
 

 

 

DISSERTATION 

submitted to the 

Combined Faculty for the Natural Sciences and for Mathematics 

of the Ruperto-Carola University of Heidelberg, Germany 

for the degree of 

Doctor of Natural Sciences 

 

 

 

 

 

 

 

presented by 

Dipl.-Mol. Med. Christina Göngrich 

born in Kaiserslautern, Germany 

 

 

 

Oral examination:………………………….. 

 

 



 

 

 

METABOLIC ALTERATIONS IN CONNEXIN36 KNOCK-OUT MICE INDUCE 

GENDER-SPECIFIC CHANGES IN DENTATE GYRUS FUNCTION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Referees: Prof. Dr. Peter Horst Seeburg 

  Prof. Dr. Hannah Monyer 

 



 

 

 

 

 

 

Hiermit erkläre ich, dass ich die vorliegende Dissertation selbst verfasst und mich dabei keiner 

anderen als der von mir ausdrücklich bezeichneten Quellen und Hilfen bedient habe. Des 

Weiteren erkläre ich, dass ich an keiner Stelle ein Prüfungsverfahren beantragt oder die 

Dissertation in dieser oder einer anderen Form bereits anderweitig als Prüfungsarbeit 

verwendet oder einer anderen Fakultät als Dissertation vorgelegt habe. 

 

 

Heidelberg, 19. Juli 2008  

        

        Christina Göngrich  

  



 

 

 

 

 

 

 

 

 

Für meine Eltern. 

  



Acknowledgements 

 

I would like to thank… 

…Prof. Dr. Hannah Monyer for her support during my PhD thesis, for the possibility to work on 

this exciting and challenging subject and for the freedom to extend the research to areas that 

were novel to the group. I would also like to thank her for stimulating scientific discussions and 

for encouragement at times when experiments were progressing slowly. 

…Prof. Dr. Peter Seeburg for scientific support, thesis supervision, evaluation and examination. 

…Prof. Dr. Christoph Schuster and Prof. Dr. Stefan Frings for examination and for evaluating my 

thesis. 

…Dr. Elke Fuchs for sharing the project, for contributing the behavioral experiments and the 

analysis of adult neurogenesis. 

…Dr. Deborah Burks for collaboration, scientific discussions and analysis of metabolic and 

hormonal profiles of the Cx36
-/- 

mice. 

…Dr. Antonio Caputi for scientific discussions and help with the cloning strategy for the 5HT3A -

EGFP BAC construct that was my second project. 

…Regina Hinz for genotyping of the Cx36 mice. 

…Dr. Angelika Vogt and Dr. Julieta Alfonso for scientific (and also not so scientific) discussions, 

proof reading of my thesis, always having an open ear for problems and moral support in all 

situations. 

…Dr. Kevin Allen for the introduction to statistics and statistical programs. 

…Dr. Maria Kreuzberg, Verena Orth, Dr. Kevin Allen, Dr. Aleksandar Zivkovic, Dr. Olivia 

Dumitrescu, Dr. Nurith Jakob, Dr. Julieta Alfonso and Dr. Angelika Vogt for the short but perfect 

lunch and coffee breaks every day, for all the fun we had in the lab and for the things that would 

take up too much space to be mentioned here.  

…all former and present lab members for the good working atmosphere, for scientific support, 

for teaching me new techniques, for help whenever I needed it and many more things. 

 

I would like to thank my family and friends for continuous moral support, for advice in all 

situations and for encouragement throughout my PhD thesis. 



  Table of Contents 

 

Table of Contents 

I. Introduction ............................................................................................................. 1 

I.1 Overview over Anatomy and Function of the Hippocampus ......................... 1 

I.2 Adult Neurogenesis ...................................................................................... 4 

I.2.1 Developmental Steps in Adult SGZ Neurogenesis ................................. 6 

I.2.2 Factors Influencing Adult Neurogenesis ................................................ 7 

I.3 Gap Junctions............................................................................................. 13 

I.3.1 Cx36: Expression Pattern and Channel Properties .............................. 15 

I.3.2 Phenotype of Cx36-/- Mice .................................................................... 17 

I.4 Aim of the Study ......................................................................................... 21 

II. Materials and Methods .......................................................................................... 22 

II.1 Materials .................................................................................................... 22 

II.1.1 Mice .................................................................................................... 22 

II.1.2 Oligonucleotides ................................................................................. 22 

II.1.3 Antibodies ........................................................................................... 22 

II.1.4 Special Chemicals and Kits................................................................. 23 

II.1.5 Buffers and Solutions .......................................................................... 24 

II.1.6 Equipment ........................................................................................... 25 

II. 2 Methods .................................................................................................... 26 

II.2.1 Behavioral Experiments ...................................................................... 26 

II.2.2 Histology ............................................................................................. 27 

II.2.3 Analysis of Adult Neurogenesis .......................................................... 30 

II.2.4 Cx36 Expression Analysis................................................................... 30 

II.2.5 Hormone and Glucose Measurements ............................................... 33 

II.2.6 Analysis of the Estrous Cycle .............................................................. 33 

II.2.7 Statistical Analysis .............................................................................. 34 



  Table of Contents 

 

III. Results .................................................................................................................. 35 

III.1 Behavioral Analysis of Cx36-/- Males and Females................................... 35 

III.1.1 Lack of Cx36 does not Alter Motor Coordination................................ 35 

III.1.2 Lack of Cx36 Increases Exploratory Activity in Females .................... 37 

III.2 DG Activation is Altered in Cx36-/- Females .............................................. 37 

III.3 Anatomical Analysis of the DG ................................................................. 43 

III.4 Analysis of Adult Neurogenesis ................................................................ 48 

III.4.1 Proliferation and Maturation ............................................................... 48 

III.4.2 Analysis of Apoptosis ......................................................................... 50 

III.5 Analysis of the Gender Difference ............................................................ 52 

III.5.1 Cx36 is not Differentially Expressed in Males and Females .............. 52 

III.5.2 Uncoupling of Pancreatic β-Cells Leads to Increased Serum Insulin 

Levels in Female Cx36-/- Mice ...................................................................... 54 

III.5.3 Increased Insulin is Associated with Decreased Estradiol in Estrus .. 56 

IV. Discussion ............................................................................................................. 61 

IV.1 Exploratory Behavior and DG activation .................................................. 62 

IV.2 Anatomical Analysis of the DG and Analysis of Adult Neurogenesis ....... 65 

IV.3 Gender Specificity .................................................................................... 68 

IV.3.1 Cx36 Expression Analysis ................................................................. 68 

VI.3.2 Analysis of Hormonal and Metabolic Parameters .............................. 69 

IV.4 Conclusions and Outlook ......................................................................... 71 

V. Abbreviations ........................................................................................................ 73 

VI. List of References .................................................................................................. 75 

 



  I. Introduction 

 

1 
 

I. Introduction 

I.1 Overview over Anatomy and Function of the Hippocampus 

The hippocampal formation, a brain structure important for learning and memory, is part 

of the limbic system and consists of the hippocampus proper, dentate gyrus, subiculum, pre- 

and parasubiculum and entorhinal cortex. 

The hippocampus proper is a cortical structure consisting of a rolled layer of excitatory 

glutamatergic pyramidal cells that is subdivided into the areas CA1, CA2 and CA3. Inhibitory 

GABAergic interneurons are mainly distributed basal and apical to the pyramidal cell layer in 

stratum oriens, stratum radiatum and stratum lacunosum-moleculare. The CA3 area of the 

hippocampus is capped by the dentate gyrus (DG) that consists of the densely packed 

glutamatergic granule cell layer (GCL), the hilus or polymorphic layer and the molecular layer. 

The somata of most DG GABAergic interneurons are located in the latter two regions and their 

processes ramify in very distinct patterns depending on the interneuron subtype (Ramón y Cajal 

S., 1893; Ramón y Cajal S., 1911; Lorente de Nó R., 1934; Freund and Buzsaki, 1996) (Fig. 1A).  

 

 
 
Figure 1: Basic anatomy of the hippocampus. 

A: Drawing of the basic neuronal circuit of the rodent hippocampus as it was initially described by Ramón 

y Cajal (Ramón y Cajal S., 1911). 

B: Schematic representation of the rodent hippocampus with emphasis on the major connections within 

the hippocampus (Freund and Buzsaki, 1996). CA1: cornu ammonis 1, CA3: cornu ammonis 3, DG: 

dentate gyrus. 
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The principal cells of the hippocampus and the DG are linked via the so-called trisynaptic 

loop: Granule cells of the DG, which are the primary target for afferent input from the 

entorhinal cortex, synapse via their axons, the mossy fibers, onto the somata of CA3 pyramidal 

cells (Lomo, 1971). The axons of CA3 pyramidal cells form the Schaffer collateral pathway to the 

CA1 area, where they contact the proximal dendrites of pyramidal cells via excitatory synapses 

(Schaffer, 1892). CA1 pyramidal cell axons, in turn, project to the entorhinal cortex and thus 

convey the processed information back into the cortex (Andersen et al., 1969). The function of 

this principal cell network is modified by interneurons that shape the activity of pyramidal and 

granule cells by complex feedback and feedforward inhibitory mechanisms (Andersen et al., 

1963; Buzsaki and Eidelberg, 1981) (Fig 1B).  

Neurons, however, are not only connected via chemical, but also via electrical synapses 

(Brightman and Reese, 1969; Kosaka, 1983a; Kosaka, 1983b) that play an important role in 

synchronizing network activity (Draguhn et al., 1998; Hormuzdi et al., 2001; Buhl et al., 2003). 

These chemical and electrical interactions between excitatory and inhibitory neurons, 

generate synchronous oscillations of the membrane potentials of larger cell assemblies within 

the hippocampus (Mann and Paulsen, 2007). Hippocampal oscillations occurring in distinct 

frequency bands are the subject of extensive research and have been correlated with different 

cognitive states and behaviors, such as wakefulness, different sleep phases or exploratory 

activity (Vanderwolf, 1969; Buzsaki et al., 1983; Buzsaki et al., 1992). 

The central role of the hippocampus in forming new memories became apparent in the 

1950s in patient HM, who underwent bilateral medial temporal lobe resection to treat a severe 

form of epilepsy. Following surgery, patient HM suffered from anterograde amnesia and a 

temporally graded retrograde amnesia (Scoville and Milner, 1957; Corkin, 2002). The 

importance of the hippocampus in exploration and spatial navigation was initially demonstrated 

in rats by O’Keefe and colleagues, who showed by in vivo recordings in behaving rats the 

existence of place cells. Place cells were shown to be preferentially active when the animal 

moves through a specific location in the environment (O'Keefe and Dostrovsky, 1971; O'Keefe, 

1976). Regarding the formation of spatial representations in the hippocampus, the DG-CA3 

network needs to be mentioned: Due to the low probability of two CA3 pyramidal cells receiving 

input from identical subsets of DG granule cells, the DG can function as a pattern separator for 
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incoming spatial information and thus facilitate the resolution of spatially related cues (Rolls, 

1989; Gilbert et al., 2001). 

Furthermore, the hippocampus is unique among cortical structures because it contains 

one of the rare neurogenic niches in the adult rodent brain. Throughout life, new neurons are 

generated in the subgranular zone of the DG (Altman and Das, 1965). Mechanisms and 

implications of adult neurogenesis will be discussed in the following sections.  
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I.2 Adult Neurogenesis 

Traditionally it was assumed that all neurons are generated during embryogenesis. This 

dogma was shaken already in the 1960s by the studies of Smart (Smart, 1961) and Altman and 

Das (Altman and Das, 1965; Altman and Das, 1966) who could show the incorporation of the 

DNA synthesis marker 
3
H-thymidine into neurons of the subventricular zone (SVZ) of the lateral 

ventricle and the subgranular zone (SGZ) of the DG in young postnatal and adult rodent brains 

(Fig. 2A). The SVZ gives rise to neuroblasts that migrate via the rostral migratory stream into the 

olfactory bulb, where they differentiate into GABAergic granule and periglomerular cells 

(Altman, 1969) (Fig. 2C). In contrast to the SVZ, the SGZ gives rise to glutamatergic granule cells,  

the principal cells of the dentate gyrus (Altman and Das, 1965) (Fig. 2B). In both cases, the 

newborn neurons integrate into preexisting neuronal networks after reaching their final 

destination (van Praag et al., 2002; Belluzzi et al., 2003). Although the existence of adult 

neurogenesis was under debate for several years, by now the SVZ and the SGZ are widely 

accepted to be neurogenic niches in the postnatal brain (Kaplan and Hinds, 1977; Rakic, 1985; 

Kaplan, 2001; Rakic, 2002; Zhao et al., 2008) (Fig. 2). 

The function of adult neurogenesis in the DG as well as in the olfactory bulb is not yet 

fully understood. Employing different techniques to ablate adult neurogenesis, it has been 

shown that postnatal hippocampal neurogenesis affects hippocampus-dependent learning and 

memory in some paradigms but not in others (Shors et al., 2001; Shors et al., 2002; Leuner et 

al., 2006; Saxe et al., 2007; Zhang et al., 2008). The same holds true for SVZ neurogenesis that 

has been both positively and negatively correlated with olfactory memory and olfactory 

discrimination (Rochefort et al., 2002; Mechawar et al., 2004; Magavi et al., 2005). Despite 

conflicting evidence on the exact role of adult neurogenesis on hippocampal and olfactory 

memory, this process is an important mechanism that adds an additional degree of plasticity to 

the adult brain. 
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Figure 2: Neurogenic niches in the adult rodent brain. 

A: Schematic representation of the two confirmed neurogenic niches in the adult rodent brain. The 

subgranular zone (SGZ) is located in a narrow zone between the hilus and the granule cell layer of the 

DG. The second neurogenic niche is the subventricular zone (SVZ) of the lateral ventricle (LV) that 

generates neurons destined for the olfactory bulb. 

B: The cell types involved in neurogenesis in the SGZ are astroglial-like stem cells, transit amplifying cells 

and neuroblasts. Stem cells generate, via the stage of transit amplifying cells, neuroblasts that 

differentiate into glutamatergic granule cells and integrate into the existing neuronal network of the 

granule cell layer. BL: basal lamina, GC: granule cell, GCL: granule cell layer, ML: molecular layer, NB: 

neuroblasts, SC: stem cell, SGZ: subgranular zone, T: transit amplifying cells (modified from Lledo et al., 

2006). 

C: The cell types involved in SVZ neurogenesis are the same as described in (B). Newly generated 

neuroblasts leave the SVZ and migrate via the RMS into the olfactory bulb where they mature into 

GABAergic granule cells and periglomerular cells. E: epithelium, EPL: external plexiform layer, GC: 

granule cell, GCL: granule cell layer, GL: glomerular layer, LV: lateral ventricle, NB: neuroblasts, PG: 

periglomerular cells, RMS: rostral migratory stream, SC: stem cell, SVZ: subventricular zone, T: transit 

amplifying cell (modified from Lledo et al., 2006). 
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I.2.1 Developmental Steps in Adult SGZ Neurogenesis 

The current model for hippocampal neurogenesis in the SGZ consists of six 

developmental steps, starting from a putative stem cell, resulting in a mature, postmitotic 

neuron (Fig. 3). The involved cell types have been classified according to their morphology and 

the expression of marker proteins (Kempermann et al., 2004; Zhao et al., 2008).  

 

 
 
Figure 3: Current model of adult neurogenesis in the SGZ. 

According to this model, adult neurogenesis can be divided into six developmental steps starting from a 

glial-like stem cell resulting in a mature granule cell. The different stages are characterized by typical 

morphological traits of the respective cell type and the expression of distinct sets of marker proteins 

(modified from Kempermann et al., 2004). 

 
 

The type-1 cell is the multipotent stem cell of the adult SGZ with possibly unlimited self-

renewal capacity due to asymmetric cell divisions. It expresses glial fibrillary acidic protein 

(GFAP) and nestin as molecular markers, shows an astrocyte-like morphology and passive 

membrane properties (Seri et al., 2001; Filippov et al., 2003; Fukuda et al., 2003; Babu et al., 

2007). The daughter cells (type-2 cells) lose GFAP expression and have tangentially oriented 

short processes (Filippov et al., 2003). These highly proliferative cells are probably already 
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lineage committed and can be further subdivided into type-2a and 2b cells, the latter acquiring 

expression of polysialated neuronal cell adhesion molecule (PSA-NCAM) and doublecortin (DCX), 

a marker for migrating neuroblasts (Seki and Arai, 1993; Gleeson et al., 1998; des Portes et al., 

1998; Kronenberg et al., 2003). Furthermore, type-2 cells already show voltage-gated Na
+
 

currents. Type-2b progenitors subsequently develop into type-3 neuroblasts that are still 

proliferative but are in a transitional state to become postmitotic. In addition to DCX and PSA-

NCAM, they express NeuroD and Prox1, transcription factors characteristic for neurons and 

specifically DG granule cells, thus showing further neuronal lineage commitment (Lee et al., 

1995; Liu et al., 2000). The fifth stage according to this model is reached about three days after 

the initial division and is characterized by migration into the granule cell layer, cell cycle exit and 

the start of transient calretinin (CR) expression. CR-positive cells express in addition DCX and 

NeuN, a marker for postmitotic neurons (Mullen et al., 1992; Brandt et al., 2003). In the 

following two weeks axons are extended to CA3, initial dendritic spines are developed and the 

newly generated cells are selected for survival or eliminated via apoptosis (Hastings and Gould, 

1999; Biebl et al., 2000; Kuhn et al., 2005; Zhao et al., 2006). The switch from CR to calbindin 

(CB) expression about two weeks after the last cell division marks the onset of the final 

developmental stage. During this maturational phase, the threshold for long-term potentiation 

(LTP) induction in young granule cells is significantly reduced and thus, network properties 

should differ substantially depending on the number of immature granule cells present in the 

DG at a given time point (Wang et al., 2000; Schmidt-Hieber et al., 2004). Additional evidence 

for a continuing functional maturation comes from a study analyzing the activity-dependent 

expression of immediate early genes, i.e. cFos, that was not detected until six weeks after the 

birth of the neuron (Kee et al., 2007). Only after a time span of several months the newly 

generated cells are morphologically as well as electrophysiologically indistinguishable from fully 

mature granule cells (van Praag et al., 2002; Zhao et al., 2006). 

 

 

I.2.2 Factors Influencing Adult Neurogenesis 

The process of adult neurogenesis can be subdivided into proliferation of precursor cells, 

maturation of the newly generated neuroblasts and their survival, which is critically linked to 
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network integration. Regulation occurs at any of these stages by a plethora of factors, including 

environment, hormones, hippocampal activity, exercise and age. The influence of these factors 

on adult neurogenesis and their intracellular signaling cascades have been investigated by 

several studies (Kuhn et al., 1996; Kempermann et al., 1997; Tanapat et al., 1999; van Praag et 

al., 1999a; Tozuka et al., 2005). 

The focus of the following sections will be the effect of hormones, especially of estradiol, 

and of hippocampal activity on adult neurogenesis in the SGZ. 

 

 

I.2.2.1 Hormones and Neurogenesis 

Hormones, by definition factors secreted into the blood stream (Starling, 1905), are 

systemically acting compounds that have a tremendous effect on brain function and interact 

with each other in a tightly regulated network. An important group of hormones influencing SGZ 

neurogenesis are the gonadal hormones but also corticosteroids and thyroid hormone are 

modulators of adult neurogenesis (Desouza et al., 2005; Mirescu and Gould, 2006; Galea, 2008). 

 

I.2.2.1.1 Regulation of Circulating Estradiol Levels 

The serum concentration of estrogens is regulated by positive and negative feedback 

mechanisms within the hypothalamic-pituitary-gonadal (HPG) axis in the female (Fig. 4A). 

Gonadotropin releasing hormone (GnRH) is produced and secreted by hypothalamic GnRH 

neurons that are a small group of neurons scattered over a comparatively wide area of the 

hypothalamus (Wray and Hoffman, 1986). GnRH is secreted in a pulsatile manner into the 

hypothalamo-hypophyseal portal circulation and regulates the secretion of luteinizing hormone 

(LH) and follicle-stimulating hormone (FSH) from the anterior pituitary gland (Belchetz et al., 

1978; Levine and Ramirez, 1982). LH and FSH stimulate the maturation of ovarian follicles and 

subsequent steroid production (Gougeon, 1996). Antral follicles, which are characterized by 

development of a fluid filled cavity under the control of FSH and LH, are the major source of 

estradiol (Boland et al., 1993). During most of the approximately 5 day estrous cycle in mouse 

and rat, estradiol exerts a negative feedback on the secretion of LH, FSH and GnRH, and thus, on 

its own production. On the day of proestrus, however, estradiol concentration peaks and 
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increases the secretion of GnRH via a positive feedback loop to trigger ovulation (reviewed in 

Levine, 1997; and in Herbison, 1998) (Fig. 4A + B).  

 

 

Figure 4: Simplified schematic of the hormonal fluctuations during the estrous cycle and key regula-

tory mechanisms. 

Pulsatile release of GnRH from hypothalamic neurons positively regulates the secretion of LH and FSH 

from cells of the anterior pituitary gland. These two hormones initiate and maintain the growth of 

ovarian follicles that are the main source of estradiol. During most of the estrous cycle estradiol exerts a 

negative feedback on the secretion of GnRH, LH and FSH until estradiol concentration peaks in the 

afternoon of proestrus and triggers increased release of the three factors. B: modified from Staley and 

Scharfmann (2005). 

  

 

The HPG axis, and consequently estradiol concentration, is also regulated by insulin: 

Binding of insulin to neuronal insulin receptors on GnRH neurons in the hypothalamus 

stimulates the secretion of GnRH (Burcelin et al., 2003). Additional evidence on the importance 

of this pathway comes from the analysis of neuron-specific insulin receptor knockout mice. In 

females of this mouse line, LH secretion from the anterior pituitary is reduced to 10 %, while the 

effect is less pronounced in males (Bruning et al., 2000; Burcelin et al., 2003). 

The activity of GnRH neurons is further regulated by input from the suprachiasmatic 

nucleus (SCN) of the hypothalamus (Gray et al., 1978; van der Beek et al., 1993). The 

monosynaptic input from vasocative intestinal polypeptide (VIP) positive fibers is 

counterbalanced by a feedback loop from GnRH neurons onto these cells (van der Beek et al., 

1993; van der Beek et al., 1997).  
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I.2.2.1.1 Influence of Estradiol on SGZ Neurogenesis 

Initial evidence on the influence of gonadal hormones on adult neurogenesis in the 

rodent SGZ came from a study demonstrating that approximately 45 % more granule cells are 

produced in the DG of female rats compared to the DG of male rats. The rate of granule cell 

precursor proliferation varies across the estrous cycle and is positively correlated with estradiol 

concentration. Net granule cell production, however, does not differ between male and female 

rats due to a potentially higher survival rate of newborn granule cells in males (Tanapat et al., 

1999). Along these lines two studies, one performed in female, ovariectomized rats, the other in 

female meadow voles, demonstrated that 4 h after exposure to estradiol proliferation of 

precursor cells is increased, while 48 h after exposure to a high doses of estradiol their 

proliferation is decreased (Ormerod and Galea, 2001; Ormerod et al., 2003). Since proestrus 

(high estradiol) proceeds estrus (low estradiol) by approximately 48 h, these studies corroborate 

the findings of Tanapat et al. (Tanapat et al., 1999). In contrast to rats, there is no difference in 

the proliferation of granule cell precursors in the SGZ of C57BL/6 male and female mice. This 

study also showed an unaltered proliferation rate across the menstrual cycle (Lagace et al., 

2007). 

Survival of newly generated granule cells has been linked to low estradiol levels in 

female meadow voles: in non-reproductive females serum estradiol is low and survival of 

granule cells is increased during the investigated time period of five weeks (Ormerod and Galea, 

2001). In addition, the influence of estradiol on neurogenesis does not only depend on the 

duration of the treatment, but also on the time point of administration during the neuroblasts’ 

lifespan. In castrated male meadow voles estradiol enhances cell survival if administered 6-10 

days after the last cell division, but has no effect on survival beyond this time span (Ormerod et 

al., 2004). 

Estradiol acts via two different estrogen receptors. Estrogen receptor α (ERα) (Green et 

al., 1986) as well as ERβ (Kuiper et al., 1996) have been shown to be expressed by progenitor 

cells isolated from the SGZ and by DCX-positive neuroblasts (Brannvall et al., 2002; Isgor and 

Watson, 2005). Both receptors have additionally been found on the somata of pyramidal cells, 

mature DG granule cells and interneurons in the hippocampus and other brain areas. 

Interneuronal expression of ERβ is mainly restricted to parvalbumin (PV) positive interneurons 
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(Weiland et al., 1997; Milner et al., 2001; Blurton-Jones and Tuszynski, 2002; Milner et al., 

2005). Classical estrogen receptors are nuclear receptors that dimerize upon hormone binding 

and function subsequently as transcription factors. However, it seems that ERβ can function as a 

non-nuclear receptor in DCX-positive neuroblasts and likewise ERα in interneurons and principal 

cells in the hippocampus, as shown by the extranuclear localization of the receptors (Jensen and 

Jacobson, 1962; Milner et al., 2001; Herrick et al., 2006).  

Besides the direct effects of estrogen on proliferating cells, it can also indirectly influence 

neurogenesis via changes in neuronal network activity by regulating NMDA receptor expression 

and increasing spine density in the hippocampus (Woolley and McEwen, 1992; Weiland, 1992). 

    

 

I.2.2.2 Hippocampal Activity and Neurogenesis 

Young DG granule cells have fundamentally different electrophysiological properties 

than fully mature granule cells. As mentioned before, the inhibitory neurotransmitter GABA 

hyperpolarizes mature neurons, while in immature neurons binding of GABA to its ionotropic 

receptors leads to depolarization of the cell (Mueller et al., 1983). Already before receiving any 

synaptic input, adult generated granule cells respond with depolarization to ambient GABA. This 

tonic activation is necessary for the proper development of the dendritic arbor of granule cells 

and for the establishment of GABAergic and glutamatergic synapses (Ge et al., 2006). Moreover, 

it has been shown that at a later developmental stage, depolarizing synaptic GABAergic input 

increases intracellular Ca
2+

 concentration and promotes neuronal differentiation (Tozuka et al., 

2005). Furthermore, the threshold for induction of LTP is drastically reduced in comparison to 

fully mature neurons and can be induced in young granule cells without blocking GABA 

receptors (Wang et al., 2000; Schmidt-Hieber et al., 2004). In addition, young neurons were 

shown to generate Ca
2+

 spikes mediated by T-type Ca
2+

 channels thus decreasing action 

potential threshold (Schmidt-Hieber et al., 2004). Hence, shifting the composition of the DG 

neuronal network towards a higher proportion of young neurons by increasing neurogenesis, 

increases excitability.  

Hippocampal seizures, which are the most extreme form of increased network activity, 

can be induced by several experimental paradigms. When induced by a single kainic acid 
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injection, they lead to an increase in type-3 neuroblasts (Fig. 3) (Steiner et al., 2008). The same 

was observed for kindling induced seizures that also increase immature granule neurons as 

assessed by BrdU birthdating experiments (Smith et al., 2005). On the other hand, seizures are 

not only promoting neurogenesis, but seizure induction can be facilitated by higher proportions 

of immature neurons within the network. In a model of pilocarpine induced seizures, blockade 

of adult neurogenesis attenuates the occurrence of spontaneous recurrent seizures (Jung et al., 

2004), thus demonstrating the tight bidirectional connection between neurogenesis and 

hippocampal activity. 
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I.3 Gap Junctions 

Gap junctions are made up of plaques of intercellular channels that connect the 

cytoplasm of two adjacent cells via hydrophilic pores and were initially identified in electron 

microscopy studies (Robertson, 1963; Revel and Karnovsky, 1967; Brightman and Reese, 1969; 

Goodenough, 1976) (Fig. 5A). By allowing the passive diffusion of ions, second messengers and 

small metabolites between connected cells, gap junctions functionally and metabolically couple 

these cells, and thus fulfill important functions in processes like insulin secretion, cardiac and 

smooth muscle contraction, pattern formation during embryogenesis and neuronal network 

synchronization (Bruzzone et al., 1996). 

 

 
 

Figure 5: Electronmicroscopic view and schematic representation of a gap junction. 

A: Electronmicroscopic view of a gap junction plaque sectioned perpendicular to the membrane plane 

shows the seven-layered structure that gap junctions form (modified from Bennett et al., 1991). 

B: Schematic overview of a gap junctional plaque comprising an array of junctional channels. The 

channels are formed by head-to-head assembly of two connexons, or hemichannels, which themselves 

consist of six Cx subunits. (modified from Sohl et al., 2005) 

C: Domain structure of a Cx subunit. N- and C-terminus of Cxs as well as a loop connecting 

transmembrane domains 2 and 3 reside in the intracellular space.  The docking to other Cx subunits in a 

channel is mediated by two extracellular loops (modified from Sohl et al., 2005).  
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In vertebrates, the channel-forming proteins are the connexins (Cxs) and in invertebrates 

the structurally related innexins (Bruzzone et al., 1996; Phelan, 2005). After the cloning of the 

first Cx cDNA from rat liver in 1986 (Paul, 1986), the field has progressed rapidly and by now, 20 

different Cx genes have been identified and characterized in the mouse. With the exception of 

erythrocytes, thrombocytes, spermatocytes and adult skeletal muscle, Cxs show a widespread 

tissue distribution throughout development and adulthood (Sohl et al., 2004).  

The protein structure of Cxs is highly conserved (Fig. 5C): they contain four 

transmembrane domains that are linked by two extracellular and one intracellular loop, with N- 

and C-termini of the proteins located intracellularly (Milks et al., 1988). Monomers assemble 

into a hexameric complex to form a hemichannel, the so-called connexon, which docks in a 

head-to-head fashion to a second connexon in the adjacent cell (Fig. 5B). This non-covalent 

interaction leads to the formation of a gap junction channel (Makowski et al., 1977; Unwin and 

Zampighi, 1980).  

The functional properties of gap junction channels are highly dependent on the involved 

Cx subunits. Most cannot only assemble with Cxs of the same kind (homomeric channels), but 

also with other Cxs (heteromeric channels), so that many functionally different types of gap 

junctions are possible. This versatility is increased by the fact that connected cells can express 

different sets of Cx subunits, so that not only connexons of equal subunit composition can form 

channels (homotypic channels), but also connexons composed of different subunit (heterotypic 

channels) (Koval, 2006). So far, only Cx31 and Cx36 have been shown to form exclusively 

homotypic channels (Elfgang et al., 1995; Teubner et al., 2000). Conductance, ion selectivity, 

molecular permeability and gating vary greatly between channel types. Conductance of 

homomeric channels has been measured in heterologous expression systems and varies by a 

factor of 30 from 10 pS (Cx30.2) to 310 pS (Cx37) (Veenstra et al., 1994; Kreuzberg et al., 2005). 

The bandwidth of ion selectivities ranges from slight anion-selectivity to cation-selectivity but is 

not connected to the permeability for larger charged molecules (Harris, 2007). Gating, the 

opening and closing of intercellular channels, is regulated by transjunctional voltage, 

intracellular pH, intracellular Ca
2+

 and phosphorylation of the protein subunits (Bruzzone et al., 

1996; Moreno and Lau, 2007). 
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Besides connexins, pannexins have been discussed as an additional gap junction forming 

protein family in mammals (Bruzzone et al., 2003). However, although sharing structural and in 

vitro electrophysiological features, there is increasing evidence that pannexins do not form 

functional gap junctions but hemichannels in vivo (Bruzzone et al., 2003; Pelegrin and 

Surprenant, 2006; Thompson et al., 2006). 

 

 

I.3.1 Cx36: Expression Pattern and Channel Properties 

In the central nervous system, gap junctions are the morphological correlate of electrical 

synapses, which play an important role in shaping hippocampal oscillatory activity. The major 

gap junction forming protein in neurons is Cx36 (Rash et al., 2001) which was identified in 1998 

by degenerate RT-PCR from rat inferior olive RNA and is, in the brain, exclusively expressed by 

neurons. The Cx36 coding region spans roughly 4 kb on mouse chromosome 2 and is interrupted 

by a single intron 71 bp after the translation initiation site. It encodes a 321 amino acid protein 

with a calculated molecular weight of 36 kDa (Condorelli et al., 1998).  

Expression of Cx36 starts at E7.5 in extra-embryonic tissue and localizes to the 

developing forebrain by E9.5, a time point when neurogenesis is starting (Gulisano et al., 2000). 

By E14 to E18 Cx36 has been shown to be expressed in the cerebral cortex, with higher 

expression in the cortical plate and the ventricular zone than in the intermediate zone (Cina et 

al., 2007).  

The postnatal expression of Cx36 in the brain has been systematically analyzed at the 

anatomical as well as at the functional level by several studies in rat and mouse. At early 

postnatal stages mRNA expression of Cx36 is widespread and peaks around P7 to P16 (Fig. 6A) 

depending on the brain region and the species (Sohl et al., 1998; Belluardo et al., 2000). At this 

time in development, GABAergic interneurons as well as GABAergic and glutamatergic neurons 

are coupled by Cx36 (Venance et al., 2000).  

In the adult rat brain, highest levels of Cx36 mRNA expression are detected in the 

olfactory bulb, CA3, inferior olive and pineal gland (Condorelli et al., 1998). Additionally, Cx36 

mRNA has been detected in a subpopulation of cells in the molecular layer and the granular 
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layer of the cerebellum, in a cell population in the anterior pituitary gland and in the ganglion 

cell layer and inner nuclear layer of the retina (Belluardo et al., 2000; Hansen et al., 2005). 

 

 
 
Figure 6: Cx36 expression in brain and pancreas. 

A: Developmental expression pattern of Cx36 mRNA in wt mouse brains. Cx36 is highly expressed in 

young postnatal brains and downregulated with increasing age. In the adult, expression is easily 

detectable only in the olfactory bulb and the cerebellum (modified from Hormuzdi et al., 2001). 

B: Freeze-fracture electron microscopy of rat pancreatic β-cells reveals gap junction plaques (arrows) in 

association with tight junction fibrils (arrowheads) (modified from Nlend et al., 2006). 

C: Immunohistochemical labeling shows the expression of Cx36 in gap junction plaques between rat 

pancreatic β-cells (left picture). The picture on the right is the phase contrast view of the same islet 

(modified from Nlend et al., 2006). 

 
 

A more quantitative analysis has been performed in the hippocampal formation and the 

cerebral cortex. In the cortex, sparse immunohistochemical labeling for Cx36 is distributed 

throughout layers II to VI. mRNA levels are highest in layers IV and V of rat cerebral cortex, 

where approximately 10 % of all neurons and 55 % of all PV-positive GABAergic interneurons 

contain Cx36 transcripts. In the rat hippocampus, protein expression has been shown to be 

rather modest in all subregions, while mRNA is expressed in and close to the DG GCL in 24 % and 
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in the hilus in 70 % of all neurons. In strata oriens, radiatum and lacunosum-moleculare of CA1 

and CA3, where mostly interneuron somata are located, 30 – 80 % of all neurons and the same 

percentage of PV-positive GABAergic interneurons express this Cx subunit (Belluardo et al., 

2000). In contrast to the rat hippocampus, Cx36 has been shown to be absent in mouse CA3 

pyramidal cells by P30, and to be restricted to GABAergic interneurons (Hormuzdi et al., 2001). 

In fact, it has been demonstrated that Cx36 is the only gap junction-forming protein in 

GABAergic interneurons (Hormuzdi et al., 2001; Fukuda et al., 2006).  

Apart from neurons, Cx36 is expressed by β-cells of the pancreas and by chromaffin cells 

of the adrenal medulla (Serre-Beinier et al., 2000; Martin et al., 2001; Degen et al., 2004). β-cells 

in the islets of Langerhans sense blood glucose concentration and secrete insulin in a pulsatile 

manner in response to elevated blood glucose. Fluorescence immunohistochemical and 

electron microscopical analyses have shown that Cx36 localizes exclusively to appositions of β-

cell membranes (Serre-Beinier et al., 2000; Nlend et al., 2006) (Fig. 6B + C). Chromaffin cells are 

organized in cell clusters within the adrenal medulla (Hillarp, 1949) and release catecholamines 

in response to nicotinic stimulation (Iijima et al., 1992). Cx36 mRNA and protein have been 

identified in chromaffin cells by single-cell RT-PCR analysis and immunohistochemical stainings, 

respectively (Martin et al., 2001; Li et al., 2004).  

The biophysical properties of channels formed by Cx36 are quite distinct from most 

other Cxs. Cx36 forms exclusively homotypic channels that show a very low single channel 

conductance of approximately 15 pS, a weak transjunctional voltage dependence and a relative 

insensitivity to absolute membrane potential in heterologous expression systems. Especially the 

low voltage dependence is important with regard to the neuronal expression: it allows the 

channels to remain open during the wide range of fluctuating membrane potentials occurring 

during neuronal activity (Srinivas et al., 1999; Teubner et al., 2000; Al-Ubaidi et al., 2000). 

  

 

I.3.2 Phenotype of Cx36
-/-

 Mice 

The functional role of Cx36 containing gap junction channels became apparent after the 

generation of the first Cx36
-/-

 mice in 2001 (Hormuzdi et al., 2001; Deans et al., 2001). The 

neuronal phenotype of these mice has since been analyzed electrophysiologically in vitro and in 



  I. Introduction 

 

18 
 

vivo and also behaviorally. In addition, the analysis of these mice has demonstrated the role of 

Cx36 in pancreatic insulin secretion. 

 

 

I.3.2.1 Electrophysiological Characterization of Cx36
-/-

 Mice 

In the brain, GABAergic interneurons are the main site of Cx36 expression. Ablation of 

Cx36 uncouples interneurons in the cortex, hippocampus, reticular thalamus and inferior olive. 

Basic electrophysiological properties of interneurons are left intact, except for an increased 

input resistance (Hormuzdi et al., 2001; Deans et al., 2001; Long et al., 2002; Landisman et al., 

2002) (Fig. 7A). Intracellular recordings of hippocampal pyramidal cells and interneurons in 

Cx36
-/-

 mice demonstrated that rhythmic membrane hyperpolarizations occurring at depolarized  

 

 
 
Figure 7: In vitro and in vivo electrophysiological recordings in Cx36-/- mice. 

A: In wt mice (black traces) injection of a depolarizing or hyperpolarizing current in DG fast-spiking 

interneurons (cell 1) leads to a reflection of the voltage response in a second DG fast-spiking interneuron 

(cell 2), while current injection in interneurons from Cx36-/- mice shows that fast-spiking cells of the DG 

are uncoupled (from Hormuzdi et al., 2001). 

B: In vivo electrophysiological recordings during wheel running from wt and Cx36
-/-

 mice show the 

amplitude of gamma-frequency oscillations as a function of theta phase. In Cx36
-/-

 mice the mean power 

of gamma oscillations is reduced compared to wt (from Buhl et al., 2003). 

 
 

 



  I. Introduction 

 

19 
 

membrane potentials are impaired in rhythmicity and amplitude in comparison to wild-type 

(wt). This cellular impairment is also obvious at the network level in vitro, where ripple activity 

persists but the power of gamma-oscillations is reduced (Hormuzdi et al., 2001; Deans et al., 

2001). More thorough analysis of ultra-fast rhythms showed that the frequency of sharp-wave 

and ripple occurrence is attenuated. Furthermore, the lack of Cx36 leads to reduction of 

epileptiform discharges in slices (Maier et al., 2002). 

In vivo electrophysiological analysis of theta, gamma and ripple activity in the 

hippocampus by and large confirmed the in vitro findings. Ablation of Cx36 reduces the 

amplitude of gamma-oscillations during voluntary wheel running without altering the power of 

theta oscillations or the power and peak frequency of ripples (Buhl et al., 2003) (Fig. 7B).  

 

 

I.3.2.2 Behavioral Analysis 

Data from the behavioral analysis of Cx36
-/-

 is limited to two studies that have been 

carried out in male mice. These studies show that Cx36
-/-

 mice are not ataxic, display a regular 

walking pattern and reach equal performance levels on the rotarod (Kistler et al., 2002; Frisch et 

al., 2005). Also, anxiety-related behavior in the elevated plus-maze and open field arena as well 

as exploratory behavior in the open field are unaltered in Cx36
-/-

 mice. In the Y-maze, a more 

complex environment, Cx36
-/- 

mice habituate significantly less than wt mice during a spatial 

exploration task one day and four days after the first trial. This impairment is discussed to be 

due to memory defects. In an object recognition test, Cx36
-/-

 mice are also impaired after delays 

of 45 min and 90 min, but not after shorter delay times, suggesting a defect in recognition 

memory (Kistler et al., 2002; Frisch et al., 2005). 

 

 

I.3.2.3 Analysis of the Metabolic Phenotype 

Besides the brain, Cx36 is also expressed in insulin secreting β-cells of pancreatic islets of 

Langerhans that do not express any other Cx genes (Serre-Beinier et al., 2000; Theis et al., 

2004). In the Cx36
-/-

 mouse, β-cells are uncoupled (Fig. 8A). This leads to elevated intracellular 

Ca
2+

 concentrations and a loss of synchronous Ca
2+

 oscillations in β-cells during glucose 
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stimulation. Additionally, Cx36
-/-

 islets do not show a pulsatile insulin secretion in response to 

glucose stimulation but reach overall normal insulin secretion rates. The decline of insulin 

secretion from the pancreas at the end of glucose stimulation, however, has significantly slower 

shut-off kinetics in Cx36
-/-

 mice compared to wt mice. At basal glucose levels, isolated islets as 

well as the perfused pancreas, show an increased insulin secretion rate (Ravier et al., 2005; 

Speier et al., 2007) (Fig. 8B). The influence of these changes on in vivo physiology has not been 

investigated yet. 

 

 
Figure 8: Effect of Cx36 ablation on pancreatic β-cells. 

A: In Cx36
-/-

 mice β-cells are uncoupled as shown by lack of Lucifer yellow diffusion between β-cells in 

Cx36
-/-

 but not in wt mice. 

B: The insulin secretion response to basal glucose concentration is increased in perfused pancreata from 

Cx36
-/-

 mice compared to wt (modified from Ravier et al., 2005). 
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I.4 Aim of the Study 

In vertebrates, connexins are the only protein family that couples cells electrically and 

metabolically and thus permits the concerted action of cell assemblies. Among the 20 different 

Cx proteins of the mouse, Cx36 shows very specific channel properties and a very restricted 

expression pattern. In the adult brain, for example, Cx36 is expressed only by GABAergic 

interneurons. Cx36
-/-

 mice have been generated by several groups and male Cx36
-/-

 mice have 

been already characterized at the anatomical, electrophysiological and behavioral level.  

To understand the function of the protein better, we extended the analysis of male and 

female Cx36
-/-

 mice and unexpectedly found a gender-specific phenotype. Thus, we identified a 

link between Cx36 and adult neurogenesis in the SGZ and showed an increase in immature 

neurons in the female DG. Interestingly, the observed effect was not directly caused by 

interneuronal uncoupling, and thus altered network activity in the hippocampus, but most likely 

by the metabolic and hormonal alterations in Cx36
-/-

 females. 
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II. Materials and Methods 

II.1 Materials 

II.1.1 Mice 

Cx36 knock-out mice (Cx36
-/-

) generated in our group by Dr. Sheriar Hormuzdi were used 

for all experiments. Genotyping was performed by Regina Hinz (Hormuzdi et al., 2001). 

For behavioral and immunohistochemical analysis as well as for determination of 

hormone levels, 5 to 6 months old Cx36
-/-

 mice and their wt littermates were used. Analysis of 

the estrous cycle was started when wt and Cx36
-/-

 females were 4 months of age. 

For in situ hybridization experiments wt mice of different ages (P12, P21 and adult) were 

used. Gender specific expression analysis of Cx36 by real-time PCR was carried out in 2 months 

old wt animals. 

 

 

II.1.2 Oligonucleotides 

Oligonucleotides were custom-synthesized by Invitrogen GmbH, Karlsruhe. 

 

Table 1: Oligonucleotides for real-time PCR.  

β-actin sense  5’-caacttgatgtatgaaggctttggt-3’ 

β -actin antisense  5’-acttttattggtctcaagtcagtgtacag-3’ 

glucose-6-phosphate-dehydorgenase sense  5’-tgaccaattccatactccatggt-3’ 

glucose-6-phosphate-dehydorgenase antisense  5’-attctagctgctgtgcttgcct-3’ 

cyclophilin sense  5’-caaatgctggaccaaacacaa-3’ 

cyclophilin antisense  5’-gccatccagccactcagtct-3’ 

Cx36 sense  5’-tggcttcagtgttccaggcttgta-3’ 

Cx36 antisense  5’-cgctcacagcaaacatgaacacca-3’ 

 

 

 

Table 2: Oligonucleotides for in situ hybridization.  

Cx36 is1  5’-ggtggtctctgtgttctgcagcaccccattgaccatggc-3’ 

Cx36 is2  5’-ctgggctccccggacagccagtttgatcttccgccat-3’ 

 

II.1.3 Antibodies 

Antibodies were stored at - 20 °C or at + 4 °C according to the manufacturer’s protocol. 
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Table 3: Primary antibodies.    

Antibody Concentration Species Supplier 

anti - 5-Bromo-2-

deoxyuridine(BrdU) 

1:500 Rat Accurate 

anti - active caspase 3 1:10000 Rabbit R&D Systems 

anti - calbindin  1:5000 Mouse Swant 

anti - calretinin 1:5000 Rabbit Swant 

anti - cFos 1:10000 Rabbit Calbiochem 

anti - doublecortin 1:1000 Goat Santa Cruz 

anti - NeuN 1:1000 Mouse Chemicon 

anti - parvalbumin 1:3000 Mouse Sigma 

 

Table 4: Secondary antibodies.    

Antibody Concentration Species Supplier 

anti - rabbit Alexa 488 1:1000 Goat Invitrogen 

anti - rabbit Alexa 488 1:1000 Donkey Invitrogen 

anti - mouse Alexa 488 1:1000 Goat Invitrogen 

anti - rabbit Cy3 1:2000 Goat Dianova 

anti - mouse Cy3 1:2000 Goat Dianova 

anti - goat Cy3 1:2000 Donkey Dianova 

anti - rat Cy3 1:1000 Goat Dianova 

anti - rabbit biotinylated 1:500 Goat Vector Laboratories 

anti - mouse biotinylated 1:500 Goat Vector Laboratories 

 

 

II.1.4 Special Chemicals and Kits 

0.9 % NaCl  B. Braun Melsungen AG, Melsungen 

3,3’-diaminobenzidine (DAB) Sigma-Aldrich, München 

BioSpin® 6 chromatography columns BioRad, München 

Bovine serum albumin Sigma-Aldrich, München 

BrdU Sigma-Aldrich, München 

Chrom(III) potassium sulfate dodecahydrate Merck, Darmstadt 

Diethylpyrocarbonat Carl Roth, Karlsruhe 

Elite ABC Kit Vector Laboratories Burlingame,CA, USA 

Eukitt  O. Kindler GmbH, Freiburg 

Glucometer Bayer, Leverkusen 

Hematoxylin according to Harris Carl Roth, Karlsruhe 

High Capacity cDNA Reverse Transcription Kit Applied Biosystems, Darmstadt 

Insulin ELISA kit Mercodia, Uppsala, Sweden 

Isoflurane  Baxter, Unterschleißheim 

Ketanest® Pfizer, Karlsruhe 

Kodak® BioMax MR film Sigma-Aldrich, München 

Papanicolaou’s orange solution 2a Carl Roth, Karlsruhe 

Papanicolaou’s polychromatic solution 3b Carl Roth, Karlsruhe 
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Paraformaldehyde Carl Roth GmbH, Karlsruhe 

Polyvinyl alcohol 40-88 Fluka, Buchs, Switzerland 

RNase free DNase Qiagen, Hilden 

RNeasy® MinElute™ Kit Qiagen, Hilden 

Rompun® Bayer, Leverkusen 

(α)-
35

S- dATP PerkinElmer, Rodgau- Jügesheim 

SYBR® green PCR Master Mix Applied Biosystems, Darmstadt 

Terminal deoxynucleotide transferase Roche, Mannheim 

TRIzol Invitrogen, Karlsruhe 

 

       

II.1.5 Buffers and Solutions 

All aequous buffers and solutions were prepared using desalted water from a MilliQ 

water purification system (Millipore). 

 

Acid alcohol 1 % HCl 

in 70 % ethanol 

  

Ammonia water 0.2 % concentrated NH4OH 

in H2O 

  

10 x Phosphate-buffered saline 1.37 M NaCl 

2.7 mM KCl 

80 mM Na2HPO4 

27.5 mM KH2PO4 

adjust pH to 7.4 

  

10 x SSC 1.5 M NaCl 

0.15 M sodium citrate 

  

Gelatine 5 g gelatine 

2 mM Chrom(III) potassium sulfate 

dodecahydrate 

H2O ad 1l  

  

  

Maximalist buffer 50 % formamide 

0.6 M NaCl  

0.06 M sodium citrate 

10 % dextrane 
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Mowiol 6 g glycerol 

2.4 g polyvinyl alcohol 40-88 

in 18 ml 0.13 M Tris-HCl pH 8.0 

  

Nissl staining solution 

 

1 % Lauth’s violet acetate salt 

0.1 M acetic acid 

0.1 M sodium acetate 

In H20  

 

Tissue-wet buffer 

 

50 % formamide 

4 x SSC 

 

 

         

II.1.6 Equipment 

 

AbiPrism 7000 Sequence Detection System Applied Biosystems, Darmstadt 

Accelerating Rotarod model V4.0 TSE Systems, Bad Homburg 

Camera System INTAS 

Confocal Laser Scanning Microscope Zeiss Axiovert 

200 M 

Carl Zeiss AG, Jena 

Cryostat HM 500 Microm International GmbH, Walldorf 

Fluorescence Microscope Olympus BX51 Olympus Deutschland GmbH, Hamburg 

Leica Vibratome VT1000S Leica, Wetzlar 

Scintillation Counter Beckman LS6000SC Beckman-Coulter, Krefeld 
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II. 2 Methods 

II.2.1 Behavioral Experiments  

Behavioral studies were performed by Dr. Elke Fuchs (Department of Clinical 

Neurobiology, University of Heidelberg, Germany). Male and female Cx36
-/- 

mice and their wt 

littermates were maintained at the animal facilities of the University of Heidelberg in 

polypropylene macrocolon cages with food and water ad libitum. Lights were on from 7 a.m. to 

7 p.m. and the temperature and humidity were kept at 20 ± 1 °C and 50 ± 10 %, respectively. All 

animal tests were approved by the Regierungspräsidium Karlsruhe (Germany). The testing 

person was not aware of the genotype of the animals.  

 

 

II.2.1.1 Rotarod Test 

Motor activity was tested using an accelerating rotarod with a corrugated black rubber 

surface (3.5 cm axis diameter). The mouse was placed on the rotarod while the drum was 

rotating at 4 rpm. In the course of one trial speed increased to 40 rpm over a period of 5 min 

and latency to fall was recorded as a measure for motor performance. Each mouse was tested in 

two blocks per day for three days with one block consisting of three 5 min trials. 

 

 

II.2.1.2 Open Field Test 

Locomotor activity was assessed by recording horizontal and vertical activity in an open 

field arena. The open field arena was a gray wooden box (50 x 30x 18 cm) that was divided into 

15 10 x 10 cm squares. The test was carried out under normal room illumination conditions. 

Individual mice were placed into a corner of the test arena facing the sidewall. During the 5 min 

testing session the number of squares that were crossed (horizontal activity) and the number of 

rears (vertical activity) were recorded. The second session was performed the next day under 

the same conditions. 
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II.2.1.3 Exposure to a Novel Environment to Assess DG Activation  

The test paradigm to assess dentate gyrus activation entailed an open field test with 

three objects placed into the test arena previously described. Experimentally naïve mice were 

accustomed to handling for 4 days and exposed to the novel environment twice for 10 min with 

a 15 min inter-trial-interval in their home cage. In the second session the position of one object 

was changed. Horizontal and vertical activity of the mice and their interactions with the objects 

were quantified from movies recorded with a camcorder. Object interaction was any kind of 

object exploration except for sitting on the object or moving the object. 2 h after the 

exploratory test, the mice were sacrificed and the brains were processed for 

immunohistochemical detection of cFos. 

 

 

II.2.2 Histology 

All experimenters were blinded to the genotype of the mice at the time of experiment.  

 

II.2.2.1 Tissue Preparation  

Wt and Cx36
-/-

 mice were deeply anaesthetized by intraperitoneal injection of ketamine 

hydrochloride and xylazine hydrochloride, and transcardially perfused with 4 % 

parafomaldehyde (PFA) in PBS pH 7.4. Subsequently, brains were removed from the skull, 

postfixed for 2 h in 4 % PFA and stored in PBS at 4 °C. For BrdU immunohistochemical 

experiments brains were cut in 40 µm serial sections on a Leica VT1000S vibratome. 50 µm 

serial sections were cut for all other immunohistochemical experiments. For long-term storage 

of the sections PBS was supplemented with 0.05 % sodium azide. 

Ovaries were dissected from wt and Cx36
-/- 

females in the afternoon of the first day of 

estrus and fixed in 4 % PFA. They were shipped on wet ice and further processed by Dr. Deborah 

Burks (Centro de Investigación Príncipe Felipe, Valencia, Spain). After embedding in paraffin, 

serial 5 µm sections were prepared.  
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II.2.2.2 Staining Procedures and Image Acquisition 

For imaging of brain sections an Olympus BX51 connected to an INTAS camera system 

was used. The applied software was MagnaFire 2.1C.  Confocal imaging was done with a Zeiss 

Axiovert 200 M LSM 5 confocal laser scanning microscope using the Pascal 4.0 SP1 software. 

 

II.2.2.2.1 Haematoxylin-eosin Staining of Ovaries 

Briefly, sections were deparaffinized in xylol, rehydrated in descending ethanol 

concentrations and rinsed in water. Staining in Harris haematoxylin solution was followed by a 

wash in running tap water, differentiation in acid alcohol and bluing in ammonia water. After 

extensive washing and 10 rinses in 95 % ethanol, sections were counterstained with eosin 

solution, dehydrated and embedded in xylol-based mounting medium. Area and diameter 

measurements were made with the Image J program (NIH). This experiment was performed by 

Dr. Deborah Burks. 

 
 

II.2.2.2.2 Nissl Stainings of Brain Sections 

50 µm vibratome sections were mounted on gelatine-coated object slides and air dried. 

30 sec to 1 min incubation in 0.1% Nissl staining solution was followed by destaining for 2 min 

under running tap water. After dehydration in ascending ethanol concentrations and clearing in 

xylol the sections were coverslipped with Eukitt.  

 

 

II.2.2.2.3 Fluorescence Immunohistochemistry 

All washing steps and incubations were carried out on a horizontal shaker and PBS was 

used as wash solution and diluent unless otherwise stated. 

Free-floating sections were washed twice for 10 min at room temperature. Prior to 

antibody incubation, sections were permeabilized and blocked in 5 % bovine serum albumin 

(BSA) containing 0.02 % TritonX-100 for 45 min to 2 h at room temperature (RT). Primary 

antibodies were diluted according to Tab. 3 and incubation was carried out for 18 to 48 h at 4 °C 

in a total volume of 500 µl. After removal of unbound primary antibody by three washing steps, 
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incubation with the fluorescent secondary antibody (Tab. 4) was carried out in the dark at RT for 

2 h. Subsequently, the sections were washed three times in PBS and mounted onto gelatine-

coated object slides. The air-dried slides were coverslipped in Mowiol.  

For BrdU detection, the DNA was denatured prior to the above described 

immunohistochemical staining protocol. Briefly, this was achieved by incubation of the sections 

in 1 M HCl for 45 min at 45 °C followed by 15 min incubation in 10 mM Tris-HCl pH 8.5 at RT. 

After extensive washing with PBS, the staining protocol proceeded as decribed above.  

 

 

II.2.2.2.4 DAB Immunohistochemistry 

For DAB immunohistochemical analysis free-floating sections were washed twice and 

cryoprotected in 30 % sucrose in PBS for 3 h at 4 °C before permeabilization by five freeze - 

thaw cycles. Treatment with 1 % H2O2 for 10 min and blocking in 5 % BSA for 45 min to 2 h was 

followed by incubation with primary antibody dilution for 18 to 48 h at 4 °C. After several 

washing steps and incubation with biotinylated secondary antibody for 2 h, the sections were 

incubated in solutions A+B from the Elite ABC kit for 1.5 h at room temperature to enhance the 

signal. Subsequently, the buffer was changed to 20 mM Tris-HCl pH 7.4 and 5 mg/ml diamino-

benzidine (in 20 mM Tris-HCl) were added to the sections as substrate for the color reaction. 

The reaction was started by addition of H2O2 to a final concentration of 0.02 %. For metal-

enhanced DAB-immunohistochemistry, 1 mM nickelammoniumsulfate was added in parallel 

with H2O2. After antibody-specific development times the reaction was stopped by transferring 

the sections to 20 mM Tris-HCl. Sections were mounted on gelatine-coated slides, dehydrated 

and coverslipped in Eukitt after clearing in 100 % Xylol.  

 

 

II.2.2.2.5 Quantification of Immunohistochemical Experiments 

cFos positive nuclei were counted from at least 3 non-consecutive coronal sections per 

mouse between Bregma – 1.3 mm and -1.8 mm and cFos immunoreactive cells per section were 

calculated. For the remaining quantifications, cells were counted on every sixth section 

throughout the rostro-caudal extent of the hippocampus and the result was multiplied by six to 
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obtain total cell numbers for one hippocampus per animal. The data was statistically analyzed 

by ANOVA. Quantification of CR expression and of BrdU incorporation was performed by Dr. 

Elke Fuchs. 

 

 

II.2.3 Analysis of Adult Neurogenesis  

During the course of the experiment mice were kept in standard housing cages on a 12 h 

light-dark cycle with ad libitum access to food and water. Cages were changed once a week and 

except for the injections and cage changes mice were left undisturbed. These analyses were 

carried out by Dr. Elke Fuchs. 

To analyze proliferation of adult stem cells, wt and Cx36
-/-

 female mice were 

intraperitoneally injected with 50 mg/kg BrdU in 0.9 % NaCl twice a day, 6 h apart, on three 

consecutive days. Mice were perfused 24 h after the last BrdU pulse. To analyze maturation of 

newborn neurons wt and Cx36
-/-

 mice were injected for a period of six days with the same 

protocol and sacrificed 28 d after the last injection.  Brains were removed from the skull and the 

tissue was processed for immunohistochemical detection of BrdU or BrdU and NeuN. 

Quantification was performed as decribed for all immunohistochemical experiments.  

 

 

II.2.4 Cx36 Expression Analysis 

Expression analysis for Cx36 was carried out by radioactive in situ hybridization 

experiments and by quantitative real-time PCR analysis.  

 

 

II.2.4.1 Radioactive In Situ Hybridization 

II.2.4.1.1 Labeling of the Oligonucleotide Probes 

Radiocative in situ hybridization was carried out using specific oligonucleotide probes 

3’endlabeled with α-S
35

-dATP. The labeling of the oligonucleotides (Tab. 2) was performed as 

previously described (Wisden and Morris, 2002) using terminal deoxynucleotide transferase 

according to the following protocol: All components except for the enzyme were combined and 
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well mixed by vortexing. The reaction was started by addition of 1 µl terminal transferase and 

the reaction mix was incubated at 37 °C for 5-7 min. After purification of the labeled 

oligonucleotide using a BioRad chromatography column, the labeling was assessed by 

measuring specific counts in a scintillation counter. Good labeling resulted in 50,000 to 300,000 

cpm. Labeled oligonucleotides were stabilized by addition of 20 mM dithiothreitol (DTT) and 

stored at -20 °C until usage (a few days). Both oligonucleotide probes gave qualitatively similar 

results. 

 

Reaction Mix: 

oligonucleotide (5 ng/µl) 1 µl 

5 x reaction buffer 1.5 µl 

CoCl2 (25 mM)  0.9 µl 

α-S
35

-dATP (12.5 µCi/µl)  1.5 µl 
H2O 9.1µl 

terminal transferase (400 u/µl) 1 µl 

  

 

 

II.2.4.1.2 Tissue Preparation and Hybridization 

Mice were anaesthetized in isoflurane, decapitated and the brains were removed from 

the skull and immediately frozen on a metal plate placed on dry ice. Using a microtome-cryostat 

the brains were cut into 16 µm sagittal sections and mounted on superfrost object slides. The 

air-dried sections were then fixed for 5 min in ice-cold 4 % PFA in PBS, rinsed in PBS and 

subsequently dehydrated in ascending ethanol concentrations. Sections were again air-dried 

and hybridized overnight at 42 °C in 100 µl maximalist buffer containing 1 pg/µl labeled 

oligonucleotide and 2 µl 1M DTT in a wet chamber containing tissue-wet buffer. After 12-16 h of 

hybridization, sections were rinsed at RT in 1 x SSC and subsequently washed in 1 x SSC at 55 °C 

for 30 min. This was followed by a cooling step in RT 1 x SSC, subsequent washing in RT 0.1 x SSC 

and dehydration in ethanol. The dry sections were exposed to Kodak
®
 BioMax MR film for four 

weeks. 
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II.2.4.2 Real-time PCR 

II.2.4.2.1 RNA Preparation for cDNA Synthesis 

Total RNA from hippocampus and hypothalamus was prepared using the TRIzol reagent.  

Brain tissue was dissected on ice, immediately submerged in 750 µl TRIzol and homogenized 

using a 21 G cannula attached to a 2 ml syringe. The succeeding steps of crude RNA preparation 

were carried out according to the TRIzol protocol. Following RNA precipitation, the air-dried 

RNA pellets were resuspended in 50µl total volume DNaseI digestion mix containing 3 µl DNaseI 

and 5 µl 10 x reaction buffer. Samples were incubated for 10 min at 37 °C to remove any 

genomic DNA present in the RNA preparation. Samples were further purified using the RNeasy® 

MinElute™ RNA clean-up kit. The purified RNA was eluted from the columns in two steps using 

25 µl RNase-free H2O in each step. Concentration of the RNA was determined by measuring 

OD260nm. 

 

 

II.2.4.2.2 First Strand cDNA Synthesis 

First strand cDNA synthesis was performed according to the High Capacity cDNA Reverse 

Transcription Kit protocol. 0.5 µg total RNA (0.05 µg/µl) were used in the reverse transcription 

reaction in a total reaction volume of 20 µl: 

 

 

 

 

 

 

 

 

All components were mixed and RNA was added.  The reaction was carried out at 37 °C 

for 2 h followed by heat-inactivation of the enzyme for 5 min at 85 °C.  

 

 

RNA 10 µl 

10 x buffer 2 µl 

dNTPs 0.8 µl 

Random hexamer oligonucleotides 2 µl 

RNase inhibitor 1 µl 

Reverse transcriptase (5 u/µl) 1 µl 

H2O 3.2 µl 
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II.2.4.2.3 Real-time PCR 

Expression of different genes of interest was quantitated by real-time PCR using the 

SYBR® green PCR Master Mix in a total reaction volume of 25 µl. Each sample was run in 

duplicate to correct for pipetting inaccuracy. Gene-specific oligonucleotides (Tab. 1) with a Tm of 

60 °C were used in the amplification reaction. For each primer combination a standard curve 

was derived using genomic DNA in three different concentrations. This standard curve was used 

to calculate relative amounts of cDNAs from CT values. Expression levels were calculated by 

normalizing values obtained for Cx36 to values obtained for different housekeeping genes. 

 

Reaction Mix: 

 

 

  

II.2.5 Hormone and Glucose Measurements 

All hormone and metabolite measurements were carried out by Dr. Deborah Burks. 

Serum was prepared from trunk blood of wt and Cx36
-/-

 and shipped on dry ice. 

Insulin concentration was determined in serum prepared from the blood of fasted or fed 

mice with the use of a commercial insulin ELISA kit. Glucose was measured from the same 

serum samples by Glucometer.  

Estradiol concentration was measured in serum from wt and Cx36
-/-

 female mice that 

were sacrificed in the afternoon of the first day of estrus.  

  

 

II.2.6 Analysis of the Estrous Cycle 

Prior to measuring hormone levels and prior to RNA preparation, the cycle stage of 

females was determinded by analysis of cytological changes in the vaginal epithelium. To this 

end mice were handled for two weeks to accustom them to the treatment and then vaginal 

cDNA (1/40 dilution) 4 µl 

SYBR® green PCR Master Mix 12.5 µl 

Sense oligonucleotide 0.75 µl 

Antisense oligonucleotide 0.75 µl 

H2O 7 µl 
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smears were taken daily at 10 a.m. ± 1 h. The cells obtained by the lavage were smeared onto 

object slides and stained according to Papanicolaou’s protocol (Papanicolaou, 1942). Briefly, this 

entailed fixation of the cells in 100 % ethanol for 30 min, followed by rehydration in descending 

ethanol concentrations and nuclear staining in Harris’ haematoxylin solution. After dehydration 

in ascending ethanol concentrations the cytoplasm was stained using Papanicolaou’s orange 

solution 2a and Papanicolaou’s polychromatic solution 3b. The stained vaginal smears were 

again dehydrated, cleared in xylol and embedded in Eukitt. The different cell poplulations were 

counted using a light microsope. From the ratios of the different cell types the cycle stage was 

determined daily. These data were used to calculate the total cycle length and the average time 

spent in each cycle stage. A majority of nucleated epithelial cells in combination with a thin 

smear of leukocytes indicated proestrus. In estrus the smears contained almost exclusively 

cornified epithelial cells, while in diestrus the smears consisted mainly of leukocytes. Metestrus 

is an intermediate state in which the vaginal smears consist of approximately 50 % cornified 

epithelial cells and 50 % leukocytes (Cohen et al., 2002) 

 

 

II.2.7 Statistical Analysis 

Statistical analysis of the behavioral experiments and of the estrous cycle analysis was 

performed by ANOVA and the appropriate post hoc test (SigmaStat). cFos counts were analyzed 

by ANOVA using the SSPS 16.0 software, while the remaining immunohistochemical data sets 

were analyzed using SigmaStat. Student’s t-test was used for data analysis of Cx36 expression 

levels (SSPS 16.0), from hormone and glucose measurements as well as from morphological 

analyses of the ovaries (SigmaPlot).  

All data represent mean ± standard error of the mean (SEM) or mean ± standard 

deviation (STD). 
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III. Results 

III.1 Behavioral Analysis of Cx36
-/-

 Males and Females 

The phenotype of Cx36
-/-

 mice that were generated by our group and others (Hormuzdi 

et al., 2001; Deans et al., 2001) has been characterized at the electrophysiological (Hormuzdi et 

al., 2001; Deans et al., 2001; Buhl et al., 2003) as well as at the behavioral level (Kistler et al., 

2002; Frisch et al., 2005). All analyses, however, were restricted to male Cx36
-/-

 mice. 

To increase our understanding of the function of Cx36, we started a pilot behavioral 

study of female Cx36
-/-

 mice in comparison to male Cx36
-/-

 mice entailing analysis of motor 

performance on the rotarod and analysis of exploratory activity in an open field arena.  

 

 

III.1.1 Lack of Cx36 does not Alter Motor Coordination 

Cx36 mRNA is expressed in the molecular and the granular layers of the cerebellar cortex 

and in the inferior olive, which are brain regions important for motor coordination (Llinas and 

Welsh, 1993; Belluardo et al., 2000). Thus, ablation of Cx36 might influence motor behavior. A 

previous study investigating motor performance has shown that male Cx36
-/-

 mice show a 

regular walking pattern and are normal on the accelerating rotarod (Kistler et al., 2002).  

To analyze motor learning, male and female mice were trained on the accelerating 

rotarod in two blocks per day on three consecutive days. One block consisted of three 5 min 

trials with gradually increasing speed from 4 rpm to 40 rpm. In each trial the latency to fall was 

recorded as a measure of motor performance. In females an effect of block was apparent but 

neither an effect of genotype nor a genotype by block interaction could be observed (two-way 

ANOVA: effect of genotype: F(1,96) = 1.075, P = 0.302; effect of block: F(5,96) = 13.809, P < 0.001; 

genotype by block interaction: F(5,96) = 2.272, P = 0.053) (Fig. 9B). Also in males there was an 

effect of block but neither an effect of genotype nor a genotype by block interaction could be 

detected (two-way ANOVA: effect of genotype: F(1,102) = 2.164, P = 0.144; effect of block: F(5,102) = 

9.607, P < 0.001; genotype by block interaction F(5,102) = 0.275, P = 0.926) (Fig. 9A). 

Thus, both male and female Cx36
-/-

 mice did not differ from their wt littermates in motor 

coordination and improved their performance across trials.
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Figure 9: Behavioral analysis of Cx36

-/-
 males and females revealed normal motor performance but 

novelty-induced hyperactivity in Cx36
-/-

 females. 

A + B: Analysis of wt and Cx36
-/-

 males (A) and females (B) on the accelerating rotarod. Each block 

consisted of three 5 min trials and in each trial the rotarod accelerated from 4 rpm to 40 rpm. Latency to 

fall was recorded as a measure of motor performance. Blockwise comparison of mean latency to fall 

showed that there was no difference in the motor performance at the beginning or the end of training 

between genotypes. All four groups of mice improved with training and were thus able to learn the task. 

Data represent mean ± SEM. Males: n(wt) = 9, n(Cx36-/-)
 
= 10; females: n(wt) = 9, n(Cx36-/-)

 
= 9. 

C + D: Analysis of spontaneous exploratory activity in the open field arena on two consecutive days in wt 

and Cx36
-/-

 males (C) and females (D). On both days of testing, wt and Cx36
-/-

 males (C) did not differ in 

horizontal (number of squares) or vertical activity (number of rears). Cx36
-/-

 females (D) showed doubled 

horizontal activity compared to wt females in both sessions, while they did not differ in the number of 

rears. Data represent mean ± SEM. Males: n(wt)  = 14, n(Cx36-/-)= 11; females: n(wt)  = 16, n(Cx36-/-)= 13. (*, P ≤ 

0.05). These experiments were carried out by Dr. Elke Fuchs. 
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III.1.2 Lack of Cx36 Increases Exploratory Activity in Females 

In Cx36
-/-

 mice hippocampal GABAergic interneurons are electrically uncoupled and thus 

the synchronization of the neuronal network is perturbed (Venance et al., 2000; Hormuzdi et al., 

2001; Buhl et al., 2003). Since the hippocampus has been reported to be highly involved in 

exploration (O'Keefe and Dostrovsky, 1971; O'Keefe, 1976), we analyzed exploratory behavior of 

Cx36
-/-

 mice. 

Spontaneous exploratory behavior of male and female Cx36
-/-

 mice and their respective 

wt littermates was tested in an open field arena (50 x 30 x 18 cm) on two succeeding days. As a 

measure of exploratory activity the number of squares the mice crossed (horizontal activity) and 

the number of rears (vertical activity) per 5 min session was recorded. Male Cx36
-/-

 mice did not 

differ from their wt littermates in either horizontal or vertical activity (P ≥ 0.05) (Fig. 9C). Female 

Cx36
-/-

 mice, however, crossed approximately twice as many squares as their wt littermates in 

both trials, while the number of rears did not differ (number of squares session 1: wt: 113.5 ± 

43.9, Cx36
-/-

: 204.5 ±  21,4; F(1,27)= 100.018, P < 0.001; number of squares trial 2: wt: 75.6 ±22.8, 

Cx36
-/-

: 142.4 ± 45; H = 11.556, P < 0.001) (Fig. 9D). Summarizing, female Cx36
-/-

 mice showed 

increased spontaneous activity in the open field arena compared to their wt littermates, while 

male Cx36
-/- 

did not differ from their respective littermates. 

 

 

III.2 DG Activation is Altered in Cx36
-/-

 Females  

Among the three main subregions of the hippocampus the DG is thought to function as a 

“filter” for most incoming information from neocortical regions into the hippocampus by 

potentially working as a pattern separator (Marr, 1971; Rolls, 1989). During exploration of novel 

environments a rapid pattern separation is presumably involved in the fast formation of an 

intrahippocampal representation of the environment (Lee et al., 2005). Additionally, place fields 

have been demonstrated for DG granule cells (Jung and McNaughton, 1993) indicating that 

during exploration of an environment specific subsets of cells may be repeatedly activated. 

To assess activation of the DG during exploration, a test paradigm was employed that 

entailed exploration of a novel environment followed by immunohistochemical detection of the 
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immediate-early gene cFos, which is a general marker for neuronal activation (Morgan et al., 

1987; Sagar et al., 1988).  

Experimentally naïve mice explored an open field arena containing three objects twice 

for 10 min with a 15 min intertrial interval (ITI). During exploration of the novel environment, 

horizontal and vertical activity and the time spent with objects was recorded. Following the test, 

the mice were kept in their homecage for 2 h to allow for the expression of the marker gene 

cFos. Analysis of exploratory behavior in the novel environment confirmed the results obtained 

in the open field test: Male Cx36
-/-

 mice did not differ from their wt littermates in either the 

number of squares they crossed (session 1: wt: 139.3 ± 33.5, Cx36
-/-

:
 
170.7 ± 48.6;  F(1,11)= 1.180, 

P = 0.301; session 2: wt : 100 ± 29.4, Cx36
-/-

: 148.3 ± 29.1; F(1,11) = 3.898, P = 0.074) or the 

number of rears (session 1:wt: 70.9 ± 18.4, Cx36
-/-

: 70 ± 19; F(1,11) = 0.00409, P = 0.950; session 2: 

wt: 55.4 ± 17.3, Cx36
-/-

: 61.2 ± 16.8;  F(1,11) = 0.269, P = 0.614 (Fig. 10A). Mice of both genotypes 

showed a trend towards lower exploratory acitivity in the second trial. Male wt and Cx36
-/-

 mice 

also did not differ in the time they spent exploring the presented objects (session 1: wt: 62 ± 9.1 

s, Cx36
-/-

: 77.7 ± 18.6 s; F(1,11) = 2.362, P = 0.153; session 2: wt: 45.6 ± 7.5 s, Cx36
-/-

: 52.2 ± 11.3 s; 

F(1,11) = 0.918, P = 0.359) (Fig. 10C).  

Female Cx36
-/-

 mice, in contrast, showed an increase in horizontal activity of 

approximately 80 % in the first session and of about 130 % in the second session compared to 

wt littermate controls (number of squares session 1: wt = 159.1 ± 31, Cx36
-/-

 = 289.1 ± 60.6; 

F(1,14) = 13.324, P = 0.003; session 2: wt = 112.4 ± 26.9, Cx36
-/-

: 255.9 ± 78.8; H = 9.114, P = 

0.003). In contrast to this, wt females showed a trend towards decreased horizontal activity in 

the second session. Vertical activity was increased in the second but not in the first session 

(number of rears session 1: wt: 53.1 ± 18.4, Cx36
-/-

: 72.9 ± 19.5; H = 2.696, P = 0.101; session 2: 

wt: 40 ± 13.7, Cx36
-/-

: 73.7 ± 18.3; F(1,14) = 8.547, P = 0.011) (Fig. 10B). Additionally, Cx36
-/-

 

females spent approximately twice as much time with object exploration than their wt 

littermates (session 1: H = 6.745, P = 0.009; session 2: F(1,14) = 17,383, P ≤ 0.001) (Fig. 10D). Thus, 

female Cx36
-/-

 mice showed hyperactivity at initial exposure to a novel environment and, in 

contrast to wt females and males of both genotypes, failed to habituate during a second trial of 

exploration.  

 



  III. Results 

 

39 
 

 
 
Figure 10: Exploratory test in a novel environment to analyze DG activation. 

To analyze activation of the DG by an exploratory task, wt and Cx36
-/-

 mice of both genders were allowed 

to explore a novel environment twice for 10 min with a 15 min ITI during which one of the three objects 

was exchanged. 

A + C: As in the open field test male Cx36
-/-

 mice did not differ from wt littermates in either horizontal or 

vertical activity (A). Also the time they spent exploring the presented objects was not significantly 

different between genotypes (C). Data represent mean ± SEM. n(wt) = 7, n(Cx36-/-) = 6. 

B + D:  Confirming the data obtained in the open field test, Cx36
-/-

 females crossed significantly more 

squares in both sessions. The increase in the number of rears reached significance only in session 2 (B). 

In both sessions, Cx36
-/-

 mice spent approximately twice more time exploring the objects than wt 

females (D). Data represent mean ± SEM. n(wt) = 7, n(Cx36-/-) = 9. (*, P ≤ 0.05). This experiment was carried 

out by Dr. Elke Fuchs. 
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Cage control mice were treated like the mice that underwent the test. On the day of 

perfusion, the animals were handled, placed back into their homecage for 2h and subsequently 

sacrificed. 

To analyze activation of the DG, the brains were processed for cFos 

immunohistochemistry. cFos positive nuclei in the DG were counted in at least 3 non-

consecutive sections of the hippocampus between Bregma – 1.3 mm and – 1.8 mm and the 

average number of activated cells per section was calculated.  

In all analyzed animals, cFos immunoreactivity in the DG localized mostly to nuclei of 

granule cells and less frequently to hilar neurons (Fig. 11A + 12A). Cage control males, wt as well 

as Cx36
-/-

, displayed only few cFos immunoreactive nuclei and therefore activated cells in the 

suprapyramidal blade of the DG GCL (cells/section wt:  2.05 ± 2.66; Cx36
-/-

: 5.97 ± 4.13; F(1,9) = 

2.448, P = 0.152). Following exploration, the mean number of activated granule cells per section 

in the suprapyramidal blade of the GCL increased to 18.58 ± 3.76 in wt males (F(1,10)  = 43.275, P 

≤ 0.001) and to 20.18 ± 7.04 in Cx36
-/- 

males (F(1,10) = 7.889, P = 0.019). This increase was not 

significantly different between genotypes (F(1,11) = 0.113, P = 0.743) (Fig. 11B). Furthermore, the 

number of activated cells in the infrapyramidal blade or the hilus under control and test 

conditions did not differ between wt and Cx36
-/-

 males. In addition to the suprapyramidal blade, 

exploratory activity substantially augmented the number of cFos immunoreactive cells also in 

the infrapyramidal blade of wt mice (cage control: 0.95 ± 0.97 cells/section, test: 6.4 ± 2.5 

cells/section; F(1,10) = 13,588, P = 0.004) (Fig. 11B). 

As in males, very few neurons were activated in the DG of cage control wt females 

(suprapyramidal blade: 6.09 ± 1.91 cells/section; infrapyramidal blade: 1.39 ± 0.5 cells/section). 

In mice that performed the exploratory test, four times more cells in the suprapyramidal and in 

the infrapyramidal blade of the DG expressed cFos (suprapyramidal blade: 24.65 ± 5.86 

cells/section; F(1,10) = 26.939, P ≤ 0.001; infrapyramidal blade: 6.55 ± 2.1 cells/section; F(1,10) = 

15.139, P = 0.003) (Fig. 12). 

In Cx36
-/- 

females, in contrast, many neurons in the suprapyramidal and infrapyramidal 

blade were activated under cage control conditions and expressed cFos (suprapyramidal blade: 

12.44 ± 2.89 cells/section; infrapyramidal blade: 3.7 ± 1.3 cells/section). In comparison to wt 

cage control females, the number of activated cells was significantly increased (suprapyramidal  
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Figure 11: Exploratory activity increases cFos positive granule cells in wt and Cx36

-/- 
males. 

A: Nickel-enhanced DAB-immunohistochemical experiments showed nuclear localization of cFos protein 

(insets), mostly in the GCL of the DG and less frequently in the hilus. The DG of cage control mice (left 

panels) displayed very low numbers of activated cells, while the exploratory test stongly increased the 

number of cFos expressing cells (right panels). 

B: At least three non-consecutive coronal sections were analyzed for cFos expression and cell counts 

normalized to the number of analyzed sections. Quantification of cFos expression in the suprapyramidal 

blade, infrapyramidal blade and hilus of the DG revealed that wt and Cx36
-/-

 were never significantly 

different from each others, while induction of cFos expression by the test was significant in the 

suprapyramidal blade in both genotypes and in the infrapyramidal blade in wt. Data represent mean ± 

SEM. Test: n(wt) = 7, n(Cx36-/-) = 6; cage control: n(wt) = 5 , n(Cx36-/-) = 6. (*, P ≤ 0.05 in wt (control vs. test); *, P 

≤ 0.05 in Cx36
-/-

 (control vs. test).  
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Figure 12: Lack of Cx36 causes an increase in activated cells in the female DG following exploration of a 

novel environment. 

A: Immunohistochemical expression analysis of the immediate-early gene cFos in the DG of Cx36
-/-

 and 

wt females following exploratory activity (right panels) and control experiment (left panels). As in males, 

cFos expression was analyzed by nickel-enhanced DAB-immunohistochemistry and the signal localized 

mostly to nuclei of granule cells in both genotypes and conditions (insets) and less frequently to the 

nuclei of hilar neurons.   

B: Quantification of cFos positive cells in the DG of wt and Cx36-/- females demonstrated increased 

activity of DG granule cells in Cx36-/- females under control conditions in the suprapyramidal and 

infrapyramidal blade. In these mice the test failed to increase the activation level in both areas, while in 

wt exploration led to significant higher numbers of cFos expressing cells. cFos expression in the hilus was 

neither affected by genotype nor by treatment. Data represent mean ± SEM. Test: n(wt) = 7, n(Cx36-/-) = 9; 

cage control: n(wt) = 5, n(Cx36-/-) = 8; (*, P ≤ 0.05 in wt (control vs. test); *, P ≤ 0.05 in Cx36
-/-

 (control vs. 

test); *, P ≤ 0.05 (wt vs. Cx36
-/-

). 
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blade: F(1,11) = 7.703, P = 0.018; infrapyramidal blade: F(1,11) = 6.106, P = 0.031). Remarkably, 

exploration failed to further activate the DG of Cx36
-/-

 females (suprapyramidal blade: 12.28 ± 

6.59 cells/section, F(1,15) = 0.002, P = 0.965 (cage control vs. test); infrapyramidal blade: 7.26 ± 

5.1 cells/section; F(1,15) = 1.772, P = 0.203 (cage control vs. test)). As in males, the number of 

cFos positive cells in the hilus did not differ between groups (Fig. 12). 

In summary, the employed test paradigm revealed a gender specific difference in the 

behavioral reaction of Cx36
-/-

 mice to a novel environment. This was accompanied by a change 

in the activation level of the DG. Unlike males of both genotypes and female wt mice, Cx36
-/- 

females displayed a high baseline activation of the DG under cage control conditions. In males 

and wt females exploration significantly activated the DG, whereas in Cx36
-/- 

female
 
mice no 

increase in activity of DG granule cells was observed.  

 

 

III.3 Anatomical Analysis of the DG 

To investigate if anatomical alterations were underlying the observed phenotype, we 

performed immunohistochemical experiments and analyzed the expression of different 

neurochemical markers of the DG.  

To rule out gross morphological alterations in the hippocampus as a reason for the 

observed phenotype, Nissl stainings were performed. In Fig. 13 low magnification views of Nissl 

stained hippocampi from males and females of both genotypes and higher magnification views 

of the DG are shown. These stainings did not reveal differences in the gross anatomy of the 

hippocampus. Closer inspection of the DG also failed to show any disruption of the GCL or other 

morphological changes (Fig. 13).  

Since Cx36 is expressed in about 50 % of all PV-positive interneurons (Belluardo et al., 

2000) and since this class of interneurons plays an important role in hippocampal function 

(Vreugdenhil et al., 2003; Fuchs et al., 2007), the number of PV-positive cells in GCL and hilus 

was analyzed by fluorescence immunohistochemistry. Cells were counted on serial sections 

throughout the rostro-caudal extent of the hippocampus. Comparison of cell counts in the GCL 

and hilus showed that wt and Cx36
-/-

 males as well as wt and Cx36
-/-

 females did not differ in the 

number of PV cells (Tab. 5).   
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Figure 13: Nissl stainings did not reveal any gross morphological defects in Cx36

-/-
 hippocampi. 

Low magnification view of Nissl stained sections from male and female wt and Cx36
-/-

 brains did not 

reveal any obvious morphological differences (upper panels). Higher magnification view of the DG of the 

same sections confirmed that the layering of the DG was undisrupted (lower panels). Scale bars: 250 µm. 

 
 

 

Table 5: Quantification of PV expressing cells in the DG. 

  GCL 
(cells/DG) 

hilus 
(cells/DG) 

wt Cx36
-/- wt Cx36

-/- 

male 288.9 ± 164.7 265 ± 147.4 39.4 ± 18.6 54 ± 17.1 

female 266 ± 42.9 334.8 ± 81.4 74 ± 62.5 51 ± 41 

males: n(wt) = 7, n(Cx36-/-) = 6; females: n(wt) = 6, n(Cx36-/-) = 10. 

Data represent mean ± SEM. 

 

 

The expression of calbindin (CB), another marker for a specific subset of GABAergic 

interneurons and for mature granule cells, was analyzed next (Freund and Buzsaki, 1996; 

Kempermann et al., 2004). Antibody stainings of coronal sections suggested reduced CB 

expression in patches of the GCL of female Cx36
-/-

 mice (Fig. 14), but, in conjunction with the 

Nissl stainings, not a reduction of the number granule cells (Fig. 13). This staining pattern was 

not observed in male Cx36
-/-

 or wt mice (Fig. 14). 

 



  III. Results 

 

45 
 

 
 

Figure 14: Patches in the GCL of female Cx36-/- DG are devoid of CB expression. 

DAB-immunohistochemical stainings for the calcium binding protein CB showed that patches of granule 

cells (arrows) in the DG of Cx36
-/-

 females were devoid of CB immunoreactivity. This was not caused by 

loss of granule cells, since the Nissl stainings (Fig. 13) did not display a disruption of the GCL. Scale bar: 

250 µm. 

 
 

Calretinin (CR) is a marker for yet another subpopulation of GABAergic interneurons and 

also for immature granule cells in the DG. Immature granule cells can be distinguished from 

interneurons by their location and the size of their soma: the latter have a bigger soma and are 

mainly located outside the GCL and the SGZ of the DG (Freund and Buzsaki, 1996; Kempermann 

et al., 2004). Initial analysis of sections from wt and Cx36
-/-

 mice revealed an obvious increase in 

small CR expressing cells in the GCL of Cx36
-/-

 female mice. To quantify this, CR immunoreactive 

cells were counted on serial coronal sections throughout the hippocampus (Fig. 15). The SGZ of 

female wt mice contained on average half as many CR-positive cells, than the SGZ of Cx36
-/-

 

females (n(wt) = 6, n(Cx36-/-) = 6, P ≤ 0.01). The increase of CR expressing cells was even more 

pronounced in the GCL. The wt GCL contained on average 110 ± 80 CR-positive cells, while the 

mean number of CR-positive cells in the GCL of Cx36
-/-

 females was 1946.7 ± 382.8 (P ≤ 0.001) 

(Tab. 6). In males the number of CR cells did not differ between genotypes in any of the two 

investigated regions of the DG (Fig. 15, Tab.6).  

 

Table 6: CR expressing cells in the DG.  

 GCL 
(cells/DG) 

SGZ 
(cells/DG) 

Wt Cx36
-/- wt Cx36

-/- 

male 123 ± 86 73 ±19 669 ± 238 589 ± 183.3 

female 110 ± 80 1946.7 ± 382.8* 989.2 ± 413.8 2059 ± 331* 

males: n(wt) = 6, n(Cx36-/-) = 6; females: n(wt) = 6, n(Cx36-/-) = 6.; *, P ≤ 0.05.  

Data represent mean ± SEM. 
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Figure 15: Co-labeling for CR and DCX revealed an increase in CR positive cells in the DG of Cx36
-/-

 

females. 

Confocal images of CR / DCX double-labeled sections show that in comparison to wt females, there was 

an increase of CR expressing cells in the GCL of Cx36
-/-

 females. Moreover, they were often found deeper 

in the GCL than in wt females. Male Cx36
-/-

 mice did not show this phenotype. Double-labeling for the 

neuroblast marker DCX confirmed the immature phenotype of the CR-positive cells. 

  

 

To investigate if the excess CR-positive cells in the GCL were indeed immature 

neuroblasts, double labeling experiments for CR and DCX, a marker for migrating neuroblasts 

(Gleeson et al., 1998; des Portes et al., 1998), were performed. These experiments showed that 

most of the presumptive young granule cells were double positive for CR and DCX, proving their 

immature developmental stage (Fig. 15). Additionally, CR-positive cells were frequently found 

deeper in the GCL of Cx36
-/-

 females than in any other investigated group. Together with the 

finding that CB immunoreactivity was reduced in patches within the GCL of Cx36
-/- 

females, this 
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led us to the assumption that the maturation of newly born granule cells was retarded and that 

this retardation was reflected in a delayed switch from CR to CB expression. 

Taken together, these results showed that lack of Cx36 did not cause gross 

morphological alterations or changes in the different populations of GABAergic interneurons in 

the hippocampus of male or female mice. However, analysis of the different neurochemical 

markers strongly suggested alterations in adult neurogenesis of the SGZ in female Cx36
-/- 

mice.  

 

 

  



  III. Results 

 

48 
 

III.4 Analysis of Adult Neurogenesis 

Neurogenesis can be subdivided into proliferation of precursor cells, maturation of 

newborn neurons and survival of these neurons. The sum of the three processes determines the 

net rate of neurogenesis. 

 

III.4.1 Proliferation and Maturation 

To analyze adult neurogenesis, birthdating studies using the nucleotide analog BrdU 

were performed. Intraperitoneal injection of BrdU is a widely used method to specifically label 

mitotic cells during S-phase of the cell cycle. BrdU is integrated into genomic DNA instead of 

dTTP and can be detected by immunohistochemical stainings (Gratzner, 1982). These labeling 

experiments were carried out in female mice because the earlier described 

immunohistochemical analysis of cell type specific markers did not suggest any alterations in 

adult neurogenesis in males (Fig. 16).   

In these experiments we analyzed both proliferation of precursor cells and maturation of 

newborn granule cells using two different BrdU administration protocols. To investigate the 

proliferation of granule cell precursors, BrdU was injected twice a day for three days. The mice 

were sacrificed 24 h after the last injection, brains were processed for BrdU 

immunohistochemical analysis and BrdU-positive cells were quantified on serial coronal sections 

in GCL and SGZ. 24 h after the last BrdU injection the cell population containing BrdU in their 

genome was heterogeneous due to our labeling protocol. It comprised cells born 1 – 4 d before 

analysis and thus it was a mix of proliferating and postmitotic cells. Yet, immunoreactive cells 

mostly localized to the SGZ both in Cx36
-/-

 and wt females (Fig. 16A). Quantification showed that 

both groups of mice contained roughly the same number of BrdU-positive cells in the SGZ and 

GCL (P(SGZ) ≥ 0.05, P(GCL) ≥ 0.05) (Fig. 16C) so that we concluded that proliferation of precursors 

and initial steps of maturation were unaltered.  

For maturation analysis of newborn granule cells, BrdU was injected twice a day for six 

days and the mice were sacrificed 28 d after the last injection. Immunohistochemical analysis of 

BrdU incorporation was carried out as before and revealed an obvious difference in the number 

of BrdU-positive cells between wt and Cx36
-/-

 (Fig. 16B). Quantification confirmed this 

impression: the SGZ of Cx36
-/-

 females contained approximately 5 times and the GCL 9 times 
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more BrdU-positive cells than the wt SGZ and GCL respectively (P(SGZ) ≤ 0.05, P(GCL) ≤ 0.05) (Fig. 

16D).  

 

 
 

Figure 16: Lack of Cx36 causes enhanced survival of adult generated granule cells in female mice. 

A + C: Immunohistochemical analysis of BrdU incorporation in female mice sacrificed 24 h after the last 

BrdU pulse detected proliferating cells and young neuroblasts (A). Quantifications showed that at that 

time the vast majority of BrdU-positive cells resided in the SGZ (C). Data represent mean ± SEM. n(wt) = 5, 

n(Cx36-/-) = 6. 

B + D: Immunohistochemical stainings for BrdU incorporation in female mice sacrificed 28 d after the last 

BrdU pulse labeled the population of newly generated cells that have matured into granule cells. In wt 

females only few BrdU-positive cells were still present, while they were abundant in the SGZ and the GCL 

in Cx36
-/-

 females (B). Quantification revealed five- and nine-fold increased numbers of BrdU positive 

cells in Cx36
-/-

 compared to wt in the SGZ and GCL respectively (D). Data represent mean ± SEM. n(wt) = 6, 

n(Cx36-/-) = 5. (*, P ≤ 0.05). 

E: Co-labeling for NeuN and BrdU showed that in both genotypes about 80 % of all BrdU-positive cells 

also expressed NeuN, and thus that the same percentage of cells generated at the time of BrdU injection 

matured into neurons.  n(wt) = 4, 96 cells, 76.8 ± 2.9 % , n(Cx36-/-) = 3, 355 cells, 81.8 ± 2.4 %. 

These experiments were carried out by Dr. Elke Fuchs.  

 

 

To evaluate if the newborn cells matured into neurons or if there was a shift towards a 

glial cell fate in Cx36
-/-

 mice, sections were double labeled for BrdU and NeuN, a nuclear protein 

expressed by mature neurons. In both genotypes approximately 80 % of all BrdU-positive cells 

expressed NeuN, and thus cell fate was not altered by the lack of Cx36 expression (Fig. 16E). 
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Taken together, significantly more new neurons survived for one month in the DG of 

Cx36
-/-

 females than in the DG of wt females, while the rate of proliferation did not differ 

between the genotypes.  

 

 

III.4.2 Analysis of Apoptosis 

One mechanism to control the absolute cell number is the removal of excess cells by 

apoptosis (Biebl et al., 2000). During apoptosis, activation of caspase-3 is an essential step 

(Porter and Janicke, 1999), and it is therefore a good immunohistochemical marker for 

apoptotic cells. The data presented above suggest that fewer cells undergo programmed cell 

death in Cx36
-/-

 females. Therefore, immunohistochemical stainings for this marker were carried 

out on serial coronal sections and cells were quantified as described before. In general only one 

to two active-caspase-3 expressing cells could be found in the GCL per section. The morphology 

of these cells was similar to the morphology of the cell shown in Fig. 17A. Labeling for active-

caspase-3 was intense in the cytoplasm, while the nucleus was devoid of labeling. On average 

the GCL of one Cx36
-/- 

DG contained 30 ± 10.3 cells, while in wt females the mean was 16.8 ± 8.2 

cells. Although there seemed to be a trend towards more apoptotic cells in Cx36
-/- 

females, the 

difference was not significant due to the high variation (n(wt) = 5, n(Cx36-/-) = 7; P = 0.140). Also 

between wt and Cx36
-/-

 males there was no difference in apoptosis (wt: 21 ± 7 cells/GCL, n = 6; 

Cx36
-/-

: 19.2 ± 5.8 cells/GCL, n = 5) (Fig. 17B).  

Thus, since there was no difference in the absolute number of apoptotic cells between 

wt and Cx36
-/-

 mice in both genders, we had to rule out a decrease in apoptosis as a cause of the 

increased survival of young granule neurons in Cx36
-/-

 females. Combination of this data set with 

the data obtained from the CR and CB expression study, suggested delayed maturation of newly 

generated granule cells in female Cx36
-/-

 mice with a developmental arrest at the stage of 

transient CR expression. 
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Figure 17: The number of apoptotic cells in the GCL is not significantly different between wt and Cx36

-/-
 

females or males. 

A: Typical appearance of a cell positive for activated-caspase-3 in the GCL of the DG at the fluorescence 

microscopic level. Antibody labeling was intense in the cytoplasm, while the nucleus was devoid of 

signal.   

B: Quantification of activated-caspase-3 in wt and Cx36
-/-

 females revealed a trend to more apoptosis in 

Cx36
-/-

 mice, but the difference did not reach significance due to the high variation. In wt and Cx36
-/-

 

male mice there was no difference detectable. Data represent mean ± SEM. Males: n(wt) = 6, n(Cx36-/-) = 5; 

females: n(wt) = 5, n(Cx36-/-) = 7. 
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III.5 Analysis of the Gender Difference  

Surprisingly, lack of Cx36 leads to gender specific effects in behavior, DG activation and 

adult neurogenesis. Therefore, we analyzed if there were any gender specific differences in the 

expression of Cx36 in the brain, and also if the ablation of Cx36 in extraneuronal tissues lead to 

a gender specific phenotype. 

  

 

III.5.1 Cx36 is not Differentially Expressed in Males and Females 

 Since differential expression of Cx36 in male and female mice could be a possible 

explanation for the observed gender difference, we reanalyzed the expression pattern of Cx36 

at the mRNA level by radioactive in situ hybridization experiments and by real-time PCR analysis.  

 

 
 

Figure 18: Cx36 mRNA expression pattern does not differ between male and female mice. 

Postnatal Cx36 expression was analyzed by radioactive in situ hybridization experiments in P12, P21 and 

adult males and females. The experiments revealed an overall decrease of Cx36 expression with age but 

no obvious difference between genders. At P12 expression was strongest in glomerular and mitral cell 

layers of the OB, in layer I of the cortex in several hypothalamic nuclei, midbrain and medulla oblongata.  

In P21 and adult animals, Cx36 was only detectable in the OB and in P21 mice in addition in the spinal 

cord. CB: cerebellum, CX: cortex, HIPP: hippocampus, HYP: hypothalamus, OB: olfactory bulb. 

 

 

Radioactive in situ hybridization experiments were performed at three different 

postnatal stages (P12, P21, adult) on sagittal brain sections of male and female wt mice using an 

antisense oligonucleotide probe for Cx36 (Hormuzdi et al., 2001). This expression study showed 

decreasing expression of Cx36 in both male and female brains with age, in accordance with 
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previously published data (Hormuzdi et al., 2001). At P12, expression was highest in the 

glomerular and the mitral cell layer of the olfactory bulb, in neocortical layer I, in several 

hypothalamic nuclei, in the midbrain and in the medulla oblongata. Expression in the 

hippocampus and the thalamus as well as in cortical layers II to VI and the cerebellum was 

rather weak (Fig. 18, left panels). By P21 expression had declined drastically and was only easily 

detectable in the previously mentioned layers of the olfactory bulb (Fig. 18, middle panels). This 

expression pattern remained stable well into adulthood (Fig. 18, right panels).  

Comparing the expression between males and females, the overall Cx36 mRNA 

expression seemed to be higher in males than in females at P12. This difference had 

disappeared by P21. In none of the analyzed sections an obvious spatial expression difference 

could be detected between the genders (Fig. 18).  

 

 
 
Figure 19: Quantitative analysis of Cx36 mRNA showed that there is no expression difference between 

genders in the hypothalamus or the hippocampus. 

Hippocampal Cx36 expression was normalized to expression of the housekeeping genes G6PDH (A and B, 

left charts) and β-actin (A and B, right charts). Comparison of the normalized Cx36 expression levels 

proved that there was no expression difference in the hippocampus (A) or the hypothalamus (B) 

between adult wt male and female mice. Data represent mean ± STD. n(male) = 8, n(female) = 6. 

 
 

Expression of Cx36 in the adult hippocampus and hypothalamus was below the detection 

threshold of the in situ hybridization method we used. To quantify a possible expression 

difference between males and females in those brain regions, we performed real-time PCR 

analysis on cDNA prepared from adult wt hippocampal and hypothalamic RNA. Cx36 expression 

was normalized to expression of the housekeeping-genes β-actin and glucose-6-phosphate-

dehydrogenase (G6PDH). This analysis showed that there was no quantitative difference in the 
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expression of Cx36 in males (n = 8) compared to females (n = 6) in either the hippocampus (Fig. 

19A) or the hypothalamus (Fig. 19B). 

Thus, we were able to rule out a difference in the native Cx36 expression pattern 

between males and females as a cause for the observed gender difference in behavior, DG 

activation and adult SGZ neurogenesis of Cx36
-/-

 mice.  

 

 

III.5.2 Uncoupling of Pancreatic β-Cells Leads to Increased Serum Insulin Levels in 

Female Cx36
-/-

 Mice 

In addition to the brain, Cx36 is also expressed in the islets of Langerhans of the pancreas 

(Serre-Beinier et al., 2000). Since Cx36
 
ablation is not neuron-specific in the

 
mouse line we used 

for this study, the effect of peripheral Cx36 ablation and its influence on brain function might 

offer an explanation for the described phenotype in female Cx36
-/- 

mice. Previously, it has been 

reported that Langerhans islets derived from Cx36
-/-

 mice have a higher basal insulin secretion 

rate in vitro than wt islets (Ravier et al., 2005). To our knowledge there are no reports about the 

effect of Cx36 ablation on insulin concentration in vivo.  

Besides the homeostatic effect on glucose concentration, insulin has been shown to 

influence the secretion of GnRH from hypothalamic neurons. Consequently the release of LH 

from the anterior pituitary will be affected, which in turn is important for regulation of estrogen 

secretion from the ovaries (Bruning et al., 2000; Burcelin et al., 2003).  

Thus, we hypothesized that alteration of in vivo insulin concentration might lead via 

alterations in the hypothalamic-pituitary-gonadal axis to altered estrogen levels. Since estrogen 

itself is a potent regulator of adult SGZ neurogenesis (Galea, 2008), this mechanism could serve 

to explain our observations. 

To test this hypothesis, we analyzed basal and feeding serum insulin concentrations in 

Cx36
-/-

 males and females in comparison to the appropriate littermates. To measure feeding 

insulin levels, mice were sacrificed at 5 pm ± 1 h, to measure basal insulin levels mice were food 

deprived for 12 - 14 h and subsequently sacrificed at 9 am. Serum was prepared from trunk 

blood and analyzed by commercial ELISA assays for murine insulin and by use of a Glucometer 

for glucose.  
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Figure 20: Glucose homeostasis is impaired in food deprived Cx36

-/-
 mice of both genders, while insulin 

concentration is increased only in fed Cx36
-/-

 females without alteration of blood glucose 

concentration. 

A + B: Wt and Cx36
-/-

 male and female mice with ad libitum access to food and water were sacrificed and 

serum was prepared. Glucose was measured from serum by Glucometer (Bayer), insulin concentration 

was determined by ELISA. While blood glucose concentration did not differ between wt and Cx36
-/-

 males 

and females (A), insulin concentration was approximately doubled in Cx36
-/-

 females compared to wt 

females (B). Data represent mean ± SEM. Males: n(wt) = 5, n(Cx36-/-) = 7, exception: for glucose 

determination n(Cx36-/-) = 4 ;  females: n(wt) = 12, n(Cx36-/-) = 11. (*, P = 0.00042). 

C + D: Wt and Cx36
-/-

 males and females were fasted overnight with ad libitum access to water and 

sacrificed in the morning. Glucose concentration was significantly lower in Cx36
-/-

 males and females 

compared to wt controls (C). Serum insulin concentration, however, did not differ between genotypes 

(D). Data represent mean ± SEM. Males: n(wt) = 5, n(Cx36-/-) = 7; females: n(wt) = 7, n(Cx36-/-) = 5. (*, P(males) = 

0.0009, P(females)= 0.002). 

Data was contributed by Dr. Deborah Burks. 
 

Feeding insulin concentration, determined in blood of mice that had free access to food 

and water, was unaltered in male Cx36
-/-

 mice compared to littermates but was approximately 

doubled in serum from Cx36
-/-

 females in comparison to wt females (males: wt: 1.64 ± 0.35 

ng/ml, Cx36
-/-

: 1.56 ± 0.42 ng/ml, P ≥ 0.05; females: wt: 0.86 ± 0.09 ng/ml, Cx36
-/-

: 1.70 ± 0.19 
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ng/ml, P = 0.0042) (Fig. 20B). The respective glucose concentrations were in the range of 230 

mg/dl and varied only slightly between genotypes (P ≥ 0.05 for males and females) (Fig. 20A).  

Basal insulin concentrations were measured in serum from overnight food deprived 

mice. In contrast to the findings from an in vitro study (Ravier et al., 2005), concentrations did 

not differ between genotypes in either males or females (males: wt: 0.85 ± 0.29 ng/ml, Cx36
-/-

: 

0.56 ± 0.49 ng/ml, P ≥ 0.05; females: wt: 0.45 ± 0.07 ng/ml, Cx36
-/-

: 0.36 ± 0.09 ng/ml, P ≥ 0.05) 

(Fig. 20D). Glucose concentration was measured in the same samples and was significantly 

decreased in Cx36
-/-

 males and females as compared to the respective littermates (males: wt: 

180.45 ± 14.81 mg/dl, Cx36
-/-

: 108.24 ± 9.1 mg/dl, P = 0.0009; females: wt: 166 ± 16.45 mg/dl, 

Cx36
-/-

: 95.56 ± 12.35 mg/dl, P = 0.002) (Fig. 20C). 

The reason why lack of Cx36 expression has a greater impact on the female pancreas 

regarding insulin secretion than on the male pancreas is unclear but the result shows that the 

brains of female Cx36
-/-

 mice are exposed to much higher insulin concentrations under standard 

housing conditions than the brains of wt females. 

 

 

 III.5.3 Increased Insulin is Associated with Decreased Estradiol in Estrus 

The result obtained from the insulin measurements prompted us to pursue our 

hypothesis that altered insulin levels, via alterations in gonadal hormones, might be the primary 

cause for the differences observed in adult neurogenesis and in the activation of the female DG. 

To get a preliminary impression about gonadal hormone function in Cx36
-/-

 females, the 

duration of the different estrous cycle stages was analyzed. Since the composition of the vaginal 

epithelium changes in response to hormone fluctuations during the estrous cycle, analysis of the 

epithelium is a good indirect means to determine cycle stages. For this analysis, mice were 

housed in pairs of wt and Cx36
-/-

 in standard cages on a 12 h light-dark cycle. The vaginal smears 

were taken 4 h ± 1 h after lights on and the cells were stained according to Papanicolaou’s 

method (Papanicolaou, 1942) (Fig. 21A). For each mouse at least three consecutive cycles were 

evaluated. The absolute duration of the cycle in Cx36
-/-

 was 5.26 ± 0.5 days and did not differ 

from wt where one estrous cycle lasted for 5.49 ± 1.3 days. However, the duration of estrus, 

normalized to total cycle length, was significantly prolonged in wt in comparison to Cx36
-/-

 mice  
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Figure 21: Lack of Cx36 leads to a reduction of estradiol concentration during estrus. 

A: Vaginal smears were stained according to the Papanicolaou method to determine the different stages 

of the estrous cycle. In proestrus the smear consisted mainly of nucleated epithelial cells, in estrus of 

cornified epithelial cells, while in diestrus leukocytes were the predominant cell type. Metestrus was 

characterized by approximately 50 % cornified epithelial cells and 50 % leukocytes. 

B: Cx36
-/-

 females stayed for a significantly reduced proportion of the estrous cycle in estrus, while they 

were significantly longer in metestrus, a phase in which wt mice were never found to be. Data represent 

mean ± SEM. n(wt) = 5, n(Cx36-/-) = 5, ≥ three consecutive cycles/mouse. (*, P ≤ 0.05). 

C: For estradiol measurements mice were sacrificed in the morning of the first day of estrus. The 

hormone concentration was determined by HPLC analysis of the serum and estradiol concentration was 

reduced by approximately 50 %.  Data represent mean ± SEM. n(wt) = 6, n(Cx36-/-) = 7. (*, P ≤ 0.05). Estradiol 

concentration was measured by Dr. Deborah Burks. 

 

 

(wt: 55 ± 5.7 % of total cycle length; Cx36
-/-

: 41.4 ± 4.1 % of total cycle length; P = 0.013). 

Additionally, wt mice were never found to be in metestrus (Fig. 21B). In support of our 

hypothesis, these findings pointed towards alterations in gonadal hormone concentrations. 
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Quantification of estradiol concentration was achieved by HPLC analysis of serum from 

mice sacrificed on the evening of the first day of estrus. Estradiol concentration was 0.15 ± 0.02 

nmol/l in wt as opposed to 0.081 ± 0.017 nmol/l in Cx36
-/-

 females (Fig. 21C). This decrease by 

approximately 50 % was statistically significant (P = 0.025).  

 

 

 
 
Figure 22: Ovaries of Cx36

-/-
 females contain fewer and smaller corpora lutea and fewer antral follicles. 

A: Haematoxylin-eosin stained stained paraffin sections of wt and Cx36 ovaries. The arrow points to a 

typical copus luteum, the arrowhead to an antral follicle. Scale bar: 500 µm. 

B: Quantifications revealed a reduction in the number and size of corpora lutea and a reduction in the 

number of antral follicles in Cx36
-/-

 mice, while the total ovarian area was unaltered. The analysis was 

performed by Dr. Deborah Burks.  

Data represent mean ± SEM. n(wt) = 10 ovaries from 5 mice, n(Cx36-/-) = 12 ovaries from 6 mice; corpus 

luteum diameter: n(wt) = 22 from 10 ovaries, n(Cx36-/-) = 15 from 12 ovaries. (*, P ≤ 0.05; **; P ≤ 0.01). 
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Ovaries are the major source of estrogens. Because estradiol concentration was about 

50 % lower in Cx36
-/-

 females than in wt, we examined if ovarian morphology was normal in 

these mice. The morphological analyses were carried out on ovaries from animals sacrificed for 

the estradiol measurements. Haematoxylin-eosin stainings of paraffin sections (Fig. 22A) 

revealed a decrease in the number of antral follicles, the major estradiol producing 

subcompartment of the ovary (Boland et al., 1993) (wt: 3.29 ± 0.52, Cx36
-/-

: 1.54 ± 0.31, P = 

0.008). In addition, the number of corpora lutea as well as their diameter was reduced (wt: 5.57 

± 0.84, Cx36
-/-

: 3.36 ± 0.53, P = 0.032; diameter wt: 5.5 ± 0.19 mm, Cx36
-/-

: 1.63 ± 0.2 mm, P = 

0.004). All these reductions were statistically significant while the total ovarian area did not 

differ between genotypes (Fig. 22B). Hence, we concluded that the ovaries of Cx36
-/- 

females 

were highly dysfunctional which would explain the reduction of serum estradiol. 

 

 

 
Figure 23: Cx36 is not expressed in ovaries.  

Total RNA was extracted from three ovaries for reverse transcription. Cx36 was not expressed in this 

pooled sample as assessed by real-time PCR analysis so that lack of Cx36 in the ovaries could be 

excluded as primary cause for the observed follicular abnormalities. Data represent the mean of 

duplicates ± STD. n = 3 ovaries. 

 
 

 However, the ovarian phenotype could be a direct consequence of a potential loss of 

Cx36 expression in the ovary itself, instead of being a consequence of changes in the HPG axis. 

Despite the thorough expression analyses that have been carried out in the past by several 
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groups (Sohl et al., 1998; Belluardo et al., 2000; Serre-Beinier et al., 2000), we could not find any 

reports on Cx36 expression in ovaries. Therefore, we analyzed ovarian RNA prepared from three 

wt mice by real-time PCR. We could not detect any Cx36 transcripts in the samples while we 

could amplify the transcripts of three different housekeeping genes from this cDNA in the same 

experiment. As further controls, we amplified all four genes, including Cx36, from genomic DNA 

in this experiment (Fig. 23). Thus, loss of Cx36 in the ovaries themselves could be ruled out as a 

cause for any of our observations. In accordance with previous literature we also found Cx36 

mRNA to be expressed in the pituitary (Belluardo et al., 2000). 

 Summarizing, the results presented above are supporting our hypothesis, that the 

increase in insulin could be the primary cause for the decrease in estradiol concentration in 

Cx36
-/-

 females. However, it is conceivable that Cx36 is expressed in neurons of the 

hypothalamus and pituitary cells that are more important in the female reproductive axis than 

in that of the male, a distinction we could not make with the methods used in this study.  
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IV. Discussion 

Cx36 is expressed in GABAergic interneurons, in pancreatic beta cells of the islands of 

Langerhans and in adrenal medullary cells. In the hippocampus, electrical uncoupling of 

GABAergic interneurons due to lack of Cx36 leads to reduction of in vitro and in vivo gamma 

oscillations (Hormuzdi et al., 2001; Buhl et al., 2003). Also pancreatic  β-cells are uncoupled due 

to the lack of Cx36. β-cells derived from Cx36
-/-

 mice show a higher basal insulin secretion rate in 

vitro as well as slower insulin secretion shut-off kinetics (Ravier et al., 2005; Speier et al., 2007). 

The functional effect of Cx36 ablation on adrenal medullary cells has not yet been examined. 

Behaviorally, Cx36
-/-

 males do not show any obvious deficits in motor performance or in anxiety 

related behaviors but are impaired in recognition memory. To improve our understanding of the 

functional role of cell coupling by Cx36, we analyzed male and female Cx36
-/-

 mice in more 

detail. 

This study demonstrates the first link between Cx36 and adult SGZ neurogenesis, a 

connection that is not direct but mediated by hormonal changes in Cx36
-/-

 females. The increase 

in immature granule neurons is caused by delayed maturation of newly generated cells and 

most likely causes functional alterations in the activation of the DG granule cell network during 

exploration of a novel environment and under resting conditions. These conclusions are based 

on the following observations: We found that Cx36
-/-

 females were hyperactive in a novel 

environment and this hyperactivity went along with increased numbers of activated DG granule 

cells under cage control conditions that could not be further augmented by exploratory 

behavior. Additionally, Cx36
-/-

 females displayed an increase in young granule cells at the stage 

of CR expression in conjunction with unaltered proliferation and apoptosis but extended 

survival of adult generated granule neurons. These neurological phenotypes were accompanied 

by a gender specific increase in serum insulin in Cx36
-/-

 females as well as a decrease in serum 

estradiol during estrus. Correlative evidence suggests a causal link between the increase in 

serum insulin, the decrease in estradiol at the stage of estrus and the extended survival of 

immature granule cells that we observed.  
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IV.1 Exploratory Behavior and DG activation 

In accordance to literature, motor performance on the rotarod (Fig. 9A) was not altered 

in male Cx36
-/-

 mice (Kistler et al., 2002). Also females did not show any behavioral differences 

in this task in comparison to their control littermates (Fig. 9B). 

During exploration of an environment the predominant oscillatory patterns in the mouse 

and rat hippocampus are theta- and gamma-waves (Vanderwolf, 1969; Buzsaki et al., 2003). In 

Cx36
-/-

 mice the power of CA1 gamma-oscillations is reduced in vitro as well as in vivo (Hormuzdi 

et al., 2001; Buhl et al., 2003). To investigate if there is a direct relationship between alterations 

in the power of the predominant oscillatory network activity during exploration and the 

associated behavior, we analyzed mice of both genders in an open field arena (Fig. 9C + D). 

Surprisingly, horizontal activity was strongly enhanced in Cx36
-/-

 females compared to wt 

females, while there was no difference between wt and Cx36
-/-

 males. This result together with 

the data from electrophysiological recordings in male Cx36
-/-

 mice led us to the conclusion that 

the decrease in power of CA1 gamma-oscillations is not directly linked to the observed 

alterations in behavior. Along these lines, GluR-D
-/-

 and GluR-A
PvCre-/-

 mice, two mouse models in 

which power of in vitro gamma oscillations in the hippocampus is reduced, displayed even 

reduced or unaltered exploratory activity respectively in the open field test (Fuchs et al., 2007). 

This further supported the notion that gamma oscillatory power does not correlate with 

exploratory activity in the open field test. 

To delineate the hippocampal alterations underlying the novelty induced hyperactivity in 

Cx36
-/-

 females, we used expression analysis of the immediate-early gene cFos, a general marker 

for neuronal activity (Sagar et al., 1988), as a means to assess network functionality. Since 

expression of cFos has been shown to be induced by exploration of novel environments in the 

hippocampus of rats (Hess et al., 1995), we subjected male and female mice to an exploratory 

test (Fig. 10) and subsequently analyzed cFos expression (Fig. 11 + Fig. 12). The focus of the 

analysis was on the DG because it is the first processing step for most incoming information into 

the hippocampus and is thought to function as a filter for this input (Gilbert et al., 2001). 

Furthermore, the existence of place fields has been shown for DG granule cells (Jung and 

McNaughton, 1993) and since exploration is a task dependent on processing of spatial 

information, alterations in network function should be detectable in the DG. 
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 In accordance with previous literature, the number of cFos positive, and thus of 

activated cells was low in cage control males of either genotype and in wt females (Hess et al., 

1995; Chawla et al., 2005). Comparison of the number of activated cells in female wt and Cx36
-/-

 

cage control mice, however, revealed an increased baseline activation of the Cx36
-/-

 DG under 

control conditions. Interestingly, the number of activated cells could not be further augmented 

in Cx36
-/-

 females to reach the activation levels of wt females or those of males of either 

genotype. In line with previous reports, mice in the latter three groups showed a robust 

increase in cFos expressing cells subsequent to the exploratory test (Hess et al., 1995; Pace et 

al., 2005; Chawla et al., 2005).  

Studies analyzing mechanisms of neural cFos induction in mice and rats showed that the 

expression of cFos in several brain regions, including the hippocampus, is positively regulated by 

estradiol. These studies, however, did not reach a conclusion on the influence of estradiol on 

cFos expression in the GCL of the DG (Rudick and Woolley, 2000; Dominguez-Salazar et al., 

2006). Our data show that cFos induction in the DG is not positively correlated with estradiol 

concentration, since in Cx36
-/-

 females estradiol concentrations were reduced (Fig. 21).  

In addition to being regulated by estradiol, induction of cFos expression in neurons has 

been shown to precede apoptosis (Smeyne et al., 1993). In the course of this study we also 

quantified apoptotic cells and found a slight, albeit not significant, increase in cells undergoing 

programmed cell death in Cx36
-/-

 females (Fig. 17). However, since we only found an increase in 

cFos positive cells in cage control but not in test Cx36
-/-

 female mice, the probability that the 

difference in cFos expression was indicating increased apoptosis is very low. 

Strikingly, besides the described behavioral and functional alterations, also the increase 

in immature granule cells was restricted to female Cx36
-/-

 mice and may serve as an explanation 

for the observed functional impairments in DG network activation: Young dentate gyrus granule 

cells have been shown to display reduced thresholds for action potential firing and LTP 

induction (Wang et al., 2000; Schmidt-Hieber et al., 2004). Thus, weak excitatory input into the 

DG under cage control conditions should be more likely to activate young than fully mature 

granule cells. In this context the delayed maturation of newly generated granule neurons, and 

therefore increased proportion of immature cells, in the hippocampus of Cx36
-/-

 females 
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explains the hyper-activation of the DG seen in the cFos expression study under control 

conditions. 

However, this explanation does not answer the question why the DG of Cx36
-/-

 females is 

not further activated by exploration. In one of the studies analyzing excitability of immature 

granule cells the authors mimicked in vitro the input onto DG granule cells that is expected in 

the center, at the border or outside of the cells’ place field. Their findings show that young 

granule cells respond with LTP to firing patterns corresponding to the input a cell receives in the 

center of the place field, but also to the input the cell would receive at the border, while LTP is 

evoked in mature neurons only at firing patterns corresponding to the place field center 

(Schmidt-Hieber et al., 2004). Combination of this data with our result that Cx36
-/-

 females are 

more active during exploration without showing a concomitant rise in activated cells suggests 

that the formation of defined place fields is strongly impaired in these mice due to the shift in 

the ratio of immature to mature granule neurons. 
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IV.2 Anatomical Analysis of the DG and Analysis of Adult Neurogenesis 

As a first step to understand why the DG of control Cx36
-/-

 females displayed many more 

activated granule cells than the DG of control wt females, we investigated the main cell 

populations of the DG by immunohistochemistry. These cell types are PV-positive basket cells of 

the DG that are coupled by Cx36 in wt mice (Meyer et al., 2002), CR positive hilar interneurons 

(Liu et al., 1996) and CR positive immature granule cells (Brandt et al., 2003), as well as CB 

positive interneurons and mature granule cells (Baimbridge and Miller, 1982; Sloviter, 1989).  

Besides the analysis of the general anatomy of the DG by Nissl stainings, also the analysis 

of PV-positive interneurons (Tab. 5) did not reveal any difference between wt and Cx36
-/-

 in 

males or females. PV cells were neither altered in number nor obviously mislocated within the 

DG. Thus, lack of Cx36 does not seem to influence the development of this cell population. This 

was especially important because parvalbumin-deficiency has been shown to be involved in 

facilitation of gamma oscillations (Vreugdenhil et al., 2003). However, with the methods we 

used we could not exclude possible gender specific changes in the functionality of uncoupled 

PV-positive cells that might contribute to the phenotype of Cx36
-/-

 females. 

In contrast, we found a drastic increase in the number of CR expressing young granule 

cells in the SGZ and GCL (Fig. 15, Tab. 6) along with reduced expression of CB in patches of the 

GCL (Fig. 14) of female Cx36
-/-

 mice but not in Cx36
-/-

 males. This expression pattern in Cx36
-/-

 

females was reminiscent of the spatial distribution and timecourse of expression of the two 

markers during development of adult generated granule neurons (Kempermann et al., 2004). 

Subsequent analysis of adult SGZ neurogenesis in females using BrdU as a DNA synthesis marker 

(Gratzner, 1982) revealed that proliferation of precursor cells was unaltered, whereas survival 

was increased during a period of 28 d in female Cx36
-/-

 mice (Fig. 16). Analysis of apoptosis by 

using active-caspase-3 as a marker (Porter and Janicke, 1999), revealed that, in accordance with 

previously reported data (Sun et al., 2004), there was overall only very little apoptosis 

detectable (Fig. 17). In males of both genotypes the number of apoptotic cells was virtually 

identical, while there was a statistically not significant trend towards increased programmed cell 

death in Cx36
-/-

 females as compared to wt. 

According to the model for granule cell development proposed by Kemperman et al. 

(2004), CR is expressed by postmitotic yet immature granule cells. Expansion of this cell 
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population in the Cx36
-/-

 DG without alterations in neuronal birth or death, but accompanied by 

increased numbers of BrdU positive cells surviving 28 d, implies that functional maturation and 

thus switch to CB expression is delayed. In favor of this notion, CB expression was 

downregulated in patches distributed over the GCL of Cx36
-/-

 females (Fig. 14).  

However, we cannot definitely exclude that the maturation of CR negative cell 

populations is affected as well. Moreover, with these experiments we cannot pinpoint to the 

exact time course of CR expression or the point of developmental arrest during granule cell 

maturation in Cx36
-/-

 females, because we analyzed BrdU incorporation only at two different 

time points (24 h and 28 d after the last administration), and did not perform double-labeling 

experiments for BrdU and markers other than NeuN. Co-labeling experiments for these two 

markers revealed that eventually the same proportion of adult generated cells develops a 

neuronal phenotype in wt and Cx36
-/-

 mice (Fig. 16).  

Physical activity is an important modulator of hippocampal neurogenesis and increases 

both proliferation and survival of newborn cells (van Praag et al., 1999b). Cx36
-/-

 females which 

showed increased horizontal activity in the open field test, concomitantly displayed increased 

survival of new granule cells but no increase in proliferation. These observations argue against 

enhanced activity as cause for extended survival of newborn cells in Cx36
-/-

 mice. Furthermore, 

in studies investigating the impact of enhanced activity on neurogenesis the mice are usually 

housed in larger cages with access to a running wheel (van Praag et al., 1999b; Brown et al., 

2003). Cx36
-/-

 females, however, displayed higher survival rates of newborn cells under normal 

housing conditions in standard mouse cages. 

 Therefore, increased physical and consequently increased hippocampal activity can be 

ruled out as the reason for the delayed maturation and extended survival of granule cells in 

females lacking Cx36.  

Investigating the cause for the gender specificity of our results, we found that in Cx36
-/-

 

females the gonadal hormone estradiol was reduced (Fig. 21). Initial evidence for estrogen as a 

regulator of adult neurogenesis came from a study conducted in rats that found a 45 % increase 

in the number of neuroblasts 2 d after BrdU injection in females as compared to males. 

Comparison of cell proliferation across the different estrous cycle stages showed that 

proliferation is highest during proestrus, a cycle stage with high circulating estradiol levels, while 
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there is no difference in proliferation across the remaining stages of the estrous cycle (Tanapat 

et al., 1999). These findings were confirmed by several other studies conducted in rats and 

meadow voles (Ormerod and Galea, 2001; Ormerod et al., 2003; Tanapat et al., 2005).  

In contrast to these reports, the only systematic study carried out in C57BL/6 mice did 

not detect any changes in proliferation during the course of the estrous cycle or between males 

and females, suggesting that proliferation of granule cell precursors is independent of estradiol 

in mice (Lagace et al., 2007). Commensurate with this finding the rate of granule cell precursor 

proliferation in female Cx36
-/-

 mice did not differ from the proliferation rate in wt mice in spite 

of the reduced estradiol levels in Cx36
-/-

 females (Fig. 16A + C). The overall higher numbers of 

BrdU positive cells in the study of Lagace et al. (2007) compared to our results are mainly due to 

the younger age of their mice at the time of experiment and the reported age dependent 

decline of progenitor cell proliferation (Kuhn et al., 1996). 

Hence, in mice proliferation of precursor cells is not decreased by decreased estradiol. 

The influence of estradiol on survival of newborn cells is not as extensively studied as the 

influence on proliferation. However, analysis of granule cell survival in female meadow voles 

during the non-breeding season, when estradiol levels are constantly low, demonstrated that 

low estradiol levels lead to increased survival of newborn cells as assessed 5 weeks after 

labeling with [
3
H]-thymidine (Ormerod and Galea, 2001).  

Along these lines our results demonstrated that cell survival was enhanced in Cx36
-/-

 

female mice with reduced estradiol levels in comparison to wt mice. Enhanced survival 

correlated with a general increase in CR expressing cells in the granule cell layer and subgranular 

zone while proliferation was unchanged.  

These results suggest that a decrease in estradiol over a long period in time delays the 

functional maturation of adult generated granule cells. However, since we did not investigate 

the percentage of BrdU/CR double-positive cells in wt and Cx36
-/-

 females 28 d after the last 

BrdU labeling pulse, we cannot definitely prove this delay but have to rely on correlative 

evidence. 
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IV.3 Gender Specificity   

IV.3.1 Cx36 Expression Analysis 

Reasons for gender specificity of a phenotype in knock-out mouse models can be 

expression of the gene of interest in different subsets of cells or different expression levels in 

males or females. To analyze potential expression differences of Cx36 between males and 

females, radioactive in situ hybridization studies and quantitative real-time PCR experiments 

were performed since antibodies directed against Cx36 are not specific in our hands in 

immunohistochemical stainings. To detect spatial and temporal expression differences at 

different postnatal ages, we employed in situ hybridization experiments on sagittal sections 

from male and female wt mice (Fig. 18). According to published data, the overall Cx36 

expression level declined with time (Belluardo et al., 2000; Hormuzdi et al., 2001) so that in the 

adult expression was only easily detectable in the olfactory bulb, while at P12 expression was 

high and widespread in both males and females. At P12 the signal seemed to be higher on 

sections from the male brain but we cannot exclude that this is due to technical reasons. This 

difference was not detected at any other stage that was analyzed and we never found a spatial 

expression difference between males and females in the brain. 

We were especially interested in potential expression differences in hippocampus and 

hypothalamus because of their role in brain and body function. Differences in hippocampal 

expression of Cx36 between males and females may directly account for the alterations in adult 

neurogenesis by altering network properties. In the hypothalamus, GnRH neurons are 

responsible for controlling the pulsatile release of LH and FSH from the anterior pituitary 

(Belchetz et al., 1978). Analysis of cell-coupling in a study using transgenic mice that express GFP 

under the control of the GnRH promoter revealed that coupling incidence was very low (Suter et 

al., 2000). However, Cx36 was shown to be expressed in the hypothalamus (Belluardo et al., 

2000), and so far the connexin subtype coupling GnRH neurons in vivo has not been identified.  

Because the expression level in the hippocampus and hypothalamus of adult mice was 

below detection threshold of the in situ hybridization experiments, we dissected hippocampi 

and hypothalami of wt mice and isolated total RNA to analyze Cx36 expression by quantitative 

real-time PCR (Fig. 19). Since also in these experiments we could not detect a significant 

difference between the normalized expression in males and females in hippocampus or 
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hypothalamus, we were confident that the observed phenotype in Cx36
-/-

 females was not due 

to differential expression of Cx36 in the brain of male and female mice. 

 

 

VI.3.2 Analysis of Hormonal and Metabolic Parameters 

We analyzed estradiol concentration in Cx36
-/-

 females for two reasons: First, all effects 

on behavior and neurogenesis were restricted to females but were not caused by gender 

specific expression of Cx36 in any analyzed region (Fig. 18 + Fig. 19). This suggested the 

involvement of female gonadal hormones. Second, lack of Cx36 alters in vitro insulin release 

from pancreatic β-cells (Ravier et al., 2005; Speier et al., 2007) and it had been shown in a 

couple of prior studies that activation of neuronal insulin receptors modulates secretion of 

GnRH, the key regulatory hormone in the hypothalamic-pituitary-gonadal axis (Bruning et al., 

2000; Burcelin et al., 2003). Therefore we hypothesized that alterations of in vivo insulin 

concentrations may, via changes of gonadal hormone concentrations, result in the observed 

phenotype. 

To test if insulin levels are altered in Cx36
-/-

 mice in vivo, blood from overnight food 

deprived mice and from mice with free access to food was analyzed. It needs to be mentioned 

in this respect that all glucose concentrations obtained, also those from wt, were higher than to 

be expected from non-diabetic animals (Bruning et al., 2000). This increase could have been 

caused by environmental stress (personal communication, Dr. Deborah Burks). In the food 

deprived group, glucose concentration was significantly reduced in Cx36
-/-

 mice of both genders, 

while insulin concentration was unaffected (Fig. 20C + D). According to published data, islets of 

Cx36
-/-

 are more sensitive to glucose and thus secrete more insulin in response (Ravier et al., 

2005), so that under fasting conditions blood glucose is expected to be lower in Cx36
-/-

 than in 

wt mice. Due to large errors in the fasting insulin values, especially in males (Fig. 20D), we could 

not detect a concomitant increase in insulin in Cx36
-/-

 mice. In the group of mice with ad libitum 

food access, there was no difference in the blood glucose concentration between genotypes. 

Fed insulin concentration, however, was approximately twice as high in female Cx36
-/-

 mice in 

comparison to wt female mice. Why a corresponding difference could not be detected in male 
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mice remains to be determined (Fig. 20A + B). However, the result clearly demonstrated that 

Cx36
-/-

 females were exposed to much higher insulin concentrations than wt females.  

To test if the increase in insulin was paralleled by alterations in estradiol levels, the 

estrous cycle and subsequently hormone concentrations were analyzed. In fact the estrous cycle 

was perturbed in Cx36
-/-

 females and determination of estradiol concentration during the stage 

of estrus revealed decreased serum estradiol levels in these mice (Fig. 21). We did not measure 

estradiol in other cycle phases, so that we cannot definitely rule out normal estradiol 

concentrations during the remainder of the estrous cycle. However, morphological analysis of 

Cx36
-/-

 ovaries revealed a decrease in the number of antral follicles and reduced size and 

number of corpora lutea (Fig. 22). Since antral follicles are the main estradiol source in the 

female (Boland et al., 1993), reduction of serum estradiol is a logical consequence of reduced 

numbers of this type of follicle. Given the fact that the Cx36
-/-

 ovaries were dysfunctional to 

various degrees according to the morphological analyses, we were confident to assume an 

overall reduction in serum estradiol. Nevertheless, all types of follicles, albeit reduced in 

number and size, could be detected in the ovaries of Cx36
-/-

 mice and all estrous cycle phases 

were detectable by vaginal smears. Therefore, we concluded that cyclic fluctuations of estradiol 

were very likely. Summarizing, we assumed decreased but still cyclic fluctuating estradiol levels 

in Cx36
-/-

 females. 
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IV.4 Conclusions and Outlook 

In this study we demonstrate the connection between Cx36 and adult neurogenesis in 

the hippocampus and discuss the possible mechanism by which the previously unnoticed 

phenotype of Cx36
-/-

 mice remains restricted to the female gender. 

In Cx36
-/-

 females the maturation of adult generated granule cells is delayed so that the 

composition of the granule cell network is shifted towards more, highly excitable immature 

cells. This shift is most likely eliciting the alterations observed in DG activation during 

exploratory activity. Correlative evidence indicates that increased insulin levels, observed 

exclusively in female Cx36
-/-

 mice, cause decreased estradiol serum concentrations. 

Furthermore, we suggest that low estradiol concentrations extend survival of newborn granule 

cells in the DG by delaying the functional maturation.  

 

 
Figure 24: Suggested mechanism underlying the gender-specificity of the Cx36

-/- 
phenotype. 

Global ablation of Cx36 leads to an increase in serum insulin in Cx36
-/-

 females and correlative evidence 

suggests this to be the cause for decreased serum estradiol. We suggest that decreased serum estradiol 

in Cx36
-/-

 females delays the maturation of newborn DG granule cells and thus increases the ratio of 

young neurons with a low excitation threshold in the DG of Cx36-/- females. This shift in the cellular 

composition of the DG is most likely the cause for the observed differences in behavior and in the 

activation pattern of the DG. 

 

 

To dissect the metabolic from the neuronal phenotype we are currently breeding mice in 

which exon 1 is flanked by two loxP sites (unpublished, generated in our group by Dr. Sheriar 

Hormuzdi) with mice expressing CRE-recombinase under the control of the nestin promoter as a 

transgene (Tronche et al., 1999). Using this strategy we will be able to ablate Cx36 only in 
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neurons, leaving pancreatic β-cells intact. Thus, if the increase in serum insulin was the cause 

for the phenotype in Cx36
-/-

 female mice, estradiol concentration, neurogenesis and DG 

activation are expected to be unaltered in female conditional knock-out mice. 

Moreover, we want to delineate the exact timecourse of the development of young 

granule cells in the hippocampus of Cx36
-/-

 females to be able to explain how estradiol 

influences the maturational process. 
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V. Abbreviations 

 

Α alpha 

Β beta 

Bp basepairs 

BrdU 5-bromo-2-deoxyuridine 

BSA bovine serum albumine 

CA 1-3 cornu ammonis fields 1-3 

CB calbindin 

CR calretinin 

Cx connexin 

Cx36
-/-

 Cx36 knock-out  

Cxs connexins 

D day 

DAB 3,3’diaminobenzidine 

DCX doublecortin 

DG dentate gyrus 

DTT dithiothreitol 

E embryonic day 

ERα  estrogen receptor alpha 

ERβ estrogen receptor beta 

Fig. figure 

FSH follicle stimulating hormone 

GCL granule cell layer 

GFAP glial fibrillary acidic protein 

GnRH gonadotropin releasing hormone 

h hour 

HCl hydrochloride 

HPG hypothalamic-pituitary-gonadal  

kb kilo bases 

kDa kilo Dalton 

LH luteinizing hormone 

loxP locus of crossing over (for) phage P 

µ micro 

m meter 

min minute 

NaCl sodium chloride 

NeuN neuronal nuclear antigen 
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nmol nano moles 

P postnatal day 

PBS phosphate buffered saline 

PFA paraformaldehyde 

pS pico Siemens 

PSA-NCAM polysialated neuronal cell adhesion molecule 

PV parvalbumin 

RT room temperature 

S seconds 

SCN suprachiasmatic nucleus 

SGZ subgranular zone 

SVZ subventricular zone 

Tab. table 

Tris tris(hydroxymethyl)aminomethane 

VIP vasoactive intestinal polypeptide 

wt wildtype 
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