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1. Introduction  

Adult hippocampal neurogenesis is one of the most exciting topics at the frontier of 

neuroscience. Adult-born hippocampal neurons continuously integrate into the preexisting 

neural circuit under the regulation of intrinsic and extrinsic factors, demonstrating a unique 

form of neuroplasticity. Advances in our understanding of adult neurogenesis in 

hippocampus will not only clarify the basic principles of learning and memory, but also may 

lead to develop new strategies for cell replacement therapy after brain injury or age related 

neurodegenerative diseases. Despite exciting novel findings over the last five decades, the 

molecular mechanisms underlying such dynamic process are still not fully understood. This 

work focuses on the function and regulation of astrocytic gap junctions in adult hippocampal 

neurogenesis, which are suggested to be essential for maintaining the capacity of neural 

stem cell proliferation and neural development. 

 

1.1 Hippocampus 

 

1.1.1 Anatomy and function of the hippocampus 

 

The hippocampal formation is a bilateral structure found within the temporal lobes of the 

hemispheres (Fig. 1.1). The Bolognese anatomist Giulio Cesare Aranzi (circa 1564) was the 

first to coin the name “hippocampus” to this part of brain, because of its stunning structure 

similarity to the seahorse. The hippocampal formation consists of three parts: the dentate 

gyrus (DG), the Cornu Ammonis (also ammon’s horn, CA) and the subiculum.  

Fig. 1.1: Anatomy of the mouse hippocampus. Following structures are illustrated in coronal plates and 

diagrams: stratum oriens (Or), pyramidal cell layer (Py), stratum radiatum (Rad), stratum lacunosum moleculare 

(L.Mol), stratum moleculare (Mol), dentatus gyrus (DG), granular layer of dentate gyrus (GrDG, hilus), polymorph 

layer (PoDG) also referred to as the hilus, stratum ludicum (SLu) und cornu ammonis regions 1-3 (CA1, CA2, 

CA3) (Paxinos and Franklin, 2011).  

 

The DG forms a "V" shaped structure, embedded in the most proximal part of the 

hippocampal formation. DG is also stratified into clearly separated layers. The most 
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superficial layer is referred to as the stratum moleculare. It lies closest to the hippocampal 

fissure. This layer mainly consists of dendritic trees of the granule cells and is receiving 

perforant path inputs from the entorhinal cortex. The granule cell layer or stratum granulosum 

forms the principle cell layer of the DG. The polymorphic layer is often referred to as hilus, 

which consists of axons of dentate granule cells and interneurons, termed mossy fibers. The 

subgranular zone (SGZ) lies in-between the granule cell layer (GCL) and the hilus. This 

narrow strip is one of the only two widely acknowledged regions to date that retain adult 

neurogenesis (for details see below).  

The Cornu Ammonis (CA) subfield forms the area between the subiculum and the DG 

(Lorente de No R., 1934). It is subdivided into CA1, CA2 and CA3. The polymorphic layer of 

the dentate gyrus is also termed as CA4. The lamination of the CA is largely the same for all 

subfields. However, only CA3 has a layer called the stratum lucidum, whereas this layer is 

absent in CA1 and CA2. The most superficial layer is the stratum lacunosum moleculare, 

followed by stratum radiatum, stratum lucidum, stratum pyramidale or pyramidal cell layer 

and stratum oriens. The stratum oriens contains the basal dendrites of the glutamatergic 

pyramidal cells, and a variety of GABA-ergic interneurons. The stratum pyramidale is a 

narrow U-shaped principal cell layer. Direct below the pyramidal cell layer in the CA3 are the 

mossy fiber axons from the granule cells of the DG, termed stratum lucidum. The stratum 

radiatum contains CA3 to CA3 associational connections and Schaffer collaterals, which are 

the projection forward from CA3 to CA1. The stratum lacunosum moleculare contains 

perforant path fibers from the entorhinal cortex and apical dendrites of pyramidal cells.  

The subiculum is positioned between the CA1 subfield and the entorhinal cortex, as well as a 

range of subcortical structures. There is general agreement that the subiculum has three 

principal layers: a polymorphic layer, a stratum moleculare and a narrow principal cell layer 

with large pyramidal cells, together with a mixture of smaller interneurons. The principal 

neurons of the subiculum are populated very large in size and shape (Amaral and Witter, 

1995). All portions of CA1 send its primary projection to all regions of the subiculum, which in 

turn projects to the entorhinal cortex. Therefore, the subiculum is the main output structure of 

the hippocampus (Witter and Groenewegen, 1990; Amaral et al., 1991; O'Mara et al., 2001). 

The current view is that the hippocampus has been causally implicated in three main 

functions: learning and memory, emotional responses and spatial navigation. The 

hippocampus is called the “gateway to memory”. All mammals require their hippocampus for 

certain types of learning. However, the hippocampus is not believed to be the primary 

storage area but processes and consolidates so-called declarative information relating items 

in space and time, which can be contrasted with nondeclarative memory including learned 

skills and habits (Martin and Morris, 2002). The hippocampus has also an important role in 

the formation of new memory about experienced events (episodic memory). Together with 
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neocortical regions the long-term memory of declarative and episodic contents is considered 

an essential prerequisite of human consciousness and self-awareness. The second major 

line of function relates the hippocampus to emotion, which was proposed by James W. 

Papez (1937). The hippocampus as one of several limbic structures has been extensively 

studied in emotional behavior. One of them is neurobiologically based depression. The 

functional differentiation of the hippocampus along the septo-temporal axis within the context 

of adult hippocampal neurogenesis suggests that neurogenesis in the ventral dentate gyrus 

may be preferentially involved in regulation of emotion. Current evidence indicates that adult 

hippocampal neurogenesis may be required for some of the behavioral effects of 

antidepressants (Sahay and Hen, 2007). In the 1970s the discovery of place cells in the 

hippocampus led to a universal agreement that spatial navigation plays an important role in 

hippocampal function (O' Keefe and Nadel, 1978). In the CA1 and CA3 regions place cells 

are considered to be pyramidal cells, whereas those in DG are believed to be granule cells. 

Corresponding to the cells “place field” whenever an animal is in a specific location, place 

cells exhibit a high rate of firing. Together with head direction cells in the presubiculum 

(Taube et al., 1990) and grid cells (Hafting et al., 2005) in the entorhinal cortex form the 

system of spatial orientation in rodents.  

 

1.1.2 Adult hippocampal neurogenesis: history and c urrent status 

 

For more than 100 years, a central dogma of neuroscience declared that the generating 

functionally integrated neurons from progenitor cells occur exclusively during the prenatal 

phase of development in the mammalian central nervous system (CNS; Gross 2000). Indeed, 

there are few views of the brain development that had existed with contrary evidence at the 

turn of the 20th century (Hamilton, 1901; Allen, 1912). However, using the methods of the 

time, it was unclear whether the cells undergoing mitosis subsequently became glia or 

neurons (Ramon y Cajal, 1913). In the 1960s, Joseph Altman and his colleagues performed 

a series of pioneering studies using [3H]-thymidine autoradiography to label dividing cell 

populations and trace their fates. This approach provided the first anatomical evidence for a 

constitutive presence of newly generated neurons in the DG of the hippocampus (Altman and 

Das, 1965), neocortex (Altman and Das, 1966) and olfactory bulb (Altman, 1969). Although 

these surprising observations were published in the most prestigious journals of the time, 

such as the Journal of Comparative Neurology, Science, and Nature, these findings were not 

readily accepted by the majority of biologists or dismissed as unimportant mainly because 

the identification of the new neurons was based solely on their morphology as a result of the 

unavailability of neuron specific markers (Gross, 2000). Another reason was that there was 

no concept of stem cells in the adult brain at that time. Without stem cells the idea of adult 
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neurogenesis conflicted with the central principle of neuroscience known in the 1960s 

(Kempermann et al., 2004). In some sense, Altman’s discovery of adult neuogenesis was a 

discovery made before its time.  

 

Fig. 1.2: 3H-thymidine autoradiograms of labeled granule cell near the hilus of the DG of an adult rat. a:  

Pattern of granule cell labeling. Note the earlier generated outer granule cells are unlabeled, and heavily and 

lightly labeled granule cells are confined to the deep row close to the hilus. b:  Enlarged picture shown one 3H-

thymidine labeled precursor cell in the SGZ of adult rat (red arrow) (Altman, 2011) (Memoir: The discovery of 

adult mammalian neurogenesis, Springer, modified). 

 

In the late 1970s, direct support for Altman’s claim of adult neurogenesis came from a series 

of electron microscopy studies. They showed that [3H]-thymidine labelled cells in the dentate 

gyrus and olfactory bulb of adult rats have the ultrastructural characteristics of neurons, such 

as dendrites and synapses, but not of astrocytes or oligodendrocytes (Kaplan and Hinds, 

1977). In the 1980s, these new neurons were demonstrated receive synaptic inputs (Kaplan 

and Bell, 1983) and extend axon projections to their target area (Stanfield and Trice, 1988). 

Meanwhile, a series of studies of adult neurogenesis in songbirds started to provide evidence 

for functional roles of postnatal neurogenesis in seasonal song learning (Nottebohm, 2004). 

In the 1990s, the field was revolutionized by the introduction of bromodeoxyuridine (BrdU), a 

synthetic thymidine analogue, as another S-phase marker of the cell cycle (Gratzner, 1982). 

Adult neurogenesis was identified in the hippocampus and the olfactory bulb of mammals, 

including humans (Lois and varez-Buylla, 1993; Gage et al., 1995; Kuhn et al., 1996; 

Eriksson et al., 1998). Adult neural stem cells were first isolated from the adult CNS of 

rodents (Reynolds and Weiss, 1992) and later from humans (Kukekov et al., 1999). Today, it 

is widely accepted that neurogenesis occurs in two regions of the adult mammalian brain: the 

subventricular zone (SVZ) of the lateral ventricle, giving rise to neurons which migrate into 

the olfactory bulb and the SGZ in the DG of the hippocampal formation (Doetsch, 2003). 

There is evidence for adult neurogenesis in several additional areas, including the neocortex, 

striatum, amygdala and substantia nigra, but this has been difficult to replicate consistently 

other than under pathological conditions, such as ischemia (Gould, 2007). Adult 

neurogenesis has become a prime topic in neuroscience research because of its implications 
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for the learning and memory, neuropsychiatric disorders and treatment of neurodegenerative 

disorders and essentially all diseases that involve a loss of neurons - in cases of Parkinson's 

disease, for example (Bjorklund and Lindvall, 2000). The discovery of adult neurogenesis 

caused a paradigm shift in the neurosciences. 

 

1.1.3 Function and regulation of adult hippocampal neurogenesis 

 

Adult hippocampal neurogenesis is a complex muti-step process that begins with the 

proliferation of precursors in the SGZ, followed by neuronal differentiation, migration and 

morphological and physiological maturation with neuronal characteristics, and ends with the 

functional integration of newborn neuron into the existing circuitry (Ming and Song, 2005).  

 

Fig. 1.3: Adult neurogenesis in the SGZ of the denta te gyrus. Developmental stages during adult 

hippocampal neurogenesis: 1, activation of radial glia-like cell (neural stem cells (NSCs); pink; type-1) in the SGZ; 

2, proliferation of transient amplifying cells (TAP; orange; type-2a,b); 3, generation of neuroblasts (yellow, type-3); 

4, integration of immature neurons (green); 5, maturation of newborn granule cells (blue). The progression from 

type-1 cells to mature granule neurons in adult SGZ is a multistep process with distinct stages (labeled on top) 

and is controlled by the sequential expression of transcription factors. ML: molecular layer; GCL: granule cell layer; 

SGZ: subgranular zone (Hsieh, 2012). 

 

Adult neurogenesis is bi-directionally regulated by many factors, both intrinsic and extrinsic. 

Intrinsic factors expressed by stem cells and progenitors that control different neurogenic 

phases. By contrast, external factors are produced by surrounding cells to act on stem cells 

and progenitors. SGZ progenitor cells receive excitatory glutamatergic inputs from the 

entorhinal cortex and GABA-ergic inputs mostly from the interneurons within the dentate 

gyrus. Destruction of the perforant pathway, the main glutamatergic afference to DG, 

increases cell proliferation, thus indicating that glutamate exerts an inhibitory influence 

(Cameron et al., 1995). In contrast to glutamate, direct GABA-ergic input promotes the 

differentiation of type-2 hippocampal progenitors (Tozuka et al., 2005). Adult neural 
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progenitors are also regulated by a variety of key extrinsic morphogens like Wnt/beta-catenin, 

Notch, and Sonic hedgehog (Shh). Interestingly, several growth factors have been found to 

regulate SGZ neurogenesis, e.g. vascular endothelial growth factor (VEGF) and brain-

derived neurotrophic factor (BDNF). In addition to the intracellular signaling pathways 

downstream of the growth factors, neurotrophins, and morphogens, a variety of intracellular 

mechanisms have been implicated in the regulation of adult neurogenesis. Among these, 

several transcription factors have been shown to play critical roles in postnatal neurogenesis 

(Table 1.1).  

 
Signal  Effect on neurogenesis  Reference  
Extrinsic  
Morphogens 
 
Wnt 

 
 
 
Increases neurogenesis 
Required for neuronal differentiation 
Stimulates NSC proliferation/self-renewal 
 

 
 
 
(Lie et al., 2005) 
(Kuwabara et al., 2009) 
(Qu et al., 2010) 

Notch         Required for NSC proliferation, maintenance 
Required for dendritic arborization 

(Ables et al., 2010)     
(Breunig et al., 2007) 

Shh Required for progenitor proliferation (Lai et al., 2003) 

BMP 
 

Promotes neuroblast survival (Lim et al., 2000) 

Growth factors 
 
BDNF 

 
 
Increases neurogenesis 
Required for dendritic arborization 

 

(Scharfman et al., 2005) 
(Bergami et al., 2008)  

VEGF Increases neurogenesis  (Jin et al., 2002) 

Neurotransmitters 
 
Glutamate    

 

Required for progenitor proliferation                          
Required for neuronal survival, migration 

 

(Cameron et al., 1995) 
(Tashiro et al., 2006) 

GABA Increases progenitor differentiation  
Required for dendritic arborization                           
Required for NSC quiescence 

(Tozuka et al., 2005)         
(Ge et al., 2006)             
(Song et al., 2012)            

Intrinsic  
Transcription factors 
 
CREB 
 
Tbr2 

                                                                                           

                                                                                   
Required for neuronal survival    

Required for differentiation of neuronal precursors    

 

                                 
(Jagasia et al., 2009) 

(Hodge et al., 2012) 

Sox2 Required for NSC/neuronal progenitor proliferation (Ferri et al., 2004) 

NeuroD Required for survival, maturation of neuroblasts  (Gao et al., 2009) 

Tab. 1.1:  Overviews of intrinsic and extrinsic factors which regulate adult NCSs in the SGZ.   

 

In the SGZ newborn neurons migrate only a short distance into the granule cell layer. A 

recent study suggested that Reelin pathway as guidance cue may be involved in migration of 



  1. Introduction 

 

 - 7 -

newborn cells in the DG (Gong et al., 2007). Two-4 weeks after neuronal birth, the initial 

depolarization by GABA plays a critical role in the maturation of newborn granule cells (Ge et 

al., 2006). The Disrupted-in-schizophrenia (DISC1) protein controls dendritic growth and 

physiological maturation in newborn dentate granule cells (Duan et al., 2007). Within 4 

weeks after birth many newborn neurons die, and their survival is influenced by the animals’ 

experience, such as spatial learning and exposure to an enriched environment (Kee et al., 

2007; Tashiro et al., 2007).  

Once a newborn cell has reached its target and becomes a mature neuron, a central 

question remains to be answered: What is the functional significance of this biological 

phenomenon in mammals? ‘Function’ is the key criterion for determining whether adult 

neurogenesis is successful and has truly generated new neurons. ‘Function’ in adult 

hippocampal neurogenesis can be considered on cellular, circuitry, system and behavioral 

levels (Ming and Song, 2011). At the cellular level, newborn granule cells display special 

properties that are distinct from their mature counterparts. Synaptically connected newborn 

neurons exhibit hyperexcitability and enhanced synaptic plasticity of their glutamatergic 

inputs during a critical period of maturation in the hippocampus, which may allow newly 

integrated adult-born neurons to make a unique contribution to information processing (Wang 

et al., 2000; Schmidt-Hieber et al., 2004). At the circuitry level, decreased SGZ neurogenesis 

by radiation led to a reduction of long-term potentiation (LTP) in the DG (Snyder et al., 2001). 

One potential mechanism is a strongly deceased sensitivity of newly generated neurons to 

perisomatic GABA-ergic inhibition from interneurons during the critical period (Ge et al., 

2008). It is at the systems level in which most of the work related to the functions of adult 

neurogenesis has taken place. Computational models of adult neurogenesis have suggested 

that the addition of new neurons may alter neural network properties and distinct roles for 

adult-born neurons at different stages of neuronal maturation (Aimone and Gage, 2011). At 

the behavioral level, elimination of dividing cells with the antimitotic agent 

methylazomethanol acetate (MAM) disrupts trace eye-blink conditioning and trace fear 

conditioning, but not contextual fear conditioning and spatial memory, all of which are 

considered hippocampus-dependent forms of memory (Shors et al., 2001). There is also 

correlative data suggesting a link between adult neurogenesis and hippocampus-dependent 

learning. The acquisition phase of the Morris water maze and genetically determined 

baseline levels of hippocampal neurogenesis was significant correlated (Kempermann and 

Gage, 2002). Adult hippocampal neurogenesis has also been suggested to be required for 

certain antidepressant-induced behavioral responses (Sahay and Hen, 2007).  
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1.2 Glial cells in the Central Nervous System 

 

The CNS consists of two main cell populations: neurons and glial cells (Greek: glue). Glial 

cells make up most of the cells in the brain. The mouse brain has roughly 65% of these cells; 

this ratio grows to 90% in humans (Allen and Barres, 2009). On the basis of morphology, 

function and location, glial cells in the CNS are classified as astrocytes, microglia and 

oligodendrocytes. Recently, a fourth cell type was reported, the so-called polydendrocytes 

(Nishiyama et al., 2009), or NG2 glia (Peters, 2004). Traditionally, glial cells were considered 

as “supporting cells” of the nervous system. However, it is now becoming increasingly clear 

that these cells have more functions: Glial cells express a variety of ion channels including 

glutamatergic and non-glutamatergic receptors (Verkhratsky and Steinhauser, 2000; 

Verkhratsky and Kirchhoff, 2007; Domingues et al., 2010). Glia cells also play a role in adult 

neurogenesis (Doetsch, 2003) and in the regulation of extracellular potassium ion 

concentration (Ransom and Sontheimer, 1992; Newman and Reichenbach, 1996). 

 

 
1.2.1 Astrocytes 

 

In the CNS astrocytes are the most abundant cell type with very diverse morphologies 

(Reichenbach and Wolburg, 2005). In grey matter, astrocytes are described as protoplasmic 

which are spherical and bushy. Astrocytes in the white matter are more elongated, process-

bearing and less bushy, giving them a fibrous appearance (Kimelberg and Nedergaard, 

2010). A common feature, however, is that the astrocyte is a star shaped cell with multiple 

fine processes which bear so-called endfeet. Endfeet contact the basal lamina of blood 

vessels and the pial surface (Butt and Ransom, 1989). A second characteristic is extensive 

coupling by a variety of gap junctions (for details see below). Glial fibrillary acidic protein 

(GFAP) is an intermediate filament protein important for the cytoarchitectural stability of the 

cell (Liedtke et al., 1998). GFAP is considered as a specific marker for astrocytes (Bignami et 

al., 1972; Ludwin et al., 1976) and cells from the astrocytic lineage. GFAP expression in 

astrocytes varies dependent on brain regions, i.e., in the hippocampus all astrocytes express 

GFAP, whereas only 15% of astrocytes express GFAP in the cortex (Verkhratsky and Butt, 

2007). After brain injury and disease, GFAP expression increases during reactive gliosis 

(Eng et al., 2000; Middeldorp and Hol, 2011). S100β, a calcium binding protein, is also 

mainly expressed in astrocytes in the hippocampus as well as in the cortex (Boyes et al., 

1986; Ogata and Kosaka, 2002). Recent results show that S100ß is involved in the 

regulation of astrocytic proliferation and activation (Brozzi et al., 2009). In addition to S100β 

and GFAP, astrocytes are also labelled by glutamine synthetase (GS), an ATP-dependent 
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glutamate-to- glutamine converting enzyme predominantly expressed by astrocytes 

(Norenberg and Martinez-Hernandez, 1979). Except astrocytes S100ß and GS were also 

reported in other cell types: S100ß in NG2 cells (Nishiyama et al., 2009) and GS in a fraction 

of oligodendrocytes (Miyake and Kitamura, 1992).  

Astrocytes have been reported to contribute in a number of active functions in the brain. In 

the hippocampus astrocytes are involved in spatial buffering of extracellular potassium 

homeostasis, allowing discrete and precise encoding of synaptic signals and 

neurotransmission (Wallraff et al., 2006). Astrocytes contain glycogen and are providing 

neurons with energy and neuritis which are essential for synaptic plasticity (Ullian et al., 2001; 

Slezak and Pfrieger, 2003). Astrocytes express transporters for uptake of many 

neurotransmitter including glutamate, GABA and glycine (Swanson, 2005). In the case of the 

glutamate - glutamine cycle, astrocytes remove up to 80 % of glutamate from the synaptic 

cleft mostly by the glutamate transporter GLT-1 (Verkhratsky and Butt, 2007). Glutamate 

removal from the synaptic cleft is considered crucial for normal synaptic function. Another 

important function is the neuron-glia communication via intracellular astrocytic Ca2+ signalling 

pathways, by which astrocytes process synaptic information and modulate synaptic 

transmission and plasticity through the release of gliotransmitters (Perea et al., 2009). 

Astrocytes are also required for the formation and maintenance of the blood brain barrier 

(BBB; Bauer et al., 2005). The BBB is constituted by endothelial cells equipped with 

continuous tight junctions. Astrocytic endfeet completely surround the capillary walls, 

indicating a role in regulating local blood flow via release of Prostaglandin E2 (PGE2) by 

astrocytes (Zonta et al., 2003; Takano et al., 2006). Astrocytic gap junctions mediate some 

other functions via intracellular coupling. These functions are described in chapter 1.3.1. 

 

1.2.2 Radial glia-like cells in the neurogenic nich e 

 

As one of astrocytic type, radial glia cells are NSCs and generate neurons in early embryonic 

CNS development. Radial glia cells play a major role for patterning and migrating neurons 

during brain histogenesis. In mammalian species, these cells transdifferentiate into 

astrocytes when neuronal migration is completed (Schmechel and Rakic, 1979). Importantly, 

it has been clearly demonstrated that radial glia cells with stem cell properties (radial glia-like 

cell, RG-like cell) give rise to neurons and glial cells in restrict brain regions throughout 

adulthood (Gage, 2000; Doetsch, 2003; Kempermann et al., 2004). In the adult mammalian 

brain such restricted brain regions are termed neurogenic niches. Neurogenic niches are 

defined as microenvironments that anatomically house stem cells and functionally control 

their development in vivo. The SGZ of the DG is one of the only two such neurogenic niches 

under physiological conditions. SGZ was simply the border between the GCL of the DG and 
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the hilus. The term SGZ was coined by Altman in a study on neurogenesis in 1975 (Altman 

and Bayer, 1975). RG-like cells, astrocytes, endothelial cells, ependymal cells, microglia, 

immature/mature neurons, and progeny of adult neural precursors are among major cellular 

components of the adult neurogenic niche (Ming and Song, 2011).  

Fig. 1.4: Cell types and the architecture of the ad ult neurogenic niche in the SGZ. This illustration shows the 

relationships of RG-like cells to transit-amplifying progeny and their neuronally restricted progeny. Only those 

interactions identified as being specifically between the RG-like cells and progenitor cells are noted. Major 

interactions are cited in the text. SGZ: RG-like cells and astrocytes are in close proximity to blood vessels (BV, 

red). Neural precursors are found in foci of dividing cells, frequently at the junction of blood vessels, suggesting 

mutual co-regulation. GCL: granule cell layer; SGZ: subgranular zone (Ming & Song, 2011, modified). 

 

RG-like cells exhibit a characteristic morphology with the soma located in the SGZ and a 

long process extending through the GCL. These processes play a role as a scaffold upon 

which newly formed neurons can migrate from the SGZ to the GCL. Typically, they express 

nestin as well as GFAP (Fukuda et al., 2003; Filippov et al., 2003; Seri et al., 2004). 

Evidence supporting RG-like cells as NSCs comes from anti-mitotic treatment recovery (Seri 

et al., 2001), genetic ablation (Garcia et al., 2004), and transgenic fate-mapping (Ahn and 

Joyner, 2005; Lagace et al., 2007; Dranovsky et al., 2011). RG-like cells often divide 

asymmetrically, inducing one new stem cell and one neuronal precursor cell per division 

(Doetsch, 2003). In the SGZ quiescent RG-like cells (Type-1 cells) generate proliferative 

precursors known as intermediate progenitors (Type-2a/b cells), which give rise to 

neuroblasts (Type 3 cells) and then immature neurons. In addition to their role as NSCs, 

astrocytes are also suggested to be sensors and regulators of the environment within 

hippocampal neurogenic niches (Doetsch et al., 1997; Seri et al., 2004). Astrocytic gap 

junction-mediated coupling can form a syncytium (Giaume et al., 2010), which may allow 

them to propagate signals locally or throughout the whole niche. Thus, astrocytes seem to be 

regulating proliferation and differentiation of NSCs. With endfeet surrounding the blood 
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vessels, astrocytes may serve as an interface to modulate influences of endothelial and 

growth factors as well as the availability of cytokines in the basal lamina. Astrocytes express 

a number of secreted and membrane-attached factors which contribute to the neurogenic 

niche through contact-mediated cues and by secreting diffusible signals (Song et al., 2002; 

Lie et al., 2005; Barkho et al., 2006). Ependymal cells and astrocytes are coupled by gap 

junctions (Zahs, 1998). Therefore, local signals, ions, metabolites and second messengers 

between neighboring cells can be coordinated within the neurogenic niche (Kumar and 

Gilula, 1996; Sohl et al., 2005). In the SGZ, microglia also actively regulates adult 

neurogenesis by phagocytosing apoptotic corpses of newly generated neurons from the 

niche (Sierra et al., 2010). Recent studies have revealed the dynamic and plastic relationship 

between newborn progeny and neural precursors via feedback. For example, local 

interneurons release GABA, which in turn regulates cell proliferation as well as maturation 

and synaptic integration of newborn neurons in the adult SGZ (Tozuka et al., 2005; Ge et al., 

2006). Moreover, mature neurons release glutamate, regulating the survival of newborn 

neurons through an NMDAR-dependent mechanism (Tashiro et al., 2006). The functional 

and anatomical components within the SGZ neurogenic niche are still not clear. Any 

diffusible molecules secreted by local cells can impact the fate of neural precursors. 

Neighboring cells within the niche can also exert their influence via direct cell-cell 

communication. 

 

 

1.3 Gap junctions 

 

Gap junctions represent conduits that permit the direct trafficking of small molecules between 

two adjacent cells. In mammals gap junction-mediated communication is reported in almost 

all cell types except skeletal muscle, erythrocytes, thrombocytes and sperm cells (Gilula et 

al., 1978). Generally, gap junctions are characterized by adjacent cell membranes narrowed 

down to 2-4 nm instead of the usual 20-30 nm (Revel and Karnovsky, 1967). Gap junctions 

occur as a plaque of up to thousands of single gap junctional channels (GJC; Kumar and 

Gilula, 1996). Each adjacent cell contributes a hemichannel (also called connexon) 

composed of six protein subunits, termed connexins (Cx). Connexins are transmembrane 

proteins characterized by a cytoplasmic amino terminus, four transmembrane domains, two 

extracellular and one cytoplasmic loop and a regulatory carboxy terminal region. Depending 

on their molecular composition, three different types of gap junction channels have been 

described: 1) homomeric / homotypic, 2) heterotypic and 3) heteromeric. Homotypic gap 

junctions contain two identical types of hemichannels and heterotypic channels contain two 

different hemichannels, whereas homomeric hemichannels are composed of identical 
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connexins and heteromeric are composed of different connexins in a hemichannel (Sohl et 

al., 2005; Fig. 1.5). So far, 20 different connexin genes in mouse and 21 genes in the human 

genome have been described (Sohl and Willecke, 2003). According to their molecular weight, 

the connexins are classified into different isoforms, i.e. a connexin protein with the molecular 

weight of 43 kDa is called Cx43 (Beyer et al., 1989).  

 

Fig. 1.5: Organization and topology of gap junction  plaques. a:  Hemichannel in plasma membranes of two 

adjacent cells can dock to each other forming a gap junctional channnel. Each connexon (hemichannel) consists 

of six connexin subunits of the same connexin isoform (1, homomeric) or different connexin isoforms (2, 

heteromeric). Gap junctions containing two identical connexons are termed homotypic (1,2), whereas composing 

different connexons are called heterotypic (3). b:  Connexins are transmembrane proteins containing four 

transmembrane domains, an amino-terminal domain, cytoplasmic loop and carboxy-terminal domain and two 

extracellular loops. The extracellular loops are interacted by disulfide bonds (SS) between the highly conserved 

cystein residues (Söhl et al., 2005).     

 

Gap junction channels (GJC) allow passive diffusion of small metabolites such as: glucose 

(Rouach et al., 2008), amino acids, nucleotides (Bennett and Verselis, 1992), potassium 

(Wallraff et al., 2006) and sodium (Langer et al., 2012), as well as second messengers like 

cAMP, Ca2+ and IP2 (Bruzzone et al., 2001; Bedner et al., 2012), with a molecular weight up 

to 1-1.2 kDa (Harris, 2007). Furthermore, connexons can also function as hemichannels 

(HCs) that enable the exchange of molecules and ions between the cytoplasm and the 

external medium, thereby supporting autocrine and paracrine actions (Spray et al., 2006; 

Giaume and Theis, 2010). 

In the CNS, depending on the brain region, neurons express mainly three different types of 

connexins namely Cx36, Cx45 and Cx57 (Sohl et al., 2005). Neuronal connexins were 
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shown to mediate electrical coupling and form functional electrical synapses which facilitate 

fast oscillatory networks and synchronisation (Bennett and Zukin, 2004). By contrast, Cx43, 

Cx30 and Cx26 are the three main connexin types in CNS astrocytes (Giaume and Theis, 

2010).  

 

1.3.1 Astrocytic gap junctions 

 

Cx43 (GJA1) was the first type of gap junction which was identified in astrocytes (Dermietzel 

et al., 1989), followed by two additional astrocytic connexins, namely Cx30 (GJB6; Nagy et 

al., 1999) and Cx26 (GJB2; Nagy et al., 2001). An in vitro study of Cx43 KO mice observed 

the expression of Cx40, Cx45 and Cx46 in astrocyte cultures (Dermietzel et al., 2000). 

Moreover, single-cell RT-PCR demonstrated astrocytic mRNA expression of Cx32 and Cx40 

in hippocampal slices (Blomstrand et al., 2004). However, their presence in vivo and 

potential role under physiological condition remained unclear.  

Dual whole-cell patch clamp studies showed that astrocytes are functionally coupled to each 

other by GJCs (Kettenmann and Ransom, 1988; Ransom and Kettenmann, 1990). Specific 

deletion of Cx43 in astrocytes led to about 50 % reduction in the tracer coupling (Theis et al., 

2003), whereas mice lacking Cx30 showed only 20 % reduced gap junctional coupling 

(Gosejacob et al., 2011). Interestingly, in Cx43 and Cx30 double knock out (dKO) mice 

interastrocytic coupling in the CA1 was completely inhibited (Wallraff et al., 2006). Thus, 

Cx43 and Cx30 are considered as the two major Cxs allowing intercellular gap junctional 

communication between hundreds of astrocytes in a certain brain area. Their relative 

expression levels vary in the different developmental stage and brain region (Nagy and Rash, 

2000). The detection of Cx43 expression is very early in development, around the twelfth day 

of gestation in radial glia processes. As development proceeds, Cx43 expression increases 

and is detectable throughout the brain. Cx30 is expressed in astrocytes relative late during 

the third postnatal week (Nagy et al., 1999). Immunostaining results showed that Cx30 and 

Cx43 are clearly co-expressed at junctional plaques of mature grey matter astrocytes. The 

major regional expression difference of these two Cxs is that there is no Cx30 expression in 

astrocytes of white matter tracts (Nagy et al., 1999). 

Interastroglial gap junctions are prominent and contribute to several brain functions. As a 

result of neuronal activity, extracellular potassium is elevated (Heinemann and Lux, 1977). 

However, a high extracellular potassium concentration impairs neuronal excitability. 

Therefore, potassium spatial buffering serves as a main mechanism of potassium removal 

from the extracellular space and is important for normal neuronal function (Kofuji and 

Newman, 2004). A recent study showed that astrocytic Cx43 and Cx30 are required for 

removal of elevated extracellular potassium near synapses of active neurons and also 
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control the accumulation of potassium during synchronized neuronal firing (Wallraff et al., 

2006). Mice lacking Cx30 and Cx43 in astrocytes showed a lower threshold for the 

generation of spontaneous and induced epileptiform activity (Wallraff et al., 2006). Moreover, 

astroglial connexins were also involved in the clearance of the extracellular glutamate during 

synaptic activity via modulating the extracellular space volume (Pannasch et al., 2011). Due 

to the interface between blood vessels and neurons, as well as an astroglial syncytium 

coupled by gap junctions, astrocytes provide metabolites from the bloodstream for neurons 

to sustain their activity (Rouach et al., 2008). In addition, Cx43 might be involved in 

regulating the gene expression via their C-terminus interactions with ß-catenin through 

Wnt/ß-catening signalling pathway (Theis et al., 2005). According to two other reports, 

astroglial connexins mediated also cell adhesion for radial migration (Elias et al., 2007; Cina 

et al., 2009) and modulation of purinergic receptors by the C-terminal domain of Cx43 

(Scemes, 2008).  

 

 

1.3.2 Role of astrocytic gap junctions in neurogene sis 

 

Astrocytic connexins have a strong impact on neurogenesis. Cx43 as a predominant 

component of gap junctions is expressed in both adult neurogenic niches SVZ and SGZ 

(Miragall et al., 1997; Menezes et al., 2000; Theis et al., 2003; Peretto et al., 2005). Except 

Cx43, Cx30 and Cx26 mRNA and protein are also detected in RG-like cells (Typ-1; Kunze et 

al., 2009; Imbeault et al., 2009). In Type-2a progeny, but not Type-2b or Type-3 neuronal 

committed progenitors additionally express Cx37, Cx40 and Cx45. Interestingly, increases in 

Cx26 protein expression inhibited Cx43, Cx45 and Cx40 protein levels, and altered the 

subcellular localization of Cx30. These changes are associated with decreased neurogenesis 

(Imbeault et al., 2009). 

The mechanism, by which astrocytic connexins regulate neurogenesis may be through gap 

junction coupling, cell-cell adhesion and hemichannel activity. Besides forming gap junctional 

coupling, glial Cxs allow direct communication between the cells and the extracellular 

environment via hemichannels (Bennett et al., 2003). Thus, Cx43 in adult neurogenic regions 

may coordinate the communication between neighboring and distant cells within the niche 

either through gap junctions or hemichannels. There is evidence that hemichannels regulate 

the initiation and propagation of calcium waves between clusters of cells during cortical 

neurogenesis (Weissman et al., 2004). Cx43 hemichannels have been implicated in the 

division of neural progenitor cells in the developing retina (Pearson et al., 2005) and 

developing cortex (Liu et al., 2010a) via purinergic signaling. More recently, one study 

described that Cx45 hemichannels rather than gap junctions potentiate precursor cell 
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proliferation via ATP signaling in the mouse subventricular zone (Khodosevich et al., 2012). 

Cx43 may also act as a cell-cell adhesion unit to tether glioma cells and mediates the 

invasion via their C-terminus (Lin et al., 2002). Cx26, which is expressed in the SVZ may 

have similar regulatory roles in stem cell proliferation and morphological plasticity (Mercier 

and Hatton, 2001). Specific deletion of Cx43 using transgenic mice or by RNA interference 

led to deficits in neuronal migration that were mainly attributed to adhesive functions of Cxs, 

although the role of the C-terminal cytoplasmic tail of Cx43 in this process is under debate 

(Elias et al., 2007; Cina et al., 2009). In addition to adhesion and hemichannel activity, Cx43 

and Cx30 mediate intercellular coupling between RG-like cells, which is required for 

proliferation and subsequently neurogenesis in the SGZ (Kunze et al., 2009). Mice lacking 

Cx30 and Cx43 in astrocytes show an almost 90% reduction of proliferation and about 20% 

decrease in the number of granule cells in the GCL of the DG. These results suggest that 

astrocytic gap junction coupling of RG-like cells is important for intact neurogenesis in the 

adult brain (Kunze et al., 2009).  

 

 

1.3.3 Phosphorylation of gap junctions 

 

Connexins as integral membrane proteins are highly regulated. One of the regulatory 

possibilities is post-translational phosphorylation (Lampe and Lau, 2004; Solan and Lampe, 

2005). The effect of connexin phosphorylation depends on cell types, stages of the cell cycle, 

three-dimensional environment and extracellular matrix interactions (Laird, 2005). Many 

connexins i.e. Cx31, Cx32, Cx36, Cx37, Cx40, Cx43, Cx45, Cx46, Cx50 and Cx56 are 

phosphoproteins (Solan and Lampe, 2009), while Cx26 is not phosphorylated at all (Traub et 

al., 1989). Without question, as a most widely expressed connexin and predominant 

connexin in most cell lines the majority of phosphorylation studies focuses on the Cx43 

protein. The C-terminal domain of Cxs varies widely in length and is thought to play key roles 

for regulatory phosphorylation (Lampe and Lau, 2004). In Cx43, the 17 kDa C-terminal 

domain extends freely into the cytoplasm and appears to be the primary region that becomes 

phosphorylated. So far, there are no reports of phosphorylation of the N-terminal domain or 

in its cytoplasmic loop (Solan and Lampe, 2009). Today, at least 14 of the 21 serines and 2 

of the tyrosines between amino acids 245-382 in the cytoplasmic tail region of Cx43 can be 

phosphorylated (Marquez-Rosado et al., 2012).  
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Fig. 1.6: Phosphorylation sites in the carboxy-termi nal region of Cx43. Residues phosphorylated by known 

kinases are indicated in different colors. Scr-lime green; MAPK-red; PKC-blue; P34cdc2-orange; CK1-dark green; 

PKA-dependent-purple. The lines dividing the sequence represent tryptic cleavage sites (Solan and Lampe, 2005). 

 

The pioneering work of Musil and Goodenough has shown that Cx43 is differentially 

phosphorylated throughout its life cycle (Musil et al., 1990; Musil and Goodenough, 1991). By 

polyacrylamide gel electrophoresis (SDS-PAGE) analysis, Cx43 shows multiple 

electrophoretic isoforms, including at least two slower migrating forms (termed P1 and P2), 

and a faster migrating form that includes non-phosphorylated Cx43 (P0 or NP). Following 

alkaline phosphatase treatment two slower migrating forms co-migrate with the faster 

migrating form, indicating phosphorylation is the primary covalent modification detected in 

their differences in electrophoretic mobility. According to the cell types, the profile of band 

migration can vary due to differences in gap junction assembly (Musil et al., 1990). The P0 

form was suggested for newly synthesized Cx43, whereas the P1 and P2 form was 

suggested for mature Cx43 (Musil et al., 1990). Notably, there is no evidence that the P2 

form is more phosphorylated than the P1 form, which is only due to specific migration 

changes corresponding to specific phosphorylation sites. Moreover, 2-4 kDa shifts between 

three Cx43 phosphorylated forms in SDS-PAGE are not simply due to the addition of the 

phosphate molecular weight (80 Da), but to the conformational changes. Phosphospecific 

antibodies have shown that the P2 isoform is linked to phosphorylation of 

Ser325/Ser328/Ser330 (Lampe et al., 2006), whereas phosphorylation of Ser365 is involved 

in the shift to P1 (Solan et al., 2007). 

Connexin phosphorylation can regulate gap junctional communication by a variety of 

mechanisms including modulating channel open probability, unitary conductance, 
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degradation, and trafficking. However, most of these alterations are due to activation of 

several protein kinases, which in turn target phosphorylation sites. These kinases including 

protein kinase A (Atkinson et al., 1995; Yogo et al., 2006), protein kinase C (Reynhout et al., 

1992; Lampe, 1994), mitogen-activated protein kinase (Lau et al., 1992; Cameron et al., 

2003), Src kinase (Loo et al., 1995; Pahujaa et al., 2007; Gangoso et al., 2012), Cyclin-

dependent kinase 2 (Lampe et al., 1998; Kanemitsu et al., 1998), Casein kinase 1 (Cooper 

and Lampe, 2002), can lead to increased Cx43 phosphorylation. The activation of Src, PKC, 

MAPK and CDC2 led to a reduction of gap junctional communication, whereas CK1 and PKA 

increase the communication (Lampe and Lau, 2004; Axelsen et al., 2006; Pahujaa et al., 

2007). The regulation of Cx43 protein by the tyrosine kinase Src is one of the best 

understood mechanisms that play a central role in gap junction communication. Src may 

directly phosphorylate at two tyrosine residues of Cx43. Src can also indirectly activate 

MAPK to phosphorylate Cx43 via expression of platelet-derived growth factor receptor 

(PDGFR). In addition, Scr may induce pleiotropic effects to activate PKC. Moreover, Src may 

work together with other kinases, such as CDC2 to regulate intercellular coupling. All these 

reactions reduce the gap junctional communication. In contrast, when the activity of Src is 

inhibited by PKA, then this increases the gap junctional communication (Pahujaa et al., 

2007). Not only Cx43 phosphorylation is correlated with alterations in junctional coupling 

(Warn-Cramer et al., 1998), but also its dephosphorylation is linked to reduced gap junctional 

coupling (Godwin et al., 1993; Oelze et al., 1995).  

 

 

 

1.4 The Cre/loxP system: benefits and pitfalls 

 
In the CNS, transgenic mice are suitable models for the investigation of gene and protein 

function in vivo. There are two major approaches in gene manipulation, namely the targeted 

deletion of gene, resulting in so called knock-out mice, or in replacements, so called knock-in 

mice. During the last decades several gene manipulation strategies have been developed 

(Evans and Kaufman, 1981; Thomas and Capecchi, 1987). One common method for the 

functional analysis of targeted gene can be achieved by homologous recombination of vector 

constructs into the genome of mouse embryonic stem cells (Nagy et al., 2003). However, the 

probability of recombination is very low between 1: 106 and 1: 107 (Thomas and Capecchi, 

1987). Moreover, it might affect early developmental stages in which the targeted gene plays 

a role. Thus, it is impossible to limit the gene functional analysis, for example, only in the 

postnatal or adulthood due to pleiotropic effects.  
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To overcome these critical limitations the Cre/loxP systeme can be used for conditional 

deletion or activation of genes in a specific cell type or region of the brain (Sauer and 

Henderson, 1988; Tsien et al., 1996). The Cre recombinase derived from the E. Coli 

bacteriophage P1 with a molecular mass of 38 kDa (Sternberg et al., 1986). Under the 

control of a cell-type specific promoter binds the Cre recombinase to a 34 bp long recognition 

sites which are called loxP sites. The target gene flanked by loxP sites is called “floxed” DNA. 

The core sequences in recognition sites determine their orientation. If both sites are 

orientated in the same direction, the floxed allele will be excised and one loxP site remains, 

in contrast, when the sites point in different directions, the floxed gene will be inverted (Fig. 

1.7).  

 

Fig. 1.7: Schematic illustration of the Cre/LoxP reco mbination system. a:  The 34 bp loxP sites consist of two 

inverted 13 bp repeats (black) and flank an 8 bp core sequence (red). The core sequence determines its 

orientation (red arrows). b:  Cre recombinase dimers (pink) bind to their recognition sites and mediate the excision 

of the target DNA sequence between the loxP sites, when both sites have the same orientation. TSP: tissue 

specific promotor; pA: polyadenylation site (Lewandoski, 2001). 

 

The Cre/loxP system benefits from a direct linkage between gene deletion and reporter 

activation, which allow a quick and easy monitoring of the recombination status and cell type 

specific deletion of the target gene. For Cx43 gene deletion in the CNS, using reporter genes 

like ß-galactosidase (ß-Gal) driven by promoter elements of the human glial fibrillary acidic 

protein (hGFAP-Cre) has been used extensively (Theis et al., 2003). In astrocytes, such 

approach was used for direct linkage between the hGFAP-Cre mediated loss of GJA1 (Cx43) 

gene expression and lacZ reporter activation (Theis et al., 2003). More recently, a floxed 

Cx43 point mutation mouse line was generated. An astrocyte-directed Cx43 point mutation 

was obtained by interbreeding with nestin-Cre transgenic mice, and Cre activity leading to 
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expression of this mutated Cx43 protein was monitored by gain of enhanced green 

fluorescent protein (EGFP) expression (Dobrowolski et al., 2008).   

Even though the Cre/loxP system has obvious advantages, it still has certain limitations 

(Schmidt-Supprian and Rajewsky, 2007). For example, our group described repeated 

spontaneous inactivation of the hGFAP-Cre transgene (Requardt et al., 2009). Although the 

mechanism responsible for hGFAP-Cre silencing remains unclear, a rigid quality control of 

mice with astrocyte directed gene inactivation is suited to maintain the activity status of 

hGFAP-Cre within the transgenic colony. In contrast to spontaneous loss of Cre activity, 

several other Cre transgenic lines displayed also spontaneous germ-line activity (Schmidt-

Supprian and Rajewsky, 2007; Martens et al., 2010; Wicksteed et al., 2010). Using the 

myosin heavy chain promoter Cre (MyHC-Cre) for cardiomyocyte-specific deletion of Cx43 a 

spontaneous ubiquitous deletion of the floxed Cx43 in addition to cardimyocyte-specific 

deletion was reported (Eckardt et al., 2004). More recently, we observed that the widely used 

hGFAP-Cre and nestin-Cre transgenes exhibit similar germ-line recombination activity in the 

CNS (described in this work). Several pitfalls can be circumvented by using inducible Cre 

transgenes, i.e. CreERT (Metzger et al., 1995; Hirrlinger et al., 2006) and dual reporter 

approaches for identification of Cre efficacy (Degen et al., 2012). For instance, to assess Cre 

mediated recombination at the level of individual alleles we can simultaneously combine one 

floxed Cx43 allele with recombination-activated LacZ reporter and other floxed Cx43 allele 

with recombination-activated enhanced cyan fluorescent protein (ECFP) reporter to assess 

deletion of individual alleles (Degen et al., 2012).  
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2. Aim of the thesis 
The impact of the Cx43 mutations in adult hippocampal neurogenesis had to be investigated 

after activation of the mutant gene using hGFAP-Cre or nestin-Cre expressing mice. 

However, the widely used Cre transgene exhibits several critical limitations, including e.g. 

spontaneous ectopic Cre activity (Eckardt et al., 2004; Korets-Smith et al., 2004) and 

spontaneous loss of Cre activity (Schulz et al., 2007; Requardt et al., 2009). To overcome 

these limitations of the Cre/loxP system, the first goal of my work was to establish a quality 

control method for Cre mediated gene specific activation or deletion and to investigate the 

possible mechanism underlying such phenomenon. 

Previous studies provided evidence that in the developing embryonic neocortex the 

expression of connexin or formation of gap junctions modulate proliferation and 

differentiation of astrocytes (Weissman et al., 2004). A recent study underlined the 

importance of gap junctions in so called RG cells during embryonic neurodevelopment, which 

mediate neuronal migration through adhesive interactions with the cytoskeleton (Elias et al., 

2007). More recently evidence from our group showed that the ablation of Cx30 and Cx43 in 

RG-like cells led to a strong decrease in proliferation and the number of granule neurons in 

the adult dentate gyrus (Kunze et al., 2009). The second and main purpose of this work was 

to investigate in detail by which mechanism would connexions affect adult neurogenesis: 

coupling, adhesion, hemichannel or control of gene expression. Therefore, three transgenic 

mice with conditional mutation of Cx43 in astrocytes, as well as with additional, unrestricted 

deletion of Cx30 (Teubner et al., 2003) were raised and compared with WT mice. Mice 

expressing the point mutation Cx43G138R showed selective loss of intercellular coupling, 

but preserved adhesion and hemichannel function (Dobrowolski et al., 2008; Dobrowolski et 

al., 2009). Cx43K258stop mice carry a C-terminal (CT) truncation of Cx43, which still showed 

intercellular coupling in transfected HeLa cells (Maass et al., 2004). Cx43D378stop mice 

lacking the last five amino acid residues of the CT still revealed functional gap junction 

channels and normal coupling properties (Lubkemeier et al., 2013), but adhesive interactions 

should be affected. I investigated these transgenic mice with combined patch-clamp 

recording, biocytin injection, immunohistochemistry and immunoblotting to study the 

interastrocytic and RG-like cell coupling in situ, as well as the proliferation and neurogenesis 

in the adult hippocampus. 

Phosphorylation of one or multiple residues in the CT domain of Cx43 may regulate gap 

junctional communication (Solan and Lampe, 2009). It is absolutely critical to understand the 

sites, patterns of connexin phosphorylation and its function for the intercellular 

communication under normal and pathologic conditions. For this purpose, the third aim of my 

work was to study the phosphorylation of Cx43 in the hippocampus by using immunoblotting, 
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immunoprecipitation and mass spectrometry in a mouse model of temporal lobe epilepsy 

(TLE).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  3. Animals, Materials & Methods 

 

 - 22 -

3. Animals, Materials & Methods  

 
3.1 Animals 

Maintenance and handling of animals used in this study was according to local government 

regulations. All mice were bred and maintained under specific pathogen-free (SPF) 

conditions. Mice were kept under standard housing conditions (12 h/12 h dark-light cycle, 

food and water ad libitum). All transgenic lines were backcrossed at least 10 times to 

C57BL/6. All measures were taken to minimize the number of animals used. 

 

3.1.1 Cx43fl/fl: hGFAP-Cre mice 

In Cx43fl (lacZ) animals, the Cx43 coding regions are floxed. The floxed sequence is 

followed by a lacZ gene which encodes β-galactosidase reporter equipped with a nuclear 

localization signal (Theis et al., 2001). Mice lacking Cx43 in astrocytes were obtained by 

interbreeding of Cx43fl/fl
 
mice with hGFAP-Cre mice (Theis et al., 2003). After the excision of 

Cx43, the expression of β-galactosidase is activated under the control of the Cx43 gene 

regulatory elements. Expression of the hGFAP-Cre transgene was not restricted to 

astrocytes, but also in neurons and ependyma due to Cre expression in radial glia during 

development (Malatesta et al., 2003; Garcia et al., 2004).  

 

3.1.2 Cx43flG138R/flG138R: nestin-Cre mice 

Oculodentodigital dysplasia (ODDD) is a dominant negatively inherited disorder with several 

characteristic abnormalities of the fingers and toes, eyes, face and teeth (Judisch et al., 

1979). ODDD is caused by mutations in the human GJA1 gene, coding for Cx43 protein 

(Paznekas et al., 2003). A mouse model for ODDD, the Cx43flG138R mouse, has been 

described (Dobrowolski et al., 2008). The human Cx43G138R point mutation was inserted 

into the WT mouse Cx43 gene and generated Cx43G138R/+ mice showed all phenotypes 

known for ODDD in human patients with a corresponding variability. To generate a 

conditional mouse model for astrocyte-specific activation of the Cx43G138R mutation the 

homozygous Cx43flG138R mice were mated with nestin-Cre expressing mice (Tronche et al., 

1999). The Cre-recombinase activity led to deletion of the loxP-flanked Cx43WT region and 

at the same time expresses the Cx43G138R-internal ribosomal entry site (IRES)-eGFP 

cassette under the control of the Cx43 regulatory elements. 

 

3.1.3 Cx43fl/K258stop: hGFAP-Cre mice 

The Cx43K258stop mice expressing a C-terminally truncated Cx43 protein (Cx43K258stop) 

in place of WT protein, in which Cx43 is lacking the last 125 amino acid residues of the 

cytoplasmic C-terminal domain. Due to a defect of the epidermal barrier more than 97% 
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homozygous Cx43K258stop mice die shortly after birth (Maass et al., 2004). Former studies 

showed that decreasing the Cx43K258stop gene dosage by crossing with mice heterozygous 

for a Cx43 knockout allele rescued the lethal epidermal phenotype (Maass et al., 2007). 

Therefore, we raised Cx43fl (lacZ)/K258stop; hGFAP-Cre heterozygous mice carrying one 

Cx43K258stop allele and a Cx43fl (lacZ) allele which is deleted in the CNS by virtue of the 

hGFAP-Cre transgene to investigate the effect of truncated Cx43 in adult neurogenesis. 

 

3.1.4 Cx43flD378stop/flD378stop: hGFAP-Cre mice 

Cx43D378stop mice express a mini-truncated form of the Cx43 gene lacking the last five 

amino acid residues (DDLEI) of the C-terminal binding motif for scaffolding protein zonula 

occludens-1 (ZO-1). Recent data show that ablation of this region leads to the occurrence of 

severe ventricular arrhythmias and sudden arrhythmic death in all homozygous 

Cx43D378stop mice (Lubkemeier et al., 2013). To overcome the early postnatal lethality and 

for our adult neurogenesis study, we generate a conditional mouse model for astrocyte-

specific activation of the Cx43D378stop mutation by interbreeding the homozygous 

Cx43flD378stop mice with hGFAP-Cre expressing mice (Zhuo et al., 2001). Unlike other 

Cx43 mutation mice, Cx43D378stop mice reveal functional gap junction channels and normal 

coupling properties in cardiomyocytes.   

 

3.1.5 Cx43ki-ECFP mice 

Cx43fl (ECFP)/fl (lacZ) is a novel conditional KO mouse line combining a floxed Cx43 allele 

with recombination activated lacZ reporter and a floxed Cx43 allele with recombination 

activated enhanced cyan fluorescent protein (ECFP) reporter, Cre-mediated recombination 

at the level of individual alleles could be assessed. It was shown that the widely used 

hGFAP-Cre transgene deletes both Cx43 alleles in the majority of hippocampal astrocytes. 

(Degen et al., 2012). The Cx43ki-ECFP mouse line was generated by breeding Cx43fl 

(ECFP) mice, with PGK-Cre mice (Lallemand et al., 1998). In Cx43ki-ECFP mouse one allele 

of Cx43 is deleted in all cells of the body, and ECFP is expressed instead. 

 

3.1.6 Cx30-/- mice 

Cx30-deficient mice were generated by Teubner et al. (2003). In these mice the Cx30 coding 

region has been replaced with a lacZ reporter sequences under control of Cx30 gene 

regulatory elements. The lacZ-encoded β-galactosidase contains a nuclear localization signal. 

In order to study the role of astrocytic coupling in neurogenesis, we raise mice with Cx43 

mutation and deficient for Cx30 by interbreeding Cx30 deficient mice with animal expressing 

several Cx43 mutations as mentioned before.   
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3.2  Materials 

 

3.2.1 Chemicals 

Chemicals were purchased from Applied Biosystems (California, USA), Applichem 

(Darmstadt, Germany), Biostatus (Shepshed, UK), B.Braun (Melsungen, Germany), Carl 

Roth (Karlsruhe, Germany), Dianova (Hamburg, Germnay), Invitrogen (Darmstadt, 

Germany), Merck (Darmstadt, Germany), Millipore (Darm stadt, Germany), Promega 

(Madison, USA), Qiagen (Hilden, Germany), Riedel-de-Haën (Seelze, Germany), Roche 

(Manheim, Germany), Sakura (Netherlands), Sarstedt (Nümbrecht, Germany), Sigma Aldrich 

(Munich, Germany), Thermo Scientific (Waltham, MA, USA). Vector Laboratories 

(Burlingame, USA), PCR Primers were ordered from MWG Eurofins (Ebersberg, Germany).  

 

3.2.2 Solutions and reagents (commercial) 

2-Mercaptoethanol 

Aqua polymount 

Acetic acid 

Acrylamide solution (Rotiphorese Gel 30 (37, 5:1)  

Biocytin 

CepetorKH (1mg/ml) 

Chloroform 

Draq5 

Dimethyl Sulfoxide (DMSO) 

Ethanol 

Ethidium Bromide (10mg/ml) 

Entellan 

Gel Code blue safe protein stain 

Glutaraldehyde 

Hoechst 33258 

Hydrogen peroxide solution (H2O2) 

Isopropanol 

Ketamin 10% 

Methanol 

Mountant Permafluor  

Normal Goat Serum (NGS) 

Normal Donkey Serum (NDS) 

Paraformaldehyde 

Protease and phosphatase single using inhibitor 
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PermaFluor mounting medium  

Restore Western Blot stripping buffer 

Roti-liquid barrier marker  

Roti-Load buffer (4x) 

Sterile Water 

Streptavidine-Cy3 

Sucrose 

Tissue-Tek (O.C.T compound) 

TritonX-100 

Tween-20 

Tetramethylethylenediamine (TEMED) 

VectaShield mounting medium 

 

3.2.3 Kits used 

Product       Company 

DAB substrate Kit for peroxidase     Vector Laboratories 
 
Go taq flexi DNA polymerase     Promega 
 
Super Signal West dura extended duration substrate  Pierce 
 
In-gel tryptic digestion Kit      Thermo Scientific 
 
Immunoprecipitation Kit-Dynabeads Protein A   Invitrogen 
 
Pierce BCA protein assay Kit      Pierce 
 
Vectastain Elite ABC Kit      Vector Laboratories 
 
 

3.2.4 Buffers and solutions 

 

3.2.4.1 Solutions for genotyping 

Solution    Concentration   Contents 

Laird-Lysis-Buffer   100 mM    Tris-HCl 
(pH 8,5)     200 mM    NaCl 

5 mM     EDTA 
0,2 % (w/v)    SDS 

ad. 4 µl Proteinase K pro 
500 µl, before using 

 
Proteinase     K 20 mg/ml stock  Proteinase K ad. 50 ml 

aliquots à 1 ml at -20°C  
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TBE-Puffer     1 M     Tris-Base 
(10 x)      0,83 M    Boricacid 

10 mM    EDTA 
 
Ethidium Bromide    10 % (10 mg/ml)  diluted in 1 x TBE  
 
   
3.2.4.2 Solutions for immunostaining 

Solution    Concentration   Contents 

Blocking solution   5-10 %  (v/v)   NGS 
     0,3-0,5 % (v/v)  TritonX-100 
         diluted in 1 x PBS (pH 7,4) 
 
Primary antibody solution  5 % (v/v)   NGS 
     0,1-0,3% (v/v)   TritonX-100 

diluted in 1 x PBS (pH 7,4) 
 

Secondary antibody solution  1-5 % (v/v)   NGS 
         diluted in 1 x PBS (pH 7,4) 
 
Blocking solution for biocytin  10 % (v/v)   NGS 
      2 % (v/v)   TritonX-100 
         diluted in 1 x PBS (pH 7,4) 
 
Antibody solution for biocytin   2 % (v/v)   NGS 
visualization     0,1 % (v/v)   TritonX-100 
         diluted in 1 x PBS (pH 7,4) 
 
Hoechst nuclei staining solution 1 % (v/v)   diluted in 1 x PBS (pH 7,4) 
         stored at -20°C 
 
Draq5 nuclei staining solution 0,1 % (v/v)   diluted in 1 x PBS (pH 7,4) 
         stored at 4°C 
 
 
3.2.4.3 Solutions for immunohistochemistry 

Solution    Concentration   Contents 
 
MgCl2 stock solution   50 mM    Magnesium chloride 
 
EGTA stock solution   100 mM   EGTA diluted with  
(pH 8,0)        dH2O 
 
Deoxycholat stock solution  10 % (w/v)   Sodium deoxycholate 
 
Na2HPO4 stock solution  500 mM    Na2HPO4 
(pH 9,0) 
 
NaH2PO4 stock solution  500 mM    NaH2PO4 
(pH 4,7) 
 
K3 [Fe(CN)6] stock solution 0,5 M     Potassium ferricyanide 

at 4°C, light protected 
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K4 [Fe(CN)6] stock solution   0,5 M     Potassium ferrocyanide   
at 4°C, light protected 

 
X-Gal stock solution  4 % (w/v)    X-Gal in 

N,N‘-Dimethylformamide 
at 4°C, light protected 
 

lacZ-basic solution   100 mM    Trisodium phosphate 
(pH 7,4)         (Na2HPO4/NaH2PO4 5:1) 

1,25 mM    MgCl2 
2 mM     EGTA 
 

lacZ-fixation solution 0,2 % (v/v)   Glutaraldehyde in 
lacZ-basic solution 
fresh prepare 

 
lacZ-washing solution   0,01 % (v/v)    Deoxycholate 

0,2 % (v/v)    Nonidet P40 
diluted in lacZ-basic 
solution 
 

lacZ-substrate solution  5 mM     K3 [Fe(CN)6] stock 
5 mM     K4 [Fe(CN)6] stock 
4 % (v/v)    X-Gal stock solution 

diluted in lacZ-washing 
solution, sterile-filtered 
at 4°C, light protected 

 
Eosin-staining solution  0,1 % (w/v)    Eosin Y sterile-filtered 

 
BrdU working solution  0,75 % (w/v)   Bromdesoxyuridine  

dissolved in 0,9 % NaCl 
 
BrdU blocking solution  0,6 % (v/v)   H2O2 in TBS (pH 7,5) 
 
TBS solution    100 mM   Tris-base 
(pH 7,5)    150 mM   NaCl  
 
HCl     2 N (mol/L)   Hydrogen chloride 
         diluted in dH2O 
 
H3BO3     0,1 M    Boric acid 
         diluted in dH2O 
 
 
 
3.2.4.4 Buffers for immunostaining 

Buffer     Concentration   Contents 
 

Phosphate buffered saline  1,5 mM   NaCl 
(PBS, pH 7,4, 10 x)   2,7 mM   KCl 

8,3 mM   Na2HPO4 
     1,7 mM   NaH2PO4 
         dissolved in dH2O 
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PBS with sodium azide  0,01 % (w/v)   NaN3 dissolved in PBS 
 
Paraformaldehyde   4 % (w/v)   dissolved 40 g PFA first 
(PFA, pH 7,4)        in 800ml dH2O, heat to 

60°C adding 1 M NaOH 
until solution clear then ad 
100 ml PBS (1 x) to 1L 

 
Cryoprotection solution  30 % (w/v)   Sucrose in PBS (1 x) 
 
 
 
3.2.4.5 Buffers for SDS-PAGE gel 

   Contents  

2 x gels à 1,5 mm 

Stacking gel  

(4%) 

       Resolving gel  

(10%)                  (12%) 

Rotiphorese gel 30 1,3 ml 10,5 ml 12 ml 

Stacking gel (pH 6,8) 2,5 ml - - 

Resolving gel (pH 8,8) 7,5 ml 7,5 ml 7,5 ml 

dH2O  6,2 ml 12 ml 10,5 ml 

TEMED 6 µl 18 µl 18 µl 

APS (10 %) 60 µl 180 µl 180 µl 

Tab. 3.1: Composition of SDS-PAGE used to prepare two gels. 

 

3.2.4.6 Buffers for Western blotting 

Buffer     Concentration   Contents 
 
Protein lysis buffer   50 mM    Tris-base 
(RIPA buffer, modified)  150 mM   NaCl 
(pH 7,5)    0,5 % (v/v)   Nonidet P-40 (NP40) 
     0,5 % (w/v)   Sodium Deoxycholate 
     1 % (v/v)   TritonX-100 
         sterile-filtered, at -20°C 
 
Complete Mini tablet                         1 x tablet   dissolved in 10 ml lysis 

buffer, fresh prepare 
 
APS stock buffer   10 % (w/v)   Ammonium persulfate 
         dissolved in dH2O 

stored at 4°C 
 
SDS stock buffer   10 % (w/v)   Sodium dodecyl sulfate 
         dissolved in dH2O 
 
Stacking gel buffer   0,5 M    Tris-base 
(pH 6,8)    0,4 % (v/v)   SDS stock buffer  

sterile-filtered, at 4°C 
 
Resolving gel buffer   1,5 M    Tris-base 
(pH 8,8)     0,4 % (v/v)   SDS stock buffer  

sterile-filtered, at 4°C 
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“Laemmli” sample buffer (4x)  62,5 mM   Tris-HCl 
(pH 6,8)    3 % (v/v)   SDS stock buffer 
     10 % (v/v)   Glycerin 
     0,01 % (w/v)   Bromphenol blue 
     5 % (v/v)   2- Mercaptoethanol 

dissolved in dH2O,  
stored at 4°C 

 
SDS-running buffer (1x)  0,25 M    Tris-base 
(pH 8,3)    1,92 M    Glycine 
     1 % (v/v)   SDS stock buffer 
         dissolved in 5L dH2O  
 
Transfer buffer (5x)   50 mM    Tris-HCl 
(pH 8,3)    0,1 M    Tris-Base 
     0,8 M    Glycine 
         dissolved in 2L dH2O 
 
Transfer buffer (1x)   20 % (v/v)   Transfer buffer (5 x) 
     20 % (v/v)   Methanol 
         diluted in dH2O  
 
Washing blot buffer   8,5 mM   Tris-HCl 
(pH 6,3)    1,7 mM   Tris-Base 
     50 mM    NaCl 
     0,1 % (v/v)   Tween 20 
         dissolved in 2 L dH2O 
 
Blocking buffer   5 % (w/v)   Milk powder 
(for Cx43CT antibodies)      dissolved in washing 

blot buffer   
 
Blocking buffer   1 % (w/v)   Milk powder 
(for Cx43NT antibodies)      dissolved in PBS 
 
 

 
3.2.4.7 Buffers for immunoprecipitation and in-gel digestion 

Buffer     Concentration   Contents 
 
HEPES stock buffer   100 mM   HEPES 
(pH 7,4)        dissolved in 100 ml 

dH2O   
 
Cytospin lysis buffer   120 mM   KCl 
(pH 4,8-5,0)    0,15 mM   CaCl2 
     10 mM    KH2PO4 
     25 % (v/v)   HEPES stock buffer 
     2 mM    EGTA 
     5 mM    MgCL2 
     5 mM    L-glutathione (4°C) 

dissolved in 100 ml dH2O, 
sterile-filtered,  
stored at -20°C 
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Protease and phosphatase  1 % (v/v)   diluted in lysis buffer 
Inhibitor        fresh prepare 
 
Tris-HEPES-running buffer  100 mM   Tris-base 
(pH 8,0)    100 mM   HEPES 
     0,1 % (w/v)   SDS 
         dissolved in dH2O  
 
Trypsin stock solution (10x)  20 µg    lyophilized trypsin 

dissolved in 20 µl trypsin 
storage solution, aliquot 5 
µl, stored at -20°C 

 
Trypsin working solution (1x)  10 % (v/v)   Trypsin stock (10 x) 
         diluted in dH2O 
         stored at -20°C 
 
Destaining solution   80 mg    Ammonium bicarbonate
     50 % (v/v)   Acetonitrile (ACN) 
         diluted in 20 ml dH2O 
         stored at 4°C  
        
Digestion buffer   25 mM    Ammonium bicarbonate 
         diluted in 5 ml dH2O  

stored at 4°C  
 
Reducing buffer   50 mM    TCEP 
         dissolved in digestion 

buffer, prepare just before 
use 
 

Alkylation buffer (5x)   500 mM   IAA 
         dissolved in dH2O 
         light protected, at 4°C 
 
Activated trypsin   10 % (v/v)   Trypsin working solution 

diluted in digestion buffer 
prepare just before use 
 
 
  

  
3.2.5 Antibodies 

 

3.2.5.1 Primary antibodies 

Antigen Species Dilution ratio Company/Reference 

α-Tubulin mouse IB: 1: 10,000 Sigma Aldrich 

BLBP rabbit IF: 1: 200 Abcam 

BrdU rat IF: 1: 500 AbD Serotec 

β-galactosidase 

 

rabbit 

 

IF: 1: 500  

Paraffin: 1: 5000 

Invitrogen 
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β-galactosidase 

 

Chicken 

 

IF: 1: 500 

Paraffin: 1: 500 

Abcam 

 

Cre recombinase mouse IF: 1: 500 Chemicon 

Cre recombinase rabbit IB: 1: 1000 Millipore 

Cx43CT rabbit IF: 1: 500 

IB: 1: 5000 

IP: 1: 10 

Sigma Aldrich 

Cx43CT rabbit IF: 1: 500 

IB: 1: 1000 

IP: 1: 10 

C. Schlieker, 2000 

Cx43NT1 mouse IF: 1: 250 

IB: 1: 200 

FHCRC 

Cx30 rabbit IF: 1: 500 

IB: 1: 250 

Invitrogen 

DCX goat IF: 1: 100 Santa Cruz Biotech 

GFP mouse IF: 1: 500 Invitrogen 

GFP rabbit IB: 1:1000 Invitrogen 

GFP chicken IF: 1: 500 Abcam 

GFAP mouse IF: 1: 500 Chemicon 

GFAP 

 

rabbit 

 

IF: 1: 500 

Paraffin: 1: 1000 

Dako 

 

Ki67 rabbit IF: 1: 500 Novocasta 

NeuN mouse IF: 1: 500 Millipore 

Prox1 rabbit IF: 1: 2500 Chemicon 

TIF-2 mouse Paraffin: 1: 100 BD Transduction Lab. 

VASA (DDX4) rabbit Paraffin: 1: 100 Abcam 

Tab. 3.2: Used primary antibodies in studies. IF: Immunofluorescence; IB: Immunoblot; IP: 
Immunoprecipitation 
 
 
3.2.5.2 Secondary antibodies 

Antigen Species Dilution ratio Company 

Anti mouse HRP sheep IB: 1:10,000 GE Healthcare 

Anti rabbit HRP donkey IB: 1: 10,000 GE Healthcare 

Anti rat biotinylated donkey IF: 1: 500 Jackson Immunores. 

Alexa fluor 488 donkey anti goat IF: 1: 200 Molecular probes 

Alexa fluor 488 

 

goat anti mouse 

 

IF: 1: 500 

Paraffin: 1: 2000 

Molecular probes 

 

Alexa fluor 488 

 

goat anti rabbit 

 

IF: 1: 500 

Paraffin: 1: 2000 

Molecular probes 

 

Alexa fluor 488 goat anti chicken IF: 1: 500 Molecular probes 
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Alexa fluor 546 goat anti rabbit Paraffin: 1: 2000 Molecular probes 

Alexa fluor 594 goat anti mouse IF: 1: 500 Molecular probes 

Alexa fluor 594 goat anti rabbit IF: 1: 500 Molecular probes 

Alexa fluor 674 donkey anti rabbit IF: 1: 300 Molecular probes 

Alexa fluor 674 goat anti mouse IF: 1: 500 Molecular probes 

Alexa fluor 674 goat anti rabbit IF: 1: 500 Molecular probes 

Streptavidin Cy3 anti biocytin IF: 1: 400 Sigma Aldrich 

Streptavidin Cy2 anti biocytin IF: 1: 400 Sigma Aldrich 

Tab. 3.3: Used secondary antibodies in studies. IF: Immunofluorescence; IB: Immunoblot.  
 
 
 
 

3.2.6 Primers for mice genotyping 

Primers Sequence (in 5’-3’ direction) Transgene 

Cx30 wt-5 

Cx30 wt-3 

Cx30 LacZ-3 

GGT ACC TTC TAC TAA TTA GCT TGG 

AGG TGG TAC CCA TTG TAG AGG AAG 

AGC GAG TAA CAA CCC GTC GGA TTC 

Cx30KO 

fw poly A 

fw loxP 

in kod reg Cx43 

GGG GGT GAA GGA GTT TTC AGC AGT GC 

GCA CTT GGT AGG TAG AGC CTG TCA GGT C 

GCT TCC CCA AGG CGC TCC AGT CAC CC 

Cx43flG138R 

Cx43 delCT-HO3 

RO-delCT 

GCA TCC TCT TCA AGT CTG TCT TCG 

CAA AAC ACC CCC CAA GGA ACC TAG 

Cx43K258stop 

vor poly A 

vor loxP 

in kod reg Cx43 

GGG GGT GAA GGA GTT TTC AGC AGT GC 

GCA CTT GGT AGG TAG AGC CTG TCA GGT C 

GCT TCC CCA AGG CGC TCC AGT CAC CC 

Cx43D378stop 

Cx43 del forw 

UMPR 

GGC ATA CAG ACC CTT GGA CTC C 

TCA CCC CAA GCT GAC TCA ACC G 

Cx43floxed 

fw loxP 

DSP-CFP 

in kod reg Cx43 

GCA CTT GGT AGG TAG AGC CTG TCA GGT C 

AAG AAG TCG TGC TGC TTC ATG TGG 

GCT TCC CCA AGG CGC TCC AGT CAC CC 

Cx43CFP 

Cx43 del forw 

Cx43 del rev 

GGC ATA CAG ACC CTT GGA CTC C 

TGC GGG CCT CTT CGC TAT TAC G 

Cx43del 

GFAP LZ1 

Cre LZ4 

ACT CCT TCA TAA AGC CCT CG 

ATC ACT CGT TGC ATC GAC CG 

GFAP-Cre 

up nestin Cre 

intere rev 

TCC CTT CTC TAG TGC TCC ACG TCC 

TCC ATG AGT GAA CGA ACC TGG TCG 

Nestin-Cre 

intcre up 

intcre rev 

TTT GCC TGC ATT ACC GGT CGA TGC 

TCC ATG AGT GAA CGA ACC TGG TCG 

Inter-Cre 

Tab. 3.4: Primers used for each transgenic mice.  
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3.2.7 Laboratory instruments 

Equipment     Company 

Axiophot     Carl Zeiss, Carlzeiss microimaging GmbH, 
      Göttingen, Germany 
 
Binocular     Moticam, Xiamen, China 
 
Centrifuges      Eppendorf GmbH, Wesseling, Germany 
 
Cryostat     Microm HM560, Thermoscientific 
 
DynaMag Magnet    Invitogen, Darmstadt, Germany 
 
Gel electrophoresis chamber   Biorad, Munich, Germany 
 
Genegnome Syngene bioimaging  Synaptics ltd. Cambridge, England 
 
GeneFlash Syngene bioimaging  Synaptics ltd. Cambridge, England 
 
Heat block     VWR, Darmstadt, Germany 
 
Incubator      BINDER, USA 
 
Leica TCS confocal    Leica Microsystems, Wetzlar, Germany 
 
Microwave     Severin, Germany 
 
Mini-Protean 3 cell    Biorad, Munich, Germany 
 
Novex Minicell WB module   Invitrogen, Darmstadt, Germany 
 
PCR machines (MyCycler Thermal cycler)  Biorad, München, Germany 
 
pH meter     Mettler Toledo, Giessen, Germany 
 
Refrigerators (4°C & -20°C)    Liebherr GmbH, Biber ach, Germany 
 
Refrigerators (-80°C)    Thermo Fischer Scientific,  Bonn, Germany 
 
Rotator mixer     Grant-Bio, UK 
 
Shaker      Heidolph Rotomax120 
 
Shaking Incubator (GFL)   Progen Scientific, London, England 
 
Shaking water bath    Memmert GmbH, Schwabach, Germany 
 
Table top small centrifuge   VWR, Darmstadt, Germany 
 
Table top centrifuge (Centrifuge5424)  Eppendorf GmbH, Wesseling, Germany 
 
Cooling centrifuge    HERAEUS Fresco17 centrifuge, Thermo Fischer 

Scientific, Bonn, Germany 
 

Vibratome (VT1000S)    Leica, Nussloch, Germany 
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Vortexer     VWR, Darmstadt, Germany 
 
WB power supply    Biorad, Munich, Germany 
 
Weigh balance    ACCULAB, Sartorius group 
 
Water bath     P-D Industriegesellscaft GmbH, Germany 
 
 
3.2.8 General lab materials 

 
Material     Company 
 
Agarose     Invitrogen 
 
Cell culture materials    Sarstedt, Grenier Bio-one, Millipore, Germany 
 
Cell scrapers, Tubes    Sarstedt, Germany 
 
Gloves      Ansell ltd, Staffordshire, UK 
 
Hybond ECL Nitrocellulose membrane Amsterdam, UK 
 
Mice surgery equipment    Fine Science Tools (F.S.T), Germany 
 
Microscopic slides    Thermoscientific, Braunsweig, Germany 
 
Pasteur pippetts    Carl-Roth 
 
Pipette tips     Greiner GmbH, Frickenhausen, Germany 
 
Pippetts, PCR tubes    BRAND 
 
Protein gels (4-20 %)    Pierce, Rochford, USA 
 
PVDF membrane    Millipore, Schwalbach, Germany 
 
Sterile filters     Millipore, Schwalbach, Germany 
 
Syringes, Venofix safety   Braun, Melsungen, Germany 
 
Whatman paper    Whatman International, Maidstone, UK 
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3.3 Methods 

 

3.3.1 Isolation of genomic DNA from mouse tail tips  

Genomic tail tip DNA was prepared as described previously. Briefly, 4 weeks old mice tails 

were cut and incubated in Laird buffer (Laird et al., 1991) supplemented with Proteinase K 

(20U/ml) at 55°C overnight (O/N) in a water bath. T he tail lysates were precipitated in 

isopropanol by centrifuging at 13,000 rpm for 15 min at room temperature (RT). The 

supernatant was discarded; the DNA pellet was washed in 70 % ethanol and centrifuged 

again at 13,000 rpm for 5 min. The DNA pellet was air dried for one hour and dissolved in an 

appropriate volume of double distilled water. For routine genotypic analysis, genomic DNAs 

from tail biopsies were used for PCR with different primers. 

 

3.3.2 PCR analysis of transgenic mice 

The polymerase chain reaction (PCR) is now a common technique used for amplification of 

DNA fragments in vitro (Mullis and Faloona, 1987). The method relies on several thermal 

cycling reactions for melting and replication of target DNA region, where attached by two 

primers through complementary base pairing. Almost all PCR applications need a heat-

stable DNA polymerase, such as Taq-polymerase, an enzyme originally isolated from 

bacterium Thermus aquaticus. For further analysis of PCR products agarose gel 

electrophoresis is performed for separation of DNA fragments by their size and charge. Due 

to the phosphate groups negative charged DNA move to the anode and the migration 

velocity is proportional to their molecular mass. For visualization of DNA under ultraviolet 

light commonly added ethidium bromide to bind with nucleic acid. To determine the presence 

of transgene the PCR products were run on 1,2 % agarose gels at 110 V for 1-1,5 h. At same 

time, a DNA ladder was run along with the samples to estimate the molecular size. PCR 

reaction mixes and programs for genotyping are shown in the following:  

 

3.3.2.1 Detection of the Cx30-/- transgene 

 

 

 

 

 
 
 
 

Tab. 3.5: Reaction mixture and program for detectio n of the Cx30-/- transgene. Cx30+/+: 544 bp; Cx30-/-: 
460 bp.  

Reaction mix ture  Volume (µl)  
DNA 
Cx30 wt-5 (20 pmol/µl) 
Cx30 wt-3 (20 pmol/µl) 
Cx30 LacZ-3 (20 pmol/µl) 
MgCl2 (25 mM) 
5 x PCR-buffer  
dNTP’s (2,5 mM) 
Tag-Polymerase (500 U) 
dH2O 
Total 

1,0 
1,0 
1,0 
1,0 
2,0 
5,8 
1,0 
0,1 
12,1 
25 

Program  Temperatur (°C)  Time 
1 
2 
3 
4 
5 
6 
7 

94 
92 
60 
72 
Go to step 2 
72 
10 

5 min 
45 sec 
45 sec 
45 sec 
35 x 
10 min 
forever 
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3.3.2.2 Detection of the Cx43flG138R transgene 

 

 

 

 

 

 
 
 

Tab. 3.6: Reaction mixture and program for detectio n of the Cx43flG138R transgene. Cx43+/+: 350 bp; 
Cx43flG138R: 400 bp. 
 
 
 
3.3.2.3 Detection of the Cx43K258stop transgene 

 

 

 

 

 
 
 
 

Tab. 3.7: Reaction mixture and program for detectio n of the Cx43K258stop transgene. Cx43+/+: 851 bp; 
Cx43K258stop: 452 bp. 

 

 

3.3.2.4 Detection of the Cx43flD378stop transgene 

 

 

 

 

 
 
 
 

Tab. 3.8: Reaction mixture and program for detectio n of the Cx43flD378stop transgene. Cx43+/+: 350 bp; 
Cx43flD378stop: 400 bp. 

 
 
 
 
 
 
 

Reaction mixture  Volume (µl)  
DNA 
fw poly A (20 pmol/µl) 
fw loxP (20 pmol/µl) 
in kod reg Cx43 (20 pmol/µl) 
MgCl2 (25 mM) 
5 x PCR-Puffer  
dNTP’s (10,0 mM) 
Tag-Polymerase (500 U) 
dH2O 
Total 

1,0 
1,0 
1,0 
1,0 
1,7 
5,0 
0,5 
0,1 
13,7 
25 

Program  Temperatur (°C)  Time 
1 
2 
3 
4 
5 
6 
7 

95 
94 
65 
72 
Go to step 2 
72 
10 

5 min 
1 min 
1 min 
1 min 
34 x 
10 min 
forever 

Reaction mixture  Volume (µl)  
DNA 
Cx43delCT-HO3 (50 µM) 
RO-delCT (50 µM) 
MgCl2 (25 mM) 
5 x PCR-Puffer  
dNTP’s (10,0 mM) 
Tag-Polymerase (500 U) 
dH2O 
Total 

2,0 
0,2 
0,2 
2,0 
5,0 
0,5 
0,2 
14,9 
25 

Program  Temperatur (°C)  Time 
1 
2 
3 
4 
5 
6 
7 

95 
94 
62 
72 
Go to step 2 
72 
8 

5 min 
30 sec 
45 sec 
1 min  
39 x 
10 min 
forever 

Reaction mix ture  Volume (µl)  
DNA 
vor poly A (20 pmol/µl) 
vor loxP (20 pmol/µl) 
in kod reg Cx43 (20 pmol/µl) 
MgCl2 (25 mM) 
5 x PCR-Puffer  
dNTP’s (10 mM) 
Tag-Polymerase (500 U) 
dH2O 
Total 

1,0 
1,0 
1,0 
1,0 
1,7 
4,0 
0,5 
0,1 
9,7 
20 

Program  Temperatur (°C)  Time 
1 
2 
3 
4 
5 
6 
7 

95 
95 
61 
72 
Go to step 2 
72 
10 

5 min 
1 min 
1 min 
1 min 
34 x 
10 min 
forever 
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3.3.2.5 Detection of the Cx43flox transgene 

 

 

 

 

 

 

Tab. 3.9: Reaction mixture and program for detectio n of the Cx43flox transgene. Cx43+/+: 500 bp; Cx43flox: 
650 bp. 
 
 

 

 

3.3.2.6 Detection of the Cx43del transgene 

 

 

 

 

 

 

Tab. 3.10: Reaction mixture and program for detecti on of the Cx43del transgene. Cx43del: 670 bp. 
 

 

 

3.3.2.7 Detection of the Cx43ki-ECFP transgene 

 

 

 

 

 

 
 
 

Tab. 3.11: Reaction mixture and program for detecti on of the Cx43ki-ECFP transgene. Cx43+/+: 340 bp; 
Cx43flCFP: 395 bp; Cx43ki-ECFP: 700 bp. 

 
 
 
 
 
 

Program  Temperatur (°C)  Time 
1 
2 
3 
4 
5 
6 
7 

94 
94 
65 
72 
Go to step 2 
72 
8 

4 min 
2 min 
1 min 
1 min 30 sec  
25 x 
10 min 
for ever 

Reaction mix ture  Volume (µl)  
DNA 
Cx43delforw (25 µM) 
UMPR (25 µM) 
MgCl2 (25 mM) 
5 x PCR-Puffer  
dNTP’s (2,5 mM) 
Tag-Polymerase (500 U) 
dH2O 
Total 

1,0 
1,0 
1,0 
1,0 
5,0 
1,0 
0,2 
14,8 
25 

Program  Temperatur (°C)  Time 
1 
2 
3 
4 
5 
6 
7 

95 
94 
62 
72 
Go to step 2 
72 
8 

5 min 
30 sec 
45 sec 
1 min 30 sec  
40 x 
10 min 
for ever 

Reaction mix ture  Volume (µl)  
DNA 
Cx43delforw (25 µM) 
Cx43delrev (25 µM) 
MgCl2 (25 mM) 
5 x PCR-Puffer  
dNTP’s (2,5 mM) 
Tag-Polymerase (500 U) 
dH2O 
Total 

1,0 
1,0 
1,0 
2,5 
5,0 
1,0 
0,2 
13,3 
25 

Program  Temperatur (°C)  Time 
1 
2 
3 
4 
5 
6 
7 

95 
95 
65 
72 
Go to step 2 
72 
10 

5 min 
30 sec 
30 sec 
1 min 
30 x 
10 min 
forever 

Reaction mixture  Volume (µl)  
DNA 
fw loxP (20 pmol/µl) 
DSP-CFP (20 pmol/µl) 
in kod reg Cx43 (20 pmol/µl) 
MgCl2 (25 mM) 
5 x PCR-Puffer  
dNTP’s (10 mM) 
Tag-Polymerase (500 U) 
dH2O 
Total 

1,0 
1,0 
1,0 
1,0 
2,0 
5,0 
0,5 
0,1 
13,4 
25 
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3.3.2.8 Detection of the GFAP-Cre transgene 

 

 

 

 

 

 

Tab. 3.12: Reaction mixture and program for detecti on of the GFAP-Cre transgene. GFAP-Cre: 190 bp. 

 

 

 

3.3.2.9 Detection of the nestin-Cre transgene 

 

 

 

 

 

 

Tab. 3.13: Reaction mixture and program for detecti on of the nestin-Cre transgene. nestin-Cre: 650 bp. 

 

 

 

3.3.2.10 Detection of the inter-Cre transgene 

 

 

 

 

 

 

Tab. 3.14: Reaction mixture and program for detecti on of the inter-Cre transgene. inter-Cre: 400 bp. 

 

 

 

 

 

 

Reaction mixture  Volume (µl)  
DNA 
GFAP LZ1 (25 pmol/µl) 
Cre LZ4 (25 pmol/µl) 
MgCl2 (25 mM) 
5 x PCR-Puffer  
dNTP’s (2,5 mM) 
Tag-Polymerase (500 U) 
dH2O 
Total 

1,0 
1,0 
1,0 
2,0 
5,0 
1,0 
0,2 
13,8 
25 

Program  Temperatur (°C)  Time 
1 
2 
3 
4 
5 
6 
7 

94 
94 
60 
72 
Go to step 2 
72 
10 

1 min 
1 min 
1 min 
1 min 
30 x 
10 min 
forever 

Reaction mixture  Volume (µl)  
DNA 
up-nestin-Cre (25 pmol/µl) 
intcre_rev (25 pmol/µl) 
MgCl2 (25 mM) 
5 x PCR-Puffer  
dNTP’s (10,0 mM) 
Tag-Polymerase (500 U) 
dH2O 
Total 

1,0 
0,2 
0,2 
2,0 
2,5 
0,2 
0,5 
18,4 
25 

Program  Temperatur (°C)  Time 
1 
2 
3 
4 
5 
6 
7 

95 
94 
60 
72 
Go to step 2 
72 
8 

5 min 
30 sec 
50 sec 
1 min 30 sec 
36 x 
10 min 
forever 

Program  Temperatur (°C)  Time 
1 
2 
3 
4 
5 
6 
7 

94 
94 
60 
72 
Go to step 2 
72 
10 

1 min 
1 min 
1 min 
1 min 
30 x 
10 min 
forever 

Reaction mixture  Volume (µl)  
DNA 
intcre up (25 pmol/µl) 
intcre rev (25 pmol/µl) 
MgCl2 (25 mM) 
5 x PCR-Puffer  
dNTP’s (10,0 mM) 
Tag-Polymerase (500 U) 
dH2O 
Total 

1,0 
1,0 
1,0 
2,0 
5,0 
1,0 
0,2 
13,8 
25 
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3.3.3 Immunohistochemistry 

Immunohistochemistry was carried out on mice at age p60 or at age p90-120 for intercellular 

coupling analysis.  

 

3.3.3.1 Cardiac perfusion and fixation 

To get well preserved brain sections for immunohistochemistry transcardiac perfusion was 

carried out. First, mice were anesthetized with intraperitoneal injection of Cepetor-KH (1 

mg/ml) and Ketamin (10 %) in a ratio of 3:2. Using small scissors to open the ribcage and to 

expose the pericardium, which was followed by the insertion of a 25-G needle into the left 

ventricle. The right atrium was cut for the blood to flow out. During the whole perfusion 

process, 30 ml PBS (pH 7,4) was slowly injected to remove blood, followed by further 

pumping of 30 ml 4 % PFA for fixation. A successful perfusion was indicated by the animal 

becoming rigid. Later, the skull was opened and the brain isolated, then fixed again in 4 % 

PFA overnight at 4°C. The next day the brain was tr ansferred to sucrose solution in PBS (30 

%) for at least 3 days.          

 

3.3.3.2 Cryoprotection and sectioning 

Three days after immersion in sucrose solution, brains were cryoprotected in Tissue-tek 

(Sakura), frozen and stored first at -80°C. General ly, free floating coronal sections (40 µm) 

were cut on a cryostat (Microm HM560) and collected in 24-well plates filled with PBS (pH 

7,4) and 0,01 % sodium azide for longer preservation at 4°C. Depending on the purpose, like 

X-Gal staining, 10-20 µm thin sections were produced. Such sections were mounted directly 

onto histological slides. The sections were air-dried for one hour at RT to prevent them from 

falling off the slides during incubations. Slides containing cryostat sections can be stored at -

80°C for up to 12 months. 

 

3.3.3.3 Immunostaining procedure 

The coronal sections were washed three times in PBS (pH 7,4) for 10 min each and then 

incubated in blocking solution (5-10 % NGS, 0,3-05 % TritonX-100 in PBS) for 2 h at RT. 

Subsequently, sections were incubated in appropriate primary antibodies diluted in blocking 

solution (5 % NGS, 0,1-0,3 % TritonX-100 in PBS) overnight at 4°C with gentle shaking. 

Applied primary antibodies were listed in Tab. 3.2. For Ki-67, BLBP and DCX stainings, 

sections were incubated with the mentioned primary antibodies for 48 h at 4°C, respectively. 

After incubation with the appropriate secondary antibodies for 2 h at RT sections were 

washed three times in PBS, followed by nuclei staining with Hoechst 33258 (1:100) or 

alternatively with Draq5 (1:1000) for 10 min at RT. Applied secondary antibodies are listed in 

Tab. 3.3. Brain sections were mounted onto specimen slides using Permafluor or Vectashield 
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and covered by cover slips. For double and triple immunofluorescence, the same procedure 

was performed with suitable primary and corresponding secondary antibodies.  

  

3.3.3.4 X-Gal and eosin immunohistochemistry 

The lacZ gene encodes the enzyme β-galactosidase (ß-Gal), which metabolized the 

colourless substrate X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) into an 

insoluble blue precipitate. The X-Gal staining demonstrates cell nuclei, whereas cytoplasm 

and extracellular matrix are obtained by counterstaining with the eosin Y solution. X-Gal and 

eosin staining of thin sections was performed according to Theis et al., 2001. Perfusion and 

fixation of mice brains or hearts are described previously in section 3.3.3.1. Solutions and 

materials are listed before (3.2.4.3). Frozen sections (10-20 µm) were first fixed in lacZ-

fixation solution for 5 min, rinsed three times in lacZ-washing solution for 5 min each. 

Subsequently, sections were incubated in lacZ-substrate solution overnight at 37°C in dark. 

On the following day, sections were washed three times in lacZ-washing solution for 5 min 

each and counterstained with eosin-staining solution for 3-5 min. To obtain a desired colour 

intensity, sections were washed several times in distilled water, followed by application of 

coverslips with entellan and air-dried at RT.    

 

3.3.3.5 BrdU immunohistochemistry 

BrdU (5-bromo-2-deoxyuridine), an analogue of thymidine, can be incorporated specifically 

into the DNA structure of dividing cells both in vitro and in vivo (Gage, 2000). BrdU labeling is 

currently the most used technique for monitoring neural progenitor cell proliferation in a 

variety of neurogenesis studies, including human (Miller and Nowakowski, 1988; Seki and 

Arai, 1995; Kuhn et al., 1996; Eriksson et al., 1998; Gage, 2000). The experimental design 

and BrdU administration protocol are illustrated in Fig. 3.1.  

 

Fig. 3.1: The experimental design and BrdU administ ration protocol. Schematic illustration of the 

experimental design. Prior to perfusion all animals received intraperitoneal (i.p.) injections of the proliferation 
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marker BrdU three times with the interval of two hours on one day and separated into two groups. Set 1 animals 

were sacrificed 2 h after last injection, whereas set 2 groups were perfused 4 weeks later. 

 

As an exogenous marker BrdU (50 µg/g body weight; Sigma Aldrich) was dissolved in 0,9 % 

saline and stored at -20°C. All animals at age p60 were received three times intraperitoneal 

(i.p.) injections with the interval of two hours on one day. Mice were sacrificed either 2 h or 4 

weeks following the last BrdU administration to map the fate of proliferating cells. Animals 

were deeply anesthetized and perfused transcardially, followed by cryoprotection and 

sectioning as described above. Free floating sections (40 µm) were treated for 30 min with 

H2O2 (0,6 %) in TBS (pH 7,5) to block endogenous peroxidase. After washing sections were 

denaturized in 2 N HCl for 30 min at 37°C to expose  the antigen of DNA, followed by rinsing 

in borate buffer (pH 8,5) for 10 min. Then, sections were blocked in TBS with 3 % donkey 

serum and 0,1 % TritonX-100 (TBS-plus) for 1 h at RT. Subsequently, sections were 

incubated in primary antibody (rat monoclonal anti-BrdU 1: 500; AbD Serotec) in TBS-plus 

overnight at 4°C. Next day, after rinses in TBS, se ctions were incubated in the secondary 

antibody (biotinylated donkey anti-rat 1: 500; Jackson Immunoresearch) for 4 h at RT. For 

immunohistochemical detection of BrdU incorporation, sections were treated in an avidin-

biotin peroxidase reagent (Vectastain Elite ABC kit; Vector Laboratories) for 1 h. After 

another set of rinses in TBS, a nickel-intensified DAB (3, 3’-diaminobenzidine) substrate kit 

(Vector Laboratories) was used for peroxidase reaction. After peroxidase staining sections 

were thoroughly washed and mounted with entellan. For immunofluorescence triple-labeling 

of BrdU, Prox1 and DCX, sections were treated in the same way described previously for the 

immunoperoxidase staining. Briefly, sections were first incubated with primary antibody rat 

anti-BrdU (1: 500, AbD Serotec) overnight at 4°C, f ollowed by biotinylated donkey anti-rat 

antibody (1:500, Jackson Immunoresearch) staining for 4 h at RT. Then, sections were 

incubated with streptavidin Cy3 (1: 500, Sigma Aldrich) overnight at 4°C. On the following 

day, sections were incubated in a mixture of two antibodies (goat anti-doublecortin, 1:200, 

Santa Cruz Biotechnologies; rabbit anti-Prox1, 1:2500, Chemicon) for 48 h at 4°C. After a set 

of rinses in TBS, a mixture of secondary antibodies (Alexa Fluor 488 donkey anti-goat for 

DCX, Alexa Fluor 674 donkey anti-rabbit for Prox1) was applied for 4 h at RT. Subsequent 

the sections were rinsed again in TBS and coverslipped in the permafluor mounting medium          

(Thermo Fischer Scientific). 

 

3.3.3.6 Paraffin immunohistochemistry and immunofluorescence 

For light microscopy and immunostaining, three sectioning techniques are routinely carried 

out: free floating sections, thin sections on the slides and paraffin embedded sections. In 

cooperation with Prof. Dr. Brehm (Anatomisches Institut, Tierärzliche Hochschule Hannover), 

immunofluorescence of fixed paraffin-embedded testis and ovary sections were performed. 
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Testis and ovary were dehydrated by graded ethanol solutions, followed by graded xylene 

solutions and liquid paraffin: 70 % Ethanol 20 min (1 x), 95 % Ethanol 20 min (2 x), 100 % 

Ethanol 20 min (2 x), Xylene 20 min (2 x), Paraffin (65°C) 30 min (2 x). The tissue was 

removed from liquid paraffin and placed into a mold. The wax was allowed to solidify until it 

formed a block that could be held in the microtome (Microm, Germany). 5 µm serial sections 

were mounted on Superfrost slides (Metzel-Gläser, Germany) and dried at 37°C for 16 hours 

to bond the tissue to the glass. Slides and blocks were stored at room temperature until they 

were used. Before each staining, sections were de-waxed in xylene for 5 min (3 x), and 

rehydrated through serial ethanol solutions: 100 % 5 min (1x), 90 % 5 min (1 x), 80 % 5 min 

(1 x), 70 % 5 min (1 x), 50 % 5 min (1 x) to PBS (pH 7,4). After deparaffinization and 

rehydration, sections were treated with 3 % H2O2 and blocked with bovine serum albumin 

(BSA, 5 %) for 30 min each, and then incubated with the polyclonal anti-β-Gal antibody 

(1:5000) or a polyclonal anti-GFAP antibody (1:1000, DAKO, Hamburg) overnight at 4°C, 

respectively.  For visualization, the DAKO EnVision+ System/rabbit, horseradish peroxidase 

(DAKO, Hamburg, Germany) was used in accordance with the manufacturer’s protocol. 

Intermediate washing steps were performed using TBS (10 mM Tris pH 8.0, 150 mM NaCl) 

containing 0.05 % Tween20 (TBST). After staining with diaminobenzidine, the sections were 

thoroughly washed in running tap water for 10 min and counterstained with hematoxylin (ß-

Gal) or without counterstaining (GFAP). Finally, they were dehydrated in a series of graded 

ethanol solutions, cleared in xylene, mounted with Eukitt (Sigma Aldrich, Munich, Germany) 

and images were aquired using an Axioskop connected to an Axiocam (Zeiss, Jena, 

Germany). 

For double β-Gal immunofluorescence stainings (ß-Gal and TIF-2), deparaffinised and 

rehydrated sections were boiled at 96-99°C for 20 m in in sodium citrate buffer (pH 6.0), let 

cool down, permeabilized with 0,2 % Triton X-100 in TBS for 45 min and blocked with 20 % 

NGS for 20 min at room temperature. Then, sections were incubated overnight at 4°C with 

the primary anti β-Gal antibody (1:5000) and monoclonal mouse anti-TIF-2 antibody (1:100, 

BD Transduction Laboratories, Heidelberg, Germany). This step was followed by the 

incubation with a mix of the secondary antibodies (goat anti-rabbit antibody conjugated to 

Alexa fluor 546 (red, 1:2000, A11040, Invitrogen) and goat anti-mouse antibody conjugated 

to Alexa fluor 488 (green, 1:2000, A11029, Invitrogen) for 45 min and washed again. 

Washing steps were performed using TBST. After 5 min in aqua dest, sections were 

mounted with ProLong Antifade (Invitrogen, Karlsruhe, Germany), viewed under a Zeiss 

Axiovert 200 M fluorescence microscope and images were acquired with the Zeiss software 

AxioVision (Zeiss, Jena, Germany). 

For β-Gal and VASA double immunofluorescence stainings, deparaffinised and rehydrated 

sections were microwave treated at 600 W in sodium citrate buffer (pH 6.0) for 2 x 5 min, let 
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cool down, permeabilized with 0,2 % Triton X-100 in TBS for 45 min and blocked with 20 % 

NGS for 20 min at room temperature. Then, sections were incubated overnight at 4°C with a 

mix of the primary antibodies (chicken anti β-Gal antibody (1:500, Abcam, ab9361, 

Cambridge, UK) and polyclonal rabbit anti-DDX4 (VASA) antibody (1:100, Abcam, ab13840). 

Then, sections were incubated with a mix of the secondary antibodies (goat anti-chicken 

antibody conjugated to Alexa fluor 546 (red, 1:2000, A11040, Invitrogen) and goat anti-rabbit 

antibody conjugated to Alexa fluor 488 (green, 1:2000, A11029, Invitrogen) for 45 min and 

washed again. All intermediate washing steps were performed using TBST. Images were 

acquired with a Zeiss Axiovert 200 M fluorescence microscope and the Zeiss software 

AxioVision (Zeiss, Jena, Germany). 

 

3.3.3.7 Image acquisition and processing 

Images were taken with a digital SPOT camera (Diagnostic Instruments, Sterling Heights, 

MI) and MetaView software (Universal Imaging, West Chester, PA), using an Axiophot 

microscope (Carl Zeiss, Göttingen, Germany) equipped with fluorescence optics. Using 

appropriate filter sets fluorescent illumination was acquired by excitation/emission 

wavelengths of 340/425 nm (blue), 500/550 nm (green) and 580/ 630 nm (red). Alternatively, 

light images for BrdU immunohistochemistry were taken with a Binocular (Moticam, Xiamen, 

China) supplied with a digital camera. For higher resolution and cell colocalization, images 

were acquired with confocal laser scanning microscopy (Leica TCS, Pulheim, Germany). 

Image processing and quantification were performed using ImageJ software (NIH, Bethesda, 

USA). Several optical sections, at 1 µm intervals through the depth of the slice, were digitally 

combined to yield the final images. Only general adjustments of color, contrast and 

brightness were made.  

 

3.3.3.8 Quantification and statistical analysis 

Quantification of proliferating cells was achieved by counting the number of positively stained 

nuclei within the SGZ of the DG using z-stack micrographs. Ki67-positive cells were 

quantified in a 1-in-5 series of sections totaling to 5 sections (i.e., 10 DG sections) throughout 

the whole rostrocaudal extension of the DG. BrdU-positive cells in the SGZ and 

colocalization studies were counted using a confocal laser scanning microscope (Leica TCS). 

Images were acquired in sequential scanning mode, where only one laser and the respective 

detection line are active at a time to exclude cross-bleeding between the three different 

channels. Colocalization was confirmed by z-series through the cell soma allowing the 

definite assessment of overlap between the antigens. The percentage of BrdU-positive cells 

expressing Prox1 only, or Prox1 and DCX were assessed by the colocalization studies. 

Prox1-positive cells were counted in a 1-in-5 series of sections with intervals of 240 µm 
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throughout the rostrocaudal span of the GCL. To define the counting box, confocal laser 

micrographs of the GCL were obtained using 40 x objectives at 1 µm intervals to a final depth 

of 4 µm. The counting box has dimensions of 150 x 50 x 4 µm3 and was embedded entirely 

within the section. The left side of the counting box is positioned 250 µm away from the 

outermost margin of the GCL flexure and was perpendicularly oriented to the longitudinal 

axis of the GCL. Cell nuclei that were located completely inside the counting frame and those 

that crossed through its right side were counted, whereas nuclei that crossed the left plane 

were not considered. BLBP-positive cells were also counted in a 1-in-5 series of sections, 

with a counting box of 220 x 170 x 30 µm3 that was located 50 µm beyond the tips of the 

hilus perpendicularly to the longitudinal axis of the GCL. Only BLBP-positive cells in the SGZ 

with a process extending into the GCL were counted. Data analysis was performed using 

SPSS (PASW statistics version 18) for windows. Mean values of cells per DG (Ki67, Prox1, 

BLBP and BrdU) were calculated and assessed with the Mann-Whitney U- or Kruskal-Wallis 

H-test for significant differences between groups. Data are given as mean ± SD unless 

otherwise noted. A difference in probability value P < 0.05 was considered statistically 

significant.  

 
 
 
3.3.3.9 Electrophysiology and biocytin visualization 

Patch-Clamp recordings were carried out by Dr. Peter Bedner and Mrs. Stephanie 

Griemsmann in our institute. The measurements of biocytin tracer coupled astrocytes or RG-

like cells were performed as described previously (Theis et al., 2003; Wallraff et al., 2006; 

Kunze et al., 2009). Mice aged 90 to 120 postnatal days were anesthesized by Isofluran, 

decapitated and the brains were quickly removed. Twohundred µm thick coronal sections 

were cut on a vibratome (VT1000S, Leica, Nussloch, Germany). Then, slices were stored in 

artificial cerebrospinal fluid (ACSF) containing (in mM): 126 NaCl, 3 KCl, 2 MgSO4, 2 CaCl2, 

10 glucose 1.25 NaH2PO4, 26 NaHCO3, equilibrated with 95 % O2 and 5 % CO2 to a pH of 

7.4 at RT. For some experiments slices were incubated in ACSF added with 1 µM SR101 

(Invitrogen) at 35°C. Whole-cell voltage-clamp reco rding model was performed for the 

intercellular coupling in the stratum radiatum of CA1 or in the SGZ of DG. Slices were 

transferred to a recording chamber and continuously perfused with carbogenized ACSF. 

Cells were visualized using an upright microscope equipped with an infrared DIC system 

(Eclipse E600FN, Nikon) at 600-fold magnification. Experiments were performed on cells 

identified by endogenous fluorescence or staining with the astrocyte marker SR101 (SR101, 

Invitrogen) (Nimmerjahn et al., 2004; Kafitz et al., 2008). Pipettes were fabricated from 

borosilicate glass (Science Products) and had a resistance of 2 to 6 MΩ when filled with 

internal solution containing (in mM): 130 K-gluconate, 1 MgCl2, 3 Na2-ATP, 20 HEPES, 10 
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EGTA, 0.5 % N-biotinyl-L-lysine (Biocytin, Sigma); pH 7.2. Currents were recorded 

employing either an EPC-7 or EPC-8 patch clamp amplifier (Heka, Lambrecht, Germany) 

and monitored by TIDA software (Heka). Data were sampled at 6 to 30 kHz and filtered at 3 

to 10 kHz. Input and series resistance were regularly checked by applying a 10 mV 

depolarisation step. The holding potential in acute slices was -80 mV. Biocytin injections 

were performed only one cell per slice for 20 min, afterwards slices were immediately fixed 

overnight in 4 % paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS), pH 7.4 

at 4°C. After wash and rinsing in PBS (pH 7,4), sli ces were blocked with solution consisting 

of 10 % NGS and 2 % TritonX-100 in PBS for 2 h at RT. Subsequently, sections were 

incubated with streptavidin Cy3 or Cy2 (for Cx43K258stop RG-like cell slices) (Sigma Aldrich, 

1: 300) overnight at 4°C. Next day, slices were was hed with PBS three times and co-stained 

with anti-GFP (Cx43G138R mice) or anti-ß-Gal (Cx43K258stop mice) antibodies to confirm 

the mice genotype. Finally, slices were mounted in the permafluor mounting medium 

(Thermo Fischer Scientific) and images were taken by Axiophot microscope (Carl Zeiss) with 

a 20 x objective as described above. 

 
 

3.3.4 Western Blot 

 

3.3.4.1 Sample preparation 

Mice were sacrificed by cervical dislocation, and the brain was immediately isolated. The 

cerebellum was first removed into an eppendorf tube and quick-frozen in liquid nitrogen. 

Then, the olfactory bulbs were cut off with part of frontal cortex and the rest of brain was put 

on a coronal plane. The hippocampus was separated carefully and collected into a tube and 

frozen in liquid nitrogen. For the phosphorylation studies only the dorsal part of the 

hippocampus was used to compare the phosphorylated Cx43 in the ipsilateral versus the 

contralateral side. The tissues were stored at -80°C or subsequent prepared in a modified 

RNA Immuno- Precipitation Assay (RIPA) lysis buffer (50 mM Tris, 150 mM NaCl, 0.5 % 

Nonidet P40, 0.5 % Na-DOC, 1 % Triton X-100, 0.5 % SDS) supplemented with Roche 

Complete Mini protease inhibitor cocktail, 1 tablet/10 ml (Roche, Mannheim, Germany). For 

phosphorylation study the same lysis buffer was added with protease and phosphatase 

single using inhibitor 100 µl/10 ml (Thermo Scientific, Bonn, Germany). Then, the tissue was 

homogenized with a plastic pestle in a 1.5 ml tube in about 300 µl lysis buffer, then disrupted 

with a prechilled 27 gauge needle (Braun, Melsungen; Germany) and supersonic slat (until 

homogeneous). After incubation on ice for ~30 min, supernatants were collected by 

centrifugation for 30 min at 13,000 x g at 4°C. Tot al protein content was assayed with BCA 

(Pierce, Bonn, Germany) method using 5 µl supernatant of each sample.  
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3.3.4.2 SDS-PAGE, Blotting and detection 

Depending on the purpose of the experiment, 30-50 µg total protein per sample was used for 

immunoblot studies. Lysates were mixed with “Laemmli” sample buffer (62.5 mM Tris-Cl, pH 

6.8, 3 % SDS, 0.01% bromophenol blue, 5 % β-mercaptoethanol, 10 % glycerol) and 

denatured by heating for 10 min at 65°C. After that  samples were spin briefly and separated 

with 10 % or 12 % SDS resolving gel for 1-1,5 h at 0,06 mA in denaturing conditions. To 

estimate the protein size, Novex (Invitrogen) standard was loaded along with the samples. 

Nitrocellulose membrane (Aamsterdam) or PVDF (polyvinylidene fluoride) membranes 

(Millipore) were used for electroblotting of separated proteins for 2 h at 500 mA running 

condition. Membranes were blocked with 5 % milk powder in TBS (pH 7.4) containing 0.05 % 

Tween-20 and incubated overnight at 4°C on a rotato r with primary antibodies: rabbit 

polyclonal anti-Cx43CT (1:5000, Sigma, Steinheim, Germany), rabbit polyclonal anti-Cx43CT 

(1: 1000, C. Schlieker, 2000), mouse monoclonal anti-Cx43NT (1:200, Fred Hutchinson 

Cancer Research Center (FHCRC), Seattle, USA), rabbit polyclonal anti-Cx30 (1: 250, 

Invitrogen, Darmstadt, Germany), rabbit polyclonal anti-Cre (1:1000, Merck, Darmstadt, 

Germany), mouse monoclonal anti-α-tubulin (1:10,000, Sigma, Steinheim, Germany). 

Secondary antibodies used: goat-anti-mouse HRP conjugate (1:10,000, GE Healthcare, Little 

Chalfont Buckinghamshire, UK) goat-anti-rabbit HRP conjugate (1:10,000, GE Healthcare). 

All antibodies, including secondary antibodies, were diluted in 5 % milk powder in TBS (pH 

7.4) containing 0.05 % Tween-20, except for the mouse monoclonal anti-Cx43NT antibody, 

which was diluted in 1 % milk powder in TBS (pH 7.4). Equal loading of the lanes was 

confirmed by α-tubulin staining of the same membrane. For stripping, Pierce “Restore” 

stripping buffer was used for all blots for 20 min at RT. Membranes were usually re-blocked 

after stripping for 2 h at room temperature. For visualisation of HRP, the Super signal West 

Dura substrate (Pierce) was used and chemiluminescence was detected with the Gene 

Gnome digital documentation system (Synoptics, Cambridge, UK).  

 

3.3.4.3 Quantification and statistical analysis 

Raw data analysis and densitometry were performed with Gene Tools quantification software 

(Synoptics, Cambridge, UK). After subtracting the background ratio for each band, the 

intensity of the target proteins was normalized to the values from their α-tubulin loading 

controls, respectively. The normalized values of control samples were set to 100% for 

statistical analysis. A difference in probability value P < 0.05 was considered statistically 

significant using student’s t-test. Data are presented as mean ± SEM. 
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3.3.5 In vivo phosphorylation 

To study the effect of Cx43 phosphorylation on intracellular coupling, a mass spectrometry 

(MS)-based proteomic analysis was performed.  

 

3.3.5.1 Immunoprecipitation 

The first step in the analysis of a protein complex is the purification of the Cx43 protein from 

hippocampus in sufficient quantity for mass spectrometric identification. This is the most 

critical and often the most time-consuming step. Various approaches to purify protein 

complexes were developed; one of them is the immunoprecipitation (IP) method. Hippocampi 

from five mice (i.e., 10 hippocampi) were homogenized with a glass pestle in 1000 µl 

cytospin lysis buffer (120 mM KCl, 0,15 mM CaCl2, 10 mM KH2PO4, 25 % HEPES, 2 mM 

EGTA, 5 mM MgCL2, 5 mM L-glutathione) supplemented with protease and phosphatase 

inhibitor 100 µl/10 ml (Thermo Scientific, Bonn, Germany) to prevent enzymatic protein 

degradation during extraction and purification procedures. Then, crude lysates were 

disrupted with a prechilled 27 gauge needle (Braun, Melsungen, Germany) and supersonic 

slat was used three times for 10 sec each until the tissue was completely homogeneous. 

After incubation on ice for 30 min, supernatants were collected by centrifugation for 30 min at 

13,000 x g at 4°C. Total protein content was assaye d with a BCA method (Pierce, Bonn, 

Germany) according to the manufacturer instructions. To capture immunoprecipitated Cx43 

complexes a protein A-Dyna bead kit (Invitrogen) was used. All the IP steps were performed 

at 4°C on the ice. Hundred µl (3 mg) beads were tra nsferred into a test tube followed by 

separation and removal of supernatant on the magnet. Cx43 antibodies (Sigma, 0,5 mg/ml, 

20 µl) were diluted in 200 µl antibody binding & washing buffer and added to beads. For 

binding of antibody on the beads the complex was incubated with rotation for 1 h at RT. 

Later, the supernatant on the magnet was removed and the beads were resuspended by 

gently pipetting in 200 µl binding & washing buffer. For IP of target Cx43, hippocampal 

lysates (1000 µg) were incubated with beads-antibody complex overnight at 4°C with 

rotation. In each case, the same amount of sample proteins were incubated with only beads 

overnight as negative control. On the next day, the tube was placed on the magnet and the 

supernatant was transferred to a clean tube for further quality control. The beads- antibody-

antigen complex was washed in 200 µl washing buffer for three times and transferred to a 

new clean tube to avoid co-elution of proteins bound to the tube wall.  Non-denaturing elution 

of target antigen was carried out by adding 30 µl elution buffer to the complex and incubation 

with rotation for 10 min at RT. After dissociation of the complex the supernatant containing 

eluted antigen was transferred to a clean tube for detection of proteins in 1-D gel 

electrophoresis. The target protein was separated in a 4-20 % polyacrylamide gel (Pierce, 

Rockford, USA) for 1 h at 180 V with Tris-HEPES running buffer (100 mM Tris-base, 100 mM 
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HEPES, 0,1 % SDS). To visualize Cx43 band a Coommassie G-250 dye-based reagent 

(GelCode Blue Safe Protein Stain, Thermo Scientifc) was used for staining protein on gel.  

 

3.3.5.2 In-gel digestion 

The gel was first incubated with GelCode Blue Safe Protein Stain for 3 h at RT on a shaking, 

followed by destaining in ultrapure water overnight at 4°C. In-gel digestion was performed on 

the following day by using a trypsin based digestion kit (Thermo Scientific, Bonn, Germany). 

Protein band of interest was excised from the gel using a clean scalpel and cut into 2 x 2 mm 

pieces. Gel pieces were incubated in 200 µl destaining solution (80 mg ammonioum 

bicarbonate, 50% acetonitrile in 20 ml dH2O) at 37°C for 30 min with shaking. Remove and 

discard destaining solution from the tube and repeat the step once more. For high-sequence 

coverage samples were reduced and alkylated by using first 30 µl reducing buffer (50 mM 

TCEP in digestion buffer) at 60 °C for 10 min, foll owed by incubation in alkylation buffer (500 

mM IAA in dH2O) in the dark for 1 h at RT. After discarding alkylation buffer from tube 

samples were washed by 200 µl destaining buffer again for 15 min at 37°C with shaking. 

Subsequently, gel pieces were incubated in 50 µl acetonitrile for 15 min at RT and dried in 

the air for 10 min. Gel pieces were swollen by adding 10-20 µl of activated trypsin solution 

(10 % trypsin working solution in digestion buffer) to the tube and further incubated for 15 

min at RT. Finally, samples were digested in 25 µl digestion buffer (25 mM ammonium 

bicarbonate in dH2O) overnight at 30 °C with shaking, followed by rem oving digestion mixture 

in a clean tube on the next day. Samples were stored at 4°C until MS analysis.     

 

3.3.5.3 Mass spectrometry 

Mass spectrometry (MS) is a powerful tool for the identification and characterization of 

protein post-translational modification, including phosphorylation. In cooperation with Dr. 

Marc Sylvester (Institute for Biochemistry and Molecular Biology, University Hospital Bonn), 

MS-based Cx43 phosphorylation studies were performed. For peptide preparation, proteins 

from Cx43-immunoprecipitation samples were eluted with “Laemmli” buffer and separated on 

SDS-PAGE. Slices in the molecular weight range of Cx43 were excised and subjected to 

tryptic in gel digestion (Rosenfeld et al., 1992; Jeno et al., 1995). In brief, proteins were 

reduced with 20 mM DTT, slices washed with 100 mM ammonium bicarbonate, and proteins 

alkylated with 40 mM iodoacetamide (IAA). The slices were washed again and dehydrated 

with acetonitrile. Slices were dried in a vacuum concentrator and incubated with 400 ng 

sequencing grade trypsin at 37°C overnight. The pep tide extract was dried in a vacuum 

concentrator and stored at -20°C. For liquid chroma tography-mass spectrometry (LC-MS) 

analysis, dried peptides were dissolved in 7 µl 0.1 % formic acid (solvent A). 1,7 µl were 

injected onto a C18 trap column (20 mm length, 100 µm inner diameter). Bound peptides 
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were eluted onto a C18 analytical column (200 mm length, 75 µm inner diameter, both 

columns from NanoSeparations, Nieuwkoop, Netherlands). Peptides were separated during 

a linear gradient from 0 % to 35 % solvent B (80 % acetonitrile, 0.1 % formic acid) within 40 

min at a flow rate of 400 nl/min. The nano-HPLC (high-performance liquid chromatography) 

was coupled online to an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific, 

Bremen, Germany). Peptide ions between 395 and 1800 m/z were scanned in the orbitrap 

detector with a resolution of 30,000 (maximum fill time 400 ms, AGC target 106). The 25 most 

intense precursor ions (threshold intensity 5000) were subjected to collision induced 

dissociation with multiple stage activation and fragments analyzed in the linear ion trap. 

Fragmented peptide ions were excluded from repeat analysis for 15 s. Raw data processing 

and analysis of database searches were performed with Proteome Discoverer software 1.3 

(Thermo Fisher Scientific). Peptide identification was done with an in house Mascot server 

version 2.3 (Matrix Science Ltd, London, UK) and the Sequest search node in Proteome 

Discoverer. MS2 data was searched against mouse sequences from SwissProt (release 

2012-07) and a minimized Cx43 database for increased sensitivity. Precursor ion m/z 

tolerance was 6.5 ppm, fragment ion tolerance 0.6 Da. b- and y-ion series were included. 

Semittryptic peptides with up to two missed cleavages were searched. 

Carbamidomethylation was set as a static modification of cysteines. The following dynamic 

modifications were allowed: phosphorylation of serine, threonine, and tyrosine, oxidation of 

methionine, and the acetylation of the protein N-terminus. The PhosphoRS2.0 node was 

used for scoring of the phospho-site assignment (Taus et al., 2011). Spectra with low scoring 

identifications and phospho-localizations were inspected manually. Mascot results from 

searches against SwissProt were sent to the percolator algorithm version 1.17 (Kall et al., 

2008) as implemented in Proteome Discoverer 1.3.0.339. 
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Fig. 3.2: Overview of a multiple reaction monitorin g triple quadrupole (MRM-QQQ) MS experiment. a:  

Positional cleavage along the peptide backbone results in C-(a-, b-, and c-) or N-terminal (x-, y- and z-) ions. 

collision-induced dissociation (CID) experiment typically produce b- and y-ions. b:  During an MRM run, Q1 selects 

peptides based on m/z for transfer to the Q2 CID collision cell. Product ions, called transitions, are then 

specifically selected as they pass through a Q3 isolation window. Each set of transitions at a given liquid-

chromatography (LC)-elution time uniquely identifies a target protein (Chen et al., 2012, modified). 
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4. Results 
 

The Cre/loxP system of site-specific recombination is a powerful tool to manipulate cell-type 

restricted deletions in the mouse (Nagy, 2000; Gaveriaux-Ruff and Kieffer, 2007), even 

though it has certain drawbacks (Schmidt-Supprian and Rajewsky, 2007) and the application 

of various conditional gene expressions systems are discussed with regard to their efficacy 

and accuracy. These include detrimental effects of Cre overexpression (Schmidt et al., 2000; 

Forni et al., 2006; Lee et al., 2006), spontaneous ectopic Cre activity (Eckardt et al., 2004; 

Korets-Smith et al., 2004) and spontaneous loss of Cre activity (Schulz et al., 2007; Requardt 

et al., 2009). These critical limitations required developing a reliable method of quality control 

in the transgenic mice. 

 

4.1 Quality control of the widely used hGFAP-Cre and nestin-Cre 

transgenes 

 

For gene deletion in the CNS, a Cre transgene driven by promoter elements of the human 

glial fibrillary acidic protein (hGFAP-Cre) has been used extensively (Zhuo et al., 2001). We 

and others have used this hGFAP-Cre transgene to study the role of astrocytic gap junction 

proteins (Theis et al., 2003; Theis et al., 2004; Wallraff et al., 2006; Rouach et al., 2008; 

Kunze et al., 2009; Maglione et al., 2010; Magnotti et al., 2011; Pannasch et al., 2011). We 

and others have also used a nestin-Cre transgene (Tronche et al., 1999) to delete the major 

astrocytic gap junction protein, Cx43 (Cina et al., 2009) or to replace the WT version with 

mutant versions of Cx43 (Dobrowolski et al., 2008). A previous study showed spontaneous 

loss of hGFAP-Cre activity in our mouse colony and developed control procedures to 

maintain stably active hGFAP-Cre in our animal facility (Requardt et al., 2009). Now we 

found that there is in addition germ-line activity of hGFAP-Cre and also of nestin-Cre, two 

widely used transgenes for astrocyte-directed gene deletion. Ectopic, global deletion of 

floxed genes occurs with high frequency, which requires an even more rigorous control. I 

here outline procedures to detect and minimize Cre-mediated germ-line deletion, which is 

essential to avoid unwanted global deletion of floxed alleles and to maintain the CNS-

restricted deletion status of floxed alleles in transgenic mouse colonies. 
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4.1.1 PCR analysis reveals germ-line hGFAP-Cre acti vity in Cx43 conditional 

knock-out mice 

 

In an attempt to create mice in which Cx43 still mediates gap junctional coupling but no 

longer adhesive interactions via its C-terminal tail (Giaume and Theis, 2010), we raised 

Cx43fl/K258stop: hGFAP-Cre mice carrying one Cx43K258stop allele (Maass et al., 2004) 

and a Cx43fl allele (Theis et al., 2001) which is deleted in the CNS by virtue of the hGFAP-

Cre transgene (Theis et al., 2003). In order to express solely mutant connexins which still 

mediate coupling but lack adhesive function in astrocytes, we crossed these mice with Cx30 

deficient mice to obtain Cx30-/-; Cx43fl/K258stop: hGFAP-Cre mice. Mice homozygous for 

the Cx43K258stop allele are not viable (Maass et al., 2004), similar to the perinatal lethality 

of the homozygous Cx43 deletion (Reaume et al., 1995; Theis et al., 2001). However, mice 

carrying a Cx43K258stop allele and a deleted floxed Cx43 allele (also called Cx43del allele) 

are viable (Maass et al., 2004). We observed that Cx43K258stop/del mice also survive when 

Cx30 is lacking in addition. When breeding Cx43fl/fl: hGFAP-Cre mice with Cx43fl/K258stop 

mice (irrespective of Cx30 deletion status), we obtained ‘impossible’ genotyping results from 

tail tip PCR, indicating the presence of a Cx43fl allele in combination with a deleted floxed 

Cx43 allele even when these mice did not carry the hGFAP-Cre transgene (Fig. 4.1 a). PCR 

strategies for identifying the Cx43 WT and Cx43K258stop allele as well as the floxed Cx43 

allele and the deleted Cx43 allele are schematically depicted in Figure 4.1 b. In order to 

exclude genotyping errors, we next performed a PCR specific for the hGFAP-Cre transgene 

and a general Cre PCR (internal Cre PCR) and got consistent results with both PCRs. From 

15 Cx43fl/fl: hGFAP-Cre x Cx43fl/K258stop breedings, we obtained a total of 224 mice in the 

offspring. In 7 of these breedings, Cre-transgenic females were used as parents, while in 8 

breedings, Cre-bearing male mice were employed. A total of 114 hGFAP-Cre negative mice 

were among the offspring of which 38 (33 %) exhibited ectopic recombination measured by 

the Cx43del PCR. Of those, 34 (89 %) were offspring from Cre-bearing mothers and only 4 

(11 %) were from Cre-transgenic fathers.  

We went back to analyse possible ectopic hGFAP-Cre activity in Cx30-/-; Cx43fl/fl x Cx30-/-; 

Cx43fl/fl: hGFAP-Cre breedings. A total of 58 hGFAP-Cre negative mice were among the 

offspring of which 15 (26 %) exhibited ectopic recombination measured by the Cx43 del 

PCR. In 4 breedings, Cre-transgenic mothers were employed and in 7 breedings, Cre-

transgenic fathers were used. Eight out of 16 Cre-negative animals from Cre-bearing 

mothers showed recombination (50 %), while only 7 out of 42 Cre-negative offspring from 

Cre-transgenic fathers exhibited ectopic Cre activity (17 %). We never observed mice with 

homozygous deletion due to the perinatal lethality of global Cx43 deletion (Reaume et al., 

1995; Theis et al., 2001). We tested if the activity was due to Cre-mediated recombination or 
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due to spontaneous recombination of loxP sites. None out of 38 mice from Cx30-/-; Cx43fl/fl 

x Cx30-/-; Cx43fl/fl breedings (without hGFAP-Cre) was positive in the Cx43del PCR, 

disfavoring spontaneous recombination of loxP sites without recombinase. We conclude that 

the hGFAP-Cre transgene exhibited germ-line activity. Germ-line recombination occurred 

more often in the offspring of Cre-transgenic females.  

Fig. 4.1: PCR strategies for different Cx43 alleles reveal unexpected results indicative of ectopic hGF AP-

Cre activity.  a: Analysis of Cx43 alleles and for the presence of the hGFAP-Cre transgene by four different PCRs 

of offspring from Cx43fl/fl: hGFAP-Cre X Cx43fl/K258stop breedings and of WT mice. The Cx43flox PCR 

generated a 0.5 kb WT amplicon and, in case of Cx43fl alleles, a 0.65 kb amplicon. The Cx43K258stop PCR led 

to a 0.45 kb amplicon (Cx43K258stop allele) and a 0.85 kb amplicon (Cx43 WT allele). The Cx43del PCR led to a 
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0.67 kb amplicon (Cx43del allele). Unexpectedly, we observed mice which carried a Cx43del allele in the absence 

of the hGFAP-Cre transgene (red box). b:  Scheme of Cx43 alleles. Solid boxes: transcribed regions. Dark grey 

boxes: 5’ and 3’ untranslated region. Red boxes: Cx43 coding region. Yellow box: selection marker cassette. Blue 

box: lacZ reporter gene. Arrowheads: loxP sites. Arrows: primers used for Cx43flox/WT PCR (red), Cx43del PCR 

(blue), and Cx43K258stop/WT PCR (black). 

 

4.1.2 ß-Gal immunoreactivity in the CNS confirms ge rm-line activity of the 

hGFAP-Cre transgene 

 

To confirm our PCR results, we next evaluated lacZ reporter gene expression by 

immunofluorescence staining for β-Gal in the brains of Cre-negative mice, in which the 

Cx43del PCR indicated germ-line deletion (Fig. 4.1 a, b). Mice lacking Cx30 in all cells of the 

body showed β-Gal expression representing Cx30 transcription in the granule cell layer and 

the leptomeninges of the cerebellum (Fig. 4.2 a), but only very weak labeling in the 

hippocampus (Fig. 4.2 b). Cre negative mice which show germ-line deletion of one Cx43fl 

allele (Cx43fl/del mice) mediated by parental Cre expression show strongly increased 

labeling for β-Gal in the granule cell layer and in the Purkinje cell layer of the cerebellum (Fig. 

4.2 c), consistent with expression of Cx43 driven β-Gal in Bergmann glia (Theis et al., 2003; 

Theis et al., 2005) and highly abundant expression in the hippocampus (Fig. 4.2 d). This 

expression was very similar to the staining of DKO mice (Fig. 4.2 e, f).   
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Fig. 4.2: β-Gal immunoreactivity in cerebellum and hippocampus  indicates ectopic activity of the hGFAP-

Cre transgene.  a, b:   antibody staining of Cx30-/- mice shows the distribution of β-Gal expression derived from 

the Cx30 locus. The β-Gal expression pattern matches that of Cx30 deficient mice (Theis et al., 2005; Gosejacob 

et al., 2011). Expression is moderate in the granule cell layer and leptomeninges of the cerebellum (a), and 

virtually absent in hippocampus (b). c, d:  β-Gal staining of Cx30-/-; Cx43fl/del mice with ectopic deletion shows 

much stronger β-Gal expression in cerebellum (c) and hippocampus (d) which largely matches that of DKO mice 

shown below. e, f:  β-Gal staining of Cx30-/-; Cx43fl/fl: hGFAP-Cre mice show the distribution of β-Gal expression 

derived from the Cx43 locus and the Cx30 locus. The β-Gal expression is strong both in cerebellum (e) and 

hippocampus (f). Bar: 200 µm. 
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4.1.3 ß-Gal expression is colocalized with the astr ocytic marker GFAP in the 

dentate gyrus of animal with germ-line deletion 

 

Since β-Gal immunoreactivity from the Cx30 knock-out disturbed the analysis of Cx43 driven 

β-Gal expression, we next tested mice which carried Cx30 WT alleles: Cx43/Cx30 WT mice 

were negative for β-Gal (Fig. 4.3 a). The β-Gal immunoreactivity of deleted floxed Cx43 mice 

(Cx43fl/del), i. e. with germ-line deletion of one Cx43fl allele, showed localization in cells 

which were positive for the astrocytic marker GFAP (Fig. 4.3 b). 

 

Fig. 4.3: Double immunofluorescence staining for GF AP and β-Gal in the dentate gyrus. a:  WT animals 

show absence of β-Gal expression in the dentate gyrus. b:  Cx43fl/del animal with germ-line deletion showing 

abundant β-Gal expression colocalized with the astrocytic marker GFAP similar to DKO mice. Scale bar: 50 µm.  

 

 

4.1.4 ß-Gal immunoreactivity occurs even in the abs ence of hGFAP-Cre 

immunoreactivity in mice with germ-line deletion 

 

In the next step, we correlated Cre expression with Cx43 ablation in situ by 

immunofluorescence detection of Cre recombinase and of β-Gal in cerebellar and 

hippocampal cryosections. WT mice were negative both for β-Gal and Cre (Fig. 4.4 a, b). 

Mice lacking Cx30 showed Cx30 driven β-Gal expression in the cerebellum, very weak 

labeling in the hippocampus and were likewise Cre negative (Fig. 4.4 c, d). Mice which 

experienced germ-line deletion of one Cx43fl allele showed strong immunoreactivity for β-

Gal, but lacked Cre immunoreactivity (Fig. 4.4 e, f). Immunoreactivity for β-Gal was very 

similar in DKO mice lacking both Cx43 and Cx30, which showed robust Cre immunoreactivity 

(Fig. 4.4 g, h), in contrast to the mice with germ-line deletion which show no Cre 

immunoreactivity (Fig. 4.4 e, f).  
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Fig. 4.4: Cx43-driven β-Gal immunoreactivity occurs even in the absence of  Cre immunoreactivity in mice 

with ectopic deletion.  a-h:  Immunofluorescence analysis for Cre expression (green) and β-Gal (red). Hoechst 

staining in blue. a, c, e, g: Cerebellum. b, d, f, h: Hippocampus. a, b:  WT mice express neither β-Gal nor Cre 

protein. c, d:  Cx30-/- mice show moderate β-Gal expression in cerebellum and very weak expression in 

hippocampus. e, f:  Cx43fl/del mice exhibit strong immunoreactivity for β-Gal in both brain areas, but no Cre 

expression. g, h:  DKO mice show β-Gal immunoreactivity essentially identical to mice with ectopic deletion and 

prominent expression of Cre in both brain areas. Bar: 100 µm (50 µm for f and h). 
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4.1.5 Immunoblot analysis confirms loss of Cx43 exp ression in the absence of 

Cre protein 

 

Immunoblot analysis of hippocampal lysates confirmed that Cx43K258stop/del mice with 

germ-line deletion of Cx43 indeed have lost immunoreactivity for the full length Cx43. The 

Cx43 antibody used detected the C-terminus of Cx43, which is lacking in the truncated 

Cx43K258stop form. WT mice and mice carrying Cx43fl alleles show Cx43 expression with 

an antibody directed to the C-terminus at a Mw of 43 kDa (upper row), but lack 

immunoreactivity for an N-terminal Cx43 antibody at a Mw of 28 kDa (corresponding to the 

Cx43K258stop protein; second row). Cx43fl/fl: hGFAP-Cre mice show strongly decreased 

expression of Cx43 at 43 kDa, corresponding with their immunoreactivity for Cre in 

hippocampal lysates (third row). Cx43fl/fl mice show less abundant Cx43 protein expression 

compared to WT mice due to the targeted modification of the Cx43 locus, as already 

reported (Theis et al., 2001). Consistently, in deleted floxed Cx43 mice (Cx43fl/del; green 

box in Fig. 4.5), immunoreactivity for Cx43 is further reduced by about 50% due to loss of 

one Cx43fl allele in spite of the absence of Cre protein. Mice carrying the Cx43K258stop 

allele show immunoreactivity for the 28 kDa truncated protein with the N-terminal antibody 

and, depending on the presence of a Cx43fl allele, immunoreactivity for the full length Cx43 

protein at 43 kDa. Cx43fl/K258stop: hGFAP-Cre mice show strongly decreased 

immunoreactivity for the full length Cx43 protein, corresponding with immunoreactivity for 

Cre, while the levels of the truncated protein are not changed compared to Cx43fl/K258stop 

mice lacking Cre. No Cre protein is expressed, but immunoreactivity for the full length Cx43 

is completely lost in deleted floxed Cx43 (Cx43K258stop/del mice; red box in Fig. 4.5). We 

here demonstrate with in situ immunolocalization and immunoblotting that ectopic activity 

occurs frequently in Cx43fl/fl x Cx43fl/fl: hGFAP-Cre breedings and in Cx43fl/K258stop x 

Cx43 fl/fl: hGFAP-Cre breedings. This happens even in the absence of Cre protein, 

indicating germ-line recombination mediated by hGFAP-Cre. 
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Fig. 4.5: Immunoblot analysis of hippocampal lysate s for Cre and Cx43 protein indicates loss of Cx43 

expression in the absence of Cre protein.  In Cx43fl/del mice (green box), immunoreactivity for Cx43 is reduced 

by about 50% compared to Cx43fl/fl mice. Immunoreactivity for the full length Cx43 is completely lost in 

Cx43K258stop/del mice (red box). Please note absence of Cre immunoreactivity in the Cx43fl/del and 

Cx43K258stop/del lanes, consistent with negative PCR results for hGFAP-Cre and internal cre PCRs. Upper row: 

Cx43 immunoreactivity at 43 kDa (full length protein, Cx43) with an antibody directed to the C-terminus. Second 

row: Cx43 immunoreactivity at 28 kDa (truncated protein, Cx43K258stop) with an antibody directed to the N-

terminus. Third row: Immunoreactivity for the Cre recombinase (Cre). Fourth row: Tubulin loading control. WT: 

Cx43+/+. 43 fl/fl; hGFAP-Cre: Cx43fl/fl: hGFAP-Cre. 43fl/fl: Cx43fl/fl. 43fl/del: Cx43fl/del. 43fl/K258stop; hGFAP-

Cre: Cx43fl/K258stop; hGFAP-Cre. 43fl/K258stop: Cx43fl/K258stop. 43K258stop/del: Cx43K258stop/del. KDa: 

Kilodalton. 

 

 

4.1.6 Germ-line activity of the hGFAP-Cre transgene  in the heart  

 

Besides astrocytes and leptomeningeal cells in the CNS, Cx43 is also prominently expressed 

in the heart (Reaume et al., 1995), and likewise Cx43-driven β-Gal reporter expression has 

been demonstrated in the heart (Theis et al., 2001). Any germ-line activity mediated by 

hGFAP-Cre in the zygote or early embryo should therefore as well lead to recombination in 

the adult heart, an organ which is not targeted by hGFAP-Cre (Zhuo et al., 2001). We 

therefore investigated heart sections of mice with germ-line deletion of Cx43 for β-Gal activity 

by X-gal staining (Fig. 4.6). WT mice lack β-Gal (Fig. 4.6 a). By contrast, hGFAP-Cre 

negative offspring from Cx43fl/fl: hGFAP-Cre x Cx43fl/K258stop breedings carrying the 

deleted floxed Cx43 (Cx43fl/del) genotype, i.e. showing germ-line deletion, exhibited 

prominent β-Gal activity in the heart visualized by X-gal staining which was localized to the 

nucleus (the engineered β-Gal contained a nuclear localization signal). Together with Mrs. 

Alexandra Klein, we also assessed Cx43 immunoreactivity in heart sections of 

Cx43K258stop/del mice from the same breedings, using an antibody directed to the 20 C-

terminal amino acids of Cx43 which are lacking in the truncated variant of Cx43. While we 
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obtained typical labeling of gap junction plaques in the intercalated discs between ventricular 

cardiomyocytes of WT mice (Fig. 4.6 c, e; Maass et al., 2004), we did not observe any 

labeling in heart sections of Cx43K258stop/del mice using this antibody (Fig. 4.6 d, f),  

confirming germ-line deletion of full length Cx43 by parental hGFAP-Cre protein. Similarly, 

we observed loss of immunoreactivity for the C-terminal epitope of Cx43 concomitant with 

gain of β-Gal immunoreactivity in the hippocampus of Cx43K258stop/del mice when 

compared to WT mice (Fig. 4.6 g, h).  
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Fig. 4.6: Ectopic activity of the hGFAP-Cre transgen e in the heart and brain.  a, b:  X-gal staining of sections 

from the left ventricle. WT mice do not show X-gal staining (a), while Cx43fl/del mice derived from Cx43fl/fl: 

hGFAP-Cre x Cx43fl/K258stop breedings exhibit β-Gal activity which is confined to the nucleus of cardiomyocytes 

(b). c, d and e, f:  Antibody staining of sections from the left ventricle with an antibody directed to the 20 C-

terminal amino acids of Cx43 (red) together with Hoechst nuclear stain (blue). e and f show additionally an 

antibody directed to sarcomeric α-actinin (white). WT mice show prominent labelling of gap junctional plaques at 

intercalated disks between cardiomyocytes (c and e), while Cx43K258stop/del mice lack immunoreactivity, 

consistent with absence of the Cx43 C-terminus (d and f). g, h:  Triple staining for the Hoechst nuclear stain 

(blue), β-Gal (green) and the C-terminal epitope of Cx43 (red). WT mice show prominent Cx43 expression in the 

hilus of the dentate gyrus and no β-Gal expression (g). By contrast, Cx43K258stop/del mice do not show 

immunoreactivity for the C-terminal epitope of Cx43 but show strong β-Gal expression, consistent with deletion of 

the Cx43fl allele (h). Bar: 50 µm for A and B, 20 µm for c-f and 25 µm for g and h. 

 

 

4.1.7 EGFP immunoreactivity in hippocampal dentate gyrus and CA1 region 

indicates germ-line activity of the nestin-Cre tran sgene 

 

We have recently investigated conditional knock-in mice with a replacement of WT Cx43 by 

the Cx43G138R point mutation (Dobrowolski et al., 2008) directed to astrocytes via a nestin-

Cre transgene (Tronche et al., 1999). In these mice, Cre-mediated recombination leads to 

expression of the Cx43G138R point mutation together with EGFP. Germ-line nestin-Cre 

activity in Cx43G138R point mutated mice was assessed by negativity for both the nestin-

Cre PCR and the internal cre PCR and GFP immunostaining (Fig. 4.7 a-f). In 4 out of 14 Cre-

negative mice investigated, we observed eGFP-reporter expression in the hippocampus, 

indicating ectopic deletion mediated by nestin-Cre (Fig. 4.7 e, f). Thus, germ-line Cre activity 

occurs in the CNS-restricted nestin-Cre transgene as well.  
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Fig. 4.7: GFP immunoreactivity in hippocampal denta te gyrus and CA1 region indicates ectopic activity of 

the nestin-Cre transgene.  a, b:  Chicken anti-GFP antibody staining of Cx30-/-; Cx43flG138R/flG138R: nestin-

Cre mice show the distribution of EGFP expression under control of Cx43 regulatory elements. Expression is 

stronger in the dentate gyrus (a), especially in the hilus, compared to the CA1 region (b). c, d:  Cx30-/-; 

Cx43flG138R/flG138R mice exhibit no immunoreactivity for GFP in both hippocampal regions. e, f:  Cx30-/-; 

Cx43flG138R/flG138R mice with ectopic activity of nestin-Cre in the parents show GFP staining in the dentate 

gyrus (e) and the CA1 region (f) with similar density as in Cx30-/-;Cx43flG138R/flG138R: nestin-Cre mice. Bar: 

100 µm.  

 
 
4.1.8 Assessment of germ-line hGFAP-Cre activity in  testis and ovary 

 

To investigate the possibility of a germ-line recombination (deletion) underlying the 

phenomenon of germ-line expression of hGFAP expression, the following experiment was 

performed: analysis of a Cre induced germ cell recombination using β-Gal 
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immunofluorescence in combination with either a (testicular) Sertoli cell-specific marker (TIF-

2) and/or a germ cell-specific marker (VASA).  

Human TIF2 (hTIF2) is a member of the p160 family of nuclear receptor coactivators and 

TIF2-/- mice are viable, but fertility of both sexes is impaired (Gehin et al., 2002). Testicular 

TIF2 expression is Sertoli cell-specific and appears to be essential for adhesion of somatic 

Sertoli cells to germ cells (Gehin et al., 2002; Mark et al., 2004; Ye et al., 2005). 

Characterization of germ cells was conducted using Vasa, a member of the DEAD box 

helicase family (alternative names: DDX4 or MVH). Vasa as a known specific marker for 

germ cells in general is localized in the cytoplasm or perinuclear region of male and female 

germ cells (Castrillon et al., 2000; Toyooka et al., 2000; Tanaka et al., 2000). 

Testes from genotyped transgenic prepubertal male mice (day 9 post partum (p9)) showed 

no morphological differences (data not shown). Neither in male transgenic mice of 

prepubertal (data not shown) and adult (Fig. 4.8 a-f) nor in adult female transgenic mice (Fig. 

4.8 g-i), any germ cells could be found “deleted / recombined” using immunofluorescence 

stainings. By means, spermatogonia, spermatocytes, spermatids as well as all stages of 

oocyte development remained immunonegative for β-Gal (Fig. 4.8 a-i). However, it cannot be 

excluded that recombination of one floxed Cx43 allele occurred during fetal gonadal 

development, which is in line with the fertility of the parents. 
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Fig. 4.8: Double immunofluorescence staining in adu lt Cx43/del mice testis and ovary (p35). a-c: ß-Gal and 

TIF2 double-labelling showed that only somatic Sertoli cells (TIF2-positive, white arrow) were immunoreactivity for 

ß-Gal but not in germ cells. d-f: Somatic Sertoli cells showed a nuclear labelling for β-Gal but no cytoplasmic 

immunoreaction for VASA. Germ cell nuclei (white arrow) were always immunonegative for β-Gal but 

immunopositive in the cytoplasm for VASA, indicating germ cells were not “deleted/recombined”. g-i: In ovaries 

predominantly somatic follicle cells (white arrow) showed a nuclear immunoreaction for β-Gal, whereas different 

generations of oocytes showed a characteristic staining for VASA but remained immunonegative for β-Gal. Nary 

cells (yellow arrow) showed a double-labelling for both markers. In adult Cx43/del female mice no oocytes had 

been found “deleted/recombined”. Identification of oocytes was performed with VASA. Bar: 100 µm. 

 

 

 

 

4.2 Functional insights of astroglial Cx30 and Cx43 in adult hippocampal 

neurogenesis   

 

In the SGZ of the adult DG, astrocytes with RG-like morphology are considered putative 

neural stem cells (Kempermann et al., 2004). The mechanisms that regulate RG-like 

precursor proliferation to new neuron maturation, synaptic integration and survival are not 

clearly understood. However, the local environment in the neurogenic niche may be required 

for the control of proliferation and differentiation of adult neural precursor in the DG (Li and 

Xie, 2005; Ninkovic and Gotz, 2007; Morrison and Spradling, 2008; Suh et al., 2009). One 

possible molecular pathway by which they receive signals is coupling through gap junctions. 

Gap junctional channels are comprised of connexins. Astrocytic connexins are involved in 

metabolite supply of neurons and extracellular K+ homeostasis, thus modulating neuronal 

activity (Wallraff et al., 2006; Rouach et al., 2008). In the DG, Cx30 and Cx43 are expressed 

in RG-like cells of the SGZ. Mice lacking Cx30 and Cx43 displayed almost complete 

inhibition of proliferation and a significant decline in numbers of RG-like cells and granule 

neurons. This data clearly showed astroglial Cx43 and/or Cx30 are required for adult 

neurogenesis (Kunze et al., 2009).  

 

 

4.2.1 Cx43, but not Cx30, is crucial for hippocampa l adult neurogenesis 

 

Previous single cell RT-PCR data showed that RG-like cells express three distinct connexin 

isoforms in the SGZ with Cx43 being most abundant, followed by Cx30 and Cx26. In the 

SGZ a significant proportion of RG-like cells are gap junction coupled, predominantly via 

Cx43 and Cx30. Ablation of these two majority astroglial connexins within RG-like cells leads 
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to strongly impaired neurogenesis in the DG (Kunze et al., 2009). However, it has not been 

clearly demonstrated which connexin is crucial for adult hippocampal neurogenesis. One 

recent study showed that gap junctional coupling of glomerular astrocytes is reduced after 

Cx30 ablation but not in Cx43 knock-out mice, indicating that Cx30 formed channels are the 

molecular targets of neuronal activity dependent modulation for olfactory information 

processing (Roux et al., 2011).  

 

 

 

4.2.1.1 Constitutive ablation of Cx30 has no impact on proliferation and 

neurogenesis assessed by Ki67, Prox1 and BLBP immunostaining   

 

To compare the role of Cx30 and Cx43 in adult hippocampal neurogenesis we performed 

NeuN and Ki67 immunostainings in Cx30-/- and Cx43fl/fl: hGFAP-Cre mice. NeuN is a 

neuronal specific nuclear antigen, which is present in most CNS and PNS neuronal cell types 

of all vertebrates (Mullen et al., 1992). NeuN immunoreactivity becomes obvious as neurons 

mature, a marker seen in the late stages of neuronal development. The name Ki67 is derived 

from the city of origin (Kiel, Germany) and the number of the original clone in a 96-well plate 

(Gerdes et al., 1983). Ki67 as endogenous proliferation marker is expressed in all phases of 

the cell cycle except the resting phase and at the beginning of the G1 phase (Zacchetti et al., 

2003).  
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Fig. 4.9: Reduced proliferation in the SGZ of Cx43fl /fl: hGFAP-Cre and Cx43fl/fl mice, but not Cx30-/- mice 

(p60). a-h:  Double immunostaining for NeuN (green) and Ki67 (red) in the DG of  WT (a, b), Cx30-/- (c, d), 

Cx43fl/fl: hGFAP-Cre (e, f) and Cx43fl/fl mouse (g, h). The coronal slices represent approximately the same z-

position in rostrocaudal extension of the hippocampus, respectively. Ki67-positive cells were framed in yellow 

scale in the same section (b, d, f and h) as in (a, c, e and g), indicated lower proliferative activity in the Cx43fl/fl: 

hGFAP-Cre (e, f) and Cx43fl/fl mouse (g, h), but not Cx30-/- (c, d) mouse. Dotted lines indicate the border 

between SGZ and GCL. Bar: 100 µm.  

 

In addition, to investigate whether lack of Cx30 or Cx43 directly affects neurogenesis, Prox1 

immunostaining was performed in DG of adult mice. Prox1, a prospero-related homeobox 

gene (Oliver et al., 1993), is expressed in DG granule cells throughout embryonic 

development and into adulthood. Prox1 is sequentially required for maturation and survival of 

new neurons in the adult hippocampus (Lavado et al., 2010). Therefore, Prox1 is commonly 

used as a specific marker for newborn neurons in the DG (Jessberger et al., 2008).  
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Fig. 4.10: Decreased granular cell numbers in the D G of Cx43fl/fl: hGFAP-Cre and Cx43fl/fl mice, but n ot 

Cx30-/- mice (p60).  Confocal images of Prox1 immunostaining on the DG of WT (a), Cx30-/- (b), Cx43fl/fl: 

hGFAP-Cre (c) and Cx43fl/fl mouse (d). Reduced numbers of Prox1-positive cells were observed in Cx43fl/fl: 

hGFAP-Cre and Cx43fl/fl mouse vs. Cx43WT animal. Frames in (a-d) indicate counting boxes (150 x 50 x 4 µm3). 

Bar: 50 µm. 

 

To get a first hint as to whether Cx30 deletion affected the number or arrangement of RG-like 

cells in the adult DG, expression of the RG marker, brain lipid-binding protein (BLBP), was 

assessed in mutated mice versus control animals at p60. BLBP is transiently expressed 

during fetal brain development (Feng et al., 1994) and actively blocks differentiation, 

presumably as a direct target gene of Notch signalling in RG cells (Anthony et al., 2005). 

Except RG-like cell (type-1) BLBP are also expressed in type-2 cell but label only a small 

percentage of the proliferating cells (Steiner et al., 2006). The number of BLBP-positive RG-

like cells in the SGZ of Cx30-/- mice was not significantly decreased compared to controls 

(Fig. 4.11). 
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Fig. 4.11: BLBP-positive cell numbers were similar between Cx30+/+ and Cx30-/- mice (p60). 

Representative images revealed similar numbers of BLBP labeled cells in the SGZ of Cx30+/+ control (a) and 

Cx30-/- mice (b). Frames indicate counting boxes (220 x 170 x 30 µm3). Scale bar: 50 µm. 

 

These findings indicated that only Cx43, but not Cx30, is crucial for proliferation, 

neurogenesis and RG-like cell numbers in the DG. Quantitative data is summarized in Figure 

4.12.   

Fig. 4.12: Deletion of Cx30 in astroglial cells has  no impact on adult neurogenesis (p60). a: Complete 

deletion of Cx43 in astrocytes led to a strong reduction of Ki67-positive nuclei to 83 % in the SGZ and a significant 

decrease in the number of granule neurons to 21 % as compared with WT mice. In addition, comparative counting 

of Ki67- (35 %) and Prox1- (13 %) labelled cells demonstrated significant lower number in Cx43fl/fl mice vs. WT 

mice. However, in the Cx30-/- mice i observed a similar number of Ki67- and Prox1-positive cells in comparison to 

WT, indicating the proliferation and neurogenesis in Cx30-/- mice remained unchanged. b: The number of BLBP-

positive cells were very similar between Cx30-/- and WT mice. Significant differences are indicated by asterisk. 

Significance level was set at P < 0.05 (Mann-Whitney U-test and Kruskal-Wallis H-test). Number of animals in 

each group is shown in brackets. 
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4.2.1.2 Cx43 is not upregulated after Cx30 ablation in the hippocampus 
 

Former studies demonstrated that specific deletion of Cx43 in astrocytes of Cx43fl/fl: hGFAP-

Cre mice can lead to the compensatory up-regulation of Cx30 (Theis et al., 2003; Nakase et 

al., 2004; Unger et al., 2012). More recently, gene deletion of Cx30 led to almost total 

elimination of immunofluorescence labelling for Cx26 in astrocytes of brain parenchyma and 

down-regulation of Cx26 mRNA in the brain. Moreover, ablation of astrocytic Cx30 resulted 

in the loss of its coupling partner Cx32 on the oligodendrocyte side of astrocyte-

oligodendrocyte (A/O) gap junctions (Lynn et al., 2011). To assess whether compensatory 

up-regulation of Cx43 after Cx30 deletion would likewise lead to unaltered adult 

neurogenesis between WT and Cx30-/- mice, we determined Cx43 protein levels in the 

hippocampus of WT and Cx30-/- mice by Western blot analysis. Importantly, by immunoblot 

we did not observe any increased Cx43 protein expression upon ablation of Cx30 when 

compared to WT controls (n = 4; Fig. 4.13). In contrast to Cx43, Cx30 protein levels were 

very low in the hippocampus of WT mice and completely absent in Cx30-/- mice, as we 

expected. Combining results of immunolabelling with immunoblotting, we demonstrate that 

significantly reduced proliferation and neurogenesis in Cx43fl/fl: hGFAP-Cre and Cx43fl/fl 

mice, but not in Cx30-/- mice might be a direct effect of ablation or mutation of Cx43, 

indicating that astrocytic Cx43, but not Cx30, is crucial for hippocampal adult neurogenesis.  

Fig. 4.13: Hippocampal immunoblot with antibodies d irected to Cx30 and Cx43.  a: In WT mice, a band 

occurred at 30 KDa but not in Cx30-/- mice. Cx43 antibody detected a band at 43 KDa in both genotypes. Tubulin 

was used as a loading control. b:  Quantitative analysis of Cx43 expression. Relative expression levels of Cx43 
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are shown normalized to tubulin levels; Cx43 expression in WT is set to 100 %. Changes were not statistically 

significant. Significance level was set at P < 0.05 (student’s t-test).   

 
4.2.1.3 BrdU incorporation and fate mapping in the DG of Cx30-/- mice 
 
 
To confirm Ki67 immunostaining results and compare the proliferative activity we analyzed 

the incorporation of BrdU into the SGZ of Cx30-/- mice, 2 h and 4 weeks after last BrdU 

administration. BrdU labeling can be visualized with immunocytochemical techniques and 

does not require autoradiography. This technique allows stereological estimation of the total 

number of cells as well as demonstration that the new cells express markers of specific cell 

types. To study the fate of proliferating cells we performed BrdU, Prox1 and Doublecortin 

(DCX) triple immunostaining in Cx30-/- mice, 4 weeks after last BrdU injection. DCX is a 

cytoskeleton-associated protein that is expressed transiently in the course of adult 

neurogenesis (Brown et al., 2003). DCX has recently been used as a marker associated with 

normal differentiation of new born neurons in the DG (Couillard-Despres et al., 2005). 

 

Fig. 4.14: BrdU incorporation was similar between W T and Cx30-/- mice (p60). a1, a2: Peroxidase based 

immunohistochemical BrdU-detection revealed similar numbers of labeled cells (red arrowheads) in the SGZ 

between WT (a1) and Cx30-/- mice (a2). Images were obtained from 40 µm thick coronal sections through the 
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hippocampus 2 h after the last BrdU injection. Scale bar: 100 µm. b-c:  Fate mapping analysis of BrdU-positive 

cells in the DG. Confocal images of triple-labeled immunofluorescent sections showing the colocalization of BrdU 

(red), Prox1 (blue) and DCX (green) positive cells (white arrow) in SGZ of WT (b1-b4) and Cx30-/- (c1-c4) mice. 

Images were taken 4 weeks after the last BrdU injection. Scale bar: 25 µm 

 

 

Fig. 4.15: Fate mapping of BrdU-positive cells in t he SGZ of Cx30-/- mice.  a: The histogram illustrates the 

number of BrdU-positive cells per DG of WT (black) and Cx30-/- (blue) mice, 2 h and 4 weeks after the last BrdU 

injections. At both time points no significant alteration of BrdU labeling was detected. b:  Percentage of BrdU-

positive cells expressing Prox1 only, or Prox1 and DCX 4 weeks after the last BrdU injection. Note that all BrdU-

labeled cells adopted a neuronal phenotype, and that the proportion of Prox1-positive/DCX-positive cells (gray) 

did not differ between Cx30-/- and WT mice. Number of animals in each group is shown in brackets. 

 

 
4.2.2 Analysis of Cx43G138R mutant mice in adult ne urogenesis 
 
Since Cx30 ablation has no impact on the proliferation and neurogenesis in the adult brain 

and a massive decrease in the number of dividing cells and granule neurons in response to 

Cx43 deletion during postnatal development, a key question is: which mechanisms in mice 

with Cx43-deficient in astroglia might underlie the observed reduction in proliferation and 

neurogenesis? However, previous work used Cx30-/-; Cx43fl/fl: hGFAP-Cre mice, in which 

both major astrocytic connexins completely lack (Kunze et al., 2009). Connexins mediate not 

only intercellular exchange of small molecules but also adhesive interaction between cells via 

the cytoplasmic C-terminal tail, as well as gene expression and hemichannel activity which 

might be required for neurogenesis (Giaume and Theis, 2010). To circumvent this limitation, 

we employed a panel of Cx43 mutant mice, which allowed us to gain the mechanistic insight 

into connexin function related to adult neurogenesis.  
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4.2.2.1 Quality control of Cx43G138R mice 
 
In Cx43flG138R/flG138R: nestin-Cre mutants, Cre recombination leads to expression of the 

Cx43G138R point mutation together with EGFP reporter gene driven by the Cx43 promotor. 

It was important to know whether the EGFP reporter protein indicated specific expression of 

the point mutated Cx43 in astrocytes. Immunfluorescence analysis using anti-EGFP and anti-

GFAP antibodies revealed a very high colocalization of the reporter protein with GFAP in 

astrocytes in the DG (Fig. 4.16 a, b). As mentioned in section 4.1.7, we revealed limitations 

of the widely used nestin-Cre transgenes, that is, spontaneous germ-line recombination 

activity of the Cre that required a rigorous quality control. To test for this pleiotropic effect, we 

compared the expression of cytoplasmic EGFP in the hippocampus of Cx43flG138R/flG138R 

and Cx43flG138R/flG138R: nestin-Cre mice with the Ki67 and NeuN immunostaining (Fig. 

4.16 c, d), or Prox1 labelling (Fig. 4.16 e, f). We found in nestin-Cre positive hippocampus a 

strong expression of EGFP immunoreactivity but not in the Cre negative control mice. In 

addition, we observed a lower number of Ki67-positive cells in the SGZ of nestin-Cre positive 

mice versus controls. These data confirm the proper expression of Cx43G138R in the 

astrocytes and ensure the faithful nestin-Cre mediated expression of astrocytic Cx43.   
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Fig. 4.16: Nestin-Cre mediated recombination leads to expression of the Cx43G138R point mutation in 

hippocampal DG.  a: nestin-Cre activity in Cx43G138R point mutated mice were assessed by GFP 

immunostaining (green). The distribution of EGFP-reporter expression is under control of Cx43 regulatory 

elements, indicating the Cx43G138R protein expression in the DG. b:  Double immunofluorescence staining for 

GFAP (red) and eGFP (green) in the DG of Cx43G138R point mutated mice. Animal with nestin-Cre mediated 

recombination showing the high level of colocalization of GFP expression with the astrocytic marker GFAP in the 

hilus, which points out astrocytic-specific expression of Cx43G138R protein in the CNS-restricted nestin-Cre 

transgenic animal. c, d: Confocal images of a Cx43flG138R/flG138R (c) and a Cx43flG138R/flG138R: nestin-Cre 

(d) mouse. eGFP (green) monitors Cre-mediated activation of the EGFP reporter. Ki67 (red, thin white arrow) and 

NeuN (blue) immunostaining indicates lower proliferative activity in the Cx43flG138R/flG138R: nestin-Cre mouse. 

e, f:  Double labelling for Prox1(red) and eGFP (green) in Cx43flG138R/flG138R (e) and a Cx43flG138R/flG138R: 

nestin-Cre (f) mouse, dotted lines indicate the border between GCL and SGZ. Scale bar, 50 µm. 
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4.2.2.2 The Cx43G138R mutation decreases proliferation and the numbers of 

granule cells and RG-like cells in the DG 

 
The available evidence strongly indicates that gap junction mediated coupling of glial cells 

plays a crucial role in regulating neurogenesis, and deletion of Cx43 disturbs cell proliferation 

not only during early developmental period of neocortex, but also in the postnatal 

hippocampal neurogenic region (Sutor and Hagerty, 2005; Wiencken-Barger et al., 2007; 

Kunze et al., 2009). With respect to gap junction coupling, previous experimental data 

suggested that mice expressing the point mutation Cx43G138R selectively lost intercellular 

coupling in primary cardiomyocytes, as well as in mutant Cx43 transfected HeLa and 

embryonic stem (ES) cells (Dobrowolski et al., 2008). However, those mutant mice still 

contain the intact C-terminal region, indicating cell adhesive interaction via the cytoplasmic 

C-terminal domain of Cx43, so neuronal migration should be preserved (Cina et al., 2009).   

To elucidate the impact of the point mutation Cx43G138R on RG-like precursor cell 

proliferation in the adult brain, we compared the proliferative activity in the SGZ assessed by 

Ki67 immunostaining. We observed a strong decrease in the number of Ki67-positive cells in 

mice expressing Cx43G138R (Cx30+/+; Cx43flG138R/flG138R: nestin-Cre) compared to 

“floxed” control animals, which are still expressing wild-type Cx43 (Cx30+/+; 

Cx43flG138R/flG138R; Fig. 4.17 a-d; Fig. 4.20 a). In order to abolish residual astrocytic 

coupling, Cx43 point mutated mice were crossed with Cx30-/- mice (Teubner et al., 2003). 

Additional deletion of Cx30 revealed also a significant reduction of Ki67-positive cells in 

Cx30-/-; Cx43flG138R/flG138R: nestin-Cre mice relative to Cx30-/-; Cx43flG138R/flG138R 

mice (Fig. 4.17 e-h; Fig. 4.20 b). However, within control (Cx30+/+; Cx43flG138R/flG138R 

vs. Cx30-/-; Cx43flG138R/flG138R) and point mutation groups (Cx30+/+; 

Cx43flG138R/flG138R: nestin-Cre vs. Cx30-/-; Cx43flG138R/flG138R: nestin-Cre) the 

number of Ki67-positive cells was similar irrespective of the Cx30 knockout. This indicates 

that reduced proliferative activity is caused alone by the Cx43G138R point mutation in 

precursor cells but not by Cx30.  
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Fig. 4.17: Reduced proliferative activity in the SGZ  of Cx43G138R mutant mice is independent of Cx30 

(p60). a-h:  Double labelling for Ki67 (red) and NeuN (green) in the DG of Cx30+/+; Cx43flG138R/flG138R (a, b), 

Cx30+/+; Cx43flG138R/flG138R: nestin-Cre (c, d), Cx30-/-; Cx43flG138R/flG138R (e, f) and Cx30-/-; 

Cx43flG138R/flG138R: nestin-Cre mice (g, h). Ki67-positive cells were framed in yellow boxes in the same 

section (b, d, f and h) as in (a, c, e and g), indicating strongly reduced proliferative activity in 

Cx43flG138R/flG138R: nestin-Cre mice (c, d, g and h) in comparison to Cx43flG138R/flG138R mice (a, b, e and 

f) independent of the Cx30 status. Dotted lines indicate the border between SGZ and GCL Scale bar: 100 µm.  

 

The majority of dividing precursors in the SGZ are directed to the neuronal fate and develop 

into mature dentate granule neurons during the following several weeks as they migrate 

radially from SGZ into the inner third of the granular layer (Zhao et al., 2006; Zhao et al., 

2008). To find out if there was any effect on the neurogenesis in response to strongly 

decreased proliferation in the Cx43G138R mutant, we subsequently investigated the number 

of granule neurons by the neuron marker Prox1, which is persistently and strongly expressed 

in the DG granule cells of the postnatal and adult hippocampus. Confocal Z-stack images 

were taken and counting boxes were used to estimate the number of Prox1-positive cells. 

For better comparison with the above described Ki67 immunostaining results, experiments 
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were performed in same transgenic mouse lines. A significant reduction in the number of 

granule neurons was observed in both Cx43 point mutated mice (Cx30+/+; 

Cx43flG138R/flG138R: nestin-Cre and Cx30-/-; Cx43flG138R/flG138R: nestin-Cre) 

compared to their corresponding control (Cx30+/+; Cx43flG138R/flG138R and Cx30-/-; 

Cx43flG138R/flG138R) independent of Cx30 status (Fig. 4.18; Fig. 4.20 a-b).  

 
Fig. 4.18: Decreased granular neuron numbers in the  DG of Cx43G138R mutant mice independent of the 

Cx30 expression (p60).  a-d:  Confocal images of Prox1 immunostaining (green) in the DG of Cx30+/+; 

Cx43flG138R/flG138R (a), Cx30+/+; Cx43flG138R/flG138R: nestin-Cre (b), Cx30-/-; Cx43flG138R/flG138R (c) 

and Cx30-/-; Cx43flG138R/flG138R: nestin-Cre mice (d). Representive images showing reduced numbers of 

Prox1-positive cells in the GCL of Cx43G138R point mutated mice (b, d) versus Cx43flG138R/flG138R mice (a, c) 

independent of the Cx30 conditions. Frames in (a-d) indicate counting boxes. Scale bar: 50 µm. 

 
 
To identify if there was any change in the number and the arrangement of the RG-like cells in 

the SGZ, expression of BLBP was assessed in mice expressing Cx43G138R. Upon 

quantifying the number of BLBP-positive cells in the SGZ we observed a strong reduction in 

the number of RG-like cells by 40 % in Cx43G138R mice relative to controls (Fig. 4.19; Fig. 

4.20 d). 
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Fig. 4.19: Reduced number of BLBP-positive cells in  the Cx43G138R mice (p60).  Confocal images revealed 

significantly decreased numbers of BLBP labeled cells in the SGZ of Cx30-/-; Cx43flG138R/flG138R; nestin-Cre 

(b) vs. Cx43flG138R/flG138R control mice (a). Frames indicate counting boxes. Scale bar: 50 µm. 

 

Together, these findings indicated that the Cx43G138R point mutation expression is a critical 

determinant of decreased number of RG-like cells, neural precursor proliferation and 

subsequently reduced neurogenesis in the adult mouse hippocampus. Quantitative data are 

summarized in Figure 4.20. 

 
Fig. 4.20: Expression of Cx43G138R point mutations i n astroglia decreases proliferation and 

neurogenesis in the adult mice DG (p60).  a-b:  Quantitative analysis of Ki67- and Prox1-positive cell numbers of 
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Cx43G138R point mutated mice with (a) or without Cx30 (b). Both positive cell numbers were significantly lower in 

nestin-Cre positive animals comparing to control mice, which still express wild-type Cx43. c:  Histogram 

comparing the proliferation and neurogenesis between Cx43G138R point mutant mice and WT animals. Mice 

expressing Cx43G138R show significantly decreased numbers of Ki67- and Prox1-positive cells compared to WT, 

irrespective of Cx30 conditions. In the Cx30-/-; Cx43flG138R/flG138R mice we observed also lower numbers of 

Ki67- and Prox1-positive cells, whereas the proliferation and neurogenesis were not significantly changed in 

Cx30+/+; Cx43flG138R/flG138R mice compared with WT. d:  Quantitative evaluation showing a significant 

reduction of BLBP-positive cells in Cx43G138R mutant mice. Asterisks mark significant differences. Significance 

level was set at P < 0.05 (Mann-Whitney U-test and Kruskal-Wallis H-test). Number of animals in each group is 

shown in brackets. 

 
 
 
4.2.2.3 Cx43 protein expression levels are similar in Cx43flG138R/flG138R and 

Cx43flG138R/flG138R; nestin-Cre mouse hippocampus 

 
A previous study demonstrated a strong down-regulation of Cx43 expression in whole brain 

lysate of Cx43flG138R/flG138R: nestin-Cre mice to approx. 40% of WT animals 

(Dobrowoski, 2008, Dissertation). To investigate the expression level of Cx43G138R in the 

hippocampus and its influence on the adult neurogenesis, we determined Cx43 protein levels 

in the hippocampus of WT, Cx43fl/fl: hGFAP-Cre, Cx43flG138R/flG138R and 

Cx43flG138R/flG138R: nestin-Cre mice by Western blot (Fig. 4.21 a). Here, a significant 

down-regulation of Cx43 was detected in nestin-Cre positive mice relative to WT mice. This 

finding is consistent with former whole brain immunoblotting results. We further noted lower 

Cx43 protein levels also in the Cx43flG138R/flG138R mice, this originates from the fact that 

“floxed” Cx43 alleles result in decreased endogenous protein expression (Theis et al., 2003). 

Residual Cx43 protein levels in the Cx43 KO samples, used as negative control, are due to 

remaining expression of Cx43 in cell types not targeted by hGFAP-Cre, such as endothelial 

cells and leptomeningeal cells (Theis et al., 2003). Most importantly, however, expression 

levels of Cx30 and Cx43 in Cx43flG138R/flG138R mice were similar to those of 

Cx43flG138R/flG138R: nestin-Cre mice (Fig. 4.21 b, c). Moreover, additional knock-out of 

Cx30 to the same comparing groups revealed the similarity in Cx43 expression strength (Fig. 

4.21 d, e). Combining Ki67 and Prox1 immunostaining results (Fig. 4.20), these findings 

imply that the decline of wild-type Cx43 in Cx43flG138R/flG138R mice has no impact on the 

adult neurogenesis, reduced proliferation and neurogenesis are associated with the 

expression of the Cx43 point mutation in the DG. 
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Fig. 4.21: Cx43 protein expression level in Cx43G13 8R mutant mouse hippocampus. a: Immunoblot 

showing a down-regulation of Cx43 expression in Cx43flG138R/flG138R and Cx43flG138R/flG138R: nestin-Cre 

mice in contrast to WT. b, d:  Comparison of Cx43 and Cx30 expression levels in Cx43flG138R/flG138R: nestin-

Cre and Cx43flG138R/flG138R control animals. Cx30 expression level was not up-regulated in 

Cx43flG138R/flG138R: nestin-Cre mice compared to control. No Cx30-band was observed in lysates after Cx30 

deletion. c, e:  Quantitative analysis showing a similar Cx43 expression level between groups independent of 

Cx30 status. Relative expression levels of Cx43 were normalized to tubulin levels. Cx43 expression in control 

mouse hippocampus is set to 100%. Significance level was set at P < 0.05 (student’s t-test). Number of animals is 

shown in red. 

 
 
4.2.2.4 BrdU incorporation and fate mapping in the DG of Cx43G138R mice 
 
 
To map the fate of proliferating cells we used BrdU immunohistochemistry in Cx43G138R 

point mutant mice 2 h and 4 weeks after last BrdU injection. To characterize whether Cx43 

point mutation has any impact on differentiation, maturation and integration of newborn 

granule neurons, we employed BrdU, Prox1 and DCX triple immmunostaining. This revealed 

a 48 % (2 h) and 33 % (4 weeks) lower number of BrdU labeled cells in Cx30-/-; 
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Cx43flG138R/flG138R; nestin-Cre mice compared to WT, respectively (Fig. 4.23 a). 

Importantly, almost all of the BrdU-positive cells expressed Prox1 (with or without DCX) in 

both comparing groups (Fig. 4.32 b). The proportion of Prox1-positive/DCX-positive cells 

among the BrdU-positive cells in Cx43G138R mice and control animals remained unchanged 

(Fig. 4. 31 b). 

Fig. 4.22: Reduced number of BrdU-positive cells in  Cx43 point mutant mice (p60). a: Peroxidase based 

immunohistochemical BrdU-detection revealed a significantly decreased number of BrdU-labeled cells (red 

arrowheads) in the SGZ of Cx30-/-; Cx43flG138R/flG138R: nestin-Cre mice (a2) vs. WT (a1). Representative 

images were obtained 2 h after the last BrdU injection. Scale bar: 100 µm. b:  Confocal images of a cell (white 

arrow) expressing BrdU (red), Prox1 (blue) and DCX (green) in the SGZ. Images were taken 4 weeks after the 

last BrdU injection. Scale bar: 25 µm 
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Fig. 4.23: Fate mapping of BrdU-positive cells in t he SGZ of Cx43 point mutant mice. a: The histogram 

illustrates the number of BrdU-positive cells per DG of WT (black) and Cx30-/-; Cx43flG138R/flG138R; nestin-Cre 

(red) mice, 2 h and 4 weeks after the last BrdU injections. At both time points a significantly decreased number of 

BrdU-labeled cells were detected in Cx43 point mutant mice. b: Percentage of BrdU-positive cells expressing 

Prox1 only, or Prox1 and DCX 4 weeks after the last BrdU pulse. Almost all BrdU-positive cells adopted a 

neuronal phenotype, but the proportion of Prox1-positive/DCX-positive cells (gray) did not differ between groups. 

In Cx43 point mutated mice 0 to 1,7% of the BrdU-positive cells expressed neither Prox1 nor DCX (left bar, open). 

Asterisks mark significant differences. Significance level was set at P < 0.05 (Mann-Whitney U-test). 

 

 

4.2.2.5 Biocytin coupling in the astrocytes of Cx43G138R mice  
 
 
Extensive gap junction mediated coupling is considered a prominent feature of astrocytes. 

The two main astrocytic connexins, Cx30 and Cx43, are involved in interastrocytic 

distribution of energetic substrates and extracellular ion homeostasis, as well as metabolite 

supply of neurons (Giaume et al., 1997, Theis et al., 2003a; Wallraff et al., 2006; Rouach et 

al., 2008; Gosejacob et al., 2011). To investigate the impact of Cx30 and mutated Cx43 on 

adult hippocampal neurogenesis, together with Dr. Peter Bedner, we performed a functional 

assay, i.e., analysis of intercellular tracer diffusion from one injected astrocytes to their gap 

junction-coupled neighbours, as described previously (Wallraff et al., 2004). Briefly, coupling 

experiments were performed in acute hippocampal slices (P90-P120) by dialyzing an 

astrocyte in the CA1 stratum radiatum recorded in the whole-cell configuration with biocytin, 

a gap junction channel-permeant dye. In order to abolish residual astrocytic coupling, Cx43 

mutants were crossed with Cx30-/-
 
mice (Teubner et al., 2003). Upon staining for biocytin 

and quantifying the number of cells coupled from the Z-stack images, an almost complete 

absence of interastrocytic coupling was observed in Cx43flG138R/flG138R: nestin-Cre mice 

compared to Cx43flG138R/flG138R animals, used as a reference (Fig. 4.24 a1, b1; 1 ± 4 

coupled cells vs. 78 ± 36 coupled cells). Additional EGFP immunolabelling on the same 

section served as quality control (Fig. 4.24 a2, b2). Quantitative data are summarized in 

Figure 4.25. 
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Fig. 4.24: Expression of Cx43 point mutation in hipp ocampal astrocytes strongly reduces tracer coupling  

(p90-p120).  a1: Tracer-coupled astrocytes in Cx30-/-; Cx43flG138R/flG138R control hippocampal slices, as 

obtained after biocytin diffusion from a single cell, held in whole-cell voltage clamp for 20 min. b1: Strongly 

reduced numbers of tracer-coupled astrocytes in hippocampal slices of a Cx43 point mutant mouse. a2, b2:  

Immunostaining images of anti-GFP on control (a2) and Cx43 point mutated mice (b2) in the slices shown in a1 

and b1, respectively. Note, that no GFP signals were detected in control animals. a3, b3: Merged pictures of triple 

staining. Red, biocytin; green, GFP; blue, Hoechst. Insets give the current profiles of recorded cells. Slices, 200 

µm thick; Scale bar, 50 µm; s.p., Stratum pyramidale; s.r., stratum radiatum. 

 

Fig. 4.25: Reduced astroglial tracer coupling in CA 1 region of Cx43 point mutant mice. a: Quantitative 

evaluation revealed that coupling was almost completely lacking in Cx30-/-; Cx43flG138R/flG138R: nestin-Cre 

mice, as expected. b:  Percentage of coupling normalized to control mice reveals a 98,8 % significant decrease in 

Cx43G138R mice. Asterisks mark significant differences. Significance level was set at P < 0.05 (Mann-Whitney U-

test). Number of analyzed brains is shown in black and corresponding slices in red per genotype. 
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4.2.2.6 Biocytin coupling in the RG-like cells of Cx43G138R mice 
 
To determine whether decreased proliferation and differentiation of granule neurons is due to 

reduction of RG-like cell coupling, together with Mrs. Stephanie Griemsmann, the same 

protocols described in Kunze et al. (2009) were applied to adult Cx30-/-; 

Cx43flG138R/flG138R: nestin-Cre mice. Only passive RG-like cells having cell soma located 

in the SGZ and having a radial process spanning the GCL, as revealed through 

postrecording immunostaining, were considered (Fig 4.26 a, b). Biocytin immunostaining 

revealed a significant decrease in the number of coupled RG-like cells in Cx30-/-; 

Cx43flG138R/flG138R: nestin-Cre mice as compared to WT (Fig. 4.27 a; 12 ± 1 coupled cells 

vs. 8 ± 2 coupled cells). Moreover, a higher proportion of passive RG-like cells completely 

lack coupling in the mutated mice (Fig. 4.27 b). In conclusion, Cx43G138R mutants exhibited 

a significantly decreased RG-like cell coupling.     

 

 

Fig. 4.26: Decreased biocytin coupling in the SGZ of  Cx30-/-, Cx43flG138R/flG138R: nestin-Cre mice (p90 -

p120). Representative images of a coupled RG-like cells in WT control (a) and Cx30-/-; Cx43flG138R/flG138R; 

nestin-Cre (b) mice. Tracer spread from the recorded cell (*) to neighbouring cells (°). Note that the  tracer spread 

to a few neighbouring cells in Cx43G138R point muation mice comparing to WT animals. Cells were filled with 

biocytin during recording (20 min). Insets give the current pattern of recorded cells. Broken lines indicate the 

border between SGZ and GCL. Slices, 200 µm thick; Scale bar, 50 µm.  
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Fig. 4.27: Quantitative evaluation of RG-like cell tracer coupling in Cx43G138R point mutation mice. a : 

Mice expressing Cx43G138R mutations show a significantly decreased number of biocytin coupled RG-like cells 

in the SGZ versus WT animals. Number of analyzed brains is shown in black and corresponding cells in white. b:  

Percentage of tracer coupled and uncoupled cells in control and Cx30-/-; Cx43flG138R/flG138R: nestin-Cre mice. 

Asterisk marks significant differences. Significance level was set at P < 0.05 (Mann-Whitney U-test).  

 

 

4.2.3 Analysis of Cx43K258stop mutant mice in adult  neurogenesis 
 
Although Cx43-mediated intercellular coupling between RG-like cells in the DG has a strong 

impact on adult neurogenesis (Kunze et al., 2009), several studies have indicated that Cx43 

plays important, non-channel roles during embryonic cortical development by affecting 

neuronal migration. The molecular mechanisms controlling directly and/or indirectly the 

cellular motility is not yet fully understood. A former study using shRNA techniques has 

shown that gap junction adhesion, rather than channels or the C-terminus of Cx43 is 

responsible for the radial migration during early cortical development (Elias et al., 2007). In 

contrast, other studies using RNA interference or Cx43K258stop mice have indicated that the 

C-terminus is required for cortical neuronal migration that were mainly attributed to adhesive 

interactions (Bates et al., 2007; Cina et al., 2009). Cx43K258stop mice carry a C-terminal 

truncation of Cx43, which still showed robust intercellular coupling in transfected HeLa cells 

(Maass et al., 2004), but adhesive functions should be decreased because of loss of protein-

protein binding motifs on the C-terminal domain (Giepmans, 2004; Laird, 2006; Kozoriz et al., 

2010). In this regard, we are asked whether a truncation of the C-terminus of Cx43 alters cell 

adhesion and may subsequently influence adult neurogenesis.    

 
 
4.2.3.1 Quality control of Cx43K258stop mice 
 
For this reason, we analyzed Cx43fl/K258stop: hGFAP-Cre mice expressing only the 

truncated C-terminus of Cx43 (Cx43K258stop) following conditional ablation of wild-type 

Cx43 upon hGFAP-Cre mediated recombination in the CNS. hGFAP-Cre activity leading to 
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loss of Cx43 expression in astrocytes was monitored by gain of ß-Gal reporter expression in 

immunfluorescence analysis using anti-ß-Gal antibodies (Fig. 4.28 a). We observed a high 

degree of colocalization of the astrocytic marker GFAP with the Cx43 promotor driven 

reporter ß-Gal (Fig. 4.28 b). However, the widely used hGFAP-Cre transgene required a 

rigorous quality control due to spontaneous ectopic Cre activity (Zhang et al., in revision) and 

spontaneous loss of Cre activity (Requardt et al., 2009). We compared the ß-Gal 

immunoreactivity in the hippocampus of Cx43fl/K258stop and Cx43fl/K258stop: hGFAP-Cre 

mice with Ki67 and NeuN labelling (Fig. 4.28 c, d), or Prox1 immunostaining (Fig. 4.28 e, f). 

We found in hGFAP-Cre positive hippocampus a strong expression of the ß-Gal signal, but 

not in the Cre negative control mice. These data confirm the proper expression of 

Cx43K258stop in the astrocytes and corroborate the faithfulness of hGFAP-Cre mediated 

deletion of astrocytic connexins. Importantly, we observed a low number of Ki67-positive 

cells in the SGZ of Cx43fl/K258stop: hGFAP-Cre mice versus Cx43fl/K258stop control.  
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Fig. 4.28: hGFAP-Cre mediated recombination leads t o deletion of wild-type Cx43 in Cx43K258stop 

truncated mouse DG.  a: hGFAP-Cre activity in a Cx43K258stop truncated mouse was evaluated by ß-Gal 

immunoreactivity (green). β-Gal staining of Cx43fl/K258stop: hGFAP-Cre mice shows the distribution of β-Gal 

expression derived from the Cx43 locus. After deletion of wild-type Cx43 mice carry only truncated Cx43K258stop 

protein in astrocytes. b:  Double immunofluorescence staining for GFAP (red) and ß-Gal (green) in the DG of a 

Cx43K258stop truncated mouse. Animals with hGFAP-Cre mediated recombination show abundant ß-Gal 

expression, colocalized with the astrocytic marker GFAP in the DG. c-d:  Confocal images of triple 

immunostaining of ß-Gal (green), Ki67 (red, white arrow) and NeuN (blue) in a Cx43fl/K258stop (c) and a 

Cx43fl/K258stop: hGFAP-Cre (d) mouse. e-f:  Double labelling for Prox1(red) and ß-Gal (green) in a 

Cx43fl/K258stop (e) and a Cx43fl/K258stop: hGFAP-Cre (f) mouse, dotted lines indicate the border between GCL 

and SGZ. Scale bar: 50 µm. 

 
 
4.2.3.2 The Cx43K258stop mutation leads to a reduction of proliferation and 

neurogenesis in the DG and is independent of Cx30 

 
We subsequently investigated the impact of Cx43K258stop on RG-like cell proliferation in the 

adult SGZ by using the proliferation marker Ki67, as was shown in Cx43G138R mice (Fig. 

4.17). In adult Cx43fl/K258stop: hGFAP-Cre mice, expression of Cx43K258stop in astrocytes 

led to a strong reduction of Ki67-positive cells in the SGZ, as compared with Cx43fl/K258stop 

control mice, which still express wild-type Cx43 in addition to the C-terminal truncated Cx43  

(Fig. 4.29 a-d). For better comparison with the above described Ki67 immunolabelling results 

in Cx43G138R mice, we assessed the proliferative activity also in Cx30-/-; Cx43fl/K258stop: 

hGFAP-Cre mice which arose from the mating of Cx30-/- (Teubner et al., 2003) with 

Cx43fl/K258stop: hGFAP-Cre mice. Additional ablation of Cx30 revealed also a significant 

reduction of Ki67-positive cells in hGFAP-Cre mice relative to Cx30-/-; Cx43fl/K258stop mice 

(Fig. 4.29 e-h). Again, we found the number of Ki67-positive cells was not significantly 

different within Cx43K258stop groups (Cx30+/+; Cx43fl/K258stop: hGFAP-Cre vs. Cx30-/-; 

Cx43fl/K258stop: hGFAP-Cre) or between their controls (Cx30+/+; Cx43fl/K258stop vs. 

Cx30-/-; Cx43fl/K258stop), similar to Cx43G138R point mutation mice. Thus, Cx43 

decreased proliferation in the SGZ is only due to the C-terminus truncation, but not 

influenced by Cx30.  
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Fig. 4.29: Reduced proliferation in the SGZ of Cx43K 258stop truncated mice (p60). a-h:  Double labelling for 

Ki67 (red) and NeuN (green) in the DG of Cx30+/+; Cx43fl/K258stop (a, b), Cx30+/+; Cx43fl/K258stop: hGFAP-

Cre (c, d), Cx30-/-; Cx43fl/K258stop (e, f) and Cx30-/-; Cx43fl/K258stop: hGFAP-Cre mice (g, h). Ki67-positive 

cells were framed in yellow scales in the same section (b, d, f and h) as in (a, c, e and g) indicated lower 

proliferative activity in Cx43fl/K258stop: hGFAP-Cre mice (c, d, g and h), independent of the Cx30 status. Dotted 

lines indicate the border between SGZ and GCL. Scale bar: 100 µm.  

 

As mentioned previously, a positive correlation had been demonstrated between decreased 

proliferation in the SGZ and a reduction of granule neurons in the DG of Cx43G138R mice. 

We were curious about whether the Cx43K258stop expression is involved in granule neuron 

development. Therefore, we compared the number of granule cells employing Prox1 

labelling. Interestingly, this revealed that the total number of Prox1-positive cells was 

comparable in the Cx43fl/K258stop: hGFAP-Cre and Cx43fl/K258stop control mice (Fig. 4.30 

a, b and Fig. 4.32 a). Moreover, following Cx30 ablation the proportion of Prox1-positive cells 

in the Cx43K258stop and control mice remained unchanged (Fig. 4.30 c, d and Fig 4.32 b). 

However, we observed that the number of granule neurons in the GCL was significantly 

reduced in all Cx43 mutants comparing to WT (Fig. 4.32 c). In this context it is important to 

note that only a subpopulation of the newly generated neurons integrates into the adult GCL, 
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while the majority undergoes programmed cell death. Cx30-/-; Cx43fl/fl: hGFAP-Cre mice 

with an almost complete inhibition of proliferation showed only a 21% decline of 

neurogenesis compared to WT (Kunze et al., 2009). Furthermore, both animals 

(Cx43fl/K258stop and Cx43fl/K258stop: hGFAP-Cre) showed strongly decreased 

proliferation compared to WT. These situations might explain why a significant reduction of 

diving cells as observed in Cx43fl/K258stop and Cx43fl/K258stop: hGFAP-Cre mice caused 

no decrease of Prox1-positive cells. 

 
Fig. 4.30: Decreased granular neuron numbers in the  DG of Cx43K258stop truncated mice (p60).  a-d:  

Confocal images of Prox1 immunostaining (green) in the DG of Cx30+/+; Cx43fl/K258stop (a), Cx30+/+; 

Cx43fl/K258stop: hGFAP-Cre (b), Cx30-/-; Cx43fl/K258stop (c) and Cx30-/-; Cx43fl/K258stop: hGFAP-Cre mice 

(d). Representive images show similar numbers of Prox1-positive cells in the GCL of Cx43K258stop truncated 

mice (b, d) and Cx43fl/K258stop mice (a, c) independent of the Cx30 status. Frames in (a-d) indicate counting 

boxes. Scale bar: 50 µm. 

 

 

In the Cx43K258stop mice, many of the BLBP-positive cells displayed a nonradial 

morphology and might represent transient amplifying type-2 cells which initially may still 

show BLBP immunoreactivity as well (Steiner et al., 2006). Moreover, we found the number 

of BLBP-positive cells was significantly decreased in Cx43K258stop mice versus control 

animals (Fig. 4.31). 
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Fig. 4.31: Reduced number of BLBP-positive cells in  the Cx43K258stop mice (p60). Confocal images 

revealed significantly decreased numbers of BLBP labeled cells in the SGZ of Cx30-/-; Cx43fl/K258stop: hGFAP-

Cre (b) vs. Cx43fl/K258stop control mice (a). Frames indicated counting boxes. Scale bar: 50 µm. 

 
In general, these observations suggest that Cx43K258stop truncation resulted in strong 

proliferative reduction of RG-like cells and a decrease of granule neurons in the adult DG 

compared to WT mice. Moreover, the numbers and the arrangement of BLBP-positive cells 

were significantly different between both groups. Quantitative data are summarized in Figure 

4.32. 
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Fig. 4.32: Expression of Cx43K258stop truncation in astroglia decreases proliferation and neurogenesis 

in the adult mouse DG (p60). a-b: Quantitative analysis of Ki67- and Prox1-positive cell numbers of 

Cx43K258stop truncated mice with (a) or without Cx30 (b). Ki67-positive cell numbers were lower in hGFAP-Cre 

positive animals comparing to control mice, whereas the number of Prox1-positive cells was similar between both 

groups. c: Histogram comparing the proliferation and neurogenesis between Cx43K258stop mutated mice and 

WT animals. Mice expressing only Cx43K258stop show significantly decreased numbers of Ki67- and Prox1-

positive cells compared to WT mice, irrespective of Cx30 status. In Cx43fl/K258stop mice we observed also lower 

numbers of Ki67- and Prox1-positive cells independent of Cx30, indicating the proliferation and neurogenesis 

were affected if mice express Cx43K258stop, as well as strongly reduced WT Cx43. d: Quantitative evaluation 

showing a significant reduction of BLBP-positive cells in Cx43K258stop mutated mice. Asterisks mark significant 

differences. Significance level was set at P < 0.05 (Mann-Whitney U-test and Kruskal-Wallis H-test). Number of 

animals in each group is shown in brackets. 

 
 
 
4.2.3.3 No alteration of Cx43K258stop protein expression levels between 

Cx43fl/K258stop and Cx43fl/K258stop; hGFAP-Cre mouse hippocampus 

 

As a previous study reported, Cx43 protein content is over 75 % decreased in heart lysates 

of Cx43K258stop/- comparing to Cx43+/- mice (Maass et al., 2007), whereas other groups 

indicated a similarly decreased Cx43 expression levels in astrocyte cultures and cortical 

brain tissue relative to WT (Kozoriz et al., 2010). To characterize Cx43K258stop expression 

and demonstrate the removal of WT Cx43 in hGFAP-Cre expressing astrocytes, Western 

blots were performed on hippocampal lysates using an antibody against the N-terminal 

domain of Cx43 (Fig. 4.33 a). Bands representing Cx43 at approximately 43 kDa were 

observed in Cx43+/+ and Cx43CFP/+ mice, but not in Cx43CFP/K258stop and 

Cx43fl/K258stop: hGFAP-Cre mice, which are lacking WT Cx43. However, the use of the N-

terminal antibody resulted in additional bands at about 28 kDa in Cx43K258stop expressing 

mice, representing the truncated form of Cx43. Here, a significant down-regulation of Cx43 

was detected in Cx43fl/K258stop: hGFAP-Cre mice relative to WT. This finding is consistent 

with former immunoblotting results of whole brain and heart. Most importantly, however, 

expression levels of Cx43 in Cx43fl/K258stop mice were similar to those of Cx43fl/K258stop: 

hGFAP-Cre mice (Fig. 4.33 b, c). We found that Cx30 levels were not changed in both 

groups. Moreover, additional knock-out of Cx30 revealed similar Cx43K258stop expression 

(Fig. 4.33 d, e). Immunoblotting confirmed that Cx43fl/K258stop: hGFAP-Cre mice indeed 

have lost immunoreactivity for the full length Cx43 and contain only strongly decreased 

Cx43K258stop protein. Combining proliferation and neurogenesis findings, immunoblotting 

results imply that significantly reduced Cx43K258stop protein levels decrease adult 

neurogenesis. In spite of unchanged amount of Cx43, Cx43fl/K258stop: hGFAP-Cre mice 
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shown significantly decreased numbers of Ki67-positive cells compared to Cx43fl/K258stop 

mice, indicating the C-terminus of Cx43 is required for neural stem cell proliferation.   

Fig. 4.33: Cx43 protein expression levels in Cx43K2 58stop truncated hippocampi.  a: Western blot showing 

that the Cx43NT1 antibody recognizes the Cx43K258stop isoform (28 KDa) and WT Cx43 (43 KDa). We 

observed a strong down-regulation of Cx43 expression in Cx43CFP/K258stop and Cx43fl/K258stop: hGFAP-Cre 

mice versus WT animals. Note, that no WT Cx43 bands were detected in Cx43fl/K258stop: hGFAP mice, and in 

the Cx43CFP/K258stop animals. b, d:  Comparion of Cx43 protein levels in Cx43fl/K258stop: hGFAP-Cre and 

Cx43fl/K258stop control animals. Cx30 expression levels were not significantly alterated between groups. c, e:  

Quantitative analysis showing a similar Cx43 protein level between groups, irrespective of Cx30. Relative 

expression levels of Cx43 was normalized to tubulin levels. Cx43 expression in control mice hippocampus is set 

to 100%. Significance level was set at P < 0.05 (student’s t-test).  

 
 
4.2.3.4 BrdU incorporation and fate mapping in the DG of Cx43K258stop mice 

 
With an approach similar to the Cx43G138R mice used to characterize the fate of newborn 

neurons, the BrdU incorporation analysis was performed in Cx43K258stop mice and WT 

animals. This revealed a 46% (2 h) and 32% (4 weeks) lower number of BrdU labeled cells in 

Cx30-/-; Cx43fl/K258stop; hGFAP-Cre mice compared to WT, respectively (Fig. 4.35 a). 
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Importantly, almost all of the BrdU-positive cells expressed Prox1 (with or without DCX) in 

the 4 weeks group (Fig. 4.35 b). The proportion of Prox1-positive/Dcx-positive cells among 

the BrdU-positive cells in Cx43K258stop mice and control animals remained unchanged (Fig. 

4. 35 b). 

 

Fig. 4.34: Reduced BrdU-positive cells in Cx43K258s top mice (p60). a1-a2: Peroxidase based 

immunohistochemical BrdU-detection revealed a significantly decreased number of BrdU-labeled cells (red 

arrowheads) in the SGZ of Cx30-/-; Cx43fl/K258stop: hGFAP-Cre mice (a2) vs. WT (a1). Representative images 

were obtained 2 h after the last BrdU injection. Scale bar: 100 µm. b:  Confocal images of a cell (white arrow) 

expressing BrdU (red), Prox1 (blue) and DCX (green) in the SGZ. Images were taken 4 weeks after the last BrdU 

injection. Scale bar: 25 µm 
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Fig. 4.35: Fate mapping of BrdU-positive cells in t he SGZ of Cx43K258stop mice. a: Histogram illustrates the 

number of BrdU-positive cells per DG of WT (black) and Cx30-/-; Cx43fl/K258stop: hGFAP-Cre (green) mice, 2 h 

and 4 weeks after the last BrdU injections. At both time points a significantly decreased number of BrdU-positive 

cells were detected in Cx43K258stop mice. b: Percentage of BrdU-positive cells expressing Prox1 only, or Prox1 

and DCX 4 weeks after the last BrdU pulse. Almost all BrdU-positive cells adopted a neuronal phenotype, but the 

proportion of Prox1-positive/DCX-positive cells (gray) did not differ between groups. In Cx43K258stop mice 0 to 

2,6% of the BrdU-positive cells expressed neither Prox1 nor DCX (left bar, open). Asterisks mark significant 

differences. Significance level was set at P < 0.05 (Mann-Whitney U-test). 

 
 
4.2.3.5 Biocytin coupling in the astrocytes of Cx43K258stop mice 
 
 
To our surprise, tracer-coupling studies in the adult CA1 region revealed a near complete 

disruption in coupling of astrocytes in Cx43fl/K258stop: hGFAP-Cre mice as compared to 

Cx43fl/fl mice, used as control (Fig. 4.36 a1, b1; 2 ± 4 coupled cells vs. 53 ± 30 coupled 

cells). To confirm the Cre activity, ß-Gal immunostaining was performed in the same slice 

(Fig. 4.36 a2, b2). Altogether, our data indicate that not only the Cx43 point mutation but also 

the Cx43 truncation in astrocytes may result in complete uncoupling of astrocytes in 

hippocampus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.36: Expression of Cx43K258stop truncation in hippocampal astrocytes strongly reduces tracer 

coupling (p90-p120).  a1: Tracer-coupled astrocytes in Cx30-/-; Cx43fl/fl control hippocampal slices, as obtained 

after biocytin diffusion from a single cell, held in whole-cell voltage clamp for 20 min. b1: Reduced numbers of 

tracer-coupled astrocytes in hippocampal slices of a Cx43K258stop mutated mouse. a2, b2:  Immunostaining of 

anti-ß-Gal on control (a2) and Cx43K258stop mutated mice (b2) in the same slices, respectively. Note, that no ß-

Gal signals were detected in control animals. a3, b3: Merged pictures of triple staining. Red, biocytin; green, ß-
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Gal; blue, Hoechst. Insets give the current profiles of recorded cells. Slices, 200 µm thick; Scale bar, 50 µm; s.p., 

Stratum pyramidale; s.r., stratum radiatum. 

 

Quantitative data is summarized in Figure 4.37. 

 
Fig. 4.37: Reduced astroglial tracer coupling in CA 1 region of Cx43K258stop mice. a: Coupling was almost 

completely abolished in Cx43K258stop mice. b:  Percentage of coupling normalized to control mice reveals a 96% 

reduction in coupling in Cx43K258stop mice. Asterisks mark significant differences. Significance level was set at 

P < 0.05 (Mann-Whitney U-test). Number of analyzed brains is shown in black and corresponding slices in red per 

group. 

 
 
 
4.2.3.6 Biocytin coupling in the RG-like cells of Cx43K258stop mice  
 
Compared to Cx43G138R mice, Cx30-/-, Cx43fl/K258stop: hGFAP mice displayed a stronger 

reduction in RG-like cell coupling to about 58% of control (Fig. 4.39 a; 5 ± 1 coupled cells vs. 

12 ± 1 coupled cells). Quantification of biocytin spread identified a coupling ratio of 62,5% in 

Cx43K258stop mice (5 out of 8 cells; Fig. 4.39 b), whereas WT mice shown a coupling ratio 

of 83,3% among RG-like cells (5 out of 6 cells; Fig. 4.39 b). In conclusion, the Cx43 

truncation exhibited a significantly reduced RG-like cell coupling. Moreover, a high proportion 

of passive RG-like cells are completely uncoupled by this gap junction mutation.       
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 Fig. 4.38: Decreased biocytin coupling in the SGZ of  Cx43K258stop mice (p90-p120). Representative 

images of a coupled RG-like cells in WT control (a) and Cx30-/-; Cx43fl/K258stop: hGFAP-Cre (b) mice. Tracer 

spread from the recorded cell (*) to neighbouring cells (°). Note that the tracer spread to a few neig hbouring cells 

in Cx43K258stop mice comparing to WT animals. Insets give the current pattern of recorded cells. Broken lines 

indicate the border between SGZ and GCL. Slices, 200 µm thick; Scale bar, 50 µm.  

 

 

Fig. 4.39: Quantitative evaluation of RG-like cell tracer coupling in Cx43K258stop mice. a: Mice expressing 

Cx43K258stop truncation show significantly decreased numbers of biocytin coupled RG-like cells in the SGZ 

versus WT animals. Number of analyzed brains is shown in black and corresponding cells in red. b:  Percentage 

of tracer coupled and uncoupled cells in control and Cx43K258stop mice. Asterisks mark significant differences. 

Significance level was set at P < 0.05 (Mann-Whitney U-test). 

 
 
4.2.4 Analysis of Cx43D378stop mutant mice in adult  neurogenesis 
 
 
4.2.4.1 Proliferation and neurogenesis of Cx43D378stop mice 
 
Cx43D378stop mice lacking the last five amino acid residues of the C-terminal binding motif 

for ZO-1 still reveal functional gap junction channels and normal coupling properties in 

cardiomyocytes (Lubkemeier et al., 2013). However, the intracellular adhesion mediated by 
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C-terminus should be impaired in this mouse. With immunostaining, we found that the 

proliferative activity in the SGZ but not the number of newborn neurons in the DG was 

significantly changed in astroglia-specific Cx43D378stop mice.  

 
Fig. 4.40: Reduced proliferative activity in the SGZ  of Cx43D378stop mutated mice (p60). a-d : Double 

labelling for Ki67 (red) and NeuN (green) in the DG of Cx30-/-; Cx43flD378stop/flD378stop (a, b) and Cx30-/-; 

Cx43flD378stop/flD378stop: hGFAP-Cre mouse (c, d). The coronal images represent approximately the same z-

position in rostrocaudal extension of the hippocampus, respectively. Ki67 positive cells were framed in yellow 

boxes in the same section (b, d) as in (a, c), indicating significantly decreased proliferation in the 

Cx43flD378stop/flD378stop: hGFAP-Cre mouse. Dotted lines indicate the border between SGZ and GCL. Scale 

bar: 100 µm.  

 

 
Fig. 4.41: Unchanged granular neuron numbers in the  DG of Cx43D378stop mutated mice (p60).  Confocal 

images of Prox1 immunostaining (green) on the DG of Cx30-/-; Cx43flD378stop/flD378stop (a) and Cx30-/-; 

Cx43flD378stop/flD378stop: hGFAP-Cre mouse (b). Representive images show similar numbers of Prox1-positive 

cells in the GCL of Cx43D378stop mutated (b) versus Cx43flD378stop/flD378stop mice (a). Frames in (a, c) 

indicated counting boxes. Scale bar: 50 µm. 
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Fig. 4.42: Expression of Cx43D378stop mutations in a stroglia decreases proliferation in the adult DG 

(p60). a: Quantitative analysis of Ki67- and Prox1-positive cell numbers of Cx43D378stop mutated mice. Ki67-

positive cell numbers were lower in hGFAP-Cre positive animals compared to control mice, which express still 

wild type Cx43. b:  Histogram comparing the proliferation and neurogenesis between Cx43D378stop mutated 

mice and wild type animals. Mice expressing Cx43D378stop show significantly decreased numbers of Ki67- and 

Prox1-positive cells compared to WT mice. Asterisks mark significant differences. Significance level was set at P 

< 0.05 (Mann-Whitney U-test and Kruskal-Wallis H-test). Number of animals in each group is shown in brackets. 

 
 
4.2.4.2 Biocytin coupling in the astrocytes of Cx43D378stop mice 
 
Our results so far suggest that there is a significantly reduced astrocytic coupling in 

Cx43D378stop mice compared to control animals, which was not consistent with former 

findings in primary cadiomyocytes and transfected HeLa-cells (Lubkemeier et al., 2013).  
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Fig. 4.43: Expression of Cx43D378stop mutation in hi ppocampal astrocytes strongly reduces tracer 

coupling (p90-p120).  a1: Tracer-coupled astrocytes in Cx30+/+; Cx43flD378stop/flD378stop control hippocampal 

slices, as obtained after biocytin diffusion from a single cell, held in whole-cell voltage clamp for 20 min. b1: 

Reduced numbers of tracer-coupled astrocytes in hippocampal slices of a Cx43D378stop mutated mouse. a2, b2:  

Immunostaining of anti-GFP on control (a2) and Cx43D378stop mutated mice (b2) in the same slices, 

respectively. Note, that no GFP signals were detected in control animals. a3, b3: Merged pictures of triple 

staining. Red, biocytin; green, GFP; blue, Hoechst. Insets give the current profiles of recorded cells. Slices, 200 

µm thick; Scale bar, 50 µm; s.p., Stratum pyramidale; s.r., stratum radiatum. 

 

Quantitative data is summarized in Figure 4.44. 

 

Fig. 4.44: Reduced astroglial tracer coupling in CA 1 region of Cx43D378stop mutated mice. a: Quantitative 

evaluation revealed that average numbers of coupled cells were significantly decreased in Cx43D378stop mice. 

b:  Percentage of coupling normalized to control mice reveals a 30 % significant decrease in Cx43D378stop mice. 

Asterisks mark significant differences. Significance level was set at P < 0.05 (Mann-Whitney U-test). Number of 

analyzed brains is shown in black and corresponding slices in red per group. 

 

 

 

 

 

 

 

 

 

 

 



  4. Results 

 

 - 99 -

4.3 Cx43 phosphorylation as a regulatory event linked to gap junction 

coupling  

 

To study the role of glial connexins in epilepsy, mice were subjected to a Temporal Lobe 

Epilepsy (TLE) model which closely mimics human TLE with a sclerotic hippocampus (HS) in 

the mouse. A significant decrease of astrocytic coupling was observed ipsilaterally compared 

to the contralateral side on the same slice 5 days after kainate injection (5 dpi; Bedner et al., 

unpublished). A former study has shown that the coupling of astrocytes in the hippocampus 

predominately depends on Cx43 (Gosejacob et al., 2011). However, Cx43 mRNA or protein 

expression in astrocytes of kainate-treated rats was nearly normal or slightly increased at 

various survival times. Immunofluorescence analysis indicated that cellular localization of 

Cx43 was indistinguishable from control animals 4 weeks after the last kainate administration 

(Hossain et al., 1994; Sohl et al., 2000). Previous work has demonstrated that Cx43 

phosphorylation state is to some extent correlated with alterations in junctional coupling 

(Warn-Cramer et al., 1998; Nagy and Li, 2000; Lampe and Lau, 2004). To investigate how 

Cx43 posttranslational phosphorylation regulates astrocytic junctional coupling and identify of 

potential protein kinases that contribute to this regulation we performed immunoblotting, 

immunoprecipitation and mass spectrometry studies. 

 

 
 
4.3.1 Comparison of Cx43 phosphorylation in dorsal ipsi- and contralateral 

hippocampus following intracortical kainate injecti on  

 

To determine whether reduced astrocytic coupling in kainate-treated tissue is due to an 

altered expression pattern of Cx43, Western blot was performed using 100 µg homogenized 

hippocampal lysates of the injected hemisphere and the respective contralateral side from 

the same animal 5 days after injection. We examined the total protein level employing an 

antibody against the C-terminus of Cx43, which recognizes both phosphorylated and 

unphosphorylated isoforms. The result from this study indicated that nonphosphorylated 

isoform (P0) of Cx43 can be found mainly on the contralateral side, whereas phosphorylated 

isoforms (P) are remarkably upregulated on the ipsilateral side. The observed total Cx43 

amount shows a significant 2,5-fold increase on the ipsilateral versus contralateral side (Fig. 

4.45).  
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Fig. 4.45: Cx43 phosphorylation profiles in ipsi- a nd contralateral hippocampus following intracortica l 

kainate injection (5 dpi).  a: Immunoblot showing a up-regulation of phosphorylated Cx43 isoform in ipsilateral 

side comparing with contralateral hippocampus using an antibody recognizes C-terminal of both phosphorylated 

and nonphsphorylated Cx43 isoforms. α-Tubulin is shown as a loading control. P, position of the phospho-

isoform; P0, position of the unphospho-isoform. b:  Quantitative analysis of total Cx43 amount in ipsi- and 

contralateral hippocampus. A significant increase of total Cx43 protein levels was observed on the ipsilateral vs. 

contralateral side. Significance level was set at P < 0.05 (student’s t-test).  

 

Former studies demonstrated that Cx43 from cultured cells or heart lysates have multiple 

electrophoretic isoforms when analyzed by SDS-PAGE. It includes a fast migrating form (P0) 

for non-phosphorylated and two slowly migrating forms (P1 and P2) of phosphorylated Cx43 

(Musil and Goodenough, 1991; Lampe et al., 2006). Treatment of such sample with alkaline 

phosphatases collapses most of the Cx43-associated bands to its fastest migrating isoform 

(P0) (Musil et al., 1990). To characterize whether in hippocampal lysates similar multiple 

electrophoretic isoforms of Cx43 in SDS-PAGE occur we tested different protein amounts 

and gel running conditions. According to our immunoblot results, we found that 30 µg protein 

lysates is sufficient to detect all three isoforms of Cx43 (Fig. 4.46 a), indicating a 

hippocampal Cx43 expressing pattern similar to heart or cultured kidney cells. In agreement 

with our previous studies, the Cx43 P2 isoform in the ipsilateral side was significantly 

increased compared with those in contralateral tissue (Fig. 4.46 b, c). Following alkaline 

phosphatase treatment, the phosphorylated isoforms collapsed to the fastest migrating form 

as shown in Fig. 4.46 d, indicating a reduction in the level of phosphorylation of these 

residues and confirming that the bands detected with same antibody are indeed phospho-

Cx43. Quantification of P0 signals normalized to tubulin revealed no increased protein of the 

ipsilateral side (Fig. 4.46 e).  
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Fig. 4.46: Specificity of the C-terminal antibody by  immunoblotting.  a: Western blot analysis of hippocampal 

lysates from WT and Cx43fl/fl: hGFAP-Cre mice. Increased Cx43 level was observed in the 50 µg WT group 

relative to those in the 30 µg group. Here, we found phosphorylated and nonphosphorylated Cx43 using the 

antibody against the CT domain. b, d:  Equal amounts of protein lysate from dorsal hippocampus were either 

untreated (b) after intracortical kainate injection and probed with the C-terminal Cx43 antibody or treated with 

alkaline phosphatase (d). We observed an increase in the P2 isoform of Cx43 on the ipsilateral side (red arrow). 

However, the same lysates after alkaline phosphatase treatment show a disappearance of the P2 isoforms and 

reduced P1 isoforms, but increased P0 isoforms (green, arrow). c, e:  Quantitative analysis of P2- (c) or P0-

isoforms (e) of Cx43 amount in ipsi- and contralateral side. The P2 isoform of Cx43 shows a significant increase 

in ipsilateral vs. contralateral, but P0 Cx43 was similar on both sides. Significance level was set at P < 0.05 

(student’s t-test). Animal numbers are marked in red. 
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4.3.2 Using specific antibodies that recognize Cx43  phosphorylated residues 

in the carboxy-terminal region 

 

In the C-terminal region of Cx43 there are at least 14 serines and 2 tyrosines that are 

phosphorylated by a variety of kinases (Marquez-Rosado et al., 2012). It has been shown 

that phosphorylation of these residues can result in decreased or increased conductivity of 

the gap junction channel (Lampe et al., 2000; Lampe and Lau, 2004; Pahujaa et al., 2007). 

Understanding the phosphorylation sites, patterns and corresponding kinases is absolutely 

critical to our study. One of the most classical examinations regarding this issue is 

assessment by Western blot with a set of Cx43 phospho-specific antibodies. Together with 

Prof. Dr. Lampe (FHCRC, Seattle, USA), the dorsal parts of hippocampal lysates were 

analyzed for any impact of phosphorylation on gap junctional communication. Using an 

antibody against the N-terminus of Cx43 (Cx43NT1), which recognizes both phosphorylated 

and unphosphorylated isoforms of Cx43, we found a significant increase of Cx43 

phosphorylation in the ipsilateral versus contralateral samples (Fig. 4.47 a). This observation 

confirmed our previous immunoblotting results using a C-terminal antibody (Cx43CT) (Fig. 

4.45 and Fig. 4.46 b). Surprisingly, we observed a significant increase in the pS373-Cx43 

signal of ipsilateral samples which has previously been shown to associate with improved 

gap junction functionality via a protein kinase A (PKA)-dependent mechanism (Fig. 4.47 b). 

As pY247 has been identified as a Src phosphorylation site (Pahujaa et al., 2007), we 

expected to find an increase in the active, phosphorylated form of Src concomitant with 

increased phospho-Cx43 in the injected side. However, unfortunately, pY247-Cx43 was 

undetectable at both lateral sides (Fig. 4.47 c). In addition, when pS279/282- and pS365-

Cx43 antibodies were probed on the same membrane, we can see a slightly increased 

pS279/282-Cx43 signal and an almost unchanged pS365-Cx43 amount in the ipsilateral 

samples (Fig. 4.47 c), indicating a reduction of gap junctional functionality by the mitogen-

activated protein kinase (MAPK) pathway. In contrast, we observed a slightly reduced 

phosphorylation of residue pS368 in the ipsilateral tissue. These results suggested that after 

kainate injection the activation of PKA and MAPK can lead to increased phosphorylation at 

pS373 and pS279/282 residues in the C-terminus of Cx43, respectively, which would be 

expected to lead opposite effect on gap junction mediated conductance. 



  4. Results 

 

 - 103 -

 

Fig. 4.47: Comparison of Cx43 expression profile us ing phospho-specific antibodies.  a: Western blot of 

hippcampal protein lysates isolated from three WT animals  (lanes 1, 3, 5, contralateral and lanes 2, 4, 6, 

ipsilateral, respectively) simultaneously probed for total Cx43 antibody against N-terminal (Cx43NT1). Notice the 

increased Cx43 phosphorylated content in the ipsilateral samples. b:  The pS373-Cx43 antibody reprobed on the 

same blot show increased  P2 isoform of Cx43 in the ipsilateral groups relative to contralateral. c:  Same blot 

reprobed for Cx43 phosphorylated at S247, S279/282, S365 and S368. Western blots demonstrating an 

increased pS279/282-Cx43 and an unchanged pS365-Cx43, but decreased pS368-Cx43 in the ipsilateral 

comparing to contralateral. The pS247-Cx43 antibody did not detect any band from both sides. 

 

 

4.3.3 Isolation and concentration of Cx43 for phosp horylation analysis by 

mass spectrometry 

 

Because of conflicting results and limited by the availability, affinity and specificity of 

commercial antibodies directed toward phosphorylated residues in Cx43, we applied mass 

spectrometry (MS) to characterize site-specific changes in Cx43 phosphorylation. With the 

growing prominence of MS, this technique is being applied to fill the gaps in understanding of 

connexin post-translational regulation. The protein purification and preparation procedures 

can have the most significant impact on the outcome of an MS-based investigation. Because 

the proteome is so complex, there is no standard method for preparing protein samples for 

MS analysis. In our study, an immunoprecipitation (IP)-based procedure was performed to 

isolate purified and reasonable amounts of Cx43 protein preserved in its native 

phosphorylation state. Two different anti-Cx43 C-terminus (Cx43CT) rabbit polyclonal 

antibodies and 1000 µg homogenized hippocampal protein lysate were tested for their 

antibody-antigen interaction. As shown in Fig. 4.48, the concentrated Cx43 was successfully 

recovered and fractionated by SDS-PAGE and evaluated by immunoblotting with one 

antibody against the C-terminus of Cx43 after elution of target antigen (lanes A1 and B1). 

Before elution, the supernatant (“Pre-elution” in lanes A2 and B2) corresponding to the IP 
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samples were loaded on the same gel and used as control. A “pseudo-IP” sample without 

binding of Cx43 antibody was separated on the same blot as negative reference (lane C1 

and C2). Moreover, normal WT hippocampal lysate (lane D), transfected Cx43 HeLa cell 

extracts (lane E) and Cx43fl/fl: hGFAP-Cre hippocampal lysate (lane F) served as positive or 

negative loading control, respectively. Cx43 IP-samples separated on SDS-PAGE were 

visualized using Coomassie staining. Cx43 protein bands are then excised from the gel and 

digested in situ. The peptides are extracted from the gel matrix and prepared for MS analysis.      

 

Fig. 4.48: Immunoprecipitation to Isolate and conce ntrate total Cx43 for MS analysis. Immunoprecipitated 

Cx43 protein was probed by Cx43 C-terminal antibody. Immunoblotting shows precipitate using two different 

Cx43 C-terminus antibodies (lane A1, B1) and a control immunoprecipitate with non anti-Cx43 antibody was 

analyzed in parallel (lane C1). Prior to elution, transfer supernatants from corresponding bead-Ab-Ag complexes 

to clean tubes for the following control as shown in lane A2, B2 and C2. WT hippocampal lysate (lane D),  

transfected Cx43 HeLa cell extracts (lane E) and Cx43KO hippocampal lysate (lane F) served as positive or 

negative loading control, respectively. Bands of interest are indicated by red boxes.  

 

4.3.4 Identification of phosphorylation sites in Cx 43 using mass spectrometry 

 

Protein lysates from five WT mice hippocampi were subjected to IP with anti Cx43-antibodies 

(section 4.3.3). Proteins were separated by SDS-PAGE and a slice corresponding to the 

molecular weight of Cx43 was excised. After in-gel digestion nanoLC-MS was performed at 

the MS service unit at the Institute of Biochemistry and Molecular Biology (Dr. Marc Sylvester, 

University Hospital Bonn) in order to identify Cx43 peptides carrying phosphorylation sites on 

serine, theonine, or tyrosine. Overall intensities of Cx43 peptide signals were low but three 

phosphopeptides could be identified in two experiments. The peptide D190 to S217 is 

unambiguously phosphorylated at its C-terminal serine (Fig. 4.49). The majority of peaks 

could be identified. Consecutive ions from one ion series were found for several charge 

states. Several phosphorylation losses and neutral losses of water and ammonia were found. 
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A peptide covering G242 to K258 was found to be singly phosphorylated; however the exact 

position can not be assigned due to the low number of fragmentation of phosphopeptides. 

The most probable assignments are pS244 and pY247. A mixture of both singly 

phosphorylated peptides is conceivable as well (Fig. 4.50). A third phosphopeptide was 

identified: A370 to I382 (C-terminus of Cx43) contains a phosphorylation on position S372 or 

S373 or a mixture of both isoforms (Fig. 4.51). Consecutive ions from one ion series were 

found for both charge states. Many peaks could be identified and characteristic y6- and y8-

ions were found at proline sites while the corresponding b-ions are suppressed. Co-isolation 

of other precursors was 15% which can account for unassigned fragments. The proximal 

position of phosphate hampers unambiguous assignment of the phosphorylated position.  

 

Fig. 4.49: SEQUEST search of reduced Cx43 database.   a: Sequence coverage of Cx43 (SwissProt P23242) 

with phosphorylation site S217.  b: Fragment ion spectrum of highest scoring assignment of m/z 868.168 (z=4, 

1.29 ppm error, Xcorr=2.60) as identified by Proteome Discoverer Software: 
190DPc(CaM)PHQVDc(CaM)FLSRPTEKTIFIIFMLVVs217(phospho). b-ions are shown in red, y-ions in blue. 

Several phosphorylation losses (yellow shaded annotations) and neutral losses of water and ammonia were 

found.  
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Fig. 4.50: SEQUEST search of SwissProt (mouse sequences) .  a: Sequence coverage of Cx43 (SwissProt 

P23242) with phosphorylation site S244 or Y247.  b: Fragment ion spectrum of highest scoring assignment of m/z 

837.040 (z=3, -4.67 ppm error, Xcorr=2.13) as identified by Proteome Discoverer Software: 
242GRs(phospho)DPYHATTGPLSPSKDc(CaM)GSPK258. b-ions are shown in red, y-ions in blue. Most major 

peaks were assigned, but some lower remained unassigned.  
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Fig. 4.51: Mascot search of reduced Cx43 database.   a: Sequence coverage of Cx43 (SwissProt P23242) with 

phosphorylation site S372/373.  b:  Fragment ion spectrum of highest scoring assignment of m/z 718.333 (z=2, 

0.16 ppm error, Mascot ion score 15) as identified by Proteome Discoverer Software: 
371ASs(phospho)RPRPDDLEI382. b-ions are shown in red, y-ions in blue. Several phosphorylation losses (yellow 

shaded annotations) and neutral losses of water and ammonia were found. 
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5.  Discussion 

 

5.1 Quality control of hGFAP-Cre and nestin-Cre mediated 

recombination 

 

5.1.1 Spontaneous germ-line recombination activity of different Cre 

transgenes 

 

Here we describe a spontaneous germ-line recombination activity of an hGFAP-Cre 

transgene (Zhuo et al., 2001) and of a nestin-Cre transgene (Tronche et al., 1999) when bred 

to Cx43 conditional alleles. Following the initial characterization and confirmation of faithful 

recombination mediated by hGFAP-Cre, we kept mice with astrocyte-specific deletion in a 

homozygous floxed state for several years. Global homozygous deletion of Cx43 in all cells 

of the body is perinatally lethal due to morphological disturbances of the right ventricular 

outflow tract (Reaume et al., 1995; Theis et al., 2001). However, deletion of one allele in all 

cells of the body has remained undetected. We now observed germ-line activity of hGFAP-

Cre in an allelic setting compatible with survival of global Cx43 deletion (i.e. in combination 

with the Cx43K258Stop allele; Maass et al., 2004). The germ-line activity occurred mostly in 

the offspring of Cre-transgenic females and was not linked to hGFAP-Cre transgene 

transmission to the offspring. The offspring of Cre-transgenic males was less affected. 

Although the exact mechanism responsible for hGFAP-Cre germ-line activity remains 

elusive, the occurrence of germ-line deletion can be minimized by using male with Cre-

recombinase. We observed the same phenomenon in nestin-Cre mice. Such an inheritance 

pattern of ectopic recombination even in Cre-negative offspring is already known from the 

PGK-Cre transgene (Lallemand et al., 1998), a Keratin5-Cre transgene (Ramirez et al., 

2004), and an αMHC-Cre line (Eckardt et al., 2004). Once we have observed germ-line 

recombination activity of hGFAP-Cre in combination with the Cx43K258Stop allele, we tested 

our Cx43fl/fl: hGFAP-Cre colony and frequently found germ-line deletion of single floxed 

alleles. Cx43 protein expression from a Cx43 floxed allele is already rather low (~ 50% of a 

WT allele). The expression of a ‘control’ mouse with hidden germ-line deletion of one Cx43 

floxed allele is thus minimally different from a full Cx43 knockout. Compared to lack of 

hGFAP-Cre activity giving rise to pseudo KO mice (Requardt et al., 2009), the germ-line 

activity of hGFAP-Cre and nestin-Cre activity we show here is much more frequent. 

A rigid quality control of mice with astrocyte-directed gene inactivation is required to exclude 

germ-line deletion by hGFAP-Cre and nestin-Cre within transgenic colonies. We here 

present strategies for pre- and post-experimental assessment of astrocyte-directed Cx43 KO 
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mice by DNA analysis, immunohistochemistry and immunodetection. Deletion status 

measured by the Cx43del PCR for deletion of the Cx43 floxed allele in tail tip DNA was 

consistent with the deletion status in brain and heart measured by reporter gene expression, 

immunoblotting and immunofluorescence. We found that PCR analysis of tail-tip DNA is 

suited to detect hGFAP-Cre negative mice which experienced germ-line deletion. Thus, the 

tail-tip genotyping allows pre-experimental assessment of animals in order to estimate the 

deletion status of Cx43 floxed alleles in mice lacking the hGFAP-Cre or nestin-Cre 

transgenes. In case of lacking reporter genes, PCR for detection of a deleted floxed allele 

should be employed. Since germ-line deletion also occurs in the presence of hGFAP-Cre 

and nestin-Cre, it is not possible to differentiate faithful deletion from germ-line deletion in the 

tail of hGFAP-Cre positive mice. Post-experimental screening for β-Gal expression in the 

heart is required to exclude germ-line recombination of the Cx43 floxed allele, as we showed 

here exemplarity for hGFAP-Cre positive mice. 

Several other GFAP-Cre transgenic mice have been generated using identical or similar 

hGFAP promoter elements (Kwon et al., 2001; Bajenaru et al., 2002; Fraser et al., 2004; 

Casper and McCarthy, 2006). Since a recent report indicated that a tamoxifen-inducible RIP-

CreER transgene for timed recombination in beta cells of the pancreas is active even without 

inducer (Liu et al., 2010b), ectopic activity of hGFAP-Cre may even constitute a problem for 

inducible gene switches employing hGFAP promoter elements (Ganat et al., 2006; Hirrlinger 

et al., 2006). Our findings on germ-line recombination of the hGFAP-Cre and nestin-Cre 

transgenes are therefore highly relevant to other groups working in the field of astroglial gene 

function.  

Especially if global deletion of a floxed gene is not lethal, the mouse colony may, with time, 

become contaminated by global knockouts. We recommend to closely monitor the activity 

status of GFAP-Cre and of nestin-Cre transgenic lines. 

 

 

5.1.2 Potential mechanism for the spontaneous Cre r ecombinase activity 

 

Our results imply that there is no direct germ-line recombination in the hGFAP-Cre mice. 

However, it may be speculated for this transgenic system that there might exist an indirect 

germ-line recombination in both male and female gonads via adjacent Sertoli cells in the 

testis and granulosa (follicle) cells in the ovary as only these somatic cell populations seem 

to be primarily affected by the hGFAP-Cre induced deletion. Usually it is assumed that the 

Cre recombinase needs FGF or TAT peptides to cross membranes (Peitz et al., 2002). 

However, it has also been shown that unmodified Cre recombinase can cross membranes 

(Will et al., 2002). 
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In the testis, intercellular communication is regulated through different mechanisms including 

direct junctions like tight, adherens and gap junctions. Within the seminiferous epithelium, 

communication is mainly mediated by somatic Sertoli cells and Cx43 is the predominantly 

expressed gap junctional protein (Risley et al., 1992; Risley, 2000; Brehm et al., 2007).  

Cx43 is expressed between Sertoli cells and between Sertoli cells and different generations 

of germ cells (Risley et al., 1992; Bravo-Moreno et al., 2001) and plays a role in Sertoli cell 

and germ cell maturation (Pelletier, 1995). In addition, a severe loss of germ cells has been 

found in general Cx43 knockout (KO) mice (Reaume et al., 1995) indicating an indispensable 

role of Cx43 mediated cell coupling for germ cell development (Juneja et al., 1999). Also a 

conditional Sertoli cell specific KO of the Cx43 gene (SCCx43 KO) revealed Cx43 expression 

in Sertoli cells as an absolute requirement for normal testicular development and initiation of 

spermatogenesis. Compared to the generalized KO, the SCCx43 KO mice are viable, but 

infertile and adult SCCx43KO mice showed a significantly reduced number of germ cells per 

tubule (Brehm et al., 2007; Sridharan et al., 2007). In addition, dye-coupling studies 

demonstrated that Cx43 participates in the coupling between SC and between SC and GC, 

with the dye transfer from SC to GC being mostly unidirectional (Decrouy et al., 2004).  

A similar constellation can be found in the ovary (Kidder and Mhawi, 2002; Winterhager et 

al., 2007). In developing follicles, gap junctions couple the growing oocyte and its 

surrounding follicle cells into a functional syncytium. Gap junctions between cumulus cells 

contain predominantly Cx43 and follicles lacking this Cx show an arrest in early 

folliculogenesis (Juneja et al., 1999). In addition to Cx43, also other Cx like Cx37 appear to 

play a role in different stages of folliculogenesis (Simon et al., 1997). 

In the present study, neither in male nor in female transgenic mice of different genotypes any 

germ cells could be found “deleted/recombined” using double immunofluorescence stainings. 

It means, spermatogonia, spermatocytes, spermatids as well as all stages of oocyte 

development remained immunonegative for β-Gal. These results are supported by the fact 

that GFAP-immunoreactivity has so far been only predominantly detected in the cytoplasm of 

interstitial Leydig cells of adult human and rat testes, and in the cytoplasm of Sertoli cells in 

human testes during prenatal development (Davidoff et al., 2002; Davidoff et al., 2004; 

Ortega et al., 2006). To the best of our knowledge there are no data available on the 

spatiotemporal expression pattern of GFAP in the normal ovary. Only single tumour cells in 

ovarian carcinomas were found to express a glial filament protein (Moll et al., 1991). It can 

not be excluded that a recombination occurred during fetal gonadal development in hGFAP-

Cre mice (Francis and Lo, 2006): At E9.5 coupling was significantly decreased in Cx43 KOs 

compared to Cx43 WT mice. Primordial germ cell (PGC) speed was decreased both at E8.5 

and E11.5, and directionality of PGCs was significantly decreased at E8.5.  It was found that 

PGCs underwent apoptosis by activated p53. 
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As for nestin expression: vascular smooth muscle cells (VSMCs) and pericytes (PCs) have 

been identified as progenitors of all testicular Leydig cell phenotypes in rats, with VSMCs and 

PCs, but not endothelial cells, being the sites of nestin immunoreactivity (Davidoff et al., 

2004). Same results were also shown for adult mice. Most interestingly for the interpretation 

of the results from the present study, analyses of nestin-GFP transgenic mice confirmed the 

expression of nestin only in interstitial Leydig cells and their vascular progenitors but not in 

intratubular Sertoli or germ cells (Davidoff et al., 2004). Fröjdman et al. showed that nestin 

was transiently found in Sertoli cells, interstitial cells, most prominent in differentiating myoid 

cells but not in germ cells (Frojdman et al., 1997). After birth, nestin gradually disappeared 

and was found only in the endothelial cells of some blood vessels. Hutchinson et al. 

demonstrated that nestin is located in the basal compartment of Sertoli cells and in blood 

vessels. In somatic Sertoli cells it is switched off between days 15 and 25 as the Sertoli cell 

matures (Hutchison et al., 2008). In the ovary of adult rats, nestin was mainly localized to 

capillary endothelial cells of the theca interna in follicles with more than two layers of 

granulosa cells. In addition, its expression increased with follicle growth indicating that this 

intermediate filament might be involved in angiogenesis in the follicle which is followed by 

ovulation. No immunopositive oocytes or granulosa cells were detected (Takahashi et al., 

2008). In another study, nestin expression was only demonstrated in endothelial cells of 

blood vessels intruding among granulosa-luteal cells of the ovary (Mokry et al., 2004).   

 
 

 

5.2 Astroglial connexins in adult hippocampal neurogenesis 

 

5.2.1 Cx30 is not important for adult neurogenesis in the SGZ 

 

Expression of Cx30 in hippocampal astrocytes and RG-like cells in SGZ has been 

demonstrated at the level of mRNA and protein previously (Nagy et al., 1999; Rouach et al., 

2008; Kunze et al., 2009; Gosejacob et al., 2011). Deletion of astrocytic Cx30 and Cx43 

leads to a strongly decreased proliferation and neurogenesis in DG of adult mice (Kunze et 

al., 2009). This previous data showed that Cx43 and/or Cx30 are required for proliferation of 

RG-like cells and adult neurogenesis. However, it is impossible to differentiate which one 

might exert more important functions in postnatal neurogenesis due to the ablation of both 

major connexins in RG-like cells. To determine the extent of Cx30 involvement in adult 

neurogenesis, we therefore performed a series of studies using single Cx30 KO mice. Our 

results indicated that both proliferative activity and neurogenesis are not impaired in the DG 

of Cx30 KO mice. The numbers of RG-like cells (BLBP-positive), diving neuronal precursor 
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cells (Ki67- and BrdU-positive) and mature neurons (Prox1-positive) was similar between 

Cx30 KO and wild-type mice (Fig. 4.12). Moreover, fate mapping studies have shown that 

the relative expression of DCX, a marker associated with differentiation of newborn neurons 

in the DG, appeared to be unaffected in Cx30 KO mice versus the WT animals (Fig. 4.15). 

These findings suggest that differentiation, maturation and integration pathways were not 

changed. In comparison, Cx43fl/fl: hGFAP-Cre mice showed an 83 % decrease in the 

number of Ki67-positive cells, and a 21 % reduction in the number of Prox1- positive cells. 

Interestingly, we also observed a significantly reduced neurogenesis in adult Cx43fl/fl mice, 

even though the entire Cx43 coding region was not deleted, but only floxed. The reasons for 

the observed effects might be the overall distinct difference in Cx30 and Cx43 mRNA extent, 

protein expression levels and astrocytic coupling. By single cell RT-PCR analysis, it was 

revealed that almost 50 % of the RG-like cells express Cx43 and about 30 % express Cx30 

(Kunze et al., 2009), indicating RG-like cells in the postnatal DG predominantly express Cx43 

mRNA and a lower extent of Cx30 mRNA. In contrast to Cx43, Cx30 protein levels were 

extremely low in the hippocampus using immunoblotting and immunoflourescence analysis 

(Sohl et al., 2000; Gosejacob et al., 2011; Unger et al., 2012). Moreover, previous evidence 

suggested that floxed Cx43 alleles result in significantly decreased endogenous protein 

expression (Theis et al., 2003). The most important function of connexins in the 

hippocampus is forming functional intercellular gap junctional coupling for the exchange of 

small molecules, metabolites and ions (Giaume and Theis, 2010). Dye-coupling experiments 

revealed a 50 % reduction in astrocytic coupling in the Cx43 deficient mice (Theis et al., 

2003), whereas in Cx30 KO mice only a 20 % reduction of the interastrocytic coupling in the 

hippocampus was observed (Gosejacob et al., 2011). Cx30-/-; Cx43fl/fl: hGFAP-Cre mice 

are completely uncoupled in the hippocampus (Wallraff et al., 2006; Rouach et al., 2008; 

Pannasch et al., 2011). In this study, we observed that intercellular coupling in the 

hippocampus of Cx43fl/fl mice was also strongly inhibited compared to WT mice (Fig. 4.37). 

To check for a functional compensation by expression changes of Cx43, we performed 

immunoblot analysis in the hippocampus of adult Cx30 KO mice. Our data revealed no 

apparent upregulation or downregulation of Cx43 following lack of Cx30 (Fig 4.13). Taken 

together, these results strongly suggest that the deletion of Cx30 protein alone did not affect 

proliferation and neurogenesis. However, Cx43 is critically linked to the regulation of adult 

hippocampal neurogenesis.   
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5.2.2 Impact of the Cx43G138R mutation on adult neu rogenesis 

 

Similar to the Cx30/Cx43 DKO mice, a strongly decreased proliferation and neurogenesis 

was observed in mice lacking astrocytic Cx43 (Fig. 4.12). However, the underlying molecular 

mechanism is not revealed due to the complete deletion of Cx43 in astrocytes. Some lines of 

evidences indicate that Cx43 mediates not only intercellular coupling of small molecules but 

also adhesive interaction between cells via the cytoplasmic C-terminal tail which might be 

required for neurogenesis (Elias et al., 2007; Kunze et al., 2009; Cina et al., 2009). 

Moreover, hemichannel activity and gene expression control can be also exerted by Cx43 

(Neijssen et al., 2005; Valiunas et al., 2005; Rouach et al., 2008; Kang et al., 2008).  

In order to receive further mechanistic insight into connexin function in adult neurogenesis, a 

mouse carrying a conditional point mutation of Cx43 was employed. Cx43G138R mice 

exhibited lack of intercellular coupling but preserved hemichannel (HC) activity (Dobrowolski 

et al., 2008; Dobrowolski et al., 2009). This mutant still contains the C-terminal cytoplasmic 

tail and thus one can assume that adhesion and control of gene expression exerted by Cx43 

are still preserved. For instance, scaffolding protein Zonula occludens-1 (ZO-1) binds the 

carboxy terminus of Cx43 and a previous study has shown that changes in the Cx43/ZO-1 

interaction have complementary effects on gap junctional intercellular communication and 

hemichannel function (Rhett et al., 2011). Since Cx43G138R protein contains the intact C-

terminal tail, the interaction between ZO-1 and Cx43 should be maintained. Our data show 

that the Cx43 point mutation causes a significant reduction of proliferative precursor cells and 

newborn neurons in the DG of adult mice irrespective of Cx30 expression (Fig. 4.20). Our 

immunoblotting results demonstrated that total Cx43 protein expression level is not 

significantly altered between the groups compared (Fig. 4.21). Moreover, we found well 

distinguishable and multiple junctional plaques in the cell membrane of astrocytes in 

immunostaining studies (data not shown). This result is consistent with an earlier finding 

which indicated an unhindered trafficking and a slightly altered localization of the mutated 

protein in intercalated discs of cardiomyocytes (Dobrowolski et al., 2008). As expected, the 

astroglia-specific Cx43 point mutation in mice lacking Cx30 showed complete absence of 

interastrocytic coupling in CA1 region (Fig. 4.25) similar to the Cx30-/-; Cx43fl/fl: hGFAP-Cre 

mice (Wallraff et al., 2006). Importantly, coupling between RG-like cells in Cx43G138R mice 

was strongly affected (Fig. 4.26), but not completely inhibited like in Cx30-/-; Cx43fl/fl: 

hGFAP-Cre mice (Kunze et al., 2009). This situation might explain why the Cx43 point 

mutation caused a restricted although significant, decline in Ki67-, Prox1- and BLBP-postive 

cells, but not such a dramatic reduction like in DKO mice. Fate mapping analysis of the 

proportion of Prox1-positive/DCX-positive cells among the BrdU-positive cells in Cx43 point 

mutant mice and control animals showed no difference (Fig. 4.23). Together, our findings 



  5. Discussion 

 

 - 114 -

suggest that the proliferation and neurogenesis are strongly impacted by the point mutation 

of Cx43 due to remarkable loss of RG-like cell coupling in the SGZ. However, the 

differentiation and cell fate determination were not significantly affected, as has also been 

shown in Cx30/Cx43 DKO mice (Kunze et al., 2009). 

Functional intercellular coupling has been suggested to be crucial for the proliferation of RG-

like cells in the adult neurogenesis (Kunze et al., 2009; this work). However, which signaling 

molecules can be regulated by Cx43 mediated coupling in RG-like cells is not clear. Recently, 

it has been shown that Cx43-mediated gap junctional coupling is essential to maintain 

morphogen expression, such as sonic hedgehog (Shh) and bone morphogenetic proteins 

(BMPs), in the mesenchyme of limb buds (Dobrowolski et al., 2009). Morphogens are a 

group of proteins that not only are vital for the embryonic development and patterning of the 

brain but also function to regulate the self-renewal and differentiation of RG cells in the adult 

brain. In the adult brain, the morphogenic proteins continue to subtly modulate the number 

and differentiation of neural precursor cells. In both the SGZ and the SVZ, Shh is essential 

for the maintenance of RG-like cells (Ahn and Joyner, 2005; Balordi and Fishell, 2007; Han 

et al., 2008), whereas BMP determines the fate of NSCs (Lim et al., 2000; Bonaguidi et al., 

2005; Mira et al., 2010). Therefore, reduced expression of Shh and BMPs in the Cx43 point 

mutation mice might be the cause for the decreased proliferation of RG-like cells via impaired 

intercellular coupling. However, the precise molecular mechanism how Cx43 mediated 

coupling influences the expression of these morphogens is not known. Small molecular 

messengers are also involved in the regulation process of adult neurogenesis. Several 

approaches have shown that serotonin (5-HT) increases neural progenitor proliferation and 

enhances survival of newborn neurons in the adult hippocampus (Warner-Schmidt and 

Duman, 2006; Sahay and Hen, 2007). The transfer of serotonin through gap junctional 

channels was described (Esser et al., 2006).   

Unlike gap junctional coupling, hemichannels mediate direct communication between the 

extracellular environment and the cells (Bennett et al., 2003). Within the neurogenic niche, 

Cx43 is further described as being involved in hemichannel mediated ATP release, 

contributing to the initiation and propagation of calcium waves between clusters of cells 

during cortical neurogenesis (Weissman et al., 2004). Thus, Cx43 in adult neurogenic 

regions may coordinate the communication between neighboring and distant cells within the 

niche also through hemichannels. As recently reported the Cx43G138R mutation leads to an 

increased number of open hemichannels and increased ATP release (Dobrowolski et al., 

2008), which can be correlated with the calcium wave propagation needed to regulate of 

NSCs cell cycle entry and thus proliferation (Owens and Kriegstein, 1998). Recently, it has 

been shown that Cx43 hemichannels are also permeable to calcium and regulated by 

calcium (De et al., 2009; De et al., 2012).     
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5.2.3 Impact of the Cx43K258stop mutation on adult neurogenesis 

 

The C-terminal region of Cx43 has a variety of protein interacting sites and is known to be 

important in control of gap junctional channel gating (Moreno et al., 2002; Maass et al., 2004; 

Lampe and Lau, 2004; Herve et al., 2007). For this reason, we wanted to assess the role of 

the Cx43CT in adult neurogenesis using a truncated Cx43 mutated mouse. The 

Cx43K258stop mouse lacks the last 125 amino acids in the CT tail, which implicated a loss 

of cell-cell adhesion and control of gene expression (Giaume and Theis, 2010). However, 

Cx43K258stop transfected HeLa cells show still robust intercellular coupling (Maass et al., 

2004). Interestingly, it is important to point out that Cx43K258stop and ZO-1 protein were still 

found in the same immunoprecipitate after the deletion of ZO-1 binding motifs in the Cx43CT. 

It seems likely that the interaction between ZO-1 and Cx43K258stop was preserved (Maass 

et al., 2007).  

Similar to Cx43G138R mice, our data indicated that proliferation and neurogenesis are 

strongly reduced in Cx43K258stop mice (Fig. 4.32). Again, in the Western blot of adult 

hippocampal tissue, we observed no significant alteration of the truncated Cx43 protein 

levels between Cx43K258stop mice and their control independent of Cx30 status (Fig. 4.33). 

Immunostaining of brain sections using antibodies against the N-terminal residues revealed 

membrane localization of Cx43K258stop plaques in astrocytes, but expression seemed to be 

reduced overall (data not shown). These findings are in line with a previous observation, 

which has shown a reduction in plaque formation combined with increased plaque size in the 

heart. Moreover, these gap junctions showed a tendency to accumulate towards the 

periphery of the intercalated disc, indicating changes in the localization and formation of 

intermolecular complexes (Maass et al., 2007). Thus, it is important to detect the potential 

localization changes of Cx43K258stop gap junction plaques in astrocytes using higher level 

of resolution i.e., transmission electron microscopy. The contribution of potentially changed 

localization in adult neurogenesis remains to be determined. To our surprise, astroglia-

specific Cx43 truncated mice lacking Cx30 exhibited uncoupling in the CA1 region (Fig. 

4.37), contrary to the studies in HeLa cells, but such decreased coupling was earlier detected 

in cultured astrocytes from Cx43 truncated mice (Kozoriz et al., 2010). Tracer coupling of 

RG-like cells was also significantly reduced in Cx43K258stop mice, but not completely 

abolished (Fig. 4.38). These data suggest that the reduction of proliferative activity and 

decreased number of newborn neurons was not due to Cx43 protein levels and disfavours 

adhesion as relevant aspect of connexin function, but suggests loss of RG-like coupling in 

mice expressing the truncated Cx43 protein as a cause for impaired neurogenesis. 

The data on the role of the CT tail in postnatal and embryonic neurogenesis is somewhat 

conflicting. Several experiments suggested that the CT domain is a negative modulator of 
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neuronal proliferation and differentiation (Moorby and Patel, 2001; Santiago et al., 2010), 

whereas other studies point to a positive regulator of Cx43 to maintain cells in a proliferative 

state in adult hippocampus and embryonic cortex (Cheng et al., 2004; Kunze et al., 2009). 

The results presented in this study have led us to propose that the CT domain of Cx43 acts 

as a positive effector for adult hippocampal neurogenesis, in a manner consistent with gap 

junctional channel regulation. A number of structure-function studies have shown that the C-

terminal region of Cx43 controls the gating of gap junction channels via a chemical 

mechanism (“ball-and-chain” model; Duffy et al., 2002), including phosphorylation (Moreno et 

al., 1994; Kanemitsu et al., 1997; Solan and Lampe, 2009). Moreover, some lines of 

evidence point to the C-terminal domain as a gating particle also for voltage regulation of the 

Cx43 channel. Cx43 channels are gated between three states under normal conditions: 

closed, open and residual. In transfected murine neuroblastoma (N2a) cells the truncation of 

CT domain of Cx43 eliminates the residual state, indicating that channels transit directly 

between open and closed states in response to a transjunctional voltage gradient (Moreno et 

al., 2002). The same paper also reported the CT region as independent voltage-gating 

partner for interacting with the pore-forming domain of Cx43 to regulate channel 

conductance. Moreover, the truncation of Cx43 causes a significant prolongation of the open 

time, as well as an extension of the closed configuration. These observations were confirmed 

by two other studies in primary cardiomyocyte and astrocyte cultures using Cx43K258stop 

mice (Maass et al., 2007; Kozoriz et al., 2010). Astrocytes expressing the truncated Cx43 

form functional gap junction channels with single channel conductance of about 110 pS 

similar to those of WT control, but the open time of these channels is much longer, indicating 

a reduced sensitivity to transjunctional voltage (Kozoriz et al., 2010). Furthermore, the 

hemichannel activity was disturbed in cultured astrocytes from Cx43K258stop mice in 

comparison with WT astrocytes. As described above, calcium signaling is important in 

astrocyte and blood vessel regulation (Mulligan and MacVicar, 2004), indicating that the 

calcium wave propagation was reduced in Cx43K258stop mice.  

It has been reported that the association of the CT domain with protein partners regulate 

Cx43 assembly and degradation and, therefore, stabilizes the Cx43 anchoring in plasma 

membranes (Giepmans and Moolenaar, 1998; Gumpert et al., 2008). Recently, the functional 

relevance of three amino acid (aa) regions in the CT domain of Cx43 was disclosed: first, the 

region 235-242aa is important for gap junction plaque formation at the plasma membrane; 

second, the region 271-302aa is crucial for gap junction plaque size; third, the specific region 

325-342aa plays an important role in the direction of internalization as annular gap junction 

(Wayakanon et al., 2012). These findings suggested a function of the Cx43 CT domain in 

gap junction expression and its turnover.  
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5.2.4 The role of the Cx43D378stop mutation in adul t neurogenesis  

 

To confirm our conclusion that Cx43-mediated intercellular coupling is important for adult 

neurogenesis in the hippocampus, we investigated the Cx43D378stop mouse, which 

expresses a mini-truncated form of the Cx43 gene lacking the last five CT amino acid 

residues (378-382aa) of the protein (Lubkemeier et al., 2013). In comparison with the two 

other Cx43 mutated animals, our results suggest that there is slightly, however significant, 

reduced astrocytic coupling in the CA1 region of Cx43D378stop mice and proliferation was 

also significantly altered (Fig 4.42). Interestingly, our coupling study data are not consistent 

with previous findings, which reported dye transfer between cadiomyocytes isolated from 

Cx43D378stop mice and coupling between Cx43D378stop transfected HeLa cells which 

showed no apparent changes (Lubkemeier et al., 2013). The discrepancy of our findings with 

those of Lübkemeier et al., (2013) might be because of different cell types, tissue preparation 

and higher molecular weight of Lucifer Yellow used in the latter study. Moreover, these mice 

expressing the mini-truncation of Cx43 still express Cx30, so we can expect a further 

decrease in coupling upon loss of Cx30. Loss of Cx43 leads to an up-regulation of Cx30 

(Theis et al., 2003). It has been previously shown that the region 378-382aa of Cx43 is 

important for interaction between Cx43 and its scaffolding protein ZO-1 (Giepmans and 

Moolenaar, 1998; Sorgen et al., 2004; Hunter et al., 2005). A physiological role of ZO-1, an 

actin-binding protein, is the interaction with Cx43 for the modulation of transition of undocked 

hemichannels into gap junction plaques in the cell membrane. It has been shown that new 

hemichannels are added to gap junctions at the periphery of the aggregates (Gaietta et al., 

2002). Moreover, previous studies revealed that disruption of the Cx43 and ZO-1 interaction 

leads to increased gap junction size and a decrease or loss of colocalization between Cx43 

and ZO-1 at plaque edges of cadiomyocytes, respectively (Maass et al., 2007; Palatinus et 

al., 2011; Rhett et al., 2012). To explain the remarkable changed coupling in Cx43D378stop 

expressing astrocytes one model was speculated. The binding of ZO-1 to Cx43 at the 

periphery of GJ plaques restricts the hemichannel addition to the plaques, whereas inhibition 

of the interaction results in larger size, but lower number of gap junction plaques and fewer 

hemichannels. The predicted functional consequences of the path are reduced hemichannel 

activity and decreased gap junctional communication (Rhett et al., 2012).  

Our coupling analysis in astrocytes did not find changed in intercellular coupling, in contrast it 

was shown that the cell-cell communication was decreased. The reason might be that ZO-1 

still interacts with the Cx43D378stop protein as suggested in the IP study (Lubkemeier et al., 

2013). New observations in adult Cx43D378stop mice showed that Cx43 and ZO-1 still 

colocalized to the intercalated disc of heart and the Cx43D378stop protein amount was not 

significantly different compared to controls. These results indicated that ablation of the ZO-1 
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binding motif of Cx43 may still allow the interactions between both proteins via other potential 

binding domains of Cx43 or indirectly through linked partners (Sorgen et al., 2004; Severs, 

2007). In mouse cadiomyocytes Cx45 tends to colocalize with Cx43 in the same junctions 

(Kanter et al., 1993). A previous study reported that the interaction of Cx45 with ZO-1 (Laing 

et al., 2001), and possibly of Cx45 with Cx43D378stop protein, could explain, at least in part, 

the presence of ZO-1 in the Cx43D378stop precipitates. However, so far no evidence 

revealed that Cx45 is expressed in astrocytes or RG-like cells in the SGZ neurogenic zones. 

Thus, the question arises as to whether Cx43 and ZO-1 still colocalize in the membrane of 

astrocytes or RG-like cells after ablation of the binding residues? If the Cx43D378stop 

mutation changes the formation of a gap junctional plaque, does this lead to a reduced 

interastrocytic coupling? Interestingly, pull-down assays and co-IPs indicated binding of Cx30 

to the second PDZ domains in ZO-1. Moreover, ZO-1 associated nucleic acid-binding protein 

(ZONAB) is a transcription factor (Balda and Matter, 2000), and it was suggested that ZO-

1/ZONAB interaction regulates gene expression and glial homeostasis in combination with 

Cx30 and Cx43 (Penes et al., 2005). In conclusion, our data again strongly favor a role of 

Cx43-mediated intercellular coupling rather than Cx43-mediated adhesive interaction for 

adult hippocampal neurogenesis. This holds true for the point mutation (Cx43G138R), the 

large truncation (Cx43K258stop) and for the small truncation (Cx43D378stop). 

 

 
5.3  Cx43 phosphorylation modulates gap junctional coupling 

 

5.3.1 Decreased astrocytic coupling due to increase d Cx43 phosphorylation 

 

An understanding of the molecular mechanism behind the reduced gap junction coupling 

induced by kainate injection is still outstanding. More and more evidence suggests that 

changes in Cx43 post-translational phosphorylation affect gap junctional communication and 

have an impact on intercellular signalling (reviewed by Solan and Lampe, 2009). Using an 

antibody against the CT domains of Cx43, our data show that the phosphorylated isoforms 

were significantly increased in ipsilateral versus contralateral side after kainate injection (Fig. 

4.45 and Fig. 4.46). Treatment of the same samples with alkaline phosphatase collapsed 

most of Cx43 phosphorylation associated bands to its non-phosphorylated isoforms, 

indicating that in SDS-PAGE detected bands are indeed phospho-Cx43. These results were 

confirmed in the following immunoblotting studies using the same samples probed by an 

antibody against the N-terminus of Cx43 (Fig. 4.45). Therefore, a firm conclusion can be 

made that the decreased intrastrocytic coupling in CA1 is correlated with an increased Cx43 

phosphorylation after kainate injection.  
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The Cx43 CT domain is extensively phosphorylated by different protein kinases at different 

motifs leading to decreased conductivity of the gap junction. The phosphorylation of 

connexins by tyrosine protein kinases, especially Src, is now considered as one main 

regulatory mechanism (Lau, 2005; Pahujaa et al., 2007). It has been indicated that the initial 

activation of v-Src occurs through the interaction of the 274-284aa proline-rich region of 

Cx43 with the SH3 domain of the v-Src (Lin et al., 2001; Warn-Cramer and Lau, 2004). This 

interaction leads to the phosphorylation of Cx43 at the Tyr265 residue, which stabilizes the 

binding of Cx43 and v-Src and promotes the second tyrosine phosphorylation on Tyr247 of 

Cx43. Phosphorylation on Tyr247 may be the key molecular event that triggers the gap 

junction channel closure, as measured by decreases in dye transfer or inhibited channel 

open probability (Filson et al., 1990; Loo et al., 1995; Lin et al., 2001; Cottrell et al., 2003). 

Similar to v-Src, the interaction of Cx43 with c-Src on Tyr265 decreases the binding of Cx43 

with the ZO-1 cytoskeletal protein and diminishes gap junctional channel conductance 

(Toyofuku et al., 1999; Toyofuku et al., 2001; Giepmans et al., 2001). A recent paper 

provides evidence that the disruption of gap junctional communication in ischemic or hypoxic 

astrocytes is associated with c-Src induced phosphorylation of Cx43 (Li et al., 2005). In 

primary mouse cortical astrocytes, intracellular acidification induced by ischemia triggers the 

uncoupling of Cx43 gap junctions (known as “pH-gating”) due to the binding of c-Src to Cx43, 

which is believed to play a crucial role in attenuating damage to tissues surrounding the 

lesion focus (Peters et al., 1997; Lin et al., 1998). Furthermore, Src can not only block gap 

junctional communication by directly phosphorylating Cx43 at tyrosine sites, it may recruit 

MAPK, PKC and CDC2 to phosphorylate Cx43 on serine residues to disrupt intercellular 

coupling as well (Pahujaa et al., 2007; Solan and Lampe, 2008). Additionally, Src may affect 

intercellular communication via regulation of transcriptome and proteome expression pattern. 

For instance, Src can increase PDGF receptor expression, which leads to increases in 

MAPK and PKC activity to reduce channels formed by Cx43 (Warn-Cramer and Lau, 2004; 

Shen et al., 2007). Unfortunately, our Cx43-pY247 phospho-specific antibody did not detect 

any signals (Fig. 4.47 c). This study should be performed again and it will be also important 

to know whether the Src induced phosphorylation of the second tyrosine site (Tyr265) is 

associated with reduced coupling between astrocytes.        

Down-regulation of gap junctional communication was also reported by phosphorylation of 

the Ser279/282 target by MAPK due to decreased channel open time and probability (Cottrell 

et al., 2003). Indeed, we observed an increased phosphorylation of Cx43 at Ser279/282 

using Cx43-pS279 specific antibody (Fig. 4.47 c). Recently, phosphorylation at Ser365 has 

been described as a “gatekeeper” event for Cx43 forming channels, which may represent a 

mechanism to prevent cells from ischemia via increased assembly of Cx43 to gap junction 

plaques (Solan et al., 2007). In addition, the same paper suggested that PKC dependent 
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phosphorylation of Ser368 was dramatically reduced when Ser365 was phosphorylated 

arguing that Ser365 dephosphorylation likely precedes Ser368 phosphorylation during 

hypoxia. The interrelationship of Cx43 phosphorylation at Ser365 and Ser368 indicates that 

PKA enhances while PKC suppresses phosphorylation of Cx43 (Yogo et al., 2006; Solan and 

Lampe, 2007). Our data demonstrate that pSer365-Cx43 amount was almost similar 

between ipsi-and contralateral samples and the phosphorylation on Ser368 was slightly 

reduced in the ipsilateral tissue, indicating that the PKA and PKC kinases might not be 

efficiently active to regulate the phosphorylation of Cx43. Therefore, there is no significant 

impact on the gap junction coupling after an excitotoxic insult. Interestingly, a slightly 

increased pSer373-Cx43 amount was observed at the ipsilateral side, indicating an 

increased gap junction communication induced by PKA activity. This result is in opposition to 

the fact that reduced coupling was found at the ipsilateral side. However, previous data 

showed that Src prevents positive Cx43-mediated coupling by modulating PKA, either 

directly, or by inducing counteractive phosphatase activity. Thus, sufficient PKA activity that 

is required for gap junctional communication may be suppressed by Src. Moreover, a 

previous study has indicated that initial phosphorylation of Ser364 is necessary for 

subsequent sufficient phosphorylation of Ser373 by PKC (Shah et al., 2002). Since the 

lacking of Ser364 phosphorylation data it is difficult to determine whether this slightly 

increased phosphorylation of Ser373 is indeed due to PKC. All of these data indicate that 

gap junction coupling via Cx43 is a highly co-ordinated regulatory process, including 

phosphorylation on multiple sites through multiple signaling pathways. It will be important to 

know whether one residue is phosphorylated only by one kinase or several kinases. One 

point however seems clear: we need more phospho-specific antibodies to identify the 

potential sites involved in the regulation of Cx43 gap junctional communication.     

 
 
 
 
 
5.3.2 Evaluation of Cx43 phosphorylation sites by m ass spectrometry 

 

Liquid chromatography-MS (LC-MS) on immunoprecipitated Cx43 provided information on 

the phosphorylation status on several positions, namely Ser217, Ser244/Tyr247, and 

Ser372/373. Evidence could be found for single phosphorylation on the peptides but 

unequivocal localization of the phosphorylation positions was only possible for pS217. This 

identified serine residue localizes in the fourth transmembrane domain of Cx43, which has 

not previously been described. It is unlikely that this residue is phosphorylated, since it is 

within a transmembrane domain. The functional consequence for gap junctional 

communication remains to be investigated. Ser244 and Tyr247 have previously been 
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described as phosphorylation sites in the Cx43 CT domain using phosphoproteomic 

strategies (Lin et al., 2001; Huang et al., 2011). Moreover, the phosphorylation of Ser372/373 

was also reported in the primary references (Yogo et al., 2002; Axelsen et al., 2006). 

However, the interpretation of the accurate phosphorylation site regarding Ser372/373 and 

Ser244/Tyr247 are complicated by the close proximity of the two residues introducing an 

uncertainty to the conclusion. It should also be noted that the total amount of precipitated 

Cx43 was low as indicated by absence of enrichment of Coomassie staining at the expected 

molecular weight after IP. The sequence coverage reached about 40%, but varied between 

experiments. Due to the still low abundance and unfavourable ionization and fragmentation 

of phosphopeptides no quantitative conclusions can be drawn from the obtained LC-MS 

data. Attempts to enrich phosphopeptides by titanium dioxide (TiO2) and immobilized 

chelated metal ions (Fe-IMAC) from whole brain lysates did not lead to identification of Cx43 

phosphopeptides. The reason is not known but the low abundance of these phosphorylated 

peptides might result in suppression by other phosphopeptides during MS analysis or might 

be lost during sample preparation.  
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6. Future perspectives 
In the first part of my work I describe the repeated, spontaneous germ-line recombination 

activity of the widely used hGFAP-Cre and nestin-Cre transgenes when bred to Cx43 

conditional alleles. Interestingly, we found that this phenomenon more frequently appears in 

the offspring of Cre-transgenic females than male mice in both Cre transgenic lines. 

Moreover, compared to spontaneous loss of hGFAP-Cre activity, the germ-line hGFAP-Cre 

and nestin-Cre recombination is much more frequent. In view of these findings, using males 

with Cre-recombinase, the occurrence of germ-line deletion/activation in the future breeding 

can be minimized, which can seriously influence the experimental outcome. Using double 

immunofluorescence stainings in testis and ovary of prepubertal and juvenile mice we 

investigated the potential mechanism responsible for hGFAP-Cre germ-line activity. Our 

results imply that there might exist an indirect germ-line recombination in both male and 

female gonads via adjacent Sertoli cells in the testis and follicle cells in the ovary, because 

we found only these somatic cell types, seem to be immunopositive for ß-Gal staining. It has 

been shown that unmodified Cre recombinase possesses an intrinsic ability to cross cellular 

membranes, enter the nucleus and catalyze recombination at loxP sites (Will et al., 2002). In 

addition, dye-coupling studies demonstrated that the dye transfer from Sertoli cell to 

spermatogonia is mostly unidirectional via Cx43 (Decrouy et al., 2004). One way in which the 

Cre protein can cross membranes is by annular gap junctions (Jordan et al., 2001; Laird, 

2010) or tunneling nanotubes (Gerdes and Carvalho, 2008; Abounit and Zurzolo, 2012). 

Transient Cre expression during preimplantation stages for mosaic and partial recombination 

has been described for different Cre lines (Eckardt et al., 2004). Therefore, ectopic Cre 

expression in early embryonic developmental stages of conditional Cx43 floxed mouse might 

be very useful to find out whether other promoters lead to unexpected Cre expression. 

 

In the adult neurogenesis studies we show that gap junctional coupling plays a crucial role in 

regulating neurogenesis, and decreased intercellular communication is closely correlated 

with decreased proliferation in all of the three Cx43 mutant mice. To understand the 

molecular mechanisms underlying the modulation of adult neurogenesis by gap junctional 

coupling further in vivo and in vitro experiments should be performed. In order to test the 

expression of morphogens, e.g. Shh, BMP and 5-HT, single cell RT-PCR analyses in the 

RG-like cells should be performed. The possible regulation of these morphogens by Ca2+ and 

IP3 signaling pathways can be monitored using two photon imaging. Within the neurogenic 

niche are RG-like cells, astrocytes and endothelial cells, all of which exhibit gap junction 

mediated coupling (Mirzadeh et al., 2008). Moreover, astrocytic processes form endfeet on 

the basal lamina of blood vessels, which facilitate intercellular transfer of small molecules 

from the blood to the RG-like cells. A variety of growth factors and hormones, including these 
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molecules above are known to regulate adult proliferation. Therefore, further analyses of gap 

junctional plaques in astrocytic endfeet are required to examine whether the decreased 

coupling is due to mislocalization or low expression of Cx43 in the cell membrane of endfeet 

region. This can be tested with scanning electron microscopy. In addition, the C-terminal 

domains of Cx43 can exert intrinsic functionality independent of channel activity, which 

appears to regulate signaling/adaptor proteins (Giepmans, 2004). Since the neurogenic 

factors Wnt and ephrin-B were suggested to be important for adult hippocampal 

neurogenesis (Lie et al., 2005; Ashton et al., 2012) in vivo gain and loss of function studies 

using RNAi might be improve our knowledge about the role of the Cx43 CT. To validate our 

conclusion that gap junctional coupling is more important than cell adhesion for adult 

neurogenesis, additional work in an adhesion assay can be done. For instance, confocal 

microscopy can be applied to study the live cell adhesion/migration imaging in the rostral 

migratory stream (RMS) in vivo. An investigation in a 3D cell adhesion assay in primary 

hippocampal astrocytes culture can also be done in vitro. Finally, Cx43 is further thought to 

be involved in hemichannel mediated ATP release within the NSC microenvironment via Ca2+ 

wave propagation (Weissman et al., 2004; Dale, 2008). This mechanism regulates NSC/NPC 

cell cycle entry and thus proliferation (Owens and Kriegstein, 1998). It would be interesting, 

for example, to study the hemichannel activity of these three Cx43 mutants using photolysis 

of diazo-2 triggered ATP release and astrocytic Ca2+ waves (Torres et al., 2012). This real-

time imaging of cellular processes allows us to investigate astrocytes releasing ATP in vivo 

and precisely examine their cellular behaviour as well as their influence on neighbouring cells 

in the neurogenic niche. 

 

Results from the third part of my study suggest that strongly reduced gap junctional coupling 

is directly linked to the phosphorylation of Cx43 in TLE pathology. However, the 

phosphorylation sites, patterns and correlated functions should be investigated in more 

detail. Using a set of more phospho-specific antibodies we can maybe identify the putative 

crucial phophorylated residues involved in down-regulation of Cx43 mediated cell-cell 

communication. Since the Src kinase is now considered as one main regulator for the 

inhibited gap junctional coupling (Lau, 2005; Pahujaa et al., 2007), it might be possible to test 

Tyr247/265 specific antibodies first in Western blotting. Subsequently, it would also be 

promising to use phospho-specific antibodies to target multiple serines, which in turn cause 

reduced coupling. It should be noted that the phospho-analysis in present work is not 

quantitative, it only reveals if the identified sites are highly phosphorylated or not. Thus, it is 

reasonable to quantify the serine/tyrosine specific phosphorylated Cx43 isoform between 

ipsi- and contra-lateral sides in the future. Within the context of our MS findings, a particular 

challenge of studying phosphorylation arises from the difficulties of isolating and purification 
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reasonable amount of Cx43 protein. The IP method appears to be successfull in covering 

phosphorylated Cx43 for MS analysis. However, the total amount of precipitated Cx43 was 

still low after IP. Thus, residues observed to be phosphorylated in the present study are 

required to validate using improved IP or phosphopeptide enrichment. To further characterise 

the phosphorylation pattern MS analysis should be performed using ipsilateral versus 

contralateral tissues following different time points after kainate injection. Moreover, an 

important element of understanding Cx43 phosphorylation is to determine their structural 

composition and how all the kinases work together as an integrated system. A variety of 

phosphoproteomic datasets demonstrated that Cx43 likely serves as a highly integrated hub 

capable of consolidating a set of phosphate based signaling cascades (Chen et al., 2013). 

Therefore, it will be important to systematically examine the subcellular fractionation using 

discovery proteomics, targeted technologies (i.e. multiple reaction monitoring MS) and 

quantitative proteomics (i.e. heat map analysis) together as a valuable framework towards 

fully understanding Cx43 phosphorylation. 
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7. Summary 
For astrocyte restricted connexin mutations/deletions the Cre/loxP system of site-specific 

recombination method was applied in this study. However, the Cre recombinase mediated 

gene deletion/activation is not free of limitations (Eckardt et al., 2004; Requardt et al., 2009). 

Since it affects every process in our adult neurogenesis study, it is critical to overcome such 

pitfalls using a series of quality assessment. With PCR, immunodetection and reporter gene 

approaches, we show that the widely used hGFAP-Cre transgene exhibits spontaneous 

germ-line recombination leading to deletion of Cx43 gene in brain, heart, ovary, testis and tail 

tissue with high frequency. The ectopic activity of hGFAP-Cre requires a rigorous control. We 

also observed the nestin-Cre transgene shows germ-line deletion. Here we describe 

procedures to identify mice with germ-line recombination mediated by the hGFAP-Cre and 

nestin-Cre transgenes. Such control is essential to avoid pleiotropic effects due to germ-line 

deletion of loxP-flanked target genes and to maintain the astrocytes-restricted deletion status 

of Cx43 in transgenic mouse colonies. 

  

Adult hippocampal neurogenesis generates functional new granule neurons that become 

integrated into the DG throughout whole mammalian lifespan (Gage, 2000). Despite of the 

growing number of studies in the past decade, the exact regulatory mechanisms as well as 

the functional significance of adult neurogenesis are still not fully elucidated. Moreover, only 

few parameters have been assessed to characterize the regulation of adult neurogenesis, 

i.e. cell proliferation in the SGZ, cell survival and neuronal differentiation (Kempermann et al., 

2004). Astrocytes with RG-like morphology are considered neural stem cells (type-1) in the 

SGZ of the DG (Kempermann et al., 2004). Recently, Cx30 and Cx43, two major astrocytic 

gap junction proteins have been shown critical for proliferation and neurogenesis in the adult 

hippocampus (Kunze et al., 2009). However, the underlying mechnisms of the obseved 

decrease on adult neurogenesis are not clarified. To gain the mechanistic insight into 

connexin function related to adult neurogenesis, we employed several Cx30 and Cx43 

mutations in the present work. 

 

In the second part of my work I first analyzed the influence of Cx30 and Cx43 on adult 

neurogenesis. In contrast to WT mice, single knockout of Cx30 did not impair the number of 

dividing neuronal precursor cells and mature neurons in the DG of adult mice. However, the 

complete deletion of Cx43 in astrocytes significantly decreases the proliferation and granule 

cell numbers. These effects are similar to those obtained in Cx30/Cx43 DKO mice (Kunze et 

al., 2009). Moreover, utilizing a fate mapping approach it has been shown that differentiation, 

maturation and integration of newly born neurons were not altered in Cx30KO mice 

compared to WT. In the immunoblot analysis our data revealed no apparent alteration of 
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Cx43 protein amount in the hippocampus following deletion of Cx30, indicating that 

unchanged adult neurogenesis in Cx30KO mice is not due to up-regulation of Cx43. Our 

findings suggest that Cx43, but not Cx30, is required for normal adult neurogenesis. The 

Cx43G138R expressing mice present a conditional mouse model to study the mechanism 

linking connexin mutation and coupling to proliferation in the adult hippocampus. The main 

finding of this mouse suggests that the strong decrease of Cx43G138R mediated astrocyte 

and RG-like cell coupling is responsible for the observed reduction of adult neurogenesis. 

Moreover, this impaired proliferation appears to be not associated with the alteration of the 

mutant Cx43 protein level in the hippocampus. However, the expression of the point mutation 

Cx43 in the RG-like cells determines the different rate of intercellular coupling and its 

corresponding effects on adult neurogenesis. To our surprise, astroglia-specific 

Cx43K258stop mice lacking Cx30 also exhibited significantly decreased coupling between 

astrocytes and RG-like cells, contrary to the studies in cultured HeLa cells. The functional 

consequence of the Cx43K258stop truncation is the strongly decreased proliferative activity 

in the SGZ and the number of newborn neurons in the GCL. Again, our immunoblot data 

evaluated that the expression of Cx43 amount is similar between comparing groups. 

Furthermore, fate analysis of BrdU-positive cells associated with the relative expression of 

DCX appeared to be unaffected in both astroglia-specific Cx43G138R and Cx43K258stop 

mice. Interestingly, compared to the WT animal the Cx43D378stop mouse also shows 

significantly decreased astrocytic coupling as well as decreased proliferation. However, the 

average rate of coupling and proliferation is much higher than the above two Cx43 mutants. 

Together, our findings strongly favour a role of Cx43-mediated intercellular coupling between 

RG-like cells rather than Cx43-mediated adhesive interactions for adult neurogenesis in the 

hippocampus.  

 

In order to investigate the impact of Cx43 post-translational phosphorylation on pathogenesis 

of TLE, homogenized hippocampal lysates were established and further characterized in 

immunoblot, IP and MS analysis. An overall changed Cx43 phosphorylation pattern was 

found in ipsilateral (i.e., the kainate-injected site) versus contralateral (the non-injected site) 

using an antibody against the Cx43 CT domain. To confirm our results the same samples 

were assessed again using an antibody which recognized the N-terminus of Cx43, and our 

data are consistent with the former results. This suggests that in vivo phosphorylation of 

Cx43 is not only a response to epileptic neuronal activity but is also coupled to the decrease 

of interastrocytic coupling. A more detailed analysis using phospho-specific antibodies 

revealed several site-specific phosphorylation patterns of Cx43. Our data indicate that a co-

ordinated regulation of gap junction occurs via mutiple kinase signaling pathways, leading to 

phosphorylation on mutiple sites of Cx43 CT domain. This complex interplay between 
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mutiple kinases made it difficult to determine specific aspects of Cx43 regulation and 

interpret its functional relevance for gap junctional communication. To overcome the 

limitation, we developed and established a reliable IP-based method for Cx43 

phosphorylation study by MS analysis. Using control hippocampi, three of the 

phosphorylated sites (i.e. Ser217, Ser244/Tyr247, and Ser372/373) were successfully 

identified in our MS study. These are the first in vivo data, to our knowledge, to show that 

phosphorylation of Cx43 in the mouse hippocampus using MS-based discovery proteomics, 

and our data offer a new possibility for the study of connexin post-translational regulation in 

TLE mouse model.  
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Mouse line 

Total number of 

ki67 positive cells 

Total number of DG 

sections analyzed 

Ki67 positive cells per DG 

section (mean ± s.d) 

Cx30+/+ (n=5) 

Cx30-/- (n=3) 

Cx43fl/fl: hGFAP-Cre (n=3) 

Cx43fl/fl (n=3) 

825 

354 

56 

259 

70 

30 

30 

36 

11,78 ± 3,91 

11,80 ± 2,61 

1,86 ± 1,28 * 

7,19 ± 1,72 * 

Tab. 9.1: Quantitative evaluation of Ki67 expression in the SGZ of Cx30-/-, Cx43fl/fl: hGFAP-Cre and Cx43fl/fl 
mice.  *, P < 0.05 Cx30+/+ vs. Cx43fl/fl: hGFAP-Cre and Cx43fl/fl 
 
 
 

 

Mouse line 

Total number of 

ki67 positive cells 

Total number of DG 

sections analyzed 

Ki67 positive cells per DG 

section (mean ± s.d) 

Cx30+/+; Cx43+/+  (n=5) 

Cx30+/+; Cx43flG138R/flG138R  (n=3)  

Cx30+/+; Cx43flG138R/flG138R: nestin-Cre (n=5) 

Cx30-/-; Cx43flG138R/flG138R (n=3) 

Cx30-/-; Cx43flG138R/flG138R: nestin-Cre (n=3) 

825 

367 

319 

289 

372 

70 

31 

56 

30 

60 

11,78 ± 3,91 

11,84 ± 4,01 

5,70 ± 3,07 * 

9,63 ± 3,54 * 

6,20 ± 3,01 * 

Tab. 9.2: Quantitative evaluation of Ki67 expression in the SGZ of Cx43G138R mice.  *, P < 0.05 Cx30+/+; 
Cx43+/+ vs. Cx30+/+; Cx43flG138R/flG138R: nestin-Cre and Cx30-/-; Cx43flG138R/flG138R, as well as Cx30-/-; 
Cx43flG138R/flG138R: nestin-Cre 
 
 
 

 

Mouse line 

Total number of 

ki67 positive cells 

Total number of DG 

sections analyzed 

Ki67 positive cells per DG 

section (mean ± s.d) 

Cx30+/+; Cx43+/+ (n=5) 

Cx30+/+; Cx43fl/K258stop   (n=3)  

Cx30+/+; Cx43fl/K258stop: hGFAP-Cre  (n=3)  

Cx30-/-; Cx43fl/K258stop (n=3) 

Cx30-/-; Cx43fl/K258stop: hGFAP-Cre  (n=3) 

825 

229 

144 

200 

171 

70 

30 

30 

30 

40 

11,78 ± 3,91 

7,63 ± 4,75 * 

4,80 ± 2,19 * 

6,67 ± 2,47 * 

4,28 ± 1,98 * 

Tab. 9.3: Quantitative evaluation of Ki67 expression in the SGZ of Cx43K258stop mice. *, P < 0.05 Cx30+/+; 
Cx43+/+ vs. Cx30+/+; Cx43fl/K258stop, Cx30+/+; Cx43fl/K258stop: hGFAP-Cre and Cx30-/-; Cx43fl/K258stop, as 
well as Cx30-/-; Cx43fl/K258stop: hGFAP-Cre 
 
 

 

 

 

Mouse line 

 

Total number of 

ki67 positive cells 

 

Total number of DG 

sections analyzed 

Ki67 positive cells 

per DG section 

(mean ± s.d) 

Cx30-/-; Cx43flD378stop/flD378stop  (n=3) 

Cx30-/-; Cx43flD378stop/flD378stop: hGFAP-Cre (n=3) 

340 

242 

30 

30 

11,33 ± 2,41 

8,07 ± 4,53 * 

Tab. 9.4: Quantitative evaluation of Ki67 expression in the SGZ of Cx43D378stop mice. *, P < 0.05 Cx30-/-; 
Cx43flD378stop/flD378stop vs. Cx30-/-; Cx43flD378stop/flD378stop: hGFAP-Cre 
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Mouse line 

Total number of  

Prox1  positive cells 

Total number of  counting 

boxes  (150 x 50 x 4 µm3 ) 

Prox1 positive cells per DG 

section (mean ± s.d) 

Cx30+/+ (n=6) 

Cx30-/- (n=3) 

Cx43fl/fl: hGFAP-Cre (n=3) 

Cx43fl/fl (n=3) 

5001 

2566 

1997 

2638 

116 

60 

60 

72 

43,11 ± 5,93 

42,77 ± 5,0 

33,28 ± 5,07 * 

36,64 ± 4,18 * 

Tab. 9.5: Quantitative evaluation of Prox1 expression in the GCL of Cx30-/-, Cx43fl/fl: hGFAP-Cre and Cx43fl/fl 
mice. *, P < 0.05 Cx30+/+ vs. Cx43fl/fl: hGFAP-Cre and Cx43fl/fl 
 

 

 

 

Mouse line 

Total number  

of  Prox1   

positive cells 

Total number of  

counting boxes 

( 150 x 50 x 4 µm3 ) 

Prox1 positive cells per 

DG section  

(mean ± s.d) 

Cx30+/+; Cx43+/+ (n=6) 

Cx30+/+; Cx43flG138R/flG138R   (n=3) 

Cx30+/+; Cx43flG138R/flG138R: nestin-Cre  (n=5) 

Cx30-/-; Cx43flG138R/flG138R (n=3) 

Cx30-/-; Cx43flG138R/flG138R: nestin-Cre  (n=3) 

5001 

2811 

5347 

2268 

2214 

116 

64 

144 

56 

58 

43,11 ± 5,93 

43,92 ± 5,33 

37,13 ± 6,28 * 

40,50 ± 4,83 * 

38,17 ± 4,73 * 

Tab. 9.6: Quantitative evaluation of Prox1 expression in the GCL of Cx43G138R mice. *, P < 0.05 Cx30+/+; 
Cx43+/+ vs. Cx30+/+; Cx43flG138R/flG138R: nestin-Cre and Cx30-/-; Cx43flG138R/flG138R, as well as Cx30-/-; 
Cx43flG138R/flG138R: nestin-Cre 
 
 
 

 

 

Mouse line 

Total number  

of  Prox1   

positive cells 

Total number of  

counting boxes 

( 150 x 50 x 4 µm3 ) 

 

Prox1 positive cells per 

DG section (mean ± s.d) 

Cx30+/+; Cx43+/+ (n=6) 

Cx30+/+; Cx43fl/K258stop  (n=3)  

Cx30+/+; Cx43fl/K258stop: hGFAP-Cre  (n=3) 

Cx30-/-; Cx43fl/K258stop (n=3) 

Cx30-/-; Cx43fl/K258stop: hGFAP-Cre (n=3)  

5001 

2439 

2427 

2457 

2430 

116 

60 

60 

60 

60 

43,11 ± 5,93 

40,65 ± 6,31 * 

40,45 ± 6,48 * 

40,95 ± 4,71 * 

40,50 ± 4,04 * 

Tab. 9.7: Quantitative evaluation of Prox1 expression in the GCL of Cx43K258stop mice. *, P < 0.05 Cx30+/+; 
Cx43+/+ vs. Cx30+/+; Cx43fl/K258stop, Cx30+/+; Cx43fl/K258stop: hGFAP-Cre and Cx30-/-; Cx43fl/K258stop, as 
well as Cx30-/-; Cx43fl/K258stop: hGFAP-Cre 
 
 
 
 

 

 

Mouse line 

Total number 

of  Prox1  

positive cells 

Total number of  

counting boxes 

( 150 x 50 x 4 µm3 ) 

Prox1 positive cells 

per DG section 

(mean ± s.d) 

Cx30-/-; Cx43flD378stop/flD378stop (n=2) 

Cx30-/-; Cx43flD378stop/flD378stop: hGFAP-Cre (n=2) 

1529 

1438 

40 

38 

38,23 ± 5,52 

37,84 ± 4,03 

Tab. 9.8: Quantitative evaluation of Prox1 expression in the GCL of Cx43D378stop mice. 
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Mouse line 

Total number 

of  BLBP 

positive cells 

Total number of  

counting boxes 

( 220 x 170 x 30 µm3 ) 

 

BLBP positive cells per 

DG section (mean ± s.d) 

Cx30+/+; Cx43+/+ (n=4) 

Cx30-/- (n=3) 

Cx30+/+; Cx43flG138R/flG138R  (n=3)  

Cx30-/-; Cx43flG138R/flG138R: nestin-Cre  (n=3) 

Cx30+/+; Cx43fl/K258stop (n=3) 

Cx30-/-; Cx43fl/K258stop: hGFAP-Cre (n=3)  

268 

195 

212 

125 

146 

28 

35 

27 

30 

30 

30 

30 

7,65 ± 2,0 

7,22 ± 1,92 

7,07 ± 1,64 

4,17 ± 3,15 * 

4,87 ± 2,37  

0,93 ± 1,08 * 

Tab. 9.9: Quantitative evaluation of BLBP expression in the DG of Cx30 and Cx43 mutant. *, P < 0.05 Cx30+/+; 
Cx43flG138R/flG138R vs. Cx30-/-; Cx43flG138R/flG138R: nestin-Cre and Cx30+/+; Cx43fl/K258stop vs. Cx30-/-; 
Cx43fl/K258stop: hGFAP-Cre 
 
 

 

 

Mouse line 

Total number of 

BrdU positive 

cells (2 h) 

 

Total number of DG 

sections analyzed 

 

BrdU positive cells per 

DG section (mean ± s.d) 

Cx30+/+; Cx43+/+ (n=3) 

Cx30-/-  (n=3)  

Cx30-/-; Cx43flG138R/flG138R: nestin-Cre (n=3) 

Cx30-/-; Cx43fl/K258stop: hGFAP-Cre  (n=3) 

585 

564 

306 

316 

30 

30 

30 

30 

19,50 ± 4,61 

18,80 ± 5,50 

10,20 ± 3,67 * 

10,53 ± 3,63 * 

Tab. 9.10: Quantitative evaluation of BrdU positive cells 2 h after injection in the Cx30 and Cx43 mutant.  *, P < 
0.05 Cx30+/+; Cx43+/+ vs. Cx30-/-; Cx43flG138R/flG138R: nestin-Cre and Cx30-/-; Cx43fl/K258stop: hGFAP-Cre 
 

 

 

 

Mouse line 

Total number of 

BrdU positive 

cells (4 w) 

 

Total number of DG 

sections analyzed 

 

BrdU positive cells per 

DG section (mean ± s.d) 

Cx30+/+; Cx43+/+ (n=3) 

Cx30-/-  (n=3)  

Cx30-/-; Cx43flG138R/flG138R: nestin-Cre (n=3) 

Cx30-/-; Cx43fl/K258stop: hGFAP-Cre  (n=3) 

171 

166 

115 

117 

30 

30 

30 

30 

5,70 ± 2,89 

5,53 ± 2,87 

3,83 ± 1,90 * 

3,90 ± 2,12 * 

Tab. 9.11: Quantitative evaluation of BrdU positive cells 4 weeks after injection in the Cx30 and Cx43 mutant. *, P 
< 0.05 Cx30+/+; Cx43+/+ vs. Cx30-/-; Cx43flG138R/flG138R: nestin-Cre and Cx30-/-; Cx43fl/K258stop: hGFAP-
Cre 
 

 

 

 

Mouse line 

Total number of 

coupling cells 

Total number of  

cells analyzed 

Coupled cells in the SGZ 

per section (mean ± s.d) 

Cx30+/+; Cx43+/+ (n=4) 

Cx30-/-; Cx43flG138R/flG138R: nestin-Cre  (n=4) 

Cx30-/-; Cx43fl/K258stop: hGFAP-Cre  (n=3) 

60 

31,5 

26,5 

6 (1) 

8 (4) 

8 (3) 

12,0 ± 2,26 

7,88 ± 3,14 * 

5,30 ± 3,06 * 

Tab. 9.12: Quantitative evaluation of RG-like cell coupling in the SGZ of Cx43 mutant. Nummber of uncoupled 
cells are indicated in the bracket. *, P < 0.05 Cx30+/+; Cx43+/+ vs. Cx30-/-; Cx43flG138R/flG138R: nestin-Cre 
and Cx30-/-; Cx43fl/K258stop: hGFAP-Cre 
 



  9. Appendix 

 

 - 152 -

 

Mouse line 

Total number of 

coupling cells 

Total number of  

sections analyzed 

Coupled cells in CA1 region 

per section (mean ± s.d) 

Cx30-/-; Cx43flG138R/flG138R (n=3) 

Cx30-/-; Cx43flG138R/flG138R: nestin-Cre  (n=4) 

1860 

28 

24 

30 

77,5 ± 35,8 

0,9 ± 3,6 * 

Tab. 9.13: Quantitative evaluation of astrocytic coupling in the CA1 region of Cx43G138R mice. *, P < 0.05   
Cx30-/-; Cx43flG138R/flG138R vs. Cx30-/-; Cx43flG138R/flG138R: nestin-Cre 
 
 

 

Mouse line Total number of 

coupling cells 

Total number of  

sections analyzed 

Coupled cells in CA1 region 

per section (mean ± s.d) 

Cx30-/-; Cx43fl/fl (n=4) 

Cx30-/-; Cx43K258stop/- (n=5) 

1152 

79 

22 

38 

52,4 ± 30,9 

2,1 ± 3,9 * 

Tab. 9.14: Quantitative evaluation of astrocytic coupling in the CA1 region of Cx43K258stop mice. *, P < 0.05   
Cx30-/-; Cx43fl/fl vs. Cx30-/-; Cx43K258stop/- 
 
 

 

 

 

Mouse line 

 

Total number of 

coupling cells 

 

Total number of  

sections analyzed 

Coupled cells in CA1 

region per section 

(mean ± s.d) 

Cx30+/+; Cx43flD378stop/flD378stop (n=3) 

Cx30+/+; Cx43flD378stop/flD378stop: hGFAP-Cre (n=3) 

1172 

916 

14 

15 

83,7 ± 20,7 

61,1 ± 7,7 * 

Tab. 9.15: Quantitative evaluation of astrocytic coupling in the CA1 region of Cx43D378stop mice. *, P < 0.05   
Cx30+/+; Cx43flD378stop/flD378stop vs. Cx30+/+; Cx43flD378stop/flD378stop: hGFAP-Cre 
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