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Tiivistelmä

Tietämys munuaisesta on vaillinaista ja esimerkiksi nefronien muodostumista ei ymmärretä yksityiskohtaisesti.
Tekniikan kehittyessä munuaistutkimus syventyy entisestään ja esimerkiksi molekyylibiologia on antanut paljon
munuaistutkimukselle. Munuaisen solujen geenien säätelyn tutkiminen ja kartoittaminen on auttanut tutkijoita
ymmärtämään paremmin nefronien kehitystä vaikka eri munuaissolujen viljely on haasteellista.
Laajaseulonta eli ”high-throughput screening” on tullut akateemisen tutkimuksen saataville ja se ei ole enää vain
lääketeollisuuden yksinoikeus. Muinuaistutkimuksessa on käytetty laajaseulontaa ja sen hyödyt ovat selvät.
Laajaseulontaa voitaisiin käyttää kehittyvän munuaisen nefronien muodostumisen tutkimiseen, mutta
munuaissolujen soluviljelmät ovat ongelmallisia kokeiden toteuttamiseen. Soluviljelmät muun muassa keskittyvät
vahvasti primäärisoluihin. Oletettavasti nefronit muodostuvat kantasoluista tai jo vähän erilaistuneista kantasoluista.
Näitä oletettuja soluja ei kuitenkaan pystytä tällä hetkellä viljelemään ja tutkimukseen käytetään paljon
primäärisoluja. Soluja pystytään siis eristämään monella eri tavalla, mutta pidempiaikainen viljely ei onnistu.
Ongelma on, kuinka viljellä paljon nefronien kantasoluja laajaseulonnan kokeisiin. Proteiinipäällystykset ovat hyvin
tunnettu tekniikka soluviljelmissä ja tämän työn tavoite on testata eri proteiinipäällystyksiä soluviljelmissä. Lisäksi
laajaseulonnan tilasta tehdään selvitys keräämällä tietoa alasta ja sen kehityksestä. Selvitys rajattiin suurimmaksi
osaksi elävillä organismeilla tehtävään laajaseulontaan. Munuaisen solut ovat siis työssä mukana
tapaustutkimuksena.
Laajaseulonnassa on tapahtunut huomattava muutos ja tekniikan kehittyessä laajaseulonnassa ei enää keskitytä
mittaamaan yhtä suuretta kerrallaan. Nykyään tekniikka mahdollistaa monen eri mittauksen tekemisen yhdestä
kokeesta, mikä kasvattaa laajaseulonnan tuottavuutta paljon verrattuna aiempaan seulontaan. Englanniksi tämä uusi
seulontatapa on ”high-content screening”. Myös mikrofluidiikassa, solusiruissa, ja virtaussytometriassa tehdään
tutkimusta, jota voidaan hyödyntää laajaseulonnassa. Nämä teknologiat eivät ole muuttaneet merkittävästi
laajaseulontaa, mutta niitä voidaan käyttää laajaseulonnan tehostamiseen.
Proteiinipäällystyskokeet toteutettiin kasvattamalla ja kuvaamalla eristettyjä hiiren metanefrisen mesenkyymin
soluja. Hiiren soluja kasvatettiin kuoppalevyillä joiden kaivoissa oli erilaisia proteiinipäällystyksiä. Kuvaaminen
tehtiin IncuCyte ZOOMTM–laitteella. Kokeiden mukaan vain kaupallisesti saatava BME pystyi pidentämään
merkittävästi hiiren solujen kasvatusta. Tutkimus ei paljastanut mitä soluja kuoppalevyillä kasvoi. Ratkaisuksi
kantasolu viljelmille ehdotettiin organoideja. Organoideja voisi hyödyntää viljelemällä nefronien kantasoluja
organoideina. Organoidit muodostaisivat kantasolutaskuja, joissa kantasolut voisivat elää niille sopivassa
ympäristössä säilyen erilaistumattomina pitkään. Organoidien viljelyssä BME:stä voisi olla hyötyä, koska kokeissa
metanefrisen mesenkyymin solut kasvoivat siinä.
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Abstract

The knowledge of kidney development is limited and for example the formation of nephrons is not fully understood.
Kidney research is ongoing constantly and advances in the different fields of technology have allowed deeper
understanding to this subject. Molecular biology is a good example how the development of technology can change
a whole branch of science. The study of regulatory networks in kidney development has helped kidney researchers
to understand better nephrogenesis, although the cultivation of different kidney cells is challenging.
High-throughput screening has become available to academic research. Anymore, it is not only available for
pharmaceutical industry. This powerful tool have been harnessed for kidney research and its usefulness have been
proved. The high-throughput screening could be used to study how nephrons are formed when the kidney is
developing. High-throughput assays need cells in large quantities, but the study of nephrogenesis is impaired by poor
cell culture systems which rely heavily on primary cells. Presumably, the nephrons are formed from stem or
progenitor cells, but the cultivation of these nephron stem cells is not possible as long term cultures. The nephron
stem cells can be isolated in many different ways for cultivation, but establishing a long term culture is not possible.
The problem is how to cultivate the nephron stem cells for the high-throughput screening assays in large quantities.
Protein coatings are well-known technique in cell cultures and the aim will be to test protein coatings on renal cells.
In addition, a survey of high-throughput screening will be done and the survey focused to the high-throughput
screening on living organisms. The kidney experiments are presented here as a case study.
A clear trend was identified from the high-throughput screening and the conclusion was that the development of
technology has led to a new way of doing high-throughput screening. Now, it is customary to measure multiple
quantities at once. Today, technology allows multiple different measurements from one experiment which increases
the productivity of high-throughput screening tremendously. This “new high-throughput screening” is termed as
“high-content screening”. There is also ongoing research in microfluidics, cell arrays, and flow cytometry which aims
to improve the high-throughput and the high-content screening assays. These technologies have not changed
dramatically the screening, but they can improve throughput.
The protein coating experiments were done by cultivating and imaging dissociated mouse metanephric mesenchyme
cells. The cells of mice were cultivated in microtitre plates which had different protein coatings in different wells.
Imaging was done with an automated IncuCyte ZOOMTM microscope. This showed that only commercial available
BME was significantly promoting cells proliferation. The experiments did not reveal what cells were proliferating.
For stem cell cultures, it was proposed that the long term culture of nephron stem cells could established by cultivating
the nephron stem cells as organoid niches. Here, the BME could be useful, because it promotes the proliferation of
metanephric mesenchyme cells.
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1 INTRODUCTION
Kidney is a remarkable organ and it is not understood how it develops in embryogenesis.
Understanding nephrogenesis, i.e. the formation of nephrons in the kidney, is one of
research topics. Resolving nephrogenesis could have many positive effects. It could help
the bioengineering of artificial kidneys or help the treatment of many kidney diseases. It
is supposed that the developing kidney, or more precisely metanephric mesenchyme
(MM), has progenitor cells which form the nephrons by specializing to different cell
types. The developing kidney has far less cells than the fully grown one and therefore
these cells are somehow maintaining their population during nephrogenesis. A theory for
explaining of the source of progenitors would be needed to understand this phenomenon.
One way to explain this is a stem cell niche theory which has been used since 1978 to
explain the sources of stem and progenitor cells (Schofield 1978; Voog and Jones 2010).
The niche theory ties well to stem cell senescence which explains aging as the prevention
of genome damage.
Science is progressing in periods rather than in a steady state. Some of the greatest
discoveries in science have taken place by a chance which emphasizes this strategy.
However, systematic research is another way to do science. A fine example of systematic
research is the story how Paul Ehrlich and Sahachiro Hata discovered a cure to syphilis
by developing Salvarsan (Bosch and Rosich 2008). The discovery was a big turn in the
history and after it medicine has been more or less looking for “magic bullets” to cure
one disease or another.
The story in short: at the early 1870s, Paul Ehrlich made experiments with artificial dyes
and he noticed that bacteria can be selectively stained with these dyes (Bosch and Rosich
2008). This was a remarkable discovery, but Ehrlich made other discoveries as well.
Ehrlich had also noted that some dyes were toxic to bacteria and from here he got the idea
of “magic bullet”. That is, medicine, which would harm bacteria, but not humans. Ehrlich
though that arsenic could cure syphilis and he made hundreds of different compounds of
arsenic. After this, he let his assistant Sahachiro Hata to work through them
systematically. Hata started to test systematically different compounds of arsenic to
rabbits which were infected with syphilis and one day he discovered a compound “606”.
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The compound 606 killed bacteria, but left the rabbits unharmed. Later, this compound
606 became commercialized as syphilis medicine with a name “Salvarsan”.
Today, this very same principle of testing systematically different compounds is applied
in a pharmaceutical industry to find new drugs (or it has been applied since the Salvarsan).
Of course, technology has proceeded much from the days’ of Ehrlich and now systematic
screens contain millions and millions of different compounds. The screening has evolved
to “high-throughput screening” (HTS) and “high-content screening” (HCS). From these
terms, the HTS means that the screening assay measures one quantity from one
experiment and the HCS means that the screening assay measures multiple quantities
from one experiment. These new tools of technology have been already applied to natural
science. In the past, only the industry had enough resources to use the HTS, but now also
universities have access to the HTS. What is more, the HCS has been applied to kidney
research and it has already shown its usefulness. Before starting the HTS or the HCS
assays on the kidney cells, it is good to be remind of the fact that no one knows how the
MM develops in embryogenesis. It would be interesting to study nephrogenesis by
studying the nephron progenitor cells, but these cells (if they even exist) can be cultivated
only for one day in vitro. Much can be done in the 24 hours, of course, but still a better
cultivation technology would be preferred before starting the HTS or the HCS assays.
Therefore, this Master’s Thesis contains a survey of current high-throughput screening
methods on living organisms and experimental results from a small kidney study.
The survey of HTS is limited to living organisms only because the HTS is a very wide
subject. The subject on developing bioprocesses to establish a long term culture of
nephron stem cells is limited to testing a couple of proteins and protein mixtures. The idea
of testing different proteins came from other long term stem cell culture protocols which
have been very successful. The experiments were supposed to reveal preliminary data
concerning new cultivation methods.
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2 HIGH-THROUGPUT SCREENING
The concept of HTS is easy to understand from the invention of Salvarsan, and therefore,
the full story is here. The story also explains why the HTS is connected heavily to
pharmaceutical industry. Often, the HTS is the term of biology and a common perspective
in science is to see the HTS as a screen of chemicals for biologically active compounds.
However, the term HTS is also used in other fields as well which is shortly explained
below. The focus will be more in the pharmaceutical and the biotechnical industries where
the HTS is a big player. In the pharmaceutical and the biotechnical industries, HTS assays
can be divided into two distinct parts which are biochemical assays and cell-based assays.
The cell-based assays were a big step in the history of HTS and they present the most
advanced HTS assays today. Living cells give much more potential for research than the
biochemical assays. Yet, research is now going one step further and the HTS can be
applied to whole organisms. These whole organism-based assays are an even greater step
to more physiological experiments than the cell-based assays were at the time of their
invention.
The cell-based assays lead to the invention of HCS. Combining microscope to the cellbased assays allowed us to measure multiple quantities from one experiment. This
invention to measure multiple quantities from one experiment in screening was a huge
improvement in the HTS and it created a new field of science. The HCS assay is basically
only a HTS assay, but the term means screening assays which are measuring multiple
quantities from one experiment. Importance of this is presented in the last part of this
section.

2.1 The concept of HTS
The concept of HTS can be linked to Nobel Prize winner Paul Ehrlich (1854-1915), who
believed that new drugs needed to be synthesized for specific targets (Bosch and Rosich
2008; Kaufmann 2008). Ehrlich was thinking in a new way to his age and he established
the basic procedures for chemical synthesis aimed at obtaining new drugs for infectious
diseases. Ehrlich described his approach to begin with the synthetization of chemical
structures in large quantities. The synthetization was followed by systematic
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pharmacological screening to evaluate chemicals efficacy. The aim on this systematic
screening was to find selective drugs which would affect pathogens without affecting the
host’s cells. (Bosch and Rosich 2008) Ehrlich called these chemicals as “magic bullets”
and medicine has been hunting these magic bullets after the discovery of the first magic
bullet (Kaufmann 2008).
The story of first magic bullet “Salvarsan” begins from the early 1870s when Paul Ehrlich
made experiments with artificial dyes and he noticed that tissues can be selectively stained
with these dyes. This was a remarkable discovery, but Ehrlich made other discoveries as
well. Dyes made Ehrlich to formulate the idea of molecules that specially bind to cell
receptors and this lead to the idea of magic bullet. Ehrlich though that arsenic could cure
syphilis and he made hundreds of different compounds of arsenic. After this he let his
assistant Sahachiro Hata to work through them systematically. Hata started to test
systematically different compounds of arsenic to rabbits which were infected with
syphilis and one day he tested “compound 606”. The compound 606 killed bacteria, but
left the rabbits unharmed. The first magic bullet was found and later this compound 606
became commercialized as syphilis medicine with a name “Salvarsan”. Salvarsan proofed
that the magic bullets exist and they can be discovered by research. (Bosch and Rosich
2008; Kaufmann 2008)
As a summary, the concept of HTS means experiment which test one or more parameters
with systematic variation. There are no need for knowledge how parameter(s) should be
set, because the systematic screening should find desired targets. Because the HTS stands
for “high-throughput screening”, it is presumed that any HTS assay should really have a
huge amount of experiments to be worth the name. It is clear that by time the requirements
will rise. (An and Tolliday 2010; Maier, Stowe, and Sieg 2007; Xia and Wong 2012)

2.2 Different uses of high-throughput screening
The HTS is a term of biology, chemistry, biochemistry, medicine, chemotherapy, etc. and
often the HTS is perceived to be a process where large numbers of chemicals are tested
with high efficiency to identify biologically active small molecules. The goal of screening
is to find molecule candidates for further validation in biological or pharmacological
experiments. In other words, the goal of HTS is to find new chemical structures which
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can be used as leads for drugs candidates in drug discovery or which can be used as probes
to address biological questions in basic research. In the pharmaceutical and the
biotechnology industries, the HTS normally involves large compound collections
(hundreds of thousands to millions of small molecules), industrial scale robots, and
sophisticated automation. (An and Tolliday 2010; Xia and Wong 2012)
The HTS is used widely in the pharmaceutical and the biotechnology industries with great
success (Xia and Wong 2012). This has increased attention to this technology and other
fields are adapting the HTS to their own needs. The HTS can have a quite different
meaning in these fields sometimes when it is compared to traditional HTS. Sometimes,
only the word “high-throughput” is the connecting element to the traditional HTS. The
HTS has been adapted in many fields of science, but combinatorial materials science
seems to be one of the biggest separated field. Connection to combinatorial chemistry is
obvious and combinatorial chemistry has its own history in the HTS. Also combinatorial
materials are connected to the traditional HTS via biomaterials research. (An and Tolliday
2010; Xia and Wong 2012; Maier, Stowe, and Sieg 2007; Simon Jr. and Sheng 2011) One
can find examples were HTS has been used for catalyst, electronic, magnetic, polymer,
optical, composite, porous, and nanomaterials. Also in paints, detergents, and glues. (Zou
et al. 2010; Nel et al. 2013; Wollmann et al. 2011; Maier, Stowe, and Sieg 2007; Hook et
al. 2010; Simon Jr. and Sheng 2011)

2.3 HTS in pharmaceutical and biotechnical industries
The HTS has matured over time and the pharmaceutical industry has been the main force
driving HTS development. In the late 1980s to mid-1990s, the HTS growth rapidly by the
influence of significant advances in combinatorial chemistry and genomics.
Combinatorial chemistry allowed us to deliver thousands of novel compounds quickly
and cheaply which helped to drive the development of HTS for analyse purposes. At the
same time, rapid advances in genomics revealed many new drug targets. The HTS came
the method of choice for the identification of the small-molecule modulators of these
targets because these novel targets where poorly characterized. (An and Tolliday 2010;
Hopkins and Groom 2002) The HTS was an easy choice for its “randomness”, because
“test and try method” will not need detailed information about the target. As the result of
choosing HTS, the pharmaceutical industry made huge investments to the HTS and
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greatly influenced its development. Today HTS’s efficiently and throughput have been
greatly improved from the past. Nowadays 384-well microtitre plates are the standard and
1536-well plates are increasing their popularity. However, even 3,456-well microtitre
plates are used. (An and Tolliday 2010) Throughputs of ≥100,000 compounds screened
per day are routine in lead HTS practitioner laboratories (An and Tolliday 2010; Liu, Li,
and Hu 2004). In the field, the 1536-well or higher well-density formats are sometimes
referred to as ultra HTS (uHTS) which was kept as a new step in the HTS. Overall,
impressive process has been made in the terms of automation, throughput, improved
screen paradigms, and high-performance computing (Inglese et al. 2006; Xia and Wong
2012). Large investments have also returned and the HTS has produced an increasing
number of leads, clinical candidates, and marked drugs (An and Tolliday 2010; Kell
1999). Advances in the HTS technologies have also been beneficial to other fields and it
has been applied for example in the identification and validation of specific gene
functions among the collections of cDNAs reagents. (An and Tolliday 2010; Korherr et
al. 2006; Zitzler et al. 2004)
From the beginning, the HTS has been on the reach of pharmaceutical industry, but not
for academic researchers. In the recent years, interest in the HTS has increased
dramatically among the academic researchers and there exist many academic screening
centres. These centres often promote open source data sharing to facilitate basic and
applied research in the scientific community. Open source data sharing spreads HTS’s
availability to an even wider group of researchers and help to avoid overlapping research.
(An and Tolliday 2010)
In the pharmaceutical and the biotechnical industries, assay types in the HTS can be
divided broadly into two categories: biochemical assays and cell-based assays.
Historically, in the pharmaceutical industry, the biochemical assays have been a ground
stone in the HTS when the cell-based assays are newcomers. (An and Tolliday 2010; Xia
and Wong 2012)
The biochemical assay is an in vitro chemical assay modelling chemical reactions in the
living organisms. The biochemical assays can be the assessment of enzymatic activity or
protein-protein interactions. Because the biochemical assays are basically the chemical
assays, they are often direct and specific to the studied target. Therefore, assay
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minimization is rather simple. The homogenous nature of reactions makes scaling easy
without much variation. The biochemical assays have also their flaws and sometimes
target purification or preparation can be a problem for the biochemical assays. Also, the
biochemical assays are always in vitro assays and therefore they do not present complex
environment inside the living organism. This leads to a situation that assay might not
replicate the same way as they would inside of living organism. These differences can be
caused by the requirements of cellular cofactors, problems in membrane permeability,
off-target effects, cytotoxicity, and many other affairs. (An and Tolliday 2010)
The cell-based assay is an in vivo assay in a living cell. For example, the cell-based assays
can be functional assays, reporter gene assays, and phenotypic assays for cellular
processes. The cell-based assays have emerged as a more physiological alternative to the
biochemical assays involving purified proteins. Unlike the biochemical assays, which
were often direct and specific to the target, the cell-based assays do not often need a priori
knowledge of target. (An and Tolliday 2010) Therefore, there is no need for the protein
purification of target protein and its characterization to find knowledge about possible
biochemically active modulators (Barberis et al. 2005).
Many cell-based assays aim to find substances which modulate the metabolism or the
catabolism pathways of interest inside the cell. Screening against the pathways gives
much more opportunities to find intervention points to influence the metabolism or the
catabolism as desired. There is always ongoing metabolism or catabolism inside of living
cell in the cell-based assays and the biochemical assays are missing this. There are no
intact regulator networks or feedback control mechanism, etc. in the biochemical assays.
Because of this, the cell-based assays also provide more starting points for lead
identification via increased targets. In addition, the cell-based assays have a couple preelimination aspects for screening possible modulators which the biochemical assay do not
have. Firstly, modulators’ membrane permeability will be automatically tested in the cellbased assays. If the modulator needs to gross membrane(s) to get its target and it cannot
gross the membrane(s), it is useless whatever activity it has to its target. Secondly,
cytotoxicity can be observed from the cell-based assays. Whether cytotoxicity is good or
bad thing, depends on the assay. (An and Tolliday 2010) Thirdly, modulator’s stability
and solubility will be also automatically tested in the cell-based assay (Barberis et al.
2005). Membrane permeability, cytotoxicity, stability and solubility information can be
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used to eliminate unnecessary lead/probe discovery efforts (An and Tolliday 2010;
Barberis et al. 2005).
Whole organism-based assays are cell-based assays by principle, but the whole organismbased assays have the additional level of physiological relevance. The whole organism
has intact cell-to-cell communication and multidimensional tissue organization, etc. (An
and Tolliday 2010) Unicellular organisms (like bacteria and yeasts) have been adapted
widely to the HTS in the pharmaceutical and the biotechnology industries (Barberis et al.
2005). Therefore, the unicellular organism-based assays are mastered. The whole
organism-based assay on an multicellular organism is an assay format which has not yet
been mastered, but there are examples of successful adaptations in the HTS format.
Successful screens have been done for example with zebrafish, worms, and plants. (An
and Tolliday 2010; Kwok et al. 2006; Moy et al. 2009; Zon and Peterson 2005; Sanker et
al. 2013)

2.4 High-content screening is the next high-throughput screening
The HTS has developed greatly and it is a very powerful tool. However, a new concept
has been developed from the HTS, because it has not always been matching the demands
which have been expected from it. The development of HTS has always been focused on
improvement of throughput which is natural for the HTS. In the history of drug discovery,
the development of throughput lead to very large screenings which are sometimes referred
to as uHTS. These improvements in throughput did not lead to new drug discoveries in
quantity as hoped. (Xia and Wong 2012) One reason to this was that the HTS assays were
mainly biochemical assays which do not reflect the complexity of living organisms (An
and Tolliday 2010; Xia and Wong 2012). Because of this reason and some other, new
cell-based assays emerged to provide a more physiological alternative to the biochemical
assays. First, the cell-based HTS assays were like the biochemical HTS assays and only
one quantity was measured from one experiment. Measuring the average of a cell
population was wasting all rich information which the cell-based assays were offering.
The solution was to combine the HTS with microscopy which allowed the measurement
of multiple quantities from one experiment. (Xia and Wong 2012) The new concept of
HTS was developed and called HCS. Today it refers to any HTS that uses multiple
measurements as readout. For example, the HCS has been applied already in platforms
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based on microscopy, but also in microfluidics, cell arrays, and flow cytometry. The HCS
has already become a mature technique in the industry and the academia. HCS assays
provide richer contextual and concurring information than the single quantity HTS assays.
The HCS is the state of the art of the HTS. (An and Tolliday 2010; Upadhyaya and
Selvaganapathy 2010; Xia and Wong 2012; Zanella, Lorens, and Link 2010; Gracz et al.
2015)
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3 HIGH-THROUGHPUT MICROSCOPY PLATFORM
This section covers the role of automated microscopes and the image analysis in the HCS.
Automated microscopy allows us to observe single cells instead of cell populations.
Observing the single cells also makes it possible to identify subpopulations from the cell
populations. The automation as well as the image analysis have developed greatly and the
development is ongoing constantly. Despite of this, it has been said that the HCS has not
yet reached its full potential and software development is still holding back the HCS
assays (Singh, Carpenter, and Genovesio 2014). The HCS should be “high” on its content,
but today researchers take only a couple of measurements from their individual
experiments.
The remaining part of the section has two example articles about using the HCS in kidney
research. These examples use zebrafishes as test animals in whole organism-based assays.
These examples show how the HCS can be used with whole organism-based assays.

3.1 Introduction to high-throughput microscopy
The use of microscopes is very popular in the HCS and other technologies have much
less attention. This shows how useful and versatile the microscope is in the HCS. (An and
Tolliday 2010; Janzen 2014; Xia and Wong 2012; Zanella, Lorens, and Link 2010) Highthroughput microscopy or image-based HCS is built from two major parts: automated
microscope(s) and image analysis software. Technological development in these fields
has made it possible to use the HCS in such a scale as it is used today. (Rimon and
Schuldiner 2011; Xia and Wong 2012; Zanella, Lorens, and Link 2010) The technology
is also perceived to be such advanced that the image-based HCS cannot even keep up on
its own development. It has been said that the HCS has not yet reached its full potential.
(Singh, Carpenter, and Genovesio 2014)
The HCS refers to a technique which measures multiple quantities at once. Microscopy
fits very well to this kind of technique, because of its spatial, temporal, and spectral
resolution. The one big benefit of microscopy use is a possibility to observe individual
cells. For example, in the traditional cell-based plate reader assays, the measurement is
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an average from a certain cell population. However, when one cell population is imaged,
the image gives information from the collection of individual cells. The difference
between the average of cell population and the collection of individual cells is that the
individual cells are much closer to a real cell. (Xia and Wong 2012; Zanella, Lorens, and
Link 2010) The notion of average cells, is not corresponding well to the real nature
(Levsky and Singer 2003). Gaining measurements form the single cells makes the HCS a
more convincing way to study the cells than the traditional HTS. Because microscopy
allows the observation of single cells, it also allows the observation of subpopulations in
the cell populations. The possibility to study the single cells and the subpopulations
allows the recognition of changes within the population in the HCS assays. For example,
the subpopulations can be found from heterogeneous, co-cultured, transfected, and stem
cell cultures. Especially, for the stem cell cultures, the HCS suits well, because the stem
cells can self-renewal and differentiate into specific cell types in the cultures. (Zanella,
Lorens, and Link 2010)
The hardware of automated microscopes has developed in many ways. For example,
improvements have been done in auto-focusing, sample positioning, and fluorescence
microscopy. These improvements have enabled the fast automated microscopes. (Rimon
and Schuldiner 2011; Zanella, Lorens, and Link 2010) However, suspension cells can
cause problems for the automated microscopes in the image-based HCS assays (Black et
al. 2011). Immunofluorescence is a popular technique in the HCS and it supports the HCS
well (An and Tolliday 2010; Rimon and Schuldiner 2011; Xia and Wong 2012; Zanella,
Lorens, and Link 2010). Different immunoreagents, organic dyes, quantum dots,
fluorescence antibodies, and genetically encoded fluorescent proteins can be used to
identify specific molecules, proteins or cellular structures. Many immunofluorescence
methods cannot be used for the living cells, but different genetically encoded fluorescence
proteins (GFP, BFP, RFP, etc.) can patch this in the cell-based HCS. The fluorescence
proteins also develop and nowadays these proteins can be enzymatically activated.
Quantum dots are also one option for fluorescence labelling, but their penetration to the
cells is limited. (Rimon and Schuldiner 2011; Zanella, Lorens, and Link 2010) Also
fusion-protein libraries have been developed in a variety of organisms like bacteria, yeast,
and human cells. These libraries are ideal for the HCS and they allow wide systematic
screens. (Rimon and Schuldiner 2011)
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Image analysis can be used for a variety of different tasks in the HCS. For example,
software can be used to measure changes in cell movement, cellular morphology,
subcellular localization and the expression of macromolecules. In drug development,
whole cell images are useful to determine the whole activity spectrum of small-molecule
compounds which is a tedious task in plate reader assays. In time, the development of
software allows us to measure new quantities from the cell images. (Zanella, Lorens, and
Link 2010) There are much open-source software for image analysis freely distributed
and users can modify each of them. One good example is CellProfiler. (Rimon and
Schuldiner 2011) It has been said that software development is still holding back the HCS
and researchers are only focusing on measurement of one to two measurements from their
assays. Measuring only a couple quantities makes the HCS quite low in content in the
terms of the number of different quantities used. The HCS should have six or more
quantities measured to be HCS assay. There are many reasons why the researchers are
not always making HCS assays which are “high” on content. One reason is that the HCS
generates huge amounts of data which needs good data handling and analysing systems.
Also the HCS assays require much attention to consistency. Mathematical equations are
used in the HTS to determine if assays are consistent or robust enough to be executed.
These same methods are not always working for the HCS and there is room to improve
these methods as well in the normalization of data in the HCS. (Singh, Carpenter, and
Genovesio 2014)
Image analysis develops over time which will help the future HCS assays. This is also a
new possibility to the HCS assays which have been already done. It is common that results
from the HCS assays are safely achieved. Because of this, the results can be reanalysed
to generate new discoveries. The possibility to reanalyse differently the old results is a
fine example how well microscopy fits to the HCS. (Singh, Carpenter, and Genovesio
2014)

3.2 Using the HCS in kidney research
Kidney researchers have used high-throughput microscopy platform in their studies so
that they can use platform’s advantages. (Westhoff et al. 2013; Sanker et al. 2013;
Renkema et al. 2014; Astashkina et al. 2012; Xia and Wong 2012). Sanker and co-workers
as well as Westhoff and co-workers demonstrated this in their articles. Sanker and co-
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workers developed a HCS assay for transgenic zebrafishes whereas Westhoff and coworkers developed a HCS platform for the analysis of zebrafish larval kidneys. (Sanker
et al. 2013; Westhoff et al. 2013)
Sanker and co-workers made their study to help the finding of new genes which are
expressed in kidney regeneration. New gene findings could be then used to make new
drugs to accelerate kidney regeneration. For this problem, the authors developed a HCS
assay. (Sanker et al. 2013) Sanker and co-workers decided to develop whole organismbased assay on multicellular organism, because it would be more relevant to real
biological systems than unicellular cell-based assay (Sanker et al. 2013; An and Tolliday
2010). Zebrafish was chosen as a test animal, because it is vertebrate, small, highly
fecund, genetically tractable, and transparent during its development. Also, it is already
used in drug discovery. (Sanker et al. 2013)
In kidney regeneration, some of renal tubular epithelial cells dedifferentiate into
progenitor cells. At the same time, part of cells express same genes which are also
expressed at kidney development. One of these genes is the LIM homeobox 1 (Lhx1)
which is essential during embryonic development for establishing kidney field. The
authors used a fluorescent variant of this gene in the assay. (Sanker et al. 2013; Diep et
al. 2011) The working principle of assays was to use this fluorescent Lhx1a-EGFP
transgene as a quantitative indicator for compounds that regulate this gene. The authors
also used another transgene cdh17-GFP (the transgene of cadherin17, LI cadherin (liverintestine) gene) to observe kidney development in real-time. (Sanker et al. 2013)
Westhoff and co-workers also worked with the zebrafishes and they developed a platform
for the chemical screening of zebrafish kidneys. The developed platform can be used for
other purposes as well. The authors demonstrated this with genetic disease model.
However, the main idea was to screen nephrotoxic drugs, because for example many
commercialized drugs and other chemicals do not have proper information about the
drug’s effect on nephrogenesis. Information would be important for pregnant women. The
authors chose the zebrafish as their test animal, because it has been used in chemical,
toxicological, behavioural, and genetic screening with success. (Westhoff et al. 2013)
Also the same features favoured by Sanker and co-workers had influence on decision.
(Westhoff et al. 2013; Sanker et al. 2013) An automated microscope was a confident
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choice for the HCS assays, but the zebrafish brought out some problems as a test animal.
The zebrafishes are multicellular organisms and size as well as 3D shape can lead to
imaging problems. For example, in microtitre plates, zebrafish embryos will end up in
random position and orientation. This randomness hampers the reproducibility of
experiments and the detailed imaging of zebrafish embryos. The authors thought that
other developed protocols for zebrafish imaging were too laborious and they developed a
new method to orientate the zebrafish embryos for imaging. The fluorescent transgene
line of zebrafish was then used to proof the usability of this new platform. (Westhoff et
al. 2013)
Both articles had their own way to improve the HCS assays in kidney research. The
articles presented also new ways to work with the whole organism-based assays. (Sanker
et al. 2013; Westhoff et al. 2013). In Sander’s and co-workers’ article, authors used an
image analysis method which they had termed as cognition network technology. When
image analysis was combined with a high-content system, the authors were able to make
real-time in vivo time-course, dose-response, and variability studies. The cognition
network technology is an object-based analysis method. Authors kept it as a method
which is superior to traditional image analysis methods in heterogeneous samples that
contain spectrally similar features across multiple scales. The whole multicellular
organism is one example of this kind of sample. Authors’ analysis method should be
quicker and therefore increase the throughput of HCS assays done with zebrafishes. Also,
the method should help to increase “content” in the HCS assays, i.e. obtain more
information from individual experiments (Sanker et al. 2013) In Westhoff’s and coworkers’ article, authors developed a custom designed orientation tool which allowed the
consistent imaging of zebrafish embryos from dorsal view. This orientation tool was a
brass tool which was done by computer numerical control milling. The developed brass
tool has a base plate with 96 rectangular pins whose positions match to the centre of the
wells of 96-well microtitre plate. The tip of each pin is a keel shaped. The brass tool is
used to mould agarose gel in the microtitre plates. When the brass tool is pressed against
the 96-well microtitre plate, it generates deep keel-shaped cavities in the wells. Every
well will have one cavity to hold one zebrafish embryo and embryo can be imaged from
dorsal view. The authors used the brass tool with automated image acquisition to acquire
stable and consistent images for the HCS assays. (Westhoff et al. 2013)
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4 MICROFUIDIC PLATFORM
Automated microscopes combined with image analysis software are now the leading way
in the HCS. However, researchers are looking new ways to improve HCS assays. For
example, microfluidics, cell arrays, and flow cytometry have been applied to the HCS
assays. These three platforms represent some of the most relevant examples and they are
presented here with examples.
This section covers only microfluidics or nanofluidics as it is sometimes referred.
Microfluidics is its own field of study and it has not been invented for the HCS. There is
ongoing research on how microfluidics could be used in the other fields of science,
including the HCS. The reason is the way how fluids behave at submillimetre scale which
is explained in the text. Along with basic info, the text also presents latest material trends
in microfluidics. Introduction to the organ-on-a-chip concept precedes the example article
which is the last part of section. In the article, is presented microfluidic titre plate platform
which combines microfluidics to microtitre plate format. The article shows how
microfluidics can bring new assay types to the HCS and increase throughput.

4.1 Introduction to microfluidics
Different microfluidics technologies are attractive candidates for replaced traditional
experimental approaches in many research fields. Microfluidics are sometimes called as
nanofluidics and microfluidics can be applied in many different ways in the HCS. For
example, microfluidics can be used to increase throughput by decreasing generated data
which makes data analysis easier. Or microfluidics can be used to minimize material
needs which can reduce costs in the HCS assays. Or microfluidics can be used for precise
temporal control over growth conditions with a very small amount of cells. (Sackmann,
Fulton, and Beebe 2014; McCoy 2011; Cheong, Paliwal, and Levchenko 2010; Lecault
et al. 2011)
Microfluidics can be described as a technology which manipulates fluids at a
submillimetre scale. This technology is decades old by its base. There are many kinds of
microfluidic devices and researchers are commonly designing their own systems for their

25

microfluidic applications. Commonly, these systems can be referred to as micro total
analysis systems (or miniaturized total analysis systems) (µTASs) or lab-on-a-ship (LoC)
systems. However, the term microfluidic systems is also used. (Sackmann, Fulton, and
Beebe 2014; Mark et al. 2010; Lecault et al. 2011) For precise fluid handling at the
microscale, researchers and companies built microfluidic devices. The microfluidic
devices were first built with technologies used in semiconductor industry, but today these
devices can be also built with technologies used in micro-electromechanical systems.
(Sackmann, Fulton, and Beebe 2014; Reyes et al. 2002) The microfluidic devices are used
in to several different fields of research like drug development, diagnostics, biology,
biochemistry, biotechnology, ecology, etc. (Mark et al. 2010; Sackmann, Fulton, and
Beebe 2014).
In microfluidics, fluids are studied at the submillimetre length scale and at this scale fluids
behave in a different manner than in a macroscale. This gives benefits and disadvantages
for the microfluidic systems. For instance, in the microfluidic systems fluid’s flow is
almost always laminar and the Reynolds number stays in the laminar flow regime zone.
Because turbulent flow is missing, the modelling of flow is much simpler. Also,
convective mixing does not occur at the microscale, which changes dramatically
molecular transport. This eases the modelling of diffusion kinetics. These simplifications
allow more predictable fluid dynamics for the microfluidic devices. Moreover, at the
microscale, the relative effect of the force produced by gravity is greatly reduced
compared to its dominance at the macroscale. Conversely, surface and interfacial tension
as well as capillary forces are more dominant at the microscale than on the macroscale.
Because these phenomena are more dominant compared to gravity at the microscale, the
researcher can use them for a variety of work. For example, passively pumping fluids in
microchannels, precisely patterning surfaces with user-defined substrates, filtering
various analytes, and forming monodisperse droplets are relying on these phenomena.
(Sackmann, Fulton, and Beebe 2014) Also reducing fluid amounts in different
applications is the obvious feature of microfluidic systems when working at the
submillimetre scale. This can be helpful when seeking cost reductions in the screening
assays. (Sackmann, Fulton, and Beebe 2014; Mark et al. 2010)
Materials used in microfluidics have changed over the years and the microfluidic devices
for cells are more biocompatible than before. When µTAS devices were invented, the
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devices were microfabricated from silicon and glass using clean-room techniques. At that
time, the semiconductor industry had a technology to make the microfluidic devices.
Materials used were not suitable for cell biology research and today they have been
mostly replaced. Now polydimethylsiloxane (PDMS), thermoplastics or paper are often
the material of choice for the microfluidic systems. PDMS is optically transparent, gasand vapour-permeable elastomer which has a long history in the microfluidic devices. It
has many properties which suit very well for the microfabrication of µTAS devices.
(Sackmann, Fulton, and Beebe 2014) However, it has been stated that the
biocompatibility of PDMS is misleading at some level. For this reason, PDMS is losing
its favour in microfluidics. Thermoplastics, like polystyrene and cyclic olefin copolymer,
have some benefits over PDMS. For example, polystyrene does not allow the bulk
absorption of small molecules and evaporation through the µTAS devise like PDMS
allows. (Sackmann, Fulton, and Beebe 2014; Esch, Bahinski, and Huh 2015) Polystyrene
also has a long history as the material of cell culture plates. Paper has obtained attention
as being cheap and easily incinerated material. Paper with wax and cloth could have a
future in point-of-care applications in low-resource settings. (Sackmann, Fulton, and
Beebe 2014)
Microfluidics have been around us for a long time, but there are some arguments in cell
biology and medical research that this technology has not reached its potential. The
problem is the lower adoption rate of microfluidic technologies in mainstream research
than researchers are hoping for. The microfluidic systems are often individual proof-ofconcept studies without adoption to real use. However, pharmaceutical industry can find
answers for its unsustainable research and development costs from microfluidics.
(Sackmann, Fulton, and Beebe 2014) The high-content screening was developed to get
more from the HTS assays and microfluidics could be used in the same way to improve
the HCS assays. In drug development, the use of microfluidics has been started and the
aim is to reduce the cost of HCS assays. Applying microfluidics to the HTS or the HCS
might not be as chancing an invention as applying microscopes to the HTS was. However,
researchers are investigating this. (Xia and Wong 2012; Sackmann, Fulton, and Beebe
2014)
Research in microfluidics has created a new class of microfluidic devices called organon-a-chip devices which try to replicate in vivo organ function on a microchip by the
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precise control of liquids in microfluidic space. For example, these in vitro devices can
be used to model the normal or the disease states of the body. Researchers have developed
already chips like gut-on-a-chip, lung-on-a-chip, blood vessel-on-a-chip, cancer-on-achip, and kidney-on-a-chip. (Sackmann, Fulton, and Beebe 2014; Trietsch et al. 2013)
From these examples, the kidney-on-a-chip study showed how primary rat inner
medullary collecting duct cells can be used to replicate in vivo renal tubule system. The
authors of this study managed to create in vivo-like ECM environment for renal cell
cultivation and analysis. (Jang and Suh 2010) Organ-on-a-chip devices are kept promising
tools for the drug screening, but they have been criticized to be costly for traditional
biochemical and cellular high-throughput assays. Complexity, measurement variability,
and similar accuracy to traditional screening can limit the usability of organ-on-a-chip
technologies in the HCS. (Sackmann, Fulton, and Beebe 2014; Esch, Bahinski, and Huh
2015; Trietsch et al. 2013)

4.2 Microfluidic titre plate
Microfluidic titre plate, or titer plate as it is written in American English, is combining
microfluidics to the HCS assays. Microfluidic titre plate is introduced in Trietsch and coworkers’ article where the authors presented their idea how microfluidics could be used
in a 3D cell culture platform as well as how it also could be incorporated into the HCS
assays. The authors also want to urge forward the adoption of organ-on-a-chip technology
in the HCS. The article is presented here. (Trietsch et al. 2013)
Trietsch and co-workers had many reasons to do their study: drug research and
development needs better in vitro screening models, in vitro models should capture the
complexity of heterogeneous tissues, and compartmentalization trend in the organ-on-achip devices should have alternative solutions. Often, the compartmentalization means in
the microfluidic devices that the microfluidic space is separated by physical barriers like
membranes, valves, tightly placed pillars, long narrow channels, or tight gaps. The
authors believed that the compartmentalization can severely hammer cell communication
in
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compartmentalization prevents direct cell-cell interactions. To address this problem,
Trietsch and co-workers presented a stratified 3D cell culture platform which can
embedded in microtitre plates. The name “microfluidic titre plate” comes from here. The
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authors fabricated array plates containing 40 or 96 microchambers which proved
compatibility with automation and HCS equipment. The microfluidic titre plates were
pipette-operatable as well as compatible with industrial readout and liquid handling
equipment. In the article, the authors cultured human liver hepatocytes (HepG2 cells),
fibroblasts (3T3 cells), and breast cancer cells (4T1 cells) on the stratified 3D culture
platform. The cell cultures proved that the platform can be used for 3D cell culture, coculture, and invasion assays. (Trietsch et al. 2013)
The stratified 3D cell culture platform contains tissue and perfusion lanes which are
patterned adjacently like in figure 1. The lanes are separated by phaseguides and these
components form one unit in the stratified 3D cell culture platform. The tissue lane is
filled with gel-embedded cells and the perfusion lane is used for perfusion flow, a
challenge compound or staining reagents. Perfusion flow is achieved by the levelling of
reservoirs. (Trietsch et al. 2013) Phaseguides are geometric features that act as pressure
barriers due to meniscus pinning. The phaseguide can be described as a line of material
or a change in geometry that spans the complete length of a moving liquid-air boundary.
The line or change in geometry results in an abrupt change in capillary pressure that
induces the liquid-air meniscus to align itself with the boundary before going over the
phaseguide. In microfluidic titre plate, the phaseguide prevents gel from overflowing into
the flanking lane(s). (Trietsch et al. 2013; Vulto et al. 2011)
In the article, the microfluidic titre plates were made by modifying 384-well microtitre
plate. The modification was made by adding microfluidic structures to the bottom of the
plate. Modification is started by the microfabrication of chips containing the microfluidic
structures. The chips are done by using a dry film resist based process where the authors
used Ordyl SY330 dry film resist (Trietsch et al. 2013). Ordyl SY330 is a negative dry
film resist which is kept biocompatible and a good alternative to biocompatible epoxy
based negative resists SU-8 (Vulto et al. 2005; Pai et al. 2007). The fabrication process
uses glass as substrate and masks to make right patterning. For microtitre plate mounting,
the chips are capped with a glass substrate with predrilled access holes. Finishing is done
by gluing chips to the bottom of bottomless 384-well plate. The inlets and the outlets of
chambers are connected to the microtitre plate’s wells. With this process, Trietsch and
co-workers made two- and three-lane chambers, but other designs are also possible. With
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glass and dry film resist material selections, the microfluidic structure is impermeable to
gasses. (Trietsch et al. 2013)

Figure 1. The illustration of the culture chamber of microfluidic titre plate. This
example chamber has three lanes which form one unit in a stratified 3D cell culture
platform. The example also presents a separate co-culture configuration with
perfusion flow through the empty middle lane. The unit is attached to the bottom of
the microtitre plate and microfluidic channels are connected to microwells through
the plate’s bottom. This example unit would be connected to six different
microwells. Tissue lanes 1 and 2 present lanes filled with gel-embedded cells.
Perfusion lane is empty so that it can be used for perfusion. For example, the
perfusion lane could be filled with medium. Compartmentalization is achieved with
phaseguides which are presented as black lines and squares. The phaseguides
prevent gels from overflowing into the perfusion lane. This image has been
modified with permission from (Trietsch et al. 2013).

The microfluidic titre plates are used by filling the tissue lane(s) with gel and leaving the
perfusion lane(s) empty. Gel is patterned in to the lane by pipetting it to the corresponding
inlet well. Cultivated cells are seeded embedded in gel. For example, gel can be Matrigel
or Collagen I gels, like in the article. Capillary force sucks gel into the lane and meniscus
pinning effect prevents gel to overflow to other lanes inside of the chamber. However,
because there are nothing on the top of phaseguides, the diffusion can still happen
between the lanes. This way, the cells can interact between the lanes. As a note, this
system needs perfusion flow to work as it was designed. Without perfusion flow, diffusion
gradient equilibrates over time and the chamber will have a homogenous mixture inside
of it. The lanes of chamber can be fillet as desired and the authors gave a couple examples.
The authors cultivated hepatocytes on two adjacent lanes with one perfusion lane to
demonstrate the perfused 3D cell culture. This layout was also used for the toxicity assay.
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The cell co-culture and the cell migration were demonstrated by cultivating hepatocytes
with fibroblast in the three-lane chamber. The cells were cultured in the mixed co-culture,
which means that both cell types were in the same gel and the lane. This leaves two lanes
for perfusion flow in the three-lane chamber. The cells were also cultured in the adjacent
co-culture where hepatocytes and fibroblasts were next to each other in separated lanes.
The perfusion lane was adjacent to one tissue lane. The authors noted that three-lane
chamber co-culture can be also done by leaving the perfusion lane to the middle lane, as
in figure 1. The invasion assay was demonstrated with breast cancer cells which were
seeded adjacent to a clean gel lane. Invasion was observed as cell moment over the
phaseguide to the clean gel lane. In their experiments, the authors used an automated
microscopy to take phase contrast and fluorescent images. (Trietsch et al. 2013)
As a summary, Trietsch and co-workers showed in their article that microfluidics can be
applied to the HCS. The stratified 3D cell culture platform adds continuous perfusion,
gradient functionalities, and co-culture capabilities to the HCS assays. Miniaturization
due microfluidics reduces reagent and cell need in the assays. This can reduce cost as well
as ease the use of difficult to get cells like primary cells. When microfluidics are
integrated into the microtitre plates, the platform is compatible with automated liquid
handling equipment. The use of thin glass as substrate allows phase contrast,
fluorescence, confocal, and multi-photon microscopy with the automated microscopes.
(Trietsch et al. 2013)
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5 CELL ARRAY PLATFORMS
This section covers cell arrays which can be made by using similar microfabrication
methods that are used in microfluidics. The cell arrays are covered in a quite narrow
window, because the text focuses very precisely to the cell arrays which are made by
polymerizing tiny transparent polymer elements to glass slides by photolithography
processes. These microraft, microwell, micropallet, etc. arrays were useful in primary and
stem cell research. For instance, cell arrays could be used in kidney research were stem
cells can be tedious to acquire. The cell arrays are known from high well (or other culture
site) densities. Arrays with the size of several millimetres can have millions of wells
(Wang et al. 2010). It is not a coincidence that the cell arrays are used in the HTS and the
HCS.
The section contains basic info about the cell arrays which were made by
photolithography processes. Also some other info is presented from hydrogel cell arrays.
The text will explain how the cell arrays were developed to sort adhered cells in
biomedical research and how the arrays are now used to other tasks as well. For the
screening, the cell arrays allow very high culture site densities. Also, a possibility to study
single cells or small cell groups is a useful feature in stem cell research, although this is
not a unique feature to the cell array platform. The remaining part of the section covers
two example articles to demonstrate how the cell arrays can be applied in the HTS or the
HCS. The first article uses cell arrays which are made by polymerising polymer elements
to glass and the second article uses arrays which are made by stamping hydrogel. The
hydrogel array is focusing more on stem cells, because it uses ECM spotting. In the cell
arrays, the cells are sharing the same medium which cause be problems. This issue is
covered at the end of section.

5.1 Introduction to cell arrays
Microtitre plates are a common tool in the HTS and the HCS. 384-well plates and 1536well plates are kept as standards now. 3456-well plates are emerging as objects of
research, but it might take time before the 3456-well plates become common. (An and
Tolliday 2010; Mayr and Bojanic 2009) If more wells are desired, the cell arrays can
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provide higher well densities than the microtitre plates. For example, the microraft arrays
with the size of millimetres can have hundreds to a few thousand culture sites, i.e. wells.
Arrays with the size of several centimetres can have millions of wells which is useful in
the HTS or the HCS. (Wang et al. 2010) The properties of cell arrays make them useful
tools subcellular, intracellular, and cell surface interactions studies. The cell arrays are
more commonly used for adhered cells, but they can be also used for nonadherent cells.
(W. Xu, Sims, and Allbritton 2010; Wang et al. 2010; Gobaa et al. 2011)
There are many kinds of microfabricated cell arrays and these arrays have many
similarities with each other (W. Xu, Sims, and Allbritton 2010; Wang et al. 2010). The
cell arrays are similar to microarrays, because the cell arrays are “a subclass of
microarrays” (Situma, Hashimoto, and Soper 2006). Some cell arrays can be called as
microraft arrays, microwell arrays, artificial niche arrays, micropallet arrays, and
microcup arrays, etc. These arrays are commonly homemade, but commercial arrays are
also available. The cell arrays are commonly microfabricated by polymerizing tiny
transparent polymer elements to glass slides by photolithography processes. The elements
are often polymerized to the arrays by using masks and UV light to form the wanted
pattern. Also the cell arrays can be microfabricated by using stamps to create
micropatternings. (Gobaa et al. 2011; Gracz et al. 2015; Salazar et al. 2007; W. Xu, Sims,
and Allbritton 2010; Wang et al. 2010). The cell arrays use biocompatible materials which
can be modified and cell arrays’ rafts or pallets can also be coated. In addition to
photolithography, the coating can be done by microcontact printing, injection bioprinting,
magnetic forces, stamping, etc. 3D cultures can be made by polymerizing ECM gels to
the arrays. Also, it is possible to make markings to the wells and the pallets of cell arrays
to find specific wells, etc. (W. Xu, Sims, and Allbritton 2010; Wang et al. 2010; Gracz et
al. 2015; Gobaa et al. 2011) In the cell arrays, the cells are distributed randomly to the
culture sites of array. Distribution can be studied statistically to predict how cells are
distributing (Wang et al. 2010).
In the past, the cell arrays could not be used for cell sorting and it was limiting their use.
However, researchers wanted to provide an alternative sorting method for cells which
grow in an adhered fashion. For example, in biomedical research, the selection and the
isolation of single cells from a mixed cell population is a common procedure. Also, it is
common to grow selected cells for pure or enriched cell populations. (Wang et al. 2010;
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Wang et al. 2007). There are many techniques to selectively identify and collect cells
from a mixed population like fluorescence activated cell sorting (FACS), magnetic
sorting, microfluidics and dielectrophoresis, etc. These techniques require that the cells
are in a suspension which causes smaller and bigger problems. (Wang et al. 2010) The
majority of mammalian cells are normally grown in an adhered fashion when the cells are
cultured for the pure or the enriched cell populations. For this reason, the cells need to be
removed from their growth surface to create cell suspensions which can affect cell
morphology, cell physiology, cell surface markers, cell membranes, and cell viability.
Removing cells from the growth surface is harming cells. It would be better to grow the
pure or the enriched cell populations from the adhered cells. The conventional sorting
methods did not allow adhered cell sorting, but this problem was solved by new cell
arrays. (Wang et al. 2010)
The development of arrays capable of cell sorting can be seen to be started from the
micropallet array platform. This started the trend of using microfabricated polymer
elements on glass slides which could be released with different methods. Due to this, now
it is possible to sort cells by a focused beam of a laser, mechanical force or magnetic
forces, etc. in the cell arrays. This makes the cell arrays even more compelling for the
HTS or the HCS. However, cell sorting is not commonly needed in the screening. (Wang
et al. 2010; Salazar et al. 2007; Shah et al. 2013; Gracz et al. 2015) Development has also
created photolithography produced arrays which are applied to non-positional cell arrays
(Nam et al. 2011).
The development in the cell arrays led new tools for the HCS and the arrays containing
microfabricated polymer elements are suitable for stem cell cultures. With the arrays, it
is possible to study single or small groups of cells. (Gracz et al. 2015; Wang et al. 2010)
In stem cell niche research, separated small stem cell groups or single stem cells can
provide more physiologically niche behaviour in experiments. The reason is that the stem
cell niches are composed from one cell to approximately 50 cells. With niche ECM
components and specific molecules, these cells form a local tissue microenvironment
capable of housing and maintaining one or more stem cells. Many factors affect stem cell
fate like ECM components and specific molecules, also including, neighbouring cells,
niche’s elasticity, and niche’s geometry. When stem cell niches are studied with other
methods, the used cell numbers are higher. The cell arrays can be used for more detailed
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and specified artificial niches which might be closer to real niches than larger constructs
with the large number of cells. (Gracz et al. 2015; Gobaa et al. 2011; Morrison and
Spradling 2008; Voog and Jones 2010)
The cell arrays are a suitable platform to study cell-cell interactions, because getting two
or a couple cells in one culture site of cell array is a straightforward task. The cells’
distribution is controlled by altering seeding cell concentration. This way, it is possible to
have two or more cells in the wells to study cell-cell interactions. However, cell-cell
interactions can be studied in other platforms as well, but setting up experiments is
straightforward in the cell arrays. (Gracz et al. 2015; Gobaa et al. 2011; Morrison and
Spradling 2008; Voog and Jones 2010) The cell arrays can be applied for organoids. For
example, intestinal stem cells have been used on microraft arrays to grow enteroids, i.e.
miniaturized guts. Like in the microtitre plates, it is possible to add components during
cell cultures or change the medium which is a needed feature for long term cell cultures.
(Gracz et al. 2015) When the cell arrays are combined with microfluidics, it is possible to
bring microfluidic features to the cell arrays. For example, stem cell cultures can be
improved by adding perfusion flow or concentration profiles can increase the throughput
of cell arrays. (Kim et al. 2012; Occhetta et al. 2015; Trietsch et al. 2013; Lecault et al.
2011)

5.2 Microraft array and microwell array
The microraft and the microwell arrays are presented here by presenting two example
articles. The microraft arrays were introduced by Wang and co-workers when they were
looking improvements for the array platform. These arrays of rafts could also be called
as microwell arrays, because the microrafts are inside of microwells. The microrafts are
also very similar to the micropallets. The microraft arrays are commercially available.
(Wang et al. 2010; Gracz et al. 2015; Gobaa et al. 2011)
Gracz and co-workers used the work of Wang and co-workers in their article where they
showed the usability of microraft array platforms as high-throughput platform. Gracz’s
and co-workers’ microraft arrays have five different elements: glass slide, poly(acrylic
acid) coating, PDMS microwells, polystyrene rafts, and cassette (figure 2). The
fabrication of arrays starts from making SU-8 master mould. (Gracz et al. 2015; Wang et
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al. 2010) SU-8 photoresist is biocompatible, rigid, transparent, thermally and chemically
stable epoxy based negative resists (Pai et al. 2007). Mould is made by spinning SU-8
over glass slide and using UV light through a photomask to polymerize desired pattern.
After baking steps, solvent rinse, and non-sticky to PDMS coating the master mould is
ready to be used for PDMS moulding. (Gracz et al. 2015; Pai et al. 2007; Wang et al.
2006) The base of arrays is made by spin-coating poly(acrylic acid) over glass side and
then finishing coating by baking. The baking is followed by plasma cleaner. Then, PDMS
prepolymer is poured to the SU-8 master mould and poly(acrylic acid) coated glass slide
is placed on the mould. PDMS is flattering between the master mould and the coated glass
slide. This way, microwell structures are formed. After baking, the glass slide can be
removed. Now glass slide has mounted microwells, whereas the non-sticky mould has
nothing attached to it. The microrafts are made by spreading polystyrene solution onto
the PDMS microwell array and degassing it. Then the arrays is immersed in the
polystyrene solution and dipped vertically by a stepper motor. This way, excess
polystyrene is removed and surface tension difference forms the isolated pockets of
polystyrene solution in the PDMS microwells. Polystyrene’s solvent is removed by
baking and shrinking polystyrene solution pockets forms concave polystyrene microrafts.
Polycarbonate cassette is attached to the array by cleaning both in plasma cleaner and
gluing then them together with PDMS. Gracz and co-workers placed two or four medium
chamber cassettes in such a way that they had approximately 2,500 or 5,000 wells per
chamber. For finishing, the array is cleaned and it can be stored to PBS for later use.
(Gracz et al. 2015)
To establish a high-throughput platform for stem cells and stem cell niche cells, authors
stamped markings to the microrafts to identify the cells. Matrigel was used to create a 3D
growth environment for the cells for long term culture as in figure 2. Gracz and coworkers used primary mouse intestinal stem cells and Paneth cells in their article. In the
microraft array, cells are added in medium on the array and the medium chambers are
filled with this medium. All microwells in the same chamber are sharing medium, as seen
in figure 2. The cells are seeded into the microwells by gently centrifugation. For this
reason, the cells are randomly distributed across the array and the wells can contain one
or multiple cells. Some wells might not have any cells at all. Before Matrigel addition,
the medium is aspirated away and after this the Matrigel layer is done with centrifugation.
Unsolidified Matrigel covers all wells in the one chamber. After Matrigel’s
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polymerization, culture medium with growth factors was added to the chambers. Because
the authors had long term stem cell cultures, they added growth factors and changed
media in their experiments. (Gracz et al. 2015)

Figure 2. The illustration of microraft array structure in Gracz and co-workers work.
The microraft array has five different elements: glass slide, poly(acrylic acid)
coating, PDMS microwells, polystyrene rafts, and cassette. In cell culture, the array
is filled with Matrigel which is polymerized to the top of the microrafts. Medium is
added to the medium chamber cassette and it covers all microrafts/microwells in the
medium chamber. In the microraft array, it is possible to add growth factors and
change the medium during the cell culture. This image has been modified from
(Gracz et al. 2015).

Gracz’s and co-workers’ microraft array platform has a possibility to retrieve the
microrafts for analysis. The retrieve system is done by a commercial needle system and
magnetic nanoparticles. In short, the needle system uses a fine needle to poke microrafts.
The needle is fitted onto a 10X objective lens. Retrievable rafts have been modified from
original rafts to contain maghemite nanoparticles inside. These nanoparticles make the
rafts magnetic. When the microraft is released by the needle, the raft is retrieved by hand
using magnetic microwand. The raft is liberated from the magnetic wand by positioning
it over a stronger magnet. In the article, the stronger magnet was behind the collection
plate. The authors used a 96-well microtitre plate as the collection plate in the article.
(Gracz et al. 2015; Wang et al. 2010; Shah et al. 2013)
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In the second example, Gobaa’s and co-workers’s article presents the microwell arrays
which can be also called as the artificial niche microarrays (figure 3). This name describes
more precisely what kinds of arrays are used in the article. Gobaa and co-workers
developed the artificial niche array to address two problems in stem cell research tools.
First, at that time, ECM microarrays were used to study ECM’s interactions to stem cells
by spotting ECM components to substrates. However, the ECM microarrays did not allow
to study stem cell fates at a single cell level and the arrays needed confluent cell layers.
Also ECM microarrays used non-ideal substrates like glass and plastic. The second issue
was with hydrogel microwell arrays which were used to study single cells or small cell
groups. The hydrogel microwell arrays were limited on the biochemical composition of
substrate, i.e. in experiments, the hydrogel microwell arrays could only have one coating.
The authors decided to combine the ECM component spotting and the hydrogel
microwells to create a new platform for high-throughput stem cell research. To proof
platforms relevance and versatility, the authors made high-throughput assays with
adherent human mesenchymal stem cells and non-adherent mouse neural stem cells.
(Gobaa et al. 2011)
Gobaa’s and co-workers’ artificial niche microarrays are made by using robotic protein
spotting and hydrogels. The microfabrication of array starts from making a stamp by
using photolithography process. This stamp is then used to pattern hydrogel. The stamp
is made from silicon wafer by spin-coating it with photoresist, polymerizing photoresist
with a mask, and etching micropillars via deep reactive ion etching. After plasma
treatment, the silicon stamp is ready for use. Then, stamp’s micropillars are spotted with
different protein solutions. In the article, Gobaa and co-workers used commercial contact
DNA spotter to print the proteins on the top of individual micropillars. (Gobaa et al. 2011)
For substrate, i.e. microwell array material, the authors used polyethylene glycol (PEG)
hydrogel which resist cell adhesion due to its hydrophilicity and resistance to protein
adsorption. This way, cells cannot escape from microwells. (Gobaa et al. 2011; Lutolf
and Hubbell 2003; Lutolf et al. 2009) The authors used four-well or 12-well culture plates
for hydrogel’s base. A uniform PEG hydrogel layer was ensured with hydrophobic glass
slides and coverslip spacers. The stiffness of hydrogel was altered by changing different
PEG hydrogel’s concentrations. Micropatterning is made by pressing the printed stamp
against fresh partially cross-linked layer of PEG hydrogel. The stamp is left on hydrogel
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for a couple hours and while it is pressing gel, the microwells are formed. Also the
proteins are transferred and tethered from micropillars to the bottom of individual
microwells. The proteins were tethered via a nonspecific method which allowed direct
coupling of protein. Or proteins were tethered via a site-selective method which utilized
covalently immobilized Protein A or G and protein tag. When the stamp is demolted from
hydrogel, it is ready for the cell culture. In the article, the authors made arrays containing
2,016 microwells in the surface are of 18 cm2. (Gobaa et al. 2011) Like in the microraft
array, the cells are distributed randomly in the microwells and the distribution can be
controlled by altering cell seeding concentration. The microwells can contain one or
multiple cells after gravity has pulled the cells down. (Gobaa et al. 2011; Gracz et al.
2015)

Figure 3. The illustration of artificial niche microarray structure and how it is
fabricated. This array can also be called as microwell array. The fabrication is
started by spotting a silicon stamp with contact DNA spotter. The printed stamp is
pressed against a fresh partially cross-linked layer of polyethylene hydrogel for
couple hours. During press, spotted proteins are transferred and tethered to the
bottom of forming hydrogel microwells. After demolding the stamp, the array is
ready for use. This image has been modified from (Gobaa et al. 2011).

The presented microraft and microwell arrays are suitable for the HTS and for the HCS.
The authors did not present their platforms specifically as HCS platforms. They focused
on presenting them as high-throughput culture platforms. (Gracz et al. 2015; Gobaa et al.
2011) In the microraft article, Gracz and co-workers used the tile-scanning microscopy
which produced the high-resolution images of whole microraft arrays for analysis. They
measured quantities like cell size, cell shape, cell number in well, cell-cell contacts,
enteroids formation, and cell movement form stem cells which had fluorescent transgene
to ease cell tracking. Gracz and co-workers also had a possibility to retrieve microraft for
analysis and they used high-throughput microfluidic qPCR to study the gene expressions
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of single cells or enteroids. (Gracz et al. 2015) In the microwell article, Gobaa and coworkers imaged the stem cell by taking phase contrast and fluorescence images with
microscope. From the images, authors analysed quantities like cell surface area and cell
number in the microwell. Also cells’ proliferation and differentiation was analysed.
(Gobaa et al. 2011) Utilizing cell arrays with microscopes shows that both examples can
be used for the HCS assays like they have been used (Gracz et al. 2015; Gobaa et al. 2011;
Roccio, Gobaa, and Lutolf 2012; An and Tolliday 2010).
Often in the cell arrays the cells are sharing the same culture medium (Gracz et al. 2015;
Roccio, Gobaa, and Lutolf 2012; Wang et al. 2010; Roccio, Gobaa, and Lutolf 2012;
Salazar et al. 2007; W. Xu, Sims, and Allbritton 2010; Wang et al. 2013). This can be a
problem in some cultivations, because the cells in adjacent microwells could influence
each other. In the presented articles, authors recognized this problem and they
investigated it. Gobaa and co-workers suggested that the issue could be handled with a
proper randomization strategy and adequate statistical analyses. Gracz and co-workers
investigated the problem more deeply and they modelled the diffusion dynamics of cellsecreted molecules in the microraft arrays. The conclusion was that diffusion between
microwells was negligible in their models and authors did not believe that diffusion was
a problem in their experiments. (Gracz et al. 2015; Gobaa et al. 2011)
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6 HIGH-THROUGHPUT
PLATFORM

FLOW

CYTOMETRY

Flow cytometry is an old technique which have been combined with the HTS and the
HCS. How flow cytometry is applied to the HTS and the HCS is explained here. Also the
text presents what advantages and disadvantages flow cytometry has when it is combined
to screening assays. The last part of the text has an example article on a system which
combines elements from microscopy, microfluidics, and flow cytometry. The system
shows how flow cytometer’s low data generating can be used to increase throughout in
the HCS assays.

6.1 Introduction to high-throughput flow cytometry
Technologies used in traditional flow cytometry can be applied to the HTS and the HCS.
When combined to screening, the result is a platform which provides high throughput
with multiple measurements at once. The high-throughput flow cytometry or flow
cytometry-based HCS is built from two major parts: automated sample-handling and
software. Technological development in these fields has made it possible to use the flow
cytometry in the HCS. (An and Tolliday 2010)
The traditional flow cytometry can capture quantitative emissions from ten or more
different fluorochromes from a cell at rates exceeding 25,000 cells per second. This
throughput combined with technological advantages make the flow cytometry a suitable
choice in the HCS. (Edwards et al. 2004; McCoy 2011) The flow cytometry is a useful
tool to study cells in suspension. In fact, it is well known that the flow cytometry can only
use suspended samples. Because of this, the flow cytometer is ideal for the cells which
are in suspension in their native state, like blood cells. Adherent cells can also be used
with the flow cytometers, but additional steps might be required such as trypsinization to
move the cells in to suspension. The flow cytometers can be used to do similar
measurements as the microscopes do. However, the microscopes are more versatile than
the flow cytometers and for example the flow cytometers cannot provide spatial or good
subcellular information. (Black et al. 2011) Today, the traditional flow cytometer is
evolving and some examples of imaging-based flow cytometers are emerging. The
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concept of combining flow cytometer and microscope is not new, but technological
advantages make it compelling now. These systems use also microfluidics and they might
give new possibilities for the HCS if they work. (Mahjoubfar et al. 2013; George et al.
2006; McKenna et al. 2011; Schonbrun, Gorthi, and Schaak 2012)
With label-free cells, the flow cytometers can be used for example to measure cells size,
membrane integrity, subcellular complexity and granularity from scattered light.
Immunofluorescence makes the flow cytometers more versatile in research and in the
HCS. In measurements, the cells (or other particles) in suspension are introduced to a
moving narrow stream which is interrogated by one or more lasers. Resultant scattered
laser or fluorescence is collected by a sensitive optical detector. This way, only
fluorescence that is associated with the particle is measured and background interference
is minimal. Multiple analyses on each cell is done with the series of photomultiplier tubes
equipped with specific optical filters that collect the emitted fluorescence and correlate
the intensity. With the fluorescence reagents, it is possible to measure protein binding,
metabolic activities, DNA content, etc. Also the possibility to measure multiple quantities
from a sample at once allows the identification of subpopulations from the cell
populations. (Black et al. 2011)
The high-throughput flow cytometry had two major parts and automated sample-handling
was one of them. In the history, the flow cytometers had a throughput of ten wells in
minute, but now in some cases the flow cytometers can process 40 microtitre wells in a
minute. Improvement has been achieved for example by combining samples to one tube
where different samples are separated by air bubbles. Software was also one major
component of flow cytometry-based HCS and it has been developed to work better with
the HCS assays. In the flow cytometry-based HCS, the data is just numbers and datahandling is not as challenging as in the image-based HCS. (Black et al. 2011; McKenna
et al. 2011)

6.2 Parallel microfluidic cytometer
In McKenna’s and co-workers’ article is presented a parallel microfluidic cytometer
system which combines elements from flow cytometry, microfluidics, and 1D imaging.
The system is not pure flow cytometry device, but it works in a somewhat similar way.
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The system generates less data than the HCS systems based on microscopy and this
feature can be used to increase throughput in HCS assays. For this reason, the system is
similar to the flow cytometry-based HCS systems, because they also generated less data
than the HCS systems based on microscopy. In the article, authors made assays with yeast
and Chinese hamster ovary cells. (McKenna et al. 2011; McCoy 2011)
The parallel microfluidic cytometer uses a high-speed scanning photomultiplier-based
detector to combine low-pixel-count 1D imaging with flow cytometry. In the system,
samples containing cells are loaded from a 384-well microtitre plate with automated 96tip pipettor. The pipettor loads the cells with disposable tips to microfluidic flow plate
which has 384 flow channels for the samples. The flow channels of microfluidic flow
plate delivers cells to flow channel where the measurement is done. In the measurement,
cell crosses the detection window and at the same time a confocal laser scanner records
fluorescence values on photomultiplier detectors. Fluorescence at one-micrometre
increments across the flow channel is measured. The measurement produces multicolour
1D images from the cells which are then analysed. The multicolour 1D image is a
representation of cell which can be then analysed with a classification algorithm. The
algorithm measures cell features and classifies each 1D image. This data forms the data
which can be acquired from the HCS assay. (McKenna et al. 2011)
The throughput of parallel microfluidic flow cytometer can be several thousand cells per
second. Partly this is achieved by the fact that system takes only 0.001% of the amount
of data per cell compared to a CCD image. Authors described their data analysis with
details in the article and they gave a couple examples how they managed the data
handling. For example, microscope 2D image algorithms often start by determining the
boundaries of objects, like cell’s boundaries. This segmentation is often considered to be
the most challenging and time-consuming step. In their system, McKenna and co-workers
evaded segmentation issues, which helped to make more efficient HCS algorithms.
(McKenna et al. 2011)
The parallel microfluidic cytometer captures the ease of the data handling of flow
cytometry which leads to easier data analysis. This in its turn leads to increased
throughput in the screening assays. The 1D images have enough information in them. For
example, images can tell maximum signal strength, maximum signal position, and the
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distribution of the signal on each side of the centre. Many other quantities can be acquired
and making the HCS assays is possible. However, the system cannot acquire as detailed
information as 2D and 3D images can give. The authors summarized their system by
saying that the system can give the sufficient information for the HCS assays, if assays
are done properly. (McKenna et al. 2011; McCoy 2011)
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7 INTRODUCTION TO THE SOURCE OF NEPHRON
STEM CELLS: THE METANEPHRIC MESENCHYME
Evidently, MM is very important when talking about nephron stem cells. Knowledge on
the MM can be increased by reading about kidney development and come clear on
different terms used in there. This way, one can get a clear picture on the subject.
However, basic information is not enough for biologists, biochemists, and technical
experts. The professionals of bioscience know that mammalian cells look quite the same
through a light microscope and more information about the MM is need. For this reason,
the selected set of genes is introduced here with reasons why they are important in kidney
morphogenesis.
Two genes from the set are relevant for this thesis: Bone morphogenetic protein 7 (BMP7)
and Fibroblast growth factor 2 (Basic) (FGF2). These two growth factors were used in
this thesis to prevent cell dead in the cultivated MM cells. Otherwise, the cells would
have died soon after the dissociation of MM.

7.1 The cells of metanephric mesenchyme
In birds and mammalians, a metanephros is the third and final renal tissue which develops
from an intermediate mesoderm (IM) (Vize, Woolf, and Bard 2003). Earlier transient
renal tissues, a pronephroi and a mesonephroi, degenerate as the metanephros develops
(Dressler 2006). The fully developed metanephros, also known as a metanephric kidney
or a kidney, is stable throughout life. The kidney can carry out its tasks over a century
(Vize, Woolf, and Bard 2003).
At all higher vertebrates, the metanephros develops from the MM and a nephric duct (or
more precisely from the MM and a ureteric bud (UB)) (S. Vainio and Lin 2002; Vize,
Woolf, and Bard 2003).
The MM, or the metanephric blastema, demarcates to the caudal part of both IMs. The
MM demarcates approximately at E30 (embryonic day) in the human and approximately
at E10 in the mouse (figure 5). At the demarcation, the MM is the group of few thousand
morphologically similar mesenchymal cells which superficially do not appear different
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from other mesenchymal cells in the embryo. However, there is a difference between the
MM cell population and other embryonic cell populations. Tissue recombination
experiments have shown that the MM is the only cell population which can be induced to
undergo nephrogenesis. The MM gives rise to many different cell types in the
metanephros. For example these cell types are nephron, stromal, neuronal, endothelial,
smooth muscle, juxtaglomerular complex, and maybe capillary cells in the kidney.
However, it is not yet known how many independent lineages are present in the MM.
(Vize, Woolf, and Bard 2003)
The nephric duct, also known as the primary nephric duct or the Wolffian duct, is derived
from the IM (Dressler 2006; S. Vainio and Lin 2002). The nephric duct gives rise to the
UB, also called the metanephric diverticulum. The UB outgrows from the nephric duct to
the MM and induces its differentiation. At the same time, the MM induces the UB to
undergo branching morphogenesis. (Dressler 2006; Vize, Woolf, and Bard 2003) This
invasion occurs in the mouse approximately at E10.5-E11 and in the human at E35-E37
(S. Vainio and Lin 2002).
At E11.5, the mouse embryo has well-developed mesonephric tubules within the IM and
these tubules are located in thoracic region. Rudimentary tubules, which are not
connected to the nephric duct, are located more posterior. The MM and the outgrowth of
the nephric duct called UB are located even more posterior. Also at E11.5, the UB is
invading to the MM. (Dressler 2006) From E0 to around E11.5, the MM is regarded to
be an uninduced mesenchyme and at E11.5 it will become induced. At this point, the UB
has invaded the MM and it has branched once. (S. Vainio and Lin 2002; Vize, Woolf, and
Bard 2003) It can be determined that there are from three to four different cell populations
in the induced metanephros. In a “3-way model”, the induced MM contains the UB cells,
cap mesenchyme (CM) cells, and cortical interstitial mesenchyme (CIM) cells. In an older
“4-way model”, the induced metanephros contains the UB cells, nephrogenic
mesenchyme cells, stroma generating cells, and surrounding mesenchyme cells. (S.
Vainio and Lin 2002) The nephrogenic mesenchyme cells means the same as the CM
cells or the renal progenitor cells (Basta et al. 2014). In figure 4, is an illustration showing
the locations of different cell types in the induced MM at E11.5 (Halt and Vainio 2014;
S. Vainio and Lin 2002).
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Figure 4. The illustration of different cell types in an induced metanephric
mesenchyme (MM) at E11.5. It is not known how many cell types the MM contains,
but generally it is said that the MM has from three to four different cell types (Vize,
Woolf, and Bard 2003). These cell types are ureteric bud cells, cap mesenchyme
cells, cortical interstitial mesenchyme cells, and surrounding mesenchyme cells.
This image has been modified with permission from (Halt and Vainio 2014; S.
Vainio and Lin 2002).

At E11.5 in the mouse, embryo condensed cell caps at the two tips of UB are referred to
as CMs or nephrogenic mesenchymes (figure 5). These mesenchymal cells form
aggregates to the tips of branching UB and later form the nephrons. (S. Vainio and Lin
2002) The CM, also known as a cap condensate, appears first to the tip of non-branched
UB right after the bud has invaded the MM. Later, all the tips of branching UB have the
covering CM. The CM derives pretubular aggregates (PTAs) which then develop to the
nephrons. The PTA comes from a few cells of cap condensate (4-6 cells) located at the
lateral edge of cap and the aggregate will also form to this location. The PTA is formed
by the rapid proliferation of these cells and from the PTA are derived renal vesicles (RVs),
comma and S-shaped bodies. The RV is formed from the PTA as it undergoes
epithelialization to simple epithelial sphere. The comma and S-shaped bodies develop
from the RVs by cell polarization. (Patel and Dressler 2013; Sariola 2002)
At E11.5 in the mouse embryo, the stroma generating cells are covering the nephrogenic
mesenchyme (S. Vainio and Lin 2002). The unpolarised stroma generating cells, or also
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called a stroma mesenchyme, will generate the interstitial stroma. As they are unpolarised,
these stroma cells do not undergo mesenchyme-to-epithelial transition (MET). The
interstitial stroma is generated by the stroma cells’ migration into the interior of
developing metanephros. The stroma cells will fill the caps between the branching UB
and migrate toward a medullary zone. (Dressler 2006; S. Vainio and Lin 2002)
At E11.5 in the mouse embryo, the surrounding mesenchyme cells are covering the
stroma mesenchyme and these cells are the outermost cells of developing metanephros.
(S. Vainio and Lin 2002)

Figure 5. An illustration how a metanephros, i.e. a metanephric mesenchyme, develops
in mouse kidney development. At E10, a pronephros has been degraded and a
mouse embryo has developed a mesonephros. At this point, the metanephros is
demarcating to the caudal end of both nephric ducts (the illustration is showing only
one nephric duct). At E10.5, a ureteric bud rises from the nephric duct and invades
the metanephros. At E11.5, the ureteric bud has branched once and both tips of
ureteric bud are covered with condensed cell caps called cap mesenchymes. This
image has been inspired by the work of Dressler and co-workers. (Patel and Dressler
2013; Soofi, Levitan, and Dressler 2012)

7.2 The genes of metanephric mesenchyme
Kidney development is not well characterized and there is not deep knowledge how the
kidney is assembled in kidney organogenesis (S. Vainio and Lin 2002). Still, the genetic
studies of kidney development have helped us to understand better kidney organogenesis.
By the systematic work of characterization genes and their localized expression patterns
in the kidney, the knowledge of regulatory networks in the kidney increases. One
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powerful resource for this has been and still is the GenitoUrinary Development Molecular
Anatomy Project (GUDMAP) (webpage at www.gudmap.org). (Patel and Dressler 2013)
Many genes can be used as markers to define different cell populations in the developing
kidney (Patel & Dressler 2013). There are plenty of characterized genes associated with
mouse kidney morphogenesis such as Pax2, Wnt4, Wnt9b, Wnt11, Gdnf, Six1, Six2,
Foxd1, Cited1, Bmp7, and Fgf2, which are essential for normal kidney morphogenesis
(Dudley, Godin, and Robertson 1999; Patel and Dressler 2013; Self et al. 2006). The
illustration of these genes expression is in figure 6.
Paired box 2 (Pax2) is a protein-coding gene which encodes a DNA-binding protein.
Pax2 is expressed in many tissues related to kidney development, including the nephric
duct, the pronephros, the mesonephros, the UB, and the MM (figure 6). As development
goes on, Pax2 expression continues in the UB epithelium, the CM, and the CM derivatives
with the exception of more differentiated nephron epithelial cells where it is downregulated. The Pax2 expression is localized to cell nucleus and its expression level varies
within the cell populations. The CM cells and the comma-shaped bodies express high
levels of Pax2, but expression in degreased in the proximal loop of S-shaped bodies.
(Dressler et al. 1990; Dressler and Douglass 1992; Mugford et al. 2009; Patel and Dressler
2013) Experiments with mouse Pax2 mutations have shown that without the working
Pax2 protein the mesonephros or the metanephros has severe developing issues or they
do not develop at all. Therefore, Pax2 is essential for kidney development. (Favor et al.
1996; Torres et al. 1995)
Wnt signalling pathways are involved in kidney morphogenesis (Wnt is the abbreviation
of Wingless-type MMTV integration site family.). Many Wnt genes have been identified
to be important for kidney development, including Wnt4, Wnt9b, and Wnt11. (An and
Tolliday 2010; Self et al. 2006) Among them, Wingless-type MMTV integration site
family, member 4 (Wnt4) is a protein-coding gene which encodes a secreted glycoprotein
(Stark et al. 1994). Another Wnt gene is Wingless-type MMTV integration site family,
member 9B (Wnt9b) which is a protein-coding gene which encodes a glycoprotein
important for kidney development (Patel and Dressler 2013; Qian et al. 2003). Also
Wingless-type MMTV integration site family, member 11 (Wnt11) is a protein-coding Wnt

49

gene which encodes a secreted glycoprotein in kidney development (Kispert et al. 1996;
Self et al. 2006).
In the mouse embryos, the Wnt4 expression starts around E11 and can be detected at
E11.5 on the two sides of invading UB. The expression is located to the area where the
PTAs are forming (figure 6). Same expression pattern repeats as the UB branches and the
Wnt4 expression is located to the sides of UB tips where the PTAs are forming. Wnt4 is
also expressed at the comma and S-shaped bodies. Further on in development, the
expression appears only at the tip of S-shaped body which has epithelial fusion with the
collecting duct. Wnt4 gene is needed for the formation of PTAs and in experiments with
Wnt4-null mice embryos only a few poorly developed PTAs are formed. Also all PTA
derived structures are absent. The Wnt4-null mice forms deficient kidneys where the UB
has branched and the MM is in a morphologically undifferentiated state. (Stark et al.
1994; S. J. Vainio and Uusitalo 2000)
Sine oculis-related homeobox 1 (Six1) and Sine oculis-related homeobox 2 (Six2) are
protein coding genes which belong to the same murine Six gene family having two highly
conserved domains for DNA-binding (Six is the abbreviation of Sine oculis-related
Homeobox). Both genes are expressed in the developing kidney and both genes carry
essential roles in kidney development. In the mouse embryos, Six1 is highly expressed in
the MM at E10.5 and in the MM surrounding the UB at E11.5 (figure 6). The expression
can be seen to be restricted to collecting tubules from E13.5 to birth. The Six1 expression
is important in the UB invasion stage of kidney morphogenesis and without Six1 the UB
invasion to the MM does not complete. When the MM induction is disturbed, the MM
cells will go abnormal apoptosis. Like Six1, Six2 is expressed in the MM at E10.5 and in
the MM surrounding the UB at E11.5 in the mouse embryos. (Self et al. 2006; P.-X. Xu
et al. 2003) At E11.5, the Six2 expression becomes downregulated in the area where the
PTA will form. Later in kidney morphogenesis, the Six2 expression seems to be localized
in the renal progenitor cell population in the CM. At the same time, Six2 is downregulated
in the cells aggregating and undergoing MET, i.e. Six2 is downregulated in the developing
nephrons. It is supposed that Six2 is needed for maintaining the stemness of renal
progenitor cells in the mouse embryos, because Six2-null embryos show premature and
ectopic epithelial differentiation. Also the renal progenitor cell population is depleted in
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the Six2-null embryos, which leads to the major renal hypoplasia. (Halt and Vainio 2014;
Self et al. 2006)
Forkhead box D1 (Foxd1) is a protein coding gene which encodes a DNA-binding
protein. Foxd1 is expressed in the MM cells which do not condensate around the UB tips
and around the stroma surrounding the developing nephrons (figure 6). Also Foxd1 is
expressed with lower levels in the medullary stroma surrounding the collecting system.
Due to this, Foxd1 is kept as a stromal cell, i.e. CIM marker in the developing kidney.
(Halt and Vainio 2014; Hatini et al. 1996; Patel and Dressler 2013; Self et al. 2006)
Studies with Foxd1-null mouse embryos have shown that Foxd1 is needed for kidney
morphogenesis and the Foxd1-null embryos have severe defects in kidney development
(Hatini et al. 1996). In the Foxd1-null embryos, renal capsule formation fails and due to
this the kidney fails to separate from dorsal body wall. With more detailed investigation
of the Foxd1-null kidneys, it can be shown that the mutant kidneys have altered structure
in the capsular stroma, the cortical stroma, the nephrogenic compartment and the UB.
Also it has been supposed that altered structures, i.e. wrongly organized kidney tissue, in
the Foxd1-null kidneys can have a connection to miss located cells secreting Bone
morphogenetic protein 4 (Bmp4) protein. (Hatini et al. 1996; Levinson et al. 2005)
Studies have also shown that in the CIM cells Foxd1 is repressing decorin, a small
leucine-rich proteoglycan, which antagonizes Bmp7/Smad-signalling. This means that
when Foxd1 is downregulating decorin, the Bmp7/Smad-signalling can promote cell type
transition in Cited1 expressing cells to become inducible by WNT/β-catenin signalling.
(Fetting et al. 2014)
Cbp/p300-interacting transactivator with Glu/Asp-rich carboxyterminal domain 1
(Cited1) is a protein coding gene which encodes a non-DNA binding transcriptional
cofactor. In kidney development, Cited1 is expressed in the nephric duct at E10.5 and in
the stalk of UB at E11. At E11, the expression is also located in the MM, but it is very
faint. During development, the Cited1 expression level increases quickly and it becomes
restricted to the MM. At E11.5, the UB forms T-shaped structure which is surrounded by
the CM. Cited1 is expressed on cells which are “on the top of horizontal line”, i.e. on the
top of UB excluding the cleft between the UB tips (figure 6). This expression pattern
starts to repeat in kidney morphogenesis and the expression stays at nephrogenic zone
(NZ) till birth. (Boyle et al. 2007; Mugford et al. 2009) The Cited1 expressing cells are
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kept as the renal progenitor cells which maintain their undifferentiated state to provide
cells for the future rounds of nephrogenesis. Studies have shown that Bmp7 protein
downregulates the Cited1 expression to promote cell type transition. This way, cells lose
their Cited1 expression and cells become inducible by the WNT/β-catenin signalling.
(Brown et al. 2013) Experiments with Cited1-null mouse embryos have shown that
Cited1 is not essential for kidney development. (Boyle et al. 2007)

Figure 6. An illustration how different genes related to kidney development are
expressed in developing kidney at E11.5 mouse embryo. The developing kidney has
been divided into four different section: surrounding mesenchyme, cortical
interstitial mesenchyme, cap mesenchyme, and ureteric bud with nephric duct. The
gene names in these sections mean that the gene is expressed in this particular
section. However, the gene name only shows the section and not the precise location
of expression. This image has been modified with permission from (Halt and Vainio
2014; S. Vainio and Lin 2002).

7.3 A gene in interest: Bone morphogenetic protein 7
Bone morphogenetic protein 7 (BMP7) is a protein coding gene encoding a secreted
protein ligand which belongs to TGFβ superfamily like Glial cell line derived
neurotrophic factor (Gdnf) and the rest of bone morphogenetic proteins (BMPs) (Bragdon
et al. 2011; Costantini and Shakya 2006). BMPs are involved in many different
developmental processes and BMP7 has been shown to have functions in nervous system
development, skeletal repair and regeneration, as well as in eye and kidney formation
(Bragdon et al. 2011). BMP7 has a mouse homolog gene named Bone morphogenetic
protein 7 (Bmp7). In the developing kidneys of mouse embryos, Bmp7 is expressed in the
UB, the MM, and the cells undergoing MET, but not in the stroma generating cells of
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MM. In kidney development in the mouse embryos, Bmp7 expression starts in the MM at
E10.5 when the UB contacts the MM. At this time, the Bmp7 expression is strong in the
UB. At the same time, there is also weak expression in the MM. At E11.5, the strong
expression of Bmp7 can be detected in the UB and the CM (figure 6). Further on in
development, Bmp7 is expressed in the developing PTAs, the comma and S-shaped
bodies, and the podocyte cells. As a summary, the Bmp7 expression stays in the MM
through kidney morphogenesis and it is mainly localized to the tips of branching UB.
When the nephrons are formed, the expression is downregulated and therefore the Bmp7
expression goes down from the periphery of kidney to the medulla region of kidney.
(Dudley and Robertson 1997; Dudley, Godin, and Robertson 1999; Godin et al. 1998;
Lyons, Hogan, and Robertson 1995; Self et al. 2006)
In kidney development, Bmp7 is kept as a growth factor which maintains the renal
progenitor cells in the MM. It has been shown that Bmp7 is not necessary for
nephrogenesis, but Bmp7 is needed for normal kidney morphogenesis. In Bmp7-null
mouse embryos, nephrogenesis will cease like the developing kidney would be running
out of renal progenitor cells. (Dudley, Lyons, and Robertson 1995; Dudley, Godin, and
Robertson 1999) Also, it is has been shown that the survival of isolated mouse MM cells
can be promoted by the addition of recombinant BMP7. Added recombinant BMP7 is
inhibiting tubulogenesis in the developing mouse embryo kidneys (Dudley, Godin, and
Robertson 1999).
Studies with recombinant BMP7 have shown that Bmp7’s function can be divided into
two parts in kidney morphogenesis (Blank et al. 2009; Brown et al. 2013). In the mouse
embryos, Bmp7 promotes the Six2 expressing nephron progenitor cells proliferation
though TGFβ-activated kinase 1 (TAK1) and mitogen-activate protein kinase (MAPK)
pathway. In other words, Bmp7 is signalling in Smad-independent pathway thought BMP
type I and type II receptors which activates the MAPK pathway. In this case, the TAK1
is interacting with other proteins and these proteins are attached to the cytoplasmic tail of
BMP type I receptor. The formed BMP type I receptor complex then activates
downstream signalling pathway named C-jun N-terminal kinase (JNK), which is one
branch of MAPK pathway. The JNK signalling phosphorylates Jun and ATF2 (activating
transcription factor 2) transcription factors. The phosphorylation of Jun and ATF2 leads
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to accumulation of cyclin D3, which then leads to the proliferation of nephron progenitor
cells. (Blank et al. 2009; Bragdon et al. 2011)
In the mouse embryos, Bmp7 is also promoting cell type transition in the Cited1
expressing nephron progenitor cells by downregulating Cited1. The CM of developing
kidney can be divided into different compartments according to expressed genes and
Bmp7 has been associated with promoting one transition from one compartment to
another in the CM. More precisely, the CM contains renal progenitor cells which can be
identified from the Cited1 expression. These cells in “CITED1+” compartment are kept
as the progenitor cells which can renewal in the CM. (Brown et al. 2013) Other cells in
“SIX2-only” compartment express Six2 like CITED1+ cells, but they have lost the Cited1
expression (Brown et al. 2013; Mugford et al. 2009). The cells in SIX2-only compartment
have become inducible by the WNT/β-catenin signalling. More differentiated renal
progenitors in “LEF1” compartment express Six2 and Lymphoid enhancer binding factor
1 (Lef1). The progenitors in LEF1 compartment are primed for epithelial conversion. In
these compartments, Bmp7 has been shown to promote the nephron progenitor cells
transition from CITED1+ compartment to SIX2-only compartment via Smad-dependent
pathway. (Brown et al. 2013)
One BMP is known to be a protease which might mean that BMP7 could act like protease
and degrade protein coatings in cell cultures. This BMP is Bone morphogenetic protein 1
(BMP1) which is a metalloprotease and it cleaves the COOH-propeptides of procollagens
I, II, and III. BMP1 has also others functions, but its protease functions are now relevant.
Although BMP1 and BMP7 are both BMPs, it seems that they have many differences.
Bmp1 does not have similar structure to TGFβ, like BMP7 has. Also, any information
about BMP7 acting like protease was not found for this work. (Bragdon et al. 2011;
Carreira et al. 2014; Kessler et al. 1996)

7.4 A gene in interest: Fibroblast growth factor 2 (Basic)
Fibroblast growth factor 2 (Basic) (FGF2) is a protein coding gene which encodes a
secreted protein ligand of fibroblast growth factor (FGF) family. FGFs are involved in
many different tasks in embryonic development and in adult life. They have many
important roles in the development of various organs. In adult life, FGFs function as
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homoeostatic factors responding to injury and regulating the electrical excitability of
cells. Also, they function as hormones to regulate metabolism. In vertebrates, FGFs signal
in intracrine, paracrine and endocrine manner. The FGFs signalling in paracrine and
endocrine manner act via cell-surface fibroblast growth factor receptors (FGFRs).
(Dudley, Godin, and Robertson 1999; Itoh and Ornitz 2011) FGF2 has a mouse homolog
gene named Fibroblast growth factor 2 (Fgf2) and rat homolog with the same name. In
the developing kidneys of rat embryos, Fgf2 is expressed in the UB and in the MM. In
the rat embryos, the expression starts from the UB epithelium and the MM. Later on
morphogenesis, the expression is also in the developing PTAs, the comma and S-shaped
bodies, and glomerular mesangium. (Cancilla et al. 1996; Dudley, Godin, and Robertson
1999)
In the mouse and the rat embryos, Fgf2’s role in kidney morphogenesis is elusive and it
is not kept as an important factor for kidney morphogenesis. For example, Fgf2-null mice
do not have kidney defects. However, cultivation experiments with recombinant FGF2
have shown that recombinant FGF2 can be useful in vitro and ex vivo kidney cell cultures.
Studies with recombinant FGF2 have shown that recombinant FGF2 can inhibit
tubulogenesis and apoptosis in the MM cells. FGF2 can inhibit apoptosis, i.e. FGF2
promotes the survival of MM cells, but it also seems to maintain competence to
tubulogenesis induction in the MM cells. This ability to maintain the competence of MM
cells is one difference between FGF2 and BMP7. (Dressler 2006; Dudley, Godin, and
Robertson 1999; Junttila et al. 2014; Qiao et al. 2001; Zhou et al. 1998) Like for BMP7,
any information about Fgf2 acting like protease was not found for this work and Fgf2 is
kept as a growth factor (Junttila et al. 2014).
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8 HOW TO ACQUIRE NEPRHON STEM CELLS: THE
CASES OF STATE-OF-THE-ART METHODS
Currently, nephron stem cells acquisition is a tedious hunt of primary cells. Any suitable
cultivation systems for the nephron stem cells were not available. This problem was also
pointed out in one kidney development review were authors pointed out that there are no
culture systems to stably propagate the renal progenitor cells (Little and McMahon 2012).
There are no cultivation systems for the nephron stem cells, but from the literature it can
be found many different protocols for nephron stem cell acquisition. Some state-of-theart methods for the nephron stem cell acquisition are presented here as an alternative to
missing culture systems. This section covers three examples about the nephron stem cells
and all examples had a little different perspective to the subject. In addition, the classic
transfilter tubule induction model known as Trowell type culture system is also presented.
The model is followed by the presentation of the article which partly inspired this thesis.
This article shows how recombinant Bmp7 and Fgf2 can be used in MM cultivations. The
rest of text has the three different examples or cases: in the first case is presented a way
to isolate and culture cells from the NZ of E17.5 mouse MMs. The second case presents
an ex vivo organoid setting which was developed mainly in the same laboratory where
this thesis’ laboratory work was done. Finally, the third case shows how pluripotent stems
cells can be programmed to the nephron stem cells.

8.1 Trowell type culture system
The cultivation of MM has been possible for decades in the Trowell type culture system
where the MM is cultivated and induced on the top of metal grid in culture medium
(Dressler 2006). This is presented in figure 7, which shows the process of placing MM
above transfilter and the piece of dorsal embryonic spinal cord (eSC), cultivating the MM
in the Trowell type culture system, and receiving the MM with structures resembling
tubules in the kidney (Junttila et al. 2014). This method was developed by Grobstein in
his work (Grobstein 1956). When the MM is cultivated and successfully induced to
undergo branching morphogenesis, the MM is self-renewing the CM cell population.

56

However, the renal progenitor cells are inside of MM with all other cell types. A similar
situation is in the newer zebrafish whole organism-based cultures where progenitor cells
are inside of zebrafish kidneys. This cannot be regarded as a practical cultivation system
for nephron stem cells. Sorting out the nephron stem cells is possible, but tedious with
the whole MM. (Grobstein 1956; Little and McMahon 2012; Mugford et al. 2009; Sanker
et al. 2013)

Figure 7. The schematic representation of a culture system where metanephric
mesenchyme (MM) is induced with the piece of embryonic spinal cord (eSC). First,
the MM is placed above transfilter and the piece of eSC. Then, this setup is
cultivated in the Trowell type culture system and the MM forms structures
resembling proximal and distal tubules, and renal corpuscle. The image has been
modified with permission from (Junttila et al. 2014).

8.2 Studies with recombinant BMP7 and FGF2
Thesis is partly inspired by Dudley’s and co-workers’ article published in the year 1999.
The authors presented in vitro results were they claimed that the isolated mouse’s MM
can be proliferated and kept competence in medium with added recombinant BMP7 and
FGF2. Also recombinant BMP7 and FGF2 were shown to inhibit tubulogenesis alone and
together. Moreover, together recombinant BMP7 and FGF2 were shown to promote the
expansion of mesenchyme surrounding the MM in the whole kidney culture. (Dudley,
Godin, and Robertson 1999)
For these results, the authors made experiments where they, e.g. cultivated the MMs in
the presence of recombinant BMP7 and FGF2. The MMs were obtained from
heterozygous mutant mouse line carrying non-functional Bmp7 gene which was modified
to express LacZ gene in a normal Bmp7 gene regulation (for details, see references
(Dudley, Godin, and Robertson 1999; Godin et al. 1998)). Concentration for recombinant
BMP7 was 50 ng/ml and for recombinant FGF2 the concentration was 100 ng/ml. The
MMs were cultivated for 48-96 hours and the medium was changed daily. The authors
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tested X-gal staining from the MMs cultivated with both the factors and they hardly saw
any LacZ+ cells. Also, Pax2 and Wnt4 in situ hybridization did not show any expression
of these genes in the MMs. (Dudley, Godin, and Robertson 1999) Now, Wnt4 was kept
as a marker for the incused CM cells and Pax2 is known to be expressed in the UB
epithelium, the CM, and the CM derivatives. Bmp7 is known to be expressed in the CM
and the UB tips. Also Bmp7 has been shown to promote the uninduced CM cells to
become responsive to WNT/β-catenin signalling. (Brown et al. 2013; Dressler and
Douglass 1992; Mugford et al. 2009; Oxburgh et al. 2014) Competence to respond to the
inductive signals was also tested by cultivating the MMs in 50 ng/ml of BMP7 and 100
ng/ml of FGF2 for 48 hour. After the cultivation, the MMs were incubated with fresh
mouse spinal cord for 48 hours. After the incubation, the MMs were fixed and X-gal
stained for LacZ activity. The MMs were full of LacZ+ cells and the tubules were also
formed into the MMs. (Dudley, Godin, and Robertson 1999)
In other experiments made with the whole kidney cultures, the authors cultivated E11.5
wild type kidney anlagen (the MM and the UB) with 50 ng/ml of recombinant BMP7,
100 ng/ml of recombinant FGF2 or both for 48 hours. After cultivation, the kidneys were
immunostained for laminin to see the extent of tubulogenesis. The result was that alone
and together these factors inhibit nephrogenesis at the periphery of kidney anlagen and
the effect was strongest in the combination of recombinant BMP7 and recombinant FGF2.
When the kidneys cultivated with these factors were transferred to a medium without
recombinant BMP7 and recombinant FGF2, nephrogenesis was initiated again. Also the
mesenchyme surrounding the MM was expanded when the kidneys were cultivated with
recombinant BMP7 and recombinant FGF2. Cell lineage tracking experiments made the
authors to presume that the expanded cell population was mainly composed of stromal
progenitor cells. The authors made expression analysis in the whole kidneys cultivated in
recombinant BMP7 and recombinant FGF2 by in situ hybridization of Wt1 (Wt1 is the
abbreviation of Wilms tumour 1 homolog), Pax2, and Foxd1. The Bmp7 expression was
studied by X-gal staining in the whole heterozygous LacZ mutant kidneys. Only Foxd1
was expressed in the expanded cell population. (Dudley, Godin, and Robertson 1999)
Foxd1 was kept as the marker of kidney stromal cell population (Patel and Dressler 2013).
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8.3 The isolation and culture of cells from E17.5 mouse kidneys
Blank and co-workers presented a culture system for the nephron stem cells which is more
like a sophisticated dissociation protocol to receive primary MM cells from the NZ of
embryonic mouse kidney. In other words, the idea is to dissociate the outer layer of E17.5
kidney after kidney capsule is removed. This culture system is presented in figure 8. The
culture system is referred to as the primary nephrogenic zone culture system by its
developers and the protocol has been published by Blank and co-workers in 2009 (Blank
et al. 2009). The detailed protocol was published by Brown and co-workers in 2011
(Brown, Blank, et al. 2011). The culture system was developed for kidney development
research to replace organ culture with the primary cell system which is an ex vivo
monolayer culture. By this way, compact extracellular matrix (ECM), which is limiting
the diffusion of macromolecules and virus particles in the organ culture, can be evaded.
The culture system can be used to study signalling that regulates stem/progenitor cell
differentiation versus renewal in the developing kidney. (Brown, Blank, et al. 2011) This
culture system has been used to study kidney development (for examples, see (Blank et
al. 2009; Brown, Adams, et al. 2011; Brown et al. 2013)) and it is a working tool in kidney
research. Also this system has been studied with recombinant BMP7 and FGF2.
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Figure 8. The schematic representation of primary nephrogenic zone culture system
which can be used for the isolation of nephrogenic zone (NZ) cells from E17.5
mouse kidneys. The isolation of NZ cells begins from the separation of adrenal
glands, kidney capsules, and ureters from the kidneys. After this, the cleaned
kidneys are digested to receive the NZ cells. In the protocol, the NZ cells are
separated by salvaging supernatant after centrifuging. The NZ cells are ready for
cultivation after DNase, centrifuge, and medium change steps. Here, the NZ cells
are cultivated on fibronectin coated culture plates. (Blank et al. 2009; Brown, Blank,
et al. 2011)

Briefly explained, in the primary NZ culture system protocol, the adrenal glands, the
kidney capsules, and the ureters (the part of ureter at the outside of kidney) are removed
from the E17.5 mouse kidneys. After this, the kidneys are digested with the enzyme
mixtures of Collagenase A and Pancreatin to separate the stromal as well as the CM cells
from the ureteric bud structures, i.e. the NZ is digested. The digestion is halted by the
addition of FBS to stop the enzyme reactions and the most of the liquid part of digest
(“supernatant”) is taken to further use, leaving the kidneys and the ECM debris behind.
Taken cell suspension is treated with DNase and final cell suspension is received after
centrifuging and filtration steps. Cell suspension is filtered with 40 µm cell-strainer caps
and after filtration steps the cells are in Keratinocyte serum free medium with glutamine
and Penicillin-Streptomycin. Cell suspension is transferred to human fibronectin coated
culture plates at the density of 100 000-200 000 cells per cm2. The cells are ready for
experiments after a couple hours of incubating in basic CO2 incubator. After every step
in the protocol, the serum-free monolayer culture of NZ primary cells is ready for
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experiments. (Brown, Blank, et al. 2011) After finishing the protocol, the addition of
reagents is easy and there are no issues with diffusion.
The described culture system cannot stably propagate the nephron stem cells. However,
the culture system developed by Brown and co-workers is suitable for renal progenitor
cell study. Also, the method can be applied to the HCS (Brown, Blank, et al. 2011). The
protocol can be used to isolate specific cell types from the NZ or from the culture system
through flow cytometric sorting. In their article, Brown and co-workers investigated cell
types represented in the harvested NZ cells with flow cytometry and immunostaining.
Determined cell types in the harvested cells can be seen from the article and from table
1. The authors also developed a method to purify Cited1 expressing cells from the NZ
cells. The Cited1 expressing cells were purified by depleting all others cells away with
antibody-based magnetic depletion. The authors demonstrated that the purification of
Cited1 expressing cells, i.e. the possible nephron stem cells is useful in the study. (Brown
et al. 2013)
Other observations in the article where that in some cases the culture system can give
different results when comparing it to in vivo or 3D culture experiments. This was noticed
in induction experiments. The monolayer culture differs from the 3D culture, were
endogenously produced growth factors can be trapped in the ECM, which then leads to
high local concentrations. (Brown et al. 2013)

Table 1. Cell population in the primary nephrogenic zone culture system according to
Brown and co-workers. Percents are determined by flow cytometry. Surface markers
can be seen from the article (Brown et al. 2013). As written, “*” marks percents which
are determined from immunostaining. The table has been modified with permission
from (Brown et al. 2013).
Cell type
Percent of total nephrogenic zone cells [%]
Epithelial progenitors (Cited1+)
55-56*
Endothelial progenitors
10-17
Cortical interstitium
13-16
Red blood and erythroid cells
5-10
Collecting duct
<0.04
Renal vesicle
<0.15*
*Percent determined from immunostaining

61

8.4 Ex vivo organoid setting
The dissociation and reaggregation of embryonic kidneys is a well-known method for
kidney studies. It has been known as long as the Trowell type culture system, but in this
method, nephrogenesis needs to be induced before the dissociation step to prevent cell
apoptosis. (Auerbach and Grobstein 1958; Junttila et al. 2014) To address this problem,
Junttila and co-workers developed an ex vivo organoid setting where induction is not
needed before the dissociation and published it in an article (for the article and detailed
protocol, see (Junttila et al. 2014)). This organoid setting is presented in figure 9 with two
other settings above and below. In this ex vivo organoid setting, the isolated mouse MM
is dissociated and reaggregated at E11.5. After this, the reaggregated MMs are kept alive
and competent for the induction with 50 ng/ml of human recombinant BMP7 (hrBMP7)
and 100 ng/ml of human recombinant FGF2 (hrFGF2). The dissociated and reaggregated
MM (drMM) survives and stays competent approximately for 24 hours. Because
competence is maintained in the drMM, it can be induced ex vivo and segmented nephrons
are formed inside of drMM. This organoid setting gives a new way to study kidney
development before and during tubulogenesis, because the drMM can be manipulated in
those 24 hours when it is not induced. Especially viral transduction is easy to achieve.
(Junttila et al. 2014)
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Figure 9. The schematic representation of ex vivo organoid setting and two other organ
culture settings. In the centre line, is the ex vivo organoid setting which starts from
the dissection of E11.5 kidneys and separating metanephric mesenchymes (MMs)
from ureteric buds (UBs). The separated MMs can be used for single cell suspension
by dissociation or for Trowell type culture system. Dissociated MMs (dMMs) can
be manipulated with viruses, shRNA, cDNA, cell, etc. or they can be FACS sorted.
After manipulation, dissociated and reaggregated MMs (drMMs) are cultivated in
medium containing 50 ng/ml of human recombinant Bone morphogenetic protein 7
(hrBMP7) and 100 ng/ml of human recombinant Fibroblast growth factor 2 (Basic)
(hrFGF2) for 24 hours. The drMMs can also be recombined with the UBs. After
cultivation, the drMMs can be induced in the Trowell type culture system with the
piece of embryonic spinal cord (eSC). The image has been modified with
permission from (Junttila et al. 2014).

The Ex vivo organoid setting was in the centre line of figure 9 and the protocol starts form
the isolation of mouse MMs at E11.5. The MMs are treated with trypsin and Pancreatin
to help complete the separation of UBs from the MMs. The trypsin and Pancreatin
treatment is halted with normal culture medium. The MMs are dissociated in
physiological buffer containing Collagenase III with simultaneously stirring and
occasionally pipetting. The Collagenase III treatment is halted with the normal culture
medium. Final cell suspension in received after centrifuging and washing steps. Final cell
suspension is in the normal culture medium with FBS, Penicillin-Streptomycin, hrBMP7,
and hrFGF2. The drMM can be formed by centrifuging cell suspension and culturing it
for 24 hours in the same medium containing hrBMP7 as well as hrFGF2. The drMM is

63

induced with mouse eSC in the Trowell type culture system without hrBMP7 and
hrFGF2. (Junttila et al. 2014)
Probably Junttila’s and co-workers’ work could be applied to the HCS or it could be used
partly to acquire the nephron stem cells. The setting’s protocol can be used to isolate
specific cell types from the MM through the flow cytometric sorting. When the organoid
setting protocol is stopped at the cell suspension step, it is similar to the Brown’s and coworkers’ protocol for the primary NZ culture system (for the protocol, see (Brown, Blank,
et al. 2011)). Brown and co-workers are not using growth factors to maintain the MM cell
population like in the ex vivo organoid setting is used. (Junttila et al. 2014; Brown et al.
2013) The described organoid setting cannot be used to stably propagate the nephron stem
cells.

8.5 Programming MM cells from pluripotent stem cells
Pluripotent stem cells (PSCs) have long-term self-renewal capacity and potential to
differentiate to different cell types. Generating various cell types from the PSCs has been
successfully with lineage-specific differentiation and the PSCs could also be used to
generate the nephron stem cells. Protocols for the lineage-specific differentiation of PSCs
are generally trying to mimic embryonic development in vivo with the right temporal
combinations of cell signalling molecules. Desired cell types are generated by the
stepwise production of progenitor cells and the different progenitors are done by the
addition of exogenous factors in culture media or by the forced expression of transcription
factors. (Gouon-Evans 2014) The production of renal progenitor from the PSCs was
studied by Taguchi and co-workers in their article (for reference, see (Taguchi et al.
2014)). The authors managed to produce complex kidney structures from the PSCs. A
working protocol of PSCs programming to the nephron stem cells could be considered to
be the state-of-the-art cultivation system for the nephron stem cells. PSC programming
could be used to acquire the nephron progenitor cells.
In details, Taguchi and co-workers examined mouse embryos with in vivo lineagetracking experiments as well as with in-vitro-directed differentiation systems which
utilized sorted kidney precursor cells at each developmental stage. From collected data
and from other publications’ data, authors redefined the developmental origin of MM.
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Also, they managed to make protocol(s) for the MM cells generation from mouse PSCs
and human induced pluripotent stem cells (iPSCs) (figure 10 and figure 11). More
precisely, authors managed to generate the metanephric nephron progenitors from mouse
PSCs and human iPSCs. The generated cells were tested with a couple ways which made
the authors to believe that they have generated the metanephric nephron progenitors. For
example, immunostaining showed that the generated mouse cells expressed CM markers
and not stromal markers. Also, the generated cells formed colonies in authors’ in vitro
colony-formation assay which determined the generated cells to be the renal progenitor
cells. (Taguchi et al. 2014)
Produced complex kidney structures were also proofing success in the generation of
nephron progenitors. In the protocol, the nephron progenitors are induced from cultivated
mouse or human embryonic bodies (EBs). When these nephron progenitor EBs were
cultivated with the mouse spinal cord, they formed renal tubules and gromeruli. These
observations were confirmed with immunostaining which showed the markers of renal
tubules, proximal tubules, distal tubules, and gromeruli. The nephron progenitor EBs
were also tested with immunodeficient mice. The EBs with the spinal cords were
transplanned beneath the kidney capsules of mice. After one week, the harvested EBs had
undergone tubulogenesis with integrated blood vessels and the vessels were also
integrated into the gromeruli. (Taguchi et al. 2014)
The pruned versions of protocols for the mouse and the human cells are presented here
(figure 10 and figure 11). The full protocols can be seen in the article. The mouse and
human cells protocols start form the cultivation of stem cells to generate the EBs. Then
the generated EBs are induced to the nephron progenitors in almost the same manner.
(Taguchi et al. 2014)
The mouse EBs are generated from a Osr1-GFP mouse embryonic stem cell (ESC) line
(Expressing heterozygously GFP in Odd-skipped related 1 (Osr1) locus (Taguchi et al.
2014).) by cultivating ESCs in a serum-free medium without any factors for two days
(Follow the protocol from figure 10). Next, the EBs are cultivated in a serum-free medium
with human activin A for one day to induce the transient expression of epiblast marker
Fibroblast growth factor 5 (Fgf5). At day three, the mouse EBs are ready for the
protocol’s part for nephron progenitor induction. In this part, the first step is to cultivate
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the EBs in medium containing human BMP4 and CHIR99021 (Canonical Wnt agonist
(Taguchi et al. 2014). Inhibits glycogen synthase kinase 3 (GSK3) (Ying et al. 2008).).
This medium is refreshed with fresh human BMP4 and CHIR99021 medium on day 4.5.
At day 5.5, the medium is changed to a new one containing human activin A, human
BMP4, CHIR99021, retinoic acid, and Y27632 (The selective inhibitor of p160-Rhoassociated coiled-coil kinase, i.e. ROCK inhibitor (Taguchi et al. 2014; Watanabe et al.
2007).). In the last step, the medium is changed to a new one containing CHIR99021,
human Fibroblast growth factor 9 (FGF9), and Y27632 at day 6.5. The cultivation is done
at day 8.5. (Taguchi et al. 2014)

Figure 10. Metanephric nephron progenitor induction from mouse embryonic stem
cells (ESCs). The image shows the protocol for cell programming with cell names,
expressed genes, time axel, and used growth factors for the differentiating cells.
EBs, embryonic bodies. The image has been modified with permission from
(Taguchi et al. 2014).

The human EBs are generated from the human iPSCs by cultivating the iPSCs in a
medium containing human BMP4 and Y27632 for one day (Follow the protocol from
figure 11). The human iPSCs were generated from adult human dermal fibroblasts.
(Taguchi et al. 2014) (For information about the iPSC clone 201B7, see (Taguchi et al.
2014; Takahashi et al. 2007).) Next, the EBs are cultivated in human activin A and human
FGF2 for two days for mesodermal cell induction. At day three, the human EBs are ready
for the protocol’s part for the nephron progenitor induction. This part is almost the same
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as in the mouse protocol. The first step in this part is to cultivate the EBs in medium
containing human BMP4 and CHIR99021. Half of the medium is refreshed with a fresh
human BMP4 and CHIR99021 medium every other day. At day 9, the medium is changed
to a new one containing human activin A, human BMP4, CHIR99021, and retinoic acid.
On the last step, the medium is changed to a new one containing CHIR99021 and human
FGF9 at day 11. The cultivation is done at day 14. (Taguchi et al. 2014)

Figure 11. Metanephric nephron progenitor induction from human induced
pluripotent stem cells (iPSCs). The image shows the protocol for cell programming
with cell names, expressed genes, time axel, and used growth factors for
differentiating cells. EBs, embryonic bodies. The image has been modified with
permission from (Taguchi et al. 2014).
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9 DEVELOPING BIOPROCESSES FOR NEPHRON STEM
CELLS
The nephron stem cell cultivation problem can be approached in many different ways.
Organoids were chosen in this thesis for problem solving, because the thesis borrowed
protocols from the presented ex vivo organoid setting.
The organoids i.e. lab-grown organ buds have been a growing field in recent years and
their usefulness have been already shown in disease modelling, toxicology studies, gene
therapy, regenerative medicine, and stem cell cultivation (Huch et al. 2015; Li, Xu, and
Ma 2014; Science 2013). The organoids are also useful in kidney research, like Junttila
and co-workers showed (Junttila et al. 2014). Researchers have already developed long
term organoid based cultures for intestine, stomach, liver, and pancreas stem cells which
can last over one year (Huch et al. 2015). Perhaps, long term organoid cultures could be
developed for the nephron stem cells.
This section covers stem cell niches by presenting a short theory about the niches and
supposed nephron progenitor niche. After this, the idea of cultivating nephron stem cells
as “organoid niches” is introduced via other organoid based stem cell cultures. ECM is
important for the stem cell niches and when the stem cell niche theory is applied to
practice. The last subjects of this section cover ECM proteins used in this thesis. Also
commercial ECM product BME is presented.

9.1 Nephron progenitor niche
The invention of stem cell niche can be tracked to the year 1978 when R. Schofield made
a hypothesis about stem cell niche in bone marrow (Schofield 1978; Voog and Jones
2010). From the day of stem cell niche invention to present time the hypothesis has
remained the same and it seems strongly that the hypothesis is right. The stem cell niches
are real and they can explain both the experimental and the conceptual models of
development, tissue maintenance, and diseases. It fits to the theory of stem cell
senescence. Also, this theory can be applied to practice, like for the long term stem cell
cultivations. (Morrison and Spradling 2008; Voog and Jones 2010)
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The stem cell niche is defined as a local dynamic tissue microenvironment which
maintains as well as regulates the stem cells to maintain tissue homeostasis and repair
through the lifetime of organism. Importantly, the niche maintains stem cells and prevents
their differentiation. The term “stem cell niche” is used widely in different contexts and
sometimes it loses its real meaning. (Morrison and Spradling 2008; Voog and Jones 2010)
Also in this thesis, the difference between “stem cell niche” and “organoid” will slightly
dim. Many kinds of stem cell niche types have been characterized and new types of niches
are identified systematically from the organisms. The cell number in different niche types
is varying and the stem cell niche can have cells from one cell to approximately 50 cells.
The structure of niche contains different types of cells, ECM components, and specific
molecules. (Morrison and Spradling 2008; Voog and Jones 2010) In the niche, the ECM
is kept as an important factor which shapes the niche and maintains the stem cells
homeostasis. The strong evidence of this has been received from decellularized organs
which show that natural ECM scaffolds can differentiate the stem cells into cells
belonging to the cells of the tissue source of ECM. (Brizzi, Tarone, and Defilippi 2012;
Song et al. 2013)
In kidney development, it was believed that kidney is formed by different progenitor cells
which have their own niches in the developing metanephros. In other words, the
metanephros is believed to contain the stem cell niches. This hypothesis comes from fate
mapping experiments which have shown that the CM, CIM, and UB cell populations in
metanephros generate different tissues. The CM has the progenitor cells which
differentiate to all types of nephron epithelial cells. The progenitors in the CIM generate
mesangial, pericytic, renin-producing and interstitial cells. The UB progenitors generate
collecting ducts. When kidney morphogenesis goes on, this same division to three major
cell populations can be seen in the NZ which includes the CM, the CIM, and the collecting
duct tips. The nephron stem cells, i.e. the nephron progenitors, are believed to be in the
CM were their population is balancing between self-renewal and differentiation. (Fetting
et al. 2014; Kopan, Chen, and Little 2014; Oxburgh et al. 2014) The nephron progenitors
niche was supposed to be in the CM, but the niche is poorly characterized (Kopan, Chen,
and Little 2014). Some work has been done for the characterization, but the working
mechanism of niche has not been presented (Minuth and Denk 2014). It is not known if
there are subpopulations in the CM or are the cells oscillating between self-renewal and
differentiation-ready states in the CM. The same is true of other supposed niches in the
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developing metanephros. (Kopan, Chen, and Little 2014) It seems that the possible
nephron progenitors are expressing Six2 and Cited1 genes. These Six2 and Cited1
expressing cells are in uninduced state and they can self-renew. This makes them as good
stem cell candidates. Especially, the Cited1 expressing cells in CITED1+ compartment.
(Brown et al. 2013; Kopan, Chen, and Little 2014) However, as Six2 is needed in kidney
morphogenesis, Cited1-null mouse embryos have shown that Cited1 is not needed for
proper kidney formation. (Boyle et al. 2007; Self et al. 2006)

9.2 Cultivating nephron stem cells as organoid niches
The organoids, i.e. the lab-grown mini organs, have been a growing field in science and
researchers have cultivated mini-guts, liver buds, rudimentary human brains, and minikidneys. Cultivating the stem cells as the organoids can solves problems like cell
differentiation, oxygen and nutrients depletion (Sasai 2013; Science 2013). These
organoid cultures are useful in disease modelling, toxicology studies, gene therapy,
regenerative medicine, and stem cell cultivation. In these organoid culture systems, the
organoids have the stem cell niches which enable the cultivation of organoids (Gracz et
al. 2015; Huch et al. 2015). Therefore, it is appropriate to investigate the idea that the
nephron stem cells could be cultivated as the stem cell niches, i.e. as some kind of
organoids.
There are long term culture systems for mouse small intestine, colon, stomach, liver, and
pancreas stem cells which can expand the stem cells for many months. This is also
possible for human small intestine, colon and liver stem cells. These culture systems can
be started from cell unit or single cell. The examples of these culture systems can be found
from publications were Hans Clevers has been working. There are many other authors in
these publications, but for convenience, these works will be referred to as the work of
Clevers and co-workers (for these publications, see (Barker et al. 2010; Huch, Bonfanti,
et al. 2013; Huch, Dorrell, et al. 2013; Huch et al. 2015; Jung et al. 2011; Sato et al. 2009;
Sato et al. 2011)). These stem cell culture systems are very similar to each other and they
have the same basic layout: each of these systems use Matrigel and “generic” organoid
culture factors. Clevers and co-workers have investigated the culture systems and for
example results show that cultured stem cells’ expression pattern was similar to their real
life counterparts. Also the stem cells can be differentiated to other bona fide cell types in
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vitro. In vivo differentiation was also shown in the mouse liver, the mouse pancreas, and
the human liver systems. The structural stability of stem cells were also proved in the
mouse intestine, the mouse liver, the mouse pancreas, the human intestine, and the human
liver systems by showing that the stem cell maintained their normal chromosome
numbers. The human liver culture system also showed that single base changes occurred
at very low rates in this long term culture system. The structural stability of cultured cells
is important, if cells are used in cell therapy transplantation. Also the stem cells in human
liver and the mouse pancreas systems can be frozen and thawed. (Barker et al. 2010;
Huch, Bonfanti, et al. 2013; Huch, Dorrell, et al. 2013; Huch et al. 2015; Jung et al. 2011;
Sato et al. 2009; Sato et al. 2011)
These long term culture systems can be used as a guideline for organoid based nephron
stem cell culture. Because of this, a simple outline of these systems’ protocols is presented
in figure 12. These long term culture systems were very similar between each other and
understanding the big picture is important when applying these systems to other use. The
full protocols were in the articles. (Barker et al. 2010; Huch, Bonfanti, et al. 2013; Huch,
Dorrell, et al. 2013; Huch et al. 2015; Jung et al. 2011; Sato et al. 2009; Sato et al. 2011)
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Figure 12. The schematic representation of long term culture system for stem cells.
This system has been designed for mouse small intestine, colon, stomach, liver, and
pancreas stem cells. Also for human small intestine, colon, and liver stem cells. The
culture system starts from obtaining tissues from mentioned organs and isolating
cell units (like small intestine crypts) or cells from the tissues by various well
known methods. After the isolation, the cell units are cultivated to organoids,
whereas the cells can be cultivated as single cells which grow to the organoids. For
the cultivation, the cell units are mixed with commercial extracellular matrix
product Matrigel or BME. Matrix is polymerized to culture plate and defined
medium is added on the top of matrix. The cells can be used in the same manner by
embedding them as single cells in the matrix and adding defined medium. The
matrix and defined mediums are the key components of this culture system. The
matrix is the same to every type of stem cells, but every types have their own
defined mediums which can be seen from sources. (Barker et al. 2010; Huch,
Bonfanti, et al. 2013; Huch, Dorrell, et al. 2013; Huch et al. 2015; Jung et al. 2011;
Sato et al. 2009; Sato et al. 2011)

The mouse and the human protocols start from obtaining tissues and isolating the cell
units or the cells out of tissues by various methods. In these papers, Clevers and coworkers obtained the tissues from mouse test animals or human donors. The mouse tissues
were taken from 6-15 weeks old genetically modified mice and the human tissues were
obtained from patient biopsy samples. Used protocols for tissue processing and cell
isolation are well known in biochemistry. To the isolate cell units, like intestinal crypts,
colon crypts, gastric glands, biliary ducts, and pancreatic ducts, the authors washed or
incubated the tissues in PBS and EDTA (or only in PBS) before mushing them by
pipetting. The authors also used reagents like collagenases, dispases, DNases, trypsin,
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and commercial digestion products to process the tissues. If tissue handling did not isolate
the cell units or the cells, the authors continued with other protocols. The authors used
shaking, trypsin, filters, meshes, cell strainers, centrifuges, anti-bodies, fluorescent dyes,
magnetic beads, and flow cytometers (or FACS) to isolate the cell units or the cells. After
isolation, the cells are cultivated in a commercialised extracellular matrix extract called
Matrigel with defined mediums. (Barker et al. 2010; Huch, Bonfanti, et al. 2013; Huch,
Dorrell, et al. 2013; Huch et al. 2015; Jung et al. 2011; Sato et al. 2009; Sato et al. 2011)
Cultivating the cells in the Matrigel with defined mediums is the one main innovation in
these protocols (Huch et al. 2015). The idea of using Matrigel was invented in the oldest
paper which was about mouse small intestinal Lgr5 (Lgr5 is the abbreviation of Leucine
rich repeat containing G protein couple receptor 5) stem cells (for the oldest article, see
(Sato et al. 2009)). The authors of this paper though that the laminin-rich Matrigel could
support the growth of intestinal epithelial cells because laminin α1 and α2 are enriched at
the intestinal crypt base, i.e. in the stem cell niche. Also, the authors knew that the
Matrigel has been used successfully in other culture systems. After seeing the usefulness
of Matrigel, this method was copied to other culture systems by the same or different
authors. (Sato et al. 2009)
To continue the outline which was left open, the next step is to establish a culture for the
isolated cell units or the cells. For simplicity, the cell units and the single cells are now
referred to as the cells. After isolation, the cells are in normal culture medium (for
example Dulbecco’s Modified Eagle’s medium) which is supplemented with other
substances in a couple of protocols. Cell suspension is taken to next steps or the isolated
cells are spun down in centrifuge and formed aggregate is taken to next steps. Next, the
isolated cells were mixed with the Matrigel or in some cases with reduced growth factor
BME 2 which is similar to the Matrigel. The Matrigel mixture is plated when it is still
liquid and the Matrigel is polymerized to culture plates. Culture medium was added to
the top of Matrigel. The protocols have many kinds of culture mediums which are made
for different cell types. However, mediums can be said to contain generic organoid culture
factors like Egf (Egf is the abbreviation of Epidermal growth factor.), Rspo1 (Rspo1 is
the abbreviation of R-spondin homolog (Xenopus laevis)) R, and Noggin. Mediums are
changed during culture and in some protocols the cells have different mediums at different
time points. Mediums can also be supplemented with growth factors during the
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cultivation. (Barker et al. 2010; Huch, Bonfanti, et al. 2013; Huch, Dorrell, et al. 2013;
Huch et al. 2015; Jung et al. 2011; Sato et al. 2009; Sato et al. 2011)
The cultured cell units and the single cells grew to the organoids which were used as seeds
for the new cultures or the organoids were used for other purposes, like for experiments.
Organoid passaging is needed in these protocols like in any other cell culture. The
passaging avoids too high organoid density and it prevents too big organoids which would
suffer from oxygen limitation. The passaging is done by removing the organoids from the
Matrigel and mechanically dissociating the organoids into small pieces (in some protocols
organoids were dissociated by pipetting). The small organoid pieces are then transferred
to fresh Matrigel to continue cultivation. In the presented protocols, Clevers and coworkers did passage after 7-14 days in a 1:4-1:8 split ratio. This maintaining in the
Matrigel with defined mediums and doing passages once in a while, formed the long term
culture of stem cells, as in figure 13. (Barker et al. 2010; Huch, Bonfanti, et al. 2013;
Huch, Dorrell, et al. 2013; Huch et al. 2015; Jung et al. 2011; Sato et al. 2009; Sato et al.
2011; Science 2013)

Figure 13. An illustration how organoid based long term stem cell culture is
maintained.

9.3 Extracellular matrix
The ECM is an important factor in the stem cell niche (Brizzi, Tarone, and Defilippi
2012). Hans Clevers and co-workers applied this knowledge when developing the long
term stem cell culture system for intestine crypts (Sato et al. 2009). The same idea can be
applied to the nephron stem cell cultivation and the ECM is also important in the
developing kidney. The ECM proteins have been used successfully in the renal cell

74

cultivation (Brown, Blank, et al. 2011; Fetting et al. 2014; Zhang et al. 2009). Therefore,
this thesis includes experiments with collagen I, collagen IV, fibronectin and BME.
Collagen is the most abundant protein in the animal world and in mammals approximately
25 % of proteins in body are collagen. Collagen is the major component of most ECMs
and there are at least 28 distinct types of collagen in human. The collagen I is one collagen
which can be found from human and mouse. In the human, the collagen I is found from
most ECMs (connective tissues) and from bone. The collagen I is a fibril-forming
collagen, which means that it forms long rod-like fibres in tissues. (Murray et al. 2009)
In kidney morphogenesis, the collagen I is present in the MM where it is localized to
epithelial basement membranes and the cortical interstitium. (Fetting et al. 2014; Minuth
and Denk 2014) Collagen I’s function in kidney development is still elusive, but the
growth of isolated E11.5 mouse kidneys can be enhanced with the collagen I addition.
The collagen I treatment improves UB branching and nephron formation. (Sebinger et al.
2013)
The collagen IV is also one collagen which can be found from the human and the mouse.
In the human, collagen IV is found from basement membranes where it forms mesh-like
networks. Because of this, collagen IV is classified as a network-like collagen. (Murray
et al. 2009) In kidney development, the collagen IV is present in the MM where it is
localized to the epithelial basement membranes. (Fetting et al. 2014; Sebinger et al. 2013)
The collagen IV is important in kidney development and also in the function of adult
kidney (Dressler 2006; Sebinger et al. 2013; Agtmael et al. 2005). The collagen IV is kept
as an anti-nephrogenesis factor, because it prevents branching and nephron forming in
the isolated E11.5 mouse kidneys which are cultivated in the dissolved collagen IV. The
dissolved collagen IV also prevents the epithelialization of BIO-treated Cited1 expressing
cell aggregates (BIO is the abbreviation of 6-bromoindirubin-3´-oxime.). (Fetting et al.
2014; Sebinger et al. 2013) It seems that the collagen IV has some kind of connection to
Foxd1 which is supposed to regulate directly or indirectly many genes that set up a
specific ECM microenvironment surrounding the CM cells. In Foxd1-null mouse embryo
kidneys, the collagen IV localization is aberrant. The collagen IV is localized to the
epithelial basement membranes like in wild-type kidneys, but the collagen IV is also
localized to the cortical interstitium which does not happen in wild-type kidneys. (Fetting
et al. 2014) The collagen IV is also important for glomerular development and glomerular
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basement membrane contains different isoforms of collagen IV. (Dressler 2006; Sebinger
et al. 2013; Agtmael et al. 2005)
The fibronectin is the major glycoprotein of ECM in the human and the mouse. It is also
present on cell surfaces and in plasma. A single gene encodes fibronectin, but there are
many different isoforms of fibronectin. The fibronectin protein has at least seven different
domains which can bind to heparin, fibrin, collagen, DNA, and cell surfaces. The
fibronectin also includes Arg-Gly-Asp sequence which binds to integrin receptors on the
cell surfaces. Interactions with the cell receptors, integrin or nonintegrin receptors, make
the fibronectin important in cell adhesion and cell migration in the ECM. (Murray et al.
2009; Ye et al. 2004) Like the collagen I and IV, the fibronectin is also present in the
developing kidney. The fibronectin is expressed in the whole MM, but the expression is
higher at regions next to UB branches, glomerulotubular structures, and blood vessels.
Some studies show that in the branching UB, the fibronectin is localized to the sites of
epithelial indentation and constriction in the MM. It is supposed that at least the
fibronectin adjacent to UB epithelium, is secreted by UB’s epithelium cells. (Sakai,
Larsen, and Yamada 2003; Ye et al. 2004) In kidney morphogenesis, the fibronectin
seems to be important for the UB branching and in tubule formation. Yet, it has been
shown that the growth of isolated E11.5 mouse kidneys can be inhibited with the
exogenous fibronectin. (Sebinger et al. 2013; Ye et al. 2004)
The Cultrex® Basement Membrane Extract (BME) is a commercialized extracellular
matrix product made by Trevigen company (“Cultrex® Original BME” 2015). There are
many similar products from the same manufacturer and even more similar products from
different manufacturers, like BD (Becton, Dickinson and Company). Different variations
of BME include, e.g. a BME with reduced growth factors and a BME with increased
stiffness. (Benton et al. 2014) The BME is also often termed as “Matrigel” which is a
more familiar name to some researchers.
The BME is a soluble basement membrane extract which is prepared from mouse
Engelbreth-Holm-Swarm tumor. The BME is kept as a well-defined extract, but the BME
not a defined substrate and its composition varies from batch to batch. The BME’s
composition is similar to early developmental basement membrane. The major
components of BME are laminin-111, collagen IV, entactin, and heparan sulphate
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proteoglycan. These proteins have both structural and signal transduction functions. The
fibronectin and the collagen I are also present in the BME. Furthermore, the BME
contains growth factors like FGF2, EGF, Transforming growth factor, beta 1 (TGFβ1),
Insulin-like growth factor 1 (IGF1), and Platelet-derived growth factor (PDGF). Many
growth factors are trapped in the matrix of BME and after matrix degradation the growth
factors become usable for the cells. Moreover, the BME contains also proteases.
(Arnaoutova et al. 2012; Benton et al. 2014; Hughes, Postovit, and Lajoie 2010)
In laboratory work, the BME is commonly used as substrate for mammalian cells in vitro
and in vivo. In vitro experiments, the BME is easy to use for plate coatings, because the
BME (concentration greater than 4 mg/ml) is soluble at 4 °C and it forms gel at 24-37 °C.
(Benton et al. 2014) There are many different ways to use the BME and it has been shown
to be useful with stem cells. In vitro, the thick coating of BME promotes the
differentiation of stem cells and the thin coating of BME promotes the survival of stem
cells. (Arnaoutova et al. 2012) The mentioned thick coating is made by polymerization
and the thin coating is made by diluting the BME to serum-free medium (“Cultrex®
Original BME” 2015). In vivo, the BME promotes the survival of stem cells (Arnaoutova
et al. 2012).
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10 MATERIALS AND METHODS
Developing bioprocesses to establish the long term culture of nephron stem cells was
studied by testing different proteins and protein mixtures. Information about materials
and methods used in experiments are covered in this section.

10.1 The preparation of mouse embryos
Animal care principles and experimental procedures in this thesis were done in
accordance with the Finnish national legislation for the use of laboratory animals, the
European Convention for the protection of vertebrate animals used for experimental and
other scientific purposes (ETS 123), and EU Directive 86/609/EEC.
Mouse embryos were collected at E11.5 from wild-type CD-1 female mice (for CD-1
review, see (Chia et al. 2005)). The embryos’ age were considered to be embryonic day
0 (E0) at early night day before the appearance of vaginal plug. The mice were killed by
CO2 asphyxiate and death was double-checked by breaking mice’s neck. Mice’s stomachs
were sprayed with 70 % ethanol before dissecting uterus from the mouse. The dissected
uteri were kept on chilled Dulbecco’s PBS++ (0.9 mmol/l 𝐶𝑎𝐶𝑙2 ∙ 𝐻2 𝑂 , 0.5 mmol/l
𝑀𝑔𝐶𝑙2 ∙ 6𝐻2 𝑂, 2.7 mmol/l 𝐾𝐶𝑙, 1.5 mmol/l 𝐾𝐻2 𝑃𝑂4 (anhydrous), 137 mmol/l 𝑁𝑎𝐶𝑙, 8.1
mmol/l 𝑁𝑎2 𝐻𝑃𝑂4 (anhydrous)) (Sigma-Aldrich Co.) (DPBS++).

10.2 The dissociation of mouse embryonic metanephric mesenchymes
The dissociation of mouse embryonic MMs to single cell suspension was started by
dissecting the MMs from the embryos with G27 needles (Henke-Sass, Wolf) in
Dulbecco’s PBS++ at room temperature (RT) under a stereo microscope. After dissection,
the MMs were treated with 2.25 % trypsin (Sigma-Aldrich Co.), 0.125 % pancreatin
(Sigma-Aldrich Co.), Dulbecco’s PBS-- (2.7 mmol/l 𝐾𝐶𝑙 , 1.5 mmol/l 𝐾𝐻2 𝑃𝑂4
(anhydrous), 137 mmol/l 𝑁𝑎𝐶𝑙, 8.1 mmol/l 𝑁𝑎2 𝐻𝑃𝑂4 (anhydrous)) (Sigma-Aldrich Co.)
(DPBS--) for 30 to 40 seconds at RT. After treatment, the MMs were kept in normal
culture medium (Dulbecco’s Modified Eagle Medium, high glucose (Gibco by life
technologies), 10 % FBS (Thermo Fisher Scientific Inc.), 1 % penicillin/streptomycin
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(Sigma-Aldrich Co.)) for 10-20 minutes in RT to inhibit enzyme reaction. After
inhibition, the MMs were cleaned from remaining excessive tissue and UBs were
separated from the MMs with 27G needles. Single cell suspension was made by using a
solution containing physiological buffer and collagenase Type 3 (Worthington
Biochemical Corporation) or collagenase Type 4 (Worthington Biochemical
Corporation). This solution was made by mixing 280 µl of physiological buffer (137 mM
𝑁𝑎𝐶𝑙, 5.6 mM 𝐾𝐶𝑙, 2.2 mM 𝐶𝑎𝐶𝑙2, 1.2 mM 𝑀𝑔𝐶𝑙2 ∙ 6𝐻2 𝑂, 2.5 mM glucose, 10 mM
HEPES) to 40 µl of collagenase Type 3 or Type 4 resulting 2.0 mg/ml (9400 U/ml)
collagenase solution. The MMs were collected to physiological buffer, collagenase
solution in a 1.5 ml Protein LoBind Eppendorf tube (Eppendorf AG) and incubated with
stirring at 37 °C for 20 minutes following by roughly pipetting every 10 minutes. The
dissociation level during pipetting was observed under the stereomicroscope. The enzyme
reaction was stopped by adding 680 µl of normal culture medium and incubating for 1020 minutes at RT. Single cell suspension was washed two times with normal culture
medium without resuspending the cells. Between washes, the cells were spun down by
centrifugation at 1,380 g for 4 minutes at RT. After washing, the MM cells were
resuspended to 1 ml of normal culture medium and kept on ice if short time storage was
needed.
The dissociation of mouse embryonic MMs to single cell suspension without phenol red
was done as described above with one exception. In this case, the normal culture medium
was replaced with a normal culture medium without phenol red (Dulbecco’s Modified
Eagle Medium, high glucose, HEPES, no phenol red (Gibco by life technologies), 10 %
FBS (Thermo Fisher Scientific Inc.), 1 % penicillin/streptomycin (Sigma-Aldrich Co.)).

10.3 Cell counting
The MM Cell counting was made by using BIO-RAD TC20 Automated Cell Counter
(Bio-Rad Laboratories Inc.). The automated cell counter was used according to the
manufacturer’s instructions with 10 µl of single cell suspension sample.
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10.4 96-well plate coating
96-well plate wells were coated by using three different protocols: one was simply filling
the wells with protein solution and drying it. The other was filling the wells with protein
solution and polymerize the protein before drying it to the well. The last one was making
coating solutions which contained one kind of protein or in maximum three kinds of
proteins. These solutions were then used by incubating them in the wells to make
coatings. After incubating, coating solutions were removed and the coated wells were
used freshly for cell cultivation.
Collagen IV coating was made by filling the well as equally as possible with 30 µl of
Cultrex® collagen IV solution (Trevigen) (500 µg/ml in buffer containing 50 mm/mol
𝐻𝐶𝑙 and 1 mm/mol TCEP-HCl). The outcome was that collagen IV solution barely
covered well bottom and liquid was strongly curved by surface tension. Well’s centre had
the thinnest layer of collagen IV solution. After collagen, IV solution was pipetted to the
well, solution was dried by keeping the microtitre plate unlidded in a laminar flow cabinet
for 10-20 minutes. After drying, the well was ready to be seeded with the cells.
BME coating was made by using Cultrex® BME (Trevigen) and filling the well with this
extract solution as equally as possible. Volumes used were 30-50 µl to the one well or
volume was distributed to a few wells. The outcome was that the BME barely covered
the well bottom and liquid was strongly curved by surface tension. The well’s centre had
the thinnest layer of BME. Next, the microtitre plate was kept lidded in +37 °C humidified
incubator for 10-15 minutes that the BME formed gel by polymerization. After gel
formation, the microtitre plate was placed unlidded to +37 °C unhumidified incubator for
10-30 minutes to dry the BME. After drying, the well was ready to be seeded with the
cells.
Coating solutions were made using normal culture medium (Gibco® Dulbecco’s
Modified Eagle Medium, high glucose (life technologies), 24 % FBS (Thermo Fisher
Scientific Inc.), 2 % penicillin/streptomycin (Sigma-Aldrich) as a stock solution.
Different coating solutions from stock solution were made by changing what proteins
was/were added to stock. In table 2 are listed coating solutions’ proteins and their
concentrations. Coating solutions were stored to 15 ml tubes (Sarstedt) at +4 °C.
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Table 2. Coating solutions’ protein concentrations. Protein solutions used were
fibronectin (R&D systems), collagen I (BD Biosciences), and Cultrex® collagen IV
(Trevigen).
fibronectin
Fibronectin coating
7 µg/ml
Collagen I coating
Fibronectin and collagen I coating
7 µg/ml
Fibronectin and collagen IV coating
7 µg/ml
Collagen I and collagen IV coating
Fibronectin, collagen I and collagen IV coating 7 µg/ml

collagen I
29 µg/ml
29 µg/ml
29 µg/ml
29 µg/ml

collagen IV
4 µg/ml
4 µg/ml
4 µg/ml

The coatings made with coating solutions were made at the same day as the dissociation
of MMs or a day before the dissociation of MMs. The coating at the same day was made
by adding 70 µl of coating solution to the one well and incubating lidded plate at +37 °C
humidified incubator for one hour. After incubating, the coating solution was removed
by pipetting and the MMs were seeded to the wells. When the coating was made a day
before, dissociation coating solution was removed as before and now 200 µl of
Dulbecco’s PBS-- were added to the well. The microtitre plate was stored overnight
lidded at +37 °C humidified incubator. Next day, DPBS-- was removed by pipetting and
100 µl of normal culture medium was added to the wells. The microtitre plate was then
incubated lidded in +37 °C humidified incubator for 15 minutes. After incubating, normal
culture medium was removed by pipetting and the MMs were seeded to the wells.
Myoma gel and powder coatings were made from gel or powder which was received from
Medical Research Center, Oulu University Hospital, and Tea. of Cancer and Translation
Medicine, Oulu University, Oulu, Finland. Gel or powder was derived from uterine
leiomyoma tissue. Myoma gel was used by centrifuging it to remove air bubbles and
myoma powder was used by mixing it to purified distilled water. After these steps, gel or
powder solution was used by filling the wells as equally as possible. Used volume was
25 µl to the one well. The outcome was that myoma gel or powder solution barely covered
the well bottom and gel or powder solution was strongly curved by surface tension. The
well’s centre had the thinnest layer of myoma gel or powder solution. After myoma gel
or powder solution was pipetted to the well, gel or powder solution was dried by keeping
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microtitre plate unlidded in +37 °C unhumidified incubator for 10-30 minutes to dry
myoma gel or powder solution. After drying, the well was ready to be seeded with the
cells.

10.5 Culturing and imaging in IncuCyte ZOOMTM
The 96-well polystyrene microtitre plates (Item-No. 655180 (sterile)) (greiner bio-one)
were used as substrate on the MM cell cultivations. The MMs were plated from single
cell suspension made from the dissociated mouse embryonic MMs which was
supplemented with 50 ng/ml human recombinant bone morphogenetic protein 7
(hrBMP7) (Insight Biotechnology Limited) and 100 ng/ml human recombinant fibroblast
growth factor 2 (hrFGF2) (PeproTech). This MM cell suspension was used in working
volume of 200 µl. Pipetted working volume was gently mixed by pipetting after it was
added to the well to even MMs distribution to the well’s bottom.
The cell cultivations were mainly done inside of IncuCyte ZOOMTM (Essen BioScience)
microscope system which was placed inside of humidified incubator with +37 °C
temperature and 5 % 𝐶𝑂2 level (figure 14). The incubator was in a cleanroom. The
cultivations started approximately 15-30 minutes after the MMs were plated and the
cultivations were 2-5 days long inside of IncuCyte ZOOMTM.
Imaging was done with the IncuCyte ZOOMTM’s 10x objective in time-lapse manner
taking only phase contrast images. Time interval was 30 min or one hour. The images
were analysed with the IncuCyte ZOOMTM’s manufacturer’s software IncuCyte
ZOOMTM 2013B.
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Figure 14. How experiments were carried out with IncuCyte ZOOMTM. First,
experiments were prepared by selecting proteins or protein mixtures for testing.
Also metanephric mesenchyme cells were dissected from E11.5 mouse embryos and
proceeded for experiments. When experiments were ready at microtitre plate, the
plate was inserted into the IncuCyte ZOOMTM for the cultivation and the imaging
experiments. After the cultivation and the imaging were done, collected images
were analysed with IncuCyte ZOOMTM’s manufacturer’s software IncuCyte
ZOOMTM 2013B. The picture of IncuCyte ZOOMTM is a photo of used IncuCyte
ZOOMTM.

10.6 Illustrative images from cultured 96-well microtitre plates
The whole wells of 96-well microtitre plates were imaged with Olympus SZX12
stereomicroscope (Olympus) and Olympus Pen E-P1 camera in selected plates to
demonstrate how cells were not always distributed evenly.

10.7 Calculations and images
Calculations were made using Microsoft® Excel 2013. Images were made and arranged
using CorelDRAW Graphics Suite X6 and X7.
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11 RESULTS
This section covers experiments results. In text is presented how right MM cell
concentration was determined for protein coating experiments. Main results are the results
from the coating experiments which show that only BME promoted the growth of MM
cells. The coating experiments results also contain results which were not done with
enough repetitions and these can be only kept as preliminary data.

11.1 Testing cell number for coating experiments
The right MM cell number for the coating experiments was determined by cell cultivation
on plastic with growth factors. This way, it was checked how much cells would be needed
to add to every 96-well microtitre plate well that images taken from the well would give
proper information on cell growth. From previous studies in laboratory where this work
was done and from Junttila’s and co-workers’ article (Junttila et al. 2014), it was known
that the MM cells can grow approximately 24 hours in the presence of added hrBMP7
and hrFGF2. In this kind of cultivation, the cells will grow and then die. When plotted,
the result is as a basic growth curve with lag, exponential, stationary and death phases.
The desired cell number was the cell number which gave a clear growth curve (confluence
as the function of time) with the easily distinguishable growth phases. The images were
taken in such a manner that one well gave four linked images from the centre of well like
in figure 15 and the separated images were regarded as individual experiments. It was
acknowledged that this way of thinking was not the optimal experiment method.
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Figure 15. An illustration about how IncuCyte ZOOMTM took four images from one
96-well microtitre plate well. The picture is not drawn to scale.

Embryonic kidneys were dissected from E11.5 mouse embryos and cleaned from excess
tissues to leave MMs for dissociation. The MMs were dissociated and suspended to
normal phenolred-free culture medium with serum to make single cell suspension. Cell
concentration was measured with an automated cell counter which had been confirmed
for proper MM cell counting (data not shown). Single cell suspension was divided to four
different 96-well plate wells, each having a different number of MM cells counted from
cell concentration. The cell amounts were approximately 500, 15,000, 25,000, and 50,000
cells in one well in 210 µl working volume with the growth factors. Working volume was
enough to cover the whole well properly and it was in the range of manufacturer’s
recommendation of 25 µl to 340 µl working volume. Concentrations for the growth
factors were 50 ng/ml for hrBMP7 and 100 ng/ml for hrFGF2.
The results are in figure 16 with presentative images from the twelve hours of cultivation.
From the graphs, it can be seen that the most useful growth curve is in the image C.
Approximately 25,000 cells in one well will give the robust growth curve with the easily
distinguishable growth phases when the images were analysed with IncuCyte ZOOM’s
software. Also 25,000 cells in one well gave the images and the videos that pleased human
eyes.

85

86

Figure 16. Metanephric mesenchyme (MM) cell number effect on cell growth in 96well microtitre plate without protein coating. The MM cells were cultivated in
normal phenolred-free culture medium with serum and growth factors.
Concentrations for the growth factors were 50 ng/ml for human recombinant Bone
morphogenetic protein 7 and 100 ng/ml for human recombinant Fibroblast growth
factor 2 (Basic). Presentative cell cultivation images were taken at 24 hours of
cultivation. Bar, 300 µm. Error bars represent the standard deviation of mean. The
brightness of cell images has been decreased.

11.2 Testing protein coatings
Different protein coatings were tested to see how they affect MM cell survival and
proliferation on monolayer culture. To do this, MM dissociation technique was adopted
from Junttila’s and co-workers’ ex vivo organoid setting to receive single cell suspension
from the mouse MMs (Junttila et al. 2014). For the monolayer culture settings, the used
protocols were the combination of general knowledge and laboratory members own
protocols (the laboratory where work was done). The protein coatings were made in many
different manners. The most general way to make the protein coatings is to make coating
solutions and then use these to coat different cell culture plates. Basically, coating
solutions are made by adding commercial proteins to normal culture medium with serum.
This technique was used for fibronectin, collagen I, and collagen IV coatings which were
mixtures of these proteins or these proteins were used alone. The collagen IV was an
exception here and it was used in a different manner when it was used alone. The collagen
IV, myoma gel, and myoma powder coatings were made by filling the wells with these
solutions or gels and then drying it to make a thick protein layer to the bottom of well.
BME coating was made by polymerizing the BME to the wells and then drying it to the
wells.
The common way to make the protein coatings was to dilute proteins to normal culture
medium. With this technique, one can get the uniform protein layer to the bottom of well
or the culture dish, etc. However, when a high concentrate protein solution is dried to the
well bottom, often the result is not completely uniform. The main reason for this is
probably surface tension which curves liquid in the well. This causes the uneven protein
layer which is thinnest at the centre of well and which gradually comes thicker from the
centre to the well wall. The uneven protein layer affects cells distribution and growth in
the well. This affects cell growth observation which was based on measuring cell
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confluence [%] in a specified well area. This problem was accepted and no further effort
was done to remove this problem. In figure 17 is an example image how the BME coating
was uneven and how it affected to the cell distribution. Nevertheless, this kind of problem
did not alter the image analysis results and computed data were true to human
observations. When the making of protein coatings did not work, the faulty wells were
omitted from the study.

Figure 17. An example image how drying high concentrate protein solution made
thick and uneven protein coating to 96-well plate well. The well illustration shows
that four images were taken from one well and the protein coating was thickening
from centre to edges. This affected metanephric mesenchyme cells distribution and
growth in the well. Despite this problem, the acquired images gave usable data
which was truthful to real cell growth. The cell image was taken after the 72 hours
of cultivation on dried BME coating. Bar, 300 µm. The brightness of cell image has
been decreased.

In graphs in figure 16, figure 19, and figure 20, the growth curves cannot be read properly
without understanding how they were done. Because cell growth was observed via
confluence [%], which was the percentage of image area that is occupied by objects, the
growth curves were generated only from the snap shots of cell population in given time.
Analysing confluence form cell images is a useful way to observe cells growth, but it has
its limitations. For example, confluence analyses from taken phase contrast images did
not make a difference to living or dead cells. Again, every time when the cells were
imaged, surrounding cell growth in the outside of images was not recorded. Therefore,

88

the total number of living cells in each well is uncertain after start. Also the MM cells
reorganized themselves during the experiments, i.e. the cells were distributed evenly to
the well bottoms only at the beginning of cultivation. The MM cells tended to form small
groups which was not problem, because cell clusters were evenly distributed on the wells
(figure 18, A). However, the MM cells on the dried BME coating were homing towards
the centre of well. The images from the dried BME wells showed robust cell growth, but
growth was much less near the edges of well bottom were the protein layer was thickest
(figure 18, B). Again, limiting imaging to only the specified area of well was enough to
the cell growth observation by image analysis.

Figure 18. Presentative images from collagen I and dried BME coatings after
cultivation. The collagen I coating shows how metanephric mesenchyme (MM) cells
formed small groups of cells or small groups of cell’s remains. In the dried BME,
the MM cells were moving towards the centre of well leaving fewer cells to well
edges. Only the centre of well was imaged and therefore taken images can give false
impression on how cells grew in the dried BME wells. In the images, the MM cells
were grown in normal culture medium with serum and growth factors for 100 hours
approximately. The images were taken about three hours after cultivation.
Concentrations for the growth factors were 50 ng/ml for human recombinant Bone
morphogenetic protein 7 and 100 ng/ml for human recombinant Fibroblast growth
factor 2 (Basic).

The embryonic kidneys were dissected from the E11.5 mouse embryos and cleaned from
excess tissues to leave the MMs for dissociation. The MMs were dissociated and
suspended to normal culture medium with serum to make single cell suspension. Cell
concentration from single cell suspension was measured with the automated cell counter.
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The MM cells were plated to the 96-well microtitre plate which had the uncoated wells
for control and the coated wells for testing different proteins. Cell number in experiments
was approximately 25,000 cells in one well according to measured cell concentration.
The used medium was the normal culture medium with serum and added growth factors.
Concentrations for the growth factors were 50 ng/ml for hrBMP7 and 100 ng/ml for
hrFGF2. The MM cells were cultivated about 2-5 days inside of IncuCyte ZOOMTM
microscope system which was inside of humidified incubator with +37 °C temperature
and 5 % 𝐶𝑂2 level. Medium was not changed in cultivations because working volume
was 200 µl and therefore there were plenty of nutrients for the cells. The cultivations were
observed by taking the images every half hour or every hour with the IncuCyte ZOOMTM.
One well gave four images like illustrated in figure 15 and figure 17. After cultivation,
the images were analysed with IncuCyte ZOOMTM’s manufacturer’s software to get
confluence [%] as a function of time [h].
The results from the fibronectin, the collagen I, the dried BME and the dried myoma gel
coatings are in figure 19. The results are compared to a control which did not have the
protein coated wells. The fibronectin, the collagen I, and the dried BME coating
experiments were repeated multiple times. Both the fibronectin and the collagen I
coatings were repeated six times to obtain reliable data, whereas the dried BME was
repeated ten times. Increased repetitions for the dried BME were a good choice, because
the dried BME had imaging problems due to the uneven protein coating. The dried
myoma gel coating had the minimum numbers of repetitions by having only three
repetitions. Also, imaging problems were worse than in the dried BME coatings.
However, the analysed dried myoma gel results were more or less true to human
observations which did not make them useless.
The results from other experiments are in figure 20. These results are not reliable, because
every different coating experiment was repeated only twice which is not enough.
Therefore, these results can be regarded only as a preliminary data and they can be only
used for speculation. If something can be said from the results, it seems that none of tested
coatings can maintain MM cell growth.
The protein coating experiments show that only the dried BME coating had influence on
MM cell growth by promoting cell proliferation or/and by promoting cell survival (figure
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19). This can be seen on the dried BME graph where confluence is not dropping after the
36 hours of cultivation. While control has the basic growth curve with lag, exponential,
stationary and death phases, the dried BME seems only have first three phases without
the death phase. Therefore, the dried BME is an improvement to control. Presumably, the
dried BME would have also gone to the death phase, if the cultivation would have been
carried long enough without a medium change. There are no data about what the cell
types of MM were growing on the dried BME or in any other coating experiments.
All graphs in figure 19 show variation in confluence when comparing the growth curves
to control or when comparing the growth curves between each other. For example, the
fibronectin coating seems to inhibit MM cell growth because confluence values become
quickly lower than in control and numbers stay lower after the start. However, confluence
analysis had its own nuances and therefore these kinds of conclusions should not be done.
The graphs in figure 19 (and in figure 20) should be only used for studying protein
coatings effect on MM cell growth in a general level and the graphs are not accurate
enough for detailed quantitative analyses.
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Figure 19. Metanephric mesenchyme (MM) cells’ growth on fibronectin, collagen I,
dried BME, and dried myoma gel coatings. The MM cells were cultivated in normal
culture medium with serum and growth factors. Concentrations for the growth
factors were 50 ng/ml for human recombinant Bone morphogenetic protein 7 and
100 ng/ml for human recombinant Fibroblast growth factor 2 (Basic). Only the dried
BME seems to have an effect on MM cells’ growth by promoting cell growth. The
fibronectin and the collagen I coatings were very thin compared with the dried BME
and the dried myoma gel coatings which were very thick. Thickness by itself seems
not to promote MM cells’ growth, because the cells in the dried myoma gel coating
did not grow as good as in the dried BME. Error bars represent the standard
deviation of mean.
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Figure 20. Metanephric mesenchyme (MM) cells growth on different coatings. The
MM cells were cultivated in normal culture medium with serum and growth factors.
Concentrations for the growth factors were 50 ng/ml for human recombinant Bone
morphogenetic protein 7 and 100 ng/ml for human recombinant Fibroblast growth
factor 2 (Basic). These results present only two repetitions for each protein coatings
and therefore the results are not reliable. From these results, it seems likely that none
of the tested protein coatings can maintain MM cell growth. Error bars represent the
standard deviation of mean.
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Figure 21. Presentative images from the cultivation of metanephric mesenchyme
(MM) cells. The cells were cultivated without any coating (control) and with
fibronectin, collagen I, dried BME, and dried myoma gel coatings on the wells of
96-well microtitre plates. The MM cells were in normal culture medium with serum
and growth factors. Concentrations for the growth factors were 50 ng/ml for human
recombinant Bone morphogenetic protein 7 and 100 ng/ml for human recombinant
Fibroblast growth factor 2 (Basic). Images sets A-E have the cell pictures from the
same well and the same area. The cell pictures were taken from different coatings at
different time points: 12, 36, and 60 hours of cultivation. When twelve hours had
gone, the cells were already settled to the wells. After 36 hours, the cells on the
control wells were approximately at their maximum growth and the cells died soon
after this time point. The last time point of 60 hours shows that only the MM cells
on the dried BME are still proliferating when others are almost completely gone.
Bar, 300 µm. The brightness of cell images has been decreased.
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12 DISCUSSION
Some proteins coatings were made by drying which is not a common method to coat
culture plates. Therefore, the drying is reviewed there. Next, is a discussion on all protein
coatings, except dried BME which is discussed later. Also the protein coatings are
compared to other studies where renal cells have been cultivated on protein coatings. The
BME was the only coating that had a significant effect on MM cell growth and this is
discussed. Also a discussion about growth factors in the BME and suggestions for future
experiments with the BME is presented. After this, is a discussion about possible cells
cultured in the experiments of this thesis. Literature information is used to predict what
cells might have been growing on the experiments. Next, is a short discussion about idea
that nephron stem cells could be cultivated as organoids niches. The results show that the
BME could be useful in this kind of culture and it could be used in the same way as in
other long term stem cell cultures. The last part of discussion goes back to the HTS and
the HCS. The HCS is currently the best method for massive screenings. The combination
of automated microscopes and image analysis software is an effective and versatile
platform. It seems that only development at these fields could increase the throughput of
the HCS. However, there are other options and high-throughput flow cytometry, cell
array, and microfluidics platforms have their own benefits for the HCS assays. Also
possible uses with the nephron progenitor cells are discussed. All of these platforms have
summary tables to help understanding the text. The last part has thoughts on what HCS
method should be used, if long term nephron stem cell cultures could be possible.

12.1 Used protein coatings were probably fine for experiments and the
thickness of protein coating was not effecting on cell growth
In figure 19 are results from fibronectin, collagen I, dried BME and dried myoma gel
coatings. The fibronectin and the collagen I coatings were made by adding the fibronectin
to normal culture medium with serum. The dried BME and the dried myoma gel coatings
were made by drying protein solutions. Which way of coating was better cannot be clearly
answered from the gained results.
Proteins have been evolved to function in particular cellular environments. Protein’s
structure can change, if the environment is not suitable for the protein. When the protein’s
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3D structure is changed in such a manner that it causes the loss of function, the protein is
said to be denatured. For example, wrong temperature, pH, and solvent, etc. can denature
the proteins. (Lehninger, Nelson, and Cox 2013) Probably coating protocols had some
negative effect on the proteins, because well bottom is a far cry from the natural cellular
environment. However, the fibronectin and the collagen I coatings can be regarded to be
functional, because they were done in a common way (for some similar examples, see
(Brown, Blank, et al. 2011; Jensen, Driskell, and Watt 2010)) and similar protocols have
been used in the laboratory were this work was done.
The dried coatings are more uncertain. Often, in the making of protein coatings the
proteins are always kept moist. Coating solution is removed by aspiration and not by
drying. However, the drying is not a new idea and for example a very similar approach
was used in Zhang’s and co-workers’ article (for the article, see (Zhang et al. 2009))
where protein coatings were dried in laminar flow hood. Studies show that the proteins
can be very stable when dried, but also drying can be very difficult for the proteins (Chang
and Pikal 2009; Maltesen and Weert 2009). In the thesis, in the experiments drying was
really quick (10-30 min) and straight after the drying wells were filled with medium. Also
the proteins were not dried to crystals. Therefore, drying was not overdone. Both the BME
and the myoma gel were dried to the wells, but only on the dried BME the cells were
growing better when compared to the control (figure 19). Therefore, drying the proteins
is not causing cell proliferation. As a conclusion, the dried coatings will remain uncertain,
but they should not be denied straight away.
Different coating protocols affected the thickness of protein coating. The thicknesses of
coatings were never measured, but supposedly the fibronectin and the collagen I coatings
were much thinner than the dried BME and the dried myoma gel coatings. This is
assumed, because drying protein solution will leave more proteins to the well than
incubating protein solutions. The effect of different thicknesses was not studied in this
work, but at least in figure 19 thick coating did not meant good cell growth. The MM
cells were growing well only on the dried BME and the reason was probably in the BME,
not in the thickness of BME. If the BME coating would be thin enough, it would probably
affect cell growth.
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Data presented in figure 20 can be only kept as preliminary results. Coating solution based
coatings were made by adding the fibronectin, the collagen I, and collagen IV to normal
culture medium with serum. Different mixtures can be seen from figure 20. Dried
collagen IV and dried myoma powder coatings were made by drying protein solutions.
Probably, the same can be said about these coatings as those of figure 19 . The coatings
made from coating solutions were functional, but the dried coatings were more uncertain.
However, they should not be denied straight away. Increased thickness seemed not to
have influence on cell growth on the dried collagen IV and the dried myoma powder
coatings, when comparing them to other coating solution based coatings.
Protein solutions were dried, because the BME only is a poor subject for 2D imaging.
When the BME is polymerized to microtitre plates according to manufacturer’s
instructors and the BME gel is seeded with the MM cells, the result is 3D culture which
cannot be used for confluence measurements when confluence is measured from 2D
images. Also, the used IncuCyte ZOOMTM was unable to automatically focus on the
microtitre plate’s bottom when the well was filled with the BME gel. After BME
experiments were decided to be carried out via drying protocol, the same drying approach
was also applied to dried collagen IV, dried myoma gel, and dried myoma powder
experiments. Other coatings were done in a common way which was inherited from other
experiments with the fibronectin (not shown here).

12.2 Protein and myoma coatings are not promoting cell growth
From figure 19 and figure 21 it can be seen that the fibronectin, the collagen I, and the
dried myoma gel coatings did not have influence on MM cell growth. Cell growth on
these coatings is very similar to control which did not have the protein coating. Because
there was a suspicion that added hrBMP7 could act as protease and degrade protein
coatings, it could be supposed that hrBMP7 degraded the protein coatings from the
fibronectin, the collagen I, and the dried myoma gel coatings. Therefore, these coating
experiments would be the same as controls, which would explain similar growth curves.
However, it is unlikely that BMP7 would be protease by its structure and any information
about BMP7 acting like protease was not found. (Bragdon et al. 2011; Carreira et al. 2014;
Kessler et al. 1996) Also, the dried myoma gel coating was probably too thick that the
slight addition of protease would make any difference.
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It would be interesting to compare these results to some other similar studies, but none
were found. Proteins coatings are widely used in cell cultures and researchers tend to
report their success, if they have major breakthrough with these. Kidney researchers are
investigating how to cultivate the nephron stem cells and the protein coatings are surely
used in these studies (Little and McMahon 2012). Perhaps, other researcher have also
studied the fibronectin and the collagen I coatings, but studies have been unsuccessful.
Used myoma cell extract has been used in other cell culture studies, but because the legal
aspect, it will not be discussed any further. What can be said is that myoma gel (and
powder) was messy for imaging purposes (not shown here) and measuring confluence
was difficult. However, if myoma gel is analysed by human eyes from images, it looks
better and the cells seems to grow to some extent.
Some comparison with other studies can nevertheless be made by looking at two selected
studies which used the same proteins as those used in this thesis. The presented primary
NZ culture system utilizes the fibronectin coating in culture plates (Brown, Blank, et al.
2011). The fibronectin coating was selected for this system, because it was the best
coating from tested coatings to maintain the nephron progenitor cells in vitro. When
Blank and co-workers were developing this system, they tested gelatin, collagen I,
collagen IV, Matrigel, and fibronectin coatings with various mediums. After experiments,
the authors selected the fibronectin coating and keratinocyte serum-free medium as the
best combination for the maintenance of Bmp7 expressing cells. (Blank et al. 2009) In
this thesis, the fibronectin did not show any difference to control and it was not promoting
cell growth. Also, the collagen I was not showing any difference to control, but the
collagen I was not working either for Blank and co-workers in their work. However, this
raises the question why the fibronectin is working in the NZ culture system, but not in
this thesis. The studies of Blank and co-workers cannot be compared very well, because
they used E17.5 mouse embryos, cell isolation protocol was different, culture conditions
were different, etc. This question will be left open here. It is good to remember that the
primary NZ culture system is not a long term culture system for the nephron stem cells.
Because of this reason, this system might not be interesting for studies researching long
term culture systems for the nephron stem cells.
In one other study, authors Zhang and co-workers studied how different ECM protein
coatings affected human renal cells which are used in bioartificial kidneys. Zhang and co-
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workers tested many different proteins with or without BMP7 and other additives for
several weeks. This article included experiments where immortalized human proximal
tubule cell line HK-2 cells were cultivated in fibronectin, collagen I, collagen IV, and
Matrigel coatings. The immortalised cells are poor analogues to MM cells, but all
mentioned coatings sustained renal cells for the studied four weeks. The same cannot be
said from the fibronectin and the collagen I coatings in this thesis. (Zhang et al. 2009)
Figure 20 contains results from other coating experiments which were repeated only
twice. These were included in the thesis as preliminary data and they cannot be used to
make conclusions. What can be said from these results is that different proteins could be
mixed with each other in future studies. In some cases, the researchers have found that
mixing pure proteins will have more beneficial effects than proteins alone (Zhang et al.
2009). The presented preliminary data does not support this assumption.

12.3 BME was only coating which promoted cell growth
From figure 19 and figure 21 it can be seen that the dried BME coating did have influence
on the MM cell growth. It is not clear why the BME was promoting cell growth. The
biological activity of BME is explained with a theory that the components of BME are
interacting with cells’ surface receptors. This leads to cell growth, migration,
differentiation, etc. (Arnaoutova et al. 2012) Arnaoutova and co-workers proofed this
theory by explaining that many components of BME are known to interact with cells.
This is easy to believe, because basic biochemistry books have information about how
ECM is interacting with cells (Lehninger, Nelson, and Cox 2013; Murray et al. 2009).
The composition of BME was similar to early developmental basement membrane and
developing MM contains basement membranes (Benton et al. 2014; Meyer et al. 2004;
Patel and Dressler 2013). Perhaps, BME’s composition is similar to some basement
membrane or other extracellular matrix in the MM and this promotes the growth of MM
cells. Perhaps, BME is somehow mimicking the composition of supposed nephron
progenitor niche. Also the ECM is very important when bioengineering artificial kidneys
and constructing the bioartificial kidneys which approves the use of BME. The use of
BME (Matrigel) has also been studied in the bioartificial kidneys where it promoted the
growth of human renal cells. (Jansen et al. 2014; Song et al. 2013; Zhang et al. 2009)
Probably, the same principles are affecting behind the BME coating in this work,
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bioengineering the kidneys (natural ECM), and the bioartificial kidneys. Probably, the
dried BME mimicked the real ECM and this somehow resulted in as cell growth. The
dried BME coating somehow made the MM cells grow by promoting cell proliferation or
cell survival or both. However, this work cannot go any further on the reasons of this.
Also, as a reminder, it was unknown what cells were growing in the microtitre wells.
Because BME contains Fgf2, the dried BME wells had Fgf2 from the BME (Vukicevic
et al. 1992). The same growth factor was also added to normal culture medium in cell
cultivation which means that the cells on the dried BME might have got more Fgf2 than
the cells on other coatings. The correct concentration of Fgf2 will remain unknown for
the BME experiments, because the quantity of Fgf2 in the BME is unknown. Supposedly
concentration was low when it is compared to added 50 ng/ml concentration. From the
work of Vukicevic and co-workers, it can be seen that commercial available Matrigel
(similar to BME) contained 0-0.1 pg/ml of Fgf2 (Vukicevic et al. 1992). Added 50 ml of
hrFGF2 concentration is 500,000 fold greater than supposedly concentration (0.1 pg/ml)
in the BME. In Vukicevic’s and co-workers’ study, the preparation process of BME
removed Fgf2 from the BME and only mentioned traces were left. BME’s manufacturer’s
protocol for today’s BME preparation is unknown, but if it has been remained truthful to
the original concept, probably Fgf2 is almost removed from the BME during preparation.
Also the newer studies of BME suggest that the concentration of Fgf2 is very low in the
BME (Hughes, Postovit, and Lajoie 2010). The MM cells are also known to express and
secrete Fgf2, but detailed quantity is unknown (Cancilla et al. 1996). Perhaps, the secreted
quantity of Fgf2 was almost the same as the Fgf2 in the BME. Growth factors secreted
by the cultivated MM cells were out of this work and therefore they are not relevant now.
In the end, the concentration of Fgf2 in the dried BME wells was the sum of BME’s Fgf2,
secreted Fgf2 and added hrFGF2. In all other wells, concentration was the sum of secreted
Fgf2 and added hrFGF2. Probably, in all experiments added hrFGF2 made other Fgf2
sources insignificant.
Any information about Bmp7 in the BME was not found for this work. Hughes and coworkers studied the components of BME in details in one article (Hughes, Postovit, and
Lajoie 2010). However, there is no information about Bmp7 and Bmp7’s presence in the
BME will remain unknown for this work. It was known that the cultivated cells express
and secrete Bmp7, but detailed quantity is unknown (Self et al. 2006). There are some
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suggestions that at least in the developing kidney the cells can secrete significant
quantities of Bmp7, but in monolayer cultures, the influence of endogenously produced
Bmp7 is probably insignificant. The reason is that in vivo the ECM can limit the diffusion
of growth factors which then allows high locals concentrations. (Brown et al. 2013) The
observation that growth factors can have different behaviour in monolayer cultures
suggests that added hrBMP7 in final concentration of 100 ng/ml was the meaningful
concentration. Therefore, in all experiments, the concentration of Bmp7 was the sum of
secreted Bmp7 and added hrBMP7, but probably, added hrBMP7 made other Bmp7
source(s) insignificant. Also, it was unlikely that BMP7 was acting like protease, as it
was presented in the previous section. Similar to the myoma gel coating, the BME coating
was probably too thick that the slight addition of protease would make any difference.
The BME contained many other growth factors as well, but detailed studies about these
ones are out of this thesis. As already said, the BME seems to have influence on the MM
cells and probably due to many components of BME. Also as a reminder, the fibronectin,
the collagen I, and the collagen IV were studied alone, but they were also presence in the
BME (Hughes, Postovit, and Lajoie 2010). Apparently, these proteins cannot have the
same influence alone what the BME has (figure 19). When talking about BME
composition, it is good to be reminded the fact that the BME was a product which varies
from batch to batch (Benton et al. 2014). Only one individual BME product was available
for experiments and there is a chance that new experiments with different BME batch
could alter the results. However, the BME was widely used and if the BME would have
major problems in the variation of different batches, it probably would not be used so
extensively in science.
The BME was used in a different manner than the one described in manufacturer’s
manual. The dried BME coating was closer to the manufacturer’s thick coating, because
the BME was added as itself to the well and polymerized. The BME was not diluted or
modified in any manner which is as in the manufacturer’s protocol (“Cultrex® Original
BME” 2015). The difference between that of this study and the one in the manufacturer’s
protocol was that after polymerization in 37 °C humidified incubator, the formed gel was
then dried in 37 °C unhumidified incubator. In the used protocol, the BME was not
completely dehydrated and for example the BME did not form protein crystals. Drying
was against the manufacturer’s recommendation (“Cultrex® Original BME” 2015).
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The dried BME coating was similar to the thick coating which was known to promote the
differentiation of stem cells and the MM cells are regarded as the stem cells (Arnaoutova
et al. 2012; Patel and Dressler 2013). Therefore, it can be assumed that it was likely that
the cultivated MM cells were differentiating. What cell types were forming in the wells,
will remain unknown for this thesis. Thin coating, as the manufacturer described it, was
never tested. Because the BME is used as a thin layer to maintain the stem cells, it would
be interesting to cultivate the MM cells on the thin BME coating (Arnaoutova et al. 2012).
As a conclusion, it would be very interesting to test the BME with the manufacturer’s
instructions, and especially, the thin BME coating is interesting. Also different variants
of BME would be interesting to test, like a reduced growth factor variant. Some
components of BME could also be tested alone. Collagen IV is one major component of
BME and it did not show good growth with the MM cells. Nevertheless, other major
components of BME could have different effect and for example laminin-111 would be
interesting to test (Benton et al. 2014). Because the BME contained some Fgf2, it should
be tested without the addition of hrFGF2. Added hrBMP7 should also be tested by leaving
it out from the medium. Cultured cells should also be immunostained to see how the MM
cells are reacting to the BME and clarify what cell types there are. Possible cell
differentiation should also be examined. Good genes for immunostaining would be for
example Cited1, Six2, Foxd1, and Wnt4.

12.4 The cell type of cultivated MM cells is unknown
The cultivated MM cells were not studied enough that their types could be identified. The
MM was an elusive subject and it was unclear what cells it includes (Mugford et al. 2009;
Vize, Woolf, and Bard 2003). This makes it difficult to find literature information on the
cell types in the MM. The cellular basis of MM was well known and for example the MM
cells can be found from the developing kidney with phase contrast microscopy. Much can
be done with phase contrast images, but phase contrast is useless for the identification of
mammalian cell types without any cell markers, especially, when cells morphology is
uniform. Therefore, cells morphology is not studied in this thesis. The cells seen in figure
16 and figure 21 have similarities to stem cells, but this does not reveal anything for sure
(Blank et al. 2009; Brown, Blank, et al. 2011; Brown et al. 2013).
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Immunostaining is used for identifying different cell types from each other and gene
expression in the MM is extensively studied (Brown et al. 2013; Mugford et al. 2009;
Patel and Dressler 2013; Self et al. 2006). This makes it possible to identify different cell
populations from the MM. Gained immunostaining data (not shown here) was not
sufficient to tell anything from the cultivated cells, but the literature provides the
examples of cell types in the MM determined by immunostaining. In Brown’s and coworkers’ article, the authors identified major populations from isolated NZ cells (Brown
et al. 2013). These results can be seen from the article, but they were also summarised to
table 1. In this work, cultivated cells came from isolated E11.5 MMs and in the mentioned
article, the cultivated cells came from the NZ of E17.5 embryonic kidneys. If these
sources are regarded to be similar, it can be said that the cell population in this work was
similar to the cell population in Brown’s and co-workers’ article. Probably, Brown and
co-workers studied the cell types of NZ by immunostaining cells before cultivating them
on fibronectin coating (table 1). This means that, if the NZ cells were similar to the MM
cells in this work, the cell types were similar at the beginning of cultivation. How different
coatings affected the cells is not known. Perhaps, the MM cells stayed as the same cell
types in the plastic control plates or maybe cells in the fibronectin coating stayed as the
same cell types as in Brown’s and co-workers experiments. (Brown, Blank, et al. 2011).
Thesis’ laboratory work was done in the same research group where the main authors of
article “Functional Genetic Targeting of Embryonic Kidney Progenitors Cells Ex Vivo”
were working (article discussed of its ex vivo organoid setting (Junttila et al. 2014)).
Because of this, the protocol of the dissociation of MMs to single cell suspension was the
same as used in the mentioned article (figure 9). In the article, Junttila and co-workers did
not study the cell types in dissociated MMs (dMMs), but they showed that with their
protocol the MM cells kept their competence for tubulogenesis after dissociation and
reaggregation. In this work, all induction experiments were removed from this thesis and
therefore there are no data about the competence of cultivated MMs in experiments.
Supposedly, the MM cells in the control wells, which did not have protein coating, kept
their competence like in the Junttila’s and co-workers’ article. The reason for this would
be that the cells were cultivated in uncoated wells and medium had added hrBMP7 and
hrFGF2. As a note, FGF2 has been shown to maintain MM cells competence (Brown,
Adams, et al. 2011; Junttila et al. 2014).
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The coated wells are uncertain. If there was some change (or changes) in coated wells’
cell populations, it could have been removed cells’ competence. Perhaps, the cells kept
their competence on the fibronectin, the collagen I, and the dried myoma gel coatings
because cell growth was similar to the control (figure 19). The dried BME was different
to these three coatings and it clearly promoted cell growth (figure 19). Therefore, it would
be interesting to study in the dried BME coating, if the MM cells keep their competence
for tubulogenesis. If competence is kept, perhaps, the BME could be used for the long
term culture of renal progenitor cells.
Bmp7 had two different functions which are important for the experiments made here.
These findings can be used to predict what happened to the cultivated MM cells without
immunostaining studies. Firstly, it has been shown that Bmp7 promotes the proliferation
of Six2 expressing cells in the MM. This was found by Blank and co-workers when they
counted phosphorylated histone H3 positive mitotic cells from the cultured NZ cells. In
this experiment, the NZ cells were cultured with added hrBMP7 at the concentration of
50 ng/ml. After 16-18 hour culture, the cells were stained with the antibodies of
phosphorylated histone H3 and Six2 which showed that the Six2 expressing cells were
proliferating. (Blank et al. 2009; Brown et al. 2013) Secondly, it has been shown that
Bmp7 promotes cell type transition in Cited1 expressing cells to lose their Cited1
expression and become inducible by WNT/β-catenin signalling. When Brown and coworkers threated the E17.5 mice embryo NZ cells with BMP7, authors noticed that Cited1
expression was lost and Six2 expression was maintained. (Brown, Adams, et al. 2011)
Fgf2 has also two important functions for experiments. Firstly, it has been shown that
Fgf2 promotes Cited1 and Six2 expression. Brown and co-workers showed how added
FGF2 can maintain Cited1 expression in the E17.5 mouse embryo NZ cells. Secondly,
Fgf2 promotes the Cited1 expressing cells’ proliferation. (Brown, Adams, et al. 2011)
These studies with recombinant BMP7 and FGF2 raise suspicion that the Cited1
expressing cell were exhausted from the experiments made in this thesis. If added hrFGF2
was maintaining isolated Cited1 cells, the added hrBMP7 was promoting their cell type
transition from CITED1+ compartment to SIX2-only compartment, i.e. the cells were
losing their Cited1 expression. This leads to the exhaust of Cited1 expressing cell which
are kept as the nephron progenitor cells. (Brown, Adams, et al. 2011; Brown et al. 2013)

105

The impact of BMP7 and FGF2 treatment on Cited1 expression was studied by Fetting
and co-workers with the presented primary NZ culture system. This showed that BMP7
(50 ng/ml) and FGF2 (50 ng/ml) treatment decreases greatly Cited1 expression in the
E17.5 mouse embryo NZ cells. Six2 expression is unaffected. (Fetting et al. 2014) All
different cell types in the mouse MM at E11.5 and E17.5 are not known at the moment of
writing this thesis. Therefore, it cannot be said that experiments had only the SIX2-only
compartment cells and for example there were probably CIM cells in experiments (figure
4 and table 1). This assumption is strongly based on studies made with the primary NZ
culture system (now referred to, (Blank et al. 2009; Brown, Adams, et al. 2011; Brown et
al. 2013; Fetting et al. 2014)) and because it uses the MM cells from different mouse
developmental stage, it might not be correct. There are suggestions that kidney
morphogenesis might be working with different mechanisms at different time points
(Brown, Adams, et al. 2011). The exhaust of Cited1 expressing cells from the dried BME
coatings is more uncertain, because the cells were growing differently when compared to
other experiments.
As a conclusion, the cultivated cells were probably some cells which are believed to be
found from the induced MM at E11.5. Therefore, dissociated MM cell suspension had
probably the CM, the CIM, and the surrounding mesenchyme cells (figure 4). UB was
separated from the MM and UB cells should be excluded. Many studies have revealed
more cell populations from the MM. For example, high-resolution gene expression
analysis by Mugford and co-workers listed six different cell domains in the CM of MM
at E15.5 (Brown et al. 2013; Fetting et al. 2014; Mugford et al. 2009). It seems that
researchers start to divide the CM into different compartments. For this reason,
identifying the cell types from the MM is challenging, but it seems to be very important
for understanding the kidney development. Studying the MM in detail is a good way to
assist kidney research and perhaps it can help to find new growth factors for the nephron
stem cell cultivation.

12.5 Organoid-based nephron stem cell culture is an alluring idea
The work of Clevers and co-workers inspired the idea of cultivating nephron stem cells
as the organoid niches. Remarkable work has been done with organoid-based stem cell
cultures and time will show what else can be done (Huch et al. 2015). Now, it is not
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possible to cultivate the nephron stem cells for long time periods. Probably, some
breakthrough needs to be happened before the organoid-based nephron stem cell cultures
could be possible. What can be said from the results of this thesis is that the BME might
be useful in the organoid culture. The BME obviously promotes the growth of MM cells.
The literature also supports the use of BME and the presented long term intestine,
stomach, liver, and pancreas stem cell cultures utilize the Matrigel which is the same as
the BME (Huch et al. 2015). The BME seems to be good substrate for the organoid
cultures when it is used with the right defined mediums. Perhaps, the Junttila’s and coworkers’ ex vivo organoid setting could utilize the BME. The dMMs could be
reaggregated to small organoids and cultivated in the BME with right mediums. Probably,
adding just hrBMP7 and hrFGF2 would not establish the long term culture system, but
perhaps with right growth factors this could be possible. This would be interesting to test
out.
To summarize the idea of organoid-based nephron stem cell culture system, an illustration
of it is presented here and in figure 22. In this assumption, the culture system would work
in a similar way as the long term stem cultures developed by Clevers and co-workers, as
in figure 12 and figure 13 (Huch et al. 2015). Also some parts from the Junttila’s and coworkers’ ex vivo organoid setting are applied (figure 9). In this assumption, the MMs
would be dissociated to single cell suspension. The idea of dissociation is to
“homogenize” MM cell population. If there are many stem cell niches in the MM, these
niches should be spread out for next reaggregation step (Kopan, Chen, and Little 2014).
Otherwise, in the next step, some organoids might not have all the necessary stem cell
types. The next step is to reaggregate the dMM cells to the organoids. These organoids
could be then cultivated in the BME with defined mediums. The content of defined
medium would allow the long term culture. The organoids would grow in culture. Once
in a while the organoids would be isolated for passage. Some organoids would be taken
for experiments and others would be used as seeds for new organoid cultures. The
cultivated organoids would contain many different cell types and one of them would be
the nephron stem cell. This way, the nephron stem cells could be cultivated.
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Figure 22. An illustration how organoid based nephron stem cell culture system could
work. First, metanephric mesenchymes would be dissociated and dissociated cells
would be used to make organoids by reaggregation. The organoids would be
cultivated in BME with a defined medium which would allow the expansion of
organoids for a long time. Once in a while the organoids would be isolated for
passage. Some organoids would be taken for experiments and others would be used
as seeds for new organoid cultures. The cultivated organoids would contain many
different cell types and one of them would be the nephron stem cell. This way, the
nephron stem cells could be cultivated. HCS, high-content screening.

12.6 High-content screening is the state-of-the-art high-throughput
screening
On living organisms the HCS is the next HTS. It seems that automated microscopes
provide the best tools to carry out HCS assays. Also, probably the development in HCS
will focus on improving technologies behind this platform. (An and Tolliday 2010;
Janzen 2014; Xia and Wong 2012; Zanella, Lorens, and Link 2010) The development in
automated microscopes and image analysis software have produced a versatile platform
for the HCS. There is not even a need to know what to study, because image analysis can
be done afterwards. Currently, microtitre plate format is also a common way to establish
HCS assays and moving to other platforms might only give additional problems to assays.
Also the HCS can be applied to cell-based assays and whole organisms-based assays. It
is a useful tool to study subpopulations which can be found from heterogeneous, cocultured, transfected, and stem cell cultures. In the whole organism, it is possible to
observe inner organs. Fluorescence microscopy is always an important tool in cell
research and immunofluorescence can be used to increase throughput in the screening
assays. (An and Tolliday 2010; Zanella, Lorens, and Link 2010; Xia and Wong 2012)
Image analysis is the major part of HCS, but data handling is an issue. The high-
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throughput microscopy generates plenty of data. Decreasing content was one option to
ease this problem, but it is a kind of contradictory act to the concept of HCS. (McCoy
2011)
Automated microscopes are not the only way to make the HCS assays. The HCS assays
were defined to be high-throughput assays were multiple measurements are taken from
one experiment. This definition can be applied to many different technologies, because
the definition is loose. (An and Tolliday 2010) Along with high-throughput microscopy,
this thesis presented microfluidic, cell array, and flow cytometry technologies. All of
these can be combined with automated microscopes, which dims the difference between
assays done with any mentioned technology. From these technologies, the cell array and
the microfluidic platform should not be considered to be something very distinct from the
image-based HCS. Both of them use automated microscopes and image analysis software
like any common HCS system. The cell arrays and microfluidics are just one way to
chance HCS assays which can then lead to increase in throughput. In a way, this
emphasizes the fact that the image-based HCS is the most popular platform for the HCS
assays. Still, one can also find many differences between different platforms. From
examples, the high-throughput flow cytometry is easier to see as something different,
because it is not necessary to take images in flow cytometry-based HCS. Therefore, only
the consideration of biological questions as well as assay properties will tell which
technology fits to certain use. (An and Tolliday 2010; Antony et al. 2013; Trietsch et al.
2013; Sackmann, Fulton, and Beebe 2014; Wang et al. 2010; Gracz et al. 2015; McCoy
2011)
As a summary, table 3 contains a more general summary about high-throughput
microscopy. Following cell array and microfluidic discussions will contain many features
which can be also counted advantages or weaknesses for the image-based HCS.
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Table 3. Advantages and weaknesses against high-throughput microscope platform.
Content can be also seen as a general sum up of high-content screening. (An and
Tolliday 2010; Xia and Wong 2012; McCoy 2011)
Advantages and weaknesses
 Very thoroughly studied platform in the high-throughput screening and highcontent screening. Much research ongoing constantly.
 Highly versatile and new ways of use are constantly invented.
 Data handling is a problem.

12.7 High-throughput flow cytometry is not trouble free solution for
metanephric mesenchyme cells
From the presented platforms, the flow cytometry stands out more than other options,
because traditional flow cytometer uses lasers and optical detectors. Other platforms seem
to be more or less the same, because they are often combined with image readout. (Black
et al. 2011; An and Tolliday 2010) This difference in the readout is the most notable
feature of high-throughput flow cytometry. For example, when the traditional flow
cytometer is combined to automated sample-handling, the outcome is a HCS platform
which is distinct from the common image-based HCS platforms. The traditional flow
cytometer outputs only numerical data which is easy to handle when compared to images.
In the previous section, was presented McKenna’s and co-worker’s article with the
parallel microfluidic flow cytometer. The system used 1D imaging which generated 0.001
% the amount of data per cell compared to a CCD image. In the image-based HCS assays,
the data file can easily be a couple of gigabytes which is still today challenging to handle.
In general, the flow cytometer generates less data than the image-based HCS platforms.
This is the most notable advance to the image-based HCS. Low data generation can be
used to increase the throughput in high-throughput flow cytometry. (McCoy 2011; Black
et al. 2011; McKenna et al. 2011; Schonbrun, Gorthi, and Schaak 2012)
The flow cytometry-based HCS platforms can take images when integrated with the
automated microscopes. Combining the flow cytometer and the microscope is an old
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concept. It was developed to increase the content of measurements in the flow cytometer.
Integrating the microscope to the flow cytometer is challenging and it might bring
conventional HCS data-handling problems to the flow cytometers. Some other problems
faced are the speed of cameras which cannot always be as fast as desired. It is difficult to
acquire clear and high signal to noise ratio images from fast moving cells in flow
cytometry. Illumination problems have been tried to solve by using pulsing illumination,
but getting enough light is a problem. Parallel imaging can help the imaging problems,
because parallel flow cytometry can give longer relative exposure time for the same
throughput which is achieved in non-parallel flow cytometry. (Schonbrun, Gorthi, and
Schaak 2012; McCoy 2011) The traditional flow cytometers cannot provide good
subcellular or spatial information, but the flow cytometry platforms using microscopes
can help with situation. However, the integration of automated microscopes is not yet
self-evidence in flow cytometry.
In the conventional HCS, cells are commonly measured in microtitre plate, but in the flow
cytometer-based HCS, cells are measured in microfluidic channel. The narrow
microfluidic channel had its own advantages, like minimal background interference,
which can be useful in certain assays. Also optical detectors in flow cytometers allow us
to detect simultaneously very faint and very bright signals in the same sample.
Interesting research is ongoing with the flow cytometry-based HCS, but the flow
cytometers cannot be regarded as the best option for HCS platforms. Flow cytometry or
image-based flow cytometry is not solution for every situation and platform’s usability is
determined by the assays. Probably, assays using nonadherent cells benefit more from
high-throughput flow cytometry than adhered cells. The flow cytometers can only use
suspended samples, so adhered cells need an extra step in the protocol compared to
nonadhered cells. The most obvious feature of high-throughput flow cytometry seems to
be low data generation which can be utilized to the higher throughput. (Black et al. 2011;
McKenna et al. 2011; McCoy 2011; Schonbrun, Gorthi, and Schaak 2012) At some level,
this is a zany feature. Flow cytometry is used to decrease the content of measurements in
the HCS. This is a kind of contradictory act to the concept of HCS. The idea of HCS is to
make data-rich measurements and not to measure less for higher throughput. Researchers
have stated that the HCS has not reached its full potential and the researchers should
increase the content of HCS assays. (Singh, Carpenter, and Genovesio 2014) Therefore,
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in the flow cytometry-based HCS, it is important to remember this and not sacrifice
everything for higher throughput.
When stem cells are studied in microtitre plate assays in the image-based HCS platform,
the cells are imaged in the microtitre plate well, i.e. the cells are imaged in their growth
surface. Due to the nature of flow cytometer, it is not be possible to use the flow
cytometer-based HCS platform in the same way. The cells cannot be measured in their
growth surface, because for the measurement, the cells need to pass laser(s) as focused
stream, often, in a microfluidic channel. Samples, target particles, and cells need to be in
suspension that they can be measured in any kind of flow cytometer system. This is not
problem for cells which grow in nonadhered fashion, also including stem cells which
grow in nonadhered fashion. (An and Tolliday 2010; Black et al. 2011; McCoy 2011;
Schonbrun, Gorthi, and Schaak 2012) This is a problem for long term stem cell cultures
with adhered cells. Cell tracking would be difficult, because for tracking cells, they need
to be on the same growth surface. The stem cell could be studied only as a single sample
or by taking samples from the population. This would be challenging, if the cell number
is limited. The cells could be removed from their growth surface for the measurement and
then returned to cultivation. However, this would be less than an ideal protocol.
The same problems that would disturb MM cell cultivations, would also disturb induction
studies. In the induction studies, the tubule structure or other structures would disintegrate
with cell removal. When handling the cells and making cell suspension, the enzymatic or
the mechanical release from growth surface has many negative effects on the cells.
Release can damage cell morphology, alter cell physiology, remove cell surface markers,
damage cell membranes, or cause cell death (Wang et al. 2010). These negative effects
concern cells in general, including the MM cells.
As a summary, high-throughput flow cytometry is a platform which does not fit to every
HCS assays. For instance, assays which need detailed 2D or 3D imaging would suffer
from flow cytometry assays. Again, whole organism-based or organoid assays cannot be
used with flow cytometry without dissociation to single cell suspensions, because flow
cytometry is designed for suspended cells. Much can be done with the flow cytometrybased HCS platforms, but each application for this platform require careful assessment
on how the HCS assays should be carry out. Advice for consideration can be gained from
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table 4. (McCoy 2011; Black et al. 2011; An and Tolliday 2010; Science 2013) The
image-based HCS is a more promising tool for stem cell research, including research with
the MM cells.
Table 4. Advantages and weaknesses against flow cytometry platform. (McCoy 2011;
Black et al. 2011; Schonbrun, Gorthi, and Schaak 2012; Singh, Carpenter, and
Genovesio 2014; Wang et al. 2010)
Advantages and weaknesses
 Low data generation which leads to easier data-handling.
 Can be used for many kinds of research purposes.
 Fits well for non-adhered cells.
 Sometimes not so “high” on content.
 Integrating automated microscopes is challenging.
 Some drawbacks when using adhered cells and multicellular organism.

12.8 Cell arrays are interesting platform for kidney studies
The cell arrays can be used in similar way as microtitre plates are used in the HCS. The
cell arrays can provide more culture sites to the area than the present microtitre plates
which can increase throughput. The cell arrays are standardized like the microtitre plates,
but often homemade cell arrays can be fabricated in various sizes for different purposes.
(Wang et al. 2010) The cell arrays have almost the same features as the microtitre plates
and the same protocol, cultivation methods, imaging strategies, etc. can be used in both
platforms. Integration to automated imaging is not a problem and cell arrays materials fit
well for different kinds of imaging. (Gracz et al. 2015; Gobaa et al. 2011; An and Tolliday
2010)
The cell arrays and microtitre plates have some differences. In the cell arrays, cells are
seeded randomly to the arrays which is an obvious difference to the microtitre plates. The
microtitre plates have been designed to order experiments to specific wells and every well
has a tag for tracking. It not possible to determine forehand cell array experiment’s layout
and this can be an issue for some assays. (Gracz et al. 2015; Gobaa et al. 2011; An and
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Tolliday 2010) For example, fusion-protein libraries are ideal for the HCS, but storing
libraries to the cell arrays would be difficult. The libraries should have well organized
repositories which are easy to copy and clones can be accessed by their tag. Random
seeding does not fit to fusion-protein libraries, unless one cell array would be reserved
for one clone. Reserving one array for one clone would increase material needs. (Rimon
and Schuldiner 2011; Gracz et al. 2015) Cell array wells, pallets or rafts can be marked
for cell tracking, but this does not allow similar use as in the microtitre plates. (Gracz et
al. 2015).
Another difference is medium sharing. In the cell arrays, the cell are sharing the same
medium or any other liquid. Medium chambers can be used to separate culture sites from
each other and divide array to separate media reservoirs. (Gracz et al. 2015) It is not
possible to have every well or pallet as its own experiment like in the microtitre plates.
For example, the systematic screens of medium components need to be done in a different
way in the cell arrays. Automatic liquid handling systems can only pipet the medium
chambers. However, having the cells in the same medium is not making the cell arrays
useless and it has some advantages. For instance, liquid evaporation is an issue in highly
dense microtitre plates like in 1536-well plates. The reason is very tiny wells. The issue
can be evaded in the cell arrays which share the medium. Continuous liquid layer does
not evaporate as easily as isolated liquid drops. (Gracz et al. 2015; Wu, Huang, and Lee
2010)
The same medium can be a disadvantage for certain types of assays in the cell arrays, but
limitations do not concern every assay. Probably, a shared medium is mostly disturbing
assays were media should not mix. The cell array section had example articles form Gracz
and co-workers as well as from Gobaa and co-workers. In the articles, authors
investigated if the same medium could impair experiments, but authors came to the
conclusion that the same medium is not a problem. Gracz and co-workers did well when
they modelled the diffusion dynamics of cell secreted molecules. Models showed that
diffusion was negligible in microraft arrays. Probably, the same thing can be said about
the cell arrays having a similar design to the microraft arrays. (Gracz et al. 2015; Gobaa
et al. 2011; Wu, Huang, and Lee 2010)
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In the microtitre plates, coating protocols can be used for many purposes. Also in the cell
arrays coatings can be used for many purposes. (W. Xu, Sims, and Allbritton 2010; Gobaa
et al. 2011; Gracz et al. 2015). The coated cell arrays are useful in stem cell niche studies
were ECM components and specific molecules play important roles. The whole array can
be coated with basic coating methods. In this thesis, the microtitre plate’s wells were
coated with different ECM components and the BME coating promoted MM cell growth.
Matrigel could be replaced with BME in Gracz’s and co-workers’ microraft arrays to
establish similar assays with the MM cells. 3D cultures can be done in the cell arrays in
a similar way as in the microtitre plates. (Gobaa et al. 2011; Gracz et al. 2015; Morrison
and Spradling 2008) Robotic spotting allows better control for coating and it is possible
to control well contents individually. The hydrogel arrays can also be used to study how
biophysical factors, like the stiffness of growth surface, affect stem cells. (Gobaa et al.
2011; Morrison and Spradling 2008)
The cell arrays have been combined with microfluidics and similar fabrication methods
between these platforms have probably helped inventing this combination. The benefits
of microfluidics can be included in the cell arrays and stem cell cultures can include
perfusion flows for better in vitro modelling. Microfluidics can also be used to generate
concentration profiles to the arrays which can increase the throughput of cell arrays.
(Situma, Hashimoto, and Soper 2006; Kim et al. 2012; Trietsch et al. 2013) However,
filling the arrays with more elements and microchannels affects the design of arrays. It is
difficult to maintain high culture site density when more elements are added to the arrays.
Therefore, the throughput can decrease in the integration.
The cell arrays can be used for cell sorting which makes them a more versatile tool in
research. It is possible to sort adherent and nonadherent cells. Sorting the adherent cells
is more common, because the cell arrays are used often for the adhered cells. Also the
cell arrays were purposely improved to sort the adherent cells. In the cell arrays, cell
sorting can be done by using laser, mechanical force or magnetic forces etc. (Gracz et al.
2015; Wang et al. 2010; Salazar et al. 2007; W. Xu, Sims, and Allbritton 2010) Examples
from the literature show that the cells can be selected precisely, but receiving process is
more or less inaccurate. The sorting is done by releasing polymer elements with the cells
and then picking the elements for study. Release cannot be controlled accurately and it is
not possible to pinpoint were the cells will go after release. Collecting dishes need to be
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big enough to capture the randomly moving polymer elements. Any sophisticated
automated receiving systems were not found from the literature and developing such a
system would be a challenge. (Salazar et al. 2007; Wang et al. 2010; Gracz et al. 2015)
The cells’ release system can be based on focused laser beam. When laser is focused on
the interface of glass and the micropallet, the forming plasma as well as cavitation bubble
will release the pallet. The micropallet will then land on the array or if the array is upside
down it will land on the collection dish. From the array, the micropallet can be pipetted
out. Mechanical release is similar to the laser method and the mechanical release system
uses a needle to poke the microrafts. The microraft is released simply by piercing the
array from bottom and the raft will be released from other side. If the cell array is upside
down, the microraft will fall to the collecting dish. Otherwise, it needs to be collected. In
the systems using magnetic forces, the pallets or the rafts contain magnetic nanoparticles.
These magnetized elements can be received with other magnets. (Salazar et al. 2007;
Wang et al. 2010; Gracz et al. 2015) As presented, the cell sorting is a tedious task. The
idea of sorting is to sort cells for further study and depending on what is studied it can be
time consuming. Therefore, in the cell arrays cell sorting is not so important a feature for
the HCS assays. Nevertheless, it is a good feature to have.
The presented cell array articles showed how useful the cell array can be in stem cell
research. Both arrays have many desired features for the stem cell cultures. (Gracz et al.
2015; Gobaa et al. 2011) The microraft or the microwell arrays could be used now in
kidney studies. By itself, the array platform is not solving the problem like, how to
establish long term nephron stem cell culture, but the arrays could be used in studies
aiming at this. The long term culture would need knowledge like how to proliferate and
maintain nephron stem cell population (Little and McMahon 2012). In their article, Gracz
and co-workers observed how single stem cells formed organoids as well as how two or
more stem cells communicated with each other in co-culture. The stem cells were also
cultivated in Gobaa’s and co-workers’ article where authors investigated the self-renewal
and the differentiation of stem cells in single and co-cultures. (Gracz et al. 2015; Gobaa
et al. 2011)
Making the same kind of observations from the MM cells would to be interesting. For
example, it was not sure how many different cell populations the MM has and isolating
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the cells to the cell arrays could help clearing the situation. Different types of cells could
not influence on each other when isolated to the single cell cultures which would help
identification. Single cell studies would ease the study of cell-niche interactions by
eliminating one variable. Focus could be on other factors like the ECM components when
others cells would be away. The ECM component studies would also benefit from
Gobaa’s and co-workers’ artificial niche microarrays which allowed ECM component
spotting. In these microwell arrays, protein spotting and stamping allows more advanced
coating to the hydrogel arrays when compared to common coatings. Gobaa’s and coworkers’ arrays had adjustable stiffness which is also easy to implement to other
platforms. The artificial niche arrays shows that it is possible do detailed studies with the
stem cells. (Fetting et al. 2014; Mugford et al. 2009; Kopan, Chen, and Little 2014; Gobaa
et al. 2011; Gracz et al. 2015)
It was believed that metanephros contains stem cell niches where different progenitor
cells reside and from where they signal to adjacent cell populations. Both arrays could be
used to study interactions between the different cell populations of MM. Gracz and coworkers seeded intestinal stem cells with Paneth cells to the microraft arrays. The cells
settled randomly on the array and some microrafts had one cell of both cell types. Some
rafts had other combinations. Because the density of microrafts was very high, it was
likely that authors received wanted combinations in the rafts. Gobaa and co-workers made
the same kind of experiment, but with mesenchymal stem cells. The identification of
different MM cells would have its own challenges, but the same kind of co-culture
experiments could be done with the MM cells. (Fetting et al. 2014; Mugford et al. 2009;
Kopan, Chen, and Little 2014; Gracz et al. 2015; Gobaa et al. 2011)
The acquisition of MM cells is a tedious task and many other primary stem cells are also
difficult to acquire. Until the long term culture system for nephron stem cells is invented,
researchers need to use the primary cells. However, the cell arrays can give some aid to
this problem by providing very high culture site densities. One single isolated MM can
be used in a more conserving manner in the arrays. In the cell array, one experiment can
contain one or a couple of cells. This saves cells, because in the microtitre plates, it is
common to cover the whole well bottom with cells. This is a more wasteful manner. A
small amount of primary cells can be used for a large number of experiments in the cell
arrays. (Wang et al. 2010; Gracz et al. 2015; Junttila et al. 2014)
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As a summary, the cell arrays can be used like the microtitre plates and the main benefit
of using arrays is the high culture site density. The high culture site density can be used
to increase throughput which is desirable for the HCS. (Wang et al. 2010) Defective
control over cell distribution in the cell arrays can be a problem for some assays or it can
be a beneficial feature. It would be interesting to use the cell arrays, like the microraft
arrays, in kidney research to study the MM cells. Table 5 summarises some benefits and
disadvantages of cell arrays in compact form.
Table 5. Advantages and weaknesses against cell array platforms. (Wang et al. 2010;
Gracz et al. 2015; Gobaa et al. 2011; Roccio, Gobaa, and Lutolf 2012)
Advantages and weaknesses
 Very high culture sites densities on custom size arrays.
 Almost every microtitre plate applications can be adapted for cell arrays.
 Adhered cell sorting does not require cell removal from growth surface.
 Many beneficial features for stem cell research. Can save very valuable cells,
like primary stem cells, etc.
 Culture sites share the medium. Studies suggest that this would not be a
problem, but it should be noted.
 Integrating cell sorting to the screening is challenging.

12.9 Microfluidic platforms are very promising
There are many ways to utilize microfluidics in the HTS or the HCS. The microfluidics
technology can be used to increase throughput while it decreases assay costs. Also
microfluidics allow new kinds of assays which were impossible before, like organ-on-achip assays. All these implementations rely on how fluids behave at the submillimetre
length scale. For example, at this scale, surface tension and capillary forces are more
dominant than gravity. One can use these and other phenomena to create new applications
for the assays. (Sackmann, Fulton, and Beebe 2014; Trietsch et al. 2013) Creating new
ways to apply microfluidics seems to be the main force driving microfluidics forward. In
an excelled review done by Sackmann and co-workers, it was pointed out that the large
majority of microfluidic publications are still in technical journals specific to field. The
authors thought that in biomedical research the adoption of microfluidic technologies is
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too slow. (Sackmann, Fulton, and Beebe 2014) The authors probably have their point
right and it is not good to see new inventions only in the proof-of-concept articles. This
creates a shadow over these inventions, because there must be reasons why those
inventions are not taken to use.
McKenna’s and co-workers article about the parallel microfluidic flow cytometer system
was already discussed. The system borrowed elements from flow cytometry,
microfluidics, and 1D imaging. The system shows how microfluidics and flow cytometry
can be used to increase the throughput of HCS. Decreasing the content of measurements
and parallel sample reading played the major part in the throughput increase. The content
decrease can be seen as a step backward, but the parallel sample handling is a promising
way to increase the throughput in microfluidics. (McKenna et al. 2011; McCoy 2011;
Singh, Carpenter, and Genovesio 2014)
Microfluidic manifold design can also increase throughput in microfluidics devices. In
devices with manifold design, serial dilution generators or concentration gradient
generators allow us to create different concentrations profiles for screening. The
microfluidic networks in devices are connected to cell chamber were the cells can grow
under the perfusion of linear or logarithmic concentration profiles. Screening the effects
of different concentrations is much easier to setup than it would be in the microtitre plates.
(Lecault et al. 2011; Occhetta et al. 2015; Wu, Huang, and Lee 2010) Similar
microfabrication methods in cell arrays had led to microfluidic cell arrays which also
utilise manifold design for the higher throughput. These microfluidic cell arrays dim the
difference between the microfluidic devices and the cell arrays. The same concentration
profiles are used to in these microfluidic devices with increased the cell chamber number.
The microfluidic cell array can be very sophisticated. For example, they can be
programmable and automated. (Kim et al. 2012; Situma, Hashimoto, and Soper 2006)
Miniaturization means a reduced need for reagents and cells in the microfluidic devices.
(Cheong, Paliwal, and Levchenko 2010). Narrow microfluidic channels can be used to
many other purposes as well. For instance, research in biology has benefitted from new
microfluidic technologies. These technologies can be used to create novel approaches to
replace traditional experimental approaches. The list of realised applications is endless
for these devices and the researchers will probably develop more applications in the
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future. The microfluidic devices (which can be also termed as µTAS or LoC devices) can
be used to streamline complex protocols, increase stability in screening, and provide more
control as well as predictability to in vitro cell microenvironment models. (Sackmann,
Fulton, and Beebe 2014)
Organ-on-a-chip technologies are useful in mammalian cell studies. Gut-on-a-chip, lungon-a-chip, blood vessel-on-a-chip, cancer-on-a-chip, and kidney-on-a-chip are examples
how organ-on-a-chip technologies can be used. (Sackmann, Fulton, and Beebe 2014) The
kidney-on-a-chip device shows an example how organ-on-a-chip technology can be used
in kidney research. In the kidney-on-a-chip, authors used microfluidics to create in vivolike ECM microenvironment for primary inner medullary collecting duct cells. The
structure of kidney-on-a-chip was simple. Device’s main parts were microfluidic channel
with porous membrane. The microfluidic channel created perfusion with shear tress for
the apical side of renal cell membranes and the porous membrane allowed liquid flow for
the basolateral side of renal cell membranes. In the study, the polarization of renal cells
indicated that the created microenvironment allowed the cells to grow in a more natural
way. (Jang and Suh 2010) Organ-on-a-chip technology could be used to study kidney
development.
The microfluidic titre plates combines microfluidics to the microtitre plates. In the
presented microfluidic titre plates, the authors hoped that integrating microfluidics to an
already existing platform would ease the adoption of microfluidics to the mainstream.
(Trietsch et al. 2013) The idea of utilise already existing platform is smart. When
microfluidics are incorporated to the microtitre plates, the outcome is automatically fully
compatible with automation and HCS equipment (Trietsch et al. 2013; Sackmann, Fulton,
and Beebe 2014).
The structure of microfluidic titre plates in flexible. One kind of design can be applied to
many different purposes. For example, in the article authors had two- and three-lane
bioreactors in their microfluidic titre plates (also called the stratified 3D cell culture
platform). The three-lane bioreactor allowed different types of co-cultures. The authors
presented mixed co-culture, adjacent co-culture, and separate co-culture configurations.
This shows how the same design can be used in many different ways. Also the plates can
be easily modified. (Trietsch et al. 2013) The microfluidic titre plates are not designed to
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a single purpose which is a smart idea. This way, the common problem in microfluidics
can be evaded and the microfluidic titre plate is not only a proof-of-concept study.
Trietsch’s and co-workers’ plates are not the only example of this kind of practical
thinking. Other researchers are also combining microfluidics to already existing
platforms. (Trietsch et al. 2013; Sackmann, Fulton, and Beebe 2014; Kim et al. 2012; Wu,
Huang, and Lee 2010) Perhaps, in the future microfluidics will be applied more in the
HCS assays.
In microfluidics, perfusion flow can be used to build better in vitro models that mimic
real tissues. Perfusion has many functions like to supply nutrients and oxygen for the
cells. It also removes waste metabolites and produces shear tress for the cells. All cell
cultures from prokaryote to eukaryote cultures can benefit from perfusion flow. Practical
laboratory work can benefit from perfusion flow, because it reduces the need of manual
intervention. For instance, long term cell cultures can be left alone after assembly and the
risk of contamination is reduced. Also environment fluctuate caused by manual medium
change is decreased. Closed microfluidics devices prevent liquid evaporation which is a
problem at high density microtitre plates. The microfluidic devices have also evaporation
problems, but new material trends like thermoplastics, can solve these problems. The
perfusion flow can offer and has offered an alternative to the static cell culture systems.
This alternative approach can be used also in the HCS assays. (Sackmann, Fulton, and
Beebe 2014; Trietsch et al. 2013; Wu, Huang, and Lee 2010)
The microfluidic devices could give new ways to grow and study the MM cells. By itself,
the microfluidic platform is not solving a problem like, how to establish long term
nephron stem cell culture. However, microfluidics could be used in the development of
long term nephron stem cell culture. Discussion on the cell arrays had many examples
which could be studied and these suggestions could be applied to microfluidics as well.
The assays would be different, but the microfluidic devices can be used to examine same
questions. Microfluidics could be used to study how ECM microenvironment affects the
cells or how the cells communicate between each other, etc. Also miniaturization would
help saving the valuable primary MM cells. In addition, microfluidics can be used to
construct better assays for the MM cells. The addition of perfusion flow could ease the
maintenance of experiments and it could allow more natural environment for the MM
cells. (Sackmann, Fulton, and Beebe 2014; Trietsch et al. 2013; Wu, Huang, and Lee
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2010) 3D culture with perfusion could allow better cell polarization for the MM cells.
Organ-on-a-chip technologies could offer an even more sophisticated approach for the
MM cell cultures. However, modelling developing organ could be more challenging than
modelling developed organ in the organ-on-a-chip devices.
As a summary for possible MM cell studies and for microfluidics in general, some
advantages as well as weaknesses of microfluidic platform are listed in table 6.
Table 6. Advantages and weaknesses against microfluidics platform. (Sackmann,
Fulton, and Beebe 2014; Trietsch et al. 2013; Kim et al. 2012; Wu, Huang, and Lee
2010; Cheong, Paliwal, and Levchenko 2010; Esch, Bahinski, and Huh 2015)
Advantages and weaknesses
 Fluid’s behave at the submillimetre length scale can be used to develop new
kind of assays which were impossible before. Applications can replace
traditional experimental approaches (e.g. organ-on-a-chip).
 Can decrease assays cost.
 Many beneficial features for stem cell research. Can save valuable cells, like
primary stem cells, etc.
 The adoption of microfluidic technologies is a slow process which can reflect
problems in technology.
 Too many proof-of-concept studies compared to the real use of technology.
 It is common to use fabrication materials which do not fit well for cell studies.

12.10 High-throughput microscopy is a doubtless choice for the
organoid-based nephron stem cell culture
It would be interesting to study nephron progenitor cells with the HCS assays. However,
the cultivation systems for supposed nephron progenitors were limited and the cells can
be cultivated only for one day (Little and McMahon 2012; Junttila et al. 2014). The
current limitations do not prevent the HCS assays with the progenitor cells, but they
prevent long term in vitro assays. For a solution, it was suggested to establish the
organoid-based nephron stem cell culture. However, there are no organoid-based nephron
stem cell culture systems. For this thesis, it was designated as a goal to name a suggestion
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of how long term screening should be done with these nephron stem cells. More precisely,
with the MM cells. Because there are no further aims what kinds of assays would be done,
this suggestion will be general.
Now, the HCS is the best way of doing massive screenings and probably the HCS would
be the best solution for the nephron progenitor cells as well (An and Tolliday 2010; Xia
and Wong 2012). In vivo culture systems will be excluded now from discussion. For
example, this thesis presented two zebrafish studies which could provide a in vivo culture
system for the nephron progenitor cells. However, the aim is in in vitro studies and
zebrafish studies can be examples how complex HCS assays are possible. The authors of
zebrafish articles used whole organism-based assays which show how versatile the highthroughput microscopy platform is (Sanker et al. 2013; Westhoff et al. 2013). The idea of
the organoid-based culture system is based on complex stem cell niches and not on stem
cells growing by themselves in vitro. The HCS can be applied to organoids, because it
can be applied to the whole organism-based assays. The organoids are not more complex
than the whole organisms, so there are no limitations to carry out the HCS assays.
The suggestion for a platform for organoids is the image-based HCS. More precisely,
high-throughput microscopy, because it would be a forgiving platform. With the
microscopes, it is not necessary to know what to study. In high-throughput microscopy,
it was also possible reanalyse old images which is a cost effective feature (Singh,
Carpenter, and Genovesio 2014). The combination of automated microscopes and image
analysis software is a versatile approach. The development of technologies behind it will
probably make it even a more attracting option in the future. There are more options, like
microfluidics, cell array, and flow cytometer technologies. These platforms can provide
increased throughput or they could be beneficial in other ways. However, the image-based
HCS is probably the most suitable option for different studies. Also, a new HTS trend
might appear at some point and reassessment should be done at the time of the
breakthrough of nephron stem cell cultures. (An and Tolliday 2010; Trietsch et al. 2013;
Gracz et al. 2015; McCoy 2011)
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13 SUMMARY
The subject of this master’s thesis was to make the survey of current HTS methods on
living organisms and develop bioprocesses to establish a long term culture of nephron
stem cells.
The survey on the living organism revealed that the HTS is not anymore an effective way
of doing screening with the living organisms. The HCS can carry out screening assays in
a more effective manner. The survey also revealed that automated microscopes are
dominating the HCS field and other platforms get less attention. The development of the
HCS relies mostly on development in the automated microscopes and image analysis
software. Research in different fields has yielded new ways to improve the HCS and these
technologies could have impact on the HCS in the future. Microfluidics, cell arrays, and
flow cytometry appear promising and these platforms can be used to increase the
throughput of HCS assays. Microfluidics can even allow new kinds of HCS assays which
were not possible before.
The MM is still an elusive subject and there are no culture systems for the long term
cultivation of nephron stem cells. However, kidney research has developed many ways
to obtain different cells from the developing kidney. Also cell programming has been
adopted as one tool to receive the renal cells. Because this thesis was made in the same
laboratory where ex vivo organoid setting was developed for the MM cells, organoids
were chosen for further investigation. The idea of cultivating nephron stem cells as
organoid niches was developed and this was used to formulate experiments with the MM
cells.
The ECM is important in stem cell niche theory and different ECM proteins were tested
in experiments. The ECM protein experiments showed that only BME was promoting the
proliferation and/or the survival of MM cells. All other protein coatings failed to improve
MM cell growth.
Now, the renal cells can be used in the HTS and the HCS assays. The sufficiency of cells
might cause problems, particularly in the case of nephron stem cells. Before the nephron
stem cells can be cultivated, it is possible to focus on developing better methods to receive
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these cells from embryos as primary cells. Or focus on stem cell programming to produce
the nephron stem cells. Also the survey of current HTS methods revealed that
microfluidics or cell arrays could ease the use of primary cells.
The organoid approach could give interesting results with nephron stem cell cultures.
Cultivating “mini-kidneys” would probably include many different cell types along the
nephron stem cells, but it might be necessary to establish stem cell niche cultures as has
been shown by other researchers. The image-based HCS platform would be ideal for the
organoid assays. Although it is early do think assays setups, the idea of HCS assays with
nephron stem cells is tempting.
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