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Abstract

Kidney diseases affect an increasing number of people worldwide, and there is a growing demand
to develop new treatments and increase the number of transplantable organs. New treatments can
be designed when new knowledge is gained by studying the details of kidney development. The
ex vivo culture techniques have been used for over a century to study the development of kidneys,
but they are not optimal for long-term imaging and following the nephrogenesis process over time.
Kidney organoids, which are cellular aggregates resembling the in vivo kidney, together with
intact embryonic kidneys, present a platform for these studies. However, there are limitations
when working with primary embryonic kidney cells. Primary embryonic metanephric
mesenchymal cells are usually low in number and lose the ability to undergo nephrogenesis
rapidly. New ways to culture, biobank, and transfect cells can offer ways for functional testing of
the effects of different genes on the nephrogenesis.

This study presents new tools for studying nephrogenesis. Time-lapse imaging of organ
development may be enhanced by using a Fixed Z-direction (FiZD) culture system where the
kidney explant is grown in a restricted 70μm space. The technique enables the segmentation of the
individual cells in a two-dimensional image and a dynamic analysis of the time-lapse data.

This study also presents a technique of dissociation and reaggregation of the uninduced kidney
metanephric mesenchyme (MM). With this novel method of culturing the dissociated MM cells in
a growth factor medium for 24 hours, the cells can keep their competence for nephrogenesis. This
technique allows the genetic manipulation of the MM cells before the induction to form nephrons,
allowing functional testing of genes in the metanephric mesenchyme.

This study further presents different techniques for gene editing of MM cells and introduces
biobanking of primary kidney cells. It is shown here that the MM and ureteric bud (UB) cells have
the capability to remember their fates and build nephron-like structures or continue branching after
the cryopreservation in the liquid nitrogen. The methods introduced here provide new ways to
create kidney organoids, manipulate their genome, and biobank the primary embryonic kidney
cells. The developed FiZD culture system enhances the imaging of kidney development compared
to the previously used culture methods. Using this method, the morphogenesis of the developing
kidney can be followed more precisely, even in a single cell level. This culture method may also
be used to culturing other organs, such as ovary, and may help provide insights into the
development of other tissues as well.

Keywords: dissociation and reaggregation, kidney development, nephrogenesis, organ
culture, time-lapse imaging
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Tiivistelmä

Munuaissairauksiin sairastuvien määrä on lisääntynyt maailmanlaajuisesti, ja se on aikaansaa-
nut tarpeen uusien hoitokeinojen sekä siirtoelimien kehitykseen. Näiden kehittämiseksi tarvit-
semme uutta tietoa munuaisen kehityksestä ja toiminnasta. Munuaisen kehitystä on tutkittu ex
vivo -viljelyn avulla jo yli vuosisadan ajan, mutta nykyiset elinviljelytekniikat eivät ole kuiten-
kaan optimaalisia pitkäkestoiseen time-lapse-kuvaukseen.

Tässä työssä käytetään munuaisen kehityksen tutkimiseen hiiren alkion munuaisia sekä
munuaisorganoideja, jotka ovat munuaissoluista koostuvia ja aitoa munuaista mallintavia solu-
aggregaatteja. Primaaristen munuaissolujen käyttöön sisältyy rajoitteita, ja tämä luo tarpeen
uusien organoiditekniikoiden kehitykseen ja optimointiin. Primaarisia munuaissoluja on yleensä
käytettävissä pieniä määriä, ja ne eivät myöskään sovellu pitkäkestoiseen kasvatukseen, koska
ne menettävät nopeasti kykynsä muodostaa nefroneita. Uusien tekniikoiden avulla voidaan
parantaa näiden solujen kasvatusta, säilytystä ja transfektointia ja edistää eri geenien vaikutuk-
sia tutkivat funktionaaliset testaukset.

Tässä tutkimuksessa esitetään uusia työkaluja nefrogeneesin tutkimiseen. Elinten kehitystä
seuraavan time-lapse-kuvauksen laatua voidaan parantaa käyttämällä tässä työssä esitettyä
FiZD-kasvatusmenetelmää, jossa munuaiseksplantti kasvaa rajoitetussa 70μm:n tilassa. Kuvat
ovat korkealaatuisia, ja se mahdollistaa 2D-kuvan yksittäisten solujen segmentoinnin ja solujen
liikkeiden dynaamisen analyysin.

Lisäksi tässä tutkimuksessa esitetään ei-indusoidun munuaismesenkyymin käsittelyyn kehi-
tetty dissosiaatio- ja reaggregaatiomenetelmä. Munuaisen kehityksen alkuvaiheessa on mahdol-
listaerottaa nefroneja muodostava metanefrinen mesenkyymi (MM) sekä munuaisen kokoajaput-
kiston muodostava ureterin silmu. Metanefrinen mesenkyymi voidaan hajottaa yksisolususpensi-
oksi, säilyttää 24 tuntia kasvutekijämediumissa ja tämän jälkeen reaggregoida ja indusoida muo-
dostamaan nefroneita. Tämä tekniikka mahdollistaa MM-solujen geneettisen muokkauksen,
ennen kuin munuaisen kehitys alkaa.

Tämä tekniikka mahdollistaa myös dissosioitujen MM solujen geneettiset muokkaukset.
Geenien yliekspression tai hiljentämisen avulla voidaan tehdä funktionaalisia kokeita näiden
muutosten vaikutuksesta nefrogeneesiin. Lisäksi tässä työssä esitetään munuaisprogenitorisolu-
jen säilömistä syväjäädytyksellä. Munuaisprogenitorisolut voidaan säilöä nestetyppeen, minkä
jälkeen ne ovat edelleen kykeneviä muodostamaan nefronirakenteita tai haarautumaan.

Tässä väitöskirjatyössä esitettyjen menetelmien avulla on tulevaisuudessa mahdollista saada
lisätietoa munuaisten kehitysprosessista. Kehitetty FiZD-kasvatusmenetelmä parantaa munuai-
sen kehityksen kuvantamista ja mahdollistaa yksittäisten solujen seuraamisen. Tämä kasvatus-
menetelmä sopii myös muiden elinten, kuten munarauhasten, ja kudosten kasvatukseen, ja sen
avulla voidaan saada tietoa myös niiden kehityksestä.

Asiasanat: elinviljely, munuaisen kehitys, nefrogeneesi, time-lapse kuvantaminen
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1 Introduction  

The kidney is a vital organ and is required for keeping the homeostasis of our body 

system and filtering the metabolic waste products from the blood. The kidney also 

has many other functions, such as regulating blood pressure, and taking part in 

erythrocyte production, acid regulation, and water-level balancing. The around one 

million nephrons in one human kidney can filter 1.1 litres of blood in a minute and 

excrete 1 to 2 litres of urine a day (Little & McMahon, 2012; McMahon, 2016). 

The filtering of the blood is done in the glomeruli of the nephrons. The filtered 

blood goes back into the bloodstream and the extracted waste products are 

processed in the proximal tubule, the loop of Henle, and the distal tubule before 

passing to the urinary bladder. How this complex organ develops has been under 

scrutiny for a long time. The fundamentals of kidney development became known 

decades ago (Grobstein, 1956; Saxén, 1987) but the details on the cellular level and 

the molecular signalling networks are still largely unknown. Because the kidney 

development in vertebrates is highly conserved it has traditionally been studied 

using animal models, such as the mouse, rat, frog, and zebrafish models, and ex 

vivo tissue culture systems. More recently it has also become possible to use human 

cells thanks to advancements in embryonic stem cell (ES), human pluripotent stem 

cell (hPS), and induced pluripotent stem cell (iPS) cell culturing techniques 

(Araoka et al., 2014; Morizane & Bonventre, 2017; Takasato et al., 2016).  

In the beginning, the developmental processes were studied by examining the 

developing organs and collecting the knowledge by drawing or imaging different 

stages of development. As imaging technologies progressed, more detailed 

information could be obtained. Developments in molecular biology methods have 

made it possible to observe and study the function of different genes and their 

products, and also to make a genome-wide analysis of kidney development or 

disease (Lehmann et al., 2015; Li et al., 2016; Yan, Yao, Bachvarov, Saifudeen, & 

El-Dahr, 2014).  

The function and development of the kidneys have been studied to be able to 

explain kidney malformations and diseases, and to find new ways to treat them. 

Chronic kidney disease (CKD), where the function of the kidney is gradually lost, 

has become a world-wide healthcare problem, often leading to end-stage kidney 

disease (ESKD) when the kidney function is lost, and the patient requires either 

haemodialysis treatment or a kidney transplant. Congenital anomalies of the kidney 

and the urinary tract (CAKUT), and kidney cancer further increase the need for 

new therapies and transplantable organs. However, because there are not enough 



18 

kidneys available to be used as transplants this also creates a demand for the ability 

to manufacture transplantable organs. As a result, in recent years there has been an 

increased interest in the studying of organoids, three-dimensional organotypic 

cultures which resemble the in vivo organs. Kidney organoids have been shown to 

possess some of the necessary functions and in the future it might be possible to 

grow them into transplantable organs (Schmidt-Ott, 2017).  

The aim of the work recorded in this thesis was to develop new experimental 

in vitro techniques that aid the study of mammalian kidney development. There are 

limitations when using primary embryonic metanephric mesenchymal cells. The 

manipulation of the cells is limited because when they are separated from the 

ureteric bud they quickly lose their competence for nephrogenesis. This makes the 

genetic manipulations of the cells prior to induction challenging. Also, the number 

of cells is usually limited and ways for storing the cells for future use would bring 

advantages for larger-scale experiments. The current culture systems are 

unfortunately suboptimal for imaging of the developmental process, while the 

introduction of new morphogenetic data is needed to gain a better understanding of 

the complex processes involved in kidney development. 
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2 Review of the literature 

2.1 Kidney development and function 

Kidney is a paired organ the function of which is to filter waste products from the 

blood, balance the body´s fluid composition, release hormones to regulate the blood 

pressure, produce the active form of vitamin D, and to control the production of 

erythrocytes. The kidney comprises of nephrons, which filter and concentrate the 

urine from the blood circulation and a ureter, which drains the urine to the bladder 

(McMahon, 2016). The number of nephrons in each kidney varies greatly among 

individuals and a normal human kidney can have from 200,000 to 1.8 million 

nephrons (Hoy et al., 2003; Hughson, Farris, Douglas-Denton, Hoy, & Bertram, 

2003). A mouse kidney has 12,000 to 16,000 nephrons in each kidney (Short et al., 

2014). During development, the number of nephrons formed depends on genetic, 

epigenetic, and environmental factors. 

The urogenital system, the kidneys, the gonads, and their duct systems develop 

from the intermediate mesoderm. The Odd-skipped related transcription factor 1 

positive (Osr1) intermediate mesoderm is present on both sides of the embryo, 

giving rise to the Paired box 2 (Pax2) positive, LIM Homeobox 1 (Lhx1) positive, 

and GATA Binding Protein 3 (Gata3) positive nephric ducts. Both the ducts 

elongate caudally and become epithelialized (Dressler, 2009; Mugford, Sipilä, 

McMahon, & McMahon, 2008). Three pairs of excretory organs are formed 

alongside the nephric duct during development (Figure 1). For mammalians, only 

the last one is the permanent kidney and the previous stages disintegrate during 

development. In lower vertebrates the pronephros functions as an essential 

excretory organ (Zhou, Boucher, Bollig, Englert, & Hildebrandt, 2010).  

First to be formed are the transient pronephric tubules or pronephros. The 

development continues in the caudal direction and the second to form is a set of 

kidney tubules, called the mesonephros. The mesonephric tubules also regress later. 

The last and permanent kidney, the metanephros, is formed closest to the caudal 

part starting at the embryonic day (E) 10.5 in mice. Its development begins when a 

metanephrogenic mesenchyme starts to form on the posterior region of the nephric 

duct. The mesenchyme produces glial cell line-derived neurotrophic factor (GDNF) 

which activate the proto-oncogene tyrosine protein kinase receptor Ret and its co-

receptor GDNF family receptor α1 (GDFR- αl), causing a branch to grow out from 

the duct (Durbec et al., 1996; Kuure et al., 2005). This branch, the ureteric bud, 
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invades the mesenchyme and the kidney development continues in a reciprocal 

fashion; the ureteric buds induce the mesenchyme to condense and form nephrons 

and the mesenchyme in turn send signals to the ureter to further grow and branch 

(Grobstein, 1953; Saxén, 1987). The Ret tyrosine kinase is also later needed for the 

branching of the UB (Kuure, Chi, Lu, & Costantini, 2010). 

 

Fig. 1.  Stages of kidney development. The vertebrate kidney, originating from the 

intermediate mesoderm (cross-sectional view) (A), and develops through intermediate 

stages. Alongside the nephric duct (B) first form the transient pronephric tubules (C), 

then transient mesonephric tubules (D) and last, closest to the cloaca is the permanent 

metanephros (E). The schematic is modified from (Dressler, 2009) 

The metanephric mesenchyme is a combination of Six homeobox 2 (Six2) positive 

and Cbp/P300 interacting transactivator with Glu/Asp rich carboxy-terminal 

domain 1 (Cited1) positive nephron progenitors and Forkhead box D1 (FoxD1) 

positive stromal progenitors (Brown et al., 2013; Kobayashi et al., 2008; Kobayashi 

et al., 2014). They condense around the tip of the ureteric bud and form the cap 

mesenchyme, which consists of nephron progenitor cells which “cap” the tips of 

the ureteric epithelium and represent a self-renewing stem cell population. It has 

been noted that at the beginning, a small subset of the Foxd1+ cells will contribute 

to the Six2+ cells but later they form the renal stroma surrounding the nephrons, 

the interstitium, mesangium, and pericytes (Kobayashi et al., 2008). To create a 

functioning kidney, also endothelial cells forming the vasculature are required 

(Abrahamson, 2009; Halt et al., 2016).  
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2.1.1 Nephrogenesis 

The nephron, which is the functional unit of the kidney, is responsible for the 

filtering of blood and the concentration of urine. It is a very complex structure 

containing over 10,000 cells which can be grouped into more than 20 highly 

specialized renal epithelial cell types. The nephrogenesis begins after the 

metanephric mesenchyme has received the primary induction signal from the 

ureteric bud. In response to this, the cells start forming pretubular aggregates and 

begin to undergo the mesenchymal to epithelial transition (MET). During 

nephrogenesis, the mesenchymal nephron progenitor cells develop into distinct 

epithelial segments. Each nephron segment contains distinct cell types and have 

their own physiological function (Wessely et al., 2014).  

The stages of nephron development are presented in Figure 2. After receiving 

the inductive signals from the UB the Six2 and Cited1 positive self-renewing 

nephron progenitor cells start to aggregate around the UB tips and begin to form 

the CM. These cap mesenchymal cells, responding to Wnt4 signalling, further 

undergo MET and start forming the epithelial parts of the nephron. First to form 

are the renal vesicles (RV) at E12.5 (Hendry, Rumballe, Moritz, & Little, 2011). 

The formation of the renal vesicle is the first step in the tubulogenesis, forming of 

the tubules of a nephron. After this the RV needs to elongate, bend, and differentiate 

to become a mature functional nephron.  

The cells continue to proliferate, and form comma-shaped bodies. These grow 

further still and transform into the S-shaped stage and fuse with the collecting duct 

epithelium starting around E13.5 in mice. At this stage, the endothelial precursors 

move to the distal cleft of the S-shaped body to form the capillary loops of the 

glomerulus. The S-shaped body will continue the transformation to form the 

proximal tubule (PT), loop of Henle (LH), distal tubule (DT), and to connect with 

the collecting ducts (CD) of the UB origin. All these tubular segments can be 

distinguished based on their molecular, cellular, and anatomical properties and they 

all have a unique role in the regulation of the electrolyte and water balance (Georgas 

et al., 2008; Little et al., 2007). 
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Fig. 2. Stages of nephron development. The nephron develops through different stages. 

First, the mesenchymal cells condense to form a cap mesenchyme (A). Next a part of 

the cap mesenchymal cells forms a renal vesicle which further turns into a comma-

shaped body and connects to the ureter. The next step is the S-shaped body (B) and at 

this stage the endothelial cells begin to incorporate into the future glomerulus (C). The 

fully formed nephron (D) with mature glomerulus (E). The schematic is modified from 

(Uhlenhaut & Treier, 2008) 

As the morphogenesis of the nephron continues, the gene expression also changes 

and the segmentation of the nephron (Figure 3) begins already in the renal-vesicle 

stage. The segmentation process is reviewed in Desgrange et al. 2015 (Desgrange 

& Cereghini, 2015). In the distal domain, many genes such as Pax2, Lhx1, POU 

transcription factor (Brn1), and Notch ligands Delta Like Canonical Notch Ligand 

1 (Dll1) and Jagged1 (Jag 1) are expressed (Nakai et al. 2003, Kobayashi et al. 

2005, Georgas et al. 2008). The proximal domain shows high expression of Wilms 

tumor 1 (Wt1) and it promotes podocyte development through direct repression of 

Pax2 activity (Ryan et al. 1995). β-catenin has also a significant role in the 

patterning of the nephron. It forms an activity gradient along the nephron, its 

highest expression being at the distal part and creates a signalling network 
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involving Bone morphogenetic protein (BMP), Phosphatase and tensin homolog 

(PTEN) and Notch and controlling nephron development (Lindström et al. 2015). 

 

 

Fig. 3.  Segmentation of the nephron begins in the renal vesicle stage (A) when the 

proximal and distal poles begin to differ in gene expression. The proximal pole develops 

closest to the future glomeruli, and the distal part connects with UB. The segmentation 

continues through comma-shaped body (B) and S-shaped body (C) where already four 

distinct segments can be identified. The schematic is modified from (Desgrange & 

Cereghini, 2015) 

Mature nephrons with some filtering capacity have been detected in E16.5-E17.5 

mouse embryos (McMahon 2016). The nephrogenesis ceases when no true 

progenitor cells exist. Even though the NP population can self-renew the population 

gradually depletes in size. No new nephrons develop once the Six2-expressing 

progenitor cell population has been depleted. This happens during the first postnatal 

days in mice (Rumballe et al., 2011) and by week 36 of pregnancy in humans 

(Hinchliffe, Sargent, Howard, Chan, & van Velzen, 1991; Saxén 1987). The kidney 

develops from reciprocal signalling between the UB and MM. Lower nephron 

progenitor cell numbers disturb the ureteric branching, which also affects the final 

number of nephrons and the whole growth of the organ (Cebrian, Asai, D'Agati, & 

Costantini, 2014). 

The development of a sufficient number of nephrons is crucial for proper 

functioning of the kidney, and a low number of nephrons is associated with an 

increased risk of hypertension and chronic kidney disease. In addition to being 

caused by genetic factors, a reduced number of nephrons may also be caused by 

lack of nutrients, or the use of tobacco, alcohol, and certain medications during 

pregnancy (Gurusinghe, Tambay, & Sethna, 2017).  
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2.1.2 Induction of nephrogenesis 

In developmental processes, induction has been defined as the ability of one cell or 

tissue to direct the development of neighbouring cells or tissues. The phenomenon 

was first clearly demonstrated by Hans Spemann and his student Hilde Mangold 

(Spemann & Mangold, 2001), earning him a Nobel Prize in 1935. They showed 

that a small amount of tissue transplanted from the dorsal lip of the blastopore could 

induce host tissue in another gastrula to form a second neural tube. In the 1950s it 

was shown, that the mechanism of induction was linked to protein molecules which 

act as signalling molecules between the cells (Levi-Montalcini & Cohen, 1956; 

Cohen & Levi-Montalcini, 1956). They also received a Nobel Prize in 1986. 

The same process of induction is also required for the formation of nephrons 

during kidney development. The first induction signal for the metanephric 

mesenchyme, the Wingless-Type MMTV Integration Site Family, Member 9B 

(Wnt9b), derives from the ureteric bud and induces a part of the metanephric 

mesenchyme to condense into a pretubular aggregate and activates Pax8, Fgf8, and 

Wnt4 expression. Cells expressing Wnt9b can also substitute for the ureteric bud 

to give the initial induction signal. In the Wnt9b-/- embryos the mesenchyme fails 

to aggregate and to undergo tubulogenesis (Carroll, Park, Hayashi, Majumdar, & 

McMahon, 2005).  

The induction of the tubulogenesis program results in the activation of paired 

box 8 (Pax8), fibroblast growth factor 8 (Fgf8), and Wnt4 in the pretubular 

aggregate of MM (Carroll et al., 2005; Grieshammer et al., 2005; Kobayashi et al., 

2005; Stark, Vainio, Vassileva, & McMahon, 1994). The Wnt4 continues to 

function to promote mesenchymal to epithelial transition (MET) through canonical 

signalling (Tanigawa et al., 2011) (Figure 4). In the canonical Wnt signalling the 

Wnt protein binds to a Frizzled receptor and low-density-lipoprotein-related 

protein (LRP) on a cell membrane which further transduces the signal to a 

Dishevelled (Dsh) protein located in the cytoplasm. The Dishevelled is then able to 

displace GSK-3β from the destruction complex, consisting also of casein kinase Iα 

(CKIα), Adenomatous polyposis coli (APC) and Axin, releasing β-catenin. The β-

catenin accumulates in the cytoplasm and translocates into the nucleus causing 

activation of the target genes. β-catenin acts as a transcriptional coactivator of 

transcription factors that belong to the T-cell factor/lymphoid enhancer factor 

(TCF/LEF) family, displacing Groucho and the histone acetyltransferase CREB 

binding protein (CBP). Also other Wnt pathways such as the planar cell polarity 
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(PCP) pathway (Carroll & Das, 2011) and Wnt/Ca2+ pathway (Veeman, Axelrod, 

& Moon, 2003) are simultaneously activated.  

 

Fig. 4.  Canonical Wnt signalling pathway and activation of target genes. In the absence 

of the Wnt ligand, β-catenin is bound in the APC/Axin complex and degraded. When the 

Wnt ligand is bound to the Frizzled receptor and LRP, Dsh can replace GSK3β and 

release β-catenin to the cytoplasm, and further to the nucleus where it activates gene 

expression. 

Wnt9b activates Wingless-type MMTV integration site family, member 4 (Wnt4) 

expression in the MM. Wnt4 has a central role in completing the process of tubule 

induction. Wnt4 is essential for early RV induction and is the key downstream step 

in the mesenchymal response to inductive signalling (Shan, Jokela, Skovorodkin, 

& Vainio, 2010; Stark et al., 1994). Nephrogenesis can also be induced with several 

other exogenous signals (Figure 5). When the mesenchyme is separated from the 

UB and placed next to embryonic dorsal spinal cord it becomes induced (Grobstein, 

1956). The early stages of tubulogenesis have also been induced with lithium ions 

(Davies & Garrod, 1995) and leukemia inhibitory factor (LIF) has been shown to 

induce mesenchyme to epithelial transition (MET) in rat mesenchyme (Barasch et 
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al., 1999). Wnt9b induction can also be circumvented. In addition to Wnt9b 

expressing cells the nephrogenesis can be also induced using certain Wnt-

expressing cells, such as Wnt4 (Kispert, Vainio, & McMahon, 1998). Full epithelial 

differentiation of nephrons can further be induced by transient exposure to GSK-3 

inhibitors such as BIO (6-bromoindirubin-3′-oxime) (Kuure, Popsueva, Jakobson, 

Sainio, & Sariola, 2007) or CHIR 99021 (6-[[2-[[4-(2,4-Dichlorophenyl)-5-(5-

methyl-1H-imidazol-2-yl)-2-pyrimidinyl]amino]ethyl]amino]-3-

pyridinecarbonitrile) (Morizane et al., 2015). The GSK-3β inhibition has been 

shown to mimic the Wnt9b induction because as a result β-catenin is stabilized and 

Lef1 and Tcf1 are upregulated, similarly as with ureteric bud mediated Wnt9b 

induction (Kuure et al., 2007).  

 

Fig. 5.  Different mechanisms of nephrogenesis induction. The nephrogenesis program 

in the metanephric mesenchyme can be induced through various activators. These 

include intact UB, dissociated UB cells, dorsal embryonic spinal cord, Li-ions, LIF, GSK-

3 inhibitors (BIO and CHIR) and Wnt protein expressing cell lines. 

The nephron progenitor Cited1 and Six2 positive cells are not able to respond to 

BMP or Wnt signalling (Figure 6). The Bone Morphogenetic Protein 7 (BMP7), 

expressed in cap mesenchyme and ureteric epithelium (Godin, Takaesu, Robertson, 

& Dudley, 1998), induces the transition of the cells to the Six2+ compartment 

through Smad signalling, making them susceptible to the Wnt9b induction from the 

UB. The Wnt9b induction drives the expression of induction markers such as 
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Lymphoid Enhancer Binding Factor 1 (Lef1) and Wnt 4. Wnt4 stimulates the non-

canonical signalling and induces the mesenchyme to epithelialize. The resulting 

renal vesicle starts to express epithelial marker such as E-cadherin (Ecad) (Brown 

et al., 2013; Dudley & Robertson, 1997).  

 

Fig. 6.  Compartmentalization of cap mesenchyme. Wnt9b from the UB is not able to 

induce the Six2+CITED1+ cell population. Before these cells are capable to respond to 

the Wnt9b induction for nephrogenesis they must first undergo BMP7-SMAD signalling 

and transition to the Six2-only compartment. The Six2+ cells are capable to be induced 

by Wnt9b, leading to expression of Wnt4, which in turn begins the mesenchymal to 

epithelial transition in the pretubular aggregate. The schematic is modified from Brown 

et al. (2013). 

2.1.3 Nephron progenitors 

The nephron progenitor (NP) cells give rise to the nephrons. In mammals, they only 

exist transiently, and the production of new nephrons ceases in late pregnancy 

(humans) or shortly after the birth (mice). It has been estimated that the earliest 

progenitor pool consists of about 2000 cells (Wainwright, Wilhelm, Combes, Little, 

& Koopman, 2015). As the number of NPs is crucial for the final nephron number 

(Cebrian et al., 2014), they are also well regulated through many signalling 
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pathways, briefly described here. Six2 is essential for the self-renewal of the NPs, 

and its inactivation leads to premature and ectopic differentiation of the 

mesenchymal cells and also depletion of the NP population by E12.5 (Kobayashi 

et al., 2008; Self et al., 2006). The maintenance and proliferation is also supported 

by Bmp7 from the cap mesenchyme and ureter (Dudley & Robertson, 1997). Also, 

Fgf9 produced by the ureteric tips, and Fgf9 and Fgf20 in the CM are necessary for 

maintaining the progenitor stemness. Their reduction leads to premature 

differentiation of the progenitors (Barak et al., 2012). Wnt9b is required for the 

renewal and proliferation of the NPs and in other circumstances for the induction 

of differentiation (Carroll et al., 2005; Karner et al., 2011). 

Because the NPs are valuable for studying kidney development and for organ 

regeneration there are many studies about the generation of NP cell lines from 

embryonic stem cells (ES) (Araoka et al., 2014; Takasato et al., 2014), human 

pluripotent stem cells (hPSCs) (Lam et al., 2014; Morizane et al., 2015a; Takasato, 

Er, Chiu, & Little, 2016) and induced pluripotent stem cells (iPS) (Araoka et al., 

2014; Li et al., 2016; Toyohara et al., 2015). There are also many protocols for the 

propagation of mouse primary NPs to multiply the number of cells for experiments 

(Brown, Muthukrishnan, & Oxburgh, 2015). This nephron progenitor cell line is 

also commercially available.  

2.1.4 Stromal and vascular progenitors 

The metanephric mesenchymal cells which do not form nephrons typically form 

the renal stroma. The renal stroma gives rise to the renal capsule, interstitium, 

mesangium and many of the vascular supportive cells. One of the earliest stromal 

cell marker to be found was Forkhead Box D1 (FoxD1) in the cortical stroma (Hum, 

Rymer, Schaefer, Bushnell, & Sims-Lucas, 2014; Levinson et al., 2005; Sequeira 

Lopez & Gomez, 2011). The Fat atypical cadherin 4 (Fat4) takes part in regulating 

NP differentiation from stroma (Das et al., 2013). Secreted frizzled related protein 

1 (Sfrp1) is highly expressed in the capsule region and it antagonizes Wnt4 

(Levinson et al., 2005; Yoshino et al., 2001).  

There are also vascular progenitors present among the metanephric 

mesenchymal cells. In the prevascular kidney the expression of vascular 

endothelial growth factor (VEGF) receptors Flt-1 (Vascular endothelial growth 

factor receptor 1), Flk-1(vascular endothelial growth factor receptor 2) and 

endothelial lineage-specific receptor Tie1 (Tyrosine kinase with immunoglobulin-

like and EGF-like domains 1) have been detected. These cell lineages have been 
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shown to contribute to the vascular endothelium of the embryonic kidney (Halt et 

al., 2016; Loughna, Yuan, & Woolf, 1998; Tufro, Norwood, Carey, & Gomez, 

1999). 

2.2 Primary embryonic kidney cells and immortalized embryonic 

kidney cell lines 

The kidney development can be studied using whole ex vivo embryonic kidneys, 

primary kidney cells, or immortalized kidney cells. The primary embryonic kidney 

cells can be isolated for example from mouse metanephros. The kidney can either 

be cultured as a whole, dissociated and reaggregated (Unbekandt & Davies, 2010) 

or the metanephric mesenchymal cells can be separated from the UB by micro-

dissection from E10.5 or E11.5 embryonic kidneys (Grobstein, 1953; Saxén, 1987). 

There are also immortal cell lines established from embryonic mouse 

metanephros. The mouse kidney 1-4 cell lines (mK1- mK4) originate from the 

metanephric mesenchymal cells but they do not possess all the same characteristics 

as the primary cells, such as the ability to undergo tubulogenesis (Sakurai, Barros, 

Tsukamoto, Barasch, & Nigam, 1997; Valerius, Patterson, Witte, & Potter, 2002). 

Human embryonic kidney 293 (HEK293) are also used but their renal 

characteristics are limited (Graham, Smiley, Russell, & Nairn, 1977; Orlando, 

Remuzzi, & Willia, 2017). There are also ureteric bud originating cell line available 

(Barasch, Pressler, Connor, & Malik, 1996). The primary cells resemble the live 

tissue better than the immortalized cells. The disadvantage is that the primary cells 

are more difficult to transfect and cannot be proliferated unlimitedly. 

2.2.1 Transfection and genome editing of kidney cells 

The goal of transfection and genome editing is to produce genetically modified 

cells. Transfection is a process in which foreign deoxyribonucleic acid (DNA) or 

ribonucleic acid (RNA) is introduced into the cells to change its properties by 

upregulation or silencing of gene function and enabling reversed genetic testing. 

The transfection can be either stable (permanent) or transient. Unlike the stably 

transformed genes, the transiently transformed materials can be lost through cell 

division or environmental factors. (Kaestner, Scholz, & Lipp, 2015; Kim & 

Eberwine, 2010). The success in transfections and gene editing sets a major 

bottleneck for many researchers. The optimal method should have high transfection 
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efficiency, and low toxicity for the cells, be easy to use and produce reproducible 

results (Kim & Eberwine, 2010). 

There are several mechanisms for gene editing. RNA interference (RNAi) is a 

method where RNA molecules inhibit translation of genes by binding to messenger-

RNA and guiding it for degradation. It has been used both in laboratory and medical 

therapies (Fire et al., 1998; Morishita et al., 2014). Other ways to silence gene 

function include morpholino anti-sense oligonucleotides, in which anti-sense 

DNA-strand binds with mRNA and blocks the translation (Summerton, 1999). 

Zinc-finger nucleases (ZFNs) are artificial restriction enzymes that can be 

engineered to target specific DNA sequences and produce double-strand breaks in 

the DNA (Yusa et al., 2011). Transcription activator-like effector nucleases 

(TALEN) are also restriction enzymes which can be engineered to bind any desired 

DNA sequence and cut it at specific sites (Miller et al., 2011). Clustered Regularly 

Interspaced Short Palindromic Repeats - CRISPR associated protein 

(CRISPR/Cas9) is a promising gene editing technique that allows permanent 

modification of genes within organisms (Jinek et al., 2012). Currently it seems to 

be replacing the formerly used techniques. When Cas9 nuclease complexed with a 

synthetic guide RNA (gRNA) are delivered into a cell, the cell's genome can be cut 

at a desired location, allowing gene edition (Higashijima, Hirano, Nangaku, & 

Nureki, 2017; Zhang, Wen, & Guo, 2014). 

Every cell line and primary cell line has a different membrane composition 

which can influence the transfection efficiency of the cell type. Also, some cells 

are more resistant to the toxic effects of introducing nucleic acids than others. The 

renal progenitors are largely refractory when exposed to contemporary methods for 

gene manipulation, including transfection and viral transduction, so the 

applications of explant culture have been rather limited (Plisov, Wang, Tarasova, 

Sharma, & Perantoni, 2014). 

Transfection methods can be roughly classified into biological, chemical, and 

physical methods. Of the biological group, viral based transduction uses viral 

vectors for transducing the cells and they can insert or modify genes. Many virus 

types have been modified to be used in laboratory applications, including 

retroviruses, adenoviruses, adeno-associated viruses (AAV), and the herpes 

simplex virus. Each virus type has its advantages and limitations, and should be 

chosen according to the desired application. Some of the virus types can insert the 

gene of interest into the cellular genome, making the transfection stable. Viral 

vectors have also been used in gene therapy (Gusella, Fedorova, Marras, Klotman, 

& Klotman, 2002; Robbins & Ghivizzani, 1998). 
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The chemical methods are widely used but the efficiency also varies depending 

on the cell type. Here the negatively charged nucleic acids are coupled with 

positively charged lipids, phosphates or polymers. They are attracted to the 

negatively charged cell membrane and can be taken up into the cell. There are also 

peptide-based methods such as PepFect6 (PF6) which uses PF6 amphipathic stearyl 

peptide to stabilize non-covalent complexes with siRNA and deliver siRNAs both 

into cultured cells as well as in vivo (Andaloussi et al., 2011). 

The physical methods include various ways of physical relocation of nucleic 

acids into the cells. The methods include electroporation (Lee, Kim, & Jung, 2013), 

microinjection, and laser-based transfection (Tsukakoshi, Kurata, Nomiya, Ikawa, 

& Kasuya, 1984) or magnetofection (Scherer et al., 2002), the latter two uses light 

or magnetic fields respectively to deliver the nucleic acids containing particles to 

the cell.  

2.2.2 Cryopreservation of kidney cells 

Cryopreservation enables storing cells and tissues for long periods of time under 

very low temperature. This way the cells won´t have to be in culture always and 

can be made available when needed. This is particularly important with non-

immortalized cell lines as their life span is limited. Other benefits of 

cryopreservation include reduced costs, the possibility to always use the same 

passage number of cells and minimization of genetic changes in continuous cells 

lines over time.  

When the cells are transferred from 37°C to -196°C of liquid nitrogen the 

freezing can cause intra- and extra-cellular ice crystals and changes in the cells’ 

chemical composition which can be fatal to the cells. To reduce the amount of 

crystal generation cryoprotectants such as dimethyl sulphoxide (DMSO) or 

glycerol are added to the freezing medium. Cryoprotective agents reduce the 

freezing point of the medium and allow a slower cooling rate. The cooling rate until 

-80°C step is also slowed by using specific freezing containers which keep the 

change of temperature at a controlled-rate of -1 ℃  /minute. Many of the 

cryoprotectants in use are to some extend toxic for the cells. Also foetal bovine 

serum (FBS) with high protein content is added to the medium to protect cells 

against shear forces and to give the medium the desired osmotic environment (Jang 

et al., 2017; Yokoyama, Thompson, & Ehrhardt, 2012). 

Cryopreservation of many immortalized kidney cell lines is commonly used. 

Also E16.5 mouse primary kidney derived in vitro propagated nephron progenitor 
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cell line (Brown et al., 2015) have been cryopreserved. Embryos of many species, 

including humans have been cryopreserved by a vitrification process (Liebermann, 

2017; Trounson & Mohr, 1983). Intact rabbit kidneys are one reported example to 

be cryopreserved by a vitrification process. This process enables cryopreservation 

of small-sized whole organs. When the cryopreserved E16.5 rabbit kidneys were 

implanted into an adult host they developed into functional kidneys with a blood 

flow and without signs of rejection (Fahy et al., 2009; Garcia-Dominguez, Vera-

Donoso, Jimenez-Trigos, Vicente & Marco-Jimenez, 2016; Marco-Jiménez, 

Garcia-Dominguez, Jimenez-Trigos, Vera-Donoso, & Vicente, 2015). 

2.3 Organ culture techniques 

Organ or organotypic culture is a technique in which the organs or pieces of tissue 

are taken from an organism and cultured in vitro. Using organ culture methods it is 

possible to study the development of an organ and also the effect of various culture 

conditions or genetic modifications on its development. The main requirements for 

organ culture are a specific nutrient medium, sterile environment, and appropriate 

environmental conditions.  

The classic organ culture systems of higher vertebrates have provided ways to 

study morphogenesis in detail. The first animal tissue culture experiments are 

reported from the early 1900s (Carrel, 1935). Since then, many improvements and 

modifications have been developed. In 1922 Rienhoff established a hanging drop 

nephric rudiment culture (Rienhoff, 1922) where chick nephric rudiments were 

cultured in hanging drop. The experiments with mouse kidneys were introduced in 

1955 when Grobstein reported his first data of mouse metanephros in vitro culture. 

(Grobstein, 1955) The metanephric kidney organ culture system techniques were 

further developed by Grobstein and Saxén (Grobstein, 1956; Saxén, 1987). Kidney 

organ culture, focusing on ureteric bud growth, nephrogenesis, and the search for 

stem/progenitor cells has been well studied also in recent years (reviewed in (Rak-

Raszewska, Hauser, & Vainio, 2015)). With the aid of ex vivo organ culture, also 

the development, growth, and differentiation of organs can be followed and the 

influence of various factors studied (e.g. extra cellular matrix (Sebinger, Ofenbauer, 

Gruber, Malik, & Werner, 2013), hyaluronic acid (Rosines, Schmidt, & Nigam, 

2007), toxicity (Astashkina, Mann, Prestwich, & Grainger, 2012) and effect of 

nanoparticles (Astashkina et al., 2014).  

The most commonly used techniques creating kidney cultures are presented in 

Figure 7 and discussed below.  
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Fig. 7. Different tissue culture systems. A) The Saxén-Trowell type culture where the 

explant is placed on top of a filter and a grid in the air-medium interface, B) the hanging 

drop culture where the explant is kept in small droplets of medium, and C) the low-

volume culture where the explant is at the bottom of the plate inside a silicon chamber 

in very low volume of medium. 

2.3.1 Trowell type organ culture 

In the Trowell-type organ culture (Trowell, 1954), the organ is placed on a cotton 

sheet or filter, soaked in medium, and supported by a metal grid (Figure 7A). The 

medium is applied to reach the level of the filter to slightly cover the tissue so that 

the tissue is placed on the air/medium interface to keep it moist and to ensure access 

to both oxygen and nutrients. The technique proved to be suitable for analysing the 

development of many different organs (Lee et al., 2013; Milaire, 1996). Grobstein 

(Grobstein, 1956), and Saxén (Saxén & Toivonen, 1962) later modified the 

Trowell-type organ culture. The currently used technique consists of a metal grid 

supporting several pieces of filters placed over the holes punched in the grid. 

Nowadays Whatmann filter papers with definite pore size are used for the culture. 

The Saxén modification of the Trowell method is still widely used and nowadays 

also commercial inserts offering similar culture conditions are available (Costantini, 

Watanabe, Lu, Chi, & Srinivas, 2011a). 

2.3.2 Hanging drop organ culture 

In the hanging drop tissue culture, the organ or cell suspension is added as droplets 

on a watch glass or a lid of a plate which is then placed upside down (Figure 7B). 

The drop, and the organ, are kept in place by surface tension. The technique allows 

the growth of the tissues without flattening against glass, diminishing the 

evaporation, and allowing the organ to better keep its 3D shape. The hanging drop 

technique has been used for embryonic kidney (Rienhoff, 1922) and various other 
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organs, tissues, and organoid cultures (Ganeva, Unbekandt, & Davies, 2011). 

Nowadays it is also used in ES cell differentiation (Wang et al., 2017). Also 

commercial plates are available for setting up the hanging drop culture (Becavin et 

al., 2016). 

2.3.3 Low-volume culture 

A low-volume organ culture (Figure 7C) was designed to enhance the development 

of embryonic kidneys (Sebinger et al., 2010). In this technique, the embryonic 

kidney is grown on a glass slide inside a silicon ring in a very small amount of 

medium (85µl). The kidney must grow in a more flatten form because of the surface 

tension. The kidneys grown in this culture develop a clear anatomical cortico-

medullary zonation with extended loops of Henle. The reduced amount of the 

medium is advantageous when high-throughput experiments are made and 

especially when using expensive reagents such as siRNA (Sebinger et al., 2010). 

2.4 Kidney organoids 

An organoid can be defined as an in vitro 3D cellular aggregate capable of self-

renewal and self-organization and exhibiting similar organ functions as the tissue 

of origin (Fatehullah, Tan, & Barker, 2016). Organoids have been developed from 

many different organs, such as the gut (Sato et al., 2009), liver (Huch et al., 2015), 

pancreas (Huch et al., 2013), stomach (McCracken et al., 2014), epithelium (Sato 

et al., 2009), lung (Lee et al., 2014), gastruloid (van den Brink et al., 2014), and 

brain (Lancaster et al., 2013). The organoids mimick the development of in vivo 

organs and have widely been used for studying the development of organs 

(Takasato et al., 2014), to model diseases (Bartfeld et al., 2015), for drug testing 

(Finkbeiner et al., 2012), and for transplantation experiments (O'Rourke et al., 

2017). Organoids developed from patient-derived cell types have been used to 

evaluate drug sensitivities and disease-causing genomic variability (Little, 2017). 

Kidney organoids have been derived from primary tissue (Auerbach and 

Grobstein, 1958; Unbekandt and Davies, 2010; Vainio et al., 1992), embryonic 

stem cells (Morizane et al., 2015b) and iPS cells (Morizane et al., 2015; Takasato 

et al., 2016). In the Takasato et al. (2015) method, organoids of all the four kidney 

progenitor cell types are present, and the kidney organoids show segmented 

nephrons that are connected to collecting ducts and surrounded by renal interstitial 

cells and an endothelial network. Even though these generated organoids resemble 
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the real kidney to a great extent at the cellular level, still a big leap is needed to be 

able to produce a functioning organoid that can be used for transplantation. The 

kidney is very complex organ and difficult to regenerate. It originates from many 

different progenitor cell types that must co-operate in order to generate the fine 

kidney architecture.  

2.5 Genetically modified mouse lines 

Genetically modified (GM) mice have been engineered to facilitate research on 

genes and to model diseases. GM mice are produced by genetic alteration of their 

genome. The first genetically engineered mouse was created by Rudolf Jaenisch 

(Jaenisch & Mintz, 1974), but the inserted transgene was not passed on to the 

offspring. Transmission of the genetic material to subsequent generations was later 

successful (Costantini & Lacy, 1981) and since then numerous different mouse 

lines have been generated.  

The generation of many mouse lines expressing fluorescent proteins helped 

advance the imaging of dynamic processes during development. There are for 

example GFP mice available which express green fluorescent protein in all their 

cells (Okabe, Ikawa, Kominami, Nakanishi, & Nishimune, 1997). Also variants 

such as enhanced yellow fluorescent protein (EYFP) and enhanced cyan 

fluorescent protein (ECFP) mice have been made (Hadjantonakis & Nagy, 2001; 

Srinivas et al., 2001). For following the activation of certain gene, a useful line is 

the mTmG double-fluorescent Cre reporter mouse. It expresses membrane-targeted 

red Tomato (mT) before the Cre-mediated excision and membrane-targeted green 

fluorescent protein (mG) after excision (Muzumdar, Tasic, Miyamichi, Li, & Luo, 

2007). 

The Cre/loxP technique was developed for site-specific recombination by 

which gene mutations can be generated in specific cells only (Sauer & Henderson, 

1988; Sauer, 1998). In this technique transgenic Cre and loxP mice are crossed and 

the offspring that inherit the Cre gene are affected. The Cre mouse contains a Cre 

recombinase transgene under the direction of a tissue-specific promoter, and the 

loxP mouse contains two loxP sites that flank a genomic segment of interest Cre is 

a site-specific DNA recombinase, that can catalyse the recombination of DNA 

between specific sites in a DNA molecule. Cre recombinase can initiate deletions, 

inversions, and translocations of the floxed locus (Figure 8). The Cre and loxP mice 

can be produced using transgenic techniques (Nagy, 2000). This technique is useful 
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for localization of gene expression and for circumventing embryonic lethality that 

can be caused by inactivation of many genes early in the development. 

 

Fig. 8. The Cre-loxP technique. In the Cre-loxP technique, a Cre mouse, with Cre 

recombinase attached to a tissue specific promoter, and a floxed mouse in which a 

target gene is surrounded by the loxP sequences are crossed- In the offspring that 

inherits the Cre-gene, the target gene is deleted and a reporter gene is transcribed 

instead. Modified from (Chai, Song, Park, Kim, & Cho, 2013) 

2.6 Time-lapse imaging 

Time-lapse imaging can be used to follow the processes happening during 

development and organ formation. For imaging of living cells or tissues, 

microscopes are fitted with on-stage incubators so that the imaged cultures can be 

kept in the same position and the temperature, moisture, and gas composition can 

be controlled. Depending on the sample qualities, either bright field, confocal or 

epifluorescent imaging can be used. The cellular behavioural dynamics during 

morphogenesis, such as cell division, cell migration, cell death and changes in cell 

shape can be followed by high resolution confocal imaging. By developing the 

microscopic imaging (Huisken, Swoger, Del Bene, Wittbrodt, & Stelzer, 2004) and 

automated image analysis technologies (Eliceiri et al., 2012) we can acquire better 

understanding of these processes still. The cellular dynamics have been studied in 
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many organs and animal models (Asai et al., 2017; Ewald, Brenot, Duong, Chan, 

& Werb, 2008; Huebner, Lechler, & Ewald, 2014; Khan, Wang, Wieschaus, & 

Kaschube, 2014; Udan & Dickinson, 2010; Vasilyev & Drummond, 2012). 

A time-lapse motion picture of the development of a E11.5 mouse embryonic 

kidney rudiment was done in 1966 but the pictures were taken only once a day 

(Saxen & Wartiovaara, 1966).When digital cameras became available, the time-

lapse microscopy became much more effective. Also thanks to the availability of 

genetically modified mice (Costantini & Lacy, 1981; Jaenisch & Mintz, 1974), it 

became possible to take advantage of the expression of fluorescent proteins in mice 

for example when using fluorescent membrane or nuclear markers.  

The most common method for the time-lapse imaging of the kidneys is the use 

of Transwell cell culture inserts. Here examples of the time-lapse experiments are 

presented. The fluorescent markers have been used as a tool for analysing UB 

branching morphogenesis during kidney development in vitro (Costantini, 

Watanabe, Lu, Chi, & Srinivas, 2011b; Watanabe & Costantini, 2004). The images 

were captured every 30 minutes for 3 to 4 days to examine kinetic parameters of 

branching and elongation using Transwell cell culture inserts. 

Node retraction in the growing UB was noted from the time-lapse movies of 

E11.5 mouse kidneys using the Low-volume method (Lindström et al., 2015). The 

images were taken every 15 minutes for 76 hours. When following the development 

of whole organ cultures with time-lapse and various mouse models, it was noted 

that β-catenin activity regulates the patterning of the nephron through interactions 

with the Bmp, Pten/PI3K (Phosphatase and tensin homolog/Phosphoinositide 3-

kinase), and Notch pathways and that the nephrons are patterned by a gradient of 

β- catenin activity (Lindström et al., 2015). Here the movies were shot every 20 

minutes from 43 hours to maximum 6 days in the control. 

Following the development of kidney explants, a unique mechanism of cell 

division was found in branching ureteric bud tips in which the dividing cells extrude 

from the epithelium into the lumen of the ureteric ampulla, undergo cytokinesis, 

and then reinsert the mother and daughter cells into the tubule, 1-3 cell diameters 

apart (Packard et al., 2013). The movies were done using the Transwell cell culture 

inserts and shot every 20 to 60 minutes for 48 to 72 hours. 

High-resolution 3D imaging of developing embryonic kidneys has been done 

using bodipy ceramide staining combined with infrared-optimized long working 

distance, high numerical aperture objectives and multiphoton fluorescence 

microscopy. The results enabled detailed observation of tissue morphogenesis 

(Clendenon, Ward, Dunn, & Bacallao, 2013). Analysis of cell rearrangements 
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during ureteric bud branching and FGF/Fgfr2 signalling in 

dissociated/reaggregated kidney cultures was studied using the Transwell filter 

culture and time-lapse (Leclerc & Costantini, 2016). The Ret and Pea3 family of 

ETS transcription factors (Etv4) was seen to promote directed movements of 

progenitor cells during renal branching morphogenesis (Riccio, Cebrian, Zong, 

Hippenmeyer, & Costantini, 2016). The study was done using Transwell insets and 

time-lapse imaging. The same method was also used for following the motion of 

cap mesenchyme cells swarming between the cap domains and ureteric tip was 

captured in time-lapse culture (Combes, Lefevre, Wilson, Hamilton, & Little, 2016) 

and self-organisation of ureteric epithelial cells after embryonic kidney dissociation 

(Lefevre, Combes, Little, & Hamilton, 2016). 

2.6.1 Digital image processing 

Computer algorithms can be used to process digital images. The digital image data 

captured for example using confocal microscopy usually exhibits a significant level 

of noise and other artefacts arising from the optical and capture system. One way 

to enhance the image quality after acquisition and to make it sharper is to use 

deconvolution algorithms to eliminate the blurring and distortion of the image. In 

the deconvolution method, the image is filtered to compensate for an undesired 

convolution and to recreate the image as it was before the convolution (Figure 9). 

(Russ, 2011; Smith, 2013).  

 

Fig. 9.  Deconvolution process can enhance the recorded signal and improve the image 

quality. A) Original signal, B) recorded signal, and C) deconvoluted signal. 



39 

2.6.2 Image analysis 

The digital images can be analysed by computer using several methods to acquire 

more information from them. Often used methods for microscope images include 

object recognition (Ranzato et al., 2007), image segmentation, particle tracking and 

motion detection (Liu et al., 2014; McCullough et al., 2008; Stegmaier et al., 2016). 

The acquired data can be used for example to determine the movement of cells, 

increase in cell numbers, and the area of studied objects. By tracking segmented 

data, the location of individual cells can be located. However because the 

fluorescent markers of the cells and the dying cells vary in brightness, problems 

may arise (Akram, 2017). 
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3 Aims of the study 

While the fundamentals of kidney development are well understood, the intricate 

details on a cellular and molecular level are still need to be clarified. To be able to 

study the intricacies of morphogenesis and the cellular interactions in order to 

understand the causes of kidney diseases and malformations more sophisticated 

methods are needed. The existing kidney culture methods are suboptimal for 

imaging the developmental processes. Kidney organoids suitable for functional 

testing of the effect of different genes and environmental factors on nephrogenesis 

are also needed. The current methods that make use of the primary embryonic 

metanephric mesenchymal cells do not allow manipulation of the cells prior to 

induction. The primary embryonic kidney cells which can be used to create these 

organoids are limited in number and tedious to dissect. The possibility of 

biobanking the kidney precursor cells would significantly ease the setting up 

experiments.  

My aim in the thesis was to optimize the methods for studying kidney 

development and particularly nephrogenesis in vitro. There were four major tasks 

that were approached: 

1. Improve the organ culture method to enhance the imaging quality. 

2. Maintain the competence of dissociated and reaggregated embryonic 

metanephric mesenchymal cells to form nephrons in various settings. 

3. Elaborate the optimal method to transfect the primary embryonic metanephric 

mesenchymal cells. 

4. Develop the method of biobanking the kidney progenitor cells. 
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4 Materials and methods 

The methods used in this thesis are summarized in Table 1.  

Table 1. Methods used in this study (in alphabetical order) 

Method  Original publication 

Cell culture 

Cryopreservation 

Deconvolution 

Dissociation and reaggregation assay 

Fluorescence-activated cell sorting (FACS) 

Immunostaining 

In situ hybridization 

Knock-down efficiency in mK4 cell line 

Knock-down efficiency in primary MM cells 

Mouse breeding, embryo staging and dissection 

Organ culture 

Real-time quantitative polymerase chain reaction (PCR) 

RNA extraction 

Time-lapse imaging 

Virus production 

 I, II, III 

I, III 

I 

I, II, III 

II 

I, II, III 

II 

II 

II 

II 

I, II, III 

II 

II 

I 

II 
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5 Results 

4.1 Fixed Z-Direction culture system (I) 

We developed a culture system where the embryonic kidney is placed between a 

glass slide and a porous membrane at the bottom of a six-well plate and embedded 

in a wealth of culture medium (Figure 10.). The Z-direction is controlled by the 

spacer bead diameter. 

The embryonic kidneys of wild type CD1 mice, various transgenic lines and kidney 

organoids made using primary kidney cells can be cultured in the FiZD culture 

system. The cultured explant is placed onto the lower side of the Costar® 

Transwell® cell culture insert (Corning®) together with polystyrene beads 

(Corpuscle) mixed with Matrigel®. If no Matrigel is used the explants and the 

beads can be placed on top of the cover glass in the well. The cell culture insert is 

placed carefully in the well and pushed into place, observing at the same time that 

the explants are compressed to the required limit. Once the explant is compressed 

to the desired level the insert is fixed in place by melting it with hot glass capillary 

from three places on the rim. Finally 2 ml culture medium is added into the well 

and the six-well plate is placed in the incubator at 37°C and 5% CO2. 

 

Fig. 10. Fixed Z-direction (FiZD) culture system where the explant is placed on the 

bottom of the well between a glass slide and a Costar® Transwell® cell culture insert 

(Corning®). The well is filled with medium.  

5.1.1 Embryonic kidneys and kidney organoids can grow in 70µm 

space in the FiZD culture system 

The testing and optimization of the FiZD culture system was made using the wild 

type CD1 embryonic mouse kidneys at E11.5 or E12.5. Different size beads were 

used to find the optimal Z-height. Beads with a diameter of 20, 40, 70, and 100µm 

were compared. The 100µm beads were too large and the kidney did not flatten 
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enough. When using the 20µm beads the kidneys were exposed to too much 

pressure and could not continue development. The 40 µm beads were more suitable 

but the 70µm beads provided an optimal environment for kidney development to 

proceed. The embryonic kidneys were grown up to 12 days in the set up. The extent 

of the development was shown by immunostaining. The kidneys exhibited 

branched UB (Troma), nephron progenitors around tips of UB (Six2) Henle´s loops 

(Umod), and glomerular podocytes (Nephrin).  

5.1.2 Long term high-resolution time-lapse imaging of embryonic 

kidney development in the FiZD culture system is possible 

Several time-lapse movies were made culturing the kidneys and kidney organoids 

in the FiZD culture system. The time-lapse movies were imaged from four to nine 

days at 5 to 15 minutes intervals.  

Embryonic kidneys from crossing mTmG; Tie1Cre were imaged for six days 

at 15 minute intervals following the development of the kidney and movement of 

GFP positive endothelial cells. Here it is possible to see how the endothelial cells 

begin to enter the glomerular cleft of an s-shaped stage nephron. Embryonic 

kidneys from crossing of mTmG; Hoxb7Cre were imaged for five days at 5- minute 

intervals. In this movie the development of ureteric bud can be followed as the cell 

membrane of UB cells are expressing GFP. Embryonic kidneys from crossing of 

mTmG, Wnt4Cre were imaged for nine days at 15 minute intervals with two 

different culture methods; FiZD and the Low-volume culture method (Sebinger et 

al., 2010). Here it was seen that in the FiZD method the kidney is fixed into place 

by the pressure of the insert membrane and it did not move even when the medium 

was changed. The developing nephrons were also well visualized. The kidneys 

cultured in the Low-volume method changed their shape and moved during the 

imaging, especially when the change of medium was made. The embryonic kidneys 

in the Low-volume method also have a more three-dimensional structure and the 

developing nephrons are not clearly visualized. When embryonic kidneys of 

mTmG; Wnt4Cre crossings were cultured on top of Transwell cell culture inserts 

(Costantini et al., 2011b), the imaging had to be stopped after three days because 

the kidneys began to die. Because of the larger distance between the kidney and the 

objective laser power had to be doubled and this was toxic for the cells. 

Also, kidney organoids reaggregated from the metanephric mesenchymal cells 

of mTmG; Wnt4Cre kidneys and induced with BIO, were imaged for four days at 

15 minute intervals. The cells of developing nephrons expressing Wnt4 turned 
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green because of the Cre recombination. The FiZD culture technique is suitable for 

long-term time-lapse imaging of both intact organs and organoids. 

Because the kidney explants are close to the objective less intensive laser-

exposure is required, allowing more frequent imaging to be done. The embryonic 

kidneys were followed at 5 to 15- minute intervals for four to nine days. The 

resolution of the image could be reduced to a voxel size of 0.17µm x 0.17µm x 

1.3µm.  

5.1.3 Individual cells in FiZD time-lapse images can be computer 

segmented 

To visualize the growth of the UB by time-lapse imaging the ureteric bud cells were 

marked by the Homeobox B7 (Hoxb7) induced expression of green fluorescent 

protein (GFP) in their cell membrane. After imaging, the signal of the cell 

boundaries was further amplified by deconvolution. The deconvoluted data was 

subjected to an automatic cell segmentation using a Matlab® based program. The 

number of cells, their area, speed and direction of movement could be determined 

from the segmentation data. Looking at the analysed time-lapse data it became clear 

the number of cells was slowly rising and while their area stayed almost the same. 

The movement of the cells was analysed using Windrose plot, which shows the 

distribution of magnitude and direction of the cell movements in the right half of 

the ureteric bud branch tip for each time point. For this particular data set no 

collective trend of movement could be noted. The magnitude of speed of the 

individual cells varied between 0.1 to 1.5µm/min and the directions of the 

individual cells changed with a maximum of ~30% of the cells moving into the 

same direction at point in time.  

5.2 Growth factor-treated dissociated MM cells can stay competent 

for nephrogenesis for 24 hours (II) 

The isolated and dissociated metanephric mesenchymal cells are able to stay 

competent for nephrogenesis for at least 24 hours if they are supplemented with 

growth factors 100ng/µl human recombinant morphogenetic protein 7 (hrBMP7) 

and 50ng/µl human recombinant fibroblast growth factor 2 (hrFGF2). The growth 

factor treated MM can be later induced to form nephrons. In the control pellet 

without the growth factors significantly less Pax2 positive structures could be seen. 

In the classic transfilter tubule induction model the reaggregated MM is induced by 
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a dorsal piece of embryonic spinal cord (eSC) that is placed on the lower side of 

the filter (Grobstein, 1953). This induction method was used for the experiments in 

the publication II. 

Also after receiving inductive signals by eSC, the dissociated and reaggregated 

MM are capable of forming tubules that express markers type II Na/Pi cotransporter 

NaPi-IIa Slc34a1 (brush border membrane in the proximal tubule, (Magagnin et al., 

1993)), the Slc14a2 (descending thin limb of Henle´s loop, (Olivès et al., 1996)), 

the Na-K-Cl transporter Slc12a1 (thick ascending limb of Henle´s loop, (Kaplan et 

al., 1996)), the voltage-gated chloride channel ClcnKb (Kobayashi, Uchida, 

Mizutani, Sasaki, & Marumo, 2001)(thick ascending limb of Henle´s loop, and 

distal convoluted tubules, the thiazide-sensitive sodium chloride cotransporter 

Slc12a3 (distal tubules (Kobayashi et al., 2001), (Câmpean, Kricke, Ellison, Luft, 

& Bachmann, 2001; Loffing et al., 2001), and Podxl (glomerular podocytes in the 

renal corpuscle (Kerjaschki, Sharkey, & Farquhar, 1984)). 

5.2.1 Chimeric metanephric mesenchyme organoids can be 

generated from Dis/Re MM cells 

MM cells from GFP-expressing mouse embryos were mixed with wild type 

dissociated MM cells at a 1:6 ratio (respectively) to see whether the GFP+ cells can 

incorporate into the nephrons and if the resulting nephrons are of consisted of only 

GFP+ or only wild type cells. After the culture of the spinal cord induced pellets, 

the GFP+ cells could be found in the epithelial tubules stained by Pax2, proximal 

tubules (Aquaporin1, AQ1), distal tubules (Slc12a1), and in the renal-corpuscle 

like structures (Nephrin). The GFP+ cells were also seen among the Foxd1 positive 

stromal cells.  

Because no nephron structures could be seen that would consist of only GFP+ 

or wild type cells, it can be deduced that the nephron is not formed from a single 

precursor cell, but rather than from a group of cells. This has also been reported 

previously (Mugford et al., 2008). 

5.2.2 The dissociation and reaggregation method enables the sorting 

and depletion of cells in an organoid 

After dissociation of the MM to single cell suspension, it also becomes possible to 

sort certain cell populations. Kidneys were dissected from E11.5 mTmG; Foxd1Cre 

mouse embryos and the metanephric mesenchyme were dissociated into single cells 
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suspension. Using fluorescence-activated cell sorting (FACS) the GFP positive 

stromal Foxd1 positive cells were separated from the rest of the MM cells. Two 

kidney organoids were made, one using only Foxd1+ cells and one containing the 

Foxd1+ cells together with the rest of the MM cells. The pellets were compared 

with an intact kidney in regard to the number of Pax2 positive structures. The intact 

kidney and the organoids with all MM cells show tubules (Pax2+) and endothelial 

cell network (platelet/endothelial cell adhesion molecule 1, Pecam1+) after a 5-day 

culture. The pellet containing only the Foxd1+ cells did not show any tubules and 

only a limited number of endothelial cells. 

5.2.3 The dissociated MM cells can be induced by reaggregated 

ureteric bud  

The dissociated mesenchyme which was kept 24 hours in the growth factor medium 

(hrBMP7 and hrFGF2) could be recombined and reaggregated with a freshly 

separated and GDNF treated UB (Lin et al., 2001). After 9 days of culture, the 

immunostained organoid showed branched UB (Troma) and nephron-like Pax2 

positive structures, and expressed podocyte marker Nephrin. The dissociated and 

reaggregated mesenchyme was able to receive inductive signals from the intact UB 

and undergo nephrogenesis. 

5.2.4 Dis/Re MM cells are suitable for viral transduction and 

functional testing 

The combination of growth factors (hrBMP7 and hrFGF2) during the first 24h of 

MM culture provides the necessary signals for the MM to maintain its ability to 

undergo nephrogenesis. This 24h time-window allows manipulating the MM either 

in single cell suspension or in a monolayer format. When an intact mesenchyme 

was transduced with GFP+ retroviruses, only a few cells on the surface of the 

mesenchyme were transduced. When the viral transduction was applied to 

dissociated MM the efficiency was considerably enhanced. After the viral 

transduced cells were reaggregated and induced with an embryonic spinal cord the 

virally transduced GFP+ cells were differentiating into Pax2, AQ1, solute carrier 

family 12 member 3 (NCC), and Nephrin marked cells. This shows that the 

retrovirus transduced MM cells can differentiate into multiple nephron segments. 

For functional study the MM cells were transduced with GFP-Lhx1-shRNA 

retroviruses. The silencing efficiency was checked by real-time PCR (RT-PCR) to 
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be 69 % ± 8.2 %. The virally transduced MM cells were reaggregated and induced 

by eSC. The GFP+ transduced cells in the organoids either failed to integrate into 

the Pax2 positive nephron structures and stayed at the stroma or were incorporated 

into the renal corpuscle like structures.  

5.3 The primary uninduced metanephric mesenchymal cells are 

sensitive to many transfection methods (III) 

To further test the transfection of primary uninduced metanephric mesenchymal 

cells three different transfection methods were tested: electroporation, peptide, and 

two chemical reagents.  

The transfection efficiency for a monolayer of GFP expressing MM cells was 

tested using three methods: the Neon® electroporation transfection system 

(ThermoFischer), PepFect6 (PF6) (Andaloussi et al., 2011) peptide, and lipid-based 

Lipofectamin 3000® (ThermoFischer). The methods were compared to transfect the 

mixture of siGLO control siRNA (Dharmacon) and siGENOME GFP siRNA 

(Dharmacon). The Cy3 labelled siGLO control siRNA silences the Cyclophilin B 

housekeeping gene (PPIB). All the three methods were able to deliver siRNA into 

the cells and silence the GFP, but the PF6 peptide showed the best results, silencing 

almost all the GFP in the cells. These cells also showed the most particles with Cy3, 

indicating good up take of siGLO particles. 

The same transfection methods and a NanoJuice® transfection kit 

(MerckMillipore) were also used for functional testing of the MM organoids. The 

NanoJuice® chemical was tested for uptake of pmaxGFP plasmid and the other for 

the uptake of siGLO siRNA (Dhamacon). The cells were transfected, cultured 

overnight as a monolayer, and then reaggregated and induced for nephrogenesis 

with BIO. During the culture it became clear that both of the chemical transfection 

methods, Lipofectamin® and NanoJuice® were toxic for the MM cells. Either no 

(Lipofectamin®) or only few (NanoJuice®) nephron structures could be seen in the 

kidney organoids. Most of the GFP transfected cells were not included in the 

nephron structures. 

The electroporation of the MM cells was efficient in delivering the Cy3 

labelled siGLO control siRNA inside the MM cells. The electroporation treatment 

is harsh on the cells and the nephrogenesis induction after this treatment was not 

optimal. At this point it became also clear that many of the cells with Cy3 

expression were not in the nephron structures.  
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The PepFect6 peptide transfection method was well tolerated and the number 

of nephron structures was comparable to the control. Here also plenty of the Cy3 

cells were not incorporated into the nephron strictures.  

5.4 Kidney progenitor cells and tissues stay competent after 

cryopreservation (III) 

For the biobanking of kidney cells E11.5 metanephric mesenchymal cells, E11.5 

ureteric buds, and E11.5, E12.5 and E13.5 intact kidneys were cryopreserved in 

liquid nitrogen. The dissociated cell suspension or intact tissues were suspended in 

80 % FBS and 20 % DMSO and placed in the cell freezing box. The next day the 

tubes were transferred to the liquid nitrogen.  

After thawing and induction with BIO the cryopreserved MM were still 

competent to be induced and to form Pax2 positive nephron-like structures. The 

cryopreserved mesenchyme could also be induced with fresh or cryopreserved UB. 

The cryopreserved UB was also capable to continue branching, as indicated by the 

Troma antibody, at least when it is combined with the freshly dissected 

mesenchyme. The mTmG; Tie1Cre cryopreserved intact kidneys and the 

endothelial cells were also able to continue the development after thawing. The 

branching pattern and the nephron structures were slightly distorted.  

The cryopreserved MM cells were also able to intake siRNA when transfected 

using PF6 transfection reagent complexed with siGLO control siRNA. 

 
  



52 

 



53 

6 Discussion 

6.1 Fixed Z-Direction culture system 

There are many tissue and organ culture systems available, all with their own 

advantages and disadvantages. For example, the Trowell culture system is easy and 

inexpensive to set up but the imaging qualities are not optimal (Costantini et al., 

2011a). The same applies to the hanging drop system. The Low-volume culture 

system (Sebinger et al., 2010) uses a very limited amount of medium, which is an 

advantage whenever expensive reagents are used, but the explant can also easily 

dry out. The low amount of medium also makes it necessary to reapply the medium 

which can affect the shape and position of the explant, making the imaging less 

precise The Fixed Z-Direction (FiZD) culture system was designed to improve the 

imaging qualities of organ culture systems. In this approach, the embryonic kidney 

is placed under conditions in which it has limited room to grow in the z-direction. 

When preparing the FiZD culture one can observe at the beginning the widening of 

the cells in the explant. If the cells are compressed too much they are damaged, to 

a degree the explant cannot survive. However, with the correct amount of pressure 

from the insert the cells of the organ first behave elastically materials and stretch 

under the pressure. Later they exhibit the properties of viscous liquids, rearranging 

their original form and at the same time accommodating for the new directions. 

These cell aggregate bimodal shape changes have been shown to follow compound-

viscoelastic-solid and elastoviscous-liquid models (Phillips & Steinberg, 1978). 

When subjected to mechanical deformations, the organoids and embryonic kidneys 

studied here, relax as elastic materials on short time scales and act as viscous liquids 

on long time scales (Forgacs, Foty, Shafrir, & Steinberg, 1998).  

The capacity of the kidney to develop in the FiZD culture conditions may be 

attributed to similar conditions occurring naturally during normal nephrogenesis 

when shaping the nephron during its assembly. It has been shown that the 

viscoelasticity and thus rigidity of the tissue depends on the composition, 

crosslinking and binding of the extracellular matrix components to cells (Forgacs 

et al., 1998; Phillips & Steinberg, 1978). At the early stages of kidney development 

when most of the tissue is still mesenchymal not many tight epithelial structures 

between the cells have formed yet.  

Unlike the other culture systems, in the FiZD system there is no gas/liquid 

interface, instead the organ is fully immersed in a large volume of medium. There 
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were no signs of lack of oxygen in the growing tissue and we assume that the thin 

70µm thick structure eases the oxygen delivery from the medium to the tissue. 

Using the FiZD culture system, high quality images and time-lapse movies can be 

generated. The images allow closer inspection of the development processes and 

may ease observation during functional tests. The information gained from the 

imaging may in the future also be used in the 3D printing of organs. 

In the FiZD culture system the imaged tissues are brought very close to the 

objective of the microscope. The imaged tissues are right on top of the glass bottom 

of the 6-well plate with only air or immersion water/oil between the glass and the 

objective. This reduces the amount of laser power needed during the imaging 

process, allowing for less toxic laser exposure. There is also plenty of medium in 

the well so there is no risk of drying of the sample. A diameter of mammalian cells 

is ~10 µm (Gilbert & Barresi, 2016), so only a few layers of cells fit between the 

filter and glass. The branching of the UB and development of nephrons can proceed 

even in the restricted space. Both these aspects together allow the long (7 days) 

culture with frequent (5-minute interval) imaging of the developing tissues. 

Typically, the time-lapse cultures of developing kidneys have been shorter 

(Costantini et al., 2011a; Leclerc & Costantini, 2016; Watanabe & Costantini, 2004) 

When the time-lapse movies were made using the Transwell inserts the image 

quality was less than with the FiZD method. This is due to the membrane of the 

insert being between the objective and the explant. The growing explant is also 

thicker, requiring increased microscope laser power to be able to image it. When 

thicker samples are imaged in three dimensions, more z-layers must be made, and 

this requires more imaging time. The lower number of z-layers and less laser power 

makes it possible to image the explants more frequently. This is essential when 

capturing the dynamics of the development process. In the Transwell system the 

explants are not fixed to the membrane immediately and, unlike in the FiZD system, 

the imaging cannot be started immediately after setting up the culture. Also in the 

FiZD system, many samples can be placed in the same well and followed 

consecutively. 

In the Low-volume culture system there is no membrane restricting the 

imaging. The disadvantage of this method is that it takes time for the explant to be 

fixed to the glass bottom and that the imaging can only begin after a lag phase. 

Because of the small volume of medium, the medium has to be changed daily to 

avoid the sample drying out. The changing of medium affects the shape and 

thickness of the explant, making the imaging less precise.  
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The time-lapse movies generated with the FiZD method offer a rich area for 

future analysis. The FiZD method can be tested also for other organs and tissues, 

and it has already been used to image ovarian tissue as well (Prunskaite-

Hyyryläinen et al., 2016). Due to less laser-power required for imaging and the 

wealth of culture medium present in this set up, it is possible to acquire long-term 

movies.  

Here, the time-lapse generated data was used for segmentation and tracking of 

cells in two-dimensions. To enhance the quality of the data, the images were first 

processed with deconvolution. The deconvoluted data was segmented so that each 

pixel was labelled with the ID of a certain cell. As the imaged UB grew, the number 

of cells in the studied area increased. The speed and direction of the cells varied 

between the time points and no common trend could be observed. The UB at this 

point grows into many directions and also the movements of individual cells are 

not always into the same direction. A selection of a smaller group of cells for 

studying might be more informative. 

The three-dimensional data acquired from confocal imaging could be used also 

for 3-dimensional segmentation, which follows the movement of cells in three 

dimensions. With the data capacity nowadays the 3-D segmentation method will be 

most useful in applications where tens to hundreds of cells per sample require 

segmentation, with a confidence that the segmentation of each cell chosen for 

segmentation is accurate based on visual judgment (McCullough et al., 2008). 

However, at the moment the 3-D segmentation is still very tedious and prone to 

errors. The image data of long-term time-lapse imaging requires plenty of computer 

memory. One day of imaging can result in for example 80GB of image data. 

6.2 Dissociation and reaggregation of metanephric mesenchymal 

cells 

The metanephric mesenchyme of an E11.5 embryonic kidney is in uninduced state. 

The signals from the UB cause the condensation of the mesenchyme (McMahon, 

2016; Saxén, 1987) and help sustain it (Dudley, Godin, & Robertson, 1999) but at 

this stage the nephrons have not formed yet. However, when the metanephric 

mesenchymal cells are kept separated from the UB they undergo apoptosis and lose 

their competence to form nephrons (Koseki, Herzlinger, & al-Awqati, 1992; Saxén, 

1987). 

The dissociation and reaggregation of the uninduced metanephric 

mesenchymal cells enables the genetic manipulation of the MM cells. The 
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technique opens up possibilities for functional testing of the effects of different 

genes on the nephrogenesis process and allows for cells from different sources to 

be combined into one organoid. The cells can be transfected and sorted within the 

24-hour timeline given by the set of growth factors provided. Currently, the time 

limit does not allow the use of all methods, there is not enough time for antibiotic 

based selection and the sorting must be done based on fluorescent labels.  

Here, it was observed that after 24-hour growth factor treatment the 

reaggregated cells can be induced to form most parts of the nephron. If in the future 

a chemical cocktail can be found that keeps the cells competent for a longer time, 

it would enable more efficient propagation and offer more time for more 

complicated manipulations. 

Also, other sources of nephrogenic cells are becoming available through 

advances with ES cells (Araoka et al., 2014; Takasato et al., 2014), hPS cells 

(Morizane & Bonventre, 2017; Takasato et al., 2016) and iPS cells (Araoka et al., 

2014; Li et al., 2016). These methods may allow study of nephrogenesis using 

human cells and would also reduce the number of animals used for experiments. 

Even though the nephrogenesis process is highly conserved in mammals there are 

many differences in the structure of mouse kidneys versus human kidneys (Little 

et al., 2007; Saxén, 1987). The human kidney is divided into multiple (8 to 18) 

lobes, divided into cortex and medulla where the nephrons reside. The mouse 

kidney consists of only one lobe containing all the nephrons. The ureteric bud 

branching also differs between the species and in human kidney the nephrons are 

connected in arcades. 

6.3 Gene editing of the uninduced embryonic metanephric 

mesenchymal cells 

Transfection of intact tissues is challenging because the delivery of the transfecting 

particles inside the cell is not easy (Lee et al. 2008). The use of a dissociation and 

reaggregation method eases the transfection procedure because the single cells are 

more accessible for the transfecting particles. There are many different transfection 

methods available but only some are suitable for the primary MM cells. Here a few 

methods were tested.  

Virus mediated transduction of the MM cells in the Dis/Re system was quite 

efficient. The RVH-GFP retrovirus transduced MM cells could incorporate into 

different nephron structures such as the proximal tubules, distal tubules, and renal 

corpuscle. Once the Lhx1-GFP transduction was done the Lhx1 was measured to 
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be downregulated with about 69 % efficiency. Transduced Lhx1KD GFP+ cells 

were either not included in the nephron-like structures or incorporated into renal 

corpuscle like structures. Because the production, testing and concentration of 

viruses are time-consuming, also other transfection methods of primary MM cells 

were tested.  

The chemical methods, Lipofectamin 3000® and NanoJuice® were relatively 

toxic for the MM cells and there were few or none nephron structures in the 

transfected organoids. Neon electroporation of single cells was efficient to transfect 

the cells but after the reaggregation and induction the organoids did not develop 

optimally. Also, the transfected cells were not well included into the nephron 

structures. The peptide based PF6 method was well tolerated and also efficient for 

delivering the control siGLO-siRNA inside the cells. However, also in this case 

most of the transfected cells were sorted out from the nephron structures. It would 

be interesting to study how the method of induction affects the fate of the cells. The 

transfected cells could also be induced by reaggregation of the UB. 

In the non-viral transfection methods tested, to some level the transfected cells 

were not incorporated into the nephron structures in the same probability as 

assumed. This implies that the cells could recognize the transfected cells and by 

some mechanisms sort them out from the nephrogenic cell population. It is also 

possible that the cells could have been damaged during the transfection and they 

were not capable to be incorporated into nephrons. 

In recent years, new gene editing techniques have emerged. One of the most 

popular new editing techniques is CRISPR-Cas9 (Jinek et al., 2012). This gene 

editing system has proven to be efficient and precise and it has been used already 

in many kidney applications (Higashijima 2017, Freedman 2015). Unfortunately, 

the Dis/Re method used in this study does not provide a sufficient time-window for 

CRISPR-Cas9 transfections and the required selection step. It is better suited to 

work done with ES or iPS cells. 

6.4 Cryopreservation of embryonic kidney cells and tissues 

Different cell lines and stem cells have been cryopreserved in liquid nitrogen (Jang 

et al., 2017). Also long-term preservation of early stage embryos can be done by 

vitrification (Simopoulou et al., 2014). Cryopreservation of whole adult organs is 

under study (Chagnon, Couture, & Pavilanis, 1968; Fahy et al., 2009; Garcia-

Dominguez et al., 2016). There is a report that the in vitro propagated E16.5 kidney 

precursor cells can be cryopreserved (Brown et al., 2015).  
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Here the E11.5 intact mesenchyme, dissociated MM cells, intact UBs, or whole 

kidneys were cryopreserved in liquid nitrogen. After the thawing of the cells or 

tissues they were subjected to induction (MM) or used to induce intact or Dis/Re 

MM (UB). Even though the cryopreservation damages and destroys part of the cells 

the mesenchyme was still capable of being induced with both chemical (BIO) and 

natural inducers (UB). Also, after the freezing process the UB was still capable of 

inducing nephrogenesis in both freshly dissected intact or dissociated and 

reaggregated MM and the cryopreserved MM.  

With the intact mesenchyme, the tissue was dissociated into single cell 

suspension during the washes after the freezing. The intact UB retained their shape, 

however. This is probably due to the stronger adhesion of the epithelial structures 

between the cells. 

Although it is ideal to use the primary cells and tissues fresh, the possibility for 

cryopreserving primary kidney cells or tissues brings advantages. When large 

numbers of cells or tissues are needed for high-throughput experiments it is 

beneficial to collect them in advance. Also, when many different transgenic mice 

are needed for the same experiment the timing of the mice can be challenging, so 

cryopreservation may be useful here as well. 

To be able to use the cryopreserved kidney progenitor cells in further 

experiments it would be interesting to compare the branching capability of freshly 

dissected and cryopreserved UB. It would also be important to determine in detail 

how far the nephrogenesis can proceed in the cryopreserved MM. 
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7 Conclusions 

In this thesis, new techniques for studying kidney development are presented. The 

novel FiZD culture system offers to enhance the imaging of developing organs and 

organoids. The image resolution and the frequency of the imaging were enhanced 

in a way that the time-lapse imaging data could be used for semi-automatic 

segmentation of the cells and for following the dynamics of the development 

process. In the future it may be possible to perform 3D segmentation of the growing 

tissue and to track individual cell faiths within the developing organ or the nephron.  

The dissociation and reaggregation (Dis/Re) method of uninduced MM opens 

up vast possibilities for studying the nephrogenesis program. Here, the viruses, 

chemical reagents, electroporation and a peptide base method were tested to 

transfect the MM cells. Viral transduction and PepFect6 peptide transfections 

showed the most promise. To be able to perform functional testing more reliably 

we would need to enhance the transfection efficiency to be closer to 100%. For the 

large-scale experiments, it is important that the method is also easy to use. In the 

transfection experiments a trend was noted that the transfected cells are more likely 

to be left out from the developing nephron structures. It needs to be determined 

whether this is because the cells recognize the transfected cells and do not select 

them into the nephron making cell pool or because the stromal cells are more likely 

to be transduced. It may also be the cells have been damaged by the transfection 

step or that the method of induction has an effect. Now two induction method were 

used in the Dis/Re system, the spinal cord and the BIO induction. Reaggregation 

of the intact UB into the transfected mesenchyme would provide the most natural 

induction source. There are still difficulties to sort out before large-scale functional 

testing can be done.  

The dissociation and reaggregation method also offers other possibilities for 

generating organoids. Examples include, making chimeric organoids and extracting 

different cell populations from the cell pool. Because usually only a small number 

of cells are available, the introduction of cryopreserved kidney progenitor cells also 

provides new options to plan and execute experiments. The cryopreserved kidney 

progenitor cells still need further testing to ensure that the nephron structure does 

not vary from the freshly dissected and induced cells. Once the organoids created 

with the cryopreserved cells have been proven to contain all the segments of 

nephrons they can be used in functional tests. The newly created kidney progenitor 

cells from the ES and iPS cells may in the future be an option instead of the primary 

cells. However, the production of these cells is costly and time-demanding. 
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This study presented new promising techniques for studying kidney 

development with a number of advantages. The possibility to use cryopreserved 

kidney cells facilitates more high-throughput experiments and allows experiments 

not to be dependent on the timing of mice. The Dis/Re technique for generating 

organoids enables the functional testing of new genes in the study of nephrogenesis. 

Finally, the FiZD culture system presents a way to gain more information about the 

morphogenesis of kidney development and of other organs.  
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