
scopy objective lenses (i.e., water-immersion) (Figure 1e). For
upright microscopes, disposable chambers were built using a
plastic base, parafilm to correct for tissue height, and a standard
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glass coverslip. Direct immersion was also possible with opti-
mized objectives in multi-photon and light sheet microscopes.
For inverted microscopes, commercially available chambers (see
Materials and Methods) and custom-made solvent-resistant
3D-printed plastic chambers were used (Supplementary
Figure S4). We provide examples from an upright 2-photon
microscope with a single frame (Supplementary Movie S1)
and panoramic view (Supplementary Movie S2) and also an
inverted confocal microscope (Supplementary Movie S3).

Open-source and commercially available software were used
to perform volumetric computational analytics (Figure 1f) with
scalable quantitative endpoints for the major features of cres-
centic nephritis. Finally, tissue declarification was implemented
to re-use tissue slices (recycling) allowing us to combine 3D-
morphometrics, standard histology, immunofluorescence, and,
for the first time, transmission electron microscopy (Figure 1g).

Podocyte loss in crescentic nephritis
Podocytes are known to have a limited capacity for regener-
ation.15 In this context, podocyte loss represents the major
culprit for the development for glomerular diseases.16 Podo-
cytes were identified using histone-mediated nuclear expres-
sion of enhanced green fluorescent protein (eGFP)
(Figure 2a). Total numbers of eGFPþ podocytes were quan-
tified in intact using a combination of in vivo metabolic la-
beling and 3D morphometry (Figure 2b). Crescentic kidneys
showed a 62% reduction in podocyte number compared to
controls (Figure 2c). Podocyte loss was focal as only 81% of
180 analyzed glomeruli from crescentic kidneys showed
podocyte depletion. Numbers of eGFPþ podocytes were
virtually identical among 3 different optical clearing methods
(Figure 2d) and within individual mice (Figure 2e).

As an alternative to genetic lineage tracing, podocyte loss
was confirmed by immunolabeling using podocyte-specific
markers (i.e., p57 and synaptopodin).13 Podocyte loss
occurred in a dose-dependent fashion. Mice injected with a
lower dose of NTS showed a 30% reduction in p57þ podo-
cytes (Supplementary Figure S5A, B, and C). This lower level
of podocyte loss correlated with the lower degree of patho-
logic lesion formation observed in the previous experiment
(Supplementary Figure S5D).

Podocyte loss resulted in a focal increase between neigh-
boring podocytes. Centers of mass were semi-automatically
calculated based on eGFPþ signal from each podocyte nu-
cleus (Figure 2f), yielding similar results as manual podocyte
counts (R2: 0.99, P < 0.0001). Measurements of minimal
distance between podocyte nuclei showed a 55% increase in
crescentic kidneys compared to controls (Figure 2g), as
visualized using a color-coding system (Figure 2h).

Tracing the evolution of glomerular crescents
Glomerular crescents are populated by activated PECs
(Figure 3a). Upon activation, PECs show increased potential
for invasion and replication, production of extracellular ma-
trix, and expression of de novo markers, for example CD44.12

Anti-glomerular basement membrane IgG deposition could
Kidney International (2019) 96, 505–516



Figure 1 | A new pipeline for 3-dimensional morphometrics validated in kidney tissue. (a) Cell-specific identification; (b) kidney
perfusion via aorta cannulation; (c) slice preparation using a physical slicer for multi-purpose tissue processing; (d) reversible optical
clearing; (e) flexible in-house built chambers compatible with multiple microscopy systems; (f) comprehensive computational analyses, where
the white arrow shows a segmental lesion; and (g) tissue recycling for subsequent immunofluorescence (IF), classical histology,
and transmission electron microscopy. ECi, ethyl cinnamate. To optimize viewing of this image, please see the online version of this
article at www.kidney-international.org.
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be visualized for the first time in whole glomeruli as a linear
and homogenous pattern in crescentic kidneys using laser
confocal and light sheet microscopy (Figure 3b). Surprisingly,
we did not detect a single glomerulus without IgG deposition,
which contrasts with the focal nature of the disease.

Lectin-based 3D rendering of glomerular capillaries
(Figure 3c) revealed a significant reduction in capillary vol-
ume in crescentic kidneys (Figure 3d). In contrast to normal
glomeruli with homogeneous capillary labeling, glomerular
lesions had only partial capillary labeling in a segmental
pattern (Supplementary Figure S6), showing that the same
glomerulus may be misclassified in 2D as normal or patho-
logic depending on the sampling area.

PECs were identified using nuclear labeling with eGFP-
histone (Figure 3a). We determined total numbers of eGFPþ

PECs in intact glomeruli (Supplementary Movie S4) as surro-
gate parameter for PEC activation (Figure 3e; Supplementary
Movie S5). While glomeruli with preserved capillaries con-
tained the same number of eGFPþ PECs in controls and
crescentic kidneys, glomeruli with capillary volume reduction
showed a 3-fold increase in eGFPþ PECs (Figure 3f). In normal
Kidney International (2019) 96, 505–516
glomeruli, PEC nuclei occupied about 2% of the volume of
each glomerulus, but in crescentic glomeruli PEC nuclei
occupied an average of 12% of each glomerulus (Figure 3f).

Pathologic lesions were sub-classified based on the 3D
location of eGFPþ PECs within each glomerulus (Figure 3g)
and were defined as localized tubular (pole) lesions
(Supplementary Movie S6) or segmental lesions showing in-
vasion of the glomerular tuft (Supplementary Movie S7). Every
glomerulus was also categorized based on the patency of their
connection to their respective proximal tubule (Figure 3h;
Supplementary Movie S8) to determine the formation of
nonfunctional (atubular) glomeruli (Supplementary Movie S9).
While both localized tubular and segmental lesions showed a
similar degree of capillary injury, we identified progressive
capillary injury in atubular glomeruli (Figure 3i). Total numbers
of eGFPþ PECs progressively increased in the transition from
localized tubular to segmental lesions but remained stable in
atubular glomeruli (Figure 3j). Overall, the progression from
localized tubular to segmental lesions was associated with PEC
proliferation, and the formation of atubular glomeruli was
linked to capillary injury (Figure 3k).
507

http://www.kidney-international.org


Figure 2 | Optical clearing methods reveal podocyte loss in crescentic nephritis. (a) Schematic showing nuclear histone-enhanced green
fluorescent protein (eGFP) labeling of podocytes; (b) 3-dimensional reconstruction (blended view) of a whole glomerulus with eGFPþ
podocytes (nuclei); (c) reductions in eGFPþ podocytes per glomerulus in crescentic kidneys using different tissue clearing methods (Scale,
CLARITY, and ethyl cinnamate)—each circle represents 1 glomerulus (60 glomeruli analysed per group, n ¼ 20 glomeruli per mouse); (d)
similar numbers of eGFPþ podocytes per glomerulus using different clearing methods in both controls and crescentic kidneys—each
circle represents the mean value per mouse; (e) numbers of eGFPþ podocytes per glomerulus within each mouse (internal variation
aggregates of all 20 analyzed glomeruli per mouse); (f) schematic showing minimal distance among neighboring podocytes; (g) increases in
minimal distance between neighboring podocytes in crescentic kidneys–each circle represents 1 podocyte; and (h) color-coded
identification of isolated podocytes based on minimal distance between neighboring podocytes in controls (left) and crescentic
kidneys (right)—dotted squares represent the most isolated podocyte per glomerulus. Unpaired t-test for analyses of pairs; for multiple
comparisons, analysis of variance with Holm-Sidak’s test. ****P < 0.0001; NS ¼ not statistically significant; error bars represent means � SD.
Bar ¼ 30 mm. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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Expansion of inflammatory infiltrates and interstitial fibrosis
In the kidney, dendritic cells form an interstitial network that
plays a direct role in the development of crescentic nephritis.
These cells were identified using eGFP upon expression of the
chemokine receptor CX3CR117 (Figure 4a). Crescentic kid-
neys showed an increase in the ratio of dendritic cells per unit
of tissue volume and the percentage of interstitial collagen
deposition via second harmonic generation (SHG),18,19 a
nonlinear optical process that allows visualization of collagen
fibers without immunohistology (Figure 4b). Although
immunohistochemistry for collagen 3 confirmed an increase
in collagen deposition (Figure 4c), perfusion with an antibody
against macrophage marker F4/80 illustrated a similar
expansion of inflammatory infiltrates in crescentic kidneys
(Figure 4d). Although some inflammatory cells were identi-
fied in the glomerular tuft, the vast majority of cells were
located in the periglomerular area (Figure 4e).

Tissue “recycling” identified podocyte injury and PEC
activation
Tissues were declarified, re-embedded in paraffin for con-
ventional histo-immunopathology analysis or epoxy resin for
transmission electron microscopy, and then physically
sectioned (Figure 5a). As expected, histologic analysis with
periodic acid–Schiff revealed protein casts and crescentic
508
lesions (Figure 5b). Furthermore, transmission electron mi-
croscopy identified focal podocyte foot process effacement
with altered primary processes (Figure 5c), classical signs of
podocyte injury.

ECi declarification confirmed the presence of activated
(CD44þeGFPþ) PECs by immunofluorescence (Figure 5d) in
samples where 3D crescents had already been identified and
quantified. Scale declarification showed that expanded inter-
stitial inflammatory infiltrates and increased collagen depo-
sition coincided with areas of PEC activation (Figure 5e).

DISCUSSION
This study provides a new analytic platform for crescentic
nephritis based on computational analyses of intact
glomeruli, featuring novel morphometric endpoints that are
ideal for multidimensional and high-throughput testing. This
work has general applicability to a wide range of complex
quantitative settings where morphometrics of intact func-
tional structures both physiological (i.e., pancreatic islets and
lymphoid follicles) and pathologic (i.e., tumors and metas-
tases) require flexible and scalable tools.

Although previously published advances in clearing pro-
tocols were used as a comparison to showcase a new develop-
ment,20–24 our study was established and validated using several
optical clearing methods within the same experimental design
Kidney International (2019) 96, 505–516

http://www.kidney-international.org


Figure 3 | Evolution of cellular crescents. (a) Schematic showing crescent formation by activation of parietal epithelial cells (PECs);
(b) 3-dimensional (3D) reconstructions of whole glomeruli showing homogeneous Ig deposition in confocal (bar ¼ 30 mm) and light sheet
microscopy (bar ¼ 60 mm); (c) representative images showing glomerular capillary volume with fluorescence intensity (left) and
3D surface (right)—bars ¼ 30 mm; (d) reductions in glomerular capillary volume per glomerulus (capillary injury) in crescentic nephritis; (e) 3D
reconstructions of a normal glomerulus (left; bar ¼ 50 mm) and a glomerular crescent (right; bar ¼ 40 mm); (f) increases in enhanced
green fluorescent proteinþ PECs per glomerulus (left) and increases in PEC nuclear volume (%) per glomerulus (right) in crescentic
nephritis; (g) Representative images showing main patterns of glomerular lesion location as tubular (left; bar ¼ 60 mm) and segmental
(right; bar ¼ 30 mm); (h) Representative serial optical images showing the patent proximal tubular outlet of a normal glomerulus (bars ¼ 30
mm); (i) Decreases in capillary volume in atubular glomeruli; (j) Increases in numbers of enhanced green fluorescent proteinþ PECs per
glomerulus in segmental lesions; and (k) heat maps showing increasing capillary injury in the formation of atubular glomeruli and
progressive PEC activation in segmental lesions. Unpaired t-test for analyses of pairs; for multiple comparisons, analysis of variance
with Holm-Sidak’s test. ****P < 0.0001, ***P < 0.001, **P < 0.01, and NS ¼ not statistically significant; error bars represent means � SD;
in all graphs, each white circle represents 1 glomerulus, a total of 60 glomeruli from control mice (n ¼ 20 glomeruli per mouse), and
a total of 200 glomeruli from NTS-injected mice (n ¼ 40 glomeruli per mouse, 20 NTS normal, and 20 NTS lesions per mouse). To
optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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Figure 4 | Expansion of inflammatory infiltrates and development of interstitial fibrosis. (a) Schematic showing increases in
inflammatory infiltrates and interstitial fibrosis in crescentic nephritis; (b) representative 3-dimensional (3D) reconstruction showing
inflammatory infiltrates and interstitial fibrosis in crescentic nephritis (CX3C1-enhanced green fluorescent protein [eGFP] mice) and
quantification of CX3CR1-eGFPþ volume (%; dendritic cells and macrophages) combined with collagen deposition via second
harmonic generation (SHG) (%; 2HG); (c) representative 2-dimensional (2D) images showing immunohistochemistry of collagen 3 (COL3)
showing increases in COL3 area (%) in crescentic nephritis; (d) representative 3D reconstruction showing inflammatory infiltrates
(dendritic cells) in crescentic nephritis (F4/80 injection) and quantification of F4/80þ volumes; (e) 2D view of inflammatory infiltrates
(macrophages and dendritic cells) showing a predominant periglomerular pattern. Unpaired t-test for analyses of pairs; ***P < 0.001, **P <
0.01, *P < 0.05, error bars represent means � SD. Bars ¼ 150 mm (b,d) 60 mm (c,d). To optimize viewing of this image, please see the
online version of this article at www.kidney-international.org.
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in the kidney. Interestingly, although aqueous-based solutions
are compatible with commonly available objectives, solvent-
based products can damage regular objective lenses (i.e., water
immersion) due to their capacity to disrupt plastic integrity and
generate significant refractive index mismatches.1,25 The intro-
duction of simple and cheap imaging chambers circumvents
this issue and significantly increases compatible microscopy
possibilities.

Another important feature in our new pipeline is tissue
recycling for conventional histology after 3D analysis.
Although the concept of tissue declarification for histopath-
ologic analysis is not new,22 to our knowledge it had not been
used in combination with 3D imaging of the kidney or with
transmission electron microscopy.

Podocyte loss has been proposed as a major determinant
for glomerular diseases.26 Therefore, podocyte morphomet-
rics may provide important endpoints as prognostic clinical
tools.27,28 A previous study in rats using immunolabeling
suggested a potential role of podocyte loss in crescentic
nephritis.29 In our current study, we used genetic linage
tracing, which offers an alternative and robust approach to
identify individual cells even in the context of injury or po-
tential transcriptional variations.30 Based on this, we have
shown the development of significant podocyte depletion in
crescentic nephritis based on genetic lineage tracing and
510
whole glomerular analysis. Furthermore, the identification of
focal foot process effacement combined with an increase in
the minimal distance among neighboring podocytes indicates
that some podocytes may be more susceptible to injury than
others. Together, our data suggest that pharmacologic in-
terventions for crescentic diseases may include podocyte
depletion as a therapeutic goal.

Glomerular number correlates with kidney function.31,32 A
recent study using a combination of optical clearing and light
sheet microscopy in whole kidneys reported a 32% reduction in
total glomerular numbers within the first 2 weeks of crescentic
nephritis.5 Our current study suggests that glomerular loss
stems from the formation of atubular glomeruli. For decades,
the identification of atubular glomeruli required expensive and
time-consuming physical serial sectioning.33,34 A recent study
showed that the combination of optical clearing and multi-
photon microscopy provided a simple and practical solution
for the morphologic analysis of tubular patency in cisplatin-
induced kidney disease,35 which was achieved using the
intrinsic autofluorescence of the kidney. Our current work also
relied on autofluorescence to identify the tubular outlet and
combined it with eGFP signal of PECs and scattered tubular
cells. We acknowledge that this combination may still have
limitations. However, in our dataset, atubular glomeruli showed
significantly smaller capillary volumes than normal glomeruli,
Kidney International (2019) 96, 505–516
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Figure 5 | Tissue “recycling” for a multi-dimensional analysis of crescentic nephritis. (a) Schematic representation of tissue
declarification after Scale and ethyl cinnamate (ECi) clearing showing postfixation, paraffin embedding, and serial sectioning; (b) classical
histologic staining with periodic acid–Schiff after tissue declarification showing pathologic features of crescentic nephritis (top bar ¼ 60 mm;
bottom bars ¼ 40 mm), including tubular casts (arrowhead) and focal crescent formation (blue square: normal glomerulus; red square:
crescent); (c) transmission electron microscopy after tissue declarification showing normal foot process architecture (left; bar ¼ 0.8 mm), foot
process effacement (middle; bar ¼ 0.8 mm), and altered primary processes (right; bar ¼ 2 mm); (d) immunofluorescence after tissue
declarification with ECi showing co-expression of lineage tracer marker (nuclear enhanced green fluorescent protein; green) and PEC
activation marker (cytoplasmic CD44; red); and (e) immunofluorescence after tissue declarification with Scale showing inflammatory (CX3CR1þ
cells) periglomerular infiltrates around glomeruli with CD44þ PECs. Both (d) and (e) demonstrate that declarification after ECi or Scale
preserves antigens located in multiple cell compartments (i.e., nucleus vs. cell membrane) and facilitates the acquisition of
additional information after 3D morphometrics have been performed. 2HM ¼ second harmonic mean. For (d) and (e), bars ¼ 50 mm in all
images. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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as previously reported using gold-standard stereological
methods33,36 and also optical clearing,35 suggesting that the
identification of this subpopulation of glomeruli was appro-
priately performed.
Kidney International (2019) 96, 505–516
In a rat model of glomerulonephritis, systematic ultra-
structural analysis led to the hypothesis that the glomerular
crescents ultimately progress to nonfunctional glomeruli via
tubular disconnection.37,38 Our results show that while every
511
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healthy glomerulus and early crescent had a visible tubular
outlet, patent tubular connections were only identified in
11% of segmental crescents, highlighting the pattern of lesion
evolution. Previous work has shown that activated PECs are
able to invade the glomerular tuft in crescentic nephritis,12

and our current study has confirmed previous hypotheses
suggesting that as PECs invade the glomerular tuft, they block
the proximal tubule, leading to tubular atrophy and eventual
disconnection and nonfunctional glomeruli. Therefore, we
propose that pharmacologic interventions aiming to prolong
and preserve kidney function may target PEC invasion and
thereby glomerular loss.

Expansion of inflammatory infiltrates (i.e., macrophages
and dendritic cells) and development of interstitial fibrosis are
valuable endpoints in inflammatory kidney disease,5,17 as well
as in other organs, including lung,39 liver,40 and heart.41 In
crescentic nephritis, inflammatory infiltrates are mostly
located around glomeruli containing activated PECs and overt
crescentic lesions. Although multiple studies have shown that
modulation of the immune response attenuates the course of
crescentic nephritis,42 recent evidence shows that crescentic
lesions also develop in mice devoiced of T and B cells.43

Therefore, a deeper understanding of the interplay between
immune cells and PEC activation is needed for the develop-
ment of more effective strategies against crescentic nephritis.
In this context, the quantitative endpoints provided by our
new pipeline may serve as an ideal approach to determine
cell-specific effects of potential pharmacological agents.

The analysis of intact glomeruli and pathologic lesions
represents a significant advance in the field of kidney mor-
phometrics25 but is ideal to any structure where complex
cellular interactions occur in a confined space (i.e., pancreatic
islets, lymphoid follicles, and tumors). Here, we provide
optimized protocols for kidney clearing that show how
available protocols can be easily modified for different organs
and imaging solutions that may help scientists match their
experimental design with their available resources to obtain
reliable 3D data in a time- and cost-effective manner. For
example, understanding patterns of beta cell loss in the
context of diabetes is directly comparable to our approach for
podocyte depletion. Invasion and proliferation of tumor cells
in cancer have many parallels to our analysis of PEC activa-
tion. 3D analyses of microvasculature, which in our current
study highlight the close link between capillary and PEC in-
vasion to the glomerular tuft, have been applied not only in
kidney44 but also in other organs,45 highlighting the power of
3D analytics to determine cellular interactions with vascula-
ture. For all of these reasons, we propose that our quantitative
pipeline can serve as a roadmap for other systems where cell
loss, invasion, and proliferation are crucial parameters to
measure in vivo and are directly applicable to multiple models
of disease.

In summary, this study provides new morphometric tools
that are essential for multidimensional, high-resolution, and
high-throughput analyses of intact structures with high
cellular content. This work can be applied to a wide range of
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biological settings where cellular dynamics in a restricted
space determine the development and progression of a
disease.

METHODS
Experimental animals
Pod-rtTA, PEC-rtTA, LC1, R26R, histone-eGFP, and CX3CR1
transgenic lines were housed under standard specific pathogen-free
conditions. The experiments were performed in accordance with
the German legislation governing animal studies following the 2010/
63/EU Directive on the protection of animals used for scientific
purposes (Official Journal of the European Union, 2010).

To activate transgene expression of Pod-rtTA-eGFP and PEC-
rtTA-eGFP, mice received doxycycline via the drinking water ad
libitum for 2 weeks (2 g/l, 5% sucrose, protected from light) followed
by a washout period of 1 week as per previous reports.14,46 CX3CR1
mice expressed eGFP constitutively and did not require doxycycline
administration. Crescentic nephritis was induced in adult male mice
by i.p. injections of 4 and 5 mg/kg NTS.14 Controls received sterile
0.9% NaCl solution. Mice were killed within 2 weeks of injection.

Perfusion
Mice were anesthetized (ketamine/xylazine), and the kidneys were
perfused with physiological saline using a pressure-controlled pump
set at 100 mm Hg. After saline perfusion, and depending on the
experiment, kidneys were perfused with a fluorescently-labeled lectin
(Ricinus Communis I - RCA120; Vector Laboratories (Burlingame,
CA): RL-1082; 4 ml in 200 ml of saline) or were removed, cut, and
directly immersed in 3% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS). PFA-immersed slices were then placed in a
mechanical shaker for at least 4 days at room temperature.

Histopathology and immunohistochemistry
PFA-fixed paraffin-embedded tissue was used for the analysis of
histopathologic injury based on periodic acid–Schiff. Percentage of
abnormal/injured glomeruli was calculated based on the identifica-
tion of 50 representative glomerular cross-sections per mouse
selected during a systematic walk across the renal cortex.

Validation of interstitial fibrosis was performed using collagen 3
immunohistochemistry for 2D quantification of the degree of
cortical fibrosis. Collagen 3-stained sections were digitalized using a
whole slide scanner (NanoZoomer 2.0-HT; Hamamatsu Photonics,
Shizuoka Prefecture, Japan), and whole kidney cortices were
analyzed. Area fractions were calculated using the open-access image
analysis software ImageJ (National Institutes of Health, Bethesda,
MD) and expressed as (% positively stained area).

Immunofluorescence
For 1-mm sections, a standard immunofluorescence protocol was
performed.14,46 For 1000–1500-mm-thick slices, we used a recently
published protocol.13 The following antibodies were used: polyclonal
guinea pig anti-mouse GFP (1:500; Synaptic Systems, 132004,
Goettingen, Germany), AlexaFluor (AF)647-conjugated polyclonal
rat anti-mouse/human CD44 (1:200; BioLegend, 103018, San Diego,
CA), polyclonal goat anti-guinea pig AF594 (1:200; Jackson Immuno
Research Laboratories, Cambridge, UK, 106-585-003), polyclonal
rabbit anti-mouse p57 (1:200; SC8298; Santa Cruz Biotechnology,
Dallas, TX), polyclonal goat anti-mouse Synaptopodin or SNP
(1:400; SC21537; Santa Cruz Biotechnology), polyclonal donkey
anti-rabbit AF555 (1:200; Life Technologies, A31572, Carlsbad, CA),
Kidney International (2019) 96, 505–516
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polyclonal chicken anti-goat AF488 (1:200; A2467; Life Technolo-
gies), and AF594-conjugated polyclonal rat anti-mouse F4/80 (1:50;
BioLegend, 123140).

Optical clearing
Fixed samples were washed in 1X PBS and placed in a mechanical
shaker overnight at room temperature. Then, kidney-optimized
protocols were applied.

Scale. Kidney slices were first immersed in Scaleview-A2 (Wako,
Tokyo, Japan; 193-18455) for 30 minutes under gentle shaking (2 ml)
and finally immersed in fresh Scaleview-A2 (8 ml) for at least 1 week.
Unlike the original protocol from Hama et al.,3 we did not require
cryo-protection and freezing and used freshly fixed tissue.

ECi. Kidney slices were placed in high-grade 100% ethanol
(Merck; 100983) for 1 hour at room temperature with gentle shaking
(at least 1 change to fresh ethanol), followed by direct immersion in
ECi (Sigma-Aldrich, St. Louis, MO; 112372) and were left overnight
in a gentle shaker at room temperature under light protection. Tissue
translucency was achieved in less than 1 hour. After this step, the
choice of the imaging chamber depended on the experiment and the
microscope selection. Unlike Klingberg et al.,5 we did not perform
sequential ascending ethanol dilutions in kidney slices, which saved
time and increased efficiency.

CLARITY. Kidney slices were immersed in buffer A (4% acryl-
amide, 0.05% bis-acrylamide, 0.25% VA-044 Initiator, 4% PFA in
PBS) at 4 �C to maintain structural integrity for 24 hours. Hydrogel
polymerization was induced under argon atmosphere (O2 free) at 37
�C for 3 hours. Samples were transferred to buffer B (200 mM boric
acid and 138 mM SDS at pH 8.5) and incubated for 24 hours at
room temperature, followed by incubation at 37 �C for 2 weeks.
Solution B was changed regularly. Samples were washed with PBST
(0.1% TritonX in 1X PBS) for 24 hours. Imaging was performed
after at least 24 hours of incubation in RIMS80 (80 g Nycodenz, 20
mM PS, 0.1% Tween 20, and 0.01% sodium acid).

CUBIC. CUBIC-1 and CUBIC-2 reagents were prepared in
Japan47 and shipped to Germany ready to use. We modified the
reported incubation times to adjust to kidney tissue (i.e., harder to
clarify) and size (i.e., slice vs. whole organ). Kidney slices were
incubated at room temperature for 7 days in CUBIC-1, followed by 2
days of PBS washing, and final immersion in CUBIC-2 for 2 addi-
tional days before imaging.

uDISCO. Kidney slices were placed in 100% tert-butanol for 1
hour at room temperature with gentle shaking (at least 1 change to
fresh tert-butanol), followed by direct immersion in ECi (Sigma-
Aldrich; 112372), and left overnight in a gentle shaker at room
temperature under light protection. Tissue translucency was ach-
ieved in less than 2 hours. After this step, the choice of the imaging
chamber depended on the experiment and the microscope selection.
Unlike Pan et al.,6 we did not perform sequential ascending tert-
butanol dilutions, and we replaced benzyl alcohol benzyl benzoate
(BABB) with ECi.

Microscopy chambers
For inverted microscopes, a commercially available chamber, m-Slide
2 Well Glass Bottom (Ibidi, 80287), and a custom-built 3D printed
chamber (Supplementary Figure S4) was developed. Briefly, a Prusa
3 MK 2 printer (Prusa Research) was used to print a custom dish
designed with Blender 2.77. A 60-mm polypropylene (PP) foil was
glued onto the printing bed. A 1.75-mm PP filament was printed
using a genuine E3D V6 all-metal hooted with a 0.4-mm nozzle. The
first layer with height of 200 mm was printed at 270 �C at 30 mm/s.
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All other layers were printed with a layer height of 150 mm at 250 �C.
Maximal print speed was 100 mm/s.

For upright microscopes, we used disposable in-house-built
chambers. Briefly, the lid of a 1.5-ml Eppendorf tube
(0030125150, Hamburg, Germany) was removed and used as a base.
Importantly, these tubes are made of PP plastic, which resists sol-
vents (i.e., ECi). Parafilm (Sigma-Aldrich, P7543-1EA) was used to
fill in the base, leaving only enough space for the tissue slice, which
was carefully placed inside the chamber and entirely covered with
clearing solution (i.e., ECi, Scale, or RIMS80). Finally, partial sealing
was achieved with a 24 � 50-mm coverslip.

Microscopy
Most experiments were performed using a 2-photon microscope
(Olympus FV1000MPE, Olympus Corp., Tokyo, Japan) fitted with
25X water immersion objective lens (NA: 1.05) with correction collar
for refractive index adjustment attached to a pulsed Ti:Sapphire laser
(MaiTai DeepSee, Spectra Physics, Mountain View, California).
Fluorescence and SHG emission signals were collected with bandpass
filters at 429–465 nm, 490–530 nm, and 590–650 nm, respectively).
Our multiple chambers allowed us to keep the tissue immersed in
the clearing agent without having direct contact with the microscope
objective. Exceptions to this scenario were Scale-cleared samples,
which could be imaged directly immersed in Scale medium. For
eGFP alone (podocytes), an excitation wavelength of 950 nm was
used. For eGFP and AF594-labeled ricin-lectin and F4/80 antibody,
an excitation wavelength of 800-nm excitation was used. For SHG
(collagen deposition), we used 850 nm as excitation wavelength.

For CLARITY-cleared samples, imaging was performed with a
Leica TCS SP8 scan head mounted on an upright fixed-stage Leica
DM 6000 CFS microscope equipped with a CLARITY-optimized HC
FLUOTAR L 25x/1.00 IMM objective lens. Confocal images were
acquired exiting with a 488-nm laser for eGFP using a Hybrid de-
tector (Leica Microsystems). For slice immunolabeling, we used the
confocal mode of an SP8 2-photon microscope (Leica Microsystems)
fitted with 20X BABB-optimized objective lens (NA: 0.95). In this
case, the objective lens was in direct contact with ECi.

Confocal images of thick slices and conventional immunofluo-
rescence of thin slides were performed using a confocal laser mi-
croscope (LSM 710; Zeiss, Germany) running the Zen 2012 (Zeiss)
software.

LaVision BioTec UltraMicroscope (LaVision BioTec, Bielefeld,
Germany) with an Olympus MVX10 Zoom Microscope Body
(Olympus, Tokyo, Japan), a LaVision BioTec LaserModule, an
AndorNeosCMOS Camera with a pixel size of 6.5 x 6.5 mm2, and
detection optics with optical magnification range from 1.26x to 12.6x
and an NA of 0.5 and a Leica 20x/0.95 IMM (WD: 1.95 mm, and
NA ¼ 1.56) were used.

For analyses of whole glomeruli, 20 glomeruli were randomly
selected using a systematic sampling approach across the entire renal
cortex. For analyses of inflammatory infiltrates and collagen depo-
sition, 3 randomly chosen areas were selected and averaged to pro-
vide 1 mean value per mouse.

Image postprocessing
Experiments in Pod-rtTA-eGFP, PEC-rtTA-eGFP mice, and non-
reporter mice (thick slice immunolabeling) did not require image
postprocessing. However, for experiments in CX3CR1-eGFP
mice, which required SHG, and F4/80-AF594 antibody perfu-
sion, we collected data in 3 channels by 2-photon microscopy
(ch1-SHG, ch2-eGFP, and ch3-AF594). Image stacks were
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adjusted independently using a channel arithmetic tool (ImageJ,
National Institutes of Health, Bethesda, MD) to subtract tissue
autofluorescence signal: for SHG ([ch1-ch2]-ch3), for eGFP
([ch3-ch1]-ch2), and for F4/80-AF594 ([ch2-ch1]-ch3).

3D computational analysis
Fiji imaging software was also used to move through the z-axis of
each stack of serial optical sections and isolate individual glomeruli
via 3D cropping. Podocytes were identified as eGFPþ or p57þ cells.
PECs and inflammatory cells were identified as eGFPþ cells. The cell
counter built–in feature (http://rsbweb.nih.gov/ij/plugins/cell-
counter.html) was used to manually count podocyte and PEC
nuclei while moving through the entire glomerulus (from top to
bottom). Quantification of capillary volume, glomerular volume,
nuclear number (dots), and nuclear volume were performed using
3D rendering and analysis software (Imaris v9.1; Bitplane AG,
Zurich, Switzerland). Analyses of inflammatory infiltrates (CX3CR1-
eGFPþ signal) and collagen deposition (SHG signal) were always
corrected for total tissue volume, effectively providing a (%). The
minimal distance between neighbouring dots was calculated using
Bitplane XTension “Spot Closest Distance” (http://open.bitplane.
com/tabid/235/Default.aspx?id¼28).

Lesions were defined based on heterogeneous labeling of
glomerular capillaries by fluorescently labeled lection injection. All
isolated glomeruli were visualized as 2D serial optical section and 3D
volume rendering using Imaris v9.1, which allowed the unambigu-
ous identification of the tubular/vascular poles in 100% of glomeruli
from controls and about 80% of glomeruli from crescentic kidneys.
The remaining 20% was not included in our analyses. Location of
lesions was then determined into 3 categories: (i) only near the
tubular pole, (ii) only near the vascular pole, or (iii) circumferential
lesions. Glomeruli were also defined as tubular or atubular based on
the unambiguous presence of a patent tubular orifice.

Tissue declarification
Scale declarification consisted of direct immersion in 1X PBS for 1
hour with gentle shaking at room temperature, followed by fresh 1X
PBS immersion and gentle shaking at room temperature for 24
hours. Then, tissue was immersed in 4% formalin overnight, fol-
lowed by paraffin embedding.

ECi declarification started with direct immersion in 100%
ethanol for 30 minutes with gentle shaking at room temperature,
followed by fresh 100% ethanol immersion and gentle shaking for 1
hour to remove any excess ECi. Then, slices were placed in 1X PBS as
per Scale declarification and followed the same steps.

Standard protocols were used for histologic staining and immu-
nofluorescence. For electron microscopy, samples were contrasted
using 1% osmium tetroxide (45 minutes at room temperature in 0.1-
m PB; Sigma, Germany) and 1% uranyl acetate (45 minutes in 70%
ethanol). The samples were then dehydrated and embedded in epoxy
resin (Durcupan, Sigma, Germany). Ultrathin sections were analyzed
using a Philips CM 100 TEM.

Statistical analysis
Statistical analyses were performed with GraphPad Prism v7 soft-
ware. Normality was evaluated by Kolmogorov-Smirnov tests, fol-
lowed by unpaired t-tests for analyses of pairs, and, for multiple
comparisons, analysis of variance with Holm-Sidak’s test. Correla-
tion analyses were performed using Spearman rank coefficients. Data
collection and analysis were not performed blind due to the condi-
tions of the experiments. No statistical methods were used to
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predetermine sample sizes, but our sample sizes were similar to those
reported in previous publications.5,13
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SUPPLEMENTARY MATERIAL
Figure S1. Physical slicer. (A) Separators with different widths ranging
from 400 mm to 3mm. (B) Top and side view of ready-to-use slicer; see
separators intercalated with sharp metal blades.
Figure S2. Optical clearing methods. (A) Aqueous-based clearing
based on direct immersion in Scale and CUBIC medium. (B) Hydrogel-
based (i.e., CLARITY) is based on tissue fixation with a hydrogel
monomer combined with a temperature sensitive crosslinker. Upon
heat exposure, the hydrogel monomer polymerizes and crosslinks
proteins that are preserved after exposure to detergents and elec-
trophoresis for lipid removal. Tissue clarification is completed by
immersion in an aqueous solution for refractive index matching. (C)
Solvent-based clearing relies on a dehydration step (i.e., ethanol) that
removes water and lipids. A subsequent step of refractive index
matching is performed with a solvent that also removes lipids (i.e.,
benzyl alcohol benzyl benzoate [BABB] and ethyl cinnamate [ECi]).
Figure S3. Optical clearing aids penetration depth. (A) CUBIC, (B)
uDISCO /ethyl cinnamate (ECi), and (C) SCALE are shown as 3D
reconstructions and then at different levels throughout the stack to
show practical penetration depth based on eGFP signal. Numbers at
the top left corners represent distances in the z axis. B bars for 3D
rendering panels ¼ 120 mm, and bars for all other panels ¼ 80 mm.
Kidney International (2019) 96, 505–516
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Figure S4. Custom-built in-house 3D-printed chamber. (A) Compo-
nents and (B) dimensions of 3D printed solvent-resistant imaging
chamber
Table S1. Advantages and disadvantages of each method for
optical clearing in the kidney. FP, fluorescent proteins (i.e., eGFP,
YFP, tdTom, etc.); IF, immunofluorescence.; #The maximal depth
where optical images were optimal for quantification without
adjustments and without the use of medium-optimized microscopy
objectives, which means that refractive index mismatches are to be
expected and effect optimal penetration depth. ##The capacity to
embed in paraffin after optical clearing and successfully perform
classical histology and immunofluorescence. ###The capacity to
embed in resin after optical clearing and successfully perform
transmission electron microscopy (TEM). $“–” when there is no need
for saline perfusion to remove erythrocytes from the tissue as the
major sources of autofluorescence. “þþ” or “þþþ” refer to negative
optical artefacts when perfusion is not performed.

ˇ

The expertise
required to implement the protocols;

ˇˇ

where “þ” means more than
2 weeks, “þþ” means within 1 week, and “þþþ” means less than
24 hours. This effect is variable and depends also on individual construct
of each reporter mouse. *While BABB itself may not quench FPs, the
dehydration method (i.e., 100% methanol) will have severe effects on
FPs; if this is modified, BABB may still preserve FPs. **Complete reversal
for subsequent embedding was not possible in our hands. ***CUBIC does
not require perfusion, which makes it ideal for experiments where
perfusion may not be possible; as a general comment, it is worth noting
that these observations are based on our experience in kidney samples,
which should be carefully validated in other organs under different
conditions.
Figure S5. Podocyte depletion by immunolabeling. (A) Representative
3D reconstruction of a whole glomerulus labeled by p57 (green) and
synaptopodin (SNP; red). B bar¼ 30 mm; (B) p57þ cells per glomerulus in
controls and nephrotoxic serum (NTS) injected mice in all aggregated
glomeruli (n ¼ 20 glomeruli per mouse; in 4 mice per group); (C) mean
number of p57þ cells per glomerulus; and (D) glomerular lesions (%) in
controls and different doses of NTS; unpaired t-test for analyses of pairs
and for multiple comparisons ANOVA with Holm-Sidak’s test. ****P <

0.0001 and **P < 0.01; error bars show means � SD.
Figure S6. 2D versus 3D analysis of pathological lesions. Control
glomerulus (left) and crescentic lesion (right) visualized at different z-
positions, showing that a crescentic lesion can be classified as a
normal or abnormal glomerulus depending on 2D information.
Dotted lines show the limits of the glomerular tuft.
Movie S1. ECi-cleared sample mounted on an imaging chamber for
an upright 2-photon microscope showing eGFPþ podocyte nuclei
(green; single frame).
Movie S2. ECi-cleared sample mounted on an imaging chamber for
an upright 2-photon microscope showing eGFPþ podocyte nuclei
(white; panoramic view).
Movie S3. ECi-cleared sample mounted on a 3D-printed imaging
chamber for an inverted confocal microscope showing eGFPþ
podocyte nuclei (green) and capillaries (red).
Movie S4. 3D rotating view of a normal mouse glomerulus showing
eGFPþ PECs and lectin-labeled capillaries.
Movie S5. 3D rotating view of a crescentic lesion from a mouse
showing eGFPþ PECs and lectin-labeled capillaries.
Movie S6. Optical sections through a glomerular lesion located on
the tubular pole; eGFPþ PECs (green), capillaries (red), all nuclei
(blue).
Movie S7. Optical sections through a glomerular segmental lesion;
eGFPþ PECs (green), capillaries (red), all nuclei (blue).
Movie S8. Optical sections through a normal mouse glomerulus with
a patent proximal tubular outlet; eGFPþ PECs (green), capillaries (red),
all nuclei (blue).
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Movie S9. Optical sections through a crescentic lesion from a mouse
without a patent proximal tubular outlet; eGFPþ PECs (green),
capillaries (red), all nuclei (blue).
Supplementary material is linked to the online version of the paper at
www.kidney-international.org.
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