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1. Introduction 
 

Organoids are cell conglomerates that, 

unlike in monolayer cultivation, are 

grown in a three-dimensional 

arrangement from stem or progenitor 

cells in vitro. Said stem cells can either 

be pluripotent, induced pluripotent, or 

organ-specific adult stem cells and the 

organoids can consist solely of 

epithelial or a mixture of epithelial and 

mesenchymal cells. It is worth 

mentioning that adult stem cells give 

rise to epithelial organoids, whereas the 

surrounding tissue can only be 

produced from pluripotent stem cells 

[1,2]. As the organoids we used are of 

canine intestinal origin the following will 

focus on this specific type of organoids. 

In order to establish an organoid 

culture, the stem cells are first identified 

with the stem cell marker leucine-rich repeat-containing G-protein coupled receptor 5 

(LGR5)[3]. An alternative approach is the isolation of intact crypts from the intestinal epithelium. 

Following the protocol of Sato et al. 2009, these LGR5+ stem cells or the crypts are then 

embedded in Matrigel and cultured in a medium comprised of epidermal growth factor (EGF), 

Noggin and R-spondin-1. The Matrigel serves as a substitute for the extracellular matrix and 

promotes not only the aggregation of the cells in a three-dimensional structure, but seemingly 

also the polarization of these cells enabling cell proliferation and differentiation [1,4]. It should 

be mentioned that for the retrieval of the intestinal crypts for organoids used in this publication 
the refined isolation protocol of Kramer et al. 2020 was applied.  

To distinguish between organoids and other in vitro models, a specific definition is needed. 

Organoids are characterized by the presence of different cell types that are specific to the 

organ of which the stem cells are derived from. Consequently, these cells are supposed to 

Figure 1: Graphical abstract of the isolation of organoids 
according to Kramer et al. 2020, the process of polarity 
reversal and the effects on proliferation, cell death and gene 
expression (created with BioRender.com). 
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fulfill organ-specific functions such as filtration, excretion, or contractions. Another hallmark of 

organoids is the organ-like structure. This results in the following definition according to 

Lancaster and Knoblich, 2014: “A collection of organ-specific cell types that develops from 
stem cells or organ progenitors and self-organizes through cell sorting and spatially restricted 

lineage commitment in a manner similar to in vivo” [5]. 

Especially when taking the concept of One Health into consideration the importance of 

organoids cannot be dismissed. One Health describes an increasingly relevant approach that 

considers the importance of the inclusion of not only humans but also animals and the 

environment into scientific matters. Specifically when also taking the so-called 3Rs into 

account, this approach has significantly influenced research in recent years [6]. 

3R is a concept describing the “Replacement”, “Reduction” and “Refinement” in the context of 

animal testing. Replacement refers to the substitution of animal testing with alternative 

methods. “Reduction” implies significantly reducing the number of animals used in animal 
experiments. Refinement tries to modify the use in experiments and the housing conditions of 

the animals in a manner that keeps the burden on the animals as little as possible [7]. 

Correspondingly there is a need for establishing new in vivo and in vitro models to limit the 

suffering and the number of animals used in research. According to the report of the European 

Commission in 2020, 7.94 million animals were used in animal testing in the European Union 

member states and Norway for the first time - 8716 of those animals being dogs [8]. These 

numbers highlight the importance of alternative methods to the use of living animals. Said 

alternatives do not only include approaches like the conventional monolayer cell culture but 

also the usage of computer-based prediction methods that are becoming increasingly 
dependent on artificial intelligence (AI) and three-dimensional models whereby also organoids 

come into play as they not only pose a more sophisticated model than their monolayer 

counterparts, but also provide the possibility of long-term cultivation and the development of a 

variety of different cell types within a single model [6]. This allows for much more true-to-live 

research findings and offers prospects for an alternative model to animal testing. 

The organoids that have been used specifically for this publication are derived from stem cells 

that have been extracted from the intestines of several different dogs. The stem cells were 

retrieved from the jejunum and the colon. The extraction is commonly carried out through 

intestinal biopsies followed by the isolation of the required stem cells resulting in a decline in 

morbidity and mortality of the animals used in experiments [9]. These factors also contribute 
to the aforementioned consideration of the 3R. The intestinal crypts used for our study were 

collected from three dogs that had died shortly before the isolation. Importantly, these dogs 
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were not euthanized for the purpose of stem cell collection. Approaches like the one utilized in 

this publication also present an opportunity to reduce the number of live animals used for 

testing. 
When working with epithelial organoids, specifically those of the intestine, they are grown in 

an extracellular matrix (ECM) scaffold. Their basal side is exposed, which makes accessing 

the apical side rather difficult. The apical side is where the majority of interactions occur, such 

as nutrient absorption and interaction with microorganisms, among others, is hidden within the 

organoid lumen. However, there are a variety of methods available to access the apical 

surface. The methods range from microinjection, where reagents are injected directly into the 

organoids using microneedles [10] over the mechanical disruption of the organoids followed 

by the reforming of the epithelial barrier enveloping the reagents in order to expose the apical 

surface [11] to the dissociation of the three-dimensional structure followed by the establishment 

of a two-dimensional monolayer [12]. All of the aforementioned methods pose some sort of 
disadvantages. The dosage of microinjections for instance is rather challenging and special 

equipment is required. The mechanical disruption exposes both the basolateral and the apical 

side of the organoids to the reagent during the inoculation making it difficult to pinpoint the 

exact effect and also leading to non-specific reactions. Establishing a two-dimensional 

monolayer from organoids as a result of seeding them onto an ECM is not an ideal alternative 

as the loss of the three-dimensional structure also represents a step away from in vivo 

conditions [13,14]. There has been improvement – especially in the field of microinjections as 

high-throughput microinjection systems have been introduced. Even though this technique 

brought about major improvements to the method of microinjections, the need for a high level 
of expertise, specialized equipment and a time-intensive method can be seen as downsides 

to this method [15]. However, it can definitely be seen as a possibility to significantly increase 

the throughput. A careful evaluation of the method according to the needs of the specific 

research topic is therefore required.  

The focus of this paper was the method of polarity reversal in order to generate apical-out 

organoids which seems to have major advantages over other approaches to access the apical 

surface of the organoids. The method was first introduced by Co et al., who also described 

said benefits. These range from synchronized polarity reversal while maintaining an intact 

barrier to the exposure of the organoids to consistent concentrations of the reagents used in 

the assays. The approach requires the cultivation within an ECM scaffold, which enables the 
organoids to grow and differentiate basal-out. In order to reverse the polarity, the organoids 

are then removed from the matrix through incubation in EDTA or in our case in Organoid 
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Harvesting Solution and subsequently resuspended in culture media. The process of polarity 

reversal thereafter follows as a cell-intrinsic reaction to the loss of ECM [16]. 

In order to determine the effects of the depolarization, a variety of assays were performed, 
such as immunohistochemical, DAPI/phalloidin, and EdU staining some of which have been a 

major aspect of my contribution to the publication. The focus of these assays was the 

evaluation of proliferation and apoptosis within and after the period of the polarity reversal.  

In order to evaluate the effectiveness of the process of polarity reversal 4′,6-diamino-2-

phenylindole (DAPI), and phalloidin staining were performed. DAPI was used to depict nuclear 

staining and phalloidin was used to visualize actin filaments using a Zeiss CLSM880 confocal 

microscope. 

EdU staining describes the incorporation of 5–ethynyl–2′–deoxyuridine (EdU) into cellular DNA 

in order to reveal DNA synthesis making it possible to monitor cell proliferation. EdU is 

integrated into the DNA during the replication process. The replicating DNA can then be 
visualized by a so-called „Click-iT“-reaction which describes the interaction of EdU and a 

fluorescent azide in a copper-catalyzed [3+2] cycloaddition [17]. 

Furthermore, immunohistochemical stainings were performed to further gain insight into 

proliferation and apoptosis. For this reason, Ki-67, a marker for proliferation, and caspase-3, a 

marker for apoptosis, were stained to verify the findings of the EdU staining.  

Lastly, we performed qPCR to characterize changes in the expression of cell-specific markers 

during polarity reversal. Therefore, organoids were collected in intervals of 12 hours and RT-

qPCR was performed to monitor the expression of stem cell markers and differentiation 

markers throughout the process of the polarity reversal. The stem cell marker LGR5 and the 
differentiation markers chromogranin A (CHGA) for enteroendocrine cells, mucin-2 (MUC2) for 

the goblet cells and villin 1 (VIL1) for enterocytes were used. 

With the polarity reversal being the method of choice used in this publication, the main research 

topic were the effects this process inflicts on the organoids. We were able to successfully 

determine the efficiency of polarity reversal. This reversal reduced organoid viability leading to 

increased cell death. However, this phenomenon could not be reasoned by increased 

differentiation of intestinal organoids. More research is needed to understand the exact 

process of organoid polarity reversal and its accompanying effects. 
  



 

 

5 

 

2. Publication 
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3. Summary 
 

3.1. Summary - Deutsch 
Organoide stellen ein vielversprechendes Alternativmodell zu herkömmlichen Modellen dar, 

das gerade in Hinblick auf One-Health-Konzepte und die 3R unbedingt beachtet werden 

sollte. Die Polarit�tsinversion dieser beschreibt dabei eine Methode, welche neue An�ꠀtz der 

experimentellen Nutzung der Organoide ermöglicht.  

Es l�sst sich festhalten, dass die Inversion der Polarit�t der intestinalen Organoide sowohl die 

Apoptose als auch die Proliferation signifikant beeinflusst. Auch die Inversion der Polarit�t 

verlief mit �berraschender Effizienz. So ließen sich bereits nach 36 bis 48 Stunden beinahe 

keine basal-out Organoide mehr feststellen. Eine weitere erw�hnenswerte Beobachtung ist die 

Tatsache, dass bereits nach eineinhalb Stunden Inkubation der Organoide in Organoid 

Harvesting Solution ein Großteil dieser apical-out bzw. eine gemischte Polarit�t aufwiesen. 

Dies zeigte sich in den DAPI/Phalloidin-�ꠀrbungen. Dieser Prozess lief demnach deutlich 

schneller ab als dies in bisher publizierten Experimenten der Fall war. 

Die basal-out Organoide zeigten konstante, wenn nicht sogar steigende Proliferationsraten, 

w�hrend die apical-out Organoide nach einem kurzen Höhepunkt hinsichtlich der Viabilit�t in 

steigenden Apoptosewerten und einer sinkenden Zellzahl resultierten. Auch die 

immunhistochemischen �ꠀrbungen best�tigten diese Ergebnisse. 

Die mittels RT-qPCR untersuchten Markergene zeigten eine stabile Genexpression in basal- 

und apical-out Organoiden.  

 

3.2. Summary - English 
Organoids represent a promising alternative model that should definitely be considered, 

especially with regard to One-Health concepts and the 3Rs. The polarity reversal of organoids 

poses a method that enables new approaches to the experimental use of organoids. 

It can be concluded that the polarity inversion of intestinal organoids significantly affected both 

apoptosis and proliferation. The process of polarity reversal also proceeded with surprising 

efficiency. Thus, almost no basal-out organoids could be detected after only 36 to 48 hours. 

Another unexpected finding was the fact that within one and a half hours of incubation in 
Organoid Harvesting Solution, the majority of the organoids exhibited apical-out or mixed 

polarity. The process of the polarity reversal was therefore significantly faster than in prior 

reports.  
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The basal-out organoids showed constant, if not increasing, proliferation rates, whereas the 

apical-out organoids, after a short peak in terms of viability, resulted in increasing apoptosis 

levels and a decreasing cell number. Immunohistochemical staining also confirmed these 
findings. 

Marker genes examined by RT-qPCR further showed stable gene expression in basal- and 

apical-out organoids.  
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4. Conclusion 

4.1. Conclusion - Deutsch 
Sollte sich eine Erkenntnis als unmissverst�ndlich herausstellen, so ist es die, dass apical-out 
Modelle mit einer gewissen Skepsis zu betrachten sind. Gerade die verringerten 

Proliferationsraten, erhöhten Apoptosewerte und die sehr schmalen Zeitintervalle machen die 

Nutzung dieses Modells in der Praxis schwierig. Auch ist die Möglichkeit nicht auszuschließen, 

dass neben morphologischer Ver�nderungen auch gewisse Signalwege beeinflusst sein 

könnten, was den Erkenntnisgewinn hinsichtlich seiner Validit�t in Frage stellen könnte. Eine 

Paarung des apical-out Modells mit anderen in vitro Modellen, wie sie beispielsweise in der 

Einleitung angef�hrt wurden, ist demnach vermutlich unabdinglich, wenn man integre 

Forschungsergebnisse gewinnen möchte. 

 

4.2. Conclusion - English 
The most important takeaway, however, was that apical-out models need to be taken with a 

grain of salt. High apoptosis rates, decreased viability and rather short time frames make the 

use of this model a rather challenging task. Furthermore, it cannot be fully ruled out that the 

morphological changes might result in significant changes in cell signaling, which might 

influence the research findings considerably. Combining the apical-out models with other in 

vitro models such as those mentioned in the introduction might pose a possibility to further 

ensure the integrity of the scientific knowledge gained. 
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