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A B S T R A C T

The important achievements in kidney physiological and
pathophysiological mechanisms can largely be ascribed to
progress in the technology of microscopy. Much of what we
know about the architecture of the kidney is based on the
fundamental descriptions of anatomic microscopists using
light microscopy and later by ultrastructural analysis pro-
vided by electron microscopy. These two techniques were
used for the first classification systems of kidney diseases
and for their constant updates. More recently, a series of
novel imaging techniques added the analysis in further
dimensions of time and space. Confocal microscopy allowed
us to sequentially visualize optical sections along the z-axis
and the availability of specific analysis software provided a
three-dimensional rendering of thicker tissue specimens.
Multiphoton microscopy permitted us to simultaneously in-
vestigate kidney function and structure in real time.
Fluorescence-lifetime imaging microscopy allowed to study
the spatial distribution of metabolites. Super-resolution mi-
croscopy increased sensitivity and resolution up to nano-
scale levels. With cryo-electron microscopy, researchers
could visualize the individual biomolecules at atomic levels
directly in the tissues and understand their interaction at
subcellular levels. Finally, matrix-assisted laser desorption/
ionization imaging mass spectrometry permitted the mea-
suring of hundreds of different molecules at the same time
on tissue sections at high resolution. This review provides
an overview of available kidney imaging strategies, with a
focus on the possible impact of the most recent technical
improvements.
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I N T R O D U C T I O N

The kidney’s fascinating structural complexity is required
to fulfil its diverse physiological functions. At the beginning,

studying the kidney was limited to macroscopic observations
and their contribution to the diagnosis of kidney diseases was
undeniably limited. Clinical manifestations were described but
the underlying pathogenetic mechanisms were unknown. The
achievements in understanding kidney physiology and patho-
physiology can be largely ascribed to continuing progress in the
microscopy field. Attempts at kidney imaging started a long
time ago [1]. In 1666, the anatomist Malpighi examined kidney
tissue with a light microscope that had a power estimated to be
�25–30 and described for the first time the glomerulus as ‘a
gland in which urine was separated from blood’[2]. This contri-
bution was ignored until 1842, when nephron structures were
unravelled with a 10 times more powerful light microscope by
Sir William Bowman. Bowman discovered the periglomerular
capsule (later named the Bowman capsule) as anatomically
connected to the first part of the tubule [3]. In 1862, Jacob
Henle described the loop-like tubule segment that took his
name, connecting the cortical tubule and renal papilla.

Thanks to the introduction of light microscopy, a histomor-
phological classification of kidney diseases became possible [1].
The chance to observe what was occurring in diseased kidneys
allowed one to understand that pathological changes varied
considerably between patients with similar clinical manifesta-
tions. However, the first studies on pathological changes in re-
nal tissue were performed on autopsy samples, leading mostly
to the description of chronic diseases. The lack of information
about the evolution of kidney pathologies and the technical
problem of autolytic phenomena, correlated to the use of post-
mortem tissues, limited the knowledge of human diseases. In
1951, the introduction of kidney biopsy permitted direct obser-
vation and study not only of chronic, but also of acute kidney
diseases. Meanwhile, microscopy gradually became more so-
phisticated with progressively increased sensitivity and resolu-
tion up to nanoscale levels. In this review we will provide
an overview of fundamental kidney discoveries made possible
by advancements in microscopy technology, with a focus
on the possibilities evolving from the most recent technical
developments.

VC The Author(s) 2019. Published by Oxford University Press on behalf of ERA-EDTA.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-
use, please contact journals.permissions@oup.com 1

R
E

V
IE

W

Nephrol Dial Transplant (2019) 1–10
doi: 10.1093/ndt/gfz136

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/advance-article-abstract/doi/10.1093/ndt/gfz136/5536339 by guest on 24 July 2019



V I S U A L I Z I N G I M M U N O P A T H O L O G Y O F T H E
K I D N E Y

Immunolabelling and fluorescence microscopy

The possibility to obtain a representative fragment of living
tissue permitted application of emerging techniques that re-
quired maximal tissue preservation, such as the immunohisto-
chemical methods (fluorescent first, then enzymatic). In fact, in
1950, Coons developed the method of labelling antibodies with
fluorescein isocyanate, that is, immunofluorescence, without
destroying the capacity to react specifically with their tissue
antigens. Since then immunofluorescence has been incorpo-
rated in the diagnostic procedure for assessment of frozen renal
biopsy specimens. For the first time, these techniques permitted
the observation of intrarenal immunoglobulins (Igs) and com-
plement deposits in patients affected by glomerulonephritis,
contributing to the discrimination of different pathophysiolo-
gies underlying certain unspecific tissue lesions, for example, in
crescentic glomerulonephritis [4]. In addition, the possibility to
observe a characteristic staining pattern and the coupling of
fluorescein to antibodies other than Immunoglobulin G (IgG)
led to the recognition of Immunoglobulin A (IgA) deposits in
IgA nephropathy, as well as complement deposits in post-infec-
tious glomerulonephritis and membranoproliferative glomeru-
lonephritis [4].

Confocal microscopy

Fluorescence microscopy underwent considerable technical
improvement with the introduction of confocal microscopy in
the late 1980s. Key elements in confocal microscopy are point
illumination focused and scanned over the specimen and a vari-
able confocal aperture (pinhole) in front of the detector that
allows the collection of light from only a thin section around
the focal plane (called the optical section). Confocal microscopy
enabled the first in vivo studies of the kidney in experimental
models and observation of the uptake and transport of fluores-
cent molecules through tubules in intact kidneys after micro-
puncture. This allowed studies of tubular function in
physiological and pathological conditions [5].

The possibility to sequentially image optical sections along
the z-axis and the availability of specific analysis software per-
mitted a three-dimensional (3D) rendering of thicker tissue
specimens, showing the frequent inconsistency and misrepre-
sentations provided by 2D analyses [6, 7] (Figure 1A and a’). In
addition, the introduction of genetically encoded fluorescent
proteins in transgenic mice permitted the labelling of specific
cells and tracing them directly within tissues without immunos-
taining (lineage tracing strategy) [6, 7, 8]. However, confocal
microscopy still did not resolve details >200 nm, due to the dif-
fraction limit of the visible light, photobleaching and
phototoxicity.

U N D E R S T A N D I N G T H E G L O M E R U L A R
F I L T R A T I O N B A R R I E R : E L E C T R O N
M I C R O S C O P Y

The first attempt to overcome the resolution limit of light and
fluorescence microscopes was in 1931 when Ernst Ruska and

Max Knoll invented the electron microscope (EM), which uses
a beam of accelerated electrons, instead of a beam of light, as an
excitation source, and has a higher resolving power than light
microscopes (up to 0.2 nm). For this innovation, in 1986 Ernst
Ruska was awarded the Nobel Prize in Physics. Thanks to the
increased resolution power, it soon became evident that the glo-
merulus was not simply a mechanical filter, but an extremely
complex organ composed of three layers: endothelial cells, the
glomerular basement membrane (GBM) and podocytes [9].
Transmission EM (TEM) permitted the visualization of glomer-
ular cells from inside [10] and revealed that endothelial cells
had thin fenestrated cell bodies, whereas podocytes had large
cell bodies, and extending primary and secondary ‘foot’ pro-
cesses anchored to the GBM and interconnected through linear
junctions (the slight diaphragm) (Figure 1B). Furthermore,
scanning EM (SEM), capturing backscattered electrons, permit-
ted the visualization of glomerular cells from their outer surface
[10] and revealed that foot processes of neighbouring podocytes
interdigitated and covered the GBM (Figure 1C). EM has
remained a powerful instrument not only for the comprehen-
sion of normal glomerular ultrastructure, but also for under-
standing kidney physiology and pathophysiology [11].
Numerous studies performed on human samples or in experi-
mental models have revealed that different disease processes are
associated with a set of distinctive patterns of ultrastructural
alterations, which implies further updates on an evolving classi-
fication system of kidney diseases. The technical ability to visu-
alize a further complexity of the kidney’s ultrastructure
endorsed the specialization of ‘nephro’pathologists.

A recent SEM technique, based on a highly sensitive detector,
allowed the study of the deepest portion of the slit diaphragm
and revealed that it was characterized by pores with varying sizes
[12]. In rats, the onset of proteinuria was associated with large
pores, raising the possibility that ultrastructural changes of the
slit diaphragm could be causative for the changes in glomerular
permselectivity [12]. As a further technical advancement, block
face SEM permitted passage from a 2D to a 3D view of the glo-
merular filtration barrier with a resolution sufficient to follow
the nanostructure of the thinnest cellular processes in healthy
mice, diseased mice and during kidney development [13, 14].

Finally, the coupling of EM to an X-ray microanalysis system
(X-ray microscopy) allowed an elemental analysis of cells or parts
of cells at an ultrastructural level. X-ray microscopy uses a scan-
ning TEM with a narrow electron beam to excite the sample. The
impact of the high-energy electrons from the beam with the
atoms in the specimens produces energy in the form of X-ray
photons. This X-ray signal, collected with an energy-dispersive
semiconductor detector, is used to identify the elements present
in the specimen, with a resolution of, at best, 30 nm. In the kidney
field, the X-ray microanalysis was successfully utilized by Beck
and Thurau to study transepithelial tubule ion transport [15] and
the intracellular elemental concentration in tubular cells [16].

V I S U A L I Z I N G R E N A L P H Y S I O L O G Y W I T H
M U L T I P H O T O N M I C R O S C O P Y

Multiphoton microscopy (MPM) provided a further ad-
vancement in kidney research, that is, the possibility to
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FIGURE 1: (A) 3D reconstruction of a glomerulus from a 50-lm-thick kidney section, showing de novo podocyte regeneration in a transgenic mouse
model of adriamycin-induced nephropathy. The fluorescent reporter GFP (green) labels Pax2þ renal progenitors, whereas Tomato Red labels all
other cell types. An x-plane (red) has been added to virtually dissect the glomerulus in two parts. In the upper part, only green signal is shown; in the
lower part, all three colours are shown. (a’) Representative 2D z-section stacks of the 3D reconstruction shown in (A). Asterisks indicate the different
number of Pax2þ progenitor-derived podocytes counted inside the glomerular tuft in each 2D image. The z-stack analysis used to perform the 3D re-
construction of the glomerulus showed that the detection of regenerated podocytes was highly dependent on which section was used for 2D analysis
and its thickness. (Adapted from Romoli et al. [6]. This article is licenced under a Creative Common Attribution 4.0 International License. http://creati
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simultaneously investigate renal function and structure rela-
tionships in real time [17]. Different from conventional light
microscopes, two-photon excitation depends on the simulta-
neous absorption of two photons with double the excitation
wavelength that is necessary to excite the fluorophore in clas-
sic one-photon excitation (Figure 1D). The use of commer-
cially available pulsed infrared, low-energy excitation lasers
increased deep tissue penetration and minimized phototoxic-
ity (Figure 1D). This enabled researchers to visualize dy-
namic cellular processes directly in live animals, a feature not
previously achievable with any other technique. MPM per-
mits the quantification of basic renal functions and patholog-
ical alterations such as glomerular permeability, vascular
blood flow, single-nephron glomerular filtration rate and tu-
bular flow [17] (Figure 1E and F). In addition, MPM permits
the study of intracellular processes in response to injury, in-
cluding cell death and shedding, leukocyte rolling and re-
cruitment and disruptions of the GBM [17]. Further
technical improvements have permitted prolonged intravital
imaging over days to weeks [18] that, in combination with
transgenic mice expressing fluorescent proteins, have been
used to track the fate of single cells directly in vivo in healthy
and injured kidney [19] and to better understand the mecha-
nisms of renal cell turnover and regeneration.

Label-free imaging techniques were also possible with
MPM, exploiting the natural autofluorescence of nicotin-
amide adenine dinucleotide hydrate (NADH) to study the re-
dox state of tubular cells after injury [20]. In addition,
second-harmonic generation from fibrillar collagen was used
to quantify collagen deposition, a marker of renal fibrosis
[21]. Second-harmonic generation is a non-linear optical
process in which two excitation photons with the same wave-
length interact with non-centrosymmetric structures in bio-
logical tissues, such as collagen or microtubules, and generate
a new photon with half the wavelength.

A recent innovation of intravital microscopy was the in-
troduction of a miniaturized multiphoton endoscope suc-
cessfully used to image kidneys in living anesthetized mice
[22]. This minimally invasive MPM may pave the way for
real-time in vivo diagnosis, without tissue removal and in a
very short time.

T H E K I D N E Y I N 3 D : T I S S U E - C L E A R I N G
T E C H N I Q U E S A N D E X P A N S I O N
M I C R O S C O P Y

Despite the technological improvements, one of the principal
limits for deeper volumetric imaging is renal tissue opacity,
which makes the kidney one of the most optically challenging
organs. This is the reason why tissue-clearing techniques have
raised a lot of interest [23]. The aim of these approaches is to
convert an opaque tissue into a transparent one, preserving pro-
teins and eventually fluorescent markers, to image thick tissue
slices. The combination of optical clearing with state-of-the-art
microscopy provides the possibility of morphometric analysis,
such as the quantification of glomerular volume and number,
in thick tissues or even in the intact kidney [24]. Other applica-
tions include the analysis of distinct tubule segments [25], their
functions [26] and quantifying podocyte loss [27].

To image large volumes of tissue and, at the same time, re-
solve fine structural details, a new technical approach was re-
cently introduced, that is, expansion microscopy (ExM). The
idea is to physically expand an entire organ 4- to 5-fold while
preserving the overall architecture and the 3D proteome content.
Using an expanding polymer, directly synthesized within the
specimen, molecules closer than the diffraction limit of light are
isotropically separated in space to greater distances and therefore
can be optically resolved even by a conventional fluorescent mi-
croscope. In addition, the ExM provides greater optical transpar-
ency and reduces light scattering, allowing one to visualize a
larger volume of tissue. Using this approach, the localization of
multiple proteins in the slit diaphragm and the GBM can be dis-
sected even with a normal confocal microscope [28]. For exam-
ple, it can reveal foot process effacement in proteinuric mice,
both in 2D and 3D, at a nanometre resolution never reached be-
fore [29]. Recently ExM has been used for clinical histopatho-
logic assessment of paraffin-embedded specimens already
stained with haematoxylin and eosin [30]. This technique can vi-
sualize foot process effacement at a nanoscale level that
was previously possible only with EM. Advances in volumetric
imaging permit high-resolution 3D analysis of the entire organ
in a way that the main limitation to deep imaging is now repre-
sented by the capacity for antibodies to penetrate in the tissue.

FIGURE 1: Continued
vecommons.org/licenses/by/4.0/.) (B) Representative image of a glomerular capillary loop as seen with TEM. BM, basement membrane; FP,
foot processes; E, endothelial cell (TEM �5000) (Adapted from Liapis [10] by permission of the publisher Taylor & Francis, http://www.tand
fonline.com.) (C) SEM of a healthy glomerulus reveals octopus-like podocytes wrapping the capillary loops with interdigitating foot processes
capillary loops (SEM �140 000). (Adapted from Liapis [10] by permission of the publisher Taylor & Francis, http://www.tandfonline.com.)
(D) The Jablonski diagram shows a comparison between one- and two-photon absorption. Conventional one-photon excitation uses ultraviolet
or visible light to excite fluorescent molecules, whereas two-photon excitation depends on the simultaneous absorption of two photons with
double k (infrared light). Compared with one-photon excitation, the fluorescence excitation (orange) of two-photon excitation is spatially re-
stricted to a small point within the focal plane, because the fluorescence excitation occurs only where the density of illuminating photons is
highest. This reduces tissue photobleaching compared with the confocal approach. Representative MPM images of glomeruli (G) in vivo in (E)
control or (F) PAN-treated Munich–Wistar–Fromter rat kidneys. The freely filtered dye, Lucifer Yellow, injected intravenously, labelled the
Bowman’s space and early proximal tubule (PT) and allowed negative labelling of podocytes and parietal cells (which do not take up the dye).
Cell nuclei were labelled using Hoechst33342 (green). The intravascular space (plasma) was labelled red by 70-kDa dextran rhodamine B
injected intravenously. Unlike a normal glomerular structure (E), podocytes develop numerous pseudocysts (asterisk) after PAN treatment (F).
Scale bars: 20 lm. (Adapted from Peti-Peterdi [17] with permission from Elsevier.)
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S T U D Y I N G T H E M E T A B O L I C P R O F I L E :
F R E Q U E N C Y D O M A I N F L U O R E S C E N C E -
L I F E T I M E I M A G I N G M I C R O S C O P Y

The kidney is a metabolic organ with a high content of mito-
chondria. The reduced form of NADH and other metabolites
are naturally fluorescent and this autofluorescence can be used
as an index of the redox state [20]. However, the emission spec-
tra of these endogenous fluorophores are overlapping and iden-
tifying them separately had been impossible. But the
fluorescence lifetimes (i.e. the time decay of fluorescence) were
found to be significantly different. Hence fluorescence-lifetime
imaging microscopy (FLIM) allows the study of metabolic pro-
files [31]. Recently, using a combination of MPM and FLIM, it
has become possible to characterize cell-specific metabolic sig-
natures and to monitor metabolic changes in vivo during kid-
ney disease [32]. FLIM is expected to provide further insights
into kidney metabolism in vivo in health and disease.

P U S H I N G R E S O L U T I O N B E Y O N D L I M I T S :
S U P E R - R E S O L U T I O N I M A G I N G O F T H E
K I D N E Y

Standard light microscopy faces a limit of optical resolution be-
yond 200 nm. New technologies, referred to as super-resolution
imaging, now allow fluorescent microscopy to image beyond its
diffraction limit as a starting point of the era of nanoscopy [33].
These approaches combine nanoscopic resolution with the
advantages of multicolour fluorescence labelling. In recognition
of the potential impact of these innovations, the 2014 Nobel
Prize in Chemistry was awarded to Eric Betzig, Stefan Hell and
William Moerner ‘for the development of super-resolved fluo-
rescence microscopy’. Different strategies of super-resolution
imaging can be applied to address different biological questions.
These approaches can be grouped into two main categories,
depending on whether the super-resolution is exploited at the
level of single molecules or at ensembles [33].

Ensemble-based techniques

Ensemble-based techniques brake the diffraction limit by
temporally and spatially modulating the excitation light beam.
Among them, super-resolution stimulated emission depletion
(STED) imaging uses two lasers, an excitation laser and a super-
imposed, red-shifted, depletion laser (STED laser), with a
doughnut shape, to suppress the fluorescence emission from
the fluorophores located off the centre of the excitation. This
suppression is achieved through stimulated emission and allows
collecting only the signal originating from a focal spot with a di-
mension below the diffraction limit (Figure 2A). STED imaging
was used to image the slit diaphragm in optically cleared kidney
tissues (Figure 2B–c’) and allowed localizing of the spatial dis-
tribution of podocin and nephrin at the nanometre scale up to
at least 30 lm of depth [34]. In addition, the possibility to ob-
serve and quantify foot process effacement in an experimental
model can make STED imaging useful for studies of the glomer-
ular filtration barrier [34].

STED microscopy requires specific protocols for sample
preparation, special fluorophores and technical training. For
this reason, over the last few years more attention has been

given to another super-resolution technique, structured illumi-
nation microscopy (SIM), which can extend the diffraction
limit by a factor of two both laterally and axially. SIM uses a
wide-field microscope setup with a fine-striped illumination
pattern, allowing the capture of high-frequency information
(corresponding to fine details in the sample) at lower spatial fre-
quencies. By acquiring multiple images with illumination pat-
terns of different phases and orientations, a high-resolution
image can be reconstructed (Figure 3A). SIM is compatible
with standard fluorophores, does not require specific sample
preparation and permits 3D visualization. Given all these
advantages, different studies were performed to evaluate the
possibility of using SIM as a rapid diagnostic tool [35], for ex-
ample, with a potential shorter turnaround time than EM.
Recently a 3D SIM and automated image processing have been
used as a rapid diagnostic tool of foot process effacement using
routine paraffin sections from biopsies of patients with minimal
change disease [36] (Figure 3B and C). This capacity to success-
fully identify alterations in diseases known to exhibit nanoscale
pathology confirmed SIM as a promising tool for routine
diagnostics.

Single-molecule localization-based imaging methods

These techniques rely on the possibility to cyclically switch on
and off individual fluorescent molecules that are too close to be re-
solved. In these approaches, molecules within a diffraction-limited
region can be activated at different time points so that they can be
individually imaged and subsequently localized with nanometre
precision by computationally finding their centres (Figure 3D).
Among these approaches, stochastic optical reconstruction micros-
copy (STORM) was first introduced in kidney research in 2013,
with a study that revealed the intricate molecular organization of
the GBM at nanometre precision, including the orientation of mol-
ecules within [37]. In a mouse model of a rare congenital nephrotic
syndrome, STORM revealed the integration and correct orienta-
tion of laminin 521 within the GBM following intravenous injec-
tion, opening the way for advanced therapeutic options for
patients [38]. Another study described the organization of actin cy-
toskeleton in podocytes at a molecular scale resolution [39]
(Figure 3E–I). As a new finding, podocytes contain contractile ac-
tin bundles connected with non-contractile actin bundles in foot
processes. In podocyte injury models, the actin structure in the
foot processes disassembled, leading to collapse of the contractile
structure in the main body [39].

V I S U A L I Z I N G 3 D S T R U C T U R E S O F
F U N D A M E N T A L B I O M O L E C U L E S A T T H E
A T O M I C L E V E L : C R Y O - E L E C T R O N
M I C R O S C O P Y

Until recently, the possibility of studying the structure of funda-
mental biomolecules was limited to electron microscopy, with a
resolution of few nanometres. Technical hurdles, such as sam-
ple damage by intense electron beam, low-image contrast and
molecule movements after interaction with electrons or difficul-
ties to preserve water in biological samples in the vacuum ap-
plied inside the EM chamber, made it impossible to resolve
molecules below this size. Cooling the specimen can reduce
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FIGURE 2: (A) The Jablonski diagram (left) shows the process of stimulated emission in STED microscopy. In normal fluorescence, a fluoro-
phore can absorb a photon from the excitation light (blue arrow) and jump from the ground state to the excited state. Spontaneous fluores-
cence emission (with longer wavelength) (yellow arrow) brings the fluorophore back to the ground state. Stimulated emission of the excited
molecules (red arrow) causes the emitted light to be of sufficiently longer wavelength and shorter fluorescent lifetime so that it can be separated
from normal fluorescence. Schematic drawing (right) of a STED microscope: the excitation laser (blue) and STED laser (red) are focused into
the sample through the objective. A phase mask is placed in the light path of the STED laser to create a specific doughnut-shaped pattern at
the objective focal point. With this configuration, a diffraction-limited spot is excited (blue spot) while a superimposed, red-shifted STED laser
with a doughnut shape (red spot) depletes all emission laterally, leaving only a central focal spot with a dimension less than the diffraction limit
(yellow spot). Only emitted photons from the centre of the doughnut are collected. (B) A z-stack and 3D rendering of a glomerulus in a cleared
tick slice (500 lm thick) of kidney tissue acquired with confocal microscopy. The optical transparency and antibody penetration depth were
sufficient for imaging thick samples with confocal microscopy, enabling a global view of protein expression in the whole glomerulus.
Magnifications of the boxed area show the comparison between confocal and STED acquisitions. The sample was stained for nephrin (green)
and podocin (red). Localization of podocin and nephrin can clearly be resolved at the nanometre scale with super-resolution STED imaging.
(b’) Depth coding profile of the same glomerulus in (B). (C) Volumetric representation of a 3D STED z-stack. The combination of optical
clearing, immunostaining and higher-resolution imaging permitted visualization of the spatial distribution of proteins in the slit diaphragm
(in c’, 3D projections of C). All images were deconvolved with SVI Huygens software. STED and confocal images were acquired with a Leica
TCS SP8 STED 3X.
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FIGURE 3: (A) A schematic drawing shows the basic principle of SIM. SIM uses a wide-field microscope setup with a fine-striped illumination
pattern. The interaction between illumination patterns and structures in the sample produces moiré fringes, allowing the capture of high-fre-
quency information (corresponding to fine details in the sample) at lower spatial frequencies. By acquiring multiple images with illumination
patterns of different phases and orientations, a high-resolution image can be reconstructed. Because the illumination pattern itself is also
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water evaporation and electron-induced damage [40]. From
this idea cryo-EM was introduced in the 1950s. A few years ago,
the introduction of a new single-electron counting detector fi-
nally pushed resolution beyond the previous limits. In 2017, the
Nobel Prize in Chemistry was awarded to Jacques Dubochet,
Joachim Frank and Richard Henderson for ‘developing cryo-
electron microscopy for the high-resolution structure determi-
nation of biomolecules in solution’. These advances now allow
structural determination of biomolecules in solution [41].

In kidney research, the structures of fundamental proteins
were determined at the atomic level [42, 43]. Among them,
the structure of human polycystin-2, whose mutations are

responsible for autosomal dominant polycystic kidney disease
[44], and the structure of the transient receptor potential canon-
ical 6 ion channels, whose mutations cause FSGS in humans
[43], were determined with a resolution of a few angstroms
[44].

U N D E R S T A N D I N G T H E M O L E C U L A R B A S I S
O F K I D N E Y D I S E A S E S : I N T E G R A T I V E
K I D N E Y M I C R O S C O P Y

The last few years have seen increased interest in label-free
approaches able to specifically and simultaneously map the total

Table 1. Imaging techniques and their contribution to the comprehension of renal physiology and pathology so far

Imaging technique Contribution to renal research

Light microscopy Understanding of the nephron structure [1–3]
Visualization of morphological alterations in renal diseases [1]
First classification of renal diseases [1]

Fluorescence microscopy Application of immunofluorescence as a diagnostic procedure for assessment of renal biopsy [1]
Visualization of aetiologic and pathogenic factors of renal diseases [4]

Confocal microscopy 3D rendering of thicker tissue specimens [6, 7]
Possibility to acquire multiple fluorophores simultaneously [6, 7]
Lineage tracing strategy for the comprehension of renal pathology and kidney regeneration [6–8]

Electron microscopy Identification of the ultrastructural bases for glomerular filtration [9, 10]
Understanding of ultrastructural changes in renal diseases [11]
Essential component for the diagnosis on renal human biopsies [10]

MPM Visualization of renal function and structure in vivo in healthy and diseased kidney [17, 18]
Tracking of the fate of single cells in vivo [19]
Label-free imaging techniques to study the redox state of cells and to quantify renal fibrosis [20, 21]

Tissue clearing techniques and ExM Imaging of thick tissue slices or intact organs with confocal microscopy [24–30]
Antibody penetration sufficient for imaging thick samples [23]

Frequency domain FLIM Study of metabolism in vivo in healthy and disease states [31, 32]
Super-resolution microscopy STED,
STORM and SIM

Nanoscale localization of GBM proteins in mouse and human [34, 37]
Identification the of actin cytoskeleton organization in podocytes in healthy and pathological condi-
tions with nanoscopic resolution [39]
Localization of podocin and nephrin spatial distribution [34]
Identification of foot process effacement in biopsies from patients with minimal change disease [36]

Cryo-electron microscopy High-resolution structure determination of biomolecules in solution [41]
Structural characterization of proteins whose mutations are involved in human disease to reveal the
molecular basis of pathogenic mutations [42–44]

MALDI-IMS Label-free map of the total spectrum of molecules in kidney tissues [45]
Identification of molecular markers in renal cell carcinoma [46]
Identification of molecular markers to establish the margin between cancerous and normal tissue
Study of renal drug toxicity [47]
Study of lipids and their role in renal pathological processes [50, 51]
Molecular profiles of different renal pathologies [51–54]

FIGURE 3: Continued
limited by the diffraction of light, SIM is only capable of doubling the spatial resolution. (B, C) Representative images of nephrin-stained glo-
meruli after SIM reconstruction. The asterisk indicates the glomerular capillary lumen and arrows indicate the plan view areas on the glomeru-
lar capillary. The magnification of the boxed area in (B) shows a regular nephrin staining pattern with a nanometric resolution of the slit
diaphragm. Scale bar ¼ 10 mm. Depth coding profile of a 4.5 mm z-stack acquisition (C). (Adapted from Siegerist [36]. This article is licenced
under a Creative Common Attribution 4.0 International License. http://creativecommons.org/licenses/by/4.0/.) (D) A schematic drawing
shows the basic principle of localization-based microscopy techniques, such as STORM. All these techniques are based on the possibility to cy-
clically switch on and off individual fluorescent molecules that are too close to be resolved. In these approaches, molecules within a diffraction-
limited region can be activated at different time points so that they can be individually imaged and subsequently localized by computationally
finding their centres. (E–I) STORM imaging of slit diaphragm proteins to orient the localization of them relative to the GBM (Adapted from
Suleiman [39] with permission). (E–G) Double-colour imaging of the GBM protein agrin (blue) and podocyte proteins nephrin (E, red), podo-
cin (F, red) and Cd2ap (G, red) shows that these proteins cluster adjacent to the GBM. (H) Triple-colour imaging of agrin (blue), nephrin
(red) and synaptopodin (green) shows that synaptopodin clusters are located between the nephrin clusters. (I) Triple-colour imaging of agrin
(blue), synaptopodin (green) and the cytoskeletal protein a-actinin-4 (magenta) shows that synaptopodin and a-actinin-4 clusters have a simi-
lar pattern. Scale bars: 200 nm.
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spectrum of molecules in tissues [45]. Among them, matrix-as-
sisted laser desorption/ionization imaging mass spectrometry
(MALDI-IMS) allows the measurement of hundreds of different
molecules at the same time directly on tissue sections at high res-
olution. In a MALDI-IMS experiment, a thin tissue section, fro-
zen or paraffin embedded, is coated with a matrix that absorbs
the laser energy and promotes the ionization of tissue analytes.
The analysis in the mass spectrometer generates a spectrum for
each x/y coordinate. Subsequent to MALDI measurement, the
same tissue section can be stained with traditional histochemical
and immunohistochemical procedures to integrate the molecular
pattern with histological details. In renal research, MALDI-IMS
is used to study drugs, metabolites, lipids, peptides and proteins
in normal and diseased tissues [45].

One of the most frequent applications of MALDI-IMS is the
identification of molecular markers to classify renal cell carci-
noma [46] and to establish the true margin between cancerous
and normal tissue at the molecular as well as the histological
level [47]. MALDI-IMS has also been successfully used to study
renal drug toxicity to provide an early detection of toxic kidney
mechanisms of damage mediated by pharmaceutical candidates
[48]. Moreover, MALDI-IMS is used to study lipids and their
role in renal pathologies, such as diabetic nephropathy [49],
acute kidney injury [50] and polycystic kidney disease [51], and
also to reveal endogenous metabolic profiles for a deeper under-
standing of disease-related mechanisms [52]. The identification
of molecular profiles was also finalized for possible biomarkers
that could be new potential diagnostic and prognostic bio-
markers [53, 54].

C O N C L U S I O N S A N D F U T U R E P E R S P E C T I V E S

Constant improvements in imaging techniques have progres-
sively solved many critical technical barriers in kidney research
and have allowed a dynamic portrayal of the structure and
function in normal and diseased kidneys. Indeed, the advent of
new microscopy technologies has enabled fundamental scien-
tific discoveries and subsequently changed our view of kidney
physiology and pathophysiology that can now be visualized in
3D and even filmed in videos, where time represents the fourth
dimension. With the recent technical innovation of super-
resolution microscopy and the advancement of molecular im-
aging techniques, researchers can now visualize individual bio-
molecules directly in the tissues and determine how they
interact at cellular and subcellular levels.

The possibility to apply these tools to pathological kidney
specimens, focusing on the molecular and subcellular details in
clinical biopsies, should help with disease re-classifications. If
and when this will create an impact on the diagnosis of kidney
disease or even on patient management is currently unclear.
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