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Abstract

The kidney is one of the most important and complex organs in the human
body with the task of filtering hundreds of litres of blood daily. It is re-
sponsible for the salt and acid/base balance in the body, as well as secreting
hormones important for red blood cell production and blood pressure reg-
ulation. Kidney disease is one of the fastest growing causes of death in the
modern world, and this motivates extensive research for better understanding
the function of the kidney in both health and disease. Kidney failure or end
stage renal disease (ESRD) is irreversible and requires treatment with dialysis
or transplantation. Some of the most important cellular structures for blood
filtration in the kidney are of very small dimensions (below 200 nanometers),
and thus electron microscopy has previously been the only method with high
enough resolution to study the morphology and topology of these minute
structures.
In three studies included in this thesis, we show that the finest elements of the
kidney can now be resolved using different light microscopy techniques. In
study 1, we show that by combining optical clearing with STED microscopy,
protein localizations in the slit diaphragm of the kidney can be resolved, with
widths around 75 nanometers. In study 3, a novel sample preparation method,
expansion microscopy, is utilized to isotropically expand kidney tissue sam-
ples in space. Expansion improves the effective resolution by a factor of 5,
making it possible to resolve podocyte foot processes and the slit diaphragm
using diffraction-limited confocal microscopy. We also show that by com-
bining expansion microscopy and STED microscopy, the effective resolution
can be improved even further (<20 nm). In our most recent work, study 5,
we apply a simplified, moderate tissue swelling protocol which together with
optimization of the confocal imaging provides sufficient resolution to resolve
foot processes and parts of the filtration barrier. This new protocol is fast and
technically simple, making it ideal for routine use, such as for future clinical
pathology.
In collaboration with kidney researchers, we have applied both STED mi-
croscopy and expansion microscopy to various disease models, showing that
these tools can be used to both visualize and quantify pathologies occurring
in different parts of the glomerular filtration barrier (GFB). In study 2, STED
microscopy in combination with optical clearing is used to study the localiza-
tion of Coro2b in secondary foot processes in both mouse and human tissue.
In two ongoing studies with preliminary results presented in the thesis, we
use STED microscopy and optical clearing to study the pathogenesis of fo-
cal segmental glomerulosclerosis (FSGS) by the use of genetic mouse models.
Based on STED images, we extract different morphological parameters from
foot processes and the glomerular filtration barrier (GFB) at different stages
of the disease. In study 4, we apply a tissue expansion protocol to answer
questions about the phenotype seen in podocytes where the mediator com-
plex subunit 22 (Med22) is inactivated. By inactivating Med22 in a transgenic
mouse line with cytosolic expression of tdTomato in podocytes, we saw strong
indications that the vesicle-like structures seen in EM micrographs were in-
deed intracellular vesicles and not dilated sub-podocyte space.
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In summary, the work presented in this thesis has contributed to the develop-
ment of a new toolbox for imaging renal ultra-structure using light microscopy,
a field previously reserved for electron microscopy.

Keywords: Super Resolution Microscopy, Kidney, Imaging, Fluorescence,
STED, Kidney Pathology, Kidney Disease, Expansion Microscopy, Optical
Clearing, Podocytes, Foot processes
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Sammanfattning

Njuren är ett av de viktigaste och mest komplexa organen i människokrop-
pen, och har som uppgift att filtrera hundratals liter blod dagligen. Den är
ansvarig för salt- och pH-balansen i kroppen, och utsöndrar även hormoner
som, bland annat, reglerar antalet röda blodkroppar samt blodtryck. Kronisk
njursjukdom är en av de snabbast växande dödsorsakerna i västvärlden, vilket
motiverar omfattande forskning gällande att förstå njurens funktion både i
friskt och sjukt tillstånd. Kronisk njursjukdom är ett irreversibelt tillstånd
som kräver behandling med antingen dialys eller transplantation. Några av
de viktigaste cellulära strukturerna för njurens funktion är av väldigt liten
skala (under 200 nanometer), och av den anledningen har elektronmikroso-
pi (EM) varit den enda metod med vilken man kunnat studera morfologin
och topologin hos dessa strukturer. Vi visar i tre studier att de minsta ele-
menten i njuren nu också kan upplösas med ljusmikroskopi. I studie 1 visar
vi att vi, genom att kombinera superupplösande STED-mikroskopi med nya
vävnadspreparerings-metoder som gör njuren mer transperent, kan avbilda
proteinlokalisationer i det så kallade slitmembranet, en struktur som är runt
75 nanometer bred. I studie 3 visar vi att en vävnadsprepareringsmetod kal-
lad expansions-mikroskopi kan användas för att fysiskt förstora njur-preparat
en faktor 5, vilket gör det möjligt att upplösa podocyters fotutskott och ”slit
diaphragm” med diffraktionsbegränsad konfokal-mikroskopi. Vi visar också
att STED-mikroskopi i kombination med expansions-mikroskopi ger en yt-
terligare förbättring av den effektiva upplösningen (<20 nm). I vårat senaste
arbete, studie 5, applicerar vi ett förenklat expansionsprotokoll som tillsam-
mans med optimering av konfokalmikroskopi ger tillräcklig upplösning för att
avbilda fotprocesser samt olika delar av filtreringsbarriären. Detta nya pro-
tokoll är snabbt och enkelt, vilket gör det idealt för rutinmässig användning,
exempelvis inom klinisk njurpatologi.
I samarbete med njurforskare har vi applicerat både STED-mikroskopi och
expansionsmikroskopi på olika sjukdomsmodeller och visat att båda dessa
verktyg kan användas för att visualisera och kvantifiera patologier i olika de-
lar av den glomerulära filtrerings-barriären (GFB). I studie 2 använder vi
STED-mikroskopi för att bestämma lokalisationen av proteinet Coro2b i de
sekundära fotutskotten i njurar från både mus och människa. I två pågående
projekt, från vilka några preliminära resultat finns presenterade i denna av-
handling, använder vi oss av STED-mikroskopi för att studera patogenesen i
genetiska musmodeller för fokal segmentell glomeruloskleros (FSGS). Baserat
på STED-bilderna extraherar vi olika morfologiska parametrar från GFB vid
olika stadier i sjukdomsförloppet. I studie 4 använder vi vårat expansionspro-
tokoll för att svara på frågor angående den fenotyp som ses i podocyter där
”mediator complex subunit 22” (Med22) är inaktiverad. Genom inaktivera
Med22 i en transgen musmodell med cytosoliskt uttryck av det fluorescenta
proteinet tdTomato gavs starkt stöd till hypotesen att de vesikel-lika struk-
turer som setts tidigare med EM är intracellulära vesiklar och inte utvidgat
”sub-podocyte space”.
Sammantaget har det arbete som presenteras i denna avhandling bidragit till
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att utveckla en ny uppsättning verktyg för att avbilda ultrastrukturen i nju-
ren med ljusmikroskopi, ett fält som tidigare var vikt åt EM.

Nyckelord: Superupplösningsmikroskopi, Njure, Biologisk Avbildning, Fluo-
rescens, STED, Njurpatologi, Njursjukdom, Expansionsmikroskopi, Podocy-
ter, Fotprocesser,
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Chapter 1

Introduction

1.1 Thesis Organization

This thesis is organized in five chapters as follows:

• In Chapter 1 an introduction to the mammalian kidney will be given, with special
focus on the glomerulus and the glomerular filtration barrier (GFB). After this, the
work-flow of kidney pathology will be introduced, along with a review of some of the
most common kidney diagnoses. The final sections contain an historical and theo-
retical perspective regarding the imaging and sample preparation methods used in
this thesis. Special focus will be directed towards the applications of these methods
to nephrology.

• In Chapter 2 all our protocols for large- and nano-scale imaging of the kidney
will be presented and critical steps and pitfalls will be discussed.

• Chapter 3 contains a summary of the results and conclusions from the five papers
included in this thesis, followed by a discussion on each study.

• In Chapter 4 some preliminary results from two on-going projects are presented
and discussed.

• Chapter 5 contains a concluding discussion and future perspective regarding the
work presented in the thesis.

1.2 The Mammalian Kidney

In humans, around 1/5 of the total cardiac output of blood passes the kidneys
[1]. Small molecules, like salts, ions and amino acids are filtered from the blood
into the primary urine, while larger molecules (> ∼ 70 kDa) stay in the capillaries
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Figure 1.1: The human kidney.

[2]. Molecules still needed in the bloodstream are re-absorbed while the waste
molecules are excreted through the urine. The kidneys are in this way responsible
for both the water/electrolyte as well as the acid/base homoeostasis in the body [2].
Further, the kidney secretes hormones important for regulating blood pressure and
for regulating the production of red blood cells [3]. A schematic image of the human
kidney is shown in Figure 1.1. Unfiltered blood enters the kidney through the renal
artery and is then distributed into the capillary network of the renal cortex. Here,
electrolytes and other small molecules are filtered in the renal corpuscles to form the
primary urine. As the urine leaves the renal corpuscle, re-absorption of molecules
from the urine back into the blood takes place, both in the renal cortex as well as
in the medulla. Filtered blood then leaves the kidney through the renal vein and
urine is excreted through the renal pelvis via the ureter to the bladder.

1.2.1 The Nephron
Figure 1.2 shows a schematic drawing of the functional unit of the kidney, the
nephron. The human kidney is reported to contain around 1,000,000 nephrons,
although numbers vary between individuals [4]. The nephron consists of a glomeru-
lus (or renal corpuscle), the proximal and distal tubule, the loop of Henle and the
collecting duct. Unfiltered blood enters the glomerulus through the afferent ar-
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Figure 1.2: The nephron, the functional unit of the kidney.

teriole and is distributed into a capillary network in the glomerulus where small
molecules are filtered out into Bowman’s capsule [2]. The primary urine, contain-
ing all the electrolytes, sugars and other smaller molecules filtered out from the
blood then enters the proximal tubule. Here, essential molecules, like sugars, wa-
ter and ions/cations are re-absorbed into the peritubular capillaries. Also, organic
molecules and drug metabolites are secreted into the urine in the distal part of the
proximal tubule [5]. As the urine leaves the proximal tubule, it enters the loop of
Henle. In this segment of the tubule, the urine is first concentrated in the descend-
ing limb. After this, it enters the ascending limb where the urine is diluted again
through the re-absorption of electrolytes. This concentration followed by dilution
is carried out by the means of a countercurrent mulitplier system to regulate the
re-absorption of water and electrolytes [6]. Thereafter, urine enters the last tubule
segment, the distal convoluted tubule, where the ion balance is fine-tuned through
secretion and re-absorption of electrolytes. The distal tubule is also responsible for
the regulation of pH through the re-absorption and secretion of H+ and HCO-

3 [7].
The urine then continues to the collecting duct where some final re-absorption and
secretion of ions takes place [8]. The urine finally enters the renal pelvis before it
is excreted through the ureter into the bladder.
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1.2.2 The Glomerular Filtration Barrier and the Podocytes

Figure 1.3: The glomerular filtration barrier with endothelium, glomerular base-
ment membrane (GBM) and podocyte foot processes.

Responsible for the filtration of solutes and small molecules from the blood into the
primary urine is the so-called glomerular filtration barrier (GFB), schematically il-
lustrated in Figure 1.3. It consits of three main units; the fenestrated endothelium
with a glycocalyx layer, the glomerular basement membrane (GBM) and the ep-
ithelial layer of a highly differentiated cell type called podocytes [9]. Although it is
beyond doubt that all three components of the GFB serve important roles, it is still
debated what roles the different layers play regarding the filtrating capacity of the
kidney [9]. It is however widely accepted that the GFB acts as an effective filter,
and that the integrity of all the units of the GFB is crucial for producing urine of
low protein content [2]. However, the underlying mechanisms behind this filtration
is still extensively debated, and some theories and contradictions regarding this
matter will be discussed for each subunit of the GFB below.

1.2.2.1 The Fenestrated Endothelium and Glycocalyx

The endothelial layer of the GFB is formed by glomerular endothelial cells (GEC’s),
showing a pattern that differs from most endothelia. The GEC’s have small (60-
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100 nm wide) holes, or fenestrations, in the cell wall making them permeable to the
blood plasma [2]. Due to the relatively large size of these pores, it was previously
believed that this first layer of the GFB had little to do with the filtration itself [2].
However, it has now been shown that the endothelium is covered with a glycocalyx
layer, a negatively charged sugary cover which is believed to contribute to the
filtrating capacity of the GFB, both in terms of charge- and size-selection [10].
It has further been shown that plasma proteins and glycosylated macromolecules
are incorporated into the glycocalyx, forming what is referred to as the endothelial
surface layer (ESL). The ESL further contributes to the filtrating capacity of GEC’s
by increasing the thickness of the glycocalyx layer [11], and it has been shown that
the disruption of the ESL results in proteinuria [12]. Both ageing-related kidney
disease and diabetic nephropathy has been shown to involve alterations to the ESL,
indicating that the GEC’s are an important part of a well-functioning GFB [13].

1.2.2.2 The Glomerular Basement Membrane

The glomerular basement membrane (GBM) is the only non-cellular unit of the
GFB. It is positioned between the endothelium and the podocytes, and consists
of an ensemble of extracellular matrix proteins, with the most abundant ones be-
ing collagens, laminins, nidogen and heparan sulfate proteoglycans (HSPG’s) [14].
These proteins form a porous mesh, as visualized by scanning electron microscopy,
with 10 nm wide pores [15], indicating that the GBM might act as a sieve for large
molecules. The GBM was previously assumed to be important for the charge se-
lectivity of the GFB, due to the high abundance of negatively charged HSPGs [16].
Since this assumption has not been validated in genetic animal models or by degra-
dation of HPSG’s using heparanase [17] [18] [19] [20], the role of the GBM in terms
of charge selectivity remains elusive. There is however no controversy regarding the
importance of the GBM for normal glomerular filtration, since mutations in genes
encoding for both collagen IV subunits α3, α4, α5 and laminin have been shown
to cause abnormalities in the GBM with consequent proteinuria and progression to
ESRD [2].

1.2.2.3 The Podocytes

The final epithelial layer of the GFB is made up of a highly differentiated cell type
called podocytes. These are complex in their morphology, sending out branched
finger-like structures referred to as foot processes, shown schematically in Figure
1.4. A more zoomed in view of two adjacent foot processes is shown in Figure
1.5. Foot process morphology is highly dependent on actin, a cytoskeletal protein
that intracellularly supports the structure. Each foot process is filled with an array
of actin [21], depicted in blue in the figure. Seen in the figure is also the unique
junction between two foot processes which is called the slit diaphragm. The most
abundant protein in the slit diaphragm is nephrin, a protein which has been shown
to be crucial for slit diaphragm integrity [22]. Mutations to the gene encoding for
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Figure 1.4: A glomerular capillary with the epithelial layer of podocyte foot pro-
cesses.

Figure 1.5: Two adjacent foot processes with the slit diaphragm junction.

nephrin, NPHS1, have been shown to cause severe proteinuria and lack of a cor-
rectly formed slit diaphragm [23]. There are also other proteins spanning the slit
diaphragm, such as Neph1 and Fat, but their exact function in the slit diaphragm
is not fully understood, although mutations in the genes encoding these proteins
cause leakage of proteins into the urine (i.e. proteinuria) [22]. Another abundant
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protein, located intracellularly in foot processes proximal to the SD is podocin. It
has been shown to be involved in the recruitment of SD proteins, such as nephrin,
to the filtration slit [24]. Mutations also to the gene encoding for podocin, NPHS2,
have been shown to cause alterations to podocyte morphology as well as proteinuria
[25].
The slit diaphragm is thought to be of high importance for the ability of the kid-
ney to produce protein-free urine, and damages to the slit diaphragm have been
shown in several studies to cause severe proteinuria [22]. However, how the slit
diaphragm is involved in producing protein-free urine is debated. The general text-
book explanation is that the slit diaphragm junctions between foot processes act as
a molecular sieve and that larger molecules (such as albumin) are very unlikely to
pass. However, this explanation carries with it some inconvenient consequences. It
would firstly mean that the filtration slit would clog up with molecules that cannot
pass the slit, since there is a constant flow of water from the capillary lumen to
Bowman’s space [26]. Secondly, studying both EM [27] and super-resolution images
[28] of foot processes and the slit diaphragm in effaced conditions, shows that the
amount of SD is largely decreased and that the slit diaphragm itself seems to be
intact with seemingly kept nephrin expression as seen in Figure 1.6.
As a consequence, if the slit diaphragm is a sieve with a certain (low) probability

Figure 1.6: Foot process effacement seen in a patient with congenital nephrotic
syndrome due to mutations in the TRPC6 and NPHS2 genes as compared to a
sample from healthy human kidney. The sample was stained for the slit diaphragm
protein nephrin.

of large molecules passing through, less protein would be filtered into urinary space.
This has been explained with podocyte detachment (naked GBM), but this rela-
tively rare event could unlikely explain why so much protein ends up in the urine
[29]. One complementary theory, presented by Oliver Smithies in 2003, is that
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the main task of the filtration slit is not to act as a physical sieve for molecules,
but rather to control the flow of fluid over the GFB [26]. Thus, if the amount of
filtration slit is decreased (as seen in proteinuric conditions), the amount of fluid
(diluent) ending up in Bowman’s space is decreased, which according to the hy-
pothesis could be the cause of higher protein concentration in the urine. Another
theory [30] suggests that the foot processes, under healthy conditions, apply reac-
tion forces in order to compress the GBM. By doing so, the effective pore size of the
GBM is decreased, thus increasing its sieving capability. In pathological situations,
the cytoskeletal re-arrangement of podocytes cause these forces to change, impair-
ing the compression of the GBM. This increases effective pore size and results in a
leakage of proteins into the urine, i.e. proteinuria. Another study discusses the role
of electrokinetic forces in glomerular filtration [31], suggesting that small-molecule
interaction with the GFB creates an electric field which will refrain negatively
charged macromolecules (such as albumin) from passing the barrier. All of these
theories (and others) are yet to be further validated experimentally and, without a
doubt, more studies in this field are needed. Hopefully the advent of new sample
preparation and imaging technologies, such as the ones presented in this thesis, can
contribute to new knowledge regarding glomerular filtration.

1.3 Renal Disease

Renal disease has during the past few decades been identified as a major public
health problem. The prevalence of chronic kidney disease in the western world
population is over 10% [32], and there has been a dramatic increase of the number
of deaths caused by kidney disease over the last decades [33]. Kidney disease can be
classified into tubular, glomerular and reno-vascular diseases, of which glomerular
disease is the most common cause of ESRD [34]. ESDR is a "point of no return",
where the only effective long-term treatment is transplantation. Figure 1.7 shows
a schematic representation of the GFB in a typical state of glomerulopathy, with
reduced amount of endothelial fenestrations and glycocalyx, thickened GBM and
effaced podocyte foot processes. All of these alterations together cause the leak-
age of larger molecules such as albumin, or even blood platelets, into the urine,
where the latter is referred to as hematuria, often seen in nephritic (inflammatory)
syndromes.

1.3.1 Renal Pathology

Before going into different types of renal diseases, this section will present the
sample preparation and imaging protocols used in renal pathology today. The
clinical findings, such as proteinuria and creatinine levels are of high importance for
diagnostics, but focus here will be on the microscopic methods used in a pathology
lab and the conclusions that are drawn from these. If a patient is suspected to be
affected by kidney disease, a needle biopsy is taken from one of the kidneys [35].
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Figure 1.7: The glomerular filtration barrier in a diseased state with typical alter-
ations seen in the different units of the GFB.

The sample is then normally divided into three different parts which are treated
according to different protocols as shown schematically in Figure 1.8.

1.3.1.1 Histology

One of these sample preparation/imaging protocols is histology, where a piece of the
biopsy is first fixed using formalin (or occasionally other fixatives) [36]. The sample
is then paraffin embedded and cut into sections 2-4 µm thick, followed by staining
using histology stains. Most pathology labs stain sections using a combination of
hematoxylin and eosin (H & E), periodic acid-shiff (PAS), silver methenamine and
trichrome stains [36]. The sections are then imaged using a transmitted light wide-
field microscope by a pathologist who evaluates different pathological parameters
in the biopsy, such as presence of glomerulosclerosis, fibrosis and arterioscelrosis to
be used as a basis for diagnosis [36].
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Figure 1.8: Scheme of the standard procedure for handling of kidney biopsies in a
pathology lab. The biopsy is usually a few mm long with a diameter of 300-1000
µm.

1.3.1.2 Immunofluorescence

Another protocol which is part of the renal pathology routine is immunofluorescence
[35]. This protocol is used to diagnose immune-complex mediated kidney disease
(nephritic conditions) by immunolabelling using antibodies against immunoglobu-
lins (IgA, IgG, IgM) and complement components (C1q, C3, C4) as well as κ and
λ light chains. The protocol is usually carried out in fresh frozen tissue sections
with 2-4 µm thickness [36].
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1.3.1.3 Electron Microscopy

Since the resolution of light microscopy is limited to around 200 nm, a small part
of a biopsy is sent for electron microscopy analysis to evaluate the integrity of the
nanometer-scaled glomerular filtration barrier. In EM micrographs, the pathologist
will look for alterations to the foot processes (foot process effacement), the GBM
(thickening, thinning) and also to some extent the endothelium (loss of fenstra-
tions). The preparation of samples for electron microscopy is a labour intensive,
time consuming and complex protocol which involves the embedding of samples
in plastic (resin), and sectioning of the sample into ultra-thin sections (40-60 nm)
[37]. The typical duration is usually 3-5 days from the collection of the biopsy until
images are evaluated by the pathologist [36].

1.3.2 Types of Renal Disease
A combination of the findings in images resulting from the protocols above and
findings from biochemical body-fluid assays in the clinic will in the end lead the
nephrologist to a diagnosis. Different diagnoses can be divided into different groups
and subgroups, some of which are listed below, along with a few examples of diseases
within each group. This section is by no means a complete review of all types of
kidney disease but rather a brief introduction to the most common ones and the
ones relevant for the results presented in this thesis.

1.3.2.1 Non-Immune Complex Mediated Kidney Disease

Non-immune complex mediated kidney disease comprise all the diagnoses where IF
shows negativity for immune complex deposits [38]. It is also sometimes referred to
as nephrotic syndrome (NS), and it can be either primary, where the kidney is the
only affected organ, or secondary, where the kidney is one of the affected organs.
NS is often idiopathic, i.e. the cause of the disease is unknown and just symptoms
are seen.

Minimal Change Disease (MCD) Out of all the patients diagnosed with pri-
mary NS, minimal change disease is one of the most common subtypes. For adult
patients, it accounts for around 10-15% of diagnosed patients and in young children
up to 70-90% [39]. As the name suggests, it is typical for minimal change disease
that the general histology most often looks normal and it is not until foot processes
are imaged using EM that the pathologist can diagnose the disease by observing
extensive foot process effacement. MCD is usually responsive to treatment with
corticosteroids. However, there are some cases where therapy is unsuccessful and
these cases are subsequently classified as steroid resistant MCD [39].

Focal Segmental Glomerulosclerosis Out of all adult patients diagnosed with
NS, focal segmental glomerulosclerosis (FSGS) is the most common diagnosis [39]
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[40]. Clinically, patients often have severe proteinuria along with hypoalbuminemia,
hypercholesterolemia and sometimes edema. Histologically, segments of a subset
of glomeruli are affected by sclerosis (so called FSGS lesions) and podocyte foot
processes are effaced. The cause of FSGS is in many cases idiopathic (unknown),
but can in some cases be due to genetic mutations in podocyte specific genes (such
as NPHS1 and NPHS2) or secondary to infections (such as HIV) [40]. There are
some evidence that there is an overlap between the two diagnoses MCD and FSGS.
Some cases of MCD that are steroid resistant later turn out to be FSGS and some
cases of MCD that respond to steroids still show FSGS lesions in histopathology
[40].

Secondary Nephrotic Syndrome NS can also be the consequence of more
systematic disease, such as diabetes or, as mentioned, HIV [41]. It can also be sec-
ondary to a large variety of other infections and diseases. Since there is an increase
of diabetes in the developed countries [42], diabetic nephropathy is a growing cause
of ESRD, and in some parts of the world it is the single most common cause of
end-stage renal disease [43].

Genetic Kidney Diseases Renal disease can also be the effect of mutations
in genes encoding for proteins expressed along the nephron. These mutations can
be specific to the GFB (NPHS1/NPHS2, collagen IV, laminin etc.) or to other
parts of the nephron, such as the tubule [44]. One well known type of genetic
disorder is congenital NS, most often resulting from mutations in the NPHS1 or
NPHS2 genes, but in some cases also from other GFB-related genes such as WT1
and LAMB2 [25]. Another hereditary kidney disease is Alport syndrome, resulting
from mutations in the collagen IV subunits α3, α4 and α5. These mutations result
in GBM abnormalities, hematuria and often leads to ESRD [45]. There is a plethora
of other genetic kidney disorders with a large variety of clinical and pathological
manifestations [44].

1.3.2.2 Immune-Complex Mediated Kidney Disease

Immune-complex mediated kidney disease, sometimes referred to as nephritic syn-
drome, comprise all diagnoses where there is an apparent activation of the com-
plementary immune system, shown by positive detection in IF or as deposits in
EM.

Membraneous Nephropathy In non-diabetic adults, membraneous nephropa-
thy (MN) is one of the most common types of idiopathic NS [46]. It is an autoim-
mune disease, where the antigen most often (in about 70% of cases) is the PLA2R
receptor [46]. The pathology includes typical thickenning of the GBM and subep-
ithelial deposits and "spikes". Immunofluorescence detection often reports positivity
for PLA2R, IgG and C3 [47]. The prognosis for membraneous nephropathy is rel-
atively good, and only 10-20% of patients progress to ESRD [46]. Membraneous
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nephropathy might also (in around 20% of cases) be secondary to other disease,
where the pathology often involves other features such as mesangial expansion and
mesangial deposits [47].

IgA Nephropathy IgA nephropathy is, as the name implies, an autoimmune
disease where IgA deposits are dominating in IF [48]. It is the most common cause
of ESRD in young adults and is the most common form of glomerulonephritis
worldwide [49]. The pathology involves deposits of IgA (and occasionally other
immunoglobulins and complement factors) in the mesangium and in the capillary
wall. Mesangial proliferation, endothelial hypercellularity and sclerosis might also
be seen, but the light microscopy appearances are variable [48].

1.4 Fluorescence Microscopy

After briefly having covered kidney physiology and disease, the work-horse of this
thesis will now be introduced, fluorescence microscopy. About 170 years ago, Sir
Frederik William Herschel observed that a quinine solution gives away a blue light
when subjected to sunlight [50]. This is one of the first reports of what was later
to be called fluorescence. The phenomenon was a few years later studied in greater
depth by George Stokes, who observed that the incident light was of a shorter
wavelength than the emitted light [51]. Little did they know that this phenomenon
would be so widely used for imaging in biomedical sciences a century later. The
phenomenon of fluorescence can be illustrated using a Jablonski diagram, which
schematically shows the energy levels and transitions of a fluorescent molecule, as in
Figure 1.9. In fluorescent imaging, a light source (typically a laser beam) is used to
excite an outer electron in the fluorescent molecule to an excited state. The excited
fluorescent molecule will then undergo vibrational relaxation to a lower vibrational
state before the electron returns back into one of the higher vibrational modes of
the ground state, sending out a fluorescence photon in the decay process. Notabene,
it is the loss of vibrational energy that causes the emitted photon to be of longer
wavelength (i.e. lower energy) than the incoming absorbed photon, a phenomenon
referred to as the Stokes-shift or red-shift. The property of fluorescence microscopy
that has made it such a widely used method in life sciences, is the possibility to
stain specific targets in a biological sample using fluorescently labelled probes. In
this way, only molecules of interest can be observed, leaving the rest of the sample
invisible. Furthermore, by using different fluorescent probes of different optical
properties, several targets can be labeled in the same sample, which gives the
opportunity to view different molecules/proteins in relation to each other through
spectral separation [52]. The discovery of fluorescent proteins, awarded the nobel
price in 2008 [53], presents researchers with the opportunity to genetically encode
the expression of fluorescent molecules to targets of interest. This has even further
strengthened the position of fluorescence microscopy as a key tool in biomedical
research [54].
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Figure 1.9: Jablonski diagram of the basic principle of fluorescence.

1.4.1 Diffraction-limited Microscopy Techniques
In life sciences, there has always been a strive to look at smaller and smaller scales,
since a lot of the research questions are on the sub cellular-level down to the molec-
ular level. The question here is not really how small an object can be in order to
be viewed with a light microscope, but rather how far apart two objects can be and
still be distinguished from one another. This concept is referred to as resolution,
and was examined theoretically by Ernst Abbe already in 1873 [55]. What limits
the resolution of a light microscope is an inherent property of light called diffrac-
tion. Abbe showed that, due to diffraction, the theoretical limit for the resolution
of a classical wide-field light microscope is

d = λ

2n · sin(α) ,

where λ is the wavelength of the light applied, n is the refractive index of the
immersion medium (oil, water, air, glycerine etc.) and α is half the collection
angle of the objective. This expression is usually referred to as the diffraction
limit, which for visible light (λ ≈ 500 nm) and a high-end oil immersion (n ≈ 1.5)
objective (α ≈ 68◦) renders a maximum resolving power of d ≈ 200 nm.

1.4.1.1 Widefield Microscopy

A widefield (WF) fluorescence microscope is the most simple form of fluorescence
microscope used today. A scheme of a wide-field microscopy system is shown in
Figure 1.10. Light emitted from a light source, typically a UV lamp, is used to

14



Figure 1.10: Simplistic scheme of a wide-field fluorescence microscope.

illuminate the sample with different excitation wavelengths. The excitation filter
selectively includes only a narrow band of the light spectrum suitable for the flu-
orescent molecule used in the experiment. The excitation light is then directed
towards a dichroic mirror, which acts as a mirror for wavelengths below a certain
value, but lets through lights of wavelengths longer than this value. The excitation
light is then focused towards the sample using an objective. The emitted fluores-
cence light is collected by the same objective, and then the red-shifted fluorescence
is now transmitted by the dichroic mirror. The collected light passes an emission
filter (usually a band-pass filter), and then finally reaches a detector, typically an
EMCCD or sCMOS camera. Widefield microscopes are still routinely used today,
due to its relatively low price and ease of use [56]. It is also used in live microscopy
applications, where its high temporal resolution can be favourable when detecting
a large area within each camera frame. Further, a widefield microscope is the basis
for some other microscopy techniques, such as SIM, STORM and TIRF [57].

1.4.1.2 Confocal Microscopy

The idea of confocal microscopy was patented by M. Minsky in 1961 [58], and is
now an important tool for generating three-dimensional images of fluorescent sam-
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Figure 1.11: Simplistic scheme of a confocal laser-scanning microscope. The pinhole
allows only light from the focus plane to reach the detector (exc. and em. filters
omitted).

ples. A simple illustration of a confocal microscope is shown in Figure 1.11. The
main difference as compared to a wide-field microscope is the addition of a so-called
pinhole between the objective and the detector. This pinhole allows only light from
the focus plane to pass to the detector, meaning that out-of-focus light is blocked,
allowing the sample to be optically sectioned. Furhtermore, excitation only takes
place in a focused spot, not over the whole sample as in WF. By scanning the
sample with the excitation spot, an image can sequentially be generated pixel by
pixel. Since the confocal principle only works if the sample is scanned pixel-by
pixel, confocal microscopy is called a point-scanning technique. However, parallel
confocal microscopes scanning 1000 of points simultaneously using camera detec-
tion also exist. This technique is dubbed "spinning disc microscopy", and increases
the temporal resolution (frame rate) significantly [59]. The ability of a confocal
microscope to discriminate the focus plane from out-of-focus planes allows for se-
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Figure 1.12: Thy1-GFP labelled neurons in an optically cleared mouse brain imaged
with a widefield and a confocal system, clearly showing the exclusion of out-of-focus
signal in the confocal setting.

rial optical sectioning of a sample and 3D reconstructions of sample volumes [60].
Apart from its improved axial resolution, confocal microscopy also has the ability
to somewhat increase the lateral resolution, as compared to WF microscopy [60].
In a confocal microscope, lasers are used as light sources, due to the demands on
efficient excitation [60]. A comparison of two images acquired with either widefield
or confocal microscopy is shown in Figure 1.12. A confocal microscope is the basis
for the super-resolution microscopy technique STED [57].

1.4.1.3 Light Sheet Microscopy

A drawback of confocal microscopy is the moderate temporal resolution and rel-
atively high light dose, resulting from the point-by-point scanning rationale and
the exclusion of signal due to the confocal pinhole [61]. Both of these issues can
be problematic in live cell-imaging experiments if fast processes are studied and/or
induction of phototoxic effects. The principle of light-sheet microscopy was intro-
duced already in the beginning of the 20th century [62], but was then forgotten
until it was re-invented 100 years later [63]. Light sheet fluorescence microscopy
(LSFM) or selective-plane illumination microscopy (SPIM) provides optical section-
ing of samples with camera-based detection while illuminating a plane of interest
from the side, thus decreasing the light dose by several orders of magnitude [64].
The simplest light-sheet microscopy set-up is shown schematically in Figure 1.13.
The quick aquisition speed of LSFM along with preserved optical sectioning makes
the methodology ideal also for imaging large optically cleared samples and several
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Figure 1.13: Scheme of the simplest light-sheet fluorescence microscope (LSFM),
where a cylindrical lens is used to produce a thin sheet (2-10 µm) of excitation light
in the sample. Only fluorophores within this sheet are excited and fluorescence is
detected using a camera.

light-sheet microscopy setups have been developed and optimized for this purpose
[65] [66] [67].

1.4.1.4 Two-photon Microscopy

As will be discussed further in a later section of this thesis, light microscopy imaging
at large z-depths can be challenging due to the intrinsic light-scattering properties
of biological tissue [68]. While moving deeper into the sample, both excitation and
fluorescence light is scattered and absorbed, resulting in a blurring and dimming
of the micrographs. This issue can be adressed by sample-preparation methods
presented later in this thesis, but when working with living samples very little can
be done regarding these effects. Here, two-photon microscopy [69] can sometimes
be of use. In two-photon microscopy, the fluorophore absorbs two excitation pho-
tons simultaneously, as shown schematically in Figure 1.14, which allows for the
use of far-red or near infra-red lasers as excitation sources. Since the transparency
of biological tissue is higher in the far-red/near infra-red spectrum, this allows for
fluorescence imaging at depths up to 1 mm [70]. Further, the use of red-shifted exci-
tation is also beneficial in terms of decreased phototoxic effects and low background
contributions from the sample itself [71].
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Figure 1.14: Jablonski diagram of 2-photon excitation. By using a high excitation
laser intensity, the fluorophore can simultaneously absorb two photons for excita-
tion.

1.4.2 Super-resolution Microscopy Techniques
The diffraction limit was for a long time considered to put the ultimate limit to
the resolution of a light microscope, and if higher resolution was needed, other mi-
croscopy techniques, such as EM, had to be used. However, EM, although providing
resolution about 10- to 100-fold better than light microscopy [72], has several draw-
backs. Firstly, EM has to be carried out in vacuum, since electrons will otherwise
interact with particles in the air [72]. Secondly, the possibility to stain for and sep-
arate specific targets is limited [73]. Since the mid 90’s, fluorescence microscopy is
not restricted to the diffraction limit anymore. A range of different solutions have
been presented to push light microscopy beyond the diffraction limit, and these
techniques are collectively called super-resolution microscopy techniques [57].

1.4.2.1 Structured Illumination Microscopy (SIM)

The idea of improving optical resolution by illumination with a periodic interfer-
ence pattern was conceptually introduced already in the 60’s [74] [75]. However,
it took until the late 90’s and early 2000’s before it was implemented in a fluores-
cence microscopy setup. Parallel work by Rainer Heintzman and Mats Gustafsson
showed that by illuminating a fluorescent sample with an interference pattern sev-
eral times at different angles and then back-calculating an image from this data
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Figure 1.15: Principal scheme of structured illumination microscopy (SIM) where
an illumination pattern is applied to the sample at different angles, creating Moiré
patterns. After this, a super-resolved image can be mathematically re-constructed.

could improve the effective resolution by a factor of two [76] [77]. The principle
of structured illumination microscopy (SIM) is shown in Figure 1.15. The sample
is illuminated using a stripe-pattern at several different angles. The stripes will
interfere with the labelling of the sample and create Moiré patterns, patterns con-
taining information regarding the higher frequency (higher resolution) content of
the sample. This information can be accessed by a series of Fourier transforms
(conversion of images to frequency space) and calculations, resulting in a super-
resolved image with a resolution of around 100 nm [78]. One advantage of SIM is
that it can be used with classical fluorophores and can often be applied directly to
samples prepared for conventional microscopy. It is also easily feasible for multi-
color imaging. Drawbacks of SIM include its moderate resolution improvement and
possible image artifacts originating from optical abberations in combination with
the noise-sensitive back-calculation algorithms [78].

1.4.2.2 Single Molecule Localization Microscopy (SMLM)

The concept of single molecule localization microscopy as applied to fluorescence
was developed in 2006 by several groups in parallel [79] [80] [81]. The principle
of all SMLM techniques is shown schematically in Figure 1.16. The idea is quite
simple; if only a well separated subset of all fluorescent reporters in a sample is
emitting fluorescence at each point in time, this allows for localizing the position
of each molecule, hence the name single molecule localization. Although the idea is
principally simple, the practical implementation relies on "switchable" fluorescent
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Figure 1.16: Principal scheme of single molecule localization microscopy. A subset
of fluorophores are activated in each image frame and their positions are mapped.
After repeating this several 1000 times, a super-resolved image is synthetically re-
constructed.

molecules that can be readily sent into a dark non-fluorescent state. The invention
of SMLM techniques initiated extensive research in this field [82], and there is now
a plethora of different molecules used for SMLM applications. These molecules can
be reversibly or irreversibly switched to a dark state and can be switched either
using light or a combination of light and chemical additives [83]. These switch-
able reporters can either be fluorescent proteins or fluorescent organic dyes, where
the use of the former is often referred to as photo-activated localization microscopy
(PALM) and the latter is usually referred to as STocahstical Optical Reconstruction
Microscopy (STORM). SMLM is the SR microscopy technique which has presented
the highest effective resolution, down to 10-20 nm [83]. The drawbacks of SMLM
include the relatively complicated image acquisition and image reconstruction pro-
cedures as well as the very special subset of fluorophores that can be used, making
multi-color experiments challenging and time-consuming.

1.4.2.3 Stimulated Emission Depletion (STED) Microscopy

In 1993/1994, Stephan Hell presented the idea of STimulated Emission Depletion
(STED) microscopy [84] and a few years later, he and his colleagues proved the
technique experimentally [85]. This technique is based on a phenomenon called
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Figure 1.17: Jablonski diagram showing the principle of stimulated emission deple-
tion (STED) microscopy.

stimulated emission, shown in the Jablonski diagram in Figure 1.17. If a red-shifted
STED photon hits the excited molecule immediately after excitation (i.e. stimu-
lated absorption), stimulated emission will cause it to emit a red-shifted photon of
the same wavelength as the STED photon, instead of emitting a green fluorescence
photon. Thereby, any fluorescent molecule can be put in a "dark" state by stim-
ulated emission [86]. If a STED beam is now super-imposed on to the excitation
beam, as shown in Figure 1.17, fluorophores in the periphery are sent to a dark
state (i.e. not detected), and the effective size of the focus is thus shrinked. This
technique can easily improve the resolution of a light microscope by a factor of 5-10
[87], as shown in Figure 1.18.
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Figure 1.18: Confocal and STED imaging of a U2OS cell stained for NUP153, show-
ing the resolution improvement obtained with STED microscopy. Image courtesy
of Daniel Jans, ALM facility, SciLifeLab, Solna, Sweden.

1.5 Sample Preparation Techniques

With the advent of super-resolution microscopy researchers are now presented with
better possibilities than ever to address their research questions. However, often
one finds that the limiting factor is not the microscope itself but rather the quality
of the sample to be studied. More advanced microscopy techniques also put higher
demands on sample quality, partly due to their ability to reveal more details, thus
also revealing possible staining artefacts. Moreover, some techniques, such as STED
microscopy, decreases the effective contrast, putting higher demands on the signal-
to-noise ratio (SNR) of the sample of study [86]. A high SNR can be achieved by
using bright and photo-stable fluorophores, but other sample preparation factors
are also important, such as the fixation and mounting procedures.
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1.5.1 Immunohistochemistry and Immunocytochemistry
Immunohistochemistry (IHC, tissue) or immunocytochemistry (ICC, cells) describes
the process of using antibodies that selectively binds to targets of interest (proteins)
in cells or tissue samples. Using such affinity molecules coupled to fluorophores al-
lows for the detection and spatial localization of targets of interest [88]. These
techniques are commonly used by researchers in life sciences to study the expres-
sion and localization of proteins in biological samples. The ICC/IHC procedure
commonly consists of the following steps:

(A) Generation of an antibody directed towards the target

(B) Conjugation of a reporter molecule, e.g. fluorophore, to the antibody, or the
generation of a secondary antibody conjugated to a reporter molecule

(C) Fixation of the sample to lock targets in 3D

(D) Further preparation of the sample (slicing, permeabilization etc.)

(E) Staining of the sample with the reporter-labelled antibodies

(F) Mounting of the sample

(G) Imaging of the sample by light microscopy

In practice, steps A & B are often omitted due to the vast number of commercially
available antibodies against proteins in biological specimens. However, it is crucial
to test the specificity of antibodies before using them, as it has been shown that a
large number of commercial antibodies are not specific solely to a single target [89].

1.5.1.1 Fixation

After the collection of tissue or cell samples, the sample has to be fixed in order
to inhibit degradation of biomolecules and to "freeze" the sample into a static 3D
conformation. There is a long list of fixatives that can be used, but the most
common ones include aldehydes and alcohol based fixatives, such as acetone and
methanol [90]. Aldehydes (formaldehyde or glutaraldehyde) fix the sample by bind-
ing to amine groups in the biomolecules and crosslinking them [91]. Alcohol based
fixatives, on the other hand, precipitates and dehydrates proteins and thereby in-
hibits degradation [92]. Which fixation method that is preferred is dependent on
the application and the probes used for staining.

1.5.1.2 Sectioning

Since there is a limit to how deep one can penetrate into a tissue sample with light
microscopy, tissue samples are most often sliced into thin sections (few microm-
eters). There are a number of different methods in which samples can be sliced,
but the most routinely used in IHC is the sectioning of paraffin embedded tissue
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or frozen tissue [88]. Slicing of the tissue is carried out using sharp razor blades or
miniaturized sawing blades. In applications with light sheet or multi-photon mi-
croscopy, tissue slices can be a few hundred µm thick, even up to a mm. A limiting
factor in this case is the labelling of the sample, where antibodies and other probes
have to penetrate a long distance into sample.

1.5.1.3 Permeabilization

If aldehydes are used for fixation, lipid bilayers are still to a large degree intact.
Thus, when staining for intracellular epitopes with non-cell-permeable probes (such
as antibodies), this lipid barrier has to be removed. This is often done with deter-
gents, such as TritonX, Tween20 or saponin, which to differnt degrees disrupt and
make openings the lipid bilayer. There is a long list of alternative detergents all hav-
ing their pros and cons regarding permeabilization efficiency vs. the preservation
of cellular morphology [93].

1.5.1.4 Antibody Labelling

Figure 1.19: The difference between indirect and direct immunolabelling.

The first step in antibody labelling is to generate antibodies against the target of
interest. A detailed description of how antibodies can be generated is found else-
where [94]. Briefly, antibodies are first generated against a target to be studied.
The antibody is raised in a specific host species, such as a rabbit or a rat. There-
after, a reporter molecule, such as a fluorescent probe can be conjugated directly
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to the antibody to allow detection. Alternatively, one can generate so called sec-
ondary antibodies against the host species of the primary antibodies and add the
reporter molecules to these. The former is called direct labelling and the latter
is referred to as indirect labelling, and the difference is illustrated in Figure 1.19.
The most common strategy is indirect labelling, since it has some advantages over
direct labelling. Firstly, as seen in Figure 1.19, when performing indirect labelling,
several secondary antibodies can bind to one primary antibody, thus resulting in
a signal amplification. As stated earlier, a high signal is crucial for most imaging
techniques, and thus this amplification can be beneficial. Secondly, the indirect
labelling strategy provides a higher flexibility in choosing different fluorophores for
different experiments.

Multicolor Labelling To stain several different targets in the same sample, dif-
ferent fluorescent reporters can be conjugated to the different antibodies. They can
later be separated through their different excitation/emission spectra, and a map
can be generated showing the localizations of the different targets in relation to
each other. When performing indirect labelling, multi-color labelling is achieved
by raising antibodies towards different targets in different hosts (i.e. rat, rabbit,
chicken, mouse etc.), and then raising secondary antibodies to these different host
species, choosing different reporters for each of them.

Fluorescent reporters Although there are non-fluorescent reporter molecules
that are widely used (e.g. metal beads, non-fluorescent absorption dyes etc.), focus
will in this thesis be directed towards fluorescent reporters. There is a wide, and
quickly growing range of different fluorescent probes that can be conjugated to anti-
bodies. They span over the whole visible spectrum as well as parts of the ultra-violet
and near infra-red spectra [95]. What fluorophore is chosen is highly dependent on
the application, and among the parameters to consider can be mentioned the cost,
photostability, the excitation/emission spectrum and other photophysical proper-
ties. Super-resolution techniques, with the exception of SIM, usually requires some
extra considerations regarding choice of fluorophores. For instance, the principle
of STORM only works with fluorophores that can easily be switched into a dark
(radical) state, and STED works best with the most photostable ones [57].

1.5.2 Optical Clearing
Due to the light scattering properties of biological tissue, the specimen is often
sliced into thin sections before microscopical analysis. This works well for most
applications, but if any large three-dimensional structures are to be studied, slicing
can be a limiting method. It is possible to slice a larger piece of tissue into thin
sections, image each section, and then stitch the individual stacks to each other,
thereby obtaining a volumetric reconstruction of the sample [96]. However, this
technique is labour intensive and also sensitive to slicing and stitching artefacts
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[96], although the labelling is faster in thin sections. If the scattering of light in
biological tissue samples is minimized, larger pieces of tissue can be imaged with-
out the need for physical sectioning. Scattering in biological samples occurs due
to inhomogeneities in the refractive index (RI) throughout the sample. The cause
for these inhomogeneities is the RI difference between the constituents of biological
tissue, lipids, proteins and the cellular environment (cytosol, embedding medium
etc.) [68]. Already in 1914, a technique to increase the transparency of biological
tissue was presented by W. Spalteholz. The technique was based on strong solvents
that dehydrated the sample, and also to some extent removed lipids. It did indeed
render tissues more transparent, but also had some drawbacks in terms of complex-
ity of the protocol and damage to the outer parts of the sample [97]. Although this
study is often presented as the first historical description of tissue clearing, Halvar
Lundvall started to explore the tissue clearing effects of different solvents and oils
already in 1904 [98] [99]. However, it was not until Spalteholz published his paper
that a more thorough discussion regarding the phenomena governing tissue clearing
was presented, which is probably the reason he gets the credit for the innovation.
Despite these early findings, during most of the 20th century optical clearing was
never a hot topic. This probably has to do with the fact that the imaging methods
available during this time (wide-field microscopy) themselves limited the imaging
depth by producing out-of-focus blur when going deeper into samples. Thus, there
was never an incentive to drive the technical development in this field. With the in-
novation of optical sectioning methods such as confocal microscopy and light sheet
microscopy [100] in the late 20th century, came a revival of optical clearing tech-
niques. In the past decade, there has therefore been a quick re-development of
optical clearing techniques, and a range of different protocols to render tissue more
transparent have been presented [68]. Some techniques explored the same paths
as Spalteholz almost 100 years earlier, so-called solvent-based clearing, and some
went down a new path of clearing techniques based on aqueous solutions. Presently,
clearing techniques are usually grouped into four different subgroups depending on
the basic methodology. In the following, these four groups are listed and discussed
along with some examples of each methodology.

1.5.2.1 Solvent-based Optical Clearing

As previously mentioned, Spalteholz clearing method from 1914 was based on im-
mersing the sample in strong solvents to both de-lipidate and RI-match the sample
to the environment. This concept was taken up again in 1991 [101] for clearing
whole-mount embryos, and in 2007 for clearing mouse brain tissue, later imaged
with light-sheet microscopy [67]. Here a mixture of benzyl alcohol and benzyl
benzoate (dubbed BABB) was used after dehydration of the sample using either
methanol [101] or a combination of ethanol and hexane [67]. Although BABB pro-
duced transparent samples, it had the drawback of quenching fluorescent proteins
[102]. This led to the development of more fluorescent protein-compatible protocols
such as 3DISCO [103] and FluoClearBABB [104]. The 3DISCO protocol was also
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furhter refined and optimized by the Tessier-Lavigne group for the compatibility
with whole-mount immunostaining, resulting in a protocol they named iDISCO
[105]. A drawback of most of these protocols is the corrosive and toxic nature of
the reagents, which has led to the development of non-toxic solvent-based clearing
protocols such as ECi (Ethyl Cinnamate) [106]. This protocol was actually devel-
oped for the visualization and quantification of glomerular tufts in intact mouse
kidneys.

1.5.2.2 Immersion-based Optical Clearing

Another group of clearing protocols are the so-called immersion-based clearing tech-
niques. These protocols only involves the immersion of the sample into an aqueous
solution of high refractive index, with the aim of matching the mean refractive index
of the sample to the environment. These protocols are typically non-toxic and sim-
ple, with the drawback of generally not producing the same degree of transparency
as other protocols [102]. A wide range of aqueous solutions have been presented
to render tissue samples transparent such as SeeDB [107], SeeDB2 [108], FRUIT
[109], sucrose [110] and TDE [111] to name a few. Due to the limited tissue trans-
parency of these protocols, this approach has mostly been proven to be applicable
to sections as opposed to whole intact organs [102].

1.5.2.3 Hyperhydration-based Optical Clearing

The first hyperhydrating protocol, named Scale, was presented in 2011 [112]. The
hyperhydration of the sample is mediated by urea, which has been shown to hydrate
even hydrophobic parts of proteins [113]. Embedding the sample in urea for a long
time (weeks) will thus produce a sample with a more homogeneous refractive index
and consequently a higher degree of transparency [112]. The protocol also involves
the addition of a high concentration of TritonX-100 to remove lipids. This original
protocol had some drawbacks, such as long clearing times and sample swelling
which led to the development of ScaleS [114]. This protocol exchanged glycerol
for sorbitol in the clearing solution, resulting in faster clearing and less swelling
of samples. The Scale approach was also the basis for another hyperhydrating
protocol called CUBIC [115] [116]. Here, several de-lipidating, hyper-hydrating and
refractive-index matching substances were screened to further improve and refine
the Scale protocol. The CUBIC rationale has later also been used for deliberate
swelling (expansion) of biological samples as will be described in a later section of
this thesis.

1.5.2.4 Hydrogel-based Optical Clearing

The last group of clearing protocols are the hydrogel-based optical clearing proto-
cols, first presented by the Deisseroth group in 2013 with the acronym CLARITY
[117]. The rationale behind this technique is shown in Figure 1.20. First, the sample
is immersed in a solution containing parafolmaldehyde (PFA) for fixation of amine
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Figure 1.20: Scheme of hydrogel-based tissue clearing. Samples are optically cleared
through the removal of lipids and immersion in a refractive index-matching solution.

groups, and acrylamide monomers that will in turn bind to the PFA molecules.
By initiating the polymerization of acrylamide monomers to form polymer chains,
the proteins and biomolecules are anchored to a firm acrylamide gel. In this way,
integrity of the sample is kept by the gel, and lipids can be removed using a harsh
detergent (SDS). By removing lipids, the RI differences between the proteins and
lipids are eliminated. To achieve full transparency, the RI of the embedding medium
has to be matched to the hydrogel/tissue hybrid which has a RI around 1.45 [117].
For this purpose, any aqueous solution with a refractive index around 1.45 can be
used such as glycerol, SeeDB (fructose) [107] or Histodenz [118] (i.e. the last RI
matching step of hydrogel-based optical clearing is one of the immersion-based op-
tical clearing protocols). In the years following the first CLARITY publication, the
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protocol was optimized, modified and simplified both by the Deisseroth group [65]
and the Gradinaru group [118]. The Gradinaru protocol was named PACT/PARS
and involved modifications to the fixation/hydrogel formation step as well as omit-
ting the electrophoretic tissue clearing (ETC) step of the original protocol, a step
also omitted by the Deisseroth group [65]. A rather suprising discovery, first pre-
sented in 2016 [119] and further confirmed and refined in 2017 [120], was that also
the formation of an acrylamide polymer prior to SDS clearing can be totally omitted
without compromising tissue integrity. However, this finding was already suggested
in a study by Murray et al. in 2015, where samples are fixed with a different alde-
hyde (glutaraldehyde) and then SDS-cleared without the introduction of polymers,
a protocol called SWITCH [121]. The exclusion of a polymer drastically simpli-
fies the procedure, but also contradicts the whole theory of hydrogel-based optical
clearing. This finding showed that there was still a lack of knowledge regarding the
exact molecular mechanisms governing hydrogel-based tissue clearing. However, a
more recent study suggests that fixed biological tissue has intrinsic polymer-like
properties, such as the swelling and shrinking behaviour seen when immersed in
different solutions [122]. The exclusion of a polymer would strictly speaking also
"disqualify" the method from being defined as a hydrogel-based protocol, making
the procedure more similar to the CUBIC approach with de-lipidation followed by
RI matching, but no hyper-hydration.

1.5.3 Tissue Expansion
A lot of effort has in the last decades been put into developing optical microscopy
techniques that push the resolution to smaller and smaller scales. However, it was
shown in 2015 [123] and 2016 [124] that there is also possible development to be
made on the sample preparation side to increase the effective resolution when imag-
ing biological samples. With these methods, named Expansion Microscopy (ExM)
and Magnified Analysis of the Proteome (MAP), cell or tissue samples are isotropi-
cally expanded by a factor of 4-5 linearly, thereby increasing the effective resolution
by the same amount. Thus, diffraction-limited imaging can be carried out at a reso-
lution competing with a lot of the super-resolution microscopy techniques. Both of
these protocols are very similar to the CLARITY protocol in the sense that proteins
and biomolecules are attached to a polymer gel. What differ them from CLARITY
is the addition of another polymer, sodium acrylate, which when polymerized can
osmotically swell. This swelling is what causes the expansion of the sample. A
schematic view of the rationale behind tissue expansion is shown in Figure 1.21.
Although the polymer will expand in a salt-free environment, forces in the tissue
(intra/inter-cellular forces, cross-linking) will still inhibit the free expansion of the
tissue. This practical issue can be handled in different ways and that is also the
main distinction between the different expansion protocols described below.

ExM In the first ExM protocol [123], presented by the Boyden group in 2015, the
swelling problem is handled by simply digesting away all of the tissue before ex-
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Figure 1.21: Scheme of tissue expansion. Biomolecules are anchored to sodium
acrylate polymers which swell in a salt free environment.

Figure 1.22: Scheme of the original ExM protocol using a labelled oligomer to
attach fluorophores to the gel prior to tissue digestion (adapted with permission
from F. Chen et al. "Expansion microscopy", Science, vol. 347 pp. 543-548, 2015.).

panding it. The tissue is stained for different epitopes using primary and secondary
antibodies, where the fluorescent reporter is attached to the secondary antibody
using an oligomer. This oligomer is then anchored to the gel, to fluorescently map
all the protein positions before digesting away the proteins. A schematic view of
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this method is shown in Figure 1.22.

Figure 1.23: Scheme of ExM protocols using conventional antibodies and fluo-
rophores (reprinted with permission from T.J. Chozinski et al. "Expansion mi-
croscopy with conventional antibodies and fluorescent proteins", Nature Methods,
vol. 13 pp. 485-488, 2016.).

Variants of ExM A drawback of the original ExM protocol was the need for
custom-made oligomer-coupled antibodies which made the procedure somewhat
technical. Two parallel studies from 2016 [125] [126] show that this problem can be
solved by, prior to digestion, anchoring protein fragments to the gel using anchoring
molecules. This facilitates free expansion of the sample without the loss of all
proteins. A scheme of this procedure is shown in Figure 1.23. There are also
modified protocols of ExM which give higher expansion factors, and thus higher
effective resolution. One is called iterative ExM (iExM) and was introduced by the
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Boyden lab in 2017 [127]. As the name implies, this protocol utilizes an iterative
approach where the expanded gel is re-embedded in a new hydrogel and expanded
again. This results in a 20-fold linear expansion with a resulting effective resolution
of ∼ 25 nm. Another protocol developed by the Rizzoli group achieves a linear
expansion factor of around 10X with an effective resolution of 25-30 nm with a
single non-iterative expansion step [128].

Figure 1.24: The MAP protocol. Expansion is facilitated by minimizing PFA
crosslinking of proteins.

MAP In 2016, Kwanghun Chung and his colleagues presented the Magnified
Analysis of the Proteome (MAP) protocol [124]. This protocol also allows the use of
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conventional antibodies and fluorophores, but the procedure differs somewhat from
the ExM based protocols. It is still based on sodium acrylate for the expansion
of the tissue, but it involves no anchoring step nor a digestion step. Instead the
expansion of the tissue is facilitated through minimizing PFA cross-linking and
also by denaturing proteins. A scheme of this procedure is shown in Figure 1.24.
Another major difference to the ExM-based protocols is the labelling strategy, where
epitopes are labelled as a last step before swelling the sample in DI water. Thus,
the distance between the target and the label is not expanded (as in ExM), which
theoretically should result in a slightly higher effective resolution [129].

Variants of MAP MAP has not been applied as much as ExM based protocols
and to our knowledge there are only two applications of MAP outside of the lab of
the inventor, Kwanghung Chung. One is from our group, where a slightly modifed
variant of the protocol is applied to resolve the filtration barrier in kidney tissue
[129], which cannot be considered a development of the protocol, but more an
application of it. The other study is carried out by D. Gambarotto et al., where they
optimize the protocol for centrioles and other cellular structures [130]. The protocol
differs significantly from the original protocol and shows the need for optimization
of the MAP protocol when applied to different biological samples.

CUBIC-X In 2018, T. Murakami et al. presented an expansion protocol, named
CUBIC-X [122], that differs from all the others in the sense that it does not involve
the introduction of polymers into the sample. It is based on the CUBIC protocol
for optical clearing, and in a similar way as in the CUBIC paper, a wide range
of chemicals are screened, but this time to obtain the maximum swelling factor of
mouse brain samples. They show in their work that the tissue itself has polymer-like
properties and can thus be expanded and shrinked depending on the environment
(embedding medium). The CUBIC-X protocol results in a linear swelling of ∼
2.1-2.2, which is around a factor of two lower than the other expansion protocols.

1.6 Advanced Fluorescence Microscopy Imaging Applied to
the Kidney

1.6.1 Intravital Imaging
Since multiphoton excitation was introduced in the early 90’s, it has been shown
that fluorescence microscopy can be performed deep inside living organs, exctracting
information about dynamic organ physiology in a way not possible before [131]. The
technique has been used in fields such as neuroscience and dermatology, to study
angiogenesis, calcium dynamics and tumor cell dynamics [132] [133] [134]. These
methods have been extensively applied in kidney research, since it allows for imaging
up to 200 µm deep inside the cortex of the kidney, reaching into the filtration unit
of the kidney, the corpuscle [135][136] [137] [138] [139] [140] [141] [142]. Using
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these methods, filtration and blood flow dynamics can be studied in the living
organ, which adds invaluable information regarding the physiological function of
the kidney. Although powerful, these methods have their limitations, such as the
moderate spatial resolution and the fluorescent labelling of living organs. Thus,
they need to be complemented by in vitro techniques, providing higher-resolution
information regarding morphology and protein expression on the nanoscale.

1.6.2 Optical Clearing and Large-scale Imaging of Kidneys
Even though some of the early methodological optical clearing-papers papers show
conceptually that kidneys can be cleared and visualized in three dimensions, this
was carried out mostly as "proof-of-concept" [118] [105]. Since then several groups
have developed and applied these methods to kidney research, showing how these
methods can provide new information or improve and simplify analysis of kidney
morpgology. In 2016, Torres et al. showed that by using solvent-based clearing
(BABB) combined with two-photon microscopy, they could segment whole nephrons
and study how nephron morphology changes in a cisplatin-induced model for chronic
kidney disease [143]. They could visualize and quantify parameters such as number
of atubular glomeruli, glomerular number and glomerular volume, parameters that
previously had to be extracted using laborious serial-sectioning techniques. This
study also utilized second harmonic generation [144] to visualize collagen and in
this way quantify the amount of cortical fibrosis. The same clearing and imaging
protocol was later that year further validated and developed by Olson et al. [145].
The same year Puelles et al. applied a similar protocol with BABB clearing, but this
time validated for imaging of whole glomeruli and the quantification of podocyte
number and podocyte volume [146]. In 2017 Klingberg et al. published a non-toxic
solvent-based optical clearing protocol called ECi which they applied, together with
perfusion of a CD31 antibody, to quantify total glomerular number and capillary
tuft size in whole mouse kidneys [106]. A recent study by Saritas et al. applies
both ECi clearing as well as hydrogel-based clearing to study the role of potassium
in the re-modelling of the tubular network in the kidney [147].

1.6.3 Ultra-structural Imaging of the GFB and podocyte Foot
Processes

Light microscopy imaging of the GFB and podocyte substructures started already in
the 19th century, when Gerlach in 1845 discovered the epithelial layer covering the
glomerular capillaries [148]. The first study to observe the branched substructure of
podocytes was carried out in 1915 [149], followed by a series of studies carried out
between 1928-1933 confirming the finding that there is a distinct branched substruc-
ture of podocytes [150]. In 1950, using the recently invented electron microscopy
technique, this finding was further confirmed [151]. In the following decades EM
was used to characterize the units of the GFB including the endothelium, base-
ment membrane and the epithelial branched structures which were given the name
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pedicels or foot processes [152] [153]. With this new tool for visualizing kidney ultra-
structure came also the first observasions of alterations to (loss of) foot processes
seen in NS, i.e. foot process effacement [154]. As stated before, the diffraction-limit
of light microscopy was broken in the mid-90’s and with this also the technological
possibility to explore kidney ultra-structure using light microscopy. However, it
took until 2013 before the first super-resolved images of the GFB were published
[155], and this marked the start of a new era of nanoscale light microscopy imaging
in the kidney as reviewed in [156] [157]. In this section all the known applications
of super-resolution microscopy to kidney tissue will be highlighted.

STORM In a publication from 2013, Hani Suleiman et al. were the first ones to
show the application of super-resolution microscopy to kidney tissue [155]. In this
paper, STORM is used to map proteins in the GFB in very thin sections. They also
perform correlative EM and STORM to map positions of proteins in the filtration
barrier. This approach has since then been used by both the same group and others
to study the expression of different filtration barrier proteins in diseased states [158]
[159] [160].

STED The publication from our group in 2016, shows the application of STED
microscopy in optically cleared kidneys. In this publication the fine structures of
the foot processes and the slit diaphragm are for the first time resolved using light
microscopy [28]. This is achieved by applying an optical clearing protocol prior to
imaging, which significantly increases the signal-to-noise ratio and staining quality
enough to be able to resolve these nanoscale structures in the kidney using STED
microscopy.

SIM In a study from 2016, James Pullman et al. shows that SIM can be applied to
visualize podocytes in human kidneys using a fast sample preparation protocol [161].
This was the first time human foot processes were visualized using light microscopy,
and the authors also show that it can be applied to detect foot process effacement.
This approach was further applied and developed by Karlhans and Nicole Endlich et
al. where they utilized automatic image analysis to quantify different morphological
features of foot processes, such as the width and slit diaphragm length [162]. Since
then, the SIM approach has been used by the Endlich group to study the difference
in foot process morphology between species [163] and also used in a recent study
regarding the role of ARP3 for podocyte architecture [164].

Tissue Expansion Considering the relatively short time these novel sample
preparation techniques have been around, they have been applied quite extensively
to kidney tissue. Our group [129] and the group of Ed Boyden [165] in parallel
applied two different tissue expansion protocols to kidney tissue, showing that both
MAP and ExM based expansion can be used to study foot processes and other
parts of the filtration barrier. About a year later, Chozinski et al. [166] further
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developed the application of ExM to mouse and human tissue and were able to
automatically quantify different morphological parameters of the GFB. Further, as
shown by our group, tissue expansion can be combined with super-resolved STED
microscopy to reach an effective resolution of sub-20 nm. This allows for detecting
individual molecules in the filtration slit [129].
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Chapter 2

Methods

The following section will introduce the experimental sample preparation protocols
applied and developed in this work. Advantages, pitfalls and challenges of all
protocols will be discussed. The protocols have all been shown to be applicable
to high and super-resolution imaging of kidney tissue samples, specifically imaging
of the GFB components. However, the MAP and the STED protocols have also
been shown to be applicable to other types of tissue, such as brain, liver and small
intestine. A schematic overview of all three protocols is found in Figure 2.1a along
with the total duration of each protocol shown in Figure 2.1b. A comparison in
terms of expected imaging results from each protocol can be found in Figure 2.2.

2.1 STED Microscopy in Optically Cleared Kidneys

This protocol was developed during 2014-2015, originally as a tool to study the
large scale morphology in intact kidney tissue. While the protocol was shown
to be of use for this application (Figure 2.3), we also noticed that the signal-to-
noise ratio in these samples was drastically increased. As previously mentioned,
STED microscopy requires a high contrast for optimal results, so we hypothesized
that optical clearing could be utilized as a sample preparation method also for
super-resolved STED microscopy. We showed in our publication from 2016 [28]
that it was only with optical clearing that we could resolve the slit diaphragm by
immunostaining for podocin. The protocol is based on the CLARITY protocol, but
in parallel to other groups we modified the protocol somewhat in order to shorten
the clearing time and obtain successful immunostaining of proteins of interest. The
modifications we made were:

• Acrylamide and bis-acrylamide concentrations were lowered.

• The electrophoretical clearing of the original protocol was omitted and re-
placed by passive clearing @ 50◦C.
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Figure 2.1: (a) Schematic overview of our three different protocols for foot process
imaging, showing the critical steps of each protocol. (b) Total duration for each
protocol.

• Saturated fructose (RI = 1.49) was used for embedding and RI-matching of
samples.

We showed that our first protocol could be used for both large scale (confocal)
imaging of thick kidney slices as well as for nanoscale kidney imaging using STED
microscopy. Since the publication of this protocol in 2015, further modifications
have been made to the protocol. The hydrogel composition has been modified, and
our standard procedure now is to pre-fix samples in PFA and then immerse them in
a hydrogel solution containing 4% acrylamide in 1X PBS with 0.25% VA-044 poly-
merization initiator. This modification shortens the clearing time significantly (by
a factor of around three). We have also verified that complete removal of monomers

40



Figure 2.2: Representative images resulting from each of our foot process imaging
protocols. All samples are mouse kidney samples stained for nephrin using either
Alexa-405 or Abberior STAR 635P.

(acrylamide-free clearing) still preserves nano-scale morphology and results in even
faster clearing of samples, a finding that led to the protocol presented in study 5 of
this thesis. For large scale imaging, we (and others) also found Histodenz (or Om-
nipaque) to be a better alternative than fructose in terms of sample transparency.
Histodenz also does not require as long incubation time for full transparency of
the sample. However, for the STED microscopy application we still use fructose
due to its high viscosity which results in stable mounting of samples. Moreover,
fluorophores are bright and stable in the fructose solution as compared to other
mounting alternatives, which is more important for the STED application than
maximum sample transparency. Our current protocols for both large-scale clearing
and clearing for nano-scale imaging using STED are appended.

2.1.1 Critical Steps with STED/Clearing

Hydrogel Composition As above, the type of sample will govern the concentra-
tions of monomers (acrylamide, bis-acrylamide) in the monomer solution. Higher
concentrations will fix the sample more rigidly, but will result in longer clearing
times. Starting concentrations for different types of samples can be found in the
appended protocols.

Optimization of Clearing Time Depending on several parameters, such as fix-
ation time, fixative, sample size, organ type and the age of the animal, the clearing
time (incubation in clearing solution) will vary. This has to be optimized for each
application, but some good starting points are mentioned in the appended proto-
cols. Over-clearing could compromise sample integrity (especially for nano-scale
imaging) and under-clearing will compromise sample transparency and antibody
penetration, and will also result in a higher background.
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Figure 2.3: Late embryonic (E18) optically cleared rat kidney labelled with WGA
lectin labelling developing tubules and imaged using a light sheet microscope. Scale
bar 0.5 mm, sample thickness ' 2.5 mm.

Mounting As already mentioned, the mounting medium will also depend on
the application. For larger samples, where the highest degree of transparency is
critical, histodenz-based embedding media (omnipaque, RIMS) have been shown
to produce good results. Other options are 1-Thioglycerol and 2-2’-Thiodiethanol
(TDE) but these might partially or completely quench some fluorophores. For
nanoscale STED imaging of the kidney, fructose-based embedding media (SeeDB,
FRUIT) have produced good results in our hands. For STED imaging at large z-
depths (>50 µm), the RI matching to the objective is of highest importance, as 3D
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STED is sensitive to spherical aberrations [167]. For this application, we mix the
fructose at around 74% w/w and fine-tune the RI with a refractometer by diluting
with DI water or adding more fructose to RI = 1.4700 to match the 93X/1.3NA
glycerol objective used for this application.

Imaging When staining for podocin and nephrin in optically cleared kidney sam-
ples the signal is usually strong. This makes imaging of samples reasonably straigth-
forward, although STED imaging is always more challenging than conventional
imaging. However, visualizing the slit diaphragm using the podocin signal as in our
publication [28] is on the resolving limit of STED microscopy when applied to a
biological sample. Thus, care has to be taken that the system is well aligned before
proceeding to imaging. We usually align the system using 80 nm gold-beads to
check the overlap between the STED donut and the excitation focus. Fluorescent
calibration using 40 nm beads is then performed.

2.2 Confocal Super-resolution Imaging of Expanded
Kidneys

In 2017, we applied tissue expansion technology to show that we could image kid-
ney samples at effective nanoscale resolution with a confocal microscope to obtain
similar results as with our previous STED/Clearing approach [129]. We applied the
MAP protocol [124], since this protocol was at the time the only one that utilized
regular antibodies for labelling. After this, we also applied the two variants of the
ExM protocols modified for the use of conventional antibodies and probes [126]
[125]. Our experience with both of these protocols is discussed below.

2.2.1 Kidney imaging using MAP
The protocol we apply in our study is the MAP protocol with some very minor
modifications:

• Fixation of samples before monomer infusion.

• 20% acrylamide in the monomer solution as opposed to 30%.

• Denaturation only at 50◦C and 70◦C, no 37◦C denaturation step.

• Showing compatibility with super-resolution STED imaging.

2.2.1.1 Critical Steps with MAP

Polymer Composition For our application, the original monomer concentra-
tions (sodium acrylate, acrylamide, bis-acrylamide) worked well. However, this
might not be the case for other types of samples, as shown by Gambarotto et al.
where the concentrations of some of the monomers had to be lowered [130]. Thus,
depending on the sample type, polymer composition needs to be fine-tuned.
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Optimization of Denaturation Time Denaturation time will, in the same
way as for the clearing protocol above, vary depending on the type of sample. For
instance, brain samples required much less denaturation time than kidney samples.
Under-denaturation will compromise the expansion parameters of the sample, both
in terms of overall expansion and isotropy. Over-denaturation will in the same way
as over-clearing result in alterations to sample integrity.

Mounting Mounting samples for expansion can be tricky, due to the fragility and
consistency of the samples. Since the samples are mounted in DI water of relatively
low viscosity, sample drift can be an issue during imaging. We handled drift issues
by placing something on top of the gel (such as a Falcon tube lid with some weights
in it) to physically "sandwhich" the sample and keep it in place. Others have
successfully coated coverslips with poly-lysine to keep samples attached [130] while
others polymerized agarose around the sample to stabilize it [168].

Imaging The choice of objective can be important when imaging expanded sam-
ples. Samples are easiest to image using a water objective due to the almost perfect
RI matching of the objective to the sample. This usually makes imaging possi-
ble through the whole working distance, which can be important in these samples
since structures of interest often end up far away from the cover slip. However,
since samples are here imaged using diffraction-limited microscopes, the lower NA
of water objectives will negatively impact resolution. Thus, imaging using a higher
NA oil-objective is suggested if highest resolution is important, although it can be
time-consuming to mount the sample close enough to the cover slip for high-quality
imaging. Further, the imaging of samples should also be optimized to minimize
drift artefacts, using as high scanning speeds as possible and scan image channels
in parallel.

2.2.2 Kidney imaging using proExM

Using the proExM protocol published by Tillberg et al. [126], we could success-
fully resolve foot processes in a pod-cre-tdTomato mouse line, and we could also
resolve microvilli at the brush border in tubules by phaseolus vulgaris erythroagglu-
tinin (PHA-E) staining (Figure 2.4). However, although we tried to optimize the
protocol in several ways, we were never successful in imaging foot processes using
podocin/nephrin staining as we could with other protocols. This could be the result
of the staining procedure in this protocol, where epitopes are fluorescently labelled
prior to digestion and expansion. As we showed in 2016, it is hard to obtain a high
quality staining for podocin in non-SDS-cleared samples fixed with PFA [28]. Thus,
the staining for podocin and nephrin might be of too low quality already before
starting the expansion. One other explanation could be that the digestion steps
used in this protocol interferes with the slit diaphragm integrity.
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Figure 2.4: Nanoscale imaging of the kidney using proExM. (a) Upper image shows
foot processes in a pod-cre-tdTomato kidney, scale bar 3 µm. Lower image shows
zoom of the boxed region, scale bar 1 µm. (b) Upper image shows a proximal
tubule in a mouse kidney stained for glycoconjugates using PHA-E lectin, scale bar
3 µm. Lower image shows zoom of the boxed region, microvilli in the brush border
are resolved, scale bar 1 µm.

2.2.2.1 Critical Steps, proExM Expansion

Polymer Composition The original monomer concentrations worked well in our
hands.

Fluorescent Labelling As mentioned, the proExM protocol utilizes staining
prior to digestion and tissue expansion. This can both be an advantage and a
disadvantage. The protocol is a little more flexible in terms of fixation methods,
which can then be optimized for the antibodies and probes used. However, one
cannot take advantage of the increased antibody penetration and higher epitope
availability that might come with SDS-based de-lipidation and denaturation [130]
[28], which may result in long antibody incubation times for tissue samples to be
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fully labelled [166].

Optimization of Digestion Time As mentioned in the previous chapter, the
proExM protocol utilizes digestion with enzymes to facilitate the free expansion of
samples. We found this step to be highly critical for optimal results. The overnight
incubation in proteinase-K and collagenase as suggested in [126] [125] [166] was in
our hands detrimental for the fluorescent signal of the samples, and no images could
be acquired even using very high laser powers. Thus, we lowered the digestion times
to 2-3 hours for kidney samples, and even shorter for cultured primary neurons (1
hour). We were then successful in acquiring images, but there seems to always
be a compromise between sufficient expansion of samples and loss of fluorescent
signal (originating both from protein (antibody) loss and volumetric "dilution" of
fluorophores). Thus, the digestion time has to be optimized for each sample and
labelling type.

Mounting and Imaging The same suggestions apply to ExM samples as to
MAP samples.

2.3 Pathology-optimized Clearing and Swelling (PaCS)
Protocol Applied to Kidney Samples

Although the protocols described above are powerful in terms of spatial resolution
and localization of proteins in the kidney, they require laborious sample preparation
and advanced imaging modalities. Thus, we set out to develop a simplified protocol,
which required a minimum of advanced equipment and reagents. The resulting
sample preparation protocol is inspired by both acrylamide-free SDS clearing and
urea-mediated tissue expansion. The basis of the protocol is our STED/clearing
protocol described earlier, with the following modifications:

• Shortened fixation time: 1 hour sufficient.

• No polymer embedding. Samples are sectioned (if needed) and immediately
incubated @ 70◦C in clearing solution (SDS).

• Shortened clearing time: 2 hours sufficient.

• Addition of 4M Urea to the fructose embedding medium to slightly expand
the sample.

• Closing down the pinhole to 0.3 airy units, to optimize resolution.

• Using violet/blue dyes to optimize resolution.

• Imaging using a diffraction-limited confocal microscope.
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Figure 2.5: Representative results of the PaCS protocol. By mildly swelling the
sample, choosing a blue/violet dye and closing down the pinhole to 0.3 airy units
(AU) foot processes can easily be resolved in a mouse kidney.

The above modifications results in a 10-hour protocol with very little hands-on
time and few steps, which in terms of simplicity and speed outperforms all pro-
tocols for foot process imaging published to date. The effective spatial resolution
achieved (∼ 100 nm), is sufficient to outline foot processes (Figure 2.5) and quantify
morphological parameters. The detailed protocol is appended.

2.3.1 Critical Steps with Simplified Clearing and Swelling
Protocol

Fixation Time We show that for biopsy-sized (< 3 mm) samples, 1 hour drop-
fixation in 4% PFA is sufficient. However, for larger samples the fixation time has
to be increased for complete diffusion of fixative into the sample.

Clearing Time The protocol is optimized for 300 µm thick sections, where 2
hours clearing @ 70◦C is sufficient. For larger samples, the clearing time probably
has to be prolonged slightly.

Mounting Same applies as to the STED/clearing protocol, but the addition of
urea to the fructose is crucial for a mild swelling of samples.

Imaging The imaging is usually straight forward for anyone familiar with con-
focal microscopy. However, since the pinhole diameter is small, contrast might be
a limiting factor for weakly fluorescent samples. Thus, the optimal pinhole size in
terms of resolution/contrast must be determined for each staining.
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Chapter 3

Summary and Discussion of
Results (Paper I-V)

3.1 Paper I: Stimulated Emission Depletion Imaging in
Optically Cleared Kidney tissue

The finest elements of the mammalian kidney, such as the foot processes and the
slit diaphragm, have previously only been resolved using EM. The reason for this is
that the nanometer-scale dimensions of these structures make them non-resolvable
using conventional diffraction-limited light microscopy. However, since fluorescence
microscopy have some advantages over EM regarding staining density and the num-
ber of different epitopes that can be specifically labelled simultaneously, it would for
some applications be advantageous to be able to image these structures using light
microscopy. Using super-resolution techniques, such as STED microscopy, this goal
could theoretically be achieved. Super-resolution microscopy techniques, however,
puts high demands on sample/staining quality, which can be hard to meet in highly
auto-fluorescent kidney slices. It is also important that the staining is homogeneous
without "disruptions" when trying to reveal nano-scale structures. In this study,
we show that by applying an optical clearing protocol, a lot of these issues can be
partially solved, allowing for STED imaging of slit diaphragm proteins in the kid-
ney, stained with antibodies. The method is also validated for the visualization and
quantification of foot process effacement, where different morphometric parameters
are extracted to quantify the degree of effacement.

3.1.1 Discussion, paper I

Renal pathologists have always been dependent on both light microscopy techniques
as well as EM to be able to confirm the diagnosis of a patient [169]. EM is used
to inspect the subtlest elements of the kidney, such as the GFB, where the reso-
lution of light microscopy is not sufficient. In this paper, podocyte foot processes
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and the slit diaphragm was for the first time resolved using light-based microscopy
methods. This finding allows for the use of the same microscopy method to look
at all scales of the kidney, with possible interest for renal pathologists. However, it
should be stressed that preparing samples using optical clearing is a fairly lengthy
protocol (although not particularly labour intensive or complicated). Further, a
STED microscope is a costly and advanced piece of equipment which often requires
an experienced STED microscopist for optimal use. There are also high require-
ments on the fluorescent reporters used, since these have to be STED-compatible
(bright, photostable etc.). These drawbacks might keep this protocol from being
implemented in clinical practice. However, we expect that the method could be
of use for researchers as a tool to study protein localizations and protein-protein
co-occurance in the foot processes and the slit diaphragm (or other nano-scale struc-
tures in the kidney or other organs). To do this, researchers have previously been
limited to immunogold-labelling for EM, a technique usually suffering from poor
labelling density and limitations in the number of epitopes that can be labelled si-
multaneously [170]. Finally, this paper introduced a parameter called foot process
coverage (later changed to slit diaphragm coverage or slit diaphragm length) which
measures the length of slit diaphragm per capillary area. This value has later been
used in several studies as a measure of the degree of foot process effacement.

3.2 Paper II: Coro2b, a Podocyte Protein Downregulated
in Human Diabetic Nephropathy, is Involved in the
Development of Protamine Sulphate-Induced Foot
Process Effacement

This paper studies coronin 2b (Coro2b), a protein shown by transcriptomics to be
highly enriched in the glomerulus. The general expression pattern of Coro2b was
studied in human kidney samples using immunofluorescence, showing a high ex-
pression in the glomerulus and low in other parts of the kidney cortex. This result
was also validated with qPCR showing a high expression of Coro2b transcript in
the glomerulus but lower in other parts. Using STED microscopy, the expression
in foot processes (FP) was studied by co-staining for the apical membrane of FP
using either a podocalyxin antibody or wheat germ agglutinin (WGA). This anal-
ysis showed that Coro2b is located in the middle-apical part of foot processes with
rare basal expression, contradicting results from other studies. Further, the role of
Coro2b in diabetic nephropathy (DN) was investigated. Immunohistochemistry for
Coro2b in samples from patients with membranous, diabetic and IgA-nephropathy
showed that there was no difference in the expression for membranous and IgA-
nephropathy, but the signal was lower in the DN-sample. This was further validated
by extracting mRNA micro-array data from another study, showing that Coro2b
was among the top-5 down-regulated genes in DN. To further examine the function
of Coro2b in podocytes, a podocyte-specific knock-out (KO) line was generated.
No histological or ultra-structural difference could be observed for KO animals as
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compared to control. Further, control and KO mice were challenged with hyper-
glycemia using streptozotocin (STZ). Both KO and control animals developed a
DN-like phenotype, but no significant differences between groups were observed.
Thus, lack of Coro2b did not affect the outcome of STZ-induced DN. However, by
inducing actin-reorganization by protamine sulfate injection showed that podocytes
lacking Coro2b were partly protected from foot process effacement. Moreover, the
reversion of the PS-induced effacement by injection of heparin sulfate (HS) showed
almost no effect in the KO-podocytes, whereas the recovery was almost total in the
WT podocytes.

3.2.1 Discussion, paper II
One of the findings in this paper is that Coro2b does not seem to be involved in the
maintenance of foot process architecture under normal conditions, shown by the
lack of ultra-structural phenotype to Coro2b-KO podocytes as visualized by EM.
However, this study suggests that Coro2b has a role in the development of DN by
studying human clinical samples. Contradictory to this, the generation of a Coro2b
KO mouse line showed no significant difference in the development of DN in a STZ-
induced model neither in terms of histology and GFB ultra-structure, nor in terms of
clinical parameters. Since the indications are strong that Coro2b has an effect in the
development of DN in humans, this finding might reflect the fact that DN models
in mice have previously been shown to differ significantly from the DN pathogenesis
seen in humans. Thus, more studies are needed to decipher the role of Coro2b in
DN. The results from the PS-induction of foot process effacement indicates that
Coro2b might have a role in the re-distribution of the actin cytoskeleton in FP’s,
but also here more studies are needed to further dissect the role of Coro2b in
actin re-organization. In this study we show a different use of the STED/Clearing
protocol, where we can determine the lateral localization of proteins in FP’s by
using multiplexed immunolabelling.

3.3 Paper III: Confocal and Stimulated Emission Depletion
Imaging of Expanded Kidneys

In paper I, we showed that the slit diaphragm of the kidney can be resolved with
light microscopy using optical clearing together with STED microscopy. However, a
STEDmicroscope is a costly piece of equipment, far from available to all researchers.
Thus, it would be beneficial to be able to image these nano-scale structures using
more conventional microscopy techniques. We show in paper IV that by applying
expansion microscopy methods to kidney tissue, the foot processes and the slit di-
aphragm can now be resolved using fairly standard and cheap laboratory equipment
and diffraction-limited confocal microscopy. Using this approach, we demonstrate
that it is possible to study three-dimensional nano-scale protein distributions and
morphology in both healthy and diseased podocyte foot processes. Finally, ex-
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panded samples are imaged using STED microscopy, which further pushes the res-
olution into the sub-20 nm range. This allows for individual protein complexes in
the slit diaphragm to be resolved.

3.3.1 Discussion, paper III
In this study, some of the drawbacks mentioned in paper I have been adressed and
improved upon. The duration of the protocol is slightly shorter, the microscope
used is a confocal microscope and the fluorophores that can be used are the same
as for conventional diffraction-limited microscopy. Also, as compared to STED
microscopy in optically cleared samples, the acquisition of large z-stacks for 3D vi-
sualisation is less demanding. Bleaching of the fluorophore is often a problem when
acquiring z-stacks using STED microscopy, due to the high laser powers used. This
is rarely an issue using confocal microscopy with sensitive detectors, and several
multi-color z-stacks can be acquired in a relatively straight forward manner. Taken
together, these improvements should make the method more appealing for clinical
pathologists, as now both large-scale and nanometer-scale morphology can be stud-
ied in the same sample, with fairly standard reagents and lab equipment. Regarding
STED microscopy in combination with expansion microscopy, it is an interesting
path to pursue, as the effective resolution is theoretically below 10 nanometers,
thus starting to compete with immuno-EM (i.e. labelling using 5-15 nm gold-beads
conjugated to antibodies). However, care has to be taken regarding what possi-
ble artefacts could be introduced at the nanometer-scale by the method itself, and
thus control experiments have to be carried out before drawing conclusions at this
resolution level.

3.4 Paper IV: Mediator Complex Subunit 22 is Necessary
for Glomerular Homeostasis by Regulation of Podocyte
Vesicular Trafficking

The mediator complex is an assembly of proteins involved in activation of tran-
scription. This study investigates the role of the mediator complex in the kidney.
Firstly, the human protein atlas (HPA) was screened for 30 different mediator com-
plex subunits, where subunit 21 and 22 stood out with a high glomerular expression.
As earlier studies showed that mediator complex subunit 22 (Med22) mRNA was
enriched in the glomerulus, this study focused on this subunit. Its localization to
glomeruli was further validated by both RT-PCR and immunofluorescence. To fur-
ther study the role of Med22 a mouse line with podocyte-specific inactivation of the
Med22 subunit was generated. KO-mice became massively albuminuric at the age
of 12 weeks, and died prematurely at the age of 20 weeks due to renal failure. Inter-
estingly, large vesicle-like structures could be seen using EM from the age of 8 weeks
and using histology from the age of 12 weeks. These vesicles showed negativity for
lipid staining using oil red, and lacked a glycocalyx layer. Since these vesicles were
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reminiscent of sub-podocyte space, two independent imaging methods were applied
to investigate this. By inactivating Med22 in podocytes expressing cytosolic td-
Tomato, novel tissue expansion methods in combination with confocal microscopy
could be used to perform three-dimensional imaging of whole podocytes at sub-100
nm lateral and sub-200 nm axial effective resolution. This analysis showed only
a small fraction of vesicles with suspected connection to urinary space. Addition-
ally, serial sectioning EM showed no connections to urinary space at all, showing
that the vesicles are intra-cellular spherical vesicles and not sub-podocyte space.
Immunoflurescence shows an up-regulation of endocytosis marker caveolin and lyso-
somal marker LAMP-2. These findings were not validated by RNA-seq data, but
this data showed the down-regulation of genes involved in vesicle re-cycling, which
might explain the progressive vesicle formation in podocytes, results also validated
by immunofluorescence and single-cell RNA-sequencing. Finally, it is shown that
inactivation of the Med22 complex in proximal tubular cells shows no impairment
of kidney function or histology, indicating that the Med22 has a podocyte-specific
role in the kidney.

3.4.1 Discussion, paper IV
This study reveals, using several independent methods, the critical role for Med22
in kidney biology. The study sheds light on the importance of vesicular trafficking
for the maintenance of a healthy podocyte and filtration barrier, where Med22
is shown to be a key player. The exact mechanisms behind the formation and
progressive nature of the vesicles are still elusive, and has to be studied more in
detail. This paper shows an application of tissue expansion methods to study
podocyte pathology using cytosolic tdTomato expression for "staining" the cytosol.
This rationale might be used in any study where vesicles or other intracellular
compartments or organelles are studied. The concept is similar to the SUSHI
protocol [171], where the idea is to make everything apart from the object of study
fluorescent, i.e. "negative" staining.

3.5 Paper V: Renal diagnostics using a simplified optical
clearing and swelling protocol

In paper III, we showed that we could perform super-resolved imaging in kidneys
without the use of a super-resolution microscope. However, the sample preparation
protocol presented in this paper is still somewhat technical, involving the introduc-
tion of a polymer into the sample and with several parts of the protocol needing to
be optimized for different applications. It is also a relatively long protocol taking
three days or more from dissection of the tissue to imaging of the sample. There-
fore, we set out to develop a simple and fast protocol for foot process imaging
providing high enough resolution for the visualization of foot processes and the
GFB. We ended up with a simpler and shorter version of our clearing protocol
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which mildly swells samples a factor of around 1.3. On top of this the confocal
imaging is optimized by choosing dyes with a short excitation wavelength as well
as closing down the confocal pinhole. This 10-hour protocol results in an effective
resolution of around 100 nm, sufficient for resolving foot processes in both mice and
humans using conventional confocal imaging. We validate that the protocol can be
used to detect both large- and nano-scale pathological features, such as foot process
effacement, GBM abnormalities, glomerulosclerosis, interstitial fibrosis, atheroscle-
rosis, loss of slit diaphragm proteins, focal thickening of the Bowman’s capsule
and tubular dilatation. All of the parameters are extracted using the same sample
preparation protocol and microscope type.

3.5.1 Discussion, paper V
Since it has now been shown that also nano-scale pathologies in the kidney can be
imaged using light microscopy, the possible use of these methods in the clinic has
been discussed in many studies. However, there is still to our knowledge no use
of these methods in routine pathology. This can possibly be attributed to the fact
that these methods still are relatively new and that pathology labs have not yet had
the time to adapt their work-flow. It could also be due to the fact that no studies
have convincingly shown that they can, using a fast and straight forward protocol,
replace the EM analysis used today. All protocols published so far either takes a long
time (several days) or contain labour intensive and technical steps such as polymer
embedding, paraffin embedding and thin sectioning or the use of high-end expensive
super-resolution microscopes. We show for the first time that we can extract both
histological and ultrastructural information from large intact samples using just
PFA fixation and a highly simplified staining and clearing/swelling protocol. Our
hope is that this will lower the threshold for pathologists to utilize light microscopy
also for the evaluation of GFB health in the future.
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Chapter 4

Additional Data from Ongoing
Projects

4.1 Elucidating the pathogenesis of focal segmental
glomeruloscelrosis using CRISPR/Cas9 mediated
genome editing

4.1.1 Introduction

This ongoing project seeks to decipher the pathogenesis of FSGS with the use of
a genetic mouse model, generated using CRISPR/Cas9 mediated genome editing.
The mouse has two compound-heterozygous point mutations in the podocin gene
(R231Q/A286V), mimicking a compound-heterozygosity seen in human patients
with late-onset FSGS (R229Q/A284V) [172] [173]. Histologically, the mice start
showing an FSGS phenotype at 8 weeks and onwards, and before this time-point
(0-4 weeks) there is no difference in terms of sclerotic lesions between compound-
heterozygous mice and their wild-type (WT) litter-mates. The mice are mildly
proteinuric in their first four weeks of life, whereas proteinuria markedly increases
at 8 weeks of age, leading to ESRD and premature mortality. As part of this
project, STED microscopy and tissue clearing is applied to study how foot process
morphology and protein expression is altered during the course of the disease.

4.1.2 Preliminary Results

By using the clearing/STED protocol from paper 1 of this thesis, nanoscale imaging
of podocin and nephrin in the SD of control and mutated mouse kidneys can be
carried out (Figure 4.1). The overall 3D expression of podocin in the glomerulus is
clearly altered and the decreased coverage of SD is apparent already at this scale
(Figure 4.1(a-b)). 2D STED imaging shows in higher detail how the SD length
per capillary area is decreased and also that general FP morphology is affected
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Figure 4.1: 2-color 3D and 2D STED images of FP in control and mutated
mouse kidneys. (a-b) 3D rendering of a whole glomerulus following immunola-
beling with an anti-podocin antibody from a control (a) and a R231Q/A286V (b)
mouse at 4 weeks. Scale bars 20 µm, z-stack size 10 µm. (c-d) STED images of
cleared control (c) and R231Q/A286V (d) samples after immunolabelling with anti-
nephrin and anti-podocin antibodies. Foot process morphology is clearly altered
in R231Q/A286V (d) as compared to the control (c) sample. Scale bars 1 µm.
(e-f) Line plots of the ROI’s marked in images. The fluorescence signal (arbitary
units) of podocin (green) and nephrin (magenta) is plotted against distance, show-
ing the loss of the two-sided expression of podocin on both sides of the nephrin
signal (marking the SD).

(Figure 4.1(c-d)). 2-color images also indicate alterations to the podocin expression
at the SD. The expression appears more patch-like and heterogeneous and the
distinct expression of podocin at both sides of the slit diaphragm is not apparent
in mutated animals (Figure 4.1(c-f)). Further, by imaging kidneys from animals
of different ages, the nano-scale changes in FP morphology in mutated mice can
be studied over time. These images show that an altered FP architecture is a
congenital condition in these mice with significant alterations long before the onset
of heavy proteinuria (Figure 4.2). To try and put these obvious morphological
changes into numbers, we performed a morphometric analysis of how foot process
architecture changes as FSGS progresses (Figure 4.3). The widths and lengths
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Figure 4.2: 2D STED microscopy images at different time-points demonstrates
progressive alterations to FP morphology.(a) STED images of cleared control tissue
at different time points illustrate the persistent dense coverage of slit diaphragm
across the capillary. (b) STED images of cleared R231Q/A286V tissue at different
time points. A clear decrease in SD coverage and alterations to FP morphology are
apparent already from birth, with a seemingly progressive phenotype. Scale bars
correspond to 2 µm (upper panels) and 1 µm (lower panels).

of FP’s are measured manually at 5 different timepoints (0, 2, 4, 8 and 20 weeks)
showing that the relative difference in FP length between control and mutated mice
stays more or less constant over time. However, FP become progressively wider as
disease progresses (Figure 4.3a). In a similar way as previously described [162], the
SD length per capillary area is semi-automatically measured, showing a marked
decrease at later time points (Figure 4.3b).
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Figure 4.3: Morphometrical analysis of FP morphology at five different time-points
in a mouse model for FSGS. Red denotes mutated animals and black denotes WT
littermates. (a) Manual measurement of FP length and width. Relative to control
mice, FP width gradually increases over time while FP length is congenitally de-
creased, and then stays more or less constant. (b) Semi-automatic measurement
of SD length per area shows a progressive decrease over time, meaning that the
effective filtration area in mutated mice is decreased in later stages of the disease
progression.

4.1.3 Discussion

The preliminary results from this project highlight some of the advantages of using
light microscopy for studying the progression of kidney disease. Three-dimensional
imaging of slit diaphragm proteins can show global alterations to the expression
patterns in a way previously not possible to screen using EM. Moreover, also in
this project it is evident that large amounts of data can be collected from samples,
facilitating a high-throughput quantitative analysis of foot process morphology.
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4.2 Gene regulatory reprogramming by WT1 in murine
podocytes affected by hereditary FSGS

4.2.1 Introduction
This study focuses on the role of the transcription factor Wilm’s tumor suppres-
sor 1 (WT1) in the transcriptional programming of podocytes. WT1 is the most
abundant transcription factor in the podocyte, crucial for its integrity and mainte-
nance [174]. WT1 mutations are associated with profound developmental defects
and/or syndromes which often tend to involve kidneys [175] [176] [177], and it has
previously been shown that the complete deletion of one WT1 allele leads to FSGS
in humans and mice [178] [179]. By studying a mouse line with heterozygous dele-
tion of WT1, this study seeks to elucidate details regarding the WT1-mediated
transcriptional programming in the podocyte.

4.2.2 Preliminary Results
Even though this project has mostly been focused towards the effect of WT1 het-
erozygous deletion (WT1 het del) on gene and transcript reprogramming, focus will
here be directed towards the super-resolution imaging performed in the study. The
WT1 het del mice develop FSGS between the age of 4-12 weeks, as shown both
in histopathology and by the detection of heavy proteinuria. EM imaging shows
that these mice develop a notable phenotype in the GFB with a drastically thick-
ened and heterogeneous ("bumpy") GBM. We here use tissue clearing and STED
microscopy to furhter investigate this phenotype and also visualize the expression
of different GFB proteins. Figure 4.4 shows the expression patterns of three dif-
ferent GFB proteins in control and WT1 het del mice at two different timepoints
(4 and 12 weeks). The "bumpy" GBM is apparent as well as mild FP effacement
as shown by breaks in the nephrin signal. Line plots (Figure 4.4b) and also the
semi-automatic GBM thickness measurements (Figure 4.4c) show that there is a
progressive thickening and increased thickness heterogeneity (more "bumps"), as is
apparent both in images and from larger error bars (standard deviation)).

4.2.3 Discussion
Also the preliminary results from this project show the power of these techniques
as a tool for studying both morphology and protein expression of the GBM. In this
project we show that the clearing/STED protocol can also be used for analysing
and extracting parameters regarding the GFB not only "en face" but also in a
cross-sectional manner as is common with transmission EM.
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Figure 4.4: 3-color STED imaging and analysis of the GFB in WT1 het del mice. 4
weeks old control and 4 weeks and 12 weeks old WT1 het del cleared kidney samples
were stained for β1-integrin, collagen IV and nephrin and imaged using STED mi-
croscopy. Scale bars 2 µm. (b) Line plots (blue = nephrin, green = collagen IV, red
= β1-integrin) of the areas marked in the images showing expression of the three
proteins in the GFB and the progressive thickenning of the GBM in WT1 het del
samples. (c) Workflow for measuring GBM thickness using a semi-automatic ap-
proach based on custom-written MATLAB code. Plots show a markedly increased
GBM thickness in WT1 het del mice as compared to control animals and also
larger error bars (± standard deviation) reflecting the more heterogeneous GBM
thickness.
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Chapter 5

Discussion and Future perspectives

5.1 Role of Light Microscopy in Kidney Research

As reviewed in earlier sections of this thesis, there has over the last decade been an
explosion of light microscopy based techniques for imaging the nanoscale structures
in the filtration barrier of the kidney. Some of the techniques have already started
to be applied to biomedical research questions, as shown in papers and manuscripts
included in this thesis, and also by other groups. One can assume that EM will still
be a work-horse technique for kidney research questions where the absolute highest
spatial resolution is needed. However, with the new light microscopy protocols
for foot process visualization, we believe foot process imaging will become more
accessible to a larger group of researchers. These novel techniques are gradually
becoming more user-friendly and less technical [157] [156]. The advantages of using
light microscopy as opposed to EM include:

• Fluorescent labelling of targets using antibodies or other probes allows for
spectral separation, facilitating the study of nanoscale multiplexed protein
topology.

• Optical sectioning with several 3D imaging solutions (3D STORM, 3D SIM,
3D STED, confocal etc.) facilitates the access to 3D imaging in an intact
sample.

• Sample preparation can be less laborious and technical.

• For the protocols utilizing conventional diffraction-limited microscopy, the
imaging equipment is cheaper and more user-friendly

5.1.1 Spatial Resolution
One disadvantage of exchanging EM for light microscopy is the loss of spatial reso-
lution. However, since it has been shown by both our group [129] and others [130]
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[180] [181] that tissue expansion can be combined with super-resolution microscopy
modalities, also the resolution gap is getting smaller. However, it should be said
that EM still provides unprecedented resolution, and will thus still be an important
tool when studying renal ultrastructure on the sub-10 nm scale.

5.1.2 Labelling
Another disadvantage of light (fluorescence) microscopy is that only labelled struc-
tures are visualized, which can make it challenging to view the overall morphology
of the sample. However, we show in our last publication that by combining differ-
ent labelling probes, we can to some extent also solve this shortcoming. Another
circumvention is to use genetic mouse models with cytosolic expression of fluores-
cent proteins as already demonstrated by us [129] and others [166]. Hopefully, a
broader use of light microscopy methods in kidney research will trigger the devel-
opment of labelling strategies also for the optical visualization of nano-scale kidney
morphology.

5.1.3 User-Friendliness
One of the arguments for choosing light microscopy imaging over EM for the visual-
ization of podocyte substructure has been that the EM sample preparation protocol
is laborious and time-consuming. However, the first protocols presented for opti-
cal imaging of the GFB were also long and laborious. Our first protocol using
STED microscopy contained a novel optical clearing step, which might deter users
from using it. This critique was taken up in some later publications where faster
protocols using conventional paraffin-embedding or cryosectioning protocols were
presented [161] [162]. These protocols result in sufficient resolution for resolving
human foot processes in health and disease. However, the protocols both require
thin sectioning of the sample, which might require some craftsmanship from the
user and limits the access to the depth dimension. The protocol presented in study
5 of this thesis is as fast as the fastest published protocols, requires only simple
Vibratome sectioning and contains far less interactions and reagents. Our hope is
that this protocol will in the future make GFB imaging and quantification far more
accessible to researchers. This protocol is highly versatile and can be optimized for
deep 3D imaging by longer antibody incubations as well as higher resolution by the
use of super-resolution microscopy. We hope that this protocol along with other
optimizations will decrease the threshold for researchers to use these methods in
the future.

5.1.4 Summary
Considering the points listed above, there are reasons to believe that EM methods
will to a large extent be replaced by light microscopy methods for research questions
regarding the foot processes and other constituents of the GFB. As shown in several
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projects/papers in this thesis and also by other groups [160] [164] these techniques
have already started to be used by kidney research groups to answer biomedically
relevant questions regarding kidney function and pathology.

5.2 Role of Light Microscopy in Kidney Pathology

As reviewed in the first chapter of this thesis, kidney pathology comprises three
different imaging protocols. The IF- and histology-protocols are further sub-divided
into different staining protocols resulting in up to 15 different samples that have to
be prepared and evaluated. Consequently, this procedure takes up a lot of resources
both in terms of material and staff. The work-flow has been more or less static over
the last 50 years, and the reason for this might include:

• Advantage of having standardized, stable protocols that are "known to work".

• Limited development of both EM and LM methods.

• Diagnostics is based on the methods used, and changing the methods would
likely also change analysis approaches.

• Conservatism/See no gain.

5.2.1 Condensing Pathology into One Protocol
With the advent of light microscopy based methods for foot process imaging, there
might be reason to revise the methods used in pathology today. It has been shown
by us in paper 5 of this thesis and also by other groups [165] [161] [162] that these
novel protocols can be used to detect and quantify effacement and changes in the
GBM in human clinical samples in a similar way as EM. When viewing these pro-
tocols one by one, they might not be apparently faster or less complicated than the
preparation and imaging of EM samples. However, the gain could be that these
protocols can all be fused with the existing protocols for light microscopy imaging.
For instance, the protocol presented by Pullman et al. [161] works with fresh-frozen
material, the sample preparation protocol already used for IF today. Further, the
protocol presented by Siegerist et al. [162] works with paraffin-embedded material
and can thus be performed on the samples already today prepared for histology.
However, with the protocol presented by us in study 5, we believe that all renal
pathology could potentially be condensed down into one single work-flow, schemat-
ically presented in Figure 5.1. We show that with this protocol, we can perform
fluorescence-based histology in thick human kidney samples utilizing the optical
sectioning capability of confocal microscopy. Further, we show that we can readily
perform immunofluorescence labelling for different epitopes in the tissue and visu-
alize both large-scale and nano-scale protein distributions. Lastly, we show that
we can visualize the nano-scale morphology of the GFB using conventional confo-
cal microscopy. Thus, we have showed that technical possibilities are already here
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Figure 5.1: Proposed new work-flow for kidney pathology, condensing all analysis
of morphology and protein expression into one protocol for diagnostics.

for an "all-in-one pathology" work-flow for renal diagnostics. Before this becomes
reality, some areas still need to be further refined and optimized, such as:

• Development and validation of robust stains for large-scale fluorescence his-
tology.

• Validation of the immunolabelling for immunoglobulins and complement fac-
tors carried out in IF today.

• Validation of light-microscopy based GFB pathology, can all crucial parame-
ters be extracted?

With a focused collaboration between pathologists, engineers and other researchers,
we hope that these issues can be resolved and that we can move towards a new,
drastically simplified but still accurate and stable optical protocol for renal diag-
nostics.
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