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Abstract
Background Glomerular hypertrophy is a hallmark of kidney injury in metabolically induced renal diseases such
as obesity-associated glomerulopathies and diabetic nephropathy (DN).

Methods Using light sheet fluorescent microscopy (LSFM) and 3D image analysis, we tested algorithms for
automated and unbiased quantification of total glomerular numbers and individual glomerular volume in the
uninephrectomized (UNx) db/db mouse model of DN.

Results At 6 weeks after surgery, db/db and UNx db/db mice showed increased urine albumin-to-creatinine ratio
(ACR) compared with db/+ control mice. Before euthanasia, glomeruli were labeled in vivo by injecting tomato
lectin. Whole-kidney LSFM 3D image analysis revealed that mean glomerular volume was significantly increased
in UNx db/db mice compared with db/+ mice. Moreover, analysis of individual glomerular volume showed
a shift in volume distribution toward larger glomeruli and thereby demonstrated additive effects of diabetes and
UNXx on induction of glomerular hypertrophy. The automatized quantification showed no significant differences
in glomerular numbers among db/+, db/db, and UNx db/db mice. These data correlated with glomerular
numbers as quantified by subsequent stereologic quantification.

Conclusions Overall, LSEM coupled with automated 3D histomorphometric analysis was demonstrated to be
advantageous for unbiased assessment of glomerular volume and numbers in mouse whole-kidney samples.
Furthermore, we showed that injection of fluorescently labeled lectin and albumin can be used as markers of
nephron segments in the mouse kidneys, thus enabling functional assessment of kidney physiology, pathology,
and pharmacology in preclinical rodent models of kidney disease.
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Introduction stressors such as UNx and hypertension also aggravates

Glomerular number and volume are key measure- ~8lomerular hypertrophy in mouse models of DN (9,10).
ments in renal physiology and pathology. Although Quantlflcgtton of glome@ar number and volume in .the
the total number of glomeruli is a fundamental param- rod?nt. kidney has tradmonal!y bgen perf.orme(.:l using
eter of kidney function, glomerular hypertrophy is s.ectlorung an.d stereology, which is labor intensive and
a hallmark of kidney injury in metabolically induced —fme consuming (11/%)' Novel methods based on whole-
renal diseases such as obesity-associated glomerulopa- ~ Organ imaging by .hght §heet ﬂuorescence MiCroscopy
thies and diabetic nephropathy (DN). Glomerular (LSM and three-dimensional (3D) image analyses offer
hypertrophy is caused by glomerular hypertension and ~ Unbiased and automated assessment of the glomerular
hyperfiltration (1,2) and precedes the development of ~Number and volumes in the intact mouse kidney (12).
glomerulosclerosis and resulting renal impairment (3). Here, we esta.bhshed a metl}od using LSFM—based 3D
In animal models of DN (4) and other kidney diseases ~1Mage analysis to Che.lracterlze chang.es in glomerular
(5,6), glomerular hypertrophy is an early marker of kid- pumber and volume in response to diabetes and UNx
ney disease and serves as a proxy for severity of kidney i the db/db mouse model of DN. We also explore the
injury. Thus, assessment of glomerular volume is an future use of LSFM.and whole-organ _3D imaging for
important end point in basic and preclinical research. ~assessment of functional renal end points.

The C57BLKS db/db mouse is a widely used model
of DN in the setting of type 2 diabetes but develops
only mild DN with moderate albuminuria and mesan-  Materials and Methods
gial matrix expansion. Unilateral nephrectomy (UNX)  Animals Housing and Surgica] Procedures
accelerates DN in C57BLKS db/db mice, resulting All animal experiments were conducted in accor-
in increased albuminuria and mesangial expansion, dance with internationally accepted principles for the
as well as tubular atrophy and dilation (7,8). Experimental ~ care and use of laboratory animals. The study was
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approved by the Danish Committee for Animal Research
and covered by an institutional license (permit number:
2013-15-2934-00843). Animals (JanVier, Le Genest-Saint-
Isle, France) were acclimatized for at least 1 week before
the start of the study and kept in a light-, temperature-, and
humidity-controlled room (12-hour light/dark cycle, 22-24°
C, and 50% relative humidity). The animals had free access
to standard chow diet and tap water throughout the
experiments.

UNXx and sham surgery were performed in 18-week-old
male C57BLKS/]J db/db mice, and age-matched unoperated
db/+ mice served as controls. For UNXx surgery, mice were
anesthetized by isoflurane inhalation and a small incision
was made to the left of the spine to expose the kidney. The
left ureter, kidney artery, and kidney vein were identified
and ligated with suture, after which the left kidney was
removed. For sham surgery, the left kidney was exposed
and gently manipulated, but without ligation or removal of
the kidney. During postoperative recovery, mice received
5 mg/kg enrofloxacin and 5 mg/kg carprofen administered
subcutaneously for 2 days. UNx and sham-operated db/db
mice and unoperated db/+ controls were euthanized 6
weeks after surgery (at an age of 24 weeks) for whole-
organ analyses by LSFM and 3D imaging.

For qualitative, functional 3D imaging, naive wild-type
male C57BL/6] mice were euthanized at 10 weeks of age.

Blood and Urine Analyses

Blood glucose was measured by collecting blood from the
tail vein of nonfasted mice into heparinized glass capillary
tubes and immediately suspending in glucose/lactate sys-
tem solution buffer (EKF Diagnostics, Barleben, Germany).
Blood glucose was measured using a BIOSEN c-Line glucose
meter (EKF Diagnostics) according to the manufacturer’s
instructions. Spot urine samples were collected directly
from the penis to determine the urine albumin-to-creatinine
ratio (ACR). Urine creatinine was measured using the
CREP2 kit (Roche Diagnostics, Mannheim, Germany) on
a Cobas C-501 autoanalyzer. Urine albumin was measured
using a Mouse Albumin ELISA Kit (Bethyl Laboratories,
Montgomery, TX).

Terminal In Vivo Injection of Fluorescently Labeled
Molecules and Sample Preparation

Mice were anesthetized with subcutaneous injection of
fentanyl/fluanisone (fentanyl 788 ug/kg, fluanisone 25 mg/kg)
and midazolam (12.5 mg/kg). Following confirmation of
anesthesia, db/+, db/db, and UNx db/db mice were
slowly (over 20-30 seconds) injected in the tail vein with
0.1 ml of 1 mg/ml of DyLight-594-conjugated Lycopersicon
esculentum (tomato) lectin (LEL; Vector Laboratories, Bur-
lingame, CA), which binds to endothelial cells and labels
blood vessels including the glomerular capillaries (13).
C57BL/6] mice were injected with DyLight-649—conjugated
LEL and Alexa Fluor 555-conjugated BSA (Thermo Fisher
Scientific, Roskilde, Denmark). After 5 minutes, the mice
were transcardially perfused with heparinized (15,000 IU/
L) PBS for 2-3 minutes and then with 10% neutral-buffered
formalin for 5 minutes, both at perfusion rates of 20 ml/min.
After perfusion, the right kidney was dissected and the
capsule was removed and postfixed with 10% neutral-

buffered formalin overnight at room temperature (RT).
Kidneys were dehydrated at RT in a methanol/water
series (20%, 40%, 60%, 80%, 100% for 1 hour each) and
transferred to fresh 100% methanol for an overnight in-
cubation at RT. The following day, samples were incubated
in 66% dichloromethane/33% methanol for 3 hours at RT
and subsequently washed twice for 15 minutes in 100%
dichloromethane before clearing overnight in dibenzyl
ether. The kidneys were weighed before and after clearing,
and the weight reduction in response to clearing was 39%
in the db/+, 40% in the db/db, and 43% weight reduction
in the UNx db/db.

LSFM and 3D Imaging

Kidneys were imaged on a LaVision Ultramicroscope II
(Miltenyi Biotec, Bergisch Gladbach, Germany) setup equip-
ped with MV PLAPO 2XC objective (Olympus, Tokyo,
Japan), Zyla 4.2P-CL10 sCMOS camera (Andor Technology,
Belfast, United Kingdom), and a SuperK EXTREME super-
continuum white-light laser EXR-15 (NKT Photonics,
Birkered, Denmark). For scanning, a customized silicone
sample holder was made for this study. Silicone was pre-
pared from the Sylgard 184 Silicone Elastomer Kit (Dow
Silicones, Wiesbaden, Germany) according to manufactur-
er’s specifications and poured over the LaVision sample
holder, after removing the sample placement insert. The
silicone was hardened for 12 hours at 50°C, generating
a transparent flat surface on top of which samples could
be mounted. The dibenzyl ether—cleared kidney was placed
on the Sylgard silicone surface using a droplet of trans-
parent neutral silicone gel (Dana Lim, Koge, Demark). The
silicone/tissue interface is prone to light scatter, so it is
important minimize the amount of silicone used for mount-
ing for optimal image quality. Single-channel lectin imaging
was carried out at 0.8X magnification (1.6X total magnifi-
cation) with an exposure time of 161 ms in a z-stack at 10-
pm intervals, using 595220 nm excitation and 65050 nm
emission wavelengths. Contrast-based merging of horizon-
tal focusing was used. Kidneys were imaged in two tiles
with 20% overlap and merged into a single 3D image stack
before image analysis. The size of a voxel in this study was
3.77X3.77X10 pm, giving a volume of 142.54 um?3 (Supple-
mental Figure 1). In the healthy db/+ control mice, the
median size of a glomerulus is 91,400 um3, corresponding
roughly to 650 voxels, whereas the median size in the UNx
db/db mice is 1100 voxels per glomerulus.

For simultaneous imaging of fluorescent LEL and BSA,
560+40 nm excitation and 620£60 nm emission wave-
lengths were used for Alexa Fluor 555-conjugated BSA,
and 630*30 nm excitation and 680+30 nm emission wave-
lengths were used for DyLight-649—conjugated LEL. A se-
lected area was imaged at 6.4X and 10X total magnification
to reveal the fine morphology of proximal tubules.

Quantitative and Qualitative 3D Image Analyses

Using the lectin channel as reference, the entire kidney as
well as the perfused glomeruli were segmented from the full
image volume. As a preprocessing step, the lectin channel
image was median filtered. To segment out the kidney from
the background, Otsu thresholding was applied, and subsequent
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morphologic closing was used to fill out potential holes in
the segmentation mask.

For the glomerular segmentation, bright round objects
were initially detected by applying a blob detector in a slice-
by-slice fashion. Blobs were filtered according to size and
intensity, and the blob centroids were saved. Hereafter,
a gradient image for the lectin channel was calculated
and passed, alongside the blob centroids, to a seeded 3D
watershed algorithm. For each label in the resulting water-
shed segmentation image, the volume was calculated and
regions that had an equivalent spherical diameter >40 um
were defined as a glomerulus and kept in the final segmen-
tation mask. To incorporate spatial information in the glo-
merular measures, a Euclidean distance transform was applied
to the kidney segmentation mask, which provided an esti-
mated distance to kidney surface at each voxel location.
Combining this distance map and the segmentation mask of
the perfused glomeruli allowed for spatially resolved glo-
meruli measures.

To segment out the cortical and medullary compartments
of the kidney, the spatial information of the individual
glomeruli was further utilized. Using the fact that most
glomeruli are located in the cortex area, the 95th percentile
of the distance-to-surface distribution for all individual
glomeruli can be used as a threshold value in the distance
map to define the cortex. Everything below the threshold
(closer to the kidney surface) was then considered to be
cortex, and everything above the threshold (farther from the
kidney surface) was considered medulla. Additionally, the
glomeruli were removed from the cortex and medulla seg-
mentation masks and a small margin was added between all
three segmentation masks by morphologic erosion, result-
ing in the segmentation of three distinct renal compart-
ments: glomeruli, cortex, and medulla.

The entire quantification pipeline is summarized in Sup-
plemental Figure 2, and everything was implemented and
automated using Python (https://www.python.org/). A
full example script is provided at https://github.com/
Gubra-Aps.

Quantification of Glomerular Number by Stereology and
3D-2D Correlation

To verify the results from LSFM and 3D image analysis,
the number of glomeruli was estimated in UNx db/db mice
using unbiased stereology. Briefly, after LSFM, the cleared
kidneys were rehydrated at RT in 100% methanol followed
by 1 hour incubation steps in an ethanol/water series of
99%, 96%, and 70%. Kidneys were cut transversely into 2-
mm slabs in a systematic, uniform random sampling fashion
using a razor blade fractionator and a random starting
position. The resulting four to five slabs per kidney were
dehydrated and infiltrated with paraffin in a tissue pro-
cessor (VIP5; Sakura, Brendby, Denmark) and then embed-
ded with the cut surface down. Sections of 3 um were cut on
a microtome and collected on microscope slides in pairs
with a disector distance of 12 um. Periodic acid-Schiff
staining was performed using standard procedures. Briefly,
kidney sections were deparaffinized and oxidized in 0.5%
periodic acid (Sigma-Aldrich, Seborg, Denmark). Next, sec-
tions were incubated with Schiff’s reagent (Sigma-Aldrich)
and counterstained with Mayer hematoxylin (Dako, Glostrup,
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Denmark). Sections were dehydrated and mounted with
Pertex (Histolab, Gothenburg, Sweden). The total number
of glomeruli was estimated by the physical disector using
the principles developed by Gundersen and Jensen (14) on
pairs of sections. Periodic acid-Schiff-stained slides were
scanned under a 20X objective in an Aperio Scanscope AT
slide scanner and imported into the stereology module of
the Visiopharm Integrator Software (Visiopharm, Horsholm,
Denmark). The disector counting frame and sampling fre-
quency was adjusted, allowing for an appropriate sampling
density, and was used to count all glomeruli appearing in
the reference section and not in the lookup section.

The image correlation between 2D and 3D sections was
done manually using the oblique slicer feature in Imaris.

Histochemical and Immunohistochemical Stains

To test if processing of kidneys for LSFM was compatible
with histochemical and immunohistochemical (IHC) stain-
ing protocols, hematoxylin and eosin (H&E), Picro-Sirius
Red (PSR), and IHC stains were performed using standard
procedures. Briefly, for hematoxylin and eosin staining,
kidney sections were incubated in Mayer hematoxylin,
washed in tap water, and stained in Eosin Y solution
(Sigma-Aldrich) before dehydration and mounting with
Pertex. Sections were incubated in Weigert iron hematoxylin
(Sigma-Aldrich) and stained in PSR before dehydration and
mounting with Pertex for PSR staining.

For THC stains, antigen retrieval was performed in TRIS-
EDTA-Glucose, pH 9.0, for 30 minutes at 98°C and cooled
for 10 minutes. Primary antibodies were diluted in blocking
buffer (0.5% Tris-buffered saline/Tween 20, 1% BSA, and
5% swine serum) and incubated overnight at 4°C. After
incubation with horseradish peroxidase—conjugated sec-
ondary antibodies, the signal was developed using Liquid
DAB+ Substrate Chromogen System (Dako). The primary
antibodies and dilutions used were rabbit anti-podocin
(1:100; catalog number P0372; Sigma-Aldrich), goat anti-
collagen IV (1:100; catalog number 1340-01; Southern Bio-
tech), and rabbit anti-Wilms tumor 1 (1:600; catalog number
ab89901; Abcam).

Statistical Analyses

Results are presented as mean*SEM unless otherwise
specified. For comparison of data between groups, one-way
analysis with Tukey multiple comparisons test was used to
test differences between groups. Urine ACR values were
logyo-transformed before group comparisons. A P-value
<0.05 was considered statistically significant.

Results
Accelerators of Kidney Disease Induce Renal and
Glomerular Hypertrophy in db/db Mice

In vivo measurements confirmed obesity and hypergly-
cemia in both db/db and UNx db/db mice compared with
db/+ control mice (both P<<0.001) (Table 1). Urine ACR was
significantly increased in db/db mice with or without UNx
compared to db/+ mice (both P<<0.05), but albuminuria
was not exacerbated in UNx db/db mice compared with
db/db mice. The kidney weight tended to be increased in
db/db compared with db/+ mice, without reaching statistical
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Table 1. In vivo measurements 6 wk after unilateral nephrectomy or sham surgery in db/db mice and in age-matched db/+ mice
Measurement db/+ (n=2) db/db (n=7) UNXx db/db (n=9)
Body weight (g) 30.1+1.1 58.4+2.3% 56.1+1.5"
Blood glucose (mM) 6.56+1.93 29.7+2.1° 26.4+1.3"
Urine ACR (ug/mg) 43.7+75 698+301° 561+244°
Kidney weight (mg) 306+7 350*+14 453204

P<0.001 versus db/+.
®P<0.05 versus db/ +.
°P<0.01 versus db/+.
4p<0.01 versus db/db.

Values are expressed as mean+SEM. UNXx, unilateral nephrectomy; ACR, albumin-to-creatinine ratio.

significance, whereas UNx db/db mice displayed in-
creased kidney weight compared with db/+ and db/db
mice (both P<<0.01). To summarize, in vivo measurements
indicated that UNXx did not worsen obesity, hyperglyce-
mia, or albuminuria in db/db mice, but did induce renal
hypertrophy.

To further investigate the effects of diabetes and UNx on
the morphology of kidney and glomeruli, we used LSFM
and 3D whole-kidney imaging to reconstruct and visualize
the complete population of glomeruli in kidneys from
db/+, db/db, and UNx db/db mice after intravenous (i.v.)
injection of fluorescently labeled LEL (Figure 1, A-C). A
volume-based color code was used to visualize the volume
of each individual glomerulus demonstrating a shift toward
larger glomerular volumes in db/db and UNx db/db mice
compared with db/+ mice (Figure 1, A'-C’).

Based on virtual 3D reconstruction and image analyses,
db/db mice displayed renal hypertrophy as compared with
normoglycemic db/+ mice (192.6+6.3 versus 143.0+14.6 mm?,
P<0.05), whereas UNXx tended to further augment renal
hypertrophy in db/db mice (230.8+12.2 mm?®, P=0.056
versus db/db) (Figure 1D). The total number of glomeruli
per kidney was 14,126+950 in db/+ mice versus
15,908+1240 in db/db mice and 15,332+269 in UNx db/
db mice and thus did not significantly differ between groups
(Figure 1E). To verify the glomerular number determined by
automatized 3D image analysis, we assessed glomerular
number by stereology in a subset of kidneys after comple-
tion of LSFM. Stereologic analysis yielded similar estimates
of whole-kidney glomerular numbers (Figure 1F).

Quantification of glomerular volume based on volumetric
segmentation demonstrated that mean glomerular volume
was not significantly different in db/db mice versus db/+
mice (129,000+15,700 versus 99,773+9060 wm?>) (Figure 1G).
However, glomerular volume was significantly increased in
UNx db/db mice (163,000+10,100 ;Lm?’) compared with both
db/+ (P<0.001) and db/db mice (P<0.05), indicating marked
glomerular hypertrophy in UNx db/db mice (Figure 1G).
Although diabetes alone did not significantly affect mean
glomerular volume in db/db mice compared with normogly-
cemic db/+ mice, a distribution plot of the number of glo-
meruli as a function of glomerular volume demonstrated a shift
in volume frequency distribution from db/+ mice to db/db
mice, and further from db/db mice to UNx db/db mice
(Figure 1H). Thus, application of 3D image analysis and

frequency distribution plots demonstrates additive effects of
diabetes and UNXx on induction of glomerular hypertrophy in
db/db mice.

Cortical Localization of Glomeruli Affects Their Sensitivity
to Accelerators of Kidney Disease

To investigate glomerular hypertrophy in further detail,
we investigated the effect of diabetes and UNx on glomer-
ular volume with respect to their spatial location within the
renal cortex. Using volume-based color codes to visualize
the volume of each individual glomerulus in db/+ mice,
glomeruli located in the superficial cortex appear smaller
(blue/green color code) compared with juxtamedullary glo-
meruli within the same mouse (yellow/red color code)
(Figure 2A). This observation was evident for all three
groups. The precise spatial coordinates of each individual
glomerulus allowed for a spatial distribution analysis based
on the shortest distance from the center of a glomerulus to
the surface of the kidney (Figure 2, B and C). In all groups,
distance-to-surface frequency plot (Figure 2D) revealed
that most glomeruli are located within approximately
400 wm from the surface of the processed kidney and that
very few glomeruli are localized >1200 um from the
kidney surface (Figure 2D). Thus, the thickness of the renal
cortex, defined as the region in which glomeruli are local-
ized within the kidney, did not significantly change under
conditions of kidney hypertrophy. In contrast, spatial vol-
ume distribution revealed significant differences in glo-
merular volume throughout the cortex among study
groups (Figure 2E). Accordingly, glomerular hypertrophy
occurred throughout the entire renal cortex in db/db mice
with or without UNx, as compared with db/+ mice
(P<0.05). Furthermore, in UNx db/db mice, glomerular
hypertrophy was exacerbated compared with db/db mice
(P<0.05), but only in the superficial cortex (<600 um from
the kidney surface).

LSFM is Compatible with Histologic and IHC Staining
Procedures

A limitation of whole-organ and 3D image analyses is the
number of end points that can be analyzed simultaneously
due to the limited number of fluorescence channels avail-
able. We therefore assessed the applicability of performing
subsequent conventional histologic analyses on tissue sec-
tions from LSFM-imaged kidneys. Representative images of
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Figure 1. | Quantification of glomeruli number and glomerular volume using light sheet microscopy (LSFM) and three-dimensional (3D)
image analyses. (A-C) 3D reconstruction of representative kidneys from db/+, db/db, and uninephrectomized (UNx) db/db mice, respectively.
(A’—C") Volume rendered and color-coded images of the same kidneys. Scale bar, 500 um. (D) Absolute kidney volume (mm?). (E) Number of
glomeruli per kidney as determined by 3D image analyses and (F) comparison of glomeruli count as assessed by LSFM and stereology from the
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Figure 2. | Characterization of hypertrophy in superficial and juxtamedullary glomeruli. (A) Sagittal section (100 um thick) through
a representative db/+ mouse kidney and color coding of glomeruli according to glomerular volume. Volume color coding rages from 50
(blue) to 300 X 1000 um? (red). (B) The lectin signal from the same kidney at low magnification. Scale bar, 500 um. (C) High magnification of
the highlighted area shown in B. The scale bar shows the distance from the surface of the kidney in 500 um intervals. (D) Frequency
distribution plot of glomerular distance from the kidney surface, demonstrating highest glomerular density in outer cortex and decreasing
density toward the juxtamedullary zone. (E) Glomerular volumes quantified as a function of the distance to the kidney surface, dem-
onstrating hypertrophy in diabetic db/db and UNx db/db mice independently of glomerular localization. UNx in db/db mice further
exacerbates glomerular hypertrophy in the outer cortex, but not in juxtamedullary glomeruli. Data are mean=SEM. Superscript letters
indicate statistically significant differences between groups: *P<0.05, db/db versus db/+; *P<0.05, UNx db/db versus db/+; “P<0.05, UNx
db/db versus db/db.

LSFM-processed and subsequently paraffin-embedded kid- and nuclear podocyte markers, including podocin and
ney sections demonstrate that LSFM is compatible with ~Wilms’ tumor 1 (Figure 3, D and E) were all applicable in
subsequent histologic staining and analyses (Figure 3, A LSFM-processed, paraffin-embedded db/+ mouse kidneys.
and B). Furthermore, IHC testing of antibodies for detection =~ Thus, LSFM and 3D imaging enable automated whole-
of fibrosis such as collagen IV (Figure 3C) as well as membranous ~ kidney morphologic analyses with the possibility to perform

same UNx db/db mice. (G) Glomerular volume (um?). (H) Frequency distribution plot of glomerular volumes from the three groups. Volume
color coding (in (A’-C")) ranges from approximately 30 (blue) to 300 X 1000 mm? (red). (D—H) Data are mean=SEM. Superscript letters indicate
statistically significant differences between groups: *P<0.05, db/db versus db/+; bp<0.05, UNx db/db versus db/+; °P<0.05, UNx db/db
versus db/db.
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Podocin

Figure 3. | Histology and immunohistochemistry in kidney tissue processed for LSFM. Sagittal sections from a representative kidney from a db/
+ mouse initially processed for LSFM and subsequently paraffin embedded and stained with (A) hematoxylin and eosin (H&E) or (B) Picro-Sirius
Red (PSR) for histopathologic assessment, and by immunohistochemistry stains for detection and quantification of renal (C) collagen IV (Col IV),
(D) podocin, and (E) Wilms tumor T (WTT1). (F) A given 2D section can be mapped back into its original position in the 3D reconstructed kidney.
Glomeruli that can be found in both the 3D reconstructed section and in the 2D paraffin section are marked with *. Scale bars in (C and D),

20 pwm.

subsequent histopathologic analysis by conventional IHC.
Finally, we demonstrate that it is possible to map a given 2D
section of a mouse kidney back to the corresponding posi-
tion in the 3D reconstructed kidney (Figure 3F) and even to
recover individual glomeruli. Thus, 3D imaging by LSFM
supports combination of 3D and 2D histologic end points in
the same kidney sample.

Qualitative and Quantitative Assessment of Renal Albumin
Handling by 3D Imaging

Fluorescently labeled lectin and albumin was coinjected
i.v. in healthy C57BL/6] mice. After 5 minutes, mice were
euthanized, and kidneys were processed for LSFM imaging
(Figure 4A). As shown previously, lectin marks the renal
vasculature including the capillaries of the glomerulus




476 KIDNEY360

Proximal tubule —— . [
Glomerulus C\V\f
\HT&

\r

’
7

v
(
|

o

hE |

C57BL/6J In vivo distribution of DyLight-649-
conjugated tomato lectin and Alexa Fluor-

555-conjugated albumin prior to sacrifice ‘u

Lectin Albumin G Alburnin

Glom

0.0 0.25 0.5 0.75 1.0

Cortex

0.0 0.25 0.5 0.75 1.0

Medulla

0.0 0.25 0.5 0.75 1.0
Albumin intensity [AU]

Figure 4. | Visualization of the glomerulotubular junction by LSFM. (A) Male C57BL/6 mice were injected with DyLight-649—conjugated
tomato lectin and Alexa Fluor 555-conjugated albumin. After 5 minutes, right kidneys were sampled and processed for LSFM and 3D image
reconstruction. (B) Schematic representation of labeling of the glomerulus and proximal tubule by lectin and albumin. Under normal
physiologic conditions, lectin is bound with high density to the capillary endothelium of the glomerulus (in blue), while filtered albumin is
absorbed in the proximal tubules of the nephron (in yellow). (C and D) LSFM imaging of a representative C57BL/6) mouse kidney showing lectin-
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(Figure 4, B and C, in blue), whereas albumin to a certain
extent is filtered across the glomerular filtration barrier and
reabsorbed by the proximal tubular epithelial cells (Figure 4,
B and D, in yellow). Furthermore, for initial quantification of
renal albumin handling, we established new algorithms to
segment the renal cortex and medulla in addition to glo-
meruli. Firstly, using the lectin channel, the renal cortex and
medulla were segmented based on the presence and absence
of glomeruli, respectively (Figure 4E). Secondly, the three
segmented renal compartments were applied to the data
collected in the albumin channel (Figure 4F), enabling the
quantification of albumin intensity in glomeruli, cortex, and
medulla, respectively (Figure 4G). Thus, our established
protocol for in vivo labeling and LSFM 3D imaging of
functional compartments of the mouse kidney allows for
implementation of automated analyses of both renal struc-
tural and functional end points.

Discussion

Glomerular hypertrophy is considered a hallmark of kid-
ney disease in patients who are obese and diabetic. In this
study, we developed a method based on LSFM 3D imaging
to quantify the number and volumes of glomeruli in a mouse
model of DN and establish algorithms to describe the spatial
distribution of the glomerular population in the intact
mouse kidney. Although the number of glomeruli per kid-
ney remains unchanged, diabetic db/db mice—irrespective
of UNx—display glomerular hypertrophy compared with
normoglycemic db/+ mice. Notably, diabetes-induced glo-
merular hypertrophy is aggravated by UNx in db/db mice.
Specifically, UNx accelerates hypertrophy in superficial, but
not juxtamedullary, glomeruli in diabetic mice. The combi-
nation of LSFM and 3D imaging thus shows great promise
for assessing therapeutic effects on glomerular morphome-
try and can be combined with standard histologic analysis.
The use of multiple fluorescently labeled tracers may also
allow for analyses of kidney function by assessing nephron
albumin handling in the glomeruli and proximal tubules of
the mouse kidney.

UNx is a well established experimental accelerator of
kidney injury in animal models of renal disease, especially
in models of DN. Here, the db/db mouse model with or
without UNx was used as a model to characterize quanti-
tative changes in glomerular number and volume by LSFM
and 3D imaging. Although db/db mice (with or without
UNXx) displayed increases in urine ACR as compared with
healthy db/+ mice, the short postsurgery period (6 weeks)
may explain why albuminuria was not augmented by UNx
in db/db mice, as shown previously at 18 weeks after
UNXx (7).

The estimation of absolute glomerular numbers in a kid-
ney is of interest because of the association between low
glomerular numbers (and hence low nephron numbers) and
development of kidney disease (15,16). However, in mouse
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models with features of early DN and mild kidney injury
such as the UNx db/db mouse model, the number of
glomeruli is not expected to be affected (17), which was
also demonstrated in this study. Interestingly, despite the
lack of changes in glomerular numbers among all groups
and lack of an increase in albuminuria between db/db and
UNXx db/db specifically, we demonstrated marked altera-
tions in renal and glomerular hypertrophy in diabetic db/
db compared with healthy db/+ mice and, furthermore,
that glomerular hypertrophy is augmented by UNx in db/
db mice. Thus, our data demonstrate the applicability of
LSFM and 3D imaging as a sensitive method for quantifi-
cation of structural and morphometric end points at the
whole-organ level in mouse models of renal disease.

The spatial volume distribution that demonstrates in-
creasing volume from the superficial to the juxtamedullary
glomeruli is in alignment with findings in human subjects
with and without kidney disease (18,19). Similarly, the
advanced glomerular hypertrophy in the superficial glo-
meruli as compared with the juxtamedullary glomeruli of
UNXx mice corresponds nicely with patient data, where
glomerulosclerosis in seen to affect a larger percentage of
superficial versus juxtamedullary glomeruli (18,19). To our
knowledge, these are the first data to decipher the glomer-
ular hypertrophy in response to experimental accelerators of
kidney injury as a function of their localization in the renal
cortex.

Stereology is considered the gold standard for unbiased
assessment of quantitative morphologic changes such as
glomerular hypertrophy. However, besides being very time
consuming, stereologic assessment of individual glomeruli
volume and total glomerular numbers represents estimates
with only group means approaching the true value. The
application of LSFM and 3D imaging in combination with
automated quantitative image analysis enables fast assess-
ment of whole-kidney absolute glomerular numbers. To
validate the results from the automatized 3D image analy-
ses, mean glomerular numbers were compared to stereo-
logic estimates based on the physical dissector principle (20)
on the same kidney. The analyses revealed highly similar
average glomerular numbers, confirming concordance of
the automatized LSFM and 3D imaging-based technology
with current stereology-based estimates (21,22). Finally,
several histochemical and IHC stains were performed on
the mouse kidneys that were initially cleared for and sub-
jected to LSFM, confirming that whole-organ imaging is
compatible with classic 2D histopathologic assessment for
several end point analyses.

In previous 3D imaging studies, staining of glomeruli has
been achieved using in vivo labeling of the vasculature and
glomerular capillaries using labeled anti-CD31 antibodies
(23). In this study, an endothelial cell-binding lectin, LEL,
was injected i.v. 5 minutes before euthanasia to enable
visualization of the mouse vasculature including the glo-
merular capillaries. Both methods eliminate the need for

labeled glomeruli and filtered albumin absorbed in the proximal tubule in yellow at low and high magnification, respectively. Arrowhead
represents the glomerulotubular junction. Scale bars, 100 um (C) and 50 um (D). (E and F) Segmentation of glomeruli (blue), cortex (red), and
medulla (green) in a representative C57BL/6) mouse kidney. Scale bar, 500 um. The segmentation is based on the localization of glomeruli as
determined using (E) the lectin channel and subsequently applied to (F) the albumin channel. (G) Histograms of albumin intensities as a measure
of albumin content in the three renal compartments in a representative C57BL/6) mouse kidney.
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antibody incubation and reduce experimental timelines
considerably (24). However, it should be noted that in vivo
labeling of glomeruli may be incomplete in animal models
with more severe kidney disease such as models of late stage
DN and CKD. In these animal models, global glomerulo-
sclerosis in a subpopulation of glomeruli may affect the
perfusion efficiency or the labeling of glomerular endothe-
lial cells. In such cases, only perfusable glomeruli will be
identified by the algorithm and the estimated loss of labeled
glomeruli may be used as a proxy for loss of functional
nephrons. Furthermore, the tracing of renal structures (e.g.,
individual glomerulus) between 2D histologic sections and
the 3D reconstructed kidney allows for the combination of
traditional histopathologic end points and the structural
and functional end points as measured by 3D imaging.
For example, traditional glomerulosclerosis scores could
be correlated with 3D imaging quantification of glomerular
perfusion and albumin filtration, allowing for the combina-
tion and correlation of 2D and 3D end points.

Although two-photon imaging has recently been applied
to study absorption of albumin in the proximal tubules (25),
use of LSFM for functional imaging of the mouse kidney has
been limited. As a proof of concept, we established a pro-
tocol for in vivo injection of fluorescently labeled lectin and
albumin in wild-type C57BL/6] mice followed by perfusion
fixation and clearing of kidneys before LSFM. Furthermore,
we established algorithms for initial quantification of albu-
min intensity in the three renal structural compartments of
the glomeruli, the cortex, and the medulla. Thus, we dem-
onstrate that i.v. injection of multiple fluorescently labeled
tracers in the live animal holds the potential to investigate
functional readouts by LSFM and subsequent image anal-
ysis including glomerular, cortical, and medullary albumin
intensity in addition to structural end points such as glo-
merular volume and numbers. The algorithms for the quan-
tification of albumin filtration and absorption across the
entire population of nephrons in a mouse kidney are cur-
rently being further developed to fully exploit the potential
of LSFM and 3D image analysis in kidney physiology,
pathology, and pharmacology assessments in preclinical
rodent models of kidney disease.
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Supplementary figure 1: Illustration of the resolution achieved with LSFM.
Zooming in on a glomeruli (squared box) it is possible to see the individual voxels.
The size of a voxel in this study was 3.77 x 3.77 x 10 um, giving a volume of 142.54
um3 per voxel. In the control mice the median size of a glomerulus is 91400 um3
which corresponds roughly to 650 voxels. The red line shows the glomeruli
segmentation.
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Supplementary figure 1: Flow chart of the entire quantification pipeline. Solid box
outlines lines denotes data input/output, whereas dashed box outlines denotes operations.
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