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Abstract 

Meike Yvonne Marschalleck  

Title:  Immunopathological and genetical characterization of the LEW.1AR1-iddm rat – 

an animal model for human Type 1 Diabetes 

The LEW.1AR1-iddm (IDDM) rat is an animal model for Type 1 Diabetes (T1D). It arose 

through a spontaneous mutation in the intra-MHC (major histocompatibility complex) 

recombinant congenic inbred strain LEW.1AR1. The IDDM rat develops diabetes at a 

prevalence rate of 60 %. Autoimmune Diabetes manifests at about 60 days of age. An 

additional characteristic for the IDDM rat is a reduced T cell frequency with variation over the 

rat’s lifetime. One point mutation in the gene Dock8 (Dedicator of cytokinesis 8) was found at 

the telomeric end of chromosome 1. This mutation is involved in the pathogenesis of 

autoimmune diabetes in IDDM rats. 

In humans 61 variants in the genome are currently known to be associated with T1D 

pathogenesis. Sequencing of whole genome sequence was done to look for further genetic 

differences in IDDM rats compared to healthy controls. The mutation in Dock8 was confirmed 

but an additional mutation was found in the susceptibility region Iddm8 (insulin dependent 

diabetes mellitus 8). This second mutation locates in a non-coding region of the DNA and it 

subsequently leads to an alteration of a C/EBPβ (CCAAT/enhancer binding protein β) binding 

site in the IDDM rat. Segregation of the two point mutations by natural recombination 

revealed that diabetes incidence decreases to 30 % in rats with the Dock8 mutation while 

rats carrying the mutation in the C/EBPβ binding site did not sicken. Flow cytometry analysis 

showed that the mutation in Dock8 decreases mainly T cells. According to the function of 

Dock8, we assume that the mutation in Dock8 has an influence on T cell development. 

Dock8 also appears to play a role on thymus size as diabetes susceptible strains had much 

smaller thymi than healthy rats. Rats carrying the mutation in the C/EBPβ binding site mainly 

had a very little medulla area in the thymus resulting in a disturbed cortex to medulla ratio. 

Interestingly, the C/EBPβ binding site lies in between the genes Gnaq and Gna14 (Guanine 

nucleotide-binding protein subunit q/14), which may have an impact on differentiation of 

thymic compartments, T cell development and T cell survival. The IDDM rat is a valuable tool 
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for understanding the mechanisms of the immune system and its role in autoimmune 

diseases.  
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Zusammenfassung 

Meike Yvonne Marschalleck  

Titel:  Immunpathologische und genetische Charakterisierung der LEW.1AR1-iddm 

Ratte – ein Tiermodell für den humanen Typ 1 Diabetes 

Die LEW.1AR1-iddm (IDDM) Ratte ist ein Tiermodell für Typ 1 Diabetes (T1D). Sie ist durch 

spontane Mutation im intra-MHC (major histocompatibility complex) rekombinanten 

congenen Inzuchtstamm LEW.1AR1 entstanden. Die Inzidenz in der Population liegt bei 

60 % und manifestiert im Durchschnittsalter von 60 Tagen. Zusätzlich zum autoimmunen 

Diabetes zeigen IDDM Ratten reduzierte T Zellfrequenzen im peripheren Blut und eine 

starke Variabilität der Frequenzen über die Lebenszeit. Eine Punktmutation, die an der 

Pathogenese des autoimmunen Diabetes der IDDM Ratte beteiligt ist, wurde am telomeren 

Ende von Chromosom 1 im Gen Dock8 (Dedicator of cytokinesis 8) identifiziert und 

publiziert.  

Zurzeit werden 61 DNA-Varianten im Genom des Menschen mit der Pathogenese des T1D 

assoziiert. Wir haben das gesamte Genom der IDDM Ratte sequenziert und verglichen es 

mit dem Hintergrundstamm, um noch weitere genetische Unterschiede zu finden. Dabei 

wurde die Mutation in Dock8 bestätigt und es wurde noch eine zweite Punktmutation im 

Suszeptibilitätsbereich Iddm8 (insulin dependent diabetes mellitus 8) identifiziert. Diese 

befindet sich in einer nicht-kodierenden Region der DNA. Die Mutation verändert die Affinität 

einer Bindungsstelle für den Transkriptionsfaktor C/EBPβ (CCAAT/enhancer binding protein 

β). Beide Mutationen konnten durch natürliche Rekombination entkoppelt werden und es 

wurden zwei neue coisogene Inzuchtstämme generiert. Die Mutation in Dock8 führt nur in 

30 % zu einem autoimmunen Diabetes, wobei Tiere die nur die Mutation in der C/EBPβ 

Bindungsstelle besitzen gar nicht erkranken. Durchflusszytometrische Analysen zeigen, dass 

die Mutation in Dock8 zu reduzierten T Zellzahlen im peripheren Blut führt. Die publizierte 

Funktion von Dock8, deutet darauf hin, dass Dock8 eine Rolle in der T Zellentwicklung spielt. 

Zudem scheint die Mutation einen Einfluss auf die Größe des Thymus zu haben, da 

diabetessuszeptible Tiere ein verringertes Thymusgewicht zeigen. Ratten mit der Mutation in 

der C/EBPβ Bindungsstelle zeigten hauptsächlich stark verringerte Medulla was in einem 



Zusammenfassung 

 

IV 

 

gestörten Cortex/Medulla Verhältnis resultiert. Interessanterweise liegt die C/EBPβ 

Bindungsstelle zwischen den beiden Genen Gnaq und Gna14 (Guanine nucleotide-binding 

protein subunit q/14), welche die Differenzierung der Thymus-Kompartimente und 

T Zellentwicklung und -überleben beeinflussen könnten. Die IDDM Ratte ist ein wichtiges 

Tiermodell um die Immunpathologien des autoimmunen Diabetes besser zu verstehen und 

perspektivisch geeignete Therapiestrategien zu entwickeln. 

  



Contents 

 

V 

 

Contents 

Abstract ................................................................................................................................. I 

Zusammenfassung ............................................................................................................. III 

Contents ............................................................................................................................... V 

Abbreviations .................................................................................................................... VIII 

1 Introduction ................................................................................................................... 1 

1.1 Type 1 Diabetes ...................................................................................................... 1 

1.2 Animal models for autoimmune diabetes ................................................................. 2 

1.2.1 LEW.1AR1-iddm rat .......................................................................................... 4 

1.2.2 Dock8 ............................................................................................................... 5 

1.3 Hematopoiesis ......................................................................................................... 7 

1.4 T cell development ................................................................................................... 9 

1.5 Tolerance mechanisms of T cells ........................................................................... 11 

1.5.1 Negative selection .......................................................................................... 11 

1.5.2 Anergy ............................................................................................................ 12 

1.5.3 Regulatory T cells ........................................................................................... 12 

2 Aim ............................................................................................................................... 14 

3 Materials and Methods ................................................................................................ 15 

3.1 Materials ................................................................................................................ 15 

3.1.1 Rat strains ...................................................................................................... 15 

3.1.2 Antibodies ....................................................................................................... 15 

3.1.3 Oligonucleotides ............................................................................................. 16 

3.1.4 Chemicals ....................................................................................................... 17 

3.1.5 Equipment ...................................................................................................... 18 

3.1.6 Kits ................................................................................................................. 21 

3.1.7 Frequently used buffers .................................................................................. 21 

3.2 Methods ................................................................................................................. 22 

3.2.1 Animals and animal husbandry ....................................................................... 22 

3.2.2 Incidence analysis and insulin treatment ......................................................... 23 

3.2.3 DNA isolation .................................................................................................. 23 

3.2.4 Polymerase chain reaction .............................................................................. 23 



Contents 

 

VI 

 

3.2.5 Gel electrophoresis ......................................................................................... 25 

3.2.6 PCR product purification ................................................................................. 25 

3.2.7 Whole genome sequencing ............................................................................ 26 

3.2.7.1 Sequencing and analysis ......................................................................... 26 

3.2.7.2 Single-nucleotide variant filtering ............................................................. 26 

3.2.8 Electrophoretic Mobility Shift Assay ................................................................ 27 

3.2.8.1 Annealing ................................................................................................ 27 

3.2.8.2 Performance of EMSA ............................................................................. 28 

3.2.9 Molecular dynamics simulations ..................................................................... 32 

3.2.10 Segregation of two point mutations ................................................................. 32 

3.2.11 Data analysis and research ............................................................................ 33 

3.2.12 Flow cytometry ............................................................................................... 33 

3.2.13 Morphology and histology experiments ........................................................... 36 

3.2.13.1 Pancreas histology .................................................................................. 37 

3.2.13.2 Thymus histology ..................................................................................... 38 

3.2.14 Immunohistochemistry .................................................................................... 40 

3.2.14.1 Pancreas ................................................................................................. 40 

3.2.14.2 Thymus.................................................................................................... 41 

3.2.15 Statistical analyses ......................................................................................... 41 

4 Results ......................................................................................................................... 43 

4.1 Identification of a second mutation in IDDM rats .................................................... 43 

4.1.1 Mutation impedes binding of C/EBPβ to its DNA motive ................................. 45 

4.1.2 MD simulations indicate dissociation of C/EBPβ from IDDM DNA .................. 46 

4.2 Consequences of both point mutations on phenotype ............................................ 49 

4.2.1 Incidence comparison of rat strains ................................................................ 49 

4.2.2 Influence of the mutations on immune cells in peripheral blood ...................... 50 

4.2.2.1 Reduction of leukocytes in diabetes susceptible strains ........................... 50 

4.2.2.2 Impairment of lymphocytes in strains carrying point mutations ................ 51 

4.2.2.3 Altered T cell numbers through point mutations ....................................... 54 

4.2.2.4 No alterations of B cells ........................................................................... 67 

4.2.2.5 Reduced NK cells in IDDM before disease onset ..................................... 71 

4.2.2.6 Monocytes slightly affected in peripheral blood of IDDM rats ................... 74 

4.3 Consequences of mutations on pancreas and thymus histology were found ......... 82 

4.3.1 Comparable pancreas infiltration in rat strains ................................................ 82 



Contents 

 

VII 

 

4.3.2 Thymus histology and morphology affected by point mutations ...................... 84 

4.3.2.1 Thymus weight reduced in diabetes susceptible strains ........................... 84 

4.3.2.2 Cortex to medulla ratio disturbed by both single mutations ...................... 85 

4.3.2.3 Cell density in medulla indicated alterations through mutations ............... 88 

4.3.3 Immunohistochemistry proved T cell involvement ........................................... 92 

5 Discussion ................................................................................................................... 94 

6 References ................................................................................................................. 106 

7 Appendix .................................................................................................................... 119 

7.1 List of Figures ...................................................................................................... 119 

7.2 List of Tables ....................................................................................................... 121 

7.3 Declarations......................................................................................................... 122 

7.4 Curriculum vitae ................................................................................................... 125 

7.5 Danksagung ........................................................................................................ 127 

 



Abbreviations 

 

VIII 

 

Abbreviations 

% Percent 

°C Degree Celsius 

µg Microgram 

µL Microliter 
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Arp2/3 Actin related protein 

BB rat Biobreeding rat 

bp Base pair 

BSA Bovine serum albumin 
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CD Cluster of differentiation 

Cdc42 Cell division cycle 42 

CLP Common lymphoid progenitor 

cm Centimeter 

CMP Common myeloid progenitor 

cTEC Cortical thymic epithelial cell 

CTLA4 Cytotoxic T-Lymphocyte-associated protein 4 

CXCL Chemokine ligand 

CXCR Chemokine receptor 

Cy Cyanine 

DAG Diacylglycerol 

DAPI 4',6-Diamidino-2-Phenylindole 
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DN Double negative 

DNA Deoxyribonucleic Acid 

Dock8 Dedicator of cytokinesis 8 

DP Double positive 

EBNA Epstein Barr Nuclear Antigen 

EDTA Ethylenediaminetetraacetic acid 
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FELASA Federation for Laboratory Animal Science Associations 
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Iddm/ IDDM Insulin-dependent diabetes mellitus 
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IgE Immunoglobulin E 
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KDP rat Komeda Diabetes-Prone rat 

Lck Lymphocyte specific protein tyrosine kinase 
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mA Milliampere 

MAPK Mitogen-Activated Protein Kinase 

max. Maximum 

MD simulation Molecular dynamics simulation 
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1 Introduction 

1.1 Type 1 Diabetes 

Human Type 1 Diabetes Mellitus (T1D), also known as juvenile diabetes, is a chronic 

autoimmune disease in children that causes a specific destruction of insulin-producing β-cells 

in the pancreas; mediated mostly by autoreactive T cells (Itoh et al. 1993). Diabetes 

incidence lies between 0 and 14 years of age with an increasing prevalence over time. 

Manifestation and appearance of symptoms happen when 80 % of β-cells are destroyed thus 

making it not possible to prevent diabetes onset (Eisenbarth 1986). It is a multifactorial 

disease that is influenced by different environmental and genetical factors, which control 

susceptibility and onset of the disease (Eisenbarth et al. 1988). Genetically, T1D 

susceptibility is linked to two chromosomal regions in the human genome: IDDM1 (insulin 

dependent diabetes mellitus) and IDDM2. IDDM1 is associated with MHC II (major 

histocompatibility complex) while the insulin gene is located in IDDM2 (Svejgaard et al. 1983; 

Bell et al. 1984). Different HLA (Human leukocyte antigen) regions within MHC indicate 

diabetes prevalence. The major genes that are connected to T1D predisposition are HLA-

DQB1 and HLA-DRB1. Most patients in Europe carry either HLA-DR3, DQB1*0201 or HLA-

DR4, DQB1*0302, or a heterozygous combination of both (Herr et al. 2000). Meta-analyses 

of other populations revealed that DR4-DQ (DRB1*0405-DQB1*0401) and DR9 

(DRB1*0901-DQB1*0303) are susceptible HLA haplotypes in Japan but rare in Europe 

(Pociot et al. 2010). In the Chinese population DQA1*0301, DQA1*0501, DQB1*0201, 

DQB1*0302 were uncovered as high-risk alleles and DRB1*04, DRB1*0301, DRB1*0901 as 

susceptible alleles (Katahira et al. 2010). Other HLA haplotypes are linked to diabetes 

protection such as the HLA-DR2, DQB1*0602 haplotype (Pugliese et al. 2016). In the insulin 

region short alleles at VNTR (variable number of tandem repeats) are associated with T1D 

(Bell et al. 1984). Other risk variants are CTLA4 (cytotoxic T-lymphocyte–associated protein 

4), which expresses an inhibitory receptor on T cells (Nisticò et al. 1996), or PTPN22 (protein 

tyrosine phosphatase), which is involved in T and B cell signaling (Bottini et al. 2004). 

Environmentally, human enteroviruses (HEV) could also be linked to disease onset 

(Akerblom et al. 2002).  
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Patients with T1D do not only suffer from hyperglycemia but also polydypsia (excessive 

thirst), polyphagia (increased hunger), glycosuria (glucose in the urine), ketonuria (ketone 

bodies in the urine), and polyuria (excessive production of urine) leading to long-term 

symptoms (Atkinson & Eisenbarth 2001). Currently, the only available treatment is insulin 

replacement for life. Patients not treated in this manner face imminent death (Castaño & 

Eisenbarth 1990). Pancreatic β-cells of patients were found to be infiltrated by macrophages, 

CD4+, CD8+ T cells and B cells but predominantly by CD8+ T cells against β-cell epitopes 

(Imagawa et al. 1999; Planas et al. 2009). In addition, regulatory T cells (Tregs), which can 

suppress autoimmune reactions, have increased apoptosis rates before disease onset 

(Glisic-Milosavljevic et al. 2007). This disturbance in cytotoxic and regulatory T cells was 

mentioned to possibly be related to defective antigen presentation in the thymus during 

negative selection (Fan et al. 2009). In addition, patients with T1D have detectable 

autoantibodies in the blood (Taplin & Barker 2008). More than two dozen different antibodies 

were found. Yet, the five most prevalent ones are islet cell autoantibodies (ICAs), 

autoantibodies against glutamic acid decarboxylase (GAD), insulin autoantibodies (IAAs), 

autoantibodies to tyrosine phosphatase IA2 (IA2A), and antibodies against the Zinc 

transporter 8 (ZnT8A) molecule. These antibodies appear at different time points during 

diabetes manifestation (Taplin & Barker 2008; Zhang et al. 2008). 

In the last decade, new genome wide association studies (GWAS) were done to identify 

genes that affect the onset of T1D. During these studies, 61 variants were identified to 

influence pathogenesis during T1D. The function of most of these 61 loci is still unknown 

(Cooper et al. 2008; Bradfield et al. 2011; Onengut-Gumuscu et al. 2015; Fløyel et al. 2015; 

Morahan et al. 2011; Todd et al. 2007; Smyth et al. 2008; Yang et al. 2011; Ram & Morahan 

2017). Regardless, it has already been well established that B and T cells are affected 

whereat T cells are the main mediators of T1D (Somoza et al. 1994; Planas et al. 2009). 

Interestingly, many of the predicted loci were not found in protein-encoding sequences but 

instead in regulatory regions outside of genes. This suggests that regulatory functions 

predispose onset of T1D (Edwards et al. 2013).  

1.2 Animal models for autoimmune diabetes 

The onset of T1D can be a risk to life as manifestation occurs very rapidly. As such it is vital 

that one would initially know, prior to being symptomatic, if one has the risk of getting T1D. 

As some antibodies in human T1D have already been identified a limited prediction can be 
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done (Taplin & Barker 2008; Atkinson 2012). Afterwards, the next step is to distinguish the 

reasoning for the onset and the disease. Lastly, research must be done to prevent diabetes 

onset or to find out how to treat it with any other drug than insulin. This research is based on 

animal models helping to understand the disease and to find a diagnostic tool before onset. 

These diabetes animal models can be generated by chemical or surgical treatment. Surgical 

models are achieved by removal of the pancreas (Patel et al. 2012). Chemical models are 

obtained by intravenous injection of one of two used chemicals: alloxan or streptozotocin. 

Both chemicals induce β-cell necrosis in the pancreas leading to hyperglycemia and ketosis 

(Dunn et al. 1943, Lenzen 2007). In addition to chemical induced T1D models, murine 

models that spontaneously develop the multifactorial disease are available.  

NOD (non-obese diabetic) mice show islet infiltration at around 6 to 7 weeks of age which 

follows spontaneous development of diabetes in 70 % of females and 40 % of males (Leiter 

et al. 1987). The destruction of the β-cells was identified to be T cell dependent (King et al. 

2004). NOD mice are lymphopenic and show autoantibodies against insulin, GAD, and IA-2A 

similar to humans. In addition, they are likely to develop other autoimmune manifestations 

(Chatzigeorgiou et al. 2009; Quintana & Cohen 2001). The gender prevalence and different 

symptom occurrence in comparison to humans makes NOD mice difficult to compare with 

human T1D (Jörns et al. 2004).  

The diabetes prone BB (Biobreeding) rat develops diabetes between 60 and 120 days with 

an incidence rate of about 90 % in both sexes (Wallis et al. 2009; Yale & Marliss 1984). 

Destruction of β-cells is mediated by macrophages, dendritic cells (DCs), T cells, natural 

killer (NK) cells, and to a lesser extent B cells. BB rats have a genetically determined 

constitutive lymphopenia which is based on a mutation in the gene Gimap5 (GTPase 

immunity-associated protein). Gimap5 is a gene that is expressed in lymphocytes and is 

important for apoptosis (Moralejo et al. 2011). Nevertheless, the strong lymphopenia makes 

it difficult to transfer results onto human T1D.  

The Komeda Diabetes-Prone (KDP) rat is another animal model for autoimmune diabetes. 

80 % of KDP rats develop diabetes by 220 days of life (Komeda et al. 1998). These rats do 

not show lymphopenia or gender prevalence. A problem that exists with these rats is 

transferring results to human T1D because KDP rats do not only have infiltration of the 

pancreas but also of other extrapancreatic organs (Yokoi 2005). The major susceptibility 

gene in the KDP rat is the gene for the ubiquitin ligase Cblb (Casitas B-lineage lymphoma b) 

which is important during stimulation of T cells during activation (Yokoi et al. 2002). 

Unfortunately, Cblb could not be linked to T1D. 
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Another rat model for autoimmune diabetes is the LEW.1WR1 rat. The LEW.1WR1 rat 

develops spontaneous diabetes with a frequency of about 2 % at 59 days of age (Mordes et 

al. 2005). Their susceptibility rate changes if rats are exposed to immune perturbation. If the 

rats get injected with polyinosinic:polycytidylic acid (poly I:C) 80 - 100 % of the rats develop 

diabetes in about three weeks (Mordes et al. 2005). It was shown that genome-encoded 

T cell receptor (TCR) sequences have control over the genetic susceptibility of these 

poly I:C treated rats to autoimmune diabetes (Eberwine et al. 2014).  

1.2.1 LEW.1AR1-iddm rat 

The LEW.1AR1-iddm (IDDM) rat is a model for studying human T1D (Lenzen et al. 2001). It 

arose through a spontaneous mutation in the intra-MHC recombinant congenic inbred strain 

LEW.1AR1 (L.1AR1) (Lenzen et al. 2001). All rat models for autoimmune diabetes have one 

thing in common: they express the same MHC II haplotype RT1u which is a prerequisite for 

autoimmune diabetes development in rats (Arndt et al. 2015). IDDM rats have a diabetes 

incidence of about 60 % in both genders, which follows an autosomal recessive mode of 

inheritance (Lenzen et al. 2001). Infiltration process does not start earlier than 45 days of age 

(Jörns et al. 2005). Afterwards, the disease manifests at around 60 days of age (Lenzen et 

al. 2001). In autoimmune diabetes of IDDM rats it comes to apoptotic β-cell death in the 

pancreas, which has been shown to be mediated by T cells with influence of macrophages 

induced by pro-inflammatory cytokines (Jörns et al. 2004; Jörns et al. 2005). No other organs 

showed signs of infiltration (Jörns et al. 2004). In addition to diabetes development, the IDDM 

rat reflects a second phenotypical feature: a decreased and variable CD3+ T cell frequency 

over the course of its life in the peripheral blood. Moreover, they show a decreased and more 

variable CD4+:CD8+ T cell ratio during life when compared to L.1AR1 animals, which is due 

to lower CD4+ T cells. Authors subsequently assumed a disturbed ratio of regulatory and 

effector T cells in the blood (Arndt et al. 2013). Three susceptibility regions were mapped in 

the IDDM rat by linkage analysis using two backcross populations - [(LEW.1AR1-iddm x BN) 

x LEW.1AR1]N2 and [(LEW.1AR1-iddm x PAR) x LEW.1AR1-iddm]N2 -: Iddm1 (RNO20p12, 

MHC region), Iddm8 (RNO1q41 - 1q53, telomeric region) and Iddm9 (RNO1p10 - 1p11, 

centromeric region) (Weiss et al. 2005; Weiss et al. 2008). Further analysis identified Iddm8 

as major susceptibility region for autoimmune diabetes (Weiss et al. 2008). Fine mapping of 

Iddm8 was done by using SNPs (small nucleotide polymorphisms) (SNPs). Sequencing of 

candidate genes revealed a base exchange in Iddm8 in the gene Dock8 (Dedicator of 

cytokinesis 8) at the proximal end of Iddm8 (exon 44) and one SNP in the coding region of 

Vwa2 (von Willebrand factor A domain containing 2) at the distal end of Iddm8. The SNP 
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typically occurs in Diabetes prone rat strains and leads to an arginine/tryptophan 

polymorphism. It was found in KDP, BB and LEW.1WR1 rats but also several other diabetes 

resistant rat strains meaning that this cannot be the only reason for diabetes development. 

Though, the base exchange in Dock8 leads to a unique amino acid exchange from glutamine 

to glutamate only in IDDM rats, which was identified to be in DOCK Homology Region 2 

(DHR2) (Arndt et al. 2015).  

1.2.2 Dock8 

DOCK8 is part of the DOCK180 family which is an atypical GEF (guanine exchange factor) 

family (Côté & Vuori 2002). DOCK proteins are all highly conserved between humans, 

rodents, and many other species (Hasegawa et al. 1996). These proteins have two 

conserved protein domains (Côté & Vuori 2002). DHR2 domain has catalytic activity while 

DHR1 is needed for downstream signaling (Meller et al. 2005; Côté & Vuori 2002). They bind 

to GTPases via its DHR2 domain and activate them by exchanging GDP (guanine 

diphosphate) through GTP (guanine triphosphate) (Côté & Vuori 2002; Hasegawa et al. 

1996). 

Dock8 activates the Rho GTPase Cdc42 (Cell division cycle 42) by exchanging GDP 

(guanosine diphosphate) by GTP (guanosine triphosphate) seen in humans and mice 

(Harada et al. 2012). Rho GTPases are part of the Ras superfamily and are molecular 

switches changing from inactive GDP-bound to active GTP-bound state and back (Van Aelst 

& D’Souza-Schorey 1997; Bourne et al. 1991). This exchange initiates downstream signaling 

pathways influencing reorganization of the cytoskeletal architecture and thereby controlling 

cell migration, polarization, phagocytosis, fusion, and morphogenesis (Hall 1998). It was 

shown that Dock8 influences T cell migration through the GTPase Cdc42. T cells receive 

extracellular signals from chemokines. This process activates PI3K (Phosphatidylinositol 3-

Kinase) (Xu et al. 2017). PI3K generates PIP3 (Phosphatidylinositol (3,4,5)-trisphosphate) 

which directs Dock8 to the cell membrane (Côté et al. 2005). There, Dock8 mainly interacts 

with GTPase Cdc42 and activates it by exchanging GDP through GTP (Xu et al. 2017). 

Active Cdc42 interacts with WASP (Wiskott-Aldrich syndrome family protein), which activates 

the Arp2/3 (actin related protein 2/3) complex (Rohatgi et al. 2000). This complex mediates 

actin nucleation and induces cellular migration (Figure 1) (Van Aelst & D’Souza-Schorey 

1997; Rohatgi et al. 2000). 
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1.3 Hematopoiesis 

Hematopoiesis describes the developmental process of blood cells in an organism (Kotaki et 

al. 2017). Blood consists of different cells like myelocytes, lymphocytes, erythrocytes, 

thrombocytes, and monocytes (Maximow 1909). These blood cells and their subsequent 

progenitors are derived from hematopoietic stem cells (HSCs). HSCs are pluripotent and 

self-renewing, meaning they are able to generate all types of mature blood cells but keep at 

least one daughter cell that maintains pluripotency (Akashi et al. 2000; Kondo et al. 1997). 

This differentiation during hematopoiesis depends on signaling pathways regulated by 

cytokines and transcription factors (Orkin 2000). In the last couple of years a lot of research 

has been done on the concept of hematopoiesis in adults. That is why two models are being 

in the interest of researchers.  

One model that has been seen as the standard hematopoiesis system for many years 

describes that HSCs differentiate into multipotent progenitor (MPPs) and then branch into 

common lymphoid progenitors (CLPs) and common myeloid progenitor (CMPs) (Figure 2). 

CLPs differentiate to B and T cell progenitors. B cells evolve in the bone marrow to mature 

B cells whereas T cell progenitors leave the bone marrow and move to the thymus. In the 

thymus T cells undergo T cell development for maturation (called thymopoiesis) before they 

are ready to enter the lymph system. In addition, CLPs can also be programmed to cells like 

DCs or NK cells. CMPs branch into promegakaryocytes, proerythroblasts, promonocytes, 

and promyelocytes out of which thrombocytes, erythrocytes, monocytes, neutrophils, 

eosinophils, and basophils emerge and enter the lymph system. When monocytes leave the 

blood and migrate into tissue, they can differentiate into DCs and macrophages (Till & 

McCulloch 1961; Becker et al. 1963; Akashi et al. 2000; Kondo et al. 1997; Metcalf 2007; 

Passegué et al. 2003; Bottero et al. 2006; Weiskopf et al. 2016; Orkin & Zon 2008).  

The second model was just discovered only a couple of years ago and is still in discussion. It 

postulates that HSCs branch directly into different lymphoid-primed multipotent progenitors 

(LMPPs). It suggests the existence of one multi LMPP that can differentiate into any blood 

cell but that for each cell type one additional LMPP with a single fate exists (e.g. LMPP-DC, 

LMPP-B cell…) (Månsson et al. 2007; Dykstra et al. 2007; Miyamoto et al. 2002; Sieburg et 

al. 2006; Naik et al. 2007; Arinobu et al. 2007; Adolfsson et al. 2005).  
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1.4 T cell development  

Immature T cells undergo T cell development in the thymus while B cells continue maturation 

in the bone marrow (Miller 1961; Hardy et al. 1991). This process follows almost the same 

rules as in humans, rodents, and other species. Yet, developmental receptors differ in name 

and epitope structure to each other. Here, representatively T cell development in humans is 

described while not going any deeper into species specific receptors because the process 

itself is the same in all species. 

T cell development starts with the migration of T cell progenitors into the thymus at the 

cortico-medullary junction (Figure 3) (Raviola & Karnovsky 1972). T cell progenitors begin 

with a differentiation program while they are migrating through the thymic stroma (Lind et al. 

2001; Prockop & Petrie 2000). The differentiation steps take place at specific regions in the 

thymus starting with the entry into the thymus of CD4- CD8- double negative 1 (DN1) cells 

(Figure 3). Next, cells develop to DN2 cells and undergo a proliferative clonal expansion. 

DN3 cells rearrange their TCR β-chain moving to the end of the cortex. At the subcapsule of 

the thymus cortex cells change from DN to CD4+ CD8+ double positive (DP) cells. DP cells 

migrate back from the subcapsular region of the cortex towards the medulla while 

undergoing positive selection mediated by cortico thymic epithelial cells (cTECs) (Anderson 

et al. 1994; Lind et al. 2001; Boyd et al. 1993; Ritter & Boyd 1993; Godfrey et al. 1993). 

During positive selection TCRs of DP cells review self-peptides presented by MHCs on 

cTECs (Zinkernagel et al. 1978). MHC I antigen presentation on cTECs is expressed by a 

unique catalytic subunit of the proteasome, the thymoproteasomes (Nitta et al. 2010). On 

cTECs with MHC II, antigen presentation is based on unique lysosomal proteases cathepsin 

L (Honey et al. 2002) and TSSP (thymus-specific serine protease) (Gommeaux et al. 2009). 

DP cells interact with peptide-MHC complexes. If cells fail to bind to peptide-MHC complex 

they are neglected. If the affinity is very weak DP cells undergo positive selection and then 

migrate to the medulla for further negative selection processes (Liu et al. 1998). These 

positively selecting peptides are often low-affinity antagonists or weak agonists (Sebzda et 

al. 1996; Hogquist et al. 1994). DP cells that bind to peptide-MHC complex with a high affinity 

are deleted by negative selection through apoptosis signals (Palmer et al. 2011). In addition, 

some high affinity cells are not send to death but undergo clonal deviation to turn to Tregs 

(Martin et al. 2013). Clonal deviation of Tregs is still in research as the affinity model is not 

clearly understood yet (Williams et al. 1999). Depending on to which MHC (I or II) T cells 

bind with their TCR, cells are turning into CD4+ single positive (SP) or CD8+ SP cells. If DP 

cells bind to MHC II a CD4+ T cell develops; if DP cells bind to MHC I they change to a 
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1.5 Tolerance mechanisms of T cells 

T cells undergo different selection processes to prevent onset of autoimmune diseases and 

to avoid overshooting immune reactions. The processes are: negative selection, anergy, and 

control through Tregs. These processes are similar in different species.  

1.5.1 Negative selection 

Negative selection takes place both in the cortex and in the medulla (Kappler et al. 1987; 

McCaughtry et al. 2008). In the cortex, negative selection follows when DP cells bind with 

high affinity to peptide-MHC complex during positive selection process. The high-affinity DP 

cells get eliminated by apoptosis with contribution of cortical DCs (cDCs) (McCaughtry et al. 

2008). 

DP cells that have passed positive selection turn into SP cells and migrate to the medulla 

where they undergo negative selection (Guidos et al. 1990). TCRs of SP cells get tested for 

autoreactivity to self-antigens. Therefore, different antigen presenting cells are involved in the 

presentation of self-peptides from the whole body (Boyd et al. 1993; Von Gaudecker et al. 

1997). Involved antigen presenting cells are migratory conventional DCs, plasmacytoid DCs 

(pDCs), mTECs, and B cells. MTECs present a multiplicity of tissue restricted antigens 

(TRAs) on their surface. SP cells either scan these self-antigens on mTECs in conjunction 

with scanning of other antigen presenting cells, or they scan conventional DCs that got TRAs 

handed over by mTECs (Millet et al. 2008; Koble & Kyewski 2009; Gallegos & Bevan 2004). 

Presentation of TRAs is regulated by different factors. So far, only two have been published: 

AIRE (autoimmune regulator) and Fezf2 (Fez family zinc finger 2, also called forebrain 

embryonic zinc finger-like protein 2) (Liston et al. 2003; Takaba et al. 2015). Mutations in 

AIRE lead to autoimmune diseases like Autoimmune polyendocrinopathy-candidiasis-

ectodermal dystrophy (APECED) while mutations in Fezf2 were associated with tumors and 

autism (Sander et al. 2013; Shu et al. 2013; Kwan 2013).  

If the TCR has a high or inappropriate affinity to self-peptides, cells are eliminated within the 

medulla to avoid autoreactive mature T cells in the periphery (Schwartz 1989). Almost all 

T cells that bind to self-peptide are eliminated by apoptosis induction while the remaining 

T cells leave the thymus as conventional or regulatory T cells (Williams et al. 1999; 

Yamamoto et al. 2002; Schwartz 1989). 



Introduction 

 

12 

 

1.5.2 Anergy 

When mature CD4+ or CD8+ T cells have exited the thymus, they migrate between secondary 

lymphoid organs through blood and lymph system (Smith et al. 1970). They constantly scan 

DCs for high affinity peptide-MHC complexes (Hawiger et al. 2001). In the event that an 

autoreactive cell is accidently led out of thymus into periphery the immune system has 

developed a backup tolerance mechanism called anergy. Anergy is part of the peripheral 

tolerance. T cells migrate through the body scanning peptide-MHC complexes (Greenwald et 

al. 2001; Kurts et al. 1997; Förster & Lieberam 1996). If a T cell binds to a self-peptide-MHC 

complex it does not get activated because the costimulatory CD28 receptor is missing, which 

is only expressed on activated antigen presenting cells (Harding et al. 1992). The T cell is 

send to an anergic state which means it is neither able to translate the IL-2 (interleukin 2) 

gene anymore nor to respond to antigen binding. In consequence the autoreactive T cell is 

no danger for the body anymore (Boussiotis et al. 1997). 

1.5.3 Regulatory T cells 

If the tolerance mechanism in thymus and periphery are not effective enough, 

regulatory T cells (Tregs) can inactivate self-reactive T cells (Gershon & Kondo 1970; Green 

et al. 1983). Active Tregs normally express CD4+ plus IL-2-receptor α (CD25+, human, mice, 

rat) (Sakaguchi et al. 1995; Itoh et al. 1999). The transcription factor FoxP3 (Forkhead box 

protein 3) is essential for the function of Tregs (Hori et al. 2003). Tregs develop either in the 

thymus, called thymic Tregs (tTregs) or in peripheral lymphoid organs, called peripheral 

Tregs (pTregs) (Khattri et al. 2003; Fontenot et al. 2003). Induction signals for T cells to 

become a regulatory cell are mainly recognition of self-antigens in the thymus and self- and 

foreign-antigen in the lymphoid organs (Fisson et al. 2003; Hsieh et al. 2006; Jordan et al. 

2001; Apostolou & Von Boehmer 2004; Chen et al. 2003). Tregs can suppress immune 

responses in many different ways. One way is the production of anti-inflammatory cytokines 

or soluble factors like TGF-β (transforming growth factor-β), IL-10, IL-35, or adenosine. 

Another way is the suppression by cell-cell contact through CTLA4 (cytotoxic T-lymphocyte-

associated protein 4) or granzyme B (Groux et al. 1997; Chen et al. 1994; Fisson et al. 2003; 

Weiner et al. 2005; Sojka et al. 2008; Collison & Vignali 2011). Another small subgroup was 

mentioned for humans and mice: CD8+ CD25+ FoxP3+ Tregs. These Tregs are not as 

numerous as CD4+ Tregs, yet they were shown to have a suppressive character (Hu et al. 

2004; Cone et al. 2009; Jiang et al. 1998). 
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Tregs have become an important tool for autoimmune diseases. It has been published that 

antigen-specific Tregs can be used to limit diseases in humans, mice, and rats by 

downregulation through Treg suppression (Chen et al. 1994; Salomon et al. 2000). 

Experimental autoimmune encephalomyelitis (EAE) (similar to human multiple sclerosis) 

(Kasagi et al. 2014) or autoimmune diabetes (Kornete et al. 2013; Piccirillo et al. 2005) are 

just two examples of autoimmune diseases that could be treated with antigen-specific Tregs. 

NOD mice suffering from autoimmune diabetes where shown to express decreased FoxP3 

Tregs (Salomon et al. 2000). On the contrary, other groups found normal Treg frequencies in 

NOD mice but with reduced functionality due to instability of the cells (Brusko et al. 2005). In 

humans with T1D frequencies of Tregs in peripheral blood were normal but had defective 

suppressive function (Lindley et al. 2005; Brusko et al. 2007) and increased apoptosis rates 

(Glisic-Milosavljevic et al. 2007).  
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2 Aim 

The IDDM rat arose through a spontaneous mutation in the L.1AR1 rat (Lenzen et al. 2001). 

One point mutation in the gene Dock8 was found at the telomeric end of chromosome 1. This 

mutation is involved in the pathogenesis of autoimmune diabetes in IDDM rats (Arndt et al. 

2015). In addition to diabetes development, reduced T cell frequencies with variation over the 

lifetime are another phenotypical feature of the IDDM rat. 

In humans several genetic factors are known to have an impact on T1D development. Thus, 

we assume that the point mutation in Dock8 does not solely play a role in the pathogenesis 

of the IDDM rat.  

The aims of this study were a) to identify further genetic factors within Iddm8 which might 

have an impact on the pathogenesis of IDDM rats, b) the characterization of the immune 

status as well as the evaluation of possible alterations in thymus morphology and histology in 

IDDM rats, and c) to investigate relationships between genetic variants, the thymus, and 

immune status in the blood. 
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3 Materials and Methods 

3.1 Materials 

3.1.1 Rat strains 

Table 1: Rat strains 

Rat strain Short name 

LEW.1AR1 L.1AR1 

LEW.1AR1-iddm IDDM 

LEW.1AR1-Dock8
iddm/Ztm Dock8IDDM 

LEW.1AR1-Rnor_6.0Chr1:234999140 A>G/Ztm C/EBPβ motiveIDDM 

3.1.2 Antibodies 

Table 2: Fluorochrome-conjugated antibodies for flow cytometry 

Antibody Description Reference/Source 

Anti-CD3 PE (Phycoerythrin) Mouse, clone G4.18, 1:500 BD Biosciences 

Anti-CD4 PE-Cy7 (Phycoerythrin-
Cyanine 7) 

Mouse, clone OX-35, 1:500 BD Biosciences 

Anti-CD8a V450 (BD Horizon 
fluorochrome) 

Mouse, clone OX-8, 1:250 BD Biosciences 

Anti-CD161a FITC (Fluorescein 
isothiocyanate) 

Mouse, clone 10/78, 1:500 BD Biosciences 

Anti-CD45RA APC 
(Allophycocyanin) 

Mouse, clone OX-33, 1:2000 Biolegend 

Anti-CD43 AF647 (Alexa Fluor 647) Mouse, clone W3/13, 1:1000 Biolegend 

Anti-CD3 FITC Mouse, clone 1F4, 1:250 Biolegend 
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Anti-CD172a PE Mouse, clone OX-41, 1:100 Biolegend 

Anti-CD25 PE Mouse, clone OX-39, 1:100 BD Biosciences 

Anti-FoxP3 AF647 Mouse, clone 150D,1:250 Biolegend 

Isotype Ctrl AF647 Mouse, clone MOPC-21, 1:250 Biolegend 

 

Table 3: Primary and secondary antibodies for immunohistochemistry 

Antibody Description Reference/Source 

Polyclonal guinea pig anti-Insulin Primary antibody, 1:50 Dako 

Mouse anti-rat TCR Alpha/Beta  Primary antibody, 1:100 AbD Serotec 

Goat anti-guinea pig IgG (H+L)-Cy2 Secondary antibody, 1:400 DIANOVA 

Rabbit anti-mouse IgG F(ab’)2-Cy3 Secondary antibody, 1:400 DIANOVA 

3.1.3 Oligonucleotides 

Table 4: PCR primers 

Primer Primer sequence (5’ - 3’) 

Dock8IDDM forward primer CTGAATGGCTCGTCTCTTCC 

Dock8IDDM reverse primer TCCCTTCAGTCTCACGAGGT 

Rnor_6.0Chr1:234999140 A> G forward primer  TAAGCTGGCCTTTGACGCCTG 

Rnor_6.0Chr1:234999140 A> G reverse primer  TCTTGTCTCACCCGGCACCATCT 

 

  



Materials and Methods 

 

17 

 

Table 5: Sequences of primer alignments 

Primer Primer sequence (5’ - 3’) 

L.1AR1 forward primer CTGGGAGTTGCAAGACCAAGTAAAGCAAGC               

AAGCAGTTTAACAGAAGCCAAGAACATGCAG  

L.1AR1 reverse primer CTGCATGTTCTTGGCTTCTGTTAAACTGCTTGCTT 

GCTTTACTTGGTCTTGCAACTCCCAG 

IDDM primer forward CTGGGAGTTGCAAGACCAAGTAAAGCAAGC  

GAGCAGTTTAACAGAAGCCAAGAACATGCAG 

IDDM primer reverse CTGCATGTTCTTGGCTTCTGTTAAACTGCTCGCTT

GCTTTACTTGGTCTTGCAACTCCCAG 

3.1.4 Chemicals 

Table 6: Chemicals 

Chemical Description Source 

2-Propanol   Merck KGaA 

Acrylamide Rotiphorese Gel 30 (37,5:1) Carl Roth 

Ammonium Chloride Merck 

Ammoniumperoxodisulfate (APS)   Roth 

Borgal Solution 24%   Virbac 

Bovine Serum Albumin ≥98%   Sigma-Aldrich 

Bromophenolblue    Serva 

Cotrim K 250 mg/5 mL juice Ratiopharm 

Cytoseal XYL Mounting media Thermo Fisher Scientific 

EDTA ≥99%  Carl Roth 

Eosin Shandon™ Eosin Y 
Cytoplasmic Counterstain 

Thermo Fisher Scientific 

Ethanol 99% denatured   Th. Geyer 

GelStar Lonza 
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Hematoxylin Solution, Gill No. 2   Merck KGaA 

LE Agarose   Biozym 

LinplantTM Insulin Pellet LinShin Canada, Inc. 

Paraffin Histoplast-Paraffin Thermo Fisher Scientific 

Paraformaldehyde 37 %   Carl Roth 

PBS Dulbecco w/o Ca2+ and Mg2+   Merck 

Phusion Master Mix for PCR Thermo Fisher Scientific 

Proteinase K 50 µg/µL Epicentre 

RNAprotect Animal Blood Tubes Qiagen 

Sodium azide ≥ 99% Merck 

Sodium bicarbonate 99.5 - 100.5 % NaHCO3 Sigma-Aldrich 

Sterile PBS   Biochrom 

Sustain Release Insulin Implants Linplant 

TEMED 99% Polymerisation starter Carl Roth 

Tris Carl Roth 

Ampuwa® Plastipur Ultrapure water Fresenius Kabi 

VECTASHIELD® HardSet Antifade 
Mounting Medium with DAPI 

 

VECTOR Laboratories 

Xylene   J. T. Baker 

3.1.5 Equipment 

Table 7: Laboratory equipment 

Equipment Description Source 

Amersham HybondTM-N+ Membrane for Western Blot GE Healthcare 

Automated Cover Slipper CTM6   Thermo Fisher Scientific 

Automated Slide Stainer Gemini AS H&E stainer Thermo Fisher Scientific 

Biofuge Fresco  Microcentrifuge Heraeus 
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Biopsy cassettes   Medite 

Blood glucose sensors Contour next Bayer 

Breeding diet, total pathogen free Altromin 1314 TPF Altromin 

ChemiDocTM Touch Imaging System Bio Rad 

Cool Unit TKF 22   Medite 

Cover slip Marienfeld Superior cover 
slip, 24 x 40/50/60 mm 

Thermo Fisher Scientific 

Cover slipper CTM5, automated   Thermo Fisher Scientific 

GalliosTM Flow Cytometer   Beckman Coulter 

Gel chamber   Carl Roth 

Gel imager Gel documentary and UV 
transilluminator 

intas 

Gill 2 hematoxylin   Thermo Fisher Scientific 

Glucometer Contour next   Bayer 

HXP 120 V fluorescence lamp   Zeiss 

Incubator    memmert 

Kimtech tissue  Kimberly Clark 

Light microscope  Zeiss 

Magnetic stirrer   IKA RH-KT/C 

Mastercycler Pro  PCR-Thermocycler Eppendorf 

Microplate 96 well U-bottom   Greiner Bio-One 

Microscope Axio Imager.M2 Fluorescence microscope Zeiss 

Microscope Axioskop 40   Zeiss 

Microscope Camera "AxioCam MRc"   Zeiss 

Microscope Camera "AxioCam MRm"   Zeiss 

Microtome 2030   Reichert-Jung 

Microtome Blade S35   Feather  

Microwave Sharp R-330A   Sharp 
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Mini-Protean Tetra System Protein Electrophoresis 
system 

Bio-Rad 

Multifuge 3SR+ Centrifuge Heraeus 

NanoDrop® ND-1000 spectrophotometer Peqlab Biotechnologie 

Object plates Menzel glasses,               
76 x 26 mm 

Thermo Fisher Scientific 

Pap pen Fat pen Kisker Biotech 

Ph-meter 768 Calimatic   Knick, Berlin, Germany 

Polymax 2040 shaker Heidolph 

Power supply, MBP 1000 ET Power supply for 
electrophoresis 

Ibi 

Precision scale LA2305   Sartorius 

Sakura IDent Cassette & Slide Printer   Sakura 

Scale TE1502S   Sartorius 

Scil Vet abcTM hematology analyzer   scil animal care company 

Semi-dry Blotter Model L   Phase 

Spin Tissue Processor STP 120 Dewatering machine Thermo Fisher Scientific 

Staining chamber stain trayTM black Carl Roth 

Staining container with lid   Medite 

Super Frost® Plus object plates  for immunohistochemistry R. Langenbrinck 

Tissue Embedding System TES 99   Medite 

Tissue flotation bath TFB 45 Medite 

Whatman gel blotting paper   Whatman 
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3.1.6 Kits 

Table 8: Laboratory Kits 

Kit Source 

FOXP3 Fix/Perm Buffer Set Biolegend 

VersaComp Antibody Capture Bead Kit Beckman Coulter 

LightShiftTM Chemiluminescent EMSA Kit Thermo Fisher Scientific 

QIAquick® PCR Purification Kit Qiagen 

 

3.1.7 Frequently used buffers 

1x TBE   Erythrocyte Lysis Buffer  

Tris 89 mM  Ammonium chloride 160 mM 

Borate 89 mM  EDTA 0.1 mM 

EDTA 2 mM  Sodium bicarbonate 12 mM 

     

FACS buffer     

PBS 1x    

Sodium azide 0.03 %    

BSA 0.1 %    
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3.2 Methods 

3.2.1 Animals and animal husbandry 

Following rat strains were kept in an open husbandry and inbreeded (Table 9). 

Table 9: Rat strains 

Rat strain Short name 

LEW.1AR1 L.1AR1 

LEW.1AR1-iddm IDDM 

LEW.1AR1-Dock8
iddm/Ztm Dock8IDDM 

LEW.1AR1-Rnor_6.0Chr1:234999140 A>G/Ztm C/EBPβ motiveIDDM 

 

All animals were kept in type IVS cages (1800 cm2) under controlled standardized conditions: 

temperature 21 ± 2°C, relative humidity 50 ± 5 %, and artificial light (14 h light, 10 h dark). 

Sterilized commercial softwood granulate bedding was used (Lignocel, Altromin; Lage, 

Germany). Autoclaved commercial pellet diet for breeding (Altromin 1314) and autoclaved 

water were provided ad libitum. 

Whenever possible, rats were kept in sibling groups. The microbiological status was 

examined as recommended by the Federation for Laboratory Animal Science Associations 

(FELASA) (Mähler et al. 2014) and absence of listed microorganisms, except Pastorella 

pneumotropica, Helicobacter sp., and Norovirus, was confirmed. 

The experiments were in accordance with the German Animal Welfare Legislation and 

approved by the local Institutional Animal Care and Research Advisory Committee and 

permitted by the Lower Saxony State Office for Consumer Protection and Food Safety 

(reference number 42500/1H and 13A404). 

Sampling of blood and organs were done at different time points. Blood was taken 

retrobulbar at 40 days (before infiltration) and 60 days (manifestation age) of age. Organ 

sampling was done at 60 days for pancreas samples and at 60 days and 90 days of age for 

thymus samples (after manifestation) to examine thymic involution. 
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3.2.2 Incidence analysis and insulin treatment 

Animals were checked daily to observe if symptoms had manifested. Blood glucose was 

measured twice a week with blood from the tail vein between 40 and 100 days of age using 

Glucometer Contour next (Bayer, Leverkusen, Germany). Rats were treated under carbon 

dioxide narcosis with half of a LinplantTM insulin pellet subcutaneously (under the neck) if 

diabetes had manifested (Glucose level above 20 mmol/L). 

3.2.3 DNA isolation 

DNA was isolated out of tissue for whole genome sequencing and sequencing of point 

mutations to define genotype of descendants. It was used the MasterPureTM DNA Purification 

Kit (Epicentre) and followed the suppliers protocol. 1 – 5 mg tissue was cut and lysed in 

300 µL Lysis Buffer in a 1.5 mL Eppendorf cup. 1 µL of Proteinase K was added to break up 

tissue. After vortexing, tissue was incubated overnight in thermomixer at 55°C. After cooling 

down samples to room temperature (RT), 1 µL of RNase was added, vortexed, and 

incubated for 30 min at 37°C to remove free RNA. Samples were put on ice. 150 µL MPC 

Protein-Precipitations-Reagent was added to remove proteins. It was vortexed for 10 sec and 

centrifuged for 10 min at 17,000 x g. For DNA precipitation, supernatant was mixed with 

500 µL fresh isopropanol. Cups were turned gently about 30 to 40 times to mix supernatant 

and isopropanol. After another centrifugation step for 10 min at full speed, supernatant was 

decanted and DNA pellet was dried for about 10 min. To wash DNA pellet, 500 µL of 70 % 

Ethanol was pipetted on every pellet. Centrifugation step of 10 min at full speed followed. 

Ethanol was removed with a pipette and pellet was dried overhead for 20 min. DNA pellet 

was resuspended in 100 µL TE-buffer and totally solved for 60 min at 65°C in thermomixer. 

DNA concentration was determined at a NanoDrop® spectrophotometer (ND-1000, Peqlab 

Biotechnologie, Erlangen, Germany) and adjusted to 50 ng/µL.  

3.2.4 Polymerase chain reaction 

The polymerase chain reaction (PCR) is used for multiplication of specific DNA sequences 

between 3 kilo base pairs (kbp) and 30 kbp. PCR was used to identify the genotype of two 

point mutations. Following primers (Table 10) were used:  

 



Materials and Methods 

 

24 

 

Table 10: PCR primers 

Primer Primer sequence (5’-3’) 

Dock8IDDM forward primer CTGAATGGCTCGTCTCTTCC 

Dock8IDDM reverse primer TCCCTTCAGTCTCACGAGGT 

Rnor_6.0Chr1:234999140 A> G forward primer TAAGCTGGCCTTTGACGCCTG 

Rnor_6.0Chr1:234999140 A> G reverse primer TCTTGTCTCACCCGGCACCATCT 

 

For each PCR sample 100 ng DNA were mixed with Phusion Master Mix (end concentration 

1x; Thermo Scientific) plus 10 pmol/µL primer forward and reverse and ultrapure water. The 

following PCR program was used: 

 

Table 11: PCR program 

Step Temperature Time 

1 98 °C 30 min 

2 98 °C 10 min 

3 58 °C 30 min 

4 72 °C 30 min 

5 35 cycles  

6 72 °C 7 min 

7 8 °C ∞ 

 

For the sequence of Dock8 mutation product length was about 400 base pair (bp) and for 

Rnor_6.0Chr1:234999140 A>G of about 250 bp length. Both products were checked with 

1.5 % agarose gel electrophoresis (see section 3.2.5).  
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3.2.5 Gel electrophoresis 

Electrophoresis is a method to control DNA amplicons. DNA fragments are loaded onto an 

agarose gel and are separated by their size by applying an electric current. The smaller the 

fragment, the faster and further it migrates in the gel. 

PCR products and oligo alignments were checked for their size by running them in a 1.5 % 

agarose gel electrophoresis. A small agarose gel was casted. 1.5 g LE Agarose (Biozym) 

was dissolved in 100 mL 1 x TBE (89 mM Tris, 89 mM Borate, 2 mM EDTA) to cast a 1.5 % 

gel. Solution was mixed with a magnetic stir bar, heated with a loose cover on top in 

microwave for 3 - 4 min. Meanwhile, the gel chamber was masked with adhesive tape and 

GelStar (Lonza) was thawed. 4 µL of gel star were added to 100 mL agarose solution and 

mixed. Gel was casted so that comb was covered half. Electrophoretic chamber was filled 

with 1x TBE. Samples were prepared for agarose gel. PCR products were mixed with 

5x bromophenolblue mixture. Into each slot 10 µL of primer with bromophenolblue were 

loaded. Gel was run at 90 mA for about 1.5 h. Bands were visualized and checked with 

transillumination apparatus (Intas). 

For the control of oligo alignments for the electrophoretic mobility shift assay (EMSA) 

annealed primers were compared with single strain primers. Single strain primers (0.2 µL) 

were mixed with ultrapure water (19.8 µL) and heated up to 65 °C for 10 min to avoid dimeric 

bonds. After ten minutes single strain solutions were put on ice. Single strains and annealed 

primers were mixed with 5x bromophenolblue solution, loaded to the gel and run for about 

1.5 h at 90 mA. Bands were visualized with transillumination apparatus (Intas).  

3.2.6 PCR product purification 

For genotyping, PCR products were purified with QIAquick® PCR Purification Kit (Qiagen). 

Before use, 99 % ethanol was added to Buffer PE. Buffer PB was mixed 1:250 with pH 

indicator and turned yellow (pH≤7.5). Five volumes Buffer PB were added to one volume of 

PCR product. If color turned orange or violet, 10 µL 3 M sodium acetate (pH 5.0) were added 

and mixed. QIAquick® column was put into a 2 mL collection tube and PCR sample was 

applied to column to bind DNA. Centrifugation for 30 sec at 17,000 x g followed. Flow-

through was discarded and 750 µL Buffer PE were added to column and centrifuged again. 

Flow-through was discarded before a second centrifugation step followed for 1 min. Columns 

were placed in a clean 1.5 mL Eppendorf cup. Elution was done by adding 50 µL ultrapure 

water to center of membrane and centrifugation for 1 min. DNA concentration was measured 
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at NanoDrop® spectrophotometer and then sent to GATC Biotech AG for sequencing and 

genotyping. 

3.2.7  Whole genome sequencing 

Whole genome sequencing was done in close collaboration with Lutz Wiehlmann and Colin 

Davenport. 

3.2.7.1 Sequencing and analysis 

Sample preparation, sequencing and initial analysis was performed at the company GeneWiz 

(South Plainfield, New Jersey, USA) on the Illumina HiSeq X10 sequencer using standard 

paired-end 150bp read protocols.  

Reads were aligned to the Rat Rnor_6 genome by the DRAGEN (edico genome, San Diego, 

USA) aligner. The DRAGEN pipeline performs adapter and quality trimming, mapping and 

variant calling, but the variant calls were not utilized further. BAM files were further modified 

to add read groups using Picard. The variant caller Freebayes version v1.1.0-4-gb6041c6 

(Abecasis et al. 2013) was then used to call variants in both BAM files simultaneously. 

3.2.7.2 Single-nucleotide variant filtering 

For the single nucleotide variant (SNV) filtering SnpEff (computer program) (Cingolani et al. 

2012) was used to assess the functional effects of variants on the predicted amino acid 

exchange of any annotated proteins. The program vt peek (Lowe et al. 2014) was used to 

assess content and quality of every following VCF file.  

Thereafter, SnpSift (computer program) (Cingolani et al. 2012) was employed to carry out the 

following filter steps. First, excluded were the ones where the called genotype was the non-

reference position for both individuals.  

Filter was set to restrict to a range on chromosome 1 (vcftools) (Danecek et al. 2011) and 

variants were called common to both rats. As above it was restricted to biallelic SNPs and 

indels. 
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Both filter steps were undertaken for whole rat genomes and the specified chromosome 1 

region. Binary data format (BAM) and Variant Calling Format (VCF) results including all 

filtering steps were visualized in an in-house Jbrowse genome browser (Buels et al. 2016). 

3.2.8 Electrophoretic Mobility Shift Assay 

The electrophoretic mobility shift assay (EMSA) is a useful method to detect protein-nucleic 

acid interactions and their binding strength. Solutions of protein and nucleic acid are run 

through polyacrylamide gel under native conditions and blotted onto a membrane. Detection 

can be done with biotin-streptavidin method. DNA is biotin labeled and visualization is done 

with streptavidin-horseradish-peroxidase. If peptide and DNA interact with each other, a band 

shift is detected in comparison to single DNA. Complexes migrate slower due to their bigger 

size and volume. The peptide is not biotinylated and hence does not get detected only if it is 

in complex with biotinylated DNA. A competition reaction is also blotted to verify specific 

binding of peptide and DNA. Therefore, unbiotinylated DNA is added in high amounts to 

biotinylated DNA-peptide mixture. With increasing amounts of unbiotinylated DNA the shift 

should disappear on gel because the peptide reacts with excessive unbiotinylated DNA 

which cannot be detected (Hellman & Fried 2007; Rowe & O’Gara 2005). 

3.2.8.1 Annealing 

Forward and reverse primer of L.1AR1 and of C/EBPβ motiveIDDM (Table 12) (Eurofins 

Genomics GmbH), biotinylated and unbiotinylated, were annealed. 50 µg of forward and 

reverse primer were solved in 10x annealing buffer (200 mM Tris, pH 7.6; 100 mM MgCl2; 

500 mM NaCl). Annealing was done in thermocycler by heating up to 95°C for 5 min. Then 

70 cycles with gradual reduction of 1°C in each cycle followed. Annealed primers were kept 

at 4°C.  
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Table 12: Sequences of primer alignments 

Primer Primer sequence (5’ - 3’) 

L.1AR1 primer forward CTGGGAGTTGCAAGACCAAGTAAAGCAAGCA                   

AGCAGTTTAACAGAAGCCAAGAACATGCAG  

L.1AR1 primer reverse CTGCATGTTCTTGGCTTCTGTTAAACTGCTTGCTTG 

CTTTACTTGGTCTTGCAACTCCCAG 

IDDM primer forward CTGGGAGTTGCAAGACCAAGTAAAGCAAGCG  

AGCAGTTTAACAGAAGCCAAGAACATGCAG 

IDDM primer reverse CTGCATGTTCTTGGCTTCTGTTAAACTGCTCGCTTGCTTT   

ACTTGGTCTTGCAACTCCCAG 

3.2.8.2 Performance of EMSA 

The LightShiftTM Chemiluminescent EMSA Kit of Thermo Scientific was used to prove for 

physical interaction of DNA and C/EBPβ peptide. A small polyacrylamide gel (10 cm x 10 cm 

x 1 mm) was casted. Therefore, the glass plates had to be cleaned properly with water and 

isopropanol and some Kimtech tissue (Kimberly Clark). When the cast station was set up, gel 

solution was prepared for a 6 % polyacrylamide gel (Table 13). TEMED was added at last as 

a polymerization starter.  

Table 13: Composition of gel 

Solution Volume  

30 % Acrylamide 2,6 mL (30 %) 

ddH2O 7,2 mL 

5x TBE 2,4 mL 

APS 200 µL 

TEMED 10 µL 

 

Polymerized gel was put into electrophoresis chamber (chamber for SDS PAGE gels). 

Chamber was filled with 0.5x TBE, gel pockets were washed with a 200 µL pipette and pre-
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run was done for 30 min at 100 V. During the pre-run, binding reactions of DNA and peptide 

were set up. 20 fmol biotinylated double stranded oligonucleotides (L.1AR1, C/EBPβ 

motiveIDDM) were incubated with 1000 ng C/EBPβ peptide. For competitive binding, 

oligonucleotides and C/EBPβ were incubated with additional 2 pmol (100-fold), 4 pmol (200-

fold), 6 pmol (300-fold) unbiotinylated oligonucleotides in reaction buffer (see Table 14 

and 15). Volumes in Table 14 and Table 15 are depicted in unit [µL] and reactions were 

pipetted in listed order. Reaction one represents negative control, where DNA alone was 

loaded. Samples were not vortexed at any time, only pipetted up and down gently. Reactions 

were incubated for 20 min at RT and then mixed with 5 µL of 5x Loading buffer each before 

loading. Control gel was done with system of LightShift Chemiluminescent EMSA Kit in 

Table 16. 

 

Table 14: Binding reactions with L.1AR1 DNA 

Component Final Amount 1 2 3 4 5 

Ultrapure water - 14 µL 13 µL 9 µL 5 µL 1 µL 

10x Binding Buffer 1 x 2 µL 2 µL 2 µL 2 µL 2 µL 

50 % Glycerol 2.5 % 1 µL 1 µL 1 µL 1 µL 1 µL 

1 µg/µL Poly (dI.dC) 50 ng/µL 1 µL 1 µL 1 µL 1 µL 1 µL 

Biotin L.1AR1 DNA 20fmol 20 fmol 2 µL 2 µL 2 µL 2 µL 2 µL 

L.1AR1 DNA w/o Biotin  - - 4 µL 8 µL 12 µL 

C/EBPβ (1000 ng) 1000 ng - 1 µL 1 µL 1 µL 1 µL 

Total Volume - 20 µL 20 µL 20 µL 20 µL 20 µL 
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Table 15: Binding reactions with IDDM DNA 

Component Final Amount 1 2 3 4 5 

Ultrapure water - 14 µL 13 µL 9 µL 5 µL 1 µL 

10x Binding Buffer 1 x 2 µL 2 µL 2 µL 2 µL 2 µL 

50 % Glycerol 2.5 % 1 µL 1  µL 1 µL 1 µL 1 µL 

1 µg/µL Poly (dI.dC) 50 ng/µL 1 µL 1 µL 1 µL 1 µL 1 µL 

Biotin IDDM DNA  20 fmol 2 µL 2 µL 2 µL 2 µL 2 µL 

IDDM DNA w/o Biotin  - - 4 µL 8 µL 12 µL 

C/EBPβ (1000 ng) 1000 ng - 1 µL 1 µL 1 µL 1 µL 

Total Volume - 20 µL 20 µL 20 µL 20 µL 20 µL 

 

Table 16: Binding reactions with Control EBNA system 

Component Final Amount 1 2 3 

Ultrapure Water - 12 µL 11 µL 9 µL 

10 x Binding Buffer 1 x 2 µL 2 µL 2 µL 

50 % Glycerol 2.5 % 1 µL 1 µL 1 µL 

100 mM MgCl2 5 mM 1 µL 1 µL 1 µL 

1 µg/µL Poly (dI.dC) 50 ng/µL 1 µL 1 µL 1 µL 

1 % NP-40 0.05 % 1 µL 1 µL 1 µL 

Unlabeled EBNA DNA 4 pmol - - 2 µL 

EBNA extract 1 Unit - 1 µL 1 µL 

Biotin-EBNA Control DNA 20 fmol 2 µL 2 µL 2 µL 

Total Volume - 20 µL 20 µL 20 µL 

 

Gel was run at 100 V until bromophenolblue band had migrated 2/3 of the gel (about an 

hour). During the run, HybondTM-N+ membrane (GE Healthcare, Little Chalfat, UK) and 

whatman paper for Western Blot were soaked in 0.5x TBE for minimum 10 min. 
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In the next step, bands were blotted on a positively charged nylon HybondTM-N+ membrane 

by a semidry Western Blot system. The gel was placed on the cathode (negative) with a 

whatman paper in between. The nylon membrane was put on top of the gel, then another 

whatman paper and finally the anode (positive) were added. Air bubbles were removed by 

rolling a 20 mL volumetric pipette carefully over top whatman paper. An electric current was 

applied (15 min, 240 mA) to blot peptide, DNA and complexes onto membrane. Peptide, 

DNA and complexes are negatively charged and therefore migrate to the positively charged 

anode and nylon membrane (Mahmood & Yang 2012). 

To stabilize and crosslink reactions, the membrane was illuminated for 15 min at 312 nm in 

illuminator (Intas). Crosslinking stabilizes membrane and blotted reactions. If membrane is 

dried, experiment could be continued at any later time point.   

The detection followed the manufacturer’s protocol (Thermo Scientific). Blocking Buffer and 

4x Wash Buffer were heated up at 45°C in water bath until all particles were dissolved. All 

other buffers could be used between 4°C and RT. Membrane was blocked wit 20 mL 

Blocking Buffer. Therefore, the membrane was placed in a plastic tray. It was incubated on a 

shaker and gently moved for 15 min. Blocking buffer was decanted and membrane was 

incubated for 15 min with gentle shaking in Conjugate/Blocking Buffer Solution 

(1:300 stabilized Streptavidin-Horseradish Peroxidase Conjugate and Blocking Buffer). It was 

then transferred to a new container and washed four times for 5 min each with 20 mL 1x 

Wash solution (1:4 Wash Buffer in Ultrapure Water) with gentle shaking. The membrane was 

transferred again to a new container and incubated for 5 min in 20 mL Substrate Equilibration 

Buffer with gentle shaking. During incubation, Substrate Working Solution was prepared 

(1:1 Luminol/Enhancer Solution to Stable Peroxide Solution) in the dark. The membrane was 

removed from Substrate Equilibration Buffer and carefully put into a clean container. 

Substrate Working Solution was added and incubated 5 min without shaking. The membrane 

was taken out and excessive buffer was removed by placing an edge of membrane on a 

paper towel for a few seconds. It was wrapped in a plastic foil and developed at BioRad 

ChemiDoc (Kit 2016). 
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3.2.9 Molecular dynamics simulations 

The activity of many molecules is influenced by conformational changes. Molecular dynamics 

(MD) simulations can be used to analyze such molecular dynamics by solving Newton’s 

equation of motion in silico: 

               
This method is based on molecular mechanics force field. It calculates the potential energy 

VFF as the sum of different terms, including bond stretching, angle bending, torsional 

changes, van-der-Waals, and electrostatic interaction.  

                                                                                                               

MD simulations were performed with NAMD2.11 (Kalé et al. 1999; Phillips et al. 2005) and 

the CHARMM36 force field (Huang & MacKerell Jr. 2013). The C/EBPβ structure 

(PDB: 1GU4) in complex with DNA was used as the starting structure. The DNA was 

replaced by either L.1AR1 DNA (GTAAAGCAAGCAAGCA) sequence or IDDM DNA 

(GTAAAGCAAGCGAGCA) using the Schrödinger Suite (Schrödinger Release 2016-2: 

Maestro, Schrödinger, LLC, New York, NY, 2017). Prior to MD, the systems were energy 

minimized and equilibrated. MD production runs were carried out at 300 K for 60 ns using a 

time step of 1 fs. An implicit solvent was introduced by the generalized born implicit solvent 

(GBIS) method with a cut off of 14 at ion strength of 0.2 M.   

MD simulations were conducted at the Computer Cluster of the Norddeutscher Verbund für 

Hoch- und Höchstleistungsrechnen (HLRN). All calculations and analysis were supported by 

Prof. Dr. Matthias Preller from the Institute of Biophysical Chemistry at Hannover Medical 

School.  

3.2.10 Segregation of two point mutations 

For analysis of the two point mutations, F2 rats were generated by breeding L.1AR1 with 

IDDM. Rats that were homozygous for the mutation in Dock8 and rats that were homozygous 

for the mutation in the C/EBPβ motive were inbreeded. The rats were checked for genotype 

for the first three generations.  



Materials and Methods 

 

33 

 

3.2.11 Data analysis and research 

Data analysis was done with Rnor_6.0Chr1:234999140 A>G using DNA sequences of 

L.1AR1 and IDDM (Table 17). Analysis was done by a computer-based transcription factor 

prediction tool of gene-regulation.com. AliBaba 2.1 was used to construct matrices on the fly 

from TRANSFAC 4.0 sites.  

Table 17: DNA sequences of mutation at position Rnor_6.0Chr1:234999140 A>G 

strain sequence 

L.1AR1 TGTTTCAGGGTAGAGACCCAAAAACCACTCAGCACAACCGAACTCCAAATCAAGAAAGTGTATTAAGCTGG

CCTTTGACGGCCTGGAGAGAAACTCTGCTCAATAAGCAGCTTTAAACATGTTTTGCAGGGAGATATTAAAG

GTAGAGAACACAGGAAACTAAATCCTGGCTGGGAGTTGCAAGACCAAGTAAAGCAAGCAAGCAGTTTAAC

AGAAGCCAAGAACATGCAGTTAGCTGGGGTATTTCACCCCTAGTTTATAGAACACATTTAGATGATTTCCCA

ACATGTGCACTATTCATAGTGGGGTAGAAAAGATGGTGCCGGGTGAGACAAGATGAAGAAATCTTTGCCT

AGTTACACCTGACAGCATACATAGTGCCCACCCAATAGTGAGAACC 

IDDM TGTTTCAGGGTAGAGACCCAAAAACCACTCAGCACAACCGAACTCCAAATCAAGAAAGTGTATTAAGCTGG

CCTTTGACGGCCTGGAGAGAAACTCTGCTCAATAAGCAGCTTTAAACATGTTTTGCAGGGAGATATTAAAG

GTAGAGAACACAGGAAACTAAATCCTGGCTGGGAGTTGCAAGACCAAGTAAAGCAAGCGAGCAGTTTAAC

AGAAGCCAAGAACATGCAGTTAGCTGGGGTATTTCACCCCTAGTTTATAGAACACATTTAGATGATTTCCCA

ACATGTGCACTATTCATAGTGGGGTAGAAAAGATGGTGCCGGGTGAGACAAGATGAAGAAATCTTTGCCT

AGTTACACCTGACAGCATACATAGTGCCCACCCAATAGTGAGAACCT 

3.2.12 Flow cytometry 

Flow cytometry is a method used to determine different cell parameters. Detectable 

parameters include relative cell size, cell granularity and relative fluorescence intensity. 

Therefore, cells first have to be labeled with epitope specific antibodies that are coupled with 

a fluorescent dye. Cells are separated by hydrodynamic focus of the cytometer and pass by 

laser and photodetector cell by cell. Fluorescent Activated Cell Sorting (FACS) is an 

extended cytometer that can also sort the cells by their fluorescent expression (Murphy et al. 

2009). 

Flow Cytometer Gallios 10/3 by Beckman Coulter was used for flow cytometry analysis. This 

flow cytometer has three lasers to stimulate with 405 nm, 488 nm and 638 nm laser light and 

10 multi photomultiplier to detect maximum 10 different fluorochromes simultaneously. 

Fluorochromes have specific excitation and emission spectra. Some fluorochromes show a 

http://gene-regulation.com/pub/databases.html#transfac
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spectral overlap of emission which makes compensation essential before each analysis to 

avoid false positive signals.  

Different cell populations and their subpopulations were determined. T cells were labelled 

with CD3 Pe (Phycoerythrin; 1:500; clone G4.18), CD4 PeCy7 (Phycoerythrin-Cyanin 7; 

1:500; clone OX-35) and CD8 V450 (BD Horizon fluorochrome; 1:250; OX-8; all BD 

Pharmingen). CD3 is a T cell marker part of the immunoglobulin super family and associated 

with the TCR, no matter if αβ- or γδ- T cells. CD4 is a T cell co-receptor that interacts with 

MHC II and is expressed on T helper cells. CD8 is a surface antigen on mature MHC I 

restricted cells mostly on cytotoxic T cells. Tregs were detected with an antibody against 

CD25 (Pe; OX-35; 1:100; BD Pharmingen) also known as IL-2α-receptor that is found on 

activated Tregs. A second antigen for the detection of Tregs is the transcription factor FoxP3 

(Forkhead Box Protein P3; clone 150D; 1:250; Biolegend) which is located in nucleus of 

cells. B cells were detected with an antibody against CD45RA APC (Allophycocyanin, 

1:2000; OX-33; Biolegend). CD45 is a protein tyrosine phosphatase with the isoform 

CD45RA, which is expressed almost exclusively on B cells. It is important in signal 

transduction through B and T cells. NK cells were detected by using an antibody against 

CD161a FITC (Fluorescein isothiocyanate, 1:500, clone 10/78, BD Pharmingen). Anti-

CD161a reacts with the homodimer NKR-P1A (Natural killer cell receptor protein 1 a) on all 

NK cells and a small subset of T cells. NKR-P1A is a type-II integral membrane protein and 

acts as an NK cell-activating receptor. Monocytes were labeled with an antibody against 

CD172a (PE; 1:100; OX-41; Biolegend), also known as Signal Regulatory Protein (SIRP) 

expressed on monocytes in the blood. To differentiate monocytes, CD43a AF647 antibody 

(Alexa Fluor 647; 1:1000; W3/13, Biolegend) was used. CD172a positive and CD43 high is 

associated with non-classical/alternative monocytes whereas CD172a positive and CD43 low 

is expressed on classical monocytes (Melgert et al. 2012; Zhou et al. 2013). 

Blood was collected retrobulbar from rats under carbon dioxide narcosis in EDTA-tubes. 

Blood, as a sample, was chosen because it could easily be taken without sacrificing the 

animals and could be an easy diagnosis tool for humans. Cell numbers of whole blood were 

determined at the scil Vet ABCTM Hematology Analyzer. To eliminate erythrocytes, EDTA-

blood was mixed with 6 mL Erythrocyte Lysis Buffer (160 mmol NH4, 0.1 mmol EDTA, 

12 mmol NaHCO3; room temperature), vortexed and centrifuged (261 x g, 7 min) twice. Cell 

pellets were resuspended in 200 µL FACS buffer (phosphate buffered saline, 0.03% sodium 

azide, 0.1% bovine serum albumin) and distributed on a 96-well plate (160 µL of each 

sample/well). Controls were a mixture of all samples that day (20 µL of each). Cell pellets 

were washed (2 min, 400 x g, 4°C) twice before being labeled with antibodies. Supernatant 
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was discarded by hitting it out once powerfully. After washing steps samples were labeled by 

antibody incubation. Antibodies were diluted using FACS buffer. Each sample was incubated 

with 50 µL of antibody dilution for 20 min at 4°C in the dark. Controls were resuspended in 

50 µL FACS buffer. After incubation, excessive antibodies were removed by washing the 

cells twice. Blood samples were analyzed for T, B, NK cells and monocytes (Table 18). For 

the detection of Tregs the protocol was continued. 

Table 18: Combinations of antibodies for cell labeling 

Cell panel Antibodies  

T, B, NK cells CD3, CD4, CD8, CD45RA, CD161a  

Monocytes CD172a, CD43 

Tregs CD4, CD8, CD25, FoxP3 

 

For intracellular labeling, cells were permeabilized and fixated with a kit from Biolegend 

(FOXP3 Fix/Perm Buffer Set). Cells that were first labeled with surface epitope antibodies 

(CD4 PeCy7, CD8a V450 and CD25 Pe) were incubated with Fix/Perm buffer for 20 min at 

RT in the dark. Fixation of the surface binding antibodies is needed because otherwise they 

would dissociate during permeabilization. 100 µL FACS buffer were added and plate was 

centrifuged 5 min at 1942 x g. Supernatant was discarded, 100 µL Perm buffer were added 

and cells centrifuged for 10 min at 1942 x g. Supernatant was discarded and cells were 

incubated for 15 min in the dark at RT in 100 µL Perm buffer. Centrifugation of permeabilized 

cells was done (10 min, 1942 x g, 4°C) and supernatant was removed before cells were 

resuspended in 50 µL antibody dilution and incubated for 30 min at RT in the dark. An 

isotype control was necessary in the same concentration as FoxP3 antibody to check for 

unspecific binding of FoxP3 antibody. In the last step, cells were washed twice with 100 µL 

FACS buffer (1942 x g, 10 min, 4°C) and resuspended in 200 µL FACS buffer for 

measurement. Following antibodies were used for extra- and intracellular antigens for Tregs 

(Table 19). 
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Table 19: Antibodies for labeling of Tregs 

Antibody type Antibodies 

Surface CD25 Pe, CD4 PeCy7, CD8a V450 

Intracellular FoxP3 AF647 (Biolegend) 

 

Before flow cytometry analysis was started at the Gallios 10/3 Flow Cytometer, 

compensation had to be done every time to avoid spillover of fluorochrome emission into a 

detector of another fluorochrome. For proper compensation, a control, single fluorochrome 

stainings, and a fully labelled sample for verification were used. The control and the fully 

labelled sample were mixtures of all samples and treated like samples. Single stainings were 

done with VersaComp Antibody Capture Bead Kit (Beckman Coulter). These beads show a 

surface to which all antibodies bind to, no matter which specificity they have. Beads were 

vortexed properly before use to separate them. For single staining one drop positive and one 

drop negative beads were mixed in FACS tubes with 70 µL of FACS buffer. Antibody was 

added in equivalent dilution. Beads were incubated for 20 min at RT in the dark. 1000 µL of 

FACS buffer were added and beads were centrifuged for 6 min at 300 x g. Supernatant was 

discarded and pellets were resuspended in 600 µL FACS buffer. 

After compensation, cells were analyzed. For the analysis of T, B and NK cells, 

25,000 lymphocytes were detected in a Forward to Sideward Scatter gate. Monocytes were 

measured until a number of 50,000 cells in a lymphocyte/monocyte gate were reached. For 

the determination of Tregs 100,000 not dead/live but permeabilized cells were counted. 

3.2.13 Morphology and histology experiments 

For further analysis of pancreas and thymus morphology and histology in IDDM, Dock8IDDM 

and C/EBPβ motiveIDDM animals in comparison to L.1AR1 animals, rats were sacrificed at two 

time points. The pancreas was scored at age of diabetes manifestation, 60 days of age. The 

thymus was examined at 60 days and at 90 days to compare thymic involution, which is age-

related (Gui et al. 2012).  

Rats were narcotized with carbon dioxide, weighed and sacrificed by cutting diaphragm. 

A cardiocentesis was done right away to get RNA of blood for Real Time PCR experiments 

(still in process at the end of this doctoral thesis). Blood was collected in RNAprotect® 

Animal Blood Tubes from Qiagen®. The following items were removed: pancreas-draining 
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lymph nodes, mesenteric lymph nodes, spleen, pancreas, thymus, liver and leg. Thymus was 

weighed after excision, lymph nodes were removed and thymus was weighed again. A tissue 

sample of ear and tail was taken for DNA isolation and whole genome sequencing. 

Organs were fixed in 4 % paraformaldehyde for two to three days. Fixatives are used to 

immobilize antigens. At the same time, they retain cellular and subcellular structures through 

cross-linking methylene bridges and Schiff bases between basic amino acid residues of 

proteins (MD Bioproducts 2014). Organs were cut and put into histology cassettes for 

dewatering and embedding in paraffin following RITA (Ruehl-Fehlert et al. 2003). Only the 

thymus was cut vertical instead of horizontal to get biggest area as possible. Organs were 

cut at the microtome in 2 - 3 µm thick slices and transferred on object plates. Slices were 

stained with hematoxylin and eosin (H&E) and finished with a cover slip (airproof). 

3.2.13.1 Pancreas histology 

For scoring, the entire pancreata were embedded and sliced in the middle of the organ to get 

biggest section area as possible. Pancreata were scored using established and published 

score (Jörns et al. 2005). One slice per pancreas of each animal was evaluated. Every 

pancreatic islet that was not in close contact to a vessel was scored and counted. Scores 

were summed up and the mean values were built. Used score is described in Table 20. 

Table 20: Infiltration score for pancreas 

Score Description 

0 No infiltration 

1 Lymphocyte infiltration at one border of islet 

2 Weak lymphocyte infiltration over the whole islet 

3 Massive infiltration of whole islet but original structure still visible 

4 Complete β-cell loss with either still massive infiltration or 

lymphocytes already gone 

https://dict.leo.org/englisch-deutsch/hematoxylin
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3.2.13.2 Thymus histology 

Thymus was sliced vertical to get biggest area of organ. One slice per thymus of each animal 

was examined. Cortex to medulla ratio was calculated (Pearse 2006). Therefore, pictures of 

thymus lobes were taken at the microscope (Axioskop 40, Zeiss) with 5x magnification. Rat 

thymus is the buildup of thymic lobes which are separated by thin connective tissue 

(Pearse 2006). Ten lobes per animal and ten animals per strain were analyzed. As such, the 

area of the cortex and the medulla were measured in Axiovision Rel 4.8 (Zeiss). Area of 

medulla was subtracted from cortex area of each lobe. Ratio of real cortex area to medulla 

was calculated.  

In addition, the medulla was examined in 40x magnification to measure cell density. Ten 

visual fields of each thymus of pure medulla (no cortex) were detected. Pictures were taken 

with Zen Pro software (Zeiss). Analysis was done with Image J (freeware). Pictures were 

converted to 8-bit, then the threshold was set to 0 to 75, black backgrounded and positive 

white pixels were measured. Threshold measurement was needed so that only actual cells 

were counted. The pixel number was calculated onto size of image. Positive pixels/µm2 were 

compared as a number for cell density in the medulla. The higher the number of positive 

pixel the more cells were assumed to be in the medulla (Figure 4). 
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C D 

  

Figure 4: Medulla measurements.  Ten fields of sight of medulla in 40x magnification were 

measured of each thymus in Image J. (A) Thymus medulla of a L.1AR1 animal with its (B) converted 

black and white image. Threshold was set to 0 - 75. White pixels were measured as positive results. 

(C) Thymus medulla of an IDDM rat with its (D) converted black and white image after threshold was 

set to 0 - 75.  

 

Analysis of H&E stained thymic medulla by converting pictures to black and white is not very 

accurate. For more accuracy, DAPI staining of thymus slices was established (see 3.2.14.2). 
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3.2.14 Immunohistochemistry 

For immunohistochemistry experiments, it is important that organs were taken out of 4 % 

paraformaldehyde after two to three days and stored in 1x PBS. Organ slices were 

transferred on special object slips (Super Frost® Plus object plates, R. Langenbrinck).  

3.2.14.1 Pancreas  

Pancreas slices were fixated on cover slip by incubation at 37°C for 2 h. A minimum of two 

slices of one pancreas was stained. Fixation time differs between organs. Pancreas contains 

more fat cells than other organs and needs a shorter time. Normal fixation time of organ 

slices is overnight (12 h) at 37°C. Slices were cooled to RT for another 2 h. Deparaffinization 

was done with a descending alcohol series. Slices were incubated in alcohol solutions in 

correct order (Table 21).  

Table 21: Deparaffinization protocol 

Solution Incubation time 

Xylene 15 min 

Xylene 15 min 

100 % Ethanol 2 min 

100 % Ethanol 2 min 

95 % Ethanol 2 min 

95 % Ehanol 2 min 

70 % Ethanol 2 min 

70 % Ethanol 2 min 

PBS 1x 5 min 

 

After deparaffinization, slices were dried with Kimtech tissue and encircled with a pap pen. 

Pancreas antigen epitopes were retrieved with incubation of proteinase K (Epicentre, 

50 µg/µL) for 20 min at RT. After washing for 5 min in 1x PBS, unspecific epitopes were 

blocked with CAS-BlockTM Histochemical Reagent (Life Technologies) buffer for 
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another 5 min. Primary antibody against αβ-TCR (mouse; 1:100; AbD Serotec) was applied 

and incubated overnight at 4°C in the dark in a wet black box. The next day, slices were pre-

warmed at RT then washed twice in 1x PBS for 5 min. The fluorochrome-conjugated 

secondary antibody (rabbit anti-mouse Cy3; 1:400; DIANOVA) was applied and incubated for 

1 h at RT in a dark wet chamber. Secondary antibodies were added on control slices. After 

this step, an enhanced washing step was needed. Therefore, each slice was washed 

individually by spraying it with 1x PBS using a wash bottle. In addition, slices were washed 

twice in 1x PBS for 5 min. Slices were dried and incubated with primary antibody against 

insulin (polyclonal guinea pig anti-Insulin; 1:50; Dako) for 3 h at RT in a dark wet chamber. 

Slices were washed (twice 5 min, 1x PBS) and the fluorochrome-conjugated secondary 

antibody (goat anti-guinea pig Cy2; 1:400; DIANOVA) was added and incubated for 1 h at RT 

in a dark wet chamber. Slices were washed properly and finally incubated in ultrapure water 

for 5 min. For preservation and to stain nucleus, pancreata were mounted with 

VECTASHIELD® HardSet Antifade Mounting Medium with DAPI (Vector Laboratories). DAPI 

can pass through an intact cell membrane and binds strongly to A-T rich regions of the DNA. 

Covered slices were dried overnight in the dark at 4°C. 

3.2.14.2 Thymus  

Cell density in the medulla was first measured with H&E stained slices which was not very 

accurate. Therefore, DAPI staining of thymic slices was established. Two slices per thymus 

of each animal were stained. Thymic slices were fixated overnight at 37°C. Slices were 

deparaffinized with descending alcohol series (see Table 21). For visualization of individual 

cells, thymic slices were treated with VECTASHIELD® HardSet Antifade Mounting Medium 

with DAPI after washing. Covered slices were dried overnight in the dark at 4°C. Analysis of 

DAPI stained slices was done with the Image Analysis Tool in Zeiss Zen Pro by circling 

cortex and medulla area. Four visual fields in a 20x magnification of each slice were 

examined. DAPI intensity was back calculated onto area.  

3.2.15 Statistical analyses  

Statistical analysis was done in GraphPad Prism 6.1 (GraphPad Software, Inc.). All values 

were tested against the assumption of normality with preferably D’Agostino & Pearson 

omnibus normality test. If the sample size was too low, Shapiro-Wilk normality test was 

chosen as alternative. If the test failed to reject the null hypothesis, normal distribution was 
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assumed and parametric ordinary one-way ANOVA with post-hoc Tukey-Kramer multiple 

comparisons test was applied. In case of rejected null hypotheses, non-parametric Kruskal-

Wallis Test plus post hoc Dunn’s multiple comparisons tests were used.  

Flow cytometry results were either suitable for parametric ordinary one-way ANOVA or non-

parametric Kruskal-Wallis Test. Thymus weight results had to be calculated with two-way 

ANOVA and post-hoc Tukey-Kramer multiple comparisons test. Significance levels were 

used as follows: *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001 

Power analysis was done with G*Power 3.1.9.2 using test family F-Test with the statistical 

test ANOVA (fixed effects, omnibus, one-way) especially the post hoc power analysis. 

G*Power 3.1.9.2 is a Statistical Power Analyses Program established at Heinrich Heine 

University Düsseldorf, Germany (Faul et al. 2009; Faul et al. 2007). 
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4 Results 

The IDDM rat arose through a spontaneous mutation within the intra-MHC recombinant 

congenic inbred strain LEW.1AR1 (Lenzen et al. 2001). About 60 % of IDDM rats develop 

diabetes by 60 days of age (Weiss et al. 2005). Linkage analysis using two different 

backcross populations revealed three Iddm susceptibility regions (Weiss et al. 2005). Fine 

mapping of Iddm8 using SNPs indicates that the mutation localizes within RNO1q41 – 1q53 

(Weiss et al. 2005). Sequencing of candidate genes uncovered a mutation within exon 44 of 

Dock8 and a SNP in Vwa2 (Arndt et al., 2015). 

In humans several genetic variants are associated with diabetes development, most of them 

in non-coding sequences (Ram & Morahan 2017; Edwards et al. 2013). 

4.1 Identification of a second mutation in IDDM rats  

Whole genome sequencing was done to identify further mutations in genes or regulatory 

regions. The mutation in Dock8 was verified by whole genome sequencing but a new 

mutation in Iddm8 was uncovered. This newly identified mutation was found in a non-coding 

sequence at Rnor_6.0Chr1:234999140 A>G where it comes to an exchange from Adenine to 

Guanine in IDDM (Figure 5). 
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Figure 5: Point mutation in a non-coding sequence in Iddm8 in IDDM rats.  Whole genome 

sequencing revealed two point mutations in the susceptibility region Iddm8. One point mutation lies in 

exon 44 in Dock8. The other one was found in a non-coding sequence at 

Rnor_6.0Chr1:234999140 A>G which is shown here. The picture depicts a screenshot of the 

sequence analysis program.  

 

The function of the mutation in the non-coding sequence has not yet been identified so that 

data-research of the mutation was done. Computer assisted sequence analysis using 

AliBaba 2.1 showed that C/EBPβ (CCAAT enhancer binding protein beta) could bind to 

L.1AR1 DNA sequence (GCA) at site of mutation. The exchange from Adenine to Guanine 

(motive ACG → GCG) leads to a predicted loss of the binding site in the DNA of IDDM rats. 

Further research of its binding sequence pointed out that with the exchange it might come to 

a loss of two out of three hydrogen bonds so that only one hydrogen bond remains. Binding 

of the homodimer C/EBPβ to L.1AR1 binding triplet Guanine-Cytosine-Adenine is shown in 

Figure 6.  
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Figure 6: Binding of transcription factor C/EBPβ to its DNA motive in L.1AR1 DNA.  Homodimer 

of C/EBPβ (blue) binds to DNA of L.1AR1. C/EBPβ binds to Guanine with Arginine at position 289 

(R289). It binds to Adenine with Asparagine at position 281 (N281) and with Arginine at position 278 

(R278). In IDDM rats Adenine is exchanged with Guanine and therefore it might come to a loss of two 

hydrogen bonds. 

4.1.1 Mutation impedes binding of C/EBPβ to its DNA motive  

A new mutation was found in a non-coding sequence with a predicted loss of a transcription 

factor binding site. An EMSA was established to prove a) the computer assisted predicted 

binding of transcription factor C/EBPβ to DNA of L.1AR1 and b) to verify the impact of the 

mutation on binding capacity. In an EMSA, it comes to a shift when biotinylated DNA and 

peptide bind to each other compared to a lower located DNA band.  

Biotinylated DNA of L.1AR1 was run alone in lane 1 (Figure 7). When biotinylated L.1AR1 

DNA with C/EBPβ peptide were applied (lane 2) it comes to a detectable shift of biotinylated 

L.1AR1 DNA-C/EBPβ complex because of its bigger size. 100-fold (2 pmol), 200-fold 

(4 pmol) and 300-fold (6 pmol) excessive non-biotinylated DNA of L.1AR1 were added in 

lane 3 to 5 for competition reactions. During this competition, bands disappear gradually, 

because non-biotinylated DNA cannot be detected. This proves specific binding of C/EBPβ to 

DNA of L.1AR1. In lane number 6, biotinylated IDDM DNA was run alone. At position 7, 

biotinylated DNA of IDDM was applied together with C/EBPβ peptide. No band shift was 

seen, which indicates that C/EBPβ does not bind to IDDM DNA. In line 8 to 10 competition 
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C/EBPβ peptide to L.1AR1 DNA is mediated by residues Arginine 278, Asparagine 281, and 

Arginine 289 (Figure 8 A). For L.1AR1, these interactions were stable during MD simulations 

with high binding occupancy for Arginine 278 and Arginine 289 of 60 % and for Asparagine 

281 of 80 % respectively (Figure 8 B). No other interactions could be determined. In contrast, 

the complex of C/EBPβ peptide and IDDM DNA was not stable over the simulation time of 

60 ns. Arginine 278, Arginine 289, and Asparagine 281 dissociated from predicted binding 

site which results in large conformational changes of the complex (Figure 8 A). Interactions 

of IDDM DNA with the two Arginines and the Asparagine were almost completely lost over 

the simulation time. Only intermediate interactions including residues Aspartic acid 268, 

Lysine 269, Tyrosine 274, Arginine 278, and Asparagine 281 with low occupancies below 

20 % were detected (Figure 8 B). The MD simulations support the presence of the predicted 

C/EBPβ binding site in L.1AR1 DNA, including Adenine 12 of the DNA, which was found to 

be mutated to Guanine in IDDM. Furthermore, in the presence of mutated IDDM DNA, the 

simulations indicate a strong decrease of affinity of C/EBPβ to IDDM DNA.  
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                            B           C 

                     

Figure 8: MD simulations show binding of C/EBPβ to L.1AR1 DNA at predicted binding site.  

(A) Snapshots of MD simulations at the beginning of simulations (0 ns) and after 60 ns. Simulations 

were done with L.1AR1 DNA oligo and IDDM oligo in complex with C/EBPβ peptide. L.1AR1 with 

C/EBPβ stayed in stable complex, while C/EBPβ dissociated when in complex with IDDM. (B) Binding 

occupancy of amino acids in C/EBPβ to L.1AR1 DNA. (C) Binding occupancy of amino acids in 

C/EBPβ to IDDM DNA. 
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4.2 Consequences of both point mutations on phenotype 

Whole genome sequencing verified the mutation in Dock8 and identified a second mutation 

in a non-coding sequence. This mutation was shown to lie in a C/EBPβ binding site leading 

to a predicted loss of binding in IDDM rats. For further insight into the influence of the two 

mutations on the phenotype in IDDM rats, we generated F2 animals. We inbreeded the ones 

that were homozygous for the mutation in Dock8 and the ones that were homozygous for the 

mutation in the C/EBPβ binding site and generated two new strains. Dock8IDDM only 

expresses the mutation in Dock8, while C/EBPβ motiveIDDM only expresses the mutation in 

the C/EBPβ binding site. In the following we compared the phenotypical features of L.1AR1, 

IDDM, Dock8IDDM, and C/EBPβ motive IDDM.  

4.2.1 Incidence comparison of rat strains 

Incidence analysis of all four strains showed differences between strains. L.1AR1 and 

C/EBPβ motiveIDDM did not develop diabetes at any time. IDDM rats developed diabetes at 

about 60 days and about 60 % of animals manifested diabetes (≥ 20 mmol/L). Dock8IDDM rats 

showed decreased diabetes incidence of 30 % and turned diabetic later in life at about 

70 days (Figure 9). 
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Figure 9: Survival curve of diabetes incidence. Graph depicts percentages of diabetes free 

animals over the time in days for each strain with its confidence intervals of each strain. L.1AR1 and 

C/EBPβ motiveIDDM did not develop diabetes. Whereas IDDM rats developed diabetes in 60 %. At 

about 60 days ± 2 IDDM rats sickened. Dock8IDDM animals developed diabetes only in 30 % of cases 

and were older. In average rats were 70 ± 2 days old when diabetes manifested. The number of 

animals was >100 of L.1AR1, >100 of IDDM, >100 of Dock8IDDM, and >100 of C/EBPβ motiveIDDM. 

4.2.2 Influence of the mutations on immune cells in peripheral blood  

Dock8IDDM rats developed diabetes only in 30 % while C/EPBβ motiveIDDM rats did not 

develop any diabetes. This indicates a synergistical effect of both mutations onto the 

phenotype in IDDM rats with an incidence of about 60 %. It had been searched for further 

differences between the four strains to investigate the influence of each single mutation on 

the immune system. Analysis of the blood was done at day 40 (before pancreas infiltration) 

and at day 60 (manifestation age). Leukocytes, lymphocytes, T cells, B cells, NK cells, and 

monocytes were measured. Frequencies of cells were compared to absolute cell 

concentrations. 

4.2.2.1 Reduction of leukocytes in diabetes susceptible strains 

At 40 days of age leukocyte concentrations were highest in L.1AR1 with a variation from 

4100 cell/µL to 8900 cells/µL (MV ± SEM: 7707 ± 204 cells/µL) and were significantly higher 

than in IDDM with 4775 ± 81 cells/µL (min. 3700 cells/µL, max. 5500 cells/µL) and Dock8IDDM 

with 5008 ± 148 cells/µL (min. 3500 cells/µL, max. 7300 cells/µL) (Figure 10 A). In 

C/EBPβ motiveIDDM leukocyte concentrations were within 4200 cells/µL and 9200 cells/µL 

(7368 ± 202 cells/µL) and were significantly higher than in peripheral blood of IDDM and 
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Dock8IDDM. At 60 days of age L.1AR1 still showed highest cell concentrations with values 

between 6800 cells/µL and 9300 cells/µL (8196 ± 128 cells/µL) (Figure 10 B). In IDDM a high 

variation from 2900 cells/µL to 9400 cells/µL (5346 ± 252 cells/µL) was seen and gave a 

significant difference to L.1AR1. Leukocyte concentrations in Dock8IDDM were also 

significantly decreased to L.1AR1 with values within 3200 cells/µL and 7100 cells/µL 

(5726 ± 128 cells/µL). Concentrations in IDDM and Dock8IDDM were again significantly 

decreased to C/EBPβ motiveIDDM with a mean value of 7751 ± 111 cells/µL 

(min. 5700 cells/µL, max. 9300 cells/µL) (Figure 10 B). 

A B 

  

Figure 10: Leukocyte concentrations in peripheral blood. Concentrations at 40 days (A) and at 

60 days of age (B) in L.1AR1, IDDM, Dock8IDDM, and of C/EBPβ motiveIDDM. For non-parametrical 

analyses Kruskal-Wallis Test with post hoc Dunn’s multiple comparisons tests were applied. The 

number of measured rats was 27 for L.1AR1, 26 for IDDM, 35 - 36 for Dock8IDDM, and 28 - 49 for 

C/EBPβ motiveIDDM. Power (A), (B) = 100 %. Horizontal bars represent the median. Vertical bars 

indicate min. to max., *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001 

4.2.2.2 Impairment of lymphocytes in strains carrying point mutations  

Lymphocytes are part of the leukocytes and contain T, B, and NK cells. Figure 11 depicts 

lymphocyte percentages at 40 days (Figure 11 A) and at 60 days of age (Figure 11 C) and 

their corresponding cell concentrations (Figure 11, B and D). At 40 days of age the 

percentage of lymphocytes in leukocytes in peripheral blood within L.1AR varied between 

74.3 % and 87.5 % (82.7 ± 0.6 %) (Figure 11 A). In IDDM lymphocyte frequencies were 

within 60.6 % and 82.8 % (74.6 ± 1.1 %). A high variation was found in Dock8IDDM with values 

between 46.5 % and 84.6 % (70.8 ± 1.2 %). Lymphocyte frequencies in IDDM and Dock8IDDM 

showed both significant decreases compared to L.1AR1 as well as to C/EBPβ motiveIDDM, 
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which had percentages of lymphocytes from 67.4 % to 87.6 % (80.4 ± 0.9 %). Corresponding 

lymphocyte concentrations in peripheral blood are shown in Figure 11 B. L.1AR1 had a high 

variation from 3231 cells/µL to 7747 cells/µL (6389 ± 196 cells/µL). Significant lower 

lymphocyte concentrations were found in IDDM with 3558 ± 76 cells/µL (min. 2825 cells/µL, 

max. 4345 cells/µL) and in Dock8IDDM with 3552 ± 124 cells/µL (min. 2468 cells/µL, 

max. 5345 cells/µL). Lymphocyte concentrations of C/EBPβ motiveIDDM varied in a wide 

range between 2830 cells/µL and 7822 cells/µL (5953 ± 195 cells/µL) and were significantly 

higher than in IDDM and Dock8IDDM (Figure 11 B). The percentages of lymphocytes at 

60 days of age are displayed in Figure 11 C. In L.1AR1 the lymphocyte frequencies in 

peripheral blood varied within a narrow range between 68.1 % and 86.0 % (79.3 ± 0.97 %). 

In IDDM values showed a higher variability from 42.4 % to 81.3 % (70.7 ± 1.8 %). The 

percentages of lymphocytes in Dock8IDDM were in a range of 56.2 % and 83.6 % 

(73.9 ± 1.0 %). Frequencies in IDDM and Dock8IDDM were significantly decreased to L.1AR1. 

In C/EBPβ motiveIDDM lymphocyte frequencies showed variability between 61.8 % and 

88.6 % (77.1 ± 1.0 %) and gave a significant difference to IDDM. Concentrations of 

lymphocytes at 60 days of age in peripheral blood are seen in Figure 11 D. Highest 

lymphocyte concentrations were found in L.1AR1 with numbers from 5120 cells/µL to 

7982 cells/µL (6504 ± 140 cells/µL). In IDDM cell concentrations were significantly lower as 

in L.1AR1 with 3719 ± 140 cells/µL (min. 2161 cells/µL, max. 4665 cells/µL). Results of 

Dock8IDDM with variations from 3430 cells/µL to 5328 cells/µL (4310 ± 85 cells/µL) were 

significantly decreased compared to L.1AR1 but increased compared to IDDM. Lymphocyte 

numbers of C/EBPβ motiveIDDM showed a variability between 3520 cells/µL and 7689 cells/µL 

(5986 ± 120 cells/µL) and were significantly decreased compared to L.1AR1 but significantly 

increased compared to IDDM and Dock8IDDM.  
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Figure 11: Lymphocyte frequencies and concentrations in peripheral blood. Results of flow 

cytometry analysis in peripheral blood of L.1AR1, IDDM, Dock8IDDM and C/EBPβ motiveIDDM rats. 

(A) Lymphocyte frequencies at 40 days of age and (B) the corresponding cell concentrations. 

(C) Lymphocyte frequencies at 60 days of age and (D) the corresponding cell concentrations. 

Significant differences were calculated using parametrical ordinary one-way ANOVA with post-hoc 

Tukey-Kramer multiple comparisons test. For non-parametrical analyses Kruskal-Wallis Test with post-

hoc Dunn’s multiple comparisons tests were applied. The number of measured rats was 27 for 

L.1AR1, 26 for IDDM, 33 - 36 for Dock8IDDM, and 28 - 49 for C/EBPβ motiveIDDM. Power (A) - (D) = 

100 %. Horizontal bars represent the median. Vertical bars indicate min. to max., *p≤0.05; **p≤0.01; 

***p≤0.001; ****p≤0.0001 
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At 40 days of age L.1AR1 showed highest CD3+ T cells frequencies with 59.8 ± 0.9 % 

(Figure 13 A). Values varied between 42.7 % and 68.7 %. IDDM had significantly decreased 

frequencies with a mean value of 44.9 ± 1.3 % but also a high variation within 27.2 % and 

63.1 %. Frequencies in Dock8IDDM (36.5 ± 1.5 %) were significantly lower than in L.1AR1 and 

showed variation within 20.1 % and 57.0 %. Mean value of frequencies in C/EBPβ motiveIDDM 

(57.4 ± 1.3 %) was comparable to L.1AR1 but variation was in a wide range of 31.9 % and 

72.8 %. C/EBPβ motiveIDDM was significantly higher than IDDM and Dock8IDDM. 

Concentrations of CD3+ T cells at 40 days are depicted in Figure 13 B. L.1AR1 had 

3835 ± 138 cells/µL with a variation between 2359 cells/µL and 4882 cells/µL. IDDM had 

significantly reduced cell numbers to L.1AR1 with cell numbers from 841 cells/µL to 

2148 cells/µL (1411 ± 54 cells/µL). Significantly decreased values were also seen in 

Dock8IDDM who had 1322 ± 83 cells/µL (min. 510 cells/µL, max. 2386 cells/µL). 

C/EBPβ motiveIDDM displayed a significant increase to IDDM and Dock8IDDM but showed a 

high variability between 1096 cells/µL and 4313 cells/µL (3413 ± 148 cells/µL). In 

Figure 13 C CD3+ T cell frequencies at 60 days are depicted. At 60 days of age percentages 

of CD3+ T cells in L.1AR1 increased to 65.6 ± 0.7 % (min. 57.2 %, max. 74.7 %). They were 

still significantly different to IDDM (50.7 ± 1.2 %, min. 33.7 %, max. 71.5 %) and Dock8IDDM 

(46.0 ± 1.3 %, min. 31.2 %, max. 61.0 %). In addition, Dock8IDDM had significant lower values 

than IDDM rats. T cell frequencies in C/EBPβ motiveIDDM were similar to the ones in L.1AR1 

reaching percentages of 62.1 ± 0.9 % (min. 50.4 %, max 75.4 %) and were significantly 

higher to IDDM and Dock8IDDM. Cell concentrations of CD3+ T cells at 60 days of age in whole 

blood are pointed out in Figure 13 D. L.1AR1 cell concentrations were increased compared 

to 40 days of age (MV: 4296 ± 104 cells/µL, min. 3253 cells/µL, max. 5287 cells/µL) and 

were significantly higher than in IDDM and Dock8IDDM. Cell concentration in IDDM rose to 

1725 ± 79 cells/µL (min. 963 cells/µL, max. 2390 cells/µL) at 60 days. Same was seen in 

Dock8IDDM which exhibited cell concentrations between 1159 cells/µL and 3045 cells/µL 

(1979 ± 67 cells/µL). C/EBPβ motiveIDDM gave a slight increase at 60 days and was still 

significantly increased compared to IDDM and Dock8IDDM with data from 1775 cells/µL and 

4939 cells/µL (3739 ± 104 cells/µL). In addition, cell concentrations in C/EBPβ motiveIDDM 

were siginifanctly lower than in L.1AR1. 
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Figure 13: CD3

+
 T cell frequencies and concentrations in peripheral blood.  Results of flow 

cytometry analysis in peripheral blood of L.1AR1, IDDM, Dock8IDDM and C/EBPβ motiveIDDM rats. 

(A) CD3+ T cell frequencies at 40 days of age and (B) the corresponding cell concentrations. 

(C) CD3+ T cell frequencies at 60 days of age and (D) the corresponding cell concentrations. 

Significant differences were calculated using parametrical ordinary one-way ANOVA with post-hoc 

Tukey-Kramer multiple comparisons test. For non-parametrical analyses Kruskal-Wallis Test with post-

hoc Dunn’s multiple comparisons tests were applied. The number of measured rats was 26 - 37 for 

L.1AR1, 26 - 62 for IDDM, 33 - 36 for Dock8IDDM, and 28 - 49 for C/EBPβ motiveIDDM. Power (A) - 

(D) = 100 %. Horizontal bars represent the median. Vertical bars indicate min. to max., *p≤0.05; 

**p≤0.01; ***p≤0.001; ****p≤0.0001 

 

Figure 14 depicts primary data of flow cytometry measurements of CD4+ CD3+ T cells.  
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CD4+ CD3+ T cell concentration was highest in L.1AR1 with 2517 ± 92 cells/µL and a 

variation between 1521 cells/µL and 3189 cells/µL. Significant differences were like the ones 

seen for CD3+ T cells. L.1AR1 was significantly higher than IDDM and Dock8IDDM. Cell 

concentration in IDDM was in a range of 540 cells/µL and 1473 cells/µL (953 ± 39 cells/µL) 

while Dock8IDDM varied between 312 cells/µL and 1597 cells/µL (860 ± 54 cells/µL). 

A significant increase in C/EBPβ motiveIDDM compared to IDDM and Dock8IDDM could be 

observed with a variability between 1003 cells/µL and 2900 cells/µL (2234 ± 91 cells/µL). At 

60 days of age L.1AR1 (42.5 ± 0.7 %, min. 35.2 %, max. 51.1 %) and C/EBPβ motiveIDDM 

(39.7 ± 0.8 %, min. 29.8 %, max. 50.8 %) depicted significantly higher frequencies than 

IDDM with 32.5 ± 1.0 % (min. 20.6 %, max. 46.0 %) and Dock8IDDM with 29.9 ± 1.0 % (min. 

18.0 %, max. 40.8 %) (Figure 15 C). Concentrations in L.1AR1 increased at 60 days to 

2811 ± 70 cells/µL (min. 2173 cells/µL, max. 3459 cells/µL). IDDM varied in a range of 

556 cells/µL and 1670 cells/µL (1097 ± 57 cells/µL) while Dock8IDDM increased compared to 

40 days and showed a variability from 751 cells/µL and 2063 cells/µL (1287 ± 48 cells/µL). 

Cell numbers in C/EBPβ motiveIDDM also rose at 60 days and gave a variation between 

1048 cells/µL and 3326 cells/µL (2396 ± 78 cells/µL). Like CD3+ T cell concentrations at 

60 days, CD4+ CD3+ T cell concentrations were significantly reduced in IDDM and Dock8IDDM 

at 60 days of age compared to L.1AR1 and C/EBPβ motiveIDDM. C/EBPβ motiveIDDM also had 

significantly higher concentrations than in L.1AR1. 



Results 

 

59 

 

A B 

  

C D 

  

Figure 15: CD4
+
 CD3

+
 T cell frequencies and concentrations in peripheral blood. Results of flow 

cytometry analysis in peripheral blood of L.1AR1, IDDM, Dock8IDDM and C/EBPβ motiveIDDM rats. 

(A) CD4+ CD3+ T cell frequencies at 40 days of age and (B) the corresponding cell concentrations. 

(C) CD4+ CD3+ T cell frequencies at 60 days of age and (D) the corresponding cell concentrations. 

Significant differences were calculated using parametrical ordinary one-way ANOVA with post-hoc 

Tukey-Kramer multiple comparisons test. For non-parametrical analyses Kruskal-Wallis Test with 

post-hoc Dunn’s multiple comparisons tests were applied. The number of measured rats was 26 - 37 

for L.1AR1, 26 - 46 for IDDM, 33 - 36 for Dock8IDDM, and 27 - 49 for C/EBPβ motiveIDDM. Power (A) - 

(D) = 100 %. Horizontal bars represent the median. Vertical bars indicate min. to max., *p≤0.05; 

**p≤0.01; ***p≤0.001; ****p≤0.0001 

 

Figure 16 shows primary data of CD8+ CD3+ T cells at 40 days of age measured at flow 

cytometer representatively.  
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Dock8IDDM and IDDM (Figure 17 A). Cell concentrations in L.1AR1 at 40 days were in a range 

of 641 cells/µL and 1697 cells/µL (1315 ± 52 cells/µL) (Figure 17 B). In IDDM cell 

concentrations varied between 304 cells/µL and 692 cells/µL (469 ± 16 cells/µL). Cell 

concentrations in Dock8IDDM showed values within 172 cells/µL and 808 cells/µL 

(465 ± 31 cells/µL). IDDM and Dock8IDDM were both significantly decreased in concentrations 

compared to L.1AR1 and C/EBPβ motiveIDDM while C/EBPβ motiveIDDM gave a high variability 

between 263 cells/µL and 1547 cells/µL (1211 ± 61 cells/µL). At 60 days of age cytotoxic 

T cell frequencies increased in all strains and showed same significant differences like at 

40 days. Diabetes susceptible strains (IDDM and Dock8IDDM) had significantly reduced T cell 

frequencies to healthy strains (L.1AR1 and C/EBPβ motiveIDDM). At 60 days of age L.1AR1 

had 24.1 ± 0.3 % (min. 19.4 %, max. 27.8 %), IDDM 18.6 ± 0.8 % (min. 8.6 %, max. 29.3 %), 

Dock8IDDM 16.0 ± 0.4 % (min. 11.0 %, max. 20.9 %) and C/EBPβ motiveIDDM 22.6 ± 0.3 % 

(min. 16.0 %, max. 26.2 %) CD8+ CD3+ T cell frequencies (Figure 17 C). IDDM displayed 

highest variation in CD8+ CD3+ T cell frequencies at 60 days. At 60 days of age, cell 

concentrations of CD8+ CD3+ T cells were significantly higher in L.1AR1 with 

1527 ± 44 cells/µL than in IDDM, Dock8IDDM and C/EBPβ motiveIDDM (Figure 17 D). T cell 

concentrations in IDDM were in a range of 254 cells/µL and 970 cells/µL (623 ± 35 cells/µL). 

In Dock8IDDM concentrations varied between 408 cells/µL and 1001 cells/µL 

(687 ± 22 cells/µL). C/EBPβ motiveIDDM showed cell concentrations significantly increased to 

IDDM and Dock8IDDM with values from 724 cells/µL to 1724 cells/µL (1350 ± 31 cells/µL). 
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Figure 17: CD8
+
 CD3

+
 T cell frequencies and concentrations in peripheral blood.  Results of flow 

cytometry analysis in peripheral blood of L.1AR1, IDDM, Dock8IDDM and C/EBPβ motiveIDDM rats. 

(A) CD8+ CD3+ T cell frequencies at 40 days of age and (B) the corresponding cell concentrations. 

(C) CD8+ CD3+ T cell frequencies at 60 days of age and (D) the corresponding cell concentrations. 

Significant differences were calculated using parametrical ordinary one-way ANOVA with post-hoc 

Tukey-Kramer multiple comparisons test. For non-parametrical analyses Kruskal-Wallis Test with 

post-hoc Dunn’s multiple comparisons tests were applied. The number of measured rats was 27 - 37 

for L.1AR1, 26 - 46 for IDDM, 33 - 36 for Dock8IDDM, and 28 - 49 for C/EBPβ motiveIDDM. Power (A) - 

(D) = 100 %. Horizontal bars represent the median. Vertical bars indicate min. to max., *p≤0.05; 

**p≤0.01; ***p≤0.001; ****p≤0.0001 

 

Tregs play an important role in immunological control. They inhibit excessive immune 

reactions as well as push autoreactive cells into apoptosis (Wang & Alexander 2009; Sawant 
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variation from 2.8 % to 3.9 % and was also significantly higher to IDDM. Summed up, the 

healthy strains are statistical different to diabetes prevalent strains at 40 days of age. At 

60 days, frequencies were reduced by about 1 % to 1.9 ± 0.2 % (min. 1.4 %, max. 2.9 %) in 

L.1AR1 (Figure 19 B). Results of L.1AR1 were not significantly different to IDDM with Treg 

cells varying within a narrow range of 1.1 % and 2.0 % (1.6 ± 0.2 %). Therefore, L.1AR1 and 

IDDM depicted significant reduced Treg frequencies compared to Dock8IDDM (2.4 ± 0.1 %, 

min 1.8 %, max. 2.8 %) and C/EBPβ motiveIDDM (3.2 ± 0.1 %, min. 2.7 %, max. 3.6 %). In 

addition, Dock8IDDM and C/EBPβ motiveIDDM were significantly different to each other.  

A 

 

B 

 

Figure 19: CD4
+
 CD25

+
 FoxP3

+
 Treg frequencies in peripheral blood. (A) Frequencies of 

CD4+ CD25+ FoxP3+ Tregs at 40 days of age and (B) at 60 days of age in peripheral blood of L.1AR1, 

IDDM, Dock8IDDM, and C/EBPβ motiveIDDM rats were analyzed. Significant differences were calculated 

using parametrical ordinary one-way ANOVA with post-hoc Tukey-Kramer multiple comparisons test. 

The number of measured rats was 10 for L.1AR1, 6 for IDDM, 15 for Dock8IDDM, and 13 for 

C/EBPβ motiveIDDM. Power (A), (B) = 100 %. Horizontal bars represent the median. Vertical bars 

indicate min. to max., *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001 

 

Simultaneously to CD4+ Tregs, CD8+ CD25+ FoxP3+ Tregs were measured. Figure 20 

displays representative primary data. 
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1.6 % (1.3 ± 0.1 %). In IDDM frequencies varied within 0.2 % and 1.8 % (1.2 ± 0.2 %) and in 

Dock8IDDM within 0.7 % and 2.1 % (1.3 ± 0.1 %). In C/EBPβ motiveIDDM values from 1.0 % to 

1.9 % (1.4 ± 0.1 %) were found.  

A B 

  

Figure 21: CD8
+
 CD25

+
 FoxP3

+
 Treg frequencies in peripheral blood.  (A) CD8+ CD25+ FoxP3+ 

Tregs at 40 days of age and (B) at 60 days of age in peripheral blood of L.1AR1, IDDM, Dock8IDDM, 

and C/EBPβ motiveIDDM rats were measured. Significant differences were calculated using non-

parametrical Kruskal-Wallis Test with post-hoc Dunn’s multiple comparisons tests. The number of 

measured rats was 10 for L.1AR1, 6 for IDDM, 15 for Dock8IDDM, and 13 for C/EBPβ motiveIDDM. 

Power (A) = 86 %, (B) = 20 %. Horizontal bars represent the median. Vertical bars indicate min. to 

max., *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001 

 

The ratio of CD4+ to CD8+ T cells was build out of cell concentrations (Figure 22). CD4+ to 

CD8+ ratio of T cell concentrations at 40 days of age are depicted in Figure 22 A. Ratios in 

L.1AR1 varied in a range of 1.8 and 2.1 (1.9 ± 0.02). In IDDM ratios were significantly higher 

to all strains with values within 1.7 and 2.3 (2.0 ± 0.03). Dock8IDDM showed ratios of 1.5 to 2.2 

(1.9 ± 0.03) and C/EBPβ motiveIDDM between 1.6 and 2.2 (1.8 ± 0.02). At 60 days of age no 

significant differences were seen (Figure 22 B). Ratios were in a range of 1.5 and 2.2 

(1.9 ± 0.04) in L.1AR1. IDDM had ratios from 1.2 and 2.7 (1.8 ± 0.09). Ratios of CD4+:CD8+ 

T cells in Dock8IDDM varied from 1.5 to 2.6 (1.9 ± 0.04). In C/EBPβ motiveIDDM ratios lied 

between 1.4 and 2.4 (1.8 ± 0.04).  
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Figure 22: CD4:CD8 T cell ratios in peripheral blood.  (A) CD4:CD8 T cell ratio of L.1AR1, IDDM, 

Dock8IDDM and C/EBPβ motiveIDDM rats at 40 days of age. (B) CD4:CD8 T cell ratio of all four strains 

at 60 days of age. Significant differences were calculated using parametrical ordinary one-way 

ANOVA with post-hoc Tukey-Kramer multiple comparisons test. For non-parametrical analyses 

Kruskal-Wallis Test with post-hoc Dunn’s multiple comparisons tests were applied. The number of 

measured rats was 26 for L.1AR1, 26 for IDDM, 33 - 36 for Dock8IDDM, and 28 - 49 for 

C/EBPβ motiveIDDM. Power (A) = 100 %, (B) = 27 %, Horizontal bars represent the median. Vertical 

bars indicate min. to max., *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001 

4.2.2.4 No alterations of B cells  

As lymphocytes in blood are not only build up by T cells, but also by B and NK cells, we 

analyzed B cells in peripheral blood by flow cytometry. B Cells were measured 

simultaneously to T cells. B cells are CD45RA+ and primary data is shown in Figure 23 

representatively for each strain. 
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range of 425 cells/µL and 1443 cells/µL (1020 ± 51 cells/µL). IDDM showed values between 

738 cells/µL and 1539 cells/µL (1096 ± 44 cells/µL). Dock8IDDM had B cell concentrations 

from 484 cells/µL to 1419 cells/µL (921 ± 42 cells/µL). Cell concentrations in 

C/EBPβ motiveIDDM varied between 567 cells/µL and 1547 cells/µL (1088 ± 61 cells/µL). At 

60 days of age L.1AR1 (15.6 ± 0.6 %, min. 9.8 %, max. 20.5 %) showed significant 

decreased B cell frequencies to all other strains (Figure 24 C). IDDM represented higher 

numbers (26.9 ± 1.0 %) and a high variation between 14.7 % and 33.6 % and therefore was 

significantly higher compared to C/EBPβ motiveIDDM (19.2 ± 0.9%, min. 7.0 %, max. 26.3 %). 

Dock8IDDM depicted frequencies within 16.7 % and 33.4 % (25.5 ± 0.9 %) and was 

significantly increased to C/EBPβ motiveIDDM. At 60 days of age B cell concentrations did not 

reveal any differences between strains and concentrations were relatively stable when 

compared to 40 days (Figure 24 D). L.1AR1 had 1020 ± 52 cells/µL (min. 566 cells/µL, 

max. 1460 cells/µL) while IDDM varied within 369 cells/µL and 1504 cells/µL 

(1024 ± 61 cells/µL). Concentrations in Dock8IDDM were in a range of 669 cells/µL and 

1621 cells/µL (1078 ± 44 cells/µL). A relatively high variation of cell concentrations was seen 

in C/EBPβ motiveIDDM with values between 460 cells/µL and 1762 cells/µL 

(1121 ± 54 cells/µL). 
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Figure 24: CD45RA
+
 B cell frequencies and concentrations in peripheral blood. Results of flow 

cytometry analysis in peripheral blood of L.1AR1, IDDM, Dock8IDDM and C/EBPβ motiveIDDM rats. 

(A) CD45RA+ B cell frequencies at 40 days of age and (B) the corresponding cell concentrations. 

(C) CD45RA+ B cell frequencies at 60 days of age and (D) the corresponding cell concentrations. 

Significant differences were calculated using parametrical ordinary one-way ANOVA with post-hoc 

Tukey-Kramer multiple comparisons test. For non-parametrical analyses Kruskal-Wallis Test with 

post-hoc Dunn’s multiple comparisons tests were applied. The number of measured rats was 27 for 

L.1AR1, 23 for IDDM, 29 - 32 for Dock8IDDM, and 23 - 44 for C/EBPβ motiveIDDM. Power (A), 

(C) = 100 %, (B) = 68 %, (D) = 25 %. Horizontal bars represent the median. Vertical bars indicate min. 

to max., *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001 
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L.1AR1 had low cell frequencies between 1.7 % and 6.5 % (3.3 ± 0.2 %) similar to 

IDDM (3.7 ± 0.2, min. 2.2 %, max 6.3 %) and C/EBPβ motiveIDDM with 3.3 ± 0.4 % 

(min. 1.4 %, max. 8.7 %). Figure 26 B shows NK cell concentrations at 40 days of age. Cell 

concentrations in L.1AR1 depicted a high variability between 83 cells/µL and 485 cells/µL 

(216 ± 14 cells/µL). Significantly reduced concentrations were found in IDDM with values 

from 75 cells/µL to 261 cells/µL (135 ± 10 cells/µL). Cell concentrations in IDDM were 

reduced compared to L.1AR1 and Dock8IDDM. DockIDDM showed highest NK cell 

concentrations within 90 cells/µL and 480 cells/µL (235 ± 27 cells/µL). C/EBPβ motiveIDDM 

displayed a high variation from 79 cells/µL to 418 cells/µL (187 ± 18 cells/µL). At 60 days of 

age variation of frequencies increased in all strains but still Dock8IDDM showed biggest 

variation within 3.1 % and 16.2 % (7.9 ± 1.0 %) (Figure 26 C). Dock8IDDM was different 

compared to L.1AR1 with 4.1 ± 0.3 % (min. 1.8 %, max. 9.7 %) and to C/EBPβ motiveIDDM 

with 3.4 ± 0.4 % (min. 1.7 %, max. 7.4 %). In addition, IDDM had a high variation between 

3.0 % and 12.6 % with a MV at 6.0 ± 0.6 % and differed to C/EBPβ motiveIDDM. At 60 days of 

age a slight increase in NK cell concentrations was seen in all strains but no significant 

differences were found (Figure 26 D). In L.1AR1 cell concentrations varied between 

114 cells/µL and 620 cells/µL (263 ± 22 cells/µL). Cell concentrations in IDDM were in a 

range of 127 cells/µL and 584 cells/µL (239 ± 28 cells/µL). The highest cell concentrations 

were found in Dock8IDDM with values between 151 cells/µL and 782 cells/µL 

(349 ± 47 cells/µL). C/EBPβ motiveIDDM showed cell concentrations in a range of 103 cells/µL 

and 589 cells/µL (234 ± 26 cells/µL). 
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Figure 26: CD161a
+
 NK cell frequencies and concentrations in peripheral blood. Results of flow 

cytometry analysis in peripheral blood of L.1AR1, IDDM, Dock8IDDM and C/EBPβ motiveIDDM rats. 

(A) CD161a+ NK cell frequencies at 40 days of age and (B) the corresponding cell concentrations. 

(C) CD161a+ NK cell frequencies at 60 days of age and (D) the corresponding cell concentrations.  

Significant differences were calculated using non-parametrical Kruskal-Wallis Test with post-hoc 

Dunn’s multiple comparisons tests. The number of measured rats was 27 for L.1AR1, 20 for IDDM, 19 

- 20 for Dock8IDDM, and 22 - 23 for C/EBPβ motiveIDDM. Power (A), (C) = 100 %, (B) = 95 %, 

(D) = 67 %. Horizontal bars represent the median. Vertical bars indicate min. to max., *p≤0.05; 

**p≤0.01; ***p≤0.001; ****p≤0.0001 
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Figure 28 A represents monocyte frequencies (CD172a+) at 40 days of age. In L.1AR1 

percentages of CD172a+ cells in leukocytes of peripheral blood varied between 10.0 % and 

16.8 % (13.7 ± 0.7 %). Frequencies in IDDM (17.8 ± 0.7 %, min. 14.0 %, max. 24.0 %) were 

significantly increased compared to L.1AR1. Additionally, a significant increase in Dock8IDDM 

compared to L.1AR1 was found with values from 12.4 % to 24.5 % (19.9 ± 0.8 %). Significant 

lower values to Dock8IDDM were found in C/EBPβ motiveIDDM which showed data between 

11.6 % and 21.6 % (16.4 ± 0.6 %). Cell concentrations at 40 days of age were different 

between L.1AR1 (1097 ± 66 cells/µL, min. 649 cells/µL, max. 1392 cells/µL) and IDDM 

(852 ± 39 cells/µL, min. 533 cells/µL, max. 1268 cells/µL) (Figure 28 B). Dock8IDDM did not 

reveal differences to other strains. Values varied within a range of 679 cells/µL and 

1305 cells/µL (1076 ± 48 cells/µL). Monocyte concentrations in C/EBPβ motiveIDDM showed a 

big variability between 813 cells/µL and 1839 cells/µL (1264 ± 57 cells/µL) and were 

significantly higher than in IDDM. Figure 28 C displays monocyte frequencies at 60 days of 

age. L.1AR1 varied within a narrow range between 8.4 % and 12.4 % (10.1 ± 0.5 %). Values 

were significantly lower than frequencies in IDDM with 13.5 ± 0.8 % (min. 8.7 %, 

max. 23.1 %) and Dock8IDDM, which varied between 10.5 % and 25.1 % (16.0 ± 1.3 %). 

Frequencies in C/EBPβ motiveIDDM varied in a range of 7.4 % and 16.2 % (12.2 ± 0.7 %) and 

were significantly decreased compared to Dock8IDDM. Monocyte concentrations at 60 days of 

age are depicted in Figure 28 D. L.1AR1 decreased to 849 ± 47 cells/µL (min. 666 cells/µL, 

max. 1140 cells/µL) compared with 40 days of age. In IDDM rats concentrations of 

CD172a+ cells varied in a range of 417 cells/µL and 1067 cells/µL (690 ± 42 cells/µL) and 

were significantly different to Dock8IDDM (928 ± 86 cells/µL, min. 554 cells/µL, 

max. 1504 cells/µL) and C/EBPβ motiveIDDM (999 ± 70 cells/µL, min. 543 cells/µL, 

max. 1471 cells/µL). C/EBPβ motiveIDDM monocyte concentrations decreased when 

compared to 40 days of age. 
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Figure 28: CD172a
+
 monocyte frequencies and concentrations in peripheral blood. Results of 

flow cytometry analysis in peripheral blood of L.1AR1, IDDM, Dock8IDDM and C/EBPβ motiveIDDM rats. 

(A) CD172a+ T cell frequencies at 40 days of age and (B) the corresponding cell concentrations. 

(C) CD712a+ T cell frequencies at 60 days of age and (D) the corresponding cell concentrations. 

Significant differences were calculated using parametrical ordinary one-way ANOVA with post-hoc 

Tukey-Kramer multiple comparisons test. For non-parametrical analyses Kruskal-Wallis Test with 

post-hoc Dunn’s multiple comparisons tests were applied. The number of measured rats was 12 for 

L.1AR1, 18 - 20 for IDDM, 11 - 12 for Dock8IDDM, and 15 for C/EBPβ motiveIDDM. Power (A) = 97 %, 

(B) = 61 %, (C) = 100 %, (D) = 29 %. Horizontal bars represent the median. Vertical bars indicate min. 

to max., *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001  

 

Monocytes can be distinguished into classical and non-classical monocytes by their receptor 

expression of CD43. CD172a+ and a low CD43 signal represent classical monocytes while 

CD172a+ and high CD43 signal represents non-classical or alternative monocytes. Primary 

data of measurements at flow cytometer are displayed in Figure 29.  
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varied from 21.1 % to 32.8 % (26.8 ± 0.9 %). In Dock8IDDM values were in a range of 16.9 % 

and 28.4 % (22.8 ± 1.0 %). Data of C/EBPβ motiveIDDM monocytes lied between 15.9 % and 

26.4 % (21.2 ± 0.9 %). Concentrations of classical monocytes at 40 days of age did not 

reveal any significant differences (Figure 30 B). L.1AR1 showed cell concentrations from 

185 cells/µL to 351 cells/µL (264 ± 15 cells/µL). In IDDM cell concentrations were in a range 

of 131 cells/µL and 301 cells/µL (227 ± 10 cells/µL) whereas cell concentrations of classical 

monocytes in Dock8IDDM gave results between 161 cells/µL and 316 cells/µL 

(243 ± 13 cells/µL). C/EBPβ motiveIDDM depicted cell concentrations of 266 ± 13 cells/µL 

(min. 167 cells/µL, max. 349 cells/µL). Figure 30 C displays frequencies of classical 

monocytes at 60 days of age. L.1AR1 rats had frequencies between 17.8 % and 28.1 % 

(22.1 ± 1.0 %). IDDM showed a significant increase to all other strains with 30.2 ± 1.6 % 

(min. 18.1 %, max. 41.1 %). Classical monocyte frequencies in Dock8IDDM varied in a narrow 

range of 20.0 % and 28.3 % (24.6 ± 1.0 %). In C/EBPβ motiveIDDM a significant decrease to 

IDDM could be detected whereas values in C/EBPβ motiveIDDM lied between 16.0 % and 

29.1 % (20.8 ± 1.0 %). Again, at 60 days of age no significant differences were found 

between strains in classical monocytes concentrations (Figure 30 D). L.1AR1 showed a 

slight decrease to 189 ± 15 cells/µL (min. 118 cells/µL, max. 273 cells/µL). Cell 

concentrations in IDDM had a high variability between 131 cells/µL and 275 cells/µL 

(200 ± 11 cells/µL). In Dock8IDDM cell concentrations of classical monocytes were in a range 

of 148 cells/µL and 332 cells/µL (228 ± 23 cells/µL). The concentrations of CD172a+ CD43lo 

in C/EBPβ motiveIDDM showed a variability between 121 cells/µL and 341 cells/µL 

(204 ± 15 cells/µL).  
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Figure 30: CD172a
+
 CD43

lo
 classical monocyte frequencies and concentrations in peripheral 

blood. Results of flow cytometry analysis in peripheral blood of L.1AR1, IDDM, Dock8IDDM and 

C/EBPβ motiveIDDM rats. (A) CD172a+ CD43lo classical monocyte frequencies at 40 days of age and 

(B) the corresponding cell concentrations. (C) CD172a+ CD43lo classical monocyte frequencies at 

60 days of age and (D) the corresponding cell concentrations. Significant differences were calculated 

using parametrical ordinary one-way ANOVA with post-hoc Tukey-Kramer multiple comparisons test. 

For non-parametrical analyses Kruskal-Wallis Test with post-hoc Dunn’s multiple comparisons tests 

were applied. The number of measured rats was 12 for L.1AR1, 18 - 20 for IDDM, 11 - 12 for 

Dock8IDDM, and 15 for C/EBPβ motiveIDDM. Power (A) = 97%, (B) = 61 %, (C) = 100 %, (D) = 29 %. 

Horizontal bars represent the median. Vertical bars indicate min. to max., *p≤0.05; **p≤0.01; 

***p≤0.001; ****p≤0.0001 
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Non-classical monocytes are characterized by their high expression of CD43 besides 

CD172a expression. Frequencies of non-classical monocytes are plotted as the percentages 

of CD172a+ and CD43hi cells and are depicted in Figure 31 A and C. At 40 days of age 

percentages of CD172a+ CD43hi cells in L.1AR1 varied between 65.6 % and 78.2 % 

(72.6 ± 1.4 %). In IDDM cell frequencies showed a variability between 60.1 % and 75.6 % 

(67.0 ± 1.1 %) while percentages in Dock8IDDM lied between 68.5 % and 80.6 % 

(74.1 ± 1.1 %). C/EBPβ motiveIDDM had frequencies from 70.0 % to 82.0 % (76.2 ± 1.0 %). 

Frequencies of non-classical monocytes in peripheral blood of IDDM were significantly 

reduced compared to all other strains. Concentrations of non-classical monocytes at 40 days 

of age are depicted in Figure 31 B. Cell concentrations within L.1AR1 showed a variability 

between 426 cells/µL and 1078 cells/µL (802 ± 56 cells/µL). In IDDM concentrations of non-

classical monocytes varied within 325 cells/µL and 888 cells/µL (574 ± 32 cells/µL) and were 

significantly lower than in L.1AR1. Cell numbers in Dock8IDDM were significantly increased to 

IDDM with values in a range of 476 cells/µL and 994 cells/µL (799 ± 40 cells/µL). Cell 

concentrations in C/EBPβ motiveIDDM were significantly increased to IDDM. Dock8IDDM 

showed concentrations within 618 cells/µL and 1466 cells/µL (967 ± 50 cells/µL). 

Frequencies of non-classical monocytes at 60 days are shown in Figure 31 C. In L.1AR1 

frequencies of CD172a+ CD43hi cells varied between 69.2 % and 78.8 % (74.7 ± 0.9 %). 

Frequencies in IDDM were significantly lower to all other strains (65 ± 1.7 %, min. 52.1 %, 

max. 76.0 %). Dock8IDDM had frequencies in a range of 67.1 % and 77.8 % (71.1 ± 1.1 %). 

A significant increase compared to IDDM was detected in C/EBPβ motiveIDDM with variability 

from 68.8 % to 82.3 % (76.6 ± 1.0 %). Cell concentrations of non-classical monocytes at 

60 days of age are displayed in Figure 31 D. Cell concentrations in L.1AR1 decreased to 

633 ± 34 cells/µL (min. 505 cells/µL, max. 847 cells/µL) when compared to concentrations at 

40 days. In IDDM values varied in a range of 264 cells/µL and 759 cells/µL 

(457 ± 38 cells/µL). The concentrations of CD172a+ CD43hi cells in Dock8IDDM were between 

383 cells/µL and 893 cells/µL (617 ± 49 cells/µL). In C/EBPβ motiveIDDM values of 

concentrations were within 375 cells/µL and 1126 cells/µL (769 ± 58 cells/µL). Only 

concentrations in IDDM were significantly reduced at 60 days of age in comparison to 

L.1AR1 and C/EBPβ motiveIDDM. 
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Figure 31: CD172a
+
 CD43

hi
 non-classical monocyte frequencies and concentrations in 

peripheral blood. Results of flow cytometry analysis in peripheral blood of L.1AR1, IDDM, Dock8IDDM 

and C/EBPβ motiveIDDM rats. (A) CD172a+ CD43hi non-classical monocyte frequencies at 40 days of 

age and (B) the corresponding cell concentrations. (C) CD172a+ CD43hi non-classical monocyte 

frequencies at 60 days of age and (D) the corresponding cell concentrations. Significant differences 

were calculated using parametrical ordinary one-way ANOVA with post-hoc Tukey-Kramer multiple 

comparisons test. For non-parametrical analyses Kruskal-Wallis Test with post-hoc Dunn’s multiple 

comparisons tests were applied. The number of measured rats was 12 for L.1AR1, 18 - 20 for IDDM, 

10 - 12 for Dock8IDDM, and 15 for C/EBPβ motiveIDDM. Power (A) - (C) = 100 %, (D) = 90 %. Horizontal 

bars represent the median. Vertical bars indicate min to max. *p≤0.05; **p≤0.01; ***p≤0.001; 

****p≤0.0001 
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4.3 Consequences of mutations on pancreas and thymus histology 

were found 

Regarding previous results, both mutations have an influence on diabetes development and 

immune status in peripheral blood and particular T cells. This made it interesting to analyze 

morphology and histology of pancreas and thymus. Histology experiments were performed at 

60 days to score pancreas infiltration. Thymus and its involution were examined at 60 and 

90 days of age. 

4.3.1 Comparable pancreas infiltration in rat strains 

Further phenotyping was done by comparing histological results. One slice of each pancreas 

and 18 pancreata of each strain were scored at 60 days of age after an established score 

(see Table 20: Infiltration score). Microscopic pictures of an islet of each strain are depicted 

in Figure 32 representatively. L.1AR1 and C/EBPβ motiveIDDM animals did not have islet 

infiltration by mononuclear cells. IDDM and Dock8IDDM showed focal pancreas infiltration with 

a score of about 1.5 in the following pictures (Figure 32). Thus, it was possible to compare all 

strains with each other.  
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Figure 32: Pancreatic islets in 40x magnification. (A) Islet of L.1AR1 with no infiltration. (B) Islet of 

IDDM with infiltrating lymphocytes over whole islet (Score 1.5). (C) Dock8IDDM islet that gives an 

infiltration score of 1.5. (D) C/EBPβ motiveIDDM with no infiltration of islet. H&E staining, 

scale bar ≙ 50 µm. 

 

L.1AR1 and C/EBPβ motiveIDDM did not show infiltration of pancreatic islets but only a few 

scattered lymphocytes. Scores in both healthy strains gave a mean value of 0.1 ± 0.01 with a 

variation within 0.0 and 0.2 in L.1AR1 and within 0.0 and 0.4 in C/EBPβ motiveIDDM. At 

60 days of age pancreas of IDDM and of Dock8IDDM showed a wide variation of infiltration 

scores from 0.1 to 4.0. IDDM with a mean infiltration score of 1.3 ± 0.3 and Dock8IDDM with a 

mean infiltration score of 1.4 ± 0.3 were not significantly different to each other. Therefore, 

L.1AR1 and C/EBPβ motiveIDDM were significantly different to IDDM and Dock8IDDM 

(Figure 33). 
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Figure 33: Results of pancreas infiltration scoring. Pancreata of 18 animals of each strain were 

scored after an established infiltration score. L.1AR1 and C/EBPβ motiveIDDM had no infiltration 

whereas IDDM and Dock8IDDM showed similar grade of infiltration with a mean score of about 

1.3 ± 0.3 and 1.4 ± 0.3. Significant differences were calculated using non-parametrical Kruskal-Wallis 

Test with post-hoc Dunn’s multiple comparisons tests. Power = 100 %. Horizontal bars represent 

median. Vertical bars indicate min. to max., *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001 

4.3.2 Thymus histology and morphology affected by point mutations 

4.3.2.1 Thymus weight reduced in diabetes susceptible strains 

Thymus weight was determined with freshly removed thymus. As it made no difference of p-

values and proportions if it was weighed with or without outer lymphnodes we blotted results 

including lymphnodes. Thymus involution is age dependent but not gender dependent (Gui et 

al. 2012). Accordingly, no estimation was taken regarding relative organ weight because 

ratios would be different due to gender related body weight. We compared weight at 60 days 

and at 90 days of age (Figure 34). Healthy strains had much higher organ weight than 

diabetes susceptible strains at both time points. Thymi of L.1AR1 and C/EBPβ motiveIDDM 

rats depicted the same mean values of 0.54 ± 0.01 g. Weight of thymi in L.1AR1 were in a 

range of 0.41 g and 0.66 g and in C/EBPβ motiveIDDM in a range of 0.45 g and 0.63 g at 

60 days. At the same time, thymus weight of IDDM varied within 0.14 g and 0.52 g 

(0.39 ± 0.02 g) whereas thymus weight of Dock8IDDM varied from 0.37 g to 0.49 g 

(0.41 ± 0.01 g). These two diabetes susceptible strains showed a significant decrease 

compared to healthy strains (L.1AR1, C/EBPβ motiveIDDM). At 90 days of age thymus weight 
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was reduced in all strains following normal thymus development. Significant differences 

between healthy and diabetes susceptible strains were unchanged. Thymus weight 

decreased in L.1AR1 to 0.43 ± 0.01 g (min. 0.38 g, max. 0.48 g), in C/EBPβ motiveIDDM to 

0.44 ± 0.02 g (min. 0.31 g, max. 0.58 g), in IDDM to 0.25 ± 0.02 g (min. 0.10 g, max. 0.31 g), 

and in Dock8IDDM to 0.30 ± 0.02 g (min. 0.19 g, max. 0.42 g). Percentage decrease of weight 

from 60 days to 90 days was in L.1AR1 and C/EBPβ motiveIDDM of about 19 %. In IDDM rats 

mean weight reduced by 36 % and in Dock8IDDM by 27 % from day 60 to day 90 of age. 

 

Figure 34: Thymus weight at 60 and 90 days of age. At both ages diabetes resistant strains 

(L.1AR1 and C/EBPβ motiveIDDM) were significantly different to diabetes susceptible strains (IDDM 

and Dock8IDDM). Significant differences were calculated using two-way ANOVA with post hoc Tukey-

Kramer multiple comparisons test. The number of measured rats was 10 - 26 for L.1AR1, 10 - 15 for 

IDDM, 16 - 18 for Dock8IDDM, and 13 - 18 for C/EBPβ motiveIDDM. Power = 100 %. Bars represent the 

mean value. Error bars indicate SEM. *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001 

4.3.2.2 Cortex to medulla ratio disturbed by both single mutations 

We measured cortex area as well as medulla area and built the ratio as described in 3.2.13.2 

to further evaluate thymus morphology. Figure 35 shows one thymic lobe of each strain 

representatively. 



Results 

 

86 

 

A B 

  

C D 

  

Figure 35: Area measurement of cortex and medulla of one lobe each strain.  Areas of medulla 

and cortex are circled. M stands for medulla and C for cortex. (A) Thymic lobe of L.1AR1, (B) IDDM, 

(C) Dock8IDDM, and (D) C/EBPβ motiveIDDM animals. Magnification 5x, scale bar ≙ 500 µm 

 

One slice per thymus, ten thymi of each strain and ten thymic lobes per thymus were 

evaluated. Results of cortex area and medulla area measurements are shown in Figure 36 A 

and B. Mean values of cortex area per thymus (Figure 36 A) in L.1AR1 were in a range of 

1,473,000 µm2 to 3,034,000 µm2 (2,243,000 ± 153,768 µm2). In IDDM the cortex area was 

significantly decreased with areas between 919,805 µm2 and 2,461,000 µm2 

(1,529,000 ± 160,952 µm2). In Dock8IDDM variations of cortex area were from 1,283,000 µm2 

to 2,572,000 µm2 (1,857,000 ± 119,097 µm2) and in C/EBPβ motiveIDDM from 1,330,000 µm2 

to 2,870,000 µm2 (2,043,000 ± 183,644 µm2). In Figure 36 B mean values of medulla areas 

are depicted. Biggest areas were seen in L.1AR1 with areas in a range of 405,054 µm2 to 

961,548 µm2 (660,788 ± 57195 µm2). Significant decreases of medulla area were found in 
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IDDM with values from 163,894 µm2 to 494,489 µm2 (282,317 ± 35,706 µm2), in Dock8IDDM 

with areas between 175,727 µm2 and 402,262 µm2 (299,937 ± 23,688 µm2), and in 

C/EBPβ motiveIDDM ranging from 272,715 µm2 to 709,920 µm2 (441,049 ± 47,748 µm2). 

A B 

  

Figure 36: Results of cortex and medulla area measurements of L.1AR1, IDDM, Dock8
IDDM

 and 

C/EBPβ motiveIDDM
.  (A) Area measurements of cortex of 10 thymi per strain. (B) Results of medulla 

area analysis. Significant differences were calculated using parametrical ordinary one-way ANOVA 

with post-hoc Tukey-Kramer multiple comparisons test. The number of measured rats was 10 for 

L.1AR1, 9 - 10 for IDDM, 10 for Dock8IDDM, and 10 for C/EBPβ motiveIDDM. Power (A) = 78 %, 

(B) = 100%. Horizontal bars represent the median. Vertical bars indicate min. to max., *p≤0.05; 

**p≤0.01; ***p≤0.001; ****p≤0.0001 

 

Calculations revealed that the ratio of cortex to medulla did not show a high variation in 

L.1AR1 control rats with a ratio of 5.8 ± 0.3 (min. 4.5, max. 8.1) (Figure 37). IDDM rats 

showed no significant differences to L.1AR1 but varied between a ratio of 5.4 and 11.7 

(7.9 ± 0.7). C/EBPβ motiveIDDM rats gave the biggest difference to healthy L.1AR1 rats with 

an average ratio of 11.0 ± 0.8 and a high variation between 7.5 and 14.4. Dock8IDDM animals 

had similar ratios to IDDM within a range of 7.3 and 13.1 (9.2 ± 0.6) but were significantly 

higher than L.1AR1.  
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Figure 37: Ratio of thymic cortex to medulla area. At 60 days of age L.1AR1 rats had a ratio of 

about 5.8 ± 0.3 and were significantly different to C/EBPβ motiveIDDM animals with 11.0 ± 0.8 and 

Dock8IDDM animals with 9.2 ± 0.6. Both strains showed increased ratio and increased variation. IDDM 

was not different to any other strain with a ratio of 7.9 ± 0.7 but gave a high variation within 5.4 and 

11.7. Significant differences were calculated using non-parametrical Kruskal-Wallis Test with post-hoc 

Dunn’s multiple comparisons tests. 10 animals of each strain were analyzed. Power = 100 % 

Horizontal bars represent the median. Vertical bars indicate min. to max., *p≤0.05; **p≤0.01; 

***p≤0.001; ****p≤0.0001 

4.3.2.3 Cell density in medulla indicated alterations through mutations 

While taking pictures for cortex and medulla area measurements, we recognized differences 

in thymic medulla. Some animals showed clear medulla while others were not easy to 

evaluate. A closer look with a 40x magnification revealed subjective differences in 

lymphocyte numbers. Density measurements in a 40x magnification of 10 sight fields per 

thymus were done using Image J. Pictures were converted to black and white, while white 

represented positive pixel. Figure 38 depicts one converted picture of each strain.  
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Figure 38: Converted H&E picture to black and white. (A) Medulla of L.1AR1, (B) IDDM, 

(C) Dock8IDDM, and (D) C/EBPβ motiveIDDM rats, all in 40x magnification.  

 

The lowest density equivalent with the lowest cell number in the medulla was found in 

L.1AR1 with a range of 4.0 and 6.1 positive pixel/µm2 (5.2 ± 0.2 pos. pixel/µm2) (Figure 39). 

Density in L.1AR1 was significantly lower to density results of all other strains. IDDM had the 

highest number with 7.5 ± 0.2 pos. pixel/µm2 (min. 6.4 pixel/µm2, max. 9.2 pos. pixel/µm2). 

Cell numbers in Dock8IDDM varied within 5.6 and 9.0 pos. pixel/µm2 (7.3 ± 0.3 pos. pixel/µm2). 

Results of C/EBPβ motiveIDDM were significantly decreased to IDDM and significantly 

increased to L.1AR1 with values from 4.8 to 7.4 pos. pixel/µm2 (6.3 ± 0.3 pos. pixel/µm2).  
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Figure 39: Density results of thymic medulla. Positive pixels were measured representing cells in 

medulla. Rats were 60 days old. 10 thymi per strain and 10 sight fields were examined in 40x 

magnification pictures. Significant differences were calculated using parametrical ordinary one-way 

ANOVA with post-hoc Tukey-Kramer multiple comparisons test. Power 100 %. Horizontal bars 

represent the median. Vertical bars indicate min. to max. *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001 

 

In H&E staining it is difficult to differentiate single cells. This makes cell density 

measurements with H&E stained slices quite inaccurate. As a second analysis, ten thymi and 

two slices per thymus per strain were stained with DAPI to differentiate single cells. One 

image of each strain is depicted in Figure 40. Density was analyzed with Image Analysis Tool 

in Zen Pro software.  
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Figure 40: Thymus slices stained with DAPI. DAPI made single cells visible to evaluate cell density 

in medulla and cortex of (A) L.1AR1, (B) IDDM, (C) Dock8IDDM, and (D) C/EBPβ motiveIDDM animals. 

All in 20x magnification. C = cortex, M = medulla, scale bar ≙ 50 µm 

 

It is visible that in L.1AR1 and C/EBPβ motiveIDDM thymus the junction from medulla to cortex 

is clear while in IDDM and Dock8IDDM it is quite difficult to recognize. There are also 

differences in cell density in both the medulla and cortex as depicted. First results of image 

analysis are depicted in Figure 41. Intensity of DAPI fluorescence was back calculated on the 

area of cortex or medulla and depicted in graph as DAPI intensity/µm2. Significant differences 

were neither seen in cortex nor in medulla. Cortex results showed a variation between 1929 

intensity/µm2 and 7074 intensity/µm2 (3407 ± 569 intensity/µm2) in L.1AR. In IDDM values 

varied within 2128 intensity/µm2 and 6080 intensity/µm2 (6317 ± 484 intensity/µm2). 

Dock8IDDM had intensities from 2508 intensity/µm2 to 6054 intensity/µm2 (3619 ± 323 
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intensity/µm2) and C/EBPβ motiveIDDM from 2089 intensity/µm2 to 5949 intensity/µm2 (4669 ± 

489 intensity/µm2). Results of medulla measurements showed DAPI intensities in a range of 

2228 intensity/µm2 and 7396 intensity/µm2 (3667 ± 606 intensity/µm2) in L.1AR1. In IDDM 

values varied within 2320 intensity/µm2 and 6903 intensity/µm2 (3862 ± 541 intensity/µm2). In 

Dock8IDDM intensity measurements depicted results within 2593 intensity/µm2 and 6161 

intensity/µm2 (3739 ± 326 intensity/µm2) and in C/EBPβ motiveIDDM within 2254 intensity/µm2 

and 6315 intensity/µm2 (4946 ± 507 intensity/µm2). As the values were building up different 

groups in each strain no clear result can be presented and further analysis needs to be done. 

A B 

  

Figure 41: Results of DAPI intensity per µm
2
 of thymic slices. Two slices of each thymus and ten 

thymi of each strain were stained with DAPI. Analysis was done of four visual fields of cortex and 

medulla in 20x magnification. (A) depicts results of DAPI intensity signal per cortex area. (B) shows 

intensity per medulla area. Significant differences were calculated using non-parametrical Kruskal-

Wallis Test with post-hoc Dunn’s multiple comparisons tests. Power (A), (B) = 100 %. Horizontal bars 

represent the mean value. Error bars indicate SEM.  

4.3.3 Immunohistochemistry proved T cell involvement 

It was published that T cells infiltrate pancreas and destroy β-cells (Jörns et al. 2005). The 

influence of both mutations on infiltrating cell subsets was checked with 

immunohistochemistry experiments. Pancreata of L.1AR1, IDDM, Dock8IDDM and 

C/EBPβ motiveIDDM were labeled with anti-TCR (red), anti-Insulin (green) antibodies and 

DAPI for nucleus staining. Anti-Insulin makes islets visible. Islets of L.1AR1 and 
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C/EBPβ motiveIDDM showed no infiltration and round shaped islets. Pancreata of IDDM and 

Dock8IDDM depicted infiltrating T cells and deformed islets (Figure 42).  

A 

 

B 

 

C 

 

D 

 

Figure 42: Immune fluorescence staining of Insulin and TCR proofs T cell invasion. Pancreata 

were stained with anti-Insulin (green), anti-TCR (red) antibodies, and DAPI (blue) against nucleus. 

(A) L.1AR1 showed clear shaped islet with no infiltration. (B) IDDM islets were infiltrated and partly 

destroyed. (C) Destroyed islet in Dock8IDDM with T cell invasion in red. (D) Healthy round shaped islet 

in C/EBPβ motiveIDDM did not show infiltration. Magnification 40x. Scale bar ≙ 50 µm. 
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5 Discussion 

Autoimmune diabetes is a disease not yet fully understood and presently not possible to 

cure. Current animal models help us to understand and to do research on autoimmune 

diabetes. While there are different animal models existing for autoimmune diabetes they are 

difficult to transfer onto human T1D. The BB rat has a genetically determined constitutive 

lymphopenia and infiltrations of the thyroid (Yale & Marliss 1984). NOD mice show gender 

related prevalence so that mainly female mice sicken (Leiter et al. 1987). KDP rats not only 

show infiltration of the pancreas but additionally demonstrate infiltration of extrapancreatic 

organs. They seem to have an overall but not specific autoimmune reaction (Yokoi 2005). 

The IDDM rat arose through a spontaneous mutation in the healthy intra-MHC recombinant 

congenic control strain L.1AR1 (Lenzen et al. 2001). It develops autoimmune diabetes with 

the same prevalence for both genders (Lenzen et al. 2001). At the same time, mononuclear 

cells infiltrate pancreas and specifically destroy β-cells in the pancreas but not any other 

extrapancreatic organs (Jörns et al. 2004). Moreover, T1D in humans is T cell mediated 

(Tong et al. 2016). It was shown, that in IDDM rats autoimmune diabetes is mediated by 

CD4+ T cells (Arndt et al. 2009). IDDM rats have lower T cell frequencies in the peripheral 

blood compared to the healthy control strain L.1AR1 (Arndt et al. 2014). In addition, these 

T cell frequencies vary over the lifetime (Arndt et al. 2014). Symptoms and progression of 

disease are also very comparable to human T1D (Lenzen et al. 2001). This makes the IDDM 

rat a very valuable tool to investigate pathology and mechanisms of the disease. As 

referenced in the bone marrow chimera experiments done in my Master thesis bone marrow 

was transferred from healthy L.1AR1 rats onto IDDM rats and from IDDM rats onto L.1AR1 

animals (Marschalleck 2014). As controls, bone marrow was transferred from L.1AR1 rats 

onto L.1AR1 rats. None of the rats developed diabetes. This indicates that autoreactivity is 

not based in the bone marrow. In addition, first experiments of thymus transplantations of 

IDDM rats under the kidney capsule of thymus deficient rats were established. Seven out of 

twenty animals turned diabetic. This let us suppose that the thymus is the catalyst of 

diabetes development and variable T cell numbers. 

Based on candidate gene sequencing, a mutation in the gene Dock8 and a SNP in the 

coding region of Vwa2 were uncovered (Arndt et al. 2015). It has been published that 

diabetes development in humans is influenced by 61 variants, most of them in non-coding 
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regulatory regions (Cooper et al. 2008; Bradfield et al. 2011; Onengut-Gumuscu et al. 2015; 

Fløyel et al. 2015; Morahan et al. 2011; Todd et al. 2007; Smyth et al. 2008; Yang et al. 

2011; Ram & Morahan 2017). To find out, if there were more differences between the healthy 

L.1AR1 and the diabetic IDDM strain, we did a whole genome sequencing of the IDDM rat 

compared to the L.1AR1 rat. The whole genome sequencing confirmed the point mutation in 

the gene Dock8 but more interestingly it uncovered another mutation in IDDM. This new 

mutation was found in a non-coding sequence of the DNA in the susceptibility region Iddm8 

on chromosome 1 (RNO1). It comes to a base exchange from Adenine to Guanine at 

position Rnor_6.0Chr1:234999140 A>G. We could show with EMSA and MD simulation, that 

transcription factor C/EBPβ binds to L.1AR1 DNA and that the exchange from Adenine to 

Guanine in IDDM leads to an affinity loss of C/EBPβ binding to the DNA.  

Being sure that both mutations could play a role in developing diabetes in IDDM rats we 

separated the closely linked mutations by natural recombination and generated two new 

inbred strains. In the end, we had four inbred strains to phenotypically characterize: healthy 

control L.1AR1, diabetic IDDM (carrying both mutations), Dock8IDDM and C/EBPβ motiveIDDM. 

All strains were kept under same hygienic conditions. Under these conditions L.1AR1 and 

C/EBPβ motiveIDDM rats did not develop diabetes. As observed before, IDDM rats developed 

diabetes with 60 % prevalence at about 60 days of life (Weiss et al. 2005), while diabetes 

incidence decreased to 30 % in Dock8IDDM with a delay of manifestation age to about 

70 days. This means that the mutation in Dock8 itself does not have enough influence to 

trigger autoimmunity all alone in IDDM rats. It indicates the contribution of the second 

mutation in the C/EBPβ binding site mutation. A specific experimental setup was chosen to 

find out the influence of the mutation in Dock8 and of the mutation in the C/EBPβ binding site 

onto the phenotype in IDDM. Cell frequencies in the peripheral blood were measured by flow 

cytometry at 40 days (before infiltration of pancreas starts) and at 60 days of age (at about 

manifestation age). Histology and morphology of pancreata were analyzed at 60 days of age 

by scoring infiltration pattern. Thymi were evaluated at 60 days and 90 days to include 

thymus weight reduction. Thymic weights, cortex to medulla ratios, plus cell densities in the 

medulla and cortex were examined. 

 

Analysis of the peripheral blood revealed that leukocyte numbers in whole blood were 

reduced in diabetes susceptible strains (IDDM and Dock8IDDM) at 40 days and 60 days of age 

when compared to healthy rats. Lymphocyte numbers were also significantly decreased at 

40 days and 60 days in diabetes susceptible strains. In addition, in C/EBPβ motiveIDDM rats 

lymphocytes were significantly lower than in L.1AR1 animals and significantly higher than in 
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diabetes susceptible rats at 60 days of age. Dock8IDDM rats had significantly higher 

lymphocyte numbers at 60 days of age than IDDM animals. Flow cytometry experiments 

showed that these reduced numbers are due to decreased CD3+, CD4+ CD3+, and CD8+ 

CD3+ T cells. The number of T cells was significantly lower at 40 days and 60 days in 

diabetes susceptible strains compared to L.1AR1 animals. But C/EBPβ motiveIDDM rats also 

had significantly less T cells than L.1AR1 and drastically more T cells than diabetes 

susceptible strains at 60 days of age. CD4+ Treg frequencies were reduced in diabetes 

susceptible strains at 40 days of age. At 60 days of age Dock8IDDM and C/EBPβ motiveIDDM 

rats had higher CD4+ Treg frequencies than L.1AR1 and IDDM. C/EBPβ motiveIDDM rats 

showed even higher frequencies than Dock8IDDM rats. CD8+ Treg frequencies illustrated a 

small increase in IDDM rats compared to L.1AR1 rats at 40 days. No further differences in 

CD8+ Treg frequencies were detected. Ratios of CD4+:CD8+ T cell concentrations were 

checked and uncovered increased ratios in IDDM to all other strains at 40 days of age. At 

60 days of age no differences were seen. B cell concentrations were similar in all strains at 

both time points with no significant differences at all. Disturbed B cell frequencies can be 

explained by reduced T cells. NK cell numbers were significantly lower in IDDM animals 

compared to L.1AR1 and Dock8IDDM at 40 days of age. At 60 days of age no significant 

differences in NK cell numbers were found. Monocytes were reduced in IDDM animals 

compared to L.1AR1 and C/EBPβ motiveIDDM rats at 40 days of age. At 60 days Dock8IDDM 

and C/EBPβ motiveIDDM strains had higher monocyte concentrations than IDDM rats. 

A deeper look into monocyte subtypes revealed that classical monocyte concentrations were 

the same in all strains at both time points while non-classical/alternative monocytes differed 

at 40 days and 60 days. At 40 days of age IDDM animals had the lowest non-classical 

monocytes compared to all other strains (L.1AR1, Dock8IDDM and C/EBPβ motiveIDDM). At 60 

days of age non-classical monocyte concentrations were reduced in IDDM compared to 

L.1AR1 and C/EBPβ motiveIDDM.  

Histology experiments of the pancreas showed nearly the same infiltration score in IDDM 

and Dock8IDDM pancreata at 60 days of age. Focal infiltration pattern seems to be similar at 

day 60 in diabetes susceptible strains. Thymus analysis revealed reduced thymus size 

(weight) in strains carrying the Dock8 mutation (IDDM, Dock8IDDM) at 60 days and 90 days of 

age. L.1AR1 animals and C/EBPβ motiveIDDM rats had no differences in thymus weight, 

neither at 60 days nor at 90 days of age. This means that thymus weight reduction is similar 

in healthy rat strains L.1AR1 and C/EBPβ motiveIDDM and in diabetes susceptible strains 

IDDM and Dock8IDDM. Percentage in thymic reduction was the same in L.1AR1 and 

C/EBPβ motiveIDDM. In IDDM reduction was about 36 % while in Dock8IDDM it was only about 

27 %. This indicates that both mutations play a role in the thymus. The Dock8 mutation 
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seems to influence thymus weight reduction stronger. Further analysis of thymus morphology 

was done by measuring and calculating cortex to medulla ratio of areas. Cortex to medulla 

ratio was increased in Dock8IDDM rats compared to L.1AR1. The most significant increase 

was found in C/EBPβ motiveIDDM animals which was due to a reduced medulla size but 

regular cortex size.  

Cell density measurements of thymic medulla at 60 days of age indicated increased cell 

density in IDDM and Dock8IDDM rats compared to control thymi. C/EBPβ motiveIDDM animals 

had a higher cell density in the medulla than L.1AR1 animals but lower density than IDDM 

and Dock8IDDM rats. Intensity measurements of DAPI stained slices did not show a clear 

result. Contradictory tendencies within the different strains make it impossible to give a clear 

statement so far. 

As written in the introduction, DOCK8 is a GEF and influences T cell migration in humans 

and proliferation mainly through the Rho GTPase Cdc42 by exchanging GDP by GTP (Côté 

& Vuori 2002; Hasegawa et al. 1996; Harada et al. 2012; Xu et al. 2017). It was shown that 

the absence of DOCK8 in patients impairs T cells expansion and causes a T cell 

lymphopenia (Zhang et al. 2009). It also comes to reduced T cells in Dock8 deficient mice 

(Zhang et al. 2009; Randall et al. 2011; Lambe et al. 2011). Dock8 is linked to Cdc42 which 

has influence on T cell development in the thymus (Xu et al. 2017; Lambe et al. 2011). 

Cdc42 deletion in T cells blocks thymopoiesis at the DP stage and leads to defective positive 

selection in mice so that less T cells could egress the thymus (Guo et al. 2011; Guo et al. 

2010). IDDM and Dock8IDDM rats share the same mutation in the gene Dock8. The previous 

findings let us associate the reduced T cell numbers in IDDM and Dock8IDDM with a disturbed 

thymopoiesis and positive selection in these rats due to this mutation. Positive selection is 

important for T cell development especially to test for the recognition of self-MHC (Kisielow et 

al. 1988; Zinkernagel et al. 1978). When positive selection would be arrested reduced T cell 

numbers pass into the medulla for the next step, the negative selection. Following this all 

kind of T cell subsets would be missing in the periphery, including Tregs that can regulate 

autoreactive T cells. Reduced Treg frequencies at 40 days of age in diabetes susceptible 

strains are phenotypically similar to T1D in humans. In humans the apoptosis rate of Tregs is 

increased before disease onset (Glisic-Milosavljevic et al. 2007). Janssen and co-workers 

have identified, that Treg numbers are also reduced in DOCK8 deficient patients (Janssen et 

al. 2014). Lambe et al. found out, that T cell lymphopenia in mice is due to decreased 

survival of peripheral T cells (Lambe et al. 2011). In addition, it was reported, that through 

Cdc42 DOCK8 has an impact on T cell migration (Guo et al. 2011). Reduced T cell numbers 

and altered ratio of CD4+:CD8+ T cells in IDDM rats are in accordance with the findings of 
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these groups. However, the altered ratio is only persistent in IDDM rats. We assume that this 

is based on a synergistical effect of the mutation in Dock8 and the mutation in the C/EBPβ 

binding site.  

To conclude, the mutation in Dock8 probably influences positive selection of T cells and their 

survival in Dock8IDDM rats through its connection to Cdc42. Furthermore, the mutation in 

Dock8 also can have an influence on migration which might lead to impeded T cell 

development. This may result in an imbalance of effector and regulatory T cells in the 

periphery.  

DOCK8 has influence on NK cell function because NK cells are activated through Cdc42 and 

WASP (Mizesko et al. 2013). It was found out in humans that DOCK8 deficiency leads to 

variable NK cell percentages and disturbed function (Mizesko et al. 2013). This could explain 

the non-consistent NK cell numbers in flow cytometry experiments. Dock8 could also be 

linked to monocyte migration through Cdc42. Cdc42 is needed for chemotaxis and 

extravasation of monocytes which could lead to disturbed monocyte numbers in Dock8IDDM 

rats (Weber et al. 1998). The mutation in Dock8 could be associated with reduced thymus 

weight and stronger regression in comparison to healthy rats. The reduced size of thymus 

has an impact on thymopoiesis and could influence disturbed cortex to medulla ratio in 

Dock8IDDM rats because thymus regression is linked to diminishment of compartments (Gui et 

al. 2012).  

 

Rats carrying the mutation in the C/EBPβ binding site had slightly less T cells at 60 days of 

age. In addition, the thymi showed a very high ratio of cortex to medulla due to a very small 

medulla. Cell density in the medulla indicated higher cell numbers when compared to the 

healthy control strain L.1AR1. The C/EBPβ binding site probably influences thymus 

compartments especially medulla. In 2013 Cowan et al. reported that the thymic medulla is 

essential for the development of FoxP3+ Tregs but not for conventional CD4+ T cells, which 

were shown to be able to develop outside of thymus (Cowan et al. 2013). The group around 

Jenkinson found out that natural T helper cell type 17 (Th17) cells need mTECs to 

differentiate (Jenkinson et al. 2015). Th17 cells are CD4+ T cells producing IL-17 and can 

increase autoimmune reactions (Zúñiga et al. 2013). Different groups found out that in 

humans and mice with T1D Th17 cells are increased and that a deletion reduces 

autoimmune prevalence (Ferraro et al. 2011; Honkanen et al. 2010; Marwaha et al. 2010). In 

2017 Cosway et al. showed (Cosway et al. 2017) that autoimmune diseases are not direct 

consequences of thymic medulla dysgenesis and that thymic medulla can still mediate 

tolerance mechanisms. In contrary, they say that loss of mTECs does not alter FoxP3+ Treg 
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development or negative selection (Cosway et al. 2017). The mutation in the C/EBPβ binding 

site is associated with a reduced medulla size which might lead to a higher cell density in the 

medulla. It could be assumed that the reduced medulla size disturbs tolerance mechanism in 

the medulla of IDDM rats because of limited space which is contrary to Jenkinson et al. 

(Jenkinson et al. 2015). Taking the mentioned literature and the findings of this study 

together the reduced medulla size may have an impact on tolerance mechanisms especially 

on Th17 cells, which has to get checked in further experiments. As Th17 cells and Treg cells 

interact closely, it could explain the increased Treg frequencies. Consistently with Cosway 

and his group (Cosway et al. 2017) the reduced medulla size is not enough to induce 

autoimmunity in C/EBPβ motiveIDDM, but together with the mutation in Dock8 60 % of IDDM 

rats develop diabetes. Tolerance mechanisms of T cells outside of the thymus still seem to 

be working in C/EBPβ motiveIDDM rats.  

 

IDDM and CEBPβ motiveIDDM rats harbor a mutation in a non-coding sequence. The 

performed experiments showed a disturbed binding of the transcription factor CEBPβ in 

mutated DNA. C/EBPβ belongs to the C/EBP leucine zipper domain-containing family of 

transcription factors. The leucine zipper is the dimerization motive while a second domain 

consists of basic-amino-acid-rich DNA-binding (Robinson et al. 1998; Landschulz et al. 1988; 

Landschulz et al. 1989; Williams et al. 1991; Agre et al. 1989). The encoding gene of 

Cebpbeta lies on chromose 20 in humans (UniProtKB - P17676), chromosome 2 in mice 

(UniProtKB - P28033) and chromosome 3 in rats (NCBI Gene ID: 24253). It is an intronless 

gene product that binds to certain genomic regulatory regions as a homodimer or as a 

heterodimer with other molecules (Hirai et al. 2015; Kowenz-Leutz & Leutz 1999). These 

other molecules can also be members of the C/EBP family (Rørth & Montell 1992; Ron & 

Habener 1992). In mice C/EBPβ is activated and inhibited by phosphorylation, for example in 

the MAPK (Mitogen-activated protein kinase) pathway (Nakajima et al. 1993; Zhu et al. 

2002).  

C/EBPβ is known to play a role in adipogenesis, proliferation, and differentiation. Because of 

its expression in many tissues and organs the area of its influence is quite expansive. A lack 

of C/EBPβ has been associated with imbalanced T helper response in mice, with disturbed 

differentiation of epithelial cells in the mammary gland of mice, and with inhibition of skin 

tumorigenesis in mice. Overexpression of C/EBPβ has been shown to lead to aggressive 

forms of breast cancer (Landschulz et al. 1988; Zhu et al. 2002; Robinson et al. 1998; 

Seagroves et al. 1998; Screpanti et al. 1995; Zahnow 2009).  
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The C/EBPβ binding site is located 177 kb (kilobases) downstream of the gene Gna14 and 

133 kb upstream of the gene Gnaq in CEBPβ motiveIDDM rats. In humans Gna14 lies on 

chromosome 9 with a C/EBPβ binding site close by. In mice Gna14 and a C/EBPβ binding 

site lie on chromosome 7. This indicates that the C/EBPβ binding site could have regulatory 

function on these two genes. Gna14 encodes the protein Gα14 (Guanine nucleotide-binding 

protein subunit alpha-14) (UniProtKB - Q5EAP4) and Gnaq encodes the protein Gαq 

(Guanine nucleotide-binding protein subunit alpha q) (NCBI Gene ID: 81666). The proteins 

Gα14 and Gαq are parts of the G Protein family which are heterotrimeric guanine nucleotide–

binding proteins (G proteins) (Riobo & Manning 2005; Strathmann & Simon 1990). G proteins 

are signal transducers that communicate signals from many hormones, neurotransmitters, 

chemokines, and autocrine and paracrine factors. These proteins are attached to the cell 

surface plasma membrane and transduce signals from seven transmembrane receptors 

GPCRs (G protein coupled receptors) to effectors and thus to intracellular signaling 

pathways. G proteins are a complex family of proteins and normally consist of three subunits, 

α, β and γ (Hepler & Gilman 1992; Xie et al. 2000; Shi & Kehrl 2001; Simon et al. 1991; 

Bourne 1997). The Gα subunit itself can be divided into four groups based on their sequence 

similarities: Gs, which stimulates the adenylyl cyclase (AC), Gi/o, which inhibits AC, G12/13, 

which activates small GTPases, and Gq/11, which activates PLC (phospholipase C family) 

(Figure 43) (Neves et al. 2002; Simon et al. 1991). This classification helps to define receptor 

and effector coupling. Gα proteins play a role in many different cellular pathways. Gα14 and 

Gαq are part of the Gq/11 subfamily of proteins, which includes Gαq, Gα11, Gα14, Gα15, and 

Gα16 (Figure 43) (Strathmann & Simon 1990; Riobo & Manning 2005; Simon et al. 1991; 

Hubbard & Hepler 2006; Shi & Kehrl 2001; Berridge 1984; Xie et al. 2000). 
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through Lck (lymphocyte specific protein tyrosine kinase), which plays a role in TCR 

signaling cascade (Ngai et al. 2009).  

The mentioned literature indicates a possible influence of the C/EBPβ binding site mutation 

on the phenotype. According to the results of this it cannot clearly be defined if C/EBPβ 

regulates Gnaq or Gna14 or both. But missing binding of C/EBPβ might lead to a disturbed 

protein expression. Connection of Gαq or Gα14 to NF-κB might explain the reduced medulla 

size in C/EBPβ motiveIDDM rats because of its prognosed influence on mTECs (Gerondakis & 

Siebenlist 2010). Still, the reduced medulla is not enough to trigger autoimmune diabetes. 

Conversely, connection to the MAPK pathway might explain slightly reduced T cell numbers 

because of its impact on T cell survival (D’Souza et al. 2008; Rincón et al. 2001). 

 

The IDDM rat is a model for T1D which shows reduced and variable T cell frequencies over 

the lifetime with 60 % incidence. Two point mutations were uncovered in the susceptibility 

region Iddm8. Separation of the two point mutations (Dock8, C/EBPbeta binding site) made it 

possible to further characterize the phenotype of each single mutation and the influence on 

the immune status. The mutation in the gene Dock8 could be associated with reduced 

thymus weight, decreased T cells in peripheral blood, and a decrease of diabetes incidence 

to 30 %. The mutation in the C/EBPβ binding site could be linked to reduced medulla size, 

disturbed cortex to medulla ratio of thymic compartments, and slightly decreased T cell 

numbers at 60 days of age. The findings show that the two point mutations arise a 

synergistical effect in IDDM rats. 60 % of animals develop autoimmune diabetes only if both 

mutations are present. 

 

For a deeper insight into the impact of the mutations on tolerance mechanisms in the four 

strains (L.1AR1, IDDM, Dock8IDDM, C/EBPβ motiveIDDM) further experiments shall be done. In 

addition to this study, a ChIP Seq (Chromatin Immuno Precipitation DNA-Sequencing) would 

be useful to inspect binding of native C/EBPβ protein to DNA. Expression studies of Gαq and 

Gα14 in different tissues will uncover more about their role in IDDM rats. In addition, 

transcriptomical studies will give more insight on C/EBPβ’s regulatory function and Dock8’s 

influence on T cell survival. A detailed characterization of T cell subtypes also in thymus will 

allow a deeper insight into the influence of each single mutation. Immunohistochemistry 

analysis of the thymus should be further established for a more detailed view. Apoptosis 

studies on peripheral T cells will uncover if T cells have decreased survival rates in the blood. 

Isogenic transfer experiments using GFP labeled bone marrow cells could be done to 
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elucidate the influence of both mutations on thymopoiesis. Thymi of recipients will be used 

for immunohistochemistry labeling of CD4+, CD8+ T cells, and epithelial cells, which will make 

it possible to track T cells in the thymus.  
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______________________________________ _______________________ 

Ort, Datum            Unterschrift  
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Einverständniserklärung 

 
 
Hiermit erkläre ich mein Einverständnis zu einer Überprüfung meiner Dissertation mithilfe 

einer Plagiatssoftware und einer stichprobenartigen Prüfung der Primärdaten. Mir ist 

bewusst, dass im Verdachtsfall ein Ombudsverfahren gemäß § 9 der MHH-Richtlinien 

„Grundsätze der Medizinischen Hochschule Hannover zur Sicherung guter 

wissenschaftlicher Praxis und Verfahrensregeln für den Umgang mit wissenschaftlichem 

Fehlverhalten“ eingeleitet werden kann. Während der Dauer eines solchen 

Ombudsverfahrens ruht das Promotionsverfahren.  

 

Hannover, 10.03.2018 

______________________________________ _______________________ 

Ort, Datum            Unterschrift 
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Erklärung über die Verfügbarkeit der Originaldaten 

 
 
Hiermit erkläre ich, dass ich die Originaldaten und –aufzeichnungen am Institut für 

Versuchstierkunde hinterlegt habe und somit diese für die Medizinische Hochschule 

Hannover frei zugänglich sind. Meine Aufzeichnungen zu den Experimenten sind gemäß 

guter Laborpraxis und wissenschaftlicher Praxis in Laborbüchern hinterlegt. Diese 

Laborbücher sind intern an der Medizinischen Hochschule Hannover nummeriert und mit 

Namen dokumentiert. Die elektronischen Daten sind lokal am Institut für Versuchstierkunde 

gespeichert und zugänglich hinterlegt. 

 

Hannover, 10.03.2018 

______________________________________ _______________________ 

Ort, Datum            Unterschrift 
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