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1 Introduction 
 

The brain is the main control center of our body receiving, processing and proceeding various 

kinds of information. Coded in electrical signals of different frequency and strength, 

information is transmitted through a network of neurons. In the end these signals can translate 

for instance into movements, sensory perception and the formation of memory. But there is 

more needed than just neurons to preserve brain functions and plasticity. Research of the past 

years proved that a family of non-neuronal cells called glia (Greek for “glue”) build not only 

a structural unit to keep neurons together (Virchow, 1856). These cells are able to actively 

support and modulate neuronal function. But there is still more to understand about glial cells 

and their impact on brain function in health and disease. 

In the present study the most recently discovered member of the glial cell family will be 

introduced and further characterized: NG2 glia. These glial cells represent the 4th member of 

the glial cell family. Knowledge about their role in the brain and the impact of the unique 

relationship between neurons and NG2 glia are still nebulous. 

 

1.1 The Hippocampus  

The hippocampus is a grey matter region in the brain that belongs to the limbic system. It is 

structured in a laminar manner, comprising different hippocampal layers that receive well 

defined inputs. The hippocampus can be subdivided into the regions CA1, CA2 and CA3. 

Each of these regions is composed of distinct layers, namely stratum oriens, stratum 

pyramidale, stratum radiatum and stratum lacunosum moleculare (Fig. 1.1 A, B.). Together 

with the dentate gyrus, subiculum, pre-subiculum, para-subiculum and the entorhinal cortex 

the hippocampus forms a functional unit, called the hippocampal formation. These six brain 

areas are connected with each other by unidirectional projections of excitatory neurons 

(Andersen et al., 2006). Starting at the entorhinal cortex, neurons from layer II and III send 

axons to the dentate gyrus and the hippocampus. These fiber tracts form the perforant path 

that provides the main input to both subregions (Fig. 1.1 A, C). Layer II axons project to the 
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granule cells of the dentate gyrus and to pyramidal cells located in the CA3 region of the 

hippocampus. Those axons of layer III send projections to dendrites of hippocampal 

pyramidal cells located in the stratum lacunosum moleculare of the CA1 region. CA3 neurons 

that additionally receive input from granule cells via mossy fibers, forward the information 

via the Schaffer collaterals likewise to CA1 pyramidal cells. Here, synapses between 

dendrites located in the stratum oriens and stratum radiatum are formed. CA1 pyramidal 

neurons project finally back to the entorhinal cortex. Between the hippocampus of the left 

and right hemisphere, information is shared via commissural projections that arise from the 

granule cells of the dentate gyrus that send their axons to the CA3 and CA1 region of the 

other hemisphere (Andersen et al., 2006; Fröhlich, 2016; Neves et al., 2008). This loop circuit 

is further modulated by the highly diverse anatomically and functional population of 

interneurons that make up 10% of all neurons in the hippocampus (Andersen et al., 2006). 

Besides the entorhinal cortex, the hippocampus receives direct input from other brain regions 

like perirhinal and postrhinal cortex, the medial septum or amygdala. The output of the 

hippocampus is also not only straight to the entorhinal cortex but targets additionally the 

amygdala and prefrontal cortex (Knierim, 2015).  
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Figure 1.1: Hippocampal circuity.  A) Drawing of a hippocampal slice displaying different structures like 

dentate gyrus (D), the ammons´ horn (Cornu Amonis, CA1, CA2, CA3) and neuronal connections. 

Modified from Ramón y Cajal, 1909. B) Laminar structure of the hippocampal CA1 region. Modified from 

Ramón y Cajal, 1909. C) Circuity of the hippocampal formation. Synaptic connections transmit the 

information from the entorhinal cortex to the hippocampus and the dentate gyrus and back to the entorhinal 

cortex. Modified from Neves et al., 2008. CC, corpus callosum; S, Subiculum; D, Dentate gyrus; CA, 

cornus ammonis (1-3); EC, entorhinal cortex (layer II, III, V). 

 

The hippocampus was shown to play a central role for learning and memory. The importance 

of the hippocampus in the recall of memories became evident with the publication of the case 

study from Scoville in 1957. Here the patient H.M who suffered from temporal lobe epilepsy 

underwent an operation in which the hippocampus and adjacent structures of the temporal 

lobe were bilaterally resected. Despite a reduction in seizure development, further tests 

revealed a loss of short-term memory. While general intelligence and early memories like 

childhood events were not affected the patient was not able to remember the recently 

introduced hospital stuff neither was he able to find the bathroom (Scoville and Milner, 1957). 

Years later Timothy Bliss and Terje Lømo detected a promising cellular mechanism linking 

A 

B C 
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memory with the hippocampal formation. They detected that in the dentate gyrus neuronal 

activity can be strengthened for several hours after high frequency stimulation of the 

performant path. The authors postulated that this potentiation could be the basis for memory 

storage (see section 1.3.3) (Bliss and Lømo, 1973). Nevertheless, one should keep in mind 

that memory consolidation is a complex process that also involves other brain regions to a 

different extend. Depending on the type of information and the way the information is 

processed, memory can be classified into either explicit (declarative) or implicit (non-

declarative) memory. Declarative memory describes the active recall of facts (semantic 

memory) and events (episodic memory) and is “the memory” that people have in mind when 

they remember the past (Squire, 2004; Squire and Dede, 2015) (Fig. 1.2). It is a conscious 

way of retrieving former information and mainly requires the hippocampus, the entorhinal 

cortex, perirhinal cortex, and parahippocampal cortices (Squire and Zola-Morgan, 1991). 

Non-declarative memory includes all other memories existing and comprises rather an 

intuitive recollection of the past that results in a reaction. Here the attack of a dog might result 

in a (nondeclarative) fear (phobia) of dogs, whereas the attack itself can be recalled and 

vividly described to others (declarative memory). Thus, despite the independency of these 

memory systems, they can work in parallel (Squire, 2004).  

 

Figure 1.2. Long-term memory systems. Long-term memory can be grouped into declarative and 

nondeclarative memory. Depending on the type of memory, different brain areas are involved. Adapted 

from (Squire and Dede, 2015). 
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1.2 The Cerebellum 

Despite a volume of only 10% of the total brain volume, the cerebellum comprises more than 

half of the entire neuronal cell population in the brain. These neurons are placed in three 

different layers of the cerebellar cortex namely granule cell layer, molecular layer and 

Purkinje cell layer (Fig 1.3). The core of the cerebellar cortex is the white matter, containing 

myelinated axons providing input to the cerebellar cortex and carrying the processed signal 

out of the cerebellum (Kandel et al., 2000). Information that is processed in the cerebellum is 

coming from different brain regions. Signals from the spinal cord, cerebral cortex and 

vestibular system are forwarded via mossy fibers to the granule cells in the granule cell layer. 

Granule cell axons project to the molecular layer where they branch into parallel fibers. These 

fibers are forming synapses on the massive dendritic tree of Purkinje cells which is extended 

into the molecular layer. Additionally, Purkinje cells receive input from climbing fibers that 

arise from the inferior olive of the brain stem. Each climbing fiber twines along the soma and 

dendritic tree of Purkinje cells creating various contact sites. Each climbing fiber is making 

multiple contacts with several Purkinje cells, whereas one Purkinje cell is innervated only by 

a single climbing fiber (Raymond et al., 1996; Purves et al., 2001).  

Purkinje cells are the only output source of the cerebellar cortex. Depending on the input, 

either via climbing fibers or through the mossy fiber/climbing fiber pathway, different firing 

patterns are generated. Beside simple spikes evoked upon parallel fiber input, a more complex 

activity pattern (complex spikes) characterized by a strong depolarization followed by a high 

frequency burst of smaller discharges, occurs upon climbing fiber input (Eccles et al., 1966; 

Thach, 2017). Internal loop systems involving the action of inhibitory neurons further 

modulate the activity of mossy fibers and Purkinje cells and thus the output of the cerebellar 

cortex. The information is transmitted by Purkinje cells and sent out to different brain areas 

that are, among others, involved in conducting movements like the vestibular nuclei or 

cerebral cortex (via the thalamus) (Marr, 1969; Purves et al., 2003). The cerebellum is a 

control center that monitor and adjust movements if necessary. Due to the input from cortical 

areas and sensory systems, intended movements and actual movements can be compared and 

corrected if an “error” occurs (Purves et al., 2001). This correction happens instantaneously 

but can also be learned (“motor learning”) and stored as memory. This use-dependent 

adaptation is thought to be based on the interplay between mossy fiber/parallel fibers and 

climbing fibers and (long-lasting) changes of synaptic strength at the Purkinje cell (Albus, 

1971; Ito and Kano, 1982; Lee et al., 2015; Marr, 1969; Purves et al., 2001). Nevertheless, 

the impact of neuronal plasticity at the Purkinje cell synapse in memory formation and the 

contribution of plasticity taking place elsewhere in cerebellar circuity is the subject of current 
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research (D’Angelo et al., 2016; Gao et al., 2012; Lee et al., 2015; Luque et al., 2016; 

Schonewille et al., 2011). 

 

 

 

Figure 1.3: Cerebellar circuity. Left: Scheme of a cerebellar section. Right: Magnified area of the section 

(black square) displaying synaptic connections within the cerebellar circuity. Information from different 

brain regions arrive in the cerebellum via climbing fibers and mossy fibers. Climbing fibers innervate 

Purkinje cells directly, whereas mossy fibers first synapse onto granule cells before the signal is transmitted 

to Purkinje cells via parallel fibers, the axons of granule cells. + indicates excitatory input, - inhibitory 

input. ML, molecular layer; GCL, granule cell layer. Modified from Purves et al., 2001. 
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1.3 Synaptic transmission  

Neurons receive and integrate incoming signals and pass it to another neuron. The 

transmission of the signal can thereby be either electrically or chemically. Electric synapses 

are formed by channels called gap junctions that tightly connect pre- and postsynapse and 

allow ions and metabolites to pass (Pereda, 2014). At chemical synapses the information is 

carried in a more indirect way via neurotransmitters. Neurotransmitters are stored in vesicles 

in the terminal of the presynapse. Some of them (1 - 2% of all vesicles) are already docked 

to the presynaptic membrane, ready for being released (readily releasable pool of vesicles). 

Other vesicles (10 - 20%) diffuse within the synapse (recycling pool of vesicles), not 

contacting the membrane until the readily releasable pool is depleted. After vesicles of the 

recycling pool released their neurotransmitters, this pool is refilled by recycling vesicles that 

diffuse again before the cycle restarts (Denker and Rizzoli, 2010; Heuser and Reese, 1973; 

Rizzoli and Betz, 2005). Most of the vesicles (80 - 90%) represent the reserve pool that is 

being recruited to the plasma membrane during intense or long-lasting stimulation when the 

other two pools are exhausted (Denker and Rizzoli, 2010; Rizzoli and Betz, 2005). When an 

action potential reaches the bouton, the subsequent depolarization leads to an opening of 

voltage gated Ca2+ channels. Ca2+ can enter the cell and trigger the final fusion of vesicles 

with the membrane, leading to a release of neurotransmitters into the synaptic cleft. The 

transmitters diffuse to the adjacent postsynapse and bind to receptors on the postsynaptic site. 

Dependent on the receptor type that is activated the electrochemical gradient between the 

intracellular and extracellular space, excitation or inhibition takes place in the postsynaptic 

neuron, affecting the further transmission of the signal.  

 

1.3.1 AMPA receptors 

The neurotransmitter glutamate activates different metabotropic and ionotropic receptors of 

the glutamate receptor family. Activation of metabotropic receptors lead to excitation or 

inhibition of the postsynaptic cell, activation of ionotropic receptors is in contrast, always 

excitatory. Together with kainate receptors and NMDA (N-methyl-D-aspartate) receptors, 

AMPA (a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) receptors belong to 

ionotropic glutamate receptors (Kandel et al., 2000), 

AMPA receptors channels are tetramers that are formed by the GluA1, GluA2, GluA3 and/or 

GluA4 subunits (Hollmann, 1994). In the hippocampal CA1 region about 80% of the 

pyramidal neurons express heteromeric channels, formed mainly by Glu1/GluA2 and to a 
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lower levels by GluA2/GluA3 (Lu et al., 2009). Depending on the subunits composition, Na+, 

Ca2+ and K+ can pass the pore. A critical role for the AMPA receptor channel function is 

ascribed to the GluA2 subunit. It determines the receptors permeability for Ca2+ (Geiger et 

al., 1995; Hollmann et al., 1991), the single channel conductance (Swanson et al., 1997) and 

sensitivity to be blocked by polyamines in a voltage dependent manner (Donevan and 

Rogawski, 1995; Kamboj et al., 1995a; Koh et al., 1995). These characteristics are defined 

by the structure of the GluA2 subunit. Each AMPA receptor subunit is composed of 3 

transmembrane domains (TMDs) and a pore lining membrane segment (M2 loop) (Kandel et 

al., 2000) (Fig. 1.4). Due to a negative electrostatic potential in the channel pore, divalent 

cations are attracted and pass through the channel (Kuner et al., 2001; Wright and Vissel, 

2012). In presence of the GluA2 subunit this negative potential is neutralized, suppressing 

Ca2+ influx. This Ca2+ impermeability relies on the post-transcriptional modification of a 

single amino acid residue located in the M2 segment of the GluA2 subunit (Fig. 1.4). During 

this process of RNA editing (Q/R editing), the uncharged amino acid glutamine (Q) is 

replaced by a positively charged arginine (R), neutralizing the negative potential and 

preventing Ca2+ to permeate (Hume et al., 1991; Kuner et al., 2001; Sommer et al., 1991; 

Verdoorn et al., 1991; Wright and Vissel, 2012). Even though AMPA receptors with unedited 

GluA2 subunits exist, allowing Ca2+ to pass, 99% of AMPA receptors contain the edited 

GluA2 subunit, making these AMPA receptors Ca2+ - impermeable (Wright and Vissel, 

2012).  

Not only Q/R editing at the GluA2 subunit affect the channel function. Also other 

modifications of AMPA receptor subunits take place that alter channel properties like 

kinetics, pharmacology or even trafficking of AMPA receptors. These posttranscriptional and 

translational modifications involve R/G editing, alternative splicing (flip/flop splice variants), 

glycosylation and phosphorylation (Palmer et al., 2005). Additionally, the interaction of 

AMPA receptors with regulatory proteins like TARPS (transmembrane AMAPA regulatory 

proteins) and cornichon homologs 2 and 3 (CNIH2, CNIH3) can further determine AMPA 

receptor function and assembly (Milstein et al., 2007; Schwenk et al., 2009; Tomita et al., 

2003; Traynelis et al., 2010).  
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Figure 1.4. Molecular structure of AMPA receptor subunits. A single AMPA receptor subunit consists 

of 3 TMD´s and a pore forming membrane segment. Sites for posttranscriptional modification are indicated 

in red. Q/R editing at the pore lining segment of GluA2 subunit replaces the uncharged glutamine (Q) by a 

positively charged arginine (R) that alters the Ca2+ permeability of the channel. Modified from Wright and 

Vissel, 2012. 

 

 

1.3.2 Short-term plasticity 

Synaptic transmission is not a static process but can adapt to changes of neuronal activity. This 

plasticity includes mechanisms on the pre- and postsynaptic site lasting between ms to minutes 

(short term plasticity) or even hours to days (long term plasticity) resulting in a decrease or 

increase of synaptic strength (Abbott and Regehr, 2004). 

Short term plasticity describes modulations (strengthening or weakening) of synaptic efficacy that 

persists only on a short time scale and reflects a change in the probability that neurotransmitters 

are released from the presynapse (Abbott and Regehr, 2004; Zucker and Regehr, 2002). As the 

release is a Ca2+- dependent process, a main mechanism to modulate neurotransmitter release is 

the change of the intracellular Ca2+ concentration in the presynapse. Ca2+ that is entering the 

synapse upon an incoming action potential remains in the bouton for several hundred 

milliseconds. If a successive second action potential arrives, Ca2+ entering the synapse on this 

second signal is added to the remaining Ca2+. This rise of the intracellular Ca2+ concentration 

triggers the fusion of a larger fraction of vesicles with the membrane. This second response being 

larger than the first one is called paired pulse facilitation and reflects the initially low probability 

of a synapse to release neurotransmitters (Debanne et al., 1996; Katz and Miledi, 1968). However, 

if most vesicles were already released upon the first stimulus, the second stimulus will evoke the 

release of only a smaller number of vesicles. This paired pulse depression with the second 

response being smaller than the first one takes place at synapses showing a high release 

probability (Debanne et al., 1996). Given these characteristics synapses represent filter systems 

that let signals of certain frequencies pass more likely than others: Facilitating synapses function 

as high pass filters, able to transmit high frequency discharges. Synapses showing depression act 
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as low pass filters and transmit low frequency signals more efficient. In different synapses of a 

single neuron both, facilitation and depression can occur. Transition of facilitation to depression 

can take place even in thr same synapse. Thus, the predominant form of release probability or 

filter system being activated at a synapse influences the information processing within the 

neuronal network  (Debanne et al., 1996; Zucker, 1989).  

 

1.3.3 Long-term plasticity 

Long term plasticity describes a long-lasting modulation of neurotransmission at the synapse and 

is thought to build the basis of learning and memory (Kandel, 2001). That responses in the 

neuronal network were able to remain potentiated for several hours after high frequency 

stimulation (HFS) was first shown in the dentate gyrus (Bliss and Lømo, 1973) and a few years 

later in the CA1 region of the hippocampus (Schwartzkroin and Wester, 1975). According to the 

time course of potentiation, this strengthening of synaptic transmission can be subdivided into 

three phases: Post tetanic potentiation (PTP) that occurs after the high frequency burst, followed 

by a fast and transient component described as short-term potentiation (STP). STP then finally 

passes into a long-lasting increase of synaptic strength, called long-term potentiation (LTP) 

(Volianskis et al., 2013) (Fig. 1.5). 

 

 

 

 

 

 

 

Figure 1.5: Phases of potentiation after high frequency stimulation. Post tetanic potentiation (PTP), 

short-term potentiation (STP) and long-term potentiation (LTP) were induced after application of a theta-

burst protocol (TBS, triangle) to hippocampal slices. TBS, theta burst. Modified from (Volianskis et al., 

2013). 

 

 

At hippocampal CA3 – CA1 synapses the formation of LTP is an NMDA receptor depend 

mechanism (Collingridge et al., 1983; Lynch et al., 1983). Mg2+ that initially blocks the 

NMDA receptor channel pore is removed upon a strong depolarizing signal, allowing Ca2+ to 

pass into the post-synapse (Macdermott et al., 1986; Mayer et al., 1984; Nowak et al., 1984). 

The increase in Ca2+ concentration leads to the activation of different kinases like the 

Ca2+/calmodulin-dependent kinase II (CaMKII) and protein kinase A (PKA) (Abel et al., 

1997; Fukunaga et al., 1993; Kandel, 2001, Malinow et al., 1989; Silva et al., 1992a, 1992b). 
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During the first few hours of LTP (early phase of LTP, E-LTP) already existing proteins are 

modified by CaMKII. This includes the phosphorylation of the AMPA receptor subunit 

GluA1 that results in an increase of the receptor´s single channel conductance and, thus 

enhancing the postsynaptic response (Barria et al., 1997; Benke et al., 1998; Derkach et al., 

1999). Additionally, new AMPA receptors are inserted into the postsynaptic membrane that 

are either recruited from an intracellular AMPA receptor pool or redistributed by lateral 

diffusion within the plasma membrane (Penn et al., 2017; Shi et al., 1999). To maintain LTP 

on a longer timescale, changes on transcriptional and translational levels are necessary. For 

the late phase of LTP (L-LTP) these changes require the activity of cAMP dependent PKA 

that affect the expression of genes and protein synthesis (Abel et al., 1997; Frey et al., 1988; 

Frey et al., 1993; Kandel, 2001; Nguyen et al., 1994). As LTP can persist in living animals 

for a month or longer, it is thought to provide the cellular basis for memory storage (Douglas 

and Goddard, 1975; Lisman et al., 2012). Pharmacological blockage of NMDA receptors and 

hence NMDA receptor mediated LTP, blocked memory formation (Morris et al., 1986). 

Likewise, it was shown that in transgenic mice expressing dysfunctional PKA, the expression 

of L-LTP was impaired and accompanied by deficits in long-term memory formation (Abel 

et al., 1997). Whitlock et al. (2006) could further prove that learning - induced plasticity is 

similar to the plasticity seen after HFS that induced LTP in the hippocampus (Whitlock, 

2006).  

 

1.4 Glial cells 

Glial cells are non-neuronal cells present in the CNS and PNS. In the CNS they are grouped into 

microglial cells, astrocytes, oligodendrocytes and NG2 glia. The name glia was first set by 

Virchow in the 19th century who recognized these cells as Nervenkitt – a kind of “glue” 

responsible for keeping neurons together (Virchow, 1856). But over time the view of glial cells 

as solely being a structural unit in the brain became different. They are active players in different 

brain functions: 

MICROGLIA (Fig. 1.6 A) represent the resident immune defense of the brain. With motile 

processes they are constantly scanning their vicinity and phagocytose unnecessary cell debris that 

accrue in the brain (Nimmerjahn et al., 2005). In case the brain is invaded by pathogens, microglia 

become active and release substances with pro-and anti-inflammatory effects to eliminate the 

intruders and if needed to induce tissue remodeling or repair (Czeh et al., 2011; Wang et al., 

2015). Further they are able to fine tune neuronal excitability by pruning synapses (Paolicelli, 

2011; Schafer et al., 2012; Weinhard et al., 2018).  
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Neuronal excitability and function is also affected by ASTROCYTES (Fig. 1.6 B). With their 

fine processes they are ensheathing about 140 000 synapses, forming, together with the pre- and 

postsynapse, the so called tripartite synapse (Allen and Barres, 2009; Bushong et al., 2002). 

During neuronal transmission astrocytes are able to remove and recycle neurotransmitters that 

were released into the synaptic cleft (Rothstein et al., 1996; Tani et al., 2014). In addition 

astrocytes are themselves able to release neuromodulatory substances (gliotransmitters) like D-

serine, allowing an active interference with neuronal communication (Henneberger et al., 2010; 

Volterra and Meldolesi, 2005). Being coupled with other astrocytes via gap junctions, they are 

forming a network that allows the uptake and redistribution of K+ (spatial buffering) to ensuring 

ion homeostasis during neuronal activity (Orkand et al., 1966; Wallraff et al., 2006). As they are 

further contacting blood vessels, they are not only modulating the blood brain barrier but also 

control blood flow (Attwell et al., 2010; Janzer and Raff, 1987; Kacem et al., 1998; Rivera et al., 

2016; Rouach et al., 2008; Takano et al., 2006). In addition, metabolites can be imported from the 

blood stream and delivered to neurons. Thus, astrocytes are an important energy source for the 

energetically demanding process of of action potential propagation (Pellerin and Magistretti, 

1994; Rouach et al., 2008).  

OLIGODENDROCYTES (Fig. 1.6 C) are the myelin forming cells in the brain that are mainly 

located in white matter regions (Dimou et al., 2008). Formation of myelin is crucial to enable fast 

and efficient propagation of axon potentials along the neuronal axon (see section 1.5) (Nave, 

2010a). Besides their role in myelination, oligodendrocytes were shown to transport metabolites 

in addition to astrocytes. It is hypothesized that these cells import glucose from the extracellular 

space via the glucose transporter GluT1 or receive glucose from astrocytes via gap junctions. 

Glycose can then be metabolized to lactate and pyruvate (Fünfschilling et al., 2012). As 

oligodendrocytes are in direct contact with neurons via myelin they are able to shuttle these 

metabolites to neurons, thus, maintaining axonal function (Fünfschilling et al., 2012; Lee et al., 

2012; Meyer et al., 2018; Nave, 2010b). 

NG2 GLIA (Fig. 1.6 D) represent the 4th type of glial cells and will be introduced in more detail 

in the following section.  
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Figure 1.6: Glial cells in the CNS. Example images of A) a cortical microglia cell, B) an astrocyte of the 

Striatum, C) an oligodendrocyte from the somatosensory cortex and of C) a NG2 glia of the hippocampus. 

Depending on the brain region and activity state, morphological differences within one glial cell type can 

be detected. Scale bar, 10 µm. Modified from Chai et al., 2017; Haberlandt et al., 2011; Mei et al., 2013; 

Takayama et al., 2016. 

 

1.4.1 NG2 glia  

The name NG2 glia originate from the expression of the chondroitin sulphate proteoglycan 

NG2 (neuron-glia factor 2) on the cell membrane that was detected by an antiserum supposed 

to target cells with neuronal (N) and glial (G) characteristics (Stallcup, 1981; Wilson et al., 

1981). These cells represent the largest proliferative cell population in the postnatal CNS 

outside the neurogenic niches, accounting to 70 - 90% of all proliferating cells (Nishiyama, 

2013). Throughout life, they populate grey and white matter regions of the CNS. However, 

grey and white matter NG2 glia display a profound difference: While in grey matter most 

NG2 glia retain their NG2 phenotype, the majority of NG2 glia in white matter differentiate 

into oligodendrocytes, thus, representing a pool of oligodendrocyte precursor cells (OPCs) 

(Bergles et al., 2010; Dimou et al., 2008). The transition to a mature myelinating 

oligodendrocytes entails drastic changes for these cells: AMPA receptors, NMDA receptors 

and voltage gated Na+ channels are downregulated; the cells resting potentials become more 

positive; the cell capacitance increases, different cell surface marker like NG2 and PDGFRα 

are lost while other antigens like MBP are upregulated (De Biase et al., 2010; Kukley and 

Dietrich, 2009; Nishiyama et al., 2009). 

NG2 glia express a variety of ion channels including voltage gated Na+, Ca2+ and K+ channels 

and inwardly rectifying Kir4.1 channels that lead to a  rather complex current pattern that can 

be elicited upon de- and hyperpolarizing voltage steps (Steinhäuser et al., 1994). Even though 

this set of ion channels is similar to those of neurons, NG2 glia do not fire action potentials. 

The density of voltage gated Na+ channels in the membrane is too low and the expression 

level of K+ channels too high to allow to elicit action potentials (Bergles et al., 2000; De Biase 

et al., 2010; Sontheimer et al., 1996). Intriguingly, NG2 glia receive direct synaptic input 

A B C D 
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from GABAergic and glutamatergic neurons, a characteristic unique among glial cells 

(Bergles et al., 2000; Jabs et al., 2005; Lin and Bergles, 2004a). The synapses established 

between neurons and NG2 glia resemble in structure classical neuronal synapses. This 

includes a post synaptic density (PSD) on the site of NG2 glia and docked and free moving 

vesicles on the neuronal side (Haberlandt et al., 2011) (Fig. 1.7). In turn, processes of a single 

NG2 glia can contact multiple synapses of different neurons (Butt et al., 2005). The release 

of neurotransmitters from neurons like glutamate and GABA lead to the activation of AMPA 

and GABAA receptors that are expressed by NG2 glia, resulting in a depolarization of the 

glial cell (Bergles et al., 2000; Jabs et al., 2005; Lin and Bergles, 2004a).  

                

 

Figure 1.7: Synaptic connectivity between neurons and NG2 glia. Electron microscopic images of cells 

in hippocampal slices from juvenile (p9–12) hGFAP-EGFP mice. A) A synapse (arrows) between a neuron 

(N) and NG2 glia (g). Black square encircles the area depicted in B). The neuron - NG2 glia synapse 

displays characteristics of a synapse typically established between neurons: Docked vesicles (arrowheads) 

at the presynapse and a post synaptic density (star) on the post-synaptic site. Scale bar 200 nm each. 

Modified from Haberlandt et al., 2011. 

 

 

Neuron - NG2 glia synapses are established in the 1st postnatal week or even before, at a 

prenatal state as recently observed in the spinal cord (Mangin et al., 2008; Osterstock et al., 

2018). During NG2 glia proliferation these synaptic connections are transferred to the 

daughter cells, but get lost upon if NG2 glia differentiation into oligodendrocytes (Ge et al., 

2009; Kukley et al., 2010). For white matter NG2 glia neuronal activity was shown to affect 

NG2 glia proliferation and differentiation with consequences on myelination (Gibson et al., 

2014; Li et al., 2010; Mitew et al., 2018). But in grey matter regions like the hippocampus, 

the physiological impact of the neuronal innervation of NG2 glia is still not clear. 
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1.5 Myelin 

Myelin represents the enlarged plasma membrane of oligodendrocytes that stretch out their 

processes to wrap up to 100 layers of their membrane around neuronal axons (Fields, 2014; 

Peters, 1964). The thickness of this multilamellar structure is thereby correlated with the 

axonal diameter, with larger axons being myelinated to a larger extend (Waxman and Sims, 

1984). Myelin sheaths are composed of different lipids (75%) and proteins (25%) (Williams 

et al., 1993) (Fig. 1.8). Myelin basic protein (MBP) plays a central role for the myelin 

structure. Located in the cytoplasm, MBP pulls opposing cytoplasmic bilayers together, thus 

keeping myelin in a compact shape (Aggarwal et al., 2013; Min et al., 2009; Readhead et al., 

1987). Myelin functions as an electric insulator, shielding the axon from the extracellular 

space (Baumann and Pham-Dinh, 2001). Only those axonal segments where myelin is absent, 

called nodes of Ranvier, are exposed to the extracellular space, enabling channel - mediated 

flow of ions across the membrane. At these sites, large densities of voltage gated Na+ channels 

are present (Kaplan et al., 1997). Opening of these channels upon a depolarizing signal allows 

Na+ to enter the axon and to promote propagation of action potentials along the axon. As 

nodes of Ranvier are distributed over the entire axon, electrical signals propagate from node 

to Node in a saltatory fashion (Tasaki, 1939). This signal propagation can be up to 100-fold 

faster than in unmyelinated axons and is less energy demanding (Nave, 2010a). Nevertheless, 

the limited access to the extracellular space also limits the access to extracellular glucose that 

can be taken up by neurons via the glucose transporter GLUT3 and be used as energy source 

(Nagamatsu et al., 1993; Nave, 2010b). To ensure the continuous supply of energy, myelin is 

used as road to shuttle metabolites from oligodendrocytes to the axon (see section 1.4), thus 

compensating for this self-imposed limitation (Fünfschilling et al., 2012; Lee et al., 2012). 
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Figure 1.8 Structure of the CNS myelin sheath.  

A) The plasma membrane of oligodendrocytes processes is wrapped in a spiral fashion around neuronal 

axons. B) Within this structure different myelin proteins are located. The major dense line is the compact 

cytoplasmic space of the oligodendrocyte process; the intraperiod line represents the compact extracellular 

space that is formed between two opposing membrane layers (Laule et al., 2007, Williams et al., 1993). 

PLP, proteolipid protein (50% of all myelin proteins); MBP, myelin basic protein (30%); CNP, cyclic 

nucleotide phosphodiesterase (4%); MAG, myelin-associated glycoprotein (1%). Modified from Laule et 

al., 2007. 

 

Myelin is not a uniform structure. Across brain regions and between axons but also along 

axons, myelin sheath thickness and the size and number internodes can differ. This affects 

the speed of signal conduction and hence the timing and synchronicity of impulse 

transmission (Ford et al., 2015; Glasser and Van Essen, 2011; Salami et al., 2003; Tomassy, 

2014). For instance, within the auditory system, variation in myelination and axon diameter 

allows the fine tuning of information processing, providing the basis for sound localization 

(Ford et al., 2015).  

In mice, myelination starts at birth and continues throughout life until age-related degradation 

starts (Baumann and Pham-Dinh, 2001; Hill et al., 2018; Hughes et al., 2018). Once myelin 

structures are formed they remain highly stable, only a minority of internodes are retracted or 

expanded (Hill et al., 2018). This innate myelination can, however, be modulated upon 

external stimuli and neuronal activity (Mount and Monje, 2017). In vivo studies showed that 

enhanced neuronal activity artificially induced by optogenetic tools or naturally occurring 

during physical exercises like wheel running led to an increased myelination (Gibson et al., 

2014; McKenzie et al., 2014). Inhibition of neuronal activity negatively affected myelination 
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(Etxeberria et al., 2016; Fields, 2014b; Wake et al., 2015). These modulations that led to an 

increased or decreased conduction of neurotransmission thus allow a dynamic influence on 

neuronal circuit function (Baraban et al., 2016; Etxeberria et al., 2016; Fields, 2014b; Wake 

et al., 2015). In this regard myelination can adapt to changes in neuronal network activity, 

similarly to what has been described for synapses that adapt during changes of short and long-

term memory. Thus, plasticity of the neuronal network does not only rely on changes on the 

synaptic side but as well on the side of myelination. 

 

1.6 Kir channels 

Kir channels are a channel family with 7 sub-families (Kir1.0-Kir7.0), with at least 4 

members each (Hibino et al., 2010). A channel is formed by four subunits (tetrameric 

complex) each consisting of two transmembrane domains (TMD1, TMD2) (Fig. 1.10). Both, 

the N- and C terminus are directed to the intracellular side whereas the selectivity filter, 

enabling K+ ions to pass, is formed by the extracellular loop (H5 or P-loop) (Hibino et al., 

2010; Hille, 2001). This selectivity filter is common to all K+ channels (including voltage 

gated K+ channels) and is characterized by a so called signature sequence, a certain amino 

acid sequence containing -thr-X-X-thr-X-gly-tyr-gly-glu, with X being undetermined amino 

acids (Hille, 2001). Kir channels can exist as homomers containing four subunits of the same 

type or are heteromeric if the channel is composed of two different isoforms (Hibino et al., 

2010). Heteromeric channels are generally formed from subunits of the same family but can 

also be formed from subunits of different families (Hibino et al., 2010). Kir channels are 

voltage dependent, showing a high open probability around the K+ equilibrium potential. At 

more positive potentials, the conductance is reduced. Favoring influx of K+ at negative 

voltages and limiting efflux at more depolarized potentials, coined the term “inward 

rectifying” for this channel family (Hille, 1992). Determinants for this inward rectifying 

current - voltage (I-V) relationship are intracellular polyamines like spermine and spermidine 

and Mg2+, which block the channel pore at positive potentials (Fig. 1.9). The block vanishes 

at potentials close to the K+ equilibrium potential, allowing K+ to pass the pore (Fakler et al., 

1995; Lopatin et al., 1994; Matsuda et al., 1987; Oliver et al., 2000). Whether a channel is 

strong or weakly rectifying relies on the amino acid composition at the TMD2 site. In strong 

rectifying channels (like Kir2.x channels), negative charged amino acids like aspartate or 

glutamate are present, favoring a strong interaction with polyamines or Mg2+. Weak rectifying 

channels (like Kir1.x channels) exhibit an uncharged amino acid at this position (Glowatzki 

et al., 1995; Hibino et al., 2010; Oliver et al., 2000). Across Kir subfamilies, the degree of 
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rectification but also other biophysical properties like sensitivity to ATP, pH or G-proteins, 

additionally affect channel conductance. The expression of heteromeric channels further 

increases the functional variety of Kir channels (Hibino et al., 2010). Kir channels are 

expressed in various cell types. In Cardiac myocytes they are responsible to set the heart rate. 

In neurons they are needed to control repolarization. In glial cells like astrocytes they were 

shown to be required for the regulation of ion homeostasis (Butt and Kalsi, 2006; Ishii et al., 

1997; Kofuji et al., 2000; Krapivinsky et al., 1995; Takahashi, 1990; Williams et al., 1988) 

Figure 1.9:  Kir channel structure. Kir channel subunits are composed of 2 TMDs (M1, M2) that are 

connected via a loop structure (P-loop, H5) that forms the selectivity filter for K+. Kir channels are tetramers 

built of 4 subunits (I, II, III, IV). Residues in the TMD2 determine the affinity for Mg2+ and polyamine and 

thus the degree of rectification. Modified from Nichols and Lopatin, 2002. 

 

1.6.1 Kir4.1 channels 

The Kir channel subtype Kir4.1 is expressed throughout the entire CNS (Higashi et al., 2001). 

This channel is glia - specific as it was only found in Bergmann glia cells, Müller cells, 

astrocytes, oligodendrocyte and NG2 glia (Higashi et al., 2001; Ishii et al., 1997; Kofuji et 

al., 2000; Poopalasundaram et al., 2000). In NG2 glia, regional and developmental differences 

in Kir4.1 expression exist. In white matter, juvenile NG2 glia showed a higher expression of 

Kir4.1 than grey matter NG2 glia (Chittajallu et al., 2004). During postnatal development 

inwardly rectifying K+ currents are upregulated in NG2 glia (Kressin et al., 1995) (Fig. 1.10). 

The expression of this subunit has a strong influence on the membrane properties of glial cells 

as it determines their resting membrane potential. Thus, glial cells expressing high levels of 

Kir4.1 are characterized by a low membrane resistance and a membrane resting potential 

close to the K+ equilibrium potential at (Kressin et al., 1995; Neusch et al., 2001; Seifert et 

al., 2009). The role of Kir4.1 in glial cells seems mainly to be closely associated with its 
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subcellular distribution: In astrocytes it is located at the end-feet/processes close to the 

synapses, nodes of Ranvier and blood vessels (Higashi et al., 2001; Schirmer et al., 2018). 

This allows astrocytes to regulate K+ concentration in the extracellular space (“spatial 

buffering”, see section 1.4) and to control neuronal excitability (Djukic et al., 2007; Higashi 

et al., 2001; Kofuji and Newman, 2004; Tong et al., 2014). In oligodendrocytes the 

subcellular distribution is different. Here, Kir4.1 is mainly found in the soma and at the inner 

tongue of myelin that is produced by this type of glia cells (Kalsi et al., 2004; 

Poopalasundaram et al., 2000; Schirmer et al., 2018). The functional implication for this 

expression pattern is not clear yet. According to different ko models (see below), Kir4.1 

seems to play a role in oligodendrocyte maturation (Neusch et al., 2001). Data obtained from 

the barrel cortex suggest a role of Kir4.1 in NG2 glia in sensing local K+ concentrations, 

allowing NG2 glia to monitor neuronal activity (Maldonado et al., 2013). 

Kir4.1 is crucial for proper brain function. Indeed, in mice lacking Kir4.1, oligodendrocytes 

remain immature, unable to form compact myelin, followed by hypomyelination, axonal 

degeneration and motor impairment. Vacuolization in the spinal cord and brain stem was 

detected in Kir4.1 ko mice leading to death by p24 (Neusch et al., 2001). In a study from 

Djukij and colleagues, Kir4.1 deletion was restricted to the gfap promoter, thus mainly 

affecting astrocytes. Due to its role in K+ buffering and glutamate transport, this ko resulted 

in hyperexcitability of neurons, generation of seizures and impaired survival rates (Djukic et 

al., 2007).  

Animal models allowing an inducible deletion of Kir4.1 in a specific type of glia cells at 

restricted timepoints are crucial to unmask the role of Kir4.1 in different glia cells (Butt and 

Kalsi, 2006; Higashi et al., 2001; Kalsi et al., 2004; Poopalasundaram et al., 2000). 

 

Figure 1.10: Expression inwardly rectifying K+ channels in NG2 glia. The current pattern of NG2 glia, 

elicited by de- and hyperpolarizing voltage steps, at different time points of postnatal development (p6, p10 

and p31). Modified from Kressin et al. , 1995.  
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2 Aim of the Study 
 

NG2 glia are unique among other CNS glial cells as they receive direct synaptic input from 

GABAergic and glutamatergic neurons. The physiological role of NG2 glia, especially in 

grey matter and the impact of this neuron – NG2 glia signaling are, however, still not 

understood. As NG2 glia and neurons express a similar set of ion channels, a specific 

manipulation of NG2 glia function through pharmacological intervention is difficult. Thus, I 

decided for a genetic approach that specifically targets a signaling molecule in the NG2 glia 

membrane. Based on the Cre/LoxP system, a mouse line was generated that allows deletion 

of the inwardly rectifying K+ channel Kir4.1 specifically in adult NG2 glia upon tamoxifen 

injection. The following study aimed to characterize the consequences of a NG2 glia-targeted 

deletion of Kir4.1 on the cellular and behavioral level in order to understand the enigmatic 

role of these glial cells and their interactions with neurons.  

To this end, the following questions were asked and investigated in detail in adult CreERT2 x 

Kir4.1 flox mice with a focus on the hippocampus and associated functions: 

 

i. Does NG2-CreERT2 mediated recombination successfully delete Kir4.1 in  

NG2 glia?  

The successful induction of Kir4.1 ko in NG2 glia, is the first critical step that is required 

before consequences of a NG2 glia-targeted deletion of Kir4.1 can be investigated. A 

high efficiency of CreERT2 mediated depletion of Kir4.1 is necessary to provoke 

pronounced and detectable effects of dysfunctional NG2 glia on the cellular and 

behavioral level. The first goal of the present study is to estimate recombination 

efficiency. 
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ii. Does the deletion of Kir4.1 affect NG2 glia properties? 

Adult NG2 glia are characterized by a resting membrane potential close to the K+ 

equilibrium potential and a low membrane resistance, both determined by the expression 

of Kir4.1 channels (Karram et al., 2008; Kressin et al., 1995). Throughout life these glial 

cells are proliferating and populate the entire CNS (Bergles and Richardson, 2016; Degen 

et al., 2012; Young et al., 2013). However, NG2 glia of grey and white matter display a 

fundamental difference: The majority of white matter NG2 glia differentiate into 

myelinating oligodendrocytes, thereby losing the neuronal input and other NG2 glia 

characteristics (De Biase et al., 2010; Fröhlich et al., 2011; Kukley et al., 2010; Nishiyama 

et al., 2009). Most of grey matter NG2 glia, in contrast, retain their NG2 phenotype 

throughout life (Bergles et al., 2010; Dimou et al., 2008). To understand the consequences 

of ablation of Kir4.1 from hippocampal NG2 glia, NG2 glia properties need to be 

evaluated on functional and molecular levels. 

 

iii. Do dysfunctional NG2 glia affect neuronal function and animal behavior?  

That NG2 glia receive direct synaptic input from GABAergic and glutamatergic neurons 

is a phenomenon observed throughout the entire brain (Balia et al., 2015; De Biase et al., 

2010; Lin and Bergles, 2004b). Theses synapses are established directly after birth and 

are preserved until adulthood (Mangin et al., 2008; Passlick et al., 2016). 

Neurotransmitters that are released from the neuronal presynapse induce receptor 

mediated inward currents in the postsynaptic NG2 glial cell (Balia et al., 2015; Bergles 

et al., 2000; Jabs et al., 2005; Mangin et al., 2008; Passlick et al., 2016). The impact of 

the constant neuronal input on NG2 glia, but also the consequences for the innervating 

neuron, are still not understood. Whether/how NG2 glia can in turn affect neuronal 

activity and brain function, is a question that has been addressed in the present study. 
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3 Materials 
 

3.1. Devices      

 

Devices Company 

 

A/D converter 

 

ITC-16 

(HEKA Elektronik, Lambrecht, Germany) 

 

Amplifier (Patch-clamp) 

 

EPC-800 

(HEKA Elektronik, Lambrecht, Germany) 

 

Amplifier (Field potential 

recordings) 

 

EXT-02B (highpass 0.1 Hz, lowpass 20 kHz;)  

(npi electronic GmbH, Tamm, Germany) 

 

Bath chamber/shifting table 

 

Base plate 500B, shifting table V240, bridge 500 

with control units SM-5 and -6 

(Luigs & Neumann, Ratingen, Germany) 

 

CCD camera 

 

VX45 (Optronis, Kehl, Germany) 

 

current stimulator 

 

DS3 (Digitimer Ltd, Hertfordshire, UK) 

 

Differential amplifier 

 

DPA-2FS (npi electronic GmbH, Tamm, 

Germany) 

 

Data acquisition system 

(Field potential recordings) 

 

USB-6221 (National Instruments, Austin, USA) 

 

 

Electrophoresis 

 

 

E0763 (Sigma-Aldrich, Munich, Germany) 

 

Flow cytometer 

 

FACSAriaIII, 70 µm nozzle (BD Biosciences, 

Heidelberg, Germany) 

 

Fluorescence illumination system 

 

Polychrome II, 75W xenon lamp 

(Till Photonics, Martinsried, Germany) 

 

Glass pipettes 

 

Borosilicate glass GB150F-10 

(Science Products, Hofheim, Germany) 
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Devices Company 

  

Heating system Temperature controller  

(Luigs & Neumann, Ratingen, Germany) 

  

Interface-type recording chamber 

(IFC) 

custom-made by AG Prof. Dr. Heinemann 

(Charité, Berlin, Germany) 

 

Laser scanning microscope 

 

SP8 (Leica Microsystems, Wetzlar, Germany) 

 

LEGO bricks 

 

(LEGO, Billund, Denmark) 

 

Magnet stirrer 

 

RCT basi (IKA Labortechnik, Staufen, Germany) 

 

Magnet stirrer, heating 

 

ARE F20520162 (VELP Scientifica, Usmate, 

Italy) 

 

Micromanipulators 

 

Micromanipulator 6540 R094 with control unit 

5171 

(Eppendorf, Hamburg, Germany) 

LN mini 25 

(Luigs & Neumann, Ratingen, Germany) 

 

Micropipette Puller 

 

P-87 (Sutter Instrument, Novato, USA) 

 

Microscope 

 

Stereo microscope Stemi 2000  

(Zeiss, Oberkochen, Germany) 

 

Microscope (Patch-Clamp) Axioskop FS2 

(Zeiss, Oberkochen, Germany) 

 

Noise eliminator 

 

 

HumBug 50/60 Hz noise eliminator 

(Quest Scientific Instruments Inc, North 

Vancouver, BC, Canada)  

 

Objectives 

 

CP-Achromat (5x; NA: 0.12) 

(Zeiss, Oberkochen, Germany) 

LUMPlan FI/IR (60x; NA: 0.90) (Olympus, 

Tokio, Japan) 

 

Oscilloscope 

 

HM 507 (Hameg, Mainhausen, Germany) 

 

Osmometer 

 

Vapor Pressure Osmomoter 5520  

(Wescor Vapro, Logan, USA) 

 

PCR-Cycler 

 

PTC-200 (Biozym, Hessisch Oldendorf, 

Germany) 

 

PCR-Cycler (RT-PCR) 

 

CFX 384 (Biorad, Munich, Germany) 
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Devices Company 

  

pH meter 766 Laboratory pH Meter   

(Knick, Berlin, Germany) 

  

Pressure application system Octaflow 

(ALA Scientific Instruments, Farmingdale, USA) 

 

Sonificator 

 

Transonic 5520 (Elma-Ultrasonic, Singen, 

Germany) 

 

Stimulation electrode, concentric 

bipolar 

 

CBARC75 (FHC, Bowdoin, USA) 

 

Syringe pump 

 

SP-22012 (Braun, Melsungen, Germany);  

(WPI, Saraota, USA) 

 

Tubing pump ISM 930C (Ismatec/Idex, Wertheim, Germany) 

 

UV-light Cabinet 

 

Multi Image light cabinet  

(Alpha innotec, Kasendorf, Germany) 

 

Vortexer 

 

Model 444-1372 (VWR, Darmstadt, Germany) 

 

Vibration isolation platform 

 

Vision Isostation VIS-3036 (Newport, Irvine, 

USA) 

 

Vibratome 

 

VT1000 S ; VT1200 S  

(Leica Microsystems, Wetzlar, Germany) 

Model 7000smz-2  

(Campden Instruments, Barrow upon Soar, UK) 

 

Water bath 

 

Model-1003 (Gesellschaft für Labortechnik 

(GFL), Burgwedel, Germany) 

 

Weighing scale (miligram balance) 

 

VIC-412 (Acculab vicon, Bradford,USA) 

 

Weighing scale (micro balance) 

 

BP121S (Sartourius, Göttingen, Germany) 
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3.2 Software 

 

Software Company 

 

EthoVision tracking system 

 

Noldus, Wageningen,  Netherlands 

IGOR Pro 7 WaveMetrics, Lake Oswego, USA  

ImageJ NIH, Maryland, USA 

LAS AF Leica Microsystems, Wetzlar, Germany 

Office 2010+2016 Microsoft, Redmond, USA  

Origin Pro 9  OriginLab, Northampton, USA  

pClamp 10 Molecular Devices, Union City, USA  

Prism 5 Graphpad, San Diego, USA 

TIDA 5 HEKA Elektronik, Ludwigshafen, Germany 

R R Core Team , General Public License 

 

 

3.3 Chemicals 

 

Chemicals Company 

  

Acetic acid Roth, Karlsruhe, Germany 

Agarose Invitrogen, Darmstadt, Germany 

BAPTA Sigma-Aldrich, Munich, Germany 

BaCl2 Sigma-Aldrich, Munich, Germany 

CaCl2.6H2O AppliChem GmbH, Darmstadt, Germany 

Carbogen Linde, Pullach, Germany 

CO2/O2 (50%/50%) Linde, Pullach, Germany 

DMSO Sigma-Aldrich, Munich, Germany 

dNTPs  Applied Biosystems, Darmstadt, Germany  

DTT  Thermo Fisher, Waltham, USA 

Dynabeads Oligo (dT)25 Invitrogen, Darmstadt, Germany 

EDTA Na2  Sigma-Aldrich, Munich, Germany 

EGTA Sigma-Aldrich, Munich, Germany 

Ethanol 99% AppliChem GmbH, Darmstadt, Germany 

Ethanol abs. Roth, Karlsruhe, Germany 

Ethidiumbromid Roth, Karlsruhe, Germany 

First-Strand Buffer  Invitrogen, Darmstadt, Germany 

Glucose AppliChem GmbH, Darmstadt, Germany 

glue Superglue, Uhu, Bühl, Germany 

HEPES AppliChem GmbH, Darmstadt, Germany 

Hoechst 33342 Molecular Probes, Eugene, USA 

Isofluran Piramal Healthcare, Morpeth, UK 

Kainate WDT, Garbsen, Germany 



Materials 
   

 

37 
 

Chemicals Company 

 

KCl 

 

AppliChem GmbH, Darmstadt, Germany 

K-Gluconat Sigma-Aldrich, Munich, Germany 

Ketamin (10%) WDT, Garbsen, Germany 

Low Molecular Weight DNA Ladder  New England BioLabs, Ipswich, USA 

lysis/binding buffer Invitrogen, Darmstadt, Germany 

Mounting Medium Aqua-Poly/Mount, Polyscience). 

Na2-ATP Sigma-Aldrich, Munich, Germany 

Na-Azide Sigma-Aldrich, Munich, Germany 

NaCl AppliChem GmbH, Darmstadt, Germany 

Na2HPO4.2H2O Sigma-Aldrich, Munich, Germany 

NaH2POH4 AppliChem GmbH, Darmstadt, Germany 

NaHCO3 AppliChem GmbH, Darmstadt, Germany 

NBQX  Tocris Bioscience, Bristol, UK  

Neural Dissociation Kit Miltenyi, Germany 

NGS Merck Millipore, Darmstadt, Germany 

MgSO4.7H2O AppliChem GmbH, Darmstadt, Germany 

MinElute PCR Purification Kit  Qiagen, Hilden, Germany  

oligo-dT24-primer Eurogentec, Lüttich, Belgien 

PCR Buffer  Thermo Fisher, Waltham, USA 

Picrotoxin Ascent (now: Abcam), Cambridge, UK 

PFA AppliChem GmbH, Darmstadt, Germany 

Platinum® Taq Polymerase Thermo Fisher, Waltham, USA  

Quinine Sigma-Aldrich, Munich, Germany 

Random Hexamer Primer Roche Applied Science, Mannheim,Germany 

RNasin® RNase Inhibitor Promega, Madison, USA 

Sucrose AppliChem GmbH, Darmstadt, Germany 

Sunflower seed oil from Helanthius 

annus 

Sigma-Aldrich, Munich, Germany 

Superscript® III Reverse 

Transcriptase 

Invitrogen, Darmstadt, Germany  

Takyon real-time PCR mastermix Eurogentec, Lüttich, Belgien 

tamoxifen Sigma-Aldrich, Munich, Germany 

Taq DNA Polymerase Thermo Fisher, Waltham, USA  

Taqman primer/probe mix Applied Biosystems, Darmstadt, Germany 

Tris AppliChem GmbH, Darmstadt, Germany 

TritonX-100 Sigma-Aldrich, Munich, Germany 

TTX Abcam, Cambridge, UK 

Xylazine hydrochloride Sigma-Aldrich, Munich, Germany 
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3.4 Antibodies 

 

3.4.1 Primary Antibodies 

 

Epitope Species Dilution Company 

GFP chicken 1:500 Abcam 

GSTpi mouse 1:500 BD Bioscience                 

Ki67 rabbit 1:500 Novocastra    

MBP rabbit 1:250 Millipore 

PDGFRα rabbit 1:200 Thermo Fisher 

 

3.4.2 Secondary Antibodies 

 

Antibody Dilution Company 

Anti-chicken-A488 1:500 Molecular Probes 

Anti-rabbit-A647 1:500 Molecular Probes 

Anti-rabbit-A594 1:500 Molecular Probes 

Anti-mouse-A647 1:500 Molecular Probes 

 

 

3.5 Solutions 

 

3.5.1 Extracellular solution  

Solutions were adjusted for the pH (7.35-7.4) by carbogen supply (95% CO2 / 5% O2). 

  

Preparation solution 

 

 

 

 

 

 

 

 

Substance mM 

NaH2PO4 1,25 

NaCl 87 

KCl 2.5 

MgCl2 7 

CaCl2*6H2O 0.5 

Glucose 25 

NaHCO3 26 

Sucrose 61.3 
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 aCSF for RT 

  

 

 

 

 

 

 

 

aCSF for RT + MgCl2 

 

 

 

 

 

 

 

aCSF for 35°C 

 

 

 

 

 

 

 

aCSF for 35°C  

(extracellular field recordings) 

 

 

 

 

 

 

 

 

 

 

Substance mM 

NaH2PO4 1,25 

NaCl 126 

KCl 3 

MgSO4*7 H20 2 

CaCl2*6H2O 2 

Glucose 10 

NaHCO3 26 

Substance mM 

NaH2PO4 1.25 

NaCl 126 

KCl 3 

MgCl2.6H20 2 

CaCl2*6H2O 2 

Glucose 10 

NaHCO3 26 

Substance mM 

NaH2PO4 1.25 

NaCl 132 

KCl 3 

MgCl2.6H20 2 

CaCl2*6H2O 2 

Glucose 10 

NaHCO3 20 

Substance mM 

NaCl 131 

KCl 2,5 

CaCl2 2 

MgSO4*7H20 1,3 

NaH2PO4 1,25 

NaHCO3 21 

Glucose 10 
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3.5.2 Intracellular solution 

Solutions were adjusted for the pH (7.28) with HCl/KOH. 

 

KCl- based  

Intracellular solution 

 

 

 

 

 

 K-gluconate- based  

Intracellular solution 

 

 

 

 

 

3.5.3 Solutions for immunohistochemistry 
 

PBS (10x) 

 

  

 

pH (7.4) adjusted with NaOH/HCl 

 

PBS with sodium azide 

 

     pH (7.4) adjusted with NaOH/HCl 

 

 

 

 

Substance mM 

KCl 130 

MgCl2 2 

CaCl2 0.5 

BAPTA 5 

HEPES 10 

Spermine 3 

Substance mM 

K-gluc 125 

MgCl2 2 

EGTA 0.5 

Hepes 10 

KCl 20 

NaCl 3 

Na2-ATP 3 

Substance mM 

NaH2PO4 17 

Na2HPO4*2H2O 3 

NaCl 1.5 

Substance Conc. 

NaN3 0.01% (w/v) 

PBS 1x 
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Paraformaldehyde 

 

  
 

pH (7.4) adjusted with NaOH/HCl 

 

Blocking solution 

 

  

 

Antibody solution 

 

 

 

3.5.3 Other 

 

TAE (10x) 

 

 

 

Substance Conc. 

PFA 4% (w/v) 

PBS 1x 

Substance Conc. 

NGS 10% (v/v) 

Triton X-100 0.5% (v/v) 

PBS 1x 

Substance Conc. 

NGS 5% (v/v) 

Triton X-100 0.1% (v/v) 

PBS 1x 

Substance mM 

Tris 40 

Acetic acid 20 

EDTA Na2 1 
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4 Methods 

 

4.1 The Cre/loxP system 

The Cre/lox P system allows regional and temporal modulation of the genome. This system 

originally expressed in bacteriophage 1 includes an enzyme of the integrase family, called 

Cre (cyclization recombination). This enzyme specifically recognizes two 34 bp sequences 

called lox P sites (locus of X-over of P1) and catalyzes recombination of a DNA sequence 

flanked by these sites (Hoess et al., 1982; Metzger et al., 1995; Sternberg and Hamilton, 

1981). Each loxP site consists of two palindromic sequences with a 8 bp core sequence in 

between (Fig.4.1). Cre mediated excision of a gene takes place when both loxP sites flanking 

the gene are oriented in the same direction; inversion if the loxP sites are in inverted 

orientation (Sauer, 1998). To restrict Cre mediated recombination to a certain cell line or 

region, Cre expression can be limited to a cell or tissue specific promoter (Gu et al., 1992; 

Tsien et al., 1996). 

 

Fig. 4.1: LoxP site structure. One LoxP site consists of two 13 bp sequences flanking an 8 bp core (grey 

box). Modified from (Sauer, 1998). 

 

To be able to control Cre activity in a temporal manner, an inducible Cre system was 

established. Therefore, a modified hormone binding domain (HBD) of the human estrogen 

receptor (ERT2) was fused to the Cre enzyme creating the fusion protein CreERT2 (Feil et 

al., 1997). Due to the property of HBDs to associate with heat shock proteins, CreERT2 is 

initially sequested in the cytosol and not able to enter the nucleus and to mediate 

recombination (Fig. 4.2) (Picard, 1994; Scherrer et al., 1993). Solely in presence of synthetic 

ligands like tamoxifen or its derivate OHT, the heat shock protein disassembles from 

CreERT2, allowing the enzyme to enter the nucleus and induce the knockout (ko) of the gene 

flanked by the loxP sites. Endogenous estrogen fails to induce CreERT2 activity as mutations 
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of three different amino acid residues (G400V/M543A/L540A) makes CreERT2  insensitive 

to endogenous estrogen (Feil et al., 1997).  

 

 

 

 

Fig. 4.2: Induction of a CreERT2 mediated recombination  

A) In absence of tamoxifen, CreERT2 is trapped in the cytosol by heat shock proteins. B) In presence of 

tamoxifen, steric inhibition of CreERT2 is removed and the recombinase can enter the nucleus to mediate 

recombination of genes flanked by loxP sites. Here, expression of the reporter protein EYFP is initially 

blocked by a stop codon flanked by loxP sites. CreERT2 mediated recombination excise the stop sequence 

allowing EYFP to be expressed. Modified from Cox et al., 2012; Greco and Guo, 2010. 

 

4.2 Mouse models 

In the present study four different mouse lines were used: NG2-EYFPki mice, control mice 

(NG2-CreERT2 x Rosa26EYFP mice), Kir4.1 flox mice (Kir4.1 fl/fl; NG2-

CreERT2xRosa26EYFP mice) and GluA flox mice (GluA fl/fl; NG2-CreERT2xRosa26EYFP 

mice). All animals were kept in a 24h day-night cycle in the „Haus für experimentelle 

Tiertherapie“ (HET) at the University Clinic Bonn and treated according to the European and 

local governmental regulations.   

 

4.2.1 NG2-EYFPki 

Mice of the NG2-EYFPki line were used as a control in the experiments mentioned in section 

5.1.2 (FACS), section 5.8 (LTP) and section 5.11 (AMPA receptor ko mice). This mouse line 

based on a C57Bl/6N background was generated by Khalad Karram in 2008 using 

homologous recombination to insert EYFP (enhanced yellow fluorescent protein) cDNA into 

exon 1 of the NG2 gene. EYFP expression driven by the endogenous NG2 promoter allows 
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identification of NG2 glia by intrinsic yellow fluorescence (Karram et al., 2008). Because of 

the knock-in of the EYFP into the coding region of the NG2 protein, this mouse model can 

be further considered as a NG2 ko model, hence homozygous breeding resulted in a total loss 

of the NG2 protein (Karram et al., 2008; Passlick et al., 2016). 

 

4.2.2 NG2-CreERT2 x Rosa26-EYFP 

In the present study a mouse line was used in which expression of the CreERT2 recombinase 

is driven specifically by the NG2 promoter. This NG2 glia CreERT2 mouse line (NG2-

CreERT2) is based on the Cre/loxP system and was first characterized by Huang et al. in 2014 

(Huang et al., 2014). CreERT2 is a fusion protein of the Cre enzyme, mediating a 

recombination induced gene ko, and a mutated human estrogen receptor (ERT2), allowing Cre 

activity to be controlled by the presence of estrogen analogues like tamoxifen (Feil et al., 

1997; Huang et al., 2014). In this mouse line, the CreERT2 sequence was introduced to the 

exon 1 of the NG2 gene, restricting CreERT2 expression to the NG2 promoter. To monitor 

CreERT2 activity this mouse line was further crossbred with the reporter line TgH(Rosa26-

floxed-stop-EYFP) (Rosa26-EYFP). Here, EYFP expression is controlled by the ubiquitously 

expressed Rosa 26 promoter. As the expression of EYFP is initially blocked by the presence 

of a floxed stop codon, CreERT2 entering the nucleus can mediate recombination to remove 

the stop sequence, allowing EYFP to be expressed. Thus, all NG2 expressing cells with an 

active CreERT2 recombinase are supposed to be EYFP fluorescent (Huang et al., 2014; 

Srinivas et al., 2001). Animals of this NG2-CreERT2 x Rosa26-EYFP mouse line were used 

as a control and are hereinafter referred to as control mice. Both, CreERT2 expression and 

the expression of the reporter gene EYFP were either homo- or heterozygous in these mice.  

To specifically induce a ko of the K+ channel Kir4.1 in NG2 glia, mice carrying the floxed 

Kir4.1 gene (Kir4.1 fl/fl) were crossbred with the above mentioned control line. These mice 

(Kir4.1 fl/fl; NG2-CreERT2 x Rosa26-EYFP) were bred homozygous for the Kir4.1 floxed 

gene and homo- or heterozygous for the expression of CreERT2. Animals of this mouse line 

were termed Kir4.1 flox mice.  

A mouse line with a NG2 glia specific deletion of the AMPA receptor subunits GluA1, GluA2 

and GluA4 and one with a targeted deletion of all four AMPA receptor subunits (GluA1, 

GluA2, GluA3, GluA4) were generated by crossbreeding the control line with mice having 

the corresponding genes of the AMPA receptor subunits flanked by the loxP sites. The 

obtained triple GluA flox mice (NG2-CreERT2 x GluA1fl/fl; GluA2fl/fl; GluA4fl/fl x 



Methods 
   

 

45 
 

Rosa26-EYFP) or quadruple GluA flox mice (NG2-CreERT2 x GluA1fl/fl; GluA2fl/fl; 

GluA3fl/fl; GluA4fl/fl x Rosa26-EYFP) were part of the experiments mentioned in section 

5.11. In these experiments, mice being homozygous for the floxed AMPA receptor subunits 

and homo- or heterozygous for the expression of CreERT2 were used. 

 

All four mouse lines that are based on the NG2-CreERT2x Rosa26EYFP construct (control, 

Kir4.1 flox, triple GluA flox, quadruple GluA flox) were treated with tamoxifen (see section 

4.3) to induce CreERT2 activity. In mice of the control line CreERT2 activity only resulted in 

the expression of the reporter gene EYFP, whereas in Kir4.1 flox mice the Kir4.1 channel 

and in triple/quadruple AMPA receptor mice three or four AMPA receptor subunits were 

additionally deleted. NG2-EYFPki mice were not injected with tamoxifen.  

 

 

 

 

 

Fig. 4.3: Scheme of the genetic modification of the NG2-CreERT2 x Rosa26-EYFP based mouse 

models. The expression of the enzyme CreERT2 is controlled by the NG2 promoter. To monitor CreERT2 

activity, a gene construct coding for EYFP was used as reporter. Expression of EYFP by the artificial 

Rosa26 promoter was initially prevented by a stop codon. Active CreERT2 recognizes the loxP sites flanking 

the stop codon, enabling EYFP expression after mediating recombination at these sites. In Kir4.1 flox mice 

the gene coding for the Kir4.1 channel (kcnj10) and in GluA flox mice the genes coding for the AMPA 

receptor subunits (gria1 - 4) were additionally floxed. P, promoter. 

                                

4.3 Tamoxifen administration 

The tamoxifen injection protocol used was established to reach a high recombination rate of 

the gene of interest with minimally necessary injection. Mice of either sex of the control, 

Kir4.1 flox and quadruple GluA flox mouse line were intraperitoneally injected with 1.5 mg 

tamoxifen once per day for 3 consecutive days. Mice of the triple GluA flox line received 

injections of 1 mg tamoxifen per injection and were injected twice a day for five consecutive 

days. Tamoxifen was dissolved freshly each day in ethanol absolute and sunflower seed oil 

in a ratio of 1:10. Electrophysiological analysis was performed 3-4 weeks post injection (wpi) 

in all mice and immunohistochemistry 8 wpi in control and Kir4.1 flox mice. For behavioral 

experiments, animals of the control and Kir4.1 flox mouse line were introduced into the tasks 

starting from the third week after injection. 
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4.4 Electrophysiology 

 

4.4.1 Preparation of acute brain slices 

Mice were anesthetized by O2/CO2 (50%/50%) or isoflurane before decapitation. The brain 

was rapidly removed and flushed with ice cold preparation solution. For horizontal sections 

of the hippocampus, the cerebellum and a part of the frontal brain were removed. A part of 

the dorsal brain was further cut to create an even plane on which the brain was finally glued 

to the specimen holder. The plate was transferred into the buffer tray of the vibratome 

surrounded by ice and filled with ice cold preparation solution.  

For miniature excitatory postsynaptic potential recordings (section 5.3), stimulation 

experiments (section 5.7) and extracellular field potential recordings (section 5.8) 300 µm 

thick sections were cut. For other experiments (application of BaCl2, section 5.1.1; 

application of kainate, section 5.11.2 and 5.12) 200 µm thick sections were used. For 

cerebellar slices both cerebellar hemispheres were cut and the vermis was fixed on the 

specimen holder. Sections of 250 µm thickness were sliced as mentioned for hippocampal 

sections and treated as mentioned before. After sectioning, hippocampal/cerebellar brain 

slices were incubated for 15 min at 35°C in preparation solution before either being stored in 

aCSF at RT (field potential recordings) or in aCSF pre-warmed to 35°C, slowly cooling down 

to RT (patch-clamp recordings), until use. Slices were allowed to recover for at least 1 h 

before being used for experiments. All solutions were constantly gassed by O2/CO2 (95%/5%) 

to maintain a pH of 7.4. 

 

4.4.2 Electrophysiological setup 

For whole cell patch-clamp experiments an upright microscope was used. The microscope 

was placed on a vibration isolated table and shielded for electromagnetic waves by a faraday 

cage. A bath chamber was fixed on a motorized stage, allowing movements in x and y 

direction. A motorized focus was used to adjust the focal plane with either a dry 5x objective 

or a 60x immersion objective. The image of the slice was captured by a CCD camera and 

displayed on the computer monitor. Differential interference contrast (DIC) optics allowed 

enhanced contrast of all tissue structures. A fluorescence illumination system was used to 

visualize cells with intrinsic fluorescence. All incoming electrical signals were detected by a 

teflon coated silver wire with a chlorinated tip and enhanced by a pre-amplifier (head-stage) 

before being transmitted to the main amplifier EPC800. Signals were further processed by a 
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differential amplifier (DPA-2FS) and converted to a digital signal by a A/D converter and 

finally displayed by the patch-clamp software Tida. A silver pellet placed in the bath chamber 

and connected to the head stage was used as grounding. A heating system connected to the 

holder of the bath chamber allowed measurements at 35°C (mEPSCs recordings, section 4.4.5 

and 5.3; Schaffer collateral stimulation, section 4.4.6 and 5.7; cerebellar recordings 5.10.2 

and 5.10.3). 

 

4.4.3 Whole cell patch-clamp recordings  

Whole cell patch-clamp recordings from NG2 glia were performed to measure ionic currents 

passing over the entire membrane of the cell. The brain slice was placed in a bath chamber 

and fixed by a platinum wire with nylon threads. As recording electrode, a glass pipette of 2-

5 MOhm resistance was pulled from a borosilicate glass filament with a horizontal puller. 

The pipette was filled with solution resembling the cytoplasm of the cell (intracellular 

solution) and fixed to the head stage. A small but constant overpressure applied via a tubing 

system provoked an outflow of intracellular solution, preventing the pipette tip to be plugged. 

Under optical control, using the 60x immersions objective, the pipette was carefully moved 

with electric micromanipulators close to cell of interest. When the overpressure was released, 

the cell membrane flipped to the pipette generating a tight seal. The cell was then clamped to 

-80 mV, if not stated otherwise. To establish the whole cell configuration small pulses of 

negative pressure were applied, rupturing the cell membrane beneath the pipette. To keep the 

cell at -80 mV, the head stage hosts an operational amplifier that compares the desired holding 

potential (Vhold = -80 mV) to the actual resting membrane potential (RMP) of the cell. If the 

RMP differs from Vhold the difference is counterbalanced by injection of a current (I), forcing 

the cell to adapt to the desired potential Vhold. While switching from the voltage clamp mode 

to the current-clamp mode, this feedback loop that enforces the cell to stay at a certain 

potential is inactive and the actual membrane potential can be measured.  

 

4.4.4 Passive membrane properties 

The passive membrane properties of a cell were calculated by considering the properties of a 

cell equivalent to an electrical circuit (Fig. 4.4 A). The cell membrane, a lipid bilayer, can be 

considered as a capacitor as it separates charged ions of the extracellular and intracellular 

space, generating an electric field. The amount of charge (Q) that can be stored by the 

capacitor (membrane capacitance, Cm), is proportional to its size (here membrane surface 

area). Ion channels that are embedded in the membrane function as resistors, allowing 
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charged ions to cross the membrane. This membrane resistance (Rm) depends on the type 

and amount of open ion channels in the cell membrane. During whole-cell patch-clamp 

recordings, the transition between the patch pipette and the cytoplasm represent another 

resistor that is added in series to Cm and Rm. The series resistance (Rs) depend on the access 

to the cell interior and the composition of pipette solution and cytoplasm and diffusion 

parameters (Sherman-Gold, 2012). 

 

 

Fig. 4.4: Determining Passive membrane properties of a cell  

A) Electrical circuit in a whole-cell configuration. Cm (membrane capacitance), determined by the size of 

the lipid bilayer; Rm (membrane resistance), determined by ion channels embedded in the membrane; Rs 

(series resistance), determined at the transition between patch-pipette and the intracellular space. B) Current 

response of a cell to a Δ10 mV depolarizing voltage step. It0, capacitive current at the beginning of 

recharging the membrane (time point t0); It1 steady state current after recharging the capacitor. The change 

of charge (ΔQ) is represented by the integral under the capacitive current. Adapted from (Sherman-Gold, 

2012). 

 

To determine Rs, Rm and Cm, the cell was repetitively (10 times) depolarized by 10 mV (ΔV 

= 10 mV) for 50 ms and the current responses (Fig. 4.2 B) were averaged. The applied voltage 

leads to a recharge of the capacitor, resulting in a capacitive current (It0). When the capacitor 

is fully recharged, the current reaches a steady state It1. It0 and It1 are used to determined Rs 

and Rm according to Ohm´Law (equation 1 and 2). Cm is defined by the change of charge 

(ΔQ) between It0 and It1 (equitation 3). Calculations were performed by using IGOR Pro 

macros custom-written by Ronald Jabs. 

 𝑅𝑠 =  
𝛥𝑉

𝐼𝑡0
    (1) 

𝑅𝑚 =  
𝛥𝑉

𝐼𝑡1
− 𝑅𝑠    (2) 

𝐶𝑚 =  
𝛥𝑄

𝛥𝑉
− 𝑅𝑠    (3) 

A B 
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 4.4.5 Miniature EPSPs 

Miniature excitatory post synaptic potentials (mEPSPs) were recorded in recombined NG2 

glia in the CA1 region of the stratum radiatum. To prevent spontaneous activity of neurons, 

aCSF was supplemented with TTX (0.5 mM), a blocker for voltage gated Na+ channels. For 

some recordings NBQX (10 μM) and/or picrotoxin (150 µM) were applied via the perfusion 

system to distinguish between glutamatergic and GABAergic input. mEPSPs were recorded 

for 8 min with a K-gluconate based intracellular solution. Recordings were sampled at 6 kHz 

and filtered at 1 kHz. For analysis, events were identified by using a template-based search 

with pClamp and either retained or discarded after visual inspection. Cells with less than 3 

events detected were rejected and not taken into analysis. Amplitudes, kinetics (rise- and 

decay time) and frequencies of mEPSPS were analyzed by a custom-written macro with 

IGOR Pro Software. The rise time was determined between 20% and 80% of the rising phase 

of the event (Fig. 4.5). The decay time (τ) was determined by a monoexponential fit of the 

mEPSP decay. 

 

Fig. 4.5: Analysis of rise time and decay time.  

Example of a mEPSP. The rise time was determined between 20% and 80% (green circles) of the rising 

phase; the decay time was determined by a monoexponential fit of the mEPSP decay (red). 

 

4.4.6 Paired pulse stimulation  

Excitatory postsynaptic currents (EPSCs) of hippocampal NG2 glia were evoked by 

stimulating Schaffer collaterals with a monopolar stimulation electrode. The electrode, 

consisting of a chlorinated silver wire inside an aCSF filled borosilicate glass pipette (< 1 

MOhm resistance), was placed in the stratum radiatum of the CA1 region of the hippocampus. 

For recording EPSCs of cerebellar NG2 glia the stimulation pipette was placed in the granule 

cell layer where climbing fiber traverse and innervate NG2 glia of the molecular layer. 

Biphasic stimulation pulses of 150 µs were applied via a pulse generator and the stimulus 

intensity was adjusted to stimulate single or few presynaptic fibers (minimal stimulation). For 

paired pulse recordings, two stimulation pulses with an inter-stimulus interval of 50 ms were 
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applied 40 to 120 times in a 15 s interval. A KCl-based intracellular solution was used for 

recording evoked excitatory postsynaptic currents (eEPSCs) of recombined NG2 glia in the 

hippocampal CA1 region of the stratum radiatum or in the cerebellar molecular layer. In some 

recordings glutamatergic input was separated from GABAergic input by application of the 

GABA receptor blocker picrotoxin (150 µM) via the perfusion system. Recordings were 

sampled at 10 kHz, filtered at 1 kHz and analyzed by a custom-written macro in the IGOR 

Pro Software. Kinetic properties of eEPSCs were calculated for responses evoked upon the 

first stimulus pulse. As for mEPSPs, the rise time was determined at 20% to 80% of the rising 

phase and the decay time constant τ by a monoexponential fit (equation 1). 

 𝐼(𝑡) = 𝐼0 ∗ 𝑒−𝑡/𝜏              (4) 

 

Stimuli that did not elicit a response, called failures, were excluded from analysis of rise and 

decay time. A stimulus was considered a failure if the amplitude of the response was less than 

2-times the full width at half maximum of the baseline current.  

To estimate the release probability at the neuron - NG2 glia synapse, the paired pulse ratio 

(PPR) was determined. Here, the ratio of the mean amplitude (including failures) upon the 

second pulse (Iamp2) to the mean amplitude evoked upon the first pulse (Iamp1) was calculated 

(equation 5). At synapses with a ratio of > 1 facilitation takes place, at synapses with a PPR 

of < 1, depression.  

                                                                 𝑃𝑃𝑅 =  
𝐼𝑎𝑚𝑝2

𝐼𝑎𝑚𝑝1
                 (5) 

 

4.4.7 Field potential recordings 

Field potential recordings and their analysis were performed by Dr. Anne Bohlen (Institute 

of Cellular Neurosciences, University of Bonn, Bonn). 

 

4.4.7.1 Setup 

Slices were transferred to an interface-type recording chamber (IFC) under a Leica 

microscope. In the IFC, the slice is placed on filter paper and is continuously perfused by low 

levels of aCSF (34°C). Field potentials were recorded with an aCSF filled glass pipette 

(resistance 3-8 MΩ) and sampled at 10 kHz. Signals were amplified and filtered by an Ext-

02B amplifier. Noise of 50 /60 Hz was removed by a HumBug noise eliminator. Data was 

acquired with the NI USB-6221 system and displayed by the software WinWCP (version 

4.6.1).   
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4.4.7.2 Long-term potentiation 

Field excitatory postsynaptic potentials (fEPSPs) in the stratum radiatum of the hippocampal 

CA1 region were evoked by a concentric bipolar stimulation electrode placed at the border 

of CA2/CA3. The stimulus intensity was adjusted by an isolated current stimulator and the 

half-wave pulse duration was set to 100 µs. To determine the excitability of the slice (input-

output relationship) and the maximal possible amplitude of the fEPSP, increasing stimulation 

intensities from 20 µA to 500 μA were delivered 3 times and the fEPSP slope and amplitude 

averaged accordingly. The stimulus intensity used for the experiments was adjusted to receive 

50% of the maximal evoked fEPSP amplitude. The slope of the fEPSP was used as an 

indication for neuronal network activity before, during and after induction of long-term 

potentiation (LTP) and analyzed by calculating the linear rising phase of the fEPSP between 

two manually set points and normalized to baseline.  

LTP was induced by a theta burst stimulation (TBS) protocol containing trains of 8 stimuli at 

5 Hz, each stimulus consisting of 4 pulses at 100 Hz. These 8 trains of stimuli were repeated 

3 times with an inter-stimulus interval of 1 min (Fig. 4.6).  For baseline recordings stimulation 

pulses with an interval of 15 s were applied 10 min before (40 pulses in total) and for 30 min 

after (120 pulses in total) application of the TBS protocol. The generated fEPSP slopes were 

normalized to the mean fEPSP slope during baseline recordings. Recordings that showed 

more than 10% fEPSP slope variability during baseline recording were excluded.  

To determine the release probability before and after TBS induced LTP, paired stimulation 

pulses with an inter-stimulus interval of 50 ms were applied every 15 s for 10 min. The PPR 

was calculated by dividing the second fEPSP slope by the first (equation 6). 

𝑃𝑃𝑅 =  
𝑠𝑙𝑜𝑝𝑒 2

𝑠𝑙𝑜𝑝𝑒 1
                   (6) 

Input-output curves were obtained with increasing stimulation intensities (20 µA to 500 μA). 

Each stimulus intensity was delivered 3 times, mean values were calculated and the initial 

slope of the fEPSPs was evaluated. All field potential recordings were analyzed with pClamp. 
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Fig.4.6: Schematic illustration of the TBS protocol.  

LTP was induced by a theta burst protocol composed of 8 trains of stimuli applied with an inter-stimulus 

interval of 0.2 s (5 Hz). Each stimulus, consisting of 4 stimulation pulses, was applied with a 0.01 s interval 

(100 Hz). These 8 trains were repeated 3 times with an inter-train interval of 1 min. 

 

4.4.8 Application techniques 

 

4.4.8.1 Bath application 

The application of different substances via the perfusion system was used during Schaffer 

collateral stimulation and mEPSPs. To guarantee a uniform distribution of aCSF 

supplemented with picrotoxin (150 µM), TTX (0.5 µM) and/or NBQX (10 µM) and to ensure 

global effect of the substances on the brain slice, the blocker solutions were applied for 

several minutes prior to recording.  

 

4.4.8.2 Focal pressure application 

The application of substances dissolved in aCSF via the focal pressure application system 

Octaflow was used to validate the ko of either the K+ channel Kir4.1 (section 5.1.1) or AMPA 

receptors (section 5.11.2 and 5.12) in recombined NG2 glia of Kir4.1 flox mice or 

triple/quadruple GluA flox mice, respectively. The Octaflow system consists of 8-12 valves, 

with one teflon tube per valve that converge into a combined quartz pipette with a diameter 

of 100 µm. Upon an electrical signal that is triggered by the Octaflow software, individual 

channels open, allowing an immediate application of substances. To prevent leakage of 

substances from the quartz pipette, aCSF is continuously flushing out of the pipette via 

gravitation until a valve opens. To exclude responses upon the applied pressure itself, aCSF 

was applied for 3 ms prior to the application of agonists and antagonists. Cells responding to 

aCSF were excluded from analysis. All solutions used were saturated with carbogen before 

being filled into the system to ensure a stable pH. The application of the substances with a 

pressure of 3 psi (equals 20.7 kPa) was performed with carbogen. Whole-cell patch-clamp 

recordings were performed with a KCl-based intracellular solution. 
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The existence of Kir4.1 mediated currents in recombined NG2 glia of Kir4.1 flox mice was 

proven by focal application of aCSF supplemented with the Kir channel blocker BaCl2 

(100 µM). The amplitude of Kir4.1 mediated currents was determined at a potential of -

130 mV, a voltage where Kir channels show inward rectification. The membrane conductance 

(g) was determined before and after BaCl2 (equation 7). For these experiments aCSF with 

MgCl2 was used to prevent precipitation of BaCl2 in presence of MgSO4.  

 

𝑔 𝑎𝑡 − 130 𝑚𝑉 (
𝑝𝐴

𝑚𝑉
) =  

𝐼𝑎𝑚𝑝 𝑎𝑡−130 𝑚𝑉 (𝑝𝐴)

(−130 𝑚𝑉−𝑉𝑚 (𝑚𝑉))
                    (7) 

To test for the presence of AMPA receptors in recombined hippocampal NG2 glia of triple 

and quadruple GluA flox mice, the AMPA/kainate receptor agonist kainate (250 µM) was 

used. aCSF supplemented with quinine (200 μm), TTX (0.5 μM) and picrotoxin (100 μM) 

was focally applied for at least 3 min to block K+ channels, Nav channels and GABAA 

receptors, respectively. The blockers were supposed to unmask the pure AMPA receptor 

mediated responses upon kainate application (solved in the blocker solution mentioned; 

applied for 15 s). The current density was calculated by normalizing receptor currents to the 

membrane capacitance (Cm) (equation 8) 

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑝𝐴

𝑝𝐹
) =  

𝐼𝑎𝑚𝑝 (𝑝𝐴)

𝐶𝑚 (𝑝𝐹)
                        (8) 

 

The rectification of the AMPA receptor mediated current was estimated by calculating the 

rectification index. During patch-clamp recordings the cell was continuously clamped every 

3 s to different voltages (-40/-20/0/20/40/80/100/-100 mV), each voltage step lasting for 100 

ms. The voltage evoked currents before kainate application were subtracted from those during 

kainate application with respect to the individual voltage step applied. After normalization to 

the smallest current measured during the voltage step protocol (mainly at -100 mV), the 

relation between current and voltage (I-V relationship) was displayed. The reversal potential 

(Vrev), meaning the voltage at which the receptor current reverses direction was read out from 

the curve. Vrev and the peak amplitude (Iamp) during kainate application at a voltage of +40 mV 

and -70 mV were used to calculate the rectification index (equation 9).   

     𝑅𝑒𝑐𝑡𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 =  
𝐼𝑎𝑚𝑝𝑎𝑡+40 𝑚𝑉 (𝑝𝐴)

(40 𝑚𝑉− 𝑉𝑟𝑒𝑣(𝑚𝑉)
  /  

𝐼𝑎𝑚𝑝𝑎𝑡−70 𝑚𝑉 (𝑝𝐴)

(70 𝑚𝑉− 𝑉𝑟𝑒𝑣(𝑚𝑉))
           (9) 
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The rectification index reflects the relation of inward and outward directed currents, 

determined at voltages negative and positive to the reversal potential (here, -70 mV and +40 

mV). A rectification index < 1 is ascribed to receptors that exhibit more inward than outward 

currents, displayed by an inwardly rectifying I-V relation. A rectification index >1 

characterizes receptor currents that favor outward over inward directed currents, displayed 

by an outwardly rectifying I-V relation.   

 

4.5 Molecular Analysis 

The existence and amount of certain mRNA expressed in NG2 glia was assessed by molecular 

analysis including semi quantitative real-time PCR (qPCR) of FAC sorted cells and single 

cell reverse transcription PCR (RT-PCR) of cell harvested from the slice. Experiments and 

analysis were performed by Dr. Gerald Seifert (Institute of Cellular Neurosciences, Bonn). 

 

4.5.1 FAC sorting 

The level of mRNA (Kir4.1, MBP, MAG) in hippocampal NG2 glia was quantified by semi 

quantitative RT- PCR (see below). For this purpose, NG2 glia were isolated from brain tissue 

of NG2-EYFPki mice (p60), control and Kir4.1 flox mice (both 3-4 weeks after tamoxifen 

injection, p50-60) by fluorescence activated cell sorting (FACS). Mice of both sexes were 

anesthetized with isoflurane and decapitated. The brains were dissected and whole 

hippocampi were isolated under microscopic control. The tissue was mechanically ruptured 

and digested in papain for 15 min 37 °C. To degrade the DNA the tissue was incubated for 

10 more minutes with DNAse and further dissociated by Pasteur pipettes and filtered through 

a 70 µm cell strainer. After adding 10 ml HBSS (Hanks' Balanced Salt Solution) 

supplemented with Ca2+ and Mg2+, the solution was centrifuged for 10 min (300 x g) and the 

respective pellet re-suspended in 1 ml HBSS without Ca2+ and Mg2+.  

As NG2 cells of all three mouse lines were expressing the fluorescence protein (E)YFP either 

under control of the NG2 promoter (in NG2-EYFPki mice) or driven by the artificial Rosa26 

promoter after Cre mediated recombination (in control and Kir4.1 flox mice), NG2 glia could 

be identified and sorted according to the EYFP specific emission at 527 nm by a flow 

cytometer (70 µm nozzle). Sorted cells were collected in HBSS (without Ca2+ and Mg2+) and 

the solution centrifuged for 10 min (2000 x g). The supernatant was discarded and the cells 

were re-suspended in 200 µl lysis/binding buffer. Samples were frozen in liquid nitrogen and 

stored at -80 °C before use. 
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4.5.2 Semiquantitative qPCR  

Samples containing the FAC-sorted NG2 glia were incubated in lysis/binding buffer to extract 

the mRNA from the cells. To specifically isolate the mRNA, the samples were incubated with 

polymer particles covered with an oligo dT sequence (oligo(dT)25-linked Dynabeads). Here, 

the poly A-tale of the mRNA binds to the oligo dT sequence and can be separated from the 

rest of the solution via a magnet. For first strand synthesis, these beads with the adherent 

mRNA were suspended in DEPC-treated water (20 µl) and incubated with first strand buffer 

supplemented with the chemicals listed in table 1.1. The first strand synthesis was induced at 

50 °C for 1h.  

Table 1.1: Reaction mixture for the first strand synthesis. Total reaction volume of 40 µl used, including 

20 µl mRNA suspended in DEPC-treated water. 

Component Concentration 

first strand buffer 1x 

DTT 10 mM 

dNTPs 250 µM 

oligo-dT24-primer 5 µM 

RNAse inhibitor RNAsine) 80 U 

SuperscriptIII reverse transcriptase 400 U 

 

Table 1.2: Reaction mixture for qPCR. Reaction volume of 12.5 µl (based on injection water), including 

1 µl of cDNA. 

Component Concentration 

Reaction mix Tycon 1x 

Primer/Probe mix  1x 

 

To assess the mRNA quantity, 1 µl of the first strand synthesis product was added to the 

Tycon reaction mix and a primer/probe mix (table 1.2) and the PCR program for qPCR started 

(Table 1.3). The Taq probe in the mixture is an oligonucleotide labelled with a fluorescent 

reporter at the 5´end and a second fluorescent dye at the 3´end. When the reporter dye is 

excited with the appropriate wavelength, energy is transferred between both dyes: The 

reporter dye emitting energy and the other dye absorbing it, thus, acting as a fluorescent 

quencher. During the amplification process of the PCR, the DNA polymerase cleaves the 

probe and disrupts the energy transfer. The energy, that was supposed to be absorbed, is now 

emitted as light and can be detected by the qPCR detection system CFX 384 (Holland et al., 

1991; Livak et al., 1995; Seifert et al., 2002). Per PCR cycle the emission accumulates and 

can be measured in real time. The fluorescence intensity is increasing exponentially until a 
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plateau phase is reached. In the exponential phase the threshold cycl (CT) can be determined 

and used to calculate the amount of RNA that was initially used (Fink et al., 1998; Seifert et 

al., 2002). The relative quantification of the gene expression ratio of the target gene and ß-

actin, a housekeeping gene serving as reference, was determined by comparing both CT and 

was calculated as followed:  

Xtarget / Xß-actin    =  Eß-actin
CT ß-actin / Etarget

CT target       (10)   

with X being the input copy number, E the efficiency of amplification and CT the threshold 

cycle. The amplification efficiency was assessed by serial dilutions of mRNA and was 1.93 

for Kir4.1, 1.94 for ß-actin, 1.91 for MAG and 1.89 for MBP. Water was used as a negative 

control.  

 

Table 1.3: PCR program for qPCR. 

 Temp (°C) Time (min) Cycles 

 50 2:00  1x 

Denaturation 95 10:00 1x 

Denaturation 95 0:15 

50x Hybridization 60 
0:60 

Elongation 60 

 

 

4.5.3 Single cell RT PCR 

 

4.5.3.1 Harvesting single cells 

The presence or absence of mRNA in single NG2 glia was assessed by single cell RT-PCR. 

NG2 glia that were electrophysiologically characterized by the patch-clamp technique were 

isolated from brain tissue when the cell was still attached to the patch pipette. The pipette 

with the cell attached was lifted carefully above the slice and the isolated cell aspirated into 

the pipette. The pipette was removed and the intracellular solution of the pipette including 

the cell expelled into a thin walled Eppendorf tube with 3 µl DEPC water (RNAse and DNA 

free) and frozen in liquid nitrogen. Cells were stored until use at -20°C.  

 

4.5.3.2 Single cell RT PCR 

To reveal the presence or absence of mRNA in a single cell, a two-step reverse transcription 

PCR (RT-PCR) was performed. In the first step mRNA was transcribed into cDNA. 

Therefore, each cell collected was treated for 1 h at 37°C with a buffer composed of the 
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chemicals mentioned in table 1.4. As negative control DEPC water was used. RNA isolated 

from the whole mouse brain served as positive control. 

 

Table 1.4: Reaction mixture for the first step of single cell RT-PCR.  

Total reaction volume of 10 µl, including 3 µl DEPC-treated water containing a single cell.  

Component Concentration 

first strand buffer 1x 

DTT 10 mM 

dNTPs                250 µM 

Random hexamer Primer 50 µM 

RNAse inhibitor (RNAsine) 20 U 

SuperscriptIII reverse transcriptase 100 U 
 

 

In the second step a two-round multiplex PCR was performed to identify specific cDNA 

sequences. For the first round 10 µl of the cDNA were added to the substances listed in table 

1.5 before the PCR reaction was started (45 cycles, 51°C, 2,5 h; table 1.6). Here primers were 

used that recognize the cDNA of the either the K+ channel subunit Kir4.1 or the AMPA 

receptor subunits GluA1, GluA2, GluA3 and GluA4. To reassure the origin of the cDNA to 

be NG2 glia specific, primers binding to the sequence of the NG2 glia marker PDGFRα were 

additionally used.  

 

Table 1.5: Reaction mixture for the first round of the two-round multiplex PCR. Total reaction volume 

of 50 µl (injection water based), including 10 µl of the PCR product. 

Component  Concentration 

PCR Buffer* 1x 

MgCl2 2.5 mM 

Sense primer  200 nM 

Antisense primer Kir 200 nM 

dNTPs 4*50 µM 

Taq Polymerase 2 U 

 

Table 1.6: PCR program for the 1st part of a two-round multiplex PCR 

 Temp [°C] time cycles 

 94 3:00  1x 

Denaturation 94 0:25 

5x Hybridization 51  2:00 

Elongation 72 1:00 

Denaturation 94 0:25 

40x Hybridization 51  0:45 

Elongation 72 1:00 

 72 7:00 1x 
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For the second-round nested primers were used that bind within a specific sequence of the 

PCR product obtained from the reaction before. 2 µl of the PCR product were added to the 

substances mentioned in table 1.7 and amplified in a PCR reaction (35 cycles, 54°C, 2,5 h; 

table 1.8).  

 
Table 1.7: Reaction mixture for the second round of the two-round multiplex PCR.  

Total reaction volume of 50 µl (injection water based), including 2 µl of the PCR product from the first 

round of the multiplex PCR. 

Component Concentration 

PCR Buffer* 1x 

MgCl2 2,5 mM 

dNTPs 50 µM 

sense primer nested 200 nM 

antisense primer nested 200 nM 

Platinum Taq Polymerase 2.5 U 

 

Table 1.8: PCR program for the 2nd part of a two-round multiplex PCR 

 Temp (°C) Time (min) Cycles 

 94 3:00  1x 

Denaturation 94 0:25 

5x Hybridization 54 2:00 

Elongation 74 0:25 

Denaturation 94 0:25 

30x Hybridization 54 0:45 

Elongation 72 0:25 

 72 7:00 1x 

 

4.5.3.3 Agarose gel electrophoresis 

To finally assess the presence or absence of certain mRNA in single cells, agarose gel 

electrophoresis was performed. A 1.5% agarose gel (agarose dissolved in Tris-acetate-EDTA 

(TAE) buffer) was supplemented with 20 µL ethidiumbromid (1 mg/ml) to visualize the PCR 

products under UV-light. In TAE-buffer the gel was loaded with 10 µl PCR product mixed 

with 2 µL loading dye. Samples were separated in an electric field (240 V for 40-45 min) by 

their size and charge. A low molecular weight DNA ladder, was used to indicate molecular 

size and to identify cDNA.  
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4.6 Immunohistochemistry 

To quantify the recombination efficiency in control and Kir4.1 flox mice, brain tissue was 

fixed by paraformaldehyde (PFA) and brain sections were stained for the NG2 glia specific 

marker PDGFRα and the reporter protein EYFP. Proliferation and differentiation of 

recombined NG2 glia was assessed by immunostainings for Ki67 and GSTpi. Hippocampal 

myelination was revealed by staining for the myelin basic protein (MBP).  

For immunohistochemistry mice 8 weeks post tamoxifen injection were prepared as 

mentioned in the following. 

 

4.6.1 Tissue fixation 

Mice were deeply anesthetized by intraperitoneal injection of 75 to 100 µl of xylaxine 

(2%)/ketamine (100 mg/ml) in a ratio of 1:3. Mice were intracardially perfused with ice cold 

phosphate buffered saline (PBS) solution followed by 4% PFA, 5 ml/min each. Brains were 

dissected and post fixed overnight in 4% PFA at 4°C before being transferred into PBS until 

sectioning. 

 

4.6.2 Preparation of brain sections 

For immunohistochemistry, coronal sections of the hippocampus or parasagittal slices of the 

cerebellar vermis were used. For coronal sections, the cerebellum and a part of the frontal 

brain were removed and the brain frontally glued to the specimen holder. For sagittal sections, 

the vermis was cut as described before (section 4.4.1). The specimen holder was transferred 

into the buffer tray surrounded by ice and containing PBS. Sections of 40 µm thickness, 

obtained with a vibratome, were stored until use in a 24 well plate in PBS supplemented with 

sodium azide.  

 

4.6.3 Antibody labeling of free-floating brain sections 

Free floating brain sections stored in PBS with sodium acid were washed three times with 

PBS prior to antibody treatment. To permeabilize the brain tissue and to block unspecific 

binding sites, sections were incubated for 2h at RT in PBS containing 0.5% triton and 10% 

normal goat serum (NGS). Primary antibodies were diluted in PBS with 0.1% triton and 5% 

NGS and were applied to the brain sections for at least 12 h at 4°C. Before adding the 

corresponding fluorescent secondary antibody (diluted in in PBS with 0.1% triton and 5% 

NGS) for 2 h at RT, sections were washed three times with PBS. Cell nuclei were stained 
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with Hoechst 33342 (1:100 in dH2O) for 10 min. Before and after Hoechst treatment, brain 

sections were again washed three times with PBS. Sections were mounted on cover slips with 

mounting medium. 

 

4.5.4 Confocal Imaging  

Images of 1024 x 1024 pixels (581.25 µm x 581.25 µm) were captured with a confocal laser 

scanning microscope using a 20x immersions objective. Images represent Z-stack images of 

4 µm depths with a step size of 1 µm. Laser intensity was adjusted according to the signal 

intensity to avoid oversaturation. Images were recorded and processed with LAS software 

from Leica. Based on the fluorescently labeled secondary antibody (section 3.4.2) and 

fluorescent dye used, excitation wavelength was set to 415 - 449 nm (Hoechst 33342), 500 - 

600 nm (Alexa 488), 589 - 696 nm (Alexa 597) and 652 - 749 nm (Alexa 647). Images were 

analyzed with Fiji software.  

 

4.6.5 Microscopic analysis and quantification 

Immunostainings were evaluated from stratum radiatum, stratum lacunosum moleculare and 

stratum moleculare of the dentate gyrus from at least 3 mice per genotype with 3 slices per 

mouse. NG2 glia recombination, proliferation and differentiation were assessed by staining 

for PDGFRα - a marker for NG2 glia, Ki67 - a marker for dividing cells and GSTpi - a marker 

for mature oligodendrocytes. Recombined NG2 glia expressing EYFP were labeled with anti-

GFP antibodies. For evaluation, confocal images of GSTpi, Ki67 and PDGFRα stainings were 

displayed with maximum intensity projections and cell populations counted as followed: 

Recombination efficiency was determined as the proportion of cells being positive for the 

reporter (EYFP+) and the NG2 glia marker PDGFRα (PDGFRα+) among all NG2 glia (EYFP+ 

PDGFRα+/PDGFRα+ cells). For differentiation, the proportion of recombined (EYFP+) cells 

being positive for GSTpi (GSTpi+) among all recombined cells was evaluated (EYFP+ 

GSTpi+/EYFP+ cells). The population of proliferative cells was calculated from the number 

of EYFP+ and Ki67+ cells (EYFP+ Ki67+/EYFP+ cells).  

For quantification of myelination, sections were immunolabeled for the myelin basic protein 

(MBP) and the mean intensity projection was analyzed. To reduce variations within the 

staining procedure, fixed brain slices of control and Kir4.1 flox mice were stained and imaged 

in parallel. For the intensity analysis a threshold intensity was determined to distinguish 

between the MBP signal and background of the image. The threshold value was chosen by 

comparing the signal intensities between images and set accordingly for optimal signal 
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detection in all images. The intensity values of grey levels were determined per hippocampal 

area and normalized to the intensity recorded in the stratum lacunosum moleculare of Kir4.1 

flox mice.  

 

4.7 Behavioral experiments 

Memory performance of control and Kir4.1 flox was assessed in different behavior paradigms 

in collaboration with Dr. Andras Bilkei-Gorzo and Prof. Dr. Andreas Zimmer (Department 

of Molecular Psychiatry, University of Bonn, Bonn). At least 1 week prior to experiments, 

mice were housed in a reversed 12h day/night cycle and experiments were performed during 

the dark phase when mice are active. Behavioral tests were conducted on groups of either sex 

in a dimly illuminated and sound isolated room. Experiments were performed as mentioned 

before (Albayram et al., 2016; Bilkei-Gorzo et al., 2017). In brief: 

For the object location recognition test and partner recognition test an open field arena (44 

cm x 44 cm) was covered with 1 cm sawdust. During the experimental phase sawdust was 

not changed to saturate it with the odor of the animals. Mice were separated to different arenas 

according to their sex to prevent any bias due to olfactory cues. During the habituation phase, 

mice were placed into the center of the arena and were allowed to explore the environment 

for 5 min for 3 consecutive days. The activity of each mouse during the test phase of the 

object location recognition test, partner recognition test and Y-maze paradigm was tracked 

by Noldus Ethovision XT software.  

 

4.7.1 Object location recognition test 

For the object location recognition test, three identical objects (LEGO bricks with different 

colors) were placed next to each other on one site of the arena. Mice were allowed to explore 

the enriched environment for 6 min (trial 1) and the time they spent on investigating the 

objects was recorded. After trial 1, the mouse was removed from the arena for 30 min until 

trial 2 started. In trial 2 one of the objects was rebuilt and moved within the arena. The mouse 

was placed back and the activity of the mouse was recorded for 3 min once the mouse began 

to interact with the new object. The preference (P) for the relocated object was calculated as 

percentage of the time spent exploring the moved object (Ta) relative to the total exploration 

time on the moved and the other two remaining objects (Ta, Tb, Tc) (equation 11). Novelty 

preference (NP) was calculated by the preference (P) of the mouse in trial 1 (Pt1) and trial 2 

(Pt2) (equation 12). 
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                                                     𝑃 =  
𝑇𝑎

𝑇𝑎+ 𝑇𝑏+𝑇𝑐
∗ 100                    (11) 

                                                    𝑁𝑃 =  
(𝑃𝑡1−𝑃𝑡2)

𝑃𝑡1
∗ 100                   (12) 

 

4.7.2 Partner recognition test 

For the partner recognition test, mice were habituated as mentioned before (3 days, 5 min per 

day). On the test day a partner mouse of the same sex as the test mouse (but from a different 

cage) was placed in a metal grid cage and the cage positioned in one corner of the open field 

arena 6-7 cm from the walls. An object of the same size, shape and material (here a metal 

can) was placed in opposite of the grid cage with the same distance from the wall. The 

behavior of the test mouse was recorded for 9 min (trial 1). In trial 2, following 1 h, 2 h, 4 h 

or 8 h after trial 1, the object was replaced by another partner mouse in a grid cage and the 

test mouse was placed back into the arena. Subsequently, after the first interaction with the 

new partner the activity of the test mouse was recorded for 3 min. The different time intervals 

between trial 1 and trial 2 were carried out on consecutive days. Thus, each inter-trial interval 

represents a new experiment including different partner mice. The ability to distinguish 

between the new and the old partner was defined by the novelty preference. The novelty 

preference was calculated from the time spent with the novel partner mouse (Ta) and the time 

spent with the remaining partner (Tb) (equation 13). 

                                                      𝑁𝑃 =  
(𝑇𝑎−𝑇𝑏)

𝑇𝑏
∗ 100                   (13) 

 

4.7.3 Y-Maze labyrinth 

In the Y-maze paradigm mice were placed for 10 min in a Y-shaped arena, each of the three 

arms being 20 cm long and 15 cm high. The time spent in each arm was recorded and the 

number and sequence of arm entries were analyzed. To determine working memory the total 

number of spontaneous alternations (SA; entering 3 different arms consecutively) relative to 

the total number of arm entries (TA) minus 2 was calculated (equation 14): SA/TA-2 *100. 

The maze was thoroughly cleaned using detergent between the animals to avoid odor cues.  

                                                       𝑁𝑃 =  
𝑆𝐴

(𝑇𝐴−2)
∗ 100                   (14) 
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4.7.4 Beam walk test 

The beam walk paradigm was used to assess motor performance in control and Kir4.1 flox 

mice. Here a 1 m rod was fixed to a shelf at the height of 70 cm. A dark plastic chamber (7 x 

10 x 10 cm3, the ground covered with saw dust) was placed at the end of the rod, serving as 

a getaway spot for the mouse balancing on the beam. On the first day, mice were placed onto 

the free end of a 28 mm diameter rod and were allowed to climb into the chamber. Mice, 

which fell down were placed back to the original position until the chamber was reached. The 

test was repeated 2 additional times. At the end of this train period each animal was able to 

quickly walk from the start position to the goal chamber. On the second day (trial day), the 

test was carried out again as described above. This time all animals were tested in the order 

of the thickest (28 mm diameter) rod first, followed by the middle sized (14 mm) and finally 

the thinnest (8 mm) rod. The time from starting on the rod until entering the goal chamber 

with all 4 legs (latency) was measured. 

 

4.8 Statistics 

The data was analyzed with Igor Pro, Origin, Prism and R software. Normal (Gaussian) 

distribution of data was analyzed with the Shapiro–Wilk test. Parametric and non-parametric 

tests were used to determine statically differences. Non-paired data sets were analyzed with 

student's t-test or Mann-Whitney U test with or without Welch correction for equal or diverse 

variances. Paired data sets were analyzed with either paired t-test or Wilcoxon Rank test. For 

group analysis Kruskal-Wallis test with post-hoc Dunn´s test, 1-way ANOVA with post-hoc 

Tukey test or 2-way ANOVA followed by Bonferronis t-test were applied. Significance level 

was set to p < 0.05.  
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5 Results 
 

5.1 Inducible knockout of Kir4.1 in NG2 glia  

The role of NG2 glia especially in grey matter and the impact of receiving direct synaptic 

input from GABAergic and glutamatergic neurons stays elusive since the discovery of NG2 

glia and their unique neuronal connection (Bergles et al., 2000). In the present study a mouse 

line was established to induce a knockout (ko) of the K+ channel Kir4.1 specifically in NG2 

glia. This mouse line that is based on the Cre/loxP system was generated by breeding the 

NG2-CreERT2 x Rosa26-EYFP mouse line (control mice) with mice carrying the gene for 

the K+ channel Kir4.1 flanked by two recognition sites for the Cre recombinase (Kir4.1 fl/fl; 

NG2-CreERT2 x Rosa26-EYFP mice; Kir4.1 flox mice). In this system a modified version of 

the Cre enzyme is fused to the human estrogen receptor and is specifically expressed under 

the NG2 promoter. This construct not only allows Cre expression to be restricted to cells 

owning the NG2 promoter but further to control the timing of Cre mediated recombination 

by the addition of estrogen analogues. In this study CreERT2 mediated recombination was 

induced by intraperitoneal application of the estrogen analogue tamoxifen. NG2 glia in which 

CreERT2 was active and able to mediate recombination were identified by the expression of 

the reporter protein EYFP (enhanced yellow fluorescent protein) and termed recombined 

NG2 glia.  

The efficiency of recombination and the concomitant ko of Kir4.1 were assessed by 

combining different molecular and electrophysiological methods and is described in the 

following sections. 

 

5.1.1 Knockout efficiency in Kir4.1 fl/fl; NG2-CreERT2 mice 

Both mouse lines, Kir4.1 flox and the control were treated with the tamoxifen protocol 

described by Huang and colleagues in 2014 who generated the NG2-CreERT2 mouse line 

(Huang et al., 2014): Adult mice were injected twice a day for five consecutive days with the 

estrogen analogue tamoxifen. Per mouse and per injection 1 mg tamoxifen was solved in 

sunflower seed oil and ethanol absolute before injecting the substance intraperitoneally. Three 

weeks after the last injection whole-cell patch-clamp recordings were performed in the CA1 
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region of the stratum radiatum of hippocampal brain slices of tamoxifen treated mice. In 

recombined NG2 glia of control mice, in which CreERT2 activity only induced the expression 

of the reporter gene while keeping the Kir4.1 gene intact, application of de- and 

hyperpolarizing voltage steps elicited current responses typical for this type of glia cells (Fig. 

5.1): Depolarizing NG2 glia led to transient K+ outward currents mediated by A-type K+ 

channels (Fig. 5.1-1) and sustained K+ currents through delayed rectifying K+ channels (Fig. 

5.1-2). The activity of other voltage gated channels like Nav channels are thereby masked by 

the pronounced K+ flow. Voltages hyperpolarizing the cell evoked currents known to be 

mediated by Kir4.1 channels (Fig. 5.1-3) (Kressin et al., 1995; Steinhäuser et al., 1994).  

 

 

 

 

 

 

Fig. 5.1: Current pattern of recombined NG2 glia in control mice. 

Example of the whole-cell current pattern of recombined NG2 glia evoked by de- and hyperpolarizing 

voltage steps between -160 mV and +20 mV lasting for 50 ms (holding potential of -70 mV; inset describes 

voltage commands). Depolarization of NG2 glia led to the opening of A-type K+ channels (-1- transient K+ 

current) and delayed rectifying K+ channels (-2- sustained K+ current). Kir4.1 mediated currents (-3-) were 

evoked by applying hyperpolarizing voltage steps. 

 

To identify the proportion of Kir4.1 mediated currents in recombined NG2 glia of control and 

Kir4.1 flox mice the Kir channel blocker BaCl2 was applied to the cells by using a focal 

pressure application system (Haberlandt et al., 2011; Larson et al., 2018; Passlick et al., 2016; 

Seifert et al., 2009). In presence of BaCl2 currents evoked by voltages hyperpolarizing the 

cell were drastically reduced. The conductance of the Kir4.1 channel measured at -130 mV 

was diminished from 14.03 ± 4.33 pA/mV to 1.78 ± 0.86 pA/mV (n = 11) (Fig. 5.2). As in 

Kir4.1 flox mice CreERT2 activity was supposed to mediate recombination and subsequent ko 

of the Kir4.1 channel recombined NG2 glia of this mouse line should be insensitive to BaCl2. 

Unexpectedly, when analyzing recombined NG2 glia of Kir4.1 flox mice two populations of 

recombined NG2 glia were identified: i) Despite CreERT2 activity indicated by EYFP 

fluorescence some recombined NG2 glia showed a channel conductance at -130 mV of 13.52 

± 5.26 pA/mV that could be reduced to 1.61 ± 0.94 pA/mV upon BaCl2 application (n = 35) 

(Fig. 5.3 A). As these characteristics were similar to those of recombined NG2 glia in control 
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mice these cells were termed Kir4.1 wild-type cells (Kir4.1 wt cells). ii) Those NG2 glia that 

showed a Kir conductance less than 6 pA/mV already before BaCl2 application (1.46 ± 

1.03 pA/mV, n = 49) were defined as Kir4.1 ko cells and termed Kir4.1 ko cells (Fig. 5.3 B). 

Nevertheless, even in these Kir4.1 ko cells BaCl2 reduced the channel conductance measured 

at -130 mV to a small (1.00 ± 0.52 pA/mV, n = 49) but statistically significant extent.                                  

       

                                              

Fig. 5.2: Pharmacological and electrophysiological characterization of recombined NG2 glia in 

control mice. 

A) Whole-cell current pattern of recombined NG2 glia evoked by de- and hyperpolarizing steps between -

160 mV and +20 mV lasting for 50 ms before and after focal pressure application of the Kir channel blocker 

BaCl2 (100 µM) (holding potential of -70 mV). Kir4.1 mediated currents evoked by applying 

hyperpolarizing voltage steps to -160 mV could be blocked by BaCl2. B) The conductance of Kir4.1 channel 

activity decreased by 87% to less than 2 pA/mV in presence of BaCl2. Wilcoxon rank test. n = 11. *** 

p<0.001. 

 

 

 

 

 

 

A 

B 

BaCl
2
 

1 nA 
10 ms 

25 ms 

aCSF aCSF + BaCl2

0

5

10

15

20

25

30 ***

c
o

n
d

u
c
ta

n
c
e

 a
t 

-1
3
0
 m

V
 (

p
A

/m
V

)



Results 
 

  

67 
 

 

 

Fig. 5.3: Pharmacological and electrophysiological characterization of recombined NG2 glia in 

Kir4.1 flox mice.  

Whole-cell current pattern of recombined NG2 glia evoked by de- and hyperpolarizing steps between -

160 mV and +20 mV before and after application of the Kir channel blocker BaCl2 (100 µM) (holding 

potential of -70 mV). A) Recombined NG2 glia showing a conductance of > 6 pA/mV at -130 mV were 

termed Kir4.1 wild-type (wt) cells (n = 35). B) Recombined NG2 glia with a conductance < 6 pA/mV 

were defined as Kir4.1 ko cells (n = 49). Wilcoxon rank test. *** p<0.001. 

 

To further assess the presence (Kir4.1 wt cells) or absence (Kir4.1 ko cells) of Kir4.1 mRNA 

in recombined NG2 glia, cells were harvested from hippocampal slices to perform reverse 

transcription PCR (RT-PCR) from single cells (done by Dr. Gerald Seifert) (Fig. 5.4). Indeed, 

molecular analysis proved the presence of Kir4.1 mRNA in cells showing a conductance of 

more than 6 pA/mV (Kir.4.1 wt cells; 8/8 cells) and its absence in cells with less than 

6 pA/mV conductance (Kir4.1 ko cells; 15/16 cells). These data demonstrated an incomplete 

ko of the Kir4.1 gene in Kir4.1 flox mice after CreERT2 induced recombination by tamoxifen 

application.  

For the following experiments recombined NG2 glia of Kir4.1 flox mice were categorized to 

either Kir4.1 ko or Kir4.1 wt cells according to their conductance at -130 mV (Kir4.1 ko cells 

< 6 pA/mV > Kir4.1 wt cells). All three groups (control, Kir4.1 wt and Kir4.1 ko cells) were 

treated separately for analysis in each experiment performed in this study.  
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Fig. 5.4: Molecular analysis of recombined NG2 glia in Kir4.1 flox mice.  

A) Whole-cell current pattern of two recombined NG2 glia that were harvested from slices of Kir4.1 flox 

mice and used for single-cell RT-PCR. B) Agarose gel of the products from the single-cell RT-PCR 

performed on cells shown in A). In NG2 glia defined as Kir4.1 ko cells (cell #1; conductance of < 

6 pA/mV), the absence of Kir4.1 mRNA could be confirmed. In Kir4.1 wt cells (cell #2; conductance of > 

6 pA/mV) the presence of Kir4.1 mRNA was proven. The identity of NG2 glia was verified by the presence 

of mRNA coding for the NG2 glia marker PDGFRα. L, low molecular weight DNA ladder; bp, base pairs. 

 

5.1.2 Establishment of an efficient tamoxifen protocol 

The efficiency of the tamoxifen protocol used (two injections of 1 mg tamoxifen per day for 

5 consecutive days) to induce a ko of the K+ channel Kir4.1 specifically in NG2 glia was 

evaluated electrophysiologically by the number of recombined NG2 glia showing a 

conductance of less than 6 pA/mV at a potential of -130 mV (Kir4.1 ko cells) among the total 

number of recombined NG2 glia (indicated by expressing EYFP fluorescence) patched in 

brain slices of one animal. In Kir4.1 flox mice injected at the age of p76 (N = 3) less than 

20% of the cells characterized were lacking Kir4.1 (Fig. 5.5). Injection of younger mice (p25, 

N = 4; p35, N = 5) revealed a ko efficiency of up to 60%. Nevertheless, the variation of the 

ko efficiency between mice treated with the same protocol was evident. Keeping the time 

point of, other parameters of the tamoxifen protocol were optimized: Changes of the 

frequency of injections (once or twice per day for three or 10 consecutive days), the amount 

of tamoxifen used (1.5 - 2 mg) or the time period before experiments were conducted (three 

days up to five weeks after the last injection). The most promising protocol to achieve a high 

ko efficiency in parallel with a reduced stress level for the mice was a three days injection of 

1.5 mg tamoxifen once per day (N = 3). Here, 76.67 ± 8.51% of all recombined NG2 glia 

were lacking Kir4.1 mediated currents. 
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Fig. 5.5: Relative ko efficiency of different tamoxifen protocols applied. 

Ko efficiency was assessed by the number of Kir4.1 ko cells (less than 6 pA/mV conductance at -130 mV) 

among all recombined NG2 glia patched per mouse. Mice were injected at different ages (p25-76) and 

analyzed three to five days post injection (dpi) or one up to five weeks post injection (wpi). The dose of 

tamoxifen varied between 1 mg tamoxifen twice a day (2 x 1 mg/day) for five or 10 consecutive days (5 d, 

10 d) and 1.5 mg once a day for three consecutive days (1 x 1.5 mg/day (3 d). In all protocols, ko efficiency 

varied between mice. Number of mice is given in the bar graphs. 

 

The patch-clamp technique allowed the evaluation of the tamoxifen induced ko on functional 

level in single cells. To further assess the ko of Kir4.1 on transcript level Dr. Gerald Seifert 

quantified the amount of Kir4.1 mRNA in recombined NG2 glia of the entire hippocampus 

with semiquantitative PCR. Three weeks after tamoxifen injection the hippocampus of 

control and Kir4.1 flox mice was dissected and hippocampal cells sorted by fluorescence 

activated cells sorting (FACS). Recombined NG2 glia were distinguishable from other cells 

by expression of the reporter protein EYFP (Fig.5.6 A). The fluorescence intensity detected 

at the EXFP specific wavelength of 527 nm was at least 10 times higher than backround 

fluorescence. To confirm the specificity of the sorted cell population representing recombined 

NG2 glia, semiquantitative PCR was performed. The sorted cells were tested for the presence 

of mRNA specifically expressed in NG2 glia (PDGFRα), neurons (Rbfox3), microglia cells 

(Aif1) and astrocytes (Aldh1L1) (Fig. 5.6 B). Less than 3% of the mRNA content was positive 

for the non-NG2 glia markers (Rbfox3: 0.79 ± 1.57%; Aif1: 1.11 ± 2.14%; AldH1L1: 0.12 ± 

0.21%; N = 9 mice), identifying the sorted cells as being purely NG2 glia. Finally, the mRNA 

level of Kir4.1 was determined in these cells. Compared to recombined NG2 glia of control 

mice (n = 11) the mRNA level of Kir4.1 was reduced by 86.7% in Kir4.1 flox mice (N = 8) 

(Fig. 5.6 C). 
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Fig. 5.6: Kir4.1 mRNA level in hippocampal NG2 glia.   

A) Sideward scatter plot obtained from the FAC sorter. FAC sorted EYFP-positive cells from the 

hippocampus of Kir4.1 flox mice are indicated by the boxed area. Cells were sorted according to their 

fluorescence emission at 527 nm. B) Semiquantitative PCR confirmed specificity of FAC sorted cells being 

NG2 glia by detecting a high level of mRNA coding for the NG2 glia marker PDGFRα. Transcripts for 

astrocytes (Aldh1L1), neurons (Rbfox3) and microglia cells (Aif1) were almost absent. C) The ratio of 

Kir4.1 mRNA found in recombined NG2 glia and the housekeeping gene ß-actin (serving as internal 

standard) revealed a significant downregulation of Kir4.1 transcripts in recombined NG2 glia of Kir4.1 flox 

mice. t-test. Mean ± SD. Number of mice is given in parenthesis.  

 

The recombination efficiency in control and Kir4.1 flox mice was investigated 4 and 8 weeks 

after tamoxifen injection by immunohistochemistry. Mouse tissue was fixed by intracardial 

perfusion with paraformaldehyde. Brains were cut with a vibratome into 40 µm thick coronal 

sections before being stained for the reporter protein EYFP and the NG2 glia marker 

PDGFRα (Fig. 5.7 A). The number of NG2 glia expressing the reporter gene EYFP and being 

positive for the NG2 glia marker PDGFRα were identified as recombined NG2 glia 

(PDGFRα+EYFP+ cells) and were compared to the total number of NG2 glia (PDGFRα+ cells) 

in the hippocampal brain slice. Recombination 4 and 8 weeks after tamoxifen injection took 

place in 60-85 % of NG2-glia cells in both control and Kir4.1 flox mice (Fig. 5.7 B; Table 

2). 2-way ANOVA, comparing genotype, time point of analysis and interaction of those, did 

not reveal any significant differences. 
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Fig. 5.7: Recombination efficiency in control and Kir4.1 flox mice.  

A) Immunostainings for EYFP (green) and the NG2 glia marker PDGFRα (red) in coronal slices of the 

hippocampus of control and Kir4.1 flox mice. Boxed areas are shown at higher magnification on the right. 

Scale bar 60 µm and 15 µm (insets). B) Recombination efficiency is represented by the proportion of 

EYFP+PDGRa+/PDGRα+ cells 3 weeks and 8 weeks post injection (wpi) of tamoxifen. Recombination 

efficiency varied between 60-85%. Mean ± SEM. 2-way ANOVA with post-hoc Tukey test. sr, stratum 

radiatum; slm, stratum lacunosum moleculare; sm, stratum moleculare of the dentate gyrus. Number of 

mice is given in parenthesis in the bar graphs. 
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Table 2: Recombination efficiency in control and Kir4.1 flox mice.  

Recombination efficiency was calculated by determining the number of cells positive for the reporter 

protein EYFP and the NG2 glia  marker PDGFRα (EYFP+PDGRα+ cells) among all NG2 glia (PDGRα+ 

cells) in the hippocampal slice. Mean ± SEM. 2-way ANOVA with post-hoc Tukey test. sr, stratum 

radiatum; slm, stratum lacunosum moleculare; sm, stratum moleculare of the dentate gyrus. wpi, weeks 

post injection. N, number of mice. 

 

 Quantification Mouse line sr slm sm N 

4 wpi 
PDGFRα+EYFP+/ 

PDGFRα+ cells (%) 

Control 70.31 ± 3.48 75.46 ± 6.19 63.78 ± 3.65 3 

Kir4.1 flox 85.14 ± 5.88 72.01 ± 1.83 76.61 ± 1.59 3 

8 wpi 
PDGFRα+EYFP+/ 

PDGFRα+ cells (%) 

Control 67.58 ± 6.33 64.43 ± 5.22 63.30 ± 8.78 9 

Kir4.1 flox 74.76 ± 5.76 60.48 ± 6.17 76.17 ± 4.05 9 

 

Possible consequences of the Kir4.1 deletion on the density of hippocampal NG2 glia were 

assessed by counting the number of PDGFRα positive cells per area (mm2) (Fig. 5.8; table 

3). Indeed, comparing the NG2 glia population 4 and 8 weeks after tamoxifen injection 

revealed a time dependent decrease of PDGFRα positive cells in control mice in all three 

hippocampal subregions analyzed. The number of NG2 glia decreased at 8 wpi from 104.58 

± 2.00 cells per mm2 in the stratum radiatum and 121.15 ± 6.03 cells per mm2 in the stratum 

moleculare of the dentate gyrus to 60% in both subregions (p = 0.008 and p = 0.005, 

respectively). In the stratum lacunosum moleculare the decrease was about 55% (p = 0.033). 

In Kir4.1 flox mice a significant reduction to 78% was observed in the stratum moleculare of 

the dentate gyrus at the same time point of analysis (p = 0.023). Comparing the density of 

NG2 glia between control and Kir4.1 flox mice revealed no differences neither 4 wpi nor 8 

wpi. These results indicate a developmental reduction of the NG2 glia density under normal 

(control) conditions that seemed to be attenuated in mice lacking the Kir4.1 channel in NG2 

glia. A change in the proliferative activity of NG2 glia that could explain these observations 

8 wpi was further investigated in chapter 5.4. 

 



Results 
 

  

73 
 

 

Fig. 5.8: NG2 glia populations in control and Kir4.1 flox mice. 

The density of NG2 glia in the hippocampus of control and Kir4.1 flox mice was analyzed 4 and 8 weeks 

post tamoxifen injection and calculated by determining the number of cells being positive for the NG2 glia 

marker PDGRα per area (mm2). Mean ± SEM. St., stratum; lac. lacunosum; St. moleculare, stratum 

moleculare of the dentate gyrus. 2-way ANOVA with post-hoc Tukey test. Number of mice is given in 

parenthesis in the bar graphs. 

 

Table 3: NG2 glia population in control and Kir4.1 flox mice per mm2. 

Hippocampal NG2 glia population quantified by determingin the number of cells being positive for the 

NG2 glia marker PDGRα per area (mm2). Control and Kir4.1 flox mice were analyzed 4 and 8 weeks post 

tamoxifen injection. Mean ± SEM. N, number of mice. wpi, weeks post injection. sr, stratum radiatum; slm, 

stratum lacunosum moleculare; sm, stratum moleculare of the dentate gyrus. 2-way ANOVA with post-hoc 

Tukey test. Double crosses (#) indicate statistical significant difference at different timepoints of analysis 

(4 wpi vs 8 wpi) within one group. 

 Quantification Mouse line Sr slm sm N  

3 wpi 
PDGFRα+cells/ 

mm2 

Control    104.58 ± 2.00
#
 158.01 ± 11.39

#
 121.15 ± 6.03

#
 3 

Kir4.1 flox 83.01 ± 7.62 161.86 ± 18.35 153.36  ± 13.38
#
 3 

8wpi 
PDGFRα+ cells/ 

mm2 

Control 62.69 ± 6.30 87.05 ± 10.56 69.05 ± 5.45 9 

Kir4.1 flox 69.86  ± 5.31 128.55 ±12.17 94.01 ± 7.06 9 

 

 

 5.2 Role of Kir4.1 in regulating passive membrane properties  

       of NG2 glia 

Kir4.1 channels are crucial to determine the membrane resistance and the membrane potential 

of NG2 glia. Blocking Kir channel activity in NG2 glia pharmacologically by BaCl2 in rat 

hippocampal slices and the induction of a NG2 glia specific ko of Kir4.1 in a PDGFRα-

CreERT2 mouse line revealed an increased membrane resistance and a depolarized membrane 

potential in NG2 glia (Chan et al., 2013a; Larson et al., 2018). To investigate if similar 

changes occur in the NG2-CreERT2 mouse line used in this study, membrane properties were 

compared between recombined NG2 glia of control and Kir4.1 flox mice. Therefore whole-

cell patch-clamp recordings were performed on recombined NG2 glia 3-4 weeks post 
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tamoxifen injection. The presence or absence of Kir4.1 mediated currents and thus, the 

identification of a recombined NG2 glia being wild-type for Kir4.1 (Kir4.1 wt cells) or a ko 

cell (Kir4.1 ko cells) was determined by calculating the channel conductance at a voltage of 

-130 mV as described in section 5.1.1.  

Recombined NG2 glia of control mice and Kir4.1 wt cells had a channel conductance of 10 

to 23 pA/mV that was significantly higher compared to a conductance of less than 6 pA/mV 

determined in Kir4.1 ko cells (Fig. 5.9 A, B; table 4). According to the membrane potential 

that is dependent on the type and number of ions being able to pass the membrane, Kir4.1 wt 

cells (n = 55) and NG2 glia of control mice (n = 82) had a similar resting membrane potential 

(RMP) of about -80 to -90 mV, close to the K+ equilibrium potential (Fig. 5.9 B; table 4). The 

membrane resistance (Rm) that reflects the density of open channels in the cell membrane 

was determined between -70 mV and -60 mV (holding potential of -70 mV) or between -

80 mV and -70 mV (holding potential of -80 mV) and ranged between 30 and 115 MOhm 

(Fig. 5.9 C; Table 4). However, in NG2 glia lacking Kir4.1 channels (Kir4.1 ko cells, n = 

128) these membrane properties were dramatically changed: The resting membrane potential 

was depolarized to -61 mV (Fig. 5.9 B, C; Table 4) and the membrane resistance was 

increased, reaching values above 1000 MOhm. Nevertheless, due to to technical limitations, 

the appropriate calculation of the membrane resistance of these high Ohmic cells was 

impossible. Thus Kir4.1 ko cells with an estimated membrane resistance of more than 3000 

MOhm (10 out of 128 cells) were excluded from the analysis. The membrane capacitance 

(Cm) reflecting the size of the cell membrane was with 23 to 38 pF and not different between 

groups (Fig. 5.9 D; Table 4). These results are in line with previous studies, supporting the 

role of Kir4.1 in determining the membrane resistance and membrane potential of NG2 glia 

(Djukic et al., 2007; Kressin et al., 1995; Larson et al., 2018). 
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Fig. 5.9: Kir4.1 channels determine passive membrane properties of NG2 glia.  

A) Representative whole-cell current patterns of recombined NG2 glia of control (control) and Kir4.1 flox 

mice (Kir4.1 wt, Kir4.1 ko) elicited by voltage steps ranging from -160 to +20 mV. The channel 

conductance at -130 mV is mentioned obove the respective current. B) NG2 glia of Kir4.1 flox mice 

showing less than 6 pA/mV conductance at -130 mV were considered as Kir4.1 ko cells, above as Kir4.1 

wt cells. C) In the absence of the Kir4.1 channels the resting membrane potential (RMP) of NG2 glia was 

depolarized by about 20 mV and D) the membrane resistance (Rm) was 3 to 30-fold higher. E) The 

membrane capacitance (Cm) was indistinguishable between control and recombined NG2 glia of Kir4.1 

flox mice. Kir4.1 ko cells: n = 128 (n = 118 for Rm); Kir4.1 wt cells: n = 55; control cells: n = 82. Kruskal-

Wallis test with post-hoc Dunn´s test. Data is presented as tukey box-plots with median (central line), 

quartiles (25% and 75%; box) and percentiles (1.5 times the interquartile range). Outliers are shown as dots. 
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Table 4: Passive membrane properties of recombined NG2 glia of control and Kir4.1 flox mice. 

RMP, resting membrane potential; Rm, membrane resistance; Cm, membrane capacitance. Data is given 

as median and interquartile range (quartile 25% – quartile 75%). Number of cells is given in square brackets.  

 

 control Kir4.1 wt Kir4.1 ko 

Conductance at -130 

mV (pA/mV) 

17.42 12.81 1.40 

(13.78 – 22.62) (9.77 – 17.46) (0.93 – 2.05) 

[82] [55] [128] 

RMP (mV) 

-89 -85 -61 

(-90 – -86) (-89 – -82) (-69 – -53) 

[82] [55] [128] 

Rm (MOhm) 

50.75 81.22 546.10 

(32.69 – 81.75) (56.56 – 115.17) (348.94 – 1022.90) 

[82] [55] [118] 

Cm (pF) 

29.98  31.09 27.28 

(25.68 – 35.66) (24.92 – 38.16) (23.09 – 33.89) 

[82] [55] [128] 

 

 

5.3 Consequences of Kir4.1 deletion on NG2 glia excitability 

In immature dentate granule cells (DGCs) Kir channels are expressed at very low levels 

resulting in a membrane resistance higher than in mature DGCs, subsequently causing an 

increased excitability upon neuronal input (Mongiat et al., 2009). To test if Kir4.1 similarly 

determines the excitability of NG2 glia, miniature postsynaptic potentials (mEPSPs) were 

recorded in recombined glia cells of control and Kir4.1 flox mice. mEPSPs represent 

responses upon single vesicular release of neurotransmitters from the pre-synapse. This 

release occurs by spontaneous fusion of single vesicles with the pre-synaptic membrane in 

the absence of an action potential and the subsequent influx of Ca2+ (Vautrin and Barker, 

2003). In presence of TTX that prevents the opening of voltage gated Na+ channels and with 

that the generation of action potentials, whole-cell patch-clamp recordings were performed 

in recombined NG2 glia. In the current clamp mode, that records the physiological response 

upon neurotransmitter release as a shift in membrane potential, the shape and properties of 

mEPSP were highly different between Kir4.1 ko cells compared to Kir4.1 wt and control cells 

(Fig. 5.10; Table 5). In NG2 glia lacking the Kir4.1 channel, depolarizations of 1.37 to 

2.24 mV were detected that were lasting up to 39 ms (n = 27) (Fig. 5.10 A-C, p < 0.001). In 

recombined NG2 glia showing Kir4.1 channel mediated K+ influx (control and Kir4.1 wt 

cells; n = 13 and n = 22, respectivly) mEPSPs only lasted about 2.8 - 4 ms and reached only 

half the magnitude. This is in line with experiments in which Kir4.1 channels where blocked 

with BaCl2 (Chan et al., 2013). In presence of BaCl2, mEPSPs of NG2 glia in the stratum 

radiatum of the CA1 region showed an increased amplitude and prolonged time constant of 
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voltage decay. Concomitantly, the rise time of mEPSPs measured in Kir4.1 ko cells was 

increased to 2.7 ms, compared to a rise time of around 0.8 - 1.1 ms in control and Kir4.1 wt 

cells (Fig. 5.10 D, p < 0.001). Thus, the Kir4.1 channel strongly influences the excitability of 

NG2 glia upon synaptic input.  

To further estimate the number of synaptic contacts in control, Kir4.1 wt and Kir4.1 ko cells, 

the time interval between events (inter-event interval) was taken as a measure. Taking the 

number of events per time instead would be another method to determine the connectivity of 

NG2 glia. This approach, however, is more susceptible to the recording duration and might 

be less appropriate for NG2 glia in which the occurrence of events is rather small (Bergles et 

al., 2000; Lemon, 2016; Passlick et al., 2016). Interestingly the inter-event interval was 

significantly higher in Kir4.1 ko cells (40.03 s) compared to Kir4.1 wt cells (5.27 s). This 

observation indicates differences in connectivity between neurons and NG2 glia in Kir4.1 

flox mice, with a lower number of synapses being established between neurons and in NG2 

glia lacking Kir4.1 channels. 
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Fig. 5.10: Properties of mEPSPs in in recombined NG2 glia  

A) Example traces of mEPSPs of control (top), Kir4.1 wt (middle) and Kir4.1 ko (bottom) cells (holding 

potential of -73 mV, liquid junction potential (LJP) corrected). Red diamonds indicate depolarizations upon 

single vesicular release. On the right: Corresponding superimposed single (grey) and average mEPSP traces 

(red; average of 10-29 events). B-D) In Kir4.1 ko cells peak amplitude, decay and rise time were increased 

compared to Kir4.1 wt and control cells. E) The inter-event interval of mEPSPs was higher in Kir4.1 ko 

cells compared to Kir4.1 wt cells. Control, n = 13; Kir4.1 wt cells, n = 22; Kir4.1 ko cells, n = 27. Kruskal-

Wallis test with post-hoc Dunn´s test. Data is presented as tukey box-plots with median (central line), 

quartiles (25% and 75%; box) and percentiles (1.5 times the interquartile range). Outliers are shown as dots. 

 

Table 5: Characteristics of miniature EPSPs in control, Kir4.1 wt and Kir4.1 ko cells.  

Data is given as median and interquartile range (quartile 25% – quartile 75%). Number of cells is given in 

square brackets.  

 control Kir4.1 wt Kir4.1 ko 

Peak Amplitude 

(mV) 

0.69 0.65 1.76 

(0.62 – 0.88) (0.61 – 0.77) (1.37 – 2.24) 

[13] [22] [27] 

Rise time (ms) 

0.85 0.95 2.30 

(0.77 – 0.99) (0.76 – 1.11) (1.94 – 2.66) 

[13] [22] [27] 

Decay time (ms) 

3.49 3.68 30.84 

(2.80 – 4.18) (3.11 – 4.39) (18.80 – 38.68) 

[13] [22] [27] 

Inter-event 

Interval (s) 

22.71 5.27 40.03 

(12.64 – 41.05) (2.74 – 17.86) (4.68 – 65.71) 

[13] [22] [27] 

 

Both glutamatergic as well as GABAergic input result in a depolarization of NG2 glia (Jabs 

et al., 2005; Lin and Bergles, 2004a). To separate the glutamatergic input from GABAergic 

input, aCSF was supplemented with the GABA receptor blocker picrotoxin (150 µM) and 

applied to hippocampal brain slices of control and Kir4.1 flox mice via the perfusion system. 

Peak amplitude, decay time constant and rise time of mEPSPs recorded in recombined NG2 

glia were not altered in the presence of picrotoxin (Fig. 5.11, Table 6). However, in Kir4.1 

wt cells the inter-event interval of mEPSPs recorded in aCSF supplemented with picrotoxin 

was surprisingly reduced from around 10 s to 2 s, indicating an increase in mEPSP frequency 

in these cells. The inter-event interval and the frequency of mEPSPs in Kir4.1 ko cells and 

control cells was not affected by picrotoxin. Application of both picrotoxin and NBQX 

(10 µM), a blocker for AMPA and kainate receptors, fully abolished (Fig. 5.12).  
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Fig. 5.11: Characteristics of mEPSPs in presence or absence of GABA receptor blocker picrotoxin 

In control, Kir4.1 wt and Kir4.1 ko cells (A) peak amplitude, rise (B) and decay time (C) of mEPSPs did 

not change in the presence of the GABA receptor blocker picrotoxin (150 µM). D) The inter-event interval 

of mEPSPs was reduced in the presence of picrotoxin in Kir4.1 wt cells (holding potential of -73 mV, LJP 

corrected). Mann-Whitney U-Test. control, n = 3; Kir4.1 wt cells, n = 6; Kir4.1 ko cells, n = 5. Data is 

presented as tukey box-plots with median (central line), quartiles (25% and 75%; box) and percentiles (1.5 

times the interquartile range).  

 

Table 6: Characteristics of mEPSP of recombined NG2 glia in control and Kir4.1 flox mice in the 

presence or absence of the GABA receptor blocker picrotoxin. 

+ pctx, aCSF supplemented with picrotoxin (150 µM). Data is given as median and interquartile range 

(quartile 25% – quartile 75%). n, number of cells.  

 

 Control Kir4.1 wt Kir4.1 ko 

 aCSF + pctx aCSF + pctx aCSF + pctx 

Peak 

Amplitude 

(mV) 

0.83 0.71 0.71 0.67 1.64 2.06 

(0.53 - 0.95) (0.67 -0.79) (0.62 - 1.05) (0.60 - 0.86) (1.44 - 2.02) (1.40 - 2.10) 

Rise time (ms) 
0.77 0.79 0.81 0.79 2.07 2.3 

(0.77 - 0.92) (0.69 - 1.05) (0.68 - 1.10) (0.68 -1.25) (1.73 - 2.21) (1.95 - 2.36) 

Decay time 

(ms) 

4.08 2.89 3.5 3.29 19.13 33.67 

(2.64 - 4.28) (2.09 - 3.48) (2.78 - 5.95) (2.58 - 5.72) (16.84 - 44.02) 
(11.69 - 

50.06) 

Inter-event 

Interval (s) 

30.72 13.17 10.60 2.00 4.68 16.54 

(21.36 - 

45.32) 
(3.01 - 48.42) (4.03 - 27.42) (0.85 - 3.56) (0.54 - 127.10) 

(3.37 - 

64.10) 

n 3 6 5 

                       

                      

 

Fig. 5.12: Supression of mEPSPs by blocking AMPA -, kainate - and GABA receptors 

Blocking AMPA and kainate receptors with NBQX (10 µM) and GABA receptors with picrotoxin (150 

µM) abolished mEPSPs in control, Kir4.1 wt and Kir4.1 ko cells (holding potential of -73 mV, LJP 

corrected). control, n = 2; Kir4.1 wt cells, n = 3; Kir4.1 ko cells, n = 3. Each symbol represents the mean 

of all events detected in a cell. 

aCSF aCSF+pctxaCSF aCSF+pctxaCSF aCSF+pctx+NBQX
0.0

0.5

1.0

1.5

2.0

2.5

3.0

P
e

a
k
 A

m
p

li
tu

d
e

 (
m

V
)

aCSF aCSF 
NBQX+Pctx 

aCSF aCSF 
NBQX+Pctx 

aCSF aCSF 
NBQX+Pctx 



Results 
 

  

81 
 

5.4 Effect of Kir4.1 on NG2 glia proliferation  

NG2 glia represent the largest proliferative cell population outside the neurogenic niches in 

the adult brain. With increase in age the expression level of the K+ channel Kir4.1 increases 

concomitantly with a decline of the proliferative activity of these cells, extending cell cycle 

times from a few hours to days (Knutson et al., 1997; Kressin et al., 1995; Simon et al., 2011). 

If the deletion of Kir4.1 affected NG2 glia proliferation, immunostainings for the nuclear 

antigen Ki67 and for the reporter protein EYFP were performed 8 weeks after tamoxifen 

induced deletion of Kir4.1 (Fig. 5.12 A). Ki67 is present in all phases of the cell cycle except 

the resting state G0, thus representing an ideal marker to identify proliferative cells (Gerdes 

et al., 1984). When comparing the proportion of recombined proliferating NG2 glia being 

proliferative active (Ki67+EYFP+ cells) among all recombined cells (EYFP+ cells), no 

difference between control mice and mice lacking Kir4.1 in NG2 glia (Kir4.1 flox mice) could 

be detected (Fig. 5.13 B; Table 7). Up to 8.8% of all recombined NG2 glia were 

proliferativing in the hippocampus of both mouse lines. In control mice, however, the 

proportion of Ki67+EYFP+/ EYFP+ cells was reduced from 8.80 ± 1.98% to 2.31 ± 0.84% (p 

= 0.037) between stratum radiatum and stratum lacunosum moleculare. Interestingly, the total 

number of Ki67+ cells per mm2 (Ki67+ cells/mm2) in these mice was more than doubled in the 

stratum lacunosum moleculare compared to the stratum radiatum (p = 0.038). In Kir4.1 flox 

mice, the density of proliferating cells between hippocampal subregions was similar. 

Compared to control, however, the number of Ki67+ cells per mm2 was increased in Kir4.1 

flox mice (12.60 ± 1.47 cells per mm2 vs 8.00 ± 1.04 cells per mm2, p = 0.038) (Fig. 5.12 B; 

Table 7).   

These results imply that the loss of Kir4.1 in NG2 glia do not play a dominant role in 

regulating the proliferative activity of NG2 glia. However, the differences between stratum 

radiatum and stratum lacunosum moleculare as observed in control mice seem to be 

compensated in Kir4.1 flox mice. 
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Fig. 5.13: Proliferation of NG2 glia is not affected in Kir4.1 flox mice. 

A) Coronal sections of the hippocampus of control and Kir4.1 flox mice immunostained with EYFP (green) 

and nuclei antibody Ki67 (red). Double labeling of EYFP+ and Ki67+ cells is indicated by arrowheads. 

Boxed areas are shown at higher magnification on the right. Scale bar 60 µm and 15 µm (insets). B) Number 

of Ki67+EYFP+ cells among all Ki67+ cells was similar in control and Kir4.1 flox mice, whereas in control 

mice a statistically significant reduction in the slm compared to the sr was observed. C) The total number 

of Ki67 + cells was increased in the sr of Kir4.1 flox mice compared to control mice and in control mice 

compared to slm and sr. Mean ± SEM. Statistically significant differences are indicated as followes: * 

between genotypes within one hippocampal subregion (Mann-Whitney U Test); # between hippocampal 

subregions within one genotype (Kruskal-Wallis test with post-hoc Dunn´s test). sr, stratum radiatum; slm, 

stratum lacunosum moleculare; sm, stratum moleculare of the dentate gyrus. Number of mice is given in 

parenthesis in the bar graphs. 
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Table 7: Number of proliferative active cells in the hippocampus of control and Kir4.1 flox mice. 

Percentage of all recombined cells proliferating (Ki67+EYFP+ cells) among all recombined NG2 glia 

(EYFP+ cells). The total amount of proliferating cells was determined per mm2. Mean ± SEM. Significant 

differences are indicated as follows: * between genotypes within one hippocampal subregion (Mann-

Whitney U Test); # between hippocampal subregions within one genotype (Kruskal-Wallis test with post-

hoc Dunn´s test). sr, stratum radiatum. slm, stratum lacunosum moleculare. sm, stratum moleculare of the 

dentate gyrus. N, number of mice. 

 

Quantification Mouse line  sr slm sm N  

Ki67+EYFP+/ 

EYFP+cells (%) 

Control 8.08 ± 1.98# 2.31 ± 0.84# 7.71 ± 1.89 9 

Kir4.1 flox 5.79 ± 1.62 6.07 ± 1.35 5.67 ± 1.83 9 

Ki67+ cells/mm2 
Control 8.00 ± 1.04*# 18.74 ± 3.68# 12.42 ± 1.93 9 

Kir4.1 flox 12.60 ± 1.47 23.37 ± 5.12 16.19 ± 2.97 9 

 

5.5 Effect of Kir4.1 on NG2 glia differentiation into oligodendrocytes 

After birth most NG2 glia in white matter differentiate into myelinating oligodendrocytes that 

wrap axons with myelin sheaths, allowing signal transduction to be fast and efficient 

(Baumann and Pham-Dinh, 2001; Dimou et al., 2008). How differentiation of NG2 glia into 

oligodendrocytes is triggered is not clear. To test if the ability of NG2 glia to differentiate 

into oligodendrocytes was affected in the hippocampus upon deletion of Kir4.1 at 8 weeks 

after tamoxifen induced ko, coronal sections of fixed brains were stained for the 

oligodendrocyte marker GSTpi and the reporter protein EYFP (Fig. 5.14 A). The proportion 

of oligodendrocytes originating from recombined NG2 glia (GSTpi+EYFP+ cells) among all 

cells positive for GSTpi was analyzed. Within the stratum radiatum and the stratum 

lacunosum moleculare no difference between control mice and mice lacking Kir4.1 in NG2 

glia was observed (Fig. 5.14 B; Table 8). The proportion of double positive cells 

(GSTpi+EYFP+ cells) for both genotypes was between 5 and 10% in the stratum radiatum and 

24 to 37% in the stratum lacunosum moleculare. Only in the stratum moleculare of the dentate 

gyrus the proportion of recombined NG2 glia being positive for GSTpi+ was significantly 

increased comparing in Kir4.1 flox mice vs control (27.00 ± 2.84% vs 15.94 ± 2.72%; 

p = 0.022). The total number of oligodendrocytes in the stratum radiatum, stratum lacunosum 

moleculare and stratum moleculare of the dentate gyrus was unaltered between genotypes 

(Fig. 5.14 C, Table 8). However, between hippocampal subregions differences in both, the 

number of GSTpi+EYFP+ cells among all GSTpi+cells and the total number of GSTpi+ cells 

per area were detected in both genotypes. In the stratum lacunosum moleculare the proportion 

of recombined NG2 glia being positive for GSTpi+ (control: p = 0.04; Kir4.1 flox: p = 0.03) 

and the density of GSTpi+ cells per area (control and Kir4.1 flox: p < 0.001) was several fold 

higher compared to the stratum radiatum in both mouse lines. A significant upregulation of 
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double positive NG2 glia (GSTpi+EYFP+ cells/GSTpi+cells; p = 0.023) in Kir4.1 flox mice 

and the density of GSTpi+cells in both, Kir4.1 flox (p = 0.012) and control mice (p = 0.041) 

were observed in the stratum moleculare of the dentate gyrus compared to stratum radiatum. 

These results suggest that differentiation of NG2 glia into oligodendrocytes was not 

dependent on the presence of their Kir4.1 gene.  

To exclude unspecific binding of the oligodendrocyte marker GSTpi to undifferentiated NG2 

glia, fixed brain slices of NG2-EYFPki mice were stained. In this mouse line the expression 

of EYFP is driven by the NG2 promoter (Karram et al., 2008). After differentiation into 

oligodendrocytes and the concomitant downregulation of NG2 promoter activity, EYFP 

expression declines. However, in contrast to the NG2-EYFPki mouse line, the expression of 

the reporter protein EYFP in NG2 glia of Kir4.1 flox and control mice can be used to track 

the fate of recombined NG2 glia. Once CreERT2 was able to mediate recombination the 

expression of the reporter protein EYFP under the control of the Rosa 26 promoter is 

constantly driven, independent of the differentiation state of the recombined cell (Huang et 

al., 2014). Oligodendrocytes originating from recombined NG2 glia are EYFP positive as 

shown in this study (Fig. 5.14). Indeed, in slices of NG2-EYFPki mice, co-localization of 

both EYFP and the oligodendrocyte marker GSTpi was not detected (Fig. 5.15). These results 

confirm the specificity of the GSTpi antibody for oligodendrocytes and approve the NG2-

CreERT2 mouse line as a reliable tool to track the fate of NG2 glia. 
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Fig. 5.14: In Kir4.1 flox mice, differentiation of recombined NG2 glia into oligodendrocytes was 

increased in the stratum moleculare of the dentate gyrus. 
A) Coronal sections of the hippocampus of control and Kir4.1 flox mice were immunostained for EYFP 

(green) and the oligodendrocytic marker GSTpi (red). Double labeling of EYFP+ and GSTpi+ cells is 

indicated by arrowheads. Boxed areas are shown at higher magnification on the right. Scale bar 60 µm and 

15 µm (insets). B) The proportion of recombined NG2 glia (EYFP+) that differentiate into oligodendrocytes 

(EYFP+ GSTpi+cells) was increased in sm but not in sr and slm. C) The density of GSTpi+ cells was not 

different between genotypes and hippocampal subregions. Mean ± SEM. Significant differences are 

indicated as follows: * between genotypes (Mann-Whitney U Test); # between hippocampal subregions 

within one genotype (Kruskal-Wallis test with post-hoc Dunn´s test). sr, stratum radiatum. slm, stratum 

lacunosum moleculare. sm, stratum moleculare of the dentate gyrus. Number of mice is given in parenthesis 

in the bar graphs. 
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Table 8: Density of hippocampal GSTpi+ oligodendrocytes of control and Kir4.1 flox mice. 

Percentage of recombined NG2 glia (EYFP+) that differentiated into oligodendrocytes (GSTpi+EYFP+ 

cells) among all recombined NG2 glia. The desntiy of oligodendrocytes was determined per mm2. Mean ± 

SEM. Significant differences are indicated as follows: * between genotypes (Mann-Whitney U Test); # 

between hippocampal subregions within one genotype (Kruskal-Wallis test with post-hoc Dunn´s test). sr, 

stratum radiatum. slm, stratum lacunosum moleculare. sm, stratum moleculare of the dentate gyrus. N, 

number of mice.  

Quantification Mouse line sr slm sm N 

GSTpi+EYFP+/ 

EYFP+cells (%) 

Control 5.01 ± 1.84# 24.32 ± 4.43# 15.94 ± 2.72* 9 

Kir4.1 flox 10.30 ± 2.31# 36.99 ± 6.58# 27.00 ± 2.84 # 9 

GSTpi+ cells/mm2 
Control 26.44 ± 5.43# 214.92  ± 34.27# 106.67 ± 15.37# 9 

Kir4.1 flox 28.50 ±  4.65# 211.44  ±  10.22# 107.48 ± 11.86# 9 

 

 

Fig. 5.15: Specificity of the oligodendrocyte marker GSTpi.  
Coronal sections of the hippocampus of a NG2-EYFPki mouse were stained for EYFP (green) and the 

oligodendrocyte marker GSTpi (red). Boxed areas are shown at higher magnification on the right. Scale 

bar 60 µm and 15 µm (insets). No-colocalization of undifferentiated NG2 glia (EYFP+) with the 

oligodendrocyteic marker GSTpi (EYFP+ GSTpi+cells) was detected.  sr, stratum radiatum. slm, stratum 

lacunosum moleculare. sm, stratum moleculare of the dentate gyrus. N = 1, n = 2 slices 

 

5.6. Impact of Kir4.1 on hippocampal myelination 

Next, the efficiency of myelination was quantified in mice missing Kir4.1, 8 weeks post 

tamoxifen injection. The immunoreactivity of hippocampal brain slices for myelin basic 

protein (MBP) antibody was used as an indication for the amount of myelin produced as this 

protein represents one of the major myelin proteins that is responsible for the compaction of 

myelin (Baumann and Pham-Dinh, 2001; Readhead et al., 1987). To reduce variability within 

the staining procedure, fixed brain slices of control and Kir4.1 flox mice were stained and 

imaged in parallel. Intensity values of grey levels were divided by the analyzed area in each 

hippocampal subregion and normalized to the intensity recorded in the stratum lacunosum 

moleculare of Kir4.1 flox mice. Surprisingly, in mice lacking Kir4.1 in NG2 glia, MBP 

immunoreactivity was significantly increased in all 3 hippocampal subregions analyzed, 

compared to control mice. In strata radiatum and moleculare of the dentate gyrus this increase 
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was about 3-fold, in the stratum lacunosum moleculare abou 2.5-fold (p < 0.001) (Fig. 5.16). 

In both, control and Kir4.1 flox mice the highest MBP immunoreactivity was detected in the 

stratum lacunosum moleculare. These observations indicate that the deletion of Kir4.1 in NG2 

glia affected the expression of MBP by oligodendrocytes. It needs to be considered that MBP 

is only expressed by oligodendrocytes on the protein level but can be found on the transcript 

level in NG2 glia (Ye et al., 2003). The same applies to the myelin associated glycoprotein 

(MAG). This protein, which is thought to be involved in initiation and maintenance of 

myelination, exists in NG2 glia only on the transcript level (Diers-Fenger et al., 2001; Ye et 

al., 2003). To evaluate possible changes on the amount of MBP and MAG mRNA in 

recombined NG2 glia of Kir4.1 flox mice, semiquantitative PCR was performed by Dr. 

Gerald Seifert, three weeks after injection of tamoxifen. Recombined NG2 glia of both 

control and Kir4.1 flox mice were FAC sorted according to their expression of the reporter 

protein EYFP that was indicating CreERT2 activity. Semiquantitative PCR revealed an 

upregulation of MBP (54%) and MAG (32%) transcripts in cells lacking Kir4.1, compared to 

recombined NG2 glia of control mice (Fig. 5.17). These findings indicate that in NG2 glia, 

the expression level of MAG and MBP mRNA is affected by Kir4.1 channel expression. 

Further it seems that Kir4.1 in NG2 glia plays a role in regulating myelination.    

   
A B 

sm slm sr 

sm slm sr 

C
o

n
tr

o
l 

 
K

ir
4

.1
 f

lo
x

 

(14) (13) 

control 
Kir4.1 flox 

0.0

0.5

1.0

1.5

*** ******

# # # # #

# # #  #

 #

sr slm sm

M
B

P
 f

lu
o

re
s
c
e

n
c
e

in
te

n
s
it

y
 (

n
o

rm
)

(14) (13) 



Results 
 

 

88 
 

Fig. 5.16: Myelination in the hippocampus of control and Kir4.1 flox mice.  

A) Coronal sections of the hippocampus of control and Kir4.1 flox mice were immunostained for MBP 

(myelin basic protein, red) 8 weeks post tamoxifen injection. B) MBP staining intensity was quantified and 

normalized to the MBP intensity detected in the slm of Kir4.1 flox mice. In sr, slm and sm, the MBP 

intensity was increased in Kir4.1 flox mice compared to control. Comparing all 3 hippocampal subregions 

revealed the highest MBP immunoreactivity in the slm in both mouse lines. Mean ± SEM. Significant 

differences are indicated as follows: * between genotypes within one hippocampal subregion (t-test); # 

between hippocampal subregions within one genotype (1-way ANOVA with post-hoc Tukey test). sr, 

stratum radiatum; slm, stratum lacunosum moleculare; sm, stratum moleculare of the dentate gyrus. 

Number of mice is given in parenthesis in the bar graphs. 

 

Fig. 5.17: Upregulation of MAG and MBP transcripts in recombined NG2 glia of Kir4.1 flox mice. 

Semiquantitative PCR of FAC sorted NG2 glia revealed an upregulation of gene transcript for MAG and 

MBP. Transcript levels are normalized to the housekeeping gene ß-actin (serving as an internal standard). 

Mean ± SEM. t-test. MAG, myelin associated protein. MBP, myelin basic protein. sr, stratum radiatum. 

slm, stratum lacunosum moleculare. sm, stratum moleculare of the dentate gyrus. Number of mice is given 

in parenthesis in the bar graphs. 

 

 

5.7 Short-term synaptic plasticity at the Schaffer collateral - NG2 glia 

      synapse 

Synaptic transmission is a dynamic process that is influenced by different mechanisms on 

short- and long-time scales. Changes on short time scales, called short term plasticity, include 

changes of the probability of neurotransmitters to be released into the synaptic cleft (Abbott 

and Regehr, 2004). To investigate if the release probability at the neuron-NG2 glia synapse 

is affected in absence of Kir4.1 in NG2 glia, paired pulse recordings were performed in 

hippocampal brain slices. Minimal stimulation of Schaffer collaterals with a monopolar 

electrode evoked excitatory postsynaptic currents (eEPSCs) in recombined NG2 glia of 

control and Kir4.1 flox mice (Fig. 5.18 A). The mean eEPSC amplitudes evoked upon two 

consecutive stimulation pulses were used to calculate the paired pulse ratio (amplitude 

2/amplitude 1) that is indicative for the release probability at a synapse (Abbott and Regehr, 

2004; Zucker and Regehr, 2002). The mean eEPSC amplitudes thereby represent the average 
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response of a cell to a stimulus pulse, including stimulations without eliciting a response 

(called “failures”). At synapses of neuron - recombined NG2 glia in control and Kir4.1 flox 

mice, a paired pulse ratio of > 1 was determined (paired pulse facilitation), indicative of a 

low release probability at these synapses (Fig. 5.18 B; Table 9). Nevertheless, at both, Kir4.1 

ko and Kir4.1 wt synapses of Kir4.1 flox mice, paired pulse facilitation was, with a paired 

pulse ratio of 1.49 to 1.67, significantly lower as compared to the facilitation observed in 

recombined NG2 glia of control mice with a paired pulse ratio of 2.65 (p = 0.008 and p = 

0.037, respectively). These results imply a slightly increased release probability at neuron-

NG2 glia synapses in Kir4.1 flox mice. Interestingly when GABAergic input was blocked by 

picrotoxin (150 µM), the release probability was similar in control and Kir4.1 flox mice. 

Comparing the kinetic properties of EPSCs evoked in control, Kir4.1 wt and ko cells did not 

reveal differences between groups, neither in presence nor in absence of the GABA receptor 

blocker. The rise time varied between 0.28 ms and 0.58 ms and the decay time constant 

between 0.54 ms and 2.66 ms (Fig. 5.18 C, D; Table 9). This led to the assumption that in 

Kir4.1 flox mice the degree of facilitation and hence the release probability at the neuron-

NG2 glia synapse might be influenced by GABAergic input. However, this input is weaker 

compared to the glutamatergic input as the decay time constant was not significantly different 

in presence or absence of the GABA receptor blocker picrotoxin. In light of previous 

experiments done in our and other labs the decay time constant highly differs between AMPA 

receptors (1-5 ms) and GABA receptor (around 20 ms) mediated currents, making AMPA or 

GABA receptor mediated input distinguishable from one another (Jabs et al., 2005; Lin and 

Bergles, 2004a).  
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Fig.5.18: Characteristics of eEPSCs in recombined NG2 glia during Schaffer collateral stimulation  

A) Average time course of current responses from recombined NG2 glia of control (control) and Kir4.1 

flox mice (Kir4.1 wt, Kir4.1 ko) to paired pulse stimulation of Schaffer collaterals (inter-stimulus interval 

of 50 ms) in absence and presence of the GABA receptor blocker picrotoxin (150 µM; +pctx) (holding 

potential of -80 mV). Stimulation pulse is indicated by black triangles. B) Paired pulse ratio (PPR) was 

decreased in Kir4.1 flox mice compared to control mice. In presence of picrotoxin no difference was 

detected between groups. C) The rise time and D) decay time of eEPSCs evoked in recombined NG2 glia 

did not change, neither in presence or in the absence of picrotoxin nor between control and Kir4.1 flox 

mice. Kruskal-Wallis test with post-hoc Dunn´s test (between groups), Mann-Whitney U Test (aCSF vs 

aCSF + pctx). aCSF: control, n = 4; Kir4.1 wt cells, n = 6; Kir4.1 ko cells, n = 12. aCSF + picrotoxin: 

control, n = 5; Kir4.1 wt cells, n = 8; Kir4.1 ko cells, n = 7. Data is presented as tukey box-plots with median 

(central line), quartiles (25% and 75%; box) and percentiles (1.5 times the interquartile range).  
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Table 9: Properties of Schaffer collateral induced EPSCs in recombined NG2 glia in the absence or 

presence of picrotoxin. 

PPR, paired pulse ratio. + pctx, aCSF supplemented with picrotoxin (150 µM). Data is given as median and 

interquartile range (quartile 25% – quartile 75%). n, number of cells.  

 

 control Kir4.1 wt Kir4.1 ko 

 aCSF + pctx aCSF + pctx aCSF + pctx 

PPR 
2.65 2.32 1.49 2.11 1.67 1.95 

(2.41 – 3.38) (1.90 – 2.84) (0.98 – 1.97) (1.35 – 2.48) (1.15 – 1.79) (1.75 – 2.19) 

Rise time 

(ms) 

0.33 0.32 0.43 0.38 0.46 0.41 

(0.28 – 0.42) (0.29 – 0.41) (0.33 – 0.52) (0.31 – 0.49) (0.37 – 0.58) (0.33 – 0.49) 

Decay time 

(ms) 

0.93 0.87 1.39 1.09 1.57 1.07 

(0.54 – 1.57) (0.59 – 1.02) (0.77 – 2.66) (0.69 – 1.56) (1.17 – 2.19) (0.90 – 1.57) 

n  4 5 6 8 12 7 

  

5.8 Long-term potentiation in Kir4.1 deficient mice 

As NG2 glia lacking Kir4.1 showed drastic changes in their membrane properties and were 

highly excitable upon neuronal input, the role of NG2 glia within the neuronal network might 

be emphasized in Kir4.1 flox mice. To investigate possible changes of neuronal network 

activity, field excitatory postsynaptic potentials (fEPSPs) were recorded in the CA1 region of 

the stratum radiatum of the hippocampus (experiments performed by Dr. Anne Boehlen). 

Schaffer collaterals were stimulated by a bipolar stimulation electrode and fEPSP were 

recorded with an aCSF filled recording electrode (Fig. 5.19 A). The excitability of 

hippocampal slices of control and Kir4.1 flox mice were assessed by analyzing the initial 

slope of the fEPSP upon increasing stimulation intensities between 20 and 500 µA (Fig. 5.19 

B, C). No difference in the input- output relation between slices of control and Kir4.1 flox 

mice were detected. The stimulus intensity to evoke half-maximum of a fEPSP was similar 

between slices of control (52.69 ± 4.7 µA; n = 13 slices) and Kir4.1 flox mice (48.43 ± 3.1 

µA; n = 35 slices) (Fig. 5.19 D). Thus, a ko of Kir4.1 in NG2 glia seemed not to affect 

neuronal excitability in the stratum radiatum of the hippocampus. For the following 

experiments the stimulation intensity was individually set to 50% of the stimulation intensity 

needed to induce maximal fEPSPs amplitudes. 

 

 

 



Results 
 

 

92 
 

 

 

Fig. 5.19: Stimulus-response relation at CA3-CA1 synapses.  
A) Position of stimulation and recording electrode in hippocampal slices. The dentate gyrus (DG), the three 

cornu ammonis areas (CA1-CA3) and the subiculum are labeled. B) Example of a fEPSP measured in the 

CA1 region of the stratum radiatum. The slope was determined at the linear rising phase (red) of the fEPSP. 

Stimulation pulse is indicated by black triangle. C) Mean of fEPSP slopes evoked by different stimulation 

intensities (input-output curve). Sensitivity to electrical stimulation was similar between slices of control 

and Kir4.1 flox mice. D) The stimulation intensity to elicit half-maximum fEPSP amplitudes was not 

different between genotypes. control: n = 13 slices; Kir4.1 flox: n = 35 slices. Mean ± SEM. t-test. 

 

To investigate possible changes of synaptic plasticity at the CA3-CA1 synapses in control 

and Kir4.1 flox mice, Schaffer collaterals were stimulated and long-term potentiation (LTP) 

was induced. LTP was induced by theta burst stimulation (TBS), a high frequency stimulation 

protocol resembling discharges of hippocampal neurons that occur during learning and 

exploration (O’Keefe and Nadel, 1978). In figure 5.20 B the time course of fEPSPs before 

and after TBS induced LTP is shown. In slices of both control and Kir4.1 flox mice responses 

to Schaffer collateral stimulation were potentiated after LTP induction. The potentiation was 

not different between control (223.08 ± 31.75 %) and slices of Kir4.1 flox mice (166.42 ± 

9.63%) within the first 3 min after the theta burst was applied (Fig. 5.20 C). Surprisingly, 

after 25-30 min, when LTP was established, slices of Kir4.1 flox mice showed considerably 

less potentiation (17%; p = 0.014) than controls. Thus, in mice lacking the Kir4.1 channel 
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specifically in NG2 glia neuronal activity was impaired after high frequency stimulation. 

These observations led to the assumption that NG2 glia do influence neuronal network 

activity and might be essential for proper synaptic transmission.  

 

         

Fig. 5.20: TBS induced LTP in the hippocampus was impaired in Kir4.1 flox mice. 

A) Representative fEPSPs from control and Kir4.1 flox mice recorded in the CA1 region of the stratum 

radiatum before (grey, orange) and 25-30 min after (black, red) induction of LTP by three trains of theta 

burst stimulation (TBS) of Schaffer collaterals. Stimulation pulse is indicated by black triangle. B) Time-

course of fEPSP slopes before and after TBS (blue triangle) induced LTP. Grey bars highlight time points 

of analysis (see C; 1-3 min and 25-30 min after LTP induction). C) Analysis of fEPSP slopes revealed 

significant differences 25-30 min after TBS. Control n = 9 slices; Kir4.1 flox n = 30 slices. Mean ± SEM. 

Mann-Whitney U Test. 

 

A possible reason for an impaired LTP might be a change in the release probability of 

neurotransmitters at neuronal synapses. To investigate if presynaptic release probability was 

altered in Kir4.1 flox mice, the paired pulse ratio (PPR) of fEPSPs was analyzed. A series of 

two stimuli with 50 ms interval were applied before (baseline) and after TBS induced LTP. 

The time course of the paired pulse ratio (PPR) calculated by the mean fEPSP slope of the 

2nd pulse divided by the fEPSP slope of the 1st pulse, is displayed in Fig.5.21 A. During 

baseline conditions and after LTP induction PPR was similar between control and Kir4.1 flox 

mice (Fig. 5.21 B). The transient drop in PPR after TBS reflects an increase of release 

probability that is known to occur after LTP induction (Frey et al., 2009; Kleschevnikov et 

al., 1997; McNaughton, 1982; Sokolov et al., 1998). These observations indicate that the 
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release probability at CA3-CA1 synapses was not altered in mice lacking Kir4.1 in NG2 glia, 

leading to the conclusion that impaired LTP was not mediated by presynaptic mechanisms, 

rather by changes on postsynaptic side.  

 

Fig. 5.21: Release probability before and after LTP induction was not different between control and 

Kir4.1 flox mice 

A) Time course of the paired pulse ratio (PPR) of fEPSPs recorded in slices of control (n = 9) and Kir4.1 

fox mice (n = 24). A transient decrease of the PPR occurred during post-tetanic potentiation in both groups. 

Grey bars highlight time points of analysis (see B; baseline, 1-3 min and 25-30 min after LTP induction).  

B) Analysis of the paired pulse ratio between slices of control (n = 9, black) and Kir4.1 flox mice (n = 24) 

during baseline conditions, 1-3 min and 25-30 min after TBS. PPR was not different between slices of 

control and Kir4.1 flox mice (2-sample t-test). 

 

Both mouse lines, control and Kir4.1 flox, were generated by Huang et al. (2014) by 

homologous recombination to introduce the recombinase CreERT2 into exon 1 of the NG2 

allel (Huang et al., 2014) (see section 4.2). As this knock-in strategy ablate the expression of 

the proteoglycan NG2 on the allele, mice expressing CreERT2 on one allele were 

heterozygous for the NG2 protein; those expressing CreERT2 on both alleles were 

homozygous, unable to express NG2. For the present study mice, homo- and heterocygous 

for Cre, were used. To investigate if the deletion of the NG2 proteoglycan had an impact on 

the impaired LTP observed in Kir4.1 flox mice, the LTP experiments were repeated in 

hippocampal slices of NG2-EYFPki mice. In this mouse line, the fluorescent protein EYFP 

was likewise inserted into exon 1 of the NG2 gene leading to a NG2 ko if expressed on both 

alleles (Karram et al., 2008). LTP was induced by the same TBS protocol used for control 

and Kir4.1 flox mice in slices of NG2-EYFPki mice being wild-type for the proteoglycan 

NG2 (wt), heterozygote (+/-) or even completely lacking NG2 (-/-). All three genotypes tested 
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in the present study were not statistically different from one another neither 1-3 min nor 25-

30 min after LTP induction (Fig. 5.22). These results support the finding that the impaired 

LTP observed in Kir4.1 flox mice was related to the ko of Kir4.1 in NG2 glia and not due to 

the ko of the proteoglycan NG2.  

 
 

Fig. 5.22: The proteoglycan NG2 did not influence hippocampal LTP  

A) fEPSP slopes recorded in hippocampal slices of NG2-EYFPki mice of three different genotypes. fEPSP 

slopes were not statistically different between mice being wt, +/- or -/- for the NG2 proteoglycan. wt, mice 

being wild-type for the NG2 protein (n = 5 slices); +/-, mice being heterozygous for the NG2 protein (n = 

10 slices); -/-, mice lacking the NG2 protein (ko mice, n = 8 slices). Mean ± SEM. Kruskal-Wallis test with 

post-hoc Dunn´s test. 

 

5.9 Behavioral analysis of mice lacking Kir4.1 

LTP is considdered to be an important cellular mechanism for in learning and memory (Bliss 

and Lømo, 1973; Lynch, 2004). The impairment of theta burst induced hippocampal LTP 

suggested that learning and memory formation in mice might be altered upon deletion of 

Kir4.1 in NG2 glia. As the hippocampus is known to be involved in declarative, working and 

social memory appropriate behavior paradigms were conducted on control and Kir4.1 flox 

mice to assess possible consequences on behavioral function (Albayram et al., 2016; Lynch, 

2004). Data was analyzed by 2-way ANOVA comparing genotype, sex and interaction of 

those. 

 

5.9.1 Novel object location recognition test 

Declarative memory is a form of long-term memory that allows the comparison of facts or 

events (Squire, 2004; Squire and Dede, 2015). To evaluate declarative memory in mice 

lacking the Kir4.1 channel in NG2 glia, the novel object location recognition test was 
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performed. In this test mice were exposed to three identical objects in an arena (Fig. 5.23 A). 

During the test phase, 1 h after habituation, one object was removed and substituted by a 

different object placed to another position. The time the mouse spends with this new object 

and the remaining objects was analyzed. Remarkably, Kir4.1 flox mice tlacking the Kir4.1 

channel in NG2 glia showed a higher preference for the new, relocated object than control 

mice (38.50 ± 10.73% vs 3.66 ± 9.02%; p = 0.012) (Fig. 5.23 B). Sex of the animals or 

interaction between sex and genotype did not influence novel object location recognition. 

These results indictaed an improvement of declarative memory in mice lacking Kir4.1 in NG2 

glia.  

Fig. 5.23: Novel object location recognition test  

A)  Scheme of the novel object location recognition paradigm. Three identical objects were placed in an 

arena. One object was removed and a different object was placed to another position. The preference for 

this new relocated object was evaluated. B) Increased preference for the relocated object in Kir4.1 flox 

mice. control, 14 mice; Kir4.1 flox, 14 mice. Mean ± SEM.  

 

 

5.9.2 Partner recognition test 

The partner recognition test is another behavioral paradigm to assess long-term memory in 

terms of social memory performance (Bilkei-Gorzo et al., 2014, 2017). In this paradigm mice 

of either the Kir4.1 flox or control group were exposed to a partner mouse and an object (trial 

1), before (trial 2) the object was repelaced by second, new partner mouse 1, 2, 4 or 8 h after 

trial 1 (Fig. 5.24 A). The time spend with the new partner (N) compared to the time spend 

with the remaining partner mouse (R) from trial 1 was evaluated. In this social assay the 

ability to distinguish between a previous, known partner and a new partner is critically 

dependent on the hippocampus and other areas of the limbic system (Bilkei-Gorzo et al., 

2014).  
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In the first set of experiments a new partner mouse was introduced to either a control or Kir4.1 

flox mouse, 1 h after trial 1. The preference for the new partner mouse was similar for control 

and Kir4.1 flox mice (54.77 ± 21.04% and 58.84 ± 17.75%, resepectivly) (Fig. 5.24 B). 

However, the sex of the mice affected the partner recognition, as female mice showed in 

general a higher preference for the new partner than male mice (Fig. 5.24 C; p = 0.007). An 

interaction of sex and genotype could be excluded.  

In the second set of experiments the time before the new partner was presented after trial 1 

was increased (2 up to 8 h). A time period of 2 h in between trials was already sufficient to 

remove the gender specific difference observed 1 h after trial 1. As before, the preference for 

the new partner was similar for Kir4.1 and control mice (Fig. 5.24 B). No interaction of sex 

and genotype was detected either. The same applies to the novelty preference evaluated after 

longer intervals (4 and 8 h after trial 1). The preference for the new partner remained 

indistinguishable between control and Kir4.1 flox mice and between male and female mice. 

These observations indicate that mice lacking the K+ channel Kir4.1 in NG2 glia have a 

similar social memory as control mice. Social deficits that could influence the interaction 

with the partner mouse could be excluded, as both control and Kir4.1 flox mice, independent 

of the gender, showed a high preference for the partner mouse compared to the object 

presented in trial 1 (Fig. 5.24 D).    
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Fig. 5.24: Partner recognition test. 

A)  Scheme of the experimental settings for the partner recognition test. In trial 1 the test mouse was 

exposed to an object (cylinder) and a partner mouse in a metal grid cage (R). In trial 2 (1 h up to 8 h after 

trial 1) the object was replaced by another, new partner mouse (N). The time spent with the previous, 

remaining partner from trial 1 (R) and the new partner mouse (N) was compared. B) No difference between 

control and Kir4.1 flox mice was detected. C) Sex differences were detected 1 h after trial 1 (p = 0.007). 

D) Social preference was identical in control and Kir4.1 flox mice. Control, 16 mice (7 males, 9 females); 

Kir4.1 flox, 19 mice (9 males, 10 females). Mean ± SEM.  
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5.9.3 Y-Maze test 

A Y-maze paradigm was used to investigate working memory, a form of short-term memory 

that requires the activity of the hippocampus and prefrontal cortex (Albayram et al., 2016; 

Lynch, 2004). In this behavior task mice were placed in a 3-armed arena and their natural 

preference to explore always a new arm instead of repetitively one and the same arm was 

evaluated (Fig. 5.25 A). The number of alternating arm entries that is indicative for the 

strength of working memory was not different between control and Kir4.1 flox mice. Analysis 

of possible sex specific effects revealed no differences between male or female mice of 

control or Kir4.1 flox mice (Fig. 5.25 B). Moreover, no interaction between sex and genotype 

was found. Thus, working memory was not altered in mice lacking Kir4.1 in NG2 glia.   

                  

Fig. 5.25: Y-maze paradigm.  

A)  Scheme of the Y-maze paradigm. Mice were placed in the Y-shaped maze and their entries into the 

three arms (A, B, C) tracked and analyzed. B) Control and Kir4.1 flox mice similarly visited all three arms 

in an alternating fashion (A-B-C-A-B…) independent of their gender. Control, 17 mice; Kir4.1 flox, 19 

mice. Mean ± SEM. 

 

5.10 NG2 glia specific knockout of Kir4.1 in the cerebellum 

Intrinsic properties of NG2 glia like ion channel expression, differentiation and proliferation 

can differ among the NG2 glia population depending on developmental state and the brain 

region where they reside (Chittajallu et al., 2004; Dimou et al., 2008; Kressin et al., 1995; 

Young et al., 2013). This heterogeneity does not only concern grey versus white matter NG2 

glia but is also present between regions within either of these structures. Thus, in NG2 glia 

of white matter regions short cell cycle lengths of about 9 days in the corpus callosum and 15 

days in the spinal cord were observed in adult mice. In grey matter regions the cycle was 

shown to be prolonged, varying between 27 days in the spinal grey matter and 36 days in the 
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cortex (Young et al., 2013). In terms of differentiation, most of the white matter NG2 glia 

differentiate into oligodendrocytes, whereas grey matter NG2 glia mainly keep their NG2 

phenotype throughout adulthood (Dimou et al., 2008; Kang et al., 2010). Interestingly, the 

responsiveness towards neuronal input can also differ between NG2 glia of different brain 

regions. In the hippocampus neuronal stimulation induced inward currents of only a few pA 

whereas in the cerebellum amplitudes of several 100 pA were detected (Jabs et al., 2005; Lin 

et al., 2005; Passlick et al., 2016). The consequences of a NG2 glia specific ko of the K+ 

channel Kir4.1 on the above mentioned paramaters was addressed in the following study. 

 

5.10.1 Transcript analysis of CreERT2 mediated knockout of Kir4.1  

The efficiency of the tamoxifen induced deletion of Kir4.1 in cerebellar NG2 glia was 

determined by semiquantitative PCR (performed by Dr. Gerald Seifert). As described for the 

hippocampus (section 5.1.2) the cerebellum was isolated 3 weeks after tamoxifen injection 

from both control (NG2-CreERT2x Rosa26-EYFP) and Kir4.1 flox mice (Kir4.1 fl/fl; NG2-

CreERT2 x Rosa26EYFP).  Based on the expression of the reporter protein EYFP, recombined 

NG2 glia were sorted from the entire cerebellar tissue by FACS. To assess the level of Kir4.1 

transcripts in the sorted cell populations, semiquantitative PCR was performed. The analysis 

revealed that the tamoxifen induced ko of Kir4.1 in Kir4.1 flox mice reduced Kir4.1 mRNA 

by 84% (p = 0.04)  (Fig. 5.26).   

 

Fig. 5.26: Kir4.1 mRNA level in cerebellar NG2 glia.  

Semiquantitive PCR of FAC sorted recombined NG2 glia revealed a downregulation of Kir4.1 transcripts 

in these cells as the ratio of Kir4.1 mRNA and the housekeeping gene ß-actin (serving as internal standard) 

was significantly decreased. t-test. Mean ± SD. Number of mice is given in parenthesis. 
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5.10.2 Passive membrane properties of NG2 glia in the cerebellar  

          molecular layer 

In the hippocampus the selective deletion of the K+ channel Kir4.1 from NG2 glia induced 

massive changes in the passive membrane properties of these cells as displayed by a more 

positive resting membrane potential and an increased membrane resistance (section 5.2). To 

evaluate the effect of the ko on cerebellar NG2 glia, whole-cell patch-clamp recordings were 

performed in the cerebellar molecular layer 3-4 weeks after tamoxifen injection. Sagittal 

sections from the vermis were prepared from tamoxifen treated Kir4.1 flox mice and from 

NG2-EYFPki mice (untreated). NG2 glia of the NG2-EYFPki mouse line constantly express 

EYPF under the NG2 glia promoter (section 4.2.1) and served in this experiment as control. 

In regard of the incomplete ko of Kir4.1 described before (section 5.1), recombined NG2 glia 

of Kir4.1 flox mice were defined as Kir4.1 wt or Kir4.1 ko cells based on the residual 

conductance of the Kir4.1 channel measured at -130 mV (Kir4.1 ko cells < 6 pA/mV at -130 

mV > Kir4.1 wt). Overall the conductance of Kir4.1 ko cells was significantly reduced (2.03 

pA/mV) compared to Kir4.1 wt cells (10.76 pA/mV, p < 0.001) and NG2 glia of NG2-

EYFPki mice (23.24 pA/mV, p < 0.001) (Fig. 5.27 A, B; Table 10). As expected, in NG2 glia 

lacking Kir4.1 mediated currents the membrane potential was more depolarized (-69 mV) 

than in NG2-EYFPki cells (-88 mV; p < 0.001) and Kir4.1 wt cells (- 84 mV; p = 0.025) (Fig. 

5.27 C; Table 10). The deletion of this channel further resulted in a 3- to 10-fold increase of 

the membrane resistance (p < 0.001) that was determined by voltage steps from -80 mV to -

70 mV (Fig. 5.27 D; Table 10). Kir4.1 wt cells and NG2 glia of the NG2-EYFPki mouse line 

were indistinguishable from one another according to membrane potential, membrane 

resistance and channel conductance at -130 mV. Comparing the membrane capacitance of all 

three groups, ranging between 22 pF and 28 pF, did not reveal any difference (Fig. 5.27 E; 

Table 10). These results confirm the importance of Kir4.1 channels in determining the 

membrane resistance and membrane potential of NG2 glia. 
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Fig. 5.27: Kir4.1 channels determine passive membrane properties of cerebellar NG2 glia.  

A) Representative whole-cell current patterns of NG2 glia of NG2-EYFPki mice and recombined NG2 glia 

of Kir4.1 flox mice (Kir4.1 wt, Kir4.1 ko) located in the cerebellar molecular layer. Currents were elicited 

by voltage steps ranging from -160 to +20 mV. The channel conductance at -130 mV is mentioned obove 

the respective current. Recombined NG2 glia of Kir4.1 flox mice with a conductance less than 6 pA/mV 

were considered as Kir4.1 ko cells, above as Kir4.1 wt cells. B) In Kir4.1 ko cells the channel conductance 

was significantly lower compared to NG2 glia expressing Kir4.1. C) In the absence of Kir4.1 channels the 

resting membrane potential (RMP) of NG2 glia was depolarized by about 20 mV and D) the membrane 

resistance (Rm) was 3 to 30-fold higher. E) The membrane capacitance (Cm) was indistinguishable 

between NG2 glia of NG2-EYFPki mice and recombined NG2 glia of Kir4.1 flox mice. Kir4.1 ko cells: n 

= 32; Kir4.1 wt cells: n = 12; NG2-EYFPki cells: n = 26. Kruskal Wallis ANOVA with Dunn´s correction. 

Data is presented as tukey box-plots with median (central line), quartiles (25% and 75%; box) and 

percentiles (1.5 times the interquartile range). Outliers are shown as dots. 
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Table 10: Passive membrane properties of cerebellar NG2 glia of NG2-EYFPki mice (NG2-EYFPki) 

and recombined NG2 glia of Kir4.1 flox mice (Kir4.1 wt, Kir4.1 ko). 

RMP, resting membrane potential; Rm, membrane resistance; Cm, membrane capacitance. Data is given 

as median and interquartile range (quartile 25% – quartile 75%). Number of cells is given in square brackets.  

 

 NG2-EYFPki Kir4.1 wt Kir4.1 ko 

Conductance at -130 

mV (pA/mV) 

23.24 10.76 2.03 

(19.02 – 25.15) (8.33 – 13.71) (1.60 – 3.89) 

[16] [12] [32] 

RMP (mV) 

-88 -84 -69 

(-91 – -86) (-88 – -81) (-83 – -60) 

[16] [12] [32] 

Rm (MOhm) 

39.61 97.50 337.73 

(35.59 – 47.31) (66.98 – 128.27) (244.57 – 523.14) 

[16] [12] [32] 

Cm (pF) 

28.34 26.66 22.42 

(26.20 – 31.37) (22.28 – 31.44) (17.16 – 32.74) 

[16] [12] [32] 

 

 

5.10.3 Short-term plasticity at the climbing fiber - NG2 glia synapse  

To investigate the role of Kir4.1 channels on the release probability at the CF - NG2 glia 

synapses, paired pulse recordings were obtained from NG2 glia in the molecular layer of the 

cerebellum. A monopolar stimulation electrode was positioned in the cerebellar granule cell 

layer (GCL) where climbing fibers traverse towards Purkinje cells and NG2 glia (Fig. 5.28 

A). The mean amplitudes of excitatory postsynaptic currents (eEPSCs) evoked upon two 

consecutive stimulation pulses were used to calculate the paired pulse ratio (amplitude 

2/amplitude 1). Stimulation of climbing fibers induced eEPSCs of several 100 pA in NG2 

glia of NG2-EYFPki mice and recombined NG2 glia of Kir4.1 flox mice (Lin et al., 2005) 

(Fig. 5.28 B). The stimulus induced response was highly reliable and as every stimulus 

elicited a response (no failures). During the application of 2 consecutive stimuli a strong 

paired pulse depression was observed in NG2 glia of both mouse lines. However, the degree 

of paired pulse depression mirrored by the paired pulse ratio was not different between NG2-

EYFPki cells, Kir4.1wt cells and Kir4.1 ko cells (0.48, 0.43 and 0.35, respectively) (Fig. 5.28 

C; Table 11). The kinetic properties of the first stimulus induced EPSC were also similar 

between groups (Fig. 5.28 D, Table 11). These observations suggest that in the cerebellum 

the presence of Kir4.1 does not play a role in forming the release probability at the cerebellar 

CF - NG2 glia synapse. 
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Fig. 5.28: Characteristics of eEPSCs in cerebellar NG2 glia during climbing fiber stimulation. 

A) Position of stimulation and recording electrode in slices of the cerebellar vermis. Fluorescent NG2 glia 

(yellow circle) were recorded in the molecular layer (ML) upon climbing fiber stimulation in the granule 

cell layer (GCL). B) Average time course (red) of EPSCs of a NG2 glia to paired pulse stimulation of 

climbing fibers (CF) (inter-stimulus interval of 50 ms; holding potential of -80 mV). Stimulation pulse is 

indicated by black triangles. C) Paired pulse ratio (PPR), D) rise time and E) the decay time constant were 

not different between NG2 glia of NG2-EYFPki mice (NG2-EYFPki) and recombined NG2 glia of Kir4.1 

flox mice (Kir4.1 wt, Kir4.1 ko). Kruskal-Wallis test with post-hoc Dunn´s test. NG2-EYFPki, n = 4; Kir4.1 

wt cells, n = 6; Kir4.1 ko cells, n = 5. Data is presented as tukey box-plots with median (central line), 

quartiles (25% and 75%; box) and percentiles (1.5 times the interquartile range).  
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Table 11: Properties of climbing fiber induced EPSCs of cerebellar NG2 glia. 

PPR, paired pulse ratio. Data is given as median and interquartile range (quartile 25% – quartile 75%). 

Number of cells is given in square brackets.  
 NG2-EYFPki Kir4.1 wt Kir4.1 ko 

PPR 

0.48 0.43 0.35 

(0.37 – 0.55) (0.27 – 0.45) (0.27 – 0.41) 

[4] [6] [5] 

Rise time (ms) 

0.34 0.37 0.43 

(0.32 – 0.38) (0.33 – 0.39) (0.35 – 0.53) 

[4] [6] [5] 

Decay time (ms) 

0.83 0.99 1.10 

(0.75 – 0.91) (0.78 – 1.24) (0.91 – 1.88) 

[4] [6] [5] 

 

 

5.10.4 Effect of Kir4.1 ko on NG2 glia proliferation in the cerebellar cortex 

According to the results of the previous experiment described in section 5.4, Kir4.1 did not 

seem to play a dominant role in initiating NG2 glia proliferation in the hippocampus, as the 

number of recombined NG2 glia being proliferating was similar between control and Kir4.1 

flox mice 8 weeks after tamoxifen induced deletion of Kir4.1. To investigate the role of Kir4.1 

on the proliferation of cerebellar NG2 glia fixed sections of the cerebellar vermis were stained 

for the Ki67. Co-staining for the reporter protein EYFP was performed to identify recombined 

NG2 glia. In the molecular layer of the cerebellum the proportion of recombined NG2 glia 

proliferating (Ki67+EYFP+ cells) was similar in Kir4.1 flox mice (7.78 ± 3.95%)  and control 

(3.57 ± 2.53%) (Fig. 5.29 A, B; Table 12). In total about 2 cells per mm2 were proliferating 

in both mouse lines (Fig. 5.29 C; Table 12). Likewise, in the cerebellar granule cell layer no 

difference was detected neither in the number of recombined NG2 glia being Ki67 positive 

nor in the total number of proliferating cells (Fig. 5.30; Table 12).  
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Fig. 5.29: Proliferation of NG2 glia in the cerebellar molecular layer is unaltered in Kir4.1 flox mice. 

A) Sagittal sections of the cerebellar vermis of control and Kir4.1 flox mice immunostained with EYFP 

(green) and nuclei antibody Ki67 (red). Double labeling of EYFP+ and Ki67+ cells is indicated by 

arrowheads. Boxed areas are shown at higher magnification on the right. Scale bar 60 µm and 15 µm 

(insets). Red square in the scheme of the cerebellar vermis marks the region analyzed. B) The proportion 

of Ki67+EYFP+ cells among all Ki67+ cells and C) the density of Ki67 + cells was similar in control and 

Kir4.1 flox mice. Mean ± SEM. t-test. GCL, granule cell layer; PCL, Purkinje cell layer; ML, molecular 

layer. Number of mice is given in parenthesis in the bar graphs. 
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Fig. 5.30: Proliferation of NG2 glia in the cerebellar granule cell layer is not affected in Kir4.1 flox 

mice. 

A) Sagittal sections of the cerebellar vermis of control and Kir4.1 flox mice immunostained with EYFP 

(green) and nuclei antibody Ki67 (red). Double labeling of EYFP+ and Ki67+ cells is indicated by 

arrowheads. Boxed areas are shown at higher magnification on the right. Scale bar 60 µm and 15 µm 

(insets). Red square in the scheme of the cerebellar vermis marks the region analyzed. B) Proportion of 

Ki67+EYFP+ cells among all Ki67+ cells and C) the total number of Ki67 + cells was similar in control and 

Kir4.1 flox mice. Mean ± SEM. t-test. GCL, granule cell layer; PCL, Purkinje cell layer; ML, molecular 

layer. Number of mice is given in parenthesis in the bar graphs. 
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Table 12: Proliferating cells in cerebellar vermis of control and Kir4.1 flox mice.  

Percentage of proliferating recombined cells NG2 glia (Ki67+EYFP+ cells) among all recombined NG2 glia 

(EYFP+ cells). The density of proliferating cells was determined per mm2. Mean ± SEM. GCL, granule cell 

layer; PCL, Purkinje cell layer; ML, molecular layer. Number of mice is given in parenthesis.  

Quantification Mouse line  ML GCL 
Ki67

+
EYFP

+
/ 

EYFP
+
cells (%) 

Control    7.78 ± 3.95   (3)    2.77 ± 1.29   (3) 
   4.27 ± 1.44   (3) Kir4.1 flox    3.57 ± 2.53   (2) 

Ki67
+ 

cells/mm
2 Control    2.02 ± 0.83   (3)    5.25 ± 1.28   (3) 

 12.25 ± 5.35   (3) Kir4.1 flox     1.95 ± 1.38   (2) 

 

5.10.5 Effect of Kir4.1 on NG2 glia differentiation into oligodendrocytes in 

the cerebellar cortex 

In contrast to the findings that a global or GFAP promoter restricted ko of Kir4.1 affected the 

development of myelinating oligodendrocytes (Djukic et al., 2007; Neusch et al., 2001), the 

NG2 glia restricted deletion of Kir4.1 described in this study did not affect the differentiation 

of hippocampal NG2 glia into mature oligodendrocytes (section 5.5). To investigate the effect 

of a NG2 glia specific ko of Kir4.1 on NG2 glia differentiation in the cerebellum, fixed 

sections of the cerebellar vermis were stained for the oligodendrocyte marker GSTpi and the 

reporter protein EYFP. Interestingly, in the molecular layer of mice lacking Kir4.1 in NG2 

glia, 23.65 ± 5.11% of all recombined NG2 glia differentiated into oligodendrocytes 

(EYFP+GSTpi+), compared to only 4.63 ± 2.00% in sections of control mice (p = 0.04) (Fig. 

5.31 A, B; Table 13). The densitiy of GSTpi positive cells was similar between groups (4.13 

± 0.83 to 11.56 ± 3.64 cells per mm2) (Fig. 5.31 C; Table 13). In the cerebellar granule cell 

layer the proportion of oligodendrocytes originating from recombined NG2 glia as well as 

the density of GSTpi+ oligodendrocytes was similar between control and Kir4.1 deficient 

mice (Fig. 5.32; Table 13). Generally, comparing both cerebellar subregions the proportion 

of double positive cells (GSTpi+EYFP+ cells) and the density of GSTpi+ oligodendrocytes 

was higher in the granule cell layer than in the molecular layer. These observations indicate 

that the deletion of Kir4.1 from NG2 glia triggered NG2 glia differentiation into 

oligodendrocytes in the molecular layer but not in the granule cell layer. Overall, these results 

provide further evidence about the heterogeneity of NG2 glia properties between sublayers 

of single brain regions. 
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Fig. 5.31: Differentiation of recombined NG2 glia in the cerebellar molecular layer is increased in Kir4.1 flox 

mice. A) Sagittal sections of the cerebellar vermis of control and Kir4.1 flox mice immunostained with EYFP (green) 

and the oligodendrocyte marker GSTpi (red). Double labeling of EYFP+ and GSTpi+ cells is indicated by arrowheads. 

Boxed areas are shown at higher magnification on the right. Scale bar 60 µm and 15 µm (insets). Red square in the 

scheme of the cerebellar vermis marks the region analyzed. B) The proportion of recombined NG2 glia (EYFP+) that 

differentiate into oligodendrocytes (EYFP+ GSTpi+cells) was increased in Kir4.1 flox mice (2-sample t-test). C) The 

density of GSTpi+ cells was similar in control and Kir4.1 flox mice. Mean ± SEM. t-test. GCL, granule cell layer; PCL, 

Purkinje cell layer; ML, molecular layer. Number of mice is given in parenthesis in the bar graphs. 
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Fig. 5.32: Differentiation of NG2 glia in the cerebellar granule cell layer is unaffected in Kir4.1 flox 

mice. 

A) Sagittal sections of the cerebellar vermis of control and Kir4.1 flox mice immunostained with EYFP 

(green) and the oligodendrocyte marker GSTpi (red). Double labeling of EYFP+ and GSTpi+ cells is 

indicated by arrowheads. Boxed areas are shown at higher magnification on the right. Scale bar 60 µm and 

15 µm (insets). Red square in the scheme of the cerebellar vermis marks the region analyzed. B) The 

proportion of recombined NG2 glia (EYFP+) that differentiate into oligodendrocytes (EYFP+ GSTpi+cells) 

and the C) the density of GSTpi+ cells was similar in control and Kir4.1 flox mice. Mean ± SEM. t-test. 

GCL, granule cell layer; PCL, Purkinje cell layer; ML, molecular layer. Number of mice is given in 

parenthesis in the bar graphs. 
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Table 13: Cerebellar GSTpi+ oligodendrocytes of control and Kir4.1 flox mice.  

Percentage of recombined NG2 glia (EYFP+ cells) that differentiated into oligodendrocytes (GSTpi+EYFP+ 

cells) among all recombined NG2 glia. The density of oligodendrocytes was determined per mm2. Mean ± 

SEM. Asterik indicates statistical difference between genotpyes within a cerebellar layer. GCL, granule 

cell layer; PCL, Purkinje cell layer; ML, molecular layer Number of mice is given in parenthesis. 

Quantification Mouse line  ML GCL 
GSTpi

+
EYFP

+
/ 

EYFP
+
cells (%) 

Control      4.63 ± 2.00   (3)*    41.37 ± 5.74     (6) 
   42.25 ± 3.80     (6) Kir4.1 flox  23.65 ± 5.11   (3) 

GSTpi
+
 cells/mm2 Control    4.13 ± 0.83   (3)  279.09 ± 29.43   (6) 

 283.72 ± 26.86   (6) Kir4.1 flox  11.56 ± 3.64   (3) 

 

5.10.6 Beam walk paradigm 

To assess cerebellar function of mice lacking Kir4.1 in NG2 glia, the beam walk test was 

performed. In this test control and Kir4.1 flox mice were placed on rods with different 

diameters to test for their motor- and coordination abilities. The time (latency) needed to cross 

the rod and to enter the goal box at the end of the rod was measured. On rods with a diameter 

of 28 mm and 14 mm mice lacking the Kir4.1 channel in NG2 glia completed the task 

significantly faster than control mice (p = 0.03 for 28 mm and p = 0.03 for 14 mm) (Fig. 5.33 

A, B). Neither were differences found between male and female mice of either genotype nor 

was there an interaction between sex and genotype. On a rod of 8 mm diameter the 

performance between control and Kir4.1 flox mice and between male and female mice was 

similar (Fig. 5.33 C). However, statistical analysis revealed an interaction between sex and 

genotype (p < 0.01) indicating that the genotype differently affected the ability of male and 

female mice to walk on the rod. Taken together, the results obtained from the beam walking 

test led to the assumption that in mice lacking Kir4.1 channels in NG2 glia  motor 

coordination was improved.    
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Fig. 5.33: Beam walking paradigm  
In the beam walking test mice need to balance on rods of different diameter. Kir4.1 flox mice were reaching 

the goal box at the end of a A) 28 mm and B) 14 mm rod significantly faster than control mice. C)  On a 

rod with 8 mm diameter the performance of control and Kir4.1 flox mice were similar. control, 17 mice; 

Kir4.1 flox, 19 mice. Mean ± SEM.  

 

5.11 AMPA receptor knockout in NG2 glia: Triple GluA flox mice 

For a different approach to investigate the impact of NG2 glia and neuron-NG2 glia signaling 

in the brain, a mouse line was established in which AMPA receptors expressed by NG2 glia 

are targeted for deletion. In these mice, the AMPA receptor subunits GluA1 (GluR1), GluA2 

(GluR2) and GluA4 (GluR4), that mainly compose the AMPA receptors in NG2 glia (Seifert 

et al., 1997),  are flanked by loxP sites (triple GluA flox mice). Similar to Kir4.1 flox mice, 

the expression of the recombinase CreERT2 is controlled by the NG2 glia promoter to ensures 

an NG2 glia specific ko. CreERT2 activity that leads to the recombination and subsequent 

deletion of all three subunits was induced by intraperitoneal application of the estrogen 

analogue tamoxifen.  

 

5.11.1 Passive membrane properties of triple GluA flox NG2 glia in the 

hippocampus 

Triple GluA flox mice were started to be characterized in parallel to the Kir4.1 flox mouse 

line. Before the tamoxifen protocol was established as described in section 5.1.2, these mice 

were treated with the initial tamoxifen protocol of 1 mg tamoxifen per injection, with 2 

injections per day for five consecutive days (Huang et al., 2014). NG2 glia in which the 

recombinase CreERT2 was active were identified by expression of the reporter protein EYFP 

(recombined NG2 glia). To investigate if the ko of AMPA receptors affected passive 

membrane properties of NG2 glia, the resting membrane potential, the membrane resistance 

A B C 

co
ntr

ol

K
ir4

.1
 fl

ox

0

10

20

30

40

50

*

L
a
te

n
c
y 

- 
1
4
 m

m
 (

s
)

co
ntr

ol

K
ir4

.1
 fl

ox

0

20

40

60

80

100

L
a
te

n
c
y 

- 
8
 m

m
 (

s
)

co
ntr

ol

K
ir4

.1
 fl

ox

0

5

10

15

20

25 *

L
a
te

n
c
y 

- 
2
8
 m

m
 (

s
)



Results 
 

  

113 
 

and the membrane capacitance were analyzed. Whole-cell patch-clamp recordings were 

performed on recombined NG2 glia of triple GluA flox mice and NG2 glia of NG2-EYFPki 

mice that were serving as control. NG2 glia of both mouse lines displayed similar resting 

membrane potentials between – 85 mV and -90 mV (Fig. 5.34 A; table 14). The membrane 

resistance and membrane capacitance (Fig. 5.34 B,C; table 14) was also not different 

comparing NG2 glia of NG2-EYFPki mice and triple GluA flox mice. Thus, the passive 

membrane properties were not altered in recombined NG2 glia of triple GluA flox mice. 

 

              

Fig. 5.34: Passive membrane properties of NG2 glia of NG2-EYFPki and triple GluA flox mice. 

A) Resting membrane potential (RMP), B) membrane resistance (Rm) and C) membrane capacitance (Cm) 

were not different between NG2 glia of NG2-EYFPki mice and recombined NG2 glia of triple GluA flox 

mice (holding potential of -70 mV). NG2-EYFPki: n = 8; triple GluA flox: n = 11. Mann-Whitney U test. 

Data is presented as tukey box-plots with median (central line), quartiles (25% and 75%; box) and 

percentiles (1.5 times the interquartile range).  

 

Table 14: Passive membrane properties of NG2 glia of NG2-EYFPki and triple GluA flox mice. 

Holding potential of -70 mV. RMP, resting membrane potential; Rm, membrane resistance; Cm, membrane 

capacitance. Data is given as median and interquartile range (quartile 25% – quartile 75%). n, number of 

cells.  

 NG2-EYFPki Triple GluA flox 

RMP (mV) 
-87 -88 

(-89 - -86) (-91 - -87) 

Rm (MOhm) 
53.14 61.61 

(43.65 – 153.36) (48.27 – 86.28) 

Cm (pF) 
32.27  29.04 

(26.53 – 45.59) (26.53 – 39.23) 

n 9 11 
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5.11.2 Characterization of kainte induced currents in hippocampal      

           NG2 glia of triple GluA flox mice 

To test if CreERT2 activity in recombined NG2 glia was able to delete the AMPA receptor 

subunits GluA1, GluA2 and GluA4 and thus, AMPA receptor mediated currents, the AMPA 

receptor agonist kainate (250 µM) was applied to the cells via focal pressure application (Fig. 

5.35 A). Before application of kainate, voltage gated Na+ channels, GABA receptors and K+ 

channels were blocked by TTX (0.5 µM), quinine (200 μM) and picrotoxin (100 μM) to 

isolate the sole AMPA receptor mediated response. The maximal amplitude of the AMPA 

receptor current evoked upon kainate application was normalized to the respective membrane 

capacitance of the cell measured. Surprisingly, kainate application induced currents in 

recombined NG2 glia of both, NG2-EYFPki and triple GluA flox mice. The current density 

of kainate treated NG2 glia, measured at -70 mV, was between -15 pA/pF to -35 pA/pF 

similar in NG2-EYFPki mice and triple GluA flox mice (Fig. 5.35 B). Thus, despite CreERT2 

activity, kainate induced receptor currents could be still detected in recombined NG2 glia of 

triple GluA flox mice.  
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Fig. 5.35: Kainate induced receptor currents. 
A) Example traces of NG2 glia of NG2-EYFPki mice and triple GluA flox mice during application of 

kainate (black bar). NG2 glia were patched in whole-cell configuration (holding potential of -70 mV) and 

clamped to different voltages (-40/-20/0/20/40/80/100/-100 mV; black peaks; see inset) every 3 s. K+ 

channels, voltage gated Na+ channels and GABA receptors were blocked by quinine (200 µM), TTX (0.5 

µM) and picrotoxin (100 µM) (grey bar) before kainate (250 µM) was applied (black bar). B) Kainate 

induced current densities at -70 mV in NG2 glia of NG2-EYFPki mice and recombined NG2 glia of triple 

AMPA receptor mice were not different. t-test. NG2-EYFPki, n = 9 cells. Triple GluA flox, n = 12 cells. 

Data is presented as tukey box-plots with median (central line), quartiles (25% and 75%; box) and 

percentiles (1.5 times the interquartile range). 

 

To estimate the characteristics of these receptor currents, the current-voltage (I-V) relation of 

kainate induced response were analyzed. Before, during and after kainate application, a 

voltage step protocol was applied that de- and hyperpolarized the cell between -100 mV to 

+80 mV (Fig. 5.28 A). Subtracting the voltage evoked currents before kainate application 

from those recorded during kainate application revealed the I-V relation of the pure kainate 

induced response that was then normalized to the smallest current measured during the 

voltage step protocol. In NG2 glia of NG2-EYFPki mice and in some recombined NG2 glia 

of triple GluA flox mice, the kainate induced response displayed a linear I-V relation (Fig. 

5.36 A, B - left). In other recombined NG2 glia of triple GluA flox mice, the kainate induced 

current was close to zero between – 20 mV and +30 mV, progressively increasing again at 

more positive potentials (Fig. 5.36 B - right). This voltage dependent block of the receptor 

currents arises from polyamines like spermine that block the AMPA receptor channel pore 

from the intracellular site, preventing ion efflux and thus, leading to inwardly rectifying 

receptor currents (Bergles et al., 2000; Donevan and Rogawski, 1995; Kamboj et al., 1995b; 

Koh et al., 1995; Seifert et al., 2003). When the driving force is strong enough (membrane 

potentials more positive than +30 mV) spermine can pass the pore, allowing outward directed 

currents. To determine the rectification of the AMPA receptor currents in NG2-EYFPki mice 

and GluA flox mice, the rectification index (RI) was calculated (see section 4.4.8.2) by the 

current ratio of receptor currents at -70 mV, representing the resting potential where the block 

is low and AMPA receptor currents are inward directed and at +40 mV, the voltage at which 

the block is removed and the outward current starts to recover (Pellegrini-Giampietro, 2003). 

An index < 1 indicates inwardly rectifying receptor currents; > 1 outwardly rectifying 

currents. As during the whole-cell patch-clamp recording the cytoplasm is slowly dialyzed 

by the solution inside the patch-pipette, spermine (50 µM) was supplemented to the pipette 

solution to ensure the presence of this polyamines. 
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The rectification index of kainate induced receptor currents in NG2 glia of NG2-EYFPki mice 

indicated a linear rectification (RI = 1.01; n = 9). For recombined NG2 glia of triple GluA 

flox mice, that exhibited a reduced outward current at positive potentials, an RI = 0.55 (n = 

12) was determined, indicating inwardly rectifying I-V relations, (Fig. 5.36 C). The reversal 

potential of kainate induced currents was with -2.7 mV and -3.6 mV similar in NG2 glia of 

NG2-EYFPki mice and recombined NG2-glia cells of triple GluA flox (Fig. 5.36 D).  

In summary, these results showed that despite CreERT2 activity, single or multiple AMPA 

receptor subunits were still expressed by recombined NG2 glia of triple GluA flox mice. 

Differences in the I-V relation of kainate induced currents recorded in recombined NG2 glia 

of triple GluA flox mice compared to NG2 glia of NG2-EYFPki mice, indicate functional 

differences between AMPA receptors. 
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Fig. 5.36: Characteristics of AMPA receptors in NG2 glia. 

A) Representative I-V relationships of kainate induced receptor currents in NG2 glia of NG2-EYFPki mice 

and B) recombined NG2 glia of triple GluA flox mice. Dashed line indicates linearity. The rectification 

index is mentioned respectively. In recombined NG2 glia of triple GluA flox mice, kainate induced currents 

showed linear (left) or inward rectifying (right) I-V relations. NG2 glia of NG2-EYFPki mice displayed a 

linear I-V relation. C) The rectification index determined for recombined NG2 glia of triple GluA flox mice 

revealed inward rectification (RI < 1) of kainate induces responses compared to the linear rectification (RI 

= 1) of kainate induced currents in NG2 glia of NG2-EYFPki mice (p = 0.02). D) The reversal potential 

was not different between groups. Mann-Whitney U test. NG2-EYFP, n = 9 cells; triple GluA flox, n = 12 

cells. Data is presented as tukey box-plots with median (central line), quartiles (25% and 75%; box) and 

percentiles (1.5 times the interquartile range). Outliers are shown as dots. RI, rectification index. 

 

5.11.3 Single-cell TR-PCR analysis of AMPA receptor subunits of triple      

           GluA flox NG2 glia  

Despite CreERT2 activity, indicated by expression of the reporter protein EYFP, receptor 

mediated currents could be evoked in NG2 glia of triple GluA flox mice upon application of 

the AMPA/kainate receptor agonist kainate (Fig. 5.10.2). To determine whether these 

currents were mediated by the targeted AMPA receptor subunits GluA1, GluA2 and GluA4, 

samples of cells were tested on molecular level for the presence of AMPA receptor subunit 

mRNA with single cell RT-PCR (performed by Dr. Gerald Seifert). After application of 

kainate, the recorded cells were harvested and single cell RT-PCR was performed (Fig. 5.37). 

The analysis confirmed that mRNA for AMPA receptor subunits were still present. In cell 

number 1 mRNA coding for GluA2 and in cell number 2 and 3, mRNA for GluA3 were 

found. In cell number 4 mRNA of GluA2 and GluA3 was detected. Surprisingly in 3 out of 

4 cells analyzed, mRNA coding for the AMPA receptor subunit GluA3 was detected. This 

led to the speculation that a compensatory upregulation of the GluA3 subunit took place upon 

deletion of other AMPA receptor subunits. Taken together, these results provided evidence 

C D 

N
G
2-

EYFPki

tr
ip

le
 G

lu
A
 fl

ox

-30

-20

-10

0

10

20

30

re
v

e
rs

a
l 
p

o
te

n
ti

a
l 
(m

V
)

N
G
2-

EYFPki

tr
ip

le
 G

lu
A
 fl

ox

0.0

0.5

1.0

1.5

2.0 *

re
c
ti

fi
c
a
ti

o
n

 i
n

d
e

x



Results 
 

 

118 
 

that the deletion of the subunits GluA1, GluA2, and GluA4 were not sufficient to completely 

abolish AMPA receptor mediated currents. All four receptor subunits seemed to be required 

to be targeted by CreERT2 mediated recombination and subsequent deletion to establish a 

total ko of AMPA receptors in NG2 glia. 

 

Fig. 5.37: Presence of AMPA receptor subunit mRNA in triple Glua flox NG2 glia 

Agarose gels of single cell RT-PCR products. Single cell RT-PCR was performed with four recombined 

NG2 glia harvested from slices of triple GluA flox mice subsequent to pharmacological analysis. 

Recombined NG2 glia of triple GluA flox mice (cell # 1 - 4) were analysed for the presence of mRNA 

coding for the AMPA receptor subunits GluA1, 2, 3 and 4. To prove NG2 glia identity, the presence of 

PDGRα mRNA, a marker for NG2 glia, was tested. Gel electrophoretic analysis revealed the presence of 

single AMPA receptor subunits, including GluA3 in recombined NG2 glia. nc, negative control; pc, positive 

control; L, low molecular weight DNA ladder. 

 
 

5.12 AMPA receptor knockout in NG2 glia: Quadruple GluA flox mice 

In light of the results obtained from the triple GluA flox mouse line a successful deletion of 

functional AMPA receptors in NG2 glia required the establishment of a mouse line with all 

four genes coding for the AMPA receptor subunits being flanked by the recognitions sites, 

enabling CreERT2 mediated recombination to take place. This quadruple GluA flox mouse 

line was generated by breeding triple GluA flox mice with mice inheriting the gene coding 

for the AMPA receptor subunit GluA3 flanked by loxP sites (GluA3 flox). As this breeding 

generated in the first generation mice with all four AMPA receptor subunits being 

heterozygote for the loxP site, further breedings were necessary to obtain quadruple GluA 

flox mice.  

To investigate the deletion of AMPA receptors in quadruple GluA flox mice after tamoxifen 

treatment, whole-cell patch-clamp recordings of recombined NG2 glia of the hippocampus 

were performed and kainate applied as decribed in section 5.11.2. The first recordings in 

recombined NG2 glia of quadruple GluA flox mice were promising as only a tiny residual 

kainate induced current was observed (Fig. 5.38). The question about the identity of these 

currents and the impact of an NG2 glia specific ko of AMPA receptors on NG2 glia 

proliferation and differentiation as well as its influence on myelination and neuronal network 
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function were started to be answered by Stefan Hardt, a medical doctorate student of the 

Institute of cellular Neurosciences. 

 

 

 

Fig. 5.38: Lack of kainate induced AMPA receptor mediated currents in quadruple GluA flox mice.  

Current traces of two recombined NG2 glia of quadruple GluA flox mice during application of kainate 

(black bar). Cells were patched in whole-cell configuration (holding potential of -70 mV) and clamped to 

different voltages (-40/-20/0/20/40/80/100/-100 mV; black peaks; see inset) every 3 s. K+ channels, voltage 

gated Na+ channels and GABA receptors were blocked by quinine (200 µM), TTX (0.5 µM) and picrotoxin 

(100 µM) (grey bar) before kainate (250 µM) was additionally applied (black bar). The current density at -

70 mV is mentioned obove the respective current. 

-2.05 pA/pF  

-1.78 pA/pF  
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6 Discussion 

 

NG2 glia receive direct synaptic input from GABAergic and glutamatergic neurons. But the 

role of these glial cells, especially in grey matter and the impact of this neuronal input are not 

well understood. In the present study, a mouse line based on the Cre/loxP system was used to 

specifically alter NG2 glia properties and to investigate consequences of dysfunctional NG2 

glia on neuronal activity and animal behavior. As a target for the NG2-CreERT2 mediated ko, 

the gene encoding for the prominently expressed inwardly rectifying K+ channel Kir4.1 was 

chosen.  

In the hippocampus the deletion of Kir4.1 from adult NG2 glia resulted in drastic changes of 

the passive membrane properties of these cells further altering their excitability upon neuronal 

input. Consequences of the ko spread onto neuronal level, increasing the release probability 

of vesicles at the Schaffer collateral - NG2 glia synapse and weakening LTP at CA3 and CA1 

synapses. On behavioral level the NG2 glia specific deletion of Kir4.1 even altered memory 

performance of ko mice.  

 

6.1 Kir4.1 determines NG2 glia properties 

In adult NG2 glia, Kir4.1 channels represent one of the most prominently expressed ion 

channels,   that carry with more than 80% the main K+ inward current at rest (Song et al., 

2018). Genetic ablation of Kir4.1 from adult NG2 glia via CreERT2 mediated recombination, 

as presented in this study, successfully deleted these Kir4.1 mediated K+ currents in more 

than 75% of all recombined NG2 glia, indicated by a conductance at -130 mV of < 6 pA/mV 

(Kir4.1 ko cells). However, a minor BaCl2 sensitive current remained in NG2 glia deprived 

of Kir4.1. Barium (Ba2+) is a non-selective K+ channel blocker that inhibits different K+ 

channels in a concentration dependent manner (Hibino et al., 2010; Lesage et al., 1996; 

Nwaobi et al., 2016; Seifert et al., 2009; Song et al., 2018; Zhou et al., 2009). To specifically 

block Kir channels, a submilimolar concentration of 100 µM was used, as described in other 

studies (Jansen et al., 2005; Seifert et al., 2009; Song et al., 2018). Despite Kir4.1 mediating 

the main K+ conductance in NG2 glia, RNA sequencing revealed the expression of multiple 

Kir subunits like Kir5.1, Kir3.1, Kir2.1 and Kir6.1 in NG2 glia. However, the transcript level 
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of these subunits was much lower compared to the level of Kir4.1 mRNA (Kir4.1 - 83 FPKM 

(fragments per kilobase of transcript per million mapped reads) > Kir5.1 - 7 FPKM < other). 

TWIK1 channels, showing a higher transcript level then Kir5.1 (24 FPKM) could have also 

contributed to the remaining K+ conductance (Larson et al., 2016; Zhang et al., 2014). It was 

demonstrated that TWIK1 channels, members of the two-pore domain channel family, show 

a similar Ba2+ sensitivity at 100 µM (Lesage et al., 1996). Even though functional analysis of 

TWIK1 expression could not confirm an impact of these channels on the electrophysiological 

characteristics of NG2 glia (Maldonado et al., 2013), evidence for their existence on transcript 

level exist (Larson et al., 2016). The potential contribution of TWIK1 and other Kir channels 

channels to the K+ background conductance in NG2 glia, might have been masked so far, due 

to the massive influx of K+ trough Kir4.1 channels. Deletion of Kir4.1, as shown in the present 

study, might have revealed a minor impact of TWIK1 on K+ currents. The major K+ inward 

conductance in NG2 glia, however, was confirmed to be mediated by Kir4.1 channels.  

The relevance of Kir4.1 not only in setting cellular membrane properties but also to shape 

functional properties of glial cells, was proven by various studies, in which Kir4.1 was 

pharmacologically or genetically deleted. Deletion of this channel from Müller cells (Kofuji 

et al., 2000), astrocytes and cells of the oligodendrocyte lineage (Djukic et al., 2007; Neusch 

et al., 2001) had extensive consequences on K+ buffering, regulation of neuronal activity and 

myelination. For adult NG2 glia, however, the potential role of Kir4.1 in regulating cell 

function is not known so far. During development, inwardly rectifying K+ channels are 

upregulated in NG2 glia, setting the membrane potential close to the K+ equilibrium potential 

and lowering the membrane resistance of these cells (Kressin et al., 1995). Consequently, the 

deletion of Kir4.1 from adult NG2 glia resulted in a depolarized resting membrane potential 

and drastic increase of the membrane resistance, turning NG2 glia into high ohmic cells. 

Studies, using a mouse line with a PDGFRα driven CreERT2 expression to delete Kir4.1 

specifically from NG2 glia, confirmed these findings (Larson et al., 2018; Song et al., 2018). 

In its role as a key determinant for NG2 glia membrane properties, its relevance in controlling 

NG2 glia excitability upon neuronal input was investigated in mEPSP recordings. According 

to Ohm´s law (V = I * R), a given current I will evoke an increase in voltage V if the resistance 

R is increased. As the strength of the transmitter mediated depolarization should therefore 

correspond to the membrane resistance (R), the response (V) upon neuronal input (I) was 

expected to be increased. Indeed, recording of mEPSPs that occur upon spontaneous fusion 

of vesicles with the presynapse in absence of action potentials revealed a much stronger and 

long-lasting depolarisation in cells lacking Kir4.1. Similar results were obtained from NG2 

glia when Kir4.1 was blocked by BaCl2  (Chan et al., 2013b) or  upon current injection in 
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Müller cells lacking Kir4.1 (Kofuji et al., 2000). These findings support the idea, that Kir 

channels limit the temporal window of mEPSP while controling the EPSP amplitude and 

kinetics (Chan et al., 2013b). In NG2 glia lacking Kir4.1, these restrictions are canceled, 

resulting in the observed changes in mEPSP rise time, decay time and amplitude. The 

prolonged depolarization further enables temporal summation of subsequent mEPSP, that 

could additionally extend the duration and ampliude of the depolarization. This raises the 

question about the functional consequence of this highly excitable state. Interestingly, an 

upregulation of Kir channel expression and concomitant changes in passive membrane 

properties and excitability do also occur during the maturation process of dentate gyrus 

granule cells (Esposito, 2005; Mongiat et al., 2009). Similarly to low expression of Kir4.1 in 

juvenile NG2 glia, channels of the Kir2.x family (Kir2.1, Kir2.2, Kir2.3 and Kir2.4) are only 

weakly expressed in young granule cells (Kukley and Dietrich, 2009; Young et al., 2009). 

Consequently, the resulting high membrane resistance triggers the generation of action 

potentials already upon small synaptic currents (Mongiat et al., 2009). This efficient and 

reliable transduction of synaptic input into a postsynaptic response, is a key mechanism to 

compensate for the fact, that young neurons have only a low number of synaptic contacts. 

Mature neurons, by contrast, are highly innervated. The membrane resistance of mature 

neurons is, however, much lower, setting the threshold for the generation of action potentials 

higher than in young neurons. In the end, the spiking probability of these low ohmic cells 

with a high innervation (mature neurons) is similar to high ohmic cells with a low innervation 

(young neurons) (Mongiat et al., 2009). Granule cells of different developmental stages and 

characteristics are thus integrated perfectly into the network.  

To estimate the connectivity of NG2 glia in control and Kir4.1 flox mice, the inter-event 

interval of mEPSPs was determined. Interestingly, the inter-event interval was increased for 

mEPSPs recorded in Kir4.1 ko cells compared to Kir4.1 wt cells, suggesting a lower 

connectivity of Kir4.1 ko cells. This observation could display a loss of synaptic contacts or 

redistribution of synapses from Kir4.1 ko cells to Kir4.1 wt cells, a regulatory mechanism to 

counterbalance the higher excitability of Kir4.1 ko cells similar to the situation described for 

juvenile dentate gyrus granule cells. So far, a reduction of synapses contacting NG2 glia was 

observed during development. Studies reported an age dependent decline of mEPSC 

frequency (Passlick et al., 2016) and the retraction of NG2 glia processes in adult mice 

(Rivera et al., 2016) that were assumed to correlate with a reduced number of contact sites. 

Some studies also suggested that mEPSP frequency is linked to the probability of vesicles to 

be released from the presynaptic terminal (Cho and Askwith, 2008; Prange and Murphy, 

1999; Zucker and Regehr, 2002). The release probability at the neuron - NG2 glia synapse 
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was evaluated by paired pulse stimulation of Schaffer collaterals. At both, Kir4.1 wt and 

Kir4.1 ko synapses, the release probability was increased (see section 6.2). Consequently, the 

frequency of mEPSP in NG2 glia of the Kir4.1 flox mice should have been higher than in 

control. But this was not the case. Other publications already argued about the relationship 

between release probability, representing the evoked release of vesicles, and mEPSP that 

occur in absence of action potentials. It was claimed that the mechanisms underlying evoked 

and spontaneous release were regulated independently (Kavalali, 2015; Ramirez and 

Kavalali, 2011). Spontaneous release is thought to depend more on the basal Ca2+ 

concentration in the cell than evoked release and that even different vesicle pools exist that 

are released either spontaneously or due to stimulation. It should also be taken into account 

that mEPSPs represent the release of single vesicles from the synapse, whereas induced 

release recruit multiple vesicles and synapses at the same time (Kavalali et al., 2011). 

Importantly, for the interpretation of the results it has to be considered that the baseline of 

mEPSP, representing the resting membrane potential of the cell, was instable in Kir4.1 ko 

cells. Compared to Kir4.1 wt and control, mEPSP recordings of Kir4.1 ko cells showed 

fluctuation of a few mV. This demonstrates the necessity of Kir4.1 to set the membrane 

potential to a certain value and to restrain these fluctuations. Due to the rather unstable 

membrane potential, mEPSPs of smaller amplitudes might have been masked and not being 

taken into account for the subsequent mEPSP analysis. Consequently, the number of events 

recorded in Kir4.1 ko cells might have been underestimated. Recording of miniature 

excitatory postsynaptic currents (mEPSCs) instead, in which the membrane potential is 

clamped by the patch-clamp amplifier, would be more precise to answer the question about 

the connectivity of adult NG2 glia in mice lacking Kir4.1.  

As both, glutamatergic and GABAergic input leads to a depolarization of NG2 glia (Jabs et 

al., 2005; Kukley et al., 2008; Lin and Bergles, 2004b; Mangin et al., 2008), the contribution 

of GABAergic input on mEPSP was prevented by application of GABA receptor blocker 

picrotoxin. Surprisingly, in Kir4.1 wt cells an increased inter-event interval was observed in 

presence of the blocker. For NG2 glia of control mice and Kir4.1 ko cells such an effect was 

not observed. This might be due to an unequally distributed number of synapses formed by 

either GABAergic or glutamatergic neurons. However, it is difficult to estimate the 

proportion of glutamatergic and GABAergic synapses formed with NG2 glia. In hippocampal 

NG2 glia the number of glutamatergic synapses was estimated between 7 and 19 (Bergles et 

al., 2000). As the density of GABAergic input was expected to be 5-times less than 

Glutamatergic input (Sun and Dietrich, 2013), the number of GABAergic synapses in the 

hippocampus should be limited to only a few. Additionally to this small number of synaptic 
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contacts between neurons and NG2 glia, spontaneous release of vesicles onto NG2 glia is 

generally a rare event (Kukley et al., 2010; Lin and Bergles, 2004a; Passlick et al., 2016).  

In summary, the inwardly rectifying K+ channel Kir4.1 mediates the main K+ conductance in 

adult NG2 glia. Its expression determines the passive membrane properties of these cells and 

their excitability upon neuronal input. Genetic deletion of this channel in adult NG2 glia 

caused a drastic increase of the membrane resistance and a depolarization of the membrane 

potential. Consequently, neuronal input resulted in strong and prolonged responses in Kir4.1 

ko cells.  

 

6.2 Increased release probability at neuron-NG2 glia synapses in Kir4.1 

flox mice 

The probability of vesicles being released from a synapse determines the way, how neuronal 

signals are processed. Facilitating synapses, characterized by a low release probability, are 

supposed to strengthen synaptic transmission. Upon paired stimuli, these synapses show a 

stronger response upon the second stimulus than on the first. Synapses with a high release 

probability, showing a higher response upon the first than on the second stimulus, are 

considered to attenuate transmission (Abbott and Regehr, 2004). The release probability of a 

synapse depends on different factors within the presynapse like the intracellular Ca2+ 

concentration (basal Ca2+ level and during neuronal activity), activity of voltage gated Ca2+ 

channels (VGCCs), availability and size of the readily releasable vesicle pool, receptor 

expression and number of active release sites (Deng and Klyachko, 2011; Fioravante and 

Regehr, 2011; Zucker and Regehr, 2002). In the hippocampus, the probability of vesicles to 

be released at the Schaffer collateral - NG2 glia synapse is low, similar to synapses at Schaffer 

collateral - CA1 pyramidal cells (Bergles et al., 2000; Passlick et al., 2016; Speed and 

Dobrunz, 2009). Interestingly, in mice lacking Kir4.1 in NG2 glia the associated paired pulse 

facilitation was significantly reduced, indicating an increase in release probability. 

Surprisingly, this increase did not only account for synapses between neurons and Kir4.1 ko 

cells, but also between neurons and Kir4.1 wt cells. Thus, ablation of Kir4.1 from NG2 glia 

seemed to affect the release probability at all neuron - NG2 glia synapses in Kir4.1 flox mice, 

not only at those synapses formed between neurons and NG2 glia lacking Kir4.1. Notably, a 

high release probability at neuron - NG2 glia synapses, leading to paired pulse depression, 

was demonstrated in studies focusing on GABAergic and not glutamatergic input onto NG2 

glia. In the stratum radiatum of adult rats, paired pulse stimulation in presence of the AMPA 

receptor blocker NBQX, revealed paired pulse depression at the Schaffer collateral - NG2 
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glia synapse (Lin and Bergles, 2004a). Similar results were obtained in cortical nestin+/NG2+ 

cells during inhibition of glutamatergic input (Tanaka et al., 2009). In the barrel cortex of 

juvenile mice, where NG2 glia receive primarily GABAergic input, the release probability 

was likewise increased (Velez-Fort et al., 2010). In this respect, a high release probability 

seems to be a characteristic of GABAergic signaling onto NG2 glia. Indeed, upon application 

of GABA receptor blocker picrotoxin the release probability at neuron - NG2 glia synapses 

in Kir4.1 flox mice decreased to control levels. The release probability at neuron - NG2 glia 

of control mice remained unaffected in presence or absence of picrotoxin. It seems that 

GABAergic synapses play a more dominant role in Kir4.1 flox mice than in control mice, 

interfering with Schaffer collateral signaling onto NG2 glia. Even though the application of 

minimal stimulation intensities during the paired pulse recording should have provided the 

excitation of only a few or even just one axon. The stimulation of multiple axons, meaning 

those from glutamatergic and GABAergic neurons, would have caused multiple responses to 

occur upon a single stimulus. Depending on the speed of signal transmission, these responses 

might be temporally dispersed. In the study of Jabs et al. 2005, however, glutamatergic and 

GABAergic mediated responses were simultaneously induced, in correlation to the applied 

stimulus. According to the decay time, the responses could be assigned to glutamatergic (1-2 

ms) or GABAergic input (> 20 ms) (Jabs et al., 2005). The decay time of evoked EPSCs in 

NG2 glia (1-2 ms) seemed to be entirely glutamatergic. The variation of the decay times, 

however, appeared to be slightly higher in Kir4.1 ko and Kir4.1 wt cells. In presence of 

picrotoxin this variability was reduced, implying a contribution of GABAergic signals to 

evoked EPSCs. The activation of GABAergic neurons might arise from the electric field that 

is generated by the stimulation electrode. Thus, not only Schaffer collaterals but also 

interneurons might be recruited in parallel upon the applied stimulus. Why a contribution of 

GABAergic signaling was only detected at neuron - NG2 glia synapses in Kir4.1 flox mice, 

but not control mice, is not clear. A potential role could play a difference in the level of BDNF 

(brain derived neurotrophic factor). BDNF was shown to affect neuronal release probability 

and to play a regulatory role concerning the balance of glutamatergic and GABAergic activity 

(Asztely et al., 2000; Frerking et al., 1998; Olofsdotter et al., 2000; Tanaka et al., 1997). In a 

transgenic mouse model with a heterozygous deletion of BDNF (BDNF +/- ko mice), the 

reduced BDNF level led to an increase in the release probability at the interneuron - granule 

cell synapse in the dentate gyrus (Olofsdotter et al., 2000). If this holds true for the interneuron 

- NG2 glia synapse in the stratum radiatum of Kir4.1 flox mice, it is interesting that during 

paired field potential recordings of involving CA3 - CA1 synapses, a change of release 

probability was not detected. Aszteky et al., 2000, claimed that the effect of BDNF can not 
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only differ according to the type of postsynaptic cell, but does also depend on the type of the 

synaptic input (Asztely et al., 2000; Rutherford et al., 1998). In the study of Aszteky et al., 

2000 the reduced level of BDNF in BDNF +/- ko mice affected differently the release 

probability of two glutamatergic pathways of the cortex, innervating granule cells of the 

dentate gyrus. At synapses between the medial perforant path and granule cell the high release 

probability was impaired, whereas the low release probability at synapses formed between 

lateral perforant path and granule cells was not affected (Asztely et al., 2000). Evidence for 

the expression and release of BDNF by NG2 glia in vivo is lacking so far. Until now, Tanaka 

et al. (2009) discovered that in the neocortex a population of NG2 glia expressing nestin, a 

stem cell intermediate filament (Lendahl et al., 1990), were able to produce and release BDNF 

(Tanaka et al., 2009). The secretion was triggered by long-term incubation (9h) of isolated 

nestin+ NG2 glia with GABA. The authors assumed that the GABA induced depolarization 

and subsequent Ca2+ signals in nestin+ NG2 glia triggered the expression of BDNF (Tanaka 

et al., 2009). A Ca2+ dependent production of BDNF was also shown in cultured hippocampal 

neurons (Balkowiec and Katz, 2002). A potential link between Kir4.1 and BDNF signaling 

was demonstrated by Kinoboshi et al. in 2007. In cultured astrocytes, the expression and 

release of BDNF was shown to be coupled to the activation of MAP/ERK pathway. This 

pathway was activated upon pharmacological blockage of Kir4.1 or its inhibition via siRNA 

(Kinboshi et al., 2017). Thus, deletion of Kir4.1 and the depolarized membrane potential of 

Kir4.1 ko cells might trigger the expression and release of BDNF and/or other factors in a 

Ca2+- dependent manner. As not only the vesicular release at the Schaffer collateral - Kir4.1 

ko cell synapses was altered, but also at sites of Kir4.1 wt cells, a potential release of 

modulatory factors from Kir4.1 ko cells would require the spillover to other neuron-NG2 glia 

terminals.  

In conclusion, the high excitability of NG2 glia and their depolarized membrane potential 

might favor Ca2+ induced expression and release of factors that can modulate the release 

probability at neuron - NG2 glia synapses. This would require VGCCs which were shown to 

be functionally expressed by NG2 glia of different brain regions and developmental stages 

(Akopian et al., 1996; Fulton et al., 2010; Haberlandt et al., 2011; Pitman et al., 2019; Sun et 

al., 2016; Velez-Fort et al., 2010). Both, L-type (long-lasting) and T-type (transient) channels 

belonging to the family of high and low VGCCs were shown to be present in NG2 glia 

(Akopian et al., 1996; Fulton et al., 2010; Haberlandt et al., 2011b; Kandel et al., 2000) 

However, the conditions under which these channels can be activated in NG2 glia are still 

discussed. Stimulation experiments mimicking synaptic transmission of neurons to NG2 glia 

revealed Ca2+ transients in NG2 glia processes that were spreading to the soma  (Sun et al., 
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2016). In contrast, another study investigating the role of VGCCs in juvenile NG2 glia of the 

hippocampus, however, could not detect somatic Ca2+ transients upon physiological stimuli 

(Haberlandt et al., 2011). Similar results were obtained from the barrel cortex of 3 and 4 week 

old mice (Velez-Fort et al., 2010). The threshold of -50 mV for T-type and -20 mV for L-

type channels (Akopian et al., 1996; Gómez-Pinilla et al., 1998) seems to be too high for adult 

NG2 glia that are characterized by a resting membrane potential of -80 mV. Deletion of 

Kir4.1, as described in the present study, resulting in a more depolarized resting membrane 

potential and a high input resistance, might be facilitate for the activation of VGCCs in adult 

NG2 glia. The stronger depolarization upon vesicular release might additionally favor the 

opening of these channels. The intracellular Ca2+ concentration can further rise in the soma 

via the opening of intracellular Ca2+ stores (Ca2+ induced Ca2+ release) or through Ca2+ 

permeable AMPA receptors and metabotropic glutamate receptors (Haberlandt et al., 2011). 

In its role as an important downstream molecule, the rise of intracellular Ca2+ could lead to 

an altered regulation of gene expression. For neurons, Ca2+ signaling through L-type channels 

led to the activation of the transcription factor CREB that can affect the expression of various 

genes like BDNF (Kornhauser et al., 2002; Murphy et al., 1991; West et al., 2001). As CREB 

was shown to be express in NG2 glia (Sato-Bigbee et al., 1999), similar consequences might 

be possible in these cells.  

 

6.3 Deletion of Kir4.1 in NG2 glia favors myelination  

NG2 glia lacking Kir4.1 were drastically altered according to their passive membrane 

properties, excitability and neuronal input. The loss of Kir4.1 and the associated changes 

raised the question about the effect of Kir4.1 deletion on NG2 glia proliferation and their 

ability to differentiate into myelinating oligodendrocytes. That Kir4.1 has an impact on glial 

cell proliferation has been demonstrated in several studies. Reactive astrocytes in models of 

gliosis were highly proliferative, and these cells did not or rarely express Kir channels and 

were characterized by a depolarized resting membrane potential (Bordey et al., 2001; 

MacFarlane and Sontheimer, 2000). Blockade of Kir channels by BaCl2 mimicked this effect 

and led to an increased proliferation of astrocytes (MacFarlane and Sontheimer, 2000). 

Studies performed in glioma cells, representing a population of highly proliferative cells, 

confirmed that overexpression of Kir4.1 in astrocytic tumors and the concomitant 

hyperpolarization of these cells reduced their proliferative activity. It was stated that the 

hyperpolarization triggered a change in the cell cycle phase, from the proliferative G2/M 

phase to the quiescent G1/G0 phase (Higashimori and Sontheimer, 2007). These findings led 
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to the assumption that the proliferation of NG2 glia devoid of Kir4.1 might be altered. 

However, this role of Kir4.1 in controlling NG2 glia proliferation in the hippocampus of adult 

mice could not be confirmed. In agreement with the study of Larson and colleagues in 2018, 

using a PDGFRα-Cre mediated deletion of Kir4.1 specifically in NG2 glia, proliferation of 

recombined NG2 glia were not altered. The authors speculated that NG2 glia might 

compensate for the Kir4.1 ko induced changes of the resting membrane potential by 

upregulation of other K+ channels (Larson et al., 2018). A reduced function or expression of 

voltage gated K+ channels (Kv channels) were also shown to prevent NG2 glia proliferation 

(Chittajallu et al., 2002). The impact of Kv channels on NG2 glia proliferation was 

demonstrated to be linked to cyclin-dependent kinase inhibitors p27Kip1 and p21CIP1. Upon Kv 

channel inhibition and membrane depolarization the levels of these kinase inhibitors were 

enhanced, resulting in a cell cycle arrest of NG2 glia in the G1/G0 phase (Ghiani et al., 1999).  

Studies that investigated the role of Kir4.1 on the generation of oligodendrocytes, reported 

dramatic effects especially in CNS white matter regions, when deleting Kir4.1 from glial cells 

at a prenatal stage. In mice carrying a null mutation of the Kir4.1 gene, oligodendrocyte 

development was disturbed with severe consequences: Hypomyelination and demyelination 

took place, that were accompanied by vacuolization of myelin, damage or even degeneration 

of axons further causing deficits in motor coordination and a 100% lethality of these mice at 

p24 (Neusch et al., 2001). Similar results were obtained, restricting the ko to cells with an 

active GFAP promoter, deleting Kir4.1 from astrocytes and cells of the oligodendrocyte 

lineage (Djukic et al., 2007).  

Compared to white matter, however, grey matter regions like the hippocampus are only 

sparsely myelinated, with a majority of NG2 glia retaining their phenotype and not 

differentiating into oligodendrocytes (Dimou et al., 2008; Hildebrand et al., 1993; Meier et 

al., 2004; Nickel and Gu, 2018). The deletion of Kir4.1 specifically from NG2 glia in adult 

mice, as described in present study, did not alter the low proportion differentiating NG2 glia. 

This observation is consistent with the findings of Larson et al. (2018), inducing a ko of 

Kir4.1 under the PDGFRA Cre promoter at the age of p21. Thus, in the hippocampus of adult 

mice, Kir4.1 does not seem to play a role in regulating hippocampal NG2 glia differentiation 

into oligodendrocytes. In this regard, it is remarkable, that in hippocampal slices of mice 

devoid of Kir4.1, the immunoreactivity for the myelin protein MBP was enhanced in the 

stratum radiatum, stratum lacunosum moleculae and stratum moleculare of the dentate gyrus. 

This increase in the MBP signal points towards an increased myelination in these mice. Even 

though MBP is not the sole component of myelin, its strong impact on myelin thickness 

allows the use of MBP expression as an indirect measure for the extent of myelination (Shine 
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et al., 1990). The need of MBP for the formation of compact myelin was pointed out in a 

study using mouse line, carrying different mutations in the MBP gene. These mouse lines 

were characterized by a graded expression of the MBP gene (0% - 100%) that correlated with 

the MBP protein level. Myelin thickness was shown to change accordingly. After reaching a 

relative expression of 50% of the MBP gene, myelin thickness did, however, not further 

increase (Shine et al., 1990). In mice that lack most of the gene encoding MBP, so called 

shiverer mice, MBP protein was nearly absent and the number of myelinated axons was 

dramatically reduced (Bird et al., 1978; Dupouey et al., 1979; Kirschner and Ganser, 1980; 

Roach et al., 1983; Shine et al., 1990). These mice developed a shivering tremor from p12 

on, that became more severe during age (Chernoff, 1981).  

The source of the observed enhanced MBP signal in the hippocampus in the present study is 

not clear. An increased formation of myelinating oligodendrocytes can be excluded, as the 

number of oligodendrocytes was similar in Kir4.1 and control mice. This seems to be contra 

intuitive as changes in myelinations during development (intrinsic myelination) and during 

neuronal activity (adaptive myelination), observed in both, white matte and grey matter 

regions (Bechler et al., 2018; Timmler and Simons, 2019) were shown to be associated with 

an increased number of oligodendrocytes. Long-term studies of Hughes et al. (2018) and Hill 

et al (2018) demonstrated that in the cortical grey matter the number of oligodendrocytes 

increases in parallel with enhanced myelination during aging (Hill et al., 2018; Hughes et al., 

2018). This increase in myelination was related to the formation of new internodes by new 

oligodendrocytes at sites where myelin was absent before. Once formed, myelin was shown 

to be stable for up to 230 days, only a minority of internodes was retracting or expanding over 

time (Hill et al., 2018). This was mirrored in a heterogeneous myelin pattern, with differences 

in myelin coverage and internode length (Hill et al., 2018). An increased number of 

internodes in parallel with an increase in the number oligodendrocyte were observed in the 

somatosensory cortex after exposure of mice to sensory enrichment (Hughes et al., 2018). A 

few studies, however, reported changes of grey matter myelination without alterations in the 

proportion of oligodendrocytes. In socially isolated mice, the myelin sheath thickness was 

shown to be reduced in the prefrontal cortex (a brain region functionally relevant for social 

behavior), while the density of oligodendrocytes was unaffected. However, a decline of MBP 

and MAG mRNA was detected (Liu et al., 2012; Makinodan et al., 2012). Changes of MBP 

and MAG transcripts were also observed in the present study in recombined NG2 glia of 

Kir4.1 flox mice. Semiquantitative analysis of FAC sorted recombined hippocampal NG2 

glia revealed an upregulation of MBP and MAG mRNA. This is rather surprising, as NG2 

glia are not able to actively myelinate axons and only express MAG and MBP on transcript 
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level but not on protein level (Ye et al., 2003). In vitro studies showed that compared to 

oligodendrocytes, the translation of MBP in NG2 glia is repressed in a Fyn kinase dependent 

manner (Schäfer et al., 2016; White et al., 2008).  

But how does the transcript level MBP in recombined NG2 glia correlate with the enhanced 

protein level revealed by the increased immunoreactivity for MBP? A promising mechanism 

displays the transcellular communication between cells as described by Frühbeis et al. (2013). 

Using a MOG-Cre mouse line, restricting the expression of Cre to the oligodendrocyte 

lineage, the authors were tracking the sites of recombination of the reporter gene LacZ. 

Surprisingly, the expression of the reporter gene took not only place in oligodendrocytes but 

also in neurons of different brain regions (hippocampus, granule cell layer of the cerebellum 

and brain stem). The authors concluded that Cre was delivered to neurons via multi vesicular 

bodies (MVBs), found at the adaxonal loop, the innermost myelin tongue facing the axon. In 

primary oligodendrocyte culture, the authors proofed the secretion of these oligodendroglial 

MVB´s and the uptake of the released exosomes by neurons in a clathrin-dependent manner 

(Frühbeis et al., 2013). MVB´s are multivesicular endosomes that can release their cargo 

(exosomes) via fusion with the plasma membrane (Colombo et al., 2014). In culture, the 

ability of oligodendrocytes to secrete exosomes filled with myelin proteins like PLP, CNP, 

MBP and other molecules was demonstrated (Krämer-Albers et al., 2007). The release of the 

exosomes was shown to be triggered by Ca2+ influx through AMPA - and NMDA receptors 

in oligodendrocytes (Frühbeis et al., 2013; Krämer-Albers et al., 2007). Oli-neu cells, an 

immortalized cell line derived from oligodendroglia precursor cells (Jung et al., 1995), were 

also shown to express molecules involved in exosome biogenesis and release and to actively 

secrete exosomes (Hessvik and Llorente, 2018; Frühbeis et al., 2013). In Kir4.1 flox mice of 

the present study, the enhanced level of MBP mRNA in recombined NG2 glia and the 

potential rise of Ca2+ signals, might favor the release of MBP mRNA loaded exosomes from 

NG2 glia to oligodendrocyte. After internalization of the MBP transcripts, the MBP protein 

can be locally synthesized by free ribosomes and integrated into the myelin sheath (Aggarwal 

et al., 2011; Colman et al., 1982). In vitro studies demonstrated the transport of granules 

packed with MBP transcript from the cell nucleus along microtubules to the processes and 

further to the myelin compartments (Ainger et al., 1993; Carson et al., 1997). In situ 

hybridization confirmed the distribution of MBP in the nucleus of oligodendrocytes and 

within the myelin internodes in different CNS regions (Trapp et al., 1987).  

To facilitate a fast and specific delivery of MBP packed exosomes to oligodendrocytes, a 

close vicinity of NG2 glia and oligodendrocytes would be necessary. So far, NG2 glia in the 

corpus callosum and optic nerve were observed to stay in close contact with nodes of Ranvier 
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(Butt et al., 1999; Serwanski et al., 2017). Serwanski et al., 2017 speculated on the role of 

these white matter NG2 glia as sensors for the state of myelin, that can react upon need and 

affect modulation and maintenance of the neighboring internodes (Serwanski et al., 2017). 

However, the situation for grey matter NG2 glia is not known. If a close vicinity of NG2 glia 

and oligodendrocytes exist in regions like the hippocampus that allows NG2 glia to modulate 

grey matter myelination via the release of exosomes containing MBP mRNA to 

oligodendrocytes, needs to be investigated. Noteworthy, the enhanced immunoreactivity of 

MBP might not necessarily relate to an increase in myelination (including myelin sheath 

thickness and/or internode length), but to an enhanced density of MBP proteins in the myelin 

sheath. In its role in compacting myelin sheaths, it restricts the size of the cytoplasmatic space 

between the myelin layers. A higher density of MBP would reduce this space even more. In 

turn, the capacitance of the myelin sheath would decrease, allowing a faster conduction of 

action potentials than before (Min et al., 2009; Rasminsky and Sears, 1972). In its role in 

limiting the size of the extracellular space, MBP further functions as a molecular sieve that 

restricts the concentration and type of molecules with large cytoplasmic domains in the 

myelin layers (Aggarwal et al., 2011). A higher density of MBP would result in a stronger 

compaction that would further restrict the presence of molecules in a size dependent manner.  

To preserve an optimal function of myelin, a balance of different myelin factors is necessary 

(Aggarwal et al., 2011; Min et al., 2009). MAG, a component of the non-compact parts of 

myelin (Nave, 2010a), was also upregulated in Kir4.1 flox mice, supporting a balance of 

compact and non-compact myelin to assure proper myelin function. However, in the end, it 

remains unclear if the density of MBP was enhanced, the myelin thickness was increased, the 

number of myelinated axons was raised or if the number and/or length of internodes along an 

axon was multiplied in Kir4.1 flox mice.  

In summary, the data presented here showed, that the loss of Kir4.1 hippocampal NG2 glia 

in adult mice and the increased excitability of theses ko cells, did not trigger proliferation or 

differentiation. If it is not the strength of the postsynaptic response controlling these events, 

the question arises, how synaptic input might induce proliferation and differentiation of NG2 

glia as observed in other studies (Fannon et al., 2015; Gallo et al., 1996; Gibson et al., 2014; 

Li et al., 2010; Mangin et al., 2012). The strong depolarization of NG2 glia lacking Kir4.1 

upon neuronal input seemed, however, to be sufficient to trigger gene expression and to 

increase transcripts of MBP and MAG. A potential mechanism behind an activity induced 

increase of MBP and MAG transcripts could involve Ca2+ signaling trough VGCCs. 

Interestingly, in the cortex and corpus callosum of juvenile mice, VGCC signaling in NG2 

glia was shown to be related to the initiation of differentiation and myelination (Cheli et al., 
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2016). In the study of Cheli et al. in 2016, Cre mediated deletion of Cav1.2 (L-type VGCC) 

from NG2 glia was induced by tamoxifen in mice at the age of p4, p10 and p30. The ablation 

of Cav1.2 at a young age (p4 and p10), reduced the density myelinated fibers and the 

expression level of myelin proteins like MBP and MOG. Accordingly, the number of 

oligodendrocytes was reduced. These effects were, however, not observed in mice in which 

the deletion of Cav1.2 was initiated at p30. These findings might relate to the high membrane 

resistance and depolarized membrane potential of NG2 glia in young mice (Kressin et al., 

1995) that could have facilitated VGCC activation. A potential regain of function for a VGCC 

mediated signaling in adult NG2 glia that affect myelination was shown in a cuprizone model, 

disrupting basal myelination in the corpus callosum and cortex of adult mice (Santiago 

González et al., 2017). If the VGCC mediated signaling was caused by a change in passive 

membrane properties of adult NG2 glia in the demyelinating model, stays elusive. 

 

6.4 Altered memory performance in mice lacking Kir4.1 in NG2 glia 

Deletion of Kir4.1 from NG2 glia did not only affect neuron - NG2 glia communication and 

myelination but did also alter neuronal network function and animal behavior. Surprisingly, 

field potential recordings at the CA3 - CA1 synapse revealed an impaired formation of LTP 

in mice lacking Kir4.1 in NG2 glia. Potential mechanisms underlying the weakened 

potentiation involve most likely the postsynaptic site. Changes involving the release 

probability on presynaptic site can be excluded as the analysis of paired stimuli did not reveal 

any differences between slices of control and Kir4.1 flox mice. The basal excitability of 

neurons in the hippocampus, determined by the input-output relation of stimulation intensity 

and the evoked field potentials, was also indistinguishable between control and Kir4.1 flox 

mice. Djukic and colleagues mentioned similar observations for the basal excitability of 

hippocampal neurons in mice with a ko of Kir4.1 under control of the GFAP promotor, 

affecting astrocytes and cells of the oligodendrocyte lineage. Hippocampal LTP, induced by 

a high frequency stimulus was, in contrast to the findings in the present study, increased 

(Djukic et al., 2007). The authors pointed towards the relevance of Kir4.1 expressed in 

astrocytes for K+ buffering during high neuronal activity. K+ homeostasis and glutamate 

clearance by astrocytes are important functions in regulating neuronal excitability (Rothstein 

et al., 1996; Sibille et al., 2014; Wallraff et al., 2006). The authors argued, that due to the 

impaired function of astrocytes lacking Kir4.1, the elevated K+ level and impaired glutamate 

clearance contributed to the observed increase of LTP (Djukic et al., 2007). 
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As in the mouse model, used in the present study, LTP was shown to be reduced, an impaired 

K+ homeostasis causing the observed effect on neuronal plasticity can be excluded. 

Furthermore, the mouse model used in the present study exclusively delete Kir4.1 from NG2 

glia. That Kir4.1 expressed by NG2 glia contribute to the K+ homeostasis during neuronal 

activity is rather unlikely. Despite the prominent expression of Kir4.1, the ability of NG2 glia 

in sensing K+ and to be involved in K+ buffering, as suggested by Maldonado et al. 2013 is 

not clear (Maldonado et al., 2013). Compared to astrocytes, NG2 glia are not coupled with 

one another (Wallraff et al., 2004; Wigley and Butt, 2009). The uptake and redistribution of 

K+ through a network of cells is not possible (Wallraff et al., 2006). A potential uptake of K+ 

and its storage would be thus limited (Maldonado et al., 2013).  

Beside their role in K+ buffering and glutamate uptake, astrocytes are able to modulate 

synaptic transmission, including LTP, by the release of gliotransmitters like ATP and D-

Serine (Chen et al., 2013). Evidence that also NG2 glia can affect neuronal signaling, was 

demonstrated by Sakry and colleagues in 2014. Here, excitatory postsynaptic potentials 

(EPSPs) of L2/3 pyramidal neurons of the somatosensory cortex were recorded after 

induction of LTP by high frequency stimulation. They observed that the proteoglycan NG2 

can be shedded by the α-secretase ADAM10. The cleaved NG2 ectodomain impaired LTP in 

pyramidal neurons due its interaction and modulation of neuronal AMPA receptors (Sakry et 

al., 2014). As the NG2-CreERT2 mouse line, used in the present study, is based on a knock-

in of CreERT2 on exon 1 of the NG2 gene, homo- or heterozygous expression of Cre led to a 

reduced or even complete loss of NG2 expression. However, investigating NG2-EYFPki 

mice that were homozygous, heterozygous or wt for the NG2 protein, did not reveal any 

consequences on LTP formation or its maintenance. It seems that the hippocampus and 

somatosensory cortex differ in their susceptibility for a NG2 proteoglycan mediated effect on 

LTP. Other potential mechanisms that can modulate neuronal transmission involves the 

potential release of neuromodulatory factors from NG2 glia in Kir4.1 flox mice. A role could 

thereby paly the previously mentioned BDNF (see section 6.2). BDNF was shown to be 

expressed and secreted isolated nestin+ NG2 glia (Tanaka et al., 2009) and astrocytes (Ohno 

et al., 2018) is such a candidate. It was demonstrated that LTP in the CA1 region of the 

hippocampus is impaired in the absence of BDNF (BDNF -/- mice) or at low BDNF levels 

(BDNF +/- mice) (Korte et al., 1995; Patterson et al., 1996). The impaired potentiation was 

shown to be restored by viral re-expression of the BDNF gene (Korte et al., 1995) and/or the 

application of BDNF (Patterson et al., 1996). The neurotrophic FGF-2 (fibroblast growth 

factor), that is known to be expressed and released by astrocytes, neurons and microglia cells 

(Araujo and Cotman, 1992; Eckstein et al., 1991) is another neurotrophic factor that is 
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involved in various functions, including neuronal plasticity, learning and memory (Zechel et 

al., 2010). It was demonstrated that in presence of FGF-2, LTP at the CA3 - CA1 synapse in 

hippocampal slices was enhanced (Terlau and Seifert, 1990). An increase in FGF-2 mRNA 

level in the hippocampus was detected after training in the Morris water maze, a behavioral 

task that requires hippocampal activity (Gómez-Pinilla et al., 1998). Abe and Saito correlated 

in 1992 the effect of FGF-2 on LTP with the interaction of the FGF-2 with NMDA receptors. 

In the presence of the neurotrophic factor, the NMDA receptor mediated increase of the 

intracellular Ca2+ level , that is involved in LTP formation, was even more enhanced (Abe 

and Saito, 1992). The expression and release of FGF-2 by NG2 glia was reported in 2015, 

Birey and colleagues. In their study, pharmacological ablation of NG2 glia from the prefrontal 

cortex, caused an impaired glutamatergic neurotransmission and a reduction in the astrocytic 

glutamate uptake. FGF-2 secreted by NG2 glia were correlated to these changes, as FGF-2 

was able to control neuronal AMPA receptor subunit trafficking to the membrane and 

astrocytic GLAST expression (Birey et al., 2015). If a similar mechanism might affect 

neuronal AMPA receptor density and function in Kir4.1 flox mice is not clear. Experiments 

focusing on AMPA receptor mediated signaling in neurons would be necessary to answer this 

question. 

Unexpectedly, the impaired potentiation after the high frequency stimulus in hippocampal 

slices of Kir4.1 flox mice, did not translate into deficits in memory performance. In contrast, 

Kir4.1 flox mice showed an improved declarative memory in the novel object location 

recognition (NOLR) test. This negative correlation between CA3 - CA1 LTP and behavior 

was also described by other groups. Mice deficient of the transcriptional activator Fmr2 

showed a delay - dependent conditioned fear impairment, while NMDA receptor dependent 

and independent LTP at the CA3 - CA1 synapse was enhanced (Gu et al., 2002). Similarly, 

in mice deficient of the postsynaptic density-95 protein, LTP was enhanced but the ability of 

mice for spatial learning was impaired. The authors explained the necessity of bidirectional 

modification at the postsynapse, meaning LTD and LTP, to occur. In absence of LTD, the 

capacity to store information is reduced, causing an impairment in memory performance 

(Migaud et al., 1998). Minichiello et al. 1999, promoted the idea of a threshold for LTP before 

behavioral changes become apparent. In their study, heterozygous ko of the BDNF receptor 

trkB impaired LTP with no effect on animal behavioral paradigms like the water maze test 

(spatial learning) and partial eight-arm radial maze (working memory, short-term memory). 

A homozygote ko, however, caused impairments in both, CA1 LTP and behavior 

(Minichiello et al., 1999). That only a strong defect in potentiation reveals deficits in learning 

and memory performance was also suggested by Qi et al., 1996, who analyzed the 
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consequences of mutations in PKA (Qi et al., 1996). Thus, despite the observed impaired 

potentiation at the CA3 - CA1 synapse in Kir4.1 flox mice of the present study, the residual 

potentiation might still fulfill the requirement for long-time storage of information. That the 

performance in the NOLR test was even improved in Kir4.1 flox mice might be due to altered 

myelination detected in these animals. The association of myelination with cognitive function 

was revealed in different studies. Deficits in myelination of the prefrontal cortex, as a result 

of social isolation (Makinodan et al., 2012) or the deletion of the myelin regulating factor 

Myrf, that affect the formation of new oligodendrocytes in grey and white matter (McKenzie 

et al., 2014; Xiao et al., 2016), were accompanied by deficits in learning and memory. The 

inability to form new oligodendrocytes and to modulate myelination was suspected to be the 

cause for mice to fail learning new skills like wheel running (McKenzie et al., 2014; Xiao et 

al., 2016). Vice versa, an increase in myelin thickness improved the acquisition of fear 

memory (Jeffries et al., 2016). These studies demonstrate the need for myelin plasticity to 

occur and that this “adjustment” of the myelin sheath is essential for learning and memory. 

This effect of myelin might be due to its role as an insulator that affects the speed of signal 

transmission (see above). Depending on the myelin thickness and internode distance, the 

velocity of signal conduction can be increased or decreased (Waxman, 1980). Thus, myelin 

coordinates and adjusts the time point when action potentials arrive at the presynapse. The 

temporal regulation of neuronal input has consequences on the synchronicity of neuronal 

firing and thus on neuronal circuit function (Salami et al., 2003; Seidl, 2014). In mice with 

impaired myelination, synaptic transmission was shown to be temporally dispersed. The 

resulting asynchronous firing behavior caused deficits in motor learning (Kato et al., 2019). 

The concept of spike time dependent plasticity proved the need for a precise timing of action 

potential to arrive at the presynapse to allow synaptic plasticity to occur (Dan and Poo, 2006; 

Shouval et al., 2010). Thus, it seems possible that the enhanced myelination in Kir4.1 flox 

mice resulted in a higher synchronicity of synaptic inputs that in turn facilitates information 

processing and cognitive function. 

Importantly, despite the improved performance of Kir4.1 flox mice in the novel object 

location recognition test, a general improvement in the performances during memory tasks 

could not be observed. In other tests, based on working memory (Y-maze) and social memory 

(partner recognition test), control and Kir4.1 flox mice behaved similarly. It has to be 

considered that not only the hippocampus is involved in the execution of these types of 

memory paradigms. Dependent on the behavioral test, other brain regions are additionally 

involved. Thus, the prefrontal cortex contributes to short term memory performance in the Y-

maze test (Albayram et al., 2016; Lynch, 2004). Other areas of the limbic system, like the 
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amygdala, play a role during the partner recognition test (Bilkei-Gorzo et al., 2014; Kogan et 

al., 2000). For the NOLR, that is based on information about the object itself (familiar or 

new) and its location, the medial temporal lobe including perirhinal, entorhinal and 

parahippocampal cortices are important (Squire and Dede, 2015). The ko of Kir4.1 from NG2 

glia is abundant in the entire brain, but consequences of this ko on other brain regions than 

the hippocampus and their effect on memory performance are not clear. It also has to be 

considered that depending on the behavioral test, different parts of the hippocampus are 

involved. Braadbent and colleagues (2004) demonstrated that a bilateral lesion of 50% of the 

hippocampus impairs memory performance in the morris water maze, a test for spatial 

learning. Impairments in the novel object recognition test, a test for recognition memory, 

were only visible in lesions covering more than 75% of the hippocampus. Thus, spatial 

memory required more subregions of the hippocampus than recognition memory (Broadbent 

et al., 2004). In conclusion, changes occurring in the hippocampus upon deletion of Kir4.1 

from NG2 glia might differently affect memory performance, with some behavioral tasks 

being more susceptible to the ko induced alternations than others.  

The fact, that female mice showed a better social memory performance than male mice was 

previously reported by Markham and Juraska (2007).  The authors referred to sexual 

dimorphic neuronal pathways like those systems responsible for vasopressin and oxytocin 

that alter animal behavior (Markham and Juraska, 2007). The vasopressin system, for 

example, is more prominent in males than in females, as males possess a higher density of 

vasopressin fibers than the other sex (De Vries and Panzica, 2006). Thus, injection of a 

vasopressin antagonists negatively affected social memory of male but not female mice 

(Bluthé and Dantzer, 1990). Depending on the behavioral paradigm the action of vasopressin 

and oxytocin were shown to affect the performance of animals in individual tasks (Engelmann 

et al., 1996; Engelmann et al., 2000; de Wied et al., 1993). It has to be taken into account, 

that this hormone system could be additionally altered by the application of tamoxifen. Due 

to the affinity of tamoxifen and its metabolites to bind to estrogen receptors (Borgna and 

Rochefort, 1981), not only CreERT2 activity can be controlled but also the function of 

endogenous estrogen receptors. Studies involving long-term treatment of rats with tamoxifen 

(Azizi-Malekabadi et al., 2015) or its application shortly before or after the behavioral 

experiment (Chen et al., 2002), were shown to affect animal behavior, including learning and 

memory function. However, injection of a low-dose of tamoxifen in adult mice for only 5 

consecutive days and the conduction of behavioral paradigms 3 days later, did not provide 

any evidence for the impact of tamoxifen on behavior (Rotheneichner et al., 2017). As in the 

present study a similar protocol was used (3 days of injection; experiments 3-4 weeks after) 
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to induce a CreERT2 mediated deletion of Kir4.1 in NG2 glia, effects of tamoxifen treatment 

itself on the performance of mice in behavior paradigms are very unlikely to occur. 

In summary, it can be concluded that the deletion of Kir4.1 specifically from NG2 glia 

impaired LTP at hippocampal CA3 - CA1 synapses. The residual potentiation was, however, 

sufficient to transduce the neuronal signal into altered memory formation. The latter might 

have been due to a change in the myelination - dependent speed of signal transduction, 

enhancing synchronicity of neuronal inputs and thus, supporting cognitive functions.  

 

6.5 NG2 glia driven deletion of Kir4.1 in the cerebellum 

NG2 glia represent a highly heterogeneous cell population in the brain. Depending on the 

brain region and developmental state, differences in proliferation and myelination can be 

detected, as well as variations in ion channel expression and the response to neuronal activity 

(Spitzer et al., 2019; Viganò and Dimou, 2016). Consequently, the physiological impact of 

Kir4.1 on NG2 glia properties and behavior might differ accordingly between regions. 

Therefore, next to the hippocampus, consequences of the CreERT2 mediated Kir4.1 ko in NG2 

glia were started to be investigated in the cerebellum. Similar to the observation in the 

hippocampus, the deletion of Kir4.1 from cerebellar NG2 glia caused dramatic changes in the 

passive membrane properties of these cells. The observed depolarized resting membrane 

potential and increased membrane resistance suggested a similarly altered excitability of NG2 

glia lacking Kir4.1. Therefore, the spontaneous release of neurotransmitters would be 

expected to result in strong and long-lasting depolarizations in cerebellar Kir4.1 ko cells, as 

observed for those in the hippocampus. Evoked release of vesicles upon axonal stimulation, 

however, already showed striking differences between cerebellar and hippocampal NG2 glia. 

Minimal stimulation of climbing fibers, that are innervating NG2 glia in the molecular layer 

of the cerebellum, evoked currents between -30 pA and -900 pA. In the hippocampus, NG2 

glia responses upon Schaffer collateral stimulation induced much smaller EPSCs, rarely 

exceeding 30 pA. These results are in line with previous studies investigating evoked EPSCs 

in cerebellar and hippocampal NG2 glia (Bergles et al., 2000; Jabs et al., 2005; Lin et al., 

2005). The reason why cerebellar NG2 glia receive such a strong input seems to be due to the 

high release probability from climbing fibers. At both, climbing fiber - Purkinje cells 

synapses (Dittman and Regehr, 1998; Silver et al., 1998; Wadiche and Jahr, 2001) and 

climbing fiber - NG2 glia synapses (Lin et al., 2005), paired pulse stimulation revealed a 

strong response upon the first stimulus and a smaller response upon the second. This paired 

pulse depression is known to be indicative of a high probability of vesicles to be released 
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from these synapses (Debanne et al., 1996). In the cerebellum the high release probability 

was shown to correlate with an enhanced level of glutamate in the synaptic cleft. The 

accumulation of glutamate was caused by the simultaneous release of multiple vesicles from 

a single climbing fiber synapse onto the postsynaptic Purkinje cell (Wadiche and Jahr, 2001). 

The high concentration of this neurotransmitter in the synaptic cleft impedes the efficiency 

of neurotransmitter clearance and their fast reuptake into the presynapse to refill the readily 

releasable vesicle pool (Silver et al., 1998; Wadiche and Jahr, 2001). Consequently, the 

amount of transmitter released upon a subsequent second stimulus and the postsynaptic 

response are smaller. Additionally, the elevated glutamate level assures a high occupancy and 

activation of AMPA receptors, causing a strong postsynaptic current in Purkinje cells 

(Harrison and Jahr, 2003). A similar situation might be operative at climbing fiber – NG2 

glia, triggering high EPSC amplitudes upon paired stimulation. The effect might be 

additionally amplified by the strong innervation of NG2 glia in the cerebellum. Compared to 

Schaffer collaterals in the hippocampus that form 7 to 19 synapses with NG2 glia (Bergles et 

al., 2000), each climbing fiber was estimated to form up to 70 contacts with NG2 glia in the 

cerebellum (Lin et al., 2005). Stimulation of one climbing fiber would thus initiate the release 

of multiple vesicles at multiple sites. If other differences between hippocampal and cerebellar 

NG2 glia exist that contribute to the high EPSP amplitude of NG2 glia in the molecular layer 

of the cerebellum, is not clear. Regarding AMPA receptors, modulatory subunits like TARPs 

and cornichons were described to impact receptor channel function (Jackson and Nicoll, 

2011). Especially TARP-y2 was shown to have a strong effect on the channel conductance 

of AMPA receptors. In absence of TARP-y2, AMPA receptor mediated currents were 

decreased in Purkinje cells upon climbing fiber stimulation (Yamazaki et al., 2010). The 

authors of the latter study further claimed a mutual dependence of TARP expression and 

subunit composition of AMPA receptors. In mice lacking TARP-y2, the subunits GluA2 and 

GluA3 were less abundant. The Ca2+ permeability of AMPA receptors was however not 

affected in presence or absence TARP-y2 (Yamazaki et al., 2010). Whether differences in 

AMPA receptor subunit composition and modulatory subunits expression exist between 

AMPA receptors of cerebellar and hippocampal NG2 glia, needs to be determined. So far, 

TARP-y4 but not TARP-y2 was shown to be expression by glial cells (Tomita et al., 2003).  

Generally, the deletion of Kir4.1 from cerebellar NG2 glia did not alter the high release 

probability at the climbing fiber – NG2 glia synapse. The strong paired pulse depression 

detected at these synapses was similar in NG2 glia of control and Kir4.1 flox mice. This 

observation is in contrast to the data obtained from the hippocampus. Here, the deletion of 

Kir4.1 from NG2 glia reduced the paired pulse facilitation at the Schaffer collateral - NG2 
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glia synapse, implying an increase of the release probability. As the release probability at 

climbing fiber – NG2 glia synapses was already high, the ko might not exert an additional or 

detectable shift toward higher release probabilities.   

Concerning the effect of Kir4.1 ablation from NG2 glia on cerebellar function and animal 

behavior, the performance of control and Kir4.1 flox mice in the beam walking paradigm was 

evaluated. Interestingly, mice lacking Kir4.1 in NG2 glia showed an improved motor 

coordination. The cellular mechanism underlying this effect, including the activity and 

interplay of cerebellar neurons, remain to be investigated. A potential role of myelination 

affecting the performance of mice during the behavioral task, as suggested for the 

hippocampus related NOLR test, needs to be investigated. Studies investigating the role of 

myelination on motor emphasized the necessity of myelin for the synchronicity of signal 

transmission and learning of certain motoric abilities of mice (Kato et al., 2019). Similarly, 

Zheng et al. (2019) revealed a correlation between myelination in the motor cortex and 

improved motoric functions of mice (Zheng et al., 2019).  

Surprisingly, in respect to a NG2 glia differentiation in the cerebellum, deletion of Kir4.1 

from NG2 increased their differentiation into oligodendrocytes in the molecular layer but not 

granule cells layer. NG2 glia characteristics that drive the heterogeneous effect of Kir4.1 

deletion in different cerebellar subregions, might involve differential expression of membrane 

receptors or ion channels that were shown to play a regulatory role for NG2 glia 

differentiation (Chen et al., 2018, 2009; Spitzer et al., 2019). Differences regarding the type 

and strength of synaptic input onto NG2 glia in the granule cells layer vs molecular layer 

might also affect differentiation. NG2 glia of the molecular layer were shown to be innervated 

by climbing fibers but to a minor part by parallel fibers (Lin et al., 2005). Less is known about 

neuron - NG2 glia signaling in the granule cell layer. In 2009, Wigley and Butt referred to en 

passant synapses formed between neurons and NG2 glia of this cerebellar subregion (Wigley 

and Butt, 2009). These could involve climbing fibers and mossy fibers that transverse the 

granule cell layer (Purves et al., 2001). Additionally, the interaction with astrocytes, 

Bergmann glia and interneurons might affect differentiation of NG2 glia of different 

cerebellar subregions (Wigley and Butt, 2009; Purves et al., 2001). NG2 glia proliferation 

was not altered between Kir4.1 flox and control mice and between cerebellar subregions.  

 

6.6 Deletion of AMPA receptors in hippocampal NG2 glia  

A different approach to investigate the impact of NG2 glia and neuron - NG2 glia signaling 

in the brain was based on the modification of AMPA receptors in NG2 glia. Glutamatergic 
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input was shown to control NG2 glia proliferation and their differentiation into myelinating 

oligodendrocytes (Gautier et al., 2015; Gibson et al., 2014; Li et al., 2010; Mangin et al., 

2012). Consequences, of a complete deletion of AMPA receptors specifically in NG2 glia 

were started to be investigated in the present study. Based on the Cre/loxP system, the NG2 

driven CreERT2 expression was used to specifically delete AMPA receptor subunits from 

NG2 glia upon tamoxifen injection in adult mice. AMPA receptors in NG2 glia were shown 

to be mainly composed of the subunits GluA1, GluA2 and GluA4 (Seifert et al., 2003). 

Despite the low expression level of GluA3, the present study revealed the necessity of a 

mouse model in which all 4 subunits are deleted by CreERT2 mediated recombination. 

Pharmacological and molecular analysis revealed that targeting GluA1, GluA2 and GluA4 

but not GluA3 (triple GluA flox mice) was insufficient to delete AMPA receptor mediated 

signaling in NG2 glia. The assembly of receptors composed of GluA3 subunits solely 

(homomeric AMPA receptors) or in combination with other subunits (heteromeric AMPA 

receptors) that were present despite CreERT2 activity, accounted for the kainate evoked 

currents in NG2 glia. According to the inward rectifying I/V relation of the receptor response, 

deletion of the GluA2 subunit seemed to be most successful in the majority of NG2 glia of 

triple GluA flox mice. Only in absence of GluA2, AMPA receptors can be blocked in a 

voltage dependent manner by polyamines like spermine, thereby preventing outward directed 

currents. In presence of GluA2, the channel pore of AMPA receptors is more positively 

charged, repelling polyvalent cations like spermine, which averts the channel block (Donevan 

and Rogawski, 1995; Kamboj et al., 1995b; Koh et al., 1995; Pellegrini-Giampietro, 2003; 

Seifert et al., 2003). Surprisingly, in the study of Kougioumitzidou and colleagues (2017), 

dual or triple deletion of GluA2/GluA3 or GluA2/GluA3/GluA4 subunits in NG2 glia of the 

corpus callosum was already sufficient to diminish AMPA receptor mediated currents. 

Consequences on the survival of newly generated oligodendrocytes and a reduced number of 

myelinated axons were also reported in these mice (Kougioumtzidou et al., 2017). These 

results, however, refer to experiments performed in young mice at the age of p13-16. For an 

inducible deletion of AMPA receptor mediated signaling in adult NG2 glia, the ablation of 

all 4 AMPA receptor subunits seems to be required. First experiments performed in 

hippocampal slices of mice with a targeted deletion of GluA1, GluA2, GluA3 and GluA4 

from NG2 glia (quadruple GluA flox mice), revealed an almost functional ko of AMPA 

receptors. Whether the occasionally observed tiny residual receptor currents in quadruple 

GluA flox mice are due to kainate receptors (Kukley and Dietrich, 2009), remains to be 

investigated. 
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7 Summary 
 

 

NG2 glia represents the 4th type of CNS glial cells. In white matter, most of them differentiate 

into myelinating oligodendrocytes but in grey matter a majority retains their NG2 phenotype 

throughout life. Intriguingly, these glial cells are the only non-neuronal cell type, receiving 

direct synaptic input from glutamatergic and GABAergic neurons. However, the functional 

consequence of this highly temporally and spatially restricted way of communication with 

neurons is not yet understood. The present study aimed to elucidate the role of grey matter 

NG2 glia and to reveal whether/how these cells influence brain function. For this purpose, a 

NG2-CreERT2 knock-in mouse line was generated, enabling the deletion of the prominently 

expressed K+ channel Kir4.1 specifically in NG2 glia upon tamoxifen administration. In its 

role as a key determinant of passive membrane properties, hippocampal NG2 glia devoid of 

Kir4.1 displayed depolarized resting potentials and a drastically increased membrane 

resistance. These changes promoted the excitability of these knockout cells as revealed by 

strong and long-lasting responses upon quantal transmitter release at the neuron-NG2 glia-

synapse. NG2 glia-targeted deletion of the Kir4.1 gene further entailed an increase of myelin 

protein transcripts in recombined cells and an upregulation of MBP protein, a main 

component of myelin sheaths. On neuronal circuit level it could be shown that not only short-

term plasticity at the Schaffer collateral - NG2 glia synapse was altered in mice lacking Kir4.1 

in NG2 glia, but also long-term potentiation (LTP) at synapses formed between CA3 and 

CA1 pyramidal neurons. As LTP is considered a cellular basis for learning and memory, the 

impaired potentiation was expected to be apparent on the behavior level. Surprisingly, animal 

performance during the novel object location recognition memory task indicated an improved 

declarative memory of Kir4.1-deficient mice. The functional impact of Kir4.1 deletion on 

other brain regions still needs to be investigated. First experiments performed in the 

cerebellum imply a regionally diverse impact of Kir4.1 knockout in NG2 glia. Short term 

plasticity was unaltered at cerebellar climbing fiber - NG2 glia synapse, in contrast to the 

situation in the hippocampus. Differentiation of NG2 glia into oligodendrocytes was, 

however, increased in the cerebellar molecular layer but not in the cerebellar granule cells 

layer or in the hippocampus. On the behavioral level, mice with a NG2 glia-targeted Kir4.1-
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deficiency showed improved motor coordination in the beam walk paradigm, a test of 

cerebellar function. 

In summary the findings presented here, provide exciting insights into the ability of NG2 glia 

to influence neuronal plasticity and animal behavior. The K+ channel Kir4.1 expressed in 

NG2 glia seems to have a key function in determining NG2 glia excitability and in driving 

intracellular processes that enable NG2 glia to provoke changes of myelination, neuronal 

circuit function and memory performance. 
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8 Perspectives 
 

Deletion of the inwardly rectifying K+ channel Kir4.1 specifically from NG2 glia was shown 

to represent a promising tool to elucidate the impact of NG2 glia in the brain. The targeted 

deletion of Kir4.1 altered membrane properties of NG2 glia and transferred these cells into a 

highly excitability state. It was hypothesized that under these conditions the activation of 

voltages gated Ca2+ channels (VGCCs) in the NG2 glia membrane might be facilitated, 

allowing Ca2+ to enter the cell. Experiments involving Ca2+ imaging would reveal these Ca2+ 

transients in the soma and/or processes. The rise of the intracellular Ca2+ level might in turn 

drive intracellular processes that enable NG2 glia to provoke changes on neuronal circuit 

function. This includes a Ca2+ dependent expression and secretion of neuromodulatory factors 

like FGF-2 and/or BDNF. These factors are thought to underlie the altered transmitter release 

probability observed at Schaffer-collateral NG2 glia synapses and the reduced LTP at CA3 – 

CA1 synapses. Semi-quantitative PCR of FAC sorted recombined NG2 glia from Kir4.1 

deficient mice could clarify the existence and amount of these factors on the transcript level. 

Regarding the impairment of LTP at CA3 – CA1 synapses in mice lacking Kir4.1 in NG2 

glia, the mechanisms behind needs to be clarified. As presynaptic changes were excluded to 

be the cause for the weakened potentiation, postsynaptic mechanisms need to be evaluated. 

This would include the analysis of AMPA receptor currents, as channel conductance and 

density of AMPA receptors are known to affect LTP (Benke et al., 1998; Penn et al., 2017; 

Shi et al., 1999). 

The observation that the MBP signal was enhanced in hippocampal brain slices of Kir4.1-

deficient mice indicates modifications of the myelin structure. These modifications might be 

linked to an increased density of MBP between the myelin layers that would provoke a higher 

compactness of the entire myelin sheath. An increase in myelin thickness or higher coverage 

of axons with myelin could also relate to the increased MBP signal. In this respect, electron 

microscopy (EM) would provide detailed information about the myelin structure, including 

the number of myelin wraps per axon and their individual width. As EM and its analysis is 

rather time consuming, expansion microscopy (ExM) would allow first hints about the 

distribution of the MBP signal. ExM is a technique introduced by Chen et al., in 2015 that 

enables the physical magnification (expansion) of a specimen, while keeping the anatomy of 
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the structures intact (Chen et al., 2015). The magnification enables super resolution of 

structures with a conventional microscope. Concerning the enhanced MBP signal in Kir4.1 

deficient mice, this technique would permit a high resolution of individual structures that are 

labeled with the MBP antibody and the quantification of MBP within each of these structures. 

In the context of myelination, it would be of interest to understand how the enhanced level of 

MBP and MAG transcripts, that were detected in recombined NG2 glia of Kir4.1 flox mice, 

translate into the enhanced MBP signal in the myelin sheath. Morphological analysis of 

recombined NG2 glia would provide further information about i) the number of processes 

that can interact with oligodendrocytes and ii) the spatial relation of NG2 glia processes and 

oligodendrocytes, for a potential transfer of exosomes from NG2 glia to oligodendrocytes.  

Generally, it has to be considered that NG2 glia represent a heterogeneous cell population. 

Differences, regarding the response upon synaptic input, as well as variations in the 

expression of ion channels and their capacity to proliferate and differentiate were described 

for different brain areas and developmental stages. Investigating the effect of Kir4.1 ko in 

distinct brain areas, might be of further help to understand the role of NG2 glia and the impact 

of neuron – NG2 glia signaling for different neuronal networks and brain functions.   

Another approach to understand the physiological impact of NG2 glia and neuron – NG2 glia 

synapses involves the deletion of AMPA receptor mediated signaling specifically in NG2 

glia. The previously introduced quadruple AMPA receptor ko mice allow to investigate the 

influence of glutamatergic signaling on NG2 glia characteristic and consequences on 

neuronal network function including the induction and maintenance of LTP. Experiments on 

the behavioral level would further elucidate the role of neuron - NG2 glia interactions in the 

modulation of brain function and behavior. 
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