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ABSTRACT

The total number of glomeruli is a fundamental parameter of kidney function but

very difficult to determine using standard methodology. Here, we counted all

individual glomeruli in murine kidneys and sized the capillary tufts by combining in

vivo fluorescence labeling of endothelial cells, a novel tissue–clearing technique,

lightsheet microscopy, and automated registration by image analysis. Total hands–

on time per organ was ,1 hour, and automated counting/sizing was finished in ,3

hours. We also investigated the novel use of ethyl-3-phenylprop-2-enoate (ethyl

cinnamate) as a nontoxic solvent–based clearing reagent that can be handled with-

out specific safety measures. Ethyl cinnamate rapidly cleared all tested organs, in-

cluding calcified bone, but the fluorescence of proteins and immunohistochemical

labels was maintained over weeks. Using ethyl cinnamate–cleared kidneys, we also

quantified the average creatinine clearance rate per glomerulus. This parameter

decreased in the first week of experimental nephrotoxic nephritis, whereas reduc-

tion in glomerular numbers occurredmuch later.Our approachdelivers fundamental

parameters of renal function, and because of its ease of use and speed, it is suitable

for high-throughput analysis and could greatly facilitate studies of the effect of

kidney diseases on whole-organ physiology.
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A highly organized vascular system is

essential for kidney function, and impaired

circulatory performance in nephrons

results in organ failure. Every nephron

contains a tuft of capillaries within the

glomerulus that performs blood ultrafil-

tration.1 During chronic renal diseases,

the numbers and function of nephrons

are considered to decline. Until now, enu-

merating nephrons/glomeruli and vali-

dating the integrity of their tuft structures

were only possible either by laborious tis-

sue embedding/sectioning and manual

stereologic counting2,3 or after kidney

maceration.4 Therefore, many studies ex-

trapolate glomerular numbers on sample

counts, which is prone to errors. Further-

more, precise morphologic information

relating to the structure and position of

individual glomeruli within the whole or-

gan is lost. The latter is amenable by high–

field magnetic resonance imaging, which

however, requires advanced laboratory

equipment and suffers from relatively

poor resolution that precludes distinction

between Bowman’s capsule and tuft.5,6

High–resolution optical three–

dimensional reconstructions of kidneys

on the basis of physical sectioning and

serial imaging can, in principle, distin-

guish between glomerular walls and

tufts. This procedure, however, is highly

labor intensive, slow, and prone to er-

rors, and it requires extensive experience

for satisfactory results.7 Lightsheet

fluorescence microscopy (LSFM) has

revolutionized the field by enabling

the reconstruction of intact organs or

whole animals with cellular resolution

in three dimensions within minutes.8,9

This has primarily led to many studies

focusing on the three-dimensional

architecture of rodent brains,10–12 where-

as a thorough quantification of glomer-

uli from LSFM data has so far not been

performed, despite promising initial

observations.13
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Critical for the successful acquisition

of lightsheet images and subsequent re-

construction are effective techniques for

tissue clearing that can render opaque

organs highly transparent.7 Although

clearing can be performed using water-

based agents, these methods generally

result in samples that are less transparent

and highly fragile7 compared with clear-

ing procedures on the basis of the use of

organic solvents.

Solvent-based clearing requires the

dehydration of samples with, for ex-

ample, tetrahydrofuran (THF) or tert-

butanol before treatment with organic

solvents that match the refractive index

(RI) of dehydrated proteins. Although

such techniques can result in highly

transparent samples that are structurally

robust, a number of significant draw-

backs exist, which can include the dra-

matic loss of signal from fluorescent

proteins (FPs) and the relatively long

length of time required for full clearing.

Perhaps more importantly, all clearing

protocols in use until now rely on se-

verely toxic substances. For example,

clearing reagents, like benzylalcohol/

benzylbenzoate (BABB), dibenzylether

(DBE), dichlormethane, ormethyl salic-

ylate, are potent carcinogens.13 In addi-

tion, THF can form explosive peroxides.14

This requires comprehensive measures to

protect researchers from exposure to

aerosols or uncontrolled reactions,13,14

which has impaired the more widespread

use of LSFM.

Wehave developed a new protocol for

solvent-based clearing that overcomes

these limitations. Because the stability of

FPs is very pH sensitive, we made use of

pH–adjusted ethanol series for sample

dehydration,15 and for RI matching,

we searched for nontoxic compounds

with an RI.1.5. We discovered that

ethyl-3-phenylprop-2-enoate (ethyl

cinnamate [ECi]) (Supplemental Table

1) fulfills these criteria. ECi is a Food

and Drug Administration–approved

food flavor and additive for cosmetic

products since 2007.16 It is also consid-

ered harmless according to the Euro-

pean directive 67/548/EWG (material

safety data sheet; Sigma-Aldrich, St.

Louis, MO). We discovered that ECi is

also an excellent clearing reagent for

mammalian tissues.

Maintaining the signal from FPs

expressed in cells is of key importance

for studying the cellular composition

of cleared organs. However, the general

current practice of organic clearing pro-

tocols using THF-DBE/dichlormethane

or propanol/BABB,17 in addition to be-

ing toxic,7,17 results in FP fluorescence

that lasts only days.7 We, therefore,

tested and compared the stability of

EYFP fluorescence in kidneys from

CD11c-EYFP mice18 cleared using es-

tablished protocols14,17,19,20 or ethanol-

ECi. In general, we found a slow decay of

the signal-to-background ratio of EYFP

over time (Figure 1, A and B). However,

fluorescence was still detectable in indi-

vidual cells within organs after 14 days

of constant exposure to the clearing re-

agent. Ethanol-ECi preservation of

fluorescence was equivalent to the best

available alternative protocol14 (Figure

1A), maintaining FP fluorescence for

prolonged periods. Similar results

were obtained for other FPs (Supple-

mental Figure 1), and the penetration

depth in solvent-cleared kidneys was

superior to that of water-based clearing

(Figure 1B). Next, we measured kidney

shrinkage induced by fixation and clear-

ing. Here, ethanol-ECi was equivalent to

the best alternative method (Figure 1C).

Importantly, a 50% volume reduction

only reflects approximately 20% changes

in organ diameters, and completely avoid-

ing shrinkage after fixation is not possi-

ble.21,22 We then estimated the clearing

efficiency by measuring the absorption

of bones and kidneys over the visible

light spectrum. Here, ethanol-ECi was

again equivalent to the best alternative

method (Figure 1D).

In addition to endogenous fluores-

cence from FPs, the maintenance of

chemical fluorescent tracers, such as

fluorescence-labeled antibodies, is also

of central importance, especially in re-

lation to imaging of the blood vessel

system in kidneys. We, therefore, per-

formed ubiquitous endothelial labeling

in whole animals by intravenous injec-

tion of anti-CD31 antibodies23 labeled

with Alexa Fluor-647. Endothelial cells

confined to blood vessels could then be

imaged in the entire animal, enabling

the three–dimensional blood vessel ar-

chitecture to be visualized in different

soft organs (Figure 1E), including brain,

liver, and lung (not shown).

Our method allows clearing hard

bones (Figure 1E, Supplemental Figures

2–4, Supplemental Movie 1), which may

facilitate the analysis of renal osteodys-

trophy24 in future studies. In contrast

to a recently published study,25 ECi

clearing also preserved FP fluorescence

in bone marrow, thus allowing direct

imaging of individual cells in their native

environment without the need for sec-

ondary antibody labeling (Supplemental

Figure 1). Image rendering of CD31-

labeled structures allowed the visualiza-

tion of three–dimensional vessel trees in

entire organs (Supplemental Figures 2–

4, Supplemental Movies 1 and 2). Fur-

thermore, the imaging of nonspecific

autofluorescence was useful for visualiz-

ing the general tissue morphology of or-

gans. In the heart, we were able to see the

intracardial papillary muscles and the

chordae tendinae in great anatomic de-

tail using three–dimensional volume

rendering of autofluorescence structures

(Supplemental Figure 3, Supplemental

Movie 2). Significantly, cardiac compli-

cations are closely associated with

chronic renal failure.26 Consequently,

LSFM has the potential to greatly im-

prove the analysis of heart defects in

chronic renal failure models.

Having established and evaluated the

ethanol-ECi clearing protocol, we fur-

ther performed an in-depth analysis of

the vascular system of murine kidneys.

Ethanol-ECi clearing yielded transparent

whole organs (Figures 1E and 2A) that

could be completely scanned by LSFM.

Image stacks revealed the endothelial net-

work within all glomeruli as bright fluo-

rescent areas in one three-dimensional

stack (Figure 2A, Supplemental Movies 3

and 4). Thereby, antibody-marked capil-

laries enabled the selective visualization

of glomerular tufts (Figure 2B). Because

we used CD11c-EYFP animals, we could

also simultaneously image and count

dendritic cells within the kidneys in

high resolution by confocal microscopy
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(Figure 2C, Supplemental Figure 5).

Here, the use of cleared samples for con-

focal microscopy enabled extremely

deep imaging, which was limited only

by the working distance of the objective

(Figure 2C).

The high contrast visibility of the

kidney surface and all glomerular tufts

facilitated the development of a fully

automated image–processing routine

for quantification. This routine mea-

sured the kidney volume and counted

all glomeruli contained within the or-

gan in ,3 hours. (Figure 3, A and B,

Supplemental Figures 6 and 7, Supple-

mental Movies 3 and 4). The total glo-

merular count in a healthy kidney was

around 13,000–18,000, which agreed

well with published data obtained by tra-

ditional techniques.3–5,27 When inter-

preting the automatically computed glo-

merular counts, it should be considered

that our approach may slightly underes-

timate the number of tufts because of

low detection sensitivity for dim glomer-

uli. Thus, experimental conditions should

be optimized to yield maximum staining

intensity of the investigated structures.

The endothelial label also allowed the

quantification of the volume of all glo-

merular tufts by voxel rendering (Figure

3C). Thereby, the voxel size was 5 mm

isotropic, and each tuft was represented

by .1000 voxels; this count is at least

403 more than voxel counts obtainable

with magnetic resonance imaging.5,28

This allowed precise separation of tufts

from the nonlabeled structures of, for

example, the Bowman’s capsule. Tufts

in control animals showed a relatively

narrow distribution (median volume of

803103 mm3), which corresponds to

Figure 1. Optical clearing via Ethanol-ECi allows clearing of soft and hard tissues with prolonged fluorescence maintenance. (A)
Long–term EYFP fluorescence over background in kidneys of CD11c-EYFP mice after clearing with different protocols. pH values of
dehydration reagents were adjusted where indicated. Data are means6SEM of 100 measured cell-to-background ratios from one
kidney per conditionmeasured repetitively at all time points. (B) Representative images from kidneys at day 14 after clearing with the
indicated protocols. Red text indicates pH adjustment of dehydration reagent. Scale bars, 50 mm. (C) Volume shrinkage of kidneys
induced by perfusion/fixation and different clearing protocols measured from LSFM data using automated image analysis. The
schematic of the experiment is shown on the right. Data are means6SEM of three kidneys each analyzed repetitively per condition.
From each animal, one kidney was unperfused, and one was perfused. In total, nine animals (18 kidneys) were analyzed. (D)
Transparency of clearing reagents, kidney, or bone after clearing with the indicated protocols measured spectrophotometrically.
The wavelength range used for excitation/emission in LSFM is indicated with dashed lines. Data are means from five technical
replicates of one sample measured per condition. SEMs are not shown because of extremely small variations of data. (E) Optical
clearing via ECi is working for soft tissues (kidney and heart) and hard tissues (calvarial or long bones). In addition to EYFP preser-
vation, fluorescence labelingby antibodies resists the clearingprocedure as shown viaendothelial specific staining (CD31; red). Paw=100mm.
Grid size (in left two columns) is 1 mm (small squares). Data are representative of 10 organs imaged similarly. EtOH, ethanol. Scale
bars, 1000 mm.
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approximately 33% of the volume of en-

tire glomeruli measured by stereology.5

Next, we investigated nephrotoxic

nephritis (NTN), an antiserum-induced

model of human crescentic GN that

frequently leads to ESRD.1 Macroscopic

inspection of kidney lightsheet image

stacks 2 weeks after NTN induction re-

vealed reduced numbers of glomeruli

(Figure 2A) associated with patchy tissue

defects (Figure 2A, insets, Supplemental

Movie 3). High–resolution fluorescence

imaging by three–dimensional confo-

cal or two-photon microscopy several

100 mm into the tissue (Figure 2, B and C)

showed that glomeruli from nephritic

mice showed typical alterations of late

NTN (that is, endothelia with strongly

reduced CD31 expression and more

periglomerular fibrotic tissue) as evi-

denced by a higher second harmonic

generation signal (Figure 2B, Supple-

mental Movie 3). Also, at late-stage

NTN, more irregularly shaped glomer-

uli were evident (Figure 2B) compared

with the more spherical form observed

in healthy mice.5

On day 7 after NTN induction, auto-

mated image analysis showed swelling of

kidneys (Figure 3A) but no reduction of

glomerular numbers (Figure 3B). Inter-

estingly, distribution of tuft volumes in

NTN showed increasing heterogeneity

and swelling at day 7. By day 14, an ap-

proximately 32% glomerular loss was

evident, especially of glomeruli with

small- and medium-sized tufts (Figure

3C). An increasing albumin-to-creatinine

ratio indicated deterioration of the

glomerular filtration barrier from day

7 to day 14 (Figure 3D). Accordingly,

Figure 2. Visualization of 3D vessel trees and dendritic cells in entire ECi-cleared kidneys via
LSFM and confocal/two-photon imaging. LSFM of specifically stained endothelial structures
(CD31; red) allows three-dimensional reconstruction of whole kidneys. (A) Three-dimensional
reconstructionsof kidneys fromahealthy control or anorgan suffering fromNTN (day14).Note
that theNTNkidneyshowslowerglomerulardensity,whereastwo–dimensionaloptical sections
revealCD31-negativeareasof corruptedglomeruli and the surroundingvasculature compared
with a homogeneous field of equally sized glomeruli in healthy controls (white boxes). Fur-
thermore, ahigher heterogeneity of glomerular tuft sizeswasobservable inNTNkidneys at day
14. Many shrunken glomerular tufts (open arrowheads) were visible next to normally sized
elements (white arrowheads). Scale bars, 50 mm. (B) Enhanced views of kidney structure
(autofluorescence [gray] and fibrous tissue [second harmonic generation (SHG); blue]) and
glomerular tuft (CD31; red) via combined confocal and two–photon laser scanningmicroscopy
(LSM) compared with enhanced LSFM magnification. Compared with controls, NTN kidneys
showed decreased tuft size (open arrowheads; as opposed to normal tuft size [white
arrowheads]), decrease of endothelial CD31 label in their capillaries, and increased tissue
fibrosis (indicated by higher SHG signal; white arrows) around damaged glomeruli. Scale bars,
20mm in confocal/two-photonmicroscopy; 50mm in LSFM. (C) Penetration depth of confocal
LSM into ECi-cleared kidneys from CD11c-EYFP animals is enhanced compared with in un-
cleared samples. The maximum penetration depth of short wavelengths was increased from
approximately 50 to 800 mm as shown via detection of CD11c-eYFP+ cells. The detected
CD11c-eYFP+ cells still show the characteristic dendritic morphology after ECi clearing in the
entire kidney tissue as emphasizedat twoexemplary focal planesof the shownZ stack (1 and2).

Longerwavelengthsof theusedendothelial
marker CD31-Alexa Fluor-647 (red) can be
detected even deeper in the tissue. The ob-
jective of the used confocal microscope al-
lows a maximum penetration depth of 2500
mm because of the working distance. This
penetration depth was reached in cleared
kidneys and still allowed thediscrimination of
glomeruli from the surrounding tubular
structures as indicated with the white lines
at different focal planes (3–5).
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creatinine clearance was reduced ap-

proximately 28% by day 7 and approx-

imately 61% by day 14 (Figure 3E). The

computed glomerular numbers at these

time points enabled the average GFR to

be calculated, a parameter unobtainable

by standard analysis techniques. Aver-

age GFR was reduced approximately

33% by day 7 and approximately 42%

by day 14 (Figure 3F), indicating that

the decrease of total glomerular func-

tion at day 14 resulted from a combination

of defects in individual tufts and grad-

ual glomerular loss. These findings

showed that LSFM enables unprece-

dented insight into the functionality

of a whole organ and the effect of dis-

ease. This approach will be of great

value in nephrology, where total organ

function depends on the combined

contributions of all individual neph-

rons. The usefulness of the generated

data will depend on the functional

structures being labeled. In NTN,

defects in glomerular basement mem-

brane or podocyte function will occur

earlier than damage to capillary loops.29

Thus, future studies should apply dou-

ble or triple labeling of these elements

followed by time-resolved LSFM. Our

demonstration of rapid automatic

quantification of functional elements

in kidneys has enormous applicative

potential and serves as a blueprint for

generating quantitative analyses from

whole–organ lightsheet data.

Figure3. Fully automatedquantification of functional elements in healthy and nephritic kidneys. (A)On the basis of whole-organ images,
the total kidney volumewas calculated by automated image analysis and shows the typical swelling of NTN kidneys at day 7 anddeclining
kidney size down to control levels at day 14. **P,0.05 (two–tailed, unpaired Kruskal–Wallis H test); ***P,0.001 (two–tailed, unpaired
Kruskal–Wallis H test). (B) The total numbers of glomeruli per kidney were quantified with a fully automated image processing algorithm
showing a highly significant loss of glomeruli at day 14 of NTN compared with day 7 and controls. **P,0.05 (two–tailed, unpaired
Kruskal–WallisH test). (C) Distribution of tuft volumes of NTNmice at day 7 and day 14 relative to the distribution in healthy controls. The
glomerular tuft volumes at day 14 of NTN are increasing compared with control and day 7 of NTN as indicated via their median values
(dashed lines). For the generation of B and C, a total number of 302,023 glomeruli from 23 kidneys was counted, and their tufts were
individually sized by voxel counting. ****P,0.001 (chi-squared test). Daily urine analysis shows loss of glomerular filtration functionality
indicated by (D) increasing albumin-to-creatinine (Alb/Crea) ratio and (E) decreasing creatinine (Crea) clearance (nonsignificant two–
tailed, unpaired Kruskal–Wallis H test). (F) On the basis of automated quantification of glomeruli, the creatinine clearance efficiency
per glomerulus was calculated, showing the decreasing clearance efficiency at day 7 and day 14 compared with in control mice
(nonsignificant two–tailed, unpaired Kruskal–WallisH test). For D–F, data of n=2 control animals and n=3NTN-treated animals at day 7
and day 14 were analyzed.
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CONCISE METHODS

Mice
All animal experiments were in accordance

with German guidelines and approved by

the relevant local authorities in Essen and

Bonn. For the experiments, female mice of

age 7–14 weeks old were used unless stated

otherwise.

NTN Induction
Nephrotoxic sheep serum was generated by

immunizing a sheep with homogenized mu-

rine renal cortex in CFA followed by monthly

boosting doses in IFA. NTN in mice was

induced by intraperitoneal injection of 0.35

ml nephrotoxic serum per mouse as pre-

viously described.30,31

Antibody Staining and Sample

Preparation
Eight- to 12-week-old female mice (CD11c-

EYFP,18CX3CR-EGFP,32 andCatchupIVM-red33)

were injected intravenously with 10mg CD31-

AF647 (catalog no. 102516; BioLegend, San

Diego, CA) per mouse in PBS (total volume

of 150ml) and euthanized by CO2 10minutes

after injection. Immediately after killing,

mice were transcardially perfused with 15

ml cold PBS and 5 mM EDTA and perfusion

fixed with 15 ml cold 4% PFA/PBS (pH 7.4).

After perfusion, organs were removed and

postfixed in cold 4% PFA/PBS (pH 7.4) at

4°C to 8°C considering organ–specific incu-

bation times (Supplemental Table 2). To

reconstruct the physiologic shape of the col-

lapsed lung, the organ was filled with 800 ml

low-melting/low-gelling agarose (catalog no.

50302; SeaPrep Agarose; Lonza) after PFA/

PBS perfusion. For agarose hardening, the

lung was transferred into ice cold water for

10 minutes. After this procedure, the organ

was postfixed as described above. Small or-

gans, like lymph nodes, were embedded in

1% low-melting/low-gelling agarose and af-

terward, postfixed with 4% PFA/PBS as de-

scribed above.

Sample Dehydration and Clearing
After perfusion and postfixation with 4%

PFA/PBS, samples were dehydrated with

ethanol (pH 9.0), thereby considering organ-

specific concentrations and incubation times

(Supplemental Tables 2 and 3). Incubation of

all samples was performed at 4°C to 8°C in

gently shaking 5-ml tubes. For optimal tissue

dehydration, the incubation with 100% etha-

nol had to be done twice to remove all leftover

water molecules. After dehydration, the sam-

ples were transferred to ECi (catalog no.

112372; Sigma-Aldrich) and incubated while

gently shaking at room temperature (the

freezing/melting point of ECi is 6°C to 8°C)

until they became transparent. For compari-

son of our new clearing reagent with three

other established solvent–based clearing pro-

tocols, tissue clearing was performed as de-

scribed14,17,19 with slight modifications.

According to Schwarz et al.,17 Becker et al.,14

and Ertürk et al.,19 organs were dehydrated in

graded ethanol or a tert-butanol series of 30%

(vol/vol), 50% (vol/vol), 70% (vol/vol), 80%

(vol/vol), 96% (vol/vol), and 100% (vol/vol)

twice for 24 hours each with pH adjusted to

9.0 at RT or 30°C in gently shaking 5-ml

tubes. Then, tissue clearing was performed

via either BABB (benzyl alcohol [catalog

no. 402834] and benzyl benzoate [catalog

no. B6630]; Sigma-Aldrich) or DBE (cata-

log no. 108014; Sigma-Aldrich). For com-

parison, we also used the original ethanol-

BABB protocol without pH adjustment.34

As an example of a water–based simple im-

mersion tissue clearing, the protocol of

SeeDB clearing was performed.20 Here, the

samples were dehydrated via an increasing

fructose solution series of 20% (wt/vol),

40% (wt/vol), and 60% (wt/vol) for 8 hours

at RT and 80% (wt/vol) and 100% (wt/vol)

for 12 hours at RT. The final clearing stepwas

on the basis of 24 hours of incubation at RT

with SeeDB (80.2% [wt/wt] fructose) in

gently shaking 5-ml tubes. SeeDB does not

recommend pH adjustment.

LSFM
To image whole organs, a LaVision BioTec

Ultramicroscope (LaVision BioTec, Bielefeld,

Germany) with an Olympus MVX10 Zoom

Microscope Body (Olympus, Tokyo, Japan), a

LaVisionBioTec LaserModule, anAndorNeo

sCMOS Camera with a pixel size of 6.53

6.5 mm2, and detection optics with an optical

magnification range from 1.263 to 12.63

and an NA of 0.5 were used. For EYFP and

EGFP excitation, a 488-nm optically pumped

semiconductor laser was used. For tdTomato

excitation, a 561-nm optically pumped semi-

conductor laser was used, and for CD31-

AF647 excitation, a 647-nm diode laser was

used. Emitted wavelengths were detected

with specific detection filters: 525/50 nm for

EGFP, 545/30 nm for EYFP, 595/40 nm for

tdTomato, and 680/30 nm for CD31-AF647.

Because the excitation optics of the micro-

scope provided a lightsheet thickness of

5–40 mm, the Z-step size was set to 5 mm

for all measurements. The optical zoom fac-

tor varied from 1.63 to 103.

Single– and Two–Photon Laser

Scanning Microscopy
For high-magnification imaging of the

samples, a Leica TCS SP8 Fully Automated

Epifluorescence Confocal Microscope (Leica

Microsystems, Buffalo Grove, IL) with AOTF

and AOBS scanoptics, HyD detection, and

two-photon (MP) and compact OPO on a

DM6000 CFS frame was used. Imaging of

glomeruli in cleared kidneys was performed

via a 253 HCX IRAPO L objective with an

NA of 0.95 in water. Fluorescence signals

were generated via sequential scans, exciting

CD31-AF647 via single-photon excitation

using a HeNE laser at 633 nm, and detecting

in confocal mode with an internal HyD at

660–720 nm. The second sequence was per-

formed with a two-photon laser tuned to 960

nm for SHG detection at 460/50 nm and au-

tofluorescence detection at 520/50 nm, both

detected with external PMTs NDD1 and

NDD2.

Image Reconstruction
For image reconstruction, ImageJ (Image

Processing and Analysis in Java; http://imagej.

nih.gov/ij/) and Imaris 8.1.2 (Bitplane,

Switzerland) were used. Three-dimensional

rendering of LSFM data as well as laser scan-

ning microscopy data were performed via Ima-

ris software (final movies were put together

and labeled using Microsoft Movie Maker;

Microsoft, Redmond, WA). Supplemental

Movies 1–4 were strongly downsampled to

accommodate the extremely large original

datasets (typically multigigabytes). The loss

of optical image quality in the movies was

kept at a minimum; however, it was impos-

sible to avoid completely.

Statistical Analyses
Statistical analyses of kidney data were per-

formed with GraphPad Prism 6 software

(GraphPad Software Inc., San Diego, CA).

Depending on the type of data, two–tailed,
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unpaired t tests or chi-squared test were used

as indicated in the figures.35

Image Analyses
To evaluate the kidney volume as well as the

number, diameter, and volume of glomeruli,

we developed an automated analysis proce-

dure of LSFM data. The image analysis

algorithm was implemented in the program-

ming language python (https://www.python.

org) and carried out fully automatically. The

procedure includes (1) preprocessing of im-

age data, (2) segmentation of the kidney re-

gion, (3) segmentation of the glomeruli, and

(4) quantification of the segmented regions

(more detail is in Supplemental Material). To

compare kidney volumes before and after

clearing, the algorithm was adapted accord-

ingly to handle low-contrast images before

clearing.

Computing Time
The computations were carried out on a

GNU/Linux Server (SUSE) and an Intel Xeon

CPU E7–4890 v2 (2.80 GHz 360; 757 GB

RAM). The average computing time for one

Z stack was 2.860.7 hours. The computa-

tions were carried out fully automatically,

and the algorithm could be easily adjusted

to run on computers with lower RAM and

CPU resources. The code for the detection

algorithm is available for use on request.
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