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Abstract 

In this project intestinal organoids were used as a model system to study ion transport 

physiology. In this way known limitations of cancer cell-based cultures were overcome and 

the function of epithelial cells could be evaluated autonomously from its underlying tissue in 

contrast to in vivo models. 

An organoid culture derived from murine mid colon that can be maintained in a highly 

proliferative and undifferentiated state and later be differentiated into either secretory or 

absorptive lineage was established and provided a novel tool to assess ion transporter 

expression during differentiation and helped to broaden our understanding of their function. 

Gene expression analyses showed high expression of Cftr, Nkcc1, Nhe1, Nhe8, Nbce1 and 

Nbcn1 in LGR5 and KI67 positive colonoid cultures. Secretory lineage differentiated 

colonoids were marked by high expression of Muc2, Chga and Tff3 and were stained 

positively for mucus. This differentiation state was marked by an increased expression of 

iAlp, Dra and Nhe3 whereas the expression of other ion transporters and proliferative markers 

was reduced. Colonoids devoid of proliferative and secretory markers were characterised as 

colonoids of the early absorptive lineage with an increased expression of iAlp, Dra and Nhe3. 

Most genes reached expression levels similar to tissue samples upon differentiation whereas 

undifferentiated cultures showed an enrichment of Lgr5 and Ki67 expression. 

Furthermore, the effect of NHE2 on differentiation was investigated in colonoids. The results 

show less cell proliferation, a changed secretory phenotype and a differentiation-dependent 

alteration of the gene expression profile upon Nhe2 knock-out. In undifferentiated colonoids, 

the lack of NHE2 caused a reduced proliferative potential whereas secretory marker genes and 

mucus abundance were decreased upon secretory lineage differentiation. Expression levels of 

several ion transporters were changed as a possible compensatory mechanism upon 
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differentiation. Nhe2 expression itself was increased as well and functional studies indicated a 

NHE2 function that might be dependent on differentiation. The attempt to assess NHE2-

dependent pHi alterations during differentiation using a 2D colonoid culture indicated a high 

sensitivity of stem cells to material characteristics with the loss of proliferative and 

differentiation potential of colonoids maintained on 3.0 µm pore size polycarbonate 

permeable supports.  

Overall, this project shows the potential of a controllable murine colonoid model to study ion 

transport physiology during differentiation. 
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1. Introduction 

1.1.  Colon 

The colon is the last segment of the gastrointestinal tract and its main function is the 

absorption of water, electrolytes and metabolites of the gut microbiota. Similar to the small 

intestine the colon is lined by specialised simple, columnar and polarised epithelial cells that 

are folded to form deep invaginations, the crypts. However, the mucosa of the colon lacks, for 

the small intestine typical, villi and appears rather flat. The unique architecture of the intestine 

protects the cells at the bottom of the crypt from harmful insults and maintains a steady local 

environment. Furthermore, it creates a crypt-surface axis that facilitates the cells to perform 

location-specific functions
1
. 

The well protected stem cells at the colonic crypt base are multipotent cells that have a self-

renewal capacity (Fig. 1.1). They are dividing at a low rate, completing one cell cycle per day. 

They are long-living and persist for the entire lifespan of a mouse. Four to six independent 

stem cells reside in each crypt and renew the complete epithelium within one to five days
2
. As 

daughter cells of the stem cell, transit-amplifying (TA) cells are highly proliferative and the 

main drivers of tissue mass build-up. TA cells divide every 12-16 hours generating 

approximately 300 cells per crypt daily. They reside in the crypt compartment for 48-72 hours 

before they exit the cell cycle
3
.  

Due to this constant renewal the cells move upward towards the surface terminally 

differentiating into colonocytes, goblet cells and enteroendocrine or Tuft cells. Their 

respective abundance varies with the intestinal segment. Tuft cells make up only a small 

portion of the epithelial cells. They are chemosensory cells that closely interact with immune 

cells
4
 and are scattered along the crypt-surface axis. Also enteroendocrine cells are distributed 

in a similar fashion secreting several hormones that regulate various processes including 
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digestion physiology. Goblet cells contain mucin-filled granules and get more abundant 

towards the distal colon. Their secreted mucins are not only required to facilitate movement of 

luminal content, but also serve as protective barrier between the epithelium and luminal 

content containing gut bacteria. The most abundant cell type however is the colonocyte. Its 

main function is the absorption and transport of nutrients, electrolytes and metabolites. The 

colonocytes actively absorb sodium creating an osmotic gradient that facilitates water 

absorption. Metabolites of the gut bacteria, short-chain fatty acids and vitamin K, are 

transported or diffuse passively into the colonocytes
1,5

. The end of the life cycle of the cells is 

marked by anoikis and cell shedding into the lumen at the surface of the colonic crypt. This 

mechanism is important to counterbalance the constant renewal of the epithelial cells. 

Figure 1.1: Structure of the colon mucosa.  

The intestinal epithelium is organised into crypts that harbour proliferative cells. Cells in the 

crypt proliferate and push the cells upwards along the crypt-surface axis. While the cells move 

upwards, they are differentiating into specialised cells that are either of secretory or 

absorptive lineage. The end of their lifespan is marked by anoikis and shedding into the 

lumen. 
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1.2. Stem cell niche 

Already in 1978 Schofield introduced the term 'niche' describing a microenvironment where 

intestinal stem cells reside and their phenotype is maintained
6
. The signalling that defines the 

niche is a highly complex interplay of instructive intrinsic and extrinsic signals that is 

governed by feedback regulations. All aim at dynamically balancing stem cell maintenance, 

cell proliferation, lineage commitment, migration and cell death
7
. This machinery is under 

stringent control coordinated by Wnt, Notch, BMP and EGF signalling to ensure proper 

homeostasis. These factors form a gradient (Fig. 1.2A) along the crypt-surface axis. This 

gradient restricts the stem cell niche to the crypt compartment while differentiated cells are 

only located above it. It allows for a controlled, constant and dynamic renewal of the 

epithelium
8–10

. 

1.2.1. Wnt as niche factor 

Wnt/β-catenin (canonical) signalling is the primary driving force behind the proliferation of 

intestinal epithelial cells
11

. In absence of Wnt stimulation cytosolic β-catenin is actively 

targeted for proteasomal degradation. Two scaffolding proteins of the destruction complex, 

Apc and Axin, bind β-catenin facilitating its phosphorylation by the kinases Gsk3β and Ck1. 

After further ubiquitination it is then degraded by the proteasome. Upon Wnt secretion, Wnt 

interacts with its receptor FZD and co-receptor LRP5/6 at the surface of the cell. This 

interaction leads to the inhibition of the destruction complex accompanied by the 

accumulation of β-catenin in the cytoplasm and its coincident translocation into the cell 

nucleus. There it binds to the transcriptional repressor complex Tcf/Lef and transforms it into 

an activator leading to the transcription of Wnt target genes (e.g. Lgr5 and Rnf43). When the 

Wnt signal declines Apc removes β-catenin and the function of Tcf/Lef is reverted. As a 

negative feedback loop, Rnf43/Znrf3 binds to the Fzd leading to its ubiquitination and plasma 
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membrane removal
1,12,13

. However, R-spondins bound to Lgr receptors can bind to and 

therewith inhibit Rnf4/Znrf3 leading to a potentiated Wnt signalling
14

. 

Many of the Wnt target genes are involved in proliferation and cell-cycle progression
12

 

driving epithelial renewal. Paneth cells in the small intestine
15

 or  crypt base goblet cells in the 

colon
16

 express Wnts and contribute to the niche along with R-spondins that are expressed by 

intestinal subepithelial myofibroblasts
1,11,17

. 

1.2.2. Notch as niche factor 

Like the Wnt pathway, Notch signalling is an essential factor that is involved in shaping the 

stem cell niche. In contrast to the Wnt pathway, Notch signalling is not only an essential 

factor in the stem cell maintenance, but it also regulates cell fate decisions in the TA 

compartment. This signalling pathway exclusively depends on cell-cell contact. Dll4 

expressed by Paneth cells is constantly bound to Notch, a receptor expressed on the surface of 

intestinal stem cells
15

. This interaction between the neighbouring cells induces proteolytic 

cleavage of the intracellular domain NICD by γ-secretase. Subsequently NICD translocates to 

the nucleus where it binds to the transcription factor RBP-J and induces Notch target gene 

expression e.g. Hes1
18,19

. It is proposed that not solely Paneth cells, but also crypt base goblet 

cells
20

 and committed TA cells
19,21

 express Notch ligands. This hypothesis would support the 

assumption that Notch signalling is induced similarly in the colon despite the lack of Paneth 

cells. 

Additionally, Notch signalling acts as a switch that controls the absorptive versus secretory 

fate decision
22

. As described above Hes1 is expressed upon Notch receptor-ligand interaction 

in intestinal stem cells and transcriptionally represses Math1 expression
23

. As the stem cell 

daughters leave the stem cell niche they lose the contact to Notch-ligand expressing cells 

leading to secretory lineage commitment by the expression of Math1 and Dll1. The latter will 
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bind to Notch receptors of neighbouring cells keeping them in a proliferative and colonocyte 

lineage fated state
18,23

.  

1.2.3. BMP as niche factor 

BMP strictly regulates stem cell numbers in the crypt and drives epithelial differentiation 

independent of Wnt/β-Catenin signalling
20

. Primarily BMPs are expressed by the cells of the 

intravillus mesenchyme
24,25

. They bind to their receptors on the epithelial cells leading to 

phosphorylation of Smad1/5/8. It forms a complex with Smad4 and translocates into the 

nucleus. Subsequently stem cell signature genes like Lgr5 are transcriptionally repressed
26,27

. 

One effect amongst others is the reduced responsiveness of the cell to Wnt due to loss of 

R-spondin mediated potentiation
26

. 

In the stem cell niche, crypt-associated myofibroblasts and smooth muscle cells secrete BMP 

antagonists e.g. gremlin-1 to inhibit differentiation and locally maintain the stem cell 

signature
28

. 

This locally restricted secretion already points towards the complex interplay of the different 

signalling pathways that form the stem cell niche and control differentiation. 

1.2.4. EGF as niche factor 

EGF is a common growth factor for epithelial cells
24

. It is essential for the proliferation of 

intestinal stem cells and the suppression of apoptosis
29

. Upon binding to the EGF receptor, the 

RAS/ERK MAP kinase and PI3K/Akt signalling cascade is activated initiating the expression 

of genes associated with cell proliferation and growth
1,24

. Since it exerts such strong 

mitogenic effects, it needs to be tightly regulated. Therefore, intestinal stem cells highly 

express Lrig1, a negative feedback regulator for EGF receptor that limits the expansion of the 

stem cell niche
30

. EGF is another factor that is secreted by either the Paneth cells (small 

intestine) or the crypt base goblet cells (colon)
31

. 
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1.2.5. Extra cellular matrix 

Besides the cell-defined niche described above, the crypt architecture also plays an important 

role in niche maintenance. The crypt structure is maintained by a scaffolding of fibrous 

structural proteins, the extracellular matrix (ECM). It is known that this matrix does not solely 

provide structural integrity, but also regulates cell morphology and fate
32,33

. Both epithelial 

and mesenchymal cells secrete laminins and collagens and form the ECM. Epithelial cells can 

bind to these proteins via their integrins present at the basement membrane. Laminin and 

integrin expression changes along the crypt-surface axis suggesting a regulatory relationship. 

For example, for epithelial cell the anchoring to the ECM is essential to inhibit apoptosis
34

. 

Furthermore, it is postulated that the proteins of the ECM may be able to stabilise growth 

factors e.g. Wnt and therewith create a micro-niche
35

. 

Along with this location-specific change in chemical properties physical characteristics also 

change. Unfortunately, not much is known about the gradients of stiffness along the crypt, but 

Figure 1.2: The factors that form the stem cell niche. 

A: Gradients of growth factors and ECM stiffness that define the stem cell niche in vivo. B: 

Crypt architecture. C: Signalling pathways required in the maintenance of intestinal stem 

cells. Crypt base goblet cells, the mesenchyme and the extracellular matrix create the stem 

cell niche by the secretion of stimulatory or inhibitory factors and the availability of cell-cell 

contact and cell-matrix anchoring points. 
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it is evident that stem cell fate is influenced by it
36

. Recent in vitro work revealed that 

intestinal stem cells grow more effectively on stiff matrices while on soft matrices 

differentiation is induced
37

. 

1.3. Intestinal organoids 

In 2007, Barker et al.
38

 identified intestinal stem cells by the marker gene Lgr5. Only two 

years later, Sato et al.
39

 were able to grow and propagate murine adult intestinal stem cells 

derived from the small intestine in vitro in a long-term culture. They developed a protocol that 

is able to mimic the stem cell niche without the need of mesenchymal cells. The isolated 

crypts were embedded in an extracellular matrix called Matrigel, and R-spondin 1, EGF and 

Noggin were supplemented with the medium (Fig. 1.3). The crypts quickly formed 3D 

spheres that consisted of a single cell layer surrounding a central lumen where apoptotic cells 

were shedded into. These structures were able to be maintained in long-term culture. Analyses 

revealed that all intestinal cell types were present in these structures termed organoids. Stem 

cells resided in the crypt structures whereas the differentiated cells were located in the villus-

like areas
39

. Another two years later they extended their protocol and were then able to grow 

organoids also from murine colon (amongst others) by adding exogenous Wnt3a
40

. 

Figure 1.3: Intestinal organoids generated from isolated crypts and maintained by an 

artificially generated stem cell niche. 

Isolated crypts are embedded in an extracellular matrix and supplemented with medium. The 

medium contains factors that are normally secreted by crypt base goblet cells and the 

mesenchyme. Colonoids containing all cell types are formed. 
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Since then the organoid model system has been utilised by many research groups to answer 

questions of different kind. Along with the various applications, the model was further 

refined, differentiation protocols were established and first attempts to generate 2D organoid 

cultures were made
41–43

. As for any other model, it is of high importance to create a 

reproducible set-up which can be controlled by the assessment of the organoid phenotype and 

the marker gene expression profile.  

1.3.1. Marker genes 

The differentiation state of the organoid culture can be modulated manipulating the different 

signalling pathways involved in the stem cell niche. To validate the differentiation state 

known marker genes of the different cell types can be examined
41,42,44

. 

As stated above, stem cells can be identified by the cell surface receptor LGR5 that is 

positively regulated by Wnt
38

. A robust marker for cell proliferation is KI67, a nucleolar 

protein that is expressed in G1-S-G2-M phase of the cell cycle and is absent in G0 phase. 

LGR5
+
 cells are constantly cycling and express high levels of Ki67. Both markers are down-

regulated once the cells differentiate into slow dividing secretory progenitor cells. Cells 

negative for LGR5 that express Ki67 may identify absorptive progenitor cells
45

. Secretory 

cells can be identified by Tff3 that is expressed by cells located in the lower part of the crypt 

and therefore marks early goblet cells and by MUC2, a protein that is secreted by goblet cells 

throughout the crypt and is one of the mucins that forms the intestinal mucus layer
46,47

. 

Enteroendocrine cells, another secretory cell type, can be identified by its high levels of 

CHGA, an acidic protein stored in vesicles inside the cells
48

. Cells of the absorptive lineage 

can be detected by their expression of intestinal alkaline phosphatase (iAlp). It is an enzyme 

that is highly secreted by surface cells of the small intestine
49,50

. 



1. Introduction 

9 

In addition proliferation can be assessed by 5-ethynyl-2’-deoxyuridine (EdU), a nucleoside 

analogue to thymidine. As EdU gets incorporated into newly synthesised DNA, it either gets 

distributed to the daughter cells or is retained in the cell upon differentiation
41

. 

1.3.2. Intestinal ion transporter proteins 

In addition to those widely used cell markers, also ion transporter proteins qualify as markers 

that can be used to characterise the differentiation state of organoids
51

. Similar to the intestinal 

epithelium, organoids consist of a monolayer of cells that form a selective permeable barrier. 

Distinct expression patterns of apical and basolateral transporter proteins implement a polarity 

that enables regulated transport across the barrier (Fig. 1.4)
52

. Along the jejunocolonic and 

along the crypt-surface axis the requirements for the epithelial cells change. To cope with this 

demand, the expression profile of the transporter proteins is differently regulated, creating a 

unique signature for individual cells
53

. Region-specificity is maintained epigenetically in the 

stem cells and maintained even upon organoid culture
54

.  

In the colon, mainly sodium and chloride get absorbed along with water. Although absorption 

dominates, fluid secretion via chloride and bicarbonate export is locally stimulated
1
. In the 

mid colon, sodium and chloride are primarily absorbed interdependent by DRA and NHE3 in 

exchange with HCO3
-
 and H

+
 respectively. Both are predominantly expressed in the upper 

third of the crypt, once the cells start to differentiate towards absorptive colonocytes
55

. This 

passive process gets fuelled by the sodium driving force created by ATPases e.g. the 

basolaterally located Na
+
-K

+
-ATPase. This sodium pump extrudes three Na

+
 in exchange with 

two K
+
 while using one ATP molecule for this process

1,52
.  

CFTR, the predominant luminal chloride channel, can secrete Cl
-
 into the lumen upon 

hormone stimulation. It has equal efficiency to conduct ions in- or outwardly and can also 

conduct other ions like HCO3
-
. Despite its complex functionality with regard to regulation, it 
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appears to be expressed in a gradient along the crypt-surface axis with a higher level in the 

crypt
1,52

.  

NKCC1, a transporter of the basolateral membrane, provides the Cl
-
 necessary for fluid 

secretion via a cotransport of one Na
+
 and one K

+
 in exchange with two Cl

-
 ions

5
. Along with 

this coupled function, the expression pattern is also distributed in a similar fashion as CFTR
52

. 

Ion transporters with known expression profile together with the marker genes described 

above can robustly characterise the differentiation state of the organoids
42,44,51,53

. In turn, 

characterised organoids provide the possibility to study ion transporter expression in 

organoids of different differentiation states. 

1.3.3. Other transporter proteins important for colonic ion transport  

The cell type distribution of other ion transporters like the group of acid extruders has not 

been extensively studied in the murine colon. However, it is known that the sodium 

bicarbonate cotransporters NBCn1 and NBCe1 couple uptake of bicarbonate with that of Na
+
 

at the basolateral membrane
1
. NBCn1 is reported to be highly expressed in the mid-distal 

colonic crypt especially in mucin positive cells
56

 whereas the electrogenic isoform is reported 

to be expressed in the middle third of the crypt in rat proximal colon
57

.  

In contrast to NHE3, NHE1 is the isoform of sodium hydrogen exchangers that is evenly 

expressed along the jejunocolonic axis and along the colonic crypt-surface axis in rat colon
58

. 

Its presence in all cells, shows its importance in cell volume and intracellular pH (pHi) 

regulation
5
. 
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The apical equivalent is the sodium hydrogen exchanger 2 (NHE2). It is also rather involved 

in the regulation of cell volume and pHi homeostasis than in fluid absorption
59,60

. It is located 

in surface cells, and in the crypt as predominant isoform and is expressed throughout the 

digestive tract with the highest expression in the proximal colon
61,62

. 

Recent experiments by our group suggest NHE2 to be localised in the lower half of colonic 

crypts as shown by functional analysis measuring a more acidic pHi in Nhe2
-/-

 crypts 

(unpublished data). Along with the changes in pHi, an increase of goblet cell number along 

with a decrease of enterocyte abundance upon knock-out indicated that NHE2 might play a 

role in differentiation possibly via modulating pHi (unpublished data). 

It is accepted that changes in the pHi can modulate the proliferation and differentiation states 

of stem cells. However, only little is known about pHi dynamics and its regulatory 

Figure 1.4: Schematic depiction of apical and basolateral ion transporter distribution in 

an intestinal epithelial cell. 

NHE3, NHE2, CFTR and DRA are ion transporters that are found on the apical membrane 

whereas NHE1, NKCC1, NBCe1 and NBCn1 are located basolaterally. The 

sodium/potassium ATPase generates the driving force for several secondary active ion 

transporters. Water can move via the trans- or paracellular route following the osmotic 

pressure and ion gradient. 
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mechanisms on differentiation. In the case of murine embryonic stem cells, Ulmschneider et 

al.
63

 reported that a more alkaline pHi is necessary for the differentiation towards the primed 

fate. In contrast, a pHi increase as seen in intestinal stem cells upon Cftr knock-out stimulates 

proliferation
64

. These examples show that the regulatory role of the pHi on differentiation 

needs to be further explored.  

This need also holds true for the role of NHE2. Apart from the localisation, its role and 

possible compensatory mechanisms are still under debate
61

. Due to its role in pHi regulation, 

it might play a role in regulating cell fate decisions. Reports are controversial and give no 

clear answer if e.g. NHE2 might play a role in tissue regeneration after injury
5,65

 or if Muc2 

gene expression is changed in the case of Nhe2 knock-out
66

. 

1.4. A model system for ion transport physiology 

During the last four decades, the classical in vitro model of the gastrointestinal tract has been 

the human epithelial cell line Caco-2 that is derived from a colon carcinoma. The cells can 

spontaneously differentiate and show features of small intestinal enterocytes making it a good 

model to gut epithelial physiology
52,67

. However, reproducibility is influenced by its 

heterogeneous cell population that can easily lead to a selection of subpopulations dependent 

on culture conditions. Furthermore, Caco-2 cells are not able to fully recapitulate the native 

tissue due to lack of all cell types, lack of segment specificity and cross-talk between different 

cell types and beyond all, their cancerous origin
68,69

. 

Therefore, a shift to intestinal organoids as a more physiological model has been started. 

Biopsies that were previously used to study physiological expression profiles and cell 

function can now be used to generate a primary cell culture that can be maintained 

indefinitely
70

. It removes the experimental limitations given by the number of biopsies or 

reduces the number of required animal experiments. In addition, organoids, similar to the 
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Caco-2 cell line, represent pure epithelial cells
70

. Thus, organoids can be seen as an 

intersection between formerly used cell lines and in vivo experiments. In addition, they can be 

directed to different states of differentiation and keep their region-specific gene expression 

profiles
39,71

. They recapitulate fundamental characteristics of the native epithelium including 

cell and tissue architecture as well as physiological properties
72

.  

Organoids are a promising model to study many aspects in various organs. However, as every 

model this model also comes with limitations. Even though the differentiation state can be 

directed, it still remains difficult to reproduce organoid phenotype and functional 

characteristics
73

. In addition, many functional analyses require the apical surface to be 

accessible that is enclosed within the organoid. Recent progress has been made to generate 2D 

organoid cultures
74,75

, but robust and reproducible cultures with defined differentiation state 

have yet to be developed.  

Nevertheless, one striking example of the use of 3D intestinal organoids in physiological 

research is the Forskolin-induced swelling assay established by Dekkers et al.
76

. In this assay, 

Forskolin is used to activate CFTR-dependent fluid secretion, thus inducing swelling of the 

rectal organoids. CFTR-deficient organoids however are devoid of this swelling due to the 

diminished function of fluid secretion. Further development established a simple and rapid 

assay that nowadays can be used to predict drug response of individual cystic fibrosis patients 

that lack a functioning CFTR transporter
77

.  

This example shows the huge potential of organoids not only in research, but also in the 

progression in the field of personalised medicine.   
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2. Aim and objectives 

My thesis utilises intestinal organoids as a novel model system to study colonic ion transport 

physiology during differentiation. It is evident that the intracellular pH is a key factor 

governing proliferation and cell fate decisions. NHE2 is a regulator of the intracellular pH. 

Therefore, we hypothesise that NHE2 could be an important player in the regulation of 

differentiation.  

The objectives of this thesis were:  

1. The establishment of a 3D and 2D organoid culture derived from murine colon tissue 

consisting of undifferentiated, secretory or absorptive cells. 

2. To understand the role of NHE2 in different states of differentiation using 3D and 2D 

colonoid cultures. 
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3. Material 

 

Table 3.1: Mouse strains and cell lines.  

Mouse strain/Cell line Provider Catalogue no.  

B6.129P2-

Lgr5
tm1(cre/ERT2)Cle

/J 

Jackson laboratory 008875  Gift from Prof. 

Bleich, MHH 

FVB/N-Slc9a2tm1Ges  Schultheis, P.
60

  

HEK293T-HA-RspoI-Fc 

cell line 

Generated by 

Dr. Calvin Kuo at 

Stanford University 

 Gift from Prof. de 

Jonge, Rotterdam 

HEK293T-Noggin-Fc 

cell line 

Generated at Tytgat 

Institute for Liver and 

Intestinal Research at 

UMC, Amsterdam 

 Gift from Prof. de 

Jonge, Rotterdam 

L-WRN cell line ATCC CRL-3276 Gift from Prof. 

Graßl, MHH 

Table 3.2: Consumables.   

Consumable Provider Catalogue no. 

0.4 µm pore size permeable supports Corning 3470 

15 ml tubes Sarstedt 62.554.502 

200 µl pipet tips Sarstedt 70.760.002 

24-well plate Sarstedt 833.922 

3.0 µm pore size permeable supports Corning 3415 

50 ml tubes Sarstedt 62.547.004 

8-well PCR strips 0.2 ml Nippon Genetics FG-088WF 

96-well plates Corning 3635 

Cover slips Thermo Scientific #1 

Filter for tissue cassettes Medite 46-6200-00 

Metal mounting mould VWR 720-1918 

Micro tubes 1.5 ml Sarstedt 72.690.001 KL 

Microscope Slides KliniPath KP-3004 

Pap Pen Immunostaining Pen Kisker Biotech MKP-1 

RT PCR strip tubes and caps Qiagen 981103 

SafeSeal Filter Tips (10, 100, 200, 1000 µl) Sarstedt 70.760.211 
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Consumable Provider Catalogue no. 

SafeSeal micro tubes 1,5 ml Sarstedt 72.706 KL 

Screw cap tubes (2 ml) Sarstedt  72.379.005 

Serological pipettes Sarstedt 86.1252(-4).001, 

86.1685.001 

Superfrost Plus Microscope Slides Thermo Scientific J1800AMNZ 

Tissue cassettes Medite 46-1106-00 

Tissue culture flask T175 Sarstedt 833.912.302 

Tissue culture flask T75 Sarstedt 833.911.002 

Table 3.3: Chemicals and reagents.   

Reagent Provider Catalogue no. 

40% glyoxal solution Sigma 128465 

A83-01 (dissolved in DMSO) Tocris 2939 

Accutase Gibco A1110501 

Acetic acid Sigma A-6283 

adDMEM/F12 Invitrogen 12634-010 

Agarose Low Melt Roth 6351.5 

Alician Blue Roth 3082.3 

B-27 supplement Thermo Fisher 17504044 

BSA Sigma A3912 

CaCl2 Sigma 25554-8 

Calcein AM Sigma C1359 

Cftrinh-172 Sigma C2992 

CHIR99021 Sigma SML1046 

DAPT (dissolved in DMSO) Stemgent 04-0041 

D-Glucose Sigma G-7528 

Direct Red 80 Sigma 365548 

DMEM (L-WRN) Gibco 31966-021 

DMSO AppliChem A3672 

DPBS PAN P04-36500 

EDTA solution pH 8.0 (0.5 M) AppliChem A4892 

Entellan Merck 7961 

Eosin Sigma-Aldrich Ht110232 

Ethanol J.T. Baker 82025 
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Reagent Provider Catalogue no. 

Ethanol for histology ChemSolute 22.949.010 

Fast green FCF Sigma F7252 

FBS Biochrom  S0615 

Forskolin LC Laboratories F-9929 

G-418 InvivoGen ant-gn 

GlutaMAX Gibco 35050-038 

Glycerol Roth 3783.1 

Goat serum LIFE 10000C 

HCl J.T. Baker 6167 

HEPES Gibco 15630-056 

Hygromycin B InvivoGen ant-hg 

IBMX Sigma I5879 

Isoflurane Baxter FDG9623 

IWP-2 (dissolved in DMSO) Stemgent 04-0034 

KCl Chemsol 1632 

KH2PO4,  AppliChem A2946 

L-161,982 (dissolved in DMSO) Sigma SML0690 

Mannitol AppliChem A4831 

Matrigel Corning 356231 

Mayer’s Haematoxylin Solution Sigma-Aldrich MHS16 

MgSO4 Fluka 63135 

Mowiol Roth 0713.1 

Murine EGF (dissolved in 0.1% BSA/DPBS) Thermo Fisher PMG8043 

N-2 supplement Thermo Fisher 17502048 

Na2HPO4 AppliChem A2530 

Sodium Citrate Roth 4088.1 

N-Acetyl-L-cysteine (dissolved in water) Sigma A9165 

NaCl Sigma  31434 

NaHCO3 AppliChem 131638,1211 

NaOH Roth 6771 

NH4Cl AppliChem A3260 

Penicillin/Streptomycin Sigma-Aldrich P4333 

Periodic acid Roth 3257.1 

Picric Acid Sigma  197378 

Polyethylenimin (PEI) solution Sigma 3143 
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Reagent Provider Catalogue no. 

Puromycin Gibco A1138-03 

qPCR SyGreen Mix Lo-ROX PCR Biosystems PB20.11-51 

SB202190 (dissolved in DMSO) Sigma S7067 

Schiff’s reagent Merck CI 42500 

Sodium azide Fluka 71289 

Sodium pyruvate Alfa Aesar A11148 

Tris base AppliChem A1086 

Tris HCl Gibco 5506UA 

Triton X-100 Sigma 93418 

Tween 20 Sigma P7949 

UTP   

Valproic acid Sigma PHR1016 

Xylene Roth 9713.3 

Y27632 (dissolved in water) Wako 253-00513 

Y27632 (dissolved in water) Apex Bio A3008 

Zeocin Invitrogen #460509 

Table 3.4: Reaction kits. 

Kit Provider Catalogue no. 

Click-iT™ Plus EdU Alexa Fluor™ 647 
Imaging Kit 

Thermo Fisher C10640 

QIAshredder Qiagen 79656 

QIAxcel DNA Fast Analysis Gel   Qiagen 929008 

QuickExtract DNA extraction solution Biozym 101094 

RevertAid First Strand cDNA Synthesis Kit Thermo Fisher 1622 

RNeasy Micro Kit Qiagen 74004 

RNeasy Mini Kit Qiagen 74106 
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Table 3.5: Technical equipment. 

Equipment Provider 

-20 °C comfort freezer Liebherr 

-80 °C Herafreeze Basic freezer Thermo Scientific 

Autoclave VX-150 Systec  

Centrifuge  

Centrifuge 5427R Eppendorf 

ELISA plate reader - Epoch Biotech Biotek 

Flow cabinet  

Heating block thermomixer compact  Eppendorf 

Ice machine Ziegra 

Microtome Leica 

Milli-Q Synthesis Merck 

PCR machine Bioer LifeEco Biozym 

pH meter - Eutech Instruments Thermo Scientific 

Pipettes Eppendorf 

RT-PCR machine Rotorgene Q Qiagen 

Shadon Histocentre 3 Thermo Electron Corporation 

Tissue processor TP1020 Leica Biosystems 

Ussing chamber slider P2302T Physiological Instruments 

Ussing Chamber Systems,  EM-CSYS-6 Physiological Instruments 

Water Bath GFL 

Water bath W 25 TechnoMed 

Weighing balance Kern 

Table 3.6: Primer sequences for genotyping. 

Primer Sequence 

Nhe2Wt.for 5´-CAT CTC TAT CAC AAG TTG CCC ACA ATC GTG -3´ 

Nhe2com rev 5´-GTG ACT GCA TCG TTG AGC AGA GAC TCG-3´ 

Nhe2
-/-

.for 5´-GAC AAT AGC AGG CAT GCT GG-3 
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Table 3.7: Primer sequences for gene expression analysis. 

Gene Forward Reverse 

Actin GCAAGCAGGAGTACGATGAGT AAAACGCAGCTCAGTAACAGTC 

Cftr TTCTTCACGCCCCTATGTCGA GCTCCAATCACAATGAACACCA 

Chga CAGGCTACAAAGCGATCCAG GCCTCTGTCTTTCCATCTCC 

Cldn4 GTTACTAGCCCGTAGCTCTTG CCACCAGCAATTTGGATGTAAG 

Dra GGCAAAATGATCGAAGCCATA

GGG 

GATGGTCCAGGAATGTCTTGTGA

TGTC 

Gapdh AACAGCAACTCCCACTCTTC CCTGTTGCTGTAGCCGTATT 

iAlp TTTGGTGGCTACACACTTAGG CTGGACCATTGCCATAGAGAAT 

Ki67 CACACAAGAGCAGGAGGATAA

T 

GCTGTCTGGTAAGCCTAGTTC 

Lgr5 TGCCCCGTGGCTTTCTTATC TTTCCCAGGCTGCCCATATC 

Muc2 GAAGCCAGATCCCGAAACCA GAATCGGTAGACATCGCCGT 

Nbce1 CTCACTTCTCTTGTGCTTGCCT  GTGGTTGGAAAATAGCGACTGG 

Nbcn1 ACAATACTGGGGAGCACAGG AAACAAGGCTGCTTGCATCT 

Nhe1 CTTTGAGGAATTTGCCAGCTAT

G 

GAGGTAAATCGGGAGGTGAAAG 

Nhe2 CAACCTCCCGATATTTATCCTT

AC 

GGCTTTCTTTGAGAACTGATCTG 

Nhe3 AGGCCACCAACTATGAAGAG AGGGGAGAACACGGGATTATC 

Nhe8 CACTTTGTGGCCTTGTGTAATG CAACGGAATGATACCCTGATTCT 

Nkcc1 TCACACCTCCAAGGTCAGGA GCTGAGTTGGAGTCTTGCCA 

Rps9 AAGCACATCGACTTCTCCC ACAATCCTCCAGTTCAGCC  

Tff3 CCCTGGTGCTTCAAACCTCT CAGATCGGGGATGCTTGCTA 

Tmem16a CTCCTTCACGTCTGACTTCATC GAAGGAAGAGAGCGTGTGATT 

Table 3.8: Antibodies and staining reagents. 

Antibody Details Dilution 

Anti-KI67 antibody, rabbit, polyclonal Abcam, ab15580 1:200 

Anti-MUC2 (H-300), rabbit, polyclonal Santa Cruz, sc-15334 1:500 

Anti-NHE3 antibody, rabbit, polyclonal Alpha Diagnostics, NHE31-A 1:250 

Anti-OCLN antibody, mouse, monoclonal Thermo Fisher, 33-1500 1:500 

Dapi Roth, 6843.2 2 µg/ml 

Hoechst 33342 Contained in Click-iT™ Plus 

EdU Alexa Fluor™ 647 

1:2000 
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Antibody Details Dilution 

Goat anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor 568 

Invitrogen, A11036 1:500 

Goat anti-Mouse IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor 568 

Invitrogen, A11031 1:200 

Table 3.9: Microscopes. 

Microscope Provider 

Olympus IX-71 microscope used for FIS assay Olympus  

Upright microscope DMLB 2 used for histology imaging Leica 

Leica Inverted 3 Confocal microscope Leica 

Light Microscope Vert.A1 used for live-cell imaging Zeiss 

Olympus FluoView 1000 Olympus 

Table 3.10: Software. 

Software Provider/Reference 

CellSens Dimension 1.17 Build 16030 used for FIS assay 

imaging 

Olympus  

Clamp Scientific Instruments 

Fiji Schindelin, J. et al.
78

 

FluoView™ FV1000 Viewer  Olympus  

GraphPad 8.0 Prism 

HCImageLive used for live-cell imaging Zeiss 

InkScape InkScape.org (Harrington, 

B. et al.
79

) 

Leica Application Suite used for histology imaging Leica 

Mendeley Desktop Version 1.19.4 Mendeley 

Office Microsoft 

Rotor Gene Q Series Software Version 2.1.0 Rotor Gene 

ScientiFig plugin for Fiji Aigouy, B. et al.
80

 



3. Material 

22 

 

  

Table 3.11: Buffer compositions. 

Buffer composition 

Antigen retrieval buffer 10 mM Na3C6H5O7; pH 6.0 

Blocking buffer 5% goat serum in TBS (with 0.1% Triton-X 100 for KI67 

staining) 

4% glyoxal According to Richter et al.
81

 2.835 ml H2O were mixed with 

789 µl Ethanol. 313 µl glyoxal (40%) and 0.03 µl acetic acid. 

The pH was adjusted to 5 with NaOH.  

Mowiol 4.8 g Mowiol were mixed with 12 g glycerol and 12 ml 

distilled water for 2 h at room temperature. 24 ml 0.2 M Tris 

HCl (pH 8.5) was added and the solution heated to 50 °C. 

0.02% sodium azide was added. The solution was centrifuged 

at 5000g for 15 min. Aliquots were stored at -20 °C. 

PBS 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4; pH 7.4 

PEI 20 mg/ml PEI in 150 mM NaCl 

Ringer buffer 108 mM NaCl, 22 mM NaHCO3, 3 mM KCl, 1.3 mM MgSO4, 

2 mM CaCl2, 1.5 mM KH2PO4, 3 mM Sodium pyruvate, 

8.9 mM D-Glucose or Mannitol 

TBS 20 mM Tris, 150 mM NaCl; pH 7.6 (2.4 g Tris HCl and 0.56 g 

Tris base) 

TBST TBS 0.1% Tween-20 
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Table 3.12: Base medium composition. 

Reagent Concentration 

Advanced DMEM/F12  

Penicillin/Streptomycin 1x (100 I.U./ml and 100 µg/ml respectively) 

HEPES 10 mM 

GlutaMAX 2 mM 

Table 3.13: Colonoid growth medium composition. 

Reagent Medium M Medium UD  Monolayer medium 

L-WRN-conditioned 

medium 

50 vol% 50 vol% 50 vol% 

B-27 supplement 1x 1x 1x 

N-2 supplement 1x 1x 1x 

N-Acetyl-L-cysteine 1 mM 1 mM - 

Mouse EGF 50 ng/ml 50 ng/ml 50 ng/ml 

A83-01 0.5 µM - - 

SB202190 3 µM - - 

CHIR99021 10 µM
a
 3 µM 3 µM 

Valproic acid - 1 mM 1 mM 

Y27632 10 µM
a
  10 µM

a
  10 µM

a
  

 in base medium 
a
 only added for first 2 days of culture after isolation or propagation 
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Table 3.14: Colonoid differentiation medium composition. 

 Pilot study Established protocol 

 Medium DS Medium DA Medium DS Medium DA 

 with L-WRN-conditioned 

medium (+Wnt3a) 

with R-spondin 1- and Noggin-

conditioned medium (-Wnt3a) 

L-WRN-conditioned 

medium 

50% or 25% 50% or 25% - - 

R-spondin 1-

conditioned medium 

- - 30% 30% 

Noggin-conditioned 

medium (0.1% 1M 

NaOH) 

- - 15% 15% 

B-27 supplement 1x 1x 1x 1x 

N-2 supplement 1x 1x 1x 1x 

N-Acetyl-L-cysteine 1 mM 1 mM 1 mM 1 mM 

Mouse EGF 50 ng/ml 50 ng/ml 50 ng/ml 50 ng/ml 

IWP-2 2 µM 2 µM 2 µM 2 µM 

DAPT 10 µM - 10 µM - 

L-161,982 (Ep4-

inhibitor) 

- - - 10 µM 

Valproic acid - 1 mM - 1 mM 

Y27632 10 µM
a
 10 µM

a
 10 µM

a
 10 µM

a
 

 in base medium 
a
 only added for first 2 days after isolation or propagation 
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Table 3.15: Medium composition of pilot study for absorptive lineage differentiation. 

 VPA and IWP-2 VPA and Ep4i VPA, Ep4i and IWP-2 

L-WRN-conditioned 

medium 

25% 25% 25% 

B-27 supplement 1x 1x 1x 

N-2 supplement 1x 1x 1x 

N-Acetyl-L-cysteine 1 mM 1 mM 1 mM 

Mouse EGF 50 ng/ml 50 ng/ml 50 ng/ml 

IWP-2 3 µM - 2 µM 

Valproic acid 1 mM 1 mM 1 mM 

L-161,982 - 10 µM 10 µM 

Y27632 10 µM
a
 10 µM

a
 10 µM

a
 

 in base medium 
a
 only added for first 2 days after isolation or propagation 
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4. Methods 

4.1. Production of conditioned medium 

4.1.1. L-WRN-conditioned medium producing cells 

The L-WRN cell line is derived from mouse fibroblasts that were stably transfected and 

produce conditioned medium containing L-Wnt3A, R-spondin 3 and Noggin (provided by 

Prof. Graßl, MHH, Hannover; commercially available). 

For the production of the L-WRN-conditioned medium the manufacturer’s protocol was 

followed. Shortly, cells were thawed, transferred to 5 ml medium (DMEM, 10% FBS) and 

centrifuged at 1200g for 10 min at 4 °C. The cells were seeded in a 75 cm
2
 tissue culture flask 

with 15 ml medium supplemented with 0.5 mg/ml G-418 and Hygromycin B respectively. 

Once the cells had reached confluency, they were trypsinised and transferred to ten 

175 cm
2
 tissue culture flasks with antibiotic free medium. The medium was changed every 

second or third day until cells were overconfluent. Then, the cells were washed with 10 ml 

medium followed by the addition of 30 ml medium to produce the first batch of conditioned 

medium. The conditioned medium was collected in total six times, on Mondays, Wednesdays 

and Fridays and 30 ml fresh medium was added each time. The collected medium was 

centrifuged at 2000g for 5 min at 4 °C, pooled and stored at 4 °C until the last day of 

collection before it was stored at -20 °C until further use. 

4.1.2. Noggin- and R-spondin 1-producing cells 

HEK293T cells that are stably transfected were used to produce either murine Noggin- or R-

spondin 1-conditioned medium (provided by Prof. de Jonge, Erasmus MC, Rotterdam).  

Cells were thawed, transferred to 5 ml medium (DMEM, 10% FBS), centrifuged at 1500g for 

5 min at 4 °C and seeded in a 75 cm
2
 tissue culture flask. The medium was changed to 
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selection medium by supplementing the medium with either 10 µg/ml Puromycin (Noggin-

producing cells) or 300 µg/ml Zeocin (R-spondin 1-producing cells) 24 h after initial seeding. 

Once the cells had reached 90% confluency, they were trypsinised and transferred to a new 

75 cm
2
 tissue culture flasks with selection medium. This step was repeated and the cells then 

kept in antibiotic-free medium before transferring 5x10
6
 cells into ten coated 175 cm

2
 tissue 

culture flasks. The tissue culture flasks were coated beforehand with PEI solution for 30 min 

at 37 °C and then washed once with 25 ml DPBS. After 24 h, the medium was changed to 

harvesting medium (adDMEM/F12, 1x GlutaMAX, 10 mM HEPES) and incubated for one 

week. The conditioned medium was then centrifuged at 2000g for 5 min, pooled and stored at 

-20 °C until further use. 

4.2. Colonoid culture 

4.2.1. Animals 

B6.129P2-Lgr5
tm1(cre/ERT2)Cle

/J (Lgr5-EGFP) mice were a kind gift of Prof. Bleich, MHH, 

Hannover. FVB/N (Wt)
 
and FVB/N-Slc9a2tm1Ges (Nhe2

-/-
)
 
mice were bred at the central 

animal facility of Hannover Medical School (Authorisation no. 33.14-42502-04-14/1549). 

The mice were kept under standard conditions. Mice between eight to twelve weeks were 

used for the experiments. FVB/N and FVB/N-Slc9a2tm1Ges mice were age and sex matched. 

Tissue harvesting was registered under the authorisation no. 2017/161. All animal 

experiments were approved by the Hannover Medical School committee on investigations 

involving animals and an independent committee assembled by the local authorities.  

4.2.2. Crypt isolation from murine colon 

The mice were anaesthetised with isoflurane and sacrificed by cervical dislocation. The colon 

was excised and flushed with ice cold DPBS. For segment-specific crypt isolation, colon 

pieces were taken from a defined location as shown in Fig. 4.1. From each segment nine 
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pieces (~1 mm) were taken. One was stored for histology (in 4% glyoxal), two for RNA 

isolation (in RLT buffer at -20 °C) and the remaining six pieces were used for crypt isolation. 

The mid colon was defined as 1 cm distal to the macroscopic ending of the proximal colon.  

The crypts were isolated as previously described
77

. Shortly, the colon pieces were washed 

three times with 5 ml ice cold DPBS. To release the crypts from the tissue, the colon pieces 

were incubated in 10 ml DPBS containing 10 mM EDTA for 1 h at 4 °C on a rotating shaker 

(40 rpm). The crypts were released by pipetting up and down 20 times with fresh 5 ml cold 

DPBS. This was repeated twice and the supernatants were pooled. Up to this step all tubes 

and pipettes were coated priorly with FBS to avoid adherence of the crypts to the plastic. The 

crypts were then centrifuged at 150-250g for 5 min at 4 °C. The pellet was washed with 5 ml 

Figure 4.1: Excised colon of a mouse.  

Colon from cecum to anus is shown. A: Definition of each colon segment; proximal, mid or 

distal colon. B: Location of sample isolation from mid colon. Scale in cm. 
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base medium (Table 3.12), centrifuged and then resuspended in colonoid growth medium 

(volume was dependent on the pellet size 100-1000 µl; Table 3.13). The number of crypts was 

assessed in 10 µl crypt suspension. The appropriate volume was then mixed with a similar 

volume of Matrigel so that 60 crypts were seeded in one 45 µl drop per well. The plate was 

inverted to avoid the settling of the crypts. After 30-90 min the Matrigel drop was overlayed 

with 500 µl colonoid growth medium containing Y27632. The medium was changed every 

two to three days. The generated colonoids were propagated every four to five days. 

4.2.3. Colonoid propagation 

For propagation the colonoids were mechanically fragmented into cell clusters according to 

recently published protocols
82

. Shortly, the Matrigel drop containing the colonoids was taken 

up into 1 ml growth medium. Colonoids from several wells were pooled in 5 ml medium and 

triturated (5-7x) using a 10 ml serological pipet equipped with a 200 µl pipet tip. The 

fragmented colonoids were centrifuged at 150g for 5 min at 4 °C
77

. The dilution ratio was 

dependent on the number of colonoids and could vary from 1:3 to 1:10. The colonoids were 

resuspended in a 50% growth medium/Matrigel mix and seeded as stated above. 

4.2.4. Colonoid proliferation and differentiation 

During the initial establishment phase, the colonoids were kept in medium M (mixed 

population) modified from Fujii et al.
51,83

 and used by our collaborators. After first analysis of 

these colonoids and further literature research
41

 the medium was modified as shown in table 

3.13 to medium UD (undifferentiated). 

Directed differentiation of the undifferentiated colonoids was induced on day 3 by changing 

the medium from medium UD to either a medium supporting secretory cells (DS; Table 3.14) 

or a medium supporting absorptive cells (DA; Table 3.14) as published by Yin et al.
41

 and 

Kishida et al.
42

 with slight modifications according to Miyoshi et al.
84

. The time of 
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differentiation was reduced from 4 to 3 days since a big fraction of colonoids underwent 

apoptosis on day 4 of differentiation. 

Media composition can be found in the material section including the composition for the 

pilot studies (Table 3.12-3.15).  

4.2.5. 2D monolayer culture of colonoids 

To generate undifferentiated 2D monolayer cultures on different permeable supports from the 

established undifferentiated 3D colonoid culture several protocols
51,85,86

 (and unpublished 

protocols from collaborators) were tried and combined with modifications to the following 

protocol. 

For one permeable support approximately 100-150 colonoids (size-dependent) were used on 

day 5 of culture. The colonoids were released from the Matrigel dome by pipetting. To 

remove residual Matrigel and to fragmentised big colonoids a 1000 µl pipet with an additional 

200 µl pipet tip was used to pipet 30 times. The colonoids were then pooled in 5 ml base 

medium and centrifuged at 150g for 5 min at 4 °C. The supernatant was completely removed 

and the pellet was resuspended in 200 µl Accutase (200 µl per 2-3 wells). The colonoids were 

incubated for 5-10 min at 37 °C and pipetted to achieve a homogenous solution before adding 

5 ml base medium. The colonoids were centrifuged as mentioned above and then resuspended 

in monolayer medium (Table 3.13). Prior to this, the permeable supports were coated with 

100 µl 1:20 Matrigel/DPBS for 1 h incubation at room temperature followed by 1 h at 37 °C 

in a CO2 incubator. Residual coating solution was carefully removed and 200 µl colonoid 

suspension were seeded onto it. The basal side of the support was supplied with 800 µl 

medium. The medium was changed every other day.   

Monolayer medium for all differentiation states was similar to the 3D colonoid culture 

medium except that N-Acetyl-L-cysteine was not added. 
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4.2.6. Colonoid cryopreservation 

For cryopreservation, colonoids were gently released from the Matrigel and resuspended in 

freezing medium containing 10% DMSO in FBS. The colonoids were frozen in a freezing 

container and stored at either -80 °C or in liquid nitrogen until further use
87

. To re-establish 

the colonoid culture, the colonoids were thawed and transferred to 5 ml base medium. 

Colonoids could then be seeded and propagated as mentioned above. 

4.3. Colonoid staining 

4.3.1. Fixation and embedding of colonoids 

Colon pieces from mid colon were fixed in 4% glyoxal for 24 h, transferred to tissue cassettes 

with filter paper and embedded in paraffin. Colonoids were released from the Matrigel by 

gentle pipetting, transferred to 5 ml fresh base medium and centrifuged at 150g for 5 min. 

Then 200 µl glyoxal (4%) were added for 45-60 min at room temperature. The fixed 

colonoids were washed with PBS before embedding them in 3% low-melt point agarose. 

After polymerisation, the colonoid-agarose pellet was transferred to a tissue cassette with 

filter paper and embedded in paraffin. Colonoids on permeable supports were washed once 

with PBS prior to fixation with 4% glyoxal for 30-60 min at room temperature. The supports 

were then transferred to tissue cassettes with filter paper. Paraffin sections (3 µm) of each 

specimen were prepared, deparaffinised and rehydrated according to standard protocols 

(Table 4.1). 



4. Methods 

32 

4.3.2. Haematoxylin/Eosin staining 

The slides were stained with Mayer's Haematoxylin for 30 s, rinsed in distilled water followed 

by a washing step of 10 min under running tap water. As a counterstaining the slides were 

incubated for 10 s in Eosin solution, washed two times in distilled water and then dehydrated 

(Table 4.1) and mounted with Entellan. 

4.3.3. Alician blue/Periodic acid Schiff staining 

Or the slides were stained with Alician Blue/Periodic Acid Schiff by incubating them first for 

3 min in 1% Alician Blue solution (containing 3% glacial acetic acid). The slides were then 

washed for 5 min under running tap water, rinsed in distilled water, placed in 0.5% periodic 

acid for 4 min and washed for 5 min in distilled water. The slides were incubated in Schiff's 

reagent for 10 min protected from light before washing them for 5 min under running tap 

water. A counterstaining with Haematoxylin along with dehydration and mounting was 

performed according to the protocol above. 

 

Table 4.1: Protocol for rehydration and dehydration. 

Rehydration Dehydration 

Xylene 5 min Distilled water Rinse 

Xylene 5 min 40% Ethanol Rinse 4x 

100% Ethanol 3 min 70% Ethanol Rinse 4x 

100% Ethanol 3 min 90% Ethanol Rinse 10x 

96% Ethanol 3 min 100% Ethanol 2 min 

70% Ethanol 3 min 100% Ethanol 2 min 

50% Ethanol 3 min Xylene 3 min 

Distilled water 5 min Xylene 3 min 

Running tap water 5 min   
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4.3.4. Picro Sirius Red staining 

Colonoids on permeable supports were stained for Collagens with Picro Sirius Red staining. 

The sections were incubated at 60 °C for 45 min prior to rehydration. The sections were then 

rehydrated by incubating them for 20 min in xylene followed by 20 min incubation in 

100% Ethanol and two 5 min washing steps with distilled water. The sections were then 

stained for 1 h in the Picro Sirius Red solution. The sections were rinsed immediately with 

distilled water, incubated for 20 s respectively in 70% Ethanol, 100% Ethanol and Xylene and 

then mounted with Entellan. 

4.3.5. Immunohistochemical staining of colonoid sections 

Colonoid sections were rehydrated according to table 4.1. Heat-mediated antigen retrieval was 

performed by incubating the sections for 30 min at 96-98 °C in citrate antigen retrieval buffer. 

They were then allowed to cool down for 20-30 min at room temperature followed by three 

washes with PBS. The sections were incubated with 50 mM NH4Cl for 20 min at room 

temperature followed by three washes with TBS and one with TBST. Unspecific antibody 

binding was reduced by the incubation with blocking solution (1 h). Primary antibodies were 

diluted in 50% blocking solution/TBS and added to the sections for 16 h at 4 °C. The sections 

were washed three times with TBST and then incubated with the secondary antibody in 

50% blocking solution/TBS for 1 h at room temperature. The sections were washed three 

times with TBST, dried carefully and mounted with Mowiol. 

4.3.6. 5-ethynyl-2´-deoxyuridine (EdU) proliferation assay 

Colonoids were incubated with 10 µM EdU (time period indicated in result section) prior to 

colonoid fixation. The colonoids were fixed and processed as mentioned above. The sections 

were rehydrated as shown in table 4.1 and EdU was detected according to the manufacturer’s 

protocol. The sections were directly mounted with Mowiol. 
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4.3.7. KI67 quantification 

The relative number of KI67
+
 or EdU

+
 cells was assessed calculating the ratio of KI67

+
 or 

EdU
+
 cells to total cells per colonoid. Sections of undifferentiated colonoids from three 

different colonoid lines in two to three individual experiments were analysed. 

4.4. Gene expression analysis 

Colonoids grown in 3D and 2D were harvested in RLT (plus) buffer provided by the RNeasy 

Mini or Micro Kit respectively. 

4.4.1. RNA isolation 

RNA from tissue and colonoids was extracted using the RNeasy Mini Kit following the 

manufacturer’s protocol. For the extraction of RNA from colonoids grown on permeable 

supports the MicroKit was used since low RNA concentrations were expected. Isolated RNA 

was quantified by spectrophotometry.  

4.4.2. cDNA conversion 

Up to 300 ng RNA, dependent on the RNA yield, were converted to cDNA using the 

RevertAid First Strand cDNA Synthesis Kit with OligodT primer according to the 

manufacturer's protocol. cDNA was then diluted 1:10-1:30 dependent on the amount of 

converted RNA.  

4.4.3. Real-time PCR 

Gene expression was analysed by real-time PCR. The manufacturer’s protocol was slightly 

modified so that 4 µl cDNA were mixed with 6 µl SyGreen/primer mix. After 5 min 

incubation at 95 °C, 35 cycles at 95 °C (3 s) and 60 °C (10 s) were performed followed by the 

measurement of the melt curve (70-99 °C). The expression was assessed in triplicates. For 
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relative quantification, the expression of the genes of interest was normalised to the 

housekeeping gene Actin if not stated otherwise and was calculated using the ΔCt method
88

. 

Fold change was calculated by taking the difference between the expression of the 

undifferentiated and each differentiated state. Values are expressed as either 2
-ΔCt

 or 2
-ΔΔCt

. 

Primer sequences are shown in table 3.7.  

4.5. Functional analyses of Wt and Nhe2
-/-

 colonoids 

4.5.1. Stimulation assay 

A Forskolin-induced swelling assay was used to assess CFTR activity according to Dekkers et 

al.
76

 with slight modifications. Colonoids were seeded in a 96-well format at a density of 20 

colonoids per 10 µl Matrigel drop according to the above stated protocol. The undifferentiated 

culture was measured on day 3 after seeding while for the differentiated culture the 6 day 

differentiation protocol was followed. On the day of the assay, the colonoids were incubated 

with 10 µM calcein green for 1 h prior to the measurement. Colonoid size increase was 

assessed using fluorescence microscopy. The initial state was assessed directly prior to the 

addition of Forskolin (10 µM) and IBMX (100 µM). Colonoids were then imaged every 10 

min for a total time period of 60 min. A subset of colonoids was incubated with either 60 µM 

Cftrinh-172 or DMSO 5 h prior to the measurement. Colonoids with or without DMSO were 

used as unstimulated controls. The Forskolin-induced swelling was quantified by measuring 

the total colonoid area increase after 60 min relative to that at the starting time point using 

Fiji. The area under the curve (AUC) was calculated using GraphPad Prism 8. The AUC was 

calculated averaging 2-4 wells of each of the three colonoid lines per genotype. 

The FIS assay was performed in our collaborating group by Oliver Papp who provided me the 

raw data for downstream analyses. 
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4.5.2. Electrophysiological measurements 

Resistance and short-circuit current (Isc) in undifferentiated colonoid monolayers grown on 

0.4 µm or 3.0 µm permeable supports were measured using an Ussing chamber system. 

Colonoids were grown for 7 days before mounting them in 4 ml Ringer solution. The solution 

was maintained at 37 °C and constantly circulated with 95% O2/5% CO2 at a pH of 7.4. 

Measurements were assessed under voltage-clamped conditions (0 mV) using the Clamp 

software. After 10 min equilibration Forskolin (10 µM) was added to the serosal bath. After 

another 10 min UTP (100 µM) was added to the luminal bath. The measurement was stopped 

after 30 min. The Isc was calculated using the measured resistance and potential difference 

according to Ohm’s law89
. The resistance difference was compared prior to the addition of 

any stimulators. ΔIsc was calculated by taking the difference between the Isc directly after and 

prior to either Forskolin or UTP addition. 

4.5.3. Statistical analysis 

Unless otherwise specified, data are presented as sample mean with SEM. Outliers were 

identified using the ROUT method
90

 and excluded from further analyses. Normality of the 

data sets was assessed using the Anderson-Darling test. In case of two groups, an unpaired 

two-tailed t-test was performed. Multiple groups were compared using either one-way 

ANOVA with Tukey’s test for multiple comparisons or two-way ANOVA with Šidák 

correction. In the case of fold change assessment, a one-sample t-test was performed using 1 

as the mean value for the control group. A Bonferroni correction was used to adjust for the 

number of comparisons.  

To test the possibility to pool the data from different experiments and/or different mice either 

a nested t-test for the comparison of two experiments or a nested one-way ANOVA for the 
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comparison of different mice was performed. Global p-values were analysed to test the 

hypothesis of significant variability between samples.  

For all analyses a significance level of 0.05 was used with * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, 

**** ≤ 0.0001 compared to the respective control. All statistical tests were performed using 

GraphPad Prism 8. 
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5. Results 

5.1. Establishment of an undifferentiated colonoid culture 

The ability to culture primary cells in the form of a 3D intestinal organoid culture was 

recently developed by Sato et al.
39

 and it opens up the possibility to study epithelial-specific 

characteristics and functions. In this project we wanted to adopt this model to answer ion 

transport physiology-related questions in the murine colon.  

The first aim of this project was to establish an organoid culture derived from murine colonic 

tissue, namely colonoids, which is enriched in proliferating cells. Furthermore, we wanted to 

culture colonoids from a specific segment as it was recently shown that the segment-specific 

signature is maintained in culture
71

. Therefore, it was necessary to test different protocols for 

crypt isolation and colonoid maintenance and modify them to our needs.  

Crypts of the colon of Wt and Nhe2
-/-

 mice were isolated (Fig. 5.1A) and embedded in 

Matrigel. The survival of the crypts and their colonoid-forming potential showed no 

difference between Wt and Nhe2
-/-

 derived colonoids (Fig. 5.1B). 

Figure 5.1: Phenotypical assessment of Wt and Nhe2
-/-

 colonoids in different culture 

media. 

A: Crypt isolation from the mid colon shows long, intact crypts with little amount of cell 

debris or single cells. B: Colonoid-forming potential shows no difference between Wt and 

Nhe2
-/-

colonoids. Number of intact colonoids on day 5 of culture is shown in relation to 

seeded number of crypts. C: The ratio of colonoids with buds on day 5 relative to total 

colonoid number is shown for medium M and UD. Nhe2
-/-

 colonoids showed significantly 

fewer budding than the Wt only in medium M. Significantly fewer budding colonoids were 

present in medium UD. Values are shown as mean ±SEM and compared by either unpaired t-

test (indicated by * in B and C) or two-way ANOVA (indicated by #). Scale bar 100 µm. 
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As it is suggested that budding is an indicator for the formation of a crypt-surface axis within 

the organoid concomitantly differentiated cells can be detected in the colonoid
11

. The initial 

culture with medium M showed colonoids with budding. Therefore a medium to maintain an 

undifferentiated state (medium UD) was used. It is supposed to further stimulate the Wnt- and 

Notch-pathway, therewith increasing the population of undifferentiated cells. Phenotypical 

assessment of both cultures showed budding only in medium M (Fig. 5.1C, Fig. 5.2A). In 

medium UD mostly round colonoids were present (Fig. 5.1C, Fig. 5.2B). Interestingly, the 

significant difference of budding between Wt and Nhe2
-/-

 colonoids seen in medium M 

disappeared completely with the change to medium UD (Fig. 5.1C). 

Reduction of differentiation markers for colonoids maintained in medium UD 

Gene expression analysis of Wt colonoids grown in the two different media revealed no 

significant difference for the proliferation markers Lgr5 and Ki67. However, markers for 

differentiation like Muc2, iAlp, Dra and Nhe3, were significantly reduced in medium UD 

(Fig. 5.3). 

Figure 5.2: Colonoid growth over a time period of 4-5 days.  

A: Colonoid growth from isolated crypts in medium M shows budding of colonoids on day 3 

and 4. B: Colonoids grown from cell fragments in medium UD show no budding throughout 

the culture. Both cultures can be propagated. Scale bar 50 µm. 
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Histological staining of colonoid sections indicated the presence of mucus-producing cells 

only in colonoids grown in medium M (Fig. 5.4A). Staining of the mucin protein MUC2 

confirmed this observation. Furthermore, only colonoids maintained in medium UD showed 

the presence of the proliferation marker KI67 (Fig. 5.4B). Both colonoid populations did not 

show the presence of NHE3. 

The results clearly indicate that only medium UD is able to support colonoids with a high 

number of KI67
+
 cells and a cell population characterised by low expression levels of 

differentiation markers. 

Figure 5.3: Gene expression analyses of Wt colonoids maintained in medium M or UD.  

The expression of proliferative marker genes (Lgr5 and Ki67) was not significantly different 

between colonoids maintained in medium M or UD. Marker genes for differentiation were 

significantly reduced in medium UD. Values are presented as mean ± SEM. Medium M and 

UD were compared by unpaired t-test. 
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Figure 5.4: Staining of sectioned colonoids maintained in medium M or UD.  

A: Colonoids maintained in medium M showed a positive staining for mucus (AB-PAS and 

MUC2) and the absence of KI67 and NHE3. B: Colonoids maintained in medium UD were 

negatively stained by AB-PAS and MUC2. NHE3 staining was also negative. KI67 showed 

the presence of proliferating cells. Scale bar 50 µm. 
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5.2. Establishment of lineage differentiated colonoids 

The next aim was to establish a lineage-specific differentiation protocol using the 

undifferentiated colonoid population as a starting point. Only few publications describe a 

lineage-specific differentiation. To my knowledge there is no published protocol for the 

directed differentiation of undifferentiated, murine colonoids. Additionally, with the used 

L-WRN-conditioned medium it was not possible to withdraw Wnt3a as described in most 

differentiation protocols. It was therefore necessary to perform several pilot studies to 

determine the needed medium composition. 

Necessity of L-WRN-conditioned medium reduction for differentiation 

induction 

At first the L-WRN concentration was maintained, CHIR99021 and valproic acid were 

withdrawn while adding the respective inhibitor mix needed for each lineage differentiation 

(Table 3.14). The assessment of the gene expression profile of the colonoids differentiated 

towards the secretory lineage showed a more than 100-fold increase of secretory markers 

along with a slight increase of absorptive markers compared with the undifferentiated state 

(Fig. 5.5). The differentiation towards the absorptive lineage showed no or only a minor 

increase of respective markers and in addition also an increase in secretory markers. However, 

Lgr5 expression reduced just slightly along with no change in Ki67 expression in either of the 

differentiation media.  

Since the proliferative cell population seemed to be unaffected by the differentiation medium, 

the amount of L-WRN-conditioned medium was reduced from 50% to 25% of the total 

volume. This resulted in a decreased expression of proliferative marker genes (Fig. 5.5). 

Secretory cell marker expression was not further increased. However, the expression of 

markers for absorptive cells was further increased in both lineage differentiations. 
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Staining of colonoid sections could confirm the observed changes in the expression profile. 

Differentiated colonoids showed the presence of mucus-producing cells upon differentiation 

towards the secretory lineage (Fig. 5.6B and D). Colonoids differentiated towards the 

absorptive lineage showed only little (Fig. 5.6C) or the absence (Fig. 5.6D) of mucus 

producing cells. However, only the reduction of the L-WRN-conditioned medium led to the 

absence (Fig. 5.6D) or reduction (Fig. 5.6E) of KI67 abundance compared with the 

undifferentiated colonoids (Fig. 5.6A).  

Figure 5.5: Pilot study showing the gene expression profile of differentiated Wt colonoids 

as fold change compared to undifferentiated colonoids. 

Colonoids were differentiated by addition of respective inhibitors in the presence of either 

50% or 25% L-WRN-conditioned medium. Proliferative markers reduced slightly (50%) or 

0.1-0.2-fold (Lgr5) and 0.3-fold (Ki67) (25%). A striking increase was seen for secretory 

makers upon secretory lineage differentiation. Markers for the absorptive lineage did not 

change (50%) or increased up to 10-fold (25%). Proliferative, secretory and absorptive cell 

marker genes are shown as 2
-ΔΔCt

. The fold change was normalised to the mean expression 

levels of undifferentiated colonoids (represented by the dotted line, y=1). Rps9 was used as 

housekeeping gene. Values are shown as mean ± SEM. 
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Figure 5.6: Pilot study showing the staining of sectioned Wt colonoids differentiated 

towards secretory and absorptive lineage. 

A: Undifferentiated colonoids showed no mucus abundance, but were positive for KI67. B: 

Secretory lineage differentiation resulted in mucus abundance. C: Colonoids differentiated 

towards the absorptive lineage showed only small amounts of mucus. B and C: Colonoids 

differentiated in the presence of 50% L-WRN-conditioned medium were positive for KI67. D: 

A reduction of L-WRN-conditioned medium to 25% led to the absence of KI67 positive cells 

upon secretory lineage differentiation along with mucus abundance. E: Differentiation 

towards the absorptive lineage with 25% L-WRN-conditioned medium showed no mucus, but 

residual KI67
+
 cells. Type of histological staining or protein of interest is indicated in the 

lowest row of each column. Scale bar 50 µm. 
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Generation of distinguishable secretory or absorptive colonoids upon directed 

differentiation 

The distinction between the secretory and absorptive lineage differentiated colonoids was 

evident, at both the expression and protein level. The reduction of the L-WRN-conditioned 

medium resulted in a 130-fold increase of Muc2 and 200-fold increase of Tff3 expression 

together with a 0.1-fold and 0.3-fold reduction of Lgr5 and Ki67 expression respectively upon 

differentiation towards the secretory lineage. A similar decrease was also seen in case of the 

lineage differentiation towards the absorptive lineage. In contrast, there was no major change 

in Muc2 (2.8-fold) and Tff3 (0.7-fold) expression. Surprisingly, the markers for absorptive 

cells were increased only 7-fold (iAlp), 3-fold (Dra) or even reduced 0.7-fold (Nhe3) in the 

absorptive lineage differentiation compared with 5-fold (iAlp), 10-fold (Dra) and 3-fold 

(Nhe3) greater expression in the secretory lineage differentiation. Strikingly, Chga was 

increased 530-fold in the secretory lineage and 6-fold in absorptive lineage differentiation.  

The minor increase of the absorptive lineage markers iAlp, Nhe3 and Dra was the reason to 

further modify the protocol of the differentiation towards the absorptive lineage. Recent 

findings suggested
84

 to add an Ep4-inhibitor or to increase the IWP-2 concentration to induce 

a more distinct differentiation towards absorptive lineage. The pilot study of these inhibitor 

mixes showed no striking differences in marker gene expression (Fig. 5.7). Only iAlp and Dra 

showed a trend towards a higher expression upon addition of the Ep4-inhibitor and IWP-2 in 

the differentiation mix. For the following experiments, the differentiation medium with the 

combination of the Ep4-inhibitor with IWP-2 was used to differentiate the colonoids towards 

the absorptive lineage. 
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5.3. Model validation using Lgr5-EGFP colonoids 

To confirm a successful differentiation, it would be necessary to assess LGR5 abundance. To 

my knowledge there is no antibody available that stably detects LGR5 in murine colonoids. 

Therefore, colonoids derived from the colon of Lgr5-EGFP mice were used for validation and 

further establishment of the differentiation protocol. 

Similar expression profile of colonoids derived from different mouse strain 

In contrast to the Nhe2
-/-

 mice which are on FVB/N background Lgr5-EGFP mice are on 

C57BL/6J background. Therefore, it was checked if the expression pattern of the used marker 

genes was similar in the proliferative state for colonoids derived from different mouse strains. 

Only iAlp showed a significantly lower expression in the Lgr5-EGFP colonoids whereas Lgr5 

and Ki67 were expressed at a similar level (Fig. A.1). Thus, Lgr5-EGFP colonoids were used 

for further modifications of the differentiation protocol. 

Figure 5.7: Pilot study showing the gene expression profile of differentiated Wt colonoids 

towards the absorptive lineage as fold change. 

Colonoids maintained in 25% L-WRN-conditioned medium with three different inhibitor 

mixes showed no significant differences. A trend to an increase of iAlp, Dra and Nhe3 

expression with Ep4-inhibitor and IWP-2 was seen. Absorptive cell marker genes are shown 

as 2
-ΔΔCt

. The fold change was normalised to the mean expression levels of undifferentiated 

colonoids (indicated by dotted line, y=1). Rps9 was used as housekeeping gene. Values are 

shown as mean ± SEM. 
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As a first step, the protocol that was established with the pilot studies above was followed in 

the Lgr5-EGFP colonoids. Similar changes upon differentiation were seen with a 0.1- and 

0.3-fold or 0.4-fold and 0.5-fold reduction of Lgr5 and Ki67 in the secretory (DS) or 

absorptive (DA) lineage differentiated colonoids respectively (Fig. 5.8 and Table 5.1). Chga 

and Tff3 expression were significantly increased in the secretory lineage differentiated 

colonoids and clearly distinguishable from the absorptive lineage. Muc2 expression showed a 

similar trend. The colonoids differentiated towards the absorptive cell lineage showed a 

significant increase in iAlp expression. Dra and Nhe3 however were not significantly 

different, neither between both lineages nor when compared to the undifferentiated colonoids. 

Overall the results confirmed the initial findings of the pilot study. 

Figure 5.8: Gene expression profile of Lgr5-EGFP colonoids differentiated towards the 

secretory and absorptive lineage shown as fold change. 

Colonoids were maintained in either 25% L-WRN-conditioned medium (+, dark grey) or 

Wnt3a was withdrawn (-, light grey) with a respective inhibitor mix for either absorptive or 

secretory lineage differentiation. Proliferative markers are almost completely lost upon Wnt3a 

withdrawal whereas markers for secretory and absorptive cells were further increased. Marker 

gene expression is shown as 2
-ΔΔCt

. The fold change was normalised to the mean expression 

levels of undifferentiated colonoids and is indicated by the dotted line (y=1). Values are 

shown as mean ± SEM and were compared by two-way ANOVA with Šidák correction. Only 

differences between the two different media for each lineage are shown. 
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Reduction of the proliferative cell population upon removal of Wnt3a 

To achieve a better differentiation and a further reduction of the proliferative cell population, 

the L-WRN-conditioned medium was replaced by R-spondin 1- and Noggin-conditioned 

medium upon differentiation. Phenotypic assessment showed the growth of the colonoids 

until induction of differentiation by medium change on day three. In comparison to the 

colonoids maintained under proliferative conditioned that grew further until the day of harvest 

on day 5 (Fig. 5.9A). The colonoids that were differentiated decreased in size and appeared 

more opaque (Fig. 5.9B and C). The gene expression analyses upon Wnt3a withdrawal 

showed a further reduction of proliferative marker gene expression along with an increase of 

differentiation markers as already seen by reducing the L-WRN-conditioned medium to 25% 

differentiation (Fig. 5.8). 

Figure 5.9: Colonoid growth over a time period of 5-6 days.  

All colonoids were maintained in an undifferentiated state until day 3 after seeding. A: 

Colonoids were maintained in an undifferentiated state until down stream analyses. B: 

Colonoids were differentiated towards secretory lineage from day 3 onwards. C: Colonoids 

were differentiated towards absorptive lineage from day 3 onwards. Scale bar 200 µm. 
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Upon Wnt3a withdrawal, the expression levels for proliferative markers of colonoids 

differentiated towards the secretory lineage reduced further with a 0.03-fold decrease for Lgr5 

and 0.04-fold decrease for Ki67 expression (Table 5.1). On the contrary, markers for secretory 

cells were expressed at a similar level (Tff3 and Muc2) or were even reduced (Chga) upon 

Wnt3a withdrawal. Interestingly, iAlp, Dra and Nhe3 were further increased as well. The 

differentiation towards the absorptive lineage showed similar results for the proliferative 

markers with a further reduction of Lgr5 and Ki67 expression to 0.07-fold and to 0.07-fold 

respectively. Dra and Nhe3 expression was 11- and 4-fold increased upon Wnt3a-withdrawal 

respectively. However, iAlp expression did not change. 

Table 5.1: Summary of fold change gene expression of Lgr5-EGFP colonoids upon 

secretory (DS) or absorptive (DA) lineage differentiation shown as fold change.  

Data for the differentiation with 25% L-WRN-conditioned medium or withdrawal of Wnt3a is 

shown in fold change compared with colonoids of the undifferentiated state. Values are 

shown as mean ± SEM. 

 

  

 DS DA 

 +25% L-WRN -Wnt3a +25% L-WRN -Wnt3a 

Lgr5 0.11 ± 0.05 0.03 ± 0.01 0.41 ± 0.22 0.07 ± 0.01 

Ki67 0.33 ± 0.2 0.036 ± 0.01 0.45 ± 0.23 0.073 ± 0.01 

Chga 21.81 ± 2.08 10.39 ± 2.11 6.19 ± 0.75 3.85 ± 1.25 

Tff3 19.3 ± 2.49 17.16 ± 2.25 6.25 ± 0.91 6.13 ± 1.53 

Muc2 29.0  ± 7.62 26.09 ± 5.47 6.65  ± 1.88 4.55 ± 0.93 

iAlp 2.48 ± 0.65 7.62 ± 1.04 5.69 ± 1.20 5.93 ± 0.54 

Dra 2.88 ± 0.88 12.42 ± 2.63 5.10 ± 1.10 10.78 ± 2.07 

Nhe3 1.51 ± 0.30 7.37 ± 1.53 1.49 ± 0.30 3.63 ± 0.85 
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Secretory marker expression similar to tissue levels upon secretory lineage 

differentiation 

The comparison to the native tissue showed that proliferative markers were significantly 

higher expressed in the colonoids of the undifferentiated state which was reverted upon 

differentiation when expression levels of the colonoids dropped below tissue levels 

(Fig. 5.10). Differentiation towards the secretory lineage showed similar expression levels for 

Chga and Muc2 as seen in the native tissue whereas Tff3was markedly higher. iAlp expression 

was also comparable to tissue levels. Dra and Nhe3 however were significantly lower 

expressed in vitro than in vivo. 

Figure 5.10: Gene expression profile of Lgr5-EGFP colonoids in the undifferentiated 

state and upon differentiation (-Wnt3a) compared to tissue expression levels. 

The expression of proliferative markers was significantly increased in the undifferentiated 

(UD) compared to the native tissue (TIS) and all differentiation markers are significantly 

lower expressed. Upon differentiation towards the secretory lineage (DS), the secretory 

marker genes Muc2 and Chga reached levels of tissue expression whereas Tff3 was 

significantly higher expressed. Colonoids of the absorptive lineage (DA) had significantly 

lower levels of Muc2 and Chga. iAlp expression reaches levels of the native tissue in both 

differentiation states. The differentiation markers Dra and Nhe3 were significantly lower 

expressed in all colonoids than in the native tissue. Values are shown as mean ±SEM and 

were compared with the tissue expression by a two-way ANOVA with Šidák correction. 
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Histologically and immunohistochemically stained colonoid sections were used to confirm the 

results at the protein level. AB-PAS and MUC2 staining showed the complete absence of 

goblet cells in undifferentiated colonoids (Fig. 5.11A). Colonoids differentiated towards 

secretory lineage were positively stained for mucus (Fig. 5.11B) whereas colonoids 

differentiated towards the absorptive cell lineage showed only minor AB-PAS and MUC2 

staining (Fig. 5.11C). NHE3 was present in the both lineage differentiated colonoids. Lgr5-

EGFP and KI67 were only detectable in the undifferentiated state (Fig. 5.11A-C). 
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Successful differentiation towards secretory or absorptive lineage starting 

from undifferentiated colonoids 

These data sets show that a specific-lineage differentiation is more successful upon Wnt3a 

withdrawal. Furthermore, it is possible to direct the differentiation of undifferentiated 

colonoids towards the secretory lineage with significantly distinguishable expression levels 

and protein abundance of secretory markers from the undifferentiated and absorptive lineage 

differentiated colonoids with expression levels similar to the native tissue. Differentiation 

towards the absorptive lineage showed a significant change in the gene expression profile and 

protein abundance compared with undifferentiated colonoids. The absorptive lineage 

differentiated colonoids were distinguishable from the secretory lineage differentiated 

colonoids by secretory marker genes. In addition, the expression levels of absorptive markers 

did not reach levels of the native tissue upon differentiation. 

Overall, this established model with colonoids of an undifferentiated state that can be directed 

in the differentiation towards either secretory or absorptive lineage commitment are a 

powerful tool to study ion transport physiology-related questions. It can be used to unravel the 

expression profile of ion transporter proteins in different cell types and help to understand the 

regulatory roles they might play in cell proliferation and differentiation. 

  

Figure 5.11: Staining of Lgr5-EGFP colonoids in different states of differentiation. 

A: Undifferentiated colonoids were positive for LGR5-EGFP and KI67, had no mucus 

producing cells (negative for AB-PAS and MUC2) and no NHE3 abundance. B: Secretory 

lineage differentiated colonoids were negative for LGR5-EGFP and KI67, but were stained 

positively by AB-PAS, MUC2 and NHE3 abundance. C: Absorptive lineage differentiated 

colonoids were negative for LGR5-EGFP and KI67, showed some NHE3 abundance, but no 

mucus producing cells. Scale bar 50 µm. 
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5.4. Directed differentiation to study the role of NHE2  

One ion transport protein of interest in our lab is NHE2. Not much is known about the role of 

NHE2, but recent experiments suggest that it might play a role in regulating cell fate decisions 

during the transition from undifferentiated to differentiated state possibly via regulation of pHi 

(unpublished data). 

The here established colonoid model serves as a good tool to assess Nhe2 expression and 

function in undifferentiated, secretory and absorptive lineage differentiated cell populations 

and in the transition from undifferentiated towards differentiated state. 

Actin as stable housekeeping gene throughout differentiation 

To compare expression levels of different differentiation states, it is important to have a 

robust housekeeping gene. Cells during differentiation face severe changes in their gene 

expression profile as they transit from a proliferative to a differentiated state. These changes 

might also influence housekeeping gene expression. Thus, the influence of differentiation on 

various housekeeping genes was checked.  

Rps9 encodes for a ribosomal protein and is one of the established housekeeping genes. 

However, Rps9 expression changed significantly upon differentiation (Fig. 5.12). Gapdh 

encodes for a protein important for glycolysis and is a widely used housekeeping gen. Its 

expression seemed to be more stable than Rps9 with only a significant difference between the 

undifferentiated compared the absorptive lineage differentiated state. The expression of Actin, 

encoding for a cytoskeletal protein, was the most stable gene with no significant differences. 

Conclusively, Actin was used as the housekeeping gene for the assessment of the gene 

expression profile of the Nhe2
-/-

 colonoids. No significant difference was seen in the 

housekeeping gene expression between the two genotypes (data not shown). The 

housekeeping gene for the Lgr5-EGFP data was also adapted as shown already above. 
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Expression data of colonoids from technical and biological replicates as 

pooled data set 

Since the organoid model was only recently established, little is known about the variability 

of the gene expression between different experiments and between colonoid lines derived 

from different genotypically identical mice. Thus, the variabilities were assessed before the 

data of different experiments and derived from different mice could be pooled.  

The differences of gene expression of all markers were analysed. Therefore, the results were 

grouped in two different ways. At first, the results were grouped according to the experiment 

(nexp= 2; each experiment consisted of two technical replicates from three different mice for 

each genotype) and analysed using nested t-tests. In addition, the results were grouped 

according to the mouse of origin (nmice= 3; for each mouse two individual experiments with 

two technical replicates were performed) and were compared using nested one-way ANOVA. 

Figure A.2 shows the experimental set-up. Both analyses compared the means of the groups. 

Figure 5.13 shows the resulting p-values of each test. The dotted line represents the 

significance level of p ≤ 0.05. Mean values with the confidence interval can be found in the 

supplementary figures A.3-A.5. 

Figure 5.12: Stability of housekeeping gene expression of Wt and Nhe2
-/-

 colonoids upon 

differentiation.  

Rps9 and Gapdh expression was dependent on the state of differentiation whereas Actin 

expression was stable in all three states. Ct values are shown as mean ± SEM to compare the 

expression at different states of differentiation by a one-way ANOVA with Tukey’s test. 
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In the undifferentiated state, only Tff3 expression in Wt colonoids of different experiments is 

significantly different (Fig. 5.13A). In the colonoids differentiated towards the secretory 

lineage (Fig. 5.13B), Dra expression was significantly different in the Wt colonoids between 

different experiments and in-between different Nhe2
-/-

 colonoid lines. All other differences 

were only seen between different experiments. Chga and Cftr were significantly different 

between experiments in the Wt colonoids. Nkcc1 expression was significantly different 

dependent on the experiment for both genotypes. Upon differentiation towards the absorptive 

lineage (Fig. 5.13C), significant differences between experiments were seen for Nkcc1 (Wt) 

and Cftr (both genotypes) and between different colonoid lines for Nhe2 (Wt), Muc2 and 

Chga (Nhe2
-/-

). 

Figure 5.13: Variability of gene expression between different experiments and different 

mice in the three differentiation states.  

For the analyses, the results were grouped according to the experiment (nexp= 2; each 

experiment consisted of two technical replicates from three different mice for each genotype) 

and analysed using nested t-test. Or, the results were grouped according to the mouse of origin 

(nmice= 3; for each mouse two individual experiments with two technical replicates were 

performed) and were compared using nested one-way ANOVA. Both analyses compared the 

means of the groups. The p-values are shown to visualise the results. The dotted line 

represents the significance level of p < 0.05. Mostly, only genes with low expression levels 

show a significant difference. A: Undifferentiated colonoids showed no significant difference 

for any proliferation-related gene. B: Differentiation towards the secretory lineage showed a 

significant difference for the highly expressed genes Chga and Dra. C: In the differentiation 

towards the absorptive lineage the only highly expressed and significantly changed gene 

expression was seen in Nhe2.  
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Except for Chga and Dra in the secretory lineage differentiation and Nhe2 in the absorptive 

lineage differentiation, all significantly different genes are genes that are expressed at a low 

level in the specific state. The low expression levels could explain the significant variability. 

The observed differences should be kept in mind while comparing the expression levels of 

differentiated to the undifferentiated colonoids. Overall, some evidence pointed towards the 

possibility to pool the data from different experiments and different mice for each 

differentiation state to compare gene expression levels. Thus, the data were pooled for the 

following analyses. 

Reduced proliferative potential in the undifferentiated state of Nhe2
-/-

 

colonoids 

Colonoids were generated from the mid colon of Wt and Nhe2
-/-

 mice. Genotyping of the 

colonoids confirmed the lack of Nhe2 in Nhe2
-/-

 colonoids (Fig. A.5).  

The colonoids of both genotypes were maintained in an undifferentiated state and their gene 

expression profile was analysed. There were no significant differences between Wt and Nhe2-/- 

colonoids for proliferative or absorptive cell markers (Fig. 5.14). The only significant 

difference was seen in a reduction of the secretory markers Chga and Tff3 in Nhe2
-/-

 

colonoids. 
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Staining of colonoid sections confirmed the undifferentiated state by the presence of KI67 and 

absence of mucus and NHE3 in Wt (Fig. 5.15A) and Nhe2
-/-

 colonoids (Fig. 5.15B). The 

colonoids were highly proliferative as shown by EdU staining (Fig. 5.15). Interestingly, 

Nhe2
-/-

 colonoids showed a lower proliferative potential compared with the Wt colonoids 

indicated by a reduced ratio of either Ki67
+
 or EdU

+
 cells to the total cell number per colonoid 

(Fig. A.6). 

Figure 5.14: Gene expression profile of Wt and Nhe2
-/-

 colonoids in an undifferentiated 

state. 

No significant differences in gene expression were seen between the two genotypes except for 

the expression of Chga and Tff3 which was significantly reduced in Nhe2
-/- 

colonoids. Values 

are shown as mean ±SEM and were compared to the Wt by unpaired t-test. 
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Figure 5.15: Staining of sectioned Wt and Nhe2
-/-

 colonoids maintained in an 

undifferentiated state.  

A: Wt colonoids were only stained positively for KI67 and EdU. B: Nhe2
-/- 

colonoids were 

also positive for KI67 and EdU with a reduced number of proliferative cells. Colonoids were 

incubated for 18 h with EdU prior to fixation. MUC2 and NHE3 were undetectable in both 

genotypes. Scale bar 50 µm. 
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Decreased secretory potential in Nhe2
-/-

 colonoids upon differentiation 

towards the secretory lineage 

The colonoids were differentiated towards the secretory lineage and their expression profile 

was assessed. Also here, there was no significant difference in gene expression except for a 

significantly decreased Tff3 expression and significantly increased Nbce1 expression in 

Nhe2-/- colonoids (Fig. 5.16). 

Figure 5.16: Expression profile of Wt and Nhe2
-/-

 colonoid upon differentiation towards 

the secretory lineage.  

No significant differences in gene expression were seen between the two genotypes except for 

the expression of Tff3 which was significantly reduced and of Nbce1 which was significantly 

increased in Nhe2
-/- 

colonoids. Values are shown as mean ± SEM and were compared to Wt 

colonoids by unpaired t-test. 
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The state of differentiation was confirmed by histological and immunohistochemical staining. 

KI67 was completely absent and no proliferation was detected by EdU (Fig. 5.17). Both, Wt 

and Nhe2
-/-

 colonoids had some NHE3 positive cells. AB-PAS and MUC2 staining was 

positive and showed a weaker staining in case of Nhe2
-/-

 colonoids supporting the trend of a 

lowered Muc2 and a decreased Tff3 expression. 

Figure 5.17: Staining of sectioned Wt and Nhe2
-/-

 colonoids differentiated towards the 

secretory lineage.  

A: Wt colonoids were positively stained for AB-PAS, MUC2 and NHE3. B: Nhe2
-/- 

colonoids 

were also stained positive for AB-PAS, MUC2 and NHE3 with a tendency of reduced mucus 

abundance. Colonoids were incubated for 18 h with EdU prior to fixation. KI67 and EdU 

were undetectable in both genotypes. Scale bar 50 µm. 
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Distinct expression profile of Nhe2
-/-

 colonoids upon differentiation towards 

the absorptive lineage 

Most differences between Wt and Nhe2
-/-

 colonoids were observed upon differentiation 

towards the absorptive lineage. The expression of Lgr5, Ki67, Cftr and Nhe1 was significantly 

decreased in Nhe2
-/-

 colonoids (Fig. 5.18). In addition, the secretory markers Chga, Tff3 and 

Muc2 were also significantly decreased along with Nbcn1 and Dra. Only Nkcc1, iAlp and 

Figure 5.18: Expression profile of Wt and Nhe2
-/-

 colonoids upon differentiation towards 

the absorptive lineage.  

The expression of Lgr5, Ki67, Cftr, Nhe1, Chga, Tff3, Muc2, Nbcn1 and Dra was 

significantly decreased in Nhe2
-/- 

colonoids. No significant differences were seen for other 

gene expressions. Values are shown as mean ±SEM and were compared to Wt colonoids by 

unpaired t-test. 
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Nhe3 were expressed at a similar level, but showed a trend towards a lower expression upon 

Nhe2 knock-out. 

Figure 5.19 shows the staining of absorptive lineage differentiated colonoids. KI67 was 

completely absent, but some residual proliferation was detected by EdU. NHE3 was not 

detectable neither in Wt nor Nhe2
-/-

 colonoids. Little amount of mucus could be detected with 

AB-PAS and MUC2 staining. 

Figure 5.19: Staining of Wt and Nhe2
-/-

 colonoids differentiated towards the absorptive 

lineage.  

A: Wt colonoids showed residual staining for MUC2 and EdU. B: Nhe2
-/- 

colonoids showed 

just weak staining for MUC2 and EdU. KI67 and NHE3 were undetectable in both genotypes. 

Colonoids were incubated for 18 h with EdU before fixation. Scale bar 50 µm. 
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Since the expression levels in the undifferentiated state were different between the Wt and 

Nhe2
-/-

 colonoids, the fold change calculated as 2
-ΔΔCt

 in relation to the undifferentiated state, 

did not allow the comparison between both genotypes. Therefore another approach was 

chosen where each state was analysed separately (Fig.  5.14, 5.16 and 5.18). Figure 5.20 

shows a visualisation of all three states in one plot to make the changes upon differentiation 

easily accessible. Comparing Wt and Nhe2
-/-

 colonoids over all the differentiation states 

showed that there were just few significant differences between Wt and Nhe2
-/-

 colonoids. 

Nhe2
-/-

 colonoids showed a lower expression of secretory cell markers (Chga, Tff3 and Muc2) 

already in the undifferentiated state which was maintained upon differentiation and was also 

seen at the protein level in case of MUC2. The only ion transporter that was significantly 

differently expressed in the secretory lineage was the ion transporter Nbce1 which was 

increased in Nhe2
-/-

 colonoids. Upon differentiation towards the absorptive lineage the 

expression of Cftr, Nhe1, Nbcn1 and Dra was significantly decreased in Nhe2
-/-

 colonoids.  
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Increase of Nhe2 expression upon differentiation 

The Wt colonoids were considered separately to assess Nhe2 expression upon differentiation. 

Figure 5.21 shows that Nhe2 expression was significantly increased 2-fold upon 

differentiation, with no significant difference between both lineages.  

Figure 5.20: Overview of the expression profile of Wt and Nhe2
-/-

 colonoids in 

differentiation. 

The expression levels of undifferentiated Wt (grey) and Nhe2
-/-

 (green) colonoids (UD) is 

shown in the middle and serves as the starting point for the differentiation towards either 

secretory lineage (DS, left) or absorptive lineage (DA, right). Values shown are mean ± SEM 

comparing Nhe2
-/-

 colonoids to Wt for each different gene and differentiation state separately 

by unpaired t-test (see Fig. 15, 17 and 21). This figure serves as a summary of all the 

individual plots. 
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Ion transporter expression profile in differentiation 

Since little is known about the ion transporter expression profile in undifferentiated and 

lineage differentiated murine colonoids, the acquired data from the Wt colonoids were used to 

analyse differentiation-dependent changes (Fig. 5.22). Cftr expression was significantly 

reduced 0.01-fold in the case of secretory and 0.31-fold upon absorptive lineage 

differentiation. A similar trend was seen for Nbce1 and Nkcc1 expression with a 0.06- and 

0.17-fold (secretory lineage) or 0.23- and 0.30-fold (absorptive) decrease. Nbcn1 expression 

was only significantly decreased (0.38-fold) upon differentiation towards the secretory 

lineage. Nhe1 and Nhe8 were the two sodium hydrogen exchangers that were 0.3-0.4-fold and 

0.3-0.5-fold lower expressed upon differentiation whereas Nhe3 expression was not changed. 

Apart from Nhe2, Dra was the only other ion transporter that was significantly increased upon 

differentiation by 2.4-fold in both lineages. 

  

Figure 5.21: Nhe2 expression in differentiation of mid colon derived organoids.  

A: Expression level in different differentiation states. B: Two-fold fold change of Nhe2 

expression compared with the undifferentiated state is shown as 2
-ΔΔCt

. Values are presented 

as mean ±SEM and were compared by one-way ANOVA with Tukey’s test (A) or one-sample 

t-test with Bonferroni correction (B). 
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5.5. Functional analysis 

Dependency of CFTR activity on the differentiation state 

The Forskolin-induced swelling (FIS) assay can be used to study the activity and function of 

ion transporters
76,91

. CFTR is stimulated by Forskolin and induces swelling of the colonoid by 

fluid secretion into the lumen. For the functional assessment of CFTR, colonoids of the three 

differentiation states were assessed. 

The induced swelling of undifferentiated colonoids of both genotypes could be inhibited using 

CftrInh-172 (Fig. 5.23A). No significant difference of swelling between Wt and Nhe2
-/-

 

colonoids was present. However, a trend towards more swelling independent of the 

stimulation and/or inhibition of CFTR was seen, indicated by a similar increase in all groups 

for the Nhe2
-/-

 colonoids (Fig. 5.23A, B).  

Figure 5.22: Ion transporter expression profile upon differentiation in Wt colonoids 

shown as fold change. 

The assessment of ion transporter expression showed a differentiation-dependent change. Cftr 

is highest expressed in the undifferentiated state and lowest upon secretory differentiation 

(DS). Same was true for Nbce1, Nbcn1, Nhe1, Nhe8 and Nkcc1 with different levels of 

significance. Dra was upregulated upon differentiation towards both lineages whereas Nhe3 

expression was unchanged. Values are shown as mean ±SEM and were compared to the 

undifferentiated state by a one-sample t-test with Bonferroni correction. 
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Upon differentiation towards either lineage the swelling potential upon CFTR stimulation was 

lost as seen by an absent swelling and lack of CFTR inhibition by CftrInh-172 (Fig. 5.23C, D). 

This absence of function reflects the reduced Cftr expression (Fig. 5.20). Also, there was no 

overall trend for a difference between Wt and Nhe2
-/-

 as seen in the undifferentiated state.  

Figure 5.23: FIS assay of Wt and Nhe2
-/-

 colonoids in different states of differentiation. 

A: Undifferentiated colonoids showed swelling upon Forskolin/IBMX stimulation that could 

be inhibited by Cftrinh-172. B: The difference between the Wt and Nhe2
-/-

 was maintained also 

in the control with either DMSO or only calcein green dye. C: Colonoids differentiated 

towards the secretory lineage showed almost no swelling and Cftrinh-172 showed no effect. D: 

Colonoids differentiated towards the absorptive lineage show almost no swelling and Cftrinh-

172 showed no effect.  

Results for Wt and Nhe2
-/-

 colonoids are depicted in grey and green respectively. AUC for 

each condition was determined at 60 min after Forskolin stimulation from the baseline 

(swelling at 0 min). A two-way ANOVA with Šidák correction was performed comparing 

genotypes (#) or different conditions in one genotype (*). 
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5.6. Establishment of a 2D colonoid monolayer model 

The last aim of the thesis was to establish a 2D, monolayer culture of colonoids grown on a 

permeable support with a defined state of differentiation. Until today, there is no robust 

protocol for the generation of undifferentiated and lineage-specific differentiated murine, 

colonoid monolayers derived from 3D cultures. However, it is of high importance to generate 

2D colonoid cultures to easily access the luminal membrane, and thus be able to study NHE2 

function in detail.  

Maintenance of Wt and Nhe2
-/-

 3D colonoids expression profile in 2D culture 

A protocol for the generation of the 2D monolayer culture was established in our lab and the 

gene expression profile of undifferentiated Wt and Nhe2
-/- 

colonoids was analysed to assess if 

the Nhe2
-/- 

specific phenotype was maintained in the 2D setting. The overall trend of the gene 

expression profile was maintained with no significant differences in the expression of Lgr5, 

Ki67, Nkcc1 and Nbcn1 (Fig. 5.24). Also here, Chga and Tff3 expression was significantly 

decreased in Nhe2
-/- 

colonoid monolayers. The only difference was seen in the expression of 

Cftr. It was significantly decreased in the Nhe2
-/- 

monolayer in contrast to only an observable 

trend in the 3D set-up.  
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Expression profile dependent on pore size of the permeable support  

To perform functional analysis, permeable supports with a bigger pore size of 3.0 µm needed 

to be used. Unfortunately, the cell population that mainly consisted out of proliferating cells 

did not grow in a similar fashion on the 3.0 µm compared with the 0.4 µm pore size 

permeable supports. The difference was evident by a slower resistance build-up that resulted 

in much higher final resistance values (data not shown).  

To assess if the pore size also influenced the gene expression profile several marker genes 

were analysed and showed a dramatic decrease of Lgr5 and Ki67 along with Cftr and 

Tmem16a expression on the 3.0 µm pore size permeable supports (Fig. 5.25). Nhe2 

expression was also significantly reduced. Furthermore, the expression of Tmem16a and of 

Cldn4, a marker gene for wound-associated epithelial cells
84

, was significantly increased. 

Figure 5.24: Expression profile of undifferentiated Wt and Nhe2
-/-

 colonoids grown on a 

permeable support with 0.4 µm pore size.  

The difference in gene expression between Wt and Nhe2
-/-

 was similar as seen in the 3D 

colonoids with only a significant decrease in the secretory markers Chga and Tff3. On the 

permeable support Cftr was decreased in Nhe2
-/-

 colonoids. Values are shown as mean ±SEM 

and were compared to Wt colonoids by unpaired t-test. 
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These results indicated that the cells grown in 2D changed their phenotype dependent on the 

pore size of the permeable support. 

Altered functional activity of colonoid monolayer dependent on pore size 

The assessment of resistance and ion transport activity by Ussing chamber showed the 

significant difference between both types of permeable supports (Fig.  5.26). Colonoids grown 

on the 3.0 µm pore size permeable support showed a significantly higher resistance 

Figure 5.25: Expression profile of undifferentiated Wt colonoids grown on permeable 

supports with either 0.4 µm or 3.0 µm pore size. 

Colonoids grown on the 3.0 µm pore size permeable supports showed a significant decreased 

of the expression of the proliferative markers along with a decrease in Cftr and Nhe2 

expression. The expression of the ion transporter Tmem16a was significantly increased along 

with that of Cldn4. Values are shown as mean ±SEM and were compared by unpaired t-test. 
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(Fig. 5.26A), but had almost no functional activity of CFTR stimulated by Fsk (Fig. 5.26B, C) 

or TMEM16a stimulated by UTP (Fig. 5.26 B, D). 

  

Figure 5.26: Functional analysis of Wt colonoids grown on 0.4 µm or 3.0 µm permeable 

supports in an undifferentiated state by Ussing chamber.  

A: The resistance of the colonoid grown on different permeable support showed a significant 

difference between 0.4 µm and 3.0 µm pore size. B: Ion transporter stimulation with 

Forskolin and UTP also showed a significant difference. C: The ion transport activity 

measured by the short-circuit current difference before and after Forskolin stimulation 

showed significantly higher values for colonoids grown on the 0.4 µm pore size permeable 

supports. D: The ion transport activity measured by the short-circuit current difference before 

and after UTP stimulation showed significantly higher values for colonoids grown on the 0.4 

µm pore size permeable supports. Values are shown as mean ± SEM and were compared by 

unpaired t-test. 
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Absence of differentiation potential of colonoids grown on bigger pore size 

permeable supports 

The initial aim was to induce the lineage-specific differentiation in a similar manner as 

established in the 3D colonoids. The differentiation potential was assessed by gene expression 

analyses. Comparing colonoids grown on the two different types of permeable supports, it 

became clear that on the supports with 3.0 µm pore size a differentiation with a similar 

increase of differentiation markers as for the 0.4 µm was not possible (Fig. 5.27 and A.7). The 

expression levels of Tff3, Nhe2, iAlp and Dra did not increase to a similar level and the only 

obvious change was the increase of Tmem16a expression upon differentiation. In some cases, 

it was not even possible to detect any gene expression for the cells grown on the 3.0 µm pore 

size permeable supports. 



5. Results 

74 

Loss of proliferative potential in undifferentiated colonoids on 3.0 µm pore 

size permeable supports 

To understand why the cells behave differently on the different permeable supports, their 

phenotype was assessed by staining. In general, the cells had a similar phenotype (Fig. 5.28A 

and B) as shown with HE staining. Surprisingly, almost no filter coating was detectable with 

the Picro Sirius Red staining detecting collagens. The staining for KI67 and the tight-junction 

Figure 5.27: Overview of the expression profile of undifferentiated and differentiated Wt 

colonoids grown on permeable supports with either 0.4 µm or 3.0 µm pore size.  

Colonoids on 3.0 µm permeable supports (square, dark grey) were not able to differentiate in 

a similar fashion as colonoids grown on 0.4 µm pore size permeable supports (circle, light 

grey). Values are shown as mean ±SEM and unpaired t-tests were performed for each 

differentiation state separately. Data for each differentiation state can be found in the 

supplementary data. This figure serves as a summary of all the individual plots of Fig. A.7. 
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protein occludin (OCLN) was only positive for cells grown on the 0.4 µm pore size supports. 

Same was true for the detection of active proliferation by EdU staining (18 h prior fixation). 

Figure 5.28: Staining of sections from undifferentiated Wt colonoids grown in 2D on 

permeable supports.  

A: Colonoids grown on 0.4 µm pore size permeable supports are positive for KI67, EdU and 

occluding (OCLN). B: Colonoids grown on 3.0 µm pore size permeable supports showed no 

positive staining for KI67, EdU or OCLN. Cells are present on both supports (HE) with 

almost no residual ECM or coating (PSR). Scale bar 50 µm. 
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Transmigration of cells through bigger pores of permeable supports and 

altered phenotype  

Staining of the actin filament revealed that only monolayers grown on 0.4 µm pore size 

membranes had a luminal membrane highly positive for actin indicating the presence of 

microvilli (Fig.  5.29A and A.8A). On the permeable supports with 3.0 µm pores the cells did 

not show this highly positive staining and in addition it seemed that the cells were growing 

through the pores as seen in the XZ- and YZ-view with actin lining the pore walls (Fig. 5.29B 

and Fig. A.8B). 

Taking all the results together, it clearly shows that there was a significant difference between 

the growth and differentiation capacity of the colonoids derived from undifferentiated cells 

grown on the two different pore size permeable supports making it impossible to perform 

functional analyses. 

Figure 5.29: Staining of undifferentiated Wt colonoids grown in 2D on permeable 

supports.  

A: Colonoids grown on 0.4 µm pore size permeable supports were strongly positive for 

phalloidin on the apical surface. B: Colonoids grown on 3.0 µm pore size permeable supports 

show only weak phalloidin staining at the apical membrane. Phalloidin was detected inside 

the filter where it stained cells transmigrating through the pores. Green arrows indicate the 

presence of microvilli (A) and cells growing through the pores (B). Phalloidin is shown in 

magenta and Hoechst 33342 in cyan. Scale bar 50 µm. 



6. Discussion 

77 

6. Discussion 

6.1. Establishment of a colonoid model with defined 

differentiation state 

Organoids are a new tool in intestinal research that overcomes limitations of cancer cell-based 

cultures. Intestinal organoids can consist of all different cell types of the intestinal epithelium 

and are able to recapitulate epithelial cell function
39

. In contrast to in vivo and ex vivo studies 

on the intestine, organoids offer the possibility to control and direct differentiation
41

. These 

features render the organoids as a model to study differentiation dependency of ion 

transporters. 

Generation of undifferentiated colonoids 

Even though many research groups use organoids to study various questions, there is still a 

lack of a standardised protocol to generate murine colonoids consisting of mostly 

undifferentiated cells. Thus, in the initial phase of this project, the aim was to analyse the 

differentiation state of colonoids generated by published protocols
41,51,83

. 

Phenotypical assessment showed a clear difference of the colonoids maintained in the two 

different media M and UD. The formation of budding structures that harbour stem cells at 

their base and are surrounded by domains of differentiated cells
11

 were only seen in colonoids 

of medium M and were completely absent in medium UD (Fig. 5.1C and 5.2). Gene 

expression analyses showed surprisingly no significant difference of the two proliferative 

markers Lgr5 and Ki67 (Fig. 5.3). Staining however showed the presence of KI67 only in 

colonoids maintained in medium UD (Fig. 5.4). In addition, these colonoids had a 

significantly lower expression of all analysed differentiation markers and were stained 

negatively for mucins. The presence of Lgr5
+
 cells was later confirmed using colonoids 

derived from Lgr5-EGFP mice (Fig. 5.11A). 
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Medium UD contained CHIR99021 and valproic acid, two factors that were reported to enrich 

stem cells in intestinal organoids
41,92

. CHIR99021 stimulates Wnt signalling by the inhibition 

of β-catenin degradation
11

 whereas valproic acid stimulates Notch signalling and therewith 

inhibits secretory differentiation
41

. One possible factor why colonoids maintained in 

medium M were more differentiated could be a low activity of Wnt3a provided by the L-

WRN-conditioned medium. However, the high expression of Lgr5 in medium M suggests that 

the seen differentiation was rather caused by an inefficient suppression of differentiation. This 

might be due to a lack of Notch stimulation since the differentiation marker expression 

decreased with the addition of CHIR99021 and valproic acid. It would be interesting to 

elucidate if the crypt base goblet cell population was increased in medium UD compared to 

medium M as seen by Sasaki et al. upon addition of CHIR99021
31

. However, it falls outside 

the scope of this thesis to study the underlying mechanisms. 

Establishment of a lineage-differentiated culture 

After the successful generation of an undifferentiated colonoid culture, the idea was to use it 

as a homogenous and reproducible starting point to initiate lineage differentiation. Only few 

publications feature a lineage differentiation of intestinal organoids
41,42,84,93

 and none of which 

uses undifferentiated murine 3D colonoids. Yin et al.
41

 suggested that a lineage differentiation 

might be possible by withdrawal of CHIR99021 (and valproic acid) and addition of the Wnt-

secretion inhibitor IWP-2 and either DAPT or valproic acid, but did not show any supporting 

results. DAPT as Notch pathway inhibitor hinders γ-secretase to release the NICD domain. It 

in turn leads to the expression of Math1, which stimulates the secretory cell fate decision
22

. 

Both, undifferentiated and absorptive cells rely on Notch stimulation e.g. via valproic acid. 

The stimulation leads to the expression of Hes1 which transcriptionally represses Math1 and 

the secretory cell fate decision
23

.  



6. Discussion 

79 

To see if a lineage-specific differentiation could be induced using described factors in the 

undifferentiated colonoid cultures, it was necessary to perform several pilot experiments. The 

outcome showed that it was essential to reduce L-WRN-conditioned medium concentration to 

reduce the subpopulation of proliferative cells and increase differentiation marker gene 

expression (Fig. 5.5). The increase of secretory cell marker genes and the presence of mucus 

by AB-PAS staining showed the success in establishing a colonoid culture differentiated 

towards the secretory lineage (Fig. 5.6). The protocol for the generation of absorptive lineage 

differentiation needed further modifications to increase absorptive cell marker gene 

expression. Specifically the addition of an Ep4-inhibitor in combination with IWP-2 showed a 

promising trend towards the highest iAlp, Dra and Nhe3 expression of all tested media 

(Fig. 5.7). The Ep4-inhibitor alone was used in a recent publication to stimulate enterocyte 

differentiation by inhibiting the receptor for PGE2
84

. PGE2 stimulates proliferation and might 

inhibit a full absorptive lineage differentiation
94

. It is partly produced by epithelial cells 

themselves, and thus might be present even in the colonoid culture
95

. 

Overall, the results indicated that a lineage differentiation starting from the undifferentiated 

colonoids was possible with a clear decrease of proliferative markers along with an increase 

of differentiation markers. Gene expression and staining showed three distinguishable cultures 

of undifferentiated, secretory and absorptive lineage. However, the proliferative potential 

using 25% L-WRN-conditioned medium was still high and it was not clear if the Lgr5
+
 cell 

population was diminished. Due to the lack of an antibody against murine LGR5 it was 

beneficial to have the possibility to switch to colonoids derived from the Lgr5-EGFP mouse 

line at this point of the project. 

Model confirmation using Lgr5-EGFP colonoids 

After successfully reproducing the gene expression results of the differentiation protocol with 

reduced L-WRN-conditioned medium in Lgr5-EGFP colonoids, it became clear that it was 
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necessary to withdraw Wnt3a to reduce the proliferative cell population. Wnt3a withdrawal in 

addition to the described inhibitors could further decrease the expression of Lgr5 (0.03- to 

0.07-fold) and Ki67 (0.04- to 0.07-fold) in both lineage differentiations. Secretory marker 

gene expression was not further increased, only Chga expression was slightly decreased upon 

Wnt3a withdrawal. Compared to the undifferentiated state, Muc2 expression was 29-fold 

higher, Tff3 17-fold and Chga 10-fold upon differentiation towards the secretory lineage. In 

the case of absorptive lineage differentiation, only a small increase was detectable. However, 

markers of the absorptive lineage were further increased in both lineage differentiation 

protocols. Wnt3a withdrawal led to a 6-fold, 11-fold and 4-fold increase of iAlp, Dra and 

Nhe3 expression in the colonoids differentiated towards the absorptive lineage (Fig. 5.8).  

The few reports found on directed differentiation state a significant decrease of Lgr5 and Ki67 

expression compared with undifferentiated organoids along with a significant increase of 

Muc2 and Chga expression in murine small intestinal organoids differentiated towards the 

secretory lineage
42,44

. In human small intestinal organoid cultures differentiated towards a 

mixed phenotype (secretory and absorptive cells) an increased expression of Dra and Nhe3 of 

20- to 40- and up to 3-fold respectively was reported
51,96

. These studies point towards similar 

changes as seen in this project. 

In addition, the comparison to the mid colon tissue showed similar expression levels for 

secretory markers upon secretory lineage differentiation (Fig. 5.10). Only Tff3 was 

significantly higher expressed in the colonoids than in the tissue and might indicate the high 

abundance of early differentiated goblet cells
97

. iAlp was the only absorptive marker that 

reached similar expression levels as seen in vivo. Dra and Nhe3 expression was significantly 

lower in the differentiated colonoids. However, the tissue samples showed high variability 

especially in the expression of these two last markers. Of note, Lgr5 and Ki67 were 

significantly higher expressed in the undifferentiated colonoids and reduced below tissue 
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levels upon differentiation. This increased expression indicates the enrichment of stem and 

proliferative cells in the undifferentiated colonoid culture and their loss upon differentiation.  

Staining of the colonoids supported the gene expression results. Lgr5-EGFP and KI67 were 

only detectable in undifferentiated cultures whereas NHE3 was only seen upon differentiation 

(Fig. 5.11). AB-PAS and MUC2 staining confirmed the successful differentiation towards the 

secretory lineage and was hardly present in the absorptive lineage differentiated colonoids. 

Future studies should further refine the differentiation protocol towards the absorptive lineage 

to reach expression levels as seen in vivo. In addition, it is necessary to confirm the results 

obtained by gene expression analyses at the protein level. Furthermore, it would be beneficial 

to use microarrays or RNA sequencing to overcome the limitations of real-time PCR. 

Proteome sequencing or flow cytometry could help to compare protein levels between 

colonoids of various differentiation states to protein levels of the tissue of origin, thus 

bypassing the need of validated immunohistochemistry antibodies and would enable protein 

quantification. 

Overall, the results showed a successful establishment of undifferentiated murine colonoids 

that could be lineage differentiated towards either secretory or absorptive lineage with the 

stated limitations (Fig. 6.1).  
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Reliability of the model system 

Even though the intestinal organoid model is widely used nowadays, only few publications 

address the variability of phenotypic traits of the organoids
73

. Also in my hands, this 

variability became evident even in the mostly homogenous undifferentiated and lineage 

differentiated cultures. To validate the colonoid model, it was necessary to see if data from 

different experiments and/or of different origin could be pooled. 

Most of the analysed gene expressions showed no significant difference dependent on 

experiment or colonoid origin (Fig. 5.13). The few affected genes were almost exclusively 

genes with low expression except for three genes, Chga, Dra and Nhe2 and these were not 

globally affected. As mentioned above, real-time PCR has its limitations. To be able to 

Figure 6.1: Schematic illustration of colonoids of the three differentiation states. 

Undifferentiated colonoids (UD) can be either maintained or differentiated towards the 

secretory (DS) or absorptive cell lineage (DA). Necessary conditions are indicated.  
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compare different samples the same primer dilution and cDNA concentration needs to be 

analysed. In the case of low cDNA availability for the gene of interest the occurrence of 

primer dimers is more likely. It can then lead to a higher measured expression value and 

might be one reason for the variance seen for genes expressed at low levels. 

Conclusively, these results point towards the possibility to pool data from different colonoid 

lines (derived from different mice) and from different experiments for this study. It was 

beyond the scope of this thesis to further investigate experimental variabilities of the colonoid 

system. However, future studies should elucidate the factors of the variability using more 

suitable approaches like sequencing to establish a highly standardised and reproducible 

organoid model. 

Another factor that needed to be addressed was the stability of the housekeeping gene 

expression upon differentiation. The cell undergoes massive changes once it switches from a 

proliferative to a differentiated state, which easily can influence the expression of 

housekeeping genes and therewith distort down-stream analyses. The three different 

housekeeping genes, Rps9, Gapdh and Actin were analysed (Fig. 5.12). Only the expression 

of the latter was stable independent of the differentiation state and was therefore used as the 

standard housekeeping gene. 

6.2. Ion transporter expression profile during differentiation 

The results above laid the foundation for the model to be used in a study determining the ion 

transporter expression profile of murine colonoids during differentiation. The study in Wt 

colonoids revealed a differentiation-dependent pattern of ion transporter expression (Fig. 5.22 

and 6.2).  

Cftr was expressed at high levels only in the undifferentiated, crypt like colonoids and was 

reduced 0.01- and 0.31-fold upon secretory and absorptive lineage differentiation 
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respectively. In addition, the FIS assay only showed high CFTR activity in colonoids of the 

undifferentiated state. It is opposite to reports of human small intestinal organoids that 

showed a differentiation-dependent increase of CFTR activity
91

. However, this different 

observation might indicate the various functions of CFTR in the different segments of the 

intestine. Nkcc1 (0.17- and 0.30-fold) showed an expression pattern similar to that of Cftr. 

Both reductions mimic the decrease along the crypt-surface axis seen for Cftr and Nkcc1 

described in vivo by Kunzelmann and Mall
52

.  

The acid extruders Nbcn1 and Nbce1 showed a similar pattern with a 0.38- and 0.06-fold (DS) 

or 0.76- and 0.23-fold (DA) reduction. NBCn1 was already reported to be located in the 

cryptal region. However, the suggestion of a mainly goblet cell association could not be 

supported by the gene expression results obtained in this study
56

. In contrast, not much is 

known about the localisation of the electrogenic isoform NBCe1. This work indicates that it 

might be highly expressed in undifferentiated cells.  

Dra and Nhe3 expression was expected to be increased upon differentiation since they are 

both known to be located on surface cells
55,57,91

. It held true for Dra with a 2.4-fold higher 

expression upon differentiation. Nhe3 however was not significantly increased upon 

differentiation. That could be explained by the jejunocolonic location of the crypt isolation. 

The analysed colonoids originated from crypts of the mid colon and Nhe3 is reported to be 

most abundant in the proximal colon with a decrease towards the anus in a reciprocal manner 

as Dra
55

. Another reason could be an incomplete differentiation towards the absorptive 

lineage or the lack of transcriptional activators like butyrate that is reported to stimulate Nhe3 

promotor activity
98

. 

Unexpectedly, Nhe1 was decreased upon differentiation even though it is reported to be 

uniformly expressed along the crypt-surface axis of rat colon
58

. However, Nhe1 is also 
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reported to play a role in proliferation and might be upregulated upon induction of an 

undifferentiated state
99

.  

Nhe2 was the only isoform of the analysed NHEs that showed an increased expression upon 

differentiation (Fig. 5.21). This increase goes in hand with our results of the functional assay 

where we saw no change of the pHi at the crypt base, but in the lower half of isolated Nhe2
-/-

 

crypts (unpublished data). 

Overall, the results suggest that in undifferentiated colonoids the expression of Cftr, Nbce1, 

Nbcn1, Nhe1, Nhe8 and Nkcc1 is high and decreases upon differentiation. The expression of 

Nhe3 was unaffected by the differentiation whereas Dra and Nhe2 expression increased. 

The only other report that discusses the expression of several ion transporters upon intestinal 

organoid differentiation states a similar decrease for Cftr in combination with an increase of 

Nhe2 and Dra expression, and also reports no change in Nhe3 expression
51

. Since these 

results were obtained in human duodenal organoids which were differentiated towards a 

mixed population, their results show an increase of the acid extruders Nhe1, Nbce1 and Nbcn1 

upon differentiation. This might be due to the fact that duodenal enterocytes need to 

compensate for the acidic luminal pH caused by gastric acid
100

. This compensation can be 

achieved by either H
+
 export via NHE1 or HCO3

-
 import via NBCe1 and NBCn1 that serve as 

supply for bicarbonate secretion by the highly expressed bicarbonate exchangers DRA and 

PAT1.  

In my project, the studied organoids originated from the mid colon. In this intestinal segment 

there is no need to compensate for such an acidic luminal pH and the main function is to 

absorb salt and water along with bicarbonate secretion
52

. Therefore, it is not surprising that 

Nhe1, Nbce1 and Nbcn1 expression was downregulated upon differentiation. The ion 

transporter profile obtained was only confirmed on expression level, thus an assessment at the 
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protein level and functional analyses are needed to make any further statement. Additional 

analyses could shed light on the absorptive and secretory function of each differentiation state 

and help to broaden our understanding of ion transport physiology. 

  

Figure 6.2: Graphical summary of the differentiation-dependent ion transporter 

expression. 

A: In the colonoids of the undifferentiated state gene expression analyses showed a high 

expression of Nkcc1, Nhe1, Nbcn1, Nbce1 and Cftr. B: Colonoids differentiated towards the 

secretory lineage showed a high expression of Nhe2 and Dra. C: Colonoids differentiated 

towards the secretory lineage showed a high expression of Dra, Nhe2 and Nbcn1. CFTR 

activity appeared to be highest in the undifferentiated state. Nhe3 expression was not 

significantly increased upon differentiation, but staining showed the presence of NHE3 in 

differentiated colonoids. 
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6.3. Role of NHE2 in differentiation 

After the assessment of the expression levels of several ion transporters during differentiation, 

the colonoid model was used to specifically study the role of NHE2. Not much is known 

about the function of this sodium/hydrogen exchanger even though it is the predominant 

isoform in the murine colonic crypt and also abundant in surface cells
61,62

. In vivo experiments 

showed that it is barely involved in fluid absorption
59,60

, but rather plays a role in pHi 

regulation, especially in the lower part of the crypt as shown by functional analysis 

(unpublished data). In addition, our group could show a change in cell type composition with 

a higher number of goblet cells along with lower enterocyte number marked by decreased 

iALP abundance in the colon of Nhe2
-/-

 mice (unpublished data). These results suggest that 

NHE2 might be a regulator of cell fate decision. However, the performed in vivo studies could 

only capture the global outcome rather than focusing on one specific cell type. Therefore, this 

project used the colonoid model to assess different states of differentiation separately.  

Colonoids as model to understand the function of NHE2 

The first observation was that the colonoid forming potential as well as colonoid growth were 

similar for Wt and Nhe2
-/-

 colonoids (Fig. 5.1B). These results were in agreement with the in 

vivo model where no severe phenotype is observed
51

. To understand in which cell type NHE2 

might play an important role, it was necessary to assess its expression. The analyses revealed 

a 2-fold increase of Nhe2 upon differentiation (Fig. 5.21) and might explain a more acidic pHi 

restricted to the lower half, but not the crypt base, of isolated Nhe2
-/-

 crypts (unpublished 

data). 

Role of NHE2 in undifferentiated colonoids 

Colonoids of the undifferentiated state were then assessed using gene expression analyses 

(Fig. 5.14). The only significant changes seen here were a decrease of the secretory marker 
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genes Chga and Tff3 in Nhe2
-/-

 colonoids. However, both marker genes were expressed at 

very low levels compared with the colonoids differentiated towards the secretory lineage.  

Interestingly, the tendency of lower Ki67 expression in the Nhe2
-/-

 colonoids could be 

supported by a significantly reduced number of KI67
+
 and EdU

+
 cells per colonoid (Fig. 5.14 

and A.7) A similar reduced proliferative potential was seen in Caco-2 cells upon Nhe2 knock-

down along with a more acidic pHi
101

. In contrast, in vivo studies showed no significant 

decrease of the pHi at the base of Nhe2
-/-

 crypts. However, it seemed that the physiological 

acidic phenotype of the crypt base was extended upwards and so was the abundance of KI67
+
 

cells. Locally KI67
+
 cell number was changed, but globally assessed an unchanged number of 

total proliferating cells was seen in vivo (unpublished data). The influence of pHi on 

proliferation was recently studied in Cftr
-/-

 organoids and showed an increase of pHi 

accompanied by an increase in proliferation
64

. It can be only hypothesised that the reduced 

proliferation in Nhe2
-/-

 colonoids is due to a reduced pHi.  

To test the hypothesis that a decreased pHi is the cause for the seen decreased proliferation in 

undifferentiated Nhe2
-/-

 colonoids, it would be necessary to study the pHi. This analysis was 

attempted in the last part of the project by the generation of colonoid monolayers. In addition, 

staining of sections might not be the best way to determine the cell number as the variability 

of positive cells was highly dependent on the assessed colonoid section. To study if the lack 

of NHE2 truly affects the proliferation, flow cytometry analysis would be a more suitable tool 

to quantify KI67
+
 or/and EdU

+
 cell population. 

Another interesting observation was revealed by the FIS assay that showed a higher fluid 

accumulation independent of CFTR stimulation in Nhe2
-/-

 colonoids (Fig. 5.23). This effect 

was only seen in undifferentiated colonoids. It might indicate that NHE2 has an absorptive 

function in undifferentiated cells and could also explain the reduced budding seen in the early 

experiments with medium M (Fig. 5.1C). It might be that the budding was simply reduced 
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because of luminal fluid accumulation. Also in vivo studies could show that NHE2 has an 

absorptive function that is compensated for by NHE3 activity in Nhe2
-/-

 mice
102

. In the 

colonoids this compensatory mechanism might be absent due to low expression of Nhe3 in the 

undifferentiated state.  

However, the FIS assay could just be performed once and did not include any other ion 

transport inhibitor except for the CftrInh-172. A protocol similar to the one applied by Foulke-

Abel et al.
91

 could reveal the contribution to absorption and secretion of each ion transporter 

separately in the different states of differentiation and should be considered for future studies.  

Role of NHE2 in colonoid differentiated towards the secretory lineage 

The differentiation towards the secretory lineage showed a significantly higher expression of 

Nbce1 in the Nhe2
-/- 

colonoids (Fig. 5.16). In addition, the significantly lower Tff3 expression 

was accompanied by a trend towards a lower Muc2 expression. This observation could be 

confirmed by staining that showed less mucus and specifically less MUC2 abundance in 

Nhe2
-/- 

colonoids (Fig. 5.17). The difference was striking, as the lumen of the Wt colonoids 

was completely filled with mucus in contrast to an almost absent mucus accumulation in the 

knock-out colonoids. Few cells were stained positively for NHE3 with no differences between 

the two genotypes. 

The increased Nbce1 expression might compensate for the reduced acid extrusion and 

maintain pHi and sodium levels in Nhe2
-/-

 colonoids. However, NBCe1 was expressed at a 

very low level and it is debatably if the seen effect was translatable to protein level. Studies at 

the protein level and functional studies to assess the pHi in the secretory lineage colonoids are 

necessary for further conclusions.  

Even though the number of MUC2
+
 cells could not be assessed, a reduction in mucus 

abundance in the Nhe2
-/-

 colonoids was obvious in the sectioned colonoids. Under the 
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assumption of a similar decreased pHi as seen in vivo in the region where goblet cells mainly 

reside, the observed reduction of mucus secretion in vitro could be due to the lack of 

sufficient HCO3
-
 availability. Bicarbonate is not only essential in the process of mucus 

secretion, but more so in facilitating its expansion in the lumen
103

. It would be interesting to 

focus future studies on this topic, especially since these results are opposing to the results 

obtained in vivo. Flow cytometry analysis to assess the number of goblet cells in the colonoids 

of each genotype and assessment of mucus abundance by ELISA would be useful tools to 

better understand genotype-dependent differences. 

Role of NHE2 in colonoid differentiated towards the absorptive lineage 

Most changes in the expression profile were seen in the absorptive lineage differentiated 

colonoids. Here, not only the expression of the proliferative markers Lgr5 and Ki67 was 

significantly decreased in knock-out colonoids, but also the levels of Cftr, Chga, Tff3, Muc2, 

Nhe1, Dra and Nbcn1 were significantly reduced (Fig. 5.18). Staining did not detect KI67 or 

NHE3 and was weak for MUC2. Few EdU positive cells were present confirming a residual 

proliferative potential in both genotypes (Fig. 5.19).  

Differences seen in marker genes of the proliferative and secretory state should be of minor 

importance since they might not even be present at the protein level as shown for KI67. Same 

is true for ion transporter expression. Therefore, only ion transporter expressed at high levels 

compared with the undifferentiated state were considered as potential candidates to 

compensate for the lack of NHE2. One ion transporter that was highly expressed and 

significantly decreased in the Nhe2
-/-

 colonoids was the chloride bicarbonate exchanger Dra. 

If the decrease is translatable to functional activity, it could mean that this transporter 

neutralises accumulated H
+
 by retaining HCO3

-
 in the cell. Controversially, Nbcn1 expression 

was also decreased which might have the opposite effect. 
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Taken together the results reveal that the effects of Nhe2 knock-out are dependent on the 

differentiation state of the colonoids (Fig. 5.20) and so might be the role and function of 

NHE2 itself. The regulation of the seen changes might be due to changes in pHi as it is known 

that it is a regulator of proliferation and differentiation
63,64

. It was surprising to see that the 

changes of secretory markers were opposing to the results obtained in vivo. This result might 

indicate that the effects in vivo are not solely a result of NHE2 lack in the epithelium, but 

rather a complex interplay of different factors that integrate into the final outcome. One factor 

that is not considered in the colonoid system is the gut microbiota and their metabolites. It is 

known that short-chain fatty acids can stimulate NHE activity and in addition its uptake 

acidifies the cell which might be compensated for by NHE2 activity under physiological 

conditions
104

. A report by Engevik et al.
66

 states an increase of gram-positive bacterial phyla 

due to lack of NHE2 which might influence the availability of certain metabolites. Butyrate 

for example is reported to be able to alter gene expression of Muc2
105

. These are two factors 

that might cause the differences seen in the gene expression profile of the colonoids compared 

with the profile from isolated crypts. 

To better understand the function of NHE2 in the different differentiation states and to 

confirm the obtained data, it is of high importance to perform functional studies including ion 

transporter fluxes and pHi measurements. However, these measurements in the 3D colonoids 

come with several disadvantages. Apart from technical difficulties, one has to keep in mind 

that the luminal membrane is inaccessible making it nearly impossible to pharmacologically 

manipulate ion transport activity. Furthermore, the luminal pH itself might be highly variable 

and influence the outcome. Therefore, it would be beneficial to generate 2D cultures on 

permeable supports similar to commonly used cancerous cell lines to conduct such 

experiments. As the last part of the project, such monolayers were generated. 
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6.4. Characterisation of a 2D monolayer colonoid culture 

Gene expression analyses showed the overall maintenance of the genotype-dependent ion 

transporter profile in undifferentiated 2D monolayer culture on permeable supports 

(Fig. 5.24). However, it became clear that for pHi studies, permeable supports with bigger 

pores needed to be used to facilitate pH-sensitive dye loading. Surprisingly, it seemed that the 

pore size of the support highly influenced the cell behaviour even though it was coated prior 

to cell seeding. The gene expression of proliferative markers was almost completely lost and 

neither KI67 nor EdU was detectable on the supports with 3.0 µm pores (Fig. 5.25). In 

addition, Cftr, Nhe2, Tff3, iAlp and Dra expression were markedly decreased. Only the 

expression of Tmem16a, a calcium-dependent chloride channel, and Claudin-4, a marker for 

wound-associated epithelial cells, were increased. In addition, resistance assessment and ion 

transport studies in the Ussing chamber showed a significantly higher resistance of 3.0 µm 

pore size permeable support (Fig. 5.26). No stimulation of either CFTR or TMEM16a was 

detectable. In contrast to this, colonoids on the 0.4 µm pore size permeable membranes 

showed ion transport activity and their resistance was comparable to values published for 

undifferentiated human small intestinal organoid cultures
106

. The high resistance and lack of 

CFTR and TMEM16a activity for the colonoids on 3.0 µm permeable support indicated 

primarily the absence of transport proteins and could indicate a tighter cell layer per se.  

Since the aim was to study differentiation-dependent changes, it was of high importance to 

also differentiate the monolayer cultures. However, the colonoids grown on 3.0 µm pore size 

permeable supports also behaved differently from colonoids on the 0.4 µm and failed to 

differentiate as shown by the absence of any differentiation markers (Fig. 5.27 and 5.28). 

Staining of the undifferentiated colonoids showed an enrichment of actin in the luminal 

membrane where the microvilli reside similar to other reports
107

. Surprisingly, no comparable 
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staining was seen for the colonoids on 3.0 µm pore size and in addition transmigration 

through the support was observed (Fig. 5.29). 

Taking all results together, it seems that on the 3.0 µm pore size permeable supports the stem 

cells and their proliferative potential were lost and thereby their ability to differentiate. 

Furthermore, the monolayers had a high resistance along with a low conductance and 

Claudin-4 expression was increased. It might indicate a transition to the post mitotic wound-

associated epithelial cells that are seen in vivo upon epithelial damage
108

. These cells are 

reported to arise from either undifferentiated or differentiated cells to rapidly cover a wound. 

It might be that the cells receive similar signalling cues due to the bigger pores and/or 

incomplete coating of the support as in the case of a wound.  

Staining could not detect any collagen for either support type. However, it is more than likely 

that the coating or ECM deposition by the epithelial cells is disrupted or its characteristics 

changes on the supports with the bigger pores. Stem cells and their proliferative potential are 

highly dependent on a stringent stiffness of the ECM as this is also part of the stem cell-

niche
33,37,109

. Future studies have to focus on the coating characteristics of the support. It 

might be that cross-linking or other ECM composition is necessary to support the growth of 

the stem cells on these supports. 
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7. Summary and Outlook 

In summary, this project shows the successful generation of segment-specific murine 

colonoids with a defined differentiation state. Colonoids consistent of a high stem and 

proliferative cell population were confirmed at the gene expression and protein level using the 

two markers Lgr5 and Ki67. Compared with native tissue expression, these markers were 

significantly enriched in vitro. A high proliferative potential was confirmed by a proliferation 

assay.  

These homogenous cultures were then used to generate colonoid cultures with high secretory 

cell composition. This differentiation was marked by an increased expression of secretory 

marker genes and highly positive mucin staining. Secretory marker expression reached levels 

comparable to levels in vivo. In addition, proliferative markers were significantly reduced or 

completely absent. Furthermore, the differentiation towards the absorptive lineage was clearly 

distinguishable from the latter by the absence of mucus producing cells. iAlp reached similar 

expression levels as seen in vivo. In contrast, expression of ion transporters of the surface 

epithelium was just slightly (Dra) or not increased (Nhe3). However, other groups also 

reported an absence of the expected Nhe3 expression increase upon differentiation
51,91

. These 

results might indicate that the colonoids are not fully differentiated towards absorptive 

colonocytes and could explain why residual proliferation is seen. The residual proliferation 

might be present because valproic acid is added in order to suppress the secretory cell fate 

decision, but is also known to expand the stem cell population
41

. In addition, it could be that a 

full differentiation towards the absorptive lineage needs additional extrinsic factors
93,106

. 

In contrast to the small intestine where several enterocyte marker genes are known, robust and 

highly expressed colonocyte markers are not well established. Along this line one has to keep 

in mind that the epithelial cells and especially the colonocyte are highly dynamic. Reports 



7. Summary and Outlook 

95 

show that the differentiated epithelial cells change their expression profile while they are 

migrating further up to the crypt surface. They have subspecialisations depending on the 

location and thereby constantly dynamically change their expression profile
110,111

. Thus, one 

marker might not be efficient to sufficiently characterise 'the colonocyte'.  

Another factor that should be kept in mind is that organoids as a model system are of pure 

epithelial origin. In the native colon however, there is a complex interplay of the ECM, 

immune and mesenchymal cells, the gut microbiome and their metabolites with the epithelial 

cells shaping their state of differentiation. It is known that the mesenchymal cell population 

change along the crypt-surface axis
28,112

 and with it not only the secreted growth factors, but 

also the stiffness of the ECM creating the niche needed for differentiation
113,114

. In addition 

immune cells and the microbiome with their metabolites are also shown to induce 

differentiation
93,106

. This influence was recently also shown in vitro by a macrophage co-

culture
106

 or by the addition of butyrate as a medium supplement
93

 resulting in a better 

differentiation of the organoid culture. With this in mind, further adjustments could improve 

the differentiation towards the absorptive lineage to reach tissue levels and activities of the 

discussed ion transporters.  

The potential of the established model to use it for ion transport physiology research was 

demonstrated in the second part of this project. It could be shown that colonoids enable the 

assessment of different ion transporters in an undifferentiated, secretory or absorptive lineage 

differentiated culture at the expression level and partly at the protein level. Further 

experiments are necessary to confirm gene expression results at the protein level and more 

importantly functionally.  

The established colonoid model might be also useful for understanding the absence of certain 

ion transporters as shown here by assessing the effect of Nhe2 knock-out. It could be revealed 

that genotype-dependent differences are diverse in the three studied differentiation states. 
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Overall, the results indicate a lower KI67 and MUC2 abundance in Nhe2
-/-

 colonoids in the 

undifferentiated and secretory lineage differentiated state respectively. A possible 

compensation by other ion transporters was seen upon differentiation, but needs to be 

confirmed at the protein level. The results are not in complete concordance with the changes 

seen in vivo. It clearly shows that the colonoid model can capture epithelial-dependent effects 

in an isolated manner without the influence of tissue architecture, e.g. prolonged crypt-length 

(unpublished data), or effects by a changed microbiome
66

 as seen in Nhe2
-/-

 mice. 

It would be of great interest to study the influence of NHE2 absence on the pHi in different 

differentiation states. Unfortunately, it was not possible to establish the necessary 2D 

colonoid culture of defined differentiation states. However, an important finding of this 

project is that the characteristics of the permeable support matter. Stem cells are highly 

dependent on their niche factors. Especially the material characteristics e.g. stiffness and 

attachment sites seem to play an important role and need to be thoroughly assessed. First 

reports show that it is possible to design supports that successfully mimic in vivo architecture 

and signalling cues
93,107

.  

For our future studies, and also in the big picture for the generation of pharmacological 

screening platforms, it is important to design matrices for the individual need. By providing 

the right factors it might be possible to generate homogenous colonoid cultures of a defined 

differentiation state. These cultures would facilitate analyses of the pHi and answer other 

physiological questions.  

This project is a step towards a better characterised colonoid culture. With further 

modifications and better standardised protocols, organoids can evolve to an important tool in 

personalised medicine and will help to reduce animal experiments. 
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9.  Appendix 

Figure A.1: Comparison of the expression profile of undifferentiated colonoids derived 

from mice with either B6 or FVB/N background. 

Only iAlp showed a significant lower expression in the B6 mice. No significant differences in 

expression were seen for the other tested marker genes. Values are shown as mean ±SEM and 

were compared by unpaired t-test. 

Figure A.2: Visualisation of experimental set-up for Wt and Nhe2
-/-

 colonoids. 

In total 24-wells were analysed per differentiation state. In two independent experiments 

(I and II) colonoids from two wells (a and b) were analysed per mouse (WT/KO-1-3). 
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Figure A.3: Analyses of the dependency of gene expression variabilities on either 

experiment or colonoid line in the undifferentiated colonoids.  

Colonoids derived from three individual mice are indicated as Wt or Nhe2
-/-

 1, 2 or 3. The two 

individual experiments are indicated by I and II. The two values in each group show technical 

replicates (two wells per mouse and experiment were analysed). Values are shown as mean 

±CI. One-way ANOVA was performed to compared colonoids derived from different mice 

(Wt or Nhe2
-/-

 1, 2 and 3 respectively). To compare colonoids between two individual 

experiments t-test was performed. Nested data analyses were performed. 
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Figure A.4: Analyses of the dependency of gene expression variabilities on either 

experiment or colonoid line in the secretory lineage differentiated colonoids.  

Colonoids derived from three individual mice are indicated as Wt or Nhe2
-/-

 1, 2 or 3. The two 

individual experiments are indicated by I and II. The two values in each group show technical 

replicates (two wells per mouse and experiment were analysed). Values are shown as mean 

±CI. One-way ANOVA was performed to compared colonoids derived from different mice 

(Wt or Nhe2
-/-

 1, 2 and 3 respectively). To compare colonoids between two individual 

experiments t-test was performed. Nested data analyses were performed. 
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Figure A.5: Analyses of the dependency of gene expression variabilities on either 

experiment or colonoid line in the absorptive lineage differentiated colonoids.  

Colonoids derived from three individual mice are indicated as Wt or Nhe2
-/-

 1, 2 or 3. The two 

individual experiments are indicated by I and II. The two values in each group show technical 

replicates (two wells per mouse and experiment were analysed). Values are shown as mean 

±CI. One-way ANOVA was performed to compared colonoids derived from different mice 

(Wt or Nhe2
-/-

 1, 2 and 3 respectively). To compare colonoids between two individual 

experiments t-test was performed. Nested data analyses were performed. 
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Figure A.6: Validation of the genotype of Wt and Nhe2
-/-

 mice and colonoids. 

A: F5-F10 shows the result for the Wt and Nhe2
-/-

 mice. F11 shows the Nhe2
+/-

 control. F12 

shows the Nhe2
-/-

 control. F5-F7 were identified as Nhe2
-/-

 whereas F8-F10 were identified as 

Wt. B: F7-F9 show colonoids that were identified as Nhe2
-/-

 whereas F10-F12 colonoids that 

were identified as Wt. The genotyping of the colonoids confirmed their genotype as seen in 

the mice of origin. 

A B 

Figure A.7: Assessment of proliferating cells in undifferentiated Wt and Nhe2
-/-

 

colonoids. 

A: The ratio of KI67
+
 cells was calculated relative to the total cell number assessed by 

positive staining of the nucleus. B: The ratio of EdU
+
 cells was calculated relative to the total 

cell number. Colonoids were incubated 18 h prior to fixation. Values are shown as mean 

±SEM and were compared to Wt colonoids by Mann-Whitney test. 
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Figure A.8: Expression data from lineage differentiated colonoids on permeable 

supports with either 0.4 µm or 3.0 µm pore size. 

Overall the results show the inability of colonoids grown on 3.0 µm pore size permeable 

supports (dark grey) to differentiate as seen by the absence of the expression increase of 

differentiation marker. Values are shown as mean ±SEM and were compared to 0.4 µm by 

unpaired t-test. 
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Figure A.9: Staining of undifferentiated Wt colonoids grown in 2D on permeable 

supports.  

Images show different z-positions. A: Colonoids grown on 0.4 µm pore size permeable 

supports were strongly positive for phalloidin on the apical surface (top) and no phalloidin 

staining was detectable at the level of the support (bottom). B: Colonoids grown on 3.0 µm 

pore size permeable supports show only weak phalloidin staining at the apical membrane 

(top). Phalloidin was detected inside the filter where it stained cells transmigrating through 

the pores (bottom and support). Phalloidin is shown in magenta and Hoechst 33342 in cyan. 

Scale bar 50 µm. 
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‘In my left hand there is the familiar 

In my right hand there’s the great unknown 

I can see the madly different grass there’. 

Dan Smith - Bastille 
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