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Abstract 
We have performed an initial screening of the phenotype caused by null-mutation of the gene 

encoding the Cβ2 catalytic subunit of PKA in mice. The Cβ2 subunit is enriched in immune 

cells such as T-, B- and NK cells. We found that PKA catalytic activity was increased in cells 

isolated from immune organs such as thymus, spleen and LN. Moreover, we observed anti-

CD3/CD28-induced increased proliferation of cells isolated from the spleen and thymus but 

not LN. Using flow cytometry we demonstrated that the relative number of B cells was 

reduced in the LN, whereas in the spleen B cells were reduced and NK cells were increased. 

The relative number of the different T cells subsets was not changed in the thymus whereas in 

the LN and spleen CD4+ cells were significantly increased compared to wt mice. This was 

most probably due to a relative increase in Th1 lineage since the relative number of Th2 cells 

appeared unaltered and Treg cells  (CD25+FoxP3+) were significantly reduced in the LN and 

spleen. By monitoring the relative expression of the homing receptor CD62L and the 

activation marker CD69 we found that Cβ2 null-mutation may abrogate the development of T 

cells from naïve to memory cells, implying that the Cβ2 mice are devoid or harbor reduced 

number of memory T cells.  

Taken together, our results demonstrate that Cβ2 KO results in a complex phenotype 

associated with the immune system. A reduction in the Treg which are engaged in the 

maintenance of immunological self-tolerance and suppressive control of excessive immune 

responses to foreign antigens might imply that Cβ2 KO animals may develop autoimmune 

disease and/or might have a different susceptibility to tumor development. Moreover, a block 

in the development of memory T cells might imply that the Cβ2 KO mice are more 

susceptible to infections. To what extent one or both of these suggestions are true for the Cβ2 

KO will need further investigation. 
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1 Introduction 

1.1 Protein Kinase A (PKA) 
The inorganic molecule cAMP was discovered as a second messenger in the hepatic 

glycogenolytic response to adrenalin and glucagon in 1958 (Sutherland and Rall 1958). Ten 

years later the serine-threonine kinase PKA was identified as a cAMP receptor (Walsh, 

Perkins et al. 1968). The cAMP-PKA pathway has since been considered as one of the 

classical intracellular signaling pathways. The pathway is initiated by ligand occupancy of G-

protein-coupled receptors (GPCRs), which catalyses the exchange of GDP for GTP on the α-

subunit of the associated heterotrimeric G protein on the plasma membrane inside, resulting in 

activation of the α-subunit and its dissociation from the βγ-dimer (Pierce, Premont et al. 

2002). Both the α- and βγ-subunits can initiate or inhibit distinct intracellular signaling 

cascades. The α-subunit has intrinsic GTPase activity and hydrolyses GTP to GDP, leading to 

re-association of the heterotrimeric G-protein and signal termination. The free α-subunit of 

the Gs subtype activates adenylyl cyclases (AC), which converts ATP to cAMP (Levitzki 

1988).  

Increased concentration of cAMP leads to activation of PKA. However, cAMP also binds to 

cyclic-nucleotide-gated (CNG) channels (Kaupp and Seifert 2002), cAMP-regulated guanine 

nucleotide exchange factors (cAMP-GEFs), also called exchange proteins directly activated 

by cAMP (Epacs) (Bos 2003), both of which have been determined to be or increasing 

importance over the last years. Finally cAMP binds phosphodiesterases (Houslay and Baillie 

2003), responsible for degradation of cAMP, and are thereby major regulators of cAMP 

signaling. 

The inactive PKA holoenzyme consists of two regulatory (R) subunits bound as a dimer with 

two catalytic (C) subunits non-covalently attached. Cooperative binding of two cAMP 

molecules to each R subunit leads to a conformational change in the enzyme and release of 

the two C subunits that are catalytically to phosphorylate serine and threonine residues on 

specific substrate, such proteins with the target sequence RRXS/T. PKA regulates the 

function of multiple proteins, and transcription factors like CREB, CREM, NF-kB and AP1 

(Daniel, Walker et al. 1998).  
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The extracellular ligand inducing PKA activation can be steroid hormones, nitric oxide, 

neurotransmitters, peptide hormones such as adrenalin, adenosine and histamine, polypeptide 

growth factors or eicosanoids such as prostaglandin E2 (PGE2). A vast array of processes are 

regulated by PKA including key cellular processes such as metabolism, gene transcription, 

channel conductivity, cell growth, cell division and actin cytoskeleton rearrangements. Cell 

cycle, cell proliferation, apoptosis, differentiation and migration, smooth muscle contraction, 

cardiac myocyte beating, insulin response, immune response, airway distension, neuronal 

function and reproduction (Skalhegg and Tasken 2000).  

The utilization of this system in regulation of diverse biological processes requires extensive 

control in order to give distinctive and appropriate responses at the right time. An important 

factor in this regard is the existence of several isoforms of all the components in the signaling 

machinery like ACs, PDEs, Protein kinase inhibitors (PKI), PKAs and A-kinase-anchoring 

proteins (AKAPs) (Nakata, Ogawa et al. 2002; Scott 2006). Firstly, this allows selective 

tissue distribution of isoforms depending on the stage of development and differentiation to 

lead to different responses in diverse cell types. Within one cell this allows for different 

regulation of the different isoforms, and for example creates specificity through 

compartmentalization of signaling. This has in the past few years emerged as an important 

mechanism to ensure the necessary specificity of responses, sophisticated by macromolecular 

complexes that bring receptors, effectors, modulators and targets in each other’s vicinity 

(Tasken and Aandahl 2004; Zaccolo, Di Benedetto et al. 2006). Specificity of transduction is 

controlled at the molecular level by scaffold, anchoring and adaptor proteins, which position 

signaling enzymes at proper sub cellular localization. In this respect AKAPs plays a crucial 

role by localization of PKA to different intracellular locations . The way to achieve the 

cAMP, which inherently diffuses freely in the cell, has been a puzzle, and it has now been 

demonstrated that localized micro-domains of cAMP are formed and that its concentration is 

believed to be strictly controlled by PDEs quenching cAMP and generating cAMP micro-

domains (Mongillo, McSorley et al. 2004). 

1.1.1 The Regulatory Subunits 

As mentioned the R subunit functions as an inhibitor of the C subunit, and also mediates 

localization by binding to the AKAPs. The R subunit contains an amino (N) terminal 

dimerization domain, a hinge region responsible for interaction with the C subunit, and two 
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tandem cAMP binding sites A and B in the carboxy (C) terminal part (Corbin, Sugden et al. 

1978; Francis and Corbin 1999). Depending on whether a holoenzyme contains RI or RII 

subunits it is classified as PKA type I and II (PKAI; PKAII) holoenzyme, originally because 

of the different order of elution of RI and RII subunits by ion-exchange chromatography 

(Corbin, Keely et al. 1975). Until now four R subunit isoforms have been described (RIα, 

RIIα, RIβ and RIIβ) each one with different patterns of tissues expression and functions 

(Tasken, Skalhegg et al. 1997).    

The RIβ was the first subunit to be studied in PKA ablated mice. Analysis revealed defective 

hippocampal function, which affected multiple pathways in the brain (Brandon, Zhuo et al. 

1995; Huang and Kandel 1996) including nociceptive pain (Malmberg, Brandon et al. 1997)  

The RIα is the most highly and widely expressed R subunit of PKA. To better understand the 

importance of RIα, a RIα KO mice was designed but the embryos died early during gestation 

due to a failure of normal mesodermal development, characterizing the mice with a failure in 

circulatory structures (Amieux and McKnight 2002).  

The RIIβ is mostly found in the white and brown adipose tissues (WAT and BAT), which 

ablation resulted in a lean phenotype, where the RIIβ KO mice did not developed obesity or 

fatty livers, even following a diet-induced protocol (Cummings, Brandon et al. 1996; 

Schreyer, Cummings et al. 2001), revealing the action of the uncoupling protein 1, UCP-1 

activity, an important heat regulator of the body (Newhall, Cummings et al. 2005).  

Burton et al (1997) studied the effects of the RIIα in a KO mice model. The study showed 

direct function of the RIIα with the binding of PKA to AKAPs, reducing this function. 

1.1.2 The Catalytic Subunits 

Activated C subunits are phosphorylated by PDK1 kinase at Thr-197 and Ser-338, and 

dissociated from the R subunit. The dissociated, active C subunit can then affect the cell 

physiology via phosphorylation of a wide variety of specific subsets (Steinberg, Cauthron et 

al. 1993). Many studies has been done in order to better understand the C subunit and several 

different splice variants has been described but some of their functions are still unknown 

(Showers and Maurer 1988; Guthrie, Skalhegg et al. 1997; Skalhegg and Tasken 2000; 

Orstavik, Reinton et al. 2001; Kvissel, Orstavik et al. 2004).    
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In the mouse and human genomes two C subunits Cα and Cβ have been identified 

(Doskeland, Maronde et al. 1993). The C subunit genes are transcribed by the utilization of 

alternative transcription start sites to generate multiple C subunit isoforms that differ at the 

amino-terminus. Two splice variants of Cα (Cα1 and CαS) and more than 16 splice variants of 

Cβ (Cβ1, Cβ2, Cβ3 and Cβ4 as well as abc variants of Cβ3 and Cβ4) have been described in 

mice and humans (Guthrie, Skalhegg et al. 1997; Desseyn, Burton et al. 2000; Orstavik, 

Reinton et al. 2001; Kvissel, Orstavik et al. 2004; Skalhegg, Funderud et al. 2005; Funderud, 

Henanger et al. 2006).  

The most abundant C subunit is the Cα1, which is expressed evenly in all tissues examined 

(Thullner, Gesellchen et al. 2000). Mice lacking Cα subunit present a growth retarded 

phenotype due to growth hormone resistance, followed by approximately 73% death of Cα 

KO mice before adulthood (Skalhegg, Huang et al. 2002; Funderud, Henanger et al. 2006). 

The Cα variant, CαS or Cs, is exclusively expressed in sperm and is the only C subunit in 

these cells. Based on KO studies, it has been demonstrated that Cα is crucial for sperm 

motility and male fertility (San Agustin, Leszyk et al. 1998; Desseyn, Burton et al. 2000; 

Reinton, Orstavik et al. 2000).  

The Cβ1, Cβ3, Cβ4, and the Cβ3 and Cβ4 abc variants are expressed in the brain. These 

subunit isoforms demonstrated brain and neural tissue-specific distribution, which may imply 

differential roles of Cβ splice variants in regulating neural processes (Qi, Zhuo et al. 1996; 

Kvissel, Orstavik et al. 2004).  

The Cβ2 was first characterized in 1991, when Wiemann et al accomplished to separate the 

specific isoform from a general Cβ subunit from the bovine heart. Since then the Cβ2 have 

been found and characterized in mouse, rabbit, pig and humans (Wiemann, Kinzel et al. 1991; 

Thullner, Gesellchen et al. 2000). Analysis of different human tissues identified the Cβ2 in 

thymus, spleen and kidney (Orstavik, Reinton et al. 2001).  

In 2005, Ørstavik et al described the association of Cβ2 and Cα1 with RIα and RIIα in the T 

cell cytosol and around the golgi-centrosomal area, respectively. Cβ2 is mainly expressed in 

lymphocytes (B, T and NK cells) (Orstavik, Reinton et al. 2001; Orstavik, Funderud et al. 

2005; Funderud, Henanger et al. 2006) and with Cβ1 constitutes more than 60% of the total C 

activity in lymphocytes. The Cβ2 is unique amongst PKA C subunits with an N-terminal 
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extension of 62 amino acids, which is predicted to contain an amphipiathic α-helix between 

amino acid 18 and 30 (Fig. 1). This helix is conserved in all mammals investigated (from 

mouse to man) and forms a hydrophobic surface which may target Cβ2 to sub-cellular 

domains (Funderud, Henanger et al. 2006). 

Early studies demonstrated a unique C subunit configuration on T cells, which is composed of 

Cα1, Cβ1 and Cβ2 isoforms. While Cα1 and Cβ1 were identified in different tissues, Cβ2 was 

only expressed in lymphoid tissues (thymus, lymph nodes and spleen), which can indicate a 

more specific function of this isoform for the immune system homeostasis (Orstavik, 

Funderud et al. 2005; Funderud, Henanger et al. 2006; Funderud, Aas-Hanssen et al. 2009).  

 

Fig.1. Cβ2 is an unusual PKA C subunit only expressed in lymphoid tissues. Cβ2 only expressed in lymphoid 
tissues (A) and is equipped with a unique N-terminus that is conserved between species (B). Between amino acid 
18 and 31 the N-terminal is predicted to fold into an α-helix which displays a hydrophobic surface (red letters), 
that may influence Cβ2’s sub cellular localization (Wiemann, Kinzel et al. 1991; Funderud, Henanger et al. 
2006). 

 

1.2 The Immune System 
Vertebrates have a complex and sophisticated defense mechanism commonly termed the 

immune system. The immune system is divided into two distinctive but interrelated parts, the 

innate and the adaptive immune system (Palm and Medzhitov 2009). The innate immune 

system acts in the first meeting of the individual with the microorganism, with barriers like 

the skin and the mucosa, the microorganism have to find a fail to pass through. The innate 

immune system uses also other systems of protection, like the lysozym in the tears, lactoferrin 

in the breast milk and the complementary system in the blood serum. Composed by cells and 

molecules such as monocytes, macrophages, basophils, eosinophils, granolocytes, dendritic 

cells (DC), natural killer (NK) cells, complement and interferon, the innate immune receptors 
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involve proteins, such as pattern-recognition receptors (PRRs), that detect relatively invariant 

molecular patterns found in most microorganisms of a given class (Blander and Medzhitov 

2006; Iwasaki and Medzhitov 2010).  

After recognition of the specific invader, the adaptive immune system is activated. Composed 

of highly specialized systemic cells and processes that eliminate or prevent pathogenic 

challenges, the adaptive immune response provides to the immune system the ability to 

recognize and remember specific pathogens (immunologic memory), and to mount stronger 

attacks each time the pathogen is encountered (Palm and Medzhitov 2009). The system is 

highly adaptable because of somatic hypermutation (a process of accelerated somatic 

mutations), and V(D)J recombination (an irreversible genetic recombination of antigen 

receptor gene segments) which permits a better binding between the antibody and the antigen. 

This mechanism allows a small number of genes to generate a vast number of different 

antigen receptors, which are then uniquely expressed on each individual lymphocyte (Market 

and Papavasiliou 2003; Spicuglia, Franchini et al. 2006).   

The cells involved in the innate and adaptive immune system have origin in the marrow bone 

and maturation in the thymus or in the periphery lymphoid organs. The marrow bone and the 

thymus are part of the primary lymphoid organs, while spleen and lymph nodes are part of the 

secondary lymphoid organs. In the secondary lymphoid organs lymphoid cells are activated, 

proliferation and differentiation happens. 

1.2.1 Cells 

Macrophages 

As a part of the innate immune system, the macrophages are original from the differentiation 

of peripheral tissues monocytes. Important for a normal tissue homeostasis, presentation of 

foreign and self antigens following infection or injury, pathogen clearance, resolution of 

inflammation and wound healing, the macrophages are “plastic differentiated” and can change 

form depending on the local environment (Fairweather and Cihakova 2009). During 

inflammatory responses their produces pro-inflammatory cytokines like tumor necrose-factor 

(TNF), IL1 and IL6.  
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Natural Killers (NK)  

Originating from the bone marrow bone and/or the thymus, NK cells is a part of the innate 

immune response. Even though the NK’s do not have a TCR receptor, the cells share with the 

T cells some of their effector functions, such as interferon-γ (IFNγ) release and 

perforin/granzyme-mediated killing. In normal action, NK cells have the capacity to 

distinguish between healthy and non-healthy cells by screening them using an array of 

germiline encoded the PRRs (Paust, Senman et al. 2010). NK cells can recognize tumor cells, 

transplant rejection, viral infection, and lyses healthy cells that express no self MHC 

molecules (Andoniou, Coudert et al. 2008; Clayberger 2009). 

B cells 

Discovered together with the T cells in the early 1960s, B cells or B lymphocytes play an 

important role in non-cell humoral immune response as opposed to the cell-mediated immune 

response governed by T cells (see below). The principal function of B cells are to make 

antibodies against antigens, performs the role of antigen-presenting cells (APCs) and 

eventually develop into memory B cells after activation by antigen interaction. They also 

produce and secrete millions of different antibody molecules, each of which recognizes a 

different antigen (Ollila and Vihinen 2005). Being a part of the adaptive immune system, B 

cell is dependent of the T effectors cells to be activated, which releases lymphokines that 

further stimulates B cells.  

T cells 

T cells or T lymphocytes play an important role in cell-mediate immunity. They can be 

distinguished  from other lymphocyte cells, such B cells and Natural Killers cells (NK) by the 

presence of the T cell antigen receptor (TCR) CD3 (TCR/CD3) complex on their surface. 

There are two major subsets of T lymphocytes called T helper (Th) and T cytotoxic (Tc) cells, 

represented by CD4+ and CD8+ T cells, respectively. There cells are commonly termed for 

their expressing CD4 or CD8 receptor surface markers (Woodland and Dutton 2003). Despite 

their similarity and common development, CD4+ and CD8+ T cells have different roles in the 

immune system.  The CD4+ T cells after activated are divided in two subsets, the T regulatory 

cells (Treg) or the Th cells, which will mobilize a variety of other cell types to do their 
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binding. The CD8+ T cells after activation, mediate defense by virtue or their direct killing of 

infected target cells by developing T memory cells (Reiner 2007).  

1.2.2 T Cell Maturation 

All T cells originate from haematopoietic stem cells (HSCs) in the bone marrow. 

Haematopoietic progenitors derived from HSCs travel from the bone marrow to the thymus in 

order to expand by cell division  and generate a large population of immature thymocytes 

(Schwarz and Bhandoola 2006).The earliest thymocytes express neither CD4 nor CD8, and 

are therefore classed as double-negative (CD4-CD8-; DN) cells, DN cells up regulate the co 

receptors following TCR β locus and TCR β-selection. As they progress through their 

development they become double-positive thymocytes (CD4+CD8+; DP), where the TCR α 

chain is initiated and TCR αβ heterodimers are expressed. At this point the cells are already 

eligible for both positive and negative selection. During selection cells that express major 

histocompatibility complex class II (MHCII) restricted receptors are positively selected to the 

CD4 lineage and cells expressing major histocompatibility complex class I (MHCI) are 

selected to the CD8 lineage, in this phase the mature T cells are classified as single-positive 

(CD4+CD8- or CD4-CD8+) thymocytes and are then released from the thymus to peripheral 

tissues. About 98% of thymocytes die during the developmental processes in the thymus by 

failing either positive or negative selection, whereas the other 2% survive and leave the 

thymus to become mature immune-competent T cells. The thymus contributes more naive T 

cells at younger ages. As the thymus shrinks by about 3% a year throughout middle age, there 

is a corresponding decline in the thymic production of naive T cells, leaving peripheral T cell 

expansion to play a greater role in protecting older subjects (Shortman and Wu 1996; Sebzda, 

Mariathasan et al. 1999; Palacios and Weiss 2004). 

1.2.3 T Cell Homing  

CD69 activation marker 

During thymic selection, T cells undergo different states, which can be identified with 

specific receptors in the cell surface. The first state is the differentiation of T cells from 

double negative to double positive cells (CD4-CD8- to CD4+CD8+). In this phase, expression 

of TCR and the CD4 and CD8 are essential, just like the expression of the earlier activation 
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marker CD69. The CD69 can be identified in the thymocytes when the cells are still DN but it 

is fully expressed during the switch into DP T cells. The expression of CD69 is continuous 

until the differentiation to CD4 and CD8 single positive, where the CD69 is down regulated at 

the same time that the CD62L (known homing receptor) is activated, allowing the “travel” 

from the thymus to the lymph node (Wang, Hashimoto et al. 1995; Marzio, Mauel et al. 

1999).    

In the lymph nodes the CD69 expression is reestablish leading to inhibition of lymphocyte 

egress from the lymph nodes. Mature naïve T cells are dynamic and moves constantly to 

different regions of the lymph nodes in the body searching antigens to be activated (Shiow, 

Rosen et al. 2006; Tomura, Itoh et al. 2010). In this context, it is important to mention that the 

CD69 receptor is expressed for a short period of time, some ting around 72 hours after arrival 

at the peripheral tissues (Marzio, Mauel et al. 1999).  

CD62L activation marker 

During thymocyte maturation the expression of diverse receptors on the cell surface occurs. 

One of these receptors is the CD62L or L-selectin that is expressed together with the 

TCR/CD3 receptor. After cell maturation, the thymocyte is released in the blood stream and 

without contact to its specific antigen; this cell is called a quiescent naïve T cell. To become 

activated by antigens it needs to enter secondary immune organs such as lymph nodes. The 

expressed CD62L is a "homing receptor" for leukocytes, where ligands present on endothelial 

cells will bind to naïve T cells expressing CD62L, slowing them down and thereby facilitating 

the entry into secondary lymphoid organs (Hengel, Thaker et al. 2003). Therefore, naïve T 

cells use CD62L expression to facilitate immune surveillance. When a naïve T cell is 

presented to a specific antigen, the cell undergo activation, modifies and down regulates the 

CD62L receptor expression. The activated T cells are then called memory T cells and can be 

further divided into two populations: the central memory cell (Tcm) and the effector memory 

cells (Tem), which are located in the lymph nodes and the periphery, respectively. Whereas 

the Tcm are responsible for the first infection recognition, the Tem are in constant traffic 

through the blood stream and diverse tissues in the body. Tem proliferate slower than the Tcm 

and are responsible for the second wave of memory cells to an infection (Parish and Kaech 

2009; Reiner 2009; Obar and Lefrancois 2010). Tcm, which have encountered their antigen 

express low levels of CD62L in order to localize in secondary lymphoid organs. Based on 
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this, expression of CD62L is considered as a marker for naïve and local memory cells when 

homing to a secondary immune organ, whereas T cells as they circulate in the periphery do 

not express CD62L. T memory cells might be either CD4+ or CD8+ T cells that during 

activation, down regulates CD62L receptor. It gives the possibility to T cells to leave the 

secondary lymphoid tissues (Bannard, Kraman et al. 2009). 

1.2.4 T-Cell Activation 

Antigen presentation and phases 1 and 2 of T cell activation 

For a proper immune reaction to occur in e.g. the lymph node, T cells have to be presented to 

an antigen, leading to a rapid proliferation and differentiating the cells into effectors capable 

of migration into sites of infection (Catron, Rusch et al. 2006). This occurs when APC present 

peptide antigens through the MHC to the antigen CD3 (TCR/CD3) complex on a resting T 

cell. There are two forms of MHC, MHCI and MHCII presenting endogenous and exogenous 

antigens to CD8+ and CD4+ T cells respectively (Weiss and Littman 1994).   

When the CD3 interacts with MHC and peptide antigens, CD4 /CD8 stabilizes TCR and 

MHC closer together, allowing activation of intracellular kinases present on the TCR, CD3 

and CD4/CD8 molecules to activate each other via phosphorylation (Palacios and Weiss 

2004). With the assistance of the intracellular section of the CD45 marker (common leukocyte 

antigen), which has the ability to dephosphorylate the negative regulatory tyrosine of Lck 

(Y505), an effect required for the participation of Lck in CD3 ITAM phosphorylation and the 

activation of Zap-70 (Xavier, Brennan et al. 1998; Jury, Flores-Borja et al. 2007; Saunders 

and Johnson 2010). CD45’s full function on T cells activation is still unknown, but its 

importance was clear present in studies with TCR knockout mice, where a positive and 

negative CD45 regulation during T cell activation was shown (Koretzky, Picus et al. 1990).  

Having passed the initial TCR/CD3 phase, the T cells must activate a second independent 

biochemical pathway (phase 2) that ensures T cell response to foreign antigens. If this second 

signal is not present during initial antigen exposure, the T cell presumes that it is auto-

reactive, leading to cell anergic (anergy is generated from the unprotected biochemical 

changes of phase 1). Anergic cells will not respond to any antigen in the future, even if both 

signals are present later on (Macian, Im et al. 2004). The phase 2 involves an interaction 

between the cell surface marker CD28 on the T cell and the proteins CD80 (B7.1) or CD86 
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(B7.2) on the APCs (fig. 2). Both CD80 and CD86 activate the CD28 receptor, which recruits 

phosphoinositide 3-kinase (PI3K) helping in T cell proliferation and survival (Kane and 

Weiss 2003). Once the T cell has both pathways activated, the biochemical changes induced 

by signal 1 are altered, allowing the cell to become activated. The second signal is then 

obsolete; only the first signal is necessary for future activation.  

It should however be mentioned that the T cell response to antigen is also under inhibitory 

control by CTLA-4, a molecule expressed on the surface of T cells following activation (fig. 

2). Due to a higher affinity for the co stimulatory molecule B7, CTLA-4 inhibits T cell 

proliferation by reducing CD28/B7 interactions like rising the threshold for TCR signaling, 

preventing responses to self-antigens (Rudd, 

Taylor et al. 2009). 

 

 Fig. 2. Receptor-mediated control of T cell activation. 
Activation of T cell antigen responses is stimulated by 
the T cell receptor (TCR) in contact with the antigen 
peptide (read point) presented by major 
histocompatibility receptors (MHC) on the surface of 
antigen presenting cells (APC). For T cell activation, a 
second stimulatory signal is required, which is delivered 
by interaction between the co stimulatory molecule B7 
on APCs and the co-receptor CD28 on T cells. T cell 
responses to antigens are also under control of inhibitory 
signaling through CTLA-4. CTLA-4 has a higher 
affinity for B7 than CD28, resulting in the capacity to 
inhibit T cell proliferation. 

 

Once phases 1 and 2 are complete, the T cell is allowed to proliferate. It achieves this by 

releasing the potent T cell growth factor interleukin 2 (IL-2) which acts in an autocrine as 

well as paracrine fashion (Taniguchi and Minami 1993). Activated T cells produce the α 

subunit of the IL-2 receptor (CD25 or IL2R), enabling a fully functional receptor that can 

bind with IL-2, which in turn activates the T cell's pathways driving proliferation, T cell’s 

survival and switch to effector and memory T cell (Hoyer, Dooms et al. 2008).  

Intracellular signaling in phase 1 and 2 of T cell activation 
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Interaction of TCR MHC and co-receptors lead to a series of complex biochemical events, 

which will be only shortly described here (for review see (Kane, Lin et al. 2000; Mustelin 

2002; Huang and Wange 2004). After colligation of the TCR and one of the co receptors, 

active Lck is proximally positioned to phosphorylate-specific tyrosine residues within 

immunoreceptor tyrosine-based activation motifs (ITAM) located with the CD3 and TCRζ 

chains (fig. 3). These kinases are activated by dephosphorylation by CD45 phosphatase 

activity (Mustelin and Tasken 2003; Saunders and Johnson 2010). Next the protein Zap-70 

binds phosphorylated ITAMs via its Src homology 2 (SH2) domains (Chan, Irving et al. 

1991). In the same, SH3 domain forms an intramolecular interaction with the linker between 

the SH2 and kinase domains, further stabilizing a “closed” conformation (Palacios and Weiss 

2004). Zap-70 is subsequently activated by Lck and by auto-phosphorylation, and further 

phosphorylates the membrane bound linker for activation of T cells (LAT), which then 

provides binding sites for several proteins and functions as an adaptor for several downstream 

pathways (Zhang, Sloan-Lancaster et al. 1998; Jordan, Singer et al. 2003). Key proteins 

bound directly by LAT are phospholipase Cγ1 (PLCγ1), phosphatidylinositol 3 kinase (PI3K), 

Grb2 and Gads (Zhang, Sloan-Lancaster et al. 1998). PLCγ in turn activates the DAG/PKC 

and InsP3/Ca2+/Calcineurin/NFAT pathways, whereas Grab2 leads to activation of 

SOS/Ras/Raf/Erk and Gads activates the SLP-76/Vav/Rho pathway. The signaling cascades 

eventually lead to gene transcription, cytoskeleton rearrangement, cytokine production and 

proliferation (Okkenhaug, Ali et al. 2007). 

Fig. 3. Proximal TCR signaling. After antigenic stimulation, intracellular ITAMs of TCR/CD3 are 
phosphorylated by Src kinases (TCR associated p59 fyn, CD4 and CD8 associated p56 lck) and form an 
activation complex (ACX) recruiting PTK ZAP70. ZAP-70 (phosphorylated by src kinases) in turn activates 

downstream linker/adapter proteins, such as 
LAT, that connect TCR signaling to 
downstream effectors. CD45 possesses 
phosphatase activity and can stimulate p56 lck. 
Cbl protein is a negative regulator of ACX 
through ZAP70. Activated LAT assembles 
several complexes for downstream signaling: 
p21 ras/MAPK/ERK pathway signaling is 
elicited either through the association of LAT 
with the GTP exchange factor (GEF) 
SOS/Grb2 complex, directly through SOS 
(during partial agonist T cell activation) or 
independently through PLCγ and DAG (see 
below). Activation of PLCγ by LAT regulates 
IP3 and DAG metabolism, thus regulating 
Ca2+ and PKC pathways. Association of LAT 
with vav and the adapter protein SLP76 has a 
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direct effect on Ca2+ mediated signaling and which also activates Rac/cdc42/Rho factors linking AC signaling 
to rearrangements within the cytoskeleton/actin. The nuclear targets of each of these signaling pathways are the 
transcription factors (such as CREB, AP1, NF-kB, NFATp). PKC and Ca2+ regulate the downstream mitogen 
activated protein kinase (MAPK)/stress activated protein kinase pathways ERK/JNK/p38. SAPK (JNK/p38) 
pathways are also regulated by activated Rac1/cdc42. Calcium levels also regulate the calmodulin cascade 
(CaM) leading to the activation of CREB (Bostik, Dodd et al. 2003). 

 

Phase 2 signals are associated with CD28 signaling and initiated by Lck and/or ZAP-70 

tyrosine phosphorylation of the cytoplasmic tail of CD28 allowing interaction with Grb2 and 

PI3K. Grb2 links via SLP-76 to the Rho family guanine-nucleotide exchange factor Vav, 

connecting CD28 to activation of Rac and CDC42. PI3K can signal by recruiting Akt. 

Negative regulation of Vav by Cbl-b and of Akt by PP2A opposes CD28 co stimulatory 

signals (fig. 3) (Okkenhaug, Ali et al. 2007). 

Molecules involved in signaling initiation are commonly associated with lipid rafts, which 

accumulate upon activation. Exclusion and inclusion in rafts is an important mechanism of 

regulation (Xavier, Brennan et al. 1998; Jury, Flores-Borja et al. 2007). 

Phase 3 signals 

Ligation of the IL2R is a hallmark of phase 3 T cell activation. Signal transduction through 

the IL2R is initiated by activation of tyrosine kinases associated with IL2Rβ and γc on the cell 

surface, the association of the Syk-PTK in the IL2Rβ induces c-myc pathway expression 

(Hatakeyama, Kono et al. 1991; Minami, Kono et al. 1993; Taniguchi and Minami 1993; 

Minami, Nakagawa et al. 1995) (Fig 4). 

 

 

 

Fig. 4. IL2 signaling cascades. The IL2 receptor is 
comprised of alpha (CD25), beta (CD122) and gamma 
(CD132) subunits. Upon binding to its receptor, IL2 
initiates the recruitment and phosphorylation of STAT5 
and Shc through JAK1 and JAK3. Shc activates both the 
PI3K and MAPK arms of the cascade (Thornton 2006).  
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This includes Janus family protein tyrosine kinase (PTK) JAK3, that is associated with the 

carboxy-terminal region of γc and JAK1, which furthermore is associated with the serine-rich 

region of the β chain. A member of the src family, p56lck, is activated through its interaction 

with the IL2Rβ chain and a region spanning the amino-terminal half of the p56lck tyrosine 

kinase domain (Taniguchi and Minami 1993), whereas the Syk-Zap-70 family interacts with 

the β chain (Hatakeyama, Kono et al. 1991; Minami, Kono et al. 1993; Kolenko, Rayman et 

al. 1999) activating the PLCγ1. This process hydrolyzes the membrane phospholipid 

phosphotidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-trisphospate (IP3) and 1,2-

diacylglycerol (DAG), the IP3 will stimulate the Ca2+ release from intracellular stores, while 

Dag activates PKC, inducing T cells proliferation (Tamir and Isakov 1994; Choudhry, Ahmed 

et al. 1999; Albi and Viola Magni 2004; Lovatt, Filby et al. 2006; Bartelt, Cruz-Orcutt et al. 

2009). 

1.2.5 Activated T Cells 

As mentioned T cells are divided into subsets based on the ability to perform cytotoxic action 

(CD8+ T cells or Tc cells), helper function (CD4+ T cells or Th cells) and regulatory function 

(Treg).  

T cytotoxic cells (Tc, CD8+) 

CD4+ and CD8+ T cells undergo the same activation response; by antigen-specific contact of 

naïve T cells with APCs (see above). In this context, naïve T cells activation results in 

massive proliferation (clonal expansion phase) (Bannard, Kraman et al. 2009). During this 

period, differentiation to central T cells (Tcm) occurs, with CD8+ T cells developing the 

ability to migrate to peripheral tissues. The activated CD8+ abundantly secretes pro-

inflammatory cytokines (TNFα and IFNγ) and lyses infected target cells. Following pathogen 

clearance, 90-95% of the Tcm cells die, leaving behind a population of pathogen-specific 

CD8+ T memory cells that is maintained in a stable level for the life time of the host 

(DiSpirito and Shen 2010). 

T regulatory cells (Treg) 
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Considered also as a part of the T helpers, the Treg cells (suppressor T cells) are crucial for 

the maintenance of immunological tolerance. Their major role is to shut down T cell-mediated 

immunity towards the end of an immune reaction and to suppress auto-reactive T cells that 

escaped the process of negative selection in the thymus (Sakaguchi, Miyara et al. 2010). Two 

major classes of CD4+ regulatory T cells have been described, including the naturally 

occurring Treg cells and the adaptive Treg cells. Naturally occurring Treg cells (also known 

as CD4+CD25+FoxP3+ Treg cells) arise in the thymus, whereas the adaptive Treg cells 

(known as Tr1 cells or Th3 cells) may originate during a normal immune response. Naturally 

occurring Treg cells can be distinguished from other T cells by the presence of the 

transcription factor FoxP3, which in combination with the splice variants CD45RA and 

CD45RO can divide the Treg in subpopulations (Fontenot, Rasmussen et al. 2005; Curotto de 

Lafaille and Lafaille 2009; Sakaguchi, Miyara et al. 2010). The FoxP3 transcription factor is 

considered the most reliable marker for Treg cells (Brunkow, Jeffery et al. 2001; Fontenot, 

Rasmussen et al. 2005).  

T helper cells (Th) 

The Th is a sub-group of lymphocytes that plays an important role in establishing and 

maximizing the capabilities of the immune system. They are essential in determining B cell 

antibody class switching, activation and growth of Tc and maximizing bactericidal activity of 

phagocytes such as macrophages. It is this diversity in function and their role in influencing 

other cells that gives th cells their name.  

The differentiation of naïve CD4+ T cells into Th 1, 2 and 17 effector cells is a critical process 

during immune responses. As already said, the CD4+ T cell differentiation is orchestrated by 

the binding of APCs to the CD4 T cell TCR through the MHCII. CD4, a co-receptor of the 

TCR complex, binds to the MHCII molecule, at the same time as the TCR. After activation, 

CD4+ T cells will recognize the antigen and produce a specific response (Dong and Flavell 

2000; Agnello, Lankford et al. 2003). 

Activation of resting T helper cells causes releasing of cytokines and other stimulatory signals 

that stimulate the activity of macrophages, NK T cells and B cells mediated by Th (fig 5).  For 

the normal immune response, considering CD4 T cell activation, only one form of Th 

expression is encouraged, this orchestrated by cytokines release that can block others Th (fig. 

5) (Zhu, Yamane et al. 2010).  
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Fig.5. Scheme of activation of naive cells to T helper cells (Th) 1, 2, 17, and regulatory T cells. When the 
dendritic cells recognize a pathogen (bacteria or virus), they undergo activation and travel to the lymph nodes. 
APCs have the MHCII on their surface, which have affinity to the TCR on naïve CD4 T cells. The recognition of 
the pathogen by the CD4 T cells will activate them and differentiate the cells into T helper cells (Th). The 
activation is followed by cytokine secretion, and specific Th differentiation (Lohoff 2009). 

Th1 cells 

The Th1 is characterized by the secretion of Interleukin 2 (IL2), Interferon γ (IFNγ) and 

lymphotoxin (Romagnani 1991). TNF and IFNγ stimulate differentiation of monocytes to 

macrophages, they also increase macrophages metabolism and further killing of phagocyted 

bacteria (Romagnani 1992; Dong and Flavell 2000; Agnello, Lankford et al. 2003).  

The main cytokine produced by the activated Th1 is the IFNγ, which will promote the 

production of IL12, a cytokine that in contact with macrophages and DCs will stimulate the 

secretion of IFNγ, diving naïve cells towards Th1 differentiation (Dong and Flavell 2000; 

Agnello, Lankford et al. 2003; Amsen, Antov et al. 2007). 

The IFNγ also induces the transcription factor T-bet expression in T cells, the Th1 

transcription factor. T-bet in turn, promotes the production of IL12R and IFN-γ, establishing 

the basis for a positive feedback loop (Agnello, Lankford et al. 2003; Amsen, Spilianakis et 

al. 2009). 
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Th2 cells 

The human Th2 cells are mainly responsible for the humoral immune system, secreting 

antibodies. Th2 cells have a close relation with B cells, stimulating proliferation and 

differentiation (Romagnani 1991). They also intermediates IgM, IgG, IgA, and IgE synthesis, 

by expressing IL4, IL5 and IL13 (Romagnani 1991; Romagnani 1992; Nakae, Iwakura et al. 

2007; Blanco, Palucka et al. 2008).   

Activation of naïve T cells produces specific cytokines, which for Th2 differentiation is the 

IL4. IL4 will activate the transcription factor STAT-6 which in turn activates the GATA-3 

transcription factor. The activation of the transcription factor promotes production of Th2 

specific cytokines and a positive feedback to the Th2 proliferation (Romagnani 1991; 

Romagnani 1992). 

Th17 cells 

Mediating protection against extracellular pathogens by promoting recruitment of neutrophils, 

the Th17 was the least Th to be described (Oppmann, Lesley et al. 2000). The secretion of 

IL17 is mediated by the IL6 action.  Moreover, over expressed Th17 can contribute to 

immune-pathology in different diseases (Khayrullina, Yen et al. 2008; Korn, Bettelli et al. 

2009; Napolitani, Acosta-Rodriguez et al. 2009).  

Even though IL6 is crucial for Th17 function, others cytokines like IL21 and IL23 are 

involved. E.g. IL23 will influence IL17 inducing expansion in memory T cells but not in 

naïve cells. Thus, IL23 is required for Th17 cell survival and function (Oppmann, Lesley et 

al. 2000; Nakae, Iwakura et al. 2007; Yao, Sakata et al. 2009).  

1.3 PKA and the Immune System 
Several studies have demonstrated that cAMP through activation of PKA is a strong regulator 

of all phases of T and B cell activation. cAMP and active PKA set the threshold for antigen 

driven activation leading to proliferation, IL2 production and clonal expansion (Skalhegg, 

Landmark et al. 1992; Skalhegg, Tasken et al. 1994; Levy, Rasmussen et al. 1996; Skalhegg, 

Johansen et al. 1998; Skalhegg, Funderud et al. 2005). RIα is highly expressed in T cells, 

representing approximately 80-90% of the total R subunit in cell, indicating an important 

function of this subset in the immune system (Orstavik, Funderud et al. 2005). In fact, the 
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molecular mechanism for PKA I inhibition of proximal signaling events from the TCR has 

been delineated in detail. Activation of the Src family kinases Lck and Fyn is, as previously 

described, one of the initial signaling events downstream of the TCR. Src family PTKs are 

negatively regulated by phosphorylation of the C-terminal inhibitory site (Tyr394 in Lck and 

Tyr417 in Fyn) by C-terminal Src kinase (Csk) (Okada, Nada et al. 1991). Csk is thereby a 

prominent gatekeeper of TCR signaling (Chow, Fournel et al. 1993)(fig. 6). 

 

Fig. 6. T cells activation scheme. When the TCR/CD3ζ undergoes stimulation by the MHC, the PTK family is 
recruited to the TCR. The LCK / ZAP-70 are recruited to the TCR and activate a downstream reaction with the 
PLCγ, which in a indirect way stimulates Ca2+ release from intracellular stores, activating calcineurin and 
NFAT, with that cell proliferation (Torgersen, Vang et al. 2002) 

 

Vang et al (2001) demonstrated that PKA can increase the inhibitory activity of Csk on Lck 

and Fyn by phosphorylating Csk on Ser364. However, the inhibitory effect on the p59fyn is 

independent of cAMP but connected to AC activation and PGE2 stimulation (Choudhry, 

Ahmed et al. 1999).  

Some studies point the PDE4 and PDE7 as directed responsible for T cells functions, where 

the PDE4 in conjunct with β-arrestin participates in the cell proliferation by controlling the 

cAMP pools that regulate TCR-mediate activation (Giembycz, Corrigan et al. 1996), whereas 
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PDE7 is responsible for the control of IL2 (Yang, McIntyre et al. 2003; Bjorgo, Solheim et al. 

2010).   

This is supported by the fact that T cell activation rapidly induces production of cAMP in 

lipid rafts, resulting in raft-associated PKA activation. The concomitant recruitment to lipid 

rafts of the G-coupled proteins (Gs), plays a key role in the activation of AC that occurs upon 

T cell activation. Gs-coupled receptors, such as the β2-adrenergic receptor, invariable 

generate transient increases in cAMP.  

An important regulator of receptor stimulated AC activity is the recruitment of β-arrestin from 

the cytosol to the plasma membrane-associated receptor, causing the uncoupling of Gs from 

receptor stimulation, this leads in turn to desensitization of AC. Regulation of intracellular 

cAMP levels is not solely the prerogative of AC action; it is crucially regulated by the action 

of PDEs, which provide the sole route of cAMP degradation in cells. The recruitment of 

PDE4 via the co receptor CD28 in conjunct to CD3 stimulation provides cell stabilization 

(Trickett and Kwan 2003; Abrahamsen, Baillie et al. 2004).     

Studies using PKA Cα and Cβ (KO) mice revealed that Cα but not Cβ KO T cells are 

desensitized to cAMP induced inhibition of antigen-induced proliferation and clonal 

expansion. This was associated with significantly elevated levels of the activation marker 

CD69 on the KO lymphocytes. In fact, Cα but not Cβ KO was associated with lymphocyte 

hypersensitivity to APC-induced proliferation (Funderud, Aas-Hanssen et al. 2009). This 

demonstrated Cα to be a crucial modulator of immune responsiveness mediated by TCR 

receptor and thus the adaptive immune system. This observation suggests a differential role of 

Cα and Cβ in regulating immune cell responses (Fig. 7). 

 

Fig.7. Lymphocytes 
lacking PKA Cα (○) 
but not Cβ (Δ) are 
hypersensitive to 
antigens compared to 
wt (Funderud, Aas-
Hanssen et al. 2009). 
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1.4 Gene Targeting 
Homologous recombination (HR) is a method which allows foreign DNA to replace identical 

molecules of DNA intact cells. The phenomenon was first described and developed for site-

directed mutagenesis in yeast and has been successfully adapted for mammalian cells 

developed for embryonic stem cells (ES) (Smithies, Gregg et al. 1985). A DNA construct to 

be introduced into the genome of the ES cells should contain several kilobases of DNA that 

are homologous to the mouse genome to provide the best odds of recombination. The vector 

also contains the modifications to be introduced as well as genes conferring drug resistance or 

sensitivity. With all these components researchers can select the rare recombination events 

from a large population of ES cells. In mammalian genomes, the majority of recombination 

events occur frequently and not always at the desired locus. Hence, ES cells must also be 

screened to discover which clones have been correctly targeted. Gene targeting to generate a 

KO mouse by homologous recombination allows a researcher to completely remove, added or 

turn one or more exons from a gene (Fig 8).  

 

Fig. 8. Once a DNA vector has been incorporated correctly into the genome of the embryonic ES, the cells are 
expanded in culture and injected into 3-5 days old mouse blastocysts. These blastocysts are then injected into the 
uterus of a pseudo-pregnant female (pregnancy “induced” by hormones) and the embryos are allowed to come to 
term. The embryonic cells and the blastocysts are from two different coat colors mice. This differentiation allows 
to see if the recombination was successful when a two colors mice is born.  
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Conditional Gene Modifications 

Conditional gene modification, using Cre-lox technology, allows the gene of interest to be 

both spatially and temporally ablated. Thus, the function of a given gene can be studied in the 

desired cell types and at a specific time point (Le and Sauer 2001).  

Cre recombine is a site-specific integrase that catalyzes recombination between two of its 

consensus DNA recognition sites (Sauer and Henderson 1988). These sites, called loxP are 34 

base pairs in length, consisting of two 13bp palendromic sequences that flank a central 

sequence of 8bp which determines the directionality of the loxP site. Two loxP sites are most 

often placed in a trans orientation on either side of an essential, functional part of a gene so 

that recombination removes that functionality and knocks-out the gene. One of the great 

advantages of the Cre/loxP recombination system is that there is no need for additional co-

factors or sequence elements for efficient recombination regardless of the cellular 

environment (Nagy 2000) (Fig. 9). 

 

Fig. 9. The Cre-LoxP system. The loxP site can be inserted on either side of a piece of DNA. A) If Cre 
recombinase is expressed in the cell, the loxP site will be “cut” and joined together, removing the piece of DNA 
between the two sites. B) Since the loxP site is directional, it can also be used to invert pieces of DNA which are 
between it. Here two loxP sites which are inserted on either side of a piece of DNA in opposite directions. Once 
Cre is expressed, the loxP sites are both cut and the piece of DNA inverted and reattached. 
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LoxP sites do not recombine in the absence of Cre recombinase, so regulation of the 

expression of Cre recombinase also regulates the DNA recombination and the initiation of the 

genomic alteration (Nagy 2000). A large collection of mice expressing Cre has been 

generated, with a promoter that is either tissue specific, cell specific, developmentally specific 

or responsive to an exogenous agent. This enables several promoter-specific mouse models to 

be studied in parallel. Additionally, researchers have generated an extensive collection of 

vectors that express Cre recombinase from a reliable promoter, and transient expression of 

Cre results in high rates of recombination in cultured cells. Recombination can be triggered in 

ES cells to generate a traditional knockout mouse in addition to the tissue-specific knockout, 

or the mouse can be bred and grown as a pseudo- wild type without any recombination. 

Concerning the molecular mechanism of recombination, a single recombinase molecule binds 

to each palindromic half of a loxP site, and then the recombinase molecules form a tetramer, 

thus bringing two loxP sites together. The recombination occurs within the spacer area of the 

loxP sites (Nagy 2000; Le and Sauer 2001). Even though the Cre/loxP system is widely used, 

this method showed to be complicated, time-consuming and could be gene-specific. To aid 

the system, there was integrated more two markers in the marked gene, the FRT/FRT. Which 

gives to the Cre/loxP system more stability (Wu, Wang et al. 2009). Recently, Flp 

recombinase (and its FRT DNA sites) has also been proven to be useful in mouse transgenic 

(Dymecki and Tomasiewicz 1998; Vooijs, van der Valk et al. 1998).  
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2 Aims of the Project  
 

We and others groups have demonstrated that cAMP through activation of PKA is a strong 

regulator of both early and late phase T and B lymphocyte activation, by setting the threshold 

for antigen driven activation leading to proliferation clonal expansion. Lymphocytes express 3 

different PKA C subunits, Cα1, Cβ1 and Cβ2. We have previously generated and 

characterized mice that were mutated in the Cα and Cβ genes, respectively. This demonstrated 

that Cα but not Cβ KO T cells are desensitized to cAMP induced inhibition of antigen-

dependent proliferation and clonal expansion. Moreover, we have shown that Cβ2 which is 

solely expressed in lymphocytes (B, T and NK cells),  is a unique C subunit in lymphocytes 

and makes up > 35 % of the total C subunit activity in these cell. Based on this the main aim 

of this Master thesis has been to characterize the function of Cβ2. In order to do this we have 

performed an initial characterization of mice that are KO for Cβ2 according to the following 

objectives;  

• Measure total PKA activity in immune cells isolated from three major immune organs, 

thymus, spleen and lymph nodes. 

• Measure antiCD3/CD28-dependent T cells proliferation.  

• Analyze the expression level of the cell surface marker CD69. Determine the relative 

number of immune cells in thymus, spleen and lymph nodes by flow cytometry, using 

antibodies to cell surface markers specific for T cells and their subsets. This study would 

include determination of the relative number of CD4+ and CD8+ T cells as well as the relative 

number of subsets of the CD4+ T cell, such as Th1, Th2, Th17 and Treg cells.  This study will 

also include analysis using antibodies to B-, and NK cells specific markers in addition to 

macrophages specific markers. 

• Determine if Cβ2 KO influence T cell development in the thymus. 

• Determine if transition from naïve to memory T cells is normal by analyzing CD62L 

expression of immune cell isolated from the spleen and lymph node.  
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3 Material and Methods 

3.1 Mice 
 The mice were developed with a Cre-loxP recombination system (see introduction or 

ref. Mak et al. (2001). By using of the Cre-loxP system the 1β2 gene was withdraw from mice 

with C57BL/6:129SV/J background, the project was approved and registered by the National 

Animal Research Authority of Norway. The mice were kept in a separated room at the 

Norwegian Institute of Public Health. The mice stayed in an ICV cage at size 11.6”L x 7”W x 

5”H, with a maximum of 6 mice p/cage (Innocage). Each cage had a separated airflow 

keeping and a constant temperature of 25°C and 50% humidity.They had available water and 

food. The diet was soybeans based (2018 Global 18% protein diet, Halan) which would not 

have influence in the project.  

 

3.2 Cell preparation 
Reagents: 

Medium RPMI 1640 (sigma, R0883) 

Fetal bovine serum, FBS (sigma, F2442) 

70µm ell strainer (BD Biosciences, 351350) 

Red Blood Cell Lysin Buffer (sigma, 7757) 

 

Protocol: 

Lymph nodes (inguinal, brachial, axial, cervical and mesenteric if not otherwise stated), 

spleens and thymus were withdrawn from CO2-euthanized mice both wt and Cβ2 knockout 

mice. Single-cell suspensions were made in medium (RPMI 1640 supplemented with 5% 

heat-inactivated fetal bovine serum and 6 ml penicillin) by pressing tissue through a 70µm ell 

strainer. The cells were centrifuged at 300g, 7 minutes at 4°C. 
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Erythrocytes were removed from the samples by lysis in a hypotonic buffer, Red Blood Cell 

Lysing Buffer Hybri-Max for 2 minutes. There was added 10 ml medium to the cells, samples 

centrifuged and the pellet resuspend in 10ml media (spleen and thymus) and 5ml media 

(lymph nodes) for counting.  

 

3.3 Couting the cells 
Material and Reagents: 

Countess®Cell counting chamber slides (Invitrogen, C10228) 

Trypan Blue Stain 0.4% (Invitrogen, 73174) 

Countess® automated cell counter (Invitrogen, C10227) 

Protocol: 

After cells preparation, there was separated 100µl of each cells sample (thymus, lymph nodes 

and spleen). 10µl of the cells suspension and 10µl of Thypan Blue Stain 0.4% were mixed 

together. 10µl of the mixture was added to the counting chamber slides and analyzed on the 

automated cell counter.  

 

3.4 Preparation of cell lysates 
Reagents: 

Phosphate Buffered Saline, PBS (Sigma, P4417) 

Bio-Rad Protein Assay (Bio-Rad Laboratories Inc., 500-0006) 

96-well plate (flat bottom) 

Bovine Serum Albumin, BSA (Sigma, A1470) 

 

Lysate Buffer: 

50 mM Tris-base ph 7.4 (Calbriochem, 648310); 100 mM Sodium Chlorite, NaCl (VWR, 
27810.295); 1% Triton X-100 (Sigma, T9284); 5 mM Ethylenediaminetetraacetic acid; EDTA 
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(VWR International A/S, 60-00-4); 1 mM Phenylmethanesulfonyl fluoride; PMSF (Sigma, 
P7626); 50 mM Sodium fluoride; NaF (Merk, 1.06449); 10 mM Sodium pyrophosphate; 
Napp (Sigma, S9515); 1 mM Sodium orthovanadate; Na3VO4 (Sigma, S6508) 

Protocol: 

After counting the cells were centrifuged 300g, 7 minutes at 4°C. The pellet was resuspended 

in 10 ml 1% PBS buffer and centrifuged. After centrifugation the buffer was all removed and 

pellet resuspended in lysates buffer, the quantity used corresponding to 6x106 cells/20 µl. 

Cells were lysed by sonication on ice (1 pulse / second, amplification 80%), and rested for 15 

minutes on ice. Protein concentration was determined by the Bradford method (Bio-Rad 

Laboratories). 

Bradford method 

The Bradford method is based on the color development formed when the dye Coomassie 

Blue G-250 binds to protein. Lysate was diluted in water in a concentration of 1/20 (thymus 

and spleen) and 1/10 (lymph nodes). 10µl of the dilutions were placed on a 96 well-plate (flat 

bottom) in triplicates and added 190µl of Protein Dye Reagent (PDR). To analysis there was 

used standard concentrations  at 0.14, 0.21, 0.28, 0.35 and 0.42 of distilled water with BSA, 

the standard are used for calculate the absorbance of the PDR in different concentrations. The 

samples were analyzed by a spectrophotometer and protein concentration determined from the 

standard’s values. Triplicates were calculated and the average was used to further analysis. 

There was used 2µg/ml as final protein concentration for each sample.  

3.5 PKA kinase activity assay 
Reagents: 

[γ-32P] ATP (PerkinElmer, NEG508X250UC) 

Kemptide (Sigma, 60645) 

Phosphocellylose paper; P81 Whatman (Whatman, 3698915) 

Phosphoric Acid, H3PO-4 (Sigma, 79622)  

Opti-Fluor (Perkin Elmer, 6013199) 
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Protocol: 

10 µl lysate (2µg protein/ml) was added to a 40µl reaction mix to make a final concentration 

of 30µM Kemptide, 200µM of ATP containing 2µCi/mmol [γ-32P]ATP per sample. After 

incubation for 9 minutes at 30⁰C, 35µl of the reaction was spotted into phosphocellulose 

paper, which was washed four times for 10 minutes in 75mM phosphoric acid and finally in 

96% ethanol for 20 minutes. Filters were air-dried, immersed in 3 ml Opti-Fluor and counted 

in a liquid scintillation counter. GraphPad Prism version 4.03 was used for curve fitting and 

calculation of parameters.  

 

3.6  PCR 
Reagents: 

DNA Isolation Kit II Tissue (Roche, 03 186 229 001) 

10X DNA polymerase-buffer (Finnzymes, F-511) 

dNTP mix (Finnzymes, F-560XL) 

DyNAzyme (Fynnzyme, F-501L) 

Agarose (Electran, 443665) 

Ethidium Bromide; EtBr (Sigma, E8751) 

forward: 5’ CAGTAGTGGTTTGCAAACCC primer 

reverse: 5’CTTCATTTGTCCCATGAGGC primer 

5X Orange G Loading Buffer (Trevigen, 9850-250) 

 

1ml 1Kb dye: 

166.6 µl 6x blue/orange loading dye (Promega, G1881); 83.3 µl 1 Kb DNA ladder stock (life 
technologies, 15615-024); 750 µl water  

10X TBE buffer: 

0.45 M Tris-borate and 0.1 M EDTA, ph 8.3  
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Protocol: 

Ear samples were collected and conserved at -4°C until further analysis. The samples were 

first lysed in 80µl lysis buffer and 20µl proteinase K-solution (from the DNA kit), and placed 

in a bathtub at 56⁰C over night. After approximately 16 hours the samples were vortex, in 

order to loose the maintain tissue and placed back in the bathtub.  After 10 minutes, the 

samples were centrifuged for 1 minute full speed and 100µl transferred to a 32 well plate 

specific for the MagNa Pure LC machine.  

The samples were placed then in the MagNA Pure LC machine to further treatment. After 

treatment were added to the samples the PCR master mix (p/ sample) which is made of 

specific primers for Cβ2 subset identification (forward: 5’ CAGTAGTGGTTTGCAAACCC 

and reverse: 5’CTTCATTTGTCCCATGAGGC): 0.5µl each; 10X DNA polymerase-buffer: 

2.5µl; dNTP mix: 0.2µl; DyNAzyme: 0.5µl. The reagents were diluted in MilliQ water. The 

solution for PCR had 10µl DNA and 15µl master mix.  The PCR events were design specific 

to Cβ2 identification in cycles: pre PCR hold at 95°C for 2 hours; cycle 1: 95°C for 0:30 

minutes; cycle 2: 58°C for 1 hour; cycle 3: 68°C for 6 hours and holding at 72°C for 2 hours, 

the samples were kept at 4°C until forward use.  

The gel was made with 1% agarose and EtBr (2.5 mg/ml) in TBE 1%. 20µl of each sample 

were added 7µl 5x orange dye and 20µl was loaded on the gel, 12µl of 1Kb ladder was added 

in each end of the gel comb to compare the DNA size. The samples ran in 100 W during 30 

minutes and 120 W for approximately 30 minutes. The gel was analyzed in a ultra-violet light 

and pictures taken. 

MagNA Pure LC 

MagNa Pure LC 2.0 Instrument (Roche, 05197686001) is an automated method of DNA 

isolation with the aid of the DNA isolation kit II. The 32 well-plate with 100µl samples are 

placed on the machine and diluted to 200µl. Solutions follow the DNA isolation kit II (Roche, 

03186229001) and volume depends of sample numbers.     

3.7  SDS-PAGE and immunoblotting 
Material and Reagents: 
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SDS running buffer: 25mM tris-HCl, 250 mM glycine, 0.1% SDS, ph 8.3 

3X SDS loading dye: 187,5 mM Tris HCl ph 6.8; 240 mM SDS; 30% glycerol; 0.003% 
bromphenol blye and 15% 2-mercaptoethanol 

SDS-PAGE 12.5% gels (Criterion Precast Gels, Bio-Rad, 345-0014) 

Precision Plus Protein Standards, Dual Color (BioRad, 161-0374) 

Transfer membranes; PVDF membranes (Immobilon, TPVH00010) 

Skim milk powder, SMP (Merk, 1.15363.0500) 

Mouse c-mono (BD, 610981); 100µl / 10ml TBST 

HRP conjugate anti-mouse secondary antibodies (MP Biomedicals); 8.4µl / 10ml TBST 

SuperSignal West Pico Chemiluminescent (Thermo Scientific, 34080) 

Whatmann paper sheets (Whatmann LTDA, 3030-931)  

Tris-buffered saline Tweed-20; TBST buffer: 

10 mM Tris-Base; 0.1% Tween-20; 150 mM Sodium Cloride, NaCl; ph 7.5  

Transfer buffer: 

39 mM Tris-Base;  48 mM Glycine; 20% Methanol  

 

Protocol: 

Lysates (6x106 cells/20µl) were mixed with 3x SDS-loading buffer, the mixture was boil for 

5 minutes at 96°C. A tray was filled with 1% SDS-running buffer and the 12.5% placed in the 

tray. There was loaded 30µl each sample per well and 10µl protein standad. The samples ran 

in 100 W during 30 minutes and 120 W for approximately 50 minutes in SDS-running buffer. 

The PVDF membrane was dipped in methanol. In a tray, the gel was delicate placed up a 

layer of one sponge and three Whatmann paper sheets. Over the gel it is placed the PVDF 

membrane and another layer of Whatmann paper and sponge.  The “transfer sandwich” was 

placed on another tray filled with transfer buffer with ice. Transfer was done at 100V for 

approximately 45 minutes. The membrane was then removed from the tray and blocked with 

50 ml TBST 5% SMP for 1 hour at room temperature. The membrane was washed 3 times 

with 10 ml TBST and incubated overnight at 4⁰C with the primary antibodies diluted in TBST 

(1/100 mouse c-mono).  
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The membrane was washed 3 times in TBST and further incubated with HRP conjugate anti-

mouse secondary antibodies. The membrane was washed 3 times and developed using 

SuperSignal West Pico Chemiluminescent (Pierce). Scion Image software from Scion 

Corporation, was used for densitometric scanning analyses. 

 

 

3.8 Anti-CD3, anti-CD3CD28 magnetic beads 
induced T cell proliferation assay 
Material and Reagents:  

RPMI 1640 Medium with 5% FBS, medium 

96 well round-bottom plate (Costar, 3799) 

CD3/CD28 magnetic beads (invitrogen 114.53D) 

1-(2-deoxy-beta-D-ribofuranosyl)-5 methyluracil; [3H] Thymidine (Sigma, T9250) 

Hasting: 

Liquid scintillation counter; Microcint (PerkinElmer, 6013611) 

Unifilter, 96 GF/C (PerkinElmer, 6005174) 

TopSeal-A, 96-well microplates (PerkinElmer, 6005185) 

 

Protocol: 

After counting were separated a specific numbers of cells  per sample and centrifuged at 

300g, 4°C for 7 minutes. Pellet was resuspended in medium and 100µl samples was placed in 

a 96 well round-bottom plate in triplicates with concentration of 1.5x105 cells per well. There 

were added different concentrations of CD3/CD28 magnetic beads to each well with ratio of 

beads and cells: 1:0.125; 1:0.25; 1:0.5; 1:1 and 1:2. Cells were then incubated for 48 hours at 

37⁰C.  25µl of [3H] Thymidine (1µCi concentrated in 25µl RPMI with 5% FBS) was added to 

the cells 48 hours after incubation, and cells returned to incubation for additional 16-18 hours.  
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Samples were hasted in to a 96 well filter plate, and washed with distilled water 5 times. The 

plates were placed at 54°C in an incubator for 1-2 hours for drying. There was added 25µl 

count liquid to each plate well and waited 15 minutes for incorporation. The plates were seal 

and incorporated [3H] Thymidin counted.   

 

3.9 Flow Cytometry 
 

Material and Reagents: 

Phosphate Buffered Saline; PBS (Sigma, P4417) 

Bovine Serum Albumin, BSA (Sigma, A1470) 

Ionomicyn (Sigma, 13909) 

Phorbol 12-miristate 13-acetate; PMA (Sigma, P7626) 

96 well skape-bottom plate (greiner bio-one, 651161) 

5ml Polystyrene Round-bottom tube (BD Falcon, 352052) 

Foxp3 Staining Buffer Set (e-Bioscience 00-5523); Buffer A 10x (51-9005451, BD 
Pharmingen) and Buffer B 50x (51-9005450, BD Pharmingen) - Buffer C (1:10 Buffer A + 
1:50 Buffer B) 

Mouse Th1/Th2/Th17 Phenotyping kit (BD Pharmingen, 51-9006631) 

 

Antibodies: 

Anti-mouse CD62L-APC, clone Mel-14 (eBioscience, 17-0621) 

Anti-mouse CD62L-PerCP-Cy5.5, clone Mel-14 (eBioscience, 45-0621) 

Anti-mouse/rat FoxP3-APC, clone FJK-16s (eBioscience, 51-5773) 

Anti-mouse CD3ɛ/TCR-FITC, clone 145-2C11 (SouthernBiotech, 5130-02) 

Anti-mouse/rat CD45R/B220-FITC, clone RA3-6B2 (SouthernBiotech, 1665-09)  

Anti-mouse/rat CD49b/Pan NK Cell-FITC, clone DX5 (SouthernBiotech, 1806-02) 

Anti-mouse CD69, clone H1.2F3 (eBioscience, 11-0691) 
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Anti-mouse CD11b/Mac-1-FITC, clone M1/70 (SouthernBiotech, 1561-02) 

Anti-mouse CD4-PE, clone RM4-5 (eBioscience, 12-0042) 

Anti-mouse CD8-PE, clone 53-6.7 (eBioscience, 12-0081) 

Anti-mouse CD8-APC, clone 53-6.7 (eBioscience, 17-0081) 

Anti-Rat Ig, k/Negative control (FBS) Compensation particles set, clone G16-510E3 (BD 
CompBeads, 552844) 

 

 Protocol for fixation: 

Cells were washed in PBS 0.5% BSA, fixed in 1% buffer A and kept in -80°C to further 

analysis. Samples with CD62L were not fixed. Unspecific binding was blocked by incubation 

with heat-inactivated 30% normal rat serum in PBS and 100µg/ml anti FCγRII/III mAB 

(2.4G2) prior to staining with FITC-, PE-, APC- and PerCP-marked antibodies to 1% TCRβ 

(H57-597), 1% CD45R / B220 (RA3-6B2), 0.25% CD4 (RM4-5), 0.25% CD8 (53-6.7), 1% 

CD69 (HI.2F3), 2% CD25 (PC61.5), 2% CD62L (Mel-14), 2% CD11b (M1/70) and 4% 

FoxP3 (FJK-16s).  

Samples were fixed with 1% Buffer A and frozen at -80°C. To use, samples were defrosted 

and centrifuged at 300g, 4°C for 10 minutes. The buffer A was all removed and cells pellet 

resuspended in 1 ml PBS 0.5% BSA. The cells were centrifuged at 300g, 4°C for 10 min, all 

PBS 0.5% BSA removed and pellet resuspended in 50µl PBS 0.5% BSA per well with 50µl 

PBS 0.5% BSA with specific antibodies in a 96 well plate. The mixture remained on ice and 

dark for 30 minutes. There was added 100µl PBS 0.5% BSA to the samples, centrifuged at 

300g, 4°C for 10 minutes and washed once with 200µl PBS 0.5% BSA. 

The samples were replaced into 5ml tubes to further analysis in FACSCalibur instrument with 

CELLQUEST software (BD Biosciences). The results were analyzed in the Stanford 

Cytobank program. 

Protocol for permeabilization: 

In order to storage the cells they were fixed with 1ml 1% Buffer A, and samples were frozen 

at -80°C, to use the samples were defrosted and centrifuged at 300g 4°C for 10 minutes. All 

buffer A was removed and samples were washed once with PBS 0.5% BSA.  The samples 

were centrifuged, all buffer removed and cells permeabilized with the 1ml buffer C, which 
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stayed in incubation on ice and dark for 10 minutes. The samples were washed once with PBS 

0.5% BSA and cells distributed in a 96 well plate. There was added 50µl PBS 0.5% BSA with 

specific antibodies and the mixture and incubated on ice and dark for 30 minutes. The 

samples were washed twice and the samples were ready to run. 

TH1/TH2/TH17 phenotyping kit  

Protocol: 

The cells were after counting separated in a proportion of 4x106 cells in 1 ml medium, and 

added the 1.4µl/ml of GolgiStop (provided in the Th phenotyping kit), mixed and let rest for 

5-10 minutes. The samples were then distributed in a 2ml wells plate with 1 ml 

PMA/ionomicyn (40ng/ml and 1µg/ml respectively) for cytokine stimulation and incubated at 

37°C for 4 hours.  The samples were replaced to a 15ml tube and centrifuged at 300g, 7 

minutes at 4°C. After centrifugation all medium was removed and cells were fixed with 1 ml 

Buffer A, and frozen at -80°C. The samples were defrosted, centrifuged at 300g 4°C for 10 

minutes. All buffer A was removed and samples were washed once with PBS 0.5% BSA. All 

buffer was removed, cells permeabilized with the 1ml buffer C and incubate on ice and dark 

for 10 minutes. The samples were washed once with PBS 0.5% BSA and cells distributed in a 

96 well plate, with 50µl sample/well (106 – 5x105 cells / well approximately). There was 

added 30µl PBS 0.5% BSA + 20µl T-helpers cocktail Th1/Th2/Th17 and let samples incubate 

for 30 minutes, on ice and dark. The samples were washed twice with PBS 0.5% BSA.  

3.10  Spleen weight 
The spleen was weighted in Kern 770 balance, weight related in grams.  

3.11  Statistics 
Data are presented as means ± s.e.m and were analyzed like independent-samples T test. A 

value of <0.05 was considered statistically significant. All statistics were calculated by the 

program PASW – Statistics data Editor, version 18. 
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4 Results  

4.1 The Cβ2 knockout mouse 
In order to study the biological function of Cβ2, it was developed an ablated model in mice. 

Making the DNA construct for knocking out Cβ2 conditionally as well as generating cells and 

mice carrying the mutated construct was done by genOway (http://www.genoway.com/ and 

see attached booklet for details). In short, after making the DNA construct for homologous 

recombination it was introduced to embryonic stem (ES) cells that were on a Aguti-129Sv/Pas 

background. The ES cells were selected for the mutation by resistance to the antibiotic 

neomycin (neo) and were microinjected into host blastocysts. Blastocysts were then 

introduced to pseudo pregnant (hormone treated) female mice on a C57BL/6J background. 

The agouti gene was introduced to assure incorporation of the construct into offspring as pups 

carrying this genotype would carry coat color chimerism. This because agouti coat color 

(yellow) is dominant over the black coat color. Hence, offspring carrying the mutation would 

have a mixed yellow/brown/black coat color. To ensure introduction of the mutation into the 

germ cell genome, further breeding was performed with male mice with high chimerism (> 85 

%) (fig. 10 A).  

 

Wt, Cβ2

neo
(FRT; Flp recombinase)

loxP loxP

FRT FRT

Targeted Cβ2 chimeras

In silico cloning

Targeting construct

Homologous recombination 
in ES cells at the Cβ2 locus

neo
loxP loxP

FRT FRT

PKA Cβ2 targeted ES cell clone 
blastocyst injection

Cβ2 exon

F1 chimeras breeding with Flp or Cre
expressing mice  

 Fig. 10A. Principle of the conditional KO approach. Grey boxes represent exons. Solid line represents intronic 
sequences. The square represents the 1β2 exon of the PKACβ2 isoform. The LoxP (Cre selection site) and FRT 
(Flp selection site) elements are shown as black and red triangles. Antibiotic (Neo) resistance sites (blue boxes) 
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represent the neomycin positive selection cassette. The final F1 chimeras breed mice with the heterozygote Flp 
or Cre expressing mice.  

 

Further development of the PKACβ2 KO by genOway was to cross these mice with flp-

deleter mice on a C57BL/6J background in order to delete the neo cassette which was 

introduced with a FRT site on each side (fig. 10 A). Such mice (SKA-1 to 10) were received 

by us at the UiO. These mice were heterozygote for the 1β2 exon with a loxP site on each side 

(fig. 10 B). We mated these mice to homozygosity for the 1β2-loxP construct. Next step 

performed was the specific deletion of exon 1β2 by crossing with a Cre-deleter mouse on a 

C57BL/6J background, which carried active Cre in all known cells and tissues (kind gift from 

Dr. Michael Leitges, Biotechnology center of Oslo, Norway). In this way we obtained healthy 

and fertile mice on a > 75% C57BL/6J background (tested by Norwegian Transgen Centre) 

carrying a homozygote null-mutation for Cβ2 (fig. 10 B).  

 

 

Fig. 10B. Generation of Cβ2 KO mice. The figure represents the marked loxP sites flanking the exon 1β2 
allowing their deletion under the Cre-recombinase action. Mice breeding with the Flp deleting mice, deleted the 
neomycin box from the exon, creating mice just with the floxed Cβ2 heterozygote. Breeding the Flp mice with 
the Cre-expressing mice or the floxed Cβ2 heterozygote mice generated PKACβ2 KO animals.  

 

All mice went through consecutive polymerase chain reaction (PCR) analysis to assure the 

right genotype using specific primers (see material and methods and attached booklet from 

genOway). To confirm ablation of the Cβ2 exon and protein we finally applied PCR using 
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Cβ2 exon specific primers and immunoblotting using a C subunit specific antibody. Figure 11 

A depicts a representative result of a PCR screen. The lanes 7-10, 12, 14, 16 and 17 

represented wt mice or heterozygote mice since a DNA band is observed at the right size (290 

kb). The lanes 1-6, 11, 13 and 15 represents the Cβ2 KO mice lacking this DNA band. Lane 

18 contains DNA from wt mice used as a control. It is important to note that the PCR primer 

used here identified the Cβ2 gene and did not distinguish between mice homozygote and 

heterozygote for the mutation. Hence, all mice that had the Cβ2 wt gene detected were 

discarded, and the Cβ2 KO mice were used as breeders and for experiments.  

 

 

Fig. 11. PCR and WB analysis of Cβ2 KO and wt mice. A) Samples analyzed by PCR. Lane 1 -6, 11, 13 and 15 
represents the Cβ2-/- mice while lanes 7-10, 12, 14, 16 and 17 the wt mice. Lane 18 represents the control 
sample. B) WB using a pan-C specific monoclonal antibody of samples of Cβ2-/- and a wt cells from spleen, 
thymus and lymph nodes, respectively. Lanes 1, 3 and 5 represent the wt extracts and the lanes 2, 4 and 6 the 
Cβ2 KO extracts. Each lane was loaded with extracts from 6x106 cells. The antibody recognized a 40 and a 46 
kDa immunoreactive protein in the wt extract whereas in the KO extract the 46 kDa band is ablated. Arrows 
indicate molecular mass (right).           

 

As mentioned, Cβ2 is expressed in immune cells and organs such as T-, B- and NK cells 

which resides in the thymus, lymph nodes (LN) and spleen (Funderud, Henanger et al. 2006). 

Using immunoblotting and a pan-C monoclonal antibody, proteins of 40 and 46kDa were 
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detected in all wt tissues tested whereas in the Cβ2 KO tissues only the 40kDa band was 

detected (fig. 11 B, lanes 1-6), demonstrating that the 46 kDA Cβ2 was ablated.  

The Cβ2 ablated mice were kept in an isolated room, in constant temperature and humidity 

(fig. 12 A).  As mentioned, due to the way the Cβ KO mice were generated the mice selected 

as breeders had a mixed genetic background (approximately 75% C57BL/6J and 25% Agouti-

129Sv/Pas) displayed as pelage color variances from black to yellow (fig. 12 B).  

 

 Fig. 12. Mouse keeping room and examples of mice. A) Keeping room. B) Two color varieties of Cβ2 KO 
mice, a black/dark (above) and an yellow (below).  

 

The mice were observed to be healthy and fertile, and were found to have slightly diminished 

total activity (simple observations). Some were also observed to have a non-significant 

tendency to obesity comparing with wt littermates (p=0.23, data not show and fig. 13 A). 

Moreover, there was a tendency that the spleen of the Cβ2 ablated mice appeared enlarged 

compared to wt (p=0.24, evaluation of 6 mice), although without influencing the number of 

cells in this tissue (data not show). Furthermore, the Cβ2 KO mice appeared to lose facial hear 

(fig. 13 B). The hair loss always appeared in a comparable pattern, starting at the tip of the 

nose moving to the back of the ears. The observed hair loss included almost all Cβ2 KO mice, 

and was stronger in females with increased weight (fig. 13 B). We speculated if the cause of 

hair loss was due to over grooming, which is normal behavior in mammals, including mice. 

Hair loss may also have been caused by a genetic disorder called alopecia aerate. Alopecia 
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aerate is an organ-specific autoimmune disorder recently correlated with dysregulation in the 

immune system and hormones (Delbende, Jegou et al. 1985; Sanchez, Baker et al. 1997).  

 

Fig. 13. Mice phenotypes. A) Over weight mouse with a marked  Agouti hair color. B) Female, 4 month old, 
over grooming the frontal part of the face.  

 

In order to distinguish grooming from alopecia aerate, two mice of different litters were 

separated and kept in solitary for two weeks under observation. We observed re-growth of 

facial hair (data not show) suggesting the cause of hair loss was due to over grooming and not 

immune related. Based on this we did not follow up on this observation. 

 

4.2 Elevated levels PKA phosphotransferase activity 
in Cβ2 KO thymocytes and lymph node cells  
 

To determine total PKA activity after Cβ2 ablation, thymocytes, LN cells and splenocytes 

were isolated and cell extracts monitored for cAMP-inducible PKA activity. The results 

showed a significant increase in PKA activity in Cβ2 KO thymocytes (p=0.003) compared to 

wt. A non-significant increase in PKA kinase activity was also observed in LN (p=0.06), 

whereas no change was observed for cells isolated from spleen. Please note that the total PKA 

kinase activity in wt cells was comparable in all tissues (fig. 14). 
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Fig. 14. PKA-specific phosphotransferase activity measured by [32P] incorporation in thymus, lymph node and 
spleen cells lysates from Cβ2 KO and wt mice. Activities were measured in the presence of cAMP. Lysates of 
the immune tissues were adjusted to the same protein concentration and frozen (-80°C) until use. For analysis, 
the lysates were mixed with a kemptide [32P]-ATP mix for 9 minutes at 30°C. Reactions were done in triplicates 
of each sample and average of samples were made. Bars represent mean values of cells isolated from 6 mice ± 
S.E.M. * represent statistic difference between Cβ2 KO and wt mice (p=0.003). 

 

4.3 Increased proliferation of Cβ2 KO cells isolated 
from thymus and spleen 
As mentioned in the introduction, a rise in endogenous cAMP is known for its ability to 

inhibit T cells proliferation and clonal expansion, furthermore, it is well established that the 

PKA C subunit conveys this effect through phosphorylation of relevant substrates. To 

determine if the increased PKA activity observed in Cβ2 KO immune tissues influence T cell 

proliferation, we first used soluble anti-CD3 antibodies to mimic and monitor TCR/CD3 

induced proliferation. The results were inconsistent and irreproducible (data not show). Based 

on this we decided to use anti-CD3/CD28 antibodies attached to magnetic beads to mimic a 

situation of APC-dependent activation of T cells. Otherwise using the same protocol, the 

various cell populations were stimulated with anti-CD3/CD28 – beads in a relative ratio to 

cells as follows: 1:0.125; 1:0.25; 1:0.5; 1:1 and 1:2. 
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Fig. 15 depicts the association of T cells and the anti-CD3/CD28 magnetic beads during 

stimulation. It is observed that several beads bind to the same cell, thus optimal cell activation 

does not change with bead quantity.   
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Fig. 15. Representative pictures of immune cells from wt mice stimulated with various concentrations of 
CD3/CD28-coated beads. Cells were placed in a 96 well plate with round bottom, in a total of 1.5x105 cells/ 
100µl media / well. The cells were stimulated with the following rations of cells/beads 1:0, 1:0.125, 1:0.25, 
1:0.5; 1:1 and 1:2. The brown spots represent the beads bound to T cells. Several beads can bind to one cell. 
Proliferating cells accumulate at the plate bottom. The picture shows cells stimulated with beads for 24 hours at 
37°C.  

  

Furthermore, during analysis we observed, a dose-dependent bell shaped response in the 

proliferation with peak at a 1:0.5 ratio of cells to anti-CD3/CD28 – beads (fig. 16). It should 

be noted that proliferation was not altered by the Cβ2 KO in lymph nodes in contrast to what 

we observed for cells of the thymus and spleen.  

In the figure 16 A and C, thymocytes and splenocytes from the Cβ2 KO mice had a higher 

rate of proliferation than the wt, with a significant difference between wt and KO thymocytes 

at two ratios; 0.125 and 0.25 (p=0.003 and 0.008 respectively) (fig. 16 A).  For LN cells we 

observed no significant differences between proliferation of wt and KO cells. It should 

however, be noted that this experiment was performed several times, with only one positive 

result (fig. 16 B). By contrast, all concentrations of anti-CD3/CD28-bead induced a 

significantly higher rate of proliferation for wt compared to KO when splenocytes were 

analyzed (p values between 0.02 and 0.004, fig. 16 C). 
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Fig. 16. Anti-CD3/CD28-dependent proliferation of spleen, thymus and lymph node cells isolated from wt and 
Cβ2 KO mice. The cells were stimulated for 48 hours and H3-Thymidine was added 12 hours before harvesting. 
Proliferation was measured using 1.5x10 5 cells/100µl media/well, with five concentrations of anti-CD3/CD28-
beads corresponding to the ratios: 1:0.125; 1:0.25; 1:0.5; 1:1; 1:2 cell/bead.  A) Proliferation of thymocytes. The 
optimal dose was at a ratio 1:0.5 cell/bead. * denotes statistic significant difference, where * represents 0.003 
and ** 0.008.  B) Proliferation of lymph nodes cells. The optimal dose was observed at a ratio 1:0.5 cell/bead. 
Figure representative of one mouse response.  Bars represents mean values from 1 mouse triplicates ± S.D.  C) 
Proliferation of splenocytes. The optimal dose was observed at a ratio 1:0.5 cell/bead. * denotes statistic 
significant difference between Cβ2 KO and wt mice, where * represents p=0.02, **p= 0.004, ***p= 0.005 and 
****p= 0.008. All samples were measured in triplicates and the average was made for further analysis. Bars 
represent mean values from 6 mice ± S.E.M.  

 

4.4 Differentiation of immune cell subpopulations 
Altered proliferation may result in skewing of the relative cell number in mixed immune cell 
populations. In order to investigate this we analyzed mixed lymphocyte populations using 
flow cytometry. In fig. 17 the scheme of gating applied in this study is depicted. This form of 
gating was in principle applied to all experiments performed through out the rest of the result 
part. In short, lymphocytes were gated according to size and granularity by side (S) and 
forward (F) scattering (SSC-H and FSC-H), respectively (fig. 17 A).  In panel A, a sample of 
lymphocytes are gated revealing about 80 % (79.6 %) cells whereas, the remaining events 
represent either unknown cells, or dead cells (events in the lower left corner of the scatter 
plot, next to the gate). By applying this gate we were able to use different antibodies e.g. to 
CD4 and CD8 to distinguish the relative number of cells such as CD4 positive cells (panel B) 
or the relative number of CD4 versus CD8 (panel C) within the lymphocyte population.  
Moreover, we were also able to distinguish subpopulations of e.g Th cells, such as CD4+ cells 
expressing CD25/FoxP3, so called Treg cell (panel D).  
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Fig. 17. Representative gate scheme for flow cytometry analysis of wt mice thymocytes.   A) Selection of 
lymphocytes population, by use of size (forward light scatter – FSC) and granularity (side scatter – SSC).  B) 
Combination of SSC-H with anti-CD4 staining shows 21.7 % CD4+ cells of the total lymphocyte population.  C) 
The relative level of CD4- CD8+ and CD4+ CD8- in the lymphocyte population (9.6- and 18.5 % respectively). 
D) Gating strategy for regulatory T cells. CD4+ thymocytes (B) were separated according to their CD25 and 
FoxP3 staining intensity. The upper right rectangle (CD25+ FoxP3+) represents the Treg population. 

 

4.4.1 The CD69 activation marker 

Based on the gating method and the results shown in fig 17, we analyzed the relative 

expression of the CD69 marker. CD69 is an early activation marker expressed on T and B 

cells as well as macrophages and NK cells (Ziegler, Ramsdell et al. 1994). For T cells, after 

thymus selection, CD69 is expressed for approximately three days on the cell surface, and it is 

present on both CD4+ and CD8+ cells as well as activated T cell after the thymus-dependent 

challenge of the TCR/CD3 complex. CD69 expression is most profound on T cells compared 

to the other cell types mentioned.   

In these experiments thymocytes were labeled with anti-CD4, -CD8, and -CD69 and 

demonstrated an equal distribution of CD69 expression on the CD4+, CD8+ and CD4/CD8 
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double positives populations of wt thymocytes (fig. 18 A). The level was generally below 1.2 

% except for the double negative population which showed a slightly higher CD69 expression 

for both wt and KO thymocytes. It should be noted that CD69 expression was significantly 

decreased on CD8+ KO thymocytes (p = 0.04, fig. 18 A).   

No relative differences of CD69 expression was observed neither on cells isolated from LN 

KO and wt cells nor splenocytes (fig. 18 B and C). It should however be mentioned that the 

relative increase in the CD4+/CD8+ double positive population expressing CD69 was 

unexpected since such cell types should have been excluded during thymus selection. 
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Fig. 18. Analysis of CD69 activation on immune tissues of Cβ2 KO and wt mice. Flow cytometry analysis of 
cells isolated from thymus, lymph nodes and spleen of 8-9 week old Cβ2 KO and wt mice. Cells were stained 
with CD69 FITC, CD4 PE and CD8 APC antibodies. The T cells were separated into CD4 and CD8 quadrants 
(fig. 17 A and C) and analyzed.   A) CD69 expression on  thymocytes. Bars represent mean value from 3-4 mice 
± S.E.M. * represent significant difference between groups (p=0.04).  Bars represent mean values from 9 mice ± 
S.E.M.  B)  CD69 expression on  lymph node cells. Bars represent mean value from 3-4 mice ± S.E.M.  C) CD69 
expression on splenocytes. Bars represent mean value from 9 mice ± S.E.M.  

 

The latter result may imply that Cβ2 KO influence thymus selection. To test thymus function 

we gated thymocytes for the relative number of CD4+ and CD8+ cells. In fig. 19 is 

demonstrated that CD4+, CD8+, CD4+/CD8+ (DP) as well as CD4-/CD8- (DN) cells were at 

comparable levels in the KO and wt mice.  Hence ablation of Cβ2 may not significantly 

influence thymic 

selection and thus T 

cell development. 

Fig. 19. Flow cytometry 

analysis of cells isolated 

from spleen and lymph 

nodes from 8-9 weeks 

old Cβ2 KO mice and 

wild type. Expression of 
CD4+, CD8+, CD4+ 

/CD8+ as well as CD4-

/CD8- cells from thymus  
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4.4.2 Relative numbers of immune cells in lymph nodes and 
spleen are altered in Cβ2 KO mice  

To verify if the increased PKA kinase activity and/or cell proliferation influenced the relative 

number of non-T cells we stained LN cells and splenocytes with anti-CD11b -CD49b, and -

CD45R and correlated the results to the level of CD4 and CD8 positive cells. The-antibodies 

against CD49b, CD11b and CD45R were included to monitor the relative levels of NK cells 

(CD49b, α-integrin) macrophages (CD11b, β2 subfamily of integrins), and B cells 

(CD45R/B220). This showed that there was a significant increase of CD4+ T cells in LN of 

Cβ2 KO mice compared to wt mice (p=0.03).  We also observed a reduction of CD4/CD8 

double negative cells in LN that was not significant (fig. 20 A). Furthermore, no significant 

change in CD49b expression and CD11b whereas significant difference on CD45R (p=0.01) 

was observed (fig. 20 B and C). This suggested that there was a significant decrease in B 

cells, a decrease which correlated with the decrease in CD4/CD8 double negative cells in LN 

observed above (fig. 20 A). Together this suggests that Cβ2 ablation may influence the 

presence of B cells in the LN (fig. 20). 
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Fig. 20. Phenotype analysis of lymph nodes cells of 8-9 weeks old Cβ2 KO and wt mice. Flow cytometry 
analysis of lymphocytes stained with CD3-FITC, CD4-PE, CD8-APC and CD62L-PerCP5.5Cy (Fig. A); 
CD49B-FITC, CD4-PE, CD8-APC (Fig.B, NK cells), CD45R/B220, CD4-PE and CD8-APC (fig. B, B cells) 
and CD11B-FITC, CD4-PE , CD8-APC (Fig.C, macrophages).  A) Represents fixed CD4+ and CD8+ population 
in lymph nodes tissues. Bars represent means of 4-5 mice ± S.E.M. * represent significant difference between the 
groups (p=0.03).  B) Fixed lymphocytes cells stained for NK cells and B cells. Bars represent means of 4-5 mice 
± S.E.M. * represents statistic significance between groups (p=0.01).  C) Fixed cells stained for macrophage 
cells (above); Gate scheme for macrophages (below), where a major gate capture lymphocytes and monocytes 
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(81.3%). Based on this gate it was selected CD4 and CD8 population and another gate capturing the DN 
population (71.4%). Cells were analyzed based on the DN gate, where only the CD11B positive cells were 
counted. Bars represent means of 5 mice ± S.E.M.      

 

When analyzing splenocytes we observed a significant (p=0.003) increased in CD4+ T cells 

and a significant (p=0.03) decrease in CD4/CD8 double negative T cells (fig. 21 A). In fig. 21 

B was also observed a significant (p=0.03) increase in CD49b expression (NK cells), whereas 

no significant change was detected for the CD45R/B220 or CD11b expression (fig. 21 B and 

C). The results might suggest that the number of NK cells, but not B cells and macrophages 

are increased in the spleen of Cβ2 KO mice. Again we observed that the marked decrease in B 

cells was accompanied with the significant decrease in CD4/CD8 double negative cells. 
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Fig. 21. Phenotype analysis of splenocytes cells from 8-9 weeks old Cβ2 KO and wt mice. Flow cytometry of 
fixed splenocytes cells stained with CD3-FITC, CD4-PE, CD8-APC and CD62L-PerCP5.5Cy (Fig. A); CD49B-
FITC, CD4-PE, CD8-APC (fig.B, NK cells) and CD45R/B220, CD4-PE and CD8-APC (fig. B, B cells) .  A) 
Represents lymphocytes cells from wt and Cβ2 KO mice stained with antibodies. * represents significant 
difference between the groups where * p=0.003 and ** p=0.03. Bars represent mean values of 9 mice ± S.E.M 
B) Fixed splenocytes cells from wt and Cβ2 KO. * represent significant difference (p=0.03).   Bars represent 
mean value from 9 mice ± S.E.M.  C) Fixed cells stained for macrophage cells (above); Gate scheme for 
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macrophages (below); where a major gate capture splenocytes and monocytes (71.6%). Based on this gate it was 
selected CD4 and CD8 population and another gate capturing DN population (74.1%). Cells were analyzed 
based on the DN gate, where only the CD11B positive cells were counted . Bars represent means of 5 mice ± 
S.E.M.       

4.4.3 Cβ2 ablation leads to abrogated homing receptor 
CD62L expression  

As mentioned in the introduction CD62L is a homing receptor for leukocytes and is crucial 

for normal immune responses. Based on the change in relative cell numbers in both lymph 

node and spleen (fig. 20 and 21) we analyzed CD62L expression on cells isolated from 

spleen. In order to perform the CD62L staining, cells could not be fixed as described in the 

experiments above. Splenocytes were therefore stained with CD62LPerCP-Cy5.5 (see 

material and methods) and analyzed relative to the CD4+ and CD8+ staining as described 

above. Results showed a decrease in the CD4+CD62L- subset (memory cells) accompanied 

with an increase in CD4+CD62L+ (naïve cells) of the Cβ2 KO compared to the wt cells. Also 

we observed a significant decrease in CD8+CD62L- expression cells (p = 0.03) (memory 

cells) along with a significant increase in CD8+ CD62L+ cells (p = 0.03) (naïve cells) of the 

Cβ2 KO compared to the wt cells (fig. 22 A and B). These results suggested an up regulation 

of naïve and Tcm (local memory T cells) and down regulation of Tem (circulating memory 

leukocytes) as a result of Cβ2 ablation. 
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Fig. 22. Flow cytometry analysis of cells isolated from spleen from 8-9 weeks old Cβ2 KO mice and wild type. 
A) Represents splenocytes cells selected in the CD4+ / CD8+ T cells populations from spleen of wt and Cβ2 KO 
mice, demonstrating positive and negative gating for CD62L cells. B) Isolated splenocytes stained with CD62L-
PerCP cy5.5, CD4-PE and CD8-APC antibodies. Positive CD62L cells were separated from CD4 and CD8 
positive populations. Based on these populations the CD62L was selected and divided in CD62L+ and CD62L- 
populations, where the CD62L+ are the naïve cells and the CD62L- are the memory cells populations. * represent 
statistic significant difference between the groups, where * p=0.03 and ** p=0.003. Bars represent mean value 
from 3 mice ± S.E.M.    

4.4.4 Cytokines 

As stated in the introduction CD4+ T cells can be subdivided into Th1, Th2, Th17 and Treg 

cells in peripheral lymphoid tissues (Zeng, Chang et al. 2009). Such subpopulations are 

differentiated based on their specific patterns of cytokine expression. Because of this we 

decided to monitor cytokine profiles by employing intracellular cytokine staining in 

combination with flow cytometry. Cβ2 KO and wt splenocytes were activated by phorbol 

myristate acetate (PMA, 40 ng/mL) in conjunction with ionomycin (1µg/ml) (se material and 

methods). The cells were incubated for 4 or 5 hours to evaluate differences in cytokines 

response. The samples were fixed, permeabilized and stained with anti-CD4 PerCP cy5.5, 

IL17a PE, IFNγ FITC and IL4 APC.  

In fig. 23 it is observed that the number of IFNγ positive splenocytes, which reflects a Th1 

phenotype, increased from 10.8 % to 22.9 % after 4 hours of stimulation (fig. 23 A). The 
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levels appeared reduced after 5 hours of stimulation (Fig. 23B, 2.6 % and 8.4 %, 

respectively). In contrast to this, when calculating the relative increase in IFNɣ positive cells, 

we found the relative increase to be 2.1 at 4 hours and 3.2 at 5 hours, revealing a continuous 

increase with time. However, IL4 response after 4 hours stimulation had a significant 

decrease (data not show), thus determining the experiment in 4 hours stimulation.  

 

Fig. 23. Cytokine profiling of wt splenocytes. Separated  splenocytes (4x106cells) were stimulated with 
PMA/ionomycin at a final concentration of 40nm/ml and 1µg/ml respectively. The cells were incubated at 37°C 
for 4 (A) and 5 hours (B), fixed and frozen at -80°C before analysis. The samples were permeabilized and 
stained with anti-CD4 PerCP cy5.5, -IL17a PE, -IFNγ FITC and -IL4 APC. Analysis was done by gating on the 
CD4 positive population.  

 

We also analyzed splenocytes for IL17a, and IL4 expression without observing significant 

differences although there was a tendency of reduced expression of IL17a and an increased 

expression of INFγ. In the case of IL4 we observed no changes (fig. 24). 
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Fig. 24. Analysis of cytokines in mice spleen. Flow Cytometry of 4 hours PMA/ionomicyn stimulated 
splenocytes analyzed forTh1/Th2/Th17 positive markers. The cytokines monitored  correspond to IFNɣ (Th1), 
IL4 (Th2) and IL17a (th17). Analyses were based on CD4+ populations. Bars represent mean value from 3-4 
mice ± S.E.M.  

 

4.4.5 The Treg population is altered by Cβ2KO 

The relative increase in CD4+ T cells in both spleen and lymph nodes prompted us to analyze 

the relative number of Treg cells. As mentioned Tregs are CD4+ T cells important for immune 

suppression and peripheral tolerance and are recognized by their expression of CD25 and 

FoxP3. For analysis the cells were fixed, permeabilized and stained with the relative 

antibodies (se material and methods). Since Tregs are known to play a role in the thymus 

selection process we initially monitored the relative number of Tregs in this tissue. This 

demonstrated that there was no relative difference between the various cell populations 

analyzed (fig. 25 A). This was in contrast to Tregs in the LN, where we observed a 

significantly decrease in CD4+/CD25+/FoxP3+ expressing KO cells (p=0.04, fig. 20 B). 

Despite that it was not so marked, we also observed a significant (p = 0.01) decrease in 

CD4+CD25+FoxP3+ cells in the spleen (fig. 25 C). Moreover, we also noticed a slight increase 

in the number of the CD25/FoxP3 double negative cells (fig. 22 B). 
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Fig. 25.  Analysis of Tregs in Cβ2 KO and wt mice. Flow cytometry analysis of cells isolated from thymus, 
lymph nodes and spleen of 8-9 weeks old Cβ2 KO and wt mice. Cells were stained with CD25-FITC, CD4-PE, 
CD-8-APC and FoxP3-APC. Cells were fixed and permeabilized before analysis.  A) Analysis of thymocytes 
gated in CD4+ T cells, with no difference between the groups. Bars represent mean value 6 mice ± S.E.M.  B) 
Analysis of lymph nodes cells gated in CD4+ T cells. * represents significant difference comparing the groups 
(p=0.04).  Bars represent mean value 3-5 mice ± S.E.M.  C) Analysis of splenocytes gated in CD4+ T cells. * 
represents significant difference comparing the groups (p=0.01). Bars represent mean value 6-5 mice ± S.E.M. 
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5 Discussion  
 

In earlier studies the existence of three C subunits in lymphocytes, the Cβ1, Cβ2 and Cα1 was 

reported (Tasken, Skalhegg et al. 1997; Skalhegg, Johansen et al. 1998; Skalhegg and Tasken 

2000; Orstavik, Reinton et al. 2001; Orstavik, Funderud et al. 2005). Moreover, studies using 

PKA Cα and Cβ KO mice revealed that Cα, unlike Cβ KO T cells are desensitized to cAMP 

induced inhibition of antigen-dependent proliferation and clonal expansion. These results 

highlight the possibility that the C subunits have differential functions in one cell, in this case 

lymphocytes.  

In order to understand the role of PKA in regulating the immune system we have generated 

mice that are genetically null mutated for the Cβ2 subunit which is enriched in immune cells 

such as T-, B- and NK cells. We present a preliminary report on the Cβ2 KO phenotype. We 

found that PKA catalytic activity was increased in cells isolated from major immune organs 

such as thymus, spleen and LN. The increase was significant in thymus but not LN, two 

organs which are both predominantly occupied by cells of the T cell lineage. We also 

observed increased PKA activity of cells isolated from the spleen which is mostly occupied 

by B cells of the lymphoid lineage. Furthermore, T cell-specific activation monitoring 

CD3/CD28-induced proliferation was increased in thymus and spleen whereas in LN 

proliferation was unaltered. Using flow cytometry we demonstrated that the activation marker 

CD69 was significantly increased on CD8+ cells in thymus whereas in spleen and LN we 

observed no significant changes. The relative numbers of the different T cells subsets was not 

changed in the thymus whereas in the LN and spleen CD4+ cells were significantly increased 

compared to wt mice. Further investigating the relative number of B cells and NK cells, we 

observed that B cells were reduced in the LN, a change that coincided with a reduction of 

cells that were double negative for CD4/CD8. In the spleen, we also observed a significant 

increase in the relative number of NK cells. After monitoring the expression of the homing 

receptor CD62L it was shown that both CD4+ and CD8+ memory cells were decreased in the 

spleen, whereas naïve T cells were increased in the same organ. Based on the increase in 

CD4+ cells in the spleen cytokine expression specific for Th1, Th2, Th17 were monitored 

without determining any significant changes. Analysis of Tregs in LN and spleen revealed 
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that the level of CD25+/FoxP3+ expression was significant reduced, implying that Cβ2 KO 

also influences the Treg population of lymphocytes.  

Reviewing possible phenotypes of the Cβ2 KO mouse 

Our experiments were performed with KO mice on a mixed C57BL/6J and 129Sv/Pas 

background. As mentioned in chapter 1.4, the agouti background was introduced to assure 

incorporation of the construct into offspring. The pups carrying this genotype would then 

carry coat color chimerism. The agouti mouse was described in the literature more than a 

hundred years ago. The name Agouti was taken after the South American Rodent, the 

Dasyprocta agouti, a related rodent with the guinea-pig (Siracusa 1994; Wolff 2003). The 

agouti locus regulates a switch in pigment synthesis between eumelanin (black to brown) and 

phaeomelanin (yellow to red) produced by hair bulb melanocytes.  The agouti animals used 

for the crossing were heterozygotous, A/a, presenting a coat color well distributed, with the 

yellow color under and black/yellow in the back of the mouse (Miller, Duhl et al. 1993; 

Siracusa 1994; Millar, Miller et al. 1995; Wolff 2003).  

Agouti pigmentation is regulated by the agouti protein (AgP) antagonizing the binding of α-

melanocyte stimulating hormone (α-MSH) on melanocortin 1 receptor (Mc1r) (Sanchez, 

Baker et al. 1997). Moreover, it is important to emphasize that in heterozygous A/a and 

homozygous a/a animals only the mouse coat color is affected, while the homozygous 

dominant agouti allele A/A can show a general change in the phenotype of the mouse, which 

affect especially the hypothalamus. This can result in obesity, insulin resistance, tumors and 

other diseases related to the syndrome X (Duhl, Vrieling et al. 1994). Moreover the dominate 

mutation in the agouti locus acts not only by changing the activity of the hypothalamus, but it 

can also extend to other parts of the brain by producing hormones, changing animal behavior 

and leading to a dysfunction of the nervous system (Sanchez, Baker et al. 1997).   

The fact that the agouti start animals had a heterozygous genotype gave a possibility of 

approximately 25% for a mouse to be homozygous for the dominant allele. During this 

project two of the possible phenotypes in the KO mice were observed; obesity and hair loss in 

the face. 

We hypothesized  that the Cβ2 KO mice would have a weaker immune system compared to 

wt mice, and as a consequence those mice might develop autoimmune diseases like alopecia 
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areata (King, McElwee et al. 2008; Alkhalifah, Alsantali et al. 2010). In order to differentiate 

the immune diseases from grooming, two mice from different litters were separated and 

followed for two weeks. The hair growth was observed in both mice, excluding the disease 

possibility.  

Over-grooming in mice is a complex issue, to which various factors can contribute. Typical 

factors include dominant grooming, genotyping or stress can evoke the disorder (Kalueff, 

Minasyan et al. 2006). Another possible explanation for over grooming could be the Cβ2 KO 

it self. This was supported by a study by Kalueff and co-workers (2007) where was observed 

a higher grooming pattern in the F1 population of C57BL6 / 129Sv mice litters. The same 

observed in the Cβ2KO F1 population as well. Despite this, the over-grooming issue was not 

further investigated, however we suggest that future studies could be done. The mice affected 

by the disorder were not further used in experiments.   

 

Increased PKA activity in the Cβ2 KO mouse 

Antigen-dependent activation, of B and T cells is regulated by PKA (Skalhegg, Tasken et al. 

1994; Levy, Rasmussen et al. 1996; Vang, Torgersen et al. 2001). In this matter, it was 

important to start investigating the effects of Cβ2 KO on PKA levels and activity. Total PKA 

activity in various immune cells was examined revealing increased basal PKA-specific kinase 

activity in the thymus and LN, whereas in spleen it appeared unaltered. In these experiments 

it is important to notice that PKA activity in all the study organs in the wt mice was similar. It 

should be noted that both thymus and LN contain predominantly cells of the T cell lineage 

whereas the spleen is dominated by the B cell lineage (Bogen and Munthe 2000). To what 

extent altered PKA activity is associated with either the T- or B cell populations or both is 

unclear. However, if the up-regulated PKA activity is associated with the T cell population, 

we speculate that this may be why the relative PKA activity appeared lower in the spleen 

compared to LN and thymus. In order to investigate this we suggest cell sorting by flow 

cytometry followed by measuring PKA activity in the T, B and NK cell populations, 

respectively. Our results on PKA activity was in contrast to earlier studies where PKA 

activity was shown to be decreased after knocking out both Cα and Cβ, respectively. Hence, 

previous results, demonstrated that loss of C subunit activity was not compensated (Howe, 

Wiley et al. 2002; Funderud, Aas-Hanssen et al. 2009). In contrast to this, the results obtained 
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on the Cβ2 KO mouse suggested that loss of Cβ2 is compensation for by another C subunit. 

Despite the fact that the mechanism behind this compensation is unknown, we speculated that 

Cβ2 may serve to regulate the expression levels of Cα1 and/or Cβ1. To investigate this, we 

propose to initially apply real-time PCR using Cα1 and Cβ1 specific primers. 

Despite the loss of Cβ2 might be compensated by up-regulation of another C subunit, we 

cannot rule out that Cβ2 KO influences the R subunit levels, which regulate C subunit levels 

and activity. In the absence of Cβ2, RIα and/or RIIα might be down regulated leading to 

unregulated or increased C subunit activity. The levels and function of the various R subunits 

after Cβ2 ablation were not studied here, and are therefore subjects for a further 

characterization of the Cβ2 KO mouse.  

 

Altered proliferation of lymphocytes in the Cβ2 KO 

PKA regulates the T cell activation phases 1 through 3 leading to proliferation and clonal 

expansion. Based on this and the fact that PKA catalytic activity was increased by the Cβ2 

KO, we monitored T cell activation using anti-CD3/CD28 coated magnetic-beads. In these 

experiments, T cells of all the major immune tissues were stimulated. This demonstrated 

increased T cell proliferation, with significant increase for cells isolated from thymus and 

spleen when compared to wt mice.  

Experiments with LN cells did not show any difference, a result that may be doubted since 

these experiments were associated with uncertainty. We experienced difficulties in extracting 

and treating LN cells, as they had a higher death rate then the others cells studied. One 

possible cause of this could be the relatively low number of cells extracted from the LN, 

which with less cell contact would contribute to cell apoptosis. The latter suggestion needs to 

be further investigated. 

 

Cβ2 KO does not influence T cell development in the thymus 

Normal T cells development in the thymus is essential for immune function, which is 

emphasized by the fact that malfunction during maturation could increase cells apoptosis or 



61 
 

lead to autoimmune diseases. In the different maturation phases that a T cell undergoes in the 

thymus, important receptors on its surface are up-regulated which will influence the later 

immune response in the peripheral organs (Nitta, Murata et al. 2008). 

Analyses of the thymocytes did not present any differences between the CD8+, CD4+, and 

double negative or double positive CD4/CD8 populations. This is in line with the results of 

Schillace et al (2005) who showed that RIIα KO did not reveal dysregulated development in 

the thymus. It has later been speculated that compensation by RIα may account for the rescue 

(Ruppelt, Mosenden et al. 2007). Moreover, our data are also in line with the results obtained 

from the Cα1 and Cβall KO animals which also demonstrated that PKA in general does not 

influence thymus development (Funderud, Aas-Hanssen et al. 2009). Taken together with our 

results this strongly suggests that PKA does not have a major role in regulating T cell 

maturation in the thymus.  

 

Relative numbers of immune cells in LN and spleen are altered in the Cβ2 KO 
mouse 

We found that cells double negative for CD4 and CD8 were decreased in spleen and LN. The 

reduction of CD4/CD8 double negative cells may be reflected in down-regulation of a number 

of different cells types, including monocytes, macrophages, B cells etc. We suggest that the 

reduction may in part be caused by lower numbers of B cells which were significantly 

reduced in LN, since the relative number of another major cell type in this organ, 

macrophages, appeared unaltered. This suggestion was supported by the observation of 

reduction in the B cell population in the spleen, despite that it was not significant. We can 

only speculate about the mechanism behind this reduction. However, it is well known that 

PKA inhibits B cell proliferation (Levy, Rasmussen et al. 1996). Hence, the fact that PKA 

activity was increased in the immune tissues tested, this may imply that increased catalytic 

activity by PKA is associated with reduced B cell expansion. Despite this, the reduction in B 

cells might also find other explanations, like the fact that PKA also regulates immunoglobulin 

switch in B cells through phosphorylation of activation-induced deaminase (AID) 

(Pasqualucci, Kitaura et al. 2006). It is assumed that a block in immunoglobulin switching is 

associated with a block in B cell development and thus a lower B cell number. If correct, it 

may imply a role of Cβ2 not only in regulating B cell proliferation, but in PKA-dependent 
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regulation of AID and B cell immunoglobulin switch as well. Finally, a reduction in the 

relative number of B cells may not be caused by any of the phenomena mentioned above. It is 

also well known that AID-dependent regulation of immunoglobulin switches in B cells is 

dependent on T helper (CD4+) cell function. We observed that the relative number of CD4+ T 

cells in both LN and spleen were increased in the Cβ2 KO compared to wt mice. Based on 

this it should not be ruled out that the decreased numbers of activated CD4+ T cells might 

influence the number of B cells in the LN. It should however be stressed, to what extent any 

of the suggestion outlined above influences the reduction of B cells, are highly speculative 

and remain to be investigated. 

Our observation of increased numbers of CD4+ T cells may suggest that Cβ2 KO influences 

clonal expansion. The relative levels of Th subsets could also involve the Cβ2, in the process 

of differentiating Th cells into Th1, Th2, Th17 or Treg cells. Based on our results we 

speculate that the increase in CD4+ T cells may in part be reflected in an increase in the Th1 

subset since the Th1 promoting cytokine IFNγ was increased in the Cβ2 KO. This suggestion 

was further supported in that the Th1 phenotype is promoted by IFNγ released by NK cells 

and macrophages and the fact that the number of NK cells was significantly increased in the 

spleen. We also observed that the Treg population was reduced relative to the CD4 

population, implying that this Th subset did not contribute to the CD4+ increase. This together 

with the fact that the Th2 promoting factor IL4 was unaltered, points to Th1 cells as the Th 

cell subset increased by Cβ2 KO. To fully understand this phenotype we need further studies 

on the mapping of the level and activities of the various cytokines necessary for 

differentiation of the various Th subsets. This means that we need to measure the relative 

levels of IL12/ IFNγ which are Th1 promoting along with the relative levels of IL6/ TGFβ to 

further appreciate Th17 differentiation. We also need to measure TGFβ levels in presence of 

pathogens to understand the mechanism behind the reduced number of Treg cells. This may 

be accomplished by quantitative by flow cytometry, in order to determine the relative number 

of T cell subsets in the various immune organs investigated.  

To what extent reduction in the Treg population has an effect on the immune function of the 

Cβ2 KO is not known. Tregs are engaged in the maintenance of immunological self-tolerance 

and suppressive control of excessive immune responses to foreign antigens. In fact Tregs 

suppress auto-reactive T cells that escaped the process of negative selection in the thymus. 

Such T cells may react in an autoimmune fashion. To understand if a reduction in the Treg 
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population is associated with autoimmunity future studies of the Cβ2 KO should involve 

measuring of anti-nuclear antibody (ANA) to test for any sign of autoantigens, a test that has 

been established in the laboratory by others (Funderud, Aas-Hanssen et al. 2009). It is also 

interesting to note that Treg cells infiltrate tumor tissues and may be involved in immune 

surveillance against cancer. In fact, depletion of Treg cells in animal models has been 

demonstrated to provoke tumor immunity (Nishikawa and Sakaguchi 2010). Hence, 

attenuation of Treg-mediated suppression is therefore an interesting strategy to enhance 

antitumor responses. Based on this future studies may be involved in understanding to what 

extent the Cβ2 KO mouse has a different susceptibility towards tumor development in 

general.  

 

Abrogated T cell homing in the Cβ2 KO mouse 

Naïve T cells leaving the thymus express CD62L in order to home to e.g. the LN. When naïve 

T cells have encountered their antigen they become Tcm and leave the LN, depending on the 

level of CD69 expression. If CD69 is high they will reside and not leave the LN. 

Interestingly, circulating memory T cells (Tem) are as is the case with naïve T cells, 

dependent on CD62L expression to associate (reassociate) with the LN in order to execute 

their memory role (Cosmi, Liotta et al. 2003; Chandok, Okoye et al. 2007; Marelli-Berg, 

Cannella et al. 2008; Sinclair, Finlay et al. 2008). A major difference between naïve T cells 

and Tcm expressing CD62L is that naïve T cells also express CD69 when in the LN (Shiow, 

Rosen et al. 2006; Tomura, Itoh et al. 2010).  

In the Cβ2 KO we observed a decrease in CD4+ cells devoid of CD62L expression and an 

increase in CD4+ cells expressing CD62L, implying a reduction of CD4+ memory cells and an 

increase in naïve cells. This was also the case with the CD8+ cells where the changes were 

significant. These results suggested that T cell transformation from naïve to memory cells in 

the LN is abrogate. It should however be mention that we did not detect any significant 

change in CD69 expression on cells in neither the LN nor the spleen.  

The understanding of how naïve to memory T cells are blocked remains unknown. To this end 

Cβ2 KO-dependent T cell arrested at the level of naïve T cells suggest that Cβ2 KO mice 

have a block in the switch from Tcm into Tem. If so it suggests that the Cβ2 KO mice have  a 
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seriously impaired immune system which when challenged with infections may have serious 

consequences for these animals. Based on this it will be of importance to investigate this 

phenotype by challenging the Cβ2 mice with antigens. Such challenges may involve 

infections with mild antigens such as ovalbumine (OVA) a method already established in the 

lab (Funderud, Aas-Hanssen et al. 2009). It may also involve models of more serious antigens 

and pathogens including pathogenic viruses, such as the mouse AIDS (MAIDS) model , 

pathogenic bacteria, fungi, protozoa, multicellular parasites, etc.  

 

Conclusion 

This project was undertaken to perform an initial mapping of the Cβ2 KO mouse. The results 

presented reveal several interesting phenotypes that need to be followed up to fully 

understand the role of Cβ2 in the immune system.   



65 
 

6 References 
Abrahamsen, H., G. Baillie, et al. (2004). "TCR- and CD28-mediated recruitment of 

phosphodiesterase 4 to lipid rafts potentiates TCR signaling." J Immunol

Agnello, D., C. S. Lankford, et al. (2003). "Cytokines and transcription factors that regulate T 
helper cell differentiation: new players and new insights." 

 173(8): 
4847-4858. 

J Clin Immunol

Albi, E. and M. P. Viola Magni (2004). "The role of intranuclear lipids." 

 23(3): 147-
161. 

Biol Cell

Alkhalifah, A., A. Alsantali, et al. (2010). "Alopecia areata update: part I. Clinical picture, 
histopathology, and pathogenesis." 

 96(8): 657-
667. 

J Am Acad Dermatol

Amieux, P. S. and G. S. McKnight (2002). "The essential role of RI alpha in the maintenance 
of regulated PKA activity." 

 62(2): 177-188, quiz 189-
190. 

Ann N Y Acad Sci
Amsen, D., A. Antov, et al. (2007). "Direct regulation of Gata3 expression determines the T 

helper differentiation potential of Notch." 

 968: 75-95. 

Immunity
Amsen, D., C. G. Spilianakis, et al. (2009). "How are T(H)1 and T(H)2 effector cells made?" 

 27(1): 89-99. 

Curr Opin Immunol
Andoniou, C. E., J. D. Coudert, et al. (2008). "Killers and beyond: NK-cell-mediated control 

of immune responses." 

 21(2): 153-160. 

Eur J Immunol
Bannard, O., M. Kraman, et al. (2009). "Pathways of memory CD8+ T-cell development." 

 38(11): 2938-2942. 

Eur J Immunol
Bartelt, R. R., N. Cruz-Orcutt, et al. (2009). "Comparison of T cell receptor-induced proximal 

signaling and downstream functions in immortalized and primary T cells." 

 39(8): 2083-2087. 

PLoS One

Bjorgo, E., S. A. Solheim, et al. (2010). "Cross talk between phosphatidylinositol 3-kinase 
and cyclic AMP (cAMP)-protein kinase a signaling pathways at the level of a protein 
kinase B/beta-arrestin/cAMP phosphodiesterase 4 complex." 

 
4(5): e5430. 

Mol Cell Biol

Blanco, P., A. K. Palucka, et al. (2008). "Dendritic cells and cytokines in human 
inflammatory and autoimmune diseases." 

 30(7): 
1660-1672. 

Cytokine Growth Factor Rev
Blander, J. M. and R. Medzhitov (2006). "On regulation of phagosome maturation and 

antigen presentation." 

 19(1): 41-52. 

Nat Immunol
Bogen, B. and L. A. Munthe, Eds. (2000). 

 7(10): 1029-1035. 
Immunologi

Bos, J. L. (2003). "Epac: a new cAMP target and new avenues in cAMP research." 
. Oslo, Universitetetsforlaget. 

Nat Rev 
Mol Cell Biol

Bostik, P., G. L. Dodd, et al. (2003). "CD4+ T cell signaling in the natural SIV host--
implications for disease pathogenesis." 

 4(9): 733-738. 

Front Biosci
Brandon, E. P., M. Zhuo, et al. (1995). "Hippocampal long-term depression and 

depotentiation are defective in mice carrying a targeted disruption of the gene 
encoding the RI beta subunit of cAMP-dependent protein kinase." 

 8: s904-912. 

Proc Natl Acad Sci 
U S A

Brunkow, M. E., E. W. Jeffery, et al. (2001). "Disruption of a new forkhead/winged-helix 
protein, scurfin, results in the fatal lymphoproliferative disorder of the scurfy mouse." 

 92(19): 8851-8855. 

Nat Genet
Burton, K. A., B. D. Johnson, et al. (1997). "Type II regulatory subunits are not required for 

the anchoring-dependent modulation of Ca2+ channel activity by cAMP-dependent 
protein kinase." 

 27(1): 68-73. 

Proc Natl Acad Sci U S A 94(20): 11067-11072. 



66 
 

Catron, D. M., L. K. Rusch, et al. (2006). "CD4+ T cells that enter the draining lymph nodes 
after antigen injection participate in the primary response and become central-memory 
cells." J Exp Med

Chan, A. C., B. A. Irving, et al. (1991). "The zeta chain is associated with a tyrosine kinase 
and upon T-cell antigen receptor stimulation associates with ZAP-70, a 70-kDa 
tyrosine phosphoprotein." 

 203(4): 1045-1054. 

Proc Natl Acad Sci U S A
Chandok, M. R., F. I. Okoye, et al. (2007). "A biochemical signature for rapid recall of 

memory CD4 T cells." 

 88(20): 9166-9170. 

J Immunol
Choudhry, M. A., Z. Ahmed, et al. (1999). "PGE(2)-mediated inhibition of T cell p59(fyn) is 

independent of cAMP." 

 179(6): 3689-3698. 

Am J Physiol
Chow, L. M., M. Fournel, et al. (1993). "Negative regulation of T-cell receptor signalling by 

tyrosine protein kinase p50csk." 

 277(2 Pt 1): C302-309. 

Nature
Clayberger, C. (2009). "Cytolytic molecules in rejection." 

 365(6442): 156-160. 
Curr Opin Organ Transplant

Corbin, J. D., S. L. Keely, et al. (1975). "The distribution and dissociation of cyclic adenosine 
3':5'-monophosphate-dependent protein kinases in adipose, cardiac, and other tissues." 

 14(1): 
30-33. 

J Biol Chem
Corbin, J. D., P. H. Sugden, et al. (1978). "Studies on the properties and mode of action of the 

purified regulatory subunit of bovine heart adenosine 3':5'-monophosphate-dependent 
protein kinase." 

 250(1): 218-225. 

J Biol Chem
Cosmi, L., F. Liotta, et al. (2003). "Human CD8+CD25+ thymocytes share phenotypic and 

functional features with CD4+CD25+ regulatory thymocytes." 

 253(11): 3997-4003. 

Blood

Cummings, D. E., E. P. Brandon, et al. (1996). "Genetically lean mice result from targeted 
disruption of the RII beta subunit of protein kinase A." 

 102(12): 4107-
4114. 

Nature
Curotto de Lafaille, M. A. and J. J. Lafaille (2009). "Natural and adaptive foxp3+ regulatory 

T cells: more of the same or a division of labor?" 

 382(6592): 622-626. 

Immunity
Daniel, P. B., W. H. Walker, et al. (1998). "Cyclic AMP signaling and gene regulation." 

 30(5): 626-635. 
Annu 

Rev Nutr
Delbende, C., S. Jegou, et al. (1985). "[Role of alpha-MSH and related peptides in the central 

nervous system]." 

 18: 353-383. 

Rev Neurol (Paris)
Desseyn, J. L., K. A. Burton, et al. (2000). "Expression of a nonmyristylated variant of the 

catalytic subunit of protein kinase A during male germ-cell development." 

 141(6-7): 429-439. 

Proc Natl 
Acad Sci U S A

DiSpirito, J. R. and H. Shen (2010). "Quick to remember, slow to forget: rapid recall 
responses of memory CD8+ T cells." 

 97(12): 6433-6438. 

Cell Res
Dong, C. and R. A. Flavell (2000). "Cell fate decision: T-helper 1 and 2 subsets in immune 

responses." 

 20(1): 13-23. 

Arthritis Res
Doskeland, S. O., E. Maronde, et al. (1993). "The genetic subtypes of cAMP-dependent 

protein kinase--functionally different or redundant?" 

 2(3): 179-188. 

Biochim Biophys Acta

Duhl, D. M., H. Vrieling, et al. (1994). "Neomorphic agouti mutations in obese yellow mice." 

 1178(3): 
249-258. 

Nat Genet
Dymecki, S. M. and H. Tomasiewicz (1998). "Using Flp-recombinase to characterize 

expansion of Wnt1-expressing neural progenitors in the mouse." 

 8(1): 59-65. 

Dev Biol

Fairweather, D. and D. Cihakova (2009). "Alternatively activated macrophages in infection 
and autoimmunity." 

 201(1): 57-
65. 

J Autoimmun
Fontenot, J. D., J. P. Rasmussen, et al. (2005). "Regulatory T cell lineage specification by the 

forkhead transcription factor foxp3." 

 33(3-4): 222-230. 

Immunity 22(3): 329-341. 



67 
 

Francis, S. H. and J. D. Corbin (1999). "Cyclic nucleotide-dependent protein kinases: 
intracellular receptors for cAMP and cGMP action." Crit Rev Clin Lab Sci

Funderud, A., K. Aas-Hanssen, et al. (2009). "Isoform-specific regulation of immune cell 
reactivity by the catalytic subunit of protein kinase A (PKA)." 

 36(4): 275-
328. 

Cell Signal

Funderud, A., H. H. Henanger, et al. (2006). "Identification, cloning and characterization of a 
novel 47 kDa murine PKA C subunit homologous to human and bovine Cbeta2." 

 21(2): 274-
281. 

BMC Biochem
Giembycz, M. A., C. J. Corrigan, et al. (1996). "Identification of cyclic AMP 

phosphodiesterases 3, 4 and 7 in human CD4+ and CD8+ T-lymphocytes: role in 
regulating proliferation and the biosynthesis of interleukin-2." 

 7: 20. 

Br J Pharmacol

Guthrie, C. R., B. S. Skalhegg, et al. (1997). "Two novel brain-specific splice variants of the 
murine Cbeta gene of cAMP-dependent protein kinase." 

 118(8): 
1945-1958. 

J Biol Chem

Hatakeyama, M., T. Kono, et al. (1991). "Interaction of the IL-2 receptor with the src-family 
kinase p56lck: identification of novel intermolecular association." 

 272(47): 29560-
29565. 

Science

Hengel, R. L., V. Thaker, et al. (2003). "Cutting edge: L-selectin (CD62L) expression 
distinguishes small resting memory CD4+ T cells that preferentially respond to recall 
antigen." 

 252(5012): 
1523-1528. 

J Immunol
Houslay, M. D. and G. S. Baillie (2003). "The role of ERK2 docking and phosphorylation of 

PDE4 cAMP phosphodiesterase isoforms in mediating cross-talk between the cAMP 
and ERK signalling pathways." 

 170(1): 28-32. 

Biochem Soc Trans
Howe, D. G., J. C. Wiley, et al. (2002). "Molecular and behavioral effects of a null mutation 

in all PKA C beta isoforms." 

 31(Pt 6): 1186-1190. 

Mol Cell Neurosci
Hoyer, K. K., H. Dooms, et al. (2008). "Interleukin-2 in the development and control of 

inflammatory disease." 

 20(3): 515-524. 

Immunol Rev
Huang, Y. and R. L. Wange (2004). "T cell receptor signaling: beyond complex complexes." 

 226: 19-28. 
J 

Biol Chem
Huang, Y. Y. and E. R. Kandel (1996). "Modulation of both the early and the late phase of 

mossy fiber LTP by the activation of beta-adrenergic receptors." 

 279(28): 28827-28830. 

Neuron

Iwasaki, A. and R. Medzhitov (2010). "Regulation of adaptive immunity by the innate 
immune system." 

 16(3): 611-
617. 

Science
Jordan, M. S., A. L. Singer, et al. (2003). "Adaptors as central mediators of signal 

transduction in immune cells." 

 327(5963): 291-295. 

Nat Immunol
Jury, E. C., F. Flores-Borja, et al. (2007). "Lipid rafts in T cell signalling and disease." 

 4(2): 110-116. 
Semin 

Cell Dev Biol
Kalueff, A. V., T. Keisala, et al. (2007). "Influence of paternal genotypes on F1 behaviors: 

lessons from several mouse strains." 

 18(5): 608-615. 

Behav Brain Res
Kalueff, A. V., A. Minasyan, et al. (2006). "Hair barbering in mice: implications for 

neurobehavioural research." 

 177(1): 45-50. 

Behav Processes
Kane, L. P., J. Lin, et al. (2000). "Signal transduction by the TCR for antigen." 

 71(1): 8-15. 
Curr Opin 

Immunol
Kane, L. P. and A. Weiss (2003). "The PI-3 kinase/Akt pathway and T cell activation: 

pleiotropic pathways downstream of PIP3." 

 12(3): 242-249. 

Immunol Rev
Kaupp, U. B. and R. Seifert (2002). "Cyclic nucleotide-gated ion channels." 

 192: 7-20. 
Physiol Rev 

82(3): 769-824. 



68 
 

Khayrullina, T., J. H. Yen, et al. (2008). "In vitro differentiation of dendritic cells in the 
presence of prostaglandin E2 alters the IL-12/IL-23 balance and promotes 
differentiation of Th17 cells." J Immunol

King, L. E., Jr., K. J. McElwee, et al. (2008). "Alopecia areata." 
 181(1): 721-735. 

Curr Dir Autoimmun

Kolenko, V., P. Rayman, et al. (1999). "Downregulation of JAK3 protein levels in T 
lymphocytes by prostaglandin E2 and other cyclic adenosine monophosphate-
elevating agents: impact on interleukin-2 receptor signaling pathway." 

 10: 
280-312. 

Blood

Koretzky, G. A., J. Picus, et al. (1990). "Tyrosine phosphatase CD45 is essential for coupling 
T-cell antigen receptor to the phosphatidyl inositol pathway." 

 93(7): 
2308-2318. 

Nature

Korn, T., E. Bettelli, et al. (2009). "IL-17 and Th17 Cells." 

 346(6279): 66-
68. 

Annu Rev Immunol
Kvissel, A. K., S. Orstavik, et al. (2004). "Induction of Cbeta splice variants and formation of 

novel forms of protein kinase A type II holoenzymes during retinoic acid-induced 
differentiation of human NT2 cells." 

 27: 485-517. 

Cell Signal
Le, Y. and B. Sauer (2001). "Conditional gene knockout using Cre recombinase." 

 16(5): 577-587. 
Mol 

Biotechnol
Levitzki, A. (1988). "From epinephrine to cyclic AMP." 

 17(3): 269-275. 
Science

Levy, F. O., A. M. Rasmussen, et al. (1996). "Cyclic AMP-dependent protein kinase (cAK) in 
human B cells: co-localization of type I cAK (RI alpha 2 C2) with the antigen receptor 
during anti-immunoglobulin-induced B cell activation." 

 241(4867): 800-806. 

Eur J Immunol

Lohoff, P. D. M. (2009). "Differentiation of T-helper cells." 2010, from 

 26(6): 1290-
1296. 

http://www.imt.uni-
marburg.de/loewe/index.php?option=com_content&view=article&id=40&Itemid=26. 

Lovatt, M., A. Filby, et al. (2006). "Lck regulates the threshold of activation in primary T 
cells, while both Lck and Fyn contribute to the magnitude of the extracellular signal-
related kinase response." Mol Cell Biol

Macian, F., S. H. Im, et al. (2004). "T-cell anergy." 
 26(22): 8655-8665. 

Curr Opin Immunol
Malmberg, A. B., E. P. Brandon, et al. (1997). "Diminished inflammation and nociceptive 

pain with preservation of neuropathic pain in mice with a targeted mutation of the type 
I regulatory subunit of cAMP-dependent protein kinase." 

 16(2): 209-216. 

J Neurosci

Marelli-Berg, F. M., L. Cannella, et al. (2008). "The highway code of T cell trafficking." 

 17(19): 7462-
7470. 

J 
Pathol

Market, E. and F. N. Papavasiliou (2003). "V(D)J recombination and the evolution of the 
adaptive immune system." 

 214(2): 179-189. 

PLoS Biol
Marzio, R., J. Mauel, et al. (1999). "CD69 and regulation of the immune function." 

 1(1): E16. 

Immunopharmacol Immunotoxicol
Millar, S. E., M. W. Miller, et al. (1995). "Expression and transgenic studies of the mouse 

agouti gene provide insight into the mechanisms by which mammalian coat color 
patterns are generated." 

 21(3): 565-582. 

Development
Miller, M. W., D. M. Duhl, et al. (1993). "Cloning of the mouse agouti gene predicts a 

secreted protein ubiquitously expressed in mice carrying the lethal yellow mutation." 

 121(10): 3223-3232. 

Genes Dev
Minami, Y., T. Kono, et al. (1993). "The IL-2 receptor complex: its structure, function, and 

target genes." 

 7(3): 454-467. 

Annu Rev Immunol
Minami, Y., Y. Nakagawa, et al. (1995). "Protein tyrosine kinase Syk is associated with and 

activated by the IL-2 receptor: possible link with the c-myc induction pathway." 

 11: 245-268. 

Immunity 2(1): 89-100. 

http://www.imt.uni-marburg.de/loewe/index.php?option=com_content&view=article&id=40&Itemid=26�
http://www.imt.uni-marburg.de/loewe/index.php?option=com_content&view=article&id=40&Itemid=26�


69 
 

Mongillo, M., T. McSorley, et al. (2004). "Fluorescence resonance energy transfer-based 
analysis of cAMP dynamics in live neonatal rat cardiac myocytes reveals distinct 
functions of compartmentalized phosphodiesterases." Circ Res

Mustelin, T. (2002). "Keeping the T-cell immune response in balance: role of protein tyrosine 
phosphatases in autoimmunity." 

 95(1): 67-75. 

Curr Dir Autoimmun
Mustelin, T. and K. Tasken (2003). "Positive and negative regulation of T-cell activation 

through kinases and phosphatases." 

 5: 176-190. 

Biochem J
Nagy, A. (2000). "Cre recombinase: the universal reagent for genome tailoring." 

 371(Pt 1): 15-27. 
Genesis

Nakae, S., Y. Iwakura, et al. (2007). "Phenotypic differences between Th1 and Th17 cells and 
negative regulation of Th1 cell differentiation by IL-17." 

 
26(2): 99-109. 

J Leukoc Biol

Nakata, A., K. Ogawa, et al. (2002). "Potential role of phosphodiesterase 7 in human T cell 
function: comparative effects of two phosphodiesterase inhibitors." 

 81(5): 1258-
1268. 

Clin Exp Immunol

Napolitani, G., E. V. Acosta-Rodriguez, et al. (2009). "Prostaglandin E2 enhances Th17 
responses via modulation of IL-17 and IFN-gamma production by memory CD4+ T 
cells." 

 
128(3): 460-466. 

Eur J Immunol
Newhall, K. J., D. E. Cummings, et al. (2005). "Deletion of the RIIbeta-subunit of protein 

kinase A decreases body weight and increases energy expenditure in the obese, leptin-
deficient ob/ob mouse." 

 39(5): 1301-1312. 

Mol Endocrinol
Nishikawa, H. and S. Sakaguchi (2010). "Regulatory T cells in tumor immunity." 

 19(4): 982-991. 
Int J Cancer

Nitta, T., S. Murata, et al. (2008). "Thymic microenvironments for T-cell repertoire 
formation." 

 
127(4): 759-767. 

Adv Immunol
Obar, J. J. and L. Lefrancois (2010). "Memory CD8+ T cell differentiation." 

 99: 59-94. 
Ann N Y Acad 

Sci
Okada, M., S. Nada, et al. (1991). "CSK: a protein-tyrosine kinase involved in regulation of 

src family kinases." 

 1183: 251-266. 

J Biol Chem
Okkenhaug, K., K. Ali, et al. (2007). "Antigen receptor signalling: a distinctive role for the 

p110delta isoform of PI3K." 

 266(36): 24249-24252. 

Trends Immunol
Ollila, J. and M. Vihinen (2005). "B cells." 

 28(2): 80-87. 
Int J Biochem Cell Biol

Oppmann, B., R. Lesley, et al. (2000). "Novel p19 protein engages IL-12p40 to form a 
cytokine, IL-23, with biological activities similar as well as distinct from IL-12." 

 37(3): 518-523. 

Immunity
Orstavik, S., A. Funderud, et al. (2005). "Identification and characterization of novel PKA 

holoenzymes in human T lymphocytes." 

 13(5): 715-725. 

FEBS J
Orstavik, S., N. Reinton, et al. (2001). "Identification of novel splice variants of the human 

catalytic subunit Cbeta of cAMP-dependent protein kinase." 

 272(7): 1559-1567. 

Eur J Biochem

Palacios, E. H. and A. Weiss (2004). "Function of the Src-family kinases, Lck and Fyn, in T-
cell development and activation." 

 268(19): 
5066-5073. 

Oncogene
Palm, N. W. and R. Medzhitov (2009). "Pattern recognition receptors and control of adaptive 

immunity." 

 23(48): 7990-8000. 

Immunol Rev
Parish, I. A. and S. M. Kaech (2009). "Diversity in CD8(+) T cell differentiation." 

 227(1): 221-233. 
Curr Opin 

Immunol
Pasqualucci, L., Y. Kitaura, et al. (2006). "PKA-mediated phosphorylation regulates the 

function of activation-induced deaminase (AID) in B cells." 

 21(3): 291-297. 

Proc Natl Acad Sci U S A 
103(2): 395-400. 



70 
 

Paust, S., B. Senman, et al. (2010). "Adaptive immune responses mediated by natural killer 
cells." Immunol Rev

Pierce, K. L., R. T. Premont, et al. (2002). "Seven-transmembrane receptors." 
 235(1): 286-296. 

Nat Rev Mol 
Cell Biol

Qi, M., M. Zhuo, et al. (1996). "Impaired hippocampal plasticity in mice lacking the Cbeta1 
catalytic subunit of cAMP-dependent protein kinase." 

 3(9): 639-650. 

Proc Natl Acad Sci U S A

Reiner, S. L. (2007). "Development in motion: helper T cells at work." 

 
93(4): 1571-1576. 

Cell
Reiner, S. L. (2009). "Decision making during the conception and career of CD4+ T cells." 

 129(1): 33-36. 

Nat Rev Immunol
Reinton, N., S. Orstavik, et al. (2000). "A novel isoform of human cyclic 3',5'-adenosine 

monophosphate-dependent protein kinase, c alpha-s, localizes to sperm midpiece." 

 9(2): 81-82. 

Biol Reprod
Romagnani, S. (1991). "Type 1 T helper and type 2 T helper cells: functions, regulation and 

role in protection and disease." 

 63(2): 607-611. 

Int J Clin Lab Res
Romagnani, S. (1992). "Human TH1 and TH2 subsets: regulation of differentiation and role 

in protection and immunopathology." 

 21(2): 152-158. 

Int Arch Allergy Immunol
Rudd, C. E., A. Taylor, et al. (2009). "CD28 and CTLA-4 coreceptor expression and signal 

transduction." 

 98(4): 279-285. 

Immunol Rev
Ruppelt, A., R. Mosenden, et al. (2007). "Inhibition of T cell activation by cyclic adenosine 

5'-monophosphate requires lipid raft targeting of protein kinase A type I by the A-
kinase anchoring protein ezrin." 

 229(1): 12-26. 

J Immunol
Sakaguchi, S., M. Miyara, et al. (2010). "FOXP3+ regulatory T cells in the human immune 

system." 

 179(8): 5159-5168. 

Nat Rev Immunol
San Agustin, J. T., J. D. Leszyk, et al. (1998). "The catalytic subunit of the cAMP-dependent 

protein kinase of ovine sperm flagella has a unique amino-terminal sequence." 

 10(7): 490-500. 

J Biol 
Chem

Sanchez, M., B. I. Baker, et al. (1997). "Melanin-concentrating hormone (MCH) antagonizes 
the effects of alpha-MSH and neuropeptide E-I on grooming and locomotor activities 
in the rat." 

 273(38): 24874-24883. 

Peptides
Sauer, B. and N. Henderson (1988). "Site-specific DNA recombination in mammalian cells by 

the Cre recombinase of bacteriophage P1." 

 18(3): 393-396. 

Proc Natl Acad Sci U S A

Saunders, A. E. and P. Johnson (2010). "Modulation of immune cell signalling by the 
leukocyte common tyrosine phosphatase, CD45." 

 85(14): 5166-
5170. 

Cell Signal
Schillace, R. V., S. F. Andrews, et al. (2005). "The role of protein kinase A anchoring via the 

RII alpha regulatory subunit in the murine immune system." 

 22(3): 339-348. 

J Immunol

Schreyer, S. A., D. E. Cummings, et al. (2001). "Mutation of the RIIbeta subunit of protein 
kinase A prevents diet-induced insulin resistance and dyslipidemia in mice." 

 174(11): 
6847-6853. 

Diabetes

Schwarz, B. A. and A. Bhandoola (2006). "Trafficking from the bone marrow to the thymus: 
a prerequisite for thymopoiesis." 

 
50(11): 2555-2562. 

Immunol Rev
Scott, J. D. (2006). "Compartmentalized cAMP signalling: a personal perspective." 

 209: 47-57. 
Biochem 

Soc Trans
Sebzda, E., S. Mariathasan, et al. (1999). "Selection of the T cell repertoire." 

 34(Pt 4): 465-467. 
Annu Rev 

Immunol
Shiow, L. R., D. B. Rosen, et al. (2006). "CD69 acts downstream of interferon-alpha/beta to 

inhibit S1P1 and lymphocyte egress from lymphoid organs." 

 17: 829-874. 

Nature 440(7083): 540-
544. 



71 
 

Shortman, K. and L. Wu (1996). "Early T lymphocyte progenitors." Annu Rev Immunol

Showers, M. O. and R. A. Maurer (1988). "Cloning of cDNA for the catalytic subunit of 
cAMP-dependent protein kinase." 

 14: 
29-47. 

Methods Enzymol
Sinclair, L. V., D. Finlay, et al. (2008). "Phosphatidylinositol-3-OH kinase and nutrient-

sensing mTOR pathways control T lymphocyte trafficking." 

 159: 311-318. 

Nat Immunol

Siracusa, L. D. (1994). "The agouti gene: turned on to yellow." 

 9(5): 513-
521. 

Trends Genet

Skalhegg, B. S., A. Funderud, et al. (2005). "Protein kinase A (PKA)--a potential target for 
therapeutic intervention of dysfunctional immune cells." 

 10(12): 423-
428. 

Curr Drug Targets

Skalhegg, B. S., Y. Huang, et al. (2002). "Mutation of the Calpha subunit of PKA leads to 
growth retardation and sperm dysfunction." 

 6(6): 655-
664. 

Mol Endocrinol
Skalhegg, B. S., A. K. Johansen, et al. (1998). "Isozymes of cyclic AMP-dependent protein 

kinases (PKA) in human lymphoid cell lines: levels of endogenous cAMP influence 
levels of PKA subunits and growth in lymphoid cell lines." 

 16(3): 630-639. 

J Cell Physiol

Skalhegg, B. S., B. F. Landmark, et al. (1992). "Cyclic AMP-dependent protein kinase type I 
mediates the inhibitory effects of 3',5'-cyclic adenosine monophosphate on cell 
replication in human T lymphocytes." 

 177(1): 85-
93. 

J Biol Chem
Skalhegg, B. S. and K. Tasken (2000). "Specificity in the cAMP/PKA signaling pathway. 

Differential expression,regulation, and subcellular localization of subunits of PKA." 

 267(22): 15707-15714. 

Front Biosci
Skalhegg, B. S., K. Tasken, et al. (1994). "Location of cAMP-dependent protein kinase type I 

with the TCR-CD3 complex." 

 5: D678-693. 

Science
Smithies, O., R. G. Gregg, et al. (1985). "Insertion of DNA sequences into the human 

chromosomal beta-globin locus by homologous recombination." 

 263(5143): 84-87. 

Nature

Spicuglia, S., D. M. Franchini, et al. (2006). "Regulation of V(D)J recombination." 

 317(6034): 
230-234. 

Curr Opin 
Immunol

Steinberg, R. A., R. D. Cauthron, et al. (1993). "Autoactivation of catalytic (C alpha) subunit 
of cyclic AMP-dependent protein kinase by phosphorylation of threonine 197." 

 18(2): 158-163. 

Mol 
Cell Biol

Sutherland, E. W. and T. W. Rall (1958). "Fractionation and characterization of a cyclic 
adenine ribonucleotide formed by tissue particles." 

 13(4): 2332-2341. 

J Biol Chem
Tamir, A. and N. Isakov (1994). "Cyclic AMP inhibits phosphatidylinositol-coupled and -

uncoupled mitogenic signals in T lymphocytes. Evidence that cAMP alters PKC-
induced transcription regulation of members of the jun and fos family of genes." 

 232(2): 1077-1091. 

J 
Immunol

Taniguchi, T. and Y. Minami (1993). "The IL-2/IL-2 receptor system: a current overview." 
 152(7): 3391-3399. 

Cell
Tasken, K. and E. M. Aandahl (2004). "Localized effects of cAMP mediated by distinct 

routes of protein kinase A." 

 73(1): 5-8. 

Physiol Rev
Tasken, K., B. S. Skalhegg, et al. (1997). "Structure, function, and regulation of human 

cAMP-dependent protein kinases." 

 84(1): 137-167. 

Adv Second Messenger Phosphoprotein Res

Thornton, A. M. (2006). "Signal transduction in CD4+CD25+ regulatory T cells: CD25 and 
IL-2." 

 31: 
191-204. 

Front Biosci 11: 921-927. 



72 
 

Thullner, S., F. Gesellchen, et al. (2000). "The protein kinase A catalytic subunit Cbeta2: 
molecular characterization and distribution of the splice variant." Biochem J

Tomura, M., K. Itoh, et al. (2010). "Naive CD4+ T lymphocytes circulate through lymphoid 
organs to interact with endogenous antigens and upregulate their function." 

 351(Pt 1): 
123-132. 

J Immunol

Torgersen, K. M., T. Vang, et al. (2002). "Molecular mechanisms for protein kinase A-
mediated modulation of immune function." 

 
184(9): 4646-4653. 

Cell Signal
Trickett, A. and Y. L. Kwan (2003). "T cell stimulation and expansion using anti-CD3/CD28 

beads." 

 14(1): 1-9. 

J Immunol Methods
Vang, T., K. M. Torgersen, et al. (2001). "Activation of the COOH-terminal Src kinase (Csk) 

by cAMP-dependent protein kinase inhibits signaling through the T cell receptor." 

 275(1-2): 251-255. 

J 
Exp Med

Vooijs, M., M. van der Valk, et al. (1998). "Flp-mediated tissue-specific inactivation of the 
retinoblastoma tumor suppressor gene in the mouse." 

 193(4): 497-507. 

Oncogene
Walsh, D. A., J. P. Perkins, et al. (1968). "An adenosine 3',5'-monophosphate-dependant 

protein kinase from rabbit skeletal muscle." 

 17(1): 1-12. 

J Biol Chem
Wang, C. R., K. Hashimoto, et al. (1995). "T cell receptor-mediated signaling events in 

CD4+CD8+ thymocytes undergoing thymic selection: requirement of calcineurin 
activation for thymic positive selection but not negative selection." 

 243(13): 3763-3765. 

J Exp Med

Weiss, A. and D. R. Littman (1994). "Signal transduction by lymphocyte antigen receptors." 

 181(3): 
927-941. 

Cell
Wiemann, S., V. Kinzel, et al. (1991). "Isoform C beta 2, an unusual form of the bovine 

catalytic subunit of cAMP-dependent protein kinase." 

 76(2): 263-274. 

J Biol Chem
Wolff, G. L. (2003). "Regulation of yellow pigment formation in mice: a historical 

perspective." 

 266(8): 5140-5146. 

Pigment Cell Res
Woodland, D. L. and R. W. Dutton (2003). "Heterogeneity of CD4(+) and CD8(+) T cells." 

 16(1): 2-15. 

Curr Opin Immunol
Wu, Y., C. Wang, et al. (2009). "High-efficient FLPo deleter mice in C57BL/6J background." 

 15(3): 336-342. 

PLoS One
Xavier, R., T. Brennan, et al. (1998). "Membrane compartmentation is required for efficient T 

cell activation." 

 4(11): e8054. 

Immunity
Yang, G., K. W. McIntyre, et al. (2003). "Phosphodiesterase 7A-deficient mice have 

functional T cells." 

 8(6): 723-732. 

J Immunol
Yao, C., D. Sakata, et al. (2009). "Prostaglandin E2-EP4 signaling promotes immune 

inflammation through Th1 cell differentiation and Th17 cell expansion." 

 171(12): 6414-6420. 

Nat Med

Zaccolo, M., G. Di Benedetto, et al. (2006). "Restricted diffusion of a freely diffusible second 
messenger: mechanisms underlying compartmentalized cAMP signalling." 

 
15(6): 633-640. 

Biochem 
Soc Trans

Zeng, W. P., C. Chang, et al. (2009). "Immune suppressive activity and lack of T helper 
differentiation are differentially regulated in natural regulatory T cells." 

 34(Pt 4): 495-497. 

J Immunol

Zhang, W., J. Sloan-Lancaster, et al. (1998). "LAT: the ZAP-70 tyrosine kinase substrate that 
links T cell receptor to cellular activation." 

 
183(6): 3583-3590. 

Cell
Zhu, J., H. Yamane, et al. (2010). "Differentiation of effector CD4 T cell populations (*)." 

 92(1): 83-92. 

Annu Rev Immunol
Ziegler, S. F., F. Ramsdell, et al. (1994). "The activation antigen CD69." 

 28: 445-489. 
Stem Cells 12(5): 

456-465. 



73 
 

 

 


	Abstract
	Acknowledgements
	Abbreviations
	Content
	1 Introduction
	1.1 Protein Kinase A (PKA)
	1.1.1 The Regulatory Subunits
	1.1.2 The Catalytic Subunits

	1.2 The Immune System
	1.2.1 Cells
	Macrophages
	Natural Killers (NK)
	B cells
	T cells
	1.2.2 T Cell Maturation
	1.2.3 T Cell Homing
	CD69 activation marker
	CD62L activation marker
	1.2.4 T-Cell Activation
	Intracellular signaling in phase 1 and 2 of T cell activation
	Phase 3 signals
	1.2.5 Activated T Cells
	T cytotoxic cells (Tc, CD8+)
	T regulatory cells (Treg)
	T helper cells (Th)

	1.3 PKA and the Immune System
	1.4 Gene Targeting
	Conditional Gene Modifications


	2 Aims of the Project
	3 Material and Methods
	3.1 Mice
	3.2 Cell preparation
	3.3 Couting the cells
	3.4 Preparation of cell lysates
	3.5 PKA kinase activity assay
	3.6  PCR
	3.7  SDS-PAGE and immunoblotting
	3.8 Anti-CD3, anti-CD3CD28 magnetic beads induced T cell proliferation assay
	3.9 Flow Cytometry
	3.10  Spleen weight
	3.11  Statistics

	4 Results
	4.1 The Cβ2 knockout mouse
	4.2 Elevated levels PKA phosphotransferase activity in Cβ2 KO thymocytes and lymph node cells
	4.3 Increased proliferation of Cβ2 KO cells isolated from thymus and spleen
	4.4 Differentiation of immune cell subpopulations

	5 Discussion
	6 References

